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G. I. MCHEDLISHVILI, D. G. BARAMIDZE

FUNCTIONAL BEHAVIOUR OF MICROVASCULAR MECHANISMS

CONTROLLING BLOOD SUPPLY TO CEREBRAL CORTEX DURING
ISCHEMIC AND EARLY POSTISCHEMIC PERIODS

Department of Pathophysiology, Institute of Physiology
Georgian Academy of Sciences, Thbilisi, USSR

Though the elucidation of mechanisms involved both in compensation
and disturbance of the cerebral microcirculation in the ischemic brain
seems to be very important, our knowledge is still incomplete at various
points. It has been reported that an increased intravascular aggregation
of erythrocytes, as well as spasm of the cerebral microvasculature may
be observed under these conditions (Waltz, Sundt, 1967; Hitsch, Schnei-
der, 1968), but the microcirculatory phenomena have not been sufficier-
tly analysed.

As to the functional behaviour of the microvessels controlling the
blood supply to the cerebral cortex, there is certain evidence that it is
the system of the pial arteries located on the cerebral surface, but not
the smaller arteries and arterioles *) deeper in the cortex, tha* play the
main role in the regulation of the cortical microcirculation (Mc™ adlishvili,
1972). In further investigations of the present authors the following
microvascular mechanisms in the pial arterial system have been eluci-
dated whose functional behaviour may be relatively independent of one
another:

a) The pial arterial offshoots (PAO): short vascular segments, 10—
—20 w long, located immediately after the branching off (but not bifur-
cations) of smaller pial arteries from larger trunks. Under normal con-
ditions the lumina of the PAO are moderately constricted (by about 3—
10% in comparison with the width of the distally located parts of the
same artery). The constriction of the PAO may be sometimes conside-
rable, thus, controlling the blood flow to the respective arterial ramifi-
cations supplying the cerebral cortex with blood.

*) The term "arterioles” is used here only for those small arteries, the media
in the walls of which consists of only one layer of smooth muscle cells.
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538 G. I. Mchedlishvili, D. G. Baramidze Nr 4

b) The pial arterial anastomoses (PAA): the smallest branches of the
pial arterial system of a 30—60 n caliber (in rabbits), thus, building up
an arterial network from which the majority of the radial arteries (en-
tering the cerebral cortex) shoot off. The PAA may function relatively
independently in different cortical loci and, thus, control the blood
supply to the latter.

¢) The precortical arteries (PCA) small segments between the pial
and cortical arteries whose functioning may also be relatively indepen-
dent (Mchedlishvili, Baramidze, 1971), controlling in this way the blood
flow in the respective cortical blood vessels.

d) The cortical arteries (CA) whose first portions are called radial ar-
teries (they enter the cortex almost perpendicularly to its surface). The
CA ramify in the brain tissue into terminal arterioles of both cortex
and subcortical white matter.

The present study was aimed at investigating the functional beha-
viour of the mentioned microvascular mechanisms of the cerebral cortex
and, thus ,at elucidation of their role in both compensation of distur-
bances and provocation of secondary pathological changes of microcir-
culation during the ischemic and early postischemic periods.

MATERIAL AND METHODS

Experiments were carried out with 38 adult rabbits weighing 2—
—2.5 kg. For elucidation of the functional behaviour of the micro-
vascular mechanisms in the pial arterial system (i.e. in the anastomosing
smallest arterial branches, in the pial arterial offshoots and in the pre-
cortical arteries), as well as of the initial parts (150—200 w) of the radial
arteries, the following procedures were applied: a) rapid fixation of the
vessel walls in vivo and in situ at the required time during the experi-
ments; b) detailed investigation of the vessels in microscopic preparations
and c) comparison of the data with those obtained from control experi-
ments or at different periods of ischemia or restoration of blood supply
to the brain.

The preliminary surgical procedure was performed under local no-
vocain anesthesia. An incision was made along the sagittal line of the
neck. Following tracheotomy both common carotid arteries were exposed,
the all branches of the right one, except the internal carotid artery,
were ligated. A polythene cannula was inserted into the right common
carotid artery towards the cranium. This cannula was connected with
a reservoir containing fixative. Another polythene cannula of the maxi-
mum size was inserted into the same common carotid artery towards
the heart and was connected both with a manometer to record the sy-
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Nr 4 Microvascular mechanisms in ischemia 539

stemic arterial pressure and the pressurized reservoir system to change
the level of the latter when necessary. A thick thread was then put
round the contralateral common carotid artery to occlude it when
cerebral ischemia was to be produced as well as during infusion of the
fixative. For biomicroscopy (and photomicrography) of the pial arterial
system a trephined opening was made in the skull. The dura mater was
left intact until the beginning of the experiment. To prevent blood
coagulation heparin was injected intravenously (ca 1500 units per kg
body weight) at the beginning of the experiment.

For instant fixation of the vascular walls and of the surrounding
tissues, the fixative was injected into the vascular system of the brain
without its preliminary perfusion with saline, etc. The animal died im-
mediately after the beginning of infusion of the fixative into the cere-
bral vessels. The following was found to be the best fixative for rabbits:
6 per cent formaldehyde dissolved in isotonic saline mixed with an
equal velume of 96% ethyl alcohol. Perfusion of the cerebral vessels was
carried out trough the right internal carotid artery while the other was
simultaneously occluded (see above). The fixation fluid was infused under
constant pressure (almost the same as the systemic arterial pressure at
the moment of fixation) simultaneously with exsanguination from the
thoracic end of the same common carotid artery. After injection of
30—40 cc of the fixative the brain was taken out of the skull and im-
mersed in the above mentioned fluid and then for 72 hrs in 12 per
cent formaldehyde in saline without alcohol for the ensuing 1—4 days.

To obtain total microscopic preparations the pia mater was carefully
removed from the brain surface by means of two small forceps under
a binocular microscope. In this way the membrane enclosing the whole
ramified system of pial arteries (and veins), the precortical arteries, as
well as segments of the radial arteries 100—150 p long could be ob-
tained. The total microscopic preparations of the pia mater were then
investigated under the microscope either unstained, or after hematoxy-
lin-eosine staining.

The criteria of the functional behaviour of microvessels (pial arterial
offshoots, pial arterial anastomoses, precortical arteries and cortical ar-
teries), i.e. their dilatation and constriction (1st and 2nd degree), due
to different microvascular mechanisms — were based on the size of
their lumina (Table 1), length and width of the smooth muscle cell
nuclei (Table 2) and ratio of wall thickness to the lumina size (Table 3).

Taking into account that the functional behaviour of microvessels of
the pial arterial system might be different throughout the cortex, the
method of ,,random selection” has been applied for reaching conclusions
as to their functioning: the external and internal vascular diameters

-
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Table 1. Criteria of the functional state of the microvascular mechanisms in the system
of pial and cortical arteries of rabbits, based on the width of the vascular lumina

Tabela 1. Kryteria stanu czynno$ciowego mechanizméw mikronaczyniowych w ukladzie
tetnic oponowych i korowych krélikéw w oparciu o szerokosé swiatla naczyn

The functional

state of microvascu-

lar mechanisms

The pial arte-

The pial arterial

The precortical

rial offshoots anastomoses (PAA) arteries (PCA)

(PAO)

Stan czynnosciowy Odgalezienia

Anastomozy te-

Tetnice przedko-

The cortical
arteries (CA)

Tetnice koro-

mechanizméw  tetnic opono-  tnic oponowych rowe (PCA) we (CA)
mikronaczynio- wych (PAO) (PAA)
wych
Criteria Radius of the Radius of the lu- Radius of the lu- Radius of the
lumen of the men of the PAA men of the active lumen of the
PAO in 9% re- in 9% relatively to segment of the CA in 9, rela-
latively to that the unchanged se- PCA in 9, relati- tively to the
of the same gmentsofthesa- velytotheinitial initial part of
artery trunk me blood vessel partoftherespe- the same ar-
(=100%) (=100%) ctive radial artery tery
(=1009%) (=100%)
Kryteria Promien §wia- Promienn $wiatla Promienn $wiatla Promien $wia-
tla PAO w 9% PAA w 9 wsto- czynnego segme- tla CA w 9% w
w stosunkudo sunku do nie- ntu PCA w 9, w stosunku do
promienia $wia zmienionych se- stosunku do cze- czeSei pocza-
tla pnia tej gmentéw tegosa- $ci poczatkowej tkowej tej sa-
same]j tetnicy mego naczynia  odpowiedniej te- mej tetnicy
tnicy promienis-
tej
Dilatation 100 and more more than more than more than
Rozszerzenie 100iwigece] % wiecej niz 1009, wiecej niz 1309, wiecej niz 1009,
Normal Norma 90 —97% ca 100%, ca 1239% ca 1009,
Constriction - b S & b
1st d
<t ey 7090 309% 309 309
1-go stopnia o & do
Constriction
2nd degree less than more than more than more than
Zwezenie 709%, 309%, 309, 309%
2-go stopnia muiej niz wiecej niz wiece] niz wigcej niz

were measured throughout the microscopic preparations and then the
data obtained were treated statistically. They are presented below as
per cent for each specific microvascular mechanism.

Ischemia in the cerebral hemispheres resulted from the following two
procedures: occlusion of both common carotid arteries and drop of the
systemic arterial pressure down to ca 20—25 mm Hg, when the collate-

http://rcin.org.pl



Nr 4 Microvascular mechanisms in ischemia 541

Table 2. Criteria of the functional state of the microvascular mechanism in the system
of the pial and cortical arteries of rabbits based on the length (1) and width (w) of the
smooth muscle cell nuclei

Tabela 2. Kryteria stanu czynnoSciowego mechanizméw mikronaczyniowych w
ukladzie tetnic oponowych i korowych krélikéw w oparciu o dlugoéé (1) i szerokosé (w)
jader komoérki mieénia gladkiego

The functional state The pial arterial anastomoses, The cortical arteries
of microvascular me- the pial arterial offshoots
chanisms and the precortical arteries
Stan czynno$ciowy  Anastomozy tetnic oponowych, Tetnice korowe
mechanizméw naczy- odgalezienia tetnic opono-
niowych wych i tetnice przedkorowe
The vascular caliber*) 30—50 p 50—100 p 10—20 p 21—40 p

Przekréj naczynia*)

1st criterion: the abso-

lute sizes of 1 and w of

nuclei (in p)

1-sze kryterium: wielko$é
catkowita 1 1 w jadra

(W n) :

Dilatation 1~23, w~2 1~31, w~2 — i
Rozszerzenie

Normal Norma 1~17, w~3 1~26, w~3 1~11, w~3 1~17, w~3
Constrinsign 1~12, Wb 1~17, wed  1~10, Wik 1~13; Wb
Zwezenie

2nd criterion: ratio of the
width to the length of
nuclei

2-gie kryterium: stosu-
nek szerokosci do dlugo-

$ci jadra

Dilatation ) ca 0.09 ca 0.06 = —
Rozszerzenie A
Normal Norma ca 0.18 ca 0,11 ca 0.3 ca 0.2
Cons.tn(.:tlon ca 0.4 ca 0.2 ca 0.4 ca 0.4
Ziwezenie

*) The vascular caliber is the width of the arteries under conditions of absence of an active
dilatation or constriction

Przekrdj naczynia jest to szerokos$é tetnicy w warunkach niewystapienia czynnego
rozszerzenia lub zwezenia.

ral blood supply from the vertebral arteries to the hemispheres was con-
siderably decreased (this was controlled microscopically by observing
the blood flow in the pial arteries and veins). After 15 minutes of is-
chemia the blood flow was restored within the cerebral hemispheres
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Table 3. Criteria of the functional state of the microvascular mechanisms in the system
of pial arteries of rabbits based on the ratio of the vascular wall thickness to lumina
Tabela 3. Kryteria stanu czynno$ciowego mechanizméw mikronaczyniowych w ukladzie
tetnic oponowych krélikéw w oparciu o stosunek grubosei sciany naczynia do Swiatla

The functional state of The pial arterial offshoots The pial arterial anastomoses

microvascular mecha- and the precortical arteries
nisms
Stan czynnoiciowy me- Odgalezienia tetnic oponowych Anastomozy tetnic opono-
chanizméw mikrona- wych i tetnice przedkorowe
czyniowych
Vascular caliber*) over 50p under 50p over 50p  under 50
Przekrdj naczynia*) ponad ponizej ponad ponizej
Dilatation ca 0.04 ca 0.03 ca 0,03 ca 0.07
Rozszerzenie
Normal Norma ca 0.04 ca 0,03 ca 0,07 ca 0.02
Constriction. Zwezenie ca 1 ca 0.4 ca 1 ca 1.4

*) The vascular caliber is the width of the arteries under conditions of absence of an
active dilatation or constriction
Przekr6j naczynia jest to szeroko$é tetnicy w warunkach niewystapienia czynnego
rozszerzenia Jub zwezenia

by opening the left common carotid artery and by raising the systemic
arterial pressure to the initial level (100—120 mm Hg). This method is
described in more detail in another paper in this issue (Mchedlishvili et
al.,, 1974) and elsewhere (Mchedlishvili, 1973).

Fixation of the cerebral blood vessels was performed in the following
periods of the experiments (with simultaneous microscopic monitoring
of the blood flow in the pial blood wvessels): a) initial state before
ischemia, b) onset of ischemia, i.e. from the 1st to the 5th minute of
ischemia when a considerable slowing down of the pial blood flow was
observable, c¢) the end stage of ischemia, i.e. 15 min after its beginning,
d) postischemic hyperemia which appeared within 5—10 min after re-
storation of blood supply to the brain (when a considerable increase in
pial blood flow was detected microscopically), e) the secondary decrease
of cerebral blood flow within 30—45 min after the end of ischemia
(Mchedlishvili et at., 1974), f) one hour after the end of ischemia when
the cerebral flow usually showed no visible signs, of a secondary
decrease.

RESULTS

The functional behaviour of microvascular mechanisms of the pial
arterial system during the ischemic and postischemic periods was dif-
ferent throughout the cerebral surface:
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1. The pial arterial anastomoses (PAA), i.e. the smallest. intercon-
nected branches of the pial arteries 30—60 w in caliber (Fig. 1) became
partly dilated after the beginning of ischemia. However, in the course
of the latter there was considerable shift to gradual vasoconstriction:
the dilated PAA disappeared completely, the number of normal ones
decreased and more than one third of the studied PAA showed a con-
siderable constriction. Under conditions of postischemic hyperemia 3/5

Postischemic period
i

iy Post- End of

(%) Hyper- 4 -
Initially onset  offset Iv?\: h:,:: v?ti’;r:s

100 CBF (1 hour)

§

S 504

=

: [l

1004

1st degree
w
o
1

THE PIAL ARTERIAL ANASTOMOSES
Normal
w
)
1
e
TS
T |
w5 |
73

Constriction

8

Constriction
2nd degree
w
7

T

Fig. 1. Tendencies of the functional behaviour of the pial arterial anastomoses

on the cerebral surface in rabbits in the course of ischemia and during the early

postischemic period. The number of dilated, normal and constricted pial arterial

anastomoses is presented as per cent of all the investigated blood vessels throughout
3 the cerebral cortex.

Ryc. 1. Tendencje zachowania czynno$ci oponowych anastomoz tetniczych na po-

wierzchni mézgu krolika w przebiegu niedokrwienia i we wczesnym okresie po nie-

dokrwieniu. Liczbe poszerzonych, normalnych i obkurzczonych anastomoz wyrazono
w procentach wszystkich badanych naczyn w korze mézgu.

of the PAA became dilated and 2/5 — normal. Further a considerable
tendency to vasoconstriction appeared again during the posthyperemic
period when a secondary decrease of cerebral blood flow appeared (35—
—45 min after the end of ischemia); the constrictory tendency did not
disappear completely at the end of the experiments, i.e. within one hour
after the end of ischemia.

2. The pial arterial offshoots — PAO (Fig. 2), in contrast to the PAA,
underwent no dilatation at the onset of ischemia, on the contrary, there
was even a tendency to vasoconstriction. This tendency increased con-

; http://rcin.org.pl



544 G. I. Mchedlishvili, D. G. Baramidze Nr 4

siderably in the course of ischemia. When postischemic hyperemia
appeared in the brain, the number of contricted PAO diminished: 2/5
of them became normal and 3/5 only moderately constricted. Further
there was again a considerable tendency to vasoconstriction of the PAO

Postischemic period
A

A Post- End of

(") Hyper- hyper- obser-
Initially onset  offset  oia  emic  vations
100 CBF (1 hour)

l] e |

100
1 AR il
§ 1001
f ¢
L P8 H I
¥ 53
s 1 ﬂ n
100
§¢
2
52

Al :

Fig. 2. Tendencies of the functional behaviour of the pial arterial offshoots on
the cerebral surface in rabbits in the course of ischemia and during the early
postischemic period. The number of dilated, normal and constricted pial arterial
offshoots is presented as per cent of all the investigated blood vessels throughout
the cerebral cortex.
Rye. 2. Tendencje zachowania czynno$ci oponowych odgalezien tetniczych na po-
wierzchni mézgu krélika w przebizgu niedokrwienia i we wczesnym okresie po nie-
dokrwieniu. Liczbe poszerzonych, normalnych i odburczonych odgalezien tetnic opo-
nowych wyrazono w procentach wszystkich badanych naczyn w calej korze mozgu.

during the postischemic period, when a secondary decrease of the ce-
rebral blood flow took place (Mchedlishvili, 1973). The number of con-
stricted PAO decreased further — within one hour after the close
of ischemia.

3. The precortical arteries — PCA (Fig. 3): there was some tendency
to dilatation at the onset of ischemia, but further there was no con-
siderable vasoconstriction in the course of the latter. Many PCA dila-
ted during postischemic hyperemia and turned to normal state in the
following period. ‘

4. The cortical arteries — CA (Fig. 4) did not show any dilatation
either during ischemia or in the postischemic period. In the course of
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Nr 4 Microvascular mechanisms in ischemia 545

the experiments there was only a tendency to vasoconstriction which
gradually increased during the ischemic period, and was even more
pronounced after the postischemic hyperemia.

Postischemic period
A

ey Post- End of

(*4; A - E 3
. Initially onset  offset emia h.y,‘:" ,,o:“‘;s
100 CBF (1 hour)
¢
5 50 l‘l
S
(=]
a i a r
m—
i
4 50
L g ]
2
2 100
£ §§ 50
Y. 2%
o o
N'n'n ﬂ ['1
100+
5
2850
52
S~
« Ln 0 e ikl

Fig. 3. Tendencies of the functional behaviour of the precortical arteries in rabbits

in the course of ischemia and during the early postischemic period. The number

of dilated, normal and constricted precortical arteries is presented as per cent
of all the investigated blood vessels throughout the cerebral surface.

Ryc. 3. Tendencje zachowania czynno$ci tetnic przedkorowych u krélika w prze-

biegu niedokrwienia i we weczesnym okresie po niedokrwieniu. Liczbe poszerzonych,

normalnych i obkurczonych tetnic przedkorowych wyrazono w procentach wszyst-
kich badanych naczyn na powierzchni moézgu.

