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SUMMARY

From a consideration of past work on acute

intermittent porphyria, it appeared that the

‘porphyrin precursor most likely to be involved

in the production of the clinical manifestations

of the disease was §-aminolaevulinic acid (ALA).
A series of experimental investigations on

ALA was carried out on both human and animal

systems. The main findings were as follows:-

a) The blood ALA concentrations of a number

of porphyrics in remission, were significantly
higher than the concentrations in normal subjects.
In one porphyric subject ALA was detected in the
cerebro-spinal fluid.

b) Rats which were made experimentally porphyric
by increasing ALA synthetése ac?ivity by treatment
with ally-isopropyl-acetamide; were significantly
more susceptible than untreated rats to convulsions
induced chemically by isonicotinyl hydrazide.

Rats pretreated with ALA however, did not show this
increased susceptibility to induced convulsions.

¢) ALA was found to be capable of passing the
blood-brain barrier at blood concentrations known
to occur in acute porphyria. Acute ethancl intoxi-
cation inhibited this process. ALA was capable of
remaining unchanged in the brain tissue against a

brain-blood concentration gradient, for up to three

days.




a) ATA produced behavioural changes when
administered to experimental animals. In mice
a single dose of ALA given intraperitoneally,
caused an initial significant depression in-
spontaneous activity, which was soon followed
by a significant increase in spontaneous activity,
which lasted for at least ninety minutes after ALA
administration. Mice chronically pretreated with
ethanol demonstrated a similar pattern of response
b ALA. s
Rats chronically pretreated with ALA, showed
signs of severe behavioural disturbance. Spon-
taneous activity and all parameters measuring
inquisitiveness were severely depressed. With-
drawal and righting reflexes were, however, normal.
e) The substance 2,4 dimethyl-3-ethylpyrrole,
which is commonly found in schizophrenics and which
may be formed by a reaction involving ALA, was
found to be present in the urine of subjects with
porphyria, but not in the urine of normal subjects.
None of these porphyric subjects showed signs of
mental abnormality.
f) At blood concentrations knmown to occur in
acute porphyria, ALA was found to be capable of
vpenetration into the following tissues:- heart,
brain, liver, kidney, spleen, ileum and mesenteric

fat.




AlLlle

g) In the anaesthetised and pithed rat
preparations, ALA was found to cause a fall in
blood pressure. It was considered unlikely;
on the basis of supportive evidence from experi-
ments, that ALA did this by acting centrally,
neurally on cardiac muscle on adrenergic or
cholinergic receptors, or by histamine release.
The action thought most likely to account for
this fall was a histamine like action on the
capillaries.
h) On the isolated perfused rabbit ear artery,
ATA produced no statistically significant changes
in the response of the preparation to injected |
noradrenaline or to periarterial sympathetic
nerve stimulation.
i) Using the isolated guinea pig ileum, .it was
found that ALA had no statistically'significant
effect on the response of the muscle to'injected
acetylcholine or histamine, or to electrical field
stimulation.
§) ALA was found to be capable of inhibition of
the total ATPase fraction of tﬁe guihea pig ileum.
It did not, however, as might be expected on this
basis, significantly increase the neural output
of acetylcholine from muscle strips of ileum.

The significanc;.;g.;ﬁgéé.Eiédings-is discussed
with pafticular emphasis on the possibility that ALA
may play a role in the production of the clinical

manifestations of acute intermittent porphyria.




SECTION T

GENERAL INTRODUCTION




Background

The word 'porphyria' literally means ‘purple
urine'. The porphyrias are a group of hereditary
metabolic disorders of haem and porphyrin bio-
synthesis which often result in the excessive
passage of the porphyrins and their precursors
in the urine, hence the derivation of the term.

They are classical examples of those diseases
generally termed 'inborn errors of metabolism'.
"'The first allusion to porphyrins was made
by Scherer in 1841 and the first classification
of the porphyrias in terms of diseases of porphyrin
metabolism was made by Gunther in twé papers pub-
lished in 1911 and 1922. Sipce this time research
into these diseases has been extensive; for although
they themselves are comparatively rare (about 1.5
cases per 100,000 for Acute Intermittent Porphyria)
they have many aspects in common with other diseases
such as lead poisoning, and hence they are of general
interest. Our knowledge of all aspects of the
porphyrias has progressively increased in concert
with the gradual refinements of research techniques,
and continues to do so.

The primary lesion of the porphyrias is con-
sidered to be one concerning haem and porphyrin
metabolism. Thus as an initial approach to a
study of these diseases the haem biosynthetic path-
way will be described.
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Haem Biosynthesis. (FIGURE 1)

As a result of work both on mammalian and non-
mammalian systems, the general mechanisms of haem
biosynthesis are now well established. The first
recognisable units of haem are glycine, which is
readily available in the cell, and succinyl CoA,
which comes from the Kreb's cycle. These are con-
densed to form the pathway's primary precursor

d-aminolaevulinic acid (ALA). This condensation

- reaction, which occurs in the mitochondria, is

catalysed by the enzyme ALA synthetase; the reaction
requires as cofactors pyridoxal phosphate (Schulman
and Richert, 1956) and ferrous iron (Brown, 1958).
The production of ALA is by way of a transient
intermediated-amino-p-keto-adipi'c acid, which,
being very labile, rapidly decarboxylates to give
ALA. ~

ALA synthetase is considered to be the rate
limiting enzyme of the pathway (Lascelles, 1964;
Levere and Granick, 1965) and is thus critically
important in determining the rate of haem synthesis.
There is evidence that haem regulates the activity
of synthetase both by feed~back inhibition (Burnham
and Lascells, 1963; Scholnick et al, 1969) and by
repression of its synthesis (Hayashi et al, 1968;°
Marver, 1969; Sassa and Granick,ll970)1,




The next step of the sequence takes place in
the cytoplasm, and consists of the condensation of
2 molecules of ALA and, with the elimination of
water, the formation of the monopyrrole porphobi-
linogen (PBG). It is from PBG that the tetra-
pyrrolic porphyrins are subsequently synthesised.

Still in the cytoplasm, 4 molecules of PBG,
in the presence of PBG deaminase and uroporphy-
rinogen I synthetase, undergo transformation to
an unidentified intermediate which can result in
the production of uroporphyrinogen I, but is nor-
mally converted to uroporphyrinogen III. The
series II1I porphyrins are the ones most commonly
found in nature.

Uroporphyrinogen III is then decarboxylated,
in the presence of uroporphyrinogen decarboxylase,
to form coproporphyrinogen III. Once again within
the mitochondrian, this is oxidised and decarboxy-
lated, in the presence of coproporphyrinogen oxidase,
to form protoporphyrin IX. Finally ferrous iron
is introduced into protoporphyrin IX by haem synthe-

tase (ferro=chelatase) to form haem.
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In this figure, each of the hepatic porphyrias
is classifiea in terms of the porphyrins and
their precursors, which are excreted auring the acute phase.



The Porphyrias

The porphyrias have been classified by Schmid
et al, (1954) into two types: the erythropoietic
and the hepatic porphyrias. In any of these the
disturbed porphyrin metabolism may lead to over-
prbduction and excretion of the porphyrins and |
their precursors. In the erythropoietic por-
phyrias, the site of this disturbed metabolism is
the bone marrow and in the hepatic porphyrias it
is the liver. - A useful classification of the
different types of porphyrias is given inFigure (2).

As this thesis is mainly concerned with acute
intermittent porphyria (AIP) this will be dis-
cussed in some detail. As the other porphyrias
have certain similarities, however, they will be
briefly described individually before congideration
of AIP.

The Erythropoietic Porphyrias

Congenital (Erythropoietic) Porphyria:

Although not proven, it is thought that this
disease may be transmitted by a Mendelian reces-
sive character. The most important manifestation
is skin photosensitivity, exposure of the skin to
sunlight often causing severe mutilations. Because
of the large porphyrin content, the bones and

teeth are often coloured a reddish-brown, and




in most cases there is splenic enlargement which
may be associated with haemolytic anaemia and in
some cases thrombocytopenia. Kramer et al (1965)
suggested that the anaemia was due to ineffective
erythropoiesis and shortened red cell survival.
Large quantities of uroporphyrin I are ex-
creted in the urine and less in the stools.
Coproporphyrin I is excreted predominantly in the
stools. Uroporphyrin I, coproporphyrin I and

increased amounts 6f'pr6tbpofphyrin,'afe found in

circulating erythrocytes. Uroporphyrin, copro-
porphyrin and protoporphyrin can be detected in
the plasma. Taddeini and Watson (1968) have
indicated that there is induction of ALA synthe-
tase in the young red cells of the bone marrow,
in this disease, but the aetiology of the ‘disease

has yet to be defined.

Erythropoietic Protoporphyria.

This disease is transmitted genetically and
is the most common of the erythropoietic porphyrias.
Its main feature is photo-sens@tivity which mani-
fests itself as a burning sensation on exposure to
sunlight and which may have associated oedema. In
children there is sometimes a vesicular crusted
eruption on exposure to sunlight, but in adults

the oedema, erythaeria and sometimes urticaria,




appear to be the only acute changes.

The urine in this disease cbntains normal
amounts of porphyrin, the main biochemical feature
being excessive quantities of protoporphyrin in
the red cells, which may be accompanied by exces-
sive faecal excretion of coproporphyrin and proto-
porphyrin. A significant increase in ALA synthe-
tase activity has been demonstrated in this disease
Qdyagi, 2967).
Congénital Erythropoietic Coproporphyria.

This disease would appear to be very rare
only two cases, one being the mother of the original
patient, having been described. Again there is
skin photo-sensitivity. The -urine and stool con-
tain normal amounts of porphyrin, but the erythro-
cytes contain excessive coproporphyrin III. It
has been suggested that this disease is transmitted
by a Mendelian dominant character (Heilmeyer and
Clotten, 1964). |

The Hepatic Porphyrias

Porphyria Variegata.

This disease is inherited as Mendelian dominant
character. In attack the manifestations are simi-
lar to those of acute intermittent porphyria although,
unlike acute porphyria, in male patients light sen-

sitivity often occurs. Attacks are much more common




among the female population, who do not often,
however, develop photo-sensitivity. |

During acute states there is a high urinary
excretion of coproporphyrin, ALA and PBG. Ih
most cases of acute attack, and in remission,
faecal copro- and protoporphyrin is raised.
These findings, in particular, distinguish porphyria
variegata from acute porphyria. Dowdle et al
(1967) has demonstrated that hepatic ALA synthetase
is elevated in this disease. -

Cutaneous Hepatic Porphyrias.

This sub-group of the hepatic porphjrias may
result from different aetiological factors. Thus
they can be of a hereditary origin or arise from
hepatoxic processes such as over-indulgence in
alcohol or from hepato-toxic agents such as hexa-
chlorobenzene. In all thesé diseases excess
porphyrins, synthesised in the liver, pass via
the bile to be excretéd in the faeces. When
there is hepatic disfunction the porphyrins are
diverted into the systemic circulation and are
then mostly excreted in the urine. Again this
disease exhibits skin manifestation:- photo-
sensitivity, excessive fragility, hyper-pig-
mentation and hypertrichosis. Hereditary forms

in particular can show similarities to acute




porphyria, and again hepatic ALA synthetase
activity is elevated.

