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Studies on the intermediary wegfsbolism of the ox wiih spegial
Zeference 1o the sympatho-adrenal eystem
vy
DPavid Robertshaw, B,V,M,Z5,

A study is made of the interrelationshipe of the
concentrations of glucose, potassium, adrenaline, noradrenaline
and the lower volstile fatty acids (VFA) in the blood of the ox.

An examination of biological and chemiocal methods for
adrensline and noradrenaline determination in the Jugular vein
plasna of the ox revealed that s fluorimetric method involving
condensation with ethylencdiamine was sultable, Polythene
cannulae, implented in the Jugular vein were used to obtain
serial blood somples without any psychie disturbance of the
experimental snimals, Under these conditions of bleod sampling
the mean normal concentration of adrenaline in bovine plasume was
found to be 0,31 (renge 0,03-0,7) .g/le and that of Roradrenaline
2,5 (renge O,4~l.6) . g/1.

Intravenous adminiatration of insulin caused blood glucose
concentration to fall, and the plasms concentrations of adrensline
end noradrenaline rose when blood glucose levels reached a
eritical level between 15 and 25 mg/100 ml., The increase in
plasme adrenaline concentration was greater than that eof
noradrenaliine, The increcse in plasua noradrenaline econcentration
during hypoglyesemia is peouliar to the ox, snd the physioclogical
iuportance of norsdrenaline relative to that of edrenaline was
assessed by determining 1¢s ability to reise the blood glucose
concentration, It wes found that adrenaline:noredrenaline
hyperglycaemie ratios for the ox ranged from 0,79 to 6,58, figures
which are much lower than those of other species, 1t wvas
concluded that in the ox the release of noradrenaline during
insulin hypoglycsemia is phyda ologically significant,

Insulin administration caused a fall in plasna VFA levels,
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which was quantitatively indistinguishadle from a fall that
occurred following gluccse administration, Arterio-venous
studies suggested that this effect of insulin and glucose was
not due to any enhancement of utilization of VFA by the
extrohepatic tissues,

Other workers have shown that intravenous administration
of sodium propionate or sodium bdutyrate would uiun hypoglycasmie
convulsions in ruminant animsls, The posseibility that this may
have been the result of sympatho-adrenal stinmmlation was
investigated, Intravenous sodium propionate and occasionally
intravenous sodium butyrate administration nulfod in elevated
plasma levels of adrensline and noradrensline, Sodium acetate
administration ceused a depreseion in plasma adrensline and
noradrenaline levels especially the adrenaline levels, Intravenous
glucose administration also depressed plasma levels of adrenaline
and noradrenaline, It was concluded that, with the possible
exception of modium propionate, the sympatho-adrenal aystem of
the ox plays little part in produeing the changes in dlood glucose
that result from intravenouz injections of the sodium selts of the
lower fatty eaeids, The rate of dissppearance from the
circulation of the injected scetate and propionate was inversely
related to the initial plasma VFA and blood glucose levels
respectively,

The intravenous administration of insulin, glucose, or
the sodium salts of the lower fatty acids all produced hypokalaemia,

Studies on the intermediary metaboliem of Jog indigus,
a species of cattle indigenous to tropical areas and of Bog I8UTUR,
cattle indigenous to temporste zones, revealed that Bog Andicus
possessed higher normal blood glucese levels, a lower sensitivity
to insulin, slower utilization of intravenously administered
glucose ond a lower plasma potassium concentration than Bog faurus.
These differences were attributed to a higher degree of adreno-

cortical activity in Boa Jndigus.
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The results of these studies are compared to similar
studies in noneruminant snimals, taking sccount of the differences
in their dietary intake and mode of digestion. The comparative
studies on the two species of Bos are discussed in relation to
their physiological responses to their emviromnment,



A thesis mubmitted to the University of Glasgow for the
degree of Dootor of Fhilosophy in the Faculty of Mediocine

DAVID ROBERTSHAW

October, 1964




ACENONLETGMRNTS

The author wishes to thank the Director of the
East /ifyvican Veterinary fesearch Organization,
Mr, Hokye Bimns, 0.B." e, CollaGe, for providing facilities
at Muguga, Kenya, where a large part of this work was done.

The anthor is indebted to Professors "eipers and
Mulligan of Glasgow University for encouragenent, advice
and criticism, and to Dr, A, #unro of the Department of
Veterirary Fhysieology, Glasgow University, for help with
methods for catecholamine determination, FHe is also
grateful to lr, H,F, Staple, Muguga for technical assistance,



L LA L LGRY

(1) Tetermination of catecholamines in

(2) Detemmination of blood sugar
(3) Determination of volatile

(4) Determination of plasma potassium
(5) Determination of haematocrit

(6) ixperimental animals end sampling

(7) Statisticel methods

(2)
(3) Ph— VPA
(4) Plasma potassium

CHAPTER I

LT LAV RIS

I ‘mhn [ Ol ¢

(1) The effect of varicus doses of insulin

(1)

&& SRR F Be

&

¥ 8 3RS



(2) Chenges in certain blood constit-
uents ocourving five hours after
insulin saduinistration

(3) WMMMMﬂt-

uents occurring thirty mimtes
after insulin adninistration

(L) The effect of insulin on plasma

and erythrocyte glucose concen-
trafions

T T IV D
CETATE,  (44) SODTUM PROPIONATE
..L_‘I“ SCDIU! 1 ‘j""rr ' ‘wv-‘

..aum_tt' B I BLOOD AND ViT4

(11)

BE &

¥R E

R 3



m ” .*;u‘#'

.m i umrm .] *ﬂﬁx',,
'*»IL' LISH OF BOS THD:

(3) Bormal values for blood ﬂ.:l
plasm potassium in Bog indicus
Dos tauyug
Conclusions

DI 5

¥ N

3

13
117



LITROTUCTION

Dietary carbohydrate of ruminants is fermented in the
rumen with the production of steam volatile fatty acids (VFi),
particularly acetic, propiomic and butyric, and these provide
much of their emergy supply, and are considered to replace
to some extent glucose as an energy source (Lindsay, 1959).
This fact tends to be reflected in the relatively low blood
sugar values found in ruminent animals (Reid 1950a).

On account of the quantitative differences between
runinants and non-ruminants, the hormonal control of
carbohydrate metabolism in the ruminant has received much
attention,

Insulin is one of the hormones responsible for the
maintenance of a constant blood sugar level, /madon (1928)
gave a total of 1280 units intravenously in two doses to
a cow and blood sugar levels fell to 23,5 mg/100 ml, which
produced coma at this level, Petersen gt al. (1931) gave
up to 1000 unite in 200 unit doses and an 800 unit single
dose intravenously to each of three cows and, although the
blood sugar levels dropped to as low as 17 mg/100 ml, only
slight muscular tremors were noted, Gowen & Lobey (1931)
gave repeated intravemous injections of insulin to four cows
in doses varying fram 500 to 1200 units, In one animal
they produced coma for 4B hr while other animals receiving
larger doscs showed no effects. The blood sugar dropped to
very low levels although no figures are given, Brown gt al.
(1936) also gave repeated intravemous injections of 200 to



1000 units of insulin with occasional muscular tremors
resulting, The blood sugar never fell below 10 mg/100 ml,
Jasper (1953) gave inmeulin to cattle and, at dosages greater
than 2 units/kg body weight increasing the dosage only
prolonged the hypoglyceemda, !ild hypoglycesemic signs were
moted in one cow receiving consecutive doses of 2, 5 and 10
units/kg body weight. Prolonged insulin hypoglycaemia
resulted in convulsions usually occourring 33 to 36 hr after the
initial hypoglycsemia, The blood sugar levels at which
corvulsions cocurred varied from 5 to 21 mg/100 ml, He
concluded that the duration of hypoglycaemia was of primary
importance in delermining the onset of corwulsions rather
then the degree of hypoglyceemia, The blood sugar levels
did not reach a steady state at a minimm of 5 mg/100 ml.
under maximm insulin influence, as was obsexrved in a detailed
study of insulin hypoglycaemia in sheep made by Reid (1951a).
In one experiment Beid failed to detect any sugar in the blood
after insulin administration but on only one other occasion
did blood sugar levels fall below 5 mg/100 ml, He concluded

from his work on insulin hypoglycaenia that sheep show a greater
resistonce to insulin than non~ruminants because:

{a) the rate of fall of blood glucose is slower than
that of non~ruminents, and

(b) blood sugar values do not reach levels low enough
to produce cbvicus hypoglyceemic signs.

From the work of Jasper (1953) thic also appears to be true

of the ox, although signs of hypoglycaemia were occasionally
obaserved,



Insulin induced hypoglycaemic convulsions have been
produced in sheep following adrenalectomy (Strand et ale
1934), where convulgions supervened after 50 min, Reid
(1951b) similarly reports insulin-induced convulsions
following adrenslectomy in the sheep but gives no details.
Fotter (1952) reported that insulin produced hypoglyceemic
convulsions in sheep following section of the splanchmic
nerves, but no work of this nature has been done in the ox,
Splanchnic section stops the reflex liberation of
catecholamines from the sdremal medulla (Duner, 1953) and it
would thus appear that the liberation of catecholamines during
insulin hypoglycaemia is partially at least responsible for
the tendengy of the blood sugar level not to drop below
5 mg/100 ml, and also protects the animal against hypoglycaemic
convulsions, Setchell and Vaites (1963) have shown that
adrenaline-like substances are released during insulin
hypoglyceemia in sheeps However, no direct evidence of
increased catecholamine secretion has been obtained, and the
relative proportions of adrenaline and noradrenaline released
are unknown,

As hypoglyceemia increases catecholamine secretion,
so hyperglycaemia depresses it (Duner, 1953). This
observation led Duncy to postulate an inverse relationship
between catecholamine production and blood sugar levels.
His work on hyperglycsemia has not been confirmed but the work
on insulin hypoglycacmia of Armin & Grant (1959) with rabbits,
and of “e'chell & Vaites (1963) with sheep would suggest that
no such relationship exists, since catecholamine production is



increased only when blood sugar levels have dropped below a
oritical level,

One of the functions of adrenaline released during
hyproglycaemia is to release glucose from the liver and help
restore the blood sugar level, GCammer (1952) in adult cattle,
and Schultze (1959) in calves have shown that adrenaline will
elevate blood sugar levels. lothing is known of the
hyperglyceemic action of noradrenaline in the ox,

The metabolism of acetic acid, the major fatty acid
produced in the rumen, is closely related to that of glucose;
Jarrett & Filsell (1961) have shown that prior administration
of glucose facilitates the removal of injected acetate from
the ciroulation, It might be expected therefore that
insulin adninistration would affect VFA metebolism indirectly
through its effect on glucose metebolism, Jarrett & Fotter
(1957) heve shown that removal of injected VFA especially
acetate is impaired in pancreatectomiszed sheep, McClymont
(1951b) reported that hyperinsuliniem 4id mot affect mammary
arterio-venous VFA differences. He quotes Feid as recording
similar findings with respect of carotid arterial, juglar
venous VFA éifferences, feid (1950b) assumed that muscle is the
main metabolically active component of the tissues of the
head and deduced from his studies that insulin had no effect
on the VFA uptake of muscle. His work thus supports the
findings of Villee & Hastings (1949) who showed that, in vityre
ingulin had no effect on the upteke of acetate by muscle,’

It has been shown, in yitre, that insulin enhances the
incorporation of acetate into fatty acids by the liver



(Bloch & Kramer, 1948), but this effect has not been
demonstrated ip vive.

A study has been made of the ability of acetic,
propionic and butyric acids to relicve hypoglycaemic
convulsions in lambs and splanchnicotomized ewes following
insulin administration. Propionic acid and butyric acid
rapidly relieved hypoglycaemic comvulsions end produced a
rise in blood sugar levels, but acetic acid was ineffective
(Potter, 1952), These experiments have been repeated
using [carboxy™l4 ] butyrate and [ carboxy 'C] propionate,
and it was concluded that the rise in blood sugar produced
by the injection of fatty acids was not due to gluconeo~
genesis from these acids (Ash gt al. 1959). Jarrett gt al.
(1952) noted that following the intravenmous injection of
butyrate into sheep, their animals showed tachyymoea and
suggested that the rise in blood sugar might be due to
stimlation of the sympatho-adrenal system, Ash gt al,
(quoted by lindsay, 1959) confirmed that the effect is due
mainly to sympathetic stimulation since with butyrate,
at least, the effect is much reduced by splanchnicotomy or
treatuent with adrenergic blocking agents., FHowever, direct
evidenoce obtained by measuring the plasma catecholamine
content following these procedures has mot been obtained,

The diet of ruminants coupered with that of man and
dog contains a large amount of potassium end relatively
soall amounts of sodium (Morrdsom, 1951). Much of the
potassium is absorbed from the rumen into the blood
(Parthasarathy & Fhillipson, 1953). Anderson & Pickering



(1962) have demonstrated that the bovine kidney has an
enhanced capacity to excrete potassium ions when compared
with the kidney of the dog, and plagme potassium levels
are maintained at levels similar to those found in carnivores.
There is an apperent relationship between plasma potassium
and blood sugar metabolism (Femn, 1540a), but few studies
on this relationship in the ruminant animel have been
undertaken,

Insulin is known to cause a fall in plasme potassium
(Harrop & Bensdict, 1923). This was thought to be due to
the reflex liberation of catecholamines, which themselves
have a slmilar action (Duxy gt al. 1952). lLater work,
however, has shown that the actions of insulin and adrenaline
are quite distinot (Duxy, 1952). Grob gt al. (1957) showed
that there was a loss of poteassium from the muscles during
insulin hypoglycaemia and Farber gt al. (1951) reported
similar changes showing that the liver is possibly the main
organ associated with the hypokalaemia.

The intravenous injection of glucose similarly ceauses
& drop in plasma potassium concentration (Flock gt al. 1938).
Grob gt al. (1957) pressnted evidemce for the uptake of
potassium by muscle during hyperglycaemia and suggested that
this mey partislly explain the fall, However, Farber gt al.
(1951), in a similer study, reported a loss of potassium
from miscle after administration of glucose, The question
is complicated by the reflex secretion of endogemous insulin,
resulting from the hyperglycaemia and the effect may be due
to insulin per pe, since the latter suthors were unsble to



show a hypokaleemia in dlsbetie subjeets following glucose
administration,

Eetchell & McClymomt (1955) reported that in sheep
inmulin causes a fail in plasma potassium levels of a
similar order to those recorded in man,

The work presented here has studied the inter-
relationships of carbolydrate, V4, potassium and
catecholemine metabolism in cattle, As indicated, the
metabolism of these substances in cattle and other ruminants
presents special physiological problems because of the nature
of their diet and thelir mode of digestion.

Experiments are desoribed in which the effect of
insulin on the concentration in blood or plasma of these
substances is studied, Arising out of these initial
experiments, further experiments examinsd the relative
hyperglycaemic actions of adremaline and noradrenaline, and
a detailed study was mede of the effects of insulin and
glucose on plasma VFA and potassium levels, Since the
intravenous injeotion of some VFA are able to relieve
hypoglycaamic convulsions and raise blood sugar levels,
the posasibility that this may be the result of gyuputho-
adrenal stimlation weas examined,

Finally, there is a seoction on comparstive aspecis
of these findings, The opportunity arose to perform some
experiments on two types of cattlie, Bgg indicus, the humped
animel of tropicel areas, and Bog tourus, the anlual
indigencus to temperate sones. ILimnacus (1758), on
morphological grounds separated Dop indieus end Bog taugus



into two species but the fact that they interbreed and
produce fertile offspring indicates that the relationship
between the two is less than a species difference, and they
probably represent types or varieties of a common stock,

now extinot, Fhysiologically they are quite distinct,

Bos indicug being well adapted to a tropical erviromment
(Findlay, 1950), having a different water metabolism
(PMillips, 1961a), an improved digestidility of fibre
(Pnilidps, 1961b), end having merked hscmatological
differences (Ivans, 1963)s Comparisons were made, therefore,
of certain aspects of their intermodiery metaboliasm,



The methods available for the quantitative
determination of catecholamines in biological fluids are
mmerous, but few of them can be used for determining the
conpentrations in peripheral plasma, A study was wade of
the more commonly used methods,

(a) Biological method

Flassa amines were separated by the chromatogrephic
method of Vogt (1952). lNoradrenaline was assayed by the
method of Brown & Gillespie (1957) and adrenaline by a method
deseribed by Gaddum gt al. (199). For noradvenaline assay,
rats of approximately 200 g were used, For adyrenaline
assay, the uteri of virgin rats were used, Precautions
were taken to ensure that the rats were not in cestrus since
uteri from animals in oestrus were liable to show spontanecus
activity, An automatic assay apparatus similar to that
described by Lewis & “aton (1957), was constructed which
delivered 4,g of acetylcholine to the uterus every 3 min,
allowed it to act for 15 sec and then delivered 5 ml,of the
bathing solution to wash off the sdnmdnistered drug.
Standards and plasme extracts were added to the bath
immediately after the washing,



(b) Chemicsl methods
(1) The method of Ruler & Floding (1955) with the
modifications made by Robinsom & Stott (personal commmnication),
Price & Price (1957) and Euler ¢ Lishajko (1961) was used,
Readlings were taken with a sufficiently sensitive fluorimeter
using the following filter system:
Primexy - filter combination (1¥3) isclating the
436 my wavelength,
Secondary - yellow filter (Chance O¥A) giving a
ocut-off at 510 my.

(11) The method of ‘eil-Nalherbe & Bone (1952, 1953)
with the modifications of Arcmow & Howard (1955), Millar
(1956) and Renton & Veil-lmlherbe (1956) was used, Primary
filters were as above and secondary filters were Ilfoxd 623
giving maximum trarsmission at 490 my, and IF9 giving a
sharp cut-off at 600 my,

The anticoagnlant used in the chemical methods was
fluoride-thicsulphate (“eil-ialherbe & Bone, 1952), end in
later experiments ethylenediemine-tetra-acetate (S0TA) and
sodium thicsulphate (Renton & %eil-dalherbe, 1956). Blood
was collected direotly into the anticoagulent solutiom in
an all-glass syringe, transferred to chilled centrifuge tubes
and spun immediately for 10 mim at 1750 x g.

Flasmwea was removed and stored in a deep-freeze cabinet
(=25%) until adsczption. Adsorptiom and elutiom of
catecholamines was carried out by the method of Weil-lalherbe
& Bome (1952) and eluates were kept at =25°C until the
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condensation and extraction procedures. Compressed nitrogen
was used to force the plasma through the aluminium oxide
columns, This was done using a modification of the apparatus
desoribed by Bone (1953). The modification had an improved
pressure regulator (Fig, 1.) and allowed the simultancous
adsorption of four samples.

A *Logarte’ fluorimeter (The Locarte Co., london) was
used for the fluorcscence determinations, The photamltiplier
was set et maximum sensitivity and the light falling on the
cuvette was reduced to a minimm by partial closure of the
iris diaphragne

In all the methods used standards were prepared by
making a 131000 dilution of the commercial preparation
(containing 1 mg per al.) in 0,01 N-hydrochloric acid,
This stock solution thus contained 1 g/ml, and was further
diluted as necessary., The 131000 dilution was made by
accurately measuring, with an ‘Agla’ micrometer syringe
(Burroughs, Wellcome & Co.) Ol mls into a 100 ml. volumetric
flask and filling it up to the mark, The commervcial
preparations used were adrenaline chloride solution (Parke-
Davis & Coe Ltd,) and noradrenaline bitartrate (*Levophed’,
The Bayer Products Coe)e

(2) Determination of blood sugar
Blood sugar was determined hy the method of King (1946).
Blood was collected into heparin and proteins precipitated
within 15 min of ceolleotion. FReadings were made with a
Beclman lodel B spectrophotometer, (Beckman Instruments Inc.,



Fig. 1,

Pressure Requlator

¥

Pressure regulator for adsorption of catecholamines,

A

B
C
D

n

alumina column
glass wool plug
constriction in tubing

no=-return valve made of layer of mercury
on sintered glass

wide bore rubber tubing compressed by a
screw clamp, which can be used to
increase the pressure within the system

nitrogen from a cylinder suppling a rack
of regulators



12

Uslede). The ability of the method to measure true blood

glucose wvas tested by yeast fermentation studies on plasma

and lysed blood, Samples of plasma and lysed blcod were

precipitated by the additiom of 0.5 ml of 2/3 N H;S0,

and 0.5 ml. of 10¥ sodium tungstates The supernatant liquid
was fermented for 60 min at 37°C with washed fresh bakers®

yeast, A control glucose solution in water was carried
through the same procedure, ‘rythrocyte concentrations of
sugar were determined by the method of Trimble & Maddock
(1928).

Flasma total veolatile fatty acids were determined by
the method of Scarisbrick (1952), Chemically pure water
obtained by glass distillation of deionised water, prepared
by a Deminrolit deioniser ( ecxmutit Co, Ltd., London) was
used for steam production, The steam volatile acids were
titrated with standardized barium hydroxide solution using
bromo-thymol blue as indicator, fallowing the removal of
carbon dioxide by the bubbling of mitrogen for 10 min, The
industrial nitrogen contained acid impurities which were
removed by passing it through a ges washing bottle containing
weak sodium hydroxide solution, followed hy a series of
botties containing pure water, The bottles contained bromo-
thymol blue indicator to test the efficiengy of the process.

(4)petermingtion of plagma potassium

Flasma potassium cstimations were made on an FEL flame
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photaneter (lvans Electroselenium Itd,) using a technique
similar to that deseribed hy Duthie & McDoneld (1960).
Corrections for mutual interference were not made since the
error introduced is small end, in plasma, constant,
Erythrocyte concentrations of potassium were detormined by
the method desoribed by 'vans (1957)e Deionised water was
used for the 1350 dilution of the pleswe and for the
preparation of standards, Two standards were used for the
calibration of the instrument, ome conteining 10 .g/ml, end
the other Spg/ml.