DISCUSSION

The method used in the present study yielded direct and quantitative
information on the microvascular diameter changes in the brain due to
ischemia. However, there might be a source of errors resulting from
possible changes of the blood vessels during fixation and further treat-
ment. Therefore this should be discussed in greater detail: a) it was
obvious from the comparison of different methods of blood vessel fixa-
tion that perfusion under a constant pressure (in its normal range) has
considerable advantages over immersion of the tissue into the fixation
fluid; similar conclusions have been reached also by other researchers
(Romeis, 1953; Kiseli, 1962; Schutta et al., 1968); b) direct microscopic
observations of the blood vessels during their in situ and in vivo
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fixation (both on the brain surface and in the mesentery) showed that
their diameter did not change appreciably under these conditions; ¢) both
constriction and dilatation of the minor blood vessels might be observed
in certain areas under the same conditions of fixation; d) the microscopic
f'r 3 ischemic period
Ischemia
Post- End of

") Hyper- hyper- obser-
Initiclly  onset  offset .Y:M .y:“ yg(l‘on’

100 CBF (1 hour)

50

Dilatation

Normal

THE CORTICAL ARTERIES
1

Ist degree
g
6§

Constriction

8
1

2nd degree
w
o
1

Constriction

n o

Fig. 4. Tendencies of the functional behaviour of the cortical arteries in rabbits
in the course of ischemia and during the early postischemic period. The number
of dilated, normal and constricted cortical arteries is presented as per cent of all
the investigated blood vessels throughout the cerebral cortex.
Ryc. 4. Tendencje zachowania czynnoS$ci tetnic korowych u krélika w przebiegu
niedokrwienia i we wczesnym okresie po niedokrwieniu. Liczbe poszerzonych,
normalnych i obkurczonych tetnic korowych wyrazono w procentach wszystkich
badanych naczyn w korze moézgu.

changes of the structural elements of the constricted and dilated blood
vessels were quite comparable with those observed in wvivo and after
fixation .in other studies (Van Citters et al, 1962; Lang, 1965); e) special
studies showed that within three-four days of immersion of the brain
in formaldehyde (as was the case in the present study) neither the size,
nor the shape of the structural elements changed considerably; f) in the
microscopic preparations measurements of the vascular diameters having
a caliber from 20 to 60 u were performed with a micrometer ocular at
a 400 x magnification when the possible error did not exceed 1—1.5 .
Hence, there is little doubt that treatment of the tissue before micro-
scopic investigations did not change the microvessels, therefore the
validity of the experimental data can hardly be doubtful.
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Nr 4 Microvascular mechanisms in ischemia 547

The microvascular behaviour during ischemia and the postischemic
period may be either a manifestation of compensation for deficiency of
bilood supply to the brain and for pathological phenomena, e.g. edema,
resulting from it, or a cause of some new pathological changes, e.g.
secondary ischemia, with ensuing disturbances of the cerebral microcir-
culation.

The dilatation of microvessels at the onset of ischemia is undoubtelly
a compensatory phenomenon, since it promotes improvement of micro-
circulation in the ischemic area under conditions of occluded major
arteries and impaired (owing to a drop of systemic arterial pressure)
collateral blood supply. In the present studies a tendency to dilatation
of the pial arterial anastomoses (PAA) and of the precortical arteries
(PCA) was evident in spite of the intravascular pressure drop, while
neither the pial arterial offshoots (PAO), nor the cortical arteries (CA)
showed any dilatation. The same evidence has been obtained during the
postischemic hyperemia, as a result of an increase of the intravascular
pressure, it was especially PAA and the PCA that exhibited dilatation,
thus indicating a decrease of their vascular tone. Therefore, among the
microvascular mechanisms under investigation it is the PAA, as well
as the PCA that may be considered to be primarily involved in the com-
pensation for the blood supply to the cerebral tissue under ischemic
conditions. However, the PCA function seems to be a reserve mechanism,
since when the blood supply deficiency is not very great, e.g. under
conditions of arterial hypotension of ca 40 mm Hg in the previous studies
of the present authors (to be published), the PCA did not show any
dilatation, while small pial arteries became considerably dilated.

The occurrence of secondary pathological changes of the cerebral
microcirculation under ischemic conditions was evident from the follow-
ing observations: there could be a considerable delay in the appearance
of neurological changes following carotid occlusion (Sengupta et al,
1973). Secondary ischemia means an additional reduction of microcir-
culation which appears in spite of steady state conditions of the main
arterial trunks and of the level of the systemic arterial pressure. It might
be due to additional constriction of microvessels, to blood sludging etc.,
occurring locally in the vascular bed affected by ischemia. The secondary
ischemic changes may appear either in the whole ischemic region or
in some small loci.

In the course of 15-min brain ischemia, when the general hemodyna-
mic conditions did not change, a distinct gradual decrease in the cerebral
blood flow was detected by microscopic observations of the pial vascu-
lature in vivo in the present studies, as well as by thermoelectric record-
ing of the cortical blood flow (Mchedlishvili et al., 1974). Slowing of
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the blood flow could be caused by a gradual constriction of PAA and
PAO (less of the PCA and CA) detected in the present study.

After the close of the postischemic hyperemia (within 35—45 min
after the end of ischemia) an increased number of the constricted PAA,
PAO and PCA were detected simultaneously with a decrease in the
cerebral blood flow (Mchedlishvili et al., 1974). It might have been mani-
festation either of regulation of blood supply to the brain after super-
fluous blood flow in the hyperemic period (which may result in local
postischemic edema), or of some pathological vascular responses of still
unknown nature. In the latter case the secondary ischemic loci might
appear in the cerebral cortex.

Consequently, the present studies have shown which microvascular
mechanisms of the pial arterial system may cause the compensation for
a deficient blood supply to the cerebral tissue and secondary ischemia.
The CA located within the cerebral cortex seem to play the least active
role in the control of blood supply to the cortical microvascular bed,
but they might probably be important in'disturbances of microcirculation
during ischemia and the postischemic period since their lumina have
a gradual tendency to contracting, however, the problem needs further
studies.

The mechanism of microvascular responses under ischemic and
postischemic conditions is difficult to solve as yet. The major deter-
minants of the width of microvessels are intravascular pressure and the
vascular tone. Though intravascular pressure has not been measured in
the present studies, it could be postulated that it decreased in the course
of ischemia, increased during the postischemic hyperemia and further
became almost normal, tending to change according to the vascular
diameter. On the other hand, the vascular tone responsible for active
changes of the vascular diameter might, in turn, be caused either by
control signals — nervous or humoral — reaching the vascular walls,
or by a myogenic response to distension of the vascular walls by intra-
vascular pressure (Bayliss-effect).

It may be assumed that the compensatory dilatation of the microvessels
at the onset to ischemia is a result of some feedback signals originating
from the tissue suffering from deficiency of blood supply. Previous
studies showed that the dilatation of smaller pial arteries cannot be
caused by the direct effects of decreased pO, and pH or increase pCO, on
the vascular smooth muscle (Mchedlishvili et al.,, 1971) and is probably
mediated through the cholinergic nervous mechanism (Mchedlishvili,
Nikolaishvili, 1970). The same may be supposed as regards the posi-
ischemic dilatation which is much more pronounced because of the in-
creased intravascular pressure during this period.
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It is very important to understand the mechanism of vasocontriction
resulting in secondary ischemia during both the ischemic and post-
ischemic periods. It cannot be caused by the Bayliss effect, since during
ischemia the intravascular pressure is decreased and during the post-
ischemic period it appears not in response to hyperemia, but significantly
later. Therefore ,it should be caused by some control signals, but this
problem is difficult to solve as yet.

Another possible mechanism responsible for a decrease in blood sup-
ply to the brain tissue during ischemia is the increased aggregation
of erythrocytes, which has been observed during biomicroscopy of the
brain surface in some of the present experiments and has been men-
tioned by other researchers during cerebral ischemia (Waltz, Sundt,
1967). However, this problem also needs further studies.

G. I. Mchedlishvili, D. G. Baramidze

ZACHOWANIE SIE MECHANIZMOW MIKRONACZYNIOWYCH
REGULUJAQYCH DOPLYW KRWI DO KORY MOZGOWEJ W CZASIE
NIEDOKRWIENIA I WE WCZESNYM OKRESIE PONIEDOKRWIENNYM

Streszczenie

Badano zachowanie sie nastepujacych ukladéw naczyniowych odpowiedzialnych
za doplyw krwi do kory mézgu: oponowych anastomoz tetniczych (PAA), oponowych
odgatezien tetniczych (PAO), tetnic przedkorowych (PCA) i tetnic korowych (CA).
Stwierdzono, ze w poczgtkowej fazie niedokrwienia czynnikami kompensujgcymi
obnizony doplyw krwi sg PAA i czeSciowo PCA, péziniej obserwuje si¢ obkur-
czenie zar6wno PAA, PAO jak i PCA, co moze by¢ odpowiedzialne za wtérne
obnizenie przeplywu krwi w obszarze niedokrwionym. W okresie przekrwienia
nastepujgcego po niedokrwieniu wszystkie z badanych elementéw naczyniowych
byly znacznie rozszerzone, po czym nastepowalo ich ponowne obkurczenie, pokry-
wajgce sie w czasie z poischemicznym obnizeniem przeplywu krwi. Nastepnie
obkurczenie PAA, PAO i PCA ustepowalo, a postepowalo jedynie nadal obkur-
czenie licznych CA.

T. V. Muekamusuiy, . I'. Bapamuase

DPYHKIMOHAJIBHOE IIOBEJEHUE MUKPOBACKVYJ/JAPHBIX MEXAHU3MOB,
KOHTPOJMPYIOIIUX KPOBOTOK B KOPE I'OJIOBHOI'O MO3TA BO BPEMS
VMIIEMMU U B TIOCTUILIEMMYECKOM ITIEPUMOJE

Pe3wome
Bpuio m3yuero @GyHKUIMOHAJNbHOE IMOBEJEHMe MUKDOBACKYJIAPHBIX MeXaHU3MOB,

KOHTPOJIMPYIOIIMX KpoBocHabXKeHue KOpPbI IOJIOBHOTO MO3ra: NMAJbHBIX apTepualib-
HBIX aHacTomo30B (ITAA), orBeTBienMit nuaabHbIX aptepuit (OITA), TpPeKOPTHUKAIL-
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ubix aprepmit (ITKA) u xopkoBeix aprepuii (KA). ITAA m wactuuno ITKA xomneHcu-
pyoT aedunur KpoBOcHAOXKEHMS KOPHI MO3ra IIPU WIIEMMM, H0 B JaJbHCHILIEM
nosABJAETCHA TeHAeHUMs K Koucrpukumm ITAA, OITA u IIKA, Koropasa MOKeT Ebi3BaTh
BTOpUYHOE ocJsiabsenye KpPOBOTOKa B MIIEMMYECKMX oOsacTaAX KOpel Mosra. Ilpwu
TNOCTUILIEMMYECKOM THUIIepeMK BCe€ MMKPOBACKYJIAPHbIE MeXaHM3Mbl DACIUMPAIOTCS,
HO mO3JHee OJHOBPEMEHHO C OcJjadjieHueM KpPOBOTOKa HabmiojgaeTcs TenJeHIus
K cyxenmio ITAA, OITA u IIKA, KOoTOpoe 3areM ycTpansercsA; MuHorie KA, ojiiaxo,
NPOAOJZKAIOT IIPOTPECCHBHO CYXKMBaTbCAH.
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G. I. MCHEDLISHVILI, L. S. NIKOLAISHVILI, R. V. ANTIA

CEREBRAL BLOOD FLOW AND ARTERIAL BEHAVIOUR
DURING THE ISCHEMIC AND EARLY POSTISCHEMIC
PERIODS

Department of Pathophysiology, Institute of Physiology, Georgian Academy of
Sciences, Thilisi, USSR

When the blood supply to the brain is disturbed owing to occlusion
of the cerebral blood vessels and/or drop of the systemic arterial pres-
sure, the actual blood flow in the cerebral microvasculature may change
in various ways. The main causes of the variability of cerebral blood
flow (CBF) in the course of the ischemic and postischemic periods may
be the following: a) different microvascular behaviour in the brain,
being a manifestation either of regulation (i.e. compensation) or dis-
turbance (i.e. pathology) of brain blood supply, and b) changes in the
rheological properties of blood in the cerebral microvessels caused, for
instance, by blood sludging, etc. (Waltz, Sundt, 1967; Hirsch, Schneider,
1968). The behaviour of the pial arterial system seems to be especially
important, since it has been found to represent the main vascular mecha-
nism responsible for adequate blood supply to the cerebral cortex
(Mchedlishvili, 1972).

The purpose of the present study was to examine the dynamics, first
of all of the blood flow in the cerebral cortex and, secondly of the func-
tional behaviour of the pial arteries during ischemia and the early
postischemic period.

MATERIAL AND METHODS

The experiments were carried out with adult unanesthetized rabbits
(39 animals) weighing 2—2.5 kg. The preparatory surgical procedure was
performed under local novocain anesthesia. After tracheotomy both
common carotid arteries were exposed. A polythene cannula of maxi-
mum size was inserted into the right artery towards the heart. It was
connected with a) a pressurized reservoir system for changing the level
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of the systemic arterial pressure and b) with an electromanometer
(Elema-Schénander, Sweden) for its recording. The occlusion of one
of the common carotid arteries during the whole experiment was pos-
sible, since it should not cause any changes in the cerebral blood flow
under normotensive conditions (Carlyle, Grayson, 1956). For occlusion
of the second common carotid artery in order to produce ischemia
a thick thread was put round it. For photomicrography of the pial ar-
teries a large trephine opening was made in the parietal region of the
cerebral hemispheres. The dura mater was left intact until the beginning
of the experiment.

Controllable ischemia in the cerebral hemispheres was produced first-
ly by occlusion of both carotid arteries and secondly by restriction of
the collateral blood supply to the hemispheres from the vertebral ar-
teries by decreasing of the systemic arterial pressure. Since the right
common carotid artery was already occluded during the preliminary
surgical procedure (see above) only the left one had to be occluded to
produce ischemia. This was done by stretching a thread through a 3—4
cm long glass (or plastic) tube and thus, compressing the artery during
15 minute ischemia. To decrease simultaneously the systemic arterial
pressure, the animal was partially exsanguinated into a pressurized
reservoir system filled with blood substituting fluid gelatinine (Mukha-
dze, Institute of Hematology and Blood Transfusion, Thbilisi). The re-
servoir was placed at such a level above the animal that the systemic
arterial pressure dropped to ca. 20—25 mm Hg during ischemia, and
the blood supply to the medulla was still sufficient to maintain spon-
taneous respiration, but a further small drop of the systemic arterial
pressure immediately resulted in a disturbance of respiration. To restore
the systemic arterial pressure to its initial level after ischemia, the
reservoir had to be raised and, thus, blood returned into the vascular
system until the pressure reached 100—120 mm Hg. Systemic arterial
pressure was recorded (especially in the periods of its lowering or rais-
ing) when the offshoot to the reservoir was closed. To prevent blood
coagulation, heparin was injected intravenously (ca. 1500 units per 1 kg
body weigh) at the beginning of the experiment. The technique for
producing cerebral ischaemia of this type is described in detail elsewhere
(Mchedlishvili, 1973).

The cerebral blood flow was estimated by two methods:

1. Quantitative but discrete data of CBF were obtained with the
hydrogen clearance method (Sem-Jacobsen et al., 1969; Dadiani and
Andreyeva, 1972). A platinum anode of the shape of a needle with sur-
face area 2 mm? was inserted to the depth of 2—3 mm into the cerebral
cortex (parietal area). The platelike iron cathode with 20 cm?® surface
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area (approximately) was fastened under the skin in the neck. The po-
tential of the cathode in respect to the anode was +0.3 volt. The electric
signal which appeared with saturation of the brain with hydrogen and
during the subsequent clearance of the latter was amplified with LPU-01
pH = meter and registered on a recorder KSP-4. The clearance curve
exhibiting an exponential behaviour was further analysed in the usual
way (Ingvar, Lassen, 1961; Shakhnovich et al., 1970).

2. For continuous, though qualitative, recording of the CBF the thermo-
electric method was applied (Marshak, 1957; Betz, Kozak, 1967). A bio-
-sensor of the following construction was used: two thermocouples at
a 5—6 mm distance from each other were mounted in a common rod
made of plastic material (noracril). The needle-like tin ends soldered
to the thermocouples stuck out from the end of the rod. These needles
1.5—2 mm long were inserted into the cerebral cortex (parietal region).
One of the thermocouples was heated ca. 1°C above brain temperature
with a heater wound round it. The electric signal resulting from cooling
of this thermocouple and, thus, reflecting the intensity of CBF was am-
plified with a microvolt-microampermeter F-116, as well as a universal
amplifier EMT-12 and recorded on a Mingograf-81 (Elema-Schonander,
Sweden).

The pial arteries were photomicrographed in the parietal region of
the cerebral cortex, as done by Forbes (1945). The technique was deve-
loped in the following way: the microphotos were taken at definite
times and the diameters of the selected blood vessels were subsequently
measured on every frame of the film (the print on photographic paper
depending upon the exposure time, etc, might distort the true dia-
meter values). During photomicrography of the pial vessels the brain
surface was covered with a thin glass plate, the cavity under it being
filled with warm saline. Thus, the pial arteries remained under. con-
ditions of constant extravascular pressure during the experiment. In
addition, the control experiments showed that trephination did not in-
terfere appreciably with normal vascular responses of the pial arteries.

The pial arteries were microphotographed (magnification X 16) every
2—15 seconds (depending on the requirements) with a camera (about
10 meters of film) mounted on a binocular microscope with a OI-18
UV-lamp provided with a blue filter to contrast the pial vessels and ano-
ther filter to eliminate ultraviolet rays. The moment, when each photo-
graph was taken, was marked on recording paper together with the
systemic arterial pressure and the cerebral blood flow recorded in the
same experiment. The diameters of the chosen pial arteries were then
measured with an ocular micrometer (previously calibrated) of the
binocular microscope (magnification X 16) on every frame of the film.

Neuropatologia Polska — 2
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To enhance precision, the person charged with this work had no know-
ledge as to the stage of the experiment to which the particular frame
pertained. Further, by plotting the resulting data on the recording paper,
curves were obtained yielding the whole dynamics of diameter changes
of the pial arteries during the ischemic and postischemic periods. The
obtained data were given as per cent of the initial size of the same
arteries.

RESULTS

The circulatory phenomena in the present study may be divided into
tho periods: a) ischemia, when the blood flow to the brain is consi-
derably decreased and, thus, the intravascular pressure — lowered and
b) the postischemic period, when the brain blood supply is restored.
The two periods are considered separately below.

1. Ischemia. The blood supply to the brain was considerably decreas-
ed.Bio-microscopic observations showed substantial and progressive slo-
wing down of the blood flow within both pial arteries and veins. The

1001

Minutes of (schemia

Fig. 1. Curves of blood flow recorded by the thermoelectric method in the cere-
bral cortex in the course of 15-min brain ischemia in rabbits.

Ryc. 1. Krzywe przeplywu krwi rejestrowane metoda termoelektryczng w korze
mézgu krolikbw w przebiegu 15-min. niedokrwienia mézgu.

thermoelectric method likewise revealed a decrease of blood flow in
the cerebral cortex during ischemia. Figure 1 shows that the blood
flow progressively slowed down in the majority of the experiments,
but there usually was a temporary increase in the course of ischemia,
but it finally stabilized at a lower level. The CBF decreased so much
during ischemia that it was below the feasible limits of the H, clearance.

During ischemia both kinds of vascular reactions in the pial arterial
system were found — constriction and dilatation (Fig. 2). By dividing
the 15-minute ischemia into three periods (O—5, 5—10 and 10—15
minutes) it appeared that the vascular reactions were most frequent
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during the first 5 minutes: more arteries became dilated than constricted
and the index of this ratio was 1.8. In the following periods the number
of dilated blood vessels became smaller while that of constricted arteries
relatively greater: the ratios became 1.66 in the second and 0.75 in the
third periods, respectively. Thus, under conditions of 15 minute ische-
mia the rate of constriction of the pial arteries gradually increased
At the close of ischemia 3/4 of the arteries showing any diameter chan-
ges were dilated, while only 1/4 of them were constricted (Fig. 2).
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Fig. 2. Pial arterial responses during cerebral ischemia (isch.) in rabbits. Smaller

(caliber 60—90 p) and larger (caliber 105—225 p) pial arteries (PA) were investi-
gated; nPA — number of pial arteries (in per cent) undergoing constriction (constr.)
or dilatation (dilat.) AiY) — diameter changes of the pial arteries as per cent of

their initial size.
Ryc. 2. Reakcje tetnic oponowych w czasie niedokrwienia moézgu u krélika. Ba-
dano 2 rodzaje tetnic oponowych (PA) — mniejsze (przekr6j 60—90 u) i wiegksze

(przekr6j 105—225 p); nPA — liczba tetnic, ktére ulegly obkurczeniu (constr.) lub
poszerzeniu (dilat.); A¢) — zmiany S$rednicy tetnic oponowych w procentach ich
wielko$ci poczatkowej.