Hereditary Coproporphyria.

This is a relatively rare disease which may
remain symptomless. | If an attack occurs however,
it resembles acute porphyria although photosen-
sitivity can occur on occasion. Attack can be
provoked by certain drugs such as barbiturates.

In attack there is excessive urinary excretion of
'ATA and PBG. The characteristic biochemical
finding is the massive urinary and faecal excretion
of coproporphyrin III.

Experimental Porphyria

Experimental porphyria produced in animals by
means of drugs is the subject of recent reviews by
Goldberg (1968) and Tschudy & Bonkowsky (1972).

The essential feature of experimental porphyria is
the development of a disturbed porphyrin metabolism
similar to that occurring in the hepatic porphyrias.

Many drugs and metabolic products of a struc-
turally heterogeneous nature can produce distortion
of porphyrin biosynthesis similar to that found in
ATP, The principal of these are allylisopropy-
lacetamide (AIA) (Goldberg, 1953), dicarbethoxy-
dihydro-collidine, griseofulvin and hexachloro-
benzene. All these 'porphyrinogenic' drugs are
known to increase the activity of hepatic ALA

synthetase.




Although experimental porphyria emulates
closely the disturbed porphyrin metabolism of AIP,
the most common manifestations of the disease are
not seen in these animals. Thus in an extensive
study of experimentélly porphyrie rabbits,Goldberg
and Rimington (1954) indicated that the only visible
clinical findings were loss of appetite, weight
loss and constipation, with gaseous distention of
bowel loops in one animal.

" More reCéntly‘hbwéVer debWef éhd'RbdkA(1968)
have foﬁnd that rats pretreated with AIA show dis-
tinct neurological changes and they have suggested
that this may serve as a model syétem for acute
porphyria.

Acute Intermittent Porphyria

Acute intermittent porphyria is the most
important member of the porphyria diseases. It
is hereditary in nature, this fact being established
by Waldenstrom in 1937. It is inherited as a
Mendelian dominant character and is distinguishable
from the other porphyrias by the relative dominance
of gastro-intestinal and neurobsychiatric features
in the absences of skin photo-sensitivity. In
the acute and latent stages of the disease, and
often in remission, patients excrete excessive
quantities of urinary ALA and PBG (Haeger, 1958).
Although for an holistic appreciation of AIP




the diverse clinical and biochemical characteristics
it portrays must bé considered together; for the
sake of clarity it will be discussed below under
four headings:- a) Clinical Features; b) Biochemical
Features; c) Intermittency and Precipitation of
Attack and d) Possible Origin of Clinical Features.
a) Clinical Features. (Unless otherwise referred

to this account is based on the review of 50 patients
with AIP given by Goldberg and Rimington (1962).

'~ The main clinical signs and symptoms of AIP
are represenﬁed on Fig. 3. The most apparent
symptoms are of a gastro-intestinal nature.
Abdominal pain is very common; it is usually of

a short-lasting nature but can continue for several
hours or even days. It can be localised to one
part of the abdomen or may, occasionally, involve
the whole of the abdomen. The pain is very severe,
and is accompanied by abdominal tenderness; muscular
rigidity, however, is rare. Intestinal spasms,
alternating with atoma snd dilation, predominantly
in the upper tract have been observed at lapatotamy.
In association with this abdominal pain there is

28 high incidence of vomiting, which may be accom-
panied by constipation. Usually the vomiting
occurs after the onset of the abdominal pain.

- Diarrhoea has been known to be present as well as

vomiting.




SIGNS

‘Hypertension

Leucocytosis.

- Mild pyrexia.

. Proteinuria

_Retinal artery spasm

J‘ Tachycardia

- Diminished or absent
tenaon reflexes.

Sensory abnormalities

Craniai nerve involvement.

10 20 50 70 90.

per cent incidence.

SYMPTOMS
Abdominal pain
Vomiting
Constipation
Paralysis or paresis
2 -
s Psychological symptoms
Non abdominal pain
Epilepsy
Paraesthesia
Diarrhoea Eziza
Visual disturbances o
Certified
Insane

1o %0 50 70 90.

per cent incidence.

Figure %. Clinical Signs and Symptoms of AXIP.
( Aftter Goldberg & Rimington 1962.)




The most common of the cardio-vascular features
is tachycardia which is present in the acute stage
of the disease. In most cases the pulse rate is .
110-120 per minute, although it has been known to
reach transiently as high as 160 per minute. Hyper-
tension is also common with a systolic pressure of
around 150mm Hg or more, and a diastolic of 95mm
Hg or more. Even in remission some 40% of patients
showed some degree of hypertension. (Beattie et
al; 1973); '-Oh bdcésidn‘fhé hjpérténéibh éah'bé.
very severe,Aand pressures as high as 180/126 can
occur. In the active phase of the disease the
absence of the carotid-sinus reflex has been
observed. Rarely hypotension has been recorded.

Neurological features include paralysis or
paresis of limb muscles. This is fairly common
and ranges in severity from weakness in a pair of
limbs to complete quadraplegia. In most patients
paralysis is of the lower motor neurone type;
however, the upper motor neurone type has also
been described. There is often lack of tendon
reflexes with muscular wasting present. Although
all cases are bilaterally involved there is usually
unequal severity. Cranial nerve involvement can
also occur. Urinary incontinence and respiratory
paralysis have also been reported, the latter
being due to involvement of the diaphragm and/or

the intercostal muscles. In the limbs,'particularly




the lower limbs, there is often an impairment of

sensation, loss of joint and vibrational sense or

complete sensory loss. In most cases sensory loss

is preceded by muscular paralysis or paresis.
Pain can also occur outside the abdomen, e.g. in
the limbs,head, neck, large joints, lumbar region
or anterior chest region. This is usually asso-
ciated with abdominal pain. _

A few patients exhibit epilepsy, and abnormal
- encephalograms have been recorded both in patients
with, and those without, epilepsy. lMore common,
however, is the presence of psychological aber-
rations. These take various forms and include
simple neurosis, endogenous depression, schizo-
phrenia and various psychoses. These states can
be severe enough to have the patients mentally
certified.

The course of acute porphyria. is variable.
In some cases there are no symptoms, but in the
- most dramatic form there is a sudden explosive
attack which may last tenrdays to ten weeks and
ultimately be fatal. Most cases, however, lie
between these two extremes. Thus there can be
intermittent attacks of similar gravity separated
by periods of months or years, or attacks can
take a 'step~ladder' pattern, gradually increasing
in severity until finally a fatal attack ensues.
The most common cause of death is respiratory

failure.

>




b) Biochemical Features

The principal biochemical abnormality in AIP
is thg excessive urinary excretion of PBG and AILA.
Associated with this increased excretion there is
an increase in the circulating levels of these
substances. In particular ALA which is usually
~considered to have a value of Opg/ml in the plasma
of normal subjects, is detectable in the plasma of
patients in acute attack of porphyria. A concen-

- tration of ALA as high as-24pg/ml'has been reported’
under these circumstances (Sweeney et al, 1970).

To account for the increase in circulating
and excreted ALA and PBG, one must postulate undér
utilisation of ALA and PBG as a result of a meta-
bolic block, and/or overprodﬁction of ALA and PBG
due to elevated ALA synthetase activity. There
is evidence in favour of each of these poésibilities
and this will now be briefly considered:-

Metabolic Block

In considering the possibility of a metabolic
block of haem synthesis in AIP, it is evident that
to account for the increased excretion of ALA and
PBG this block must occur at some stage in the
pathway after PBG synthesis. Unless there is some
as yet unidentified pathway by which PBG is con-
verted to an unknown pyrrole (block of which would
lead to decreased utilisation of PBG) the first

enzymes, block of which could account for increased




ALA and PBG levels, are PBG deaminase and/or
uroporphyrinogen I synthetase.

In liver biopsy studies in a series of.patients
with AIP Strand et al (1970) found that the hepatic
conversion of PBG to porphyriﬁs was less than 50%
of control levels. Further Meyer et al (1972)
have demonstrated a decreased activity of eryth-

. rocyte uroporphyrinogen I synthetase in a family

of five subjects with AIP. In two siblings however,
- they found that although the enzyme was decreased 3
in activity, they were apparently unaffected and
showed a normal pattern of porphyrin precursor
excretion. A single dose of ALA given to these
siblings was, however, metabolised in a manner
similar to that of patients with AIP. In contrast
two siblings with a normal activity of uropor-
phyrinogen I synthetase, had a normal rate of
conversion of ALA to porphyrins. They conclude

from these studies that a decreased uroporphyrinogen
I synthetase activity reflects the primary genetic
defect of AIP..

Although this evidence of a metabolic block
in ATP is convincing it is of interest that even
‘with the loss of 100-200mg PBG per day, the disease
is not accompanied by anaemia, nor is there any
decrease in cytochrome C or liver catalase.

These facts would suggest that the deéfeased

activity of uroporphyrinogen I synthetase, in most




cases at least, is not great enough to seriously
disturb haem formation. Further, blood from
porphyric subjects 'in vitro' can convert PBG
to porphyrins in the same way as normal blood
'in vitro' (Goldberg and Rimington, 1962).

Thus it would appear that although metabolic
block of uroporphyrinogen I synthetase is most
likely a contributing factor in the excessive
excretion of ALA and PBG in AIP, it is unlikely
‘to be a sufficient ome.

Qverproduction

Neuberger et al (1954) found that acute
porphyrics could convert a greater amount of a
given dose of ALA into PBG than normal subjects,
indicating that the activity of ALA dehydrase is
possibly elevated in ATP. The most obvious bio-
chemical lesion leading to heme precursor over-
production however, would be the overactivity of
hepatic ALA synthetase, the primary rate deter-
mining enzyme of the pathway. Such an over-
activity of hepatic ALA synthetase has indeed
been found in aate porphyria (Tschudy 1965).
{Nakao et al, 1966) suggesting that this is also
a contributory factor to the .excessive production
and excretion of ALA and FPBG.

There are many theories as to the'possible
cause of the overactivity of hepatichLA synthe-

tase in AIP, one of the most likely being the




diversion of haem from its participation in the
feedback control of ALA synthetase (Kaufman and
- Marver, 1970).

In summary then the evidence available at
present would suggest that thé excessive pro-
duction and excretion of ALA and PBG in acute
porphyria is, to some extent, a result of elevated
hepatic ALA synthetase activity and block of some
enzyme in the haem pathway, after ALA dehydrase,
-probably uroporphyrinogen I synthetase.

Although the disturbed porphyrin metabolism
is the main biochemical abnormality of AIP, other
abnormalities commonly occur. A transient excess
in urinary vasopressin has been described (Nielson
and Thorn 1965). Hollander et al (1967) have
found an increase in the maximal binding capacity
of thyroxin binding globulin in some cases of acute
porphyria, although the free thyroxin level was
normal. In one patient, Waxman et al (1969) have
demonstrated defective adrenocorticotrophic hormone
secretion during attack. Similarly during attack
Schley et al (1970) have demonstrated a large
increase in circulating levels of catecholamines.
A disturbance of steroid metabolism is also a
common characteristic, thus Goldberg et al (1969)
have shown significant elevations of the urinary
l7-oxosteroids, aetiocholanolone glucbfonide,
-dehydroepiandrosterone glucoronide and sulphate

and epiandrone sulphate.




