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INTRODUCTION.

During many years a number of observers have presented evidénce
suggesting that cerebral ischaemia, resulting from local vascular
spasm, or from suddenly diminished blood supvly to the brain as a
whole, may be instrumental in producing an epileptic seizure.
Investigators have also demonstrated that an epileptic discharge
may originate in an area of cortex which has been patiologically
altered by a previous ischaemia. In the investigation described
here these two aspects of the problem of epilepsy have been studied.

The first part of the thesis deals with vasospasms and focal
cerebral ischaemia produced by mechanical and electrical stimulation
of pial and cerebral arterial vessels. In the second part of the
thesis is described the histological changes in the cortex and
meninges resulting from the above type of stimulation and also the
changes following exposure of the brain under different conditions.

The purpose of the investigations recorded in part 1. of the
thesis has been to determine the factors underlying the reactions of
pial and cerebral vessels to stimuli applied directly to their walls.
This opens up a problem which becomes ever wider with eacii new fact
brought to light. 1In the past most of the work done on the reactions
of pial and cerebral vessels has been directed toward the study of
their neurovascular control and little attention has been paid to
the inherent reactivity of smooth muscle itself. Fortunately the

physiology of smooth muscle has been studied quite extensively in
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other organs and in blood vessels elsewhere in the body. Many of
the facts gathered from these studies will undoubtedly be found
directly applicable to the smooth muscle in intracranial vessels.
To separate the reactions inherent in the smooth muscle of pial
vessels from those dependent upon the presence of neurovascular
nerves is a problem which has only been started here; for Cannon
has recently given us added insight into the complexity of the
problem by demonstrating how smooth muscle becomes hyperirritable
when deprived of its nerve supply. Suchh an observation may well
lead to the discovery of mechanisms underlying many phenomena so
far unexplained.

Although the metiods of stimulation employed in the experiments
described in this thesis, are grossly unphysiological the fact that
they cause pial vessels to constrict would seem to be of practical
importance, especially if, as a result, there occurred ischaemia
in the underlying cortex; for the brain is frequently subjected to
just such unphysiological stimulation in head trauma, embolism,
electric shock, and electrical stimulation at operation and in the
laboratory. Also if focal cerebral ischaemia could be produced in
this manner the method might be used to investigate the o0ld theory
that local vascular spasm and focal ischaemia at times is the
mechanism underlying epileptic seizures.

In part 2. of the theéis are described the histological changes

in the brain and meninges resulting from mechanical and electrical
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stimulation and from simple exposure at operation. An attempt has
been made to determine which of these changes is due to drying,
alterations in temperature, ischaemia, mechanical trauma or electriciy

As mentioned in the preceeding lines the brain is frequently
subjected to both mechanical and electrical stimulation. It is
usually taken for granted that electrical stimulation as employed
in physiological experiments has no injurious effect on the nervous
system. To determine whether this is true is one of the objects of
this investigation. As for trauma we know that a laceration or
severe blow to the brain is injurious, but concerning tie minimal
amount of mechanical trauma required to produce histological cnange
little investigative work has been done. This also holds true of
the effect of drying and temperature changes on the brain and
meninges. Such knowledge is of particular importance in operative
neurosurgery. Craniotomies must be carried out and an attempt has
been made here to determine how thiis may be done with a minimum
degree of injury to the brain and meninges.

Unfortunately, in a problem so extensive, the present investiga-
tion has made only a meagre mark on the field to be covered.

However for the vriter new paths have been opened and the way seems

-clearer.
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PART 1.

VASOSPASMS AND FOCAL CEREBRAL ISCHAEMIA PRODUCED BY MECHANICAL AND

ELECTRICAL STIMULATION OF PIAL AND CHERBKAL ARTERIAL VESSELS.

LVIZW OF THE LITERATURE

The literature directly related to tle experiments described
in the first part of the present thesis is scanty. It is concerned
with investigations of the effect of mechanical and electrical
stimulation on pial and cerebral vessels. However no phenomenon is
an isolated event but is the result of a never ending chain of
causes and effects. In studying the action of local stimulation on
blood vessels, therefore, one must consider whether the stimulus
acts on the vessel wall directly or on the nerves supolying it.
Thié immediately brings up the question of the vessels anatomy, and
in fact the physiology of smooth muscle in general. If vascular
nerves play a part in the reaction then the whole problem of the
vasomotor control of cerebral vessels must be considered. To
cover such a literature would require more space than is necessary
in this thesis. An attempt shall therefore be made to »resent the
more important aspects of such a literature.

The Anatomzﬁof cerebral blood vescsels.

Bonnet (1896) felt that the wall of the cerebral arteries
should be divided into six layers, as follows: (1) the endothelial
tube; (2) the longitudinal fibre coat; (3) the elastica interna:
(4) the layer of circular fibres; (5) the elastica externa;

(6) the adventitia (or externa). He makes these divisions both on

embryological and histological grounds.
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Ranke (1915) agreed with this classification as have most
other investigators on this problem.

Triepel (1897) and Cobb and Blain (1933) have siown that in
the cerebral arteries tne elastic fibres have a different arrange-
ment and possibly are more numerous than in other parts of the bodxy
Hackel(1927-28) pointed out that although the inner elastic layer
varies in thickness, the tihickness of the elastic membrane in
relation to that of the muscle layer is in general greater in the
brain arteries than it is in many other parts of the organism.

The transition of structure from that usual in extracranial
arteries to that of the intracranial arteries wzs shown by Triepel
(1902) in studying the arteries as they enter the posterior fossa
of the cranium. In the transition there is an increase of the
elastic tissue and more especially an aggregation ¢f the elastic
tissue into the inner elastic membrane, which assumes a greater
thickness as the arteries enter the skull. Also there disappears
from the muscle layers the irregularly gouped elastic fibres.
Benninghoff (1930) has remarked that the intramural stretch imposed
by the blood pressure seems to be adequately taken care of by the
very strong internal elastic layer and by the media. According
to Wolff (1938) the cerebral arteries would seem to be built to
meet pressure requirements only from wit.in; for both cerebral
and dural arteries in passing into the region protected from

outside pressure, reduce the adventitia and in man es»ecially, the
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elastic longitudinal fibres are almost completely lost.

According to Ranke (1915) the capillaries of the central
nervous system have two unusual features. One is the connective
tissue that lies between neighbouring capillaries, in the form of
small bridges of adventitial cytoplasm. The other feature is that
the capillaries of tne cerebral cortex possess a special internal
membrane. Such a membrane h-s never been observed by Cobb (1932)
and according to him the capillaries in the brain appjear much like
the capillaries in other parts of the body.

The walls of the veins of the brain are extremely thin in
relation to the large lumen, and they are composed largely of
connective tissue., The small veins that run out of the capillarie
are indistinguishable in their structure from the pre-capillary
arterioles. In the larger veins taat adjoin these there is an
elastic membrane, but it is thin and as the veins become larger
there is relatively less and less elastic laminz. This is especially
true of the veins of the white matter. 1In the veins of the pia
" the elastic layer is reduced to a very thin ring lying just
external to the endothelium (Cobb, 1932).

In summary one may quote Wolff (1938) - "The blood vessels
of the brain differ in no histological essential from vessels

elsewhere, though there are minor differences”". And, as mentioned,

Cobb (1932) feéls that the capillaries in the brain apoear much like

capillaries elsewhere.
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Angio-architecture and the gquestion of end arteries in the brain.

These two problems are of narticular importance in the present
investigation where stimulation of various types has been applied
to the pial vessels; for by this means it has been vossible to
produce cerebral ischaemia despite the rich anastamosis of vessels
and sparsity of end arteries. Also, interesting areas of gliosis,
following various types of stimulation, have been found in the
cerebral gray matter, and the pattern of this gliosis has appeared
to be dependent upon the anatomical arrengement of the cerebral
vessels.

The cerebral arterial tree in man unlike that of many organs,
has no hilum from which the vessels plunge into the body of tae
structure. On the contrary, tine internal carotid and vertebral
arteries are united by the circle of Willis, and its six large
branches, whica encircles the globoid hemispheres at their base.
These six great trunks then divide into branches. A few enter the
basal ganglia and choroid -lexus, but for the most part, they
spread themselves like a net in finer and finer brancaes over the
surface of the cortex. ©Smaller arteries at innumerable points
dive deeply into the cortical and sub-cortical tissues where,
through their capillaries, they anastamose with one another and
with others coming through the brain substance from the opposite

surface of the hemisphere (Cobb, 1932).
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This gives us a general picture of the gross anatomical
arrangement of the vessels. Studies of the relative vascularity
of various parts of the nervous system have been carried out on the
rat by Craigie, 1920, 1921, 1930, 1931 and 1932, and on the cat by
Campbell (1937-38) and Finley (1936). Craigie (1920-21) was the
pioneer investigator to use quantitative methods in the study of
the blood supply of the brain. A suort history and a complete
bibliography of the study of cerebral vascularity are included in
his first paper (1920). His micrometric observations prove that the
gray matter of the central nervous system is much more richily supplied
with capillaries thian the white matter. In fact in the regions |
studidd the poorest s»art of tane gray was nearly nhalf as rich again
in capillary supply as taie ricnhest part of the white matter; he
found that lamina 1V (granularis interna) was always the most
vascular in the albino rat; laminae 111 (pyramidalis) and V (gang-
lionaris) were less vascular, while 1 and V1 were very »oor in
capillaries. This held for specimens taken from the parietal,
occipital, temporal, prefrontal and insular areas.

The angio arcaitecture of the brain is closely connected with
the cyto-architecture and myelo-architecture which have been so
carefully studied by the Vogts. Pfeifer (1928) has studied the
vascular anatomy in the cat and the plates in his monograph illustrate
the correspondence of vascular to cellular histolofy. Some of his

illustrations of injected wreparations (for instance of the gyrus
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lateralis of a cat) shows beautifully the dark strips made by the

rich capillary bed in laminae 111, 1V and V as compared to the

relatively lighter inner and outer layers of the cortex.

Cobb (1929) in preparations of rabbits brains made by injecting
Berlin Blue intravitam showed essentially the same taiing. He
demonstrated that the neopallium (or isocortex) is generally
supplied by surface vessels, small arteries plunging in from the
pia, giving off a few arterioles and capillaries in lamina 1 and
many more in laminae 11, 111, 1V and V; beneath this, lamina V1
is again less vascular; the white matter below resembling the
white matter elsewhere.

As to the question of end arteries in the brain there has
been some dispute. Cohnheim (1872) clearly annunciated the theory
that infarcts could occur only where t.iere was no anastamosis
between arteries. Ile inferred that the arteries in the brain are
end arteries and that emboli in the brain usually cause simple
necrésis, while in tne spleen and lung the infarcts are usually
hemorrhagic.

Fay (1925) mmde injections of metallic mercury into human
brains removed at autopsy and then made records of the injections
by means of stereoscopic X-ray plates. Tﬁe results are clear cut
and prove that there are many anastomotic arterial trunks between
the anterior, middle and posterior cerebral arteries. He believed

that there is no evidence of anastamosis between the large vessels
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supplying the subcortical wnite matter nor in the vessels of tie
basal ganglia.

According to Cobb (1931), Pfeifer in two monographs (1928 and
1930) proved beyond doubt that t.ere are no end arteries in the
brain. He showed by his injection preparations that the capillary
bed of the whole cortex is one endless network and stated that a
red blood cell, if given motive power, could travel tiarougn normal,
open vescsels from the occioital pole to the tip of the frontal lobe.

Lorente de No (1937) however denies ever having seen true
artery anastamoses although bota Lorente de No (1927) and Cobb
(1931) have described free anastamosis in the capillary bed.

Wislocki (1937) and Lorente de No (1937) point out that
Pfeifer in nis profusely illustrated memoirs, brings no convincing
evidence of arterial anastamosis, what ne shows being, at most
precapillary anastamoses. Although in the pia of the cat, arteries
10 to 15 mu diameter commonly anastamose with eacin other, Forbes
(1937) and Campbell (1938) have observed in the cat a few anast-
amozing arteries in the basal grnglia; according to Wislocki and
Campbell (1937) the vast majority of the arteries in the brain of
cats, rats, rabbits and monkeys are end arteries, i.e. arteries
which as such do not anastamose with each other.

Pfeifer (1928 and 1930) describes arterio-venous anastamoses
in the pia, the arterial blood under high pressures supoosedly

hastening the blood flow in the veins. Wolff (1938) however states
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that most workers have doubts as to the actual existence of such
arterio-venous anastamoses and the general acceptance of such

structures depends upon additional and more convincing evidence.

Nerve supply of pia; and intra-cerebral blood vessels.

Anatomical evidence.

Contrary to the older conceptions it is now recognized that
both pial and intracerebral vessels, in common wita other tissues,
are supplied with nerves. Nerves on the pial vessels were first
described by Hfiber in 1899. The older litersture on this subject
has been well reviewed by St8hr in 1922 and by Dowgjallo in 1932.

In 1922 St8hr gave a detriled and critical descri»tion

of the innerv=ation o" the human pi- and -Hial vessels. Little has
been added to St8hr's contribution. He used a modification of
Schultze's codium-hydroxide silver method and described an
abundant nerve supply to the pial arteries made up of myelinated
and unmyelinéted fibres. These nerve fibres form superficial:
and deep plexuses in the adventitia of tie arteries, the latter
plexus lying just outside the media. He could rarely trace any
fibres into the tunica media and could not demonstrate motor nerve
éndings there. Sensory endings in thie adventitia of the larger
pial arteries were described, but the most elaborate endings were
found in the arterioles of the pia. Very rarely he found nerves

loosely accompanying capillary vessels in the pia and giving off

fine knob-like endings on their walls. St8hr considered that these
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were in d;rect functional relationship to the ca»sillary walls.
With his methods St8hr was unable to find any nerves extending
from tiie pia along intracerebral vessels,

In 1893 K8lliker described perivascular nerves on intra-
cerebral arteries of 90 u in diameter, but gave no illustrations.
Perivascular nerves in the medulla and apinal cord of cats and
dogs were clearly demonstrated by Clarke in 1929. Kurusu and
Hamada (1929) reported the presence of intracerebral vascular nerves
in the adventitia and media of small arteries of dogs and monkeys.
In932a , Penfield using a modification of the Gross-Bielschowsky
technique demonstrated fine unmyelinated nerve fibres on intra-
cerebral blood vessels and on vessds throughout the rest of the
central nervous system in the cat, dog, monkey and in man. These
nerves were found to be continuous with myelinated and unmyelinated
nerves on the pial vessels and run in the perivascul-r sheath
or in the adventitia and on smaller arteries run between adventitia
and media. Chorobski and Penfield (1932) followed tiem onto
arterioles as small as 25 to 30 u in diameter. No nerves were
seen on intracerebral capillaries. Ilumphreys in 1939 using a
protargol stain was able to demonstrate clearly fine unmyelinated
fibres on the intracerebral capillaries. McNaughton (1938) has

given an excellent review of this subject.

Vasomotor control of cerebral circulation.

Good reviews of the literature on tnis subject have been
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given by Hfirthle (1927), Forbes and Wolff (1928), St8hr (1928),
Penfield (1932a), Chorobski and Penfield (1932), Clark (1934),
Wolff (1936), Bouchaert and Jourdon (1937), Cobb (1938) and
Forbes and Cobb (1938).

The effects of cervical sympathetic stimulation on the
cerebral vasculature have been thoroughly explored by various
methods, and in escence the results agree. Direct observations
were made t.irough skull windows in c-ts, anesthetized (Forbes
and Wolff, 1328) and unanesthetized (Thomas, 1935) as well as in
the isolated perfused head (Pool, Forbes and Nason, 1934). The
average constriction resulting from such stimulation is about 8
to 10 oer cent. Experiments cmrried out by means of blood flow
determination methods such as a constant »ressure perfusion pump
(Finesinger znd Putnam, 1933), a thermocouple on the internal
carotid (Gollwitzer-lieier and Zckardt, 1934; schneider and
Schneider, 1934), or a thermocouple in the substance of the brain
(Schmidt and Pierson, 1934: Schmidt, 1934 and 35: Volff and Cattell,
1935) reveal that stimulation of the cervical sympathetic nerves
causes decrease in cerebral blood flow and constriction of the
pial and intrinsic blood vessels of the cerebrum. As ascertained
by blood flow methods; using a thermocouple in the brain substance
(Schmidt, 1935) and a Rein Thermostromtthr on the internal carotid,
comron carotid and vertebral nrteries, (Gollwitzer-Meier and

Gckardt, 1934) the effects are said to be bilateral; by the skull

window method, and by actual measurement of capillary filling in
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both cerebral hemispheres (Talbot, Cobb and Wolff, 1929) the effects
are shown to be distinctly unilateral. Moreover, stimulation of
the cervical sympathetic nerve causes constriction of the dural
arteries averaging 34 per cent. This contrasts with the average
constriction of pial arteries whicn is 8 to 10 per cent, and the
skin which is about BO per cent (Pool, Nason and Forbes, 1934).

Vasomotor effects are not equally great in all parts of the
neuraxis. The blood ves=els in the medulla, for instance, are
very little affected by stimulation of the cervical sympathetic.
The arteries of the hypothalamus are =ffected somewhat more, and
those in the cortex ap.enr tobe most nffected, although less than
those of the pia (Schmidt, 1934, 1935). The latter in turn have
less reaction than the vessels of the dura and skin (Pool, Nason
and Forbes, 1934). Stimulation of tne cervical sympathetic nerves
commonly results in constriction of the arteries of the choroid
(by direct observation, Putnam and Ask-Upmark, 1934).

The responses of the pial arteries to faradic stimulation in
the thalamus and hypothalamus were also observed tirough skull
windows. Constriction of the pial arteries results from stimul-
ation of a hypothalamic ~rea between the cerebral peduncle and
the third ventricle. On the other hand, dilatation of pial arteries
results from stimulation in a circumscribed area in the central
portion of the tuber cinereum as well as from a more diffuse area

in the thalamus (Penfield and Stavraky, 1935).
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. The results of wvagus stimulation are definite and predictable,
although interpretation of their nature is more complicated than in
the case of the cervical sympathetic effects (Forbes and Wolff,
1928; Cobb and Finesinger, 1932). With the skull window technique
in cats and in monkeys there was observed during the périod of vagus
stimulation, and while the blood pressure was falling, an average
increase of 15 per cent in the diameter of the pial ves=els in
approximately three quarters of all experiments. The effects
were bilateral. Similar results follow depressor nerve stimulation
(Forbes, 1935).

The facial nerve is -said to be the efferent pathway for this
cerebral vasodilator effect (Cobb and Finesinger, 1932; Chorobski
and Penfield, 1932), since dilatation of pial arteries is quite
regul=rly obtained on v-gzus stimulation when the facial merve is
intact, but never w.en the latter is cut nesr its exit from the
medulla.

There is no doubt tiat maximum dilator effects on vagus
stimulation do usually accompany the great falls in blood pressure
(Wolff, 1936). 1In fact according to Forbes when the major falls
in blood pressure were prevented by clamping the abdominal aorte,
dilatation occurred in somevhat less than a quarter of his experi-
ments. However, several otiier satisfactory experiments (Finesinger
and Putnam, 1933) indicated that the va_us-depressor nerve effects
are not entirely the result of blood »nressure changes. For instance
when the perfusion pressure was kent constant (Finesinger and

Putnam, 1933) the cerebral vasodilatation on vagus stimulation
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still occurred. lioreover, experiments (Cobb and Finesinger, 1932)
demonstrated that after cutting the facial nerve which contains
the cerebral vasodilator fibres, cerebral vasodilatation on vagus
stimulation was not observed. That the fall in blood pressure,
though frequent,is not essential for the effect is further demon-
strated by the fact that 15 per cent of the vagus vasodilator
effects were without a concurrent fall in blood pressure (Forbes
and Wolff, 1928).

In more recent vagus experiments (Forbes, 1935) vasodilatation
occurred in 7 of 15 instances in which there was no fall in blood
pressure. These data indicate thiat the fall in blood pressure,
though possibly a factor in the cerebral vasodilatation observed
to follow vagus stimulation, is not solely responsible (Wolff,
1936).

It has also been demonstrated that the effects of vagus
stimulation occur after resection of the carotid sinus and depressor
nerves in the cat (Forbes, 1935). Hence, the eflfect of tiae
stimulation of the vagus nerve is not dependent uson the presence
of the other afferents. Also resection of the cervical sympathetic

nerve does not alter the effect of vagus stimulation (Wolff, 1936).

Vasoconstriction following direct stimulation of vessels.

The effect of direct stimulation on pial vessels was appnarently
first observed by Schultz in 1866 who found that these vessels

constricted on electrical stimulation. Apart from his work little

interest was taken in this particular problem until Florey's
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paper apoeared in 1925. Florey reported in detail how spasms

could be produced in individual pial vescsels by direct mechanical and
electrical stimulation. He also showed tnat the cerebral arteries
react to thermal and chemical stimuli by contraction and dilatation
and studied the effect of drugs, asphyxia and sympathétic stim-
ulation on these vessels. He concluded that "all the evidence
given is therefore emphatically against the recognition of any
effective intracranial vasomotor control, in spite of the fact

that the vessels are capable, with aporopriate metiaods of stimul-
ation , of entering into strong contraction". Florey's observations
are not entirely correct for we now know that in animals stimulation
of the cervical sympathetic nerve results consistently in con-
striction of arteries in the pia (see Forbes and Cobb, 1938) even
though this be slight. However wnat concerns us :iere is that
Florey's observations led him to believe taat tne constrictions

in pial vessels resulting from difect stimulation were not necess-
arily dependent upon a neurovascular mechanism. His evidence for
this conclusion is based mainly on the fact that he was unable

to discover any constrictor effect on the vessels from injections

of adrenilin or pituitrin or from sympathetic nerve stimulation

in the neck. 1In speaking of the pial vessels he pointed out

that "it was thought that the localization of the contrmction

to the point stimulated indicated that t:ie arteries were not

innervated, but the messenteric vessels which certainly have a
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vasomotor supply react in an identical way".