Further, comparison of the above mentioned three periods in the
course of cerebral ischemia, revealed that the extent of constriction
also became gradually increased in both smaller and larger pial arteries,
while the extent of dilatation was cosiderably greater in the smaller
pial arteries than in the larger ones. At the end stage of the
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ischemic period all the smaller pial arteries, 60—90 w in caliber became
regularly dilated, and vasoconstriction occurred only in some larger
pial arteries 105—225 p in caliber.
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Fig. 3. Dependence of the extent of the dilatory responses of pial arteries upon
their initial caliber under conditions of cerebral ischemia in rabbits.

Ryc. 3. Zalezno§¢é stopnia rozszerzenia tetnic oponowych od ich przekroju pierwot-
nego w warunkach niedokrwienia moézgu kroélika.

The relationship between the vascular caliber (the initial diameter)
and the exten! of dilatation presented in Fig. 3 shows that smaller
pial arteries, especially those, whose caliber was under 100 w, becamne
much more dilated than the larger ones. On the other hand, the degree
of vasoconstriction did not depend on the vascular caliber (Fig. 4), one
should, however, take into account that in such cases mainly arteries
larger than 100 u were constricted.
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Fig. 4. Dependence of the size of the constrictory responses of the pial arteries
upon their initial caliber under contitions of cerebral ischemia in rabbits.

Ryc. 4. Zalezno§¢ wielkoSci reakcji skurczowej tetnic oponowych od ich przekroiv
pierwotnego w warunkach niedokrwienia mézgu kroélika.

http://rcin.org.pl



Nr 4 CBF and arterial behaviour 557

2. The postischemic period began as soon as the left common carotid
artery was released from occlusion and the systemic arterial pressure
was increased to jts initial level, i.e. to ca. 100—120 mm Hg. 'This
favoured the recovery of the blood flow through the cerebral hemisphe-
res from the carotid and both vertebral arteries. Thus, the intravascular
pressure should have also increased in the cerebral blood vessels.

Within 10—15 minutes after recovery of blood supply to the brain,
the CBF, measured by the H,-clearance method, shown a substantial
increase from the initial level (i.e. before ischemia) 0.48—0.06 to 1.7—0.09
ml/g/min. i.e. by about 123 per cent (Fig. 5). The duration of postische-
mic hyperemia detected by the thermoelectric method was about
10—15 minutes. Within the following 15—20 minutes after the postis-
chemic hyperemia there was a secondary decrease of the blood flow
disappearing later, i.e. the CBF returned to its initial level Fig. 5).
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Fig. 5. Blood flow changes in the cerebral cortex of rabbits detected quantitatively

by the hydrogen clearance method (mean and mean errors in the postischemic

period. During ischemia the blood flow decreased so considerably that it was
below the feasible limit of the method.

Ryc. 5. Zmiany przeplywu krwi w korze moézgowej krélika w okresie poischemicz-

nym, wykrywane ilo§ciowo metoda klirensu wodorowego (Srednia i blad $redniej).

W czasie niedokrwienia obnizenie przeplywu krwi przekracza zakres czulo$ci
metody.

The functional behaviour of the pial arteries in this period showed
that, within the first 5 minutes after recovery of CBF, both smaller and
larger arteries became dilated. In the following periods (5—10
and 10—15 min after ischemia) many of them began to constrict —
this was especially prononzced within the period of 5—10 minutes after
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ischemia and then constriction decrease gradually (Fig. 6). The depen-
dence of the extent of dilatation upon the vascular caliber in the post-
ischemic period showed the same regularity as during ischemia,
i.e. the dilatatory response of the pial arteries with a caliber smaller
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Fig. 6. Functional behaviour of smaller (caliber 60—90 p) and larger (caliber

105—225 u) pial arteries (PA) in the postischemic period in rabbits. The size of

vascular responses is given as per cent of their initial size, n constr. PA — number

of constricted pial arteries as per cent of all the blood vessels under investigation

at different periods after ischemia. The time is plotted in minutes after the end
of ischemia.

Ryc. 6. Zmiany czynno§ciowe mniejszych (przekrdj 60—90 p) oraz wiekszych (prze-

kr6j 105—225 p) tetnic oponowych (PA) kro6lika w okresie poischemicznym. Wiel-

koSci reakeji naczyniowych wyrazono w procentach rozmiaréw poczatkowych

naczynia; n constr. PA — liczba tetnic oponowych, ktére ulegly skurczowi w pro-

centach wzsystkich naczyn badanych w réznych okresach po niedokrwieniu. Czas
w minutach od zakonczenia niedokrwienia.

than 100 p was particularly pronounced (Fig. 7). There was no distinct
dependence of the constriction extent on the vascular caliber (Fig. 8).

At the close of postischemic hyper<mia the larger pial arteries (larger
than 100 p) returned to their initial size within about 15 minutes after
ischemia, but smaller pial arteries (culiber 60—90 u) remained dilated
for up to one hour of the postischemi. period (Fig. 6).

DISCUSS1ON

Both methods used in the present study for estimation of the blood
flow in the cerebral cortex have their limitations: the Hjy-clearance me-
thod yields quantitative data, but, firstly it did not allow a continuous
record of CBF and secondly it did not permit to measure the low CBF
during the ischemic period. On the other hand, by the thermoelectric
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method continuous recording of the CBF is possible and the latent
period of its responses is negligibly small, but the obtained data are not
quantitative. However, in spite of these limitations the combination of
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Fig. 7. Dependence of the extent of the dilatory responses of pial arteries upon
their initian caliber under conditions of postischemic hyperemia in rabbits.
Rye. 7. Zalezno§é stopnia rozszerzenia tetnic oponowych od ich pierwotnego prze-
kroju w warunkach przekrwienia poischemicznego.

:\: 100 ~————————-—————————————. ———————————————————————
5 g0 e a
CR e % » . :-
- .® . “ . 2 by : .
.
. ' :
S0 .
.
254
260 220 180 10 100 60 20
QPA(u;

Fig. 8. Dependence of the extent of the constrictory responses of pial arteries upon
their initial caliber under conditions of postischemic hyperemia in rabbits,

Ryc. 8. Zalezno§¢ wielko§ci reakeji skurczowych tetnic oponowych od ich pier-
wotnego przekroju w warunkach przekrwienia poischemicznego.

these two methods gave satisfactory results for giving an idea on the
dynamics of CBF during the ischemic and postischemic periods.

The technique used for elucidation of the functional behavicur of the
pial arteries of different caliber was direct and quantitative. Since the
diameter of the same pial arteries was measured in the course of the
ischemic and postischemic periods and the photographs were taken fre-
quently enough to detect the diameter changes in the pial arteries, the
data obtained yield quite satisfactory information on the dynamics of
the vascular behaviour. The only source of errors is the fact that
vascular walls were invisible and actually only the width of the ery-
throcyte flow was recorded on films and measured subsequently. But
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special estimation of the dependence between the width of the red celil
flow and the actual vascular diameter within the total microscopic
preparation of the pia mater after its fixation in vivo showed a strictly
linear dependence. Thus, the data obtained were reliable.

During ischemia the CBF decreased progressively in spite of the fact
that the general hemodynamic conditions, i.e. the level of the systemic
arterial pressure and the number of arteries occluded, remained identical
throughout 15 minute ischemia. This phenomenon has to be analysed
primarily from the point of view of the functional behaviour of the ce-
rebral blood vessels. Among the latter the pial arteries were studied in
the present investigation and the data on the other microvascular me-
chanisms are presented in another paper (Mchedlishvili, Baramidze,
1974).

During the ischemic period there were both kinds of pial arterial
responses — constriction and dilatation. Both of them appeared mainly
within the first 5 minutes of ischemia and were probably caused by
two oppositely directed factors: a) a considerable drop of the intravas-
cular pressure resulting in passive narrowing of the arteries and b)
active vasodilatory signals that caused an increase in vascular diameter
due to relaxation of the arterial walls despite the decreased intravas-
cular pressure.

The intravascular pressure should remain low throughout the ische-
mic period (probably there might be even an increase resulting from
improved collateral blood flow to the area under investigation). Hc-
wever, vasoconstriction appeared even during 5—10 and increased du-
ring 10—15 minute periods of ischemia. This may be explained by the
vasoconstrictory signals that reached the pial arteries, in addition to,
or instead of, the vasodilatory signals that seemed to gradually de-
creased during the ischemic period. This may result — probably in
conjunction with other factors — in a decrease of the CBF during is-
chemia.

The dilatory responses of the pial arteries should be interpreted as
a compensation for deficient blood supply to the cerebral cortex, as it
had been shown under similar conditions of increased metabolic demands
of the latter, e.g. when it suffers from deficiency of blood supply (drop
of the systemic arterial pressure, occlusion of the pial arteries, asphyxia,
increased acidity and so on). In such cases pial arteries underwent re-
gular dilatation, especially smaller ones having a caliber smaller than
100 p (Mchedlishvili et al., 1967; Mchedlishvili, 1972).

After the recovery of blood supply to the brain, typical postischemic
(reactive) hyperemia was observed as it had been shown in previous stu-
dies (Symon, 1970; Sundt, Waltz, 1971; Symon et al., 1972). In the pre-
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sent study the cortical blood flow increased more than twice above the
initial value (before ischemia). During this period all the pial arteries,
especially those of a caliber smaller than 100 p underwent significant
dilatation. However, after reaching maximum dilatation, there appeared
a gradual constriction of the pial arteries. This could be observed even
within the first 5 minutes after the recovery of the CBF and it in-
creased considerably within the subsequent 5—10 and 10—15 minutes).

After disappearance of the postischemic hyperemia, a secondary de-
crease in CBF was regularly observed — within 30—35 minutes after
ischemia. During this period neither larger nor smaller pial arteries
showed any construction: the former ones remained still dilated for
a period longer than one hour after ischemia.

Consequently, the secondary decrease in CBF must be caused by some
other kind of cerebral blood vessels, whose functional behaviour has
been studied (Mchedlishvili, Baramidze 1974 ).

Acknowledgement: The authors are indebted to M. Itkis for technical
assistance in applying the thermoelectric method for blood flow measurements.

G. I Mchedlishvili, L. S. Nikolaishvili, R. V. Antia

PRZEPLYW KRWI W MOZGU ORAZ ZACHOWANIE SIE TETNIC OPONOWYCH
W CZASIE NIEDOKRWIENIA I WE WCZESNYM OKRESIE
PONIEDOKRWIENNYM

Streszczenie

W czasie 15-minutowego niedokrwienia p6itkul mézgowych krélika obserwowano
znaczne i postepujgce obnizenie przeplywu krwi w korze ciemieniowej. Na tle
rozszerzania tetnic oponowych (zwlaszcza mniejszych) stwierdzono tendencje do
ich postepujgcego obkurczania w czasie niedokrwienia. Tetnice oponowe rozszerza-
ly sie bardzo znacznie w okresie przekrwienia wystepujacego po niedokrwieniu,
a zaczynaly powraca¢ do swych poczatkowych wymiaréw wraz z jego ustgpieniem.
W okresie 30—45 minut po zakonczeniu niedokrwienia nastepowalo powtérne ob-
nizenie przeplywu krwi w moézgu, cofajgce si¢ w przebiegu kolejnych 45—60 minut.

T. . Muegmmusuay, J. C. Huxonavmusuau, P. B. AeTus

MO3TOBOM KPOBOTOK M IIOBEJEHUE IIUAJBHBIX APTEPUI ITPU
VMIIEMMU U B PAHHEM IIOCTUMIIEMMYECKOM IIEPMOJIE

Pe3zromMme

ITpu mmeMuy roJIOBHOTO MO3ra IIPOJAOJIKMUTEJNBHOCTBI0O B 15 MMHYT y KPOJMKOB
u3MepeHue KpPOBOTOKa B NapMeTanbHOl ob6sacT KOpBI MO3ra IIOKas3aljlo ero CylecT-
BEHHOe M InporpeccuBHoe ociabigenue. IToMMMO MIATAUMM IMAJBHBLIX apTepwMit
(ocobenno Menkux), obHapymKeHa TEHAEHUMS UX IPOTPECCUMBHO/ KOHCTPUKLMY BO
BpemMsa wuimiemmun. Ilocje BOCCTAHOBJEHUA KPOBOCHAOGKEHMA TOJIOBHOTO MO3ra Kpo-
BOTOK yEeJauulBaeTca OoJlee YeM B JiBa pa3a IO CPaBHEHMIO C MCXOJHEIM YDPOBHEM
(moctTuiiemmuyeckass runepeMus). IluanbHble apTepUM 3HAUUTENBHO PaCIUMPAIKCH BO

http://rcin.org.pl



562

G. I. Mchedlishvili et al. Nr 4

BpeMsA IIOCTMIIIEMUYECKOM TMUIIepeMMM, a cpaly 2Ke IIOocjie Hee HayYMHaJIM BO3Bpa-
maTbCA K MCXOnHOMY amuameTpy. Yepe3 30-—45 MMHYT mocJie KOHIA MIIEMUAM MMeEEeT
MeCTO BTOpPMYHOe ocjabjieHuMe MO3rOBOrO KpPOBOTOKA, YTO 3aTeéM MNpoxoauT (uepe3s
45—60 MMHYT IOCJIe UILIEeMWUM).

10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Betz E., Kozak R.: Der Einfluss der Wasserstoffionenkonzentration der Gehirn-
rinde auf die Regulation der cortikalen Durchblutung. Pfliigers Arch. ges

Physiol., 1967, 293, 56—617.

Carlyle A., Grayson J.: Factors involved in the control of the cerebral blood
flow. J. Physiol. (LLondon) 1956, 133, 10—30.

Dadiani L. N., Andrejeva L. S.: Studies with hydrogen clearance method on
cerebral blood flow in rabbits. Pat. Fiziol. Eksp. Terap. 1972, 3, 91—93.
Forbes S. S.: Study of blood vessels on cortex of living mammalian brain —
description of technique. Anat. Rec. 1954, 120, 309—315.

Hirsch H., Schneider M.: Durchblutung und Sauerstoffaufnahme des Gehirns.
In: Handbuch der Neurochirurgie (Herausgeg. v. Olivecrone und To6nnis W.).

Berlin — Heidelberg — New York, 1968, Bd. 1, 2. Sect., 434—552.
Ingvar D. H.,, Lassen N. A.: Regional blood flow of the cerebral cortex deter-

mined by krypton 85. Acta physiol. scand. 1962, 54, 325—338.

Marshak M. E.: Flat thermoelectrode. Byull. Exper. Biol. Med. 1957, 43,
121—122.

Mchedlishvili G. I.: Vascular Mechanisms of the Brain. New York — Lon-
don, 1972, g

Mchedlishvili G. 1.: Experimental model of controllable circulatory hypoxia
(ischemia) of cerebral hemispheres, Neuropat. Pol, 1973, 11, 249—262.

Mchedlishvili G. I, Baramidze D. G.: Functional behaviour of microvascular
mechanisms controlling blood supply to cerebral cortex during ischemia and

early postischemic period. Neuropat. Pol. 1974, 12, 537—550.

Mchedlishvili G. I, Baramidze D. G., Nikolaishvili L. S.: Functional behaviour
of the pial and cortical arteries in conditions of increased metabolic demand
from the cerebral cortex. Nature, 1967, 213, 506—507.

Sem-Jacobsen C. W., Styri O. B., Mohn E.: Simultaneous focal intracerebral
blood flow measurements in man around 18 chronically implanted electrodes.
In: Cerebral Blood Flow (ed. by Brock M. et al.), Berlin — Heidelberg — New
York, 1969, 44—46.

Shakhnovich, C. W., Bezhanov L. S., Milovanova L. S.: Hydrogen polarography

in studies on focal cerebral blood flow in man with functional encumbe-
rance. Vop. Neirokhir. 1970, 6, 18—25.

Sundt T. M., Waltz A. G.: Cerebral ischemia and reactive hyperemia. Circulat.
Res. 1971, 28, 426—433.

Symon L.: Regional vascular reactivity in the middle cerebral arterial distri-
bution. J. Neurosurg. 1970, 33, 532—541.

Symon L., Dorsch N. W. C, Ganz J. C.: Lactic acid efflux from ischemic
brain. J. Neurol. Sci. 1972, 17, 411—418.

Waltz A. G., Sundt T. M.: The microvasculature and microcirculation of the
cerebral cortex after arterial occlusion. Brain 1967, 90, 681—696.

Authors’ address: Institute of Physiology, Georgian Academy of Sciences,

Samkhedro gza 62, Thilisi 380060, USSR.

http://rcin.org.pl



NEUROPAT. POL., 1974, XII, 4

A. KAPUSCINSKI

CEREBRAL BLOOD FLOW UNDER CONDITIONS OF CIRCULATORY
HYPOXIA WITH PARTICULAR REFERENCE
TO THE RETRANSFUSION PERIOD *)

Department of Neuropathology Experimental and Clinical Medical Research Centre,
Polish Academy of Sciences

The experimental model of controllable circulatory brain hypoxia
introduced by Mchedlishvili (1973a) has several advantages as compa-
red with the previously used models restricting blood supply to the
brain (Opitz, Kreuzer, 1955; Symon, 1967; Waltz, Sundt, 1967; Kowada
et al,, 1968 and others). The main advantage of this model is the possi-
bility of controlling the degree of cerebral ischemia with bilateral
occlusion of the common carotid arteries due to reduced systemic arterial
pressure by oligemia. The model is at present utilized in a number of
studies concerning the influence of ischemia on the central nervous
system (Mchedlishvili, 1973b; Mossakowski, 1974; Albrecht, 1974; Si-
korska, Smiatek, 1974).

The degree of cerebral ischemia and the dynamics of changes in ce-
rebral blood flow after a period of ischemia were evaluated quantita-
tively in rabbits by the method of hydrogen clearance and partial oxy-
gen pressure measurements in the cerebral cortex with the use of Liib-
ber’s electrode (Mchedlishvili, 1973a). In most of his experiments Mched-
lishvili noted, within the period of 15-min ischemia, hydrogen clea-
rance and partial oxygen pressure values close to zero or unmeasurable
by the method applied. It, therefore, prompted us to use a different me-
thod for evaluation of cerebral blood flow, the other experimental con-
dition remaining the same as in the above mentioned model.

The investigations were undertaken in order to determine the cerebral
blood flow by the method of 13Xe clearance in the period of oligemia
during bilateral occlusion of the common carotid arteries in rabbit in

*) Work partly supported under the Polish—American contract PL 480, Grant
Public Health Service USA, Agreement 05—004—1.
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conditions of systemic blood pressure lowered to the level of 10—20 mm
Hg, and observation of changes in this flow after the period of retrans-
fusion and restored patency of one common carotid artery. Another pur-
pose in view was to establish whether, under the experimental condi-
tions with the use of this model, the autoregulation of cerebral circu-
lation is preserved, and what is the effect of trephination of holes in
the skull for eventual decompression of the brain in case of rise of
intracranial pressure. The modification of the experimental procedure
consisting in maintenance of the occlusion of both carotid arteries for
only a short time during retransfusion, was to serve for estimation of
the rate of blood inflow into the brain through the vertebral and spinal
arteries.