TABLE 1

DRUGS CLINICALLY SHOWN TO PRECIPITATE PORPHYRTIA

Barbiturates Sulphonamides
Sulphonal Sedormid

Sex Hormones Oral Contraceptives
Phenytoin and Methsuximide and
other Hydantoins other Sucinimides-
Tolbutamide Griseofulvin
Aminopyrine Chlordiazepoxide
Dichloralphenazbne Meprohamate
Hexachlorobenzene - Chloroquine

Methyl Dopa (I) . Ethsnol (II)
Imipramine (III) . Chlorpropamide (IV)

All after deMatteis (1967) unless numbered.

(I) Goldberg (1968)

(II) Goldberg (1959)

(III) Goldberg et al (1967)

(IV) Zarowitz and Newhouse (1965)




¢) Intermittency and Precipitation

A particularly intriguing aspect of AIP is
the intermittency of attack. The cause of this
has partly been ascribed to the administration of
certain drugs particularly barbiturates. Acute
alcohol consumption has also been implicated in
precipitation of attack; (Ferguson et al 1970).
Oral contraceptives also appear to provoke attack
(Rimington and deMatteis, 1965). DeMatteis
(1967) has drawn up a table of drugs known to
aggravate porphyria; this table is represented
opposite (Table I). An interesting feature of
these drugs is the fact that some of them are known
to increase the activity of hepatic ALA synthetase.
Thus this property is shown b& ethanol (Shanley et
al 1968); barbiturates (Moore et al 1969) and
certain steroids (Moore et al 1973).

Factors other than drug administration can
provoke attack, thus Waldenstrom (1937) has
observed an apparent relation between onset of
ménstruation and onset of clinical symptoms.
Similarly Vine et al (1957) have reported exacer-
bations of the disease during pregnancies. Diet
is also an important factor and this fact has been
stressed by Welland et al (1964). An attack can
be precipitated by a diminution in carbohydrate
and protein consumption, and Knudsen et al (1967)
reported the precipitation of attack in a patient

placed on a water diet for obesity. Infection




elso appears to be a precipitating factor.

Goldberg and Rimington (1962), describe a patient
who suffered two attacks each associated with acute
tonsillitis; this patient underwent tonsillectomy
and eight years later showed no further signs of
attack.

There is a distinct possibility that certain
endogenous factors are capable of precipitating
attack in AIP. Recently steroids have attracted
- much attention as possible endogenous precipitating
agents. Granick and Kappas (1967) have described
several 5B-H- steroids which strongly stimulate
porphyrin synthesis in chick embryo liver cell
culture. Goldberg et al (1969) found significant
elevations of certain 17-oxosteroids in six patients
with AIP. DMore recently Paxton et al (1973) found
the conjugates of one of these steroids, dehydroe- '
piandrosterone, to be significantly elevated in the
urine and plasma of subjects with AIP. Further
dehydroepiasndrosterone has been found to elevate
Iét hepatic ALA synthetase activity (Goldberg et
a8l 1969). Thus certain of the steroids may well
be endogenous precipitating factors of this disease.

d) Possible Origin of Clinical Features

It is now well established that lesions of the
nexrvous systém are characteristic features of ATP.
The earlier work describing these nervous changes

has been summarised by Hierons (1957). Although




the presence of neuropathy is generally agreed upon,
the actual form it takes is an issue of some con-
troversy. Thus some workers favour primary axonal
damage (Mason et al, 1933; Simpson, 1962) while
others favour primary axonal demyelination (Denny-
Brown and Sciarra, 1945; Gibson and Goldberg 1956).
The cause of the neuropathy has been ascribed

by some workers to neural tissue depletion of
pyridoxal phosphate. (Cavanagh-and Ridley, 1967).
.As has been discussed before pyridoxal phosphate
is a cofactor in the synthesis of ALA, from glycine
and succinyl CoA, by ALA synthetase. These workers
suggest that as this enzyme is excessively overactive
in ATP, it will deplete other tissue of pyridoxal
phosphate resulting in neurolbgical damage, as
pyridoxal phosphate is an important factor in nerve
metabolism.

- Such a theory however, would not appear to be.
a sufficient explanation for the origin of the neuro-
pathy of AIP. Thus Hamfelt and Wetterberg (1968)
in a series of 21 patients with AIP, found that
indeed the plasma concentrations of pyridoxal
phosphate were significantly lower than a normal
control group (in some cases less tkan lpg/ml
compared with 5—15pg/ml in normals) and they suggest
that there may be a disease induced vitamin B
deficiency in AIP. They found however, that other

non-porphyric patients, with vitamin B6 deficiency




of the same degree, showed no signs of neuropathy.
Nor did they find any correlation between plasma
pyridoxal phosphate concentration and neuropathy
in patients with AIP, nor improvement in the
condition of these patients after administration
of this substance. They concluded therefore,
that other factors beside pyridoxal phosphate
deficiency are probably responsible for the neuro-
pathy of AIP.

- - Irrespective of the nature or cause of the
neuropathy, there is little doubt that all the
main clinical features of AIP can be explained
on a neuropathological'basis. Demyelinatidn of
peripheral nerves can explain peripheral paralysis
and paresis, and central demyelination can account
for the central characteristics, both mental and
physical, of the disease. The gastrointestinal
features could be due to lesions of the visceral
pre~ganglionic motor fibres, and sensory fibre
damage in peripheral nerves could explain the
origin of non-abdominal pain. Hypertension and
tachycardia can be accounted for by the lesions
which occur in the vagus and associated central
bodies which constitute the cardio-vascular
reflex systems.

Goldberg (1959) put forward a hypothesis
based on these considerations in which/he postu-
lated the existence of a substance, X, of which

PBG is a precursor, which is necessary for the




nutrition of myelin. He suggested that in AIP
there is a metabolic block of this substance which
results in excessive production of ALA and PBG,
and in neural demyelination with its consequent
pathoiogical correlates. This hypothesis suc-
cintly accounts for both clinical and biochemical
phenomena associated with AIP. As it does, how
ever, postulate the existence of an unidentified
substance 'X', this substance, if the hypothesis
'is valid, should be capable of detection chemically
and/or pharmacologically.

This hypothesis is representative of the
general notion that in AIP there is some peccant
material which directly or indirectly contributes
to the pathology and course of the disease.

The most apparent possibility as to the cause
of the manifestations of AIP is that the porphyrins
and/or their precursors are pharmacologically
active at the elevated levels occurring in the
disease. In this case these substances could
éroduce their effect in either an acute or a
chronic manner. If an acute action was involved
a sudden increase in the biosynthesis and circu-
lating level of the active substance or substances
might be expected to precipitate attack. If a
chronic action was involved, it might be expected
that some pharmacological action of the active

substance or substances would, over a long period




of time, lead to pathological changes which would
cause attack, or as is more likely, lead to pre-
disposition to attacks precipitated aéutely by
some other agent. The possibility that the
porphyrins or one of their precursors are phar-
macologically active has been, and is still being,
studied intensively.

Early workers gave what seemed convincing
evidence that the porphyrins were pharmacologically
-active. - Waldenstrom (1937, 1939) however, cast
doubt on this and suggested instead that certain
pyridine derivatives formed from the excessive
pyrroles in AIP could affect the nervous system.
PBG was also suspected (Lowry et al, 1950) while
Denny-Brown and Sciarra (1945) thought there was
a circulating vasoconstrictor substance which
caused intermittent ischaemia.

These speculative and conflicting reports
were resolved to a great extent when Goldberg
et al (1954) demohstrated in a series of studies
on the anaesthetised cat and isolated organs, that
the purified porphyrins and PBG were pharmacolo-
gically inactive. Further they showed no effect
on the various parameters measured in the anaes-
thetised cat of an infusion of urine from a
patient in a moderately severe attack of porphyria.
Although two positive results were obE;ined in
this study, a contraction of the guinea pig iléum
with an ultimate refractoriness to acetycholiane

and histamine, produced by haemato-porphyrin and




a mepyramine-sensitive contraction of the gut
produced by porphobilin, it was thought that these
were due to contamination, in thé latter case at
least, by histamine. '. |

- At the time of these studies ALA was unobtain-
able in a purified form. Jarret et al (1956)
tested ALA on the guinea pig ileum and the
anaesthetised cat and again the results were
negative. To reinforce these results and indicate
- that the porphyrins and their precursors were
pharmacologically inacfive, were the results in
experimentally porphyric animals where although,
there was a large excretion of ALA and PBG, there
was little sign of clinical change (Goldberg and
‘Rimington, 1954).  Similarly there was the fact
that many porphyric patients excrete vast quahtities
of ALA and PBG without any obvious adverse signs.
Thus it appeared that these substances were
innocuous and had no part in the aetiology of AIP.

In the past few years however, attention has

égain shifted on to the porphyrin precursors as
possible aetiological factors in AIP. Thus
Kosower and Rock (1968) have shown animals made
experimentally porphyric with AIA are more sus-
ceptible than normals to induced convulsions.
Feldman et al (1968) have shown that ALA can alter
neuro-muscular transmission and causéﬂhyper-
polarisation of the motor end-plates and 'in vitro';
ALA has been shown to be capable of red cell and
brain ATPase inhibition (Becker et al 1971) and




and inhibition of membrane sodium transport (Eales
et al 1971).

Conclusions

The fundamental problem presented by AIP is
the relationship between its biochemical and
clinical manifestations. As the clinical mani-
festations can be adequately described in neuro-
pathological terms, this problem resolves itself
into one pertaining to the nature of the origin
‘of the neuropathology.

Although, as we have seen, the biochemical
disturbances in AIP are varied, the one which is
predominant is that of porphyrin metabolism.

Now it can be considered that the porphyrin
4disturbances are entirely incidental to some other
obscure lesion, and that they play no role in the
disease process. For example a basic lesion of
steroid metabolism might be suggested, an indirect
result of which would be induction of ALA synthe-
tase with the resultant biochemical picture of
porphyrin over-production.

Alternatively, it can be assumed that the
manifest disturbances of porphyrin metabolism
are a primary feature of, and directly involved
in, the pathogenesis of AIP. If this assumption
is correct, then the only reasonable Qhoice of a
porphyrin precursor which would be sﬁfficiently

worth studying as the 'materia peccans' of the




disease appears to be ALA. Thus the greater
part of this thesis is concerned with the
pharmacology and potential pharmacology of

this substance.