(5) Detemmination of hacmatoerit

Haematoorit determinations were made in triplicate
using “intrcbe tubes. The tubes were centyrifuged for 30 min
at 1750 x g. (lacie, 1950,

The determination of volatile fatty acids and potassium
in plasma and sugar in blood was done in duplicate.

Twenty-nine castrated mele cattle were used, The
animals of the Bos taurus type were of various hweeds, mainly
Hereford, of known pedigree, two British Friesians and one
Jerseye The Bog indicus animals were all pure Boran of the
sare herd end were therefore a more homogenecus sample than
the Bog tagug animals. Usually the animals were acquired
as calves and subsequently hand-suckled and weaned, They
were weancd at between 12 and 18 weeks of age, vhen a little
congentrate feeding waa given, otherwise the only supplesentary
feeding vos good quality bay given at night when they were
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pemned, Good quality grezing wes available during the day.
The diet was therefore fairly uniform, a factor which is
essential in experiments of this nature (Reid & Mills, 1961).
Animals were considered to be suitable for use 12 weeks after
weening, The animals were weighed weekly and only those
showing a steady weight gain over a period of L weeks were
used, If the experimental procedure caused a loss in weight
the animal was not used again until the above eriterion had
been fulfilled,

At 2 peme on the day before an experiment the animal
was put into a pen without food or bedding but with access
to water, and received no food until af'ter the experiment,
The length of starvation before the sxperiment began was
therefore approximately 19 hr,

A1l the animals were trained to stand in wooden stocks
without restraint, Serial blood samples were taken by
means of & polythene camrmla inserted in the jugular vein,
The canmilac were inserted the day before the experiment,
at a place away from the stocks, so thet the animals did not
associate the canmulation procedure with the stocks, and
therefore remained quiet for the duration of the experiment,
Depending on the type of experiment, either one jugnlar vein
or both were used, The technique of canmulation was as
follows:

All equipmont was sterilised by boiling or hy rectified
spirit. The site over the jugnlar vein vas iufiltreted with
2,5 ml, of 5% procaine solution. It wes then shaved and
sterilized vith rectified spirit, The vein was raised by



Fig. 2, Polythene canmula in the Jjugular vein for serial

blood sampling,

Pig. 3. Withdrawal of blood sample, Fixation of
canmila to the skin of the scapula region
allows minimal disturbance of the animal,
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constriction central to the prepared site, and a 12 s.We.ge
2} in. needle inserted into the vein until the blood was
rumning freely. A polythene tubing cenmmla (1% mm
external dlameter) was them inserted into the bore of the
needle, and thence into the lumen of the vein, The
constriction on the vein was released and the carmula
inserted to about the level of the first rib, The needle
was then withdresm leaving the canmala vithin the veidn,
and rubber tubing tied on to the distal end of the canmula,
which served as an adaptor for the syringes. The canmla
was filled with normal saline containing heparin (25 units/
ml,) and the end closed by a bulldog clamp, thus leaving the
canmla permanently filled with an anticosgulent solution,

(n the following dey the camnmula was attached to a
shaved area over the scapula by a piece of plester (Fig, 2).

By this technicue blood samplea could be taken without
any disturbance to the animal (Fig. 3)s In order to get
a true sample of venous blood the first 2 ml of blood and
saline withdrawn were discarded, Blood could be withdrawn
at the rate of 1 ml./sec. The cammlae were used also
for the adninistration of fluids, Vhere the fluid
administered could contaminate the subsequent blood samples,
Cege With glucose, the fluid was administered by a canmla
in the other jugular vein,

Arterial bdlood samplcz were taken from a2 canmula in the
cerotid axtery., The carotid artery was previcusly exterior-
ized by = techmique similar to that deserided by ¥cClymont
(1950), exoept that the lozp was establishod ventral to the



Fig. 4. Animal with exteriorized carotid artery,

Fig. 5. Canmulation of the ipsilateral jugular and

carotid vessels,



Juguler vein (Fige 4)e The best results were obtained
with younger animals, i.e., animals that were less than
12 weeks old when the skin was relatively thin,

Siml tancous arterial and vemous blood samples could be
taken by having canmlae in the carotid and jugnlar vessels
(Figse 5 and 6),

Infugions were made by having a reserveir suspended
about 4 ft, above the animal and comnected through a
Murphy drip tube to a canmula in the jugnlar vein, The
drip tube delivered twemty drops per ml, and the rate of
flow was adjusted by a screw clip. By counting the drops
the volume delivered in a given time could be calculated to
the nearest 0,5 ml,

Insulin injection B.P. (A.B. Allen & Hanbury's Ltd,
80 units/ml.) was used,

All pi! measurements were made on a Fye ‘Master' pi
meter, using phosphate buffers for standardization (Hawk
et sl, 1955). Stock solutions of the buffer components
were kept in stock and the buffers prepared just before use,

(7) Statisticel methods

Means and standard deviations were caloulated, and
differencesvere tested for significance by Student’s t test
(Snedecor, 1956). Lines of best fit were caloculated by the
method of least squares and the regressions were tested for
significance by the analysis of varience (Snedecor, 1956).
Camparison of regression coefficients was by the method
desoribed by Fisher (1908). The significance of the distance



Fig. 6. Cannulation of the ipsilateral jugular and carotid

vessels and contralateral jugular vein,
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(1) Catecholemines

(a) Plologios) method

With practice, the methods proved to be fairly
straightforward, and little troulilc was experienced in the
assembly of the assay preparations, Rat preparations having
a blood pressure greater than 50 mm Hg were disoarded, since
it was considered that pithing was incomplete, and some
aympathetic activity remained, The virgin rat uterus would
detect as little as 1 ng adrenaline, vhereas the pithed rat
preparation would not detect, with any certainty, less than
5 ng noradrenaline, From a semple of 10 ml, of plasma,
therefore, assuming a 1007 recovery, it should hawve been
possible to measure concentrations greater them 0,1 g/l. of
adrenaline and 0.5 .g/l. noredrenaline,

Adreneline and noredrenaline were added to plasma in
quantities of 10, 20 and 50 ng and caxrried through the whole
procedure of assay. Simple solutions in the same amounts
and mixtures containing 20 ng of each amine were made up in
10 ml, of normel saline and similarly treated,

The results (Table 1) show that the mean recovery of
amines from plasma was 507 for sdrenaline and 507 for
noradrenaline (25 samplos). From saline solutions mean
recoveries were 407 for adrenaline and 337 for moradrenaline,
Flasma extracts showed no blological activity; 4n the



S=Noradrenaline Standard \in ng.)

P=Plasmal0ml.) Extract.

Fige 7o Blood pressure tracing of a pithed rat showing
the inability to detect any pressor activity

in a plasma extract,

A A A
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P= PlasmaCIOm|) Extract
==Adrenaline Standard Cin ng.)

Fig. 8. Acetykcholine stimulated contractions of the virgin
rat uterus showing that a plasma extract was

unable to inhibit contraction,
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noradrenaline assay there was sometimes a fall in blood
pressure (Fig, 7) instead of a rise, Scmetimes the eluting
fluid itself showed biological activity and this bad to be
considered when calculating the results, Figs. 7 and 8 show
the effect of an extract of bovine plasma on the pithed rat
blood pressure, and the acetylcholine stimulated rat uterus
respectively,

Since it was not possible to detect any catecholamines
in bovine plasma, it must be assumed that the normal
concentration of catecholamines in the plasma of the ox is
lower than the limits of the method, Since losses were
about 507 them it must be assumed that the norwal bovine
plamma concentration of adremaline is less then 0.2 ug/le
and that of noradrenaline is less tham 2,0 ug/ls This
conclusion regarding the normal levels is similar to that
reached by Holsbeuer & Vogt (1954) in the dog, although by
their technique these workers were able to demonstrate
levels of adrenaline of less than 0,25 ng/l. of plasma,

This blological method, although highly specific,
is not suitable for the determination of catecholamine
conoentration in peripheral plasass, since it would only
detect incresses and not decreases in peripherel plasma
concentration, A decrease in adremo-medullary secretion
oould be detected by obtaining samples of advemal vein blood
which is rich in catecholamines, This, howeicr, requires
extensive surgical interference with subsequent slounghter
of the animal, and its use for this type of experiment ooculd
be criticised on the grounds that it is non~physioclogical,



Becange of this it was declided to examine the chemicel methods.

(®) Chemicel methods

Of the chemical methods available the most sensitive
and widely used are the fluorimetric wethods,
(1) Euler & Floding (1955) modified the method of Lund
(1950) by using potassium ferricyanide instead of manganese
dioxide as the oxidising agent, and used it for estimating
the free catecholamines in urine. Various workers have
applied this modification to the determination of plasma
catecholamines and it has been widely used for this purpose.
Hany workers have found variation in the fluorescence of the
extract blanks. Buler & Floding (1955) prepared extract
blanks by cmitting to add potessium ferricyanide. However
potassium ferriqyanide itself has some fluoresccrce and thus
a true blank is not obtained, Price & Price (1957) attempted
to overcome this by adding the potassium ferricyanide after
the other reagents. /scorbic acid prevents the catecholamine
fluorescence from fading and this property has been used to
prepare 'faded blanks', by omitting to add ascordbic acid,
Ascordic acid itself is fluorescent and o an extra reagent
blank without ascorbic acid hes to be prepared to apply a
correction for the ascorbic acid fluorescence (Kobinson and
Stott, personal commnication). Contrary to the findings
of Buler & Floding (1955), both these groups of workers noted
that the fluorescent product was unstable and therefore they
tock their readings at a specific time after the additiom of
the resgents, A recent publication by Suler & Lishajko (1961)
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has shown that the addition of ethylenodiamine greatly
improves the stability of the fluorecscence.

On examination of the method it was noted that the
fluorescence of the reagent blanks increased with time,
The origin of this extrancous fluoresoence was examined,
The fluorescence appeared and increased following the addition
of alkaline ascorbate solution, The flucrescence of sodium
ascorbate solution was therefore exsmmined, both with and
without the addition of ethylenediamine, Table 2 shows
the galvonometesr readings of the fluorimeter using a Chance
Of) secondaxy filter, Sodium ascorbate was prepared by
adding 9 ml, of 20 sodium hydroxide to 1 ml, of 27 ascorbic
acid, Readings were taken every mimute af'ter mixing.
In another experiment 0,2 ml, of ethylenediamine was added
before the addition of the ascorbic acid and readings takem
every mimate, The increase in fluorescence was almost
linear, and doubled in 5 mimutes. Vogt (1954) may have
noticed the effeot because she added sodium hydroxide and
ascorbic acid separately., No reeson was given for this,
Because ethylenediamine inhibited this rise im fluorescence,
replicates both of plasma extracts and standard solutions
were made using the modification of Buler & Lishajko (1961),
Results were extremely poor; stendard sclutions showed a
lower than the blanks, The modification of Price & Price (1957)
@id improve the preparation of the blanks, The ‘faded blank®
described by Robinson & Stott very often falled to 'fade’.



The source of the variation could not be determined
and it was felt that much work would be required to improve
the method, Because of this the method was abandoned.

(11) Natelsom gt al. (194,9) described a reactiomn between
adrenaline and ethylenediamine with the production of an
unknown flucrescent compound, Ueil-lialherbe & Bome (1952)
adapted this reaction to the measurement of total catechol-
amines in plasma and later modified it for the separate
measurement of noradrenaline and adreraline (‘eil-lalherbe
& Bone, 1953) The reaction ococurs with the catechol mucleus
and therefore is likely to cocur with all the catechols found
in plasma, This leck of specificity has been the main
criticism of this method (Valk & Price, 1956). Weil-ialherbe
& Bone (1957) examined the catechol compounds in bovine plasma
and found that adrenaline and noradremaline were the only
catechols present, Thus, although the method is mot
specific for adrenaline and noradrenaline, it can be used
for their determination in bovine plasma,

This method has been widely used since it was first
described, and some modifications have resulted., Valk &
Price (1956) noted that the adremaline derivative showed a
greater fluorescence when the resction was carried ocut in a
solution containing acetic acid that had been passed through
an alumina column than wvhen it was performed in water or
untreated acetic acid, Mangan & Mason (1957) confirmed this
and found the increase in fluorescence to be about 307,
whereas Valk & Price (1956) found increases of 100-1507,
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Nedeau gt al, (1958) showed that alumina emhanced the
flucresocence of the ethylenediamine-adremaline product by
307 but the increase was only 17¥ when an equivalent amount
of aluminium ions theuselves were added, They deduced that
the difference was due to impurities present in the alumina,
Weil-lalherbe & Bone (1958) were unable to confirm their
findings. The question of impurities is stressed by Miller
& Elldot (1954) who reported that certain grades of alumina
contained impurities that could not be washed off, Millar
(1956) prepared his standards in acetic acid that hed
previcusly been pessed through an alumina colummn,
Richardson gt al. (1956) passed a reagent blank through the
entire procedure and thus had & measure of fluorescent
impurities in the alumina,

Both the fluorescent impurities and the enhancing
effect of alumina on the ethylenediamine-adrenaline product
were examined, The alumina was prepared as described by
¥Well-lalherbe 4 Bome (1952) and in order to remove the fine
particles which tended to clog up the columns, the water was
decanted as the bulk of the alumine was settling, Large
quantities of water were required for washing, which was
contimued until the washing water and distilled water gave
identical readings in the fluorimeter, It was them considered
that all fluorescent impurities had been removed, However,
a reagent blank was carried through the whole procedure and
the reading it gave was used to make a correction,

Table 3 shows the effect of alumina-treated ascetic
acid on adrenaline fluorescence, It can be seen that



alumina-treated acetic acld had no consistent effect on
adrenaline fluorescence, and alunina-treated scetic acdd
itself gave no significant smount of fluorescence showing
that all fluorescent impurities had been removed,

Aronow & Howard (1955) first noted that the blue-green
flucrescence of the noradrenaline derivative was unstable
in blue light and suggested that the condemsation and
extragction procedures should be carried out in a red-
illuminated dark room, Oray gt al. (1957) suggested that
the cuvettes should be exposed to diffuse sunlight for
30 min,

The effect of light on the noredrenaline derivative
was examined by performing the condensation and extraction
procedures in a dark room illuminmated by a 100-watt ruby-red
light, Using an Nford 623 filter, readings were takem,
the tubes exposed to daylight, and further readings taken
every 10 min for 90 min, Table 4 gives the results of such
an experinent, and Figure 9 shows the relationship between the
logaritim of the readings and time following exposure of the
noradrenaline dexivative to light, The decay of the
fluorescence is exponential and after 90 min the fluorescence
was still declining., It was thus decided that the whole
candensation and extraction procedure should be performed in
a dark room in order to get reliable noradrenaline results,
Iight had no effect on the adremsline derivative,

Recoveries from aquecus solutions were variable and
lower than those from plasma, This is in agreement with the
findings of Mangan & Mason (1958) who postulated that plasma
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Table 5.

noradreraline from plague
Adrenaline Noradrenaline
Added | Recovered | Recovery || Added | Recovered | Recovery
(7)) (1e) %) F (ug) (g ) %)
0.1 0,098 98 0.1 0,098 98
0.1 0,092 ” 0.1 0.073 7
0.1 0,095 9% 0.1 0,086 86
0,05 0,047 9% 0,05 0,040 80
0,05 0,057 i, 0,05 0,082 a8
0,05 0,058 116 0,05 0,052 108
“:3.‘. mzh’ ‘705:&7

Adrenal ine Noradrenaline
0.81 1,92
0.63 1,81
0.54 1,76
0,72 1,68

: S.E. 0,68 2 0,06 1,79 : 0,05

Advenalire
0.77
0,82
0.75
0,90
1.10
0.77
0,81
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S5.E.0,84
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hed some antioxidant property, which improved the stability
of catecholamines in plasma,

Table 5 shows the recoveries from plasma of added

adrenmaline and noradrenaline, It will be seen that the
standard errors of the mean recoveries were similar,
The losses were irregular in smount so that it would be
m«mum.“mummm
Recoveries of added amines perfommed throughout this work
conpistently remained at sbout 1007 for adrenaline and
80-90)" for noradrenaline.

Table 6 shows the results from two experiments designed
to test the replicability of detemminations made on a single
sample of plasma, For this, a large sample of blood was
taken, the plasme removed and divided into equal portions.
The blood was removed from an animal by the method described
under the section on methods end materials and the results
therefore give an estimate of the resting levels that might
be found in the ox by this method of plasma catecholamine
determination,

The results show that this method will measure, with
an ervor of about + 3-87, the levels of adremaline and
noradrenaline in bovine peripheral plasma,

The method was further tested by stimulating the
adrenal medulla and moting the changes in peripheral plasme
catecholamines that ensue, This was done in two ways:

(1) By slow intravencus injection of potassium chloride

solution, Table 7 gives the results, Initial levels
tended to be low but there was a sharp rise in both



Table 7.

Ihe effeot of intravemous MC) (30 mg/kg) om plasme
catecholamine concentrations
i Plagma catecholamines (.g/1.)
(min) Adrenaline Noradrenaline
0" 0.1 0.8
2.5 0.3 B )
g ,
=g
15
20
25

(min) Adrenaline Noradrenaline
=30 0uds 1.7
[ 0.2 1.7
1 0.3 | 1.7
2 0.7 2,1
& 0,2 2,0
6 0.6 2,0
8 0.3 1.9

Atropine given at time ~30 min
Carbomylcholine given at time sero.



Amdne - —
injected o | 2 s | 6 | 8 | 16| %
A | 0.7 | 4.80 | 1.95| 2,08 0.38
Adrenaline
G o/xe) NA | 8020 | 428 | 4,28 | 4.20 1,00
A[2.09 7.42 | 2.78| 1,62 0.60
Adrenaline
(0u.o/%) | 4y (4o | 2002 | 3.8 | 4020 hobd
A [ 0,66 11.44 | 3.90 1,63 | 0,64
0ueMe) |y (104 2.2 | 2020 1.77 | 1.8
A (0,50 0,70 | 0.79 | 0.83 | 0.43 | 0,48
Noradrenalive | |
(0. o) | ulaw a.as]n..a. 3,07 | 1.75 | 2.3
B ey

= Plassa advenaline (.g/1,)
= Flesma noredremaline (.g/3.)
fuines gives at time sero
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adrenaline end noradrenaline 2} min after injection. The
noradrenaline levels reached a peak 5 min after injection,
and then the concentration of both components decreased
with time,

(2) Intravencus injection of carbomylcholine X min after
the intramscular injection of atropine, Table 8 gives
the results, Atropine slightly depressed the initisl
levels, Carbomylcholine caused an immediate rise in the
conosntration of both components but a relatively greater
one in the adrenaline levels, Noradrenaline levels
remained slightly elevated 8 min after carbomylcholine
injection, and there was a secondary rise in the adrenaline
levels,

This showed that the method would detect changes in
circulating levels of catecholamines, induced by adremo-
medullary stimmlants,

Four experiments were performed to follow the rate
of dissppearance from the circulation of injected adremaline
and noradrenaline. The experiment was a further test that
the method could detect changes in ciroulating levels of
catecholamines, Table 9 gives the results of these
experiments. They show that there was a large rise in the
concentration of the injected amine 2 min after injection
and that the levels of adrenaline had returmed to their initial
value between 6 and 8 min after injection. The injection of
noradrenaline caused a slight increase in the levels of
adrenaline, but adrenaline injection had no significant effect



on noradrenaline concentration.

Weil-talherbe & Bone (1953) were able to measure
erythrocyte concentrations of catecholamines following
lysls of washed ved cells. This was not possible with
bovine blood Because bovine haemoglobin geve very high
readings with the IF9 filter and therefore precautions
against haemolysis had to be rigorous,

“eil-dalherbe (1961) has recently increased the
specificity of the method by pessing the alumina eluate
over an ion exchange resin (Amberlite CG~50, type 2).

This procedure gave mach lower normsl values them those
reported in his earlier paper (Ueil-Malherbe & Bome, 1953)
and he concludes that other interfering substances ave
removed by the resin since his recoveriss remained the same,
i.e. 80 - 2007,

The ethylenediamine method for plasme catecholamine
determination appeared to be the most relisble of the methods
examined and was used in this work, with the modifications
noted,

(2) Blged sugar

The method of King (1946) is supposed to measure true

blood glucose and not any other reducing substances, such as
glutathione, vwhich are found mainly in the erythrocytes.
The erythrocytes are preserved intact by mixing the blood with
isotonic sodium sulphate solution before protein precipitation,
The supernatant liquid obtained following protein precipitation
was used to measure the concentratiom of non-glucose reducing



A 46.2 8eb L.6 3.6

A* » 58.8 6.5 he0 4.0
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B 45.9 10,2 6.3 b

B’ 6. 73 Le2 6.5

- | 2.5 | 0.8 | 07

AB = Blood with intact erythrogytos

A'B* = Blood with lysed exythrocytes




substances in sanples of blood in which the erythrocytes
were prescrved intact, as cutlined above, and in samples

in which the exythrocytes were lysed. Samples of supernmatant
liquid together with a glucose solution were fermented with
yeast for 90 min and glucose concentrations measured.

Teble 10 gives the results of two typical experiments.