MATERIAL AND METHODS

The experiments were carried out with 20 rabbits of both sexes, weig-
hing ca 3 kg, fed a standard diet, under intravenous penthobarbital ana-
esthesia (30 mg/kg body weight). The animals received intravenously
heparin in a dose of 250 iu./kg body weight. After exposure of both
common carotid arteries with their branchings, a catheter with inner
diameter 0.7 mm was placed in the right internal carotid artery directed
towards the brain and another was introduced into the right common
carotid artery directed towards the heart. Through the latter the blood
of the animals was let into a vessel. A third catheter was inserted into
the right femoral artery for recording systemic arterial pressure with
the use of a transducer and electromanometer. Cerebral blood flow was
investigated by the method of Lassen and Ingvar (1961) by injecting
into the internal right carotid artery about 40 nCi of 133Xe in physio-
logical saline in a volume of 0.1 to 0.3 ml. 133Xe clearance from the
brain was recorded graphically with the use of a set-up consisting of
a scintillation probe in a casing with a conical lead collimator, rate me-
ter, high voltage supply and electromagnetic compensator. The collima-
tor dimensions were as follows: inner diameter of output 10 mm, inner
diameter at scintillating crystal 30 mm, distance of output plane from
crystal 55 mm. The time constant was 2.5 s. Cerebral blood flow was
calculated by analysing the curve slope and transposing the analogue
results into the logarithmic-linear scale. The calculations were perfor-
med for the fast and slow component with the partition coefficient 0.87
and 1.50, respectively (Waltz et al.,, 1972). In the final analysis of results
only the cortical cerebral blood flow was taken into account and ex-
pressed as the percentage of normal flow assumed as 100%, and deter-
mined in each animal at the beginning of the experiments. Simulta-
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neously with the recordings of cerebral blood flow, continuous measu-
rements of systemic arterial pressure were performed.

The animals were examined in the following experimental groups: ani-
mals with one patent common carotid artery during retransfusion 1) with
trephined holes in the skull (5 animals), 2) without holes (5 animals) and
animals with bilateral occlusion of common carotid arteries in the early
period of retransfusion, 3) with trephined holes in the skull (5 animals),
4) without holes (5 animals).

All animals were examined at the following time intervals: control
examination, examination in the period of oligemia — between the
10th and 15 minute after the end of oligemia, after retransfusion — 0,
15, 30, 60, 90 and 120 minutes after the end of blood retransfusion. The
time of the retransfusion was maintained within the limits of 2—3 min
by increasing the pressure in the transfusion vessel. In groups 3 and 4
blood flow was determined during retransfusion in order to follow bet-
ter the increase in cerebral blood flow and determine the flow efficiency
in the vertebral and spinal arteries.

RESULTS

In all animals in the four experimental groups at a systemic arterial
blood pressure of 10—20 mm Hg, in the period of oligemia the cerebral
blood flow amounted on the average to 26.7 per cent of normal flow
varying within the range 8—55 per cent (Table 1).

Table 1. Cerebral blood flow during oligemia as 9, of normal flow. Experimental results
of individual animals in groups
Tabela 1. Mbézgowy przeplyw krwi w okresie oligemii jako odsetek przepltywu prawidlo-
wego. Wyniki badan poszczegélnych zwierzat w grupach

No. of group Nr grupy
1 2 3 4
34 55 21 8
26 44 21 22
21 12 20 10
50 33 24 23
17 37 33 23
Mean 33.6 36.2 23.8 17.2
Srednia
Mean for all groups 26.7 range 8—55
Srednia dla wszystkich grup zakres
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In the particular groups the mean flow values, in this period were
as follows: 1—33.6; 2—36.2; 3—23.8; 4—17.2 per cent.

Enhanced cerebral blood flow in the postischemic period and after
retransfusion during which patency of one common carotid artery was
maintained (groups 1 and 2) occurred in 8 of the tested animals, that
is 80 per cent of cases (Table 2). The enhanced blood flow in this period
reached an average value of 131 per cent (range 112—144%). For group
1 the mean increased flow was 133.7 per cent, and for group 2 the cor-
responding value was 128.2 per cent. This increased blood flow in the
brain exceeding normal values was observed in 6 animals between the
15th and 30th and in two animals between the 60th and 90th minute
after retransfusion. In the remaining groups (3 and 4) enhanced blood
flow reaching 143 per cent was observed only in one animals between

Table 2. Increase of cerebral blood flow Table 3. Cerebral blood flow during re-
in the postischemic period as 9 of transfusion with both common carotid
normal flow. Experimental results of arteries occluded as 9, of normal flow.

individual animals in groups Experimental results of individual ani-

mals in groups

Tabela 2. Zwiekszenie mbzgowego prze- Tabela 3. Mézgowy przeplyw krwi w

pltywu krwi w okresie poischemicznym czasie retransfuzji przy utrzymanej obu-
jako odsetek przeplywu prawidlowego. stronnfaj okluzji tetnic szyjnych ws.pél-
Wiyniki badan poszezegélnych zwierzat nych jako odsetek przeplywu prawidlo-
w grupach wego. Wyniki badan poszezegélnych zwie-
rzat w grupach.
No. of group Nr grupy
No. of group Nr grupy
1 2
3 -+
—- 126
85 8
122 141 :
138 9 55 66
4 s 76 65
13‘; o 76 72
i 98 116
Mean 133.7 128.2 Mean 78 81
Srednia Srednia
Mean for both groups Mean for 2 groups
Srednia dla dwéch grup 131 Srednia dla dwéch grup 08
range range
Skt 112-144 e e 55—116

60th and 90th minute after retransfusion. In the remaining 9 animals
cerebral blood flow did not exceed normal values.

Blood retransfusion performed with bilateral occlusion of the common
carotid arteries increased cerebral blood flow in groups 3 and 4 to an
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average value of 79.5 per cent of normal flow, ranging from 55 to 116
per cent (Table 3). After removal of the clamp from one artery there
always occurred an increase in cerebral blood flow to a mean value of
119 per cent, this was not, however, taken into account in the interpre-
tation of results, because it is a "forced” flow caused by retransfusion
owing to the rise of pressure in ihe transfusion vessel.

The mean value of systemic pressure in the period after retransfusion
was 82 mm Hg in groups 1 and 2. It was higher by 12.5 mm Hg from
the mean value in groups 3 and 4 which amounted to 69.5 mm Hg
(Table 4).

Table 4. Mean values of systemic arterial pressure in the postischemic period, mm Hg
Experimental results of indiwidual animals in groups
Tabela 4. Srednie wartoéci systemowych ciénieri tetniczych w okresie poischemicznym
w mm Hg. Wyniki badan poszczegélnych zwierzat w grupach

No. of group Nr grupy

1 9 3 4
59%) 42 69 57
88 87 75 72
90 109 63 47
54 91 87 105%)
97 81 76 86

Mean 82 82 74 65

Srednia

Mean for groups 1 and 2

Srednia dla grup 1 i 2 82

Mean for groups 3 and 4

Srednia dla grup 3 i 4 69.5

*) Not taken into consideration in calculations
Nie brane pod uwage w obliczeniach

Correlation of the variations in systemic arterial pressure with the
changes in cerebral flow in the period after retransfusion showed that
in nine of the ten animals of groups 1 and 2 (90%) the changes in flow
were not dependent on the systemic pressure. The only exception was
one of two animals which did not exhibit enhanced flow after retrans-
fusion. A reverse phenomenon — the dependence of cerebral flow on
systemic pressure changes was observed in nine of the ten animals in
groups 3 and 4 (90%); an exception was one animal which showed in-
creased flow after retransfusion. The above mentioned two animals
were disregarded in calculations of systemic pressure.
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In groups 1 and 2, among the animals in which enhanced flow was
observed in the brain after retransfusion, six showed a periodical re-
lative decrease of flow with renewed increase in the period between
the 30th and 90th minute after the end of retransfusion.

Cerebral blood flow 2 hrs after the end of retransfusion did not show
significant changes which would be characteristic for the particular
experimental groups. In 4 animals it remained at a normal level within
a variation range of 100—113 per cent, and in 12 animals it was lower
than normal (range 51—93%), whereas in four it was greatly lowered
(range 22—37%). ;

Analysis of the results for animals with and without trephined holes
in the skull does not indicate significant differences in both groups in
the investigated time intervals.

DISCUSSION

A significant difference between the model of Mchedlishvili and the
here described experiments was the application of general instead of
local anesthesia. This was indispensable on account of the necessity of
immobilizing the animals during 133Xe clearance recording by the me-
thod of external detection.

The results obtained indicate that,by depressing systemic blood pres-
sure to a level of 10—20 mm Hg with bilateral occlusion of the common
carotid arteries, various levels of decreased cerebral flow may be obtai-
ned. As seen from table 1, in the period of oligemia the diminished
cerebral flow reached mean values of 26.7 per cent. The variation in
this flow in the particular experiments were, however, relatively wide,
within the range of 8 to 55 per cent of the normal blood flow.

Among the factors influencing the relatively wide differences in ce-
rebral blood flow during oligemia, the different reaction of the animals
to blood loss should be named as well as the influence of general ane-
sthesia on the regulation mechanisms of cerebral and systemic circu-
lation. In the description of his model Mchedlishvili (1973a) demonstrates
that disturbances in spontaneous respiration of the animals may be
a useful indice of transgression of the minimal limit of blood supply
~ to the brain. Experiments with the use of this model carried out with
rats (Kapuscinski, 1974 a) indicate that slow blood loss leads to a con-
traction of the peripheral vessels which maintains systemic arterial
blood pressure at a level of ca 50 mm Hg. During slow blood loss up
to 6 ml (one half of circulating blood in a 6-week rat), the regulatory
mechanisms of the systemic and cerebral circulation compensate the
loss of so great amount of blood and maintain cerebral blood flow above
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the level considered as critical as regards irrevesible changes in the
brain.

Brodersen (1971) in investigations on humans observed reversible chan-
ges at the 50 per cent level of oxygen consumption by the brain tissue;
and the level of 25—50 per cent of oxygen consumption may lead either
to reversible changes or to death owing to cardio-respiratory disturban-
ces. On the other hand the cerebral blood flow and oxygen consumption
by the brain tissue reaching 10 per cent of normal values were observed
by this author in humans with brain death.

It may be inferred from the present investigations that the relatively
high deviation of the cerebral blood flow values in the period of olige-
mia depends on the different compensating efficiency of the regula-
tory mechanisms of systemic and cerebral circulation in the particular
animals. This agrees with the opinion of Mchedlishvili (1972) who consi-
ders that it is difficult to control the degree of diminution of cerebral
blood flow, in view of the extraordinary autoregulation and compen-
sation mechanisms which can be observed even during decrease of sy-
stemic arterial pressure to zero. The influence of anesthesia is not
without effect, and in spite of a uniform dose applied, it may disturb
these mechanisms in various ways (Kapuscinski, 1974 a).

Postischemic enhancement of cerebral flow corresponding to the hy-
peremia observed by Mossakowski (1974) in the light microscope, and
the independence of changes in flow from those of systemic arterial
pressure in groups 1 and 2 seem to indicate that in these animals, in
the period after retransfusion, the autoregulatory mechanisms of cere-
bral circulation have remained intact. The symptom of postischemic
increase of cerebral blood flow agrees with observations of other authors
(Baldy-Moulinier, Humeau, 1973; Kleihues et al., 1973; Kapuscinski ef
al., 1972; Kapuscinski, 1973; Mchedlishvili et al., 1973 b). This enhanced
blood flow persisted in the period between the 15th and 90th minute
after the end of ischemia. In those experimental animals after a period
of increased flow, there occurred in 6 cases its periodical relative de-
crease and then a new increase. This observation agrees with the results
of Mchedlishvili (1973 a), it is, however, difficult to explain and requ-
ires further studies.

In animals of groups 3 and 4 enhanced cerebral blood flow was not
observed (one animal excepted). This seems to point to an impairment
of the autoregulatory mechanisms of cerebral circulation. It is possible
that the cause of this may lie in the higher degree of brain ischemia
in the period of oligemia. This seems to be supported by the lower ce-
rebral flow values, and perhaps also the longer time of reduced blocd
supply in connection with the maintained occlusion of the common ca-
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rotid arteries in the initial period of retransfusion. The possibility of
considerable haemodynamic changes in the systemic and cerebral circu-
lation should also be taken into account in the period of clamp removal
from the common carotid artery. In rabbits with unimpaired autoregu-
latory mechanisms of cerebral circulation, unilateral and bilateral
occlusion of the common carotid artery always leads to a periodical
diminution of cerebral flow and a rise of systemic pressure within the
limits of 13—30 mm Hg (Kapuscinski, 1974 b). Restored patency of one
carotid artery in the period of retransfusion leads to a reflex dilatation
of the vessels in the systemic circulation and to reversal of the direction
of blood flow in the brain at the level of the circle of Willis. The simul-
taneous retransfusion raises the systemic arterial pressure, and this in
turn elicits opponent mechanisms. The above named causes may impair
the autoregulatory mechanisms of cerebral circulation in these animals.

The cerebral blood flow level during retransfusion with bilateral
occlusion of the common carotid arteries, reaching the average 79 per
cent of the normal level is evident of the high efficiency of the verte-
bral and spinal arteries in supplying blood to the brain under patholo-
gic conditions. It also confirms the results obtained earlier in humans
(Kapuscinski, McDonald, 1973) and in rats and rabbits (Kapus$cinski,
1974 a, 1974 Db).

CONCLUSIONS

1. Under conditions of the circulatory hypoxia model, the cerebral
blood flow in the period of oligemia is reduced to a mean level of 26.7
per cent of the normal flow (range 8—55%).

2. In animals with unimpaired autoregulatory mechanisms of cerebral
circulation, a postischemic enhancement of cerebral blood flow is ob-
served reaching a mean value of 131 per cent (range 112—114%). The
increased blood flow occurs between the 15th and 90th minute after
retransfusion and corresponds to the hyperemia observed post mortem
in the light microscope.

3. During retransfusion with bilateral occlusion of the common carotid
arteries, the level of cerebral blood flow reaches mean values of 79 per
cent of the normal level (range 55—116%).

A. KapuScinski

MOZGOWY PRZEPELYW KRWI W WARUNKACH HIPOKSJI KRAZENIOWEJ
ZE SZCZEGOLNYM UWZGLEDNIENIEM OKRESU PO RETRANSFUZJI

Streszczenie
Metoda klirensu 13Xe oceniono moézgowy przeplyw krwi u krélikbw w warun-
kach modelu hipoksji krazeniowej. W okresie oligemii moézgowy przeplyw krwi
osiggal warto$ci §rednio 26,7% przeplywu prawidlowego. U zwierzat z zachowany-
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mi mechanizmami autoregulacji krazenia mo6zgowego, w czasie pomiedzy 15 i 90
minutg od retransfuzji, obserwowano wzrost mézgowego przeplywu krwi osiggajacy
wartoéci §rednio 131%. Podczas retransfuzji prowadzonej przy obustronnej okluzji
tetnic szyjnych wsp6lnych, poziom moézgowego przeplywu krwi osiggal warto$ci
§rednio 79% poziomu prawidlowego.

A. KanycTuHCKM

KPOBOTOK MO3TA B YCJIOBUAX IUPKYISIMOHHOW TUIIOKCUU
C OCOBBIM YYETOM IIEPMOJA 1IOCJIE PETPAHC®Y3UU

Pe3zwoMme

MeTonom KiupeHnca 383Xe onpejensyy KpPOBOTOK MO3ra y KPOJMKOB B YCJIOBUAX
MOJeNM LMPKYJIALMOHHOM I'MIOKCHIM., BO BpeMmsa OJMTeMMM KPOBOTOK MO3ra AOCTUral
B cpeaHeM Beauuunbl 26,79/ HOPMAJBHOTO KPOBOTOKA. ¥ JXKMBOTHBIX C COXPaHEHHBIMU
MeXaHu3MaMy aBTOPEryJIsALMM MO3rOBOro KpoBooGpamienus, B Nepuos Mexay 15
u 90 MuHyTOM Imocie perpaHcdy3um HaOMOAAJIOCL yBeJIMYEHMe KPOBOTOKa MO3ra,
JocTuraBliee B cpejHeM Beamumubl 1319, Bo Bpems perpaHcdy3mu, NTPOBOAMMONM
IIpY JHYCTOPOHHEM OKJI3MA COHHLIX apTepuii, yPOBEHb KPOBOTOKa MO3ra JOCTUral
B cpeaHeM 3Ha4YeHudA 790/, HOPMAJIBLHOIO yPOBHA.
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M. J. MOSSAKOWSKI

CEREBRAL MICROCIRCULATION DISORDERS IN EXPERIMENTAL
CIRCULATORY HYPOXIA

Department of Neuropathology, Experimental and Clinical
Medical Research Centre, Polish Academy of Sciences

In experimental studies concerning the damaging effect of oxygen in-
sufficiency on the central nervous system the assay of its blood supply
is one of the most important problems. Systemic hypoxia, regardless of
its origin leads to generalized hemodynamic disorders, which are also
reflected on the state of the nervous system, despite the autonomic me-
chanism controlling brain circulation (Kowada et al.,, 1968; Mchedli-
shvili, 1973).

The effects of systemic blood pressure reduction have their patholo-
gical manifestations in the central nervous system, the character and
topography of which depend on the regional vascularisation and meta-
bolic properties of particular areas of the brain (Vogt, Vogt, 1922;
Scholz, 1963; Ridge, 1967; Lampert, 1961; Lindenberg, 1963; Ziilch, 1955).

Even more important is the assay of blood supply to the brain in
those types of experiments in which ischemic factors are the funda-
mental elements of the models employed. A great number of very
sophisticated methods have been elaborated for measurements of blood
supply and flow in the brain (Lassen, Ingvar, 1961; Walz et al., 1972;
Mchedlishvili et al., 1972). All these methods offering very precise quan-
titative data, give only to a limited extent the insight into the topogra-
phy of blood flow disturbances. Morphological, pathological and patho-
physiological studies of the cerebral blood vessels in the experimental
model of circulatory hypoxia have been described in a number of pu-
blications originating from the Institute of Physiology of the Georgian
Academy of Sciences (Mchedlishvili et al., 1965; 1971; Mchedlishvili, Ba-
ramidze, 1971; Mchedlishvili, 1972). The majority of these studies con-
cerned, however, the leptomeningeal vessels and those penetrating the
cerebral cortex. Therefore, it seemed of interest to evaluate the state of
the blood vessels network in the brain hemispheres in conditions of cir-
culatory hypoxia.
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MATERIAL AND METHODS

The studies were carried out on adult rabbits of both sexes, weighing
from 2.5 to 3.5 kg, in which circulatory hypoxia was evoked according
to the method described by Mchedlishvili (1972). For morphological stu-
dies animals were sacrificed in groups at the following time intervals:
group 1— at the 10th minute of ischemia; group 2 — at time 707,
what mean the end of 1 5minutes ischemia. This group consisted two
variants: a) without blood reinjection, b) with blood reinjection.

The other groups consisted of animals sacrificed 15 min., 2, 6, 12, 24
and 48 hrs following ischemia. Exsanguination was controlled by blood
pressure measurements, indicating that during ischemia systemic blood
pressure was reduced to 20 mm Hg. The reinjection of the blood led to
the return of b.h. to the normal level or slightly below the norm. Each
group consisted of 3 experimental and 2 control animals. The control
animals were submitted to the same surgical procedure as the experi-
mental ones, except exsanguination. The third group consisted of 3 nor-
mal animals which were not submitted to any experimental procedures.

The brains were fixed in neutral formalin, divided into blocks hori-
zontally at the level of the optic chiasm, infundibulum and interpedun-
cular fossa. Frozen sections, 40 u thick were stained according to Pick-
worth’s method.

RESULTS

In the brain of normal rabbits the cortical vascular system consisted
of a dense network ofl vessels, varying in caliber and lumen width,
arranged in typical layers corresponding to the neuronal stratifications.
A varying diameter of vessels representing veins, arteries and capilla-
ries was a striking feature (Fig. 1). Radial arrangement of cortical ar-
teries, and long, wide veins perforating all the neuronal layers was cha-
racteristic for all neocortical areas. Vascularisation of the white matter
was less dense, and dominated by large veins, showing typical radial
arrangement (Fig. 1, 2). The vascular system of the striatum, much
more abundant than that of the white matter did not show any characte-
ristic organization (Fig. 2). Abundant vasculature of the hippocampal
area, on the contrary, was characterized by typical architectonics, do-
minated by two vascular plexuses corresponding to nerve cells layers
and radially oriented vessels localized between them. Large wide veins
were situated in the most central part of Ammon’s horn (Fig. 3).