SECTION II

GENERAL METHODS, EXPERIMENTS AND

CONSIDERATIONS




(1) SOME _PHYSICAL AND CHEMICAL ASPECTS OF ATA

{x-amino laevulinic acid (ALA) (5 amino-4-keto-
pentanoic acid) has the chemical structure repre-
sented in (fig.4). It has a molecular weight of
1531.0, but is normally obtained in the form of the
hydrochloride salt which has a molecular weight of
167.5. The salt is a white crystalline solid,
which is relatively hygroscopic and therefore is

usually kept stored under dessication. The percent
131.0 -
167.5

x 100 = 78.2%. The melting point of the salt is

156°-158°C.

yield of true ALA from the salt is therefore

ALA when dissolved, gives an acidic solution.
It was necessary therefore, in using ALA for bio-
iogical experimentation, to determine the equiva-
lents of alkali required to neutralise the pH. A
pH titration of ALA was therefore cérried out.
Method

0.01 molar solutions of ALA and sodium
hydroxide (NaOH) were prepared gravimetrically.
The NaOH was then titrated against hydrochloric
acid (HC1) using phenol red as indicator. The
HCl1l was then diluted with distilled water to the
required volume to give a 0.0l1lM solution.

Using a pH electrode, the change in the
pH of the 0.0l ALA solution, was determined after

addition of 1lml aliquots of either equimolar NaOH. or

HC1.
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Results

The results obtained from the pH titration are
shown on fig. 5. The original pH of the 0.01M
solution of ALA was 2.55: and the addition of 18-19 mls
of equimolar NaOH brought the pH to within physio-
logical range. The greatest changes in pH for an
equivalent addition of hydroxide, occurred after the
addition of 18 and %3mls NaOH. This indicates that

there is a pK value for ALA in each of these regions.

- It was obsérved'that'at'alkaline'pH5 the ALA/

NaOH mixture took on a definite green-yellow colour-
ation, which became increasiﬁgly more pronounced as
the pH was increased by further addition of NaOH.
This process was reversible, in that subsequent
reduction in pH by addition of HC1l made the solution
once more colourless when acid pH values were reached.

Discussion

From the results obtained it can be seen that
in order to bring a given solution of ALA to a
neutral, physiological pH, some 18-19mls of equimolar
hydroxide, or equivalent alkali, must be added. The
titration curve can also furnish us with some infor-
mation concerning the nature of the molecular species
of ALA at the various pH values. The points at
which there are relatively larger changes in pH for
the addition of equivalent volumes of NaOH represent
the pK values of ALA. From the difféfential curve

in fig. 5, this can be seen to occur at pH 6.5. and




at pH 10.6. The first pK value is the pH at which
half the ALA in solution exists as the molecular
form A in fig.6 (1).The second pK value is the pH
at which half the ALA exists as form B in fig.s6 (1).
Thus at pH 6.5 (pKl) all the ALA molecules have a
positively charged amino group, but only half of
them have a negatively charged carboxyl group.
At pH 10.6 (pK2), all the ALA molecules have a
negatively charged carboxyl group, but only half
- have a positively charged amino group.

The mean of the two pK values gives the
isoelectric point: i.e. the pH at which the ALA

shows no net charge. Thus:- pIl ='pK3+pK2 =
2

6.5 + 10.6 =}8.5: i.e. at pH 8.5 ALA has no net
Charée.

Because ALA has a ¢-4 keto grouping, it is
capable of demonstrating a form of molecular
resonance:- keto-enol tautomerism (fig.6(2)).
‘The formation of these resonating molecular species
is indeed the probable explanation of the green
colouration observed in the ALA solution at
alkaline pH. The development of this colouration
is characteristic of molecules which show keto-
-enol resonance. The existence of the enol form
of ATA might mean that it would have another pK
value (PKB) at which half the OH molecules of the
ATA would exist as O-. (fig.6(11)). This pro-
cess however, is chemically unlikely as the keto-

enol forms are stable and would be unlikely to

*




Fig. 6.1. Change in Molecular Form of ALA
With Change in pH.
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significantly alter the position of the isoelectric
point. With respect to the biological interaction
of ALA therefore, it is evident that at physiological
pH it will exist in two forms: both with a charged
amino group, but one of which also has a charged
carboxyl group.

It is notoriously difficult to predict any
pharmacological activity of a substance by con-
sideration of its chemical structure alone, and
" therefore no attempt will be made to do so. Two
points, however, might be made:- the first being
that the charged amino grouping is one present in
many pharmacologically active substances; and the
second is that in terms of membrane passage, the
éharge on the ALA molecule at physiological pH
might be a hindrance to the movement of the molecule

across lipid membranes.




DETERMINATION OF ALA

1) Blood | |

The method used for determination of blood
ATA was based on that described by Haeger-Aronsen
{1960). The principle is as follows:-

Thiol compounds, which would interfere with
the subsequent reactions, are eliminated by the
addition to the blood of iodoacetamide (Gibson et

al (1958). It is then freed from proteins by

precipitation with trichloroacetic acid (TCA) and

centrifugation. The supernate which contains ALA
is heated with acetylacetone which causes conden-

sation of ALA with quantitative formation of a

pyrrole (3-acetyl-2-methylpyrrole 4-(3') propionic

acid) which gives a coloured complex in acid
solution with p-di methyl amino benzaldehyde (DMAB).
0.2ml of freshly prepared iodacetamide (0.06M)
was added to 3ml of blood. After two minutes 3ml
of TCA (20%) was added and after mixing well this

was centrifuged until clear. This usually required

- a spin of around 3,000 rpm for some ten minutes. l.5ml

of the supernate was taken and to this was added 1lml
acetate buffer (pH 4.6) and 0.lml sodium hydroxide
{2.5N) and 0.05ml acetylacetone. This was then

‘well mixed in a glass stoppered test tube. The

tube was placed in a water bath containing boiling

water for ten minutes after which it was removed

and allowed to cool to room temperature. 2ml of




the resulting solution was taken and to this 2ml of
Ehrlich's II reagent was added and the solution well
mixed. The extinction of the solution was reéd“
exactly fifteen minutes after the addition of the
Ehrlich's II reagent in a lcm cuvette in a spectro-
photometer (Pye Unicam SP 500) at 55% mu. As a
blank the same blood was used being treated in the
same way as the test but with the acetylacetone
being added after heating.
2) Urine

The determination of ALA in the urine was
usually associated with a simultaneous determination
of urinary PBG. The method used was based on that
described by Mauzerall and Granick (1956).
Principle

PBG is retained by the anion exchanger Dowex 2;
in the acetate form ALA is not. ALA is however,
retained by the cation exchanger Dowex 50 in the
hydrogen form. After elution PBG can be demon-
strated directly by means of p-DMAB, as can ALA
after cyclisation with acetyl acetone as described
above.
Method

A column was prepared with a 2cm layer of
Dowex 2 resin. The column was then filled with
water and this was allowed to run through until
almost ary. Urine was then brought'to pH 4-7
if necessary, using either HCl or sodium acetate.

1ml of urine was then run through the column and




collected in a test tube. The column was then
washed through twice with 2ml distilled water and
this was also collected. This fraction contained
the ALA,

2ml of 1M acetic acid was then run through
the column followed by 2ml of 0.2 M acetic acid.
These fractions were collected, made up to 10ml
with distilled water and mixed well. 2ml of
this solution was mixed with 2ml Ehrlich's I
‘solution and read after five minutes in a spectro-
photometer at 555 mp. 2mnl distilled water + 2ml
Ehrlich's I solution was used as a blank.

The first fraction obtained from this column
was transferred to a column qontaining a 2cm layer
of Dowex 50 which had been previously washed with
a full column of distilled water. This was then
washed free of urea by eluting with water until
the eluate did not give a yellow coloration with
Ehrlich's I reagent. 2ml M sodium acetate was
then run through the column followed by 7ml M
'sodium acetate, this latter fraction being collected
in a 10ml cylinder. To this was added 0.2ml acety-
lacetone and it was made up to 10ml with acetate
buffer pH 4.6. It was then mixed and placed in
boiling water for fifteen minutes. The ALA was
determined colorimetrically as described above.
Reagents |

Acetate Buffer pH 4.6. This was prepared by
‘adding 136g of sodium acetate to 57ml of glacial




acetic acid, and making the resultant solution up
to 1 litre with distilled water.

Ehrlich's II Reagent. lg of p-DMAB was
dissolved in about 30ml of glacial acetic acid and
8ml of 70% perchloric acid in a 50ml volumetric
flask. This solution was then made up to the 50ml
mark with glacial acetic acid. (This solution is
" active for only six hours).

Ehrlich's I Reagent. This was prepared by
the addition of 2g of p-DMAB to 100ml of 6M hydro-
chloric acid.

Dowex 50 x 8 200-400 mesh. The finest
particles were separated off by répeated suspension
and sedimentation in water. The ion exchange was
then converted to the sodium form by twenty hours

'storage in twice its volume of 2M sodium hydroxide,
after which it was washed until the washings were a
neutral pH. It was then reconverted to the acid
form by alternate treatment with about 1 volume of
4M HC1l and 6 volumes of 2M HCl. The exchanger was
stored in a covered vessel in twice its volume of
1M HCl. (It will keep active in this state for
3-4 months at room temperature).

Dowex 2 x 8 200-400 mesh. This was placed in
water and allowed to sediment after which the water
was sucked off. The washing was repeated until the
supernafe was clear. The exchanger was then pre-
pared on a column by conversion to the acetate form

by washing with 32M sodium acetate until the eluate




e

was chloride free (no precipitate with silver
nitrate). It was then washed with water uatil
the washings were neutral. It was stored in
twice its volume of water inla covered vessel.
(It remains active in this form for 3-4 months
at room temperature).

The other reagents were prepared in the

usual manner. ‘




PAPER CHROMATOGRAPHY OF ALA

The method used for the two dimensional
chromatographic determination of ALA was based on
that described by Haeger-Aronsen (1960)(2). The
. chromatograms were run on Whatman No. 1 chromato-
grephy psaper.

FPhase 1 consisted of a mixture of -n butyl
alcohol - glacial acetic acid - water in the ratio
63:27:10 v/v. It was run vertically and the time
of migration allowed was four hours at 20°C.

Phase 1l consisted of a saturated aqueous
solution of phenol (100g. phenol in 20ml1 water).
This was also run vertically and the time of
migration was eight hours, also at 20°C. The paper
was then dried at room temperature and the spots
located as follows:

A. The paper was sprayed with ninhydrin

solution and dried in an oven at 60°C.  The
composition of the ninhydrin solution was:- 0.5%
ﬁinhydrin w/v in n butyl alcohol saturated with
pyridine-glacial acetic acid - water in the ratio
10:1:95 v/v. ALA appeared as a yellow spot which
turned to brown after a few hours.

B. The paper was sprayed with acetylacetone and
then dried for ten minutes in an oven at 100°C.

It was then sprayed with Ehrlich's I reagent (cf page
ALA sppeared as a red-violet spot whiéh turned blue-

violet within a few hours.
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The Rf values of ALA obtained were as shown
in Table 2. These fall within the range described
by Berlin et al (1956) for the same chromatographic

phases.
- TABLE 2
’ Rf Values of ATA
Phase No.Determinations Range
I 12 0.20-0.26
1T 12 0.55-0,63




THE USE OF SODIUM PENTOBARBITONE AS AN
ANAESTHETIC FOR "IN VIVO' EXPERIMENTS.