The results show that the use of isotonic sodium sulphate
does in fact presexve the red cells since the solutions of
lysed blood had a higher glucose congentration than those of
whole blood, and since this difference in concentration was
fermentable lysis of the erythrogytes must have released
glucose that was contained within them, It would appear,
also, that either there is very little glutathione in bovine
erythroaytes or that the method used is not affected by its
presence, Non-carbohydrate reducing substances ooculd be said
to account for about 4 mg/100 ml, blood, i.e. about 6% In
this work corrections were not made for this amount but when
examining the significance of actual blood glucose levels
cbtained, this amount had to be considered. The rise in reducing
substances af'ter 90 min in sasmple B,B' is unexplained, but
eculd have been due to a build up of the metabolic products
of ferwentation, The method was taken as measmuring tive
‘blood glucose'. Anslysis of a single sample of blood
divided into ten portioms gave a mesn value of 53,1k + 0,58 (S.E.)
mg/100 ml, which is an ervor of + l.1%. Kecoveries of added
gluccse were 587,



(3) Flagme VFA

The mothod used here (Scarisbrick, 1952) is specifie
rorcz-csadd-mmulhunm.tﬂlh At
this pil formic acid is not quantitatively distilled
(Armison, 1954). Since acetic acid comprises 90 - 977 of
total VFA in bovine blood (McClymont, 195la) the results
were expressed here as mg acetic acid/100 ml, plasua.

Anelysis of a single sample divided into eight portions
gave a mean value of 2,2 + 0,01 (S.E.) acetic acld/100 ml.
plasna, which is en error of + O.4' FRecoveries of added
avcetic acid were 967,

In one experiment the distrilution of VFA between

erythrogytes and plasma was examined in two wayss

(1) Direct. Seperation and washing of red cells which
were subsequently lysed and the VFA concentration
determined.

(11) Indirect. By determination of the concentrations
in whole blood and plasma, the intracellular
concentration being detemmined from the formmula,

S, = woc!_-(mo-m)&
OV

FCV = packed cell volume

C, = erythrocyte concentration
C; = vhole blood concentration
c, = plasma ooncentration

A correction of 127 was applied to the IV setimetion for



entrepped plasma (Jernings gt al. 1954).

In a sanmple of blood the results were, (expressed as
mg acetic acid/100 ml,)
Direct: 0° = 2,63
Indirect: Cp = 372
Cp = L
KV (corrected) 41.87

by caloulation C = 2,36

This shows reasonably good agreement between the two methods
and gives C,/C_ ratios of: (1) Direct 1.79, (i1) Indirect
1.99.

M(lﬂ)hupfﬂﬂlcr/c.nﬁnﬂldﬂ
which is similar to the ratics found here, FHowever, his
method meapured formic acid as well and, if a correction
is made for its presence, his ratio becomes 1,52,

(&) Flesma potagsium

A single sample of plasma divided into eleven portions
gave a mean value of 484 + 0,01 (S.E.) meequiv/l, plesma,
vhich is an error of + 0.2%,

For the determination of arteriovenocus difference the
acoureqy of the method must be high, especially where the
differences are likely to be small, It was considered that
the errors of the methods for estimating plassa catecholamines
and blood glucose were too great for calculated arteriovencus
differerces to be of any significance, Vith plasma potassivm



and VPA, the method seemed sufficiently accurate for
significant arteriovencus differemces to be calmilated,
The importance of agourate methods for arteriovencus
differences is stressed by Somogyid (1948) who points out that
reports of negative arteriovencus blood glucose valves have
no meaning whatsoover., He suggested that the method for
blood glucose detemminations should be accurate to within
1 mg/100 ml, blood, He was discussing experiments on man
where arteriovencus glucose differences are large, In
runinants they are small (Reid, 1950b) and so & high degree
of accuraqy bDecomes still more important, The acouraqy
achieved here, therefore, in blood glucose estimations fells
far short of the ideal, and results would therefore be of
little value,
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Fig, 10, The effect of various doses of intravenous insulin on

blood glucose levels (Animal 6538).
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Fig, 11, The effect of various doses of intravenous insulin on

blood glucose levels (Animal 6539),
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The initial experiments studied the pattemm of blood
glucose response to various doses of insulin within the
same enimal, Three animals were used,

Insulin was given intravemously, and immediately
after it was given blood samples were collected at intervals
of & 1, 1% 2, 5 & and 5 b,

Table 11 and Fig, 10 show the blood glucose changes
following insulin aduinistretion in Animl 6538 (Dog tsurus)
at dosages of 1, 2, &4, 6 end 7.5 unite/kg body weight.

Table 11 and Fig, 11 show the results with animal
€539 (Bop fsuxus) at dosages of 1, 2, 4 and 6 units/ig
body weight,

Teble 11 and Pig, 12 show the results with Anfmal
6711 (Bos indicus) et dosages of 0.1, 2, & and 6 unite/kg
body welght,

The pattern of response differed somewhat in all three
andmals but they all had one feature in comeon, namely that
the blood sugar level half-an-hour after injection was the
same irrvespective of dosage, Thereaf'ter the values tended
to remain at ebout the level reached at § hr, the graphs
having an I-shaped appearance, The main effect of an increase
in dosage above 1 unit/kg was to prolong the duration of the
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hypozlycaemia, At the end of 5 hr the blood glucose levels
were still depressed in all the various tests, the degree of
depression depending on the dosage, e.g. animal 6711 showed

a depression of 7 mg/100 ml, with 0,1 unit/kg and 43 mg/100 ml,
with 6 unite/kg. Some of the important features of the
results for the individual animals are given below:

Apdmal 6538, This shows very well the halt in the fall

of the blood sugar values at ¥ hr but does not demonstrate
well the relationship between dosage and duration of
hypoglycaemia, Some explanation of this might be found in
the fact that the 2 units/kg and 6 unit/kg experiments were
performed 96 and 48 hours respectively after a previocus
experiment; in both tests a masaive dose had been given in
the previocus experiment, In these two experiments, therefore,
it may be that if a greater time had been allowed to elepse
between experiments for the carbohydrate metabolism to rectify
itself, then the levels might not have been so low,
Subsequent experiments, using insulin, were pexformed at
intervals greater than 1 week,

Animal 6539, This demomstrated well both effects described
above, There secmed to be an ancmalous resting level of
48,4 mg/100 ml, in the experiment using 1 wnit/kg. The
sample had been allowed to stand for about 2 hr before
precipitation so that some glycolysis might conceivably have
occurred, However, similar experiments to test this point
showed a fall of only about 5 mg/100 ml, No explanation
is therefore available for this low level,
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Insulin dosage 6 unite/ky dody weight

0.2
0.3
0.5

0.5

0.5
0.3

|SESEEER Y

equiv/l, )

b VFA Plasma
acid/
100 ml,)
1.9 5.8
1,0 6.0
2.3 6.3
1.1 5e7
1.4 5%
1.6 5.7
1.6 5.6
2,6 Seb
beby hel
2.4 3.1
2,3 3.2
1.8 3.1
1.6 3.0
1.1 3.2
1.0 Je2
1.5 3.3



0.5

0.7
30.3

32,8

39.4

A::- Hora=- (."A Plasma
100 ml.) | (1g/2.) | (ng/2.) acid/ '(::oanll.)
100 ml,)
Insulin dosage 1 unit/kg body weight

0.1 1.5 2.3 N
0.2 1.1 b § 3.1
0,2 1.6 2.3 2,8
0.5 2,0 1.0 2.4
0.2 2,2 1.1 2.4
0.3 1.4 0.8 2.4
0.3 1.2 1.9 2,5

- - 1.3 2,7

Insulin dosage 8 units/kg body weight

2,8 3.8

0.8 3.6

1.8 2,7

1.9 2.4

1.8 2,3

1,8 2.4

0.5 2.4

0,8 2,6




indma) To. 6538 (Bop tauxus)
Blood Flasma | Plassa Flesma
Time glucose Adrena-| Fora=- VA Flasma
(hr) (mg/ 1ine |dvemaline | (ng acetic | potassium
100 ml,) | (9/2.)| (1g/2e) acid/ (meequiv/1, )
100 ml,)
Insulin dosage 6 units/kg body weight

0 72.5 2,6 hel
0.5 | 27.1 1.8 3.0

1.0| 16.6 0.8 2.9
1.5 | 10., 1.6 3.0

2.0 16,0 2,6 2,9

3.0 | 18,5 1.0 3.0

4.0 20.4 1.3 3.2

5.0 22,9 1.3 3.3

Ingulin dosage 7.5 unita/kg body weight

o T2.4 0.5 1.6 2.6 he5
0.5 | 25.9 0.7 1.8 1.5 3.
1.0 | 10,6 1.5 3.0 2.9 3.2
1.5 | 1l 1.7 3.1 3.7 3.2
2,0 23.3 0.6 1.6 2.4 33
3.0 | 22.0 1.0 3.2 1.9 2.9
b0 | 24,5 0.9 2.4 1.3 3.3
5.0 | 32,0 0.6 1.8 1.9 3.3

| aThee s e




dgvelg of VFA and potessiwm in plagme
and glucose in blood
Insulin given at tise sero.
Animal No. 6539 (Bgs faurus)
glucose Flasma VFA Plasrma
m (me/ (mg potassium
100 sl.) | @cid/200 ml.) (meequiv/1,)
Insulin dosage 4 units/kg body weight
"] 0.3 2,8 he2
0.5 22,9 1.0 3.6
1 2.6 1.9 3.6
1.5 26.3 2.4 3.1
2 26.5 2.6 3.0
3 29.5 2.1 3.1
& 321 1.5 3.2
5 370 - -
Ingulin dosage 6 units/kg body weight
0 82,3 Sk Le0
0.5 27.2 2.6 3.5
1 22,8 1.6 3.3
1.5 7.4 1.6 3.1
2 23.4 - 3.1
3 19.9 0.8 2.8
N 2.8 1.1 2.9
5 26,1 0.3 3.0




Table 16.

Ingulin given at time sero.

Animal Yo, 6555 (Bgg taurus)
Insulin dosage 1 unit/kg body weight




(2)

Andmel 6731, This showed both effects well,

The mean initial levels of blood gluccse (expressed
as mg/100 ml, and ignoring the anomalous result) were:

Antma) 6538 70,08 + 4,15 (S.D.); Animed 6539

73.57  7.6h (8.0.); Antmal 6701 67.5 + 1,69 (8.D.)

Although these figures only represent eleven estimations

on three animals, they demonstrate that the resting blood
qoted for cattle by Ayyar & Nayar (1941). These workers
reported a mean value of 46 mg/100 ml, with a range of
36«57 mg/100 ml, An snalysis of move figures will be given
elsovhere in this thegis,

Having established the bleood glucose response to
varying doses of insulin within the same endmal, & series
of experiments werc performed in which the effect of
ingulin adninistration on the concentration of VFA, potassium
and catecholamines in plasma and of glucose in blood were
analysed,

Ten sxperiments were performed on five mnimals, The
following doses of insulin were givem: 0.1, 1, 2, 4 6, 7.5
and 8 unita/kg body weight, The blood glucose mmponses in
seven experiments have already been given in the previous
section tut are given again here for completeness, The
results for individual amimals are given in Tables 12 - 16,

Of the ten experiments, five wers pexformed on two
amimals of Bog indicus type and five on twee snimals of
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Bos taurus type. Flasma catecholamine levels were
determined in six experiments. In one experiment (Teble 16)
erythrooyte concentrations of potassium were deterndned,

but since insulin had no effect on the intracellular
concentration of this element this experiment was not

Andmel 6711 (Table 12) showed fairly consistent
resting levels and the major change occurred vhen the blood
glucose levels fell to 25,5 mg/100 ml, (6 unita/kg)e There
vas a six-fold inorease in the adrenaline levels and a
two~fold incresse in the noradrenaline levels, There were,
however, smaller increases at other times which were transitory
and occurred at blood glucose values of 38.2 mg/100 ml,
(0o umit/kg) and 32.7 mg/100 ml. (2 units/ig)e Increases
in adrenaline levels were associated with incresses in the
noradrennline levels, the incrseses in the sdrenaline
concentration being the greater,

Andma) 6712 (Table 13) showed a slight increase in
both components at a blood sugar level of 54.6 mg/100 ml,
vhen given 1 unit/kg of insulin,

Andsal 6538 (Table 1) showed an incresse in plasma
catecholamine concentration at a blood glucose lewvel of
10,6 mg/100 ml, which was maintained until the blood glucose
levels had risen to 32,0 mg/100 ml, except for a fall that
ocourred at a blood glucose level of 23,3.mg/100 ml,

inimal 6595 (Table 16) showed an incresse in plasma
catecholamine levels at a blood glucose concentration of
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20,5 mg/100 ml, which was maintained for 1} hr and then the
levels returned to the initial velues,

In all these experiments, increases in the adrenaline
concentration were relatively greater than the associated
increases in noradrenaline concentration.

The results demonstrated that at low blood gluccse
levels, both adrenaline and noradrenaline levels were
elevated, The degree of change was varisble, but in the
experiment in which the lowest. blood gluccee levels were found
(Table 14, 7.5 units/kg) the highest catecholamine values
also ocourred especially with respect to the adrenaline levels,
The resting levels were fairly consistent: aedrenaline O,1 -
0.5 ug/ls noradrenaline 1.2 - 2,1 g/l From these
experiments it was concluded that there was a lewvel of blood
glucose below which the sympatho-adrenal system was stismlated,
and that this raised both the adrenaline and noradrenaline
levels in plasua, but from these experiments it could not be
decided vhat this critical level might be,

Dasms V¥4

In all the experiments a fall in plasma VFA levels
ococurred after aduinistration of insulin and this was most
marked during the first half-hour, The subsequent changes
varied considerably. In three experiments plasma VFA
concentration contimied to decrease 1 hr after insulin
adninistration, whereas in the remaining five experiments levels
had risen towards or even exceeded the initial lewvel (Tabdle 12,
0.1 unit/kg and Table 14, 7.5 units/kg). In every experiment



except one (Table 12, 0,1 units/kg) the concentration of

VFA in plasma was lower than the initial levels 5 lw after
insulin administration, In two control experiments (Table 19)
there was prectically no change in plasma VFA levels over

5 hr,

Since a fall within the first half-hour occurred in
ell the experiments, this effect was statistically examined,
Examination of the data revealed that the fall in plasma VFA
levels appeared to be related to the initial plasma VFA level,
but since various doses of insulin were adninistered, the
possible effect of dosage had to be considered, and a
miltiple regression analysis performeds

The dependent variable (Y) was the fall in plasma VFA
levels at § hr (expressed as mg acetic acid/100 ml,) the
independent variables were the dosage of ineulin (X, in
mwu)-aunmunplmvnw(xz.uqm
acid/100 ml.).

fin enalysis of variance of the regression gave the
following results:

ar Se8. M.S, F P
¥
REGRESSION 2 349 1.75 5.83 <0,05
DEVIATIONS 7 2,12 0,30
TOTAL 9 5.61

T = 007+ 0.030X, + O.446X,



Test of cach X after the effect of the other had been

removed:

ar S.8. M.S. P P
l' + xz 2 549
X, alone b | Jeh2

X, after X, 1 0,07 0,07 he30 W.S.

TEVIATIONS 7 2,12 0,30
X, + X, 2 349
l' alone l 0,02

o
YyefterX, 1 347 347 1L57 <0.05
DEVIATIONS 7 2612 Oe30

Bl‘l,d!m”txﬂuﬁoﬂiﬁh'dﬂtowh
effect of X, on the regression X, Y. The regression XY
alone had a mean square of 3.42 with a varieance ratio (F)
of 11,29, Allowing an extra degree of fyeedom ( 8 and 1 )
this is highly significant (p <0.01).

This revealed, therefore, that the fall in plasma VFA
levels following insulin administration wes related to the
initial level and was independent of the dosage.

Plagmg potassium

¥ith one esoeption (Table 12, 0,1 unit/kg), insulin
produced a fall in plasma potassium levels. The fall tended
to be progressive until 2 hr after admuinistration; thereafter
it tended to incremse slightly in most of the tests. Levels
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hed not returned to their initial value after 5 hre The
one exoeption (Table 12, 0,1 unit/kg) showed a rise in plasma
potassium concentration followed by a fall at 1 hr, so that
the level at 5 hr was slightly depressed,

A mltiple regression analysis was carried out, as
for the plasma VFA, relating the fall ia plasma potassium
Mlmlu!)s

‘ SeSe 'oso , ’
REGRESSION 2 0,09 0,05 6,02 NS,
DEVIATIONS 7 2,15 0.3
TOTAL 9 2.2

The mltiple regression was, therefore, not significant,
The relationships between the following were examined:
(1) Fall in plasma VFA at 30 min end 4 hr, and
fall in plasma potassium at 30 min and A hr,
(11) Fall in blood glucose at 30 min and 4 hr, and
fall in plasma potassium at 30 min end 4 hyr,
(111) The loweat blood glucose levels and the maxisum
fall in plasmm potassium (Cheethem, 1963).

In no test was any statistically significant correlation
found, It would have been prefersble to compare the plasma
concentrations of these substances 5 hr after insulin
adninistration., However, a sample was missing in one
experiment (Teble 14, 4 units/kg), so the 4 hr samples were
campared,



The falls in blood glucose concentration 30 min after
ingulin can be summarized as follows:

Jog indicus Bos taurug
Andmal | Dose Fall Animal | Dose Fall
No. |umits/kg|in blood | No. u::/t. in blood
body | glucose glucose
weight | mg/100 ml, weight | mg/100 ml,
61 | 0.1 26,5 659 | 1 8.3
énz | 1 35.8 6539 | & 57
671 2 33.6 6539 6 55.1
6711 3 38.8 6538 i3 45.5
6n2 8 45.4 6538 | 7.5 46.5

It is obvicus from inspection that of the five animals
studied (two Bog indicus and three Bog tauzus) there was a
marked difference in their glucose response to insulin over

a similar range of doses, Bog indicus sppearing more
resistant to insulin than Bos tauyus.

The results of the previcus two sections demomstrated
that the major changes in concentration of blood glucose and
plassa VFA and potaseium occurred within the first 30 min
after injection of insulin, The plaswa catecholamine studies
had suggested that there was a eritical blood glucose
concentration below which the sympatho-adrenal aystem was
stimilated, but no clear cut evidence was obtained, Four
experiments were performed, therefore, to study in more deteil
the events cccurring within the first 30 min after intravencus



Table 17.

Insulin given at tine sero.
Andmel Yoo 7439 (Bos Saurus)

EEEBEsvaBEEwo

SEEBBsvasbEEwo

17.9
19.1
15.9
19.1

5.7

&7.7

£1414-

17.5
17.3

30.5

Adrenaline
(re/2.)

0.80
0.60

0,50

0.93

0.85

0.97
0,80

0,09
0,08

0.5
0.25

1.62
1.62

1.60

Flamna
Plagma VFA
Noradrenaline ((mg acetioc
(vg/1.)
100 ml, )
dosage 1 unit/kg.
1.30 hel
1.73 3.3
1.87 2,7
.51 .7
1,00 1.2
2,36 0.8
2.20 1.3
1.50 3.7
1.50 2.3
2.4 2.9
1.86 1.8
1.3 Seb
dosage 4 unita/kg.
OO bel
0.90 5.2
2,04 2.2
1.47 2,0
1.20 2,0
0.55 2.5
1.19 2.8
1.68 3.6
104 3.5
1.49 2,0
1.3 2.2
1.6 2.0

2,78
3.10
3+20

Le25

3.77

3433

3.07
2,59

2.53
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ucoe Adrenaline
60,0 0,03
50.9 0.20
L8 Cls
39.9 0,25
374 0.23
33.6 0.25
36.0 0,10
32.7 .12
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0,26
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insulin injection, Blood semples were taken every 5 min
for 30 min and then at 60, 120, 180, 240 and 300 min,

Two animals were chosen, one of Bos taurus type which was
known to be sensitive to insulin end one of Bog indicus type
vhich wes known to be relatively more resistant, Two dosage
levels were used; 1 snd L units/kg body weight for Animal
7539 (Bog tamgus) and 1 and 5 units/kg body weight for
Aninal 7433 (Bos indicus).

The results are givem in Tables 17 -~ 18 and Figures
15 - 18,
Blood slucope

The results show the marked difference in response to
insulin in the two animels, 7433 being considerably more
resistant than 7439 to its action, In both enimals the
duration of hypoglyceemia was affected Ly the dose, 1 unit/kg
body weight ceusing a hypoglyceemia which was terminated after
5 hr, and } and 5 unite/kg body weight still showing a
considerable hypoglycaemia after 5 hr,

Andmal 74,39

Quite marked chenges were produced in this animel,
A dose of 1 unit/kg body weight ceused no changes within
the first 25 min except for a transient increase in the
noredrenaline levels, with a peak at 10 min, After 25 min,
at a blood glucose level of 19,1 mg/100 ml, there was a rise
in both amines which persisted throughout the experimental
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period and the values were still elevated, when the blood
glucose values had returned to normal, At the higher dose
(i.e. 4 units/kg body weight) the transient increase in
noradrenaline levels ocourring within the first 30 min was
more marked than that at the lower dose. There was a marked
increase in adrenaline levels at a blood glucose level of
11,8 mg/100 ml, following a slight increase at a level of
16.2 mg/100 ml, The increase in both cmines was maintained
throughout the experimental perdiod, the adrenaline levels
exoeeding the noradrenaline levels on three ccocasions,
When the blood glucose levels rose again to 30.5 mg/100 ml,
after 5 hr there was a slight fall in the adrenaline levels,
but the levels of both amines were considersbly higher than
their initial values.

Andmal 74,33

There were high noredrenaline and low adrenaline
levels in this animal, At the dosage of 1 umit/kg body
weight there was a slight fall in the noradrenaline levels
at 10 min and thereafter little change, A rise cocurred in
the adrenaline levels. At the high dossge rate (i.e.
5 unite/kg body weight) there was, once again, a slight fall
in the noradrenaline levels at 10 min, followed by an increase.
The noradrenaline levels remained somevhat elevated throughout
the experimentel perdod, though mot significently in most of
che tests, There was a slight rise in adrenaline levels
when the blood glucose concentration was 29.5 mg/100 ml. and
remained elevated until blood glucose values had risem to
28,0 mg/100 ml,



Table 19,
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Flague VWA

Andmal 7439

In both experiments there was an initial fall in
plasma VFA levels, vhich was greatest at the lower dosage
rate and which at 30 min was starting to rise again, There
was no pattemm of response that could be related to
fluctuations in the levels of the other constituents measured.