In animals sacrificed at the 10th minute of oligemia a remarkable re-
duction of blood content in the vascular bed dominated the cortical pic-
ture. The typical stratification of cortical angioarchitecture was no more
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visible. Visualized was predominantly the network of capillary vessels
with only some penetrating arteries (Fig. 4). The rarefaction of the vas-
cular net indicated that, besides reduction of the blood content within
the vessels, a great part of them did not contain any elements stainable
by the method employed. In the white matter large veins were filled
with a considerable amount of erythrocytes. The same situation as in the
cortex was seen in Ammon’s horn and in the basal ganglia (Fig. 5). Ho-
wever, even at that time some areas of the cerebral cortex showed
a relatively better blood supply (Fig .6). These were predominantly the
gyri situated in these parts of the brain, which were vascularized by
branches of posterior cerebral arteries. It should be noted, that even
here the blood supply was diminished to a great extent, as compared
with that of normal, intact animals. The small areas of reduced vascu-
larization ,intermingled with those of relatively better blood supply,
were very characteristic for these brain parts.

At time ”0” without blood reinjection, the morphological picture
showed no significant differences from that observed at the 10th minute
of oligemia. The reduction of blood content in the vascular bed all over
the brain seemed even more significant.

The blood reinjection brought about a significant amelioration of
blood supply on the side with no permanent ligation of the carotid
artery, and a less pronounced improvement on the side of the ligated
one. It is worth mentioning that time 0" following blood reinjection
was the only time with an evident difference in blood supply to both
hemispheres, this being most significant in the Ammon’s horn stru-
ctures.

At the 15th min. following blood reinjection the most striking fea-
ture to be noted was the widespread cerebral hyperemia of high degree,
involving practically all structures of the brain hemispheres (Figs. 7, 8).
The vessels of all types and calibers were remarkably widened, however,
some regional differences were evident. In the white matter distended
large veins dominated the morphological picture. In the hippocampal
gyrus against the background of venous hyperemia, poor filling of ar-
terial plexus in the layer of bipyramidal nerve cells was seen. Uneven
distribution of blood content within the vessels of the same area and ca-
liber was also a significant feature.

Two hours after oligemia, all structures of the cerebral hemispheres
were still hyperemic, but in the majority of animals widenning of ve-
nous vessels prevailed over that of arterial ones. Widespread patches
of vessels with reduced erythrocyte content were very characteristic; this
being dominant in the cerebral cortex (Fig. 9). In the 6th hr the num-
ber of these areas of reduced blood supply against the background of
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hyperemic tissue was even slightly increased (Fig. 10). The opposite si-
tuation was observed at the 12th hr of the experiment. The blood supply
to the majority of cortical areas seemed to be significantly reduced as
compared both with the immediately preceding stage of observations
(6 hrs) and with normal animals. This phenomenon was entirely limited
to cortical structures (Fig. 11); the basal ganglia blood supply remained
at the level observed in animals sacrificed at the 6th hr.

Normalization of the blood supply started 24 hrs following the oli-
gemic episode. However, even at that time, patchy foci of reduced blood
surply were present within the cerebral cortex (Fig. 12). They predo-
minated in the areas of the frontal lobes. Full normalization of the mor-
phological picture of the cerebral vascular network was observed in
animals secrificed 48 hrs following oligemia.

Despite the common pattern of blood supply abnormalities descri-
bed above, significan: differences in their intensity and distribution
were noted. In all experimental animals the pathological changes were

Fig. 1. Cerebral ccrtex with aboundant vascular network; perpendicularly arran-
ged radial arteries are visible. Less rich vascular net of the white matter (right
corner) is dominated by large veins. Pickworth’s meth. X 60.

Ryc. 1. Kora moézgu charakteryzujgca sie bogatg sieciag naczyniowa; widoczne pro-
stopadle przebiegajace tetnice promieniowe. Sie¢ naczyn w istocie bialej ubozsza,
dominujg w niej duze naczynia zylne. Met. Pickwortha. Pow. 60 X.

Fig. 2. Vascular network of basal ganglia and internal capsule. Note the diffe-
rence in the character and amount of vessels between white and grey matter for-
mations. Pickworth’s meth. X 60.

Ryc. 2. Sie¢ naczyniowa jader podstawy i torebki wewnetrznej. Zwraca uwage

réznica charakteru naczyn i ich bogactwa w fformacjach szarych i bialej. Met.
Pickwortha. Pow. 60 X.

Fig. 3. Vascular network of normal Ammon’s horn of the rabbit brain, with
a characteristic arrangement dependent of its cellular stratification. Pickworth’s
meth. X 60.

Rye. 3. Sieé naczyniowa rogu Amona, z charakterystycznym ukladem uwarunko-
wanym warstwowag budowg tej struktury anatomicznej. Met. Pickwortha. Pow. 60 X.
Fig. 4. Poor erythrocyte filling of the cortical vascular network with complete
loss of its ncrmal arrangement; 10th min of ischemia. Pickworth’s meth. X 80.
Ryc. 4. Skape wypelnienie sieci naczyniowej kory moézgu. Zatarty prawidlowy obraz
unaczynienia kory; 10-min., niedokrwienie. Met. Pickwortha. Pow. 60 X.

Fig. 5. Poverty of the visualized vascular network of basal ganglia and internal
capsule; 10th min of brain ischemia. Pickworth’s meth. X 60.

Ryc. 5. Zubozenie uwidaczniajgcej sie sieci naczyniowej jader podstawy i torebki
wewnetrznej w 10 minucie niedokrwienia. Met. Pickwortha. Pow. 60 X.

Fig. 6. Relatively better visualized vascular network of the cerebral cortex in the
area of posterior cerebral artery vascularization; 10th min of brain ischemia
(compare with Fig. 4). Pickworth’s meth. X 60.

Ryc. 6. Stosunkowo lepiej uwidoczniona sie¢ naczyn krwiono$§nych kory moézgu
w obszarze unaczynienia przez tetnice moézgu tylng; 10 min. niedokrwienia (por.
ryc. 4). Met. Pickwortha. Pow. 60 X.
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most significant in what is called borderline zones between areas vascu-
larized by different large cerebral arteries, this being most pronounced
in the frontal cortical areas and the thalamus. .

The control animals did not show any essential differences in the
morphological picture of the brain vascular network as compared with
normal animals, which were not submitted to any experimental pro-
cedure.

DISCUSSION

Our morphological observations, concerning the period of generalized
oligemia and early stages of postischemic recovery show full concomi-
tance with Kapuscinski’s results (1973) dealing with cerebral blood flow
in the same experimental model of circulatory hypoxia. The significant
brain ischemia involving all structures of cerebral hemispheres, during
systemic oligemia (leading to blood pressure reduction to the level of
20 mm Hg), corresponds well with the essential blood flow reduction
observed at the same period of the experiment. However, at the mor-
phological level, even at this time, the cerebral cortex situated in the
areas of posterior cerebral artery vascularization, in spite of reduced

Fig. 7. Postischemic hyperemia of the cerebral cortex at the 15th min following
blood retransfusion. Pickworth’s meth. X 60.
Ryc. 7. Przekrwienie kory moézgu w 15 min. po niedokrwieniu. Met. Pickwortha.
Pow. 60 X.

Fig. 8. Hyperemia of basal ganglia and internal capsule at 15th min following
brain ischemia. Pickworth’s meth. X 60.

Ryc. 8. Przekrwienie jader podstawy i torebki wewnetrznej w 15 min. po niedo-
krwieniu. Met. Pickwortha. Pow. 60 X.

Fig. 9. Uneven filling of the cortical blood vessels at the 2nd hour féllowing blood
retransfusion. Pickworth’s meth. X 100.

Ryc. 9. Nier6wnomierne wypelnienie naczyn kory moézgu w 2 godz. po niedokrwie-
niu. Met. Pickwortha. Pow. 100 X.

Fig. 10. Area of poor filling of cortical vessels, laying on the background of en-
gorged vascular network, 6 hrs following blood retransfusion. Piskworth’s meth.
X 160.

Ryc, 10. Pole ubogiego wypemhienia sieci naczyn kory moézgu polozone na tle jej
przekrwienia w 6 godz. po niedokrwieniu. Met. Pickwortha. Pow. 160 X.

Fig. 11. Poor filling of the cortical vascular network at the 12th hr following blood
retransfusion. Pickworth’s meth. X 60.
Ryc. 11. Skape wypelnienie sieci naczyn w korze moézgu w 12 godz. po niedokrwie-
niu. Met. Pickwortha. Pow. 60 X.
Fig. 12. Cortical vascular network at the 24th hr following blood retransfusion.
Note uneven filling of blood vessels (compare Fig. 1). Pickworth’s meth. X 60.

Ryc. 12. Sie¢ naczyn kory moézgu w 24 godz. po niedokrwieniu. Zwraca uwage
utrzymujace sie nieré6wnomierne wypelnienie sieci naczyniowej (patrz ryc. 1). Med.
Pickwortha. Pow. 60 X.
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blood supply shows significantly better irrigation than that wvasculari-
zed by anterior and middle cerebral arteries. This might be indicative
of a relatively good efficiency of the vertebral arterial system in the
case of bilateral ligation of carotid arteries in rabbits (Kapuscinski, un-
published data). Reinjection of blood into the arterial system, with re-
turn of the blood pressure to normal level brings about an immediate
amelioration of blood supply to the brain hemispheres, the phenomenon
being for a short period of time limited to the side of the non ligated
carotid artery. The short-lasting deterioration of the blood supply to
the hemisphere on the ligated side seems to be a phenomenon quite dif-
ferent in nature from the no-reflow phenomenon, described by Ames
et al. (1968).

Cerebral ischemia is followed by considerable hyperemia, involving
all types of blood vessels. This again corresponds to a significant cere-
bral blood flow increase, found by Kapuscinski (1973) in the period fol-
lowing immediatelly generalized oligemia and lasting from the 15th to
90th minute of the recovery phase. These observations support also the
data presented by Mchedlishvili et al. (1974). The prevalence of nervous
tissue engorgement, observed at the 2nd and 6th hours following ische-
mia as compared with the relative decrease of cerebral blood flow in
the 2nd hour of the postischemic period, noticed by Kapus$cinski (1974)
might indicate that passive hyperemia and venous stasis are a phenc-
menon following active hyperemia.

The disturbances of cerebral microcirculation during later phases of
the recovery period form a separate and very important problem from
the standpoint of the pathogenesis of morphological, histochemical and
biochemical changes occurring in the brain following circulatory hy-
poxia (Albrecht, 1974; Sikorska et al., 1974; Zelman, 1974). They con-
sist in generalized ischemic features of the cerebral cortex, following
the period of brain hyperemia (being seemingly reflex in their nature)
and in the occurrence of patchy areas of reduced blood supply in the
cerebral cortex during the whole period of hyperemia and normaliza-
tion. Their presence is concordant with the observations made by Ko-
wada et al. (1968), who noted the presence of cerebral circulation dis-
turbances in the period following other types of hypoxic and/or ischemic
accidents. The nature of focal circulation abnormalities is unknown. It
seems, however, that they may be somehow related with structural and
functional abnormalities, concerning pial and cortical arteries, found by
Mchedlishvili et Baramidze (1971) in circulatory hypoxia. The focal cha-
racter of blood-brain barrier disturbances and their localization confined
to the cerebral cortex (Gadamski, Szumanska, 1974) are also suggestive
of a close relation of this phenomenon with the above described abnor-
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malities in cortical circulation. Their occurrence in the postischemic
period in the presence of full normalization of the systemic blood pres-
sure indicates that the structural abnormalities found in the brain tissues
depend not only on the reduced blood supply to the brain during syste-
mic oligemia, but also on supply disturbances taking place during the
whole period of recovery. They are also strongly suggestive of abnor-
malities in the autonomic regulation of brain circulation, which are not
visualized by global isotope measurements.

M. J. Mossakowski

ZABURZENIA MIKROKRAZENIA MOZGOWEGO W HIPOKSJI KRAZENIOWEJ
Streszczenie

Przy pomocy techniki benzydynowej Pickwortha oceniono stan sieci naczynio-
wej moézgu w hipoksji krgzeniowej, zaré6wno w okresie ogodlnoustrojowej oligemii
jak i w czasie 48 godzin po epizodzie niedokrwiennym.

Stwierdzono, ze w okresie wykrwawienia zwierzecia, zwigzanego ze spadkiem
ci$nienia ukladowego do wartosci 20 mm Hg — dochodzi do wybitnie nasilonych
cech niedokrwienia moézgu, wyrazniejszych w obszarze unaczynienia tetnic przed-
niej i Srodkowej moézgu i mniej nasilonych w polach zaopatrywanych przez tetni-
ce mobzgu tylna. :

Retransfuzja krwi prowadzaca do wzrostu ci$nienia ukladowego do wartoSci
zblizonych do normy wywolala znacznego stopnia przekrwienie wszystkich struk-
tur potkul moézgowych, utrzymujac sie do 6 godziny po zabiegu doSwiadczalnym,
z tym jednak, ze w okresie drugiej i szostej godziny dominowal obraz przekrwie-
nia zylnego tkanki. Na tle uogélnionego przekrwienia moézgu, poczatkowo tetnicze-
go a nastepnie zylnego w korze potkul wystepowaly przez caly okres zdrowienia,
az do 24 godziny rozsiane ogniska upos$ledzonego ukrwienia tkanki. W 12 godzinie
po zabiegu stwierdzono ponownie uogé6lnione niedokrwienie kory. Zapoczatkowana
w 24 godzinie normalizacja ukrwienia moézgu nastepowala po 48 godzinach od za-
biegu.

Zwrbécono uwage na wystepowanie ,péznych” zaburzen krazenia moézgowego
w okresie zdrowienia poniedokrwiennego, podkre$lajac w szczegélnoSci wystepo-
wanie rozsianych, plackowatych ognisk niedokrwienia kory. Zaburzenia ukrwienia
w okresie zdrowienia mogg, obok krétkotrwalego epizodu niedokrwiennego odgry-
waé istotng role w patogenezie metabolicznych i morfologicznych uszkodzen
tkanki.

M. fI. MoccakOBCKM

HAPYIIEHUS MO3TOBOM MUKPOLUPKYJIAIVY ITPU LIUPKYJIAIUCHHOK
TUITOKCHU

Pe3womMme

C nomoiibo 6Gen3uamHoBON TexHMKM IIMKBOPTA OLEHHBAJM COCTOSHME COCYAMCTON
ceTy MO3ra IIPM UMPKYJIALMOHHON TMIIOKCMM Kak B IIepuoj OJIMreMuyu BCEero opra-
HM3Ma, TaK M Hepe3 48 4acoB II0CJIe MOMEHTA MILIEMUN.
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Bp110 ycTaHOBJIEHO, YTO B I€puoj OOeCKPOBAMBAHMUA KMBOTHOTO, CBA3AHHOTO
C najeHyeM CUCTEeMHOrO AaBJjieHMsd 70 BeJduduubl 20 MM pTyTHOrO cronba, AOXOAUT
70 MCKJIIOYMTEJIBHO CUJIBHO BbIPaxK€HHOM MUIEMMUM MO3ra, ocobenno B obiacrtu Bac-
KyJasapusanuy NepejiHeii U CpejHel apTepuu Mo3ra ¥ MeHee MHTEHCUBHON B obJjacTtrix,
cuHabxkaeMbIX 3a/HENl apTepuelrr Mo3ra.

Perpancdy3usa KpoBy, BeAyliasd K yBeJIUIEHMUIO CUCTEMHCIO AABJIEHUS JI0 BEJIUGNH,
6AM3KMX K HOpMe, BbI3bIBAJa 3HAYUTEJBHYIC TMIEDEMUI0 BCEX CTPYKTYP MO3TOELIX
NoJIylIapuii, yAepKuBarulyocsa 10 6-ro yaca nocje 3KCNepUMeNnTallbHOM MPOLEAYPhI,
IIpMYeM B Nepuoj BTOPOIO M1 LIECTOro 4yaca npeobiajana KapTUHa BEHOZIHOM TMIIe-
pemuy TKanu. Ha chone obmieit rumepemMmy Mo3ra, cHadaja aprepuaibHoOi, a 3aTeM
BEHO3HOM, B KOpe HOJYLIApMII B Te4YeHMEe BCEero Iepuoja BO3BpalieliMAa K EOPMe,
BIJIOTH 710 24 4acos, BhICTynaiay pa3bpocaniible OYyarM HapyLIeHHOr0 KPOBOCHAGXKEeHWSA
TKauu. Yepes 12 yacoB nocJjie IIPOLeAypPbl CHOBa nHabJitojiajlack obiasa miieMus KOpPbL
HauvaBmasica ea 24-oM uacy HOpManm3aius KpoBOcHabxXKeHuss MoO3ra uacTyrnana
yepe3 48 yacoB mocJie IpPOLeaypPbl.

Brino obpamnieno BHMMaHMe Ha NPOABJIEHME ,,N03:iuX’ HAPYLIEHWIA MO3TOBOTO
KpoBooOpallleHuss B II€PMOJ| NOCTMILIEMM'ECKOM HOpMAJAM3aUMu, JIpy 9TOM 0CoBeHHO
' OYEepKMBAeTCsi TOABJIeHMe pa3bpOCaHHBIX MEJKMX OYaroB MIIeMMM KOpbL Hapy-
HIeHmusA KpoBOcHaOKeHUA B IepyoOj BO3BPAIEHMH K HOPME MOTYT, HapANy C XpaTKO-
BPEMEHHBIM MOMEHTOM MILIEMMM, UIPATh Ba>XHYI0 POJb B IaTtoreHe3e MeTabonamuyecKux
¥ MOP(OJIOTMYECKMX HAPYLIEHUIA TKaHU.
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1. B. ZELMAN

PATHOMORPHOLOGY OF THE RABBIT BRAIN FOLLOWING
CIREULATORY HYPOXIA

Department of Neuropathology, Experimental and Clinical
Medical Research Centre, Polish Academy of Sciences

Reduction of the blood supply to the brain brings about a variety of
disturbances in the nervous tissue. The character and intensity of these
disturbances may be related to the severity of hypoxia and time of its
duration.

Morphological studies performed on several models employed for pro-
duction of cerebral hypoxia demonstrated essential differences depen-
ding on the experimental conditions and the kind and age of animals
subjected to hypoxia (Aguilar, 1963; Levine, 1960; Kowada et al., 1968;
Mossakowski et al., 1968; Korthals, 1969; Hotlyst, 1971). There results
therefrom necessity to verify each time histologically the experimental
material for evaluation of the model. The results of these studies serve
at the same time as standpoint in the interpretation of further more
detailed investigations.

The purpose of the present work was to establish whether the applied
experimental model of controllable circulatory hypoxia (ischemia) of
brain hemispheres leads to the formation of morphologically discernable
changes and if so what is their localization and dynamics of development.

MATERIAL AND METHODS

Experiments were carried out on adult rabbits of either sex, 2.5—3.5
kg of body weight. Circulatory hypoxia was achieved by transient occlu-
sion of both common carotid arteries and by a decrease of systemic ar-
terial blood pressure up to 20 mm Hg for 15 minutes. The surgical pro-
cedure and the set-up for producing cerebral ischemia was described
in detail by Mchedlishvili (1973). The period of survival ranged from ”0”
h to 5 days. Animals which survived after operation longer than 6 hrs
were given an antibiotic (penicillinum procaini — 100.000 i.u. per day).
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The control group comprised rabbits subjected only to surgical proce-
dure without exsanguination. Experimental and control animals were
sacrificed by intracardiac perfusion with 10 per cent formalin solution
in physiological saline at 0, 2, 6, 12, 24 and 48 h and 5 days following
operation. :

Several blocks from various brain regions were taken for histological
examination. Paraffin sections were stained with haematoxylin-eosine,
cresyl violet, and according to van Gieson, Heidenhain and Kanzler-
Arendt methods. Frozen sections were impregnated according to the
Cajal method.