The findings presented in the present paper are in agreement
with Florey that the constrictions oroduced by direct stimulation
of pial vessels are probably largely independent of the vasomotor
nerves which are present. However one of the arguements used
in support of this contention is the one rejected by Florey;
for Rickeer and Chase (1938), have siown that an irritant applied
to the mesentery causes not only a local traumatic constriction
of an artery but that the constriction is transmitted instantly
along the vessel and there occurs constriction of smaller muscular
arteries and terminal arterial segmeﬁts. This type of reaction
has never been observed in thie pial ves=els where constriction
remains localized.

The reactions of vessels elsewhere in the body to direct
stimulation have been studied at length (see Krogh, 1930) and
the findings are of help in analysing similar reactions in the
pial vessels.

When the end of a flat ruler (2-3 cm. broad, smooth and with
edges just rounded) is drawn steadily, but not rougily, across
the human skin the area covered by the stroke becomes after
15-20 seconds distincily paler than the surroundings, (see Krogh,
1930). Carrier, (1922) showed by microscoosic observation that the

blanching is due to the contraction of the skin caoillaries and

vessels and Heimberger, (1925) has shiown further that a snarply
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localized weak mechanical stimulus will generally result in a
contraction of a length of ca»nillary corresponding probably to
one or two Rouget cells. Lewis (1926) refering to this
phenomenon, remarked that "the contraction of the minute vessels in
response to tension after a short period of latency, appears to
be the direct result of stimulation of their walls. It is in-
dependent of nerfous reflexes, central or local". Ebbecke (1917)
saw it occur on skin to which the nerve sup»ly had long been
lost and Carrier (1922) on skin locally anesthetized. Lewis
(1927) has seen it in skin to which the merves had been cut
surgically and allowed to degenerate, a white reaction being
obtained across sensitive and insensitive skin.

The contraction response of the minute vessels according
to Ebbecke (1917) can be nroduced similarly to that in the skin,
on the surface of mammalian viscera such as the liver, spleen
and kidney.

Liebermann (1921) observed in frogs arteries that passing
of a constant current for some seconds tarough unpolarizable
electrodes would produce sharply localized constrictions at
the kathode and dilatation at the anode. Ni (1922) obtained
very sharply localized constrictions on cawnillaries in frogs
webs, fins of fishes, wings of bats and fingers of human
subjects by applying series of make and bre~k shocks from

either an induction coil or a battery. He showed that in some
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cases the length of the constricted part seems to be no more
than 2-4 u. Krogh remarks "it is inconceivable that such a
constriction could be brought about indirectly. The stimuli
must act eithier on a few fibrils in a single Rouget cell or on
single endothelial cells". Heimberger (1926) finds on the nail
capillaries of man that the constant current anode will bring
the Rouget cells to contraction.

These references from the literature taen snow us that
there are certain reactions in common between the vessels in
the pia and elscwhere in the body. In the peri hery local const-
rictions can occur as a direct result of stimulation of the vessel
wall without any aprarent particioation of the vascular nerves
which are »resant. As will be seen from the experiments des-
cribed in this paper the same seems to hold true of pial and
cerebral vessels despite the fact tiat these vessels likewise
have an abundant nerve supvly. However tie fact thiat local
constrictions occur witihiout any aooarent particiostion of nerves
does not mean of course taat taiese nerves do not play an active
part under certain conditions,

There is no evidence in the literature at _resent to prove
that human cerebral or pial vessels constrict on mechanical or
electrical stimulation except a brief note by Riser et al (1931).
They have recorded a single observation to the effect that

mechanical stimulation of one pial vessel caused this to constrict
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504 of its diameter. This observation was made during an
operation for a cerebral tumor.

In the literature there are of course numerous observations
and clinical analogies suggesting that spasm of cerebral
vessels may occur under certain conditions (see Kennedy et al,
1938, and Cobb, 1938). Penfield (1933-38) has observed
definite anular constriction in the pial vessels of epileptics
following seizures. However spasms of the above type do not
directly concern us here for the present paper deals with re-
actions to stimuli of a non-physiological nature. It is
therefore dangerous to draw analogies between the spasms
under discussion and those reported clinically.

There are other aspects of the literature that have
some bearing on the findings to be reported in this paper

but these shall be discussed later in their proper place.
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EXPERIMENTAL DATA.

TECHNIQUE.

The majority of the observations included in Part 1. of
the thesis were obtained in acute experiments on thirty cats.
As there is considerable overlap between experiments, different
observations were frequently carried out on the same cat.

For instance, observations on the effect of electrical and
mechanical stimulation were often made during one experiment.
At the end of the experiment the cat was at times used to
demonstrate focal cerebral ischaemia by intra vital staining.
Also many observations included in Part 1l. of fhe thesis were
obtained during electrical or mechanical stimulation of pial

vessels in cats (and one dog and one monkey) used in the sterile
operations described in Part 11. of the tnesis.

The animals were anesthetized with ether or with dial
0.5 c.c. of a 10% solution intraperitoneally.

A large decompressive bilateral craniotomy was performed.
At times this was done at first on one side and a few hours
later on the other. On opening the dura a petri dish was laid
over the cranial defect and gauze soaked in physiological
Ringer's solution closely applied to the edges of the dish to
prevent the entrance of room air and drying of the cortex. 1In
the centre of the petri dish was a small hole through which a

glass stimulating rod or electrodes could be inserted. A
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microscope was then mounted over the cortex and the vessels
observed with high or low power magnification. When the latter
was used it was necessary to remove the petri dish.
As the particulars of each experiment vary considerably,

further details of tecnnique will be included under the individ-

ual experiments.

THE EFFECT OF MECHANICAL STILULATION ON PIAL BLODD VESSHELS.

Observation on individual vessels in cats.,.

Preliminary observations on six cats confirmed the findings
of Florey in their entirety.

It was found that gentle or heavy stroking of arterial
veséels of all sizes with the tip of a glass rod produced
vaso-constriction. (see Figs. 1 & 11). It was usually necessary
to stroke the veesel at right angles to its long axis. By
this means the vessel wall could be stretched and stretch
appeared to be an adequate stimulus for constriction. The
contraction occurred only over the area of vessel stimulated
and was never propagated away for long distances as has been
described in mesenteric vessels by Chase (1934,'38). However,
constriction frequently occurred for a short distance on either
side of the area stimulated. It was felt that this was due
to the fact that the maximum stimulus was applied at the site

of stimulation but that the vessel was stretched over a wider



FIGURE 1.

Drawingsl to 5 were taken from photomicfographs
of cat's pial vessels constricted by mechanical stim-
ulation. The localized nature of the constrictions
as well as other features mentioned in the text are

well illustrated.

Drawings 6a to 6¢c represent the development of
constrictions following stimulation of a vessel with
bipolar electrodes leading to a thyratron, (intensity
5). An interval of 1% minutes elapsed between the
time of stimulation and the degree of constriction

present in drawing 6c.

Drawings 7a to 7c show the redilatation of a
vessel after it had been constfictéd by running the
electrodes along several mm. of its length. A
period of 10 minutes elapsed while the vessel.
changed calibre from that shown in drawing Ta to Tec,

(intensity 5 on thyratron dial - see text).
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area. This phenomenon was best demonstrated by looping a
very fine silk thread (on a needle) about = pial artery and
then, waile observing it microscosically, apolying traction on
the thread. When the traction was released it was found that
the vessel was frequently obliterated at the site of previous
contact of the tiiread but that tie vessel was also constricted
for a considerable distance in eitiier direction, the distance
depending at least in part on the degree of vessel stretch.
Frequently gentle stirmulation procuced com.lete obliteration
of the vessel lumen and the movement of the corpuscles in
branchies of the main trunk le=sdin; into tie constricted area
ceased as far back as the first collaterals. This was seen
microscopical’y in many cases. At other times stronger stim-
ulation such as rolling the vessel bacx ond forth with the tip
of the glass rod w5 required to bring on the constriction.
This was occasionally true in one portion o a vessel whereas
on either side o7 this are= in the same vesrel, li.nt stimulation
caused a very localized constriction. some vessels were
completely refractory to stimulation or became so after a
period of constriction. Occasionally, on gentle stroking of
a vessel, dilatation rat!ier than constriction resulted.
However, despite tiie variability in sensitivity of various
vescels to contract on stimulation the majority did so promptly
when the cortex was first exposed and this remained true for

hours if the brain was o rotected with a glas covering (see below)



The six illustrations are vnotomicrographs
of catt's »ial vessels constricted by nmechanical
stimulation. The bottom row of photomicro-
graphs are of three norrial wessels and the
uoner row are of tiue ssane vessels after nechan-

ical stimulation.
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The duration of the spasms was also variable lasting from
several seconds to 12 minutes depending upon the sensitivity
of the vessel and on the duration and strength of the stimulus.
In a fresh cortex the average duration of a vessel spasm
produced by quite vigorous stroking was sbout 3 minutes. The
time for the contraction to reach its maximum varied from a
few seconds to nearly a minute.

It has often been observed tnat a dilat~stion occurred
on eitner side of an area of constriction. Tais dilation at
times did not 2tmin its maximum until an interval of one half
to 2 minutes had elapsed.

If several mm. or more ol a vessel was constricted by
mechanical stimulation it usually did not redilate uniformly
but in boloney-smusage fashiion, are~ns of anul~r constriction
alternating with areas of dilstation. ‘/hen dilatation was
complete there was at times a re~sctive hyperaemia, the vessel
being incre~sed in size by as much as 1/3 its normal diameter.

The above observations ap- ly to arterial vessels of »ll
sizes. The venous capillaries did not snow any direct reaction
to stimulation however and the arterial brancnes such as the
middle cerebral were somewhat more refractory than the medium
sized and smaller vessels. However trunks such as the basilar
constricted promptly. The latter observation has been made in
a large number of cats (10). In these the basilar was exposed

through a burr hole in the base of the skull (during experiments
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for a different purpose) and the vessel stimulated with a
blunt metal rod. Gentle stroking of the vessel obliterated
it almost completely.

An interesting observ=ztion which we have been unable to
explain is the following. If, as stated, the cortex was
covered with a petri dish immediately after the dura had been
opened, most vessels were found to constrict promptly to
mechanical stimulation. Lowever if the cortex was left exposed
for a short time, even though it was irrigated with warm ringer,
the vessels were frequently almost all refractory to even
vigorous mechanical (or electrical) stimuleation. On the other
hand in many exoeriments at the end of several hours the
vessels constricted as promptly if not more so than in the
fresh brain. This has been true even after exnosure of the
brain to the air for 9 hours, the brain being irrigated from
time to time with conl or warm ringer. These findings suggest
that there are three stages in the excitability of the vessels
to mechanical stimulation (and the same has been found to be
true of electrical stimulation). An initial one when the
cortex and its vessels are in approxim-tely the normal state,
a second when the vessels are refractory to stimulation
due either to exposure to air or warmti (ringer) and a third

when they are again irritable despite conling and exposure.



ZIGURE III.

This is a photograbh of a normal cat brain. It
should be compared with Fi_s IV. which shows the
appearance of the pial vessels in the same cat after
electrical stimulation.

The craniotomy in t.is case is a little greater

in extent than the ones described in Part II of the

thesis,
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ELECTRICAL STIMULATION OF INDIVIDUAL PIAIL VESSELS.

In the earlier experiments an induction coil was used
for stimulation but later a thyratron constructed by Mr.
Cipriani, (similar to that described by Schmitt and Sciamitt
in 1932). This instrument produces a current which resembles
the faradic current of an induction coil,~but here the thyratron
tube filled with mercury vapour acts as an interrupter. The
current is thus constant and may be altered accurately in rate
and intensity.

Both unipolar and bipolar electrodes were employed at
different times. A bilateral craniotomy was performed as
described under "mechanical stimulation of cerebral vessels"
and a petri dish placed over the cranial defect as before.

The animals (5) were anesthetized with dial 0.5.c.c. per Kilo
intraperitoneally.

As with mechanical stimulation it was found that arteries,
'arterioles and capillaries (not vemas capillaries) constricted
promptly on electrical stimulation. (See Figs. 111 & 1V).

With a weak unipolar stimulus it could be shown tiat the
constriction was localized to the site of stimulation and was
propagated for only a short distance, if at all, in either
direction. The vessels contracted to complete obliteration
with even a very weak stimulus but the degree of constriction
varied with both the duration and strength of the stimulus.

In & fresh cortex protected from air, vessels usually



FIGURD IV,

This is a ohotograph of the same cat brzin as
shown in Fig. II1I, taken imwediately after tlhe pial
vessels had been constricted by electrical stimula-
tion. Note that all the arterial vessels visible in
®ig. III. have now disapneared or are seen as a faint
gray line. Biponlar electrodes and a thyratron were
used for stimulation (intensity 5). The vessels were
constricted by gently :oving the electrodes over all

visible arterial vessels.
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constricted to obliteration on less than 1 seconds stirmulation
with the thyratron at 2 to 3 which is usually below the thres-
nold for motor movement in the unanaesthetized cat's cortex.

With the thiyratron at 5 (using a bipolar electrode) a
single stimulation ofless than 1 second produced spasm at
each electrode wnicn advanced gradually, the maximum constric-
tion being reacned only after 1 to 2 minutes. The vessel did
not usually contract uniiormly but the wiole ares which had
come under the influence of the stimu'us showed beading,
constrictions alternating with normal or slightly dilated
vessel. Most of the dilated »ortions gradually cave way to
constriction but only after a period of 1 to 2 minutes. With
a decrease in the strength of the stimulus the effect on the

vessel was less widespreaa and the constriction less marked.

THE 3FFSCT ON T PIAL VioshiLs OF PASSING 110 VOLTS TIROUGH

THE BRAIN,

In four cats electrodes were placed one on tie upper lip
and one in the temporal muscle overlying a cerebral hemisphere
( a bilateral craniotomy having been performed).. The electrodes
led to a plug which was connected to the 110 volt main. A
current wrs then passed through the brain for 1 to 3 seconds
by closing the circuit. The pial arterial vessels immediately
became obliterated by constriction and for a few seconds were

invisible to the eye. (see Figs. V & V1.). DMost of the veins



FIGURL Va

The photograph on the op.osite page is of a
normal cat brain. This picture should be compared
with one of the same brain, siown in Fig. VI., after

110 volts had been passed througn it.
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FIGU:iis V.

This is a photograph of the same brain as shown
in Fig. V., immediately after 110 volts had been
passed through it for 3 seconds. One stimulating
electrode was in the right temporal muscle, which was
laid over the hemisphere and the other was on the left

upper lip. The current was taken from the main.
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also diminished in diameter but this may have been due to
lessened arterial flow. At times pial arteries remained con-
stricted for as long as three minutes. Constrictions from
stimulation with 110 volts however were never as prolonged as
they are with stimulation from an induction coil or a thyratron.
The vessels in the hemispnere directly between the electrodes
éhowed more constriction than those in the opposite hemisphere.
Thais type of stimulation produces a violent tonic and clonic

convulsive seizure in both c=ts or rabbits.

OBSHERVATION ON INDIVIDUAL PIAL Vs o5 IN DOGS AND MONKEYS.

Using both mechanical=and electrical stimulation it was
found that the pial vessels in dogs (one experiment) (anesth-
etized with dial intraperitoneally) showed the same type of
spasms as described in the cat. However with mechaﬁical
irritation the stimulus had to be more forceful to producé
obliteration of the vessel lumen and the vessels showed more
tendency to become refractory. The same was true of electrical
stimulation where a current of greater strength was necessary
to constrict many of the vescsels. Ixperiments Were‘performed
on several monkeys that were being operated on by or. Erickson.
In these animals tlie cortex had been exposed for some time
before stimulation was carried out and in all of them the
vessels failed to constrict. Under dial anesthesia a craniotomy

was then performed on a monkey and the cortex covered with a
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petri dish immediately on Opening the dura. The pial vessels
in this animal also failed to contract on mechanical or
electrical stimulation with the exception of one vessel
which showed a feeble spasm. A similar experiment was then
performed on a monkey under loc=l anestnesia and light ether.
When it had recovered from ether it was found that the vessels
contracted on electrical stimulation. Repeated stimulation
however was frequently necesc-ry to bring about spasm.

However after a vessel had once been partially constricted it
became more sensitive for a time and it was then possible to
k.eep most vessels over an zrea of cortex constricted at the
same time. The conclusion from these experiments was that the
pial vessels in the dog are somewnhat less sensitive to mechan-
ical and electrical stimulation tlian are the cat's and that
the monkey's pial vessels are more refractory to direct stim-

ulation than the dog's.

STI,:ULATIUN OF PARTIALLY J0HLaVATLD PIAL VESSELS.

In two cats, using sterile technique, the middle cerebral
artery was ®exposed low in the sylvian fissure tirough a small
craniotomy. At this site the middle cerebral has already
divided into three main trunkd, two of which supoly the
sigmoid gyrus and the temporo-parietal region. The other runs
posteriorly and supplies the temporo-occipital region. A

silk ligature was carefully passed about the two anterior



FIGURE VII.

The photograph is of a cat brain showling
constrictions, in a number of branches of the middle
cerebral artery, produced by electrical stimulation,
(in the same manner as described in Fig. IV.). The
middle cerebral artery of tiis cat was lig=ted low

in the sylvian fis-ure 10 days previously. (See text).
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branches and tied tightly. The vessels ligated showed little
if any change in calibre distal to the ligature and remained
well filled with blood because of the abundant collateral
anastamosis. The wound was tuen closed. At intervals of 8
and 10 days respectively after the first operation the wound
of each cat was reopened and a wide craniotomy performed.
The vessels wiich had been lizated were now stimulated distal
to the ligatures witn the thyratron using bipolar.electrodes.
It was found that the vessels contracted promptly on stimulation
with the thyratron as low as 3. (see Figs. V11 & V111l). This
was true of vessels of all sizes in thie peripheral distribution
of the ligated vessels. The large trunk not included in the
ligature also contracted promptly on stimulation and no
definite difference in the stimulation threshold, latency,
degree or duration of constriction could be made out between
the ligated and normal vessel. Followin;; this procedure each
cat was killed and the ves:cls stained with Humphrey's
Protargol method for nerve fibres by Francis McNaughton. It
was found that only a few fibres remained on the large trunks
of the vessels just distal to the ligatures. Il.ore peripherally
in the smaller arterial branches only a few degenerated fibres
were seen. On the normal vesséls however, wiich in some cases
were present in the same sections with the ligated vessels,
many normal nerve fibres were present. Therefore although

these experiments are not yet complete they suggest that



TIGURE VIII,

This piotograph was taken a half hour after that
shown in Fig. VII. and is of the same brain. No stim-
ulation was carried out in the interim and as is seen
the vessels have redilated. A small travnmstic sub-
arachnoid hemorrhage has occurred in the interval

between the two photographs.
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these eonstrictions resulting from mechanical and electrical

stimulation are not dependent upon a neurovascular mechanisn.

~ EFFECT OF DRUGS ON CONSTRICTED PIAL VESSILS.

In three experiments the effect of acetylcholine, on the
constrictions described, was studied. To do taiis two vessels
were observed microscopically. One was constricted to oblit-
eration by electrical stimulation, the other was not stimulated
and remained normal. Acetylcholine 0.2 mg/kilo was taen
injected 1.V. The normal vessel dilated but the vessel con-
stricted by electrical stirulation was not aprarently affected
by the acetylcholine. This observation was repeated a number
of times on different vessels wita1 the same result, except that
in some vessels the constriction appe=nred to relax slightly
more rapidly than is usual, following the injection of acetyl-
choline.

Inhalation of amyl nitrate for 10 seconds likewise
appeared to nhave little or no ef"ect in dilating constricted
vessels although it caused prompt dilatation in neigabouring

normal vessels. COp inhalations also had no apnarent effect

on constricted vessels.

COMBINED ELECTRICAL STI.ULATION OF PIAL BLOOD VisiZLS AND OF

THE CERVICAL SYMPATHXETIC.

In one cat a pial vessel was stimulated with the thyratron

at 4 for 2 seconds and microscopic readings taken during the
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period of its constriction and redilatation. The procedure

was then repeated but at the same time the sympataetic in the
neck on the same side was stimulated constantly with electrodes
leading from an induction coil. T1is experiment was carried
out on a number of vessels and it was found that the time for
the vessel to reach its maximum constriction and redilate was
approximately the same withh and witiout concurrent stimulation

of the cervical sympathetic.

VASOSPASM AND FOCAL CZRZBRAL ISC.IABMIA.

So far in these experiments the effect of electrical or
mechanical stimulation only on individual vessels has been
described and this was as far as Florey went in 1925. As is
well known, in the opinion of many it seems nossible taat a
local vascular spasm, or more correctly a local cerebral
ischaemia, may initiate a convulsion and also that repeated
local vascular spasm may be part of the mechanism responsible
for epilepsy (see Cobb, 1938). i/ith the present tecinique it
appeared that a method might be developed for testing this
theory or at least for studying it. Until the present no
adequate way has been described of producing temporary
vascular spasm and focal cerebral ischaemia. Spasm of single
pial vessels does not of course produce ischaemia because of
the rich arterial anastamosis which is present. This has been
shown by many investigators (see literature). The followihg

experiments were therefore undertaken.
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A METIOD OF PRODUCING FOCAL CERZBRAL 1GCiiA=MiIA.