In the majority of 'in vivo' experiments
performed, the anaesthetic used was sodium pento-
barbitone (Nembutal). This was obtained from
Abbot Laboratories Ltd., as a solution with the
following formulation per ml:-~ sodium pentobarbitone
60mg; alcohol 10% v/v and propylene glycol 20% v/V.

Nembutal was chosen as an anaesthetic agent
for a variéty of reasons: It is easily obtainable
and simple to use and unlike, for example, a
chloralose-urethane mixture, it does not require
any preparation before use. Despite the fact
that it does to some extent depress cardiovascular
responses (Amundsen and Nustad 1965) most papers
which describe animal experiments on the cardio-
vascular system reveal that Nembutal was the
anaesthetic used. Thus results obtained from
such experiments with ALA, could readily be com-
pared with other results, where Nembutal was also
employed as anaesthetic agent.

At the anaesthetic dose, Nembutal is
porphyrinogenic, ie. it induces the synthesis of
ALA and the other precursors of haem. As this
is the basic biochemical abnormality in acute
porphyria; it was thought that any effect of ALA

seen in animals with their haem biosynthetic




pathways over-producing, might be reievant to the
effects of ALA in the disease itself. Indeed it
was felt that there may be some action of ALA
which would only be apparent under such conditions,
when there is an increased he?atic pool of the
cofactors necessary for haem biosynthesis, with a
consequent depletion elsewhere. The anaesthetic
dose of Nembutal produces a maximal stimulation

of ALA synthetase activity some six hours after

- injection (Moore et al, 1969). - It is unlikely,
however, that there would be any appreciable
difference in circulating ALA due to stimulation

of synthetase, as the activity of ALA dehydrase
should be great enough to handle the increased

ALA produced. This possibility was tested for
however: Thus a rat was anaesthetised with
Nembutal and its blood ALA content was determined
six hours after injection by the method described
on page 33 . The blood ALA of an unanaesthetised
rat was determined at the same time. In neither
case was any ALA (<IO.5Pg/ml) detectable by the
methods used.

| In almost every experiment performed, the
dosage required to produce satisfactory anaesthesia
for about three hours was 60mg/kg by the intra-
peritoneal route. Full anaesthesia was assumed

to have developed when the complete loss of righting,

withdrawal and corneal reflexes was evidente. This




normally occurred some twenty to thirty minutes
after injection. If anaesthesia had not fully
developed in this time, a further %mg of Nembutal
was administered by the same route; this was

always found to be sufficient to produce anaesthesia.

In continuing experiments where the animal
demonstrated the return of either the corneal or
withdrawal reflexes a maxiumum of ?mg Nembutal was
injected slowly by the intravenous route until the
' reflexes were absent once again.

It might be stressed that in all experiments
performed, male Sprague Dawley rats were used.
This strain required 60mg/kg Nembutal for the
development of full anaesthesia, however such
a dose would be lethal in other strains: thus
in the hooded Norwegian strain a dose as low
as 18mg/kg was lethal, yet this latter dose
can produce satisfactory short-lasting anaes-

thesia in the albino Wistar strain (Payne and

Chammings 1964 ).
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ATLA IN KREBS SOLUTION

In experiments ‘'in vitro' where it is required
to have ALA present in a tissue fluid substituts such
as Krebs solution, it is necessary to know if, during
the time course of the experiment and at the tempe-
rature involved, ALA is changed chemically by the
perfusing medium or bathing medium itself, into some
other substance. In such an event of course,
erroneous conclus1ons may be drawn from experlmental
.results. Thus the concentratlon change with time of
ALA in a solutlon of Krebs at 37 °C was determined.
Method

l.5mg of ALA-HCl was dissolvsd in 1lml saline.

This was added to 100ml of Krebs solution at 3%7°C
giving a concentration of 11.8pg ALA/ml Krebs. The
flask containing the Krebs was placed in a water bath’
at 5700 to maintain the temperature. Samples of the
Krebs-ALA solution were removed at time intervals and
assayed for ALA content as described on page 33. The
results obtained are shown in fig. 7.

As can be seen from the Qigure, the concentration
of ALA in the Krebs solution decreased in the first hour
by about 17% and thereafter remained relatively constant.
Such a decrease is to be expected as ALA is most likely
bhydrolysed to some extent initially. The reduction con-
centration however, is not too great over-the time
interval studied and the results indicate that ALA is
relatively stable in Krebs solution at 3700 and does

not require any stabilising additives.




Time(hours)

Figure 7. The change in ALA concentration o
witnh time 1n Krebs solution at %7 C.




EQUILIBRIUM ALA LEVEL IN THE RAT

In certain proposed experiments using rats,
it was required to know when there was an equilibrium
concentration of ALA in the blood after injection.

A further consideration was that of attaining a

blood equilibrium level of ALA'similar to that found
in an acute attack of AIP viz: around 24Pg/ml
(Sweeney et al, 1970). As the most convenient

route of drug administration in the rat is by intra-
ApefitbnéélAihjeétidn.ifAwés deéidédAfo‘défefmihe'thé |
blood concentration of ALA at given time intervals
after an I.P. injection of ATLA.

Method

A male Sprague Dawley rat (250g) which had been
starved overnight was injected intraperitoneally with
Nembutal 60mg/kg. After anaesthesia had -developed
an incision was made in the animal'é neck and the
trachea and one carotid artery exposed. The trachea
was cannulated and artifical respiration maintained
throughout the experiment by this route.

The carotid artery was also cannulated, the
cannula being connected to a tﬁree way tap to which
was attached a saline filled tube, leading to an
electronic pressure transducer which displayed
arterial pressure on a chart recorder, and two
syringes, one containing heparinised saline, the other
being empty. The rat was then injected 1.P with 1lOmg *
ALA-HC1l in saline brought to pH7 with bicarbonate, in




Figure 8. i
, _ The change of blood ALA concentration
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a total volume of 1lml. Five minutes after injection
a sample of O.lml arterial blood was removed by the
enpty syringe. The tap was closed the syringe re-
placed and this time 0.2ml arterial blood was removed
by again opening the tap and withdrawing the plunger
of the empty syringe. The tap was then turned with
the open position towards the syringe containing
saline and O.%ml heparinised saline was slowly in-
Jjected down into the carotid artery. The subsequent
procedure at 15, 30 and 60 minute intervals was
similar viz: a) withdraw 0.3%ml blood/saline.from
the carotid; D) withdraw O.2ml arterial blood and
c¢) inject 0.3%ml heparinised saline into the carotid.

The blood samples thus removed (i.e. sample 'b')
were assayed for ALA by the method described on page 35«
and thus a function of blood ALA against time for an
I.P injection of 40mg/kg ALA could be plotted (fig.8).

As can be seen from the figure an I.P. injection
of this dose of ALA gave an equilibrium situation some
fifteen minutes after injection which contiﬁued with
only a slight decrease in concentration until the hour.
Further this dose of ALA gave a blood concentration
of ATA of a similar magnitude to that found in AIP.

As discussed on page 41 , the porphyrinogenic
action of Nembutal, would have no significant effect

on the blood ALLA determinations. P

-
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BLOOD ATA LEVELS IN HUMAN SUBJECTS

The blood ALA concentrations of a number of
porphyrié subjects and of a number of normal subjects
were determined by the method described above (p..33).
The porphyric subjects, who were all in remission,
were classified clinically as follows:- acute inter-
mittent porphyria, 4 cases: porphyria cutanea tarda,
% cases: hereditary copr0porphyria, 1l case.

In a 81ngle case of AIP who was admltted to
.hOSpltal in apparent attack the blood ALA concen-
tration was measured for ten consecutive days: a
sample of cereborospural fluid was obtained from this
patient, and the ATA concentration.of this was also
determined. (The normal subjects were eight labora-
tory staff, all in apparent good health).

Results ‘

The mean normal value for the blood ALA con-
centrations was 0.38 + 0.01 Pg/ml. For the four
subjects with AIP, the mean value was 0.78 + 0.12
Pg/ml. The difference between these two groups was
significant when analysed by a.students 't! test
(p<0.01). The mean ALA blood concentration of the
three subjects with porphyria cutanea tarda was
0.27 + 0.0Epg/ml; and the case of hereditary copro-
porphyria gave a value of 0.33pg/ml.

In the single case of the AIP patient in
apparent attack, the mean blood ALA concentration was

0.94 + O.27pg/ml, taking the values over ten days.




The maximum value reached was 1.40Fg/ml, and as the
C.S.F. concentration of ALA was determined on the
same day, this gave a corresponding C.S.F. value of
0.33pg/ml.

Discussion

The results obtained indicate that in cases
of ATP in remission, the blood concentration of ATA
is significantly greater than in normal subjects.
This would not appear to be the case in subjects
with porphyria cutanea tarda in remission, and in
the single case of hereditafy coproporphyria in-
vestigated. It must be stressed with respect to
these latter two, however, that only a small sample
population was determined and the results are there-
fore inconclusive. .

The significantly higher ALA concentrations
in the blood of the AIP subjects, is a phenomenon
almost certainly related to the increased urinary
excretion of ATA by these subjects. It is likely
that the increased biosynthesis of ALA results
initially in an increased blood circulating level,
with a consequent increase in renal excretion,
which would account for the abnormally high con-
centrations of ALA in the urine of subjects with
ATP. On this basis, it may be important that
such patients have adequate renal function, as
any renal damage could conceivably reéult in a

decreased excretion of ALA and a resultant further




increase in its circulating concentration.

One notable observation is the fact that ALA
was capable of being determined in the blood of
normal subjects. This would suggest that ALA is
capable of passing into, and reaching equilibrium
in, various tissues in normal subjects, as well as
in subjects with AIP (cf. Section IV (1).) It
would also suggest that any pathological effect of
ATA on the tissues, would only occur at concentrations
somewhat greater than the upper limit of the normal
values, a situation which most likely would be reached
in a porphyric subject in attack.

The one subject in the present study who was
admitted to hospital in an apparent attack of AIP
was later diagnosed as not being in attack. This
would account for the ALs blood concentration being
much smaller than the values reported in true
porphyric attack (Sweeney et al 1970). The’
detection of ALA in the C.S.F. of this subject is
an observation of some interest. It may be that
the presence of ALA in the C.S.F. is merely a re-
flection of the elevated blood concentration, as
ALA can pass the blood-brain barrier (Section III (11))
and thereby enter the C.S.F. Alternatively it nay
be that there is an increased central synthesis of
ATA in ATP, which might also be expected to result
in the presence of ALA in the C.S.F.‘ Whatever the

mechanism, the fact that ALA is present centrally
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is important in view of ALA's known pharmacological
actions, and the central manifestations of AIP.

In summary then, ALA is present at significantly
higher blood concentrations in subjects with AIP when
compared with normal subjects: and, in one acute

porphyric, ALA was detected in the C.S.F.




ATA INDUCED PORPHYRINOGENESIS AND
EXOGENOUSLY ADMINLISTERED ALA.