RESULTS

In the brains of rabbits examined directly after the experiment chan-
ges were observed in the staining ability together with some cytoplas-
mic abnormalities indicating slight diffuse nerve cell alteration. These
changes consisted in the dispersion of the Nissl substance, poor staining
of the nerve cell bodies. Some neurons exhibited swelling of cell bodies
and processes. The dark hyperchromatic neurons usually seen in experi-
mental material, were increased in number as compared with the control
animals. The damaged neurons were localized in the cerebral and ce-
rebellar cortex and some subcortical structures, being less numerous in

Fig. 1. Ischemic damage of clinical neurons. 6 hrs after experiment. Frontal
region. X 250.
Ryc. 1. Zmiany ischemiczne komoérek nerwowych w korze. 6 godzin po do$wiad-
czeniu. Okolica czolowa. Pow. 250 X.

Fig. 2. Ischemic and homogenic changes in Purkinje cells. 6 hrs after ischemia.
X 250.

Rye. 2. Schorzenie ischemiczne homogenizacyjne komérek Purkinjego. 6 godzin po
niedokrwieniu. Pow. 250 X.

Fig. 3. Discrete cell rarefaction in the V-th cortical layer. Parietal area. 12 hrs

. after experiment. H.-E. X120.

Ryc. 3. Dyskretne przerzedzenie komérek nerwowych w V warstwie kory moéz-
gowej. Plat ciemieniowy. 12 godzin po niedokrwieniu. H.-E. Pow. 120 X.
Fig. 4. Pallor and tissue loosening around blood vessel. 12 hours after experiment.
Hiedenhain. X 120.

Ryc. 4. Okolonaczyniowe zbledniecie i rozluZnienie struktury tkanki. 12 godzin
po niedokrwieniu. Heidenhain. Pow. 120 X.

Fig. 5. Loss of Purkinje cells at the depth of the sulci. 12 hrs after experiment.

H.-E. X 120.

Rye. 5. Ubytki komérek Purkinjego na dnie rowka. 12 godzin po ischemii. H.-E.
Pow. 120 X.

Fig. 6. Small focus of tissue necrosis in the white matter. 24 hrs after experiment.
H.-E. X 120.

Ryc. 6. Male ognisko martwicy w istocie bialej. 24 godziny po niedokrwieniu.
H.-E. Pow. 120 X,
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the hypothalamus and brain stem. At that time there were no glial
reaction or myelin changes. Endothelial cells appeared swollen, some
small vessels exhibited also tissue loosening.

Two hours after retransfusion neuronal changes became more appa-
rent. They were diffuse in character and showed predilection to the
neocortex, thalamus and Purkinje cells layer. Around some capillary
and small arterial vessels pallor and tissue loosening were seen.

During further hours after the experiment the morphological picture
became more diversified. Two kind of changes could be observed: the
first one was diffuse nerve cells alteration (Figs. 1, 2, 3). Nissl sub-
stance was dissolved to a carious degree. Hyperchromatic cells, neurons
presenting homogenic and ischemic degeneration, cellular swelling and
shadows of nerve cells were seen. Neuronal loss was not marked and
usually appeared as discrete cell rarefaction or in the form of small pe-
rivascular foci. The impairment of nerve cells was more pronounced
in the second and third cortical layers with predilection to the central
and parietal area and to the cortex of hippocampus being of greater in-
tensity on the right side. Small neurons appeared more vulnerable than
large pyramidal cells.

Nerve cells of striatum and pallidum were in general better preserved,
the same was true of brain stem nuclei in which only occasionally da-

Fig. 7. Nerve cells rarefaction in Ammons horn. 24 hrs after experimennt. Cresyl
violet. X 120.

Ryc. 7. Przerzedzenie komoérek piramidowych w korze zawoju hipocampa. 24 go-
dziny po niedokrwieniu. Pow. 120 X.

I'ig. 8 Segmental laminar destruction of pyramidal cells layer in Ammons horn.
Cresyl violet. X 120.

Ryc. 8. Ogniskowa destrukcja warstwy komoérek piramidowych zawoju hipokampa.
24 godziny po niedokrwieniu. H.-E. Pow. 120 X.

Fig. 9. Focus of recent tissue necrosis in the right thalamus.. 48 hours after ex-
periment. Heidenhain. Magn. glass.

Ryc. 8. Ognisko weczesnej martwicy w prawym wzgorzu wzrokowym. 48 godzin
po niedokrwieniu. Heidenhain. Pow. lupowe,

Fig. 10. Astroglia proliferation in the focus of incomplete tissue necrosis. 5 days
after experiment. H.-E. X 240,

Ryc. 10. Odczyn astrogleju w ognisku niepeinej martwicy. 5 dni po niedokrwieniu.
H.-E. Pow. 240 X.

Fig. 11. Compound granular cells in laminar necrosis of pyramidal cells layer in
Ammons harn. 5 days after experiment. H.-E. X 240.

Ryc. 11. Makrofagi w ognisku warstwowej martwicy komérek piramidowych rogu
amona. 5 dni po niedokrwieniu. H.-E. Pow. 240 X.

Fig. 12. Proliferation of the astroglia in the upper cortical layer. 5 days after
experiment. Cajal. X 270.
Ryc. 12. Rozplem astrocytéw protoplazmatycznych w gérnej warstwie kory. 5 dni
po niedokrwieniu. Cajal. Pow. 270 X.

Neuropatologia Polska — 4
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maged neurons were seen. In contrast to the above mentioned structures,
the nerve cells of the thalamus exhibited more advanced changes, but
here too neuronal loss was not marked. 1

In the cerebellum loss of Purkinje cells (Fig. 4), usually more advan-
ced at the depth of the sulci was noted. Some of the preserved elements
showed ischemic, homogenic or nonspecific neuronal changes.

The concomitant glial reaction was very weak. Astrocytes very sel-
dom exhibited hypertrophy and proliferation of glial fibres. These were
present almost exclusively in the first layer of the cerebral cortex and
in the hippocampus region. Nerve cells alteration was sometimes acco-
mpanied by increased satellitosis.

In addition to this slight and diffuse tissue impairment focal structu-
ral lesions were found in the postischemic period. These lesions were
of following character: 1) perivascular microfoci of pallor and tissue
loosening (Fig. 5) localized mainly around capillary and precapillary
vessels. These foci were situated predominantly in the grey structures,
being more numerous in the lower cortical layers and at the border of
grey and white matter; 2) small foci of tissue necrosis (Fig. 6) scattered
in the cerebral cortex and white matter, now and than in subcortical
grey structures and even in brain stem; 3) segmental laminar lesions in
Ammon’s horn, having the form of nerve cell rarefaction (Fig. 7) or
complete neuronal loss (Fig. 8), sometimes with greater tissue impair-
ment. These changes were localized almost exclusively on the side of
the ligated carotid artery; 4) sporadically there in the ventro-medial
part of thalamus necrotic foci were observed (Fig. 9). These foci were
usually onesided, regular in shape, sharply demarcated. In one rabbit
they were present bilaterally, however, on the side of the ligated artery
the damaged area was wider, extending into the midbrain region.

As far as disseminate focal changes are concerned, the concomitant
tissue reaction varied according to the intensity of damage and to the
survival time of the rabbit (Figs. 10, 11, 12). Small perivascular foci
exhibitet only glial reaction. In the organization of more or less advan-
ced tissue necrosis glial and mesenchymal elements took part. Com-
pound granular cells, progressive forms of astroglia, proliferation of ca-
pillary vessels and glial fibers formation were observed. However, pro-
portionate to the degree of tissue impairment, all these reparative
processes were scanty.

The myelin staining did not exhibit discernible changes suggesting
their connection with the developing brain edema. Focal myelin damage
discavered in some rabbits was attributed to the necrotic tissue im-
pairment.
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DISCUSSION

The results of our histological studies indicate that transient circula-
tory hypoxia of 15 min duration causes irreversible structural changes
in the rabbit brain. The changes exhibited in investigated material
a broad range of intensity from slight nerve cells impairment up to com-
plete tissue necrosis. The structural disorders develop during the first
24 hrs.

In this period of recovery slight reversible changes may disappear and
irreversible changes became more apparent. After 24—48 hrs no pro-
gress was noticeable in the development of structural damages, only
a reparative process which was proportional to the degree of tissue im-
pairment.

Despite marked differences in the intensity of changes in individual
animals some topographic predilections could be observed. Most advanced
tissue impairment was seen in the hippocampus, neocortex and thala-
mus. In the hippocampus most sensitive was its frontal part situated
over the thalamus and in the first place the pyramidal cells layer.
In this area all stages of tissue damage could be found from nerve
cells alteration, neuronal loss to complete tissue necrosis. The same
localization of changes in Ammons horn with a tendency to hypoxic
damage mentioned Korthals (1969) in his experiments with rabbits
subjected to circulatory ischemia induced by a total circulation stop-
page, leading to the clinical death of animals.

Neuronal changes in the thalamus were in general of moderate
degree although this structure was also the area of predilection for
more advanced focal tissue lesions.

In the cerebral cortex nerve cells damage predominated in the bor-
der zone of vascularization of major arterial trunks, although these
were mainly diffuse. According to Ziilch (1955) region situated in the
border teritory of two large cerebral arteries are more vulnerable and
by circulatory disturbances and reduced blood supply exhibit more ad-
vancer changes. This variable response of the different part of the brain
to hypoxia has aroused much interst for several years and two major
hypotheses has been advanced for its explanation. One is the vascular
hypothesis of Spielmeyer (1925) and the other the pathoclysis theory
of Vogt an Vogt (1922). Scholz (1953, 1963) after a careful analysis of the
problem concluded that neither theory explains all the facts of selective
vulnerability in hypoxia and argued that prabably two factors are
operating in most cases. In a series of experiments he showed that pure
hypoxia had a different effect than ischemia. Hypoxia caused nerve
cells degeneration in the cortex and subcortical nuclei, whereas is-
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chemia resulted in damage to the cerebral and cerebellar cortex.
These findings are in agreement with our observations as far as diffuse
changes are concerned. Lindenberg (1963, 1971) provided further sup-
port for the vascular theory suggesting that swelling of the brain leads
to compression of certain arteries against the edge of the falx with resul-
tant tissue damage in the distal regions of these arteries. In this way
the tissue in the border zone is maximally succeptible to ischemia.
Our morphological studies did not reveal the presence of changes in-
dicating on brain edema. Venous statis and congestion and slight im-
pairment of blood-brain barrier permeability were, however, found
(Mossakowski, 1974; Gadamski, Szumanska, 1974). These observations
are in agreement with the results obtained by Mchedlishvili et al.
(1965) and Baramidze and Zelman (1974) who described structural and
functional disturbances of blood vessels and changes of histoenzymatic
properties of perivascular glia in rabbit brain in the course of ischemia
and in the postischemic period. Mossakowski (1974) on the same mo-
del on benzidin preparations found a haemodynamic disturbances
with venous congestion and Gadamski and Szumanska (1974) in the
same conditions observed a transient increase of brain water content.

Focal lesions which developed in a part of the investigated animals
are considered to be of vascular origin. The localization of these (oci
suggests their striking dependence on the vascularization of these areas.
According to Freisenhausen (1965) the hippocampus in rabbit brain is
vascularized mainly by the anterior branch of the posterior cerebral
artery which gives off 12—15 vertically directed segmental arterioles,
what according to Scharer (1940) may cause’ damage to this structure
when blood pressure is reduced. Similarly, the arrangement of the tha-
lamic nuclei arterioles lead to damage of the thalamus, the more so since
these arteries are anatomically terminal vessels. In addition anomalous
variations occur frequently in cerebral circulation, particularly in ves-
sels situated at the base of the brain (Meyer, Denny-Brown, 1957; Fields
et al,, 1965). The abnormal configuration of these arteries may greatly
affect their adequacy as potential channels of collateral circulation
(Fields et al., 1965; Riggs, Rupp 1962).

The disturbances of the haemodynamics of cerebral circulation obser-
ved in the postischemic period (Mossakowski, 1974), the alteration of th=
cerebral blood flow (Kapuscinski, 1974) and changes in brain volume
(Gadamski, Szumanska, 1974) may enhance the disturbances initiated
in the period of ischemia, thus leading to the appearance of more ex‘en-
sive focal tissue lesions. Besides the presence of diffuse and in some
animals more advanced lesions, these morphological changes may have
a slight, if any, influence on biochemical or physiological parameters.

Ihtn-/ In A Al
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The lack of breakdown products and greater damage in the vascular
system suggest a rather insignificant affection of the brain in the course
of experiment.

1. B. Zelman

POTOMORFOLOGIA MOZGU KROLIKA W DOSWIADCZALNYM
NIEDOKRWIENIU POLKUL MOZGOWYCH

Streszczenie

Celem przeprowadzonych badafi bylo ustalenie czy krotkotrwale, odwracalne
niedokrwienie moézgu kro6lika spowodowane jednostronnym podwigzaniem tetnicy
szyjnej wspolnej z réwnoczesnym obnizenem ci$nienia krwi do 20 mm Hg na
okres 15 minut prowadzi do powstawania zmian strukturalnych w o$rodkowym
ukladzie nerwowym.

Badania przeprowadzono na modelu opisanym przez Mchedlishvili (1973). Czas
przezycia krélikébw po retransfuzji wynosit 0, 2, 6, 12, 24 i 48 godzin oraz 5 dni.
Zwierzeta uSmiercano, stosujac przezsercowg perfuzje formaliny w roztworze soli
fizjologicznej.

Badania w mikroskopie §wietlnym wykazaly, ze w warunkach zastosowanego
modelu wystepuja w obu potkulach moézgu zmiany strukturalne réznie nasilone
u poszczegblnych zwierzat i zalezne od czasu przezycia po zabiegu. U krélikow
z kr6tkim czasem przezycia stwierdzono jedynie zbledniecie neuronéw oraz obrzek
§ré6dblonkéw i innych elementéw $ciany naczyniowej. W przypadkach z diuzszym
przezyciem wystepowaly niewielkie rozsiane ubytki komoérek nerwowych i oznaki
uszkodzenia neuronéw, drobne okolonaczyniowe mikromartwice oraz ogniskowe
martwice w hipokampie, we wzgoérzu, rzadziej w innych strukturach moézgu.
Towarzyszyl im odczyn glejowy lub glejowo-mezodermalny, ktorego nasilenie
i charakter byly zalezne od wielko$Sci ogniska i czasu przezycia po zabiegu
U wiekszo$ci przebadanych zwierzat dominowaty nieznaczne rozsiane zmiany struk-
turalne. Lokalizacja ogniskowych uszkodzen tkanki wskazuje na ich Scisty zwigzek
z wlasciwo$§ciami unaczynienia tych okolic i sugeruje wplyw dodatkowych czyn-
nikbw prowadzgcych do ogniskowego nasilenia zaburzen krgzenia mozgowego po
retransfuzji.

U. B. 3easman

IIATOMOP®OJIOTUA MOIr'A KPOJMUKA
MIPU DKCINEPMMEHTAJBHON MIIEMUU ITOJYIIAPUM MO3TA

Pe3ome
-

Ilenp0 NpPOBEAEHHBIX MCCAEAOBaHMI OBLIO YCTaHOBMUTB, BENST JM KpaTKOBpEe-
MenHas obpaTuMas MIIEHMA MO3ra, Bbi3BaHHAA JBYCTOPOHHEN I€PEBA3KOI COHHEIX
apTepuii ¢ OJHOBPEMEHHBIM CHMIKEHMEM KpPOBANOro jaBjeHMA A0 20 MM pPTyTHOroO:
cronba B Teuenme 15 MMHYT, K CTPYKTYPHBIM M3MEHEHUAM B LEHTPAJbHOV HEPBHOMK
cucTeMme.

-
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UccnepoBaums Obliy IPOBEZEHBI HA MOjexay, ommucaHHoM MxemmumBuaw (1973).
Bpems nepexuBaHUA KPOJMKOB IIOcje perpaHcgys3uu cocraBasio 0, 2, 6, 12, 24
u 48 yacos, a Takxke 5 aHeit. JKMBOTHBIX yOmBanm nepdysueit uepes cepnaue ¢op-
MaauHa B (DU3MOJIOTMYECKOM pacTBOpe.

ViccoienoBauMsaA B ONTUMYECKOM MMKPOCKOIE IIOKa3ajy, UTO B YCJIOBMAX MCIIONB30-
BaHHOM MOJilenlM B 00OMX IOJyIIapMAX MO3ra BLICTYIIAIOT CTPYKTYPHLIE M3MSHEHMH,
pas3iaMyHble y OTAENbHBIX KMBOTHBIX II0 MHTEHCUMBHOCTM M 3aBUCUMBIC OT BPEMEHM
nepezXKUBaHMUA IIOCJIE NPOLEAYPbl. ¥ KPOJMKOB C KOPOTKMM BPEMEHEM IepPeXXKMBAHUA
6p110 OOHApyzKeHO JMINL MOOJeAHEHMEe HEMPOHOB M OTEK SHAOTEIMA U JAPYyIHUX
9JIEMEHTOB COCYJAMCTBIX CTE€HOK. B cayuasax c 6ojiee AAMUTENBHB'M IEpPeKUBAHUEM
iabmonanuce HeGoJIbIIMe pacCeAHHBIE YYACTKM C yMEHBILEHHBIM KOJIXYECTBOM HEPB-
HBIX KJIETOK M NPU3HAKM [OBPEXKZEHUA HEMPOHOB, MEJKME OKOJIOCOCYMCTHIe MUKDPO-
HEKpPO3bl, a TaKXe OYaroBble HEKpPO3bl B Kope AMOHMeBa pora, B 3purejlbroM Oyrpe,
pexe B JPyIrMX CTPYKTypax mo3ra. VIM COmyTCTBCGEAJIa I'NIMAJBHAA M 1VIMAJIHHO-ME30-
AepMalibHasg peakIusd, MHTEHCMBHOCTBH M XapaKTep KOTODPOM 3aBMCEJI OT BEJMIMHBI
oyara ¥ BPEMEHM IepeXRKMBaHMA [0CJIe IpoueAypbl ¥ OoipmumHcTBa 06CIEeIOBaHHBIX
FHKUBOTHBIX IpeO6Jajajyu HEMHOTOYMCJIEHHbIE PACCeAHHBLIE CTPYKTYDPHBIE M3MEHEeHM.
Jlokanm3anma O4aroBbIX HAPYLIEHMII TKaHM yKa3blBAa€T HA MX TECHYIO CBS3b C 0CO-
GeHHOCTAMM BaCKyJIAPMU3aLMMU 9TUX 0BJacTeir ¥ NMpejrojaraeT BIMSHWE NOIOJEUTENb-
HBIX (DaKTOPOB, BeAyIUMX K MECTHOMY YBEJIMYEHMI0 HapyILUeHMr KPOROOBpAlIeHMUA
MO3ra yXe Iocjie peTpancdy3un.
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HISTOCHEMICAL CHANGES IN RABBIT BRAIN FOLLOWING
CIRCULATORY HYPOXIA

Department of Neuropathology, Experimental and Clinical Medical Research Centre,
Polish Academy of Sciences

Abnormal changes in the histochemical properties of the nerve tissue
as a result of cerebral hypoxia have been described in many experi-
mental models. The results differed in their character, intensity, dyna-
mics and distribution, depending on the type of hypoxia and intensity
of tissue lesions. The most important observation noted up to date is
that the histochemical abnormalities which are morphological exponents
of metabolic disorders occurred not only within the areas of irreversible
tissue lesions, but also in structures without any histological changes.
These changes were of short duration and reversible.

In the many forms of hypoxia of the CNS the most permanent histo-
chemical changes are transitional glycogen accumulation as well as
disorders in the activity of glycogen metabolizing enzymes. This pheno-
menon was described following perinatal asphyxia (Mossakowski et al.,
1968), transient ischaemia (Ibrahim et al., 1970; Pronaszko-Kurczynska
et al., 1971; Mossakowski et al., 1973), in simple hypoxia (Mossakowski,
Zelman, 1971) in hypoxia of anoxic-ischemic type (Kapuscinski et al,
1972) and in carbon monoxide intoxication (Korthals et al., 1973; Smia-
tek et al,, 1973; Szumanska, 1973).