Andmal 7433

The results were not consistent with those obtained
previcusly, there being an increase at 30 min in the 1 unit/kg
experiment and only a slight fall in the 5 units/kg experiment,
There was, however, a marked fall in both experiments from
60 min orwards, It would appear that sny decline was
superimposed on a high rate of entry of exogenous ascetate fyom
the gut, Itmuﬂ.dﬂutﬂn'dnimwm
the experiments, even although it had not been fed for 2 hr,

Plagma potagsium

If the experiments are taken together, the 1 unit/kg
experiments both showed a fall over the first 30 min followed
by a rise over the rest of the experimental period, With
Animal 74,39 the level at 300 min exceeded the initial level;
in Andmal 7433 it remnined depressed, The high dosage rates
both produced a rise in the plasma potassium within the first
30 min and thias was associated with an increase in the
noradrenaline levels., Thereafter there was a fall, the levels
still being depressed after 300 min,

) In order to test the effect of insulin administration
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11.5 | 12,3 (0,93 | 36.7 | 58.8| 0,62 | 19,3 | 28,5 | 0,68
1.8 | 15,6 (0,95 || 46,0 | 642 | 0,72 | 22,1 | 36.5 0,61
16,6 | 23,0 (0,72 | 39,6 | 77.6 | 0,51 | 23.5 | 42.8 | 0.55
19.8 | 21,3 (0,93 | 46,7 | 733 | 0.64 | 21,9 | 6.2 | 0.47
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Fige 17. The effect of various doses of intravenous insulin on

plasma and erythrocyte glucose levels,



L

on the erythrogyte glucose concentration, three experiments
on two animals were performed and both plasma and erythrogyte
concentrations of glucose were meesured, The results are
given in Teble 20 and Fig, 17. To Animel 7,357, doses of

1 and 5 unita/kg body weight and to Animal 6595 a dose of

5 unita/kg body weight were given, The erythrocyte:plasma
ratios (E:P) are also recorded in Table 20, The initial
E1P values were all very similar (035, O.34 and 0.31) and
were higher than a mean value of 0,24 reported Ly Goodwin
(1956)s Insulin ceused a rise in the ratic which was due
to a large fall in the plasma glucose concentration associated
with a relatively smsll fall or even a rise in the erythrocyte
concentration, These results demonstrate that the erythrocgyte
glucose concentration is relatively resistant to large changes
in plasme gluccse concentration,

One can roughly determine the amount of glucose lost hy
the erythrocytes and the plasma to produce the falls in
concentration noted, Animal 7437 weighed 250 kg snd assuming
that erythrocyte volume was 2,9% and plasma volume 2,87 of
body weight (Howes gt al. 1963), then the fall in
cancentration 30 min after the intravencus injection of
insulin would represent a net loss of 424 g glucose from the
plasma and 0,125 g glucose from the erythrogytes, This
demonstrates, that in the ox the erythrocyte glucose is not
a major source of glucose during insulin hypoglycaemia,

concluglons
1, The degree of hypoglyceemia produced by intravencus
ingulin at dosage rates in excess of 1 unit/kg body weight



sppeared to be independent of dosage, an increase in
dosage prolonging the duration of the hypoglycaemia,

2 Flasma VFA and potassium levels both declined
following injection of insulin, The fall in plasma
VFA level was independent of dosege of insulin dut
was related to the initial levels,

3e A rise in both adrenaline and noradremsiine levels
occurred when blood glucose levels fell to a critical
level, which appeared to be within the range 15-25
1g/100 ml, At high dcsage rates a trensient rise in
noradrenaline levels cccurred 10=15 min after insulin
administration,

L.  Bog indicus appeared to be more resistant to
insulin treatment than Bos taurus, and this was not
associated with a more sensitive sympatho-adrenal
aystem,

Se Erythrooyte concentrations of glucose changed
mch less than plasma glucose concentrations after
intravenocus insulin administration,



Ardmal

6270 18,0

6272 23,0

6273 20,5

6278 18,5 6.0 3.0 9.0
6279 bLeO 7.0 15.0 25.0

——4——-‘—-——&-—-—-—“—-———
A = Adrenaline
RBA = JlNoradremaline

(sxpressed as mg/100 ml,)
Amines given at time sexv,
Andmal 73,39 Andmal 74,36
e | 25.g/g | 10.g/kg | 25us/kg l 10 .g/kg
A NA A HA A A NA
0 | 55,0 | 60,0 | 55,0 | 50.8 | 63.9 | 61,9 | 672
5 | 69.1 | 66.9 | 87,5 | 849 | 79.2 | 66.5 | 200.0
10 | 72,2 | 67.8 | 93.5 | 9.7 | 83.4 | 70.7 | 2609
15 | 6. | 60,9 | 96,8 | 88,2 | 86,3 | 65.7 | 183.2
20 |75.5 | 65.1 | 97,0 | 87.8 | 89.1 | 66.5 | 159.8
25 | The5 | 66.4 | 99.4 | 83.3 | 86.5 | 66,7 | 121,9
30 | The7 | 65.6 | Mok | 774 | 87.8 | 65.9 | 230.0
55 | 69.5 | 60,3 | 95.9 | 70.0 | 73.0 | 67.4 | 200,3
60 | 58.h | 62.4 | T4 | 65.1 | a7 | 70,5 | 93
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Fige 18, The effect of intravenous adrenaline and noradrenaline

on blood glucose levels,



Since insulin hypoglycaemia resulted in elevated
levels of adremaline and noradrenaline, and since both these
amines have hyperglycaemic actions, it was important to study
what their relative contributions towards the restoration of
normal blood glucose levels might be during insulin
hyroglycaemia,

(a) Eight experiments were performed on two amimals,
Doses of 2,5 and 10.g/kg body weight of adrenaline or
noradreraline were given intravencusly and blood samples
taken at 5, 10, 15, 20, 25, 30, 45 and 60 min after injection,
The results are given in Table 21, end Fig, 18 shows the
blood glucose response to the administration of 10 . g/kg
body weight of adrenaline and nmoredrenaline to Animal 7439,
ininal 7439 was of Bog taurus type and 7436 of Do indicus
type. Unfortunately Andmal 7433, the animal of the Bos indicus
type used in the previocus chapter, was not available so that
the results camot be directly related to previcus results,
However, No. 7436 had a similar insulin hypoglycaemia pattern
to that of No, 7433.

Generally, the blood glucose rose rapidly for the first 10 min,
and then became stabilized, Thereafter the cmrves for the
tnmdiw,hmmwm
more persistent than that of noradrenaline, With Animal 7,36,
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10 . g/kg body weight of adrenaline produced a very rapid rise
until 15 min and then a repid fall,

The determination of the relative hyperglyceemic
potencies of adrenaline and noradrenaline (adrenaline:
noradreraline ratio) is @ifficult (Ellis, 1956). Graham &
James (1952) determined the adrenalinesnoradrenaline ratio
by measuring and comparing the areas of the plots made on
a constant scale of blood glucose responses above the fasting
laovel, Application of this method to the results reported
here gave the following velues.

AA 2.0 ug/lg  AsHA JO Lglkg
Antmal 7439 354 1.0

Andmal 73,36 2,87 2,26

This showed that the ratio, as measured by this method,
varied with the dose of amine administered.

Ellis & Anderson (1951) point cut that misleading
figures are produged if the ratio is determined Yy comparing
the effects on blood glucose of equal doses of each amine,
Nore relisble results are obtained hy comparing the doses of
amine which produce equal hyperglycsemic effects, since the
hyperglyceemic response is proportional to the logaritim of
the dose (Chem & Clark, 1948), Therefore the increase in
blood glucose at 30 min was plotted against the logarithm of
the dose of smine base given, The remults are shown in
Fige 19, They indicate that if the points for each animal
are joined them almost perallel lines result. This suggests
that the two amines had similar qualitative effects at the two
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Fige 19, The relationship between the increase in blood glucose 30 min after

intravenous adrenaline and noradrenaline and the logarithm of the
dose administered,
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dosages, The assessment of the ratio A:NA from these graphs
was practically independent of dosage and gave the following

results,
[ Andmal 75,39 indmal 7436 |
Dosage for Dosage for increase
Adrenaline 4.08 2,57
Noradrenaline 10 10
AsHNA 2.45 3.89
pa— Sp—

(2) Similarly from the results showa in Tahle 2la, ratiocs
were deduced for five more amimals of Bgs taurus type and
were as follows:

= s |
B
6270 2.9
6272 6.58
6273 506
6270 143
6279 0.9

Songluglong:
(1)  ¥ith ons exception adremaline had a greater hyper-
glycaemic action then noradrenaline, The adrenaline,

noradrenaline hyperglyceemic ratio in seven aninals ranged
MOQ”“GO”O
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67.8
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intme) 7432 (Bog indicus)
0,50 259 2,2
0.65 1.97 45.3
0.56 3433 31.5
Semples haemolysed | 23,1
141

8.4

heb

.7

1.5

Animal 6595 (Bop Seurus)
0.09 345 2.2
- 2.48 6.6
- 3.22 27.8
0,12 2,17 16.6
0.12 3.18 9.3
Semples hacmolysed| 5.2
3.6

2.4

3.0

Animal 7039 (Bos femyup)
0.13 hel3 8.3
- 50“ 51.7
- 4,00 ,7.’
- 500 29,8
- 5.00 2.7
Sample haemolysed | 19.4
0,10 3.97 13.9
9.6

8.1

(meequiv/1,)

4,06
339
3.36

3.23
3.36

3eb5
3.39

EEEEE

355
3433
Seb2
3.52

4.09
3.7
3.68

23311




3 @ S
Blood Flasma Plasma Pl‘;r —
Time | glucose | Adven- Nore= (ng acetic
100 ml.)
Anima) 7433 (Bos indicus)
0 81.6 047 2,46 10.7 4e00
5 T2 0.10 2.43 Lhe3 345
10 77.6 0,13 2,39 31.6 3.61
15 76.0 - 2.4k 22,7 352
20 5.1 0.20 2,02 16.4 355
25 Thel 0,32 2,50 14,1 3.58
30 Thel 0.29 2,29 1.5 355
&5 The7 7.8 3.45
60 81,2 Te5 3.52
intnal 6711 (Bon indious)
0 73.0 Oets7 2,37 3.2
5 86.3 - 2,47 49.9
10 82,5 - 2,09 32,1
15 0,12 3304
20 5.2 c.22 2,34 13.4
25 N8 0.22 5.60 7.9
30 73.5 0,18 1.9 7.1
&5 66.6 3.9
60 72.7 L2
Aninal 6722 (Son indicus)
0 82.1 6.5 3.96
5 8.5 64,6 3.68
10 82,3 49.6 Se7h
15 79.0 36,0 3.58
20 80,0 23,0 360
25 79.2 16.7 364
30 78.3 9.9 364
1] a7 8.9 3.7
60 83.2 53 3.68




In these experiments sodiun acetate and sodium
propionate were administered at a dosage of 3.3 m.mole/kg
body weight and sodium Wuyrate at a dosage of 2 memole/kg
body weight, The injected solutions were prepared by
dissolving the calculated amount of the sodium salt of the acid
in es smell a quantity of distilled water as possible, usually

between 50 end 100 ml, The pil was adjusted to 7.4 with
concentrated hydrochloric acid, This removed any effects
that an injected alkaline solution might have on the sympatho-
adrenal system, The solutioms were then sterilized just
before use hy passage through a bacterioclogical filter,

(1) sodfum egetate
One experiment was performed on each of six animals
and the results are set out in Tebles 22 and 23, Plasma

catecholamine and potasaium estimations were made in five
experiments, In three experiments haecmolysis interfered with
plasma catecholemine cstimations,

Elagme sdreraline end royedrenaline

In every animal except one (Animal 7,32, Table 22)
there was a fall in the adrenaline levels to concentrations



below those that could be detected Ly the method, with
little change in the noradrenaline levels. In some tests
there was a slight but transient incresse in the noradrenaline
levels associated with the fall in the adrenaline levels.
¥ithin 15-% min of injection detectadble levels of adrenaline
were found, usually less than the initial level,

Zlood gluccee

The results were variable and are shown in Fig, 20,
In three animals (Nos. 7432, 6595 and 7439, Table 22) blood
glucose levels rose and were still elevated after 1 hr,
In two andmals (Nos. 6711 and 6712, Table 23) there was a
rise followed by a fall to below the initial lewvel, and a
return to the initial level or Juat above it af'ter 1 hr,
In the remaining animal there was a progressive fall after
the acetate injection (inimal 7423, Table 23) but a return
to Just above the initial level after 1 hr, The changes in
blood glucose concentration could not be correlated with any
partioular changes in the plasma catecholamine levels.

Llagma potassiug

In all the experimerts there was a fall in the plasma
potassium levels, the falls being greatest in Animal Nos.
7432 and 6595 (Tadble 22), Both these animals showed a
marked hyperglycaemic response, The animal showing the
smalleat fall was also the one whose blood glucose was least
affected (/nimal 6712, Table 23). Thus it was possible that
there was a relationship between the blood glucose and plasma
potassium levels,



Fig, 20,
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The blood glucose response to intravenous
administration of sodium acetate, propionate
and butyrate,



Elasme VFA

The disappearance of acetate from the circulation
after a single intravenous injection was exponential, As
a measure of the rate of disappearance from the circulation,
thohalf-ﬁn(ﬂé)mulmhtod. This is the time taken,
in mimutes for plasma acetate levels to reach half the value
found 5 min after the injection of acetate and was determined
using the formmula
where b = the slope of the regression line relating the
log of the plasma acetate level with time, The slope was
caloulated statistically, thus:

P B

In order to obtain some information about the
distribution of injected acetate, the volume of distribution
(V) was determined from the formula

V-!
2

mnvuwmnm.czuanﬂmtw
concentration at zero time, expressed as mg acetic acid/l,

of plasma, and M is the amount aduinistered in mg, This
volume was then expressed as a percentage of the body weight,
The volume of distribution is an estimate of the volume of
liquid that would be required to dilute the injected substance
to give the concentration found at zero time., This
concentration is determined by extrapolating back to zevo,

on a logarithmic scale, the line representing the disappearance



from the ciroulation of the injected substance. It isa
theoretical value and is the concentration that would be
found if mixing was instantaneous.

The acetate half-times and volumes of distribution

obtained were:
inimel Fo, & type *,4(!“) V(% Body weight)
7439 (Bos tauyus) 13.8 30.3
6595 (Bos tsupus) 6.6 36.6
732 (Bos indicus) 8.3 38.9
733 (Bop indicus) 12,7 [N §
6711 (Sos indicus) 7.6 3546
672 (Bgg indicus) 11.1 31.1

These half-times were used for certain statistical analyses.
Tio correlations could be found between half-time, initiasl
blood glucose and plasma potassium levels; no relationship
was apparent between the pattern of blood glucose or plasma
potassium responses. There was a highly significant
positive correlation between the initial plasma VFA levels
and the acetate half-times. /An analysis of variance of this

regression was:
ar SeS. M.S,. P P
REGRESSTON 1 36,65 36,65 23.3% <0,01
DEVIATIONS 5 6.29 1.57
TUTAL 5 L2290
(2) Sodtum propiomate

Six experiments were performed on three animals, the
results of which are shown in Tebles 24 to 26, Flasma



Table 24.

Animal Vo. 6711 (Bos indicus)
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Time |glucose | Adren- | Nora- sasiiis
o) | %) | oo | T | 2 (newhv/ie)
100 ml,)
0 83.1 0.27 463 6.3 345
5 .9 0.2 5.90 36.6 2,8
10 76.5 Ouhls 5e 3k 27.1 2.69
15 The5 047 3.73 16.7 2.56
20 745 0.52 3.83 11.5 2,53
25 T2.4 0.38 3.77 75 2,58
30 T0uls 0.28 3.82 5.2 2.49
&5 634 5.7 2.49
60 59.7 5.5 2,57
0 96.3 0.33 3.57 79 3.96
5 98.4 2,92 3.28 7.8 3.07
10 98.2 1.68 2.39 554 3408
15 97.2 1.75 1.1 41.3 2.9
20 96.8 1.57 1.69 .1 2.9
25 953 0.46 2,62 19.6 2,97
30 M9 1.33 119 12,8 3.0
& 88,0 7.0 3.07
60 82.7 8.4 3.10
—_ DR T




1 - Plasma -]
Blood | Flasma | Flasma YPA S
iy | e | Mt | JHorne | (ng it | otaseten
200 ml.) | (1g/2e) | (1@/2e) | 150 m,)

0 65.5 0,13 375 bel  he0O
5 | 125.5 1.67 6.36 32.9 3.29
0 |i12,.2 0.85 6.36 2.1 329
15 | 1.6 1.63 156 12.5 323
20 | 112,0 1.73 6.40 75 3.20
25 | 106.6 1,36 5.60 53 3407
30 98.9 1,50 6.36 he7 2.97
a5 91,2 37 2,9
60 85.6 Lol

o 61.7 5.3 4.9
5 755 148,2

10 85.0 99.1 349
15 90.1 42,1 3.20
30 88,6 6.8 2.9,
L] 854 5.0 2.9
60 850 8.7 2.9
0 8.5 71 2,85
120 794 2.9 2,78
-
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catecholamine estimations were made in five experiments,

Hlagna adrevaline and noradrenaline

In every experiment there was an increase in plasma
catecholamine levels, In two animels (Mo, 6711, Table 24
and No, 6712, Table 25) it was transitory and returned to
the initial levels within 30 min, In the other experiments
the levels were still elevated even after 30 min, In most
tests the adremaline and noradremaline levels varied together
in the same way although in some experiments they varied

‘Mo
Jilood glucoge

The results are shomm in Fig, 20, In fomr experiments
(Animel 6711 and 6595) there was a marked increase in blood
glucose after sodium propionate injection; in Animal 6595
this remained elevated during the experimental period;
in Animal 6711 it fell to below the initial level at the end
of the experimental period, In the experiments on Animal
6712 there was a slow fall in blood glucose levels, although
in one of the experiments there was a slight elevation
lasting for about 20 min, followed by a slight fall, There
was no apparent relationship between the increase in plasma
catecholamine levels and the degree of hyperglycaemia,

Flagima potasgium

In every experiment there was a marked fall in the
plasma potassium levels following administration of the sodium
propionate, In two experiments (Tables 24 and 25) the fall



5b

was progressive, whereas in the other experiments the fell
after 5 min was halted, These last two exceptions were the
experiments in which there was only a transient increase in
plasma catecholamine levels, so there appeared to be some
relationship between plasma potassium levels and plasma
catecholamines, especially the adrenaline compoment, The
catecholamines appeared to have an clevating effect on the
potassium concentrations counteracting the depressant effect
of the injected propiomate.

Hlagng VFA

As with sodium acetate (p.51 ) the half-times of
injeoted propionate were determined, together with the volumes
of distribution, which were as follows:

Animel No. & type tvz(-ln) V(7 Body weight)
6711 % M 79 54.8
6711 (Bos indicus) 7.6 28,6
6712 (Bos indicus) 8.6 58,0
6712 (Bog indicus) 12,5 33.2
6595 (Bos taugus) 5.5 11.6
6595 (Bos tawrug) Tobs 45.0

There was a highly significant correlation between
the half-times and the initial levels of blood glucose, as
shown by the analysis of variance of the regression:

“ 8.8. I.S. ’ ’

23.37 23,37 25.68™ <0.01

REGRESSION 1
DEVIATIONS A 3.65 0,91
5

TOTAL 27.02



Animel Vo, 6595 (Dos Ssurus)

Blood Flasma Flassa l"h—‘ DSasun
(uim) | “Gna/ | alime . | dromaiine | (7 sowtie | potessim

0 64.9 0,18 Jehi2 2.3 3.96
5 86.1, 0,32 3.83 20.5 333
10 8.1 0.9 [N 8.6 3026
15 The7 1,30 438 35 333
20 62,5 39 533
25 54.8 0.50 4,01 3.2 3.26
30 L7.2 0.17 3.62 3e3 Seh2
45 573 2.5 3ek5
60 32,9 1.0 3.58
0 65.4 0,20 2,50 5.0 hel6
5 66.7 0,20 2,40 26,1 3.58
10 69,0 0.15 2.00 16.2 380
15 6844 0.25 2,65 9.2 3.58
20 60.7 0.25 2,65 55 333
25 60,3 0.20 2.0 he6 3,07
30 53.5 3.8 3.10
45 46,6 2,9 323
60 43.6 4.0 3¢33
(/] 60.1 0.15 2.77 2,0 4.09
5 59.7 0,20 2,80 25.5 339
0 57.6 0.30 2,80 13.9 345
15 55.7 0,20 2,7 7.6 339
20 A2.1 0,20 2,0 he3 333
25 448 3.6 3.26
45 35.7 2,0 3.58
60 35.8 2,0 3.58




Sodium butyrate given at time zero,

Animal Yo. 7439 (Bos taurus)
(an) |“oa/ | aline  |aremsiine |76 sostie | potessim
200 ml.) | (ha/2e) | (h@/2e) | 300 ml.)

o 68,0 0.l 3.01 Ho sample | Fo sample

5 7.8 0.26 3.16 18,6 333
10 62,5 0,13 2,50 10,2 3413
15 60,6 he3 2,97
20 57.1 0.18 2,50 204 3.00
25 52.1 0.19 2,50 2,2 29
30 49.5 1.8 2.9,
45 h2.2 1.3 3.08
60 4.1 1ok 3.07

0 68,8 0.30 1.64 2. Lel9

5 T4 0. 70 2.86 1.1 3.64
10 72.7 0.33 2,2, 6.7 3e52
15 6.7 0.33 2.2 33 3eb5
20 58.9 0.15 2,21 2,2 345
25 52.3 0.43 2.73 1.7 3e52
30 8.4 1.6 3445
45 4L3.9 2.2 3.52
60 454 2.5 345

-
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9.9
93.8
”.‘
.7
89.3
87.7

70.1

66.2

60.9
57.0

(ng acetic
Gone) | Tona) | ol |

Antna) 6712 (Boe indiou)
0.72 1.7 3.7
0. 72 .78 32,1
034 2,10 23.1
0,72 1,82 1.4
0.68 1.93 6.8
0.68 1.93 5.9
0.5 2,10 heb

he5

Anicel 7,33 (Bos indisus)

5.9
19,0
12,1

he?7
249
2,2
1.6
2,0

Aninal 7436 (Sos indigus)

19.8
8.3
2,0

1.8
1.8

2,56
2,8

2.65
2,62

355
333
2.9%
2,69
2.9
540k

3.26
313

36l
3.7
3.93
3496
3490
3+90
b2y 8
3.55




There was a tendengy for the hyperglyceemic response
and the half-times to be related, in that Animal 6595 which
had the greetest hyperglyceemic resporse also had the lowest
half=time and Animel 6712 which bad prectically no
hyperglycaenic response had the greatest half-time, The
results for Andmal 6711 were intermediate. The relationship,
however, was not a linear one,

(3) Sodium butyrate
Eight experiments were performed on five animals, the
results of which are set ocut in Tables 27 to 29, FPlasma
catecholamine determinations were carried ocut in six
experiments.