Since arterial vessels will constrict promptly on electrical
stimulation it app;ared that focal cerebral ischaemia might be
produced by stimulating all pial blood vessels over a small or
large area of cortex. 1In a large group of cats (approximately
fifteen in Part 1. and II. of thesis), the pial vessels were
stimulated over the parieto-occipital cortex. For stimulation
& thyratron and bipolar electrodes were used. ¥With a current
which was subthreshold for the notor cortex in cats which had
recovered from ether, it was found nossible, by gently stroking
the electrodes over t..e cortex to keep all the visible arterial
vessels constricted over »eriods of half an hour or more. With
currents of sligitly grester strength it was even nore simnle
to keep most visible vescels comnletely constricted during the
period of stimulation. When stimulation ceased the vessels
dilated in the usual manner, many showing boloney smusage
constriction. The period for convlete dilatation to normal
size varied in different ves-els and took anywhere from 1 minute
to several hours. Of course the only vessels visible were those
in the pia-arachnoid and one could not be certain that the blood
flow in the intracerebral vessels was also cut off (either by
constriction of pial vessels or of intracerebral vessels as well)

Blood flow experiments were therefore corried out.

THE EFFECT ON CORTICAL BLOOD FLOW OF FOCAL VASCULAR SPAcM.

In three experiments two tiermocouples leading to a



FIGURS 1X.

Illustrationé 1 to 3 show the effect on the blod
flbw in the cortex of constricting the blood vessels,
by electrical stimulation, supvulying an area of grey
matter in wiich a thermocouple (leading to a thermo-
electric blood flow recorder), has been inserted.

- Note that in each case when stimulation is first
started there is a rise in blood flow followed by a
rapid and marked fall. (In illustrations 1, 2 and 3
the periods of stimulation are shown by the indicator
at numbers; 19 in illustrationl, 16 in illustration

2, and at 8 and 9 in illustration 3). See text.
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thermoelectric blood flow recorder were inserted about 2 mm.
diagonally into the cerebral cortex, one in taie posterior
sigmoid gyrus (Thermocouplgl.) and one in the middle supra-
sylvian gyrus (Thermocouple 2.). The sensitivity of the
preparation was then tested by injecting 0.25 c.c. of 1/10.000
solution of adrenilin into the fermoral vein and recording the
effect on the blood flow. The vessels about thermocouple 2.
or those leading to this area were now stimulated electrically
with the thyratron at 3 to 7. (The threshold for movement in
the motor cortex in cats recovered from ether is about 3 to 5).
At the beginning of stimulation there was frequently a rise

in blood flow at thermocouple 2. but as the vescels stimukted
showed constriction there was usuzlly a marked fall in blood
flow without any significant change in B.P. (see Fig. 1X).

As the vescels redilated the blood flow again increased.

These findings were true, at times, when vessels several mm.
to one and a half cm. away from the couple were stimulated:
showing that the results were not due to an increase in he=t
of the cortex from the electrical stimulation. From these
experiments it was obvious that vasoconstrictions brought
about in this way resulted in a markedly diminished blood

flow in the cortex if not a complete ischaemia.

DEMONSTRATION OF FOCAL CEREBRAL ISCHAEMIA BY MEANS OF

INTRA.VITAL STAINING.

By stimulating electrically, in the manner described, the



FIGURE X.

This piotograph was taken of a cat brain one hour
after the termination of an exseriment in waiich the
arterisl vessels were constricted over the leff supra-—
sylvian gyrus and during tihe period of constriction
60 c.c. of a 1% solution of gentian violet was injected
into the femoral vein. The wiole brain, except for the
left suprasylvian gyrus, turned a deep blue. The
grrus stimulated remained a wiitish-pink colour. The
cat was killed imnediately and the brain removed (see
text). Bipelar electrodes leading to a thyratron

(intensity 6), were used.
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vessesl over one middle suprasylvian gyrus of a.cat, and those
immediately surrounding it, were constricted. (A bilateral
craniotomy having been performed). During the period of
stimulation 60c.c. of a 1% aqueous solution of gentian violet
was injected into the femoral vein. The brain promptly turned
a deep blue except in the area where the blood vessels had
been constricted. (see Figs. X & X1). This area remained
white. During this period the cat continued to breztne aetively
and the heart, although ra»id in rate, beat forcefully. The
animal was then killed by injection of formalin 10% into the
femoral vein and by a stab wound in the heart. The brain was
promptly removed and about one .iour later was pnotographed.
This experiment was repeated in three cats with the same result.
Coronal section of the brains showed that ischaemia had been
almost complete througn the whole depth of cortex in a large
portion of the area stimulated and that even the immediately
underlying white matter was a considerable paler blue than

the surrounding brain. It was interesting (see later hist-
ological findings) that the area of ischaemia was frequently
in the form of a triangle as shown in Fig. X111.C. Similar
results were obtained in two cats by substituting chlorazol
sky blue (1lO0c.c. of a 14% aqueous solution) for gentian violet.

(see Fig. X11.).



FIGURE XI.

The experiment in this case ivas identical to
that described in Fig. X. except that the arterial
vessels were constricted over the wiole left
cerebral hemisphere. The photograph snows that the
gentian violet injected in the femoral vein has
turned the right cerebral hemisphere blue, whereas
the left hemisphere, over which the vessels were

constricted, remained wnitish-pink.
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FIGURD ZII.

The same experiment was performec on this cat as
described in Figs. {. and {I. except tiiat in place of
gentian violet, c.lorazol sky blue, 10 c.c. of a 14%
solution, was injected into the i'emoral vein. Before
and during the injection the vessels over the left
suorasylvian gyrué (and immediately surrounding
regions), were constricted by electrical stimulation
with bipolar electrodes lending to a t.yratron
(intensity 8). UNote tist tlie vessels =re clesrly
demonstrated over the righit suprasylvian gyrus but
are barely visible over the same [ Jyrusz on the left
side. Colored protographs of this br=in zave a betier
picture. Ilote that tliere is suvelling of ti.e left
suprasrylvian gyrus following electrical stimulation
Pnotograph taken 2 hours after comsletion of the

experiment.
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FIGURE XIIl.

The photographs shown here were taken of the braims
described in Figs. X. and XiI. after these were cut.

Photographs 1 and la are of the brain snown in Fig.
XI. twenty-four hours after the experiment. The brain
had been in formalin 10% in the interVal and the aqueous
solution had caused partial diffusion and washed out
some 6f the gentian violet from the brain. Note,
however, that the grey matter over the left hemisphere
is paler than that on the right.

Photographs 2 and 2a are of the brain shown in
Fig. X., one nour after the experiment. The arrows
point to the patch of ischaemia in the suprasylvian
gyrus. Note that this patch is in the form of a

definite triangle.
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THE EFFECT OF FOCAL CZREBRAL ISCHA=HIA ON CATS

RECOVERED FROM ETHER.

To study the physiological effect of focal cerebral
ischaemia on the cortex, five experiments were done on cats
recovered from ether. Under sterile technique a craniotomy
was performed in the usual manner and the sigmoid gyrus exposed.
To do this necessitates opening the frontal sinus. Therefore
in the hope of preventing infection the sinus was swabbed out
with mercuroehrome and the passage leading into the nose
blocked with bone wax.

The motor cortex was then stimulated with bipolar
electfodes leading from a thyratron and the threshold stimulus
for motor movement determined. The strength of stimulus was
then diminished to a subthreshold level for the motor cortex
and this strength of current used to stimulate the cerebral
vessels. It was first tried out on the vessels in the post-
parietal cortex. When these were found to constrict promptly
the vessels over other areas were stimulated.

It was found that constriction of all or any vessels
could be produced over small or large areas of temporal,
parietal or occipital cortex witiout any apparent clinical
effect on the animal (which had recovered from ether) i.e. no
motor movements occurred. When the vessels were constricted
over the sigmoid gyrus, however, motor movements occasionally

resulted and at times these were clonic in nature and persisted
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for a short time after stimulation had ceased. It was felt
that these movements were probably the result of direct

electrical stimulation of nerve cells but the point could not

be proved.

FOCAL CEREBRAL ISCHAZKIA PRODUCED BY FZC.IANICAL STINULLION

e e —— o e o e e ——

OF PIAL VESSELS.

Like electrical stimulation gentle mechanical stimulation
can produce complete obliteration of pial vessels over wide
areas of cortex and over small areas vessels can be kept
continually constricted for periods as long as half an hour.
iWlhen stimulation is stop)ed dilatation of most vessels is
usually complete in 3 to 4 minutes.

Similar experiments have been carried out wit1 this type
of stimulation on three cats as described with electrical
stimulation. Thus diminished blood flow in the cortex has
been demonstrated wita the blood flow recorder on mechanical
stimulation of vessels surrounding the thermocouple and small
patches of ischaemia have been shown to be precent. in the
cortex (following mechanical constriction of vessels ) on
intravital injection of gentian violet. However the degree of
diminished blood f£low and the areas of ischaemia have been less
marked and more difficult to produce tiian when the vessels

were constricted electrically.



FIGU D XIV.

This is a pnotograph of a cat's brain. One hour
and a half before the photograph was taken the dura was
opened bilaterally. The brain exposed on the left side
was left in free contact with the»room air wnhereas,
immediately on opening the dura, the brain on the right
was covered by a watch glass surrounded with gauze
soaked in Ringer's solution. The watch glass vwzas
removed Jjust before taiiing the photograph.

Note that there is engorgement of the vessels
over the left hemisphere. The vessels over tae right
henisphere appear the same as when the dura Waé first
opened. At operation the left. cerebral hemisphere
appeared diffusely pink in contrast to the wihite
apoearance of the opposite side. This is not very

apparent in the photograph.
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FIGURE XV.

his photograph is of a cat's brain-treated in an
identical manner to that described in Fig.»le. Note
that the brain on the left wiich was exposéd to air for
one hour and forty-five minutes is darker than that on -
the right and that there is a definite engorgement_of
pial vessels over the left hemisphere. Thé brain‘
exposed on the right side was covered (as déé&ribed in

Fig. XIV) until the photograph was taken.
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THE ZEFFECT ON TIL PIAL VZSSELS OF BXPOSURE TO_AIR

AND OF IRRIGATION WITH RINGER'S SOLUTION AT BODY TEMPERATURE.

In seven cats the effect on the »ial vessels of simple
exposure to air was studied (see Part 2. of thesis). In these
experiments a bilateral craniotomy was vcerformed on cats that
had been anesthietized by dial intraperitoneally. Over the
craniotomy defect on one side a small watch glass was placed
immediately after opening the dua. Strips of gauze soaked
in Ringer's solution were placed about the edges of the watch
glass so that any air entering would be saturated with moisture.
The cortex of the oppnosite hemisniere was left exposed to the
room air.

It was found that the cortex which had been covered by a
watch glass remained normal in apoearance even after two hours
of exnosure . The cortex remained a fresh greyish white color
and the arteries and veins showed little evidence of change
in color or diameter. In some experiments there was slight
dilatation of the arteries.

The cortex of the opnrosite hemisphere, however, which
had been left exposed to room air snowed definite and consistent
changes (see Figs X1V & XV). In about half an aour after the
dura had been opened the arteries on this side became slightly
dilated. This dilatation gradually advanced, the arteries

becoming full and bulbous and standing out on the surface of
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the brain. The veins likewise showed somé dilatation. At
the same time the smaller arteries and arterioles increased in
diameter so that many wnhnich were not originally visible to the
naked eye became so after about 1 hour of exposure. By the
end of one hour the cortex exposed to room air showed a diffuse
pinkish blush as compared to the wiite appearance of the
opposite side. The dilatation of vessels reached its maximum
at about 2 hours after exposure. Thereafter the dilatation
became less noticeable and the cortex took on a more greyish
pink color in contrast to the previous brighter pink.

It was found thiat a similar type of vascular engorgement,
to that described, resulted if the cortex was irrigated with
Ringer's solution at body temperature. This dilatation of
vessels came on almost immedistely after irrigation. At times
it occurred on irrigation with cool or cold Ringer's but
usually it did not. This type of dilatation seemed to be an
active response of the vescsels to a thermal stimulus. On the
other hand the slow dilatation resulting from exposure to room
air appeared to.be more of a fatigue phenomenon or vasoparesis

resulting from the noxious stimulus of drying.

THE EFFECT ON THE CORTEX OF STRONG LLECTRICAL STIMULATION.

In two cat, Nos. P.2178 and P.2184, a gyrus (in one case
the sigmoid and in one the middle suprasylvian) was stimulated

for twenty minutes with the thyratron at 9, which is close
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to the maximum stimulus for the @hyratron. In both cases

about fifteen ﬁind%es after onset of stimulation it was noted
that there was quite marked swelling of the gyrus stimulated.
This swelling was present wnen the gyrus was very pale from
vasoconstriction of all visible arterial vessels. The swelling
therefore could not have been due to increased blood supply

to the gyrus. It bécame even more marked wien the blo~d

supply returned to the gyrus. In cat P.2178 the swelling was
still very evident at autopsy (verified by Dr. Pudenz and Dr.
Erickson) 48 hours later. This partly disappeared after 24
hours in formalin when the photograph was teken. Cat P.2184
was not killed for 15 days after operation and the swelling by
this time had been replaced by definite atrophy of the stimulated
gyrus. Particulars of the experiment on cat P.2184 will be
given in Part 2. of the thesis.

These observations are included here, as the second part
of tﬁe thesis is confined to the description of autopsy
findings and histo-pathological cnanges rather tnan to observ-
ations at the time of operation. The significance of these
observations, ﬁowever, will be discussed in Part 2. of the
thesis in so far as they are related to the histo-pathological

findings.
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DISCUSSION AND SUMMARY.

Among the observations recorded here and by Florey (1925)
there are a number worthy of discussion.

It will be remembered from the review of the literaure
presented in the first part of this paper that Lewis (1926)
and Krogh (1930) are of the opinion that certain constrictions
of vessels in the skin brought about by mechanical and electrical
stimulation are purely local in cnharacter and apparently not
dependent upon a nerve supnly to the vessels. Pial vessels,
as reported in this thesis, react in an apparently identical
way to similar stimulation.. The constrictions produced are
frequently strictly localized and are not propagated. The
time relations for their developement (the latency) and their
duration are practically the same in the skin and pia when
mechanical stimulation is used. Also the vnial vessels which
had been partially denervated (or in some cases possibly
completely denervated) still contracted promptly on stimulation.

It has been found in this investigation that the most
effective type of mechanical stimulus to produce contraction
appeared to be stretch of the vessel wall; as, for instance,
rolling it from side to side or stretching it by means of a silk
thread looped about the ves®l. Lewis (1926) likewise found
this to be true of vessels in the skin. This seems to be an

important point for by tinis means pial vessels might be able to

maintain their tone by a purely local mechanism, i.e. intra-
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arterial pressure (or stretch). This might explain Forbes,
Nason and Yortman's observation in 1937 that pial vessels dilate
when the blood pressure falls to a critical level for the
individual animal (usually about 60mm. of mercury) - and
conversely when the pressure rises the dilated arteries constrict
and soon regain their normal calibre. They point out that
Bayliss' observation might be applied here. He suggested that
"relaxation of arterioles in response to a fall of blood
pressure (as well as contraction in response to increased
tension) might be explained as a characteristic of smooth muscle,
for it is known to react in a similar manner in other organs".
Wolff in 1936 has remarked that, "Great elevations in systemic
arterial blood pressure cause slight and even moderate increases
in diameter of cerebral arteries wnen observed in a properly
prepvared skull window experiment. However, it is striking that
such dilatation is far from maximal, is usually of short
duration and is followed by constriction while the blood
pressure remains at a constant high level".

Wolff (1936) also says "The aortic and carotid afferents,
by preventing excessive blood pressure, conserve cardiac energy.
Through those nerves arterial hypertension produces peripheral
vasodilatation while hypotension produces peripheral vaso-
constriction. Now it is regularly observed that the pial vaso-

dilatation on stimulation of these afferents starts late, -

beginning 15 to 90 seconds after onset of stimulation and
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usually when the sysfemic depressor effect has begun, or the
fall in blood pressure is well under way. However, the delay
in onset of the dilator effect should nbt be taken too seriously,
because the time of onset of dilatation represents merely the
time when dilatation first becomes apparent in the vessels
under direct inspection. Since the blood pressure on vagus
stimulation usually begins to fall almost at once, the cerebral
arteries at first would tend to collapse passively. In fact,
in some instances, there is, at first, an actual narrowing
which is later followed by dilatation. It is therefore quite
likely that the cerebral dilatation occurs simultaneously
with or only slightly after, the general vasodilatation" etc.

These two observations quoted from Jolff (1936) might be
interpreféd as evidence of a reflex vasomotor control of
cerebral vessels. On the other hand the fact tiat vasoconstric-
tion of cerebral vessels occurs with a rise in general blood
pressure and that the pial arteries dilate wien systemic
blood pressure falls is strictly in keeping with the proposition,
sét forth in this thesis, that a rise in intra-arterial tension
fi.e. rise in blood pressure), by stretching the vessel wall
would cause it to constrict and conversely that a fall in intra-
arterial tension (i.e. a fall in blood pressure), by diminishing
the stretch would cause the vessel to dilate. It is interesting
that there is a considerable laitent period before the above

dilatation or constriction occurs for Bayliss notes "Smooth
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muscle is caused to enter into contraction by stretciing. The
rate of contractidn of the smootn muscle is usually slow,
compared with that of striated muscle; it has also a longer
latent period". It will be remembered that a similar latent
period and slow contraction of smo~th muscle was noted in the
experiments reported in this thesis where vessels were stimulated
mechanically and electrically.

Vessels in various parts of the body do not react in the
same way to a local stimulus and it has been shown here that
pial vessels in different animals also vary in their response.
The reactions may be of two main tywnes either local, as described
above, or apparently definitely dependent upon a neurovascular
meciianism. (As described by Chase, 1934).

In considering the =zwuiarently local reaction it has been
found that the dog's pial vessels are less sensitive to
mechanical and electrical stimulation than the cat's and the
monkey's are even less so tnan the dog's. This would lead one
to believe that in man constriction would be even more difficult
to produce by thié method of stimuation. In supoort of this
it is significant that despite the volume of neurosurgery
carried out in recent years there is apparently only one
observation recorded in the literature to suggest that spasms
in pial vessels of humans can be produced by local stimulation.
This is the one, already mentioned, by Riser et al in 1931 who

described the constriction of a single pial vessel (to 50% of
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its oriéinal diameter) on mecnanical stimulation.

Spasms whiich are dependent upon a neurovascular mechanism
are quite different in type, at least at times, from those
described in this thesis. The theories of Ricker regarding
the reaction of vessels to noxious stimuli (embolism et¢.) are
based upon the participation of a neurovascular mechanism.
Chase, one of the exponents of Ricker's taeories in this country,
has shown (1934-38) that an irritant (such as an air embolus)
applied to a mesenteric vessel causes a local traumatic con-
traction wiich rapidly swnreads peripherally to the terminal
segments of the vessel, 1.e. to the capillaries. Due to tais
constriction the capillaries fatigue and dilate (constrictor
paresis), dilatation then occurs in arterioles, the proximal
artery remaining constricted. This leads to slowing of capillary
current and exudation of fluid and later red blood cell diabed—
esis. Although diapedesis of red cells may occur from cerebral
vessels as the result of embolism it would seem that the
mechanism whereby this is brought about cannot be the same as
implied in the theory of Chase; for, as has been shown here,
pial vessels (and hence probably intracerebral vessels) in
animals do not respond to an irritant in the same way as the
mesenteric vessels. It is true they will contract locally but
the constriction is not propagated and apparently not dependent

upon active neurovascular control,

Also, as pointed out, spasm in human pial vessels is
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apparently less likely to occur on local irritation than it is
in cats. Therefore, although the pial and cerebral vessels in
man are probably under some constrictor (tone) influence, it
would seem rather dangerous to theorise about what happens in
hﬁman cerebral vessels from observations on vessels where a
neurovascular mechanism plays an active part (as in the mesentery
of rabbits described by Chase, 1934-38).

Although cerebral and pial ves=els are under some neural
control, evidence that this is less than elsewhere in the body
has been well démonstrated. Forbes, Finley and Nason (1933) on
stimulation of the cervical sympathetic found that the wvial
arteries constricted less than those in the dura. Using similar
stimulation, Pool, Forbes and Nason (1934) observed tie constric-
tion in the vessels of the ear to be 8 to 10 times as much as
in the pia. McNaughton, (1938) suggested that while it remains
unproven it seems possible that there are quantitative differ-
ences in the nerve supnly to the blood vessels of the pia, dura,
and skin corresponding to their differences in Physiologic
response.

In 1937 Villaret et al made some direct observations on
the effect of air emboli on plal vessels. They found that the
air was not a sufficiently intense stimulus to cause any
contraction in the pial vessels. However on injecting solid

emboli such as ground up pumis stone they obtained marked
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constrictions. The reason for these findings may well be that
the air embolus can be compressed into a very thin column
which might not cause much stretch of the vessel wall. Since
in the present experiments stretch appeared to be an adequate
stimulus for spasm none would occur. With a solid embolus
like pumis stone however a particle larger tian the normal
diameter of the vessel would stretch the vessel wall and
constriction would result.

The fact that, as shown in this investigation, the pial
arteries in the cat constrict so promptly on elecﬁrical
stimulation and that as a result focal cerebral ischaemia was
produced with ease is important to remember in stimulation
experiments on the cat's cortex and also on the dog's and
monkey's cortex, even though the pial vessels do not constrict
so easily in the latter. If this is not taken into considera-
tion, which it rarely seems to be, it would appear that errors
might be introduced in studying fatigue of nerve cells to
electrical stimulation &nd in determining thresholds, facilita-
tion, extinction, blood flow and so in the cortex. Tais
observation might partly explain why the excitability of the
cortex diminishes on repeated electrical stimulation. Also
in these days when electrical exploration of the human cortex
is carried out so frequently-at operation it should be con-
sidered: for it is perhaps possible that strong stimulation

might cause spasm in the intra cerebral vessels even if it
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isn't observed in the pial ones, (which of course are exposed
to air and as a result might conceivably have become refractory).
It has been shown that pial vessels react only under certain
conditions and the conditions may not have been optimum in
observations carried out on the human cortex. For instance
in the cat, pial vessels respond promptly if the brain is
protected by a glass covering immediately on opening the dura.
Fregquently, however, tney show a period when they are refractory
if left exposed (without a zlass covering) and then usually
become sensitive to stimulation again even if open to air for
long periods. During the period when the pial vessels are
refractory, the intra cortical vessels of course may still be
reacting to the stimulation.

In the experiments described in this paper the observation
was made that temporary focal ischaemia from vascular spasm
did not produce clinical evidence of epileptiform cortical
discharges in cats recovered from ether. This statement deserves
some comment. In the first place electrical‘stimulation VA s
used. By this method the blood supsly to large areas of témporal,
parietal or occipital cortex was almost completely cut off
without producing any clinical effect on the animal. However
this does not prove that subclinical eleptiform discharges were
not taking place. Also if the stimulation was carried forward

to the sigmoid gyrus (motor cortex), movements of the animals
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extremities frequently clonic in nature resulted and it could
not be proved whether these were due to the direct effect of
the stimulation on the motor nerve cells or whetier ischaemia
played a part. Despite these drawbacks to the method it would
seem that it could be used’to advantage in conjunction with
electroencephalographic recordings from the cortex. For instance
the recording electrodes could be placed over a gyrus and is-
chaemia, relative at least, of this gyrus produced by con-
stricting all the vessels leading to it, without directly
stimulating the gyrus itself. 1In this manner one might be abk
to test (at least in part) the belief long held that temporary
focal ischaemia from vascular spasm may give rise to an
epileptic seizure.

Finally if one could regard tne reactions of the cat's
pial and cerebral vescsels as representative of what hapnens
in the human brain then we might have a partial explanation
for the ﬁransitory paralyses following electrical stimuation
and exposure of the brain at operation, and of the transitory
paralyses following trauﬁa, of the so called "punch drunk"
syndrome from repeated trauma, part of the mechanism concerned
in electric shock and even perhaps of "commotio cerebri"; for
severe nead trauma in the cat as well as electric shock does
undoubtedly cause widespread vasoconstriction of cerebral

vessels and exposure of pial vessels will produce a degree of
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vasoparesis. Unfortunately what hapoens in the human under
these circumstances is still not comosletely solved and it
would appear that spasms in human cerebral vessels are less

likely to occur as a result of trauma and electrical

stimulation than in animals.
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SULL ARY AND COHCLUSIONS.

1. The effect of mechanical and electrical stimulation on
the pial vessels of thirty cats has been studied.

2. The pial vessels in animals contract vigourously on
mechanical or electrical stimulation.

3 The dog's pial vessels are not as sensitive to this type
of stimulatién as the cat's and the monkey's are less so than
the dog's.

4, Such evidence as there is, suggests that tiese spasms are
not dependent upon a neurovascular mechanism. They resemble
closely the local spasms in peripheral vescsels described by
Thomas Lewis and others as being muscular and not neuronmuscular.
They are localized to the site of stimulation and are not
propagated as in the neurovascular reactions described by
Chase and Ricker in the mesenteric vessels of rabbits.

5. In the experiments mechanical stretch of the vessel wall
appeared to be an adequate stimulus to procduce vasoconstriction.
It is therefore suggested that the tone of a pial vessel, at
least in the cat, might be partly maintained by a purely

local mechanism, i.e. intra arterial pressure (or stretch).
This hypothesis might in part explain the fact that pial
vessels constrict with a rise in blood pressure and dilate

with a fall.
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6. Diminished blood flow in the cortex has been demonstrated
as a result of these vasoconstrictions by thermo electric
blood flow recording. Areas of focal cerebral ischaemnia
have been shown to be present, following constriction of pial
vessels by electrical or mechanical stimulation, by intravital
staining. It has been demonstrated that these areas of focal
ischaemia are frequently in the form of a triangle corresponding
to the anatomical distribution of the cortical vessels.
7. No clinical evidence was found that temporary focal
cerebral ischaemia from vasospasm in the temporal, parietal or
occipital cortex of animals recovered from ether gave rise
to any epileptiform neuronal discharge. That subclinical
neuronal discharges occurred aé the result of iscinzemia could
not be ruled out with the ﬁethods employed.
8. The fact that electrical stimulation causes focal cerebral
ischaemia through séasm of vessels should be taken into
consideration in certain physiological problems where the
effect of electrical stimulation on nerve cells is being studied.
9. A theoretical discussion of the findings as regards their
apolication to auman vessels is presented, eswecially in
relation to their poszible significance in electrical stim-
ulation of the brain at operation, in electric shock, and in

head trauma.
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PART II.

MENINGO-CEREERAL CICATRIX FOLLCYING CRANICTOLY AND AFTLE

SLECTRICAL STIMULATIOR Ox TiE COXTEA.

INTRODUCTION,.

In the second part of this thesis (on Dr. Penfield's
suggestion) an attempt has been made to determine if the brain
or meninges are injured in any way by exposure at operation and
vvhether electrical stimulation has any narmful effect upon them.

It is usually taken for granted tliat electrical stimulation,
as employed in physiological wori: and in stimulation of the
brain at operation has no injurious effect upon the tissues.
Since, as shown in the first part of the tiiesis, electrical
stimulation causes cerebral ischaemia through vasoconstriction
of pial blood vessels, one would expect to find pathological
changeé as a result of such ischaemia. This has been found to
be true in cats. The lesions have been ty.,ical and could be
graded in severity according to the duration and intensity of
the electrical stimulation, i.e. to the duration and degree
of cerebral ischaemisa. |

Interestingly enough lesions have been found, following
simple exposure of the brain at operation, wiiich from their

nature, and the similarity of their anatomical distribution
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to those produced by electrical stimulation, appear undoubtedly
to be due also to cerebral ischaemia.

These findings seem of importance, for judging from the
literature, or rather the lack of it, on this aspect of the
problem, one gets the impression that the dura may be opened
and the brain left exposed during a prolonged operation
without any damage to the cortex or subsequent devélOpment of
adhesions over areas of brain that have not been grossly
traumatized.

We know of course that severe injury to the brain gives
rise to a meningo-cerebral cicatrix (Hortega and Penfield, 1927,
Penfield, 1924 and 1927a, and others): and we also know from
Sayad and Harvey's (1923) work that if the dura is opened
and closed again immediately adhesions between pachy- and lepto-
meninges do not develop providing the arachnoid is not injured.
What we do not know, however, is the degree of injury the
arachnoid is capable of withstanding and, in the performance
of a simple craniotomy, what comprises an injury to the brain
or meninges,

The experiments described in the second half of this
thesis were in part suggested by observations made at the
Montreal Neurological Institute. Clinically it has been the
impression here that pafients showed less reaction after a

small craniotomy than when a large flap was turned. This has
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been particularly evident following operations where, after a
large craniotomy was performed, the brain was left exposed
for long periods and the cortex explored electrically. A
number of these patients developed hemiplegia and aphasia
6 to 48 hours after operation even when no cerebral substance
was removed.

It is true that the pathological changes producing these
signs and symptoms must have been largely reversible for the
latter were transitory. However, the fact that in some cases
they persisted for several weeks suggests that some tell tale
pathglogical change might have been left behind and it is
felt that the histopathological lesions described in this

thesis support this possibility.
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REVIEW OF THE LITERATURE.

In the present study of the aistological changes in the
brain, resulting from operative exposure and electrical stim-
ulation, the interstitial cells (particularly the astrocytes)
are found to play a most important part. It seems advisable
therefore that the litersture concerning these cells should
receive some attention.

Excellent reviews of the literature on the interstitial
cells of the central nervous system have been given by Penfield
in 1924, Penfield and Cone in 1926(a) and (b), Penfield in
1927(a) and (b), Hortega and Penfield in 1927, Penfield and
Buckley in 1928, Penfield in 1928 and 1932(b). These papers
contain the best work on this subject in English. The review
of the literature that follows is largely borrowed from these
papers.

Virchow (1846) apparently first distinguished a ground
substance in the nervous system and he came to recognize
neuroglia cells and fibres. K8lliker (1893) and Andriezen
(1893a) subdivided astrocytes into two types, protoplasmic
cells and fibre cells. In 1913(a) and (b) Cajal described
his gold chloride sublimate method for staining astrocytes.
With this method he was able to demonstrate that the astrocyte

was a unit, independent of syncytial connections (refuting the

_ theory (Held, 1903) of a glial syncytium). Cajal now separated
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off from clasical neuroglia a large group of non-nervous
cells, which were unstained or incomvpletely stained by all the
neutoglia methods then in use. He called these cells the
"third element" in the nervous system.

Del Rio-Hortega (1919, 1921b) was able to stain and
described microglia. hLe showed that microglia was morph-
ologically and biologically and developmentally different from
neuroglia. Under the latter‘he grouped astrocytes and oligo-
dendrocytes (oligodendroglia).

The morphology of astrocytes has bgen minutely described
by Cajal (1913b). He divides them into fibrous and protoplasmic
types according to the presence or absence of fibres in the
cell cytoplasm. Normally astrocytes are all protoplasmic
in the grey matter of the brain and spinal cord, while in
the white matter, including the subpial or plexiform layer
of the cerebrum, the astrocytes are fibre formers. The
protoplasmic astrocyte is provided with expansions which pass
out in all directions and branch with the grestest freguency.
The fibrous astrocyte expansions are much straighter, les=s
numerous and bnger. Both types are attached to small blood
vessels by one or many perivascular feet.

For a further detailed account of the morphology of
astrocytes see Penfield (1932b).

The attraction which blood vessels, pia and connective

tissue has for astrocytes is a very interesting phenomenon
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and not yet completely explained. The perivascular foot (sucker
process, foot plate, trumpet, podic) was described by Golgi
(1885). Numerous other workers have given detailed reports

of the perivascular foot plates of astrocytes and how they wrap
themselves around a capillary wall (or.small vein or artery).
See Penfield 1932b. He remarks "The Virchow-Robin space is
demonstrated clearly in pathological conditions when it is

seen to be filled with leucocytes or}with red blood cells, etc.
Under such circumstances the foot vprocess of the astrocytes

are external to the space and doubtless make up, at least in
part, this outer wall. It does not necessarily follow from
this, however, thatthere are no cells of mesodermal parentage
beyond this membrane". |

The application of the astrocyte foot process to the pia
of the cerebrum, cerebellum and spinal cord has been described
by Andriezen (1893b) and many others. Similarly in the
development of astrocytes the manner in which spongioblasts'
send out expansions that terminate at the external limiting
membrane or pia mater has been described in detail by Lenhessék
(1895) and Cajal (1909).

Further evidence of the influence of an attracting surface
on these cells is seen when the nervous system 1is invaded by
the vascular tree. At this stage spongioblasts are still
migrating from the ependymal epithelium, only now the peripheral

expansion (applied to the pia) becomes attached to a vessel
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rather than ot the superficial nia mater. Penfield (1928D)
notes "the invasion of the nervous system by the vascular
tree with its investment of pia has provided a new attraction
surface for the peripheral pole of the spongioblast".

Connective tissue likewise offers an attracting surface
for astrocytes. Penfield (1932b) says, "In very old brain
scars such as apoear long after birth injury tubes of tissue
are formed lined about with connective tissue. Within these
tubes are to be found fibrous astrocytes many of whose ex-
pansions terminate at right angles upon the inner surface of
the lining membrane. Thus it is a characteristic typical of
astrocytes to line the adjacent surface of a well-organized
connective tissue wherever found, altiaough they do not react so
to unorganized strands of connective tissuew

"Held (1909) described a "membrana neurogliae superficiales"
and "perivascularis", a limiting membrane made up of neuroglia
which was said to separate mesodermal from ectodermal tissue
of the nervous system. This membrane was contributed to by the
perivascular and subpial foot plstes of the astrocytes which
thus formed a sort of mosaic barrier". Whether the attractions
of astrocytes to the various surfaces described can be accounted
for on Held's theory seems still undecided. For a further

discussion of this important point see Penfield (1932D).
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Oligodendroglia (oligbdendrocytes) were first demonstrated
by Robertson (1899, 1900), under tie name of mesoglia, by means
of his platinum method. Del Rio-Hortega (1921b) independently
re-discovered the cells by means of a more reliable and complete
staining method. There is much in common between oligodendro-
cytes and astrocytes. The nuclei are similar, those of the
former being rounder and smaller. They both have centrosomes,
have similar Golgi apvaratus, similar fuchsinophile granules,
similar gliosomes. The outstanding moroiological differences
are: first, the absence of »erivascular feet in oligodendroglia;
second, the absance of fibres; third, the smaller cel] body with
smaller, more delicate expansions. (Penfield 1932b).

Oligodendroglia is found in either the white or gresy matter.
In the former it is interfascicular and in the latter frequently
lying as a perinauronal satellite. "Oligodendrocytes, wherever
found and whether interfascicular or satellite, have roughly
the same.morphology". Penfield (1932b).

In 1919-1921, Del Rio-Hortega stained microglia selectively
- with his silver carbonate method. He described its morphological
and structural charaéteristics, its morphological evolution to
form rod cells and fat granule cells, its motility and phagocytic
functions and finally its histogenesis and general distribution
in the nerve centres. Later investigators have added little

 the fundamental normal and pathological characteristics of
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microglia. The microglia represents the reticulo-endothelial
system in the central nervous system, in the broadest sense.
Penfield (1932b). It is generally accepted that microglia is
of mesodermal origin in contradistinction to neuroglia which is
of ectodermal origin.

Cerebral cicatrix.

In 1927 Del Rio-Hortega and Penfield studied the histological
changes in the brain following simple punctures with a blunt
trocar and also after more extensive wounds. They demonstrated
most beambifully, by the then recent staining technique, the
reactions in the neuroglia and microglia. They found that as
early as the first day after an aseptic stsb wound of the brain
the microglia cells near the lesion had already changed their
form to that of amoeboid cells. By two days many microglia
cells were present about the lesion with a predominance of the
amoeboid and rounced forms. In the early days after the stab,
all transitions from the ramified spiderlike microgli- cells of
the normal cerebrum to compound granular corpuscles could be
seen in a ZOne about the wound. Mitotic division of these granular
corpuscles at the wound ma?gin was seen also as early as the
third day.

In some large wounds, 10 to 20 days old, all the central
area was filled with scattered granular forms of microglisa.

In wounds of longer duration there were still to be seen rounded

~microglia cells in the central part, but the separation from
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normal tissue was less sharp. Spider-like forms of microglia
cells were already seen nearer the wound. In older scars, for
example, on the fifty-second day after a small stab wound had
been made in a rabbit's brain, microglia cells with expansions
almost as complicated as those present in the normal cortex
were foumd. As long as there were products of destruction to be
cleared away, compound granular corpuscles were present. As
soon as these products had disappeared, the ramified.microglia
cells again made their appearance and were found in the scar
itself,

These observations have been recorded at 1ength as they
serve as an accurate index of what one should find in any trau-
matic destructive lesion of the brain. Del Rio-Hortega's and
Penfield's observations on neuroglia will also be recorded at
length for similar reasons.

They found that within twenty-four hours after a stab wound
had been made in the brain, the astrocytes, close to the margin
of the central blood clot, had become irregularly swollen. The
expansions had become fat and the cytoplasm granular. At three
days, the zone about the wound in which there were altered
astrocytes had increased in width. Close to the centre of the
stab were to be seen neuroglia cells whose cytoplasm was much
swollen and whose expansions were fragmented. They apreared to
be undergoing a process of destruction such as is seen in the
amoeboid change of Alzheimer (1910) or clasmatodendrosis of

Cajal (1913b). The fragments of expansions (Fil1k8rperchen)
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clustered about the cells from which they had broken off.
These fragments and the cell bodies were seen to be coarsely
granular. A second type of change was noted in tue astrocytes
a little further from tie wound. These astrocytes showed swell-
ing but their expansions were not destroyed.

Fibrillation or a third type of change was also described.
They noted that during the process of swelling, glia fibres became
invisible owing to turbid »rotoplasm which surrounded them.
After a stage of swelling and multiplication, however, the cells
laid down fibrils and became robust fibrous neuroglia. From
this point of view scars in the grey matter may come to have the
same appearance as tiose in the white matter. In these pre-
parations, Rio-Hortega and Penfield found multiplication of the
astrocytes by amitotic division as early as the third or fourth
day.

Acute swelling of oligodendroglia described by renfield
and Cone (1926a) does not apparently appear in tnis tyve of
injury to the nervous system.

Del Rio-Hortega and Penfield (1927) found that when a
connective tissue core forms at the centre of a stab wound,
connective tissue collagen fibrils are laid down and the wound
contracts. In stabs where no connective tissue was present there
was no tendency for a radial arrangement of the astrocytes and
no evidence of contraction.

Penfield in 1927(a) summarizes his views on the mechanism
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of cicatricial contraction in the brain. He points out that
meningo-cerebral adhesions form when the pia mater is injured and
cerebral tissue exposed. An anastamosis-is thus established
between cerebral and meningeal vessels by way of the adhesions
or scar. In such a scar are to be found astrocyte expansions
attached to vessels well out in the connective tissue, wiile the
astrocyte cell body remains beneath tiie pia. This is taken as
evidence of superficial contraction of the cicatrix which pulls
a vessel once beneath the pia through that membrane into the
scar, thus carrying with it the attaciied astrocyte expansions
which evidently hypertronny under tension. Iie also says that
contraction of a conneetive tissue cicatrix within the brain
seems to draw towarcs it t.ie vaso-astral framework. In support
of this he shows that in the presence of a cerebral scar taere
is migration of the ventricle toward it.

In areas of pial adhesion where no break was visible in
brain structure, he found a marked hypertroohy of the subpial
astrocyte expansions in the direction of the adhesive pull,
while their other smaller expansions radiated in all directions
as usual.

In 1928 Penfield and Buckley published a report on the
histological picture resulting from puncture of the brain with
a hollow and with a blunt needle. The findings were similar

to those reported by Hortega and Penfield in 1927 in their study
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of hollow and-closed puncture wounds of the brain. Y%When the
core of injured tissue was removed there was less gliosis in

the surrounding brain and the astrocytes arranged tiiemselves
tangentially to the tract, rather than in a radiating fashion

as found in the closed tracts. It is interesting that the lower
ends of even the blunt stabs were sometimes partially empty,

in which case they resembled the tracts made by a nhollow cannula.

Foerster and Penfield in 1930(a) and (b) made a nistological
study of scars removed from a group of w»atients suffering from
traumatic epilepsy. The scars resulting ffom gunshot wound
are perhaps the most illuminating as far as the present thesis
is concerned. Foerster and Penfield found that an outstanding
feature of all these scars was the rich plexus of newly-formed
vessels in and about the cicatrix. This vascular plexus anastamos-
ed very freely with the large vessels which entered the scar
from without. It also anastamosed freely witn the intracerebral
vessels;

These findings were similar to the ones reported by
Penfield and Buckley in 1928 as a result of deep nuncture wounds
of the brain. They found tl.at in addition to the new collagen
which forms so ra»idly in a closed brain wound taiere is a very
rich plexus of vessels waich anastamose with the surrounding
.vessels of the brain. The vessels in the collagen tract in

turn anastamose with the meningeal vessels. Also, from their
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illustrations, it will be noted that the rich plexus of vessels
in the brain radiate-away frqm the puncture tract. The
radiating arrangement of the astrocytes correSponds to that of
the vessels. In the hollow tracts there was no radiation of
ves=els and little sign of gliosis although the traumatic
damage to the brain surrounding the tract must have been about
the same in the two types of puncture. ’

Penfield (1925a and 1932b) suggests that this reactive
gliosis about puncture wounds may be due to some\stimulating
effect from the destroyed cerebral tissue, for when the core of
the tracts is removed, 1little gliosis results. The radiating
afrangement of the astrocytes he feels is due to the traction
exerted by the contracting scar.

In 1938 Evans and lcEachern reported some very interesting
findings brought to light in their study of cerebral cicatriza-
tion. This work was published in more detail by tvans in the
form of.a thesis to McGill University in 1937. They feel that
there are two chief factors involved in the mechanism of
cerebral scar formation: (a) the relative degree of anaemia in
the affected zone and (b) the absence or presence of free blood
in the cerebral tissues. They studied tie late result of a
sudden, complete vascular occlusion in the monkey. They found
that this resulted in a typical lesion, namely a large cyst

surrounded by a minimal zone of glial and connective tissue

hypertrophy. They argued that this lesion is the result of a
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sudden massive necrosis, the result of anaemia followed by
liquefaction. Lesions of anotner type seen clinically -
resident for example in'the course of the middle cerebral artery
and characterized by abundant scar formation - were interpreted
as being due to a partial reduction in blood supply in the
distribution of the blood vessels concerned. They feel that the
anaemia may be severe enougi to result in loss or severe damage
to neurones, but of a degree adequate to stimulate glial and
connective tissue hypertrophy. Lscape of blood through vessel
walls, they believe, may also play a role in such processes.

Evans and McEachern are of the ob)inion that free blood in
the cerebral tis-ue may also have been operative in their second
group of cases. They state "in other words red infarction may
have occurred to complicate the picture, but if so it no doubt
occurred in association with a slowed circulation in the dis-
tribution of the involved artery - probably because of an
occlusive process in the vessels. That diapedesis of red blood
cells does occur when circulation is slowed has been amply
demonstrated by the work of Ricker (1919) and Chase (1938)".

Evans and McEachern's hypothesis that relative iscuaemia
of the cerebral tis=ues may stimulate growth on the part of the
astrocytes is an interesting conception and is upheld by the
findings in the present investigation. No evidence that

diapedesis of red blood cells occurs when the circulation is

cslowed has been found however., It is of interest also that
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despite slowing of circulation, (of all degrees) even sufficient
to cause complete destruction of cerebral tissue, Evans and
McEachern found no diapedesis of red cells in their monkeys.
Also the work of Chase (1934 and '38) was done on the mesenteric
vessels of rabbits and tﬂé danger of inferring that similar
phenomena may occur in humén vessels nhas been pointed out in

the first part of thnis thesis.

Hypertropuy of astrocytes, and other reactions, following
the injection of whole blo>d into the cerebral hemisphere was
studied by Carmichael in 1929. ILis findings were essentially
the same as those of Evans and l.cZachern who performed similar
experiments.

Putnam and Alexander (1938) have made essentially the
same observations as t.iose recorded by Zvans and iichachern above.
They state "The gross and microscopic picture of extensive tis=ue
destruction which follows sudden closure of large arteries is
so well known as to require little description. The parenchyma
of the anaemic territory rapidly becomes necrotic. There is a
loss of minerals. The necrotic tissue is phagocytized by cells
of mesodermal and glial origin, and the debris transported to
vessels in the vicinity. Glial fibrosis usually st;ps at the
'edge of the area of complete destruction as if lacking an
ectodermal framework on which to grow. The end result is usually

a cyst of yellow fluid, in which a spiderweb-like framework of

vessels and connective tiscue may float. The details of the
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process are superbly described, for example in the text books
of gpielmeyer and of Jakob; and Evans and McEachern have
recently restudied it from the experimental point of view". -
"The process may take a wholly different form if collateral
circulation maintains even a small irrigation through the parfial-
ly infarcted area as has been shown by the pathological studies
of Alexander and Newbill. Such partial infarctions are often at
some distance from the point of obstruction. Under these
circumstances the alterations in the gray matter are much like
those already sketched as resulting from temporary interruption
of circulation; pyknosis, later necrosis of the ganglion cells,
satellitosis, hypertrophy of glie, a varizble amount of pro-
liferation of connective tissue".

From the above observations theﬂ, we may conclude that a
reduction in circulation to the brain if suf’icient (and yet not
so complete as to cause widespread destruction) will stimulate
hypertroﬁhy of astrocytes. This point has a most important
bearing on the present investigation and will be treéted in
more detail in the final discussion.

Rand and Courville (1936) have described the architectural
disruption that occurs in cases of cerebral laceration. iiost of
these changes have been covered in the literature already

discussed.

Cerebral contusion is another form of brain injury which has
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received considerable attention in the literature. ZIZvans and
McEachern (1938) define this state as one which is characterized
by multiple, petechial perivascular haemorrhages. These
haemorrhages, they point out, may be the result of actual
traumatic ruptufe of the continuity of blood vessels, tut they
believe on theoretical grounds that the haemorrhages more often
represant the profound circulatory changes - slowing of circul-
ation - which acoompanies this condition and which may be
severe enough to lead to widely distributed perivascular
haemorrhages (after the theories of Ricker (1919) and of Chase
(1938).). |

Alexander and Putnam (1938) have described perivascular
haemorrhages in the brain bbth as a result of traumatic endo-
thelial tears in venous and arterial vessels and also as a result
of stasis. They present an excellent analysis explaining why
in certain cases the haemorrhages are predominately in the
white matter and in certain otaers in the grey.

The Regeneration of the Meninges and ilieningo-cerebral cicatrix.

Under this heading the more important literature on
regeneration of the meninges following injury and on meningeal
adhesions will be reviewed. The literature on cerebral cicatrix
has been discussed in the’preceeding pages and will only be
mentioned here in so far as the meninges play a role in its

formation.



T2.

In 1923 Sayad and Harvey showed t.at the dura mater wien
injured, heals rapidly without the formation of adhesions to the
underlying structures. They believed that the mechanism of
repair of this membrane is similar to the repair of an injury
elsewhere in the body wita the exception that the external
surface of the arachnoid acts as a limiting membrane beyond which
no further reaction takes place and against which the inner
lining of the dura is formed. Also, this impregnability of the
arachnoid surface to the reaction of repair in the dura prevents
the formation of adhesions and acts as a mould for the reconstr-
uction of the dura.

Lear and Harvey in 1924 carried t.e above investigation
further by studying the effect of injury on the pia-arachnoid
alone without injury to the overlying dura. The experiments
were carried out on dogs. A decompressive craniotomy was
performed and a large curved flap of dura turned down. Two
series of experiments were carried out. 1In one, the pia-arachnoid
underlying the dural flap ..nd far away from the suture line,
was touched with a red hot spatula. In the other series instead
of using the hot spatula the pia-arachnoid was injured by
plunging a mosquitoe forcep into the brain, and spreading the
points apart on witiadrawal. In both series the dura was closed
tightly immediately after the injury to the pia-arachnoid, care
being taken throughout not to injure the dura except along the

suture line.
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The conclusions from these experiments were that where there
is an injury to the pia-arachnoid and cortex, even though the
overlying dura is uninjured, dense adhesions between all three
layers of the meninges and the cortex are formed. As early as
eight days following the injury, the dura is sufficiently
adherent to tear away with it portions of the underlying cortex.
In certain of these experiments there were adhesions about the
sutures placed in the dura. This finding led them to the belief
that injuies much less severe than the ones they used would
orobably lead to adhesions. They felt therefore that "the
escential point in the formation of the adhesions found in these
experiments is the injury to the outer cells of the arachnoid".
These authors also found that blood could be left in the subdural
space witiout subsequent formation of adhesions - so long as
there was no injury to the arachnoid and dura. This latter
observation is different from the findings of Penfield and
Norcross in 1936. These authors found subdural blood and adhes-
jons in cats previously injured by a hammer blow on the head.
They attributed the adhesions to the irritative effect of the
subdural blood.

Because of the difference in the reactions of the lepto-
meninges from the pachymeninges in the above experiment,

Harvey and Burr in 1925 were led to study the origin of these

membranes. Two series of experiments were performed. 1In one
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series a portion of the nervous system (of amblystoma punctatum)
was transplanted wit.iout neural crest cells; in the second series
a portion of the nervous system was transplanted with neural crest
cells. The following conclusions were drawn from these experi-
ments. "The view of His and K8lliker, sup»uorted by Salvi, Sterzi,
Yleed and others, that the pachymeninx and leptomeninx have a
common origin in a primitive mesenchyme derived from a s—ecific
germ layer, the mesoderm, is incorrect.

Certain ectodermal elements derived in large part from the
neural crest =re contributed to the mesenchyme and take part in
the formation of the leptomeninx.

These facts 1ave been demonstrated experimentally in
Amblystoma and are confirmed by observations in the chick and
pig embryo.

Such origin suggests that the cells of the leptomeninx may
have certain characteristics of tieir own, apoarent in their
resction to injury and in the neoplasms arising in them".

Penfield (1927a) referring to Lesr and larvey's work on the
regeneration of the meninges (1924) remarks that "This difference
in reaction is not necessarily evidence of a difference in the
origin of the pachy- and lepto-meninges, lowever. Injury to
pia-arachnoid breaks the barrier formed by avascular arachnoid
and necessarily removes the protective covering of the nervous
system. Such a break calls forth an energetic connective tissue

response, whether the nervous tissue is exposed in the central
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or peripneral system, as though nervous tissue were indeed a
foreign body".

Flexner in 1929 repeated Harvey and Burr's experiments on
transplants of portions of the nervous system with and without
neural crest cells. He found that the nresence of neural crest
cells failed to lead to observable differences in the meninges
of the transplants.

Bagley in 1928 published two papers on the functional and
organic alterstions in the central nervous system and meninges
due to the presence of blood in the subarachinoid space. The
first vaper was on the experimental results of injections of
blo~d into the subarachnoid space of animals. The second paper
was on the findings in clinical cases of subarachnoid haemorrhage.
In both the experimentszl animals and in 1umans he found the blood

g?iise to an ihflammatory reaction in the meninges, cellular
changes and destruction in the cortex, meningeal and meningo-
cerebral adhesions and finally ventricular dilstation. These
pathological changes were accompanied by severe neurological
signs and symptoms varying from slight differences in beliaviour
to sever convulsive seizures and even death.

Penfield in 1924 published an excellent paper on experimental
meningo-cerebral adhesions. He found that "superficial adhes-
ions result from slight injury and extend some little distance

over the surface of the brain from the point injured. These

adhesions are composed of an interlacement of connective tissue
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fibrils from the dura with the fibrils of a superficial gliosis.,

The tiiickness of the new or adventitious dura, formed after
removal of the old, varies according to the available blo~d
supply. Movement of foreign bodies are also factors to be
considered. The dura is taiick after a decompression operation
and tiin beneath a bone flan. It is thicker over a brain
laceration.

Placement of the least irritating foreign bodies, as
celloidin, on the surface of tae brain causes a very taick,
hard connective tissue envelope to form all about it. The results
are the same even waien there is no wound of brain and when the
foreign body lies beneath a rel:tively non-vascular bone flawn.
The layers of this envelope form a burssa-like cavity, preventing
direct adhesion to the scalp or skull. Aciesion between brain
wound and lower layer of the envelope forms, of course, as well

as adhesion between uoner l=yer and skull or scalp.

With this paper of Penfield's (1924) the summary of the
literature is concluded. There sre of course a number of other
excellient works on the nature of meningo-cerebral adhesions but
it is felt that the more impnrtant facts relating to this

subject have already been adequately reviewed here.
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EXPERIMENTAL DATA.

TECHNIQUE.

In the investigation described in Part II of this thesis
the pathological changes in the brains and meninges of eighteen
cats, one dog and one mornkey were studied at different intervals
after these had been exposed to air under various conditions or
stimulated electrically at operation.

All the animals were operzted on under sterile-technique.
They were anesthetized with dial 0.5. c.c. of a 10% solution
per kilo intraperitoneally.

A large bilateral, or in some cases unilateral, craniotomy
was performed on each of the animals. This was either in the
form of a decompression or an osteoplastic craniotomy, (for
A particulars see tables of experimehtal data). In the large
majority of the cats the supra sylvian gyrus was exposed with
only a small portion of the surrounding cortex. The bone
defect was always considerably larger than the opening made in
the dura.

The dura was then opened and gently;turned.down over
the temporal muscle, its inner surface being exposed. Great care
was taken not to’touch the aracianoid at any tine.

Experiments of different types were carried out, .the
exposed cortex of one hemisphere usually being treated differéntly

from that on the opposite side (see tables of experimenhs for
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particulars).

In some cases the exposed brain was covered by a watch
glass on one side or by a petri disii if both oberative sites
were to be protected from room air. If this was to be done
gauze soaked in Ringer's solution was laid about the margins of
the wound (as described in Part I of the thesis). The watcii glass
or petri dish was vplaced on tiis and its edges sealed with
moistened gauze so that any air reacning the covered brain would
be sqturated with moisture.

The brain was stimulated electrically in = number of
experiments. Tnis was carried out witih bipolar electrodes
leading to a tiyrstron as described in rart I of the thesis.

The brain was stimulated either w.ien covered witi a petri dish
or exposed to air. If the former was done, the electrodes were
inserted through a small hole in the petri dish. The duration
of stimulation varied as did tne intensity, the latter ranging
from 3, (3 to 5 is about the threshold Tor the motor cortex in
unanesthetized cats) to 9. 1In all cases, however, tne stimulat-
ing electrodes were apnlied to the cortex at 2 second intervals,
the duration of eacn individual stimulation being 2-3 seconds.

In certain experiments tiie exnosed brain was irrigated
continually. This was done by allowing Ringer's solution, at
body temperature in an intra-venous infusion flask, to flow
over the cortex. The rubber tubing leading to the flask was

run tharough a large basin of water (also at body temperature).
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In one experiment, using a similar sét-up, iced Ringer wes
allowed to flow over the operative exposure.

During the Operatioﬁ in each case a drawing was made of the
exposed brain and in some cases a photograph taken of the
operative site.

At the termination of each experimeht the dura was closed
tightly with fine silk, the bone flap was wired in plsace and the
scalp closed in layers with silk, dermal being used for the skin.

The animals were then allowed to live for periods varying
from 24 hours to three and one half months.

All animals were kilied in the same manner. They were
anestiietized with etier. A canula was then inserted in one
carotid artery. ‘/hen this was in »lace the animal was xilled
by a stab wound in tne heart. The external jugular vein,
opposite to the carotid containing the canula, was then cut =2nd
200 c.c. of a 10% formalin solution injected slowly into the
carotid. After a period of 20 minutes the o0ld cranial wounds
were carefully opened. Tiie superficis1l layers of the temnporal
muscle were cut away by sharp dissection until the bone cefect
could be seen. If this was a decompression the dura was incised
about its margins so that any adhesions betwesn dura and pia-
arachnoid would remain undisturbed. The bone over the remainder
of the vault was then ronguered away and ti.ie brain removed.

In this way the dura anc a portion of the overlying temporal

muscle was left attached to the removed brain over the site
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previously exposed at overation. (see photographs). . Vhere
an osteovnlastic flap had been turned tinis was carefully elevated.
If it seemed impossible to do this without disturbing under-
lying adhesions, a saw cut was made directly tirough the wiole
skull in the manner described by Penfield (1924) and a block of
brain, bone and temsoral muscle renoved intact.

The brain was then »lsced in 10% formalin. In several
cases the brain was cut imnediately and blocks »>laced in 95%
alcohol for subsequent :'issl staining, in Zenkers for lLallory's
phosphotungstic acid staining or in formalin ammonium bromide
for silver and gold staining.

In most cases the brain was left in formalin 10% for 3
to 4 days and tnen photogravnied,cut and rephotograpned. Blocks
for paraffin sections were left in formalin for another 24 to
48 1ours, then washed overnignt and run throug: the alcohols
in the usual manner. P.T.A. staining wzs done on Zenkerized
paraffin‘sections. Penfield's second mocification of Rio-
Hortega's silver carbonate metiiod was used for combined
oligodendroglia and microglia staining. Zxcellent staining
was obtained with gold c.uloride sublimate for astrocytes by
cutting frozen sections directly from formalin fixded material,
even when this was old. The sections were received in 1%
formalin, washed rapidly in two cuanges of water and placed

directly into the gold bath. The material fixed in F.A.B.
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did not give as good results nor did taat treated with the
Globus .rocedure.

Using the above metiods the following staining techniques
were completed on each of twenty brains. 1. Laematcxylin.
Van Geisen (Weigert's). 2. 1liissl's method for nerve cells
modified (Thionin). 3. Cajal's gold ciloride sublimate
method for astrocytes (modified). On a larg e number of tiese
brains where the researc indicated it t..e following staining
methods were used. 1l. f.allory's phosphetungstic acid method.
2. Bodian's method for axis cylinders. 3. Loyez's method for
staining Myelin sheaths in Paraffin sections. 4. Del Rio-
Hortega'é silver carbonate met.uod for oligodendroglia.

6. Penfield's second modificeation of the above metiod - for

combined oligodendroglia and microglia.



ZI1GURZE XVI,

These photographs are of brains described in
the text and were taken after tiae brains had been

in formalin for three days or more.
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In this Figure are snown photographs of brains
described in the text. In brains2004 and 2006 note
’that tarere is roughening of the pia-arachnoid over the
left hemisphere from which the adnerent dura (at the
site of the previous operation) has been stripped.
Tere is slight atrouiy of the left suprasylvian

oyrus in brains 2004 and 2006+«






FIGUAL AVIII.

This -hotograph is of a dogz's brain (No. P.2135)
described in the text. The animal was killed 105 days
after operation. Note how densely adherent and thick-
ened the dura is in t.iis case. In places there 1is
some convolutional flattening. This was more evident
than in any other brain. See tables of experimental

data for particulars of experiment.






S1GURS XIX.

The photogranh marked 2135 is of the same dog's
brain shiovn in Fig. XVIII. The adherent dura with
sone overlying temgporal muscle is well seen. The ex-
tent of the previous creniotomy can be judged from
the area of brein covered by adherent dura.

Photograph B. is of the brain of Cat P.2178.
The sigmold gyrus and immediately acdjacent cortex of
tiis cat had been stimulzted for 3 an hour. (Thy?atron
- intensity 9). ©Note that there is swelling of the
left sigmoid gyrus. This brain had been in forﬁalin

10% for 24 hours before tie photogranph was taken and

some of the swelling had already subsided.
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FIGURE L.

Tais photograph is of the brain of monkey P.2137.
The animal survived 27 days after a left osteoplastic
cranioto:iy. For particulars of exjseriment see tables
of experimental data. -

Note thst there is little taickening of the dura
and that it is not adherent to the temporsl muscle.
Compare t.is brain with taose in w.ilch a decompression

had been done as shown in Figs XIX., XXII., XXIII., etc.
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FIGURL X 1.

The photograph is of a monkey brain P.2137, the
same brain as shown in Fig. XX. Note that there is
little or no thicikening of the dura, wiica is, however,
adherent to the pia-arachnoid at the site of the prev-

ious operative exposure,
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FICURS AALII.

The two photographs saown here are of the same
brain - cat P.2144. ©Note the t.iickened adherent dura
over both hemispheres. Some temporal muscle is adherent

to the outer surface of the dura. See the text and

tables of experimental data for further particulars.






FIGU:is XIIIL.

The two photographs on the oo.osite page are of
the brain of cat No.P.2155. In the upper photograph
it will be seen that the dura has been elevated to
demonstrate its point of maximumn adherence- to the»pia-
arachnoid. This is at the suture line in the dura and
over the suprasylvian gyrpus in each hemisphere. In
tne lower paotograph the extent of the craniotomy
(decompression) can be judged by the extent of the
temporal muscle adherent to the dura. The actual
opening in the dura at operation, however, was consider-
ably smaller than this, exposing mainly the suprasylvian
gyrus, but also a portion of the lateral and ectosylvian
gyri. The extent of the craniotomy and dural opening
in tais experiment is about the same as performed on

most of the other cats in tais investigation.
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FIGURE XXIV.

Both photographs on the opnosite page are of the
brain of Cat No.P.2168. 1In the upper photograph the
dura has been stripoed from the brain and the extent
of the dural opening can be judged by the line of
silk sutures in the dura. Note that there is some
flattening of the convolutions bilsterally in this
brain.

The lower photograph siows essentially the same
features as described in the lower photograph of

Fig. XXIII.






FIGURL XMV,

The brains shown on the opposite page have been
described in the text. Brains 2186 and 2184 show
adherent dura bilaterally and in places %.:1s has been

elevated to show the point of maximum adhesions.
]

Brain 2194 shows no evidence of adherent dura,

(see text and tables of experimental data).

Brain 2189 - the osteoulastic craniotomy as seen,
was exceptionally small in this case.
Brain 2173 is from another experiment not in-

cluded in the thesis.






FIGURS XAVI.

This photograph is of the brain of cat P.2189 -
already shown in Fig XXV. The dura in this case was
adherent to both the arachnoid and the bone flan and

came away from the brain when the flap was elevated.
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THZ BRAILI AFD LLNINGSs AT 24 TO 96 ..OURS AFTER Or:RATION.

Under this hexiing the pathological chianges in the brain
and meninges resulting frow previous electrical stimulation
at operation or their exposure to room air under various con-
ditions are described together. wix cats were used for this
study. The general outlines of tlie experiments are described
under technique and the narticulars of eacli are summarized in
table I.

In c2t P.2117 during electricnl stimulation an sttempt was
made to avoid the larger blood vessels, so that little vaso-
constriction of these occurred. 1In c~t P.2124, however, the
arteriz=1l vessels were systematically stimlated and considerable
ischaemia of the exposed cortex produced. This was also true
in cat P.2178 where the sigmoid gyrus as stimulated. It
should be noted (in table I.) that electrical stimulation was

of a greater intensity in cat P.2178 than in the others.

A. lMeningeal Adhesions.

At autopsy it was found that a few [ine filamentous
adhesions were present hetween the dura mater and arachnoid
in all three cats thnt had been allowed £o survive 72 hours or
more. These adhesions were found bilsterally over the area of
brain exposed at operation and appeared to be of equal extent
whether the brain had been exposed to room air, covered with a

petri dish, irrigated with Ringer's solution every fifteen
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minutes or stimulsted electrically. No adhesions were found
in those cats that had been killed 48 liours or less after
operation.

There were no other significant pathological findings at
autopsy, (or later when the brains were cut) in these animals
except in cat P.2178 described below. The wound in each case
appeared normal, and there were no abnormal collections of
fluid or blood.- The temporal muscle hac becore very slizghtly
adherent to the dura in the cats surviving more than 48 hours.
There was no evident oedema of the brain, nor flattening of
convolutions at the site of owser~stion. whetuer any vascular
congestion wus present could not be ascertained as each of the
brains s injected with formalin before removal. The injec-
tions were all satisfactory.

The brain of cat F.2177” showed definite cuite marked
swelling oi the left sigmoid gyrus (_yrus stimulnted at operat-
ion)., This was verified by Ur. Lrickson and Jr. Pudenz.
Similar swelling had been noted at operation, (see Part I. of
the thesis and Fig. XIXb).

B. Cellular reaction in the lLeninges.

Histologzically the sections stained'by weigert's He& V.G.
method showed the most interesting changes. In each of the
six brains, over both hemisoheres, at the site of exposufe at
operation there wis a cellular reaction in the meninges with

some swelling of both pia mater and arachnoid membranes.
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The wnhotoricrograniis on tiie oonosite p=ge are of
the brain of Cat To.>. 2117, (L.& V.G. étain).
Illustration L. is of the pia-arachnoid and moleculzr
layer of the cortex overlying the left suprasylvian
gyrus, wiich was previously stirmulsted electrically.
Note the marked cellular reaction in the meninges.

The illustration marked R. is of the pié—arachnoid
overlying the right supnrasylvian gyrus. Note that J
there is less cellular rezction on tliis side waiich was
not stimulated and covered by = watch glass during
the period of the experiment,

If tie suprasylvian Zyrus on each side could have
been photographed as a whole the difference in the
inflan=tory reaction in the meninges on the two

sidec would not have apneared quite so marked.
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The cellular reaction was strictly localized to the site of
operation excent for a few cells whici had wandered off through
the sub-arachnoid space. At 24 to 48 hours polrrorshonuclesr
leucocytes were slightly more numerous than other types but
large numbers of small or lar_e monos were present as well as
large elongated cells with abundant »ale staining cytoplasm
and large oval modarately carl staining nuclei. These latter
cells ap.enred to be coming from the pia-arachnoid. The cells
penetrated everywhere t.rouzh the me:zlivork of tie sub-ar=achnoid
space. At 72 hours thie polynuclenr leucocytes apoe red less
numerous altnough the cellular reaction ns a whole was a little
more marked. At this sta_e thicre wec nmorc evidence of swelling
of the pia-arachnoid and defininte evidence of proliferation

of the cells of bot.. membranes.

The cellular reaction and meningeal chun;es were present
in all brains bilater«1ly but it wa: a little more mrrked ihere
electrical stimulation had been used (se= Iig. AXVII). It
was the same whether the brain had been covered or left exposed
to room air and irrigation appeared to mate little difference.

The liissl preparations showed some c'manges in the nerve
cells but these will be desccibed later. In brain number P.2117
it was felt that there were enrly changes in the microglia
in the molecular layer and laver 2. of the cortex but these
findings were not conclusive nor were tiey verified in other

experiments. The gold chloride sublimate stain showed no



THE LEHINGIS AT 24 TO 96 LOUrs AFTER OPoHATION.

TABLE 1.

Animal Operation |Treatment {Treatment | Survival | Findings | ilisto-

& : of brain |Jof brain period pt autopsy] pathological
-+ Number on left. | on right findings
\ .

P.2115 | Decompre~ | Exposed |covered by] 24 hours no ce llular
cat ssion Irrigationf netri dish reningeal| reaction
bilateral |Q. 15 minJIrrigationg adhesions|in~eninges
Qel5 min bilateral
P.2117 " Bxposed | axvwosed 72 hours Fine cellular
cat electrical|[Irrigation| meningeal| re=ction
stimuation| ¢.15 min adhesions| inmeninges
for 3 hr. bilateral| Slightly
Thyraton more on
at 3. left.
Irrigstion
Qe 15 min, B
P.2124 " Covered by} Covered | 72 hours " "
cat petri dish by
Elect.stim., ©oetri
for 4 hr. dish
Thyratron
at 3.
P.2132 " Exposed " 96 hours " cellular
cat reaction in
meninges
bilateral
low-grade
infection
on left?
P.2178 " Same as Same as | 48 hours No Same as
cat P.2124 P.2124 meningeal| P.2117
but thyra- adhesions
tron at 9.
P.2180 " sane as Same as 48 hours " cellular
cat P.2132 P.2132 reaction
Inmeninges
bilateral
came as
P.2115,
TILL: EuTwssN OPLIING AND CLOSURL: OF DUAA IN ILACH CASIL WAS WO OQURS.
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definite changes in the s#strocytes at this e=rly period,
although probably with better staining some swelling of the
astrocytes could have been demonstrated at tials stage as an
intermedi=ry step in the renctive zliosis that is described

as occurring later.

Til LalINGLS AT 8 TO 105 DAYS ARTHER UPSRATION.

The findings recorded 'incer tuiis heading were obtained from
observations on tivelve cats, one dog ~nc one monkey upon
viiich craniotomies iinc Lreviously been »nerformed. Details of
the experiments are recorded in *tables II ~nd IIT.

Autoosy material.

At autopsy it was found that in all crses where tie brain
had been leflft exposed to air for one hour achesions were pre:s-
ent between dura mater ~nd aracanoid mc:brene. Gros=l) the
adhesions vere essentially the zame in cliim.racter and extent
whether the brain had been left ex,» sed to room air, covered
with a watchh glass or irriga‘ed continuousl; with Ringer's
solution durin;; the »eriod that the dura vas open. The adhesions
were slignhtly more dense in those cases where electrical
stimulation had been used, especinlly when this had been of a
high intensity.

Adhesions between pachy- and lepto-meninges were somewhat
less extensive and less firm underlying a bone flan than at the

site of a decompression. Also the dura itself was always less
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thick in the former than in the latter case. It was only
adherent to the temporal muscle through the treohine holes
of a bone flsp whereas it had become everywhere densely
adherent to the temporal i-uscle in the regions of a decompress-
ion. Adhesions were somevh=t rmore cense in animels alloved to
survive for long periods than in those l:illed in eight days.

The adhesions were difnrcely =oresd over the ares thst had
been exposed =t ooer~tion. They were usually in the form of

a meshwork of short dense str=nis but in wlaces were either

plastered densely to the underlyin, sis-arachnoid or =t times
were composed of delicate fibre-like strrnas as long a5 2-3

mm. in length. They were usu=1lly more tou,n and extensive
along the line of silk sutures in the wurs t.=n elsevhere.

On stripping the dura from the leptomenin;es the surfce of the
latter usually ~v.eared roughened and "1t so to the paloating
finger.

In most cases tuese observations were made after tiie brain,
(with the overlyin; meninges at t'ic site of oucration), had
been removed from the skull, (see FTigs. XVIII to AAV). The
lower edge of the dura, =t the owen end of the suture line
in the dura, was _ently elevated so that the underlying adhes -
ions could be seen in part. Further observations vere made on

each block of tissue after tiie br-in had been cut and tiie dura

wAas usually stripped from one or more of these in each brain.

&~

No adhesions betveen dura and arachnoid vere found under-
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lying a bony decompression, providing the durzs had not been

opened nor were they »resent in the case where tiae unopened

dura had been irrigated for two hours with iced Ringer's
solution. In those experiments wiere the dura had been opened
and closed again immediately, no adhesions had formed between
lepto- and pachy-meninges exceost at the site of the silk suture
line in the dur=. ilere there iwere a few adhesions about most
sutures, the arachnoid having ap.arently been injured by the
contact of the sill,

Notiiing abnormal was noted in =ny of the brains, (avsrt
from the mening es) either before or after they '.a¢ been cut
except that in some c=mzes there veas slight convolutional
flattenin; at the over-tive site.

Microscopical Lxanination of the | eninges.

The findings recorded above were corrobor-ted on histologic-
al examination of the meninge:.

It was found thi=t Ly eipht cays after oper-tion the
cellular resction in the meninges described above 1:2d almost
completely subsided. That is the polymorphonuclear leucocytes
and small monocytes had disapoearea except for a very occrsional
one. Scattered large, ap.arently phagocytic cells (compound
granular corpuscles) with abundant v:icuolited cytoplasm and
small dark staining eccentrically plnced nuclei were present

however,

By eight days both the pla and arachnoid were quite markedly



FIGUMS AXVIIT.

The two piotomicrocoraphs in Fig. XXVIII. siow the
adhesions overlying the suprasylvian _yrus of each
hemisphere of cat No.P.2144, (H.& V.G. stain).

The upper illustration is from the right hemis-
phere and the lower from the left. Note that the
molecular layer of the cortex fills the lower portion
of each photomicrograph. The t.aickened pia overlies
t1is and is densely adherent in places to the arachnold,
wiich in turn is adinerent to the dura taroughout. The
cells and nuclei of the aracnnoid, for the most part,
are more elongated t::an the rounder nuclei and cells
of the pia. This will be seen to be true also in
Fig. XXIX. There is slightly more t.iickening of the
pia-arachnoid in the upper illustration (right side of
brain - exposed to air) than in the lower (left side of

brain - irrigated continuously with Ringer's solutionf.
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thickened and adhesions were present between lepto- and pachy-
meninges in all cases where the brain had been left exposed
for two hours, regardless of whether it had been left exXposed
to room air, irrigated continually or covered with a petri dish.
In cat P.2155 there was slightly more thickening of the pia-
arachnoid and the adhesions were somewhat more extensive on the
side left exposed to air than on the side irrigated, (see
Fig. XXVIII). However in cat P.2168 where an identical exper-
iment was carried out, the meninges apveared about the same on
the two sides. The thickening of the pila-arachnoid and the
adhesions were more marked on the side where strong electrical
stimulation had been used, (see Fig. XXIX), than where none had
been employed. The duration of survival of the animal seemed
to make little difference in the thickness of the leptomeninges
as they showed about as muc: proliferation at eight days as at
the end of three months. They presented less reaction under a
bone flap than under a'decompression and this was also true of
the dura.

The leptomeninges appeared essentially normal in those
cats where the dura was opened and closed again immediately,
(except along the silk suture line in the dura where there were
adhesions and thickening), where the dura was irrigated with
iced Ringer's solution or where the dura was not opened under a
decompression.

The thickening found in the leptomeninges was due to pro-
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liferation on the part of the cells of these membranes. (This
is well illustrated in Figs. XXVIII and XXIX). The cells of
both pia and arachnoid membranes were increased in number and
had lined themselves in layers parallel to the original mem-
branes. The cells of the arachnoid showed a tendency to
become more elongated than normal and the arachnoid had become
easily distinguishable from the pia. By eight days and there-
after the arachnoid was several, (or more), cell layers in
thickness. The cells had darkly staining elbngated nuclei in
which the chromatin was quite evenly distributed. The éyto-
plasm was drawn out in elongated tails parallel to the surface
of the brain. The pia reacted in a similar manner but the
cells of this membrane had larger, rounder dark staining nuclei
and more oval cell outlines, (see Figs. XXVIII and XX1X).

In mmny places the sub-arachnoid space did not ap.ear

obliterated but the aracanoid was firmly adherent to the under
surface of the dura, being drawn away with this membrane during
fixation or handling of the tissue. In these cases the arach-
noid appeared to be a layer of cells lining the inner surface
of the dura. However, in many places it could be seen that
this "lining membrane" was continuous with the arachnoid,
(see Fig. XXVIII).

In other places the arachnoid was densely adherent to both

dura and pia, the cells of the arachnoid being diffusely

intermingled with those of the pia on the one side and the



FIGURE XXIX.

The photomicrographs in Fig. XXIX. are of the
adhesions overlying the right and left suo)rasylvian
gyri of cat No.P.2184. (H.& V.G. stain).

Note that the pia-arachnoid is more adherent to
the dura over the right hemisphere (illustration A),
than over the left (illustration B). One delicate
adhesion between arachnoid and dura is shown in
illustration B. The meninges have been torn away
from the molecular layer of the cortex in handling
and fixation.

The right suprasylvian gyrus of tais cat was

stimulated electrically. The left was not.
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dura on the other, (see Fig. XXIX.A.).

In those cases where the adhesions were less dense,
delicate thread-like strands of arachnoid, at times only one
cell layer in thickness, joined the arachnoid to the dura.
These adhesions became most evident where the dura had become
separated away from the arachnoid during handling of the
sections. ©Such an adhesion is well shown in Fig. XXIX.B;

The firmness of many of the adhesions described above
was shown by the fact that wien the dura was teased away from
the brain (when mounting the paraffin sections) it, at times,
drew with it not only the leptomeninges but also a portion df

the underlying molecular layer of the cortex. (See Fig. XXIX.).

CEREZBRAL CICATRIX RESULTING FROM ELSCTRICAL OR MECHANICAL

STIMULATION OF THE CORTEX AND PIAL BLOOD VIiSoiLoe

In Part I. of the thesis it was shown that focal ischaemia
could be produced in the cerebral cortex if the pial blood
vessels were stimulated electrically or mechanically. A
series of experiments were therefore carried out to determine
what type of histological lesion, if any, might occur in the
brain‘following such electrical or mechanical stimulation.

In this particular study the brains of six animals were
used (4 cats, 1 dog and 1 monkey; nos. P.2004, 2006, 2135, 2137,
2151 and 2184). It should be noted, however, that before

undertaking this experiment a large number of animals had
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been experimented on in a similar manner so that the technique
had become fairly well perfected. The brains of a number of
thése other animals used in the earlier experiments were stained
with Weigert's H.& V.G. method and Nissl's (thionin) method
and the hisological changes noted. Some refernece will be made
to these findings below and although not directly inciuded in
the thesis have been of help in arriving at the final conclusions.

For particulars of experiments see technique and tables

I1 & I1I.

Histopathology.

Cat P.2004. Left cerebral hemisphere following electrical

stimulation of the cortex and pial -blood vessels. In this
experiment stimulation at operation was ap lied directly to
the larger pial vessels so that considerable obvious ischaemia
of the cortex occurred.

The sections stained by Cajal's gold chloride sublimate
method (modified) were the most interesting, (see Fig. XXX).
In these sections was found a triangular area of gliosis in the
grey matter of the suprasylvian gyrus and a smaller similar
area, which was more patchy in the ectosylﬁian gyrus, (as
illustrated in the drawing accompanying Fig. XXX). The triangle
was formed with its base at the’ pia and its apex at the white
matter. (It should be noted that in the majority of the exper-

iments described in Part II. of the thesis the suprasylvian



FIGURE XXX,

The two photomicrograpis on the opposite page are
of the left suprasylvian gyrus of cat No.P.20C4, which
had been stimulated electrically. The upper illustrat-
jon A. is a high power magnification of the area shown
in the right upper hand corner of illustration B.,
indicated by the arrows.

In illustration B., the pia is shown at the right
lower corner. Radiating in from the pia two large per-
forating vessels are present. An increase in number and
hypertrophy of astrocytes is present between these two
vessels, This area of gliosis fades away into a zone of
normal cortex in the lower portion of the illustratioﬂ.
Between the vessels it extends through all the layers of
the cortex to the wiite matter. DNote that there are
fewer hypertrooiied astrocytes subpially and in the

molecular layer than deeper in the cortex. (G.C.S. stain)

Diagram of areas of gliosis in Cat No.P,2004.
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gyrus was the one most stimulated or exposed at operation and
this was true in this case. The stimulation was restficted
to this gyrus and small/;ortion of the neighbouring lateral and
ectosylvian gyrg.)

The triangular area of gliosis mentioned was composed of
hypertrophied astrocytes, most of which had laid down fibres
and become changed from the usual protoplasmic to the fibrous
form. There was very evident thickening of the wvascular foot
processes of the astrocytes and =n increase in number of these.
There was also a definite increase in the number of astrocytes
over the normal in this area. This could easily be ascertained
by observing the number in the triangular area as compared to
that in the adjacent norm: 1 grey matter. Also in the zone of
gliosis was abundant evidence of direct cellular division of
astrocytes.

The triangular patch of gliosis extended from the pia to
the white matter and was of about equal extent in all layers of
the cortex. There was however surorisingly little reaction
of the subpial astrocytes or of those in the molecular layer
of the cortex.

There was a definite tendency for the'astrocytic hyper-
trophy to be grester in the perivascular zones. The sides of
the triangle were beautifully defined by the large nerforating

pial and intracerebral vessels, the triangular shape of the

gliosis in fact being apparently determined by tlhe anatomical
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arrangement of the vessels, (see diagram of Fig. XXX).

The small area of patchy gliosis in the ectosylvian gyrus
was identical to that described above but was not as extensive
and hence did not form such a complete triangle.

The sections stained with kallory's P.T.A. and Rio-Hortega's
S.C.A. methods verified the findings already revorted but added
little, nor did they demonstrate the lesion so clearly.

The changes in the meninges have been described from the
He& V.G. stains and nothing else abnormal was noted in these
sections. There was no evidence of haemorrhage, petchial or
otherwise, nor of vascular thrombosis in any of the sections.

What was felt to be an ischaemic change in some of the nerve
cells in the first two layers of the cortex of the suprasylvian
gyrus were seen in the Nisslt's (thionin) preparations. This
change was characterized by shrunken elongated pyknotic cells
in which the nucleus could no longer be discernable in the
dark cytoplasm; Also by the fact that the cytoplasm of many
of the cells in this gyrus (as compared with the neighbouring
gyri or the same one in the owvosite hemisphere) were much more
pale staining than usual, the chromatin being finely dispersed
or almost absent, the processes being frequently invisible, and
the nucleus small, dark staining and frequently eccentrically
placed. ©Scattered cells, especially the larger ganglion cells,
showed aggregations of the Nissl substance into clumps at the

periphery of the cell and an eccentrically placed nucleus.



FIGURE XXXI.

The photomicrograph on the opposite page was
taken from the left'suprasylvian gyrus of cat No.P.2006.
The pial vessels over the!surféce of tiis gyrus wefe
constricted by mechanical stimulation. Note that tiere
is a marked gliosis (hypertrophy and increase in number
of astrocytes), extending from the pia to the white
@atter. The subpial astrocytes are arranged parallel
to the surface of the gyrus and some S10W clasmatodend-
rosis. This change in the subpial astrocytes is believ-

A}

ed to be due to trauma from mechanical stimulation.
Thévgliosis in the deeper layers of tie cortex, wiich

is in the form of a clearly demarcated triangle as shown
in the diagram is apparently due to ischaemia following

vasoconstriction of the pial vessels. (G.C.S. stain,

modified).
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Still other cells were vacuolated and there was some increase
in perineuronal satel'itosis of oligodendroglia.

These changes in the nerve cells were not marked b& any
means, however, and all the changes described were rarely found
in the same section. It is felt however that the changes in
nerve cells were definite and this is easily understandable since
the gyrus was made ischaemic for nearly half an hour.

Cat. P.2151. Left cerebral hemisphere after electrical stim-

ulation of the cortex.

It will be noted in table II . that in this experiment the
larger vessels were avoided during electrical stimulation and
hence vasoconstriction of these did not occur. The resultant
ischaemia in the cortex was therefore less than that in Cat
P.2004 described immediately above. It was largely restricted
to the suprasylvian gyrus.

As in all these experiments the pathological lesion was
best demonstrated with Cajal's gold chloride sublimate method
(modified). In the sections stained by tiis method there was
found an area of gliosis, irregularly trian. ular in shape in
the grey matter, (with its base at the pia and its apex at the
white matter), over the tip of the suprasjlvian gyrus, (see
Fig. XXXII). The gliosis was similar in type to that described
in cat P.2004., 1t extended from the pia to the white matter
being of about equal extent in all layers of the cortex. It

was slightly less marked (but more widespread) subpially and



FIGURE XXXII.

The two photomicrographs on the on»osite page are
of the left suprasylvian gyrus of cat No.P.2151. This
gyrus had been stimulated electrically.

Illustration A. is a high magnification of the
area marked #in illustration B. and shows wéll that
the protoplasmic astrocytes of the grey matter have
not only increased in number but have been transformed
into hypertrophied fibrous forms. Evidence of
direct division of astwocytes is seen in several
places.

Illustration B. shows a patch of gliosis deep in
thé grey matter in the region marked + and can be
followed nut toward the surface of the pia at the left
upper corner of fhe phrotomicrograph. A few hyper-
trophied astrocytes are seen along tie perforating
vessel from the pia in the right ﬁpper portion of the
illustration.' Bxamination of this and other sectio;s
from the same gyrus showed that the gliosis, althbugh

patchy was in the form of a triangle. (G.C.S. stain).
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in the molecular layer than deeper. The gliosis in this case,
however, was more patchy than in Cat. P.2004 and did not form a
complete triangle. However, on examining a number of sections
it was evident that its anatomical distribution, although less
extensive and patchy, was essentially the same as in cat P.2004.
Its limits were demarcated by perforating vessels from the s
pia which, as we know, form a triangle. 1In places it apoeared
to be perivascular and near the sides of the triangle was quite
marked to the medial side of = perforating vessel and faded
-away to normal on the other side of this vessel (where collateral
circulation was apparently sufficient to prevent ischaemia).

The sections stained with “eigert's H.& V.G. method have
been partly described under changes in the meninges. Nothing
else of importance was noted in these sections. There was
no evidence of hemorrhage or thrombosis in the brain. No def-
inte changes in the nerve cells were noted in the Njssl (thionin)
preparationsg.

Histolo_ical examination of the brain exposed through a
right sided craniotomy in this cat revealed nothing abnormal
in the cortex. More will be said concerning this finding when
the histological changes in the brain following exposure to air
are described.

Cat P.2184. Right cerebral hemisphere.

In this experiment the right suprasylvian gyrus was

stimul:ted for 20 minutes with the thyratron at 9. The intensity



FIGURE XAXIII.

Cat No.P.2184 - Sections stained-Cajal's G.C.S5. method

ified).
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Illustration A. is taken from the right supras-
sylvian gyrus and B. from the same gyrus of the left
hemisphere. The pial vessels of the gyrus shown in A.
were constricted electricélly for 20 minutes (thyratron-
fairly high intensity). The gyrus shown in illustration
B. was merely exposed (see particulars of experiment in
text).

Note that in photomicrograph A. there is an evenly
distributed, marked increase in number and qypertrophy
of the astrocytés of the grey matter. The area in inch
this astrocytic change was present formed a clearly de-
marcated triangle as shown in the diagram below. Therg
1s marked thickening of the pia in this case and sections
stained by oﬁher methods showed severe changes in nerve
cells and a complete disorganization of the normalicyto-
architecture in the triangular area shown in the diagram.

Photomicrograph B. shows an evenly distributed,
definite hypertrophy and increase in number of the astro-
cytes in the grey matter. Although this change is not

nearly so marked as in A, its distribution is alseo tri-

Qarea of glioshs
prhnotomicro-
graph B.

photomicrograph A.
triangular ares
of gliosis
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of the electrical stimulation was therefore greater than in
any of the other experiments in this series andvthe resultant
ischaehia of the cortex was marked.

Eleetrical stimulation, of the right suprasylvian gyrus,
was applied by touching the electrodes to the cortexA(along the
vessels) for periods of 2 seconds with intervals of 2 seconds
between stimulations. As a control the suprasylvian gyrus of
the bpposite hemisphere was stimulated with electrodes in an
identical manner but in this case the electric current had been
turned off.

The.histological sections of the righit hemisphere of this
cat showed very marked pathological changes in the suprasylvian
gyrus, (see Fig. XXXIII). The changes were of more intense
degree than in any of the other cats and this is easily
explainable on the basis of the intensity of the stimulation
and degree of ischaemia.

The sections stained with Cajal's gold chloride sublimate
method (modified) showed a triangle of very marked gliosis in
the tip of the suprasylvian gyrus. The triangle involved the
whole tip of the gyrus from the region where the pia is reflected
to the neighbouring gyri, (as shown in the diagram of Fig.
XXXIII). Throughout the whole triangle there was an evenly
distributed increase in number and hypertrophy of astrocytes.
The astrocytes were fibrous in type and had plumper cell bodies

and shorter thicker processes than in sections from other
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experiments in this sefies. It is interesting that there was
algo hypertrophy of astrocytes throughout tihis whole gyrus,
along its lateral borders in the grey matter as well as over
the tip. The triangular area of marked gliosis over thé tip
of the gyrus, however, was sharply demarcated from the lesser
gliosis along the sides of the gyrus.

The hypertrophy of astrocytes thpoughout the wiole grey
matter of this suprasylvian gyrus as well as over the tip seems
easily explained b the fact tliat vasoconstriction and hence
ischaemia occurred through tiae gyrus as a whole, because of the
intensity of stimulation. The perforating vessels over the
exposed surface of the gyrus, however, were more constricted
than elsewhere and this explains the more marked hypertrophy of
astrocytes in the triangle of cortex which they suonply.

The gliosis mentioned was entirely restricted to the
suprasylvian gyrus, the astrocytes in the neighbouring gyri
(in the same section) appearing normal and protoplasmic in form
except for a few hypertrophied ones in the borders of the gyri
immediately adjacent to the suprasylvian. Due to spread of the
electric current a slight effect on the immediatel; adjacent
tissues is to be expected.

The sections stained with Nissl's (thionin) method show
very marked changes in the nerve cells and a destruction of the
normal cytoarchitecture. The cortex was reduced to about

two-thirds of its normal width. Many nerve cells had obviously
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disappeared, leaving,in some areas, clear spaces behind. Some
nerve cells were shrunken, dark staining and homogeneous in
appearance, the nucleus not belng distinguishable from the dark
cytoplasm. Other cells were pale staining, vacuolated and with
small dark staining eccentrically placed nuclei. The picture as
a whole was one of destruction and was sufficiently marked to

be very evident in the H.& V.G. sections. Although there was
some rearrangement of the vessel pattern in the cortex theré

was no evidence of hemorrhage or thrombosis. The sections
stained with the P.T.A. and S.C.A. methods bore out what has

already been described.

Cat P,2006. Left cerebral hemisphere.

The experiment on this cat was different from those three
described immediately above in that the pial vessels were
constricted by mechanical rather than by electrical stimulation.
This was done by stroking the vessels fpom side to side as
described in Part I. of the thesis. They were kept constricted
in this manner over portions of the lateral, suprasylvian and
ectosylvian gyri during half an hour.

Sections stained by the G.C.S. method showed three triangles
of gliosis, one in each of the gyri stimuiated. The triangles
in the lateral and in the suprasylvian gyri were more complete
than in the ectosylvian where the gliosis was patchy. The
gliosis was the same as that described in the preceeding

experiments except that in addition there was a layer of
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hypertrophied subpial astrocytes (in each triangle) arranged
parallel to the surface of the gyrus, (see Fig. XXXI). Evidence
of clasmatodendrosis of astrocytes was also present in this
layer.

No layer of astrocytes similar to this was found in any
of the experiments except where mechanical stimulation had been
vapplied with some force to the surface of the brain. It is
felt that these astrocytes were the result of the mechanical
trauma. The triangular distribution of the underlying gliosis,
however, it is believed was the result of ischaemia from
vasoconstriction of pial vescels.,

Sections were also studied that had been stained with the
H.& V.G., P.T.A., S.C.A. and Nissl's thionin methods. Nothing
else of significance was found except some sug.estive changes
in the nerve cells, (in the same areas as the gliosis), similar
to those described in cat P.2004.

Dog. P. 2135, Right cerebral hemisphere.

In this animal a large bilateral craniotomy was performed
and the pial vessels stimulated electrically over a large area of
cortex (thyratron at 3) for half an hour. Stimulatiomnswere
for periods of 3 seconds at 3 second intervals. There was good
constriction of pial arterial vessels but the vessels were not
as sensitive as in the cat and the resultant ischaemia was
less marked. The stimulation in this case was spread over a

large area and not confined to one gyrus.
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Histologically the lesions found in this brain were not
as striking as in those found in cats. Only a few small areas
of patchy perivascular gliosis was to be seen and one definite
triangle of gliosis. This triangular area of gliosis was best
seen in the G.C.S. sections and was similar to those lesions
described above., This lesion however was in the cortex directly
underlying an area of considerable thickening in the meninges
and it is felt that the changes in the meninges with pressure
upon pial vessels might have been the cause of the gliosis
rakher than the ischaemia at operation caused by electrical
stimulation. There were no other abnormal findings of signif-
icance in the sections stained by the /.& V.G., S5.C.A., P.T.A.,

or Nissl's (thionin) methods. No thromboses of vessels or

hemorrhages were noted.

l.onkey P.2137.

A larg;e left osteoplastic flap was turned and the cortex
of the left hemFSphere stimul=ted with the thyratron at 3 for
20 minutes and at 8 for 10 minutes. The stimulations were
applied for 3 seconds at 3 second intervals and ranged over the
whole exposed cortex. Although the pial vessels were gtimulated
directly only a few of these showed slighé constrictions, one
vessel only constricted over a small area almost to obliteration.
The lack of reaction to electrical stimulation of these vessels
is quite different from the prompt constrictor responses obtained

in cats - as described in Part I. of the thesis.



FIGURE XXXIV.

Photomicrograph of a patch of hypertropnied,
fibrous astrocytes in the grey matter of monkey
No.P. 2137 whose cortex had been stimulated elect-
rically. It was in layer V. of the cortex.

Similar patches were found in all layers of thie grey
matter and appeared to be perivascular in distribu-
tion. See text and tables of experimental data for

further particulats. (G.C.S. stain.).
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The pathological changes found in this brain were not marked
but quite definite. Patches of perivascular gliosis were found
in the grey matter over the tips of the gyri in the area of
brain stimulated electrically. These patches were found in all
layers of the cortex from the pia to thé white matter and were of
about equal extent in all layers. A typical patch is shown in
Fig. XXXIV. These patches of gliosis werc made up of hyper-
trophied astrocytes which had become -definitely fibrous in form.

Although no definite complete triangular areas of gliosis
were found it seems more than likely that the perivascular
distribution of the lesions and the fact that they were present
equally in all layers of the cortex can be explained on a
vascular (ischaemic) basis r-=ther than on a trauﬁatic one. The
picture in this brain seems +to be only an incomplete counter-
part of the typical triangular lesions described in cats. The
reason for this seems most likely to be that in cats the ischaemia
produced by electrical stimulation was more complete. Ischaemia
resulting from other causes at operation will be discussed in
detail later and these may play some part in all these lesions.
Note. All the brains described in the above section were also
studied after being stained by Rio-lortega's silver carbonate
method for oligodendroglia and by Penfield's second modification
of this method for oligodendroglia and microglia. The staining
with the former method was kindly performed by Dr. McCarter.

A good proportion of the stains were satisfactory. No changes

-



TABLE OF EXPERIMENTAL DATA, NOl.II.

Animal |Operation| Treatment of |Treatmentof |Survivall Findings Cortex
& ’ ‘ brain brain |period at Histo-
Nuwber on left on right [n days|autopsy [pathologic
B findings.
CAT | reft Exposed under No 39 Ruite derse| Triangular
P.2004 | decomp~- | glass 1 hour. |craniotony eningeal | areas of
ression [Elect. stim. 1+ hr hdhesions | gliosis in
Constriction of on left. grey matter
pial vessels left ;
Thyratron at 5 hemisphere
cat " Exposed under " 38 " "
P.2006 glass 1 hour.
Mechanical stim,
Constriction of
pidlvessels £ hr.
dog |Bilsteral] Exposed under|Exposed uder| 105 Jense Patchy
P,2135| decorin- | glass 1 hour |glssIhr. &to meningeal|areas of
ression | & to room air |room air 1 hr. adhesions| gliosis
1 hour. Elect. stim. bilateral|in right
’ Constriction convolutional | hemisphere
pial vessels flattening
? Thyratron 3. _
monkey| Left Exposed under | No cranbt- 27 | Quite fimd Patchy
- osteo- glass 40 mins. omy. neningeal| areas of
- plastic | Elect. stim. adhesions|gliosis in
craniot-~ | Thyratron at 8. on left, left
 omy. [|for 10 mins & hernisphere
’ at 3 for 20 mins. _
cat |Bilaterall Exposure Exposure 8 Quite dense| Triangublr
P.2144| decomp- | Cont. irrig. |to room air meningeal | arcas of
ression [Ringer's soln. |[for 2 hours adhesions |gliosisboth
2 hours. bilateral |hemisphewes
cat " Exposure under| Exposure 63 n Patchy
P.2151 glass 45 mins. |under glass | triangular
Elect.stim.. & hrl 45 mins. aress of
- Thyratron 5. gliosis
Tessels not left
constricted. hemisphere
cat | " Exposure Lxposure 18 " Trisngular
P.2155| ™ Cont. irrig. under glass | areas of
‘ Ringer's soln. 2 hours. ' Fﬁ@sisboﬁk
2 hours _hemi spheres
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in the oligodendroglia were noted in any of the brains. Changes
in microglia were found only in Cat P.2184. 1In this brain a
considerable number of early amoeboid forms of microglia were
present throughout the areas involved in the gliosis and a few
compound granular corpuscles were to be seen subpially in the
suprasylvian gyrus. 1In all the other brains the microglia
appeared normal but unfortunately it stained poorly over the
tips of the gyri in the area of the lesions as compared with

the grey matter elsewhere.

CEREBRAL CICATRIX FOLLOWING IXFOSURE OF Tiili BRAIN AT OPERATION

Eight cats were used in this study. Details of the
experiments are given below, in table I1I., and in the des-
cription of technique.

Triangular areas of gliosis were found in the grey matter
of a number of these cats whose brains had been merely exposed
to room air under various conditions for two hours. These areas
of gliosis were similar to the ones found in cats whose pial
blood vessels had been constricted eléctrically or mechanicaliy
and it is felt that they are likewise probably due to ischaemia
although the mechanism of production of the ischaemia was
different. |

The pathological findings in the sections stained by
Cajal's G.C.S. method(modified) will be described separately

for each:cat. The sections stained by other methods will be



TABLE OF 1

APERIMENTAL DATA, NO. III.

Animal Operatia4 Treatment of |Treatment of|{Swurvival Findings Cottex
& brain brain period at Histo-
Number on left on right in dgys pathological
' ' fiamdings
| cat | Bilateral Exposure Exposure 65 (Quite dense[Triangular
'P.2168| decomp- |under glass Continuous meningeal |areas of
| ression. | 2 hours. irrig. Ringer adhesions |gliosis both
soln. 2 hrs. bilateral |hemispheres
- cat " Dura exposed | Dura opened 55 [No alhesios No
P.2182 15 mins. not & closadl again on left [pathology
opened immediately Adhesions |in cortex.
about sili
sutures
on right
cat " Exposure under|Exposure urder 15 |Quite dense |Triangular
P.2184 glass 1 hour. |glass 1 hr. meningeal | areas of
Blectrodes Elect. stim. adhesions |glosis both
touched to trein|Thyratron 9. bilateral (hemispheres
as on right Constriction More marked
No elect. stim| of pial on right.
vessels LDmin
cat |osteoplastic Exposure Exposure 16 " Triangular
P.2186lcraniotamy] under glass under glass areas of
right. 2 hours. 2 hours. gliosis
Decompresé both
~ion left. hemispheres
~cat Bilateraﬂ Exposure " 18 " No definite
' P.2189% asteoplastic| to room air pathology
craniotomy 2 hours. Poor stains
- cat " Exposure of dura| Exposure of 9 No No
P.2194 Irrig. iced kept warm - adhesions [pathology
Ringer's soln. 2 hours.
2 hours.
, cat " Dura opened & |Exposure to 9 | Qutedense [Triangular
1P.2211 closed again room air adhesionslareas of
' immediately 5 hours. on right| gliosis
Adhesiors both
! , about durdllhemispheres
! . sutures
; on left.
Extra-dural
haematoma
on left
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described collectively.

Cat P. 2144. Right hemisphere - The suprasylvian and a portion

of the lateral and ectosylvian gyri were exposed to room air
for 2 hours.

The extent of the craniotomy and brain exposure was the
same in all of the experiments to follow except where stated.

In the sections stained by the Cajal G.C.S. method (modified)
there was gliosis throughout the whole of a triangular area in
the suprasylvian gyrus as shown in Figs XXXV and XXXVI and in the
diagram of Fig. XXXV. Another smaller triangular area of gliosis
was present in the grey matter of the ectosylvian gyrus.
Immediately overlying each of these areas of gliosis, the dura
was adherent to the pia-arachnoid and there appeared to be slight
flattening of the gyri in this region.

The gliosis consisted of a quite marked hypertrophy and
increase in number of the astrocytes throughout the whole
triangular zone from pia to white matter. The base of the
triangle in the suprasylvian gyrus was at the pia and extended
across the whole exposed surface of the gyrus from the point,
on each side of the gyrus, where the pia was reflected to the
neighbouring gyri, (as in the diagram of Fig. XXXV.) The apex
of the t;iangle was at the white matter. The area of gliosis
in the ectosylvian gyrus was similar in distribution but its
base was narrower covering only the central portion of the gyrus.

In the triangular zones mentioned the astrocytes had laid down
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fibres and become transformed from protoplasmic into fibrous
forms. There was abundant evidence of direct cellular division
of astrocytes. The increase in number and hypertrophy of the
vascular foot plates of the astrocytes along the larger vessels
was very evident. The hypertrophied astrocytes were quite
evenly distributed throughout both triangular zones mentioned,
- and there was a quite sharp demarcation between abnormal fibrous
and normal protoplasmic astrocytes at the sides of the triangle.
Ofgr a considerable area, however, the astrocytes were less
numerous in the molecular layer of the cortex than in the
deeper layers. However in some places in the molecular layer,
especially where the dura was most adherent to the pia-arachnoid,
there was hypertrophy and increase in number of the astrocytes in
the molecular layer and some of these showed clasmatodendrosis.
(Sections stained by other methods than the G.C.S. will be

described below).

Cat P. 2144. Left cerebral hemisphere - which was irrigated

continuously for two hours with Ringer's solution at body
temperature, i.e. during the entire period that the dura was
open. The exposure was of the same extent as on the right side.

The sedtions stained by the G.C.S. mefhod showed two
triangular areas of gliosis almost identical to those described
in the right hemisphere of the same cat - one large triangle

in the suprasylvian and one smaller one in the ectosylvian gyrus.

The hypertrophy and increase in number of the astrocytes in these



FIGUAL A4LVa

Two photomicrographs from the'right supraSylkianv
gyrus of cat No.P. 2155, photographed from fhe same
microsconic section. They are shown in an attempt to
illustrate the triangular nature of the patches of
gliosis mentioned in the other photomicrographs énd in
the text.

In the lower portion of photomicrograph A. and in
the upper portion of B. is a zone in the grey matter in
which the astrocytes are hypertrophied, (transformed into
fibrous_astrocytes) and increased in number. This zone
" extends from the pia to the white matter. Its lateral
border in each case is quite sharp and slants 1n the same
direction as the perforating vesselsvfrom the pia. ‘In
photomicrograph B. the-lateral border of the gliosis stops
at and is demarcated by the large vessel perforatiﬁg the
;cortex from the pia (and marked with an arrow). On the
opposite side of this vessel (i.e. in the lower portion
of pbotomicrograph B.) the astrocytes are normal in size
and number - and are protoplasmic; Normal.astroéytes are
also present in the upper half of A. Note that there is
little resction of the subpial astrocytes.. The areas from
which the photomicrographs were taken are shown in the
diagram .-

DIAGRAL OF AR®As OF GLIOSIS IN -BRAIN P.2155 -R.

These are siown on the opposite page.
The enclosed areas marked A. and B. in the diagram

represent the areas shown in the paiotomicrographs A. & B.
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zones was somewhat less, however, than in the right hemisphere

of this cat.

Cat P. 2155, Right hemisphere - the brain was exposed to air

for two hours but covered with a watch glass immediately on
opening the dura.

G. Co Se. section: 1In the grey matter of tie suprasylvian gyrus
was present a beautifully demarcated, large, triangular area of
gliosis similar to that described in cat P.2144. The astro-
cytic hypertrophy was perhaps even slightly more marked in these
sections than in those taken from the right cerebral hemis-
phere of cat P.2144, The reaction of the astrocytes was less
pronounced subpially and throughout the molecular layer of the
cortex than in the deeper layers and there was no evidence of
clasmatodendrosis in this case. The hypertrophy of astrocytes
was slightly greater in layers 2 and 3 than elsewnere, (see
Fig. XXXVII, XXXVIII and XXXIX).

Cat. P. 2155. Left hemisphere - this was irrigated continuously

for 2 hours with Ringer's solution at body temperature.

G.C.S. sections : Similar changes were present in these sections
as found in the right hemisphere of cat P. 2155 and P. 2144.

A large triangular area of gliosis was present in the supra-
sylvian gyrus and also a smaller less complete triangular zone
of astrocytic hypertrophy in the ectosylvian gyrus. The
hypertrophy and increase in number of astrocytes was less marked

in these sections than in those from the right hemisphere of

cat P. 2155, being about the same as in the left hemisphere of



FPIGURE XXXVI.

These photomicrographs are the same as those shown
in Fig. XX4V. but are of different magnifications.
Photomicrograph A. illustrates how the gliosis (in lower
half of picture) extends from the pia to the wailte matter,
It is however a little more marked in layers 2 and 3
than elseﬁhere. Photomicrograph B. shows how sharply
the area of hypertrophied astrocytes is demarcated
from normal astrocytes by a perforating vessel fron‘
the pia mater, (vessel marked with an arrow).

(G.C.S. stain).
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cat P. 2144,

Cat P. 2168, Right hemisphere - the brain was irrigated

continuously for 2 hours with Ringer's solution at body
temperature.

Left hemisphere - this was exposed to air for 2
hours, but covered with a watch glass.
G.C.S. sections: Sections from eachh hemisphere showed a large
triangular area of gliosis in the suprasylvian gyrus similar to
that described in cats P.2144 and P. 2155. Howvever, despite
the fact that the experiments were more or less identical in
cats P. 2155 and P. 2168 (except for the duration of the survival
periods), the gliosis was considerably more marked in cat P. 2155
than in cat P. 2168. 1In the latter case the gliosis was of sim-
ilar anatomical distribution but the hypertrophy of the individ-
ual astrocytes was less and they were not so increased in number,

Cat. P. 2186, In this cat a bone flap was turned on the right

and a decompression performed over the left hemisphere. Both
wounds were covered with a large petri dish imawediately on
opening the dura. The dura was left open for two hours.
G.C.S. sections: A large triangular area of gliosis was found
to be present in both suprasylvian gyri idéntical in anatomical
distribution to those described in the other cats above. The
Bypertrophy of astrocytes was only moderate, however, but
definite. Evidence of direct division of astrocytes was more

plentiful in these sections than in any of the others despite
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the fact that the total increase inmmber of astrocytes was not
as great as in some of the other sections. It is interesting
that the gliosis was somewhat more pronounced on the side of the
bone flap than on that of the decompression where it was some-
what patchy in distribution. In both suprasylvian gyri the
hypertrophied astrocytes were more abundant in layers 2 and 3
of the cortex (although they extended to the white matter),

with only slight astrocytic reaction in the molecular and subpial

zones,

Cat P. 2189. Both cerebral hemispheres.

G.C.S. sections: ©No gliosis or other pathology was found in

either cerebral hemisphere of this brain. Tuis is hard to
explain as the experiment was the smme as in some of the cats
described above where areas of marked gliosis were present.
There are perhaps two reasons for these findings. One is
that the craniotomies in this case (bone flaps) were smaller
than in any other cat and secondly that the stains were poor

and might not have demonstrated the hypertrophied astrocytes.

Cat P.2214. A portion of the right cerebral hemisphere was
exposed to air for 5 hours. On the left side the dura.was
opened and then closed again immediately. -At autopsy a large
extradural haematoma was found on the left side and about half
a c.c. of thick mucous-like material was present extradurally.
The frontal sinus on the left side had been opened at operation

accidentally. It was swabbed out with mercurochrome and the
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sinus plugged with bone waxX.
G.C.S. sections: A triangular zone of gliosis was found in the
suprasylvian and ectosylvian gyri of each hemisphere. The
gliosis was quite marked and similar in nature and anatomical
distribution to that described in cat P.2144.

It is interesting that there was gliosis in the left
cerebral hemisphere, on which side the dura was closed again
immediately after it had been opened. It is believed that the
gliosis in this hemisphere may be explained by tiie presence of
the extradural haematoma and the collection of the mucous-like
material found in the wound at autopsy. iore will be ssid in
the final discussion concerning this finding.

Cat. P.2194, A bilateral decompression was performed on this cat.

Immediately on exposing the dura (which was not opened) on the
right side it was covered by a petri dish surrounded by gauze
moistened with Ringer's solution. An electric light bulb was

then placed above the watch glass. Heat from the‘lamp was
prevented from reaching the wound on the opposite side by draping
a towel over the lamp. In this fashion the dura and brain on

the right side were kept warm for 2 hours. On the left side

the dura (which was not opened) was irrigated continuously for

2 hours with iced Ringer's solution.

G.C.S. sections: No pathological changes were found in this brain

Cat. P. 2182. A bilateral decompression was performed on this

cat. On the right side the dura was opened and closed again

immediately. On the left side nothing was done to the dura.
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The wound was closed bilaterally immediately after the above
procedure on the right side had been completed.
G.C.S. sections: Notiing abnormal was found in the sections

from either hemisphere - except in the meninges as described

above,

Cat. P. 2184. The histological findings in the right hemisphere

of this cat following electrical stimulation have already been
recordeéd.

The treatment of tue brain exposed through a
left decompression was described above. The duration of the
exposure was for one hour,

G.C.3. sections from left cerebral hemisphere.

A large triangular area showing moderate zliosis was pre-
sent in the suprasylvian gyrus. The pathological picture both
in its nature and anatomical distribution was about the same as
that described in the left suprasylvian gyrus of cat P.'2144 or
P. 2155. There was less hypertrophy of astrocytes than occurred
in the right cerebral hemispherc of eats P.2144 and P.2155.

The duration of the exposure was not as long as in these cats
and this might have played a part.

Cat. P. 2151, The histological findings in the left cerebral

hemisphere of this cat have already been described above.
It éhould be noted that the duration of the exvosure of the
brain in this case was only forty-five minutes as compared to

two hours in mamy of the other cats.
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G.C.S. sections: Nothing of pathological significance was noted
in the right cerebral hemisphere of this brain - emcept in the
meninges as described before.

The pathological findings in the sections of the above
brains, (of animals P.2144, 2151, 2155, 2168, 2182, 2184, 2186,
2189, 2194 and 2214), stained by S.C.A., Y.T.A., H.& V.G.,
Nissl's (thionin) methods, as well as by Loyez's method for
myelin sheaths, Bodian's method for axis cylinders, Rio-Hortega's
S.C. method for oligodendroglia and Penfield's second modifica-
tion of the latter method for oligodendroglia and microglia,
may be summarized together.

With these methods the findings recorded above were
verified. No definite changes in nerve cells, axis cylinders,
or myelin sheaths were found. There was no evidence in any of
the sections of thrombosis of vessels or hemorrhage in the
cortex. No changes were seen in the oligodendroglia. No
definite alterations in the microglia were observed but in some
areas where the gliosis was quite marked early changes may

have been present.



PIGURE XXXVII.

The two photomicrographs are of the right supra-
sylvian gyrus, (which had been exposed to air) in cat
No.P.2144. A sharply demarcated triangular area of
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osis was . .present in this gyrus as shown in the

diagram below. Photomicrograph A., shows how the astro-

cytes are hypertrophied and increased in number in the

grey matter. Note that th on of the
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re is little react
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subpial astrocytes and of those in the outer molecular
layer of the cortex, shown to the right side of the
picture. This was not true over the whole surface of
“the gyrus, however.
Photomicrograph B. shows the demarcation between
1ypertrophied and normal astrocytes at the side of the

triangle - as illustrated in the diagram below.
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DIAGRAM OF LESIONS IN RIGH HEMISPHERE OF CAT

B« represent photomicrographs A. and B.
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FIGURE XXXVIII.

High power magnification of astrocytes in the
grey matter of the same gyrus shown in Fig. XXXVII.
Note that the astrocytes are hypertrophied and have
been transforrmed from the protoplasmic form (which:
_are normally present in the grey matter), into_fibrbus

astrocytes. Note also the hypertophy of the foot

plates. (S.C.A. stain).
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FIGURE XXXIX.

High power photomicrographs of astrocytes in a
triangular area of gliosis in the left suprasylvian
gyrus of eat No.P. 2144, (whose brain had been exposed
on the left and irrigated continuously with Ringer's
solution at body temperature). Note that the astro-
cytes are uypertrophied. They are distinctly fibrous

in type. (G.C.S. stain).
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DISCUSSION AND SULMARY.

In Part II of the thesis are described experiments which
were carried out on eighteen cats, one dog and one monkey.

The brains of these animals were exposed under stgrile technioue
at operation and either stimulated electrically or mechanically,
or simply left in contact with air under different conditions.
After varying periods of survival the animals were killed and
their brains and meninges examined grossly and histologically.
Definite pathological lesions were found in the brains and
meninges of these animals and have been described in the
preceeding pages. The controlled method of experimentation
made it possible to come to some conclusions concerning the
nature and mechanism of production of tnese lesions, especially
those occuring in the cortex. A discussion of these conclus-
ions follows.,.

It was shown in Part I. of the thesis that areas of focal
ischaemia could be produced in the brain (of csts) by electrical
or mechanical stimulation of the pial (and possibly intra-
cerebral) arterial vessels. This ischaemia was brought about by
vasoconstriction of these vessels and was frequently in the
form of a triangular patch in the cortex, (see Fig XIII). It
is felt that the triangular shape of the ischaemic patches is
undoubtedly explained by the anatomical distribution of the

perforating arterial vessels from the pia in each gyrus. The
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two diagrams below illustrate this adequately.

Showing perforating pial Showing triangular area
vessels and blood supply of ischaemia.
of gyrua.

For instance if the vessels over the surface of the central
gyrus in diagram A. are stimulded electrically they will be
constiricted and the greater part of the blood supnly to the
triangle shown in diagram B. will be cut off. If only a few
vessels are completely constricted over the surface of a gyrus
then the ischaemia will be in the form of a smaller triangle
corresponding to the distribution of these vessels. At times,
of course, the ischaemia will be patchy in nature, first because
the constrictions may be patchy and also because of the

uneveness of the supply of collateral blood vessels. Patchy
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ischaemia of this type would be expected 6o occur where stim-
ulation was carried out so as to avoid apolying the electrodes
to the larger vessels. ©Lven with this precaution, however,
constriction of the smaller vessels would of course result.

Knowing that ischaemia occurs in this manner one might
expect to find pathological lesions in the cortex corresponding
to such triangular areas_of ischaemia following electrical
stimulation. This has been shown to be true and anatomically
the lesions were found to occur in the form of a large triang-
ular zone of gliosis in the grey matter as shown in diagram B.,
or in the form of a smzller triangle or they were perivascular
and natchy. The lesions have been mainly evidenced by a
hypertrophy and increase in number of astrocytes, but in the
more severe ones changes in nerve cells and even complete
disor; anization and destruction of the normal ctyoarchitecture
in the triangular area has been found. It has also been
demonstrated thiat the lesion can be varied from one of patchy
nature to a small or large triangular area of marked patholgical
change by varying the intensity and duration of the electrical
stimulation, i.e. the degree and duration of the ischaemia,
(compare Figs. XXX, XXXII and XXXIII). No definite evidence has
been discovered that electricity in itself (without coincident
i schaemia) produces any histological»change in the cells of
the central nervous system. A discussion of these findings as

regards their application to the electrical exploration of the
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human cortex has been given in the introduction to Part II. of
this thesis.

It should be recalled here that, as shown in the first
part of the thesis, pial blood vessels in dogs do not constrict
quite as readily on electrical or mechanical stimulation as
do those in cats and that the monkey's pial vessels are less
sensitive to this type of stimulation than the dog's. One
would expect, therefore, that less histological change would be
found in the brain of a dog or a monkey, ( and probably in man),
following electrical stimulation of the cortex, than in that of
a cat. This has proved true in the experiments described in
Part II. of the thesis; for in dog P.2135 and monkey P. 2137
the lesions were scattered, patciy, perivascular and did not
make up complete triangular zones as described in the cat.

In those brains, wiicih had been simply exposed to air,
under various conditions, at operation for two hours, triangular
areas of gliosis were found in the surface grey matter. These
areas of gliosis were similar in nature and anatomical distrib-
ution to the lesions described as resulting from focal cerebral
ischaemia produced by electrical or mechanical stimulation of
pial vessels. They were, however, less ﬁatchy and although in
some cases the astrocytic hypertrophy was only slight, the
area over which it occurred was triangular in shape. The
lesions were present only in the surface grey matter of those

gyri exposed and were more marked and consistently triangular
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in distribution in the suprasylvian gyrus waiich received
the maximum exposure. The base of the triangle was at the pia
and the apex at the white matter. They were found in brains
which had been protected from dry air by a watch glass surroun-
ded with moistened gauze, or continuously irrigated with Ringer's
solution during tie period of exposure. The gliosis was possibly
a little less marked in the latter than in the other experi-
ments but a larger series would be necessary to be sure of
this point. Adhesions between lepto- and pachy-meninges
overlay the lesion in each instance (regardless of whether
the brain had been covered or irrigated continuously)., and in
some cases the gliosis in the grey matter vas present only
where adhesions were present and visa versa.

It is believed that tunese triangular patches of gliosis
were the result of a relative ischaemia of the grey matter.
Their anatomical distribution, which corresponds to the
distribution of tie perforating vessels (as described in the
first part of the discussion) strongly suggests that the lesions
were vascular in origin. The similarity between these lesions
and those produced by vasoconstriction of pial vessels upholds
this point and their perivascular arrangement is also evidence
in this direction. It shoud be stated that no evidence of
hemorrhage or thrombosis of vessels was found in the cortex.

It seems very unlikely that the lesions could have been

traumatic in origin as the increase in number and hypertrophy
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of astrocytes was evenly distributed throughout the triangular
zones, from thé pia to the white matter. if they were traumatic
one would expect the gliosis to have been more marked near the
surface of the brain (subpially and in the molecular layer)
where the maximum degree of trauma would have been delivered.
This however was not true and in fact in many of the lesions
there was less gliosis in the subwvnial and molecular zones than
in the deeper layers of the grey matter. Also, the brains of
these animals were handled with extreme gentleness at operation
and care was taken not to touch the arachnoid.

In determining the cause of tuis gliosis one must consider
the factors that might have played a part at the time of
operntion. First tiere is the possibility that vasoconstriction
of the pial or intracerebral vessels could have occumed due to
the trauma of operation. Although there is frequently some
vasoconstriction of pial vessels observable (due to trauma)
on first opening the dura, this is transitory and not always
present. Another possibility is that stasis of blood flow
during exposure might play a part. It has been shown that pial
vessels dilate and that tiere is a slowing of circulation when
the brain is left exposed to room air for more than an hour.
However this dilatation and slowing of circulation in pial
vessels does not occur if the brain is protected from dry air

with a watch glass surrounded by gauze.maistened with Ringer's
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solution, - yet essentially the same type of patholgical
lesion (consisting of a triangular zone of gliosis) has been
found in brains treated in either manner. It has also been
shown that temperature is not the important factor in the cause
of these lesions; for brains irrigated with iced Ringer's
solution for two hours showed no evidence of the typical lesions
described, (the dura over these brains was not opened but the
temperature in the region of the pia must have reached a low
level). Also, brains irrigated with Ringer's solution at body
temperature for a two hour period, while the dura was open,
showed the same type of lesion as t.iose brains left exposed to
dry air.

There seems to be no doubt that the lesions described (in
brains following simple exposure at operstion), were vascular
in origin and in all probability were due to relative ischaemia
in the grey matter. This iscnaemia might have been brought about
in one of three ways, or by a combination of these, (other
causes mentioned above having been eliminated); (a). The
inflamatory reaction in the meninges, (evidenced by a cellular
exudate and oedema of the pia-arachnoid), shown to be present in
all these brains during the first eight da&s after operation,
might have compressed the pial vessels thus causing a slowing
of the circulation. (b). The adhesions that develop following
exposure of the brain at operation and bind the arachnoid to the

pia could likewise compress the pial vessels and diminish the
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blood supply to the triangular zone as shown in diagram B., page
112. (c). Finally the thickening of tue lepto- and pachy-
meninges and of the temporal muscle and other soft tissues,
coincident with some oedema of the brain, which occur after
operation, would exert considerable prescure on the brain ex-
posed at?gperation site and perhaps compress the pial veséels.
This would of course be more likely to occur at the site of a
decompression than under a bone flap. In the experiments,
although triangular areas of Zliosis were found underlying bone
flaps, the increase in number and hypertrophy of astrocytes was
less than found in most of the lesions af the site of a
decompression. However taiis finding of a difference in the
degree of gliosis following tie two tyves of operation is based
on too small a series of animals to be certain that it always
occurs.

The belief that the triangular zones of gliosis, found in
brains previously exposed to air under various conditions at
operation, are due to relative ischaemia of the grey matter
is supported by Evans and licEachern's (and others) hypothesis
that a diminis@pd blood supply will cause glial proliferation,

A point that deserves attention here, before the final
stage of this discussion is reached, is the possibility that
some of the lesions described as being due to electrical
constriction of pial vessels might be caused by the same factors

responsible for the lesions found in brains merely exposed
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at operation. The lesions in tnese two series of experiments
were essentially the same and in both the brain was exposed to
air. The answer is that the lesions found in brains following
electrical stimulation were probably in part due to factors
resulting from merely exposing the brain. However it was shown
that the severity of tie lesion could be graded by the intensity
and duration of the dectrical stimulation, i.e. the degree
and duration of the ischzemia. Also in brain P.2151 where the
exposure of a portion of each hermisphere was for less than one
hour, a ty.ical area of gliosis was found in the hemisphere
stimulated electrically and none was present in the opoosite
non-stimulated one.

The lesions described in this thesis whether due to
ischaemia produced by electrical or mecisnical stimulation of
pial vessels, or resulting from merely exposing the brain to air
under different conditions, closely resemble certain of the
epileptogenic lesions of the brain, (brain scars-microgyri),
described by Penfield and Humphreys in 1939. Their causeg as
in certain lesions found by Penfield and Ilumphreys would seem to
have been due to relative ischaemia of the grey matter. The.
lesions reported in this t.iesis, however, represent the initial
insult wherens. ti10se comprising an epileptogenic focus show
evidence of progressive»destruction of cerebral tissue which

Penfield and Humphreys point out might be due to repeated
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episodes of ischzemia from vasospasm.

If the cause of tiie lesions found in brains following
their exposure to air at operation are due to ischaemia pro-
duccd in the manner described above then one should look for
similar lesions in the cortex underlying areas of meningitis
and probably beneath tumors and subdural haematomas. In other
words lesions lixe those described in this thesis should be
looked for in human br:ins wnere taere has been =n inflamatory
reacti~n in the meningzes (as occurs after operztion), and
wher- there are adhesions, thickening in the meninges or other

lesions that might cause compression of the pial blood vessels.
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SINAL SUMMARY AND COHCLUSIOES.

PART 1I.
1. The effect of mechanical and electrical stimulation on
the pial vessels of thirty cats h=s been studied.
2. The pial vessels in animals contract vigourously on
mechanical or electrical stimulation.
3. The doz's »ial vessels are not as sensitive to this type
of stimulation as the cat's and the monkey's are less so than
the dog's.
4. Such evidence as there 1is, sugzests tiinmt these spasms are
not dependent upon a neurovascular mechanism. They resemble
closely the local spaszms in periplieral vessels described by
Thomas Lewis and others as being muscular and not neuro-
muscular. They are localized to the site of stimulation and

are not orovns_ated as in the neurovascular reactions described

by Chase and Ricker in the mesenteric vessels of rabbits.

5. In the experiments mechanical stretch of the vessel wall
anorecred to be an adequate stimulus to produce vasoconstriction.
It is therefore sug _ested that the tone of a pial vessel, at
les:-t in the cat, might be partly maintaihed by a purely

local mechanism, i.e. intra arterisl pressure (or stretci).

This hypothesis might in part explain the fact that pial
vessels constrict with a rise in blood pressure and c¢ilate

vitl, a fall.
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6. Diminished blood flow in the cortex has been demonstrated
as a result of these vasocbnstrictions by thermo electric
blood flow recordiné. Areas of focal eerebral ischaemia
have been shown to be present, following constriction of pial
vessels by electrical or mechanical stimulation, by intravital
staining. It has been demonstrated that these areas of focal
ischaemia are frequently in the form of a triangle correspond-
ing to the anatomical distribution of the cortical vessels.
Te No clinical evidence was found that temporary focal
cerebral ischaemia from vasospasm in the temporal, parietal or
occipital cortex of animals recovered from ether gave rise
to any epileptiform neuronal discharge. That subclinical
neuronal discharges occurred as the result of ischaemia could
not be ruled out with the methods employed.
8. The fact that electrical stimulation causes focal cerebral
ischaemia through spasm of vessels should be taken into
consideration in certain physiological problems where the
effect of electrical stimulation on nerve cells is being stud-
ied.
9. A theoretical discussion of the findings as regards their
application to human vessels is presentea, especially in
relation to their possible significance in electrical stim-
uladtion of the brain at operation, in electric shock, and in

head trauma.
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FINAL SUMMARY AND CONCLUSIONS.

PART I1I.
10. An attempt has been made to determine if the brain or
meninges are injured by exposure at operation ana whether
electrical stimulation (from a thyratron) has.any harmful
effect upon them. Experiments were performed on eighteen
cats, one dog and one monkey.
11. Adhesions between lepto- and pachiy-meninges occur in
those animals whose brains are exposed at operation fop more
than one hour, regardless of whether the brain is protected
with a glass covering or irrigated continuously with
Ringer's solution at body temperature. Adhesions appear as
early as the third day postoperatively.
12. Bhe adhesions are not due to drying or changes in
temperature of the tissues although these factors may
influence the extent of the adhesions.
13. Adhesions do not occur under a dura that is opened and
closed again immediately - emcept in the region of the silk
sutures in the dura.
14. A cellular, inflamatory reaction occurs in the 1epto;
meninges if the brain is exposed to room air for two hours.
Irrigation of the brain or protecting it from dry air with a
covering does not prevent this reaction. ZElectrical stim;

ulation increases it. The inflamatory cells largely
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disappear from the lepto-meninges by eight days after
operation.
15. If the pial vessels in a cat's brain are constricted
electrically or mechanically, patches of underlying cortex
are rendered ischaemic. These patches are frequently
triangular in shape corresponding to the anatomical arrange-
ment of the perforating vessels, (as shown in Part I. of the
thesis). Following this type of stimulation, triangular
areas of gliosis occur in cat's brains, which correspond
exactly in anatomic=1l distribution to the ischaemic patches
mentioned.
16. such areas of gliosis can be varied from ones of patchy
nature to small or l:arge triangular areas of marked path—
ological chienge, (in nerve cells as well as in neuroglia) by
varying the intensity and duration of the electricgl stim-
ulation, i.e. the degree and duration of the cortical ischaemia.
The gliosis is therefore due, for the rost part at least, to
ischaemia of the grey matter, (otherwise it would not be
triangular in distribution).
17. No definite evidence lizs been discovered in these
particular experiments that electricity in itself, (without
coincident ischaemia)produces any histological change in the
cells of the central nervous system.

18, Areas of gliosis occur in the brains of dogs and

monkeys after electrical stimulation but tend to be more
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scattered, patchy, perivascular and do not make up such
complete triéngular zones as those described in cats. The
eXplanation for this appears to be that the piai}vessels in
cats constrict more readily on electrical stimulation than do
those in dogs and monkeys and the resultant cortical ischaemia
woﬁld therefore be less in these animals.
19. Triangular areas of gliosis occur in cat brains that
have been exposed to air for two hours. The lesions are not
prevented by protecting the brain from dry air witih a glass
covering, or by irrigating it continuously with Ringer's
solution at body temperature.
20. These triangular areas of gliosis are similar in nature
and anatomical distribution to the lesions described as
resulting from focal cerebfal ischaemia produced by electrical
or mechanical sfimulation of opial blood vessels. It is bel-
ieved that they also result from a relstive ischaemia of the
grey matter.
21, It appears that the lesions described might be caused
by dompression of the pial blood vessels. The inflamatory
exudate and adhesions that were sihiown to -follow operative
exposmure of the brain could possibly do this.
22. It is pfobable,that similar lesions to those\found in
animals might occur in humans where the pial blood flow is

interfered with. This might be the case in the brain under,

(a) an inflamatory reaction in the meninges, (b) meningeal
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adhesions, (c¢) an expanding extracerebral mass.
23 The similarity between certain epileptogenic lesions in
human brains and tiose produced experimentally in animals‘
(in the present investigation), is pointed out. Relative
ischaemia would appear to have been the cause of a number of
the initial lesions in these brains, as well as in animals,
and a mechanism is suggested whereby t.ais might be brought
about in some cases.,
24. The possibility that similar lesions, (to those des-
cribed in animals), might follow craniotomy on humans and
especially in those cases where electrical exploration of the
cortex was carried out, is discussed.
25. It is shoun experimentally, (as suggested by Evans and
Mclachern and others), that a relative ischaemia of the
brain will produce a reactive hypertrophy and increase in

number of the astrocytes in the affected area.
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