In all these experimental models the common feature was the full
reversibility of these changes and their limitation to areas histologi-
cally unchanged.

These abnormalities were often accompanied by changes in the acti-
vity of the respiratory enzymes and sometimes also of the hydrolytic
enzymes (Mossakowski et al., 1968; Domanska-Janik, 1972; Korthals
et al., 1973).

The aim of present paper was to evaluate the histochemical changes
in the CNS tissues after circulatory hypoxia. Of particular interest to
us was accumulation of glycogen, the activity of glycogen metabolizing
enzymes and some respiratory enzymes connected with glucose meta-
bolic pathways.
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MATERIAL AND METHODS

The experiments were carried out on 25 rabbits of both sexes,
weighing 2.5 to 3.5 kg. Each animal was exposed individually for 15 min.
to circulatory hypoxia under pentobarbital anesthesia, according to pro-
cedure described by Mchedlishvili (1973).

Groups of 3—4 rabbits were sacrificed by injection of air into the
auricular vein at the following times after the experiment: 0, 4, 6, 12, 24
and 48 hours.

In control rabbits only the left common carotid artery was exposed
and ligated without exsanguination.

Brains were removed as fast as possible and cerebral hemispheres
were divided into blocks for histochemical investigations.

For histoenzymatical studies tissue blocks from one hemisphere were
frozen in dry ice and cut in a cryostat into 15 p thick sections. Tests
for revealing the activity of the following enzymes were performed on
these sections: UDPG-transferase — according to Takeuchi and Glenner
(1961), modified by Godlewski (1963); total phosphorylases — according
to Takeuchi and Kuriaki (1955); succinic dehydrogenase — according
to Novikoff (1963); lactic and G-6-P dehydrogenase according to Hess
et al. (1958).

The remaining tissue blocks from the second hemisphere were fixed
in Rossman’s solution and embedded in paraffin. The 10 p paraffin
sections were stained for glycogen by the periodic acid-Schiff (PAS)
technique after pretreatment with dimedone according to Bulmer (1959).
Alpha amylase digestion was also used to confirm the specificity of the
histochemical reaction.

RESULTS

Our observations were limited exclusively to the cerebral hemispheres
with special reference to the neocortex, hippocampal cortex and corpus
callosum, as region representative of white matter structures.

Glycogen. In control animals glycogen deposits occurred in the fol-
lowing structures: epithelial cells of the choroid plexus, epedyma with
the adjacent subependymal zone, and sometimes the superficial layers
of the cerebral cortex.

No glycogen deposits were seen in other cortical layers, but small
agglomerations of polysaccharide granules were found in the neuropil
of the hippocampal cortex (Fig.1). In the experimental groups the first
abnormal glycogen accumulation was found not earlier than 6 hrs afier
exposure to hypoxia. The deposits increased up to 24 hrs and then
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remained unchanged until 48 hrs. After this time some rabbits showed
a gradual decrease of glycogen storage, whereas others revealed poly-
saccharide accumulation, like that observed in the 24 hrs group.

The first glycogen deposits appeared in the form of coarse granules
situated around the blood vessels (Fig. 2, 3, 4), and the fine ones spread
all over the neuropil of the hippocampus and neocortex (Fig. 5, 6). After
12 to 24 hrs glycogen accumulation was usually enhanced, appearing also
in the form of diffuse staining of astrocytic cytoplasm and procésses
(Fig. 7, 8). After 48 hrs glycogen granules were visible also in some of
the gial cells in the corpus callosum (Fig. 9).

No glycogen was seen in the nerve cells of any of the experimental
groups.

UDPG-transferase or glycogen synthetase whose activity in normal
conditions is histochemically undetectable in the brain tissues, occurred
in the experimental animals after 4 hrs in the form of diffuse activity
around the capillaries of the neocortex and hippocampus.

In the 6-hrs group, glycogen synthetase activity slightly increased —
the reaction being stronger and its final products becoming more gra-
nular.

After 12 and 24 hrs UDPG-transferase activity was still pronounced
and was manifested in the form of deposits of coarse granules in all
layers of the neocortex as well as the hippocampus (Fig. 10).

In the 48-hrs group the activity of the enzyme was very similar to
that described in the 24-hrs group, but two rabbits showed a markedly
weaker enzymatic activity.

In the nerve cells and in the glia of the corpus callosum no activity
of this enzyme was observed in any of the experimental groups.

Phosphorylase activity showed no significant abnormality immediately
after exposure of the animals to hypoxia as compared to the control
(Fig. 11), with the exception of one rabbit in which at time zero a re-
duction of enzymatic activity was noted both in grey and white matter.
This was more noticeable in the hippocampus than in the other cortical
areas.

Drastic changes in phosphorylase activity occurred about 12 hrs
after hypoxia. The grey matter of both the neocortex and the hippocam-
pus exhibited abnormally high activity in the same areas in which gly-
cogen accumulation was highest. The high activity of the enzyme per-
sisted till 48 hrs (Fig. 12). At that time high phosphorylase activity was
present around the capillaries of the grey and white matter, in the
neuropil of neocortex and in some neurons of the hippocampus.
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Succinic dehydrogenase. The activity of succinic dehydrogenase was
high in the grey matter and weaker in the glial cells of white matter
in the brains of control animals, being most pronounced in the neurons
of the neocortex (Fig. 13) and slightly weaker in the hippocampal
structures.

In the experimental groups from zero time until 12 hrs a shight
decrease in the activity of SDH was observed particularly in the grey
matter (Fig. 14). The activity of the enzyme 24 to 48 hrs after hypoxia
did not show any difference as compared with the control animals.

Lactic dehydrogenase activity did not undergo any changes in the
experimental animals as compared with control ones. The only diffe-
rence observed was that in the 24-hrs group the activity in the gyrus
dentatus cells was higher.

Under normal conditions glucose-6-phosphate dehydrogenase exhibited
weak, diffuse activity in the grey matter (Fig. 15) and it was slightly
stronger in the glial cells of the white matter.

Twelve hours after hypoxia there was an increase in the activity of
the enzyme particularly in the white matter and in the neurons of the
neocortex. In the 24-hrs group a high activity of G-6-P DH was still
observed in the neocortex as well as in the neuropil of the hippocampus.
After 24 and 48 hrs a high activity around the capillaries and in the
neurons of the neocortex and hippocampus was noted (Fig. 16).

DISCUSSION

The histochemical changes observed after circulatory hypoxia were
basically the same as those in other types of hypoxia. The dominant
features were the accumulation of glycogen granules and the enhanced
activity of glycogen-metabolizing enzymes.

It should be mentioned that UDPG-transferase activity takes place
prior to the accumulation of glycogen, while the increase in phospho-
rylase activity occurs during its accumulation. This could indicate that
in this type of hypoxia we are dealing with enhanced glycogen synthesis
and not with inhibition of glycogen decomposition. Similar observations
have been reported by Mossakowski et al. (1968), Rivera et al. (1970),
Smiatek et al. (1971, 1973).

The accumulation of glycogen in the nervous tissue is considered
as an expression of disturbances in glucose metabolism and indicates
that its consumption is reduced. However, it is difficult to prejudge
whether this accumulation is due to decreased glucose consumption in
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Normal hippocampal gyrus. Glycogen absent in cells, traces in neuropil.
PAS-dimedone. X 100.

Norma, zaw6j hipocampa. Brak glikogenu w komérkach. Slad w neuropilu.
PAS-dimedon. Pow. 100 X,

Twenty four hours after hypoxia. Hippocampal gyrus. Glycogen grains
around vessels and in neuropil. PAS-dimedone. X 100.
24 godziny po hipoksji. Zawéj hipokampa. Ziarnisto$ci glikogenowe wokol
naczynh i w neuropilu. PAS-dimedon. Pow. 100 X.

Six hours after hypoxia. Hippocampal gyrus. Perivascular glycogen. PAS-
-dimedone. X 200.

6 godzin po hipoksji. Zawéj hipokampa. Glikogen przynaczyniowo. PAS-
-dimedon. Pow. 200 X.

Six hours after hypoxia. Neocortex. Perivascular glycogen. PAS-dimedone.
X 600.
6 godzin po hipoksji. Neocortex. Glykogen przynaczyniowo. PAS-dimedon.

Pow. 600 X.
Twelve hours after hypoxia. Neocortex. Glycogen in neuropil. PAS-dime-
done. X 400.
12 godzin po hipoksji. Neocortex. Glikogen w neuropilu. PAS-dimedon.
Pow. 400 X.
Fourthy eight hours after hypoxia. Neocortex. Perivascular glycogen and
in astrocytes. PAS-dimedone. X 400.
48 godzin po hipoksji. Neocortex. Glikogen przynaczyniowo i w astrccytach.
PAS-dimedon. Pow. 400 X.
Twenty four hours after hypoxia. Hippocampus. Glycogen in astrocyte pro-
cesses. PAS-dimedone. X 400.

24 godziny po hipoksji. Hipokamp. Glikogen w wypustkach astrocytarnych.
PAS-dimedon. Pow. 400 X.

. Twenty four hours after hypoxia. Neocortex. Glycogen in processes of

reactive astrocytes. PAS-dimedone. X 600.

. 24 godziny po hipoksji. Neocortex. Glikogen w wypustkach odczynowych

astrocytow. PAS-dimedon. Pow. 600 X.

.. Fourty eight hours after hypoxia. Corpus callosum. Glycogen in oligoden-

droglia cells. PAS-dimedone. X 400.

48 godzin po hipoksji. Corpus callosum. Glikogen w komoérkach oligoden-
drogleju. PAS-dimedon. Pow. 400 X.

10. Twenty four hours after hypoxia. UDPG-transferase. Granular reaction

in neuropil of hippocampal gyrus. X 400.

Ryc. 10. 24 godziny po hipoksji. UDPG-transferaza. Ziarnisty odczyn w neuropilu

zawoju hipokampa. Pow. 400 X.

Fig. 11. Control. Total phosphorylase. Low activity in fascia dentata region. X 100.
Ryc. 11. Kontrola. Fosforylaza totalna. Staba aktywno§¢ w rejonie fascia dentata.

Pow. 100 X.

Fig. 12. Fourty eight hours after hypoxia. Total phosphorylase. Distinct enhance-

ment of activity in the fascia dentata region (cf. Fig. 11). X 100.

Ryc. 12. 48 godzin po hipoksji. Fosforylaza totalna. WyrazZne nasilenie aktywnosci

w rejonie fascia dentata (por. ryc. 11). Pow. 100 X,
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Fig. 13. Control. Succinate dehydrogenase. Granular diformazan in III neocortex
layer. X 200.
Ryc. 13. Kontrola. Dehydrogenaza bursztynianowa. Ziarnisty diformazan w III war-
stwie neocortex. Pow. 200 X.

Fig. 14. Twenty four hours after hypoxia. Succinate dehydrogenase. Decreasea &ii-

zymatic activity in III meocortex layer as compared with control. (Fig. 13). X200.

Ryc. 14. 24 godziny po hipoksji. Dehydrogenaza bursztynianowa. Spadek aktyw-

no$ci enzymatycznej w III warstwie meocortex w por6wnaniu do kontroli (ryc. 13).
Pow. 200 X.

Figt. 15. Control. G-6-P dehydrogenase. Weak diffusion activity in fascia dentata
region. X 100,
Ryc. 15. Kontrola. Dehydrogenaza G-6-P. Slaba, dyfuzyjna aktywno$§¢ w rejoaie
fascia dentata. Pow. 100 X.

Fig. 16. Twenty four hours after hypoxia. G-6-P dehydrogenase. Enhanced enzymatic
reaction as compared with control (Fig. 15). Granular diformazan in fascia dentata
region. X 100.

Ryc. 16. 24 godziny po hipoksji. Dehydrogenaza G-6-P. Wzmozenie reakcji enzy-
matycznej w poréwnaniu do kontroli (ryc. 15). Ziarnisty diformazan w rejonie
fascia denfata. Pow. 100 X.
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cellular syntheses (Atkinson, Spector, 1964) or to increased accumulation
of the carbohydrate in the brain resulting from facilitated transport
through the blood walls (Spatz et al., 1972). The mechanism of activation
of glycogen synthesis is dependent on various factors. One of these fac-
tors can be the phosphorylated glucose itself accumulated in excess.
Such a mechanism of stimulation of UDPG-transferase has been
suggested by Breckenridge and Crawford (1961).

On the other hand, the considerable increase in phosphorylase activity
which occurs at the time of glycogen accumulation may indicate accord-
ing to Nelson et al. (1968), that glycogen itself stimulates phosphorylase
activity.

Glycogen accumulation and changes in the activity of enzymes meta-
bolizing the latter show a dynamics similar to analogous disturbances
occuring in moderate brain ischemia in rats (Pronaszko-Kurczynska
et al,, 1971; Mossakowski et al., 1973), they differ, however essentially
from the changes described in perinatal asphyxia (Mossakowski e! al.
1968) and in carbon monoxide intoxication (Szumanska, 1973). These
differences may be attributed both to the specific differences between
experimental animals and to the different types of hypoxia. A common
feature in all the experiments here discussed is the occurrence of chan-
ges in apparently unimpaired brain structures, and their prevalence in
grey matter. A certain peculiarity is their appearance in white matter
structures, not observed in general in the case of mature animals
{(Mossakowski et al., 1973).

Another group of histochemical differences as compared to the normal
state consists in changes in the activity of oxidative-reductive enzymes,
manifested in the transient depression of succinate dehydrogenase acti-
vity and enhancement of the activity of glucose-6-phosphate dehydroge-
nase. The activity of lactate dehydrogenase practically did not change
at various times of survival of the animals after hypoxia.

The depression of SDH activity is probably caused by a certain in-
hibition of the metabolism in the Krebs cycle. Analogous changes hava
been described by Spector (1963) and by Domanska-Janik (1972) in
simple hypoxia, as well as by Szumanska (1973) in carbon monoxide
poisoning. In our material, however, noteworthy is the very rapid return
of the activity of this enzyme to the control value, much quicker than
in carbon monoxide poisoning. Interesting is also the fact that the
reduction in the activity of this enzyme falls to the period preceding
glycogen accumulation.

The enhanced activity of glucose-6-phosphate dehydrogenase, analo-
gous to that observed by Domanska-Janik (1972) in anoxic-ischemic hy-
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poxia and by Szumanska (1973) in carbon monoxide intoxication, seems
to indicate an activation of the hexose-monophosphate shunt (HMP).
The essential difference, lies, however, here in the fact that the enhan-
ced activity of the enzyme in our material was not limited to the glia
cells like in other types of hypoxia, but involved also certain groups
of nerve cells.

The absence of major changes in lactate dehydrogenase activity sug-
gests an unimpaired activity of enzymes of the glycolytic pathway.
Domanska-Janik (1972) observed in hypoxia of Levin type a marked fall
of the activity of this enzyme in the cortical structures. This concerned,
however, structures with evident his:ological lesions. It should be borne
in mind, on the other hand, that the lack of changes in the over-all
histochemical reaction does not exclude a differentiated reaction of the
particular LDH isoenzymes, occurring as the consequence of hypoxia
(Latner, Skillen, 1968) as well as the activity of various LDH forms
in the particular brain structures (Broniszewska, Wroblewski, 1974).

In general, the above-mentioned changes are similar to those observed
in other types of hypoxia, the only difference being their dynamics.

G. Szumanska, R. Gadamski

ZMIANY HISTOCHEMICZNE W MOZGU KROLIKA W NASTEPSTWIE
HIPOKSJI KRAZENIOWEJ

Streszczenie

Badania przeprowadzono na 25 krolikach wagi 2,500—3,500 kg. Zwierzeta za-
bijano zatorem powietrznym w nastepujgcych czasach po do$wiadczeniu: 07, 4,
6, 12, 24 i 48 godzin. Do badan histochemicznych jedna poétkula byla zamrazana,
cieta w Kkriostacie i na skrawkach wykonano odczyny histochemiczne, wykazujace
aktywno$§¢ nastepujacych enzyméw: UDPG-transferazy, fosforylazy, dehydrogenazy
G-6-P, bursztynianowej i mleczanowej. Dla wykazania glikogenu druga potkula
moézgu byla utrwalana w plynie Rossmana i na skrawkach parafinowych wyko-
nano reakcje PAS, PAS-dimedon i PAS-diastaze.

Obserwowano odkladanie sie ziarnisto§ci glikogenowych narastajgce w czasie
(miedzy 6 a 48 godzing po do$wiadczeniu). Ziarnisto$ci te obserwowano poczatko-
wo wok6l naczyn, w neuropilu, a nastepnie w cytoplazmie i wypustkach astro-
cytow. Gromadzenie glikogenu bylo najsilniejsze w korze amonalnej i korze mbz-
gowej. Wzrost aktywno$ci UDPG-transferazy wystepowal juz w 4 godz. po
do$wiadczeniu i utrzymywal sie do 24—48 godz. Wzmozenie aktywnos$ci fosforylazy
mialo miejsce w 12 godz. po hipoksji. Histochemicznie wykrywalny produkt tej
reakcji odkladal sie dokladnie w tych strukturach, w ktérych obserwowano gro-
madzenie sie¢ ziarnisto$ci glikogenu.

Wykazano réwniez wzrost aktywno$ci dehydrogenazy G-6-P oraz spadek aktyw-
no§ci dehydrogenazy bursztynianowej. Nie wystepowaly zmiany w aktywno$ci hi-
stochemicznie wykrywalnej dehydrogenazy mleczanowej.
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T. IUIymanbcka, P. TajaMckn

TUCTOXUMUYECKUE U3MEHEHUSA B MO3IE KPOJUKA KAK CIJIEJIACTBUE
TUPKYJIAIMOHHOM TUIIOKCUU

Pe3wowMme

UccnepoBauusa OblIy mpoBejeHhbI Ha 25 Kposmkax BecoMm 2,5—3,5 Kr. ZKMBOTHBIX
ybuBanu BO3xyirHoi SmMboJiMelt Iocjie sKcmepuMeHTa uepes: ,,0”, 4, 6, 12, 24 u 48
yacoB. JIJId TMUCTOJIOTMYECKMX MCCJIENOBAHMII 3aMOPaXKMBAJIOCh OJHO IOJyIapue,
3aTeM B KpPMOCTaTe€ NPUTOTOBJAJUCH CPe3bl, HA KOTOPBIX INPOBOAMINMCE IMUCTOXMMM-
4YecKMe pearkuum AJsa OOHApyzKeHMsA aKTUBHOCTM ciaeayoumx depmenton: ¥V IPI-
-rpaHcdepaspl, ¢ocdopuiasel, geruaporeHasbl I'n-6-P, cyKUMHATIETIIPOreHas3bl
M JerujporeHasbl MOJOYHOI KMCJIOTHL

Jlna omnpepneyieHMsa TJIMKOT€HA BTOpOe IoJiyrlapue (PUKCHUPOBanOChH B pPaCTBOpPE
Pocecmana m Ha mapadMHOBBIX cpe3ax npoeoauauchk peakumm ITAC, ITAC-zumenoH
u ITAC-pauacrasa.

Habnroznanyu OTJIOKEHME TIJIMKOTEHOBOI 3€PHUCTOCTH, yBEJIUYMBAIOLIEHCS CO Bpe-
meHeM (Mexay 6 m 48 wacamMm 1Ocye SKCuEepMMeEeuTa). DTa 3ePHUCTOCTL Habimona-
Jack CHayajla BOKPYT COCyJOB, B HeEpOIMJje, a 3aTeM B ILMUTOIJIa3Me€ M OTPOCTKAX
acTpouuToB. CuiibHEE BCEro OTJIOXKEHME TIJIMKOreHa OBIJIO BhIpaXKeHo B Kope AMOo-
HMEBa pora u KOpe Mo3ra.