Dlagua adre:aling and noradrenaling

The results were variable. In two experiments (Table
27) theve was no significent change. In two other experiments
a slight rise cocomrred; in one experiment it was a progressive
rise reaching a meximm after 15 min and being mainly in the
adrenaline compoment (Tsble 27); in the other the increase
was transient oocurring at 5 min (Teble 28), end was
associated with a alight inorease in blood glucose, In two
other experiments (Tables 28 and 29) there was a fall in plasma
catecholamines being slight in one experiment and quite marked
in the other experiment,

Hlood [dncose

The blood glucose responses varied from a prolonged
increase to a prolonged fall (Fig, 20), The plasma



56

catecholamine response did not appear to affect the blood
glucose response, There was a correlation between the
initial blood glucose levels and the change found after 60 min,
The line of best fit and individual points are shom in

Fige 21, Anslysis of variance of the regression relating
change in blood glucose 60 min af'ter sodium butyrate injection
with the initial blood glucocse concentration was:

& Soso “‘so r ’
REGRESSION 1 7,00 147,00 21.3™ <000
DEVIATIONS [ .3 6.89
TOTAL 7 188.,n

~
Y = Thed2 + 03X
Plagma potagsium

In all the experiments there was an initial fall in
plasua potassium concentration, the trend thereafter showing
great individual variation but in no instance did the levels
return to their initial value, There was no obvicus
correlation between the plasma potassium response and the
plasma cetecholamine or blood glucose response.

Blagpe YFA

The caloulated half-times and volumes of distribution
for injected sodium butyrate were 3
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CHANGE IN BLOOD GLUCOSE (mg/100ml) AFTER 60 min

Fig, 21, The relationship between the change in blood
glucose 60 min after intravenous butyrate
administration and the initial blood glucose
level,



Andmal Vo, & type .t'/z(-u) | V(7 Body weight)
6595 (Bos teuxus) 3.9 n bheS
6595 (Bos touyus) 6.6 5044
6595 (Bos temgus) 6.0 39,1
739 (Bog teumg) he9 60.6
739 (Bos teurus) 48 72,8
672 (Bos indicus) 8.6 54e9
733 (Bos indicus) 5.6 32,9
736 (Bos indicus) 7.8 61,5

There were no correlations between these (figures and initial
blood glucose, plasma VFA or plasme potassium levels, or with
the pattern of response of blood glucose or plasma potassium
to intrevenous sodium butyrate injection.

wonclugiong:

1. Intravencus aduinigtration of sodium acetate caused
a fall in ciroulating adrenaline levels but dld not affect
noradyenaline levels; sodium propionate caused a rise in
both; sodium bDutyrate had no consistent effect,

2, Sodium acetate adninistration produced a rise in blood
glucose levels in four experiments and depressed them in
two experiments, Sodium propionate injection produced

a rise in blood glucose levels in five out of six experiments,

The magrdtude of the rise was not related to the megnitude
of the catecholamine response. Sodium butyrate produced
changes in blood glucose concentration that were related
to the initial blood glucose concentration, high initial
values being associated with a hyperglyceemic response and
low initial values being associated with a hypoglycaemic



response,
Je Flasma potassium levels fell following sdministration
of the sodium salts of acetic, propionic and butyric acids,

ke Caloulated half~times showed a positive lineer
relationship with the imitial plasma VFA levels when sodium
acetate vas given and with initial blood glucose levels when
sodium propionate was given,

Se Caloulated volumes of distribution showed a wide range
of variation,
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9242

69.5

0.64
0.50
Veil
0.09
0.09
0.07
0.03

254

2,02

7286 (Bos

2,93
2,67
1.57
1.9
2,98
1.83
1,10

he25
4,00
3.77
3.77
378
390

Le25

3.93

3e96

he32
Ls03
390
377

3.58
3.58
3.96
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82,2

Plasma ::: I',l_‘
aline -
(e/le) | (ng/2e) 200 ml.)
Animal 6712 (Bog indicus)
7.9
6.3
5.2
3.6
3.4
Jeb
34
2.7
2.6
Andmal 7433 (Sop indicus)
0.71 2,00 5.7
0,66 1.82 3e3
0.53 1.50 3.1
0,84 2,45 he3
0.10 1.93 4.0
2,8
0,17 1.85 2.9
3.4
Seb
Aninal 7436 (208 indicus)
0.50 2,59 1.5
0.29 1.69 2,9
0,08 1.19 2.5
0. 70 2.46 2,5
0,58 2,52 2.4
0,36 2,06 2,0
1.9
1.7
0.8

(mapiv/, )

3464
339
3.36
3.36
3.26
326
329
333
3.26

3.58
345
339
3433
3.39
3.20
3.20
3417
3613

3.96
3.87
3.87

3.84
3.1
3.n
3.58
3.7




Glucose was injected through a canmula inserted into
one Jugnlar vein and samples withdrawn from a cannmila in

the contralateral vein,

Glucose was administered at the rate of 0,18 g/kg
body weight and the calculated amount was dissolved in the
minimum quantity of distilled water and injected at a
temperature of 39°C. The solution was less viscous at this
temperature and therefore ecasier to inject.

One experiment was performed on each of six animals,
the results being shown in Tables 30 and 31, In four of
the experiments plasua catecholamine estimations were made,

In every experiment there was a fall in both amines
although the fall in the adrenaline component was much more
pronounced. The fall in one animal (No. 6595, Table 30)
was pronounged and prolonged., In one other experiment
(Animal 7436, Table 31) it was transitory.

Blood plucose

From the changes in blood glucose following intravenocus

aduinistration «f glucose, it was possible to determine the

half-time for the disappearance of glucose from the circulation

wmmmmr.mmuﬂumm



(pe51 )o Simllarly the volume of distribution could be
determined from this data, These experiments were, in effect,
intravenous glucose tolerance tests and the rate of utilization
(k) was determined fyrom the formilas

k-_llﬂz

This specific rate constant, k, is mmerically equal to the
fraction of exvess glucocse removed per mimate, It is move
convenient to express this as a percentage (i.e. 100 k)
which is known as the increment index (Duncan, 1956). The
reason for assessing utilization rate by this means was so
that the k values of the ox could be compared with those
obtained for man and reviewed by Iundback (1962).

The caloulated half-times, k values, and volumes of
distribution are given in Chapter VI together with results

from further experiments,
Elasms VFA

In every experiment, except one, there was a fall in
plasua VFA levels after the intravenous administration of

glucose, The exception (Animal 7,36, Table 31) had the

lowest initial plasma VFA level, In this snimal there was

a slight rise at 5 win followed by a progressive fall to below
the initial level at the end of 1 hr, There was no obvious
correlation between the degree of the change and the half-time
for bleood glucose or between the plasma VFPA response and the
plasna potassium response, The change in plasue VFA at 30 min
was related to the imitial level, as shown by the analysis of




variance of the regression, thus:

ar SeSe M.5. P P
REGRESSION 1 1461 1461 235 <0000
DEVIATIONS 'y 0.22 0,06
TOTAL 5 14,83
In Chapter I it was noted that intravenous insulin

adninisgtration elso produced a fall in the plasma concentratiom
of VFA and that the magnitude of the fall was related to the
initial plasma congentration, In order to ascertain vhether
or not the effects of insulin and glucose on plasma VFA

were quantitatively similar, the coefficients of the two
regressions were compared, Since the variances of the two
regressions did not show a statistically significant difference,
a statistical comparison of the regression ccefficients was
valid, The difference between the regression coefficients
gave a value for ¢ of 0,368, The mumber of degrecs of
MMmlahNﬁ'\oaz-b.Mhﬂl
instance is 12, VFor twelve degrees of freedom p<0,7. The
regressions were therefore not significantly different,

Jlagua potassium

In all the experiments there was a fall in the plasma
potassium levels, which were still below the initial levels
at the end of 1 hrs, In those animals which showed low
half-time values, there tended to be an early recovery from
the initial depression, whereas in the other expeviments, whore
high half-time values were obtained, the fall tended to be
contimicus. It was not possible to demonstrate this effect




by statistical means,

In the one experiment which showed a persistent fall
in plasna catecholamine levels, (Animal 7595, Tsble 30)
there wes a large fall in plasma potassium concentration,
and the experiment in vhich there was no appreciable change
in plaama catecholamines (Animal 74,36, Table 31) there was

only a slight fall in plasma potassium concentration,

1, Intravenous glucose administration produced a fall

in the levels of circulating catecholamines especially
adreraline,

24 Flasma VFA levels were depressed, the fall being
proportional to the indtial level and quantitatively

similar to that produced by ingulin,

Se Flasma potassium levels were depressed by intravenous
glucose administration,
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In the experiments described in Chapter I (pp.36-38)
it was noted that insulin produced a fall in plasma VFA lewvels,

and in Chapter IV (pp. 60-6l) 1t was shown that glucose
produced quantitatively similar effeots. In experimants not
recorded in thia thesis infusions of adrenaline and noradrenaline
were also shown to depress plasma VFA levels, Similarly
intravencus insulin or glucose administration had been shown
to depress plasma potassium levels,

In order to examine the mechanism involved in these
changes, simultanecus estimations of arterial and venous
blood were made following insulin, glucose or catecholamine
administration, Changes in the arteriovencus difference
might refleot changes in the activity of the extra-hepatic
tissues with respect to the substence being examined and
give some indication of the possible site responsible for the
changes noted; e.ge. an increase in the arteriovenous
difference would suggest an emhanced uptake by the extrahepatic
tissues, and conwversely a contrection of the arteriovencus
difference might suggest that uptake had been inhibited,

The effects of insulin were studied in three experiments
insulin was given at the rate of 1 unit/kg body weight into
the canmula in the right jugular vein, Samples were teken



H.(.n- VFA Plasma
(aim) | 8e44/200 ml.) (mooquiv/L.)
A [ v AV A [ v | AV
Animal 760, (Bos tourus)

-10 6.3 3.8 | 2.5 | he35 he35 o
0 45 2.4 2.1 | 435 4.35 o
10 3.2 1.7 1.5 | 3.68 3.8 -0.16
20 3.0 1.7 | 23 | 3.3 3.49 | -0.16
30 29 | 1.2 1.7 | 303 3.26 ~0,13
4w 3.2 1.7 | 15 | 2.9% 3.10 0,16
50 3.5 | 1.6 1.9 | 3.07 3.13 0,06
60 &6 2.5 2,1 3.07 3.10 0,03

Aninal 7630 (Sgg Seuzus)
-10 3.3 2.0 | 1.3 | 3.8 3.96 | -0.12
[¥] 3.8 2.1 1.7 3.68 5.71 ~0,03
10 3. 1.9 | 1.2 | 3.33 3.42 -0,09
20 34 | 17 | 2.7 | 3.23 3.36 ~0.13
30 2.8 1.8 1.0 | 3.07 3,00 40,06
40 2.8 | 1.8 | 1.0 | 2.9 3.01 -0,07
50 2.5 1A | 13 | 2.9 2.9 [
60 2.4 | 14 | 2,0 | 2,85 2.8 40,08
Animel 7599 (Bos tamyus)
-10 2.8 1.1 1.7 | 42 451 «0.10
0 2.7 | 09 | 1.8 | a2 451 «0.10
10 1.9 | 0,7 | 1.2 | 3.8, 4.03 ~0.19
20 2.1 1.1 1.0 | 3.64 3.80 0,16
30 2.0 1.1 | 0.9 | 3.58 3.7 «0.13
S . | T




Table 33.

Glucose infused from time zero until time 30 min,

3333997 33333333 3333338
$E53393% RR%39353% %33%493%
wwwuwgmewwwmwuwwwWwwumuw
Fi3sssas@ussesyenfgadaan:
Mumuwuwuumuuuuuumuummuuum
33334232 3223333% Ta3Ivava
3°3RRIRE J°R{IRARIRS ONSRRRR

A = Arterial

V = Venous



V = Venous

FPlasma VFA Flasma
Time m) (M)
(min)
A v AV A v AV

Animal 7604 (Soe Seurus)
-10 L3 2,8 1.5 Le35 Lel2 +0.23
0 2.9 | 1.8 | 11 | 4eSh | he2S +0.29
10 1.7 1,0 0.7 Lot Lob8 0,09
20 1.7 | 1e2 | 0.5 | be09 | Kel2 0,03
% 2,0 1.3 0.7 37 3.87 =0.13
40 2.3 | 1.7 | 0.6 | 3.8 | 3.93 | -0.09
50 2.4 1.9 0.5 3.7 3455 +0.19
60 | 2.7 | 27 | 10 | 3.7 | 3.68 | +0.03

Animel 7596 (Bop teurvs)
-10 5.6 | 2.9 | 27
0 b8 | 2.4 | 2.
10 3.5 2.5 1.0
20 3.8 2,7 1.1
b S | 25 | 09
Lo 2,8 2,1 0.7
50 3.0 1.7 1.3
60 35 2,0 1.5

A = Arterial




Table 35.

o8 the lgvels of VFA snd potessive in arterial
and vengup plagme

Noradrenaline infused fyrom time sero to time 30 min,

r—-—r——';_ VFA Plasma i

n(:-) m.) . m.)

I _..T"T"'l'v_ v
Andzal 7596 (Boy taupus)
o 55 2.7 2,8 LeBh L. +0.13

10 hel | 2.7 | Lob | 2486 | K89 | ~0,03
20 38 | 3.1 | 0.7 | Ke76 | 486 | «0,20
30 Sel | 2.7 | Ouh | K73 | k67 | 40,06
0 3.9 | 25 | 1ok | 4S54 | Al | 4013
50 b0 | 1.9 | 2 | 251 | a8 o
60 2.0 | 2.2 | 1.8 | 2422 | K32 | ~0,20

Andmal 7590 (Bos Sourus)

-10 57 Sebs 2,3 LS he51 40,03
o 5e2 | 3.0 | 2.2 | K57 | K67 | 0,20
10 Sel | 80 | 11 | K57 | 467 | -0.10
2 beb | 3al | L3 | K60 | 467 | ~0.07
3 38 | 2,0 | 1.8 | 2.67 | .67 o
40 3l | Le7 | leb | Ke19 | kel | 0,22
50 35 | 2.0 | 1.5 | .00 | 326 | -0.26
60 36 | 21 | 15 | 3.96 | 4.09 | -0.13

A » Arterial

V = Vencus
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eimulteneously from the right carctid artery and jugular vein
at 10 min intervals for an hour thereafter an analysed for
plasma VFA and potassium, The results are shown in Table 32,

Three experiments were perforued im which the effects
of glucose were studied, Glucose was given (0,18 g/kg) by
infusion into the left jugnler vein and samples removed
simul tanecusly from the right jugular vein and carotid artery.
The results of these experiments are shown in Table 33,

Simllerly experiments were performed in which the
effects of adremaline and noradrenaline infusions were
studied, Both amines were given at the rate of 0.6 ug/kg/
win into the contraleteral jugnler vein and arterial end
venous blood taken at 10 min intervals thereafter, The
results are shown in Tables 34 and 35. In one experiment
no potassium cstimations were made.

All epimals were Bog teurus type.

(1) Elagme VFA

Reid (1950b) has reported a linear relationship between
arterial VFA levels end arteriovencus VFA differences.
That this relationship exists in the ox was established hy
using all the ‘resting values' from the present experiments,
i.e. cighteen estivations from five animals and ten experiments,
An analysis of variance of the regression geve the following:

“ SSe .oSo ¥ P
REGRESSION 1 3,08 3.08 32,0™ <0.001
DEVIATIONS 16 1.52 0,095
TOTAL 17 4.60

Y = 0,27 = 0.39K




ixamination of the results showed that the fall that
occurred in the VFA levels in venous plasma also oecurred in
arterial plasma, and that the relationship between arterial
VFA concentration and arteriovencus VFA differences still
remained, An analysis of variance of this regression, i.e.
all the results following the administration of insulin gave

the following:
ar SeSe M.Se F P
REGRESS TGN 1 137 137 30.4™ <0,000
DEV IATIONS 13 0.58 0.045
TOTAL b7 N 1.95

The regression therefore was highly significant,
(11)

Similarly efter glucose administration, an analysis of
variance of the regression gave the following:

are Be8e M.S. P P
REGRESSION 1 2,57 2,57 98.8™ 0,000
DEVIATIONS 16 Okl 0,026
TOTAL 17 2,98

li = 0.&00.5&
The regression was highly significent,



A—-V VFA DIFFERENCE (mg/100ml Acetic Acid)

Plgs 22,
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ARTERIAL VFA (mg/100ml Acetic Acid)

The relationship between arteriovenous

differences and arterial levels of plasma VFA,



From estimations taken during adrenaline infusion

enalysis of variance of the regression gave the following:
ar SeSe M.Se P P

REGRESSICN 1 0,22 0,22 27.5™ <0,01
DEVIATIONS A 0.03 0,008
TOTAL 3 0,25

T = 0,25 + 0,21
The regression was highly significant,
(iv) - \ 3

Although noradrenaline produced a fall in plasma VFA the
arterial and venous changes were not proportiomate and the
regression of the arteriovencus differences on the arterial
levels was not statisticelly significant. There was a
marked contraction in the arteriovencus difference immediately
following snd during the infusiom.

In order to compare the slopes of the insulin, glucose
and 'resting level' regressions, their regression coefficients
were comparéd, The 'resting level' regression used was
derived from the pre-injection velues obtained in the insulin

and glucose experiments only and wes es follows:
“ Sele ..S. F p

REGRESS TON 1 1.11 .1 12,3%™ <0.01
DEVIATIONS 9 0.8 0,09
TOTAL 10 1,91

’T\ = 0.5800.311
The regression was highly significant,

Before comparing the regression coefficients the
variance ratics (F) of the regressions were derived and found
to be not significantly different,

(2)  Insulin and glucoso regressioms

r.%ﬁ.unu.s.

(®)  Znsulin and ‘resting level!

P - 348 - 20 ne.



REGRESSION 1 497 497 103.5™ <0,000
DEVIATIONS 39 1,87 0,048
TOTAL 40 6.8,

“ 8.8. '030 ’ P
JOINT REGRESSION 1 497 K97 103,55 <0,000
DIFFERENCE BETWEEN
REGRESSIONS 2 0,08 0,046 1.2 N.Se
SUM OF REGRESSIONS 3 5,05
DEVIATIONRS 57 1,79 0,058
TOTAL 40 6.8

e o« The joint regression was highly significant,

e « The difference between the regressions was not
significant,

A comparison of the regression coefficients of the
adrenaline regression and the other regressions revealed that
only the glucose and adrenaline regressionms could be compared,
since the variances of the ‘resting level' and insulin
regreasions were significantly different from the adrenaline
regression, The variance ratio of the adrenaline and glucose



regressions vas derived and found to bes

P = %ﬁ = 3,33 N.S.

The regression coefficients for the glucose and adrenaline
regressions were 0,317 and 0,213 respectively., The
difference between them was significent (t = 2,16 p<0.,05).

Comparison of regression coefficients does not complete
the possible comparison between the regressions, It is
possible to have lines with the same slope but which are
separate and distinot, i.e., the distance between them is
significant, Before this can be done two conditions must be
satisfied (a) the variances of the lines must be comparable
and (b) the regression coefficients must be compareble,
Both these conditions have been fulfilled, as described above,
80 the distance between the regressions could be determined,

Overall regression coefficient = 0,398,
The two regressions arei-

Glucose T = 1,39 + 0,398 (X = 3.16)

Inulin ¥ = 134 + 0.398 (X, - 2.89)

The distance between the lines is 0.06

Its standard error is 30,065

ta2B . o2

For 31 degrees of freedom p >0,35. The distance therefore
is not significant,



Overall regression coefficient = 0,365,
The two regressions arei-

‘Resting level® T = 1,85 + 0,365 (X = 4.05)
Insulin T = 134 +0,365 (x, - 2.89)
The distance between them is 0,09,

For 2) degrees of freedom p ~0.3. The distance therefore
is not significent,

(e)

Overall regression coefficient = 0,351,
The two regressions are:-

‘Resting levels®

Clucose

The distance between the lines is 0,148,

= 185 + 0,350 (X = 4,05)
= 1,39 + 0,351 (X, - 3.16)

") D

Its atandard error is s+ 0,090,

» 0

R - RS
For 27 degrees of freedom p >0,1, The distance therefore
is not significant,

The caloulated regressions are shown in Fig, 23,
Sumrarizing this statistical exmaination, it can be
stated that although a fall was produced in plasma VFA levels
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Fig., 23, The effect of insulin and glucose on the calculated
regression lines relating arteriovenous difference
to arterial plasma VFA levels, Individual points
obtained during adrenaline and noradrenaline

infusion have been inserted,



following glucose and insulin aduinistration there was no
significent change in the relationship between the arterial
VFA levels and arteriovencus VFA difference, the fall ccourring
along the regression line towards the origin.

(2)  Flogma potsssium

In two experiments (Table 32) insulin made the arterio-
venous difference more negative as the arterial level fell
and less nogative vhen it began to rise again., In the
remaining experiment there was an initial increesse, but
thereaf'ter the course was somewhat erratic, in two instances
positive differences being found although the levels contimed
to fall,

(11) Effeet of intravencus glucose infusion

The results were not consistent, In two experiments
the immediate effect of glucose adninistration was to make
the existing negative arterio-vencus difference less negative,
Thereaf'ter the arteriovencus differences returned to the
initinl vrlue or became more negative, In the remaining
experiment there was a positive arteriovencus difference which
was little affected by glucose infusion,

Infusions of adrenaline end noradrenaline converted

positive arteriovenocus differences into negative ones, which
eventually became positive again,



(1) A linear relationship between arterial levels of
plasma VFA and arteriovencus plasma VFA differences was
established, Intravencus insulin or glucose administration
had no statistically significant effect on this relationship.
It was concluded that the fall in plasma VFA levels following
insulin or glucose aduinistration vas not due to an ethanoe-
ment of uptake from the circulation by the extrahepatio
tissues. Infusions of adrenaline and noradrenaline altered
the regression relating arterial levels of plesma VFA and
arteriovenous differences. Adrenaline infusion significently
decreased the slope of the regression., Noradrenaline
infusion resulted in a marked contraction of the arterio-
venous differences of plasma VFA, It was concluded that
the fall in plasma VFA caused by adrenaline or noradrenaline
infusion was not due to an enhanced uptake of VFA from the
circulation by the extrahepatic tissues.

(2) Insulin end catecholamines appear to increase the
loss of potassium from the extrahepatic tissues, Glucose
may have had an opposite effeot but this was transitory and
not established,
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%o 1 unit/kg body weight ingulin given intrevencusly st

Xime zero

Bos irdicus
intead |52 | m36 | 733 | 735 | 6n®|eni®™mon | ;

e e———
Time
(hr)
0 368 | 5e25 | 3,26 | 3,61 | 3.42 (4,09 [3.96 | 3.96
0u5 | 3425 | 3.58 | 3.58 | 3,01 | 3,13 |3.13 |3.17 | 3.A9
1 3013 | 3.29 | 2,95 | 2,91 | 2.75 [3.23 [3.58 | 3.13
1.5 | 2488 | 53435 | 2.9 | 2,80 | 2,40 |3.13 [3.23 | 3.17
2 2,95 | 3.13 | 2,81 | 2,85 | 2.43 (3.01 |3.00 | 3.20
3 307 | 3,07 | 2,85 | 2,95 | 2.43 | 3.20 (3.20 | 3.29
N 3e42 | 3,10 | 3,07 | 3.07 | 2,53 |3.20 [3.20 | 3.7
W R w ——
= From tabie 13
me From table 12 (2 unite/kg.)

Boe tawygue
uff\M'MMW““Sm
Tine
(hr)

o 850 | 3.77 | 5409 | 3,80 | 4,26 (4,22 |5,12 | 4,09
0.5 322 | 2,80 | 3.52 | 3.13 | 3.33 [3.04 [3.58 |3.17
1 30k | 2,91 | 3433 | 2,94 | 3.26 | 3.25 |3.33 | 3.20
1.5 (2,71 | 3433 | 339 [ 2,91 | 3.13 [3.13 [3.90 | 3.45
2 2,56 (3.48 | 3.42 | 2,81 | 3,20 | 2.9% |3.49 |3.00
3 2.71 [ 3.58 | 3.20 | 2,97 | 3.42 [3.17 |3.58

N 317 | 3490 | 3.77 | 3.13 | 3.68 |3.26 |3.64
-_hL—L—_—L———J—_.__J__J

= From table 16




The earlier experiments (p. 40, Chapter I ) suggested
that Bog taurus and Sog ipdigus might show certain differences
in their carbolydrate and potassium metabolism, Accordingly
some of the earlier ocbservations were extended to a greater
mmber of animale so that statistical analyses could be made,

Since 1 unit of insulin/kg body weight was sufficient
to produce the maximm fell in blood glucose after 30 min,
the original observations at this dosage were extended so that
ten animals of each type were studied,

1 unit/kg was given to each amimal after taking the
initial bleod sample, and at ¥, 1, 1}, 2, 3 and 4 hr after
insulin adninistration further blood sanples were taken and
anelysed for blood glucose and plasme potassium, The blood
glucose results are given in Tables 36 and 37, and the plasma
potassium results in Table 38, Flasma potassium estimations
were obtained for eight animals of each type. In some
animale the results have already been given but they are given
again here for completeness. Fig. 24 shows the mean changes
in blood glucose concentration for Bog indicus and Bos teaurus,
The mesn initial blood glucose concentration for Bog teuzug
was 61,7 = 1,87 (S.E.) end for Bog indicus was 71.7 = 3,18
(S.E.)‘Vg g}tm between the means was statistically



_______ BOS INDICUS
B80S TAURUS

40—

BLOOD GLUCOSE (mg /100ml)

20

S

~—

1 Abs | IJ
2

o} 1 = 4

TIME AFTER INJECTION (hr)

Fig. 24, The effect of intravenous insulin (1 unit/kg)
administration on blood glucose levels of Bos taurus and
Bos indicus. Each line represents the mean of ten animal:
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Fig., 25, The percentage change in blood glucose produced by the
intravenous administration of insulin (1 unit/kg) in
Bos taurus and Bos indicus., Each line represents the
mean of ten animals,



significent (t = 2,79, p <0.02).

In order to show that the difference between the
hypoglycaemic responses was not just a refleotion of the
initial blood glucose values, the results were recalculated
as a percentage of the initial value, The mean values are
shown in Fig, 25 where it will be seen that there was still
a difference between Bog indicus and Bog taug, i.c. the
differerce was independent of the initial blood glucose lewel,
Whether or mot this difference was statistically significent
was determined by calculating the line of best fit of the
values from § to 4 hr. The 997 confidence limits were
then calaulated and thege together with the line of beat fit
are shown in Fig, 26, Since there is practically no overlap
in the confidence limits then the difference in the degree of
hypoglycecmia cen be said to be statisticelly significant,
The regressions relating percventage change in blood glucose,
following insulin adninistration, with time were:

Bop towrug T = 29.43 + 5.0

Bos indicus T = 42,26 + 6.27%
The 997 confidence limits are shown below,
Time (hr) . Dos indioue _ Dom taagus
Y Cole b QoL
0.5 Mo k0 24,25 31.95 29,86
1.5 4753 22,86 L TWRY S 26.65
2 53.80 2,64 3949 26.13
3 60,07 23,45 Whe52 28,00
I 66434 25.16 49,55 | 12,00

Celie = 997 Confidence Limits.
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The calculated regression lines from 30 min onwards of the
percentage changes in blood glucose following insulin
administration in Bos taurus and Bos indicus.

represent the 997 confidence limits,

Shaded areas



(2)

The rates of recovery from the hypoglycaemda between Bog
faurus and Bos indicus were compared by analysing statistically
the slopes of the two regressions. This gave a value for ¢
of,
1,11 (p <0.b)

showing that there was no significant difference between the
slopes, and demonstrating that the rate of recovery was
simdlar in both types of animal,

The means of the initial plasma potassium levels for
Bos indicus were 3,80 0,12 (S.F.) end for Bop tauyus were
2 3028 (8000 T Birurorss Ditwnsn the: nuans we
statistically significent (t = 2,16, p <0.05). Because of
this difference the changes were estimated as a percentage change
of the initial level, There was a significant difference
between the means of the percentage changs after # hr
(t = 2,49, p <0,02) and after 1 hr (t = 2,90, p <0.01),
Bog tamug showing the greater pereentage depression.
Thereafter there was no significant difference between the
mears of the two types of animal,

Estimates of glucose utiligation can be obtained by
intravencus glucose tolerance tests. 0,18 g/kg body weight
of gluccse was injeoted intravenocusly and sanples taken at
5 10, 15, 20, 25, 30, 45 and 60 min thereafter. Fesults
obtained in the previous chapter were used and six more
experimerts performed, malking twelve experiments im all,
of which six were with Bog indicus and six with Bos lsuyus
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type snimals, In all experiments the disappearance from the
circulation was exponential, Half-times (t‘/z). specific
rate constant (k) and volumes of distribution (V), were
calculated as described before, The actual results from the
extra experiments are shown in Table 39, The values of

‘14.&“'.”&“&1'3

Andmal Mo, | k (%) t’/z (min) | V(< B.¥,)

6595 3.05 | 22,7 9.7

7286 3.57 | 19.4 11,2

BOS TAURUS 7595 254 27.3 9.3
7635 1.62 | 42,8 10,5

7628 1,06 65.2 9.6

7830 1.70 40,9 8.3

7683 0.77 90.4 10,6

1.35 Sleb 9.6

BOS INDICUS ™36 0.99 | 69.8 10,5
733 1,52 45.5 9.8

25 1.39 549.8 9.6

672 1.27 S5he6 10.6

B.V, = body weight
An analysis of the half-times shows that there was a

significant difference between the means of the two types of
andsal (t = 2,43, p >0.05), Bog indicus showing the higher
values. Similarly the k7 values were significently different,
The volumes of distribution expressed as a percentage of body
weight were fairly uniform and showed no difference botween
the two types of animal,

There was a significant correlation between the half-
times and the initial blood glucose levels (Pig. 27). An
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analyeis of variance of this regression gave:-

ar SeSe M.Se ¥ P
REGRESSION 1 1874,.61 1874.61 6.88" <0.05
DEVIATIONS 10 2721,63 272,16
TOTAL 11 4596.2

A similer relationship existed between the K7 values and
the initial blood glucose values,

Since a significent difference in blood gluccose and
plasua potessium values hed been found in the experiments
reported in Section 2, all the values obtained throughout
this work were examined and analysed, The method of blood
colleotion ensured that there was a minimum disturbance of
the aniuel and so the norwal blood glucose and plasma potassium
values obtained should be uncomplicated by any sympathetio
activity,

(1) Blgod glucose: Fifty~four determinations on fourteen
Bog tamup type animals and thirty-soven determinations om
eloven Hos indicus type anisals were mede. The results are
shown in Table 40, The mean blood glucose level for Bos

Ssurug wos 64,0 21,57 (S.5.) ug/100 ml. and for Bop Andicus
was 72,5 2.2 (S.E.) mg/100 ml, This difference was highly
significent (t = 3,21, p <0,01).

(11) Plasme potagsium: Forty-six determinations on fifteen
Bog taurus type animals and twenty-eight detexminations on
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eight Bop indicus type snimals were made, The results are
shown in Table Al, The mean plasma potassium level for
Bos teurus was 427 0,08 (S.E.) meequiv/l, and for Bog
indicug wes 3.84 =0,07 (S.E.) meoquiv/l, This difference
between the means was highly significent (t = 3.38 p <0,01).

1. Bog tauxus showed lower blood glucose and higher plasma
potassium levels than Bos indicus.

- Bos indicus showed a greater resistence to insulin
then Bos taurus in that the degree of hypoglycaemia was
significently lesa, There was no difference between members
of the two breeds in the mte of recovery from hypoglyceemia,

3. For 1 hr after the administration of insulin plasma
potassium levels fell to a greater extent in Bog teurus

than in Bop indicup.

be There was a significant difference in the rate at which
injected glucose dissppeared from the circulation between
Bop indicus and Bos taugug, the half-time being greater
for Do indigus.

Se There was e significant correlation between the glucose
half-times and initial blood glucose concentrations.



Buler (1955) quotes figures for the resting levels of
catecholamines in bovine peripheral plasma as being ebout
2,1 1 g/1, for noradrenaline end 0.5 /g/l. for adrenaline,
that is, adrenaline accounts for about 207 of the total
catechclamines, The mean levels in the experiments
desoribed in this thesis were 2,5 g/l. (range Oh=he6)
noradrenaline snd 0,31 ug/1l. (renge 0,03-0,7) sdrensline,
The mean percventege of adrenaline was sbout 117 of total
catecholamdnes, The levels found, therefore, were comparable
to those desoribed by Ruler (1955) slthough the percentage
of adrenaline was lowor, About 757 of catecholamine
production by the bovine adrenal medulla is adrenaline
(silver, 1960). The difference between the proportions of
adrenaline in adreno-medullary secretion and in peripheral
plasma is partially due to the fact that some of the
circulating ncredrenaline is derived from adrenergic nerve
endings (Ruler, 1955).

The mean fall in bdblood glucose following the

intrevencus injceticn of 1 unit/kg body weight of insulin was
57.7 = 5a7 (s.n.r;}zoo ml, for Bos indicus and 40,2 =h.6 (3.D.)ng/
100 ml, for Bos tourug. These values represent the falls
occurring during the first 30 min following insulin injection.
Jasper (1953) recorded falls of 25-30 mg/100 ml, in cattle

and Reid (1951a) falls of 17,1 = 24,7 mg/100 ml, in sheep,



Reid also noted that the rate of fall wes slow when
compared with the rate in non-ruminants, where falls of
50=60 mg/100 ml, are usually recorded, Thus it would seem
that the high initial blood glucose levels reported in this
work are also reflected in the relatively greater fall in
blood glucose following insulin aduinistration. Redid (1951a)
desoribed a ‘platean’ effect of the blood glucose levels,
whereby the levels tended to fall to, and yemein at 5-10
mg/100 ml, without any signs of hypoglycsemic convalsions.
Jasper (1953) failed to record this effect in cattle. The
experiments recorded Ain this work demonstrate that a ‘plateen’
effect can ocour in cattle aithough at a highexr level then in
sheep,namely 25-30 mg/100 ml, In any one animal the levels
of blood glucose 30 min after insulin sministration were
identical at dosages sbove 1 unit/kg., and this level
approximately represented the level of the ‘plateam’, This
suggests that dosages above 1 unit/kg saturate the tissues and
produce a maximum effect on the blood gluccee response,
Increasing the dosage merely permits the state of saturation
to be maintained over a longer time and prulong the
hypoglycaemia, This saturation wes noted by other authors in
work reviewed by Reid (1951a).

The results of the experiments desecribed here on
erythrogyte glucose concentration during insulin hypoglyceemia
are similar to those reported im mem and in doge by Trimble
& Maddock (1928).

The relatively slow decline in blood glucose following
insulin that isseen in ruminants mey be explained by the



antagonist sction to insulin that the short chain fatty acids
possess (Lindsay, 1961). This could explain the small
arteriovencus glucose changes that Reid (1952) reported
following insulin adeinistration in sheep. In man insulin
produces a pronounced expansion of arteriovencus gluccse
differences (Somogyi, 19.9). Long chain fatty acids also
have an antagonist action towards insulin (Randle gt al. 1963)
but plasma levels of these acids in sheep are similar to
those found in other species (/Amnison, 1960), Because of
the slow rate of fall of blood glucose produced by insulin
in sheep, Reid (1951b) considers thet blood glucose levels
closely reflect changes in the glucose levels of the brain,
In dogs, there is such a rapid uptake of glucose after insulin
aduinistration by extrahepatic tissues other than the brain,
and blood glucose levels fall so rapidly, that changes in
brain glucose concentration lag behind chenges in blood
glucose concentration (Paschkis & Cantarow, 1943). Attempts,
therefore, to correlate the degree of hypoglycaemia with
clinical signs of hypoglycaemia in ruminents and non-ruminents
are difficult, Fuminants cen withstand the prolonged
hypoglycaemia produced by intravenous insulin without showing
any clinical signe of the hypoglycsesda. Reid (1951b)
considers the eritical blood glucose lewel is 5 mg/100 ml.;
below this level sigre of hypoglycsemia, e.g. convulsions,
develop., However, in the experiments reported here
hypoglycaemic convulsions ocourred in two experiments at blood
glucose levels of 17,6 and 15,6 mg/100 ml, and yet blood
amolmhxmm'mmlmumm
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earlier in the experiment, This is probably an example of
a relatively rapid fall in blood glucose in which the brain

glucose changes lag behind the blood glucose changes,.

The amount of glucose reaching the brain is dependent
on the concentration of blood glucose and the cerebral blood
flow, These factors mey vary independently of each other,
yet produce the seme glucose level within the brain cells,
Thus doubling the blood flow could reduce the critical bleod
glucose level for normal brain metabolism from 10 to 5 mg/
100 ml, Jarrett & Fotter (1953) showed that in adult sheep
the blood glucose level could be maintained between 5 and
10 mg/100 ml, for 15-18 hr without any hypoglycsemic signs,
whereas hypoglycaemic convulsions developed in splanchni-
cotamized sheep at a blood glucose level of 10 mg/100 ml.
wvithin 3«6 hr of insulin administration, In their experiments
insulin was given intravencusly,

Singe splanchnicotomy denervates the adrenal medulla,
it would eppear that adrenomedullary secretion has a
protective action, in that it delays the onset of clinical
signs of hypoglycaemia, This can be achieved by two actions
that the adreno-medullary secretion possesses: (1) the
stimulation of release of glucose from the liver and (2) the
stimlation of an increase in cerebral blood flow (Solokoff,
1959).

In man hypoglycaemic convulsions and coma ocour 2-3 hr
after large intravenous doses of insulin (Mayer-Gross & Walker,



1945). Hypoglycaemic signs occur in men, rabbits, mice,
dogs and cats after 2-3 units of insulin/kg body weight
(Reid, 1951a)s The ruminant animel and especially sheep
appear to be relatively resistant to insulin since they rerely
show clinical signs of hypoglycaemia even vhen massive doses
of insulin are given and even though dlood glucose levels
remain depressed for many hours. However, splanchnicotomy
removes this resistance and convulsions are them more readily
obtained, It would seem, therefore, that the adremo-medullary
secretion of the ruminent animal is more efficient in protecting
it againat hypoglyceemic convulgions than is that of nom=-
ruminents.

The brain of sheep resembles that of non-ruminants in
depending on glucose as its main energy source (McClymont &
Setchell, 1956), end quentitatively the brain of sheep
utilizes glucose to the same extent as those of other species
(Setehell, 1959). The brain metsbolism of ruminents thus
appears to be essentially the same as that of non-ruminents,
and yet sheep are sble to withstand prolonged hypoglycaemia
without corvulsions, and the normal blood glucose concentration
of sheep is at a level that would ceause convulsions in non-
ruminants, This can possibly be explained hy the faot that
blood glucose levels give no indication of the concentration
of glucose in different tissues. Blood glucose levels
represent the balance between inflow of glucose into the
Maﬂwtﬂarmit,hgtanmmd-dh
relative proportions of cutflow going to the brain and other
tissues. These proportions differ in the ruminents and
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non~yruminants both under normal conditions and after insulin
adninistyation, Thus, in the non-ruminsnts the uptake of
glucose by tissues other then brain before and after insulin
adninistration is much greater then in the ruminantes.

This can be inferred from the relatively smell A~V blood
glucose differences before and after insulin administration
thet Reid (1950b) recorded in sheep, The brain in both
runinent and non-ruminent species takes up a similar quantity
of glucose from the cireulation, but it is a relatively much
greater proportion of the total blood glucose in ruminants than
in ron~ruminants. Hence ruminants can tolerate low normal
blood glucose levels and withstend prolonged hypoglycaemia
without having an apparent cffect on brain metabolism, The
greater efficiengy of adrenomedullary secretion in ruminants
noted above may similarly be explained along these lines,
If glucose is added to the circulation during hypoglyceemia
caused by insulin administration, thenm a greater proportion
of this will be removed by tissues other tham the brain in
non-ruminants then in ruminants. Similarly, in ruminants,
a large proportion of the glucose released by sympathetic
activity is aveilable for brain metabolism because of the low
glucose uptake by the other extrahepatic tissues,

The concentration of blood glucose at which the
hypothalamic ncurones are stimlated to evoke en adrenomedullary
secretion appears to be much lower in ruminants than in none
ruminants. In these present experiments it was 15-25 mg/100 ml,,
a level which is similer to that reported for sheep (14~20
mg/100 ml,) by Setchell & vaites (1963). Camon gt sl. (1924)
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reported levels of 70-80 mg/100 ml, for the ocat; THoussay
et al. (1924) and La Barre & Houssa (1932) values of 50 and
75 mg/100 ml, respectively for the dog, and Armin & Grant
(1959) 50=70 mg/100 ml, for the rabbit, ixoept for the
present work, all these figures were obtained by indirect
methods of catecholamine assay., Since in non-ruminants,
there is a rapid rate of fall of blood glucose folluwing
insulin aduinistration, it is likely that the intracellular
concentration at vhich the hypothalamic neurones are
atimlated is much higher in non-ruminants then in rusdnants
and the difference is much greater than the blood glucose
levels would suggest. In this respect, therefore, there
appears to be a true difference in the brain wmetabolism of
runinents and non-ruminents. It is interesting to mote that
no syupatho-adrenal stimlation coourred in the insulin
resistant animal, blood glucose levels never reached a low
enough level and the resistance to insulin wes therefore in no
way essociated with adrenomedullaxy hyperectivity,

By direct analysis of suprarenal venous blood during
ingulin induced hypoglycaemia, Duner (1554) cbeerved an
ingrease only in the adrenaline component of the adremo~
medullary seoretion, with no significant chenge in the
noradrenaline output, Idkewise, Holsbsuer & Vogt (1954)
could caly detect a rise in the plasma adrenaline levels of
the dog and of one man during insulin hypoglycaemia, and oould
not destect em inorease in pleswe noradrenaline levels, It
wag sonevwhat surprising therefore that Weil-ialherbe & Bone
(1954a) should report a fall in the circulating levels of



plasma adrenaline with no change in noradrenaline levels.
¥illar (1956) using the ethylene-diamine method of estimation
oould only detect a rise in adrenaline levels in the dog
and wan, This was associated with increases in cardisc
output end blood pressure, Goldfien gt al. (1958) ai4,
however, detect a slight rise in noradrenaline concentrations
in the dog during insulin hypoglyceemia, also using the
ethylenediamine method, In support of evidence for selective
seoretion of adrenaline from the adrensl medulla, Bumm et al.
(1950) found a decrease of both adrenaline and noradrensline
content of the suprarénal medulla of rats following insulin
adninistration, with a decrease in the percentage of adrenaline,
Their results heve been confirmed by NH3kfelt (1951) and
and Outschoorn (1952), and in rebbits by Udenfriend et al.
(1953)e From these experiments it would appear that
hypoglycaemia leads to a selective secretion of adrenaline
from the adrenal medulla whilst noradrenaline cutput is more
or less unaltered, Argning teleologically, this is in
accordance with what would be expected, since adrenaline is
much more active than noradrenaline in releasing glucose from
the liver (Ellis, 1956). In the experiments reported in this
work a rise in both adrenaline and moradrenaline levels in
plasma cocurred although the increase in adrenaline wes
greater than noredrenaline especially under conditions of
prolonged hypoglyceemia,

Adrenaline increases cerebral blood flow purely by its
pressor action, but noradremaline in normotensive animals ias
known to decrease cerebral blood flow by increasing cercbral



vascular resistance (Sokeloff, 1959). The effects of
adrenaline and noradrenaline on the cerebral blood flow of

ratios then have been found in other species. Since the
ratio obtained varies with the method of determination,

a direct comparison can be made only with the results of
Ellis & Anderson (1951), who used a method similar to the
one used here, Their cxperiments were performed on rats,
and they obtained an adremalineinoradrensline ratio of 15,
Thus the present findings may be physiologically significant,
the relessed noradremaline during insulin hypoglycesemia
having a greater hyperglycaemic action in the ox than in
other species,

The blood vessels of the sympathetically denervated
rabbith car are extremely semsitive to the constrictor action
of adremaline and this preparation has been used by Ammin &
Grant (1959) as an index of chenges in adrenaline-like
aotivity of the blood, According to these workers the
release of constrictor substance, presumed to be adrenaline,
is inversely related to the blood glucose concentration at
levels below the critical blood glucose level for aympathetic
activity. ‘hem the blood glucose rises above the critical
level ‘adrenaline’ release is reduced, Similarly glucose
injeotion causes an immediate inhibition of ‘adrenaline’
release, Their findings were not borne out in the experiments
described here, in which the fall in plasma catecholamine
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levels cocurred a long time after the blood glucose levels
had risen above the oritical level, In the experiments of
Avudn & Grant (1959) pert of the constrictor activity of the
denervated rabbit's ear was due to the hypoglyceemia per ge
and not to released catecholamines, since animals with
denervated adrvenal glands also displayed constrictor activity,
Therefore, part of the lesseming in constrictor tome
associated with a rise in blood glucose levels may be due to
the rise in blood glucose itself and mot to a diminished
catecholamine production, However, one would still expect
a conslderable amount of constrictor astivity to be present
if catecholamine production still contimued,

uillar (1956) found that, although there was a
conaiderable reduction in cireulating adrenaline levels
following intravenous glucose administration to hypoglycaemic
dogs, the levels 413 not revert to the original levels, but
were still eclevated 70 min af'tervards, Mayer, Cross & “alker
(1945) found thet intravascular snd extravascular levels of
glucose toock a leng time to equilibrate after intravenous
glucose administration., They suggested that intracellular
levels likewise would take longer still, This delay in
equilibration of the glucose levels in the varicus bodily
compartments might partially explain the results of liillar
(1956) and those recorded in this thesis., The glucose levels
in the gluccee sensitive neurones in the hypothalamus which
control gympatho-adrenal activity might not have inoreased to
the extent that the blood glucose concentration would suggest,



The incresse in noradrenaline levels ccourring a few
rdmtes after high doses of insulin could be the result of direct
stimlation of the sympatho-adrenal system, as shown by
Pereda gt al. (1962), who reported an increase in blood
pressure 2 - 9 min after injection of insulin in the dog,
without hypoglycaemia, The effect was marked and immediate
when small doses of insulin were administered into the carotid

arterye. lHowever, blood pressure measuremcnts were not made
during the present experiments, and it is uncertain to what
extent the increases in noradrenaline levels noted could csuse
a rise in blood pressure.

The fall in plasma catecholamine levels following
intravenocus glucose injection supports the findings of Duner
(1953) but is contrary to those of Weil-ialherbe & Bone (1954b)
who found that the hyperglycaemia following ingestion of glucose
in man wes associated with an increase in plasma adrenaline,
Duner's experiments demonstrated an inverse relationship
between blood sugar and catecholamine cutput especially with
respect to adremaline production, No such relationship was
apparent here and the fall in catecholamine levels did not
occur until 20-30 min af'ter injection in most animals. This
delay might be expected because of the time taken for glucose

to penetrate the cells of the hypothalamus (Mayer-Cross and
m’ 1”).



In general the results of the experiments on the
sympatho-adrenal response to intravenous injection of the
lower fatty acids do mot support the conclusion of Ash gt al.
(1959) that the hyperglycsemia following butyrate
adninistration results from sympatho-adrenal stimmlation,

The catecholamine response to butyrate administration was
equivocal since a rise in plasma catecholamines occcurred in
only two out of six experiments,

Reid & ¥ills (1961) deduced from their results that
propionate injections did not have a sympatho-adrenal
stimlating effect,which contrasts with the findings reported
here. Their deductions were made because of the rapid rate
of clearance of excess glucose after propicnate administratiom,
which was faster than that seen after adremaline injeotion,
However, other factors may promote the uptake of glucose
from the circulation during elevated plasmea catecholamines,
as shown in these experiments where falls in blood glucose
wore noted whilst catecholamine levels were clevated,
Reid & Mills (1961) do, however, comment that the rate of rise
of blood glucose is so very rapid following propionate
injection that direet conversion to glucose seems unlikely,
Agh gt al. (1959) postulated that only a small amount of
glucose was derived directly from propiomate and that most of
the glucose was derived from sympatho-adrenal stimulation,
This, however, is contrary to accepted theory om the
gluconeogenic effects of propionate (Eckstein, 1933) which has
been well demonstrated in ruminants by Johnson (1955), Clark &



Malan (1956), Amstrong & Blaxter (1957) and in yitro by
Smith % Osborme~¥hite (1961).

The depressant effect of acetate on circulating
catecholamine levels, especially the adrenaline component,
is difficult to explain, The short chain fatty aclids are
Imown to have a narcotic action (Semsom gt gl. 1956) amd
barbiturates decrease plasma catecholamine levels (Hardy
gt ale 1959). This nercotic ection, however, spplies to all
short chain fatty scide, in fact apetic acid is less potent
than propionic or butyrie acids in this respect. The rate
of diseppearance of injeoted acetate fran the circulation,
as measured by the half-time indicated that acetate remsined
in the circulation for a lenger time than the other aclds,
and may therefore have had a greater depressant action on the
ceniral nervous system than propionate or butyrate. The
reascn for the different =ffects of the short chain fatty
acids on catecholemine production, therefore, remains obscure.
The difference may lie in their site of metsbolism; proplonate
and butyrate are metabolized mainly by the liver, and acetate
by the extrabepetic tissues (leng & Armisom, 1963). The liver
is the main site of adrenaline degradation, and the procgess,
o-methylation, requires a supply of adenceine triphosphate
(ATP) (Amelrod, 1959). Under conditions of proplomate and
possidly tutyrate administration, a supply of coenzyme A is
required far propionate and butyrate axidation the production
of which utilizes ATP (Lipman, 1945). There may, therefare,
be some competition for available ATP and propionate, and
poasibly butyrate metabolism msy be at the expense of



catecholamine degradation, hence the rise in plesma
catecholamine levels when propionate was administered.

The changes in blood glucose concentration moted when
lower fatty acids were injected intravenously have little
physiological significemce, The main purpose of these
experiments was to demonstrate the part played by the
sympatho-adrenal system. However, the changes in blood
glucose are of interest, especially in respect of those found
by other workers., Johnson (1955) cbserved inoreases in
blood glucose levels af'ter intravenous sodium acetate infusion,
but Jarrett gt al. (1952) obmerved no changes in the levels
of total reducing suger following single intravenous injeotions.
EKronfeld (1957) found an increase in blood glucose concentration
following sodium acetate infusion, associated with a contraction
in the carotid Jugular differences, Other workers have
eduinistered acetate by introruminel infusion, but since some
of the acetate is metebolised by the epithelium of the rumen
(Pennington, 1952) the results are not comparsble, lHowever,
intraruminal infusions of acetate invariably cause a fall in
blood sugar in goats (Johnson, 19553 Schults & Smith, 1951)
and sheep (Clark & Malan, 1956; Amstrong & Blaxter, 1957),
and this fall is usually attributed to the demand for
oxidation products of sugar required for the metabolism of
acetate (Amstrong & Blaxter, 1957). The changes in blood
glucose following sodium acetate administration as reccrded
in Chapter III of this work are difficult to explain, since



acetate had no sympatho-adrenal stimulating action, There
are two possible explamations of the mechanisms involved.
Proplonate metabolism is stimulated by acetate omly in
starved sheep (Pritchard & Tove, 1960) and not in fed sheep
(Leng & Annison, 1963). This stimalation of propionate
metebolism could result in a net glucose gynthesis and a
rise in blood glucose levels,and it is interesting to mote
that hyperglycaemia following acetate aduinistration was
found in animals showing low VFA levels, that is, those with
a greater degree of starvation, There is, however, an
exception to this (Animal 74,39, Table 22),

The blood glucose levels of ruminents are relatively
stable when compared with those of non-ruminants; they show
no post-prandial hyperglyceemia or a hypoglycaemia after a
fast of 24 hr, On account of this, blood gluccee levels
from animals accustomed to the experimental procedure may be
sald to reflect the endoorine balance of the animal in
respect of carbohydrate metabolism more closely than in non-
runinants. The levels may, in fact, reflect the state of
adrenocortical metabolism, high blood glucose levels reflecting
e high rate of glucocorticoid secretion, With cne exception
(Animal 73,32, Table 22), the change in blood glucose lewvel
following acetate administration vas related to the initial
blood glucose concentration, animals with low initial blood
glucose levels showing a hyperglyceemia and those with high
initial levels showing a hypoglycaemia, This one animal did
show fairly high catecholamine levels and thus had rather high
blood glucose levels (88,6 mg/100 ml,)s In a subsequent ex-
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periment (Teble 36), the initial blood glucose level was
5902 mg/100 ml, lLowering the bleod glucose values hy this
amount (approximately 30 mg/100 ml,) would bring the cbserved
blood glucose response more into line with the other results.
Thus the blood glucose response to intravenous acetate
adeinigtration may be dependent on the state of adreno-
cortical activity, GSince acetate cannot give rise to a net
glucose synthesis if metabolised in the Krebs cycle (7einmen
&t al. 1957) then some other mechanism must be involved,
In the present experiments as discussed later, evidence is
produged that insulin promotes the utilization of acetate.
Jarrett & Fotter (1957) showed that acetate removal was
prolonged in diabetic ketotic sheep amd the effect on
propionate and butyrate removal was less marked, Also
prior administration of glucose facilitates the removal from
the circulation of injected acetate (Jarrett & Filsell, 1961),
Therefore insulin, or glucose may erhance the utilization of
acetate. ith the sudden administration of acetate into the
circulation there may be an uptake of insulin from the
circulation, This fall in plasua insulin would depress the
uptake of glucose from the circulation and lead to a rise in
blood glucose concentration, The andmals having high blood
glucose levels are also resistant to the effects of insulin
80 little effeot would be noticed in them,

Propionate given intravemcusly to both goats (Johmsom,
1955) and sheep (Jarrett gt al. 1952; Reid & Mills, 1961)
and by intraruminel infusiom to goats (Johnson, 1955; Schmlts
& Smith, 1951) end sheep (Clarke * Malan, 19563 Amstrong &
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Blaxter, 1957) produces a marked hyperglycaemis, It will
also relieve insulin convulsions as effectively as glucose when
given intravenously (Fotter, 1952). In the experiments
reported in this work the degree of hyperglycaemia varied
end was imversely related to the initial blood glucose levels.
The lack of any hyperglycaemic effect of propionate at the
high initial blood glucose levels is difficult to explain,
especially in view of the raised plasma catecholamine levels,
The direct relationship between blood glucose levels and
half~times of injected propionate does suggest that in animals
with high blood glucose lovels there is some inhibition in
the uptake and, possidly, utilization of propionate. MHigh
blood glucose levels are also associated with diminished
glucose utilisation, and it would thus appear that propiomate
uptake or utilization is dependent on glucose uptake or
utilization. If the high blood glucose levels are associated
with high adrenal stercid production, then cme might expect
that the gluconeogenetic pathways would be facilitated, and
propionate administration under these cirocumstances would lead
to a large increese in blood glucose production, If the high
blood glucose levels are due to a diabetes of pancreatic origin,
rather than adrenccortical origin, then the wark of Jarrett
& Potter (1957) does to some extent support these findings, in
thet their pancreatectomised and alloxan disbetic sheep did
show a slower rate of removal of injected propiomate and a
more dliminis hed hyperglycaemic response than control animals,
Since a sympatho-adrenal response to butyrate

administration could not be conclusively demonstrated, them



some other explanation mast be found for the hyperglycaemic
sotion that butyrate adninistration cocasiomally produces
and also for its ability to relieve insulin convulsions, which
Potter (1952) has demonstrated. Jarvett gt al. (1952)
reported a rise in blood sugar but Johnson (1955) recorded
a variable response following single intravencus injections
of sodium butyrate, Kromfeld (1956) found that the effect
of butyrate depended an the initial blood glucose level,
lower levels resulting in en elovation end higher levels
resulting in a fall in blood glucose, FHe administered
butyrate by infusion, snd concluded that a plethora of body
glucose inhibited 'gluconsogenesis from butyrate’, Ths
results presented here, although on fewer snimals, in fact
show the reverse effeot when butymte is given by single
injection. Using isotopes, Black gt al. (1961) in cattle
and Annison gt al. (1963) in sheep have shown that
gluconeogenesis from butyrate is minime]l end probsbly does not
occur at all, Butyrate can inhibit the uptake of glucose
by mscle (Randle gt al. 1962) which would tend to result in
elevated blood glucose levels, FHowever, an important proiuct
of butyrate metabolism, f-hydroxybutric acid (Axmison gt al.
1963) is known to cause en increased secretiom of insulin
(Brahmachari & Reghupathy Saxma, 1961) which would tend to
lower blood glucose levels. f-hydroxybutyrate also inhibits
the uptake of glucose by mscle (Remdle gt gl. 1963). The
blood glucose response to intravenous butyrate administration
would therefore be the net result of these various effects,
In enimals resistant to the hypoglyceemic effects of insulin



the irhiditory action on glucose uptake of butyrate and
p=hydroxybutyrate would predomonate and a rise in dblood glucose
values result, and similarly in animels sensitive to the
hypoglycaemic action of insulin, butyrate administration
would result in a hypoglycaemia, This may explain the results
obtained here since animals showing high blood glucose levels
were markedly resistant to insulin adninistration and showed
rises in dlood glucose levels following butyrate administretion,
This mey also explain the hyperzlycaemic sction that butyrete
hes i1f adminiestered durdng insulin hypoglycesemda, Under
these conditions further releasse of insulin from the
pancreas woalld have no effect duc to the fact that the
tissues were ‘saturated’ with imsulin, The inhiditory actiom,
therefors, of tutyrate and R-hydroxybutyrete on membrane
tranaport would prevall causing a rise in blood glucose levels,
Such an effect ccourring during hypoglyceemic convulsions
would be boneficial to the animal,

Zgetate utilization

Since the dissppearance of injected acetate from the
circulation was exponential, it was possible to calculate the
acetate halfetime and use this as an index of rate of
utilization, The acetate half-times, thus calculated, are
similar to those found by Reid (1958) in sheep maintained on
a good quality diet, The inhibition of utilisation that
oocurred at the higher plasma VFA levels is contrary to his
findings since he showed that feeding, which results in
elevated plasma VFA levels increased the rate of utilisation



of injected acetate, In all the experiments reported in
this thesis the time of feeding relative to the time of
experiment was constant and so the posteprandial state should
have been camnon to all experiments, The correlatiom,
therefore, between plasma VFA levels and the half-time of
injected acetate would suggest that, in these experiments,
the plasua VFA levels found reflected the utilization of
acetate and not the prandial state of the animal, The
inhibition of acetate utilisation may have been due to an
inhibitory effect on liver oxidation of acetate that
propicnate and butyrate possess (Leng & Ammison, 1963).

If the higher VFA levels are due to absorbtiom of VFA from
the gut, then the amounts of propionate and butyrate absorbed
will be higher at the higher plasme VFA levels,

Glucose utilization

The increment index is the rate of clearance per
mimute from the circulation of injected glucose and is usually
expressed as a perocentage, It has been used in man to detect
diabetes, diabetic subjects having lower values then normal
subjects. The values for the inorement index of glucose
obtained in these experiments can be compered with those of
Reid (1958) who showed that in sheep diet and fasting cen
markedly influence the increment index, The values from
Bog taurug animals were similar to those for sheep kept om a
chaff diet supplemented with cracked maise, wherees the values
from Bos indicup were similar to those for sheep kept on a
poorer diet, He calculated increment indices from the data
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of other workers, and for cattle he obtained values of 0,7
(Goetsch gt al. 1956) and 3.0 (Bell & Jones, 1945) and much
higher figires from the data of Holmes (1951), whereas from
the results of other workers he calculated figures for man of
3.6, 3.7 and 3,7, ‘These last figures do not compare with
figures given by lundback (1962) who used the increment index
to diagnose diabetes in men, MHis meen value for 64 nom-
diabetic subjects was 1,72 and he set the lower limit for
non-diabetic subjects at 1,05, vhercas true diabetic subjects
had values of less than 0,95, Only ome animal in this series
had a value of less then 0,95, but the means for Bos tauyug
of 2,2b and for Bog indicus of 1.22 obtained in these
experiments suggest that cattle show a similar rate of remowal
of injected glucose to man, This is contrary to the findings
of Reid (1958) who from his own work and that of other workers
concluded that the rate of removel of injected glucose was

significantly lower in ruminants than in non-ruminents,

A comparison of the carbohydrate metabolism of Bos
indicus and Jog tauyup revesled that Bog indicus possessed
higher resting blood glucose levels, a lower sensitivity to
insulin, and a slower rate of clearance of injected glucose
than Bog taurup.

Ayyar & Nayar (1941) found mean blood glucose values
of 46 mg/100 ml, in cattle whereas in the work reported here
the mean for Bog indicus was 72.5 =2.23 (S.E.) mg/100 ml. and



for Bos taurus 64.0 =1,57 (S.E.) mg/100 ml, The difference
between these means was statistically sipgnificant, It is
not possible to obtain absolute blood gluccse values from the
data of Blincoe & Brody (1951), but there was no significent
difference between the two cattle types. Evans (1963)
reported mean blood glucose levels of 47.7h ~0¢85 (S.E.) mg/100 ml,
for Bog indicus (Brehmen) end 41,96 20,39 (S.E. )/gmﬁ.mlﬁm
(Hereford), The @ifference between the means was
statistically significant and supports the differences recorded
in this work although absolute values are muchlower. However,
from enother group of Bos taurus (Hereford) andmals he
cbtained a meen value of 46,22 20,54 (S.E.) wich vas' mot
significently differemt from the Bos indicus emimals, Reid
(1950a) found a mean of 39.1 =3.37 (S.E.) mg/100 ml. for sheep
in England and from his revicw of the literature on the normal
blood glucose values of ruminants and non-ruminants, the
figures reported here would lie in the lower range of non-ruminent
values, and upper range of ruminant values, particularly
cattle; such high levels are rarely found in sheep., The
reason for the high wvalues found here is not knowm, The
composition of the diet is imown to affect the carbohydrate
metaboliem of sheep (Reid, 1958), Diets produeing large
amounts of the carbohydrate precursor, propionic acid, might
be expected to show a trend toward the non-ruminant state,
but the diet in these experiments was unlikely to produce
large amounts of propiomic acid,

Deoreased sensitivity to imsulin and high resting
blood glucose levels are seen in animals withlypersecretion



of growth hormome or adrenocortical steroids (Ue Bodo &
Altmler, 1958). The rate of fall of blood glucose
following insulin in untreated acromegalic man is relatively
slow when compared with normal control subjects (Fraser

gt al. 1962), In the experiments recorded in this thesis
however, the rate of fall in the two species of animal was
almoat identioal, This would suggest that adrensl hyper-
activity is responsible for the features of carbohydrate
metabolisn that Bop indicus exhibits,  Again, glucose
tolerance is either not affected by, or is enharced by
growth hommone (De Bodo & Altmaler, 1958) whereas, in the
work reported here Pog indicus type animals had significantly
greater glucose half-times then Bog touyus. The question
of a diminished glucose tolerance in response to adrenal
corticold hormones is scmevhat controversial (De Bodo &
Altmler, 1958), Howewver, the only studies that have been
performed on ruminents are those of Bassett (1963) who showed
that in sheep there was a definite decresse in glucose
tolerance after cortiscl acetate administration, He further
demonstrated a relationship between glucose half-times and
blood glucose levels. Such a relationship was found in this
work, which suggests that the high blood glucose levels of
Bog indigug type enimals are e result of diminished glucose
utilisation, TCifferences in the carbohydrate metabolism of
the two spacies, therefore, appear to be attributable to
differences in adrenal corticoid production or metadolism,
Further evidence in support of this is the significantly lower
plasna potessium levels found in Bos ipdious. Adrenal



corticoids are knomn to depress plasma potassium levels
(Fenn, 1940a), Feasons for these differences might be due
to a true species or, in this oase, sube-species difference,
or the two types may be basically similar and the adrenal
hyperectivity sdght be related to some other faotor, In
this work the management of all the animals was identieal,
Howewver, Bos indicus and Bog tgumus do 4iffer in their
response % their ewiromment, the former dbeing more heat-
tolerant than the latter (Findlay, 1950). Similarly, their
thermoneutral zomes are differont, Kibler & Brody (1950)
estimated, roughly, that the thormoneutyal zone of Bos indicus
lies between 50° and 80°F, amd that of Bog tsurus between
40° and 60%, These figures have not been confirmed
completely but Blaxter & Yaimman (1961) in cevefully controlled
experiments on two Bog taurus steers obtained figures of
10° and 4.6, for the criticel temperature, The upper
end of the thermoeutral sone is more difficult to determine
but the estimate of Kibler & Brody (1950) for Bos taurus may
be a little low. xamimation of the date of Beakley &
Findlay (1955) shows that the onset of thermal polynnoes
cocurs between 60° and 68%, and similarly the onset of
sweating cccurs betwean these temperatures (Molean, 1963).
Meteorologicel data taken from the ‘mmal Heport of the
East Africen Agriculture and Forestry Remearch Organisstiom
for 1960 shows the envirommental ccndltions underwhich these
these exporiments were performed, The data presented below
are taken from thet report,



Monthly means of dally values Relative

Yonth humddd ty
Max, (°F) | Min, (°P) | Meen (°F) ()
Jamuary 72,0 520‘ 62,3 3 |
February 7The8 52,7 63.8 L0
March 72.3 5440 63.1 S
April 69.5 Shels 62,0 67
Vay 68.3 51.6 60,0 63
June 67.7 48,9 5843 =
July 66,2 47.0 56.6 58
August 673.0 goi gg.: g;

September ol . .

October 71.8 510’ ao, AB
Novenber 70.7 52.9 61,8 53
Decenber 72.1 53.0 62,5 &9

It can be seen that in ) months of the year, June to
September, the ambient temperatures fell below the critical
temperature of Bog indious, and that from September to March
the ambient temperature approached the upper part of the
thermoneutral zone of Bog tauruge This table gives no idea
of the length of time for which these temperatures were
maintained, The animels of Bog teuyus type were never seen
to be heat stressed although they did seek the shade during
the day. Animals of Bog indicus type were frequently seen
to be shivering especially just after dawn., It would
appear, therefore, that Eos indicus wes ‘cold-stressed’
relative to Bog taurus or that Bog tamrug was ‘heat stressed’
relative to Bog indicus., It is difficult to determine if
Bos indicus was cold-stressed for eny lemgth of time, but
the observation of shivering, especially during the winter
months, would suggest that this was so, The fact that
QMMMWMIMQ)‘%“
within the normel renge desoribed for cattle suggests that
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Bos indicug wes the type that was 'stressed'. Blincoe &
Brody (1951) simulated, to some extent, the conditioms
described here, They kept animals of both types at various
ambient temperatures for several weeks, [xamination of their
results does not reveal any rise in blood glucose or fall in
plasma potassium levels with decreasing smbient temperatures.
Their conditions allowed for acclimatization whereas under
the conditions in East Africa ‘cold-stress' was sporadic and
for short periods of time and complete eacclimatisation would
be difficult, Advenocortical activity is sensitive to
embient temperature; MacFarlane & Hobinson (1957) have
demonstrated a decrease in the exeretion of l7-ketosteroids
and 17=-ketogenic stercids with increasing ambient temperature,.
In man there seems to be a difference in 17-ketosteroid
excretion between the different ethnic groups; Negro
(Barnicot & Wolffson, 1952), Indien (Priedman, 1954) end
Malay (lugg & Bowness, 1954) all have a lower 17-ketosteroid
excretion than Buropean races. This seems to be a true
species or tyre difference since Barmicot & Volffson (1952)
oould find no change in the 17=ketosteroid excretion of a
Rigerian who came to live in CGreat Britain, a situation which
might,to some extent,parallel the circumstances descoribed here,
If the findings reported in ‘his thesis reflect
adrenoccortical activity, then whether they are a true species
difference or caused by different responses of the two types
of cattle to the same enviromment remeins an open questiom.
is noted earlier, other workers did mot find significant
differences in the blood gluccee levels of the two types.
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Similarly, the plasma potassium levelsof Bos indicus end Bog
teugus reported by other workers show no significant difference
between the types, This would suggest that the differences
observed in this thesis do in fact represent differerces in
edrenocortical sctivity and are not merely a species
difference, since it should have been noted by the other
workers.

Evans (1963) recorded velues of 3,80 =0,18 (S.E.)
and 3,72 20,10 (S.E.) m.equiv/1, for the plasma potassium
levels of Bog indicus (Brahwen) and Bos tamgus (Fereford)
réspectively, DBlincoe & Brody (1951) quoted levels of
4486 and 4.78 m.equiv/l, for Bos indicus and Bop tamrus
respectively. The values recorded in the present work
are intermediate between these figures. Fisher (1960)
reviewed the literature on the plasma potassium levels of the
ox, and they appear to vary between 4,0 and 5,0 m.equiv/1,
Thus the values for Bos taurug recorded in this thesis lie
within the normal renge whilst those for Bog indicus are

somewhat lower than this, but similar to levels reported by

Insulin produced falls in plasma potassium slightly
greater than those recorded for man. Harris et al. (1938)
reported falls of 11 to 35 whereas in the work reported here
falls of 13.8 to 43.17 with a mean of 29,27 were found,
Setchell & McClymont (1955) reported falls of 28 to 537 in
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sheep, The cause of this fall is still in doubt, Kestens
et al. (1963) have shown that potassium is taken up by the
liver in rvesponse to insulin, Andres gt al. (1962) have
shown that insulin promotes the transfer of potassium from
plasma to the muscles of the forearm in man. This confirms
the finding that in vitro insulin promotes the uptake of
potassium by muscle (Zierler, 1959). In the experiments of
Andres gt al. (1962) very small doses of insulin were given
intreeerterially (0.2 wmits), Orob gt al. (1957)
adninistered 20 units of insulin intra~arterially end obtained
evidence of en incressed loss of potassium from the foream
mgcle of man. Farber gt al, (1951) reported similer findings
and also produced evidence that the liver was primarily
responsible for the fall in plasme potassium following insulin
adninistration, The experiments recorded in this thesis
would tend to confirm the latter authors® findings, although
the work of Andres gt gl. (1962) is aifficult to refute since
by simultencously measuring blood flow they were able to
measure the actual uptake of potassium by the muscles, whereas

arterio-venous measurenents only sugpgest that sm uptake or
loss has ocourved,

The lack of change of exythrogqyte potassium levels in
face of falling plasma levels confimms the findings of Kerr
(2928) in dogs.

The fall in plasma potassium levels following glucose
administration was first deseribed by Flook gt gl. (1938)
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in dogs. They obtained falls of from 13 to 257 cocurring
during en infusion lasting 5 hre In these present
experiments falls renged from 6.8 to 17,17 with a mean of
11,47 following a single injection of glucose, This fall,
therefore, is of a similar order to those found in the dog,
bearing in mind the differences in method of administration.

The arteriovencus studies with glucose were equivocal
end did nothing to clarify previous vork in man, Grob
gt al. (1957) provided evidence of an uptake of potassium by
mscle vhercas Farber gt al, (1951) demonstrated an increased
loss of potasaium following oral glucose adninistration.
In yitro potessium is takea up by muscle elong with glucose
(Fenn, 1940b). Assuming thet ig vivo glucose has this
effect, then secretion of endogenocus insulin, which poesibly
has the opposite effect would mask it, In one experiment
there was an immediate positive arteriovencus difference
which may have been produced by glucose alone since secretion
of endogencus insulin doecs not occur until ten minutes af'ter
the intrevencus injection of glucose (Carcia-Fernandes &
Candela, 1963)e

Although it has been postulated that potassium metabolism
end carbohydrate metsbolism are related (Femn, 1940b), plasma
Mlmhmiﬂwmdhmfntmnmtgm
such a relationship is difficult to demonstrate. However,
the work of Andres gt sl. (1962) has shown that glucose uptake
and potassium upteke by muscle are independent of each other,
This tends to be borne out in the experiments reperted here
in vhich chenges in plasma potassium and blood glucose levels



were not related ir time,

lo conclusions can be drawn fyrom the effects of
adrenaline and noredrensline on plasma potassium arterio-
venous differences. Crob gt al. (1957) were unsble to
differentiate an effect due to blood flow changes from omne
due to uptake of potassium, since adrenaline injection
(0.1 mg) converted negative arteriovenocus differences inte
positive ones,

These studies show that the plasma potassium changes

following insulin or glucose administration are eimilar to
those observed in non-ruminants, The fact that ruminents
have relatively low normal blood glucose levels and a high
dietary intake of potassium has little apparent effect on
their responses to these treatments,

The hypokalaemic effect of intravenous fatty acid
adninistration has not been described previcusly., It is
kmovn that organic acids when administered will csuse a fall
in plesma potassium, but this is due to the resultant changes
in the carbon dioxide tension of the blood (Simmons, 1962).

It is unlikely that in these exreriments there were any changee
in carbon dioxide tension since the injected solutions had
been adjusted to pif 7.4 The sodium ion produces no changes
since injection of sodium chloride in similar proportions hes
no effect on plasma potassium,



The volume in vhich the injected fatty acids were
distributed was greater than the extrecellular fluid
volume of cattle (Mix et al. 1959), which suggests that there
was an uptake of the fatty acid by the tissues, It is
unlikely that either sodium would move in or chloride move
out in exchange for the fatty acid radical as the cell membrane
is only slightly permesble to sodium or chloride ions
(Cormay, 1957). Potassium is freely permesble, and it is
suggested that the fatty acid radical enters the cell with
potassium ions, thereby cmsing a lowering of the plasma
potassium levels, Fxamination of the data shows that
potassium levels usually started to return to their initial
level after plasma VFA had been cleared from the cireculation,
exoept in the proplonate experiments where elevated blood
glucose levels could conceivably have kept the plasma
potassium levels depressed,

The depressant effect of insulin or glucose on plasma
VFA levels has not previcusly been described, NeClymont
(1951b) in his studies on hyperinsulinism in cattle took
blood samples every 2 hr and would therefore have missed this
effect, The falls in plasma VFA produced by insulin and
glucose arxe statistically indistinguishable from each other
and the mechanism may therefore be similar, Both treatments
result in enhanced glucose utilisation and the effect may be
secondary to this, lHowever, glucose will cause reflex
release of insulin from the pancreas and the depression of
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plasma VFA levels ma; be due to insulin per ge. There seeums
some doubt, however, as to the time of release of insulin
from the pancreas following intravenocus gluccse adeinistration,
Gercia-Fernandes gt al. (1963) were sble to show a significant
increase in plaswa insulin activity only 10 min after
intravencus glucose administration, In the present experiments
the depression of plasma VFA levels was apparent after 5 min,
This would suggest that the fall in plasma VFPA levels was a
result of the enhanced glucose utilization eand not a direct
effect of insulin,

Differences in the plasua VFA levels of the commom
carotid artery and the external jugular vein will only reflect
changes in uptake by the tissues of the head since almost all
the blood draining the tissues of the head is carried by the
external jugular vein end in these expuriments the internal
Jugnlar vein had been ligated at the time of exteriorisation
of the carotid artery. The extemmal jugular vein drains
chiefly muscle tissue, skin and brain, and most of the
difference between the concentration of VFA in the plasma of
the carotid artery and external jugular vein is a reflection
of the assimilation of VFA by these tissues, However, the brain
of sheep and probebly other species does not metebolisze plasma
VPA (MeClymont & Setchell, 1956), and so the main tissues
concerned are muscle, skin and possibly fat, FReid (1950b)
using sheep and McClymont (1951b) with cattle have shown that
the uptake of plasme VFA is proportional to the arterial
concentration of VFA, a fact verified in this work, Any
enhancement of upteke by the tissues of the head would affect
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this relationship, that is, for a given arterial level the
A=V difference would increase, and the slope of the regression
relating A=V plasma VFA differences to arterial plasma VFA levels
would increase, Similarly any inhibition of uptake would
produce opposite effects, The results suggest that following
insulin or glucose administration there is no change in the
slope of this regression; the fall ccours primarily in the
arterisl levels and the uptake by the tissves remains in
proportion to these levels, The change in plasme VFA levels
therefore is not due to en enhancement of uptake by the tissues
of the head but met ocour clsewhere, c.g. the liver, heart,
or kidney, There are three possibilitics: (1) that there
is an inoreased uptake, possibly in the liver, (2) that there
is a diminished release of endogencus acetate, or (3) that
there is a decrease in VFA absorption frum the gut,

Since acetate is the main component of plasma VFA in
the ox (McClymont, 195la), the fall in plasua VFA would
almoet certainly involve a fall in acetate, Jarrett &
Filsell (1961) have shown that acetate tolerance is increased
by prior administration of glucose, which suggests that glucose,
or the reflex liberation of insulin produced by glucose,
enhances the uptake of administered acetate, Blooh & Kramer
(1948) reported that insulin stimulated the incorporation of
acetate into fatty acids in liver slices in vitro, but this
has not been demonstrated in vive, Amnison & Lindsay (1961)
reported that insulin causes a decrease in endogenous acetate
entry, end Annison & White (1962) reported a reduced entry of
endogencus acetate along with raised concentration of blood



gluocosse in starved sheep, These workers suggest that free
fatty acids (FFA) are the major source of endogencus aocetate,
and the inhibition of endogencua acetate entry reflects the
fall in plasma FFA levels produced by insulin and glucose
(Armisom, 1960). In support of this they show that the
inhibitory effects of insulin and glucose are most marked
during starvation when plasma FT'A levels are high,s This
contrasts with the experiments desoribed here in which the
fall in plasma VFA weas shown to be proportional to the
initial plasma VFA level, that is, it was most marked vhen
plasma VFA levels were high, as occurs following feeding.
There remains the possibility that VFA absorption
is inhibited, 111 (1954) has shosn that insulin ivhibits
ruminal movements but it has not been shown that iphibition
of ruminal movements ia associated with a decrease in VFA
absorption, It is of interest to note that falls in plasma
FFPA levels produced by glucose and insulin are due to
changes in FFA produotion and not to changes in uptake since
under all conditions the relationship between plasma FFA

concentration and turnover remains the same (Armstrong gt al.
1961).

The doses of adrenaline and noradrenaline infused were
within physiological limits, Silver (1960) reported that
adrenaline production in the ox during splanchmic nerve
stimulation varies from 0,30 to 0,67 .g/kg/min and noradrenaline



production from 0,39 to 0,61 1g/kg/min during the 2nd to
30th week of life,

Adyenaline and noradremaline infusions caused a marked
contraction of the arteriovenocus plasma VFA differences and
the slope of the adrenaline regression wes diminished,
Large alterations in blood flow might bring sbout these effeots.
Muscle is probably the most active tissue with respect to
VFA metabolism in the head, end large changes in muscle blood
flow could lend to alterations in muscle VFA uptake.
Adrenaline increases muscle blood flow on account of its
vasodilator sotion (Skimmer & ¥helsn, 1962), and noradrenaline
constricts mscle blood vessels, thereby cansing a fall in
mscle blood flow (Barcroft & Konsett, 1949). This fact
would suggest that blood flow in itself has little effect
on the upteake of VFA hy mscle, since in both instences the
effect offi mwscle VFA uptake, as sssessed by erteriovencus
plasma VFA differences, was ualitatively similar, If the
changes in muscls blood flow produced by these amines also
ocour in cattle, then one might postulate that adrenaline and
noradrenaline themaelves inhibit imscle uptake of plasma VFA,
If this were the only action of adrenaline end noradrenaline
then adninistration of these amines would result in a rise
in plasma VFA concentration, Since a fall in plasme VFA
occurred there must have been an irhibition of release or
active uptake of plasma VFA by some other tissues,

There is also the possibility thet the effeot of
adrenaline ic to inhibit the uptake of VFA meteabolically,
vhilet the inhibition produced by roradvensline is secondaxry



to the vascoconstriction,

Experiments with isclated perfused linbas at varying
rates of perfusiom would be useful in examining the effeots
of blood flovw per ge on VFA uptake, and could also ba used

to examine the possibility of an active inhibition by these
aminen,



(1) An examination of biclogical and fluorimetric methods
for the determination of the levels of adrenaline and
noradrenaline in bovine peripheral plasma revealed that the
fluorimetric ethylenediamine condensation method of Veil=-
Malherbe & Bome (1952) was satisfactory and would detect
gross changes in the peripheral plasma levels of these amines.

(2) Intravenous insulin was aduinistered to cattle in
doses varying from O.1 to 7.5 umite/kg body weight. The
resulting degree of hypoglycaemia at doses of 1 unit/kg
and above was independent of dosage, but the duration of
hypoglyceemia was related to the dosage, Blood glucose
levels 30 min after intravenmous insulin administration were
identical within the same animel and tended to remain at this
level for several hours, Clinical signs of hypoglyceemia
were not produced,

(3) When blood glucose levels fell below a critical level
following intravencus administration of insulin, the plasma
levels of ciroulating adrenaline and noradremaline were
elevated and remained elevated until blood glucose levels had
approached their initial lewel, The inorease was mainly in
the adrenaline levels, especially during prolonged hypoglyceemia.
Figh doses of insulin produced transient incresses in nora-
drenaline levels 10 min after administration, without marked
hypoglycaeniae

(») /n increase in plasma noradrenaline levels during
insulin hypoglycsemia had not been described defore, and its



1,

physioclogicel significance was examined by determining the
relative hyperglycaemic potencies of adrenaline and nora-
drenaline. The hyperglyceemic adrenalinejnoradrenaline
ratios showed a mean of 3,31 with a range of 0,79 to 6.58.
This is lower than ratios that have been determined in other
species, and it was concluded that the increase in
noradrenaline that occcurs in cattle during insulin-induced

hypoglycaemia is of some physiological significance.

(5) Intravenous adninistration of sodium acetate produced

(6)

vericus changes in blood glucose levels depending an the
initial blood glucose level but always depressed circulating
plasma adrenaline levels, Intravencus adwinistration of
sodium propionate produced marked changes in blood glucose
and elevated plasma adrenaline and noradrenaline levels,
particularly the former, Intravenous administration of
sodium butyrate produced only slight rises in blood glucose
followed by marked fells, The changes in blood glucose
produced by sodium butyrate were related to the initial blood
glucose levels,

It was concluded that with the possible exception of
sodium propionate, the sympatho-adrenal system plays little
part in producing the changes in blood glucose that result
from intravencus injections of the sodium salts of the lower
fatty acids,

The rate of disappearsnce of intravenously administered
sodium acetate was related to the initial plasma VFA level

and that of sodium propionate was related to the initial



blood glucose levels,

7 Intravenous glucose administration depressed plasma
adrenaline and noradrenaline levels especially thu former,

(8) Insulin or glucose produced a fall in plasma VFA
levels, the reduction ocourring within 30 min after
administration, The degree of fall was related to the
initial level of plasue VFA, and the effects produced by
insulin or glucose were cuantitatively indistinguishable,
Simal tanecus measurements of carotid and jugular plasme VFA
levels during insulin or glucose administration revealed
that the fall noted was not due to enhancement of uptake hy
the tissues of the head, the fall occourred primarily in the
carotid plamma VFA levels.

(9) Siml tanecus measurements of VFA levels in carotid
end jugnlar plasma during adrenmaline or noradrenaline infusions
revealed gross changes in the relationship between arterial
levels and arteriovencus differences of plasma VFA,

(20) Intravenous insulin or glucose administration
depressed plasma potassium levels in a manney quantitatively
similer to changes described in non~ruminant species, and it
was concluded that although ruminents ingest relatively
large amounts of potassium when compared with non-ruminants,
this has little effect on their carbohydrate potassium
interrelationships. Measurement of carotid and jugular

plasna potassium did not suggest a possible site of action
for this effect,



(1) Intravenous administration of the sodium salts of

acetic, propionic or butyric acids produced a fall in plasma
potessium levels,

(12) A compaxrison of certain aspects of the carbohydrate
metabolism of Bos indicus and Bos temyus revealed that
Bos indicug possessed higher resting blood glucose levels,
a lower sensitivity to insulin, and a greater glucose half=
time then Hop tawrus. Jos indicug aleo had lower plasma

potassium levels then Bos feurus. It was condluded that
these findings reflect differences in the levels of

adrenocortical ectivity in the two species, which may be
related to their heat tolerance,
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