It is obviously important to know to what
extent it is valid to compare the effects of in-
creasing the tissue availability of ALA Dby exo-
genous administration of the salt, with the in-
crease produced by ATA which is by stimulation
of ATA's rate of synthesis.

It is also important to understand the
- consequences of these different methods of in-
creasing the circulating levels of ALA, and how
the action of ATA on haem biosynthesis is related
to any other effects it may exhibit.

~ ATA was first introduced by Goldberg (1953)
as an 'agent' which could simulate the porphyro-
genic action of sedormid (allyl-isopropyl-acety-
lurea) without demonstrating the latter's hypnotic
properties. Although it is generally agreed that
ATA is a powerful porphyrinogenic agent, there are
contradictory reports on AIA's 'non-hypnotic'
action. Thus although Goldberg and Rimington
(1954) demonstrated that AIA only caused 'dazing'
in rats, other workers have reported rats to be in
deep sleep after the same dose of AIA viz: 400-
500mg/kg (Biemca et al, 1967).

The cause of this inconsistency %s likely to
be in the difference of the route of'aaministration

of ATIA. Thus Goldberg and Rimington (1954) gave







their rats AIA by gastric intubation, whereas many
of the subsequent workers who have reported éleep
and other gross behavioural effects of AIA immedi-
-ately after injection (Biemca et al 1967; Yuwiller
et al 1970; Marcus et al 1970) have given AIA by
intraperitoneal injection. Obviously administration
by this latter route causes a much quicker and a much
greater concentration of AIA in the plasma than the
former, and hence overt “toxic effects of ATA would
' be more in evidence. It is likely therefore that
this fact alone accounts for the differehces in these
observations.

The disturbances of haem metabolism produced
by AIA are analagous to those fdund in cases of
acute porphyria (Tschudy, 1965). It is likely that
ATA produced these effects on haem metabolism by
stimulation of ALA synthetase activity, as it has
been shown to stimulate this enzyme in embryo chick
liver (Granick, 1966) and in rat liver (Marver et al
1966). Thus'by increasing ALA and its subsequent
metabolic products, AIA will cause other biochemical
changes caused by the redistribution of the necessary
cofactors of ATA synthetase from other tissues to the
liver. Exogenous administration of ALA on the other
hand, will produce qualitatively the same net effect
on haem biosynthesis, without any associated depletion
of the éofactors of synthetase.

If it is desired therefore, to see if any specific




change is produced in, e.g. animal behaviour, by
increased circulating levels of porphyrins and their
precursors per se, then it would be more informative
to use exogenous ALA administration. This would
increase haem synthesis without causing other effects
due to ‘'redistribution' of cofactors to synthetase.

On the other hand, if it was desired to look
for similar effects, as a result of an increased
hepatic ALA synthetase activity - a situation more
‘like acute porphyria where hepatic ALA synthetase

activity is raised - then obviously it is better to

use ATA. By doing this however, the results ob-
tained cannot simply be related to the increase in
haem biosynthesis, and the fact remains that any
effects observed are not necessarily directly due to
the elevated levels of haem and its precursors; but
may be due to other changes produced as a result of
synthetase activity being raised. For example as
described below (III) the susceptibility of AIA
treated animals to indirect convulsions could be a
result of neural tissue depletion of the synthetase
cofactor, pyridoxal phosphate. As well as an in-
creased utilisation of pyridoxal phosphate, increased
activity of hepatic ALA synthetase would lead to
increased utilisation'of other factors necessary for
ALA synthesis, such as ferrous iron, glycine, and
succinyl'Co.A. Thus the effects prdauced by AIA

may be due to the removal and possible depletion of



some of these substances from other metabolic path-
WaySe. It has, for example, been suggested that
increased use of succinyl Co.A for haem synthesis
could lead to a decrease in the formation of acetyl-
choline, as the latter is synthesised by a series of
reactions which require the former.

There are however, certain effects of AIA
which appear to be directly related to its ability
to stimulate haem synthesis. Thus various workers
‘have shown that a single injection of AIA is
sufficient to increase the level of tryptophan
oxygenase in rat liver (Feigelson and Greengard,
1961: Marver at al 1966 and Yuwiller et al (1970).
It was postulated that tryptophan oxygenase activity
would be elevated by an increased availability of
haem (Feigelson and Greengard, 196l(b)) and hence
the increase of the level of this ehzyme might be a
secondary result of ATA increasing haem synthesis. .
If so, this effect of ATIA should be capable of being
enulated by exogenous ALA administration.

A study testing this possibility was warried
out by Wetterberg et al (1969).who gave rats acute
injections of ALA, and when they measured hepatic
tryptophan oxygenase found that indeed it was elevated.
In this case therefore, it is reasonable to assume
that both AIA and ALA produced this same result by
a similai mechanism viz: an increased synthesis and

availability of haenmn.




TABLE 3
DRUGS -~ FORM AND SOURCE

Acetylcholine Chloride .. (Xoch Light)
X -Adrenaline .. (Koch Light)
Allylisopropylacetamide (AIA) .. (Roche)

AN\ -Aminolaevulinic Acid Hydrochloride (ALA)
(XKoch Light or Sigma)

"2 ana ci%

ATA .. (Radiochemical Centre,
Amersham)

Atroplne Sulphate Monohydrate .. (Eoch nght)
od-Chloralase .. (Koch Light)
Choline Chloride .. (B.D.H.)

2-4-Dimethyl-3-Ethylpyrrole (Kryptopyrrole)
(Emmanuel)

Ethanol .. (Burroughs)

Glycine .. (B.D.H.)

Heparin (Pularin) .. (Evans)

Hexamethonium .. (M. & B.)

Histamine Diphosphate .. (Koch Light)
Isonicotinyl Hydrazide (Isoniazid) .. (Koch Light)
Isoprenaline .. (I.C.I.) |

Mepyramine Maleate (Anthisap) «. (May and Baker)
Morphine .. (B.P.)

Nicotine .. (Koch Light)

9 -Strophantin (Quabain) .. (Merck)

Pancuronium .. (Organon)




Pentobarbitone Sodium (Nembutal) .. (Abbot)
Phentolamine Mesylate (Rogitine) .. (C.I.B.A.)
Propranolol Hydfochloride (Inderal).. (I.C.I.)
Trichloroethylene (Trilene) .. (I.C.I.)
Urethane .. (B.P.)

Vasopressin (Pitressin) .. (Parke-Davis)




SECTION TIIT

CENTRAL STUDIES




CHEMICALLY INDUCED CONVULSIONS AND ATA

Introduction

Although previous workers (Goldberg, 1953;
Gibson and Goldberg, 1955) found that animals made
experimentally porphyric with AIA showed little
signs of clinical change, Kosower and Rock (1968)
demonstrated that such animals were significantly
more susceptible than normals to chemically induced
- convulsions. '
| They found that rats pretreated with 400mg/kg
AIA for 8 to 10 days convulsed much more readily
than normals when challenged with isonicotinyl
hydrazide (INH) or 4 methoxymethylpyridoxol.
Further, they found that pyriaoxol (2mg/kg) exerted
a protective effect to convulsions of some 60% in
the case of 4-methoxymethylpyridoxol (0O.75mmoles/kg)
though not to INH.

A continuation of this study would appear to
indicate that the agent responsible for this
decrease in convulsive threshold is ALA (Kosower
et al, 1969). Thus these workers found that the
substance methyl-5-diazo laevulinate, abolished
the excessive urinary excretion of PBG in the AIA
treated animals, without, however, significantly
affecting the excessive ALA excretion. = Further
the convulsive threshold was unaffecﬁei suggesting

that ALA was the causative agent. An interesting




feature here was the fact that although urinary
PBG decreased after methyl-5-diazo laevulinate,
there was an associated increase in an unidenti-
fied substance which they term 'X'; almost
identical amounts of this substance 'X' were
excreted from normal rats similarly treated with
methyl-5-diazo laevulinate. Assuming that ALA
is responsible for this increased convulsive
susceptibility two immediate possibilities present
- themselves. 1) It exerts such an action in- :
directly possibly by a mechanism related to the
fact that increased synthesis of ALA under the
influence of ATA causes depletion of pyridoxal
phosphate from other tissues, particularly the
brain and nervous tissues; ~2) ALA exerts this
action directly, probably by a central action.

As a simple pyridoxal deficiency was
considered to be insufficient to explain this
effect (Kosower and Rock, 1968) it was decided
to investigate the second possibility.

Now if a direct central action of ALA is
responsible it should be possible to produce
increased susceptibility to convulsions by chronig
ALA treatment alone and it would be expected that
ALA should be capable of passing the blood-brain
barrier. There is evidence for this lgtter
possibility from human studies. Thus/Sweeney

et al (1970) have demonstrated that at a .plasma




concentration of 24Pg/m1, ALA could be detected

in the CSF of a porphyric patient, whereas in

normal circumstances ALA is undetectable in CSF.
It was decided therefore, to perform the
following experiments:

(a) To repeat the investigations with AIA and
see if AJA pretreated animals were more
susceptible to convulsions.

(b) To investigate the possibility that chronic

© ALA treatment alone could elicit increased
susceptibility to convulsions.

(a) AIA Pretreatment and Induced Convulsions.

Method

Two groups of eighteen male Sprague Dawley
rats (200-250g) were used. The test group was
given a dailyintraperitoneal injection, for seven
days, of 400mg/kg AIA. The volume of injection
was 0.4-0.5ml. As the AIA was dissolved in
propylene glycol, the control group were injected
daily with an equivalent volume of this alone.

Twenty-four hours after the last dose of AIA
the animals were taken and split into two sets
(test and control) of three groups, each containing
six éniméls. Each sub-group was then given an
intraperitoneal injection of isonicotinyl hydrazide
(INH). The dose given was either 0.8m. moles/kg;
1.12m. moles/kg or 1.68m. moles/kg.

The animals were then returned to their cages




and observed continuously for up to three hours.
The number of animals convulsing in each sub-group
was noted. A convulsion' was recorded only when
the animal showed complete tonic and clonic move-
ments of the whole body. Isolated head jerks and
other body tremors were ignored for the purpose of
recording a convulsion.

Results

The results are shown in Table 4. No animal
" in either the test or control groups convulsed in
response to the 0.8m.moles/kg dose of INH. The
1.12m.moles/kg dose however, caused convulsions of
three animals in the test group, although none of
the control animals convulsed. In response to the
1.68m.moles/kg dose of INH, four animals in the
control group and six in the test group convulsed.
All convulsions took place within 90 minutes of
injection of INH.

The number of animals convulsing per sub-group,
was expressed as a percentage of the total number of
animals in that sub-group (viz. 6). This percentage
was plotted against the dose of INH administered,
resulting in a dose-response graph fig.(10).

Analysis of the results by a 'Chi-squared’
analysis, demonstrated that the dose response
relationship for the AIA pretreated animals, is
significantly shifted to the left of the control
graph. (p<0.0005) This shift indicates that the




AIA pretreated animals are significantly more

susceptible to INH induced convulsions than are

normal animals.

Dose INH (m.moles/kg)

0.8 1.12 | 1.68

Convulsions O/ O/ 4/
per sub-group 6 6 6

% |3/ | %/

% Convulsions '
per sub-group 0 O |66.066

0 50 100

TABLE 4.

Control.

ATA

Contrbl

AIA
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convulsions

- per cent

030 1.12 168

- m.molesINH

X = 286 P <0.0005
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(b) Chronic ALA Pretreatment and Induced Convulsions

Methods

Two groups of seven male Sprague Dawley rats
were injected every two days for four weeks, with
either saline (control) or 40mg/kg ALA (test) in
saline. The ALA was previously adjusted to pH
6-7 with molar sodium bicarbonate, and the volume
of injection, which was by the intraperitoneal
route, was < 1lml.

- The animals given ALA showed distinct be-
havioural changes after this time which are
reported fully in the relevant section (III),

One day after the last injection, the animals in
both control and test groups were challenged with
1.12m, moles/kg INH. They were observed contin-
uously for convulsive activity for the three
hours immediately following this injection.
Results

None of the control or test animals con-
vulsed in response to this dose of INH. In
one control animal there was some degree of
muscle twitching some fifty five minutes after
injection, but no convulsion was forthcoming.
No other animal showed evidence of any effect

of INH.



Discussion

Thése results are in agreement with the
findings of Kosower and Rock (1968) in that rats
pretreated with AIA were more susceptible to INH
induced convulsions; there were however, a few
differences in the results obtained by these
authors and those described above. Thus, the
effective dose producing 50% convulsions (the
EDBO) was found by Kosower and Rock to be in the
" region of0.6m.moles/kg for AIA treated animals
and l.6m.moles/kg for the control animals. In
the present study the EDSOS were in the region
of 1.1 and 1.5m.moles/kg for the AIA and control
animals respectively. That is, in both the
control and test situations these animals were
1ess‘sgsceptible to INH than those reported by
Kosoweri%nd Rock. Even allowingibr the fact
that thg ED5OS are obtained in each case by
interpoltation and thus liable to a relatively
large error,the differences are great enough to
bé worthy of consideration.

Thefe ﬁere differences in the experimental
procedure which could account for the differences
in the EDSOS found. Perhaps the main difference
was the fact that while these authors used female
Sprague Dawiey rats, male Sprague Dawley rats

were used in this study. Another factor is




thaf'they used a solution of AIA dissolved in
0.15 molar sodium chloride, whereas the AIA in
this study was dissolved in propylene glycol and
injected intraperitoneally. This was so because
it was found that AIA was difficult to dissolve
in saline and thét subcutaneous injection of AIA
in propylene glycol led to development of scar
tissue in the animals. So too the animals used
in this study were injected with AIA for seven
days, whereas some of those used by Kosower were
injected for ten dayé.

These experimental differences may be
sufficient to account for the variation in
results obtained in these two studies. The
important point however, is fhat both studies
demonstrate that AIA pretreatment can increase
the susceptibility of rats to chemically induced
convulsions by INH.

This fact being established it is still
uncertain how AIA effects this increase in
susceptibility. As discussed above, experiments
using methyl-5-diazo laevulinate (Kosower et al,
1969) suggest that ALA is the causal factor.

The chronic ALA studies have investigated
this possibility, and the results suggest that
elevated ALA levels alone are insufficient to

account for the phenomenon. The dose of INH




used (1l.12m.mole/kg) was sufficient to produce
50% convulsions in animals pretreated with AIA;
yet it did not produce ahy convulsions in the

" animals pretreated with ATLA.

This suggests, therefore, that if AIA does
indeed decrease the convulsive threshold to INH
by a mechanism which is in scme way related to
;ALA, it is likely to be a result of its induction
of ALA synthesis, rather than to any direct effect
- of the excessive ALA produced. Although Kosower
and Rock (1968) found that pyridoxal phosphate did
not protect against INH induced convulsions, in
chemically induced porphyric animals, neural
depletion of this substance could account for
these results. . |

Thus increased hepatic synthesis of ALA is
mediated by means of an increase in activity of
ALA synthetase, of which pyridoxal phosphate is
a cofactor. An increase in the hepatic pdol of
this cofactor could lead to a pyridoxal deficiency
in other tissues, including nervous tissue, and
such neurological changes as this produced could
account for the decreased convulsive threshold to
INH. |

That AIA pretreatment and ALA pretreatment do |
not produce the same effects was alsoevident in

another way. Although AIA has been reported as




being able to produce behavioural changes in rats
(Marcus et al, 1970) there were distinct differences
between these and the changes observed after ALA.
This fact will be discussed in more detail in the
section relating to ALA and animal behaviour;
however the significance is that once more we are
led to conclude that the effects of AIA are probably
not related to its ability to increase ALA levels
per se, but to the changes resulting from the

meCEanisms'bvahich excessive ALA'is produced.



ATA AND THE BLOOD-BRAIN BARRIER

Introduction

In view of the possible role of ALA in the
clinical manifestations of acute porphyria, it is
obviously‘importanf to determine whether or not ALA
can cross the blood-brain barrier and thus enter
brain tissue at the elevated blood concentrations
occurring in the disease. This possibility has
been investigated previously, but there were con-
'fiictihg feéﬁlté.. >Thﬁleraméf éf él;‘(i97i)' .
indicated that ALA was readily taken up by brain
tissue, whereas Musyka (1969) indicated that it
was not. Although the former studies were per-
formed 'in vitro' and the latter 'in vivo' - a
fact which may account for this discrepancy - the
question remains - does ALA pass the blood-brain
barrier? |

Structurally, a small molecule like ALA
might be expected to pass the blood-brain barrier
readily: As however, the passage of even quite
small molecules is often a relatively selective
process, it was required to demonstrate this fact

experimentally.
| Ferguson et al, (1970) reported two cases
of AIP where an attack was apparently precipitated
by acute over-indulgence in ethanol. As.ethanol
is known to affect the permeability of the blood-

brain barrier to certain substances such as




catecholamines (Hanig et al, 1973) it was decided
to resolve whether or not acute ethanol intoxi-
cation had any effect on the permeability of the
blood-brain barrier to ALA. In such an experi-
ment there are a few possibilities which could
give rise to misleading results and these must

be accounted for before one can conclude that a
substance does indeed pass from the biood across
the blood-brain barrier into the C.S.F.

- When the whole brain was assayed for ALA,
allowance had to be made for the presence of ALA
in the blood in the brain. This necessitated
the measurement of the blood concentration of ALA
and the blood volume of the brain. Further there
are parts of the brain which ére not served by the
blood-brain barrier and, when present in the blood,
ATA could reach an equilibrium situation with these
by simple diffusion across capillary membranes,
even though it may not penetrate into areas served
by the blood-brain barrier. in such an event a
total brain ALA estimation would not discriminate
between those areas served by the blood-brain
barrier and those not. To allow for this the ALA
content of the brain was measured some time after
injection of ALA, when the blood concentration was
normal i.e.{ 0.5.pg/ml, and presumably no such
equilibrium state existed. ATA conténts in the

brains of animals not given ALA were also determined.



The ALA estimations were made from a sample
of the supernate left after the tissue itself had
been homogenised and spun down. Two assumptions
were made at this point, which were experimentally
tested for validity. The first was that all the
radioactivity counted was due to radiocactive ALA
and not some metabolic or chemical product of it.
The second was that all, or at least a very high
percentage (> 90%) of, the ALA'passed from the
tissue into the aqueous supernate. The methods
by which the validity of both these assumptions
were tested are described below under 'Subsidiary
Experiments'. |
Methods

Two groups of sixteen maie Sprague Dawley
rats (200-250g) were used. One group was given
ethanol (5g/kg) as a 50% solution in water ad-
ministered by gastric intubation, the other group
was given an equivalent volume of water administered
by the same route. The animals were then left for
30 minutes at which time the ethanol group showed
obvious signs of intoxication, such as an inability
to walk properly and a high frequency of falling
over on their sides.

The animals were then injected intraperito-
neally with ALA in saline in a dose of 40, 120 or

300mg/kg: Normal and ethanol treated animals were




injected alternately. The ATA had previously
been adjusted to pH 6-7 with sodium bicarbonate

and spiked with either uniformly labelled tritiated
ATA or with Cl4 ATA. The specific activities of
the radioactive sources injected were in the region

of 100mCi/mM for H2 ALA and 10mCi/mM for C+%¥

ATA.
The volume of injection was up to 1lml.

The animals were then left a further 30
minutes to allow the ALA to equilibrate, the equili-
bration time having been previously determined as
described (page 45). Technecium labelled human
serum albumin(Tcgg) was then injected into a tail
vein (or in a few cases where this proved difficult
into an exposed rear leg vein'under light 'Trilene'’
anaesthesia) and allowed to circulate for two
minutes, at which time the animal was stunned,
exsanguinated by cutting the throat and the blood
collected in an heparinised bottle. The skull was
then cut open, the cranium broken away and the whole
brain dissected out, blotted dry, weighed and then
halved medially. One half of the brain was then
homogenised in water (1:3 w/v) and the total re-
sulting solution counted for T099 activity in a
Wallac Gamma Sample Counter GTL 300-1000. The
other half of the brain was homogenised in 20% TCA
and the weight of total homogenate taken. This
was then centrifuged at 3000rpm for 15 minutes.

The resulting supernate was decanted into a fresh




tube and spun again at 3000rpm for a further period
of 15 minutes. THis supernate was stored for a
period of not less than three days before counting
for H? (014) activity.

The purpose in leaving the supernate for at
least three days was to allow the T099 activity to
decay. The energy of the gamma emission of T099
is 142.7 Kev, sufficient to produce secondary
particles which would interfere with the H2 (C1)

counting. - However as the half-life Of'Tc99’is'

six hours, with the specific activity used, this
period of time was sufficient to allow decay to
occur to a level where a sample counted for gamma
emission gave no more than the background reading,
thus allowing a true reading of H? (CY*) activity
in the sample.

A sample of 1lml supernate was taken and
weighed in a counting vial; Oml of 'Instagel' was
then added to the vial and the solutions were well
mixed. The vial was then closed and HB_(014)
activity counted in a Packard Tri Carb Liquid
Scintillation Spectrometer. Insta-Gel (Packard)
is a complete scintillator system, which allows
immediate measurement of!}—particle emission when
an aqueous sample of the active source is added
to it.

~
7¢?° and H? (014) activity was also

determined in blood samples from the arimals.



The procedure was identical to that of the brain
except that dilutions for homogenisation were made
on the basis of volume rather than weight. The'
concentration éf whole blood ALA in pg/ml was also
determined by the method of Haeger-Aronsen,
described on page 33.

Calculation

The Tc99 counts in the brain per gram, divided
by thé T099 counts in 1lml of blood gave the blood
content of the brain in m13 per gram. This multi-
plied by the blood concentration of ALA in pg/ml,
gave the ALA present in the brain tissue by virtue
of its blood content.

The total brain ALA content was determined
as follows: the 22 (014) couﬁts in a known weight
of supernate was determined. This was multiplied
by the weight of the total homogenate divided by
the weight of the supernate, to give the number of
counts in the total homogenate. This was then

014) counts per gram

converted to number of H? (
brain tissue.

The number of HO (014) counts per ml of
blood was divided by the concentration of ALA in
blood in pg/ml. This gave the number of counts
of H? (014) per pg ALA.  The number of i (014)
counts per pg ALA was divided into the'number of

counts in the brain per gram. This gave a value
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for ps ATA per gram brain tissue. From this
value the ALA present in the brain due to its
blood content was subtracted giving the value
of ALA per gram true brain tissue.

Thus in summary:

5H counts in Brain/gm e counts in brain/g X
on counts/ug ALA 99Tc counts in blood/ml

blood ALA concentration (Pg/ml)

Results

It was found that as the concentration of ALA
in the blood increased there was a corresponding
increase in the concentration of ALA in the brain.
Except at the highest blood concentrations (100-
120Pg/ml) the concentration of ALA was higher in the
brains of the animals untreated with ethanol; i.e.
ethanol appeared to have an inhibitory effect on the
passage of ALA from the blood into the brain tissue.

When the brain concentrations of ALA in pg/g
were plotted against the blocod concentrations in
pg/ml, it was found that in both cases there were
highly significant positive regression lines with
the followingequations:
1. Control:

Brain ALA (ps/e)
2. Ethanol.

[}

0.6 (blood ATA Pg/ml)l'g?

I

Brain ALA (yg/g) 0.02 (2.06 (blood ALA Pg/ml))
The regression coefficient was 0.95

These lines are shown graphically in fig.ll.




TABLE 5

CONTROL ETHANOL PRE-TREATED
Blood ALA i Brain ALA Blood ALA § Brain ALA
(ng/ml) E (ne/e) (ng/ml) i (ve/e)
5.7 E 3.0 15,0 § 2.3
5.8 § 1.9 | 17.5 § 3.0
10.8 § 7.5 18,3 i 2.1
12.5 g 3.3 33.0 i 4.5
15.0 i w0 | om0 1 a9
19.5 i 12,0 50.0 % 4.7
30.0 § 7.1 55,0 § 5.0
31.6 § 10.0 5540 E 6.5
33.3 § 16.9 62,5 8.3
35.0 § 19.0 63.3 1 9.6
62,0 § 20,0 73.3 8.2
70.8 § 12,7 80,0 8.0
76.7 § 15.1 105.0 17.0
81.7 § 11.7 120,0 21,6
86.7 § 14,2 123,3 13,3
92.5 E 14.6 - i -

i i




Figure 11l.
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SUBSIDIARY EXPERIMENTS

a) The determination of brain ATA when the blood
ALA concentration had returned to normal is described
on page 101l.

Results: ALA could be significantly detected in the
brains of rats pretreated with'ALA, but with normal
blood ATLA concéntrations. Rats untreated with ALA
demonstrated no significant ALA in the brain compared
With the ALA treated vats.

' b)  To determine if all the radioactivity in the
supernate was due to ALA the following procedure

was carried out: A chromatogram was run (method.gp59,)
of a sample of tissue supernate against a Cl4 ATA
spiked standard of ATA. When the chromatogram was
stained, it was divided into squares of side 1 cn,
along the lines of migration of the spots. Each
square was then eluted with water, and each eluate

was counted for activity.

Result: It was found that all the radioactivity
significantly above background was localised in the
region of the supernate run which corresponded with
the ALA spot on the standard run. The percent re-
covery of the radioactive ALA from the chromatographic
procedure, was in the region cof 20%.

c) To test if all, or at least a high percentage

of the ALA had passed from the tissue on homogenisation
into the aqueous supernate, a Hewlett Packard Sample

Oxidiser was used. This machine oxidises the tissue
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directly, giving off a vapour containing all
organic carbon as carbon dioxide. This carbon
dioxide is then automatically transferred into a
solution which can be counted for Cl4 activity.
- The brains of three rats which had been given
14

C~" ALA, were halved medially and an equivalent

corresponding portion of each half was determined

for Cl4

activity either after oxidation in the
Sample Oxidiser, or after homogenisation and cen-
trifugation as described above.

Result: t was found that each corresponding sample
showed no more than a 5% difference in ALA content

14

whether C activity was counted after oxidation of

the tissue, or after homogenisation and centrifugation.

These results indicate that it can be assumed
that: a) ALA is not merely in a diffusion equili-
brium with the parts of the brain not served by the
blood-brain barrier: and that the normal brain ALA
content is significantly less than that after admini-
stration of ALA.

b) The 014/H5 activity counted, is due to
labelled ALA alone and not to a metabolic or chemical
product of it.

c¢) Almost all the ALA contained in the tissue
passes into the aqueous supernate aftep homogenisation
and centrifugation. -

As a result any errorsin these procedures for
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the measurement of ALA in brain tissue are likely
to give an under-estimate of the amounts present,
rather than an over-estimate.

Discussion

The results indicate that ALA can cross the
blood-brain barrier, and that it can do so at blood
concentrations known to occur in acute porphyria.

As the relative distribution of ALA between the
extracellular and intracellular fluids was not
determined, the results only give the wet brain’
tissue content of ALA and not the subcellular nor
cerebral distribution. There is little doubt that
having passed the blood-brain barrier ALA can enter
the brain cells, as cell membrane penetration by ALA
has previously been establishéd. (Scott et al, 1955)
(Falk et al, 1956).

It is seen that the brain content of ALA
increases with the blood concentration, and it is
reasonable to assume that in AIP, an increase in
circulating ALA results in a corresponding increase
in passage'into the C.N.S. '~ If the above experiment
is a representative animal model for the human con-

dition, then with the circulating levels of ALA

reported in AIP (up to 24/pg/ml) a brain concentration

of some 10-15pg/g might be expected.

Such relationships between blood and brain ATA

concentrations have in this case been studied acutely.

In porphyria of course, the exposure to elevated




circulating ALA is over a prolonged period; thus
depending on a number of factors, such as the nature
of passage of ALA into the brain (i.e. whether active
and/or passive) the equilibrium concentrations across
the blood-brain barrier, and the rate of metabolism
of ALA centrally, much higher control concentrations
of ALA might occur. Further it is possible that ALA
may be preferentially taken up at specific sites in
the cells, e.g. nerve endings or myelin, where
‘effectively very large concentrations may occur.

This central uptake of ALA is consistent with
the finding of ALA in the C.S.F. of subjects in acute
porphyric attack (Sweeney et al 1970). It also
becomes relevant to the observations, referred to
above, that ALA is capable of 'in vitro' inhibition
of brain ATPase and transmembrane sodium transport.

A detailed account of the possible neurological
effects of ALA due to its possession of these pro-
perties is given in Section IV. At thisstage it
is only necessary to say that as ATPase activity and
membrane sodium transport are of critical importance
in maintaining the integrity of neural function,
their inhibition of these would lead to heurological
disturbances. Further nerve ATPase activity is also
thought to be a controlling factor in neurotransmitter
release, and thus inhibition of ATPase by ALA could
lead to inappropriate release of neurotransmitter

with the resultant pathophysiological consequences.




Thus it is evident that ALA is potentially capable
of éffecting neurological changes which could con-
ceivably account to a greater or lesser extent, for
the neuropathology evident in AIP.

The question presents itself : tg-what extent
can these 'in vitro' findings be related to the 'in
vivo' findings? In terms of concentrations Becker
et al (1971) found that ALA could inhibit ATPase in
a concentration of 0.2m M. This concentration is
‘about 26ug/ml. = Similarly Eales et al (1971) =
produced inhibition of membrane sodium transport
with an ATLA concentration of 0.15 M, which is about
20ug/ml. The brain concentrations in this experi-
ment corresponding with the ALA concentrations found
in AIP, is not much less than these values, assuming
a brain tissue density of just greater than lg/cc,
and could quite conceivably reach them in the event
of chronic exposure to elevated levels of circulating
ATA.

It would appear on the basis of these con-
sideratioﬁs therefore, that ALA could reach the
required concentration in the brain 'in Vivé' to
exert similar actions to those found 'in vitro'.
Evidently therefore, it would be of some interest
to investigate the distribution, both at the gross
anatomical and subcellular levels of central ALA,
to resolve the likely results of suchﬂﬁeurological
effects of ALA in terms of known central neuro-
physiology and the possible relation between this

and the manifestations of AIP.




BEHAVIOURAL STUDIES

Introduction

The fact that ALA can pass the blood-brain
barrier together with the fact that it can in-
fluence brain ATPase (Becker et al, 1951) and
membrane sodium transport (Eales et al, 1971)
suggests that if given in a large enough acute
dose, or over a period of time, ALA could pro-
duce behavioural changes in experimental animals.

- A study of this nature was carried out by
Marcus et al, (1970) who assessed the relation-
ship between ATA and ALA induced changes in the
biochemistry, behaviour and EEG of freely moving
rats with chronically implanted cortical brain
electrodes.

These workers found that AIA (400mg/kg)
induced a reversible progression of EEG changes
which were characteristic of central excitation.
They observed however that repeated daily in-
Jections of ATA led to a progressive reduction
in the duration and degree of the EEG changes
and the behavioural changes which were initially
observed viz: ataxia, intermittent propulsive
movements and falling. They found however that
although the peak behavioural and EEG effects
occurred 2-4 hours after the first administration

of ATIA, the peaklurinary excretion of ALA and PBG
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did not occur until the second day after admini-
stration.

Two animals were given a similar series of
injections of ALA (400mg/kg) but neither be-
havioural nor EEG changes were observed.

These experiments were carried out by
measuring 'gross behaviour', i.e. the animals
were merely observed in their cages for some
distortion of normal activity. No specific
index of behaviour was measured. Further few
animals were used (4 given AIA, 2 ALA) and it
is notoriously difficult to observe non-dramatic
behavioural changes in small groups of animals.
It was felt, therefore, that this evidence was
not sufficient to conclusively say that ALA had
no effect on animal behaviour.

To make an adequate appraisal of any
potential behavioural effect of a drug it is
necessary to look at the effect of the drug both
acutely and chronically, using a defined para-
meter of normal behaviour, changes iﬁ which are
capable of quantification.

The present study was designed to establish
whether or not acute and prolonged ALA admini-
stration, could produce behavioural changes in
experimental animals. The acute studies in-

volved the use of mice and the index of behaviour

used was spontaneous activity. As well as normal




mice, mice chronically pretreated with ethanol
were also used. Ethanol is one of the drugs
known to have an effect on haem biosynthesis.
It can increase the activity of hepatic ALA
synthetase (Shanley et al, 1968) and depress
the activity of ALA dehydrase (Moore et al, 1970).
It might be‘expected<fherefore, that chronic
ethanol pretreatment would cause an increase in
the circulating concentration of ALA; and if ATLA
had some effect on animal behaviour the effect of
chronic ethanol pretreatment may be similar to
this effect of ATA. Ethanol is also known to
be capable of precipitating attack in AIP both
~when taken chronically and acutely (Ferguson et
al, 1970). Thus it is possible that chronic
ethanol pretreatment could affect the suscep-
tibility of an e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>