YBeanyenue akTuUBHOCTM ¥ /PI'-Tpancdepasbl HacTymajlo yxe uepe3d 4 wyaca
10cyie 9KCIEePMMEHTa M YAEPXMUBAJIOCh A0 24—48 4HacoB II0Cje TUIIOKLMM. Y CUJleHUe
akKTUBHOCTH (hocdopuiasbl Habmonanock yepe3 12 wacoB mocie runokceny. Oonapy-
JKUBAEeMbIM IMCTOXMMMUYECKM IIPOAYKT 3TOM peakKUMM OTKJAABIBAJICA E TeX Xe CTPyK-
Typax, B KOTOPBLIX Ha0JI0AAJIOCh HAKOIJIEHUE IJIMKOTeHOBBIX 3EDEeH.

Ob6HapyKeHO TakKe yBEJAMYEHUE aKTUBHOCTHU JierurporeHasnl I'n-6-P 1 cumxenue
AKTUBHOCTHM CyKUMHaATAEruaporenasbl. He ObLIO O0HApy»>XeHO TUCTOXMMMYECKM OIpe-
AENIAEeMBbIX M3MEHEHMII B aKTMBHOCTM AErMAPOresHasbl MOJIOYHOM KUCJOTHIL
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HISTOCHEMICAL CHANGES IN MEDULLA OBLONGATA IN RABBIT
CAUSED BY CIRCULATORY HYPOXIA (ISCHEMIA)
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Experimental circulatory hypoxia (ischemia) described by Mchedlish-
vili (1973) leads to deficient blood supply to the brain through the an-
terior and middle brain arteries. The posterior parts of the brain sup-
plied by branches of the basilar and vertebral arteries suffer less. Is-
chemia of the anterior parts of the brain is due to the fall of arterial
blood pressure to a level of about 20 mm Hg, associated with temporary
occlusion of both carotid arteries. The free flow through the vertebral
arteries, although reduced by the lowered pressure, supplies the medulla
and pons in a degree which ensures functional sufficiency of vitally im-
portant vegetative centres (Mchedlishvili, 1973).

Investigations on a model of circulatory hypoxia (Zelman, 1974; Al-
brecht, 1974; Sikorska, Smiatek, 1974; Kapuscinski, 1974; Szumanska,
Gadamski, 1974) mostly concerned the brain hemispheres that is the
brain regions most affected by ischemia. The changes here described
showed far reaching analogies with those obtained in other experimen-
tal models. Their common feature was circulatory insufficiency within
the central nervous system (Domanska-Janik, 1972; Mossakowski et al.,
1963; Pronaszko-Kurczynska, ta al., 1971; Long et al., 1972).

It was found in an earlier study (Gadamski, Szumanska, 1974) that
circulatory hypoxia results in slight focal damage to the blood-brain
barrier within the brain hemispheres and the medulla oblongata. Moreo-
ver, the data indicated additional changes in the permeability of the
cells membranes of numerous medullary neurons. This prompted the
authors to undertake investigations in order to evaluate histochemically
the medulla oblongata structures following circulatory hypoxia (ische-
mia).
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MATERIAL AND METHODS

For the experiments 20 rabbits of both sexes were used weighing
2.5—3.5 kg. They were submitted under nembutal anesthesia to 15-min
circulatory hypoxia according to the method described by Mchedlish-
vili (1973). The animals were divided into 6 groups according to the time
after hypoxia at which they were sacrificed. Each group consisted of
3 rabbits. The particular groups were sacrificed 2, 4, 6, 12, 24 and 48 hrs
after being subjected to hypoxia. The control group consisted of 2 rab-
bits with ligated left common carotid artery without exsanguination.
The animals were sacrificed under superficial nembutal anesthesia by
acute bleeding after section of both carotid arteries. The medulla oblon-
gata was removed immediately after killing the animals, frozen in dry
ice and cut on a cryostat into sections 15 w thick on which the activity
of the following enzymes was histochemically determined: acid phospha-
tase after Burston (1962), thiamine pyrophosphatase according to the
method of Novikoff and: Goldfischer (1961) in the modification of
Gluszcz (1966) and Schiffer (1973), succinate dehydrogenase according to
Novikoff (1963), lactate dehydrogenase after Hess et al. (1958) and G-6-P
dehydrogenase after Hess et al. (1958). From each medulla oblongata
tissue segments were taken and fixed in Rossman’s solution, embedded
in paraffin and cut into 10 p sections. For revealing glycogen the
following reactions were run: PAS, blocking of aldehyde groups with
dimedone according to Bulmer (1959) and preincubation with diastase
after Pearse (1972).

RESULTS

In preparations stained by routine methods no morphological chan-
ges were found in the medulla oblongata except slight tigrolysis obser-
ved in some few neurons in animals sacrificed 4, 6 and 12 hrs after
hypoxia.

Glycogen

Abundant accumulation of glycogen grains in the medulla oblongata
of control animals was observed under the meninges, in the promonto-
rium gliosum calami scriptorii, in the nucleus solitarius and its neigh-
bourhood (Fig. 1), in tuberculum acusticum and in the nucleus nervi
cochlearis. A weaker histochemical reaction to glycogen as compared
with the above named structures was exhibited by: nucleus olivaris
caudalis and nucleus olivaris cranialis. The here presented picture of
glycogen distribution did not differ in the particular groups of experi-
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mental animals. Only in the rabbits sacrificed after 4 hrs was an en-
hanced glycogen deposition observed in the neurons of nucleus am-
biguus. The presence of polysaccharide, noticeable in the form of a dif-
fuse reaction in the cytoplasm of most of the neurons of this nucleus
persisted in the animals killed after 6 hrs (Fig. 2). In the remaining time
groups the histochemical picture of glycogen distribution in the experi-
mental animals did not differ from that characteristic for the controls.

Acid phosphatase

Acid phosphatase activity in most nuclei of the medulla oblongata
cells in control animals appeared in the form of a lysosomal fine-granu-
lar reaction evenly distributed in the neuronal cytoplasm (Fig. 3). In
experimental rabbits an enhanced activity of this enzyme was observed
for 2—12 hrs after hypoxia. In this period coarse-granular reaction pro-
ducts were visible showing a tendency to accumulation on the cell pe-
riphery. At the same time acid phosphatase activity appeared or was
enhanced in the proximal parts of the nerve cell processes.

The increase in enzyme activity was most pronounced in nucleus mo-
torius nervi trigemini (Fig. 4). It was less pronounced in nucleus reticu-
laris lateralis and in subnucleus reticularis ventralis of the medulla ob-
longata. In the nucleus nervi hypoglossi and nucleus dorsalis nervi vagi
this increase was moderate. In animals living longer than 12 hrs after
hypoxia the histochemical picture of acid phosphatase was similar to
that noted in the control group.

Thiamine pyrophosphatase

The picture typical for the histochemical reaction characteristic for
the neurons in the medulla oblongata (Fig. 5) changed in experimental
animals 2 hrs after hypoxia (Fig. 6). These changes concerned most
nuclei of the bulbar neurons, and became more distinct in the succes-
sive time groups. They were most pronounced in rabbits killed 6 (Fig. 7)
and 12 hrs after hypoxia. The main change was the depression of TPP-
-ase activity, obliteration of the characteristic pattern and changes in
the localization of the end product of the reaction, manifested in the
translocation of the latter from the perinuclear zone to the cell peri-
phery. Simultaneously with the decrease in TPP-ase activity in the
neurons the same activity declined in the neuropil. From among the
elements of the nerve tissue of the medulla oblongata, only the blood
vessels in the experimental animals were distinctly outlined as com-
pared with the picture in the control material. The return of TPP-ase
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activity to the control value occurred in the rabbits sacrificed after 24
hrs, however, even in the animals of the last examined group (48 hrs
after hypoxia) the activity of the enzyme was slightly lower than that
in control preparations.

Early depression of TPP-ase activity (2 hrs after hypoxia) was obser-
ved in the neurons of nucleus mervi hypoglossi, nucleus reticularis gi-
gantocellularis, nucleus reticularis lateralis, nucleus ambiguus and nu-
cleus Deitersi. Somewhat later (after 4 hrs) the decrease in activity was
also noted in nucleus dorsalis nervi vagi and nucleus olivaris caudalis.

Succinate dehydrogenase

Succinate dehydrogenase activity as compared with that in control
material was greatly enhanced (Figs. 8, 9, 10, 11) as early as 2 hrs after
hypoxia. In the successive time groups (4 and 6 hrs) a further gradual
increase in the activity of this enzyme was observed. It was most pro-
nounced 12 hrs after hypoxia. The return of succinate dehydrogenase
activity to control values noted after 24 hrs was more marked in rabbits
killed after 48 hrs, however, in the latter animals the activity of the en-
zyme was still higher than that found in the control material. The en-
hanced activity of the enzyme was most distinct in the neurons and
neuropil within the nucleus dorsalis nervi vagi, nucleus nervi hypoglossi,
nucleus olivaris caudalis et cranialis, nucleus reticularis gigantocellu-
laris, nucleus reticularis parvocellularis, nucleus Deitersi, nucleus trian-
gularis and nucleus prepositus hypoglossi.

Lactate dehydrogenase

In the control material lactate dehydrogenase (LDH) exhibited an in-
tensive activity in the neurons and neuropil (Fig. 12). The granular
histochemical reaction characteristic for normal conditions showed in
the experimental animals a diffuse character. Two hours after circula-
tory hypoxia the LDH activity markedly decreased in nerve cells and
the neuropil (Fig. 13). The depression in enzyme activity was most
marked in animals killed after 6 hrs (Fig. 14). The depression of the
histochemical reaction for LDH was observed in. nucleus reticularis gi-
gantocellularis, nucleus reticularis pontis caudalis, nucleus reticularis
parvocellularis, nucleus Deitersi, subnucleus tractus trigemini oralis,
nucleus motorius nervi trigemini, nucleus nervi facialis and nucleus re-
ticularis lateralis.

The reduced LDH activity in the above named nuclei of the medulla
oblongata characteristic for animals Kkilled after a shorter time lapse
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“after hypoxia (2, 4, 6 hrs) showed a tendency to return to normal values
12 hrs after circulatory experimental hypoxia (Fig. 15). In animals kil-
led after 24 and 48 hrs the histochemical picture of lactate dehydrogenase
activity was very similar to that observed in the control material.

In nucleus ambiguus, nucleus mervi hypoglossi and nucleus dorsalis
nervi vagi the intensity of the enzymatic reaction at all times investi-
gated was similar to that noted in the control material.

G-6-P dehydrogenase

The histochemical picture of G-6-P dehydrogenase in the control ma-
terial greatly varied (Fig. 16). Only few nuclei of the medulla oblongata
showed a high activity of the enzyme in the neurons and neuropil. To
this group belonged: nucleus nervi vestibularis, nucleus cochlearis, tu-
berculum acusticum (Fig. 17) nucleus Deitersi (Fig. 18) and nucleus mo-
torius mervi trigemini. In other nuclei of medulla oblongata such as
nucleus dorsalis nervi vagi and nucleus reticularis gigantocellularis (Fig.
19) an intensive enzyme reaction was observed in the neurons only,
whereas in nucleus olivaris caudalis, nucleus tractus solitarii, nucleus
gracilis et cuneatus, nucleus olivaris cranialis high G-6-P dehydrogenase
activity was exhibited only be the neuropil, while the neurons presen-
ted only trace or moderate activity. In the experimental animals the in-
tensity of the histochemical reaction increased markedly 4 hrs after
experimental circulatory hypoxia. A higher activity of the enzyme was
also observed in rabbits 6, 12 and 24 hrs after hypoxia. This was most
pronounced in the neurons and neuropil, of the nucleus Deitersi and
nucleus reticularis gigantocellularis (Fig. 20, 21), as well as in the neu-
rons of nucleus nervi cochlearis and tuberculum acusticum). The activily
also increased in the neuropil of nucleus olivaris caudalis. In the group
of animals sacrificed 48 hrs after hypoxia the histochemical picture of
G-6-P dehydrogenase was similar to that in the control groups.

DISCUSSION

The observations here described indicate that in the medulla oblon-
gata, in spite of its less reduced blood supply as compared with other
brain parts, resulting from the maintained patency of the vertebral ar-
teries, a number of histochemical disorders was observed which are
a morphological exponent of metabolic disturbances in the tissue. These
changes occur against a background of a completely or almost normal
histological picture of the tissue. They show a number of differences as
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compared with the histochemical changes occurring in the structures of
the brain hemispheres under the same experimental conditions (Szu-
manska, Gadamski, 1974), These differences may be probably ascribed,
on the one hand, to the different degree of ischemia in the medulla as
compared with the hemispheres, and on the other hand, to the different
metabolism of the former. A common feature of the histochemical di-
sorders in the brain hemispheres and medulla oblongata was their short
duration and reversibility.

A constant finding in the brain hemispheres was the appearance of
glycogen in the postischemic period, localized around the blood vessels,
in the astrocytic perikarya and processes and loosely disseminated in
the neuropil of the grey matter, above all in the cortex (Szumanska,
Gadamski, 1974). In the bulb, on the other hand, notwithstanding the
time elapsed after ischemia, no polysaccharide deposits were observed
outside the region of the nucleus ambiguus nervi vagi. The polysaccha-
ride accumulated in the first place in the neurons, and in lesser quan-
tities in the neuropil. Possibly these differences may be attributed to the
different degree of ischemia of the brain parts under discussion. Their
metabolic peculiarities should also be taken into account, among other
things the fact that certain structures of the medulla oblongata contain
under normal conditions considerable amounts of glycogen. This is par-
ticularly true of some nuclei of cranial nerves (Friede, 1966).

Noteworthy is the fact that a diminution of glycogen deposits in these
bulbar structures was not observed as the result of the experiment.
A depression of the glycogen values in the medulla oblongata of mice by
about 50 per cent as compared with normal was demonstrated by Duffy
et al. (1972) iy @& model of acute 30-min hypoxia. The difference in
results may be explained by the fact that these authors determined bio-
chemically the glycogen level immediately after the end of hypoxia,
whereas in the present investigations the aim in view was to evaluate
the glycogen content and its localization in the period of recovery after
hypoxia, not earlier than 2 hrs after ischemia.

The observed intensified histochemical reaction for acid phosphatase
may be evidence of an increase in the number of lysosomes or else it
may be an exponent of activation of catabolic processes in the nervous
tissue subjected to temporary ischemia.

Similar changes in enzyme activity were found by the present authors
in motor cells of the spinal cord of dogs under conditions of transient
ischemia due to 20-min occlusion of the thoracic aorta (Gadamski et al.,
1974). These changes appeared 12—48 hrs after experimental hypoxia.
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It would seem that the discrepancy of the results in time may be re-
ferred to the different animal species used in the experiments. This
is supported by the differences in the time of occurrence of the same
phenomenon in the experiments of Mossakowski et al. (1968) under con-
ditions of perinatal asphyxia in monkeys, and in the model of ano-
xic-ischemic encephalopathy (Becker and Barron, 1961).

The enhanced succinate dehydrogenase and glucose-6-phosphate de-
hydrogenase activity observed by us is difficult to interpret. The histo-
chemical picture seems to suggest a different degree of damage to the
nerve cells.

The increase in succinate dehydrogenase activity may be interpreted
in two ways. On the one hand it may be evidence of activation of oxy-
gen metabolism, occurring in the postischemic period, this, however,
is contradicted by the observations of other authors on similar experi-
mental models of hypoxia (Domanska-Janik, 1972; Spector, 1963). On the
other hand damage to the mitochondria, above all in the nerve cells,
should be taken into account. It may cause an increase in the mitochon-
drial surface area, thus facilitating the contact between the substrate
and the enzyme (Kozik, 1972). As a consequence of this process a spu-
rious increase in enzyme activity may appear. The changed permeability
of the cell membranes of bulbar neurones observed by us may be an
additional factor favouring the appearance of such a spurious enzyma-
tic activity.

The slight increase in LDH activity observed in the previous study
(Szumanska, Gadamski, 1974) and its considerable decrease in the me-
dulla oblongata are probably associated with the different composition
of LDH isoenzymes in the cortex and medulla as mentioned by Broni-
szewska et al. (1974). These authors demonstrated that ischemia of the
nervous tissue leads, without depressing the LDH level in the cerebral
cortex, to its simultaneous fall in the medulla oblongata. This decrease
in the activity of the enzyme may also be due to the rise of the level of
lactic acid which accumulates as the consequence of prevalence of anae-
robic glycolysis and leads to a lowering of tissue pH and inhibition of
LDH activity (Dawson et al., 1964).

The early increase of G-6-P dehydrogenase activity may be considered
as indicating an activation of the pentose pathway of glucose metabo-
lism. It may also possibly reflect the enhancement of the metabolic pro-
cesses in the glia cells in response to hypoxia (Domanska-Janik, 1962).
Neither can the role of changes in the permeability of the cell mem-
branes, discussed above, be ruled out here.
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The changes in thiamine pyrophosphatase activity indicate the possi-
bility of disturbances in the function of the Golgi apparatus.

The above described histochemical abnormalities are a manifestation
of metabolic disorders involving a wide spectrum of intracellular
changes.

Analysis of their topographic distribution in the medulla oblongata
indicates that they are localized above all in the posterior and middle
part of the latter comprising the region of the medulla containing im-
portant neuroregulation centres. It may be that metabolic disturbances
in this region of the central nervous system are connected with disorders
in the function of the here localized vegetative centres and may, in spite
of their transient and reversible character, affect considerably the ge-
neral state of the animals in the postischemic period, aggravating da-
mage caused by the short lasting ischemia.

CONCLUSIONS

1. Circulatory hypoxia (ischemia) of 15-min duration produces in the
medulla oblongata, in spite of relatively better blood supply as com-
pared with other parts of the brain, a number of histochemical abnor-
- malities with at the same time a completely or almost so normal histe-
logical picture.

2. The changes in the histochemical picture find expression in an in-
crease of acid phosphatase, SDH and G-6-P dehydrogenase activity and
in a depression of the activity of TPP-ase and LDH.

3. All the changes in the activity of the enzymes investigated noted
in the period between 2 and 24 hrs after hypoxia are transient and re-
versible.

4. Topographical analysis of the distribution of histochemical distur-
bances indicates that they are localized above all in the posterior and
middle part of the medulla oblongata, that is in the parts involving im-
portant neuroregulatory centres.

R. Gadamski, R. Eustachiewicz

ZMIANY HISTOCHEMICZNE W RDZENIU PRZEDLUZONYM KROLIKA
W NASTEPSTWIE HIPOKSJI KRAZENIOWEJ

Streszczenie

Okre$§lono aktywno$é fosfatazy kwasnej, pyrofosfatazy tiaminowej, dehydro-
genazy bursztynianowej, mleczanowej i dehydrogenazy G-6-P oraz wykonano od-
czyny histochemiczne na glikogen w rdzeniu przedluzonym kro6lik6w poddanych

http://rcin.org.pl



Nr 4 Histochemistry of ischemic medulla 611

15-minutowej hipoksji krazeniowej wg modelu opisanego przez Mchedlishvili
(1973). Czas przezycia zwierzat po hipoksji wynosit 2 do 48 godzin.

W badanym materiale nie stwierdzono odkladania sie glikogenu z wyjatkiem
nucleus ambiguus, w ktérego neuronach wykazano obecno$§¢ wielocukru u zwie-
rzat z 4 i 6-godzinnym przezyciem. W grupie badanych enzymoéw hydrolitycznych
stwierdzono wzrost aktywnos$ci fosfatazy kwasnej w czasie od 2 do 12 godz. prze-
zycia. W tym samym czasie aktywno§é pyrofosfatazy tiaminowej byla wyraznie
obnizona.

W grupie enzymo6éw oddechowych wykazano wzrost aktywno$ci dehydrogenazy
bursztynianowej (2 do 12 godz.), dehydrogenazy G-6-P (4 do 24 godz.) oraz spadek
aktywno$ci dehydrogenazy mleczanowej (2 do 6 godz. przezycia) Obserwowane
zmiany w aktywno$ci badanych enzymé6w mialy charakter odwracalny. U zwierzat
z 48-godzinnym przezyciem obraz histochemiczny nie réