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| ADP Adenosipe-S'-diphosphate
ADP: 0 ADP:O ratio (number of molecules of ADP
esterified per atom of oxygen consumed )
ATP_ Adenosine-5'-triphosphate
ATPase Adenosine-5'-triphosphatase EC 3.6.1.3.
BSA . bovine serum albumin (fraction V)
pp' DDT 1,1,1-trichloro-2,2 bislp-chlorophenyl)
ethane
DNP 2¢4 dinitrophenol

' DNP factor the ratio of Mgt activated ATPase
activity in the presence and in the
absence of DNP

EDTA ethylenediamine tetra-acetate
(sodium salt)

A ~GP At -glycerophosthate (sodium salt)

LD50 ete experimental treatment causing 50 per
cent mortality in a sample of animals

NaD*t Nicotinamide-adenine dinucleotide
(oxidized form)

NADH Nicotinamide-adenine dinucleotide

' (reduced form)
Pi inorganic phosphate
QO2 oxygen uptake expressed as ng atoms

oxygen per mg protein per hour

RCI respiratory control index (the ratio of
oxidation in the presence and in the
absence of ADP)

Tris tris (hydroxymethyl) aminomethane
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ABSTRACT

The heat resistance of Calliphora erythrocephala

varies during the life history. The egg is most
gensitive to high temperature and the puparium most
regigtant. Puparial resistance develops in the larval
stage and declines in the young adult. This adult
decline ig temperature dependent and seems to be related
to changes taking place during maturation.

Evidence for the existence of development
acclimatization was found to be contradictory, however,
physiological acclimatization did occur in the adult.
Thig latter form of acclimatization differs from the
typical pattern observed with other species, for the
increase in heat resistance with increasing temperature
of acclimatization is not proportionate and it declines
with adult age. The interaction of these factors makes

resistance adaptation in Calliphora erythrocephala a

complex phenomena.

It is concluded that the primary lesion of heat
death in adults is the uncoupling of the sarcosomal
enzymes associated with oxidative phosphorylation of
o -glycerophosphate. The heat sengitivity of this enzyme
pathway is correlated with the heat death point of the
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whole animgl and death is probably the résult of a
breakdown in ATP synthesis, which leads to the
interruption of other energy dependent processes.

The biochemical lesions during heat death are
correlated with dramatic’changes in the ultrastructure
of sarcosomal cristae, which house the respiratory
agsemblies. This suggests that the structural and
functional integrity of membrane-enzyme complexes are
important factors in cellular metabolism.

Studies on isolated sarcosomes have shown that the
coupling of oxidative phosphorylation is»influgnced by
both age and acclimatized state of the fly. The
coupling enzymes are implicated in both the age dependent
changes in heat resistance and also capacity adaptation.
They are likely to be key factors in the temperature

rhysiology of adult Calliphora.




Chapter 1.

GENERAL INTRODUCTION

Adaptation has been defined by Prosser (1958) as
"any alteration or responserof an organism which favours
its survival in a changed environment." Thus an
adaptation can be morphological or physiological. When
applied to a population of organisms it may be
genetically determined; when applied‘te an individual
it may be environmentally induced. The work presented
in this thesis is primarily concerned with the
physiological aspects of adaptation in individuals of.a
population of inbred Calliphora erythrocephala. It is
presumed that the genotype of each individual will set

the limits within which physiological adaptation is
possible; . Furthermore, it is assumed that under
consistent culture conditions this inbred population has
remgined genetically unchanged throughout the study.

With respect to changes in environmental temperature
the terms adaptation and acclimatization are frequently
used synonymously and throughout this study the above
definition will be used to embrace both terms. Several
workers prefer to use the term acclimation when referring
to thermal adaptations under laboratory conditions. They

reserve acclimatization for adaptations under natural




conditions, where several environmental variables may
be interacting (see Fry, 1958; Prosser, 1958; Read,
1964 and Hoar, 1967). However, as acclimatization and
acclimation seem to be fundamentally the same, see
definition by Prosser and Brown (1961), the term
acclimatization will be used exclusively throughout this
study.

The influence of environmental temperature on
animals has been the subject of many reviews and
gymposia (see Precht, Christophersen and Hensel, 1955;
Prosser, 1958; Hoar, 1967 and Prosser, 1967). Generally
speaking the responses of homeotherms and poikilotherms
can be summarised schematically in Figure 1 after 1
Hoar (1967). Poikilotherms, with which this work is
concerned, conform to environmental temperature and i
within the viable temperature range (solid line Figure 1),
their metabolic rate approiimately doubles for each 10°C
rise in temperature. At temperatures outside the viable
range (broken lines Figure 1) they experience varying
intensities of metabolic stress which eventually results
in death. Precht (1958) has drawn attention to two types
of acclimatization in poikilotherms which are associated
with the viable and non-viable ranges; they are

capacity adaptation and resistance adaptatioh.

S




- Pigure 1

Diégfam showing the physiological
fespénses of homeotherms (regulators)
and poikilotherms (conformers) to
changes in ehvironmental temperature

(after Hoar, 1967).
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Capacity adaptation is a "temperature adaptation
in the normal range" (Precht, 1958). Such adaptations
are usually measured as the rate change of some activity
or process. Individuals adapted to low temperatures
generally have a higher metabolic rate, at a given
temperature, than those adapted to high temperatures.
The rate/temperature curves may be translated during
acclimatization and frequently they are rotated showing
that temperature coefficients also may change during
acclimatization (Prosser and Brown, 1961).

Resistance adaptations are defined by Precht (1958)
a8 "adaptations to extremes of temperature", and are
usually demonstrated by the ability of an individual to
withstand an increased exposure to a lethal temperature.
Resistance is measured as the time/temperature relation-
ship causing 50 per cent mortelity in a group of
animgls (LDSO)‘ At high and low lethal temperatures the
LDg
respectively. An individual from a higher acclimatization

o's are referred to as the heat and cold death points

temperature usually possesses a higher heat death point
than an individual from s lower acclimatization
temperature. The reverse applies to the cold death point.

On defining these two types of acclimatization Precht




(1958) suggested that the coupling of capacity and
resistance adaptation may not necessarily occur. However,
the relationship between these two types remains to be
fully elucidated, for most workers have studied them
independently (see reviews by Prosser and Brown, 1961
and Prosser, 1967). A study of the two processes in
the same individual would be useful for it is possible
that resistance and capacity adaptations are in fact
integrally related, but recognised independently as
different parameters of the pfocess of physiological
adaptation.

Compared to other poikilotherms, insects appear to
be relatively poor in their ability to acclimatize.
Bursell (1964) in his review of the literature on
temperature physiology of insects was led to conclude,
"Insects are considered to be relatively poor in their
ability to compensate for différences in temperature."
However, this observation may not be entirely valid, for
recent evidence from endopterygote insects has shown
that the heat death point is not standard throughout
the life history (Baldwin, 1954; Hollingsworth and
Bowler, 19663 Bowler, 1967). These workers have
observed a dramatic decline in LD50 in the young imago.

Such a decline is likely to complicate the study of
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resistance adaptation in this stage and since much of
the earlier work on heat death did not take adult age
into account, the results must now be questioned.
Another complicating factor in insects is the
occurrence of two types of regsistance adaptation.
Maynard Smith (1957) has suggested that developmental
and physiological acclimatization occur in Drosophila

subobscura. Developmental acclimatization is dependent

upon the acclimatization temperature of the pre-adult
stages and it is carried over to the adult stage. It
appears to be developmentally fixed (canalization) for
it is long lasting. FPhysiological acclimatization is
attained in the adult stage, it is transitory and
appears to be revergible. Both forms of acclimatization
contribute to the heat resistance of the adult stage.
Thus it is important to determine how these inter-
.acting and possibly antagonistic factors influence
resistance adaptationy so that an assessment of the role
of acclimatization can be made. Furthermore, to
determine the physiological processes involved in the
change of the heat death point, it is important to
determine the factors causing death at high temperatures.
There have been a variety of theories concerning

heat death. The earliest was that protein coagulation or




denaturation occurs at high temperatures. However,
Mayer (1914) has demonstrated that although most marine
enimals die when exposed to temperatures of 46°C, the
most readily denatured protein does not coagulate until
10°C above that temperature. Mayer suggested that
oxygen supply becomes inadequate at high temperatures
and anoxia may be a cause of death. Fréﬁkel and Herford
(1940) have shown that heat death in Callirphora
erythrocephala larvae is not to be ascribed to a

defficiency of oxygen and Bowler (1963) has pointed out
that this is also the case in Astacus pallipes.

Heilbrunn (1924) drew attention to the correlation
between the heat resistance and the melting point of
cellular lipids. Later Belehriddek (1931) enlarged on
this and formulated the "lipoid liberation theory"
postulating that heat injury is caused by the melting of
lipid constituents in the cell membranes and hence death
ensues. This theory links the heat resistance of an
animal with the melting of its celluwlar lipids, which
are correlated with the degree of unsaturation of their
constituent fatty acids and also the temperature of
their formation. Fraenkel and Hopf (1940) have shown
that this correlation occurs in Calliphora erythrocephala

larvae, although the theory could not explain the




different heat registances of related species
possessing4the same lipid constituents.

Ushakov (1964) in his review of the literature on
heat resistance in poikilotherms points out that all the
~evidence indicates no definite correlation exists
between irreversible cell damage and the melting point
of 1lipid constituents. He suggests that although lipids
affect the thermostability of proteins by forming
complexes with them, this function is not correlated with
their melting points. In conclugion Ushakov suggests
that the data relating the saturation of lipids to
écclimatization temperature should be associated, not
with the melting point of lipids, but with an increase
in chemical activity resulting in the replacement of
double bonds.

House, Riordin and Barlow (1958) in support of the
lipid theory have shown that at standard acclimatization
temperatures, a definite correlation exists between the
changes in heat death point and the increase in
gaturation of dietary lipids. Thus, although Ushakov
(1964) has contradicted the view that the saturation of
lipids is implicated in heat resistance, it cannot be
completely rejected.

The most widely accepted view of the causes of heat




death is protein denaturation. The classical inter-
pretation has already been referred to ag protein
coagulation. The m@derna%gncept (Sizer, 1943; Stearn,
1949 and Johnson, Eyring / Polissar, 1954) regards
protein dengturation as any process by which one or more
properties of the protein, in the case of an enzyme its
- catalytic activity, are reversibly or irreversibly lost.
Protein denaturation usually takes the form of changes
in the tertiary and quaternary structure of the protein
molecule due to the breaking of hydrogen bonds and large
entropy changes are involved. It is not necessarily
-accompanied by the fragmentation or aggregation of
protein molecules.

Ushakov (1964) noted that the heat resistance of
proteins and protein complexes can be correlated with the
' heat resistance of the cells from which they were
obtained, for the temperature coefficients are
characteristically high in both cases. indicating large
entropy changes are involved. However, according to
Ushekov (1964) most protein preparations tested up to
1964 possessed a greater degree of heat resistance than
the cells from which they originated. Thus he suggests
that the heat resistance of a cell is limited by the
thermostability of its least resistant protein systems,
although what these are remains obscure.
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Read (1964) has pointed out that caution must be
'observed when relating heat resistance of animals to the
thermostability of constituent proteins, unless the
temperature,at which the protein activity or function is
lost, coincides closely with those at which metabolism
fails.

Bowler (1963b) has shown that changes in the level
of Na* and K* ions take place in the haemolymph of the
crayfish Astacus pallipes during heat death and Grainger
(1969) has observed similar changes in a mollusc
Arianta arbustorum. Bowler and Duncan (1967) have
correlated the changes in Na' and X' levels in Astacus
haemolymph with the inactivation of a magnesium
stimulated ATPase located in the muscle membrane. They
have suggested that this ATPase is involved in the
control of passive permeability and its inactivation may
be one of the primary and most important events in heat
death in this speciles.

The main components of cellular membranes are
lipids and proteins and all three have Seen implicated
ag factors in heat death. Moreover, many enzyme
pathways seem to be orientated on cell membranes and
the membrane-enzyme complex is considered to be
important in coupling and co-ordinating the activity of

the component enzymes. It is conceivable that such a
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"complex" as this may be disrupted during exposure to
lethal temperatures with a resultant inactivation of
enzyme activity and imbalance in cellular metabolism.
Thus it was considered important to study a membrane
epzymé complex paying particular attention to its
lability to lethal temperatures. The mitochondrion
is convenient for such a study for it is g discrete
multi-enzyme system, which can easlly be isolated in
an intact condition. Furthermore, its efficiency
can be readily measured.

The main objects in this study have been :
1. To determine the changes in heat death point
.throughout the life history of the endopterygote insect
Calliphora erythrocephala.
2. To investigate the interaction of such changes with

the development of resistance adaptation in the adult
étage.

3. To investigate the causes and events in death at
high femperatures paying particular attention to

membranes.

4. To determine the factors which change during
acclimgtization in the viable temperature range and

thereby influence the heat resistance of the animal.
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Chapter 2

GENERAL MATERIALS AND METHODS

The animals used in this study were male and female
Calliphora erythrocephala (Meig.). This stock has

been maintained in our laboratory for five years and was
originally obtained from a mass-mated culture (12 years

0ld) bred at the Pest Infestation Laboratory, Slough.

Culture of stocks.

The stock culturesused for breeding were kept in
muslin covered cages, approximgtely 70 cm x 50 cm x 35 cm
with corrugated cardboard placed in the bottom to allow
the flies to right themselves. These cages were kept
at room temperature and the stocks were replaced at two
monthly intervals. The flies were fed sugar and water
ad libidum and ox liver was provided regularly as a
gource of protein and to allow oviposition.

The influence of the degree of saturation of dietary
lipids has been discussed in Chapter 1. English ox
liver has been. used throughout this study; although no
attempts have been made to assess any changes in the
constituent lipids; the results over g period of several
months suggest that any change in the lipid constitution

was not causing significant differences in temperature

tolerance.
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Breeding experimental and stock cultures.

Liver covered with eggs was removed from the stock
cage and placed in a crystallizing dish (15 cm diameter)
for incubation. The liver was covered with a wet
filter paper to provide a high relative humidity (R.H.),
Davies (1949). The crystallizing dish was covered with
muslin and transferred to an incubator maintained at
24 : 0.5°C to ensure larval emergence during the next
12 hours. Newly hatched larvae were placed on fresh
liver in a crystallizing dish filled with sawdust and the
previous incubation process was repeated. Larvae were
fed for 4-5 days on liver, which was replenished as
required. Pupation took place in the sawdust 8-9 days
after oviposition. = When puparia were required for heat
death studies they were collected within 12 hours of
pupation, otherwise the puparia were left for 24 hours
before being placed on fresh dry sawdust in a 750 ml
conical flask, plugged with cotton wool,and incubated
at 24 £ 0.5°C., The puparium stage was 9 days long.

Acclimatization of experimental flies.

Mole and female adults were separated on the day of
eclosion and large numbers were placed in wooden cages
45 cm x 45 cm x 45 ocm similar to the design of Parkin

and Green (1958). The cages were housed in constant
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temperature cabinets, maintained at 24 bt 0.5°C. The

alr was circulated by two small fans and heated with

two 100 watt electric bulbs controlled by a Sunvic
thermoregulator (Type T.S.7.) and a Sunfic relay (Type
F102/3). Continual illumination was provided by
miniature fiﬁarescent lights. R.H. was 50 ¥ 10%. Where
groups of 100 or less animals were used, they were
hougsed in smaller cages 22 cm x 22 cm X 22 c¢cm
constructed from commercial biscuit tins with three
.sides removed. Two gides were covered with polyglaze and

a third had a muslin sleeve attached.

Mean expectation of imagingl life.
Lifetables for 100 male and 100 female adults,

housed in the smaller cages at 24 X O.5°C,gave a mean
expectation of life of 55.4 % 2.41 and 44.75 % 1.8 days
respectively. This agrees with the data of Tribe (1966a)
who constructeé life tables for this stock.

Chemical Reagents.
All chemical reagents used in this work were of

the highest purity which can be obtained commercially.

Solutions were made up in glags distilled, deionised

water.
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Chapter 3

CHANGES IN TEMPERATURE TOLERANCE DURING THE
LIFE HISTORY OF CALLIPHORA ERYTHROCEPHALA

- INTRODUCTION

There is a large literature on heat death in
insects reviewed by Uvarov (1931), Heilbrumn (1952),
Prosser and Brown (1961) and Wigglesworth (1965).
However, few workers have studied the changes in heat
death pdint, which take place during the life history.

Baldwin (1954) presented evidence which indicated
that the heat death point of the chalcid wasp
Dahlbominus fuscipennis is related to the age of the

emerged adult. Bowler and Hollingsworth (1965), during
work on the affect of inbreeding on the ability to

acclimatize to temperature in adult Drosophila subobscura,

observed a decline in resistance to 34°C after 7 days
of age in the inbred lines B and K. They suggested at
the time that this may have been due t0 an ageing
phenomenon. However, later work (Hollingsworth and
Bowler, 1966) on these inbred insects showed a rapid
decline in resistance to 34°C occurred in the young
adult. Bowler (1967) has shown similar, but more
dramatic changes in the temperature tolerance of

Tenebrio molitor. This éuggests that these changes may
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well be g widespread phenomenon in endopterygote
ingects. It is important to determine if the phenomenon
is general, for if this is so, future work on heat death
in endopterygote insects must take careful note of

adult age.

Hollingsworth and Bowler (1966) have suggested that
these changes in temperature tolerance, occurring in the
adult, may be carried over from the pupal stage. A high
tolerance would be an advantage to an immobile stage
unable to move away from adverse conditions.

The aim of the work presented in this chapter is to
determine whether the pattern of change in resistance to
high temperature follows the pattern predicted for

" endopterygote insects by earlier workers.

MATERIALS AND METHODS

Rearing of experimental animals

Throughout this part of the study animals were
reared as described in Chapter 2, at a constant
temperature of 24 ¥ 0.5°% in a R.H. of 50 ¥ 10%.

The heat death point

The usual method of measuring the heat death point,
| or LDSO’ is to determine the time taken for 50 per cent
of the experimental animals to die at a stated lethal
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temperature. A prerequisite of this method is that
the animals show some symptom of death e.g. cessation
of leg movement. However, this method cannot be used
with an immobile stage. Thus the following method has
been adopted to allow comparison of active and immobile
stages. DMoreover, the method removes the need for a
subjective evaluation of the time of death.

Groups of 100 larvae, puparia and adults were each
- given a standard 40 minute exposure at a series of
temperatures at 0.2°C intefvals within the range of
39.6° to 43.2%. With eggs approximately 100 were used
at each exposure and the intervals were O.5°C within the
range 34.0%C to 39.5°C. Temperature/mortality curves
were drawn and the LD50 was defined as that temperature
which caused 50 per cent mortality.

In the egg, larval and puparial stages mortality
was recorded from the number of animals falling to reach
the subsequent stage of the life cycle, e.g. egg to
larva. Control mortalities were recorded for each stage
uging groups of 200 - 300 adults, 900 puparia and 900
larvae held under the same conditions, but without heat
treatment. Evidence from preliminary experiments showed
that deaths in adults caused by the heat treatments
occurred in the 2 days following exposure. Survivors
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were then fully active and behaving normally. A life-
table drawn from the survivors of 1 day male adults
treated to 42.2°C gave a mean expectation of life of
53.69 £ 3.88 days (n = 49). This is not significantly
different from the control lifetable where the mean
expectation.of life was 55.4 ¥ 2.41 days (n = 100).
Consequently in the heat treatment of adults mortality
was recorded after 2 days.

Method of heat treatment

The animals were placed in a series of 7.5 cm X
2.5 cn glass vials, which were completely immersed in a
water bath at the required temperatureQ Racks were
constructed to hold 50 vials. Each vial was fitted to
a rubber bung, connected to the rack by a Terry clip.
The vials were connected by glass and rubber tubing as
shown in Figure 2. Air was circulated through the
vials at 600 ml per minute and brought to a R.H. of
47.5 - 50.5 per cent by bubbling through a saturated
golution of Mg(NO3)2. 6H,0 (Winston and Bates, 1960).
The temperature of the water bath was maintained at
+ 0.05% using two 500 watt immersion heaters controlled
by a Jumo thermoregulator and Sunvic relay (Type F103/4).
The wgter was continuously stirred. Air.temperature in

the vials was also determined. In the temperature range
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Figure 2
Disgram showing the arrangement of the

vials on the heat death rack.

a,vrubber:stépper; b, glags vial;

. Gy rubber fubing; . d,.glass tubing.
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gtudiedy1l5 minutes was required for equilibration of

the air and water bath temperatures. This 15 minute
period was included in the 40 minute exposure. During
the remainder of the exposure the air temperature was
maintained at the temperature of the water bath * 0.05°C.

Heat treagtment of eggs

Within 1 hbur of the time of oviposition, eggs were
washed from the liver with 2% NaOH onto filter paper.
The filter papef was carefully rinsed with tap water to
remove the NaOH and to spread the eggs. Approximately
100 eggs were uéed in each experiment. Great care was
taken to avoid damage to the chorion and damaged eggs
were rejected. During the heat treatment the egg-
covered filter paper was suspended in one of the glass
vials on the heat death rack. After exposure the
filter paper waé suspended in a covered dish in a
saturated atmosphere and replaced in the incubator,
~unhatched eggs were counted after two days.

Heat treatment of larvae and puparig

Sexually unsegregated 4, 6 and 7 day o0ld larvae and
.1, 4, 6 and 8 day o0ld puparia were used. Larvae younger
than 4 days did not give consistent results and these
experiments were abandoned. After heat treatment
larvae were placed in damp sawdust in 250 ml conical

flasks plugged with cotton wool and put in the incubator

S



Pigure 3
Desage/mortality curves for eggé. :
e Sigmoidchr#e; mortality H' against
tempe:afure'oc for a 40 minute exposure)
® linear conVersipn of the sigmoid curve,
Log z against temperature %c.

‘h—ﬂ\0.95 confidence interval for the LD50
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- Pigure 4
. Dosa e/ﬁortality curves for 4 day larvae
mortallty recorded at pupation)
@ Sigm01d curve, mortallty H' against
':etemperature °C for a 40 minute exposure}
-;-}llnear conversion of the sigmoid curve,
A’Lpg Z agalnst temperature .

R 0.95 confidence interval for the LDy
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" Figure 5
L Dosage/mbrta.lity curves for 8 day puparia.
@ | Sigmoid curve, Ihortality'H‘ against
 temperature °C for a 40 minute exposure;
u linear conversion of‘the si'g_moid curve,
Log z against ﬁemperatﬁre .

=4 0.95 confidénce interval for the LDg,
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 “ingure 6

Dosage/mortality curves for 10 day

. male aduits.

® Sigmoid curve{imortality.ﬁ' against
temperature °C for a 40 minute exposure;A

B linear conversion of the sigmoid curve,
‘Log z against temperature .

.— 0.95 confidence interval for the LDy,
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Figure-7

Dosage/mortality curves for 20 day

male adults.

o.--Sigmbid curve, mértality H' against
.,températurg % for a 40 minute exposure;
' ®. linear con&ersion of the sigmoid curve,
Log z against temperature °C.

“+——  0.95 confidence interval for the LD50
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to pupate. Heat treated puparia were placed in dry
sawdust in 250 ml conical flasks, plugged with cotton
wool, and put in the incubator to eclose. Larvae and
puparia were gllowed to develop to the adult stage. Any
deformities in the emerged adults were recorded.

Heat treatment of emerged adults

Males and females were used separately in the heat
treatments. For heat treatment 100 adults were placed
in pairs in each vial. In the case of 30 day old
adults only 50 aniﬁals were used.. After heat treatment
the adults were transferred to the 22 cm x 22 em x 22 cm
cages and placed in the acclimatization cabinet. They

were fed on sugar and water ad libidum.

RESULTS

The data on heat death was compiled aﬁd computed
using the method described in Appendix 1. Examples of
temperature/mortality curves are shown in Figures 3, 4,
5, 6 and 7. Heat death points at various stages in
the 1life history are recorded in Table 1 and Figure 8.
It is clear that these stages have different patterns
of responge to high temperature. The 0.95 confidence
intervals, given in Table 1 and plotted as the vertical
line in Figure 8, show that the egg is significantly the

S
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TABLE 1
Temperatures causing 50% mortality for a 40 minute

exposure at different stages in the life

history of C. erythrocephala. .

Stage of LD5O 0.95 Confidence n

Life History (°0) ' Limits
Bgg 36.29 35.96 - 36.57 11
4 day larva 41.23 41.09 - 41.39 9
6 day larva 41004 40088 - 41019 13
T day larva 41.53 41,31 - 41.71 12
1 day puparis 42,38 42,19 - 42.65 6
4 day puparia | 42.09 41.97 - 42.22 6
6 day puparia | 41.94 41.72 - 42.14 9
8 day puparia | 41.83 4171 - 41.94 9
d | 42.23 42.11 - 42.37 11
1 day adults o | 45 08 41.89 - 42.35 10
> day adults S' 41.43 41.26 - 41.63 11
10 day adults o | 47773 40.86 - 41.48 9
40.50 40.39 - 40.63 10
20 day adults g 41.01 40.81 - 41.23 10
g | 40.38 40.28 - 40.48 11
30 day adults o | 40,59 40,58 - 40.80 11

n is the number of temperatures used in

.the determination of the LDSO

S
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MFigure 8

: Chahgés in the LDsb temperature of eggs,
f larvae, puparia, and adult C. erythrocephelas

at different ages when given exposures of
40 hin duration. 'Thelthreé arrows from
:»1eft to'right-;epresent hatching, puparium
;formgfion‘énd‘adult'emergehce respectively.
'i The vertical lines on the graph represent
_ the 0.95 confidence limits.
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most sensitive stage with an LDy, of 36.29°%C.

The heat death points of 4, 6 and 7 day o0ld larvae
were 41.23°, 41.04° and 41.53°? see Table 1 when
mortalities were recorded at pupation. However, when
mortality was recorded at eclosion, heat death points
were slightly lower, see Table 2, only in the case of
the 7 day 0ld larvae were the differences in heat death
point significant (p = 0.05). This suggests that
further deaths were taking place during the puparium
stage.

Heat death points in the puparium stage are
significantly greater than in all other stages,
excepting 1 day old emerged adults. The 1 day old
" puparium is most tolerant with an LDy of 42.38°C. The
temperature tolerances decline with puparium age. The
6 day and 8 day old puparia, which are pharate adults,
are significantly (p = 0.05) less tolerant than 1 day
old puparia.

On the day of emergence adult males and females
have an LDSO of 42.23° and 42.08°C reaspectively. These
are not significantly different from the high heat death
point observed in 1 day old puparia. Moreover, 1 day
0ld male emerged adults are more tolerant (p = 0.05)
than 8 day pharate adults. The heat death point of
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TABLE 2

Temperatures causing 50% mortality for a 40 minute
exposure at different ages in the larval stage.

Deaths were compiled at eclosion.

Age of larva LD 0 0.95 confidence
, (ocg interval
7 day 41,08 40.84 - 41.24 |




TABLE 3

Linear regression lines with 0.95 confidence
intervals obtained in the heat death point
determinations recorded in Table 1.

Stage of life ¥ o0.95
history Slope confidence
: limits
Egg 0.53 0.09
4 day larva 1.85 0.47
6 day larva 1.06 0.21
7 day larva 1.14 0.28
1l day puparisa 1.07 0.3
4 day puparia 2.59 0.92
6 day puparia 1.48 0.56
8 day puparia 1.94 0.39
1l day male 1.59 0.3
adult female 1l.31 0.4
5 day male 1.55 0.28
adult female 1.58 0.42
10 day male 1.79 0.27
adult feinale 2.02 1.01
20 day  male 1.31 2456
adult female 1.26 0.42
30 day  male 1.57 2.53
adult female 1.18 .21
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males and females declines respectively by 1° and 0.6%
in the first five days after emergence; During the
following five days, the decline is only 0.3°C for both
males and females. The decline becomes progressively
smaller during the next 20 days and at 30 days old the
LDy, is 40.38°C for male and 40.69°C for female.

Thus during the first 30 days of the adult stage,
the LDg, of the male declines by 1.8°C and at all the
ages tested the heat death points are significantly
different (p<0.05), except 20 day o0ld males are not
different from 30 day old males. A similar, but not
such a gignificant,decline is observed for the female.

20 and 30 day old females are significantly more
tolerant than males of the same age (p = 0.05).

The slopes of the linear regres'sion lines obtained
from the data are given in Tgble 3. The slopes represent
the relative potency of the dose, since they are
obtained from the increase in number of deaths
occurring for each degree rise in lethal temperature. No
congistent pattern can be obtained from these results
except that the eggs are significantly different from all
other stages. Mean slopes for the dosage of larvae,

pupae and adults varied between 1.06 and 2.59. They may
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reflect differences in the causes of heat death in
particular stages. However, as little is known of

the gpecific causes of heat death in each stage, little
can be concluded'at present.

To try to account for the decline in temperature
tolerance with older puparia, 100 six day pharate adults
were treated to 42.4°C for 40 minutes and allowed to
complete metamorphosis. 29 adults emerged at eclosion
and the 71 unhatched adults were dissected to determine
whether the pharaté adults were living. After
dissection it was found that 61 had completed development
and 52 were living. These dissected animals showed
walking movements or itwitching of legs, arista and
proboscis. None inflated their wings or abdomens to
become normal adults like control adults similarly
dissected prior to eclosion. Figure 9 shows the
condition of the heat treated pharate adults.

The number of deformities in emerged adults after
heat treatments in the larval and puparial stages are
recorded in Table 4. Deformities consisted of twisted
and uninflated wings and abdomens. There were no changes
in wing venation as reported by Milkman (1967) for
Drosophila melanogaster. All the deformities were

compiled together and the occurrence of any one deformity
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“ Figure 9

fPhotograph of defdrmed adults dissected
from puparia on the day of eclosion.

";The pupéria were treagted f0'42.4°c/40 mins
on theAsiXthAday after pupation.
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Percentage deformities in adults, and occurrence

of partially eclosed adults, after heat treatments

given at various stages in the life cycle.

Stage at which | % age No.of adults % age
treatments deformity| eclosed after adults
given in adults heat partially
treatment eclosed
Control 7.16 852 2.58
4 day larvae 5.71 420 6]
6 day larvae 4.11 1389 3.03
7 day larvae 2.15 186 5.08
1 day puparia 16.0 340 5¢33
4 day puparia 14.7 279 6.25
6 day puparia 21.85 444 8.54
8 day puparia 18.54 302 9.1
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classified an adult as deformed. It was not possible to
determine if the data was significant at each stage,
neither was it possgible to show increased deformities
with increase in exposure temperature, for higher
temperatures caused increased mortality and therefore
reduced the sampie of survivors.

Heat treatments in the larval stage caused a slight
reduction in the number of deformed adults, particularly
when 6 and 7 day old larvae were tested, see Table 4.
Whereas heat treatments given to puparia caused an
increased number of adult deformities. The number of
deformities was larger when older puparia were heat
treated. This agrees with Mellanby (1954) who has
reported that in I. molitor the older the pupa at heat
treatment, the greater the number of deformities in the
adult stage.

The numbers of adults partially emerging, that is
not completely escaping from the puparium, is also
recorded in Table 4. Heat treated older larvae
produced a greater number of partially emerged adults
than heat treated younger larvae. Likewise older
Puparia, given heat treatments,produced greater numbers

of partially emerged forms than younger puparia.
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DISCUSSICN

Considering the pattern of changes in heat death
- point during the life history it is obvious that the
egg is the most sensitive stage. It possesses an LD50
of at least 4°C below the LD50!s of all other stages.
Three factors may be involved. First, the egg stage
requires a high humidity for successful hatching
(Davies, 1949) and so the removal to a R.H. of 50 per
cent at a high temperature for as little as 40 minutes
may cause considerable dehydration. Although R.H. was
maintained at 50 per cent during lethal exposures, the
saturation deficit will be considerably larger than
at 24°C. Davies (1949) has shown that water loss of
C. erythrocephala eggs was almost three times greater
at 40°C than at 30°C. Thus with the egg stage
dehydration may play an important part in death at high
temperatures. |

Second, the egg stasge has a much smaller mass than
the other stages of the life history and on exposure to
a high temperature it is likely to heat up more quickly.
Thus the time the egg 1s held at the 1ethal‘temperature
may be slightly longer and so it effectively receives a
longer exposure.

Third, the hatching of the larvs takes place within
12 - 24 hours of the egg being laid and therefore there
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are likely to be rapid, tightly integrated deielopmental
changes taking place during this stage. Moreover, it is
probable that the major developmental systems involved
in histogenesis and organogenesis will require a high
rate of metabolism. Heat damage to any of these
integrated and phased systems will impair larval develop-
ment and lead to the failure of the egg to hatch. It 15
significant that Grainger (1959) has shown that eggs

of Rana temporaria are most sensitive to high temperature

during gastrulation.

Heat death points in the larval stage are
significantly higher than the egg (p<0.05) and
significantly lower than the puparium (p<£0.05). When
mortalities of heat treated larvae were compiled at
eclosion, the LD'SO was lower than when deaths were
compiled at pupation. This suggests that the processes
impaired in the larval stage may only become apparent
during metamorphosis.

The puparium is the most resistant stage, but a
decline in tolerance occurs with increase in puparial age.
These changes in tolerance probably reflect developmental
changes teking place during metamorphosis. Agrell (1964)
has repoited that histolysis of larval tissue is dominant
during the early pupal stage. In the middle and latter
part of this stage histogenesis and differentiation
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become progressively more important. The breakdown of
tisgue and relative lack of tissue organisation in the
1 day old puparium may account for the higher level of
tolerance.

Three further factors must be taken into account
when discussing the decline in heat death point in the
puparial stage and the inability of heat treated pharate
adults to emerge. First, in the later stages of
metamorphosis, the endocrine system which initiates and
controls eclosion will be almost fully developed. This
system may be impaired by high temperatures and
consequently eclosion will be affected. Secondly,the
heat treatment may cause the puparium case to become
guper-hgrdened; so preventing the pharate adult from
forcing it open completely in order to escape. Younger
puperia have a higher LDy, and produce fewer partially
emerged adults than older puparia, and so changes in
the nature of the cuticle during metamorphosis would be
required to account for different degrees of super—
hardening. Thirdly, high temperatures may uncouple the
mitochondria of the pharate adult (for full discusgion
of uncoupling see Chapter 7.) This could account for
the fact that the adults dissected from heat treated

Puparia were unable to inflate their wings and abdomens.
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The fall in tolerance in male and female adults
agrees with the work of Hollingsworth and Bowler (1966).
They found a fall in heat death point between the 3rd
and 10th day after emergence in adult D. subobscurs
followed by a progressively smaller decline with
increasing age, similar to the pattern observed in this
study. However, the changes which Bowler (1967)
observed in I. molitor in the first 5 days of the adult
stage were far more dramatic. At 42.5°C he obtained
an LDy of 190.1 mins for 1 day old adults and 126.7 mins
for 5 day o0ld adults. The heat death point then
remained at approximately 120 mins until 75 days old.

The reason for the decline in temperature tolerance
in the young adult is difficult to account for. Baldwin
(1954) suggested that the decline in tolerance in young

adult D. fuscipennis is related to changes in tissue

water content. Alternatively young adults may be
capable of better evaporative cooling. These two
suggestions will be discussed in Chapter 6.

Recent evidence has implicated the importance of
enzymes as a factor involved in temperature acclimatiza-
tion and heat death (Strangenberg, 1955; Precht, 1958;
Kanungo and Prosser, 1959; Bowler, 1963b; Ushakov, 1964;
Bowler and Duncan, 1967; Hochachka, 1967). It is likely
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that the changes in temperature tolerance observed here
are caused by enzyme changes which are part of the
sequence of development. Agrell (1964) has reviewed the
various biochemical changes taking place during meta-
morphosis. These changes do not occur abruptly and are
continuous into the next stage;

For instance, Jones (1964) has observed changes in
the activity of respiratory enzymes in T. molitor
during metamorphosis. He found the pattern of these
changes followed a U-shaped curve, the lowest activity
occurring in the middle of the pupal stage. Chaudhary,
Srivastava and Lemonde (1966) have shown changes in
aldolase activity,during metamorphosis of Tribolium
confusum,followed an inverted U-shaped pattern. The
decrease in activity in the late pupa continues in the
adult stage. Whereas, Bauer and Levenbook (1969) have
shown that total aldolase activity in Phormig regina
increases during larval growth, follows a U-shaped
pattern during metamorphosis and increases rapidly in
the first five days of adult life. Thus a study of the
changes in enzymes, particularly the respiratory enzymes,
may indicate the reason for the changes in heat death
point. Tribe (1967a) has shown that there are changes

in the size and distribution of flight muscle sarcosomes



42

in young adult C. erythrocephala from this stock.

Changes in respiratory enzymes of these mitochondria
may be associated with the changes in the heat death
point of the adult.

The results,presented in this chapter, substantiate
the suggestion that the pupé is more resistant to
high temperature than the adult (Hollingsworth and
Bowler, 1966). The elevated level of heat resistance
in young adult C. erythrocephala probably represents an
extension of the puparial resistance. Moreover,

Burnett (1957) reported that in tenersl Glogsina mortisans

tolerance to low temperature decreased with increasing
age. Thus an age dependent decline in cold death point
may reflect the changes in heat death point in adult
endopterygote insects. The changes in heat resistance
throughout the life history of endopterygote inseéts
may be part of a more general change in physiological

resistance to physical stress.
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Chapter 4

CHANGES IN RESISTANCE TO CHEMICAL STRESS
'IN YOUNG ADULT CALLIPHORA ERYTHROCEPHALA

INTRODUCTION
The results presented in the previous chapter have
indicated there are significant changes in tolerance to
high temperatures throughout the life history of
Calliphora erythrocephala. The decline in tolerance

obgserved in the young imago is in agreement with the
results of other workers (Baldwin, 1954; Hollingsworth
and Bowler, 1966; Bowler, 1967) and it appears to be
a widegpread phenomenon in adult endopterygote insects.
Previous workers have shown that there are also
changes in tolerance to toxic chemicals throughout the
life history of several species of endopterygote
insects. Gough (1939) working with Tribolium confugum

has measured the median lethal dosage (LDSO) of hydrogen
cyanide at different stages in the 1life history. He
reported that the egg was most sensitive to hydrogen
cyanide and the pupa most resistant. The LD50 increased
during the larval stage and the changes observed during
metamorphosis followed a U-shaped pattern. The decline
in LD50 in the late pupal stage continued in the adult.
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Sun (1947) observed similar changes in tolerance to
carbon disulphide throughout the life histories of
I, confusum, Sitophilus granarius and Sitophilus oryzae.

Cotton (1932) has also studied the effect of carbon-
disulphide on I. confusum and suggested that changes in
registance to this gas may be associated with changes in
metabolic rate.

Bowler (1967) has pointed out that the decline in
tolerance to high and low temperature extremes in the
early adult stage of endopterygote insects may reflect
~a general change in resistance to physical and chemical
stress. Moreover, increased resistance to such forms
of stress in the immobile pupal stage will have an
obvious survival advantage. To determine whether the
changes in resistance to high tempefature in young

adult C. erythrocephala are accompanied by changes in
" resistance to chemical stress, a study of the effect of

1,1,1-trichloro~2,2-bis(p-chlororhenyl) ethane (p,p'DDT)

on young adults has been made.

MATERIALS AND METHODS

Choice of method
In previous studies by Cotton (1932), Gough (1939)

and Sun (1947) applicationsof hydrogen cyanide or carbon

‘disulphide have been made by fumigation. This allows
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the treatment of different stages in the life history
with known concentrations of the toxin, however, as
contact is via the respiratory gystem, any changes in
respiratqry rateAwill influence the dosage contacted.
Tribe (1966b) has shown that the respiratory rate

of resting and active adult C. erythrocephala changes

significantly during the first few days after eclosion.
He also reported that there are changes in activity over
this same period. Thus the use of poison sprays, where
contact is dependent on activity of the animagl, is
likewise limited. Therefore in this study, the
technique suggested by Busvine (1962) has been adopted,
~ag it allows the dosage of adults with consistent, known

quantities of toxin.

Preparation of toxin

The toxin selected as a form of ¢hemical stress
was refined 1,1,l-trichloro-2, 2-bis(p-chlorophenyl)
ethane (p,p'DDT) melting point 107°C. The p,p'DDT was
dissolved in Risella 17 a high boiling, refined, mineral
oil and solutions were made up in the range 16 - 32 mg
p,p'DDT per 10 ml Risella. Crystals of p,p'DDT were
dissolved by shaking at intervals over a period of 24

hours. All solutions were gtored in a refrigerator

at 4°C.
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Microsyringe applicatdrs

The microsyringe applicator used here was of a
similar design to the model described by Busvine (1962).
An Aglé'micrometef syringe was mounted on a frame and a
5 cm tufnol wheel,with 25 notches equally spaced around
the circumference, was attached to the micrometer head.
A spring loaded rod, also attached to the frame, fitted
into one of these notches, so that as the wheel turned
the rod was depressed and moved into the ad jacent notch.
Thus the migrometer turned through 14.4° vetween notches.

An Agla syringe was mounted in the micrometer and
fitted with a blunt 26 G hypodermic needle. The tip of
the needle was bent down to aid o0il droplet formation.
The applicator was calibrated by loading the syringe ﬁith
mercury and weighing 50 droplets separately. Average
droplet volume was O.41 ml and the coefficient of

veriation 16.22 per cent.

Dosage of flies

In these experiments 1, 5, 10, 20 and 30 day old
adult blowfly were used. AEach £ly was anaesthetized
with carbon dioxide and weighed on a torsion balance.

A droplet of oil was applied to the surface by touching
the dorsal part of the thorax against a drop expelled
from the hypodermic needle. Control experiments with
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Risella oil, in the absence of p,p'DDT,showed there
was no interference with the spiracles when an oil
droplet was applied to the thorax in this way.

After treatment, the adults were placed in small
disposable cages, constructed from 1 pint milk cartons.
Each darton had a hole cut out of the front and back.
One hole was cover'ed with polyglaze to allow the animals
to be seen and the access hole was plugged with cotton
wool. Flies were fed on sugar and provided with cotton
wool soaked in water. Mortalities were recorded 2 days
after treatment.

15 animals were used in each experiment and
experiments were usually repeated three times to give a

sample of over 40 animals for each dosage level.

Treatment of results

The average weight of the animals was determined at
each dosage level and the average dose in pg p,p'DDT per
gram wet weight was calculated. Dosage/mortality
curves were drawn and the data compiled and_computgd
uging the method described in Appendix 1. The dosage
of p,p'DDT producing 50 per cent mortélity is referred

to as the LD50,

Chemicals |
The p,p'DDT used in this study was supplied by




Geigy (U.K.) Ltd., and the Risella 17 by Shell
Petroleum Ltd.

| RESULTS

The results presented in Table 5 show that the
LDBO of young adult C. erythrocerphala ranges from
20.9 to 24.37 pg p,p'DDT per g wet weight. The one day
old adult is most senstive (I.l)50 = 20.9 pg p,p'DDT/g |
wet wt). The LDy, increased to 23.52 jg p,p'DDT/g wet
wt by 5 days old and remained approximately at this
level until 30 days old. The LD50's obtained in these
experiments agree with those reported by Busvine (1962)
who has reported an LDg, of 25 ug DDT/g wet weight for
this species.

The 0.95 confidence intervals given in Table 5
show that none of the results are significantly.
different. The larger confidence intervals with 1 day
and 5 day old adults are the result of a smaller number
of dosage levels used in plotting the dosage/mortality
curves and not to increased varigbility in the data.
The large upper confidence interval with 5 day old adults
is due to the fact that there were fewer dosages above
the LDSO than below it. The slopes of the linear

regressions were not significantly different at any of

the ages tested.
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TABLE 5

Doses of p, p' D.D.T. causing 50% mortality

at different ages in male adult C. erythrocephala.

Age of LDSO «95 Regression
adult | ng p,p' DDT. confidence glope n
days | /g wet wt. interval |t 0.95
confidence
interval
1 2049 18.23-23.67| 0.19%0.12 5
5 23.52 21.93-28.34| 0.16%0.09 6
10 24,37 23.64=25.17| 0.16%0.03 7
20 23.63 22.66-24.66| 0.13%0.03 7
30 24,04 23.19~25.07 | 0.2 %0.04 8
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DISCUSSION
The results presented in Table 5 suggest that there
are no major changes in resistance to p,p'DDT in young

adult C. erythrocephala. A small, but not significant,

rise in LDSO wasg observed between the first day and the
fifth day of the adult stage and LD50 then remained at
almost the same level until the 30 day old adult. The
fact that 1 day old adults are slightly less resistant
than the older ages tested may be due to an increased
absorption of insecticide through the unhardened cuticle
and not.to lower tolerance of the tissues.
Thus a decline in resistance to chemical stress

does not accompany the decline in resistance to high

temperature, observed in the adult stage in Chapter 3.
The results indicate that the puparium tissues are not
likely to possess a higher level of tolerance to
P,p'DDT than the adult, but puparium has not been
tested in this study for a standard method of dosage
was adopted. Two factors are likely to be involved inA
a higher level of tolerance to chemical stress in the
puparium. Firstly, it may be more resistant to super-
ficial dosages of toxin than the adult stage, because
it possesses two cuticles which will act ag absorption

barriers. This would not apply to a true pupa.
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Secondly, the pupal or puparial stage of endopterygote
insects is more resistant to gaseous toxins because it
Dossesses a lower respiratory rate than the adult
stage (Bodine and Evans, 1932; Cotton, 1932).

To show that the pupal tissues are no different in
tolerance to toxins than the tissues of the larval and
adult stages would require microinjecfion of toxin

directly into the animal.
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Chapter 5

THE RELATIONSHIP BETWEEN AGE, ACCLIMATIZATION
TEMPERATURE AND HEAT DEATH POINT IN ADULT
CALLIFHORA ERYTHROCEFPHALA.

INTRODUCTION

In Chapter 3, a dramatic fall in the heat death
point was observed during the first 10 days of the adult
stage of Calliphora erythrocephala. This observation
agrees with those of other workers for different species
of endopterygote insects. However, previous workers
have not considered how this fall in LD50 is affected
by acclimatization to other temperatures.

It is well known that the heat death point of
insects is dependent upon the previous thermal history
of the animals (see Maynard Smith, 1957; Bowler and
Hollingsworth, 1965; Bursell, 1967). In addition to
this Maynard Smith (1957) has proposed two types of

resistance adaptation in adult Drosophila subobscura.

Firstly, developmental acclimatization, which is

- dependent upon the temperature at which the pre-adult
gtages have been mgintained. It is carried over to the
adult and seems to be developmentally fixed, for it is
long lasting. Secondly,.physiologiCal acclimatization,
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which is attained in the adult stage as a result of
being placed in a new temperature regime. It is
transitory and seems to be reversible. Both forms of
acclimatization contribute to the heat resistance of
the adult.

In previous studies of heat death, few workers have
taken the role of developmental acclimatization into
account. Moreover, the earlier work of Maynard Smith
(1957) on D. gsubobscura did not take into account the
changes in heat death point, which Hollingsworth and
Bowler (1966) described for the same inbred lines.

The object of the work, presented in this Chapter,
is to determine the influence of physiological and

developmental acclimgtization upon the age-dependent

changes in heat resistance in adult C. erythrocephala.

MATERIALS AND METHODS.

Acclimatization of stocks

The methods of rearing stocks have been described in
Chapter 2. The pre-adult stages were reared at
either 15 £ 1.0°C or 24 * 0.5° and will be referred to
as being 'developmentally acclimatized', Maynard Smith
(1957)., Adults were sexed on the day of emergence and
only males were used. They were maintained on a sugar,

liver and water diet in the 22 cm x 22 ¢m x 22 cm
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cages at the following temperatures : 5°, 10°, 15 ¥ 1%
and 19°, 24°, 29°, 30°, 31°, 32° and 34 % 0.5%. R.H.
varied from 40 per cent at the higher temperatures to

90 per cent at the lower temperatures. Continuous
illumination was provided at all temperatures except
19°, 30°, 319, 32° and 34°C, where an electric light
bulb acted as both a source of heating and illumination.
At 5°C flies were kept in the dark.

Determination of the heat death point

In one series of experiments the heat death points
of 1 day ahd 10 day old gdults, developmentally and
physiologically acclimatized to 15°C, were determined for
a fixed exposure of 40 mins, after the method in Chapter
3 and Appendix 1l. In the other experiments heat death
. point was measured as the time required for 50 per cent
of a group of flies to die at 41.2 * 0.05%. They were
exposed to 41.2°C after the method described in
Chapter 3 and the time to death was measured using the
method described by Bowler and Hollingsworth (1965).

Lifetables at 34°C
Lifetables were constructed for two groups of 100

flies developmentally acclimatized to 15 * 1.0% and
24 b O.5°C respectively. They were maintained at

34 ¥ 0.5°% at an R.H. of 40 per cent. Deaths were
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recorded daily. The mean expectation of life for
the 15°C developed adults was 21.29 ¥ 0.19 days and for
the 24°C developed adults 21.20 ¥ 0.23 days.

4 . RESULTIS ,
Adults developmentally acclimatized to 24

The heat death points of male adults developmentally
acclimatized to 24 % O.5°C and placed at various
temperatures on the day of emergence are recorded in
Table 6 and Figure 10. On the day after emergence, the
LDg, at 41.2°C was 97.35 mins for adults maintained at
24°% and, as adults were aged at this temperature, LD50
declined significantly to 37.22 mins by 10 days old
(p> 0.001). No further change in LDy, was observed in
these adults when tested at ages between 15 and 30 days
old.

| When adults were placed at 5°C on the day of
emergence no decline in LD50 was observed at 5 or 10 days
01d and, by 30 days, LDs, had only declined to 85.75 mins
'(p = 0.1). Moreover, when tested at 73 days old, the
LD5
as the LDy, of 5 day old adults at 24°C. Flies maintained

o Was T2.5 it 4.48 mins (n = 29) which is the same

at 10°C showed a slow decline in LD5q, which fell to
42.5 mins by 30 days old. Thus, at this temperature,
- 30 days were required for the LD50 t0 reach the same level
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Figﬁre 10

_Age-dependent cﬁanges in LDSO mins>at
41.2 ° for male adult C. _gythrocephala

; developmentally acclimatized to 24 %.

Adults werevplaced‘on the day of emergence

et
A ,5%; m,10%; ¥ ,15%; 0 ,19%;
® ,2:%; 0 ,29%; 4 ,34°.
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as the 10 day old flies maintained at 24°C.

Flies maintained at 15°C showed the same changes in
LDy, as those maintained at 24°C. IDgq fell to 80.61 mins
by 5 days old and 49.72 mins by 10 days old. It remained
at this level until 20 days old, but fell to 42.5 mins
by 30 days old. Between 10 and 20 days old, the LD5O
of these flies was significantly higher (p = 0.05) than
adults, of the same age, mgintained at 2490. Flies
placed at 19°C on the day of emergence also produced
the same pattern of change:in LDSO' However, these
LDSO's were not significantly different from those of
adults, of a similar age, maintained at 24°C.

The LDy, of adults maintained at 29°C declined

5
sharply reaching 52;85 mins by 5 days old; significantly
lower then 5 day old adults at 24°C (p = 0.01). The
decline continued to 10 days old and between 10 and 20
days old the LD50 was slightly higher than for adults,
of the same age, at 24°C (p = 0.1 at 10 days and
p = 0.02 at 15 days), suggesting that physiological
acclimgtization is present at these ages. However, at
30 days old the LDy, of 29% adults was slightly lower
than that of 24°C flies (p = 0.3).

A completely diffefent-pattern 6f change was

observed in flies maintained at 34°C. The heat death
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|
TABLE 7

Age dependent changes in LDy, (mins) at 41.2 ¥ 0.05%
for male adult C.erythrocephala developmentally

acclimgtized to 24 ks 0.5°C and maintgined at either
24, 29, 30, 31, 32 or 34°C from the day of eclosion.
Standard errors are given and the number in the sample

indicated in brackets.

Temp. .
g 5 days 10 days
24 '72.2515.o§ 37.22%2.86
(20 (18)
29 52.8 £6.04 44.72%3.5
(33) (18)
30 78.33%7.42 45.0 *¥3.12
(18) (16)
31 76.91%6.5 54.0 ¥5.32
(17 (20)
32 108.5 ¥6.91 93.97%8.21
(20) (17)
34 117.2 ¥2.12 86.39%7.6
(30) (18?




,_Figure 11

Age-dependent changes in LDy, (mins) at
41.2°C for male adult C. erythrocephala

developmentally acblimatized}to 24°,
Adults were'placed on the day of emergence

-at

-0 729003 ) 93OOC; v )31003
B ,32%; e ,34°%.

60



1

120 po—

100

80

o
L

3o T:LY ID sutW

~°ﬂﬂ

- a0

20




61

point increased after emergence, reaching 117.2 mins
by 5 days old. It declined o 86.39 mins by 10 days
and to 64.38 mins by 25 days old. Between 3 and 20
days old, the heat death points of the 34°C flies were
gignificantly higher than for flies of the same age at
either 24°C or 29°% (p) 0.01).

To determine whether there is a critical temperature
when physiological acclimatization becomes superimposed
upon the age-dependept decline, flies were placed at
30°% 31° and 32°C on the day of eclosion and the IDgy's
determinea at 5 days and 10 days old. The results are
recorded in Table 7 and Figure 11. At 30°C and 31°%,
the LD;'s of 5 day old adults were the same as 24%C
acclimatized flies and thus significantly higher
(p = 0.02) than 29°C flies. At 1d days old the LDso's
of flies held at 30°C and 29°C were the same, but 10
day 0ld adults held at 31°C were slightly higher (p = 0.2).

The pattern changed at 32°C and 5 day old flies were
significantly more resistant than those at 31°C (p = 0.01),
but slightly less resistant than those at 34°C (p = 0.3).
However, the IDg, of 10 day old adults at 32°C was
slightly higher (p = 0.6) than those at 34°C.

Flies developmentally acclimatized to 15°%

The experiments reported in Table 6 were repeated

using flies developmentally acclimatized to 150¢c., On
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the day of emergence adults were transferred to either

15°, 240, 29° sOP 34°C. The LDSO'S at various ages

‘are recorded in Teble 8 and Figure 12.

The patterns of change in LD50 with increasing
age were esgentially the same as those for 24°C
developed adults. The LD50 of 1 day old flies was
104.4 mins. When maintained at 15°C and 24°C, it fell

to 38.0 mins and 33.33 mins respectively in the first

10 days of the adult stage and remained at these levels
until 20 days old. However at 29°C, LD50 fell to
40.88 mins by 5 days old and it remained at this level
until 20 days old. At 34°C, LD50 declined to 91.0
mins by 10 days old and to 65.0 mins by 20 days old.

The differences between LD50 of animals develop-
mentally acclimatized to 24°C and 15°C and placed at
different temperatures in the adult stage were not
consistent. Differences were analyzed using the standard
error of the mean and the level of significance
oﬁtained from the 'distribution of t'; results are
recorded in Table 9.

In a further geries of experiments adults were
developmentally acclimatized to 15°C and maintained at
that temperature. LDso's were measured at 1 day old
and 10 days old, using the method described in Chapter
3. The LD, of 1 day old flies was 42.24°C (0.95
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TABLE 8 .
Age~dependent changes in LD50 (mins) at 41.2 ¥
0.05°% for male adult C. erythrocephala develop-

mentally acclimatized to 15 ¥ 1.0°C and placed
at various temperatures on the day of emergence.
Standard errors are given and the number in the

sample is indicated in brackets.

Temp
bC 1 day 5 days 10 days 20 days
15 |104.44%6.96 | 73.0 ¥5.74 [38.0 ¥2.94 | 39.75%2.57
_ (18) (20) (20) (20)
24 67.5 5.1 [33.33%2.6 |39.44%3.06
(18) (18) (18)
29 40.881%.2? 45.56£2,82 | 38.33%2.91
‘ 18 (18) (18)
34 | 98.75%6.17 |91.0 £7.11 | 65.0 %5.45
(20) (20) (20)
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~ Figure 12

,Age-depehdent changes in LDg (ming) at
 41.2°C for male adult C. erythrocephala

developmentally ascclimatized to 15°C.
Adults were placed on the day of
emergence at'- |

&,24%; 0 ,29°; ‘{‘/0/,34°c.

@ -’1506;
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TABLE 9
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The significance of the differences in heat resistance

of male adult C.erythrocephala developmentally

acclimatized to 24°C compared with those developmentally

acclimatized to 15°C.

Adults were maintained at either

15, 24, 29 or 34°C until 5, 10 or 20 days old. The

levels of significance were obtained from the standard

errors of the means of the data recorded in Tables 6 and 8.

level of significance (p)

Age of adults

Adult .
acclimatization 5 days 10 days 20 days
temperature
%
15 0.3 0.05 €0.02
/7 not
24 0.5. '(b'3 different
not
29 0.1 different 0.3
34 0.01 0.7 0.6
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confidence interval was 42.59° - 41.97°C) and at 10
days it was 40.94°%C (0.95 confidence interval 41.18° -
40.73°C), The LDg,'s were the same as those obtained
with adults developmentally acclimatized and maintained
at 24°C, gee Table 1. lMoreover, these results agree
with those reported for adults reared and maintained

at 15% and 24°C and recorded in Tables 6 and 8. One
day old flies at 15°C were siightly more resistant

(p = 0.4) than those at 24°C but at all other ages
tested the LD50's in the two groups were the same.

Physiological acclimatization to 34°C

Physiological acclimatization to 34°C has already
been demonstrated, see Table 6, and therefore this
temperature was chosen to investigate the effect of age
on ability to acclimatize. Adults were developmentally
acclimatized and maintained at 24°C and, at either 5, 10
or 20 days of age, groups of adults were transferred to
34°C. They were allowed 2, 5 or 10 days for
acclimatization and then LDS&Bat 41.2°C were determined.
The results are presented in Table 10 and Figure 13. The
data in Table 6 shows that the LD50 of adults was
97.35 mins on the day after emergence and, when trans-

ferred to 34°C, it increased to 104.15 mins after 3 days
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" Figure 13

. Age-dependent changes in LDgq (mins) at

41.2°C for male adult C. erythrocephala
reared and maintained at 24°C and

‘placed at 34°C when

®, 5 days; @, 10 days; &, 20 days old.
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and to 117.2 mins after 5 days. It subsequently fell
to 86439 mins when flies were 10 days old.

Five day old flies had an LD50 of 72.25 mins when
transferred to 34°C. LD50 fell to 45.43 mins after
2 days at 34°C and rose after a further 3 days to
68.93 mins. It was 73.5 mins after 10 days at 34°C. When
transferred at 10 days old, LDSO increased to 39.17 mins
2 days later, and to 53.17 mins after a further 3 days,
it remained at the same level after 10 days. The LD50
of 20 day old adults showed an insignificant rise from
39.75 mins at transfer to 42.26 mins after 5 days. It
was also 39.75 mins after 10 days at 34°C.

The results in Table 10 and Figure 13, together
with those in Tgble 6, suggest that full acclimatization
to 34°C was attained in about 5 days after transfer to
that temperature. MNoreover, the results of adults
transferred at 5 days of age demonstrate that the age-
dependent fall in resistance continues before
Physiological acclimatization is effected. Flies
transferred at 20 days old did not show physiological

acclimatization at 34°C.

DISCUSSION
The results reported in Table 6 for flies developed
and maintained at 24°C show the same pattern of decline

in heat death point as that observed in Chapter 3. The
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fact, thgt the smgll decline in LD50 wasvnot obgerved
between 10 days and 30 days old in this part of the
study, may be due to the different method employed in
determining LDSO‘ In the experiments reported in
Chapter 3 two days were allowed from an exposure before
mortality was recorded.

Wnen flies were maintained at 5°C and 10°C the age
dependent decline in LD50 was distinctly slower than at
24dC. The pattern at 15°C and 19°C were essentially
the same as at 24°C and at 29°C the fall in resistance
wag almost complete by 5 days old. The temperature
dependence of this loss in resistance indicates that it
is metabolically dependent. Indeed, in Chapter 3, it was
suggested that the decline in heat resistance is
agsociated with changes taking place in enzymes during
maturation of the young imago. ZPresumably, at 5° and
10°C, these processes are slowed down; whereas at 29°C
they are ‘accelerated.

The regults presented in Table 7 indicate that,
although physiological acclimatization occurs at
temperatures above 29°C, the increases in LD50 do not
form o consigstent pattern. It seems that physiological
acclimatization is complicated by a concomitant age-

dependent decline in LD50' which is also accelerated
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by increasing acclimatization temperatures. Physio-
logical acclimatization does not become superimposed
upon thls decline until 32°C. Moreover, the increése
in resistance between 31° and 32°C is so great as to
guggest that this temperature range may be critical for
the development of physiological acclimatization. The
cause of the abrupt increase in resistance in this
temperature range remains obscure.

lMost work on the changes in heat death point with
incregsing acclimatization temperature have been
carried out om fish (Fry, 1947; Brett, 1952), and have
shown that heat resistance increases proportionafely
with increasing temperature of acclimatization, until an
upper thermal limit is reached. Above this upper limit
there is no further increase in heat resistance.
Grant (1953) has also reported that the heat death point

in the earthworm Pheretimg hupeiensis increases by

0.3°% for every 1°C rise in acclimatization temperature.
Baldwin (1954) has demonstrated that heat death
point in the chalcid wasp Dahlbominus fuscipennis is not

simply related to acclimatization temperature; for adults
acclimgtized to l7°C were more resistant to 43° C than
those acclimatized to 23°C and although the flies

acclimatized to 29°C were most registant, this was lost



72

in the first 4 days of adult life. The pattern which
Baldwin (1954) obtained was not the same as that
observed in this study. However, his results can be
best explained in the terms of the work presented in
Tables 6 to 10 and suggest that resistance adaptation
in adult endopterygote insects is more complex than
that desgcribed for other groups.

The existence of developmental acclimatization in
this species remains in some doubt. There seems to be
a small increase in heat resistance when adults are
developmentally scclimatized to 24°C, but the
differences are not consistent, although they are
gsignificant at some ages, see Table 9. Thus developmental
acclimatization cannot be discounted. When the heat
resistance of adults reared and maintained at 24°C are
compared to those reared and maintained at 15°C, see
Tables 6 and 8, there are no differences. Moreover,
lifetables from stocks of animals, developmentally
acclimatized to either 15°C or 24°C and transferred
to 34°C at eclosion, gave exactly the same LD5O's. The
mean expectation of life at 34°% is relatively short,
but this temperature can be considered?viable one.
Developmental acclimatization, therefore, seems t0 have

no affect upon the adult life span. The evidence for the
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existence of developmental acclimatization in this species
appears to be contradictory.

.The loss in temperature tolerance in the young
adult, which continues over the first 10 days, makes it
difficult to determine the real effect of physiological
acclimatization. Two interacting and antagonistic
factors could be contributing to the changes observed in
the LDgq. These are (1) the age dependent loss of
resistance which is temperature dependent, see Table 6,
and (2) the gain of resistance due to rhysiological
acclimatization to higher temperatures in the adult
stage. With adults developed and maintained at 24°C
(see Table 6) the second factor presumably can be ignored;
for adults remasin physiologically acclimatized to 24°C
and the loss in tolerance is not complicated by
physiological acclimatization. When adults are placed at
temperatures above 24°C after eclogion, the second
factor becomes more important, but it is difficult to
detéermine how much it contributes to the observed LDSO'

An estimate of the degree of attainment of physio-
logical acclimatization to 34°C has been made in Table
11. The actual rate of loss of resistance in the young
adult at 34°C cannot be determined and so it has been
agsumed to be the same as at 24°C, although it is almost
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certainly greater (see Table 6, data for 29°C). The
results in Table 10 indicate that about 5 days were
required for full acclimatization to 34°C, and therefore
that.data was used. The extent of acclimatization has
been defined as the increase in resistance at this
temperature i.e. thg difference between LDSO at 34°C
and the LD50 of adults of the same age at 24%. 1In
Table 11 the LD50 at the age of transfer is given in
column 3 and the observed LDy,'s after 5 days at 34°C
or 24°C are recorded in column 4. The differences
between these values are given in column 5 and the
extent of acclimatization in column 6.

The results suggest that young adults are better
able to become physiologically acclimatized than older
flies, and 20 day old flies seem to be unable to show
any physiological acclimatization. Thus physiological

acclimatization in Q;.enythrocephala seems t0 be an

age-dependent phenomenon. Bowler and Hollingsworth
(1966) have shown that the extent of acclimatization in
2; subobscura declines with adult age and the ability

to acclimatize t0 a higher temperature is lost in this

\

species at 56 days old.
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Chapter 6

INVESTIGATIONS INTO THE CAUSES OF HEAT DEATH,
I. THE EFFECT OF LETHAL HIGH TEMPERATURES ON BODY WATER
CONTENT AND THE DISTRIBUTION OF IONS IN THE HAEMOLYMFH
AND MUSCLE.

INTRODUCTION

Several of the factors implicated in heat death
have already been reviewed in Chapter 1. In addition
to these, changes in water relations are known to
influence the heat point of an animal. Heilbrunn (1952)
~ pointed out that the water content of an organism can
affect its heat resistance. Generally, an increase in
water is associated with a reduction in the heat death
point; while a-decrease is associated with g rise in
heaf death point. Baldwin (1954) has suggested that

such changes in adult Dghlbominus fuscipennis may account

for the age-dependent changes observed in the heat
death point.

Furthermore, the water content of the atmosphere at
high temperatures can also modify the LDSO of insects.
Maynard Smith (1957) has shown that adult Drosorphila
subobscura die at lower temperatures in dry air than in

wet air and the Qle's of heat death under these two
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conditions are 350 and 10,000 respectively. He suggests
that the causes of heat death are therefore different

at different humidities, but concludes that

diffusion of water through the cuticle, or loss through
the spiracles, cannot be solely respongible for heat
death in D. subobscura, although it is likely to be a
contributory cause.

To determine whether the changes in heat death
point, which occur during the life history of
Calliphora, are related to, or caused by, changes in
water content the percentage body water has been
determined. Water content has algso been measured after
lethal and sublethal heat treatments to determine
whether dessication is a factor in heat death.

Bowler (1963b) in a study of the causes of heat
death in Astacus pallipes observed changes in the
distribution of Na* and X¥ ions in the haemolyph during
exposure to lethal temperatures. He suggested that such
changes may be the primary cause of heat death in this
species; for an ionié imbalance will affect bioelectric
potentials of nerve and muscle,disrupting co-ordination.
Later, Bowler and Duncan (1967) correlated these ionic
changes with the inactivation of a Mg?' stimulated

ATPase in a preparation from crayfish muscle. They
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prostulated that this ATPase controls the passive
Permeability of the muscle cells.

Grainger (1969) has observed similar changes in
the distribution of Nat and K* ions during heat death
in Arianta arbustorum. He pointed out that it is
remarkable for a mollusc and a crustacean to show such
similarities in their reactions to lethal temperatures.
It was therefore considerea a study of the distribution
of the important cations in the haemolymph and muscle
of C. erythrocephala should be made, to determine

whether an ionic imbalance occurs during heat death in

this insect.

MATERIALS AND METHODS

Water Content

The water content of larvae, puparia and adults of
various ages was obtained by first determining the wet
weight and then the dry weight of each of 30 individuals.
Dry weights were measured after the animals had been
vacuum dried for 48 hrs at 60°C.

Analysis of iong in the haemolymph of larvae

Preliminary experiments with adults were found to be
unsatisfactory, as only small quantities (less than 2 ul)
of haemolymph could be obtained from 1 day old adults
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and almost none from older adults. Consequently in
these experiments 6 day old larvae (prepupae) were used
to obtain haemolymgh.

EBach larva was quickly rinsed in distilled water
and dried on tissue paper, before haemolymph was taken.
The hind part of the larva was squeezed and a small cut
with a clean scalpel was made in the second or third
segment. In this way approximately 10 pl of haemolymph
could be collected on a clean plastic tile. A 5 ul
sample of haemolymph was drawn into a micropipette
(Emil Lil) and injected into 2 ml of distilled-deionised
water, made slightly acid by the addition of HC1l (1-2
drops HC1/1 distilled-deionised water). The pipetting
was performed quickly to avoid the haemolymph clotting
or becoming discoloured by tyrosinase activity. Na®
and Kt cohcentrations were determined using an Eel
flamephotometer. Standard solutions of NaCl and KCl
were made up by dissolving the dried Analar salts in
distilled-deionised-water and these were used to
calibrate the ingtrument.

Analysis of haemolymph and muscle ions

After samples of haemolymph were collected, each
larva was digsected and the fat gland, gut and trachea

were removed. The carcass was quickly rinsed in
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distilled-deionised water, to remove haemolymph, and
dried by blotting on a filter paper. Muscle was scraped
from the body wall with a Cclean gtainless steel

spatula and the sample of muscle placed on a small piece
of pre-weighed aluminium foil (previously washed in
distilled-deionised water). The muscle and foil were
welghed on a torsion balance immediately after the
collection of the sample, in order to avoid water 1oss;
Semples of muscle and haemolymph were collected in
 batches of 10 and the whole operation completed in
approximately 30 minutes. The muscle tissue was dried
in a vacuum oven at 60° C for 24 hours and then re-
welighed. -The dried muscle was subsequently ashed for
24 hours in a muffle furnace at 600°C and the ash then
dissolved in 2 ml of diétilled-deionised water (made
slightly acid with HC1).

Sodium gnd potassium ion concentrations were
determined as described above. Mg2+ and Ca2+ ions were
analysed on an Eel atomic absorption spectrophotometer.
Standard solutions of M’gCl2 and Ca012 were made up by
dissolving the dried Analar salts in distilled-deionised
water and calibration curves were produced for the
spectrophotometer. 2 ml samples, prepared as described

above, were sufficient to assay Na+, x* and'Mg2+ ions.
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However, solutions of Caz+ ions prepared in this

way had a concentration too low to be analysed satis-
factorily. Consequently 5 samples of haemolymph or
muscle were combined and dissolved in 2 ml of
distilled-deionised water, to give a sufficiently high

2+ ions. In the assay of Ca2+ ions,

concentration of Ca
La613 (5 g/1) was added to the distilled-deionised
water to mask interference from rphosphate.

The concentration of ions in the haemolymph was
expressed as m moles per litre (mM) and the ions in the

muscle were expressed as m moles per Kg muscle water.

RESULTS

The water contents of the larﬁal, puparial and
adult stages are recorded in Table 12. The water content
ig highest in the 4 day o0ld larva and it declined to its
lowest value in the adulti However, this decline was
- small and difference between the water content of 4 day

lgrvae

old?and the 30 day old adult is not significant (p = 0.3).
Heat treatments were given to groups 6f anlmals at
various stages in the life history and water content
determined directly after heat treatment. When 6 day
01d larvae were treated to 41.0°C for 40 mins water

content fell by only 1 per cent. Similarly, when 7 day
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larvae were treated to 41.6°% and 43.0%, the water
content only declined by 1 per cent, see Table 12. When
6 day puparia were exposed to 41.0°C and 43.0°%
(approximate LDy o) water content did not change from
the control value. Thus water loss does not seem to be
important at lethal temperatures in this stadia.

With 1 day old adults the water content fell from
70.47 to 65.75 per cent after treatment to 41.0°C and
it fell similarly after treatment to 42.0°C (approximate
LDSO)‘ It fell to 61.41 per cent after treatment to
43.0°C (approximate LDlOO) an overall fall of 9 per cent.
Whereas with 30 day old adults, water content fell from
70.57 per cent to 69.44 per cent after treatment to
40.4°¢C (LDSO) and to 66.99 per cent after treatment to
41.6% (LDloo). The percentage water 1loss was less than
in 1 day old adults and at 43.0°C (above the ID) it
was 64.62 per cent, approximétely 3 per cent higher than
in 1 day 0ld adults treated to the same temperature.
Although 1 day o0ld adults lose slightly more water than
30 day old adults during heat stress, these differences
were not significant (p<0.3).

The 1 day old adults that survived 40 mins exposure
to 42.0°C replaced their lost water within 18 hours

of treatment, see Table 12.
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Changes in ionsg in haemolymph and muscle water during

heat stress

The concentrations of Na¥ and K* ions in the
haémolymph of control larvae were 135.9 mM and 15.1 mM
respectively, see Table 13. Boné (1944) has reported
Na* and Kt ion concentrations of 148.0 meqiv/l and

37.0 meqiv/l for C. erythrocephala larvae and

Duch@teau, Florkin and Leclercq (1953) quote values of
139.6 meqiv/1l for Na* ions and 26.1 meqiv/l for K* ions,
for the puparium stage. The values obtained in the
presenﬁ study are in fairly good agreement with those
quoted in the literature.

Preliminary experiments suggested that there were
no changes occurring in the haémolymph ions at lethal
temperatures. Therefore 45°C was chosen as the
fempérature for heat treatment. Larvae were given this
treatment for ¢ 5, 10, 20, 30 and 40 minute periods.
The results are recorded in Table 12. After 10 mins at
45°C, when 1ar§ae were replaced in sawdust, they were
active and 76 per cent pupated succesgsfully. After 20
mins at 45°C larvae were torpid, none responded to
stimuli and ﬁone pupated. Thus both the 30 and 40
minute treatments at 45°C are above the LDlOO'

After 5 mins at 45°C the Na® ion concentration of
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TABLE 13

Concentrations of Na* and E¥ ions (mM) in the haemolymph

of C.erythrocephala larvae after various heat

treatments.
Time at Na+ Kt 0
45°C oM M

0 mins 135.9%13.8 15.1 1.6 11
5 mins 138.9%13.0 13 1.3 12
10 mins 138,3%15.3 9.3 1.3 10
20 mins 135.6%¥22.9 14.7 ¥2.1 8
30 mins 119.5%13.5 18.5 ¥2.3 10
40 mins 119.8%11.3 29,2 ¥1.1 12
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the haemolymph increased slightly and the K¥ ion
concentration decreased. After 10 mins the Na¥ level
was the same as that after 5 mins but the K* ion
concentration héd fallen to 9.3 mM, significantly lower
than in controls (b = 0.01). After 20 mins the Na' and
Kt ion levels were the same as in controls, whereas

after 30 mins Na¥ ion concentration fell to 119.5 mM and
K" ion concentration ihcreased to 18.5 mll. After 40 mins
at 45°% the Na* level remained at 119.8 mM and the K*
level was raised to 29.2 mM, approximately twice the
value found in control larvae.

To determine if a net movement of Mg2+ and Ca2+
occurred during heat treatment, larvae were hegted at
45°C for 40 mins, as this treatment caused the greatest
change in Na* and K* ion concentrations. Na®, K* and
Ca2+ and Mg2+ were assayed in haémolymph and muscle
water, the results are recorded in Table 14. After this
‘treatment. the Na™ level in the haemolymph fell to
121.6 mM, nbt significantly different from the control
level (p¢ 0.2), but M‘* level in the muscle did not
change. The Kt coﬁcentration increased significantly
-(p>-0;01) in the haemolymph and decreased significantly

in the muscle. There were no changes in the concentra-

tions of Ca?* and Mg?* in the haemolymph following this
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treatment. However, in the muscle the Mg2+

decreased (p4f0.01) and Ca2

level
* increased (p = 0.4). There
- were no changes in the proportion of muscle water after

heat treatment.

DISCUSSION

Baldwin (1954) suggested that the decline in

temperature in young adult D. fuscipennis was related to
changes in water content, although he did not determine
if this was the case. A similar decline in heat death

point has been observed in C. erythrocephala adults in

this study but there are no significant changes in
water content over this period of the life history, see
Table 12. The body water content remains fairly
congtant throughout the larval, puparial and adult stages.
It is clear that the age~dependent changes in heat death
point, see Figure 8, are not correlated with changes in
the water content.

In larvae and puparia there was no appreciable
water logs during heat tregtment and it does not seem to
be a factor involved in heat death in these stages.
However, water loss does occur when adults are heat
treated, see Table 12. 30 day old adults lost 3.5 per
cent of their body water at 41.6°C for 40 mins (LD} o)
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whereas 1 day old lost 9 per cent of their body water

at 43.0% for 40 mins (approximate ID; o). When 30 day
0ld adults were treated 43.0°C for 40 mins, they lost

3 per cent less water than 1 day old adults. The
additional water loss in the 1 day old adults may be due
to relatively poorer water proofing of the cuticle or
poorer spiracular control. Alternatively, it may
represent g more efficient method of evaporative cooling.
Edney and Barrass (1962) reported that the spiracles

of teneral Glossina mortisans open at temperatures above

40°C, and at 45% these flies were able to cool their
bodies by 1.66°C when the surrounding air was completely
dry. Although in moist air there was no difference
between body and smbient temperature. Thus the
additional water loss observed with 1 day C. erythrocephala
at 43°C in a RH of 50 per cent may ﬁroduce a small amount
of evaporative cooling.

The differences in water loss by 1 day old adults
and 8 day old puparia may account for the differences in
LDSO‘ However, it is not considered to be sufficient
to account for the differences between 1 day o0ld and
30 day old adults. What must be considered is that
changes take place in the LD50 of larvae and puparia, and

. these are not agsociated with differences in water loss.
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The higher water loss of 1 day o0ld adults is almost
certainly due to a different permeability of the cuticle,
c.f. Chapter 4, where it was suggested that the cuticle
of the 1 day old adult was more permeable to insecti-
cides.

The changes in the distribution of Na’ and X' ioms
in the haemolymph of larvae after heat treatment of
5 ming and 10 mins at 45°C (see Table 13) suggest that
the nerve and muscle cells were hyperpolarised. The
fall in the level of K+ ions in the haemolymph is
probably due to the active uptake of this ion by the
cells. However, after 20 mins the Na'/K* ratios in
the haemolymph were the same as in controls. After 30
mins the rise in haemolymph Kt and fall in Na* suggested
that there is g breakdown in cell permeability and
analysis of these ions in the muscle (see Table 14)
show that this is so. However, there were no major

o+ ions.

changes in Mg2+ and Ca
Bowler (1963b) demonstrated that changes in the

distribution of Na¥ and XK' ions occurred at the onset

of heat death in A. pallipes, and he therefore suggested.

that these were likely to be the cause of heat death in

this species. 1In C. erythrocephala larvae the

temperature/time treatment required to cause such changes
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was much greater than those necessary to cause death,

and they cannot be implicated as a lesion in heat death

in the larval stage.
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Chapter 7

INVESTIGATIONS INTO THE CAUSES OF DEATH AT

HIGH TEMPERATURE II.  AFFECT OF LETHAL AND

SUBLETHAL HIGH TEMPERATURES UPON THE EFFICIENCY

OF OXIDATIVE PHOSPHORYLATION IN FLIGHT MUSCLE
SARCOSOMES.

INTRODUCTION

Evidence suggesting that changes in lipids and
proteins, particularly enzymes, are involved in
temperature acclimatization and heat death has already
been reviewed in Chapter 1. Proteins and phospholipids
form the main structural components of cell membranes and
in the 'lipoid liberation theory' formulated by
Belehradek (1931) heat death was attributed to the
melting of 1lipid constituents in cell membranes. Ushakov
(1964) has rejected this theory and emphasized the
denaturation of protein as a cause of heat death. However,
the role of lipids and membranes in heat death remains to
be clarified. Iandola and Ordal (1966) have shown that
heat damage in Staphylococcus gureus is caused by an

increase in the permeability of the cytoplasmic membrane
and the consequent leakage of solutes. Later, Bluhm

and Ordal (1969) reported a reduction in the activities
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of several respiratory enzymes directly after sublethal
heat treatment of S. gureus, and that these activities
recovered in a few hours after such treatment.

Many enzyme pathways are structurally associated
with cellular membranes and the integrity of the membrane
enzyme complex is known to be important in conferring
orientation upon the constituent enzymes of o pathway.
The mitochondrion represents such a highly organised
membrane-enzyme system, whose functional efficiency is
dependent upon the structural integrity and juxta-
position of the component enzymes (Lehninger, 1964).

In order to establish the role of the membrane-enzyme
complex in heat death, a study has been made of the
effects of lethal temperatures upon mitochondria.

Mitochondria have been chosen for they are discrete
cell organelles and can be isolated fairly easily in
a functional state. Furthermore mitochondrial
'efficiency,_as measured by the tightness of coupling of
oxidétion and phosphorylation, can be readily determined.
When isolated mitochondria are provided with a substrate
and phosphate in an oxygenated medium, the esterifica-
tion of ADP to ATP is coupled to oxygen consumption,
and the ADP:O ratio gives a direct measurement of
coupling efficiency. Mitochondria are the most

important sites of energy production in aerobic cells,
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ahd any damage to this system is likely to have a
~gserious effect upon the levels of ATP and other high
energy molecules, which may lead to the impairment of
. energy requiring cell processes and the consequent
breakdown of cellular metabolism.

In this study the giant mitochondria (sarcosomes)
of the flight muscle of Calliphora erythrocerhala
have been used. These sarcosomes are easily accessible
and isolation time is relatively short. However, in
some respects sarcogsomes gre unsatisfactory for their
morphological integrity and functional behaviour can
be altered during isolation (Balboni, 1965; Carney,
1966); structural damage occurring during isolation will
markedly affect coupling (van den Bergh, 1962).
Sarcogsomes can be 'aged' by grinding during isolation
or by leaving them for long periods of time after
isolation (Lewis and Slater, 1954; van den Bergh, 1962).
However, paying careful attention to these facts and
using gentle isolation procedures, good sarcosomes whose
coupling capacities approach theoretical values can be
isolated (van den Bergh, 1962). Purthermore, ensuring
standardization of isoclation procedure, intact
sarcosomes can be obtained, which are satisfactory for

use in comparative physiological studies.-
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The efficiency of-sarcosomes igsolated from
variously heat treated adults are compared with those
of untreated control flies. The severity of damage is
digcussed in relation to the effect of heat treatment
on the whole animal, which has been described in

Chapter 3.

MATERIALS AND METHODS.

The male adults used in this. study were develop-
mentally acclimatized to 24 t0.5% and aged at the
sgme temperature, see Chapter 3. Flies were selected
at various ages and heat treatments were given using

the method described in Chapter 3.

Isolation of Sarcosomes

Flight muscle sarcosomes were isolated after the
procedure used by Lewis and Slater (1954); Lewis and
Fowler (1960) and Tribe (1967b). 30 adults were
immobilized with carbon dioxide, heads and abdomens
were removed as quickly as possible, and the thoraces
transferred to a small glass cylinder, similar to the
one used by Greville, Munn and Smith (1965). The
cylinder was cooled by surrounding it with crushed ice
and contained 2 ml of ice-cold sucrose medium I. The

thoraces were gently crushed for 2 minutes with a cold,

loogely fitting, flat-bottomed glass rod. Care was
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taken to avoid twisting or grinding the rod and so
damaging the sarcosomes. The resulting pulp was
transferred with a further 1 ml of sucrose medium I to
a cooled glags funnel lined with 4 layers of fairly
coarse muslin, previously boiled in distilled water and
soaked in ice cold sucrose medium I. Thé muscle pulp
was forecibly squeezed through the muslin by hand and
the filtrate collected in a centrifuge tube, also
surrounded with crushed ice.

The filtrate was centrifuged at 100 g for 4 minutes
at 4°C in a Mistral 2L centrifuge (M.S.E.) to remove
,chitin and any flight muscle fibres, which had passed
through the muslin. The supernatant was collected and
centrifuged at 2,200 g for 10 mins at 4°C in a Mistral
2L centrifuge (M.S.E.) and the resulting pellet
guspended in 2 ml of ice cold sucrose medium II. I%
was recentrifuged at 2,200 g for 10 mins and the final
pellet of washed sarcosomes suspended in 0.75 ml of
KCl medium III. The average time for the preparation
period was approximately 50 mins.

Isolation medis used :
I 0.32 M sucrose, 10 mM EDTA, 2% BSA and
10 wM tris/HCL buffer at pH 7.3
II1 As above without 2% BSA.
III 0.15 M KCl, 1 mM EDTA and 10 mM tris/HCl at pH 7.3
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Megsurement of oxidative phosphorylation.

Oxidative phosphorylation was measured at 24°C
using the oxygen electrode described in Appendix 2.
The feaction medium was similar to that used by Tribe
(1967b), except the hexokinase-glucose trap was omitted.
The basic medium was as follows :-

50 wlM KCL
30 mM phosphate buffer (Sdrensen) at pH 7.3
5 mM Mg012.6H2O
1 mM EDTA
20 mM tris/HC1l at pH 7.3
The medium was thoroughly equilibrated to 24°C for

several hours to saturate it with atmospheric oxygen.

Choice of substrates.

The substrates used were one of the following :-

2 D L «-glycerophosthate ( ol-GP)

2M godium succinate

1.5 M sodium pyruvate + 0.5 M I sodium malate
A 50 11 aligquot of substrate was added to 3.0 ml of
reaction medium to give a final concentration of 33 mM.
Insect flight muscle is known to be;zighly aerobic
tissue and possesses an efficient tracheal supply. Zebe
and McShan (1957) have shown that flight muscle contains
an extraordinarily active extra-sarcosomal < -glycero-
phosphate dehydrogenase. This enzyme reduces
dihydroxyacetone phosphate produced in glycolysis, to
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A -glycerophosphate with the concomitant oxidation of
NADH to NADY. The of-GP produced is oxidized intra-
mitochondrially by a flavine-linked K ~-glycerophosphate
dehydrogenagse (oxidase); electrons are transferred
“directly to the cytochrome system, accompanied by two
phosphorylations (ADP to ATP). The mitochondrial
membrane is permeable to both {-GP and dihydroxyacetone
- phosphate but not to NADH. Dihydroxyacetone phosphate
leaves the mitochondrion and can be reduced again by
the extra-mitochondrial K -glycerophosphate
dehydrogenase and the cycie repeated.
The oL -=glycerophosphate cycle acts as a shuttle
carrying electrons from cytoplasmic NADH to the respira-

tory chain and can be summarized schematically as follows:-

CARBOHYDRATE .
o NADH p HAD
|
v .
PHOSPHOGLYCERALDEHYDE ¢ DIHYDROXYACETONE oL-GLYCEROPHOSFHATE
' __ PHOSPHATE
- s e
NaDt H3P04 , mitochondrial membrane
/ | ! DIHYDROXYACETONE o¢-GLYCEROPHOSPHATE
N . | PHOSPHATE
: v I
DIPHOSPHOGLYCERATE | H20 Respiﬁgtory 1 02
u |
}* . chain
PYRUVATE .

Schematic representation of “~glycerophosphate cycle after
van den Bergh (1962).
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Sacktor (1958) has suggested that ol-GP is the
most important substrate of flight muscle sarcosomes.
However, van den Bergh and Slater (1962) have postulated
that pyruvate and ol-GP are oxidized at high rates for
they are produced in equimolar proportions during

glycolysis.

Polarographic measurement of oxygen consumption.

3 ml of reaction medium was pipetted into the
reaction vessel of the oxygen electrode and after 1-2
mins the recorder was adjusted to give a full scale
deflection. Oxygen uptake from this solution was
followed by the réte of change of deflection of the pen
recorder. Additions to the reaction vessel of the
 electrode were made with microcap pipettes (Drummond
Scientific Co., U.S.4.). 50 ul df gsarcosomal suspension
was injected into the reaction vessel and the endogenous
rate recorded. Respiration in the presence of substrate
alone, called substrate respiration, was measured after
the addition of 50 ml &-GP. Additions of 10 ul 50 mM
ADP (in 30 mM rhosphate buffer at pH 6.8) were made and
the ADP-stimulated respiration obéerveé. Measurements
of oxidative phosphorylation were repeated several times,
but not later than 1 hour after isolation, for results

after this time became inconsistent, indicating
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sarcosomal 'ageing'.

Calculagtion of 002

| Sarcosomal oxygen consumption, expressed as pg
atoms oxygén/mg protein/hr, is referred to as Q0,.
Regpiration rates were determined as follows :

Let R represent the full scale deflection for the oxygen
gaturated medium and r the deflection obtained at
anaerobiosis; then R-r are the number of écale divisions
equivalent to the oxygen content of the medium. For
the method of calibrgtion see Appendix 2. Where

C (ug atoms) is the oxygen content, S is the rate of
chart flow (cm/hr), P is the rate of change of

deflection (scale divisions/cm chart) then :-
=P% c .
e %&%Fg_%§3tein conc. (Mg A0/mg protein/nr)

Respirgtory Control Index.

For polarographic studies Chance and Williams (1956)
have defined the respiratory control index (RCI) as the
ratio of the respiratory rate in the presence of added
ADP to the rate following its expenditure. For reasons
given later, RCI has been measured using the ratio of
QO2 in the presence of 0.5 u moles of ADP to the QO2
before the addition of ADP i.e. the gubstrate

respiration.
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ADP:0 ratio.

The ADP:0 ratio is the number of moles of ADP
esterfied to.ATP for each gram atom of oxygen consumed.
When pyruvate 1s substrate electrons are donated to the
electron transport chain before the flavine nucleotides
and consequently there are 3 phosphorylations before
the reduction of oxygen (ADP:0 = 3). Succinate and
K -GP donate electrons via their specific dehydrogenases
and electrons enter the electron transport chain after
the flavine nucleotides so that only two phosphorylations
occur with these substrates (ADP:O = 2).

The ADP:0 ratios have been calculated using the
method described by Chance and Williams (1955a). When a
known amount of ADP is added to a mitochondrial
suspension in the presence of substrate, Q02 increases
(see Figure 17) and a quantity of oxygen is consumed.
The uptake of oxygen can be measured from the trace by
extrapolating the ADP-stimulated rate and the rate after
its expenditure, see Figure 17. The distance between
the point of addition of ADP and the extrapolated point
of its extinction, represents the quantity of oxygen
required by respiration when 0,5 p moles of ADP gre
converted to ATP.

The egtimation of ADP using an enzyme method.

ADP was purchased from Sigma (Grade 1 : disodium salt)
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and made up as a 50 mM golution in 30 mM rhosphate
buffer at pH 6.8. When stored frozen (- 20°C) in this
state it remains stable for a few months. Samples of
ADP solution were assayed by a spectrophotometric
method at monthly intervals using a "test kit" supplied
by Boehringer (London).

The sequence of the reactions is outlined below :-

ADP + Phosphoenolpyruvate pyruvate > pyruvic acid + ATP
kinase

NADH + pyruvic acid lactic lactic acid + NaD‘
80320 __
dehydrogenase

Thus each mole of ADP oxidizes 1 mole of NADH; and
therefore the concentration of ADP can be measured by
the absorbance change for NADH. This reaction with
ADP only goes to 72% completion (personal communication,
Bdehringer, London) and an appropriate factor must be

apPlied.

Experimental procedure

50 mM ABP was serially diluted to give four concentra-
tions of 0.1, 0.2, 0.3 and 0.4 A moles ADP per 2 ml
tris/HC1 buffer at pH 7.4.
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Reagents :-
(1) 10 mM phosphoenolpyruvate, 1.3M KCL, 0.4M MgCl,
(2) 6 mM NADH |
(3) 1 mg lactic dehydrogenase/ml
(4) 1 wg pyruvate kinase/ml

2 ml of the diluted ADP solution was pipetted into a
silica cuvette (10 mm light path) together with 0.15 ml
of reagent (1), O.1 ml of reagent (2) and 20 pl of
reagent (3). The contents were stirred and the optical
density at 340 mp measured after 5 minutes, withé
Hilger-Watt spectrophotometer. 20 nl of reagent (4)
was added and the contents stirred. The optical density
was read at 340 mp after a further 10 minutes. The
change in absorbance for the 4 concentrations of ADP is
plotted in Figure 14. The number of moles of NADH
oxidized was determined using the Beer-Lombard rule and
the extinction coefficient for NADH at 340 mp (Horecker
and Kornberg, 1948). ‘

Determination of sarcosomal protein.

The concentration of sarcosomsl protein was
determined using the Folin-phenol method of Lowry, _
Rosebrough, Farr and Randall (1951) and using BSA fraction

V as standard.




i.:Figure 14

~ Spectrophotometric determination of ADP

. concentration using lactic dehydrogenase,

‘pyruvate kinase, NADH and phosphoenol-

. pyruVafe. Details gee text.
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Reagents
Solution 1 2% (w/v) sodium carbonate in
0.1N sodium hydroxide
~ Solution 2 ©0.5% copper sulphaté

Solution 3 1% sodium potassium tartrate

Folin mixture A is made up by mixing equal volumes of

_ Solutions 2Aand 3 and to each!#olumé of this mixture

is added 50 volumes of Solution 1.

Folin mixture B is made up by diluting 4 volumes Folin -
Ciocalteau phenol reagent with 6 volumes of distilled
water.

Procedure :-

The sarcosomel protein was dissolved in N sodium hydroxide
and diluted to give a concentration less than 400 pg/ml.
Standard protein soclutions were made up of 0, 50, 100,
150, 200, 300 and 400 ng BSA/ml. Duplicates of
standardé and unknowns were prepared. ©O.2 ml of diluted
protein was ;ddgd to 3 ml of Folin mixture (4) in a
boiling tube and allowed to stand at room temperature for
30 mins. 0.3 ml of Folin mixture (B) was then added and
the resulting mixture allowed to stand at room temperature
for a further 60 mins. The solutions were poured into
glass cuvettes (10 mm light path) and optical density

megsured at 500 mu in a Hilger-Watt spectrophotometer.
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i.Figﬁre 15

',lStandard curve .for protein using
| Folin-Ciocalteau phenol reagent.
(BSA as standard protein).
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From the standard protein solutions a calibration curve
of absorbance against protein concentration was plotted,
see Figure 15, and unknowns were determined from this
curve.

2+

Measurement of Sarcosomgl Me“" stimulated ATPase activity.

The sarcosomes from 12 thoraces were used in each
experiment. Sarcosomes were isolated as described
previously and the Mg®* stimulated ATPase and DNP
stimulated Mg2+ ATPase activities were measured, after
Myers and Slater (1957).

Reaction medium -

75 mM KC1

0.5 mM EDTA

50 wmM sucrose

1.5 mM MgClZ. 6H20
2 mM ATP

50 oM tris/HCL at pH 7.3
0.1 mM 2:4 DNP where applicable

Boiling tubes containing 3.0 ml of reaction medium were
equilibrated to 24°C in a water bath and the Mg2*
stimulated ATPase and DNP stimulated Mg2+ ATPase were
measured concurrently. The reaction'was begun by the
addition of 50 pl of sarcosomal suspension and terminated

- after 10 mins by the addition of 1 ml of ice-cold 12% TCA.
The contents were centrifuged at 4°C for 10 mins at 3,000 g
and the amount of inorganic phosphate (P;) liberated was

measured by the method of Figke and Subbarow (1925).
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The DNP factor is the Tatio of the Mg”* stimulated
ATPase activity in the presence and absence of DNP.

Determination of Inorganic Phosphate.

Boiling tubes were set up to accommodate reagent blanks,
standards and unknowns. Sfandards were prepared by the
serial dilution 20 mg/ml KH,P0, solution.
Reagents ¢ 5N sulphuric acid

2.5% (w/v) ammonium molybdate
0.5 ml sulphuric acid and 0.5 ml of molybdate were
pipetted into each boiling tube together with 1 ml of
phosphate test solution. The reaction was allowed to
gtand for 10 mins when 0.25 ml of diluted Fiske and
Subbarow reducer (Sigma) was added. After 15 mins the
optical density at 660 mp was measured in a Hilger-Watti
gpectrophotometer. A standard phosphate curve was drawn,
gee Figure 16, and the phosphate concentrations of the

unknowns .were obtained from this curve.

Chemicals

Adenosine-5'-diphosphate (disodium salt), adenosine-5'-
triphosphate (disodium salt), DL -glycerophosrphate
(sodium salt), sodium pyruvate, D malic acid, bovine
gserum slbumin (Fraction V), tris (hydroxymethyl)
aminomethane (Trizme base) and Fiske and Subbarow reducer

were obtained from Sigma Chemical Co., Ltd., ATP and BSA
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~ ff Figure 16

~ Calibration curve for phosphate using
_the method of Fiske and Subbarow.

(20 ﬁg/ml,KH2P04 golution as standard)
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were stored dessicated at -20°C. ADP was stored in a
frozen solution buffe:ed at pi 6.8. The chemicals used
to assay ADP were obtained‘in a kit supplied by
C.F.Boehringer und Soehne and stored at 4°c.
Ethylenediamine tetra-acetic acid (disodium salt), sodium
succinate,2:4 dinitrophenol and other standard chemicals
were obtaineé from British Drug Houses. AnalaR grade
was used wherever possible, otherwise laboratory reagent

grade was used.

RESULTS

A typical oxygen electrode recording for untreated,
control sarcosomes is presented in Figure 17. Four of
the respiratory states recognised by Chance and Williams
(1956) have been observed in this study. The endogenous
rate in the absence of added substrate corresponds with
State 1 (Chance and Williams,1956); the ADP stimulated
respiration in the presence of substrate and ADP
corresponds with State 3; the substrate respiration after
the expenditure of ADP with State 4 and the anaerobic
rate with State 5. State 2, which corresponds to the
ADP-gtimulated-endogenous rate has not been observed,for;
as the endogenous rate was very low, there was no
necessity to exhaust the endogenous substrate by adding

ADP, see Chance and Williams (1955b). Substrate was
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Figure 17

Oxygen electrode récordings
‘~‘Tracef1 Oxygen consﬁmption of sarcosomes isolated from
untreated 10 day old male flies.
Trace 2 . Oxygen consumption'of sarcosomes isolated from
10 day oldlma;e flies treated to 42.0°C/40 mins
(Dy o)

The following additions were made to 3.0 ml of reaction

" medium ¢

M . 50 pl'saréosomal suspension
oL -GP 50 jl 2M oL-GP
ADP 10 ul 50 mM ADP _
S . sodium dithionite (réducing agent)

The ADP:O,ratids were calculated using the method of

Chance and Williams (1955a). The oxygen consumption

- in the»presence,of“ADP was calculated from the point of
\additibn of ADP to the extrapolated point, where the

': ADP-stimu1ated rate retuined to substrate rate.

Tﬁe vertical bar répresents 0.3 e étoms oxygen.

- The horigzontal bar represents 1 minute.
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‘added to the mitochondrial suspension immediately after
the endogenous rate was measured, the resulting rate will
be referred to as the substrate rate.

The respiratory rates observed with untreated
gagrcosomes gre recorded in Table 15. The endogenous rate
is extremely low (QO2 = 0.69) in agreement with the low
rates observed for housefly sarcosomes by van den Bergh
(1962), who suggested that endogenous substrate is
almost gbsent in those saroosomes. The addition of
subgtrate, L -GP, caused an immediate rise in respiratory
rate, see Figure 17 (Q0, = 34.74), and this rate was
further stimulated by the addition of 0.5 n moles ADP.
After the utilization of ADP the respirstory rate almost
returned to the substrate rate. Purther additions of
ADP produced‘the game effect until the oxygen in the
reaction medium was exhausted.

The substrate rate prior to the addition of ADP was
siightly loﬁer than the rate observed after the expiration
of ADP. Consequently, when these rates were used in the
calculation of respiratory control, the 'prior' substrate
rate gave a higher RCI, see Table 15. This rate has
been used to calculate RCI consistently throughout this
study. Firstly becéuse the substrate rate after the

-expenditure of ADP was not obtainable when sarcogomes were
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| TABLE 15
Mean Q02, ADP ¢ O and RCI values for control sarcosomes

from untreated 10 day male flies at 24°C (n = 5)

QO )
Respiratory
state Mean Range
Endogenous rate 0.69 0.59 - 0.81_

Substrate rate with
33 mM 34.74 33.0 - 36.56
A~ glycerophosphate

ADP stimulated rate )
0.54 moles ADP 90.68 80.66 - 102.37
Substrate rate after _
expiration of ADP 39.55 37.16 .43.87
RCI prior to ADP )
addition 2.61 2.4 208
RCI after ADP )
addition 2433 2.17 = 2.45

ADP s O ratio 1065 1046 - 1081
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inhibited or uncoupled, see Figure 17, secondly the QO2
measurements in the complete absence of added ADP are
directly comparable with the measurement of substrate
respiration in manometric studies.

The substrate rates observed in this study agree with
those reported by Tribe (1967b) for this stock of flies.
Using manometric techniques Tribe recorded values of
365 pl 0,/mg protein/hr (32.3 pg 4 O/mg protein/hr).
However, the ADP-stimulated rates observed in this study
were higher than those of Tribe (1967b), who reported
values of between 573 and 810 pl/mg protein/hr for 10
day old adults, which represents 51.1 and 73.2 pg A O/mg
protein/hr. The higher values are likely to be due to
the better respiratory control obtained with polarographic
techniques. ADP:O ratios are similar to Tribe's P/0 ratios.

Heat treatments were given to either 1, 10 or 30 day |
old adults; their sarcosomes extracted directly after
exposure and oxidative phosphorylation measured. The
LDO, LD50 and LDlOO exposures recorded in Chapter 3 are
presented in Table 16. '

Measurements of oxidative phosphorylation of
garcogomes from heat treated 10 day old flies are recorded
in Table 17. After 42.0°C for 40 mins (1D, o treatment)
substrate rate was approximately two thirds the value

obtained with control sarcosomes from untreated adults.
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- TABLE 16
Approximate LDy, LDgy and ID, o, heat treatments for
40Hminute exposures obtained from the data used in

calculating the heat death points in Chapter 3.

Age 1D LD LD
days 0 % 500C 100oc
1 41.0 42,2 43.2
10 39.8. 40,9 42.0

30 . 39.2 40.4 41.6
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Woreover, this rate could not be stimulated by the
addition of ADP, see Figure 17, in fact it declined
glightly after the addition of ADP giving a RCI of less
than 1. Observations showed that this decline occurred
in the presence and absence of ADP, and the curvilinear
electrode trace indicated that a decline in the
respiratory rate was occurring during the experiment.
ADP:0 ratios could not be measured in the absence of
respiratory control using the Chance and Williams (1955a)
method of calculation.

After treatment of 41.0°C for 40 mins (LDSO)’ the
substréte rate was almost half the value of that for
control sarcosomes, RCI was approximately 1 and ADP:0 was
not measurable. However, treatment of flies to 40.0°C for
40 mins (LD,) caused little change in the respiratory rate
of sarcosomes subsequently isolated from them, although
RCI had fallen to 1.73 and ADP:O to 1.38 suggesting that

sarcogomes were partially uncoupled.

The effects of various heat treatments on the oxidative

rhogphorylation of sarcosomes from 1 day 0ld flies are.
recorded in Table 18. The substrate rate in the control
sarcosomes from untreated flies was lower than for 10 day
old flies, see Tables 15 and 17. After treatment of 1 day
old flies to 43.2°C for 40 mins (LDiOO) substrate rate was
reduced, RCI was only 1.21 and ADP:0 not measurable. After

a treatment of 42.09C/40 mins (approximate LDSO)
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gubstrate rate was again reduced, but tpe RCI was 2.04
and ADP:O almost normal at 1.54. A treatment of 40.0°C
for 40 mins caused no change in QO2 and RCI, in fact the
ADP:0 was slightly higher than in untreated control
sarcosomes. The experiments with 1 day old and 10 day
old flies gsuggest that LDiOO and LD5O treatments markedly
affect oxidative rhosphorylation. LDO treatment does not
have as severe an effect as the treatments which are
lethal. |

The pattern observed with 30 day old flies was
slightly different. 41.0°C for 40 mins (approx. LD90)
uncoupled phosphorylation but did not change substrate
rate, see Table 19. The QO2 values observed with the
control sarcosomes were slightly lower than the values
obtained after treatment of 40.0°C for 40 mins.
Uncoupling was observed after sublethal heat treatments.

A series of experiments was performed with BSA
omitted from the reaction medium, see Table 20. RCI and
ADP:O values for control sarcosomes from 10 day old flies
were lower when BSA was omitted, in agreement with van den
Bergh (1962) and Tribe (1967b). Substrate rate was
slightly higher after a 41.0°C for 40 mins treatment
(LD;,) and the RCI was 1. After a treatment of 40°C for
40 ming (LDO) the substrate and ADP-stimulated rates were
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significantly higher than when.BSA'was present in the
isolation medium, although RCI and ADP:O values were
almost the same. The significance of BSA inclusion will
be discussed later. .

The data in Table 21 and Figure 18 shows the affect
of various concentrations of 2:4 DNP on oxidative
phosphorylation of control and 42.0°C/40 mins (LD, o0
treated sarcosomes. DNP uncoupled the control sarcosomes
and stimulated oxygen consumption (maximum Q, values were
observed in the presence of 0.49 - 0.81 mM DNP, see
Pigure 18) and high concentrations of DNP inhibited Q0,4
see van den Bergh (1962). With sarcosomes from heat
treated flies no stimulation was observed with DNP. The
apparent decline in Q02 after the addition of DNP to these
garcogsomes may be similar to the inhibition previously
reported for addition of ADP. |

A useful indication of the degree of tightness of
coupling in mitochondria can be obtained by measuring the
level of ATPase activity (van den Bergh, 1962). The
Ng?t stimulated ATPase activity (latent ATPase) is low in
tightly coupled mitochondria and the level of activity
can be raised (released) by the addition of DNP. The
DNP factor, the ratio of the DNP, Mg®* stimulated ATPase
to the latent ATPase, reflects the tightness of coupling,




TABLE 21
QO2 values for sarcosomes from untreated and
42.0%C/40 mins (LD;,,) treated 10 day male adults
after additions of 2 ¢ 4 DNP. The ADP : O ratio
of the untreated sarcosomes was 1.6 before the
addition pf DNP and the protein concentration
0.34 mg/50A1. The protein concentration of the
treated sarcosomes was 0.48 mg/5041.

Conceggration Q0, of Q0, of
. control LD treated
2.4 oI (mM) Sarcosomes siggosomes
0 25.21 18.2
0.003 29.17
0.0065 30.82
0.013 35.98
0.016 39.77 16454
0.02 36459
0.026 46422
0.033 52.16 15.44
0.049 66.88 13.79
0.065  66.88 15.33
0.081 68.45
0.098 62.94 14.88
0.115 55.07

123




124

Figure 18

The effect of DNP on QO, ‘of Sarcosomes
‘from untreated 10 day old male flies
- (upper curve) and from 10 day old flies

D100/
(lower curve). The arrows represent

~treated to 42.0°C/40 mins (

- the ADP-stimulated rates of respiration.
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for the DNP factor is large in coupled mitochondria and
approaches 1 in uncoupled preparations.

Measurements of ATPagse activity and the DNP factor
after various heat treatments are recorded in Table 22.
Control sarcosomes from untreated 10 day flies had a
DNP factor of 4.13, larger than the value reported by
Tribe (1967b). After exposure to 42.0°C/40 mins (LDlOO)
the DNP factor was only 3.02 and after exposure to
40.0°C/40 mins it was 3.72. The fall in the DNP factor
after heat treatment indicates that uncoupling has
occurred. However, the extent of uncoupling is not
complete for a DNP factor of 3 was obtained, see Table 22.

The results of measurements of oiidative phosphory-
lation using succinate and pyruvate as substrates are
rresented in Table 23. Both of these substrates gave low
Q0, values compared top{-GP. After heat treatment to
42.0°C for 40 mins (LD, op) ADP stimulation was observed
with both substrates and respiratory control indices were
1.77 for succinate and 1.5 for pyruvate, the ADP:0 ratios
were l.47 and 2.4 respectively. Coupling appeared to be
tighter after heat treatment when succingte was used as
substrate, it was abolished by freezing and then thawing
the preparations.

The coupling observed with these substrates is in

agreement with the highdNP factors of the ATPage
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egtimations snd indicates that the sarcosomes are not

completely uncoupled for all substrates, after LDiOO
treatment.

Recovery from sublethal heat treatment.

Sublethael heat treatments seem to partially uncouple
garcogsomes and also affect QO2 values; but after exposure
flies can recover; and those recovering have a normal
expectation of life, see Chapter 3. To determine whether
sarcosomal damage is repaired after sublethal heat
treatment, 10 day old flies were exposed to 40°C for 40
mins (LD,) and oxidative phosphorylation megsured 1, 2 and
3 days later, see Table 24. Directly after such treat-

‘ment RCI and ADP:O values were low and in the subsequent

2 days both increased; so that by 3 days coupling was as
tight as in control sarcosomes. Directly after exposure

of flies to 41.0°C for 40 mins (see Table 25) the
substrate rate of their sarcosomes was.almost half the
value observed with control sarcosomes and respiratory
control was absent. Howevér, within 2 days Q02 values

had increased and the RCI was significantly higher. 3 days
after exposure the performance of these sarcosomes was

almost the same as the controls.

DISCUSSICN
The results of respiratory studies carried out on

garcogomes isolated from flies treated to lethal
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temperatures show quite conclusively that oxidative
rhosphorylation is drastically impaired. The sarcosomes
were isolated directly after exposure and therefore two
factors must be taken into account. First, heat death
may render the sarcosomes more susceptible to damage
during subsequent isolation. However, the changes in
oxidative phosphorylation after heat treatmenf are
considered to be t00 magsive to be due to isolation
procedure alone. Secondly, lethal temperatures directly
affect the sarcosomes in vivo; thereby causing uncoupling
aﬁd inhibition of oxidation of {~GP and pyruvate.
Fraenkel and Herford (1940) reported a decline in
oxygen consumption of blowfly larvée at lethal tempera-
tures above 40°C but suggested that oxygen does not
become rate limiting under these conditions. Grainger
(1969) has observed similar changes when Arianta
grbustorum is exposed to lethal temperatures. Furthermore,
Bowler (1963b) reported changes in oxygen consumption

of various tissues from heat dead Astacus pallipes,,and

Grainger (1969) reported the same for heat dead tissues
of A. arbugstorum. The observations of these workers are
in agreement with those reported here for the fall in
oxygen consumption of sarcosomes from,LD50 and LDlOO

treated flies. Moreover, it is likely that heat death in
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Calliphora is primarily due to the breakdown in oxidative

phosphorylation and inability to synthesise adequate
amounts of ATP. The resultant impairment of energy
production could account for the paralysed or sluggish
appearance of flies. Naguib and Christophersen (1965)

~ reported a decrease in the ATP level of yeast cells at
high temperature. A decline in ATP levels at lethal
temperature in flight muscle cells may lead to the breakdown
of other important energy dependent cell functions.
Presumably after LDlOO exposures, the damage is so severe
that death occurs before repair mechanisms become
effective. .

The age-dependent changes in heat death point reportéd
in Chapter 3 correlate well with the changes in the heat
sengitivity of sarcosomes. For instance, 42.0°C for 40
wmins will uncouple and inhibit /-GP oxidation in sarcosomes
from 10 day old flies, but it has a much less severe
effect upon the coupling and oxidation of 1 day old adult
sarcosomes, see Tables'l7 and 18. Since the changes in
- oxidative phosphorylation were most pronounced witho(-GP
as substrate, see Table 17, it is suggested that impairment
of the utilization of this substrate is/;ost important
cause of death, for it has glready been pointed out that

it is a major substrate for energy metabolism in sarcosomes.
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Furthermore, the results in Table 24 show that damage to
the coupling and oxidation of this substrate, caused by
LDO and LDSO éxposures, is completely repaired during the

recovery period.

When succinate was used as substrate an increase in
QO2 values and respiratory control was observed after
LD

1
see Table 23. Van den Bergh and Slater (1962) have

00 heat treatments, but the ADP:0O decreased slightly,

demonstrated that sarcosomes possess a permeability barrier
%0 the intermediates of the Krebs‘Cycle, which results

in very low oxidation rates with these substrates. Thus,
the increagsed QO2 and RCI values after LDloo heat treatment
| may be accounted for by an increase in sarcosomal
permeability and the increased accessibility of succinate
tb the respiratory assemblies.

The very low QO2 values, observed when pyruvate was
substrate, may be due to the use of sucrose in the isolation
medium. Van den Bergh and Slater (1962) have also
observed low values when sarcosomes were isolated in
gucrose and they were able to increase pyruvate oxidation
t0 the same level as the L -GP oxidation by replacing
sucrose with a KC1l isolation medium. However, Carney 1}966)

has reported lqw QO2 values for pyruvate with either KCl

or sucrose isgolation medisg.
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In discussing the causes of the changes in oxidative
phosphorylation after sublethal and lethal heat treatments,
four factors must be taken into account :-

l. The permeability of the sarcosomal membranes may
change.

2. The digtribution of divalent cations may change.

3. The release of endogenous uncoupling agents may
occur.

4. Damage to the enzymes of the respiratory assemblies
may take place.

Taking these points in order. First, the increased

oxidation of succinate after LDlOO heat treatments suggests

that the sarcosomsl membrane becomes more permeable to

subgtrate molecules, which cannot account for the fall in

QO2 values using pyruvate and{ -GP as substrates.

Second, divalent catiohs are known to cause changes
in the performance of sarcosomes; and therefore any
changes in the balance of these cations during heat
treatment may influence oxidative phosphorylation. Hansford
and Chappell (1967) and Donnellan and Beechey (1969) have

2+ ions act as co-operative allosteric

ghown that Ca
effectors too(-glycerophosphate dehydrogenase when the

concentration ofol-GP is less than 8 wd. The absence of
Ca2+ ions after heat treatment should not iﬁterfere with

the results observed here, for excess concentrations of
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A=GP (33 mM) have been used throughout.

Mg2+ ions have been provided in the reaction medium
and are not therefore considered to be important in these
invitro studies.

Third, it is possible that heat treatments cause
upcoupling in sarcosomes by stimulating the release of
endogenous uncoupling agents. Lewis and Fowler (1960) and
Wojtczak and Wojtczak (1960) have isolated these agents
and identified them as long chain fatty acidsg, which can
be released from sarcosomes by ageing during isolation.
BSA will effectively bind them and stimulate oxidative
phosphorylation as demonstrated by Sacktor, O'Neill and
Cochran (1958) and many other authors. BSA has been
included in the reaction medium throughout this study,
however, in one set of experiments it was omitted, see
Table 20. In the absence of BSA the ADP:0 and RCI values
were slightly lower in control sarcosomes but in heat
treated sarcosomes these values were not different from
those where BSA was included. Although increased QO2
values, which usually accompany uncoupling, were obtained
after LDO exposure. The results indicate that endogenous
uncoupling agents are not important at lethal temperatures.

Four, lethal and sublethal exposures mgy damage the
enzymes of the respiratory assemblies. The measurements

of oxidative phosphorylation with o{-GP as substrate,
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recorded in Tables 17, 18 and 19, indicate that partial
uncoupling occurs at LDO exposures. However, as
Previously pointed out, ADP:0 ratios cannot be estimated
polarographically in the aﬁsence of respiratory control.
As ADP:0 ratios are the only accurate guide to coupling -
the RCI merely represents the ADP stimulation - then the
extent of uncoupling after LD50 and LDlOO exposure
remagins to be determined.

Moreover, uncoupling cannot écoountvfor all the
changes observed after heat treatment, particularly the
decline in QO, values withod-GP. Uncoupling is usually
accompanied by increased oxygen consumption, e.g. the
effect of DNP upon control sarcosomes, see Table 21. Yet
DNP does not stimulate Q0, values of sarcosomes from
LDlOO treated flies suggesting that the oxidative, as
well as the coupling enzymes, may be impaired during the
exposﬁre; _

'Estimations of latent ATPase activity, see Table 22,
indicated that there is a residual_coupling capacity even
after LDiOO exposures, and furthér investigations showed
the coupling of both succinate and pyruvate oxidation with
phosphorylation can account for this. Thus the results
guggest that the oxidative activity and coupling associated
withol-GP are more temperature sensitive than those

associated with other substrates.
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Most workers have suggested that the various mito-
chondrial substrates confribute electrons to a common
respiratory chain and its associated phosphorylating
systems via their specific dehydrogenéses (see reviews
by Lehninger, 1964; Pullmen and Schatz, 1967; Lardy and
Ferguson, 1969). A differential sensitivity of both the
coupling and oxidative enzymes associated with A-GP
oxidation would suggest that oxidative phosphorylation of
this substrate is carried out by different respiratory
assemblies to those associated with other substrates.
However, further investigations are required to confirm
this and, in particular, measurements of ADP:0 ratios
with L-GP after LDlOO exposure are necessary to determine
whether uncoupling is cbmplete with this substrate.

The difference in thermolability of sarcosomes from
1l day o0ld and 10 day old flies correlated well with the
differences in their heat death points. These differences
are probably related to the development of sarcosomes
auring this period. Tribe (1967a) reported changes taking
ﬁlace in the size and distribution of sarcosomes in adults
in this age group. Lennie, Gregory and Birt (1967) and
Gregory, Lennie and Birt (1968) have also shown an
increase in the size of sarcosomes and the distribution and

organisation of cristae in young adult Lucilia cuprina.
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These agree with other observations of changes in the
distribution of sarcosomal DNA and RNA (Lennie, Gregory

and Birt, 1967); increase in enzymic and structural
protein over the period of emergence gnd post emergence
(Walker and Birt, 1969a); the accumulation of phospholipids
by sarcosomes (D'Costa and Birt, 1966). In particular,
Walker andeirt (19693) have gshown changes in the activities
of o{~glycerophosrhate oxidase and dehydrogenase in young
L. cuprina, as well as an increase in the distribution of
elementary particles (Walker and Birt, 1969b). These
elementary particles are believed to be agssociated with the
Mg2+ stimulated ATPase activity (see Pullman and Schatz, |
1967; Green and Maclennan, 1969) and are therefore
implicated in the coupling of oxidative phosphorylation.
Thus the changes in heat sensitivity of sarcosomes may be
thé result of these changes taking place in sarcosomal
6rganisation. This will be investigated further in

Chapters 8 and 9.
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4Chapter 8

ULTRASTRUCTURAL CHANGES IN SARCOSOMES
AFTER EXPOSURE OF ADULT GCALLIFHORA ERYTHROCEPHALA
TO LETHAL AND SUB-LETHAL HIGH TEMPERATURES.

INTRODUCTION

In Chapter 7 the measurements of oxidative phosphory-

lation made on isolated flight muscle sarcosomes, directly

after exposure of intact flies to lethal or sub-lethal

high temperatures, indicated that the functional behaviour

of these organelles had been drastically impaired. It was

suggested that damage to the ordered sequence of enzymes
in the respiratory assemblies of sarcosomes and the
consequent breakdown in their function may constitute one
of the primary and most important lesions in heat death

of adult Calliphora.

It is well known that the coupling of oxidative
phosphorylation in the mitochondrion is dependent upon
the morphological integrity and spatial ordering of the
component enzymes (Lehninger, 1964). Carney (1966) has
gshown that changes in the activity of isolated housefly
sarcosomes were linked with gross morphological changes

and Balboni (1965) and van den Bergh (1962) have pointed
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out that structural damage occurring during isolation
markedly affects couplipg. Furthermore, Weinbach,
Garbus and Sheffield (1967) demonstrated that uncoupling
of isolated rat liver mitochondria by 2:4 DNP or other
substituted rhenols was accompanied by mérked morpho-
logical changes. In order to determine whether the
changes in functional behaviour of sarcosomes aftef heat
damage are linked to changes in their structural
organisation, a study has been made of the effect of
lethal temperatures upon the morphology of intact
sarcosomes.

The ultrastructure of fibrillar flight muscle in
C. erythrocephala has been described by Smith (1963) and
in a number of 6ther insects by Gregory, Lennie and Birt
(1968) and Smith (1961, 1962, 1965 and 1966). These
observations show that sarcosomes are relatively large
mitochondria (2-3 m in length), which pack the inter-
fibrillar sarcoplasm. They have the typical dbuble
membrane structure of mitochondria and the inner membrane
is folded into complex and unique lemellate cristae, which
are compactly arranged into parallel arrays. Moreover,
work on other mitochondria has shown that the enzymes of
the respiratory chain and its associated Thosphorylating
systems are intimately organised into replicated units

or assemblies, which appear to represent a gubstantial
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portion of the organised structural elements of the
inner mitochondrial membrane (see reviews by Pullman and
Schatz, 1967; Green and Maclennan, 1969; Lardy and
Ferguson, 1969).

The organisation of the cristae is best observed in
longitudinal profile and throughout this study longitudi-
nal sections of flight muscle have been used in the
Preparation of electron mi&%graphs. Observations on the
affect of letﬁal temperatures upon the morphology of
sarcogomes from flies of different ages will be discussed
in relation to the results obtained in the heat death
studies presented in Chapter 3 and the physiological

studies on sarcosomes presented in Chapter 7.

MATERTALS AND METHODS.

Experimental animals
1l day old and 10 day old male flies, acclimatized to

2490, were used in this study. The experimental animals
were given LDSO and LDlOO heat treatments, see Table 16,
using the method described in Chapter 3.

Fixation and electron microscopy

Directly before fixation insects were killed by
decapitation and the abdomen and legs removed. Each
thorax wés carefully bisected dorsoventrally and the two

halves dropped into ice-cold fixative. Two methods of
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fixation were used. In the first method the half-
thoraces were fixed at 4°C, for 3 hours in 1% osmic acid
in isotonic buffer (pH 7.3). This buffer consisted of
120 wM sodium dihydrogen phosphate, brought to pH 7.3
with sodium hydroxide and made isotonic with 30 mM glucose.
In the second method, fixation was for 1% hours in 2.5%
glutaraldehyde in isotonic phosphate buffer'(PH 7.3) and
then for 1% hours in 1% osmic acid in the same buffer.
The half-thoraces were then washed in ice=-cold buffer
and the dorsal longitudinal flight muscles carefully
dissected out. After two further washings in buffer
the fixed tissue was dehydrated through a graded series
of ethanol solutions and finally placed in epoxypropane.
The muscles were embedded in Epon after the method
described by Mercer and Birkbeck (1961). The embedded
tissue was orientated and sectioned longitudinally on
| a L.K.B. Ultrotome. Thin sections, approximately 300 i
in thickness, were collected on copper grids coated with
formvar and the sections were stained with uranyl acetate,
after the method described by Watson (1958), and lead
citrate (Reynolds, 1963). Electron micrographs were

taken on an A.E.I. EM.6B electron microscope.

OBSERVATIORS
Electron micrographs of longitudinal sections of
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the dorsal longitudinal flight muscle of 10 day old
untreated flies, shown in Figures 19a and 19b are similar
to those obtained by Smith (1963). In these sections
the A, I, M and -Z bands of the myofibrils are visible

and megsurements showed that the average sarcomere
length was approximately 4 n. The interfibrillar
sarcoplasm is packed with sarcosomes, which are orientated
singly or in twos apposite each sarcomere. However, the
gsarcosomes do not appear to be precisely aligned with
respect to the myofibrillar striations (see Smith, 1963).
The profiles of the sarcosomes are ovoid and slightly
irregular, some sarcosomes are almost 5 p in length, see
Figure 19a, although éverage length appeared to be 2-3 p.
The majority of the cristae are orientated at right
angles, or obliquely to the long axis of the fibrils in
sub-parallel arrays. The outline of these lamellate
cristae is frequently broken by fenestrations (Swmith,
1963), see Figure 19a, and in gome sarcosomes the
fenestrations in successive cristae appear to be aligned,
gsee Figure 19b. The remaginder of the sarcoplasm is
filled with glycogen which has the appearance of a dense
granular material when gtained with lead citrate.

Tracheoles are frequently observed in these sections;

they have a circular appearance when cut in transverse
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‘i E F_iguré n
Co T ‘-;rAn'electrbn miérographvof the dorsal
lbngitudinal flight muscle from an
untreated 10 day old male fly (osmium
fization). = o
The sarcoéomeé‘(s) are cloéely juxta-
posed to the myofibrils (my). The
- safcomerellength’isapproximately 4 1
énd'the stfiatibns of the myofibrils
are indicated (Q, i, m and z). The
sarcosomes are packed with lamellate
cristae (c) énd fenestrations break up
the cristal plates (p). Tracheoles (t)
in fransVerse_ﬁ:ofile'are vigible in

- the granular sarcoplasm.:

Magnification x 30,000.
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Figure 19b

An electron miérograph of the dorsal
.longitudinal flight muscle from an
untreated 10 day old male fly (osmium
fixation). Labeliing as in Figure 19a.

Maghification x 34,300
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section and an irregular appearance in longitudinal
section (see Figure 22). Elements of the sarcoplasmic
reticulum do not appear in the electron micrographs
presented iﬁ Fgures 1% and 19_,b, but 2 membered dyad
structures are visible in Figure 26.

The longitudinal sections of flight muscle from
untreated adults can be compared with the appearance of
gections of muscle from flies Qf the same age, directly
after exposure to 42.0°C for 40 mins, the LDlOO
treatment, see Figures 20 and 21. The electron
micrographs are representative of many similar sectionms
of tissue, prepared on different occasions from flies
several generations apart. The organisﬁtion of the
myofibrils, tracheoles and sarcoplasm in this tissue
does not differ from the untreated tissue, except that
the myofibrils in Figure 20 appear to be glightly
contorted, perhaps due to muscular spasm during heat
death. The uwltrastructure of sarcosomes differ
congiderably from their untreated counterparts and the
prarallel arrays of cristae are almost completely lost.
Also, the lamellate appearance of the cristae is grossly
distorted in some areas of the sarcosomes. The small,
digscrete dark areas in electron micrographs of these

sarcogomes suggest that electron opaque granules have
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g ;AFigure 20 i
S An'eiectrpn.micrdgraph of the dorsal
‘longitudinal flight muscle from a 10 day
old fly treated to.42°C/4p mins, LD; .,
treatment (osmium fixation). Note the
~disorganised.appgaraﬁce of the parallel
arrays of cristae and the distortion of
the criétae plates. The dark granules
(g) in the sarcosomes are probably
accumulations of precipitated inorganic
ions. | ‘

Magnification x 22,500
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,,QT ;H Figure 21 '.~:
:;- Aﬁ electron.micrograph,ofvthe dorsal
1,710ngitudiéal flight_musclé from a 10
'}day old fiy treaféd ﬁo-42°C/40'mins,
| ID] o, treatment (glutaraldehyde +
| ‘bsmium fixation). -Note fhe_disorganisa—
" tion of the‘lémellate cristae and the
dark granulesi(g)’whibh-are'probably
>}adéumulations Of‘pregipitated

 inorganic ions. -

. Magnification x 48,150
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beeﬁ precipitated and coalesced during heat treatment.
The origin of these granules will be discussed more
fully in the description of 1 day old sarcosomes
treated to LD '

10
After the treatment of 10 day old flies to 41.0°C

0 tgmperatures.

for 40 mins, the}LD50 heat treatment, profiles of
sarcosomes are the same as observed with the untreated
specimens, see Figure 22. The cristae do not appear
disorganised and are orientated in parallel arrays with
the fenestrations clearly visible. However, the
granular sarcoplasm appears to be less dense than in
control tissue, see Figure 19a. .Similar results to
those presented in this figure were obtained with the
flight muscle of flies treated to 40°C for 40 minutes,
the LDy heat treatment (not shown).

Figure 23 is an electron micrograph of the flight
muscle of one fly, 24 hours after treatment to 41.0°C for
40 mihs. This animal was only capable of sluggish
crgwling movements and appeared to be in a dying
condition. The profiles of its sarcosomes are quite
unlike those in Figures 20 and 21. The lamellate cristae
are discernible but appear to be coalesced in places
giving rise to dark areas in the sarcosomes. These

organelles are possibly in the first stages of autolysis.
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 i~Figure‘22

. 'An electron micrograph of the dorsal
 longitudinal flight muscle from a 10
day old male fly directly after treatment
to 41°C/40_mins, LDg, treatmeﬁt (osmium
o fixation);}'The organisation of the
“lamellate cristée‘appears'td be the .
" same as that observed with sarcosomes
:'ffom‘untreated?flies. A tracheole (t)

s visible in lohgitudinal section.

Magnification x 30,000
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- Figure 23 -

An elebtronlmicroéraph of the dorsal
longitudinal flight muscle from 10 day
old male flies 24 hours after treatment
< %o 41°c/40 mips;°LD5o tfeatment‘(osmium
fixation). The profiles of the
‘1 sarcosoﬁes_are unlike those from untreated
“flies,.the cristae are not disorganised,

‘ buf appear to0 have coalesced.

Magnification x 15,750.
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The series of experiments was performed with one
day old adults as a comparison to those with 10 day old
adults. In each caée 3 adults were used in the prepara-
tion of fixed material. An electron micrograph of a
longitudinal section of flight muscle from an untreated
1l day old fly is presented in Figure 24. The
appearance is the same as for 10 day old flies, although
the sarcosomes are slightly smgller, length 1 - 2 R in
agreement with the observations of Tribe (1967a) on
isolated sarcosomes for this stock of Calliphora.

'Type a' sarcosomes (Gregory et al, 1968) with few
lamellate cristae were not observed in this gtudy, all

the sarcosomes observed in 1 day old Calliphora were

'Type b', which have the highly organised lamellate
cristae shown in Figure 24. After treatment of flies
| to 42.0°%C for 40 mins (approximate LD5O heat treatment)
noc changes were observed in the lamellate gtructure of
the cristae, see Figure 25. However, after exposure
$0 43.2°C for 40 mins, the LD, oo heat treatment, the
cristae structure in Figure 26 appears to be almost
completely distorted, similar to that observed with 10
day old flies treated to 42.0°C (ID) o)+ In these
sarcogomes the discrete dark patches, which have also

been observed in 10 day o0ld sarcosomes, see Figures 20
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. .Figure 24

A. An electrén micrograph of the dorsal
. longitudinal flight muscle from an
" untreated 1 day 0ld male fly (osmium

fixation).

Magnification x 32,000.
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 Figure 25

An ‘electron micrograph of the dorsal
longitudinal flight muscle from a 1 day
. old male fly treafed to 42° C/40 mins,

LD50 treatment (osmium fixation).

 Magnification x 23,550.
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Figure 26

. 'An‘elécfron' micrograph of the dorsal
longitudinal flight muscle from a 1 day
. - old male fly treéted to 43.2°C/40 mins,
LDiOO treatmenf (osmium fixation).

‘Dyad of the sarcoplasmic reticulum (d).

Magnifiéation x 22,500
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and 21, were present. These discrete areas of electron
Opaque material are probably the result of precipitation
of cations or anions during heat treatment and they can
be divided into two distinct types. The less dense
granules are likely to be due to the precipitation and
accretion of divalent cations, such as Mg2+ and Ca2+.
These accretions appear to be widely distributed in
these sarcosomes. Whereas, the larger and more Opague
granules, which are fewer in number, may be due to the
Precipitation of phosphate, which has reacted with the
lead of the stain to form lead phosphate.

DISCUSSION

The results presented in this chapter confirm that
intact flight muscle sarcosomes are damaged after
exposure to LDlOO temperatures. The damage in 1 day
0old and 10 day old flies consisted of the disorganisation
of the cristae lamellge and the precipitation and
accunulation of inorganic ions. These profiles of heat
damaged sarcosomes resemble the degenerating sarcosomes

of mature C. erythrocephala reported by Smith (1963),

although tubular elements of fragmented cristae were
not as widely distributed. Gregory et al (1968) have also
reported dégenerating sarcosomes of similar appearance

to these ones in ageing L. cuprina, but swollen and
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vacuolated sarcogomes similar to those reported by
Simon,Bhatnagar and Milburn (1969) have not been
Observed.

Green and Maclennan (1969) have suggested that the
cristal membrane is made up of repeating units, one
unit thick, which are lipoprotein complexes containing
rhospholipid, structural protein and the enzymes
associated with oxidative phosphorylation. It is possible
that both the protein and the phospholipid cbmponents
are involved in the heat induced changes in cristal
structure. The brief liquefaction of part of the lipid
component may account for the distortion of the cristae.
However, changes in the lipid structure during heat
treatment would probably be accompanied by the release
of fatty acids, and the measurements of oxidative
rhosphorylation presented in Chapter 7 do not clearly
indicate this.

Alternatively, the gross changes in the morphology
of the cristae may be due to a summation of g variety
of heat induced changes in the configuration of
individual constituent protein molecules. Stearn (1949)
has suggested that protein denaturation is caused by
the progressive destruction of hydrogen bonds. 1In the
initial stages of denaturation induced by heat, the

breakage of a few hydrogen bonds will cause little change
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in the tertiary structure of proteins, and presumably

at this stage the bonds can be reformed on cooling.
However, as denaturation proceeds more bonds are broken
until eventually a state is reached, when the breaking
of one or two additional bonds results in major changes
in the tertiary structure of the molecule accompanied by
a large increase in entropy and the irreversible loss

of enzyme activity. |

It is envisaged that exposure to LD50 temperstures
cause only the reversible loss of enzyme activity
without major configurational changes in protein
structure. In fact, the results in Chapter 7 show that
complete enzyme activity can be recovered in survivors
in the 2-3 days following exposure. Whereas LDlOO
temperatures cause the irreversible loss of activity of
some enzymes and represent a stage when the native
structure of the proteins are changed with the resultant
gross changes in cristal membrane morphology.

The observations aie in good agreement with the heat
death studies presented in Chapter 3 and the
physiological studies in Chapter 7. The differences
in temperature treatment required to cause structural
changes in 1 day and 10 day old adult sarcosomes are
correlated exactly with changes in LD100 temperatures, see

Table 16. The reason for this difference remgins
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difficult to account for. D'Costa and Birt (1966)
reported the incorporation of phospholipid in sarcosomes
of L. cuprina during the early adult stage, but although
the bulk phospholipid content of sarcosomes became
richer in the early adult stage, there were no marked
differences in the classes of lipids. Thus the changes
in the sensitivity of sarcosomes are likely to be caused
by the developmental changes in enzymic and structural
protein already outlined in Chapter 7.
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Chapter 9

THE EFFECT OF TEMPERATURE ON OXIDATIVE
PHOSFHORYLATION IN ISOLATED FLIGHT MUSCLE SARCOSOMES

INTRODUCTION

The temperature dependence of metabolic rate in
poikilotherms has been demonstrated in a wide variety
of different species. The subject has been reviewed by
Bullock (1955), Precht, Christophersen and Hensel (1955)
and Prosser (l955).u

Recent work, however, claims that in many species
of poikilotherms basal or resting metabolism is
effectively'independent of temperature, whereas active
metabolism is temperature dependent in thehclassical way
(Newell and Northeroft, 1967). This work was supported
by a study of the respiration of mitochondria isoiated
from poikilotherms (Newell, 1966; Newell, 1967) and
homeotherms (Newell and Walkey, 1966). Qo values of
1l - 1.3 were reported for mitochondrial oxygen
consumption over the temperature range 5° to the maximum
normal environment temperature experienced by each
gspecies of poikilotherm, and from 5°C to the normel body
temperatures in homeotherms. Above the normal

temperature range, large QlO values were observed and
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Newell (1966) has suggested that this may be due to
uncoupling of oxidative phosphorylation. The low Qlo
values observed for oxidative phosphorylation in the
normal range of temperatures has led Newell (1966, 1967)
fo suggest that oxidative phosphorylation is
relatively temperature independent. - Furthermore,
Newell and Walkey (1966) have suggested that the rate
of mitochondrial metabolism may be determined by
physical phenomena, such as the supply of substrates,
rather than chemical phenomena.

In support of the clagsical interpretation referred

to previously, Tribe and Bowler ' (1968) have demonstrated

that basal metabolic rate in this stock of Calliphora

erythrocephala is dependent upon temperature and

previous thermal history. The basal metabolic rate of
adult blowflieg showed 'type 3' adaptatioh. (Precht,
1958). |

Recently, Spencer Davies and Tribe (1969) have
investigated the effect of temperature upon the oxygen
consumption of intact poikilotherms and tﬁeir tissues,
and also of isolated mitochondria from poikilotherms and
a homeotherm. Their investigations also included

Preparations of flight muscle tissue and sarcosomes from

C. erythrocephala. They concluded that in neither the
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intact animal at rest nor in endogenous oxygen uptake
by isolated cells and tissues was there any evidence
of a plateau of temperature independent respiration.
Furthermore, the oxygen consumption of mitochondria
isolated from rat liver and bldwfly flight muscle was
also temperature dependent.

The present investigation on the effect of
temperature on isolated flight muscle sarcosomes considers
the aspect of the changes in oxidative phosphorylation
in relation to age and previous thermsl history of the
animal. The results of this work are discussed in
'relé%iqn to the previous work of Newell (1966, 1967) and
Spencef Davies and Tribe (1969).

MATERIALS AND METHCDS ‘

The blowflies used in this study were male adults
developmentally acclimatized to 24 ¥ 0,5°C. The reaiing
methods were the same as described in Chapter 2 and flies
were acclimatized to either 15 % 1.0%, 24 * 0.5% or

34 * 0,5°C as described in Chapter 5.

Method of isolating flight muscle sarcosomes and

determining oxidative phosphorylation.

The method of isolation and measurement of Q02, RCI
and ADP:0 values of sarcosomes have been fully

degscribed in Chapter 7. Cxidative phosphorylation with
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33 mMl~glycerophosphate (X~GP) as substrate was
measured in the presence of 0.5 1 moles ADP at a series
of temperatures in the range 14° - 39°%C. The reaction
vessel of the oxygen elegtrode was held at a selected
temperature by pumping water from a constant temperagture
bath through the outer jacket. The bath was maintained
at the selected temperature (¥ 0.1°C) as described in
Chapter 3. ’Experiments at 14°C and 19OC were carried
out in a cold room.

The solubility of oxygen in the reaction medium at
various temperatures is tecorded in Table 31 and the
determination of oxygen solubility is described in

Appendix 2.

RESULTS

The measurements of Q02 and ADP:0O values of
garcogsomes extracted from 10 day old flies acclimatized
t0 15% 24° and 34°% are recorded in Tables 26, 27 and
. 28 respectively. Inuthese experiments the endogenous
respiration of sarcosomes was not influenced by
experimental temperature and the Q02 were very small, in
agreement with the results presented in Chapter 7.
However, the substrate respiration and ADP-stimulated
respiration of sarcosomes, from the various acclimatized

flies, increased markedly with experimental temperature,
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the rate-temperature (R/T) curves are presented in

Figures 27, 28 and 29.

Temperature dependence of substrate respiration.

The R/T curves for substrate respiration followed
gimilar patterns in all three acclimstization groups. A
pronounced rise in substrate rate occurred. between the
experimental temperatures 14° - 24°% giving a large Qlo
see Table 30, In the range of experimental temperstures
24° to 34°C, however, the increase.was much smaller and
the QlO values for sarcosomes from 15°C and 24°%
acclimatized flies were 1.18 and 1.23 respectively;
sarcogsomes isolated from 34°C acclimatized flies gave a
Q10 of 1.97 over this temperature range. 4 dramatic
rise in substrate reépiration was observed between
experimental temperatures 34° - 39°C in sarcosomes from
15°C and 24°C acclimatized animals (QlO Qalues of 16.47
and 12.31 respectively). Sarcosomes from 34°C
acclimatized flies responded quite differently in the
range of experimental temperature 34° to 39°C and gave

QlO values of 2.91.

Temperature dependence at ADP-stimulated respiration.

The patterns of change in the ADP-gtimulated
respiration rates of sarcosomes isolated from the

variously acclimatized flies are compared in Figure 31.
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‘Figure 27

Rete/temperature curves;‘QO2 (ng &4 O/
. mg protein/hr) against experlmental
temperature (°C), for isolated
- sarcosomes from_lo day old flies
physiologically'acclimatized to0 15°C.
. @, substrate respiretion;
A ,‘ADP-stimulated fespiration;
v , ADP:0; wm, RCI.
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" Figure.28

| Rate/temperé,turé curves Q0,
(ug A O/mg ,pfoteirl/hr) against
_experi;nentél temperature (°C), for
. isolated garcosomes from 10 day old
flies acclimatized to 24°C.
¢, _substraté‘ Alr_‘es.pirat'ion;
.A y .ADP—‘S"cimula‘t‘ed respirati‘on;
V y ADP:O; @ ,LRCI.
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i fé;lFigure éSl‘

Rate/temperaturg curves Q0,

(ug A O/mg proyéin/hr) against
jegpérimegtal temperature (°C), for
.:isolated sarcosomes from 10 day old
- flies physiologically\acclimatized
- to 34%.

. , substrate respiration;
A, ADP-stimulated respiration
¥, aDP:0; @ , RCI.
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For 15°C and 24°% acclimatized animals the R/T curves
obtained can be divided into 4 fairly distinct phases.
Only two of these phases were observed with sarcosomes
from 34°C acclimatized flies.

Phase 1 ¢ This was observed over the lower temperature
range and consisted of a large increase in oxygen
congsumption with increasing temperature and so resulted
in a large Qlo value, see Table 30. The actual range

of temperature over which the large increase in
respiration occurred depended upon the temperature at
which the flies were acclimatized. For the 15°, 24°

and 34°C acclimatized flies the upper temperature limits
of Phase 1 were 19°, 24° and 29° respectively. Moreover,
the Qlo values for the ADP-stimulated respiration were
larger than those observed for the corresponding substrate
respiration, see Table 30. The difference is due to thé
increase in respiratory control with increasing
temperature in Phase i;

Phase 2 : Virtually no increase in ADP-stimulated
respiration was observed in this phase and QlO values
ranged from 1.0l to 1.07, see Table 30, suggesting that
oxidative phosphorylation was essentially independent of
temperature. Phase 2 extended from 24° to 29°%C for <
sarcosomes from 15°C acclimatized flies, although QlXZalso
low (1.6) between 19° - 24°C,suggesting that the lower
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limit of Phase 2 was within this range. Phase 2 was
from 24°Ato 29°%C and 29° to 39% for sarcosomes from
24° ana 34° acclimatized flies respectively. Sarcosomal
QO2 values for ADP-stimulaﬁed respiragtion were 112 -

119 pg A O/mg prot/hr for 34°C acclimatized flies,

87 - 90 for 24°C acclimatized flies and 53 - 68 for 15°C
acclimatized flies.

Phase 3 ¢ The decline in ADP-stimulated rate above 29°¢
was only observed with sarcoéomes isolated frmn15° and
24°C acclimatized flies. As gubstrate respiration was
uneffected by temperatures in this range, the decline

in ADP-stimulated rates resulted in a loss in
regpiratory control, see Tables 26 and 27. Respiratory
control was completely absent in Phase 4 and ADP- |
stimulated respiration andAsubstrate respiration were
almost the same at 34° and 39°C. The RCI values of
less than 1 are due to the decline in ADP-stimulated rate
during the course of the experiments. A similar decline

has been described in the results in Chapter 7.

The effect of temperature on ADP:0 and RCI values.

The RCI and ADP:0 values of sarcosomes have been
plotted in Figures 27, 28 and 29. Low values were obtained
at the extremes of the experimental temperature range.

Sarcosomes from 24°C and 34°C acclimatized animals gave
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RCI values of gbout 1 gt 1400, however, sarcosomes from
15% acclimatized flies had a. RCI of 1.79 at this
temperature. At 34°C only sarcosomes from 34°%
acclimatized animals had RCI values above 1l, being 2.19.
Indeed, these sarcosomes still showed prartial coupling
of oxidative phosphorylation at 39°C and gave an ADP:0
ratio of 1.4 and RCI of 1.31.

Oxidative phosphorylation of sarcosomes from 1l day old

flies. -

Measurements of oxidative Phogphorylation made on
sarcosomes extfacted from 1 day old flies reared and thus
acclimatized to 24°C, are recorded in Table 29 and '
Figure 30. The endogenous rate was low at all
temperatures. Changes in substrate respiration followed
the pattern observed with sarcosomes extracted from 10
day old flies and QlO values are recorded in Table 30.
However, the R/T curve for the ADP-stimulated respiration
wag different to the curves obtained with 10 day old
adults' sarcosomes, see Figure 31. ADP-stimulated
respiration increased between the experimental
temperatures l4°C - 24°C giving a large Ql0 value of
6464, see Table 30, but between 24° - 34°C Qo was only
1.4 and between 34° and 39% tne ADP-stimulated
respiration did not change (Qlo = 0.97).
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Figure 30

| .Rete/temperature curves Q0,
‘(pg A O/ﬁg pfotein/hr) against
'eXperimental temperature (°c), for
isolated sarcosomesufrom 1 day old
flies acclimatized to 24°C.
9, sﬁbstrete respiration;
A, ADP-stimﬁiated'respiration;
v , ADP:0; . , RCI.
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. Figure 31
B | Rate/temperature curves for ADP-
stimulated respifation, Qs
(ng A 0/ng p;'oteiri/hr) against.
temperatiure ( %), of isolated
‘ sarcoso_‘me‘s from 10 day old flies
- ‘acclimatized to O, 15°C;‘ 0 ,24°%;
. @, 34%;  and 1 day old.flies
acclimatized to 24°C @ .
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The ADP:O and RCI values were comparatively high at

the experimental tempgratures 14° and 34°C, gee Table

29. At 14°C these values were as good as those

obtained with sarcosomes from 10 day o0ld flies acclimatized
to 15°C, see Table 26, and at 34°C they were as good as
those obtained from 10 day o0ld flies acclimatized to

34°%C, see Table 28. |

DISCUSSION

A comparison of the effect of temperature on
“oxidative phosphorylation of isolated sarcogomes suggests
that these organelles are more gensitive to exposure to
moderately high temperatures in vitro than in vivo.
Sarcogomes isolated from 10 day old flies acclimatized to
24°C showed almost complete loss of respiratory control
~at 34°C (see table 27), whereas sarcosomes isolated after
the heat treatment of intact flies were ﬁncoupled and
respiratory control lost after only 40 mins at 41°C, gee
Table 17. This marked temperature sensitivity of
isolated sarcosomes might be expected for other workers
hagve demonstrated the acute sensitivity of these isolated
organelles to physical damaging agents, see van den
Bergh (1962). Furthermore, the results presented in
Table 29 suggest that sarcosomes from 1 day flies
acclimatized to 24°C were more resistaht,at both the high
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and low experimental temperatures,than the sarcosomes
isolated from 10 day old adults acclimatized to 24°C,
(see Table 27). This increased resistance to high
temperatures in sarcosomes from 1 day old flies agrees
with the results presented in~Chapter 7, where higher
temperatures were required to impair such sarcosomes in
gitu, see Tables 17 and 18. 1Indeed the pattern follows
the age dependent differences in heat death point
obgerved in Chapter 3.

| The results presented in Tables 26, 27 and 28 show
that sarcosomes isolated from 10 day old flies
acclimatized to 15°, 24° and 34°% were partially or
wholly uncoupled at the high experimental temperatures.
At 34°C ADP:O and RCI values for the sarcosomes from
34°% acclimatized flies indicated that these garcosomes
were more tightly coupled than the sarcosomes from
either the. 24°C or 15°C acclimatized flies. Conversely
at 1400 respiratory control was still in evidence in
sarcosomes isolated from 15°C acclimatized flies but not
in those from 24°C or 34°C acclimatized animals. These
" results suggest that acclimatization temperature markedly
affects the temperature sensitivity of the coupling
enzymes in vitro. It is not possible to extrapolate the

results of the in vitro work directly to the in vivo
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state, for both 14°C and 34°C are viable temperatures
(see Chapter 5). However, such changes in the
temperature sensitivity of coupling in vitro probably
reflect the effect of acclimatization on the efficiency
of oxidative phosphorylation in vivo.

The results presented ih Figures 26, 27 and 28 show
that both substrate respiration and also ADP-stimulated
respiration of sarcosomes isolated from 10 day old flies
acclimatized to 15° 24° and 34°C are markedly
temperature dependent. The Q) velues presented in
Table 30 can be divided into 2 fairly distinct categories
of values of approximately 1 and values of 1.5 or more.

The large QlO values were obtained at the upper and
lower experimental temperature ranges, except in the
case of the sarcosomes from 34°%C acclimatized flies.
Whereas the~values approximating 1 were obgserved in the
intermediate range of temperatures. 4

The sharp break in the R/r curves showing that Q0,
was relatively temperature independent over part of
the experimental temperature range is rather surprising.
Spencer Davies and Tribe (1969) were unable to observe
a plateau of temperature independence for Q02 of blowfly
sarcogomes in the range 10° - 30°C. Uging sarcosomes

isolated from flies acclimatized to 10°C and 30°C, they
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oObserved Qlo,values in the range l.5 - 2.0. However,
gince they measured QO2 at 10°% intervals, this may
account for their inability to observe a change in QlO
values. The break in the R/T curve at the lower
temperatures, from a large QlO to a very small QlO’ is
difficult to account for, for it occurs when the
 sarcosomes are tightly coupled. Kemp, Groot and Reitsma
(1969) have reported a similar discontinuous p plot for
coupled and uncoupled succinate oxidation of isolated
rat-liver mitochondria. Théy observed a temperature
coefficient below 17°C more than twice that above 17%.
Moreover, the same pattern was obtained with Pi-ATP
exchange, ADP-ATP exchange reactions and also DNP
stimilated Mg®* ATPage activity in the same mitochondria.
Heldt and Klingenberg (1968) suggested that a break in
the R/T curve for state 3 respiration of mitochondria
wag due to adenine dinucleotide translocation becoming
no longer rate limiting above l7°C. However, Groot
et al (1969) have shown that adenine dinucleotide trans-
location is rate limiting at all the temperatures tested.
They suggest that the break in the R/T curve is not
diagnostic of any particular mitochondrial enzyme system.
No attempt has been made in the present study to

determine the critical temperatures at which QlO values of
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substrate and ADP-stimulated respiration change.

However, the results presented in Figure 31 indicate that
the critical temperatures for ADP-gtimulated respiration
are directly related to the acclimatization temperature
of the intact animal.

Low Qlo'values for substrate respiration of
sarcosomes from 15°C and 24°C acclimatized flies were
observed in the intermediate range of experimental
temperaturé. No such low gubstrate rates were observed
with sarcosomes from 34°C acclimatized flies.

The effect of experimental temperature on ADP-
stimulated respiration of sarcosomes from 15°, 24° and
34°% acclimatized flies is shown in Figure 31. It can
be clearly seen that the position of the Plateau of
temperature independence (phase 2) is dependent upon the
previous acclimatization temperature. The very low Q10
values for ADP-stimulated respiration in phase 2 may be
partly due to the small decline in RCI in this phase.
However, the ADP:0 ratios in phase 2 did not suggest that
extensive uncoupling was occurring.

The ADP:0 and RCI values in phase 2 indicate that
sarcosomes were more tightly coupled than in the other
phases; Therefore this phase must represent the

temperature range over which mitochondria are able to
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undertake oxidative phosphorylation most efficiently.
~HMore important, the temperature range of phase 2
corresponds predictably with the acclimatization
temperature. |

The R/T curves for ADP-stimulated respiration
presented in Figure 31 suggest that the 1eve1§ of coupled
oxidative phosphorylation in phase 2 are directly related
to the acclimatization temperature. Sarcosomes from 34°C
acclimgtized flies were capable of much higher rates of
ADP-gtimulated respiration than those from the lower
acclimatization temperatures. This may be an important
adaptation for animels living under a rigorous high
temperature regime where metabolic rate is necessarily
high. However, this situation is the converse of that
normally observed in acclimatized animals. Generally
cold adapted animals have a higher metabolic rate than
warm adapted animais. This apparent anomaly may be
explained by the fact that isolated mitochondria are
completely devoid of cellular restraints; this will be
discussed more fully later.

The controlling influence of acclimatization upon
the level of oxidative phosphorylation in phase 2 could
be imposed either by way of the respiratory chain
.enzymes, or via the enzymes coupling oxidation and

phosphorylation, or by a combingtion of both of these.
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In phase 4, large increases in QO2 were observed in the
uncoupled sarcosomes from 15° and 24°C acclimatized

flies. A% 3900 the rates of oxidation were almost the

same as those observed with the partially uncoupled
sarcosomes from 34°C (see Tables 26 - 28) indicating

that the sarcosomal respiration was being "held in check" Yy
the coupling enzymes. Thus the coupling enzyme(s) of the
phosphorylating sites may be the rate limiting factor(s)

in oxidative phosphorylation.

At present, the enzyme mechanism coupling phosphory-
lation to oxidation is not clearly understood (see
reviews by Pullman and Schatz, 1967; iarﬂy and Ferguson,
1969) and suggestions reiating to changes in coupling
enzyme(s) can only be conjecfﬂre. Nevertheless, it is
suggesated .that acclimatization to various temperatures
in adult blowfly may cause the induction of different
forms of the coupling enzyme(s) with different activities.
Iéo-enzyme forms of several respiratory enzymes are known
to occur (see review by Wilkinson, 1965) and there is an
increasing body of evidence implicating changes from
one isoenzymé form to another,during thermal acclimatiza-
tion. (Hochachka, 1965; 1967 and Hochachka and Somero,
1968), Changes in coupling enzymes could play an
important role in the control of oxidative phosphorylation

under different temperature regimes. Furthermore, the
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change in thermolability of coupling with acclimatization
to different temperatures may be additionally indicative
of changes in the coupling enzymes.

The pattern of change obgerved by Newell (1967) for
oxygen consumption of isolated mitochondria can be
compared to substrate respiration rate obtained in this
study for Newell did not provide ADP in his reaction
medium. Newell (1967) has reported a different pattern

for Q0, of lucust (Schistocerca gregaria) mitochondria to
that obtained in this study. He obtained low QlO values
(Qlo between 10° - 20°%C of 1.3) at temperatures from

59° - 35% and large QlO values above 35°C, The
gignificance of his results is difficult to determine
because both the method of isolation and the reaction
medium are atypical of work with insect mitochondrig.

The very low rate of oxygen consumption (between 5° -
35% Q, values were less than 4 pl/hr) may well have
been becaﬁse insect mitochondria are notoriously
impermeable to succinate and pyruvate without a primer
substance present (see van den Bergh, 1962). Newell
(1967) does not quote Q0, values in terms of mitochondrial
protein, nor‘has he determined whether the mitochondria
which he extracted were coupled and therefore his results
are difficult to compare with those of other workers.

The low Q0 values (approximating 1) observed in
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this study in the intermediate temperature range,

together with those reported by Newell (1967) suggest
that oxidative phosphorylation may be temperature
independent in vitro, in a system devoid of the restraints
of cellular metabolism over a rather limited temperature
range. Newell (1967) has correlated this with the
temperature independence of basal metabolic rate

reported by Newell (1966) and Newell and Northeroft
(1967). This correlation does not occur in Calliphora

for the temperature dependence of basal metabolic rate
has been demonstrated by Tribe and Bowler (1968).

It is doubtful whether substrate and ADP-stimulated
respiratioﬁ of mitochondria can be directly compared to
either basal or active metabolic rates in the intact
animal. In intact mitochondria thé link between
oxidation and phosphorylation is known to be compulsory
(Lardy and Wellman, 1952) and the rate of oxidation is
controlled by the rate at which ADP is made available by
the ATP utilizing reactions of the cell. There is of
course a reciprocal relationship between the concentra-
tions of ATP and ADP in the cell. Moreover, the
glycolytic pathway is dependent upon the relative
abundance of these nucleotides in the cell. High ATP
levels allosterically inhibit some glycolytic enzymes
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and 80 reduce the supply of pyruvate to the mitochondria.
ADP and AMP on the other hand stimulate glycolysis

(see Atkinson, 1966). The oxygen consumption of isolated
mitochondria will only approach the levels of basal

and active metabolic rates, when ADP is made available
in the gsame levels that occur in intact cells. Thus,

the rate of oxygen consumption of sarcosomes in situ

mey be temperature~dependent by virtue of the
temperature depenéence of the ATP utilizing eﬁ ergonic
‘cellular processes, which would of course, make the
supply of ADP to the mitochondria temperature

dependent.
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Chapter 10

GENERAL DISCUSSICN

The heat resistance of Calliphors erythrocephala

is not standard throughout the life history. When the
heat death point was measured using the standard
exposure technique described in Chapter 3, the egg was
found to be the most sensitive (see Table 1). The LDy,
of the 4 day old larva was 5°C higher than that of the
egg and the heat death point increased during the
remainder of the larval stage. The puparium was found
%o be the most resistant stage, although the LDSO
declined slightly with puparial ‘age. The 1 day old adult
and the 1 day old puparium had almost the same LDSO’
significantly greater than the 8 day old puparium. In
the first 10 days of the adult stage the LD50 declined by
approximately 1.3%C in males and 1.0°C in females. This
decline continued at a slower rate over the following
20 days.

In a study of the decline in heat death point in

adult Drosophila subobscura, Hollingsworth and Bowler

(1966) suggested that the pre-adult of the endopterygote
insects may be more resistant to high temperatures than
the adult. These workers pointed out that a2 higher level

of resistance in a non-motile developmental stage such as
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the puparium would have a survivel advantage. The
results reported for puparial resistance of'

C. erythrocephala in this present study support this
suggestion. However contrary to this suggestion, the
egg stage, which is also non-motile and developmental,
is the least resistant stadium in the life history of
C. erythrocephala. This low tolerance may be due to

experimental conditions, other than temperasture,
influencing the degree of damage cauged to the eggs.
Alterngtively, the egg, a rapidly developing and
differentiating stage, may be more sensitive. Further
experimental work will be necesgsary to elucidate these
two conflicting suggestions.

The pattern of change in the heat resistance
throughout the life history demonstrates that the
puparial resistance ig developed in the larval stage and
lost in the young adult. The decline in heat death
point in the adult has now been observed in Diptera,
Coleoptera ad Hymenoptera and it seems to be a common
phenomenon in the endopterygote insects. Moreover, |
Burnett (1957) has reported the age-dependent decline

of cold tolerance in teneral Glossina mortisans. Thus

a fall in cold resistance may parallel the decline in

heat resistance ih the adult.
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Bowler (1967) suggested thgt changes in temperature
tolerance in insects may be part of a more general
change in physiological resistance to both physical and
chemical stress. This suggestion prompted a study of
the resistance to p,p'/DDT applied superficially to the
cuticle of adult C. erythrocephala. Contrary to the

above suggestion it was found that there are no changes
in resistance. However, a slight but not significant
-rise in resistance occurred during the first few days of
adult life, probably associated with the hardening of
the cuticle after eclosion.

Further investigations on the decline of adult
tolerance to high temperature with increasing age have
shown that it is temperature dependent and therefore
likely to be metabolically dependent. This decline
interacts with the temperature dependent process of
physiological acclimatization (Maynard Smith, 1957)
making the pattern of adaptation complicated in the adult.
Physiological acclimatization does not increase linearly
with temperature and is therefore a more complex type
than that observed in other species. The increase in
heat resistance (Table 7) in animals adapted to 32°C
suggests that a critical ftemperature may be involved in

the stimulation of resistance adaptation.
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Little is known about critical temperatures in
insect metabolism. However, Hollingsworth (1969) has
recently shown that a critical temperature is involved
in the Arrhenius p plot for life span of D. subobscura.
This plot is linear but has a sharp break at 28°C;
temperature coefficients being 22,390 cals/mole at the
lower temperatures and 181,700 cals/mole at the higher
temperatures. The higher m values, correlated with those
reported for heat death in the same species (Maynard
Smith, 1957; Bowler and Hollingsworth, 1965) and also
for protein denaturation (Sizer, 1943; Stearn, 1949),
led Hollingsworth (1969) to suggest that changes in the
configuration of enzyme molecules at temperatures above
28°C could cause changes in metabolism which result in
the accelerated rate of desath. There is a similarity
in the critical temperature observed by Hollingsworth
(1969) and that observed in the present study. Changes
in the configuration of enzyme molecules could account
for an increased resistance to denaturation at high |
temperatures thereby conferring on an animal a greater
heat tolerance. Further work is necessary to validate
this suggestion.

The ability to attain heat resistance declines after
eclosion and is lost completely by 20 days old (see
Table 11), indicating that physiological acclimatization
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is age and temperature dependent. Bowler and

: declire in
Hollingsworth (1966) have also reported an age-dependent/
physiological acclimetization in D. suﬁobscura, although
in this species it was attributed to senescence for it
was lost at 56 days of age.

It was suggested in Chapter 3 that the changes in
heat death point in the early adult stage were due to the
replacement of heat resistant puparial enzymes during
maturation by more sensitive adult enzymes. As the age
dependent decline in the ability to attain physiological
acclimatization is lost soon after the completion of the
fall in heat death point, could it be that the two
processes are related? Enzyme changes taking place
during maturation may permit the fly to acclimatize to
34°C by retaining heat resistant puparisl enzymes.
Alternatively they may be able to selectively synthesise
more resistant enzymes, thereby raising the heat death
point. After the completion of maturation at 24°C
puparial enzymes may have been replaced, and the ability
to gynthesise the registant enzymes for acclimatization to
34°% 1ost.

Developmental acclimatization (Maynard Smith, 1957)
has not beenconclusively demonstrated. When the heat

death points of adults reared at either 15°C or 24°C were

compared after physiological acclimatization to various
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temperatures, adults from the 24°C developmentally
acclimatigzed group were found to be more resistant

than their 15°C counterparts, (see Tables 5 and 8)
although these differences were not consistently
significant (see Table 9). When the heat death points
of flies reared and maintained at 15°C were compared
with those of flies reared and maintained at 240, no
differences in resistance were observed (see Tables 6
and 8). Thus the evidence for developmental acclimatiza-
tion seems to be inconclusive.

In his review of the literature on the effects of
temperature on insects Burselli(1964) concluded that
insects are relatively poor in their ability to
acclimgtize. The results reported in this thesis support
this conclusion. However, resistance adaptation in
C. erythrocephala, and presumably in other species of
endopterygote insects, is a complex phenomenon. Several
factors must be taken into account when evaluating its
importance. This sfudy shows that age is a particularly
important factor, which has not been taken into account
by earlier workers rendering their conclusions
questionable.

The latter part of this thesis has been concerned

with the factors involved in heat death, considering the

suggested causes made by other workers. Heilbrunn (1952)
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rointed out that changes in tissue water content
influence the heat death point of organisms and Baldwin
(1954) has suggested that such changes may account for

the changes in heat resistance in adult D. fuscipennis.

Measurements of the water content of larvae, puparia

and adult C. erythrocephala have shown that the small

differences which occur are not correlated with changes
in heat death pbint. Furthermore, water loss during the
heat treatment of larvae and puparia is negligible and |
dessication does not account for heat death in these
gtadia. Water loss does take placé during heat death

in the adult and it is greatest in 1 day old adults. This
may be expected, for it has already been pointed out,with
reference to the studies on DDT, that the cuticle will
not be completely hardened after eclosion and is likely
to be more premeable. Water loss and the resulting
evaporative cooling in 1 day o0ld adults may account for
the elevated heat death point (see Figure 8). However,
the effect of evaporative cooling on the pattern of
change in heat death point is considered to be secondary,
for it only acts in the early adult stage. The
remainder of the thesis is concerned with a consideration
of the evidence to determine the primary cause of heat
death. It has been suggested that a breakdown in cell
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Permeability resulting in a change in the distribution

of cations and the impairment of bioelectric pofentials‘
may be one of the events in heat deéth in crayfish
Astacus pallipes (quler, 1963b; Bowler and Duncan, 1967)
" and the mollusc Arianta arbustoruﬁx (Grainger, 1969). A
gtudy of the distribution of important cations in

Q; erythrocephala larvae,after exposuré t0o lethal

temperatures, suggests that major permeagbility changes
are not involved in heat death in this stadium. Further
work is necessary to determine the importance of
permeability changes in heat death of other stadisa.
However, the above work indicates that the change in
permeability of membranes is not likely to be the
primary cause of heat death in all stadis.

Proteins and lipids have beén implicated in heat
death but their individuel roles have been impossible to
elucidate completely. Cogld this difficulty be caused
by the fact that it is}%gﬁgperative role which is
involved in heat death? Oxidative phosphorylation is
of fundamental importance to the aerobic cell and is
mediated by a multi-enzyme membrane complex whose
efficieﬁcy ig dependent on its morphological integrity.

A consideration of the above facts led to a study of the

sarcosomes of adult flight muscle.
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Measurement of the respiration df(ﬂ-glycerophosphate
after sublethal (LDb) heat treatment showed that
phosphorylation was partially uncoupled from oxidation.
After LDSO and LDlOO treatments respiratory control was
lost; coupling was not'meaéurable and oxidation was
reduced to approximately two-thirds of the value found
in control sarcosomes. Respiration with pyruvate + malate
and'succinate were not so drastiCally-affected, and
Partially coupled respiration with these substrates was
observed even after LDiOO treatment. The rate of
oxidation of succinate increased after LDlOO treatment.
This is attributed to the breakdown of the sarcosomal
permeability barrier to this substrate, previously
repérted by van den Bergh and Slater (1962).

¢.4glycerophosphate is one of the major substrates’
of respiration of flight muscle sarcosomes (Sacktor, 1958;
van den Bergh, 1962) and uncoupling of +this substrate
is probably one of the primary lesions in heat death.

The breakdown in ATP synthesis may lead to the inactiva-
tion of ATP dependent processes. Naguib and
Christophersen (1965) have reported a fall in the ATP
levels of yeast cells at high temperature. Bluhm and
Ordal (1969) have reported the reversible inactivation

of several respiratory enzymes directly after sublethsl
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heat treatment of Staphylococcus aureus. Thus the
imbalance of supply and demand of ATP may be an
important factor in heat death of several species.

The physiological legions observed with flies
treated to LDlOO heat treatment are correlated with
morphological impairment of the sarcosomes. This damage
consisted of the disruption of the lamellate cristae
and the precipitation of inorganic ions. LDy, treatment
caused the same physiological lesions but did not
cguse the same gross structural damage. Two reasons are
offered as the cause of this difference.

Firstly, LDSO temperature treatment is less severe
than LDiOO and it may therefore be less structurally
damaging, although sufficient to cause reversible damage
to enzyme function. Secondly, the change in sarcosomasl
ultrastructure and enzyme.functiqn after LDSO may be
similar to that caused by LD;,, temperatures, except that
the structural as well as the functional changes may be
reversible.

The change in structure may be caused by the melting
of phospholipids in the cristal membrane resulting in
the disorganisation, but not the complete fragmentation
of the cristae. This is questionable for a release of
long chain fatty acids would be expected,which would
uncouple oxidative phosphorylation and also stimulate

oxygen consumption, this has not been conclusively

demonstrated. Alternatilvely the structural changes in
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sarcogomes may be caused by the denaturation of protein
molecules. It is known that configuration change in
protein molecules are caused by the breaking of
hydrogen bonds (Sizer, 1943; Stearn, 1949). In the
early stages of denaturation after few hydrogen bonds
have been broken the changes are reversible on cooling,
whereas in the later stages of denaturation after more
hydrogen bonds have been broken these are irreversible.
Weinbach and Garbus (1969) have suggested that
conformational changes in mitochondrial proteins are the
cause of the uncoupling phenomenon. Thus the configu-
rational changes in protein molecules could account for
the structural and functional changes observed.

However, further work is necessary to determine the
extent of the interaction of the structural and
}functional changes at lethal high temperatures. In
pérticular, it would be useful to know whether there are
reversible structural changes occurring in the cristae
during LD50 heat treatment. Furthermore, it is
important to determine how the recovery of enzyme activity
takes place after sublethal heat treatment. The return
to normal function could occur in one of two ways. If
the mitochondrial enzymes are not irreversibly damaged

then the removal of the heat stress might allow gradual
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return_to normal conformation and thus normal activity.
Alternatively, if irreversible damage doeg take place,
then recovery can only occur when protein synthesis hag
replaced the damaged enzymes.

Bluhm and Ordal (1969) have shown that the
re-activation of several respiratory enzymes after sub-

lethal heat treatment of Staphylococcus gureus takes

Place in the presence of inhibitors of protein synthesis.
Dingley and Smith (1968) have similarly suggested that
recovery from sublethal heat treatment in D. subobscura
takes place in the absence of protein synthesis.
Therefore the measurement of proteih synthesis in

C. erythrocephala sarcosomes during recovery from sub-

lethal heat treatment may prove usaﬁﬂ}%etermining the
nature of the damage.

| The age-dependent changes in heat death point are
paralleled by the changes in the sensitivity and also

the size and distribution of sarcosomes during the
maturation of young flies (Tribe, l967§). Changes in

the activity of sarcosomes in maturing flies are recorded
in this present study. Walker and Birt, (1969a; 1969Db)
have reported changes in sarcosomes of L. cuprina over the
eclosion period. These include an increase in

oL ~glycerophosphate dehydrogenase and oxidase activities
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and algo an increase in eiementary particles (Kagawa and
Racker, 1966) which are possibly the coupling sites.
These changes are paralleled by the incorporation of
structural protein (Walker and Birt, 19699 and the
incorporation of phospholipids (D'Costa and Birt, 1966).

The incorporation of additional components into
sarcosomes and the consequent increase in their
organisation may account for the increased heat
gengitivity. The change in 1lipid is not significant for
D'Costa and Birt (1966) have shown that in L. cuprina,
although there is a bulk increase in lipid in sarcosomes,
there are no changes in the digtribution of the
individual species of lipid molecules. It therefore seems
that the most important changes affecting sarcosomes
are likely to be enzymic.

in vitro studies on the effect of temperature on
oxidative phosphorylation of isolated sarcosomes, in
Chapter’9, have shown that an increase in the sensitivity
of coupling takes place with increase in age. Also an
increase in the resistance of coupling takes place with
increase in gcclimatization temperature. These latter
changes in resistance were paralleled by an increase
in the level of oxidative phogphorylation, an important
adgptation for an animal which is active at high

temperatures.
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These results suggest that the coupling enzymes
may be directly implicated in both gecclimatization and
| also the age-dependent changes in resistance. As little
is known of the coupling enzymes, their importance is
speculated at present. However, the changes in activity
and resistance after acclimatization to high temperature,
suggest that these enzymes may exist in different forms
(isoenzymes) with the different properties. Since they
occupy important positions in the comtrol .. of cellular
energy production they are an obvious candidate for a
regulatory role. Therefore, it is suggested that
changes in these enzymes may take place as a result of
age and also acclimatization.

Furthermore, these changes in activity and the
changes in the temperature registance of coupling suggest
that capacity and resistance adaptations are occurring
together in the same enzyme system. Thus in this case
capacity and resistance adaptations may be different

parameters of the same process.

The results presented here are incomplete and =z
great deal of work will be required to elucidate the
int;actable pioblems concerning acclimatization. Changes
in garcosomal sensitivity, although correlated with the
change in heat death point, are not likely to be the only

factors involved in heat degth in adult insects, but may
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be one of the primary causes. The latter part of this
study has been concerned with heat death in the adult
stage. It is possible that heat death in other stages
takes place .for different reasons.

Nevertheless the work presented in this thesis
indicates the importance of studying intact membrane-
enzyme complexes in heat death. It is also important to
use the criterion of Read (1964) and measure changes in
activity of cellular éystems under temperature conditions
which cause heat death. In this way it is possible to
correlate directly the relationship of the lability of
the cellular organelles or enzymes to the observed

sengitivity of the animal.
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Appendix 1

METHOD OF CONSTRUCTION OF THE “DOSE EFFECT"

CURVES DETERMINATION OF LDSO AND USE OF THE

FIELLER THEOREM FOR PLACING CONFIDENCE LIMITS
ON THE LDSO'

Mortalities were recorded after each treatment as
described in Chapters 3 and 4. From the heat treat-
ments given over a range of dosages, the relationship
between mortality and dosage was obtained. In all
cases this was found to be sigmoidal, see Figures 3 - 7.

The dosage-mortality relationship is therefore
gimilar to a typical dosage-effect curve obtained with

toxicological and pharmacological data.

Conversion of the dosage/effect curve to a straight line.

The mortality of controls was sma}l in all stages
of the life history except in the puﬁg}?ll.S%Dand the
egg (36.7%). This control mortality was deducted from
the ﬁortality recorded after'treatment.

Where M is the mortality after treatment of 100
animals, C is the mortality obéerved in a control group

of 100 animalsg, then H is the mortality caused by the

treatment -
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H = M-~-C

H expressed as a percentage H'

H' = H x 100

Mortalities below 1% and above 99% were not considered
in order to allow the slope of the sigmoid to be
converted to a straight line.
Thus the data between 1% and 99% were used in the
folloﬁing conversion ¢
10g Z = lOg H!
10 o0 —m
Where Z = O then H' is 50, the LD50 point.

Fitting the besat straight line to the data.

The best straight line was fitted to the points,
based on the assumption of their independence and a
constant error of variance, by using the technique of
least squares (see Snedecor, 1956).

The number of degrees of freedom was obtained from
the number of points used in fitting the straight line.
No attempt has been made to weight the line according
to the number of animals used in each test, for this
wag nearly always the same.

Where dosage is plotted along the X axis and log 2
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is plotted on the y axis and n is the number of points

(see Figures 3 - 7)
Then if {x = Sx

Y
D%
]
w
ey

Cr-7° =ssy

A -
Ly -y (x-x) = SP
Then the slope b = SP
SSx

The mean square devigtion from the regression

vV = 88y - 8P
' X

n-2

The Student's 't' value for 0.95 confidence interval
for (n - 2) degrees of freedom is obtaiged from the
distribution of 't' (Fisher & Yates, 1953).

The confidence interval for the slope will be

+

- % \'s
SSx
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Fitting the LD50 point.

If the true straight line isg @
y = Bx+ol

and the best estimate is @
¥y = bX+a

Where y = O, the LDy, then x will be - 8 '

R

From the line drawn from the data; by using the

the true LDSO would be . oL

equation ¥y = bX + a and deducting it from the LDy
points for Y and X; then a need not be calculated

Y-5 = b(X = X) +a-~-a
Where Y = O +then X is the LDSO point

-7 = v gy - D)

Thus X.n x - ;/b~ O
LD50

Fitting the confidence limits to the LD50

The 95% confidence interval was fitted to the LD,
point using the Fieller theorem (Finney, 1952) and the
confidence intervals @31 and C}z were calculated ag

follows :-
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where Y - §¥ = b (x - X)

Y = y+b(x-X)

The confidence intervals EBl andqg'é for (X - X) are
obtained from the golution of the equation of the
Fieller theorem. | '

To quote Finney ¢ "The equation is a particular case
of a very useful theorem stated by Fieller. If a and b
are sample estimates of o{_ and B subject to normal
distributed random errors, and if Vi1 V1o and ALY

are joint estimates from the same sample and based on
f degrees of freedom, of the variance and co-variances
of a and b, then the fiducial limits of the ratic
B oZ/@ are the roots of @

2 (12 - .2 2 2,2
D (v —tV22)—2@(ab-tV12)+(a-tVll)=O

where t is the appropriate deviate with f degrees of
freedom for the chosen probability level."

Thus where® gives the confidence interval for fitting
the straight lines from Y =F + b (¥ - x)

Then the variance and covariance can be substituted into

Fieller's equation ¢
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if V22 = ggx
-5 = &
Vil = %
' = O (see Finney, 1952)
12
then@e (2 -géz) +2B70+ (3> -tV) = o0
X n

Solving the roots of the quadratic equation will give
the 2 confidence intervals®, and®©, which are equal

to (x - X) from the previous equation
Y = y+0b (x-X)

Thus ifg}l andQ9'2 are added to X the 2 confidence
limits are obtained for the LD5O.

Computing the data.

The best straight line, the LDSO and the confidence
intervals were fitted using an I.B.M. 360 multi-access

computor programmed for FL/1.
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Appendix 2

DESCRIPTION AND CALIBRATION OF THE OXYGEN
' ELECTRODE.

Measurements of oxidative phosphorylation reported
in Chapters 7 and 9 were made using a Rank oxygen
electrode (Rank Bros., Cambridge). This electrode is of
a similar design to the Clark oxygen electrode (Clarik,
1956). A cross section through the electrode is shown
in Figure 32.

The electrode has a perspex reaction vessel
surrounded by a water jacket and this unit screws on to a
perspex base where a platinum cathode and silver anode
are situated. The electrodes are bathed in M KCL and
this electrolyte is separatéd from the reaction vessel
by a teflon membrane. The perspex screw cap fitted to
the top of the reaction vessel has a small hole bored
through the centre to allow additions to be made to
the reaction chamber. The medium of the reaction vessel
is gtirred continuously using a small magnetic stirrer
and 'flea' (Rank Bros., Cambridge).

The principle of the oxygen electrode has been
described by Davies and Erink (1942). When a
polariging voltage of - 6.6 volts is imposed across the

two electrodes, the platinum negative to the silver,
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Diagram showing a vertical section

through a Rank oxygen electrode.

a, teflon membfane‘sepafating the
reactibnAmediﬁm from the KCL electrolyte;
Ab; platinum éieqtrodé;"c; circulaf gilver
glectrode;~'d, réaction chamber; e, water
jacket; £, perspex screw top; g, orifice
for additions to the reaction chamber;

h, locking nut conhécting'water bath to
‘perspex base; i, stirrer motor (magnetic
'flea' in the reaction chamber is not

shown).
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oxygen undergoes an electrolytic reduction
- +
O2 + 2¢ + 2H ) H202
o +
H202 + 2 + 2H _2H20

and the current flowing is directly proportional to

the oxygen content of the electrolyte. Chappell (1964)
has pointed out that the Clark electrode measures
activity and not the concentration of the oxygen present.
Therefore in this gtudy the oxygen electrode has been
calibrated by determining the oxygen content of the
reaction medium.

The current flowing through the electrode system
was passed through a helical potentiometer in series
with the platinum electrode and the voltage developed
across this resistance was fed into a Servoscribe
recorder (Goerz Electro) set at 2 mV sensitivity. The
recorder baseline was set by reducing the medium in
the reaction vessel of the oxygen electrode with
sodium dithionite. This effectively reduced the
current across the electrodes to zero. Reaction medium
gaturated with oxygen was pipetted into the reaction
vessel and the potential adjusted with the helical
potentiometef to give a full scale deflexion on the

recorder.
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Calibration of the oxygen electrode.

The oxygen content of the reaction medium (see
Chapter 7) was determined over the range of temperatures
used in this study by the method of Chappell (1964).

NADH is oxidized both rapidly and quantitatively
by inorganic phosphate-treated, saline-washed, liver
mitochondria, Estabrook (1957). NADH is readily
assayed spectrophotometrically with alcohol
>dehydrogenase and acetaldehyde so it is possible to
determine the oxygen content of the reaction medium by
its reduction with known.quantities of NADH.

Lysed Pi~treated, saline-washed,rat liver
mitochondria were obtained by the method of Estabrook
(1957). The reaction medium (see Chapter 7), containing
1 pM cytochrome C, was equilibrated to the temperature
of the oxygen electrode. 3.9 ml of medium was pPipetted
into the reaetion'vessel and the screw top replaced.

1-2 minutes were allowed for the electrode to stabilize
and then 0.1 ml of lysed mitochondria were introduced.
20 ml edditions of NADH (Sigma) were made using microcap
pipettes (DrummoOnd Scientific Co.). The NADH was msde
up in a concentration of 30 mg NADH per 2 ml 0.1 M
rhosphate buffer at p 7.5. 20 Pl additions of NADH
were repeated until all the oxygen in the reaction

medium was reduced.
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The NADH solution was assayed gimultaneously
using the spectrophotometric method of Ciotti and

Kaplan (1957):

CH,CHO + NADH + HY  alcohol —p D + C,H_OH
dehydrogenase

The reagents were as follows ¢
0.1 M phosphate buffer at ph 7.5 (Sbdrensen).
alcohol dehydrogenase (Sigma) 10 ul ammonium
sulphate suspension per ml 0.1 MKQHPD4

0.5 M acetaldehyde
20 pl of NADH solution was pipetted into a silica
cuvette with 2.9 ml phosphate buffer and 0.1 ml alcohol
dehydrogenase solution. The optical density of 340 mp
was read in a Hilger-Watt spectrophotometer. 20 nl of
acetaldehyde was then added and the optical density at
| 340 ma read again, after the reaction was completed.
The molar concentration of NADH was calculated using
fhe Beer-Lombard Rule and the extinction coefficient
for NADH at 340 mp (6.22 x 10~0 cm2/mole, Horecker and
Kornberg, 1948)..

molar conc. =1xXVZXa
€

length of light path écmg
volume of medium ml
absorbance - (absorbance units)

extinction coefficient (cm?/mole)

where

1
v
a
€
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The oxygen concentration was extrapolated as follows :
where R is the reading of the recorder for the
0, saturated medium
r is the reading of the recorder for the
anaerobic medium.
R - r is the number of chart units proportional
‘ to the oxygen content
V is the volume of the reaction medium (ml)
d is fhe deflexion caused by the reduction
| of N moles NADH
Then since
NADH + H' + % O,—————— NAD + H,0

0, conc. ug Atoms 0/ml medium = g XR-r
d

The results for oxygen concentration of the reaction
medium at various temperatures are recorded in Table 30
and Figure 33. These results agree with those

reported by Chappell (1964).
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TABLE 31
Concentration of 0, (kg Atoms O/ml reaction medium)

after equilibration to various temperatures

Temperature YUg A O/ml
o medium

14' 0.606

19 0.523

24 0.458

44 0.350
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Figure 33

* Graph showing the oxygen content of
 the reaction medium (ug A O/ml) after

equilibration t0 various temperatures.
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