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PART I: A STUDY OF THE

CHARACTERISTICS, ACTIONS AND

MECHANISMS OF ACTIN CM YCIN D



INTRODUCTION

A chemical substance known as actinomycin D has orofound effects 

on living cells. Through extensive use of this chemical, biochemists 

have found a tool to exnlore the intricate secrets of the chemistry of 

living matter.

Actinomycin D (AMD) is a chemical substance called an antibiotic. 

Antibiotics are chemicals produced by living microorganisms that have 

the ability to inhibit growth or to destroy bacteria and other micro

organisms. The actinomycins are a family of antibiotics with 

antitumor activity that are nroduced by Streptomyces antlbioticus 

(Abraham, 1959) and other species of Streptomyces.



A MECHANISM FOR AMD ACTION

AND SUPPORTING EVIDENCE

Actinomycin D ia a fairly specific inhibitor of DNA-dependent 

RNA synthesis in most systems studied (Bovamick et al., 1969) • 

Apparently, the site of action for actinomycin D is the DNA template»

AMD is able to exert its cytological effects because of its ability to 

complex with this template. It does not directly affect enzymes or 

other elements (Reich, 1964 a). Furthermore, AMD does not impair DNA 

replication according to Reich.

A great deal of evidence supports this proposed mechanism.

Various cells and tissue types have been studied after treatment with 

different concentrations of AMD. There often occurs a wide range of 

cytological effects but all can be explained by the above general 

mechanism. Some of the evidence Is presented in this paper.

In relatively low concentrations, AMD can cause marked inhibition 

of cell division in the single-celled flagellate, Euglena (Bovamick 

et al., 1969)• At first glance this appears to be a contradiction of 

Reich's mechanism. Cell division is in fact inhibited but Reich states 

that DNA replication is not. The obvious answer is that DNA replication 

is only part of cell division. Mapy proteins are probably needed before 

the cell can divide. AMD apparently inhibits the synthesis of these 

proteins

At higher concentrations of AMD chloroplast development is 

impaired in Euglena (Bovamick et al., 1969). More work in this area
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must be done to see if AMD forms a complex with the DNA in chloroplast 

development by acting in the nucleus.

Actinomycin D can be used as a tool to investigate sequential 

RNA activity in the development of the chick blastoderm (Sanyal, 1969). 

Treating the blastoderm at different stages with AMD enables one to 

follow a sequence of RNA activity simply by viewing morphological 

changes. Mesodermal differentiation seemed to be affected in earlier 

stages more so than other germinal layers; however, this may have been 

due to the activity of the mesodermal layer.

The above evidence for Reich’s proposed mechanism indicates only 

generalised cytological effects. The actual site of AMD activity is 

still to be shown and cannot be deduced from the evidence discussed so 

far. The following discussion of experiments gives a clearer insight 

into the localised activity of AMD, which eventually leads to the 

mechanism proposed by Reich.

The activity of some cells can be judged by observing the presence 

of vacuoles in the nucleoli. In cultured tobacco cells, nucleolar 

vacuoles have been shown to form and contract repeatedly (Johnson, 1964) 

It was earlier suggested that a physiological relationship existed 

between the vacuoles and the activity of the nucleolus. It has now 

been found that vacuolated nucleoli of tobacco callus cells incorporate 

radioactive uridine into RNA much more readily than do nucleoli lacking 

vacuoles (Johnson, 1969).

These tobacco callus cells were treated with varying concentrations 

of actinomycin D to see what oytological effects could be observed. 

Johnson found that "the most obvious effect of actinomycin D on the
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nucleolus at all concentrations was the nearly immediate decrease in 

the number of nucleoli which contained vacuoles.” (Johnson, 1969). 

Furthermore, upon removal of AMD, he found that the vacuoles reappeared 

within an hour. The vacuoles must in some way be involved in RNA 

synthesis activity. Evidence is lacking as to what specific substance 

or kinds of substances are present in these nucleolar vacuoles, but 

AMD has allowed experimenters to postulate about vacuole function.

Experiments by Beerman and Clever have clearly shown that AMD does 

affect RNA synthesis in the nucleus. They worked with the giant 

chromosomes of Drosophila and Chironomus. Active gene sites are easily- 

located on these chromosomes by large puffs. By certain staining 

techniques they were able to distinguish between DNA, RNA, and protein. 

Upon treating these cells with AMD, they noticed a marked regression 

in the size of the puffs. They were able to show that a decrease in 

puff size was due to a decrease in .the amount of RNA at that site. Only 

minute amounts of AMD administered for half an hour induced these 

cytological changes. Obviously, AMD is a highly specific antibiotic 

that wastes little time in reaching the nucleus.

Other facts about the action of AMD can be learned from the effects 

of certain chemicals on the binding capacity of AMD. One such chemical 

is phytdhawiagglutinin (PHA). When human blood cells are stimulated 

in vitro by PHA, part of the lymphocyte population begins to synthesise 

RNA and protein and to transform into blast cells (Darzynkiewicz et al., 

1965; Nowell, i960). PHA stimulation of human lymphocytes also induces 

an increased capacity of the deoxyribonucleoprotein (DNP) can piex to 

bind radioactively labeled AMD (DNP is basically DNA with certain

4



specific proteins bound to the basic DNA molecule). The increase in 

AMD-binding capacity is paralled by a similar increase in the synthesis 

of RNA (Ringerts et al., 1969). PHA then must act to modify the 

molecular architecture of the chromatin material which might make new 

segments of ENA available as templates for RNA synthesis. These new 

template areas would then be more susceptible to complex formation with 

AMD. One discrepancy was discussed in this study: some blast cells 

contained more DNA than some lymphocyte cells but bound much less AMD.

These blast cells were also found to have high rates of RNA synthesis.

The explanation follows that relatively few sites of the chromatin material 

are active in these cells. Those that are active are very active, thus 

accounting for high RNA synthesis and low binding of AMD. This explanation 

is currently in accord with the accepted theory of gene action. Certain 

genes may be active for brief periods of time in the ontogeny of the 

organism. For the remainder of the time, the particular gene is repressed.

In the forsraentioned blast cells, most of the genome of these cells is

in a repressed state. Even PHA affects this repressed ENA very little;

after such treatment of the cells, AMD-binding did not increase significantly.

From the above evidence, PHA could be said to be a mild stimulator 

of RNA synthesis. Completely repressed genes will not be activated by 

PHA but possibly semi-repressed genes could be activated by PHA to begin 

RNA synthesis.

An interesting experiment that could be performed to indicate PHA 

activity would be to treat the giant chromosomes of Drosophila or 

Chironomus with PHA. Knowledge beforehand of the puffing patterns would
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allow an experimenter to detect any changes in puffing patterns (and 

thus changes in gene activity) after treatment with PHA. New sites of 

RNA activity could be detected by an increase in the uptake of 

radioactively labeled uridine (Beermann and Clever, 1964). If these 

new sites auneared, one explanation could be that PHA does in fact 

induce semi-repressed genes to become active.

So far the purpose of this lengthy discussion of evidence supporting 

Reich’s proposal has been to allow the reader to follow the path of 

evidence of effects of AMD. The evidence began with generalized 

cytological effects on cell division, chloroplast replication, and 

morphological variations in the chick blastoderm. Variations in nucleolar 

vacuoles and chromosome puffs began localizing the actual site of AMD 

action. This was followed by a discussion of a chemical that affects 

RNA synthesis and AMD uptake into the nucleus. This chemical was also 

discussed in light of previous evidence such as chromosome puffing and 

a possible experiment was outlined to test the action of this chemical.

It now seems fairly evident that the active site of AMD is the 

nucleus and most probably DNA. There is documented evidence from 

different sources that indicates the srecific affinity of actinomycin D 

for only certain nucleic acids.

The ability of a polynucleotide to bind AMD is a highly sensitive 

indicator of polynucleotide formation (Wells and Larson, 1970).

Actinomycin shows a great affinity for double-stranded deoxypolynucleotides 

(Ringertz and Bolund, 1969)• Earlier workers also found that AMD 

actually stabilizes the double-helical structure (Reich, 1964 b;

Haselkom, 1964). Furthermore, as is to be expected, DNA-bound proteins
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hinder the binding of AMD to DNA. If suoh deoxyribonucleoprotein molecules 

are deproteinized, AMD-binding increases again. There appears to be a 

direct blocking effect by the proteins on sites available for AMD-binding 

by presenting a steric hindrance to AMD attachment.(Ringertz and Bolund, 

1969).

Investigators working with various other polynucleotides in vitro 

have found that double-stranded RNA binds AMD poorly, if at all 

(Haselkorn, 196^). Arnot et al. (196?) found by X-ray diffraction that 

such a double-stranded RNA has a slightly different molecular con

figuration that double-stranded DNA. If a single DNA strand is bound to 

its complementary RNA strand a hybrid polymer is formed. Such a 

polymer also binds minimal AMD. The same holds true for denatured DNA, 

or DNA in single strands.

There has been much speculation as to which particular components 

of DNA are responsible for binding AMD. Most of the evidence seems to 

indicate that the bases of DNA, in particular the double-ringed purine 

called guanine, played an important role in AMD-binding. Continued 

investigation for the most part indicated that guanine did indeed play 

a part in the binding of AMD. It was suggested that AMD became bound to 

the minor groove of the DNA helix by means of hydrogen bonds to the ENA 

and particularly to the guanine base (Reich, 1964a). From here, other 

investigators proceeded to study the molecular configuration of guanine,

A brief discussion of guanine seems applicable at this time.

Guanine is a double-ringed purine which is one of the bases found in 

nucleic acids such as DNA and RNA. Guanine normally binds to its
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complementary pyrimidine base, cytosine, with three hydrogen bonds as 

is shown in Figure 1-1. It has been suggested that the presence of the

Figure 1-1

The hydrogen bonding between guanine and cytosine that 
serves to link complementary strands of DNA (Levine, 1969).

amino group (-NHg) the number 2 position (Figure 1-2) is a specific 

group important in the binding of AMD. A further suggestion was that 

the purine-2-amino group is sufficient, and perhaps the sole requirement, 

for AMD-binding (Cerami et al., 1967).
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NEW EVIDENCE FRCM WELLS AND LARSON'S EXPERIMENTS (1970)

The research team of Wells and Larson at the University of 

Wisconsin presented a new line of evidence that contradicted the re

quirement for guanine in AMD-binding. They worked with both

0

Figure 1-2

Molecular configuration of guanine (a purine). The 
numbers inside the rings indicate the accepted 
pattern of position numbering for use in referring 
to specific groups (Levine, 1969).

natural DNA and synthetic deoxypolynucleotides of known base sequence 

Bases not normally found in natural DNA were also incorporated into
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synthetic DNA. AMD was used to detect differences in configuration 

although the exact configuration was not known. Their conclusions 

emnhasized the primacy of the molecular configuration of DNA. Their 

work indicated that erroneous suggestions might have been made and that 

much more work needs to be done on the DNA-AMD complex.

The evidence for Wells and Larson's re-evaluation of previous 

hypotheses is presented in detail in order to show the validity of 

their questions and conclusions.

1. INOSINE STUDY

As was discussed above, all DNA's do not have identical structures. 

With this in mind, 17 different DNA's were studied as to their ability 

to bind AMD. There were basically three types of DNA structures studied 

(a) various synthetic DNA model compounds containing defined repeating 

nucleotide sequences, (b) a variety of simple DNA polymers made de novo 

by DNA polymerase, and (c) natural DNA containing all four bases, taken 

from salmon soenn (p. 319-320).

In the words of the authors, "The most unexpected result of this 

study is that poly di binds actinomycin D." (p. 326). It was found

that one AMD molecule is bound per 111 nucleotides of poly di. The 

significance of these results is that poly di is a synthetic polymer 

containing absolutely no guanine at all but only inosine (I).

That then is the relationship of inosine to guanine? Are they 

related? Are their structures similar? Inosine is a base that can form 

a bond (or several bonds) with cytosine. From this it would be obvious 

that inosine is in fact closely related to guanine. The structure of
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inosine is shown in Figure 1-3. In comparing this structure with the 

structure of guanine in Figure 1-2, it is evident that there are great 

similarities between the two. In fact they are identical in every 

respect exceot one—inosine does not have an amino group at the number 

2 position as does guanine. Recall that some experimenters had

HO OH
Figure 1-3

Structure of inosine and its ribose sugar (taken from 
the Handbook of Biochemistry Selected Data for Molecular
Biology. 1968. p. G-35).
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suggested that the presence of a purine-2-amino group was sufficient 

and possibly solely responsible for the binding of AMD. The above 

evidence is in direct contrast with this suggestion. Inosine is a 

purine base but it does not have a number 2-amino group.

To test whether inosine has a special property of its own that 

could account for AMD-binding, the following experiment was set up.

Instead of using poly di, poly rl was used. (Poly rl is a nucleic acid 

polymer containing ribose sugar as a backbone and inosine as its only 

base. Poly di is a nucleic acid polymer containing deoxyribose sugar 

as a backbone and inosine as its only base.) There was little binding 

of AMD by poly rl (n. 328). Inosine then does not possess a speoial 

property that binds AMD; the deoxypolynucleotide configuration is needed.

It is not known for certain that inosine allows AMD-binding in the 

same way as does guanine, but from the closeness of their molecular 

structures it would seem likely that their effects on binding would also 

be quite similar. To test this, the strengths of DNA-AMD bonds involving 

naturally occurring DNA were tested against the strengths of DNA-AMD 

bonds involving synthetic (poly di) DNA. Various techniques such as 

equilibrium dialysis indicated that inosine bound AMD just as tightly 

as did naturally occurring DNA (p. 335)• This evidence supported the 

suggestion that inosine binding of AMD is quite similar to AMD-binding 

by natural DNA.

Fran a study of the evidence of Wells and Larson as well as 

moleoular structure studies of guanine and inosine, a conclusion reached 

is that the presence of a purine-2-amino group on quanine is not essential 

in all cases for the binding of AMD. It is certainly not solely
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responsible for binding of AMD as had been suggested earlier. Wells 

and Larson have presented straightforward evidence eliminating this 

suggestion.

Very little investigation of poly di has taken place; as a result, 

little is known of its configuration. However, from the studies 

presented above, it seems to be an ordered structure and probably not 

a random coil configuration (p. 335-336). Some spectral studies done 

on poly di have indicated that it does have an ordered structure. Wells 

and Larson suggested a two-stranded poly di structure. However, it is 

probable that the counterpart of poly di, poly rl, exists as a three- 

stranded ordered structure. Much more work has to be done before 

significant conclusions can be reached.

Poly di can be complexed with poly dC. (Poly dC is a nucleic acid 

polymer containing deoxyribose sugar as a backbone and cytosine (see 

Figure 1-1) as its only base. This poly di • poly dC complex will not 

bind AMD as shown by three different types of tests. Apparently, 

whatever the nature of the structure of poly di that is responsible for 

binding AMD, a similar structure of poly di • poly dC does not exist. 

This observation is unexplained at the present.
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*
2. POLY D(A-T-C) • POLY D(G-A-T) CCMPLEX STUDY

A different line of evidence observed by Wells and Larson led them 

to question the necessity of guanine in AMD binding. They used a 

different polynucleotide and its complementary strand in this line of 

investigation. Poly d(A-T-C) (a deoxypolynucleotide containing the 

sequence of bases adenine,.thymine, and cytosine respectively along its 

length) is complexed with poly d(G-A-T) (the deoxypolynucleotide 

complement of poly d(A-T-C)) forming a double-stranded polymer. This 

complex contains 33$ G-C base pairs. A surprising observation was made 

from this polymer—it bound virtually no AMD (p. 337). Why this is so 

is not known at present. However, this DNA has somewhat different 

properties from its sequence isomer, poly d(T-A-C) • poly d(G-T-A), 

which does bind AMD. Therefore, poly d(A-T-C) • poly d(G-A-T) must 

contain a configuration which does not permit AMD binding.

From the above results, it appears that guanine in a DNA molecule 

may induce or allow a suitable configuration in a snail region of the 

DNA chain to permit binding. This however, does not happen in all DNA's 

that contain guanine. Poly di must also induce a suitable configuration 

that allows binding, without the presence of guanine.

*At first glance it appears that poly d(G-A-T) should read poly 
d(T-A-G) if it is the complement of poly d(A-T-C). However, in an 
analysis of the DNA double-helical configuration (Levine, 1969, p. 12) 
it can be seen that one DNA strand is inverted with respect to the 
other. If both strands of DNA are named from the bottom to the top 
it can be seen that poly d(T-A-G) becomes poly d(G-A-T).
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3. PREFERRED NUCLEOTIDE SEQUENCE STUDY

' o

It was observed that different sequences of nucleotides bind more 

AMD than others. For example, Wells and Larson found that poly dG • 

poly dC bound less AMD than did poly d(G-C) • poly d(G-C) (p. 330).

Using other bases gave similar results which led the researchers to 

formulate a general statement about preferred nucleotide sequences.

In general, when one polymer strand contains only double-ringed purines 

and its complementary strand only single-ringed pyrimidines, the complex 

double-stranded ENA binds less AMD than if each strand contained both 

purines and pyrimidines. Furthermore, the poly d(purine) • poly 

d(pyrimidine) DNA appears to be an anomalous DNA structure when compared 

to naturally occurring DNA. Figure 1-4 shows a conparison of hydrogen 

bonding between poly d(G) • poly d(C) and poly d(G-C) • poly d(G-C).

Bonding between base pairs shows no overlapping effect in the poly d(G) • 

poly d(C) complex. The cumulative overview of the hydrogen bonds shows 

that these bonds are shifted toward the polymer containing the pyrimidines. 

When purines and pyrimidines are located on both strands of the polymer, 

rather than on just one strand or the other, the double stranded 

complex formed will have overlapping of the hydrogen bonds. There will 

be an overall shift toward one of the polymers and the bonding will be 

relatively wider. In the case of guanine-cytosine bonds, the increase 

in the width of the cumulative hydrogen bonds is the direct result of 

the five-membered ring on guanine. As can be seen in Figure 1-5, the

(text continued on page 17)
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Polymer A:
Purines and pyrinidines are 
located on separate strands 
of DNA.

Polyaer B:
Purines and pyrinidines are 
located on both strands of 
DNA.

O
» 

1*
 >

poly d(C)

Continuous
phosphate-
sugar
backbone of 
the DNA 
double
helix

width of 
hydrogen 
bonding

poly d(G-C) poly d(G-C)

t- •'■'1
width of 
cumulative 
hydrogen bonding

Figure 1-4

Comparison of bonding between base pairs in two different types of DNA:
(A) Purines and pyrinidines located on separate DNA strands;
(B) Purines and pyrinidines located on both DNA strands.
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six-membered rings of guanine and cytosine are very nearly identical 

with only minor differences in configuration. Therefore, the overlapping 

of hydrogen bonds is due to the additional five-membered ring an guanine.

Guanine Cytosine

Figure 1-5

A comparison of molecular configurations of guanine and 
cytosine. Note that their six-membered rings are not 
superimposable and therefore are not identical.

The new increase in hydrogen bond width, or overlapping, is probably 

related to the width of the five-membered ring.

There is a possibility that the above discussion is superfluous 

since it appears that all natural DNA studied contains a mixture of 

purines and pyrimidines on each of the strands of Ei'iA. As was mentioned 

earlier, segregation of purines from pyrimidines onto different polymer 

complements may be an anomalous DNA base sequence. At any rate, 

actinomycin D does in fact prefer the purine-pyrimidine mixture on each
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polymer strand. It probably has a great deal to do with the cumulative 

hydrogen bonding width. This might also be fairly concrete evidence 

that AMD forms a template with at least two nucleotides (very likely 

more than just two). If AMD involved only one nucleotide, it would 

have bound readily to the poly d(G) • poly d(C) complex.

4. CONCLUSIONS FftCK WELLS AND LARSON'S EXPERIMENTS

(1) The presence of guanine in DNA is not necessary for AMD 

binding as was shown by the binding of AMD by poly di. Also the purine- 

2-amino group is not the sole requirement for the binding of AMD.

(2) The presence of guanine in DNA is not sufficient for binding 

AMD as was shown by the inability of poly d(A-T-C) • poly d(G-A-T), 

containing 33^ G-C base pairs, to bind AMD.

(3) A preferred nucleotide sequence exists for AMD binding as was 

shown by the fact that poly d(G) • poly d(C) bound less than poly d(G-C) 

• poly d(G-C).

DISCUSSION

An initial mechanism was proposed to account for the observation 

that AMD inhibits processes such as cell division that involve protein 

synthesis. Experiments indicated that the action site of AMD was the 

nucleus. Eventually the action of AMD was shown to affect DNA-dependent 

RNA synthesis, which showed up in cell prooesses as a protein deficiency. 

Further observation led researchers to implicate guanine as an essential 

DNA component that allowed the binding of AMD. A fairly complete
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presentation of evidence in this paper now indicates that an alteration 

of some (if the initial ideas is needed.

The alteration that is called for is really only a modification of 

the main body of the initial mechanism. For example, guanine has been 

shown not to be essential for AMD binding. However, inosine is identical 

to guanine except for the lack of a purine-2-amino group. Guanine is 

now thought to allow a certain configuration of DNA which in most cases 

is suitable for AMD binding. In other words the earlier mechanism is 

incorporated into a new, broader mechanism.

The evidence published by Wells and Larson and reiterated here in 

conjunction with earlier evidence, does in fact contradict some earlier 

suggestions. However, the new evidence in no way presents a completely 

new proposal for the mechanism for DNA-AMD complex formation.

Nearly all the work that has been done and is being done with 

actinomycin D, is for the purpose of discovering more about DNA. DNA is 

focused upon in a biological study of this type. The structure, 

properties, and orientation of the AMD molecule are considered only 

slightly. However, a study of the characteristics, actions, and

mechanisms of AMD demands same discussion of the AMD molecule itself.

From such a discussion, the actual orientation and three-dimensional 

aspect of the DNA-AMD complex might become clearer.

As was stated earlier, AMD is a chemical compound called an 

antibiotic. Antibiotics are chemicals produced by living organisms 

probably for defensive purposes against other microorganisms.

Figure 1-6 shows the actual molecular configuration and structure 

of actinomycin D. The structure consists of a phenxazone chromophore

19



(indicated by the three rings) that is linked to two groups containing 

large lactone rings.

o CH3.i_CU, CHj-j-w,

4.
I

H— C

■Sarcosine.
I

D-v<Uine.

- ----- lactone ring

en,_nc

Sarcosine.
I

L_ proUn*
I

D- Valine.

CH—CM,

Figure 1-6

- -----chromophore

^3
n

Molecular configuration of actinceycin D. Valine and 
proline are amino acids; sarcosine is an amino acid 
(glycine) derivative (Mahler and Cordes, 1966).

The chromophore is a basic unit of the family of actinomycins. As 

can be seen in Figure 1-6 there are several areas where substituted 

groups replace hydrogens (exclixiing the two lactone ring structures for 

the present) on the three-ringed chromophore. The two methyl (CH^) 

groups are probably essential for orienting the molecule on the ENA
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template in a particular way. The tetrahedral shaped groups are

relatively large compared to the hydrogens they replace on the chromophore. 

They are probably part of a lock and key mechanism that inserts into the 

MIA double helix. This lock and key mechanism would limit the 

possibilities of complex formation with other molecules. The idea 

would be consistent with the fact that AMD acts rauidly and has a high 

specificity for DNA. Four other substituted groups (including the two 

non-carhon elements in the center ring) consist of either nitrogen or 

oxygen. A study of sp^ hybridization (Morrison and Boyd, 1966) indicates 

that both nitrogen and oxygen are elements that have areas of high electron 

density. Any electrophilic substance will be able to satisfy its search 

for electrons at the sites of the nitrogens and oxygens. Figure 1-4 

indicates that hydrogen bonding between DNA strands involves nitrogen 

and/or oxygen at either end. Possibly the nitrogen and oxygen locations 

substitute for bases by causing the hydrogen bonding to occur between the 

chromonhore of AMD and one of the DNA bases. The DNA would not split 

because AMD could form similar bonding with the remaining base. AMD 

would then be incorporated into the DNA helix through hydrogen bonding 

to both bases along several nucleotides.

The lactone rings are heterocyclic compounds, that is, compounds 

that contain a ring structure made up of more than one kind of atom.

Figure 1-7 indicates how a lactone ring is formed. From Figure 1-7 and 

Figure 1-6 it can be seen that these lactone rings also contain oxygens 

with electron dense areas; therefore, they too could act to transfer 

hydrogen bonding from base-base to base-AMD. Possibly the presence of 

more exposed nitrogens as well as oxygens on the chromophore structure
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imitates the DNA bases more closely, thus suggesting that the chromophore

might be the >art of the AMD molecule that actually bonds to the DNA.

M
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H
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1 1 ‘ \ * OH"
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1
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H
1

H
1 o

//
-C—c--C--c--c-

1 1 1

V4

1

n
CTl'U*’

C OH*

OH w

Salt of a Jf-hydroxy acid

o

Figure 1-7

Formation of a lactone ring (Morrison and Boyd. 1966).

The problem now arises as to which part of the AMD molecule 

intercalates into the ENA chain (and might bond to the bases) and which 

part then protrudes into the DNA minor groove. Or, does intercalation 

take place at all? Most of the theories concerning the orientation of 

AMD in the DNA-AMD complex are educated suggestions with only minimal 

supporting evidence.
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There are two main proposals as to the orientation of AMD: (1)

the AMD chromonhore is hydrogen-bonded to the outside of the DNA helix, 

and (2) the AMD chromonhore is intercalated into the DNA chain with the 

peptide lactones projecting into the DNA minor groove. Hamilton et al. 

(1963) proposed the outside bonding model and said that stabilization 

of the complex was due to a hydrogen bond between the actinomycin 

quinone oxygen and the 2-amino group of guanine (as well as hydrogen 

bonds from the AMD amino group to nitrogen on the guanine and to parts 

of the deoxyribose ring oxygen). Evidence from Wells and Larson 

challenges this model since the 2-amino group was shown not to be 

essential. Muller and Crothers (1968) proposed the intercalating model 

which is not challenged by Wells and Larson's evidence.

The molecular nature of the bonding of AMD to DNA is unknown at 

present. One feasible model was proposed by Muller and Crothers (1968) 

and seems to be consistent with more current data. Much more work

needs to be done in this area in order to acquire a deeper understanding 

of just how certain molecules such as actinomycin D affect the molecule 

that directs life processes, DNA.
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PART Hl THE EFFECTS OF

ACTINCMYCIN D ON REGENERATION

IN THE CILIATE STENTOR



INTRODUCTION

Regeneration of missing feeding organelles in the ciliate Stentor 

can be retarded by the antibiotic actinomycin D (also known as 

meractinomycin). Actinomycin D (AMD) is a known inhibitor of DNA- 

dependent RNA synthesis and indirectly blocks the synthesis of protein. 

Direct inhibitors of orotein synthesis have been shown to prevent 

regeneration in Stentor (chloramphenicol—Yow and Wasserman, 1964; 

puromycin—Elwood and Cowden, 1966). Ultraviolet irradiation (Burehill 

and Rustad, 1969) and griseofulvin, which inhibits the formation of the 

normal mitotic spindle, (Margulis et al., 1969) also delay regeneration 

of feeding organelles in this organism.

The purpose of this work was to observe and record the cytological 

effects of AMD in varying concentrations on regenerating stentors.
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Regenerating stentors were placed in different concentrations of 

actinomycin D at approximately the same time. The results indicate 

marked differences in regenerative processes that occur as a result of

AMD.

MATERIALS AND METHODS

A. CULTORING TECHNIQUES

Stentor cultures were purchased from Carolina Biological Supply 

Company (Gladstone, Oregon) and were left in the original culture medium. 

Culture viability rapidly decreased in about ten days to two weeks. 

Aeration did not extend the life of the cultures significantly while 

they remained at room temperature. However, refrigeration at 6*C 

prolonged the life of the organisms, thus eliminating the need for 

aeration. Also, loss of the culture medium through evaporation was 

minimal at 6*C at which they were stored.

A lettuce infusion medium was used for the experiment. Metal 

distilled water was distilled a second time through a glass apparatus. 

Several leaves of lettuce were dehydrated in an oven for 1-2 hours then 

ground up into a brown powder. 1.5 grams of this powder were added to 

1 liter of the double distilled water which was stirred for 1 hour then 

refrigerated at 6°C. The excess ground lettuce particles settled to the 

bottom of the jar; the top liquid portion of this infusion medium was 

further diluted by four times the initial volume of the infusion medium, 

fr.g. 10. ml. of infusion medium were diluted to Lo ml. by the addition of 

30 ml. of double distilled water. The portion of lettuce powder that 

settled out was not reagitated in making these further dilutions.) This
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final dilution served as the control medium and also was the solvent 

for actinomycin D.

B. TECHNIQUE OF INITIATING REGENERATION

Regeneration can be initiated by a two to three minute exposure of 

stentors to a 10-15$ sucrose solution (Tartar, 1961). Such a highly 

hypertonic solution causes the stentors to sluff off their membranellar 

bands containing the cilia at their oral ends. These cilia are 

responsible for causing currents that siphon food ;>articles into the 

gullet.

Initial attempts to initiate regeneration failed when using a 

12^ sucrose solution (single distilled water solvent) and an ex;x>sure 

of two and one half to three minutes. A one to one and one half minute 

exposure of the specimens to a 10$ sucrose solution yielded much greater 

success. Membranellar bands were sluffed off but the organism was not 

permanently poisoned by the hypertonic solution.

Each of six stentors was placed one at a time in the 10$ sucrose 

solution for one to one and one half minutes then pipetted out and 

placed in the lettuce infusion medium. Since they were treated 

individually, there was a time difference from the first stentor treated 

to the last stentor treated of about 20 to 30 minutes. They were all 

placed in one infusion medium and left for one hour at room temperature. 

At this time they were refrigerated at 6°C for one hour in the same 

medium.
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The actual process of regeneration takes about 8-10 hours to 

complete under normal conditions. This process has been studied 

thoroughly by Vance Tartar (1961) who formulated an eight-step 

sequence. Figure 2-1 indicates this sequence:

laz 2-3 3-4

5-6

MEMBRANELLAR BAND

FRONTAL FIELI

GULLET

CONTRACTILE VACUOLE

RAMIFYING ZONE

MACRONUCLEUS

Figure 2-1

Diagrammatic representation of the stages of 
regeneration showing the morphological changes 
that occur in both the macronucleus and the 
cortex (Burchill, 1968).
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Very briefly the morphological asoects of regeneration occur in the 

following manneri after approximately two hours a primordium appears 

in an area of the cortex called the ramifying zone. This primordium 

is at first a simple carting of the pigjnented stripes in the cortex 

(the cortex is the most peripheral portion of the cytoplasm). The 

primordium begins to lengthen while at the same time cilia are added 

to it. The cilia come from a proliferation of basal bodies in the 

primordial region. At stage 6 the gullet is complete (Figure 2-1) but 

is located on the side of the regenerating stentor rather than at its 

oral end. Finally, the entire structure migrates toward the anterior 

portion of the cell, assuming the normal position. During the final 

cortical changes, the macronucleus condenses into one or two large 

nodes then renodulates to complete the cycle (Eturchill, 1968).

A second figure, Figure 2-2, helps to point out the most important 

steps of regeneration of oral carts.

Figure 2-2

Depiction of the most important stages of oral 
regeneration in Stentor coeruleus (Tartar, 1961).
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c. techniques of employing actinomycin d
Actinomycin D (5 mg.) was purchased from the Sigma Chemical 

Comnany (St. Louis, Missouri). It was prepared for Sigma (pfs) from 

Strentomyces chrysomallus. The AMD was not weighed after receiving the 

chemical since initial attempts were discouraging and indicated that 

significant loss of the AMD might result. I assumed that Sigma’s 

weighing techniques were most accurate.

The lettuce infusion medium was used as a solvent for the AMD.

The bright red AMD powder gave the medium a deep yellow tint. The 

solution of AMD and infusion medium was allowed to stand overnight at 

room temperature since AMD did not completely dissolve. On the f nl1owing 

day, it had dissolved almost completely.

The original 5 mg. of AMD was dissolved in 20 ml. of infusion 

medium yielding a concentration of 250 ug/ml. by dilution of this, 

solutions of varying concentrations were formed. The concentrations 

were as follows: 250, 100, 50, 25 and 10 ug/ml. The following table

relates these concentrations with their equivalent molarities:

ug/ml M x 10~5

250 20.04

100 8.016

50 4.008

25 2.004

10 0.8016

Table 2-1
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A molecular weight of 12^7.5 was used for AMD to calculate these values 

for molarity. This value was given by the Sigma Chemical Company as 

the molecular weight of anhydrous AMD. If one refers to Figure 1-6 

on Dage 20 of Part I of this paper, a calculation can be made of the 

molecular weight of AMD according to this structural configuration.

This molecular weight turns out to be 1350-0• Because of this dis

crepancy, concentrations will be referred to in ug/ml rather than 

molarity (M).

One stentor was placed in each of the five AMD solutions following 

the two hour recovery period (in infusion medium) after the initiation 

of regeneration (in 10$ sucrose). A sixth stentor was placed in 

infusion medium alone for a control. The six solutions were then 

refrigerated at 6 °C for the remainder of the experiment. They were 

removed only for observation and microphotography.

D. MICROPHOTOGRAPHY TECHNIQUES

1. Apparatus;

The camera was a Zeiss Ikon AG (20.7526) Contarex with a Zeiss 

Ikon AG adapter for the photography tube of the microscope. A shutter 

speed of l/8 seconds was used. A cable trigger was used to reduce 

vibration.

The microscope was a Carl Zeiss Standard RA Routine and Research 

Microscope. The Ph2 Neofluar 16/A0 objective was used for the phase 

contrast microphotographs. A Carl Zeiss Kpl 8x ocular was used in the 

photography tube. The total magnification then was 16 x 8 = 128 diameters. 

This magnification varied somewhat depending on the raising or lowering

32



<

of the camera and adapter on the photography tube. In general, 

magnification through the camera on the photography tube was slightly 

higher than magnification through the microscope alone. A Carl Zeiss 

transformator allowed regulation of light intensity. The highest 

intensity was used to allow adequate exposure of the film. A blue 

filter (Carl Zeiss 46 78 35 Blauglas, klar) was placed over the light 

source aperture on the base of the microscope.

The film was K 135-20 Kodachrome II film, ASA 25 and 15 DIN. 

Developing and the making of prints was done at Eastman Kodak labs in 

Palo Alto, California.

2. Time of microphotographyi

The six stentors were left in their respective media for one hour 

and fifteen minutes at 6*C. At this time the solutions were removed 

from the refrigerator. Each stentor was then pipetted onto a slide (no 

cover slip was used) and placed under the microscope for viewing and 

photographing. The procedure was repeated again at two hour intervals

for the next six hours.

The length of time that it took to photograph the entire set of 

six stentors varied with the dexterity of the experimenter. Early sets 

took as long as 45 minutes while other sets, taken later, took 20 

minutes total. This was also due to the loss of some specimens while 

pipetting or death of other specimens. The decreased number in a set 

took less time to photograph than all six. As a result of this time 

difference the last stentor photographed in a set may have been 

regenerating for one half hour longer at the time photographs were

taken of it.
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RESULTS

The results of this study indicate that regeneration in the ciliate 

Stentor is blocked by a relatively wide range of concentrations of 

actinomycin D. More dilute concentrations of AMD did not show a 

decrease in blockage of regeneration.

Microphotographs were taken at two hour intervals following 

treatment with a 10# sucrose solution as explained previously. Five 

different stentors were photographed through a phase contrast field at 

b hours, 8 hours and 10 hours (0 hour was the time of treatment with 

the sucrose solution). Other photographs are included that show normal 

regenerating stentors and normal non-regenerating stentors. These 

photographs will be referred to as Plates 2-1 through 2-21 and are found 

immediately following the Discussion section of this paper.

A. INTRODUCTORY PLATES

A normal, non-regenerating stentor is shown in Plates 2-1 and 2-2,

The very noticeable cilia immediately point out the anterior or oral 

end of the single-celled organism. A slightly darker area indicates 

the location of the gullet in this anterior end. The cilia are located 

on a membranellar band which forms a spiral into the gullet. Coordinated 

ciliary action creates a current that siphons food particles into the 

gullet. The raacronucleus is the string of five visible dark lobes 

running diagonally across the organism. A small visible strand connects 

the most anterior lobe with the smaller second lobe. The other lobes are 

also connected but their connectors are not visible. Most of the other 

structures are food vacuoles. There is an absence of large water vacuoles 

in these examples of normal stentors.



Plate 2-3 ia a ralcrophotograph of a stentor one half hour after 

Inducing regeneration with a 12$ sucrose solution. (The large verticle 

stripe is the edge of the water droplet.) The oral end of the 

organism lacks cilia and therefore lacks the membranellar bands. This 

stentor was not refrigerated and died later on.

Plate 2-4 is a stentor two hours after treatment with a 10$ sucrose 

solution. A large water vacuole is seen near the oral ends cilia are 

lacking,

Plate 2-5 is a stentor six hours after treatment with a 12$ sucrose 

solution. This hardy organism survived longer than any other organism 

without refrigeration. It also withstood a 12$ sucrose treatment 

Instead of a 10$ sucrose treatment. This plate shows a possible side- 

view of the anlage with developing cilia on it.

B. PLATES OF TEST (AMD-TREATED) STENTORS AND CONTROL (AMD-FREE) STENTORS

1. Stentor in 250 ug/ml solution of AMD

Plates 2-6 through 2-9 were taken at the times indicated under the 

plates. As can be seen a great deal of qualitative differences between 

microphotograohs is not evident. This would seem to Indicate that this 

relatively high concentration of AMD blocks regeneration almost 

completely. The pictures indicate that no significant progress was 

made between Plate 2-6 and 2-8 (4 hours to 10 hours). This is especially 

evident from the appearance of the macronucleus in each photo. Mo 

coalescing of nodules has taken place at all in Plate 2-8. Furthermore, 

no cilia are seen even after 21 hours sinoe 0 hour.

2. Stentor in 100 ug/ml solution of AMD

This stentor is shown in Plates 2-10 to 2-12. An interesting
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characteristic of this stentor was its tendency to remain in an elongated 

state even after refrigeration. This allows a much easier evaluation 

of the degree of regeneration since there is no doubt as to the location 

of the oral end. There does not appear to be a great deal of differences 

in canparing the photographs; however, in Plate 2-12 a portion of the 

oral end may be developing an anlage. In later observations (not 

photographed) this area did appear to have cilia although the cilia were 

few in number. The greater activity (paralleled by cell elongation) of 

this particular organism may be largely responsible for the development 

of this anlage at 10 hours. As will be seen later, less concentrated 

solutions of AMD did not allow a similar early development. This would 

lead one to conclude that this stentor was a particularly healthy and 

active organism. However, even this stentor probably would have been 

completely blocked from regenerating had it been placed in the 250 ug/ml 

solution of AMD.

3. Stentor in 50 ug/ml solution of AMD

The record of this stentor is incomplete due to the fact that it 

could not be found for the microphotographs taken at 10 hours. As a 

result, only a four hour time span exists between Plates 2-13 *nd 2-14. 

Neither plate shows the presence of cilia or any kind of a primordium.

4. Stentor in 25 ug/ml solution of AMD

This stentor, shown in Plates 2-15 to 2-1?, was almost invariably 

found in the contracted state shown in the microphotographs. The 

location of its oral end was made easier by the presence of one or two 

large, clear vacuoles near the anterior end of the organism. Plate 2-17 

is lacking in cilia after 10 hours. Apparently, this stentor was not
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active enough to produce a primordium as did Plate 2-12. Possibly, the 

activity of an organism might be a function of its gene activity and thus 

its protein synthesis. The development of an anlage, even in the 

presence of AMD, must mean that enough RNA is present in the cell 

>1rwady to produce enough proteins to form an anlage. (More will be 

•Aid of this in the Discussion.)

5. Stentor in 10 ug/ml solution of AMD

This stentor died within one hour after being placed in a 10 ug/ml 

solution of AMD. As a result, no data exists for this solution of AMD. 

This particular organism was observed to be very inactive before 

placement in the AMD solution.

6. Stentor in control solution (AMD-free)

This stentor remained in a contracted state and was the least active 

of the «fcentors tested. A more active control stentor might have bean 

more desirable for it would have shown much better regeneration of 

cilia as did the stentor in Plate 2-5. Nevertheless, this stentor 

(Plates 2-18 to 2-21) did show a fair amount of cilia regeneration.

Plates 2-18 and 2-19 show some areas where cilia may be present.

Plate 2-20 shows definite cilia regeneration. Plate 2-21 also indicates 

geod cilia that do appear to be in a characteristic circle caused by 

the membranellar bands spiraling aroung the gullet. The cilia, 

however, are quite short. It may be simply a matter of time before 

the cilia achieve their normal length. It may also be a case of relative 

activity of the organism; that is, inactive organisms may have shorter 

cilia than more active organisms.
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C. SUMMARY OF RESULTS

1. Actinomycin D significantly blocked oral regeneration in the 

ciliate Stentor at all concentrations of AMD studied.

2. The amount of regeneration that did take place in same 

specimens is not commensurate with the lesser concentrations of AMD.

The relative activities of the individual specimens probably plays a 

major role in the rate and degree of oral regeneration.

DISCUSSION

A. SPECIFICITY OF ACTINOMYCIN D

Even at very low concentrations, AMD almost completely blocked oral 

regeneration. This evidence supports the idea that AMD is a highly 

specific antibiotic. If AMD were not as specific, low concentrations 

would show very little effect on oral regeneration. This would be due 

to the fact that a significant portion of the AMD molecules would be 

diverted to other action sites. Since AMD does block regeneration in 

low concentrations (25 ug/ml), nearly all of the molecules of AMD are 

involved at one action site in the cell. This corresponds with* ’ •. 

observed data that indicates that AMD is highly specific for DNA (Wells 

and Larson, 1970).

B. ACTIVITY OF THE STENTCRS

The most active of the stentors studied were the stentors in the 

250 ug/ml and 100 ug/ml solutions of AMD, which were the most 

concentrated solutions used in this study. The least active stentors 

were the ones in the 50 ug/ml and 25 ug/ml solutions of AMD. The control
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stentor, in an actinomycin D-free medium, was the least active. This 

is the reverse of what should be expected. If anything, AMD should 

decrease activity in proportion to the concentrations of AMD. However, 

in choosing which stentor was to be placed in each of the different 

AMD solutions, I tried to ensure that the most rigorous test medium, 

the 250 ug/ml solution of AMD, would contain the most active stentor.

As a result, the two or three most active stentors were selected and 

placed in the most rigorous test media. The least active stentor was 

placed in the AMD-free medium since this should be the least demanding 

medium. Because of this selection orocess the control appeared the 

least active whereas the stentor in 2^0 ug/ml solution appeared the most 

active. The selection process might also explain the death of the 

stentor placed in the least concentrated solution of AMD (10 ug/ml).

The conscious selection of the most active stentors was felt to 

be a necessary step so that higher concentrations of AMD could be studied. 

If relatively inactive stentors were placed in the most rigorous test 

media and were to subsequently die, a misinterpretation of the data 

oould result quite easily. From the data now at hand it can be inferred 

that the control stentor and the stentor in the 10 ug/ml solutions 

would have died in any one of the solutions of AMD.

An important consideration that can be made from the data concerns 

the individual activity of each stentor. Since the results appear to 

contradict expected results, each stentor*s activity seems to play an 

important role in oral regeneration. As was mentioned above, Plate 2-12 

may be developing a primordium. The reason for this unexpected 

development is probably due to the activity of the cell. Apparently,
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this organism had stored enough RNA to facilitate protein synthesis even 

in the presence of AMD which blocked further transcription of RNA from 

a DNA template. The stored RNA had been transcribed from DNA before 

AMD was involved. ,

Certain stentors contain more RNA than other stentors since some 

do in fact regenerate faster. A logical conclusion is that the more 

active stentors do in fact carry on RNA transcription at a faster rate. 

These stentros must then have a higher rate of gene activity that 

transcribes the RNA. (Conceivably, the RNA of one organism might be 

more stable and remain intact longer in the cytoplasm. However, this 

seems unlikely since the RNA of two different organisms of the same 

species would not differ significantly in this respect. The only 

other explanation would be that one organism contains more RNA than the 

other organism.)

If in fact the idea is true that more active stentears possess more 

active genes, it might follow that more active stentors are more 

susceptible to complex formation with AMD. It is a possibility that 

AMD is unable to bind with non-active genes or genes in a repressed 

state (Ringertz et. al.t 1969). The initiation of RNA synthesis might 

make certain areas of the chromosomes available for AMD-binding. If 

this is true it would follow that the active stentors might be 

inhibited from regenerating just as efficiently by a 25 ug/ml solution 

of AMD as by a 250 ug/ml solution. No cytological variations would

occur between the two tests.
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C. EFFECTS OF TEMPERATURE ON ACTIVITY OF STENTCRS

It is known that regeneration can be retarded by cold (Tartar, 1961). 

All the experiments and tests were done at 6°C. This temperature must 

have retarded regeneration significantly; however, this constant 

refrigeration allowed for more exact experimental procedure. The 

variability of room temperature was eliminated but another factor 

affecting regeneration was introduced.

In general, the cold caused most of the stentors to take on the 

contracted physical shape. Gradual warming brought about an increase 

in general activity and a gradual elongation of the cell. As was 

discussed earlier, the cold temperature seemed to prolong the life of 

the stentors. It was for this reason that the experiments were not done 

at room temperature; earlier work indicated that there was a greater

chance of death at room temperature.

D. EFFECTS OF INFUSION MEDIUM ON ACTIVITY OF STENTORS

The lettuce infusion medium (see Materials and Methods section) was 

the solvent for the AMD. It was also the control medium. After 48 

hours in their respective media, the stentors in the 100, 50» and 25 ug/ml 

solutions of AMD were removed and placed in the infusion medium alone.

They were again refrigerated at 6 °C. All three stentors died within 

the next 24 hours. I do not have an explanation for this occurrence.

It seems obvious that the lettuce infusion medium was not the ideal 

solvent or control for the tests. Other possibilities might be fresh 

filtered pond water or the meditn in which the stentors were shipped. 

However, both of these present problems in a controlled experiment. It
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is not known exactly what particles or elements are in the media. This 

would make the solvent difficult to duplicate.

At this time it is not known how the infusion medium may have 

affected the activity of the stentors. Since double distilled water 

was used to orepare the infusion medium, it may have been slightly 

hypotonic to the stentors. The hypotonicity of the medium might not 

have affected a normal, non-regenerating organism. Its water vacuole 

would allow the organism to extrude excess water. However, the 

hypotonicity of the medium might have been lethal to a stentor whose 

metabolism was greatly retarded by treatment with AMD. It was also 

noted that stentors developed more noticeable water vacuoles following 

treatment with the highly hypertonic 10# sucrose solution. Following 

treatment with AMD, the osmo-regulator mechanism may have been impaired. 

This ineffeciency may have proven fatal when the affected stentor was 

placed in the hypotonic lettuce infusion medium.

E. PROBLEMS ENCOUNTERED WITH MICROPHOTOGRAPHY TECHNIQUES AND
PHASE-CONTRAST MICROSCOPY

It was hoped that macronuclear variations of form during the process 

of regeneration would be much clearer. Ohly a few plates such as 

Plates 2-1, 2-2, 2-6 and 2-8 show a lobed macronucleus. None of the 

plates show the condensation of these lobes during the regenerative

process.

1. Tha pahablem with phase-contrast microscopy

When the microscope is focused on phase-contrast field, the field 

of vision cannot be moved. If the field of vision is moved the 

microscope must be readjusted in order to be put back into phase again.
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This presented problems when a mobile living specimen was in the field 

of vision. As the specimen moved the field of vision had to be moved 

also. This often times resulted in the phase-contrast field coming out 

of phase. It would take too long to readjust the phase-contrast field; 

the specimen would have moved out of the field of vision. As a result, 

some of the plates were photograohed with the microscope slightly out 

of phase. Without phase-contrast, resolving power is reduced and cell 

organelles are not as distinct.

2. The problem with viewing through the camera mounted on the microscope

The field of vision observed through the camera when mounted on 

the microohotography tube showed a series of concentric rings that 

radiated from the center of the field of vision to the periphery. Located 

in the center of these concentric rings was an opaque circle just about 

large enough to block from view a single stentor. This opaque circle 

Drevented viewing the organism and thus prevented finer focusing. The 

field of vision had to be moved so that the organism could be seen. The 

organism was focused then re-centered "behind" the opaque circle where 

it was in the phase-contrast field. This process resulted in several 

plates not being in sharp focus.

The problems encountered could be corrected if the experiment were 

to be repeated. A further study into the process of regeneration and 

how it is affected by AMD might include substances that prevent AMD 

action. One such substance might be DNA if it could be polymerized into 

a double helix.

The number of instances in which actinomycin D is used to study 

growth and differentiation is quite large. The drug’s specificity
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allows experimenters to study problems relating RNA synthesis to protein 

changes that occur in morphogenetic systems such as oral regeneration 

in Stentor. The results obtained from this study support the observations 

that AMD is in fact a highly specific mocecule.

f
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PLATES



This is a descriptive diagram 
of Stentor coeruleus.
(Taken from Tartar, 1961.)

46



A. INTRODUCTORY PLATES (PLATES 2-1 to 2-5)

PLATE 2-1

Normal stantor. F.F.- frontal field: C.- cilia: M.B.- 
marabranallar band; M.C.- macronuclear connector; G.- gullet 
H.N.- macronuclear nodule; F.V.- food vacuole.

t;................................................................  ..............

PLATE 2-2

Normal stentor.
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PLATE 2-3

Photograph of stentor f hour after sucrose treatment (0) hr.). 
O.E.- oral end; D.E.- edge of water droplet.

PLATE 2-4

Photograph of stentor 2 hours since 0 hour. 
C.V.- contractile vacuole; O.E.- oral end.
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R.C..
R

PLATE 2-5

Photograph of stentor 6 hours after 0 hour.
R.C.- regenerating ciliaj P.- primordium or anlage.



B. PLATES OF TEST AND CONTROL STENTORS (PLAT£S 2-6 to 2-21)
1, Stent or.-in 250 ug/ml solution of AMD (PLATES 2-6 to 2-9)

PLATE 2-6

Photograph of stentor hrs. after 0 hr. C.V.- contractile
vacuole; O.E.- oral end; M.N.- macronuclear nodule; H.- holdfast

PLATE 2-7

8 hrs. after 0 hr. C.V.- contractile vacuole; O.E.- oral end; 
F.M.- foreign matter.
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PLATE 2-8

10 hrs. after 0 hr. C.V.- contractile vacuole; M.N.- 
macronuclear nodule.

z

PLATE 2-9

21 hrs. after 0 hr. H.- holdfast; O.E.- ol*al end.
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2. Stentor in 100 ug/ml solution of AMD (PLATES 2-10 to 2-12)

PLATE 2-10

hrs. after 0 hr.

PLATE 2-11

8 hrs. after 0 hr. O.E.- oral end; C.V.- contractile 
vacuolej H.- holdfast.
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10 hrs. after 0 hr. H.- holdfast} M.h.- macronuclear 
nodulej P.- primordium or anlage (this anlage gradually 
developed cilia at a later stage).
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3, Stentor in 50 ug/ml solution of AMD (PLATES 2-13 *nd 2-14)

PLATE 2-13

Photograph of stentor 3i-4 hrs. after 0 hr.

w

PLATE 2-14

Photograph of stentor 8 hrs. after 0 hr.
C.V.- eontraotile vacuole.
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4. Stentor in 25 ug/ml solution of AMD (PLATES 2-15 to 2-17)

Photographed 3f-4 hrs. after 6 hr. F.M.- foreign matter} 
C.V.- contractile vacuole; O.E.- oral end;

PLATE 2-16

Photographed 8 hrs. after 0 hr. C.V.- contractile vacuole.



r

CM. 

C.M ■

PLATE 2-1?

Photographed 10 hrs. after 0 hr. C.V.- contractile vacuole.
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6. Stentor in control solution (AMD-free) (PLATES 2-18 to 2-21)

Photographed hrs. after 0 hr.
O.E.- oral end; C.V.- contractile vacuole.

A

R.G.

CM.

r

PLATE 2-19

Photographed 8 hrs. after 0 hr.
R.G.- regenerating cilia; C.V.- contractile vacuole.
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PLATE 2-20

Photographed 10 hrs. after 0 hr.
R.G.- regenerating ciliaj C.V.- contractile vacuole.

PLATE 2-21

Photographed 21 hrs. after 0 hr. C.V.- contractile vacuole 
C.O.E.- ciliated oral end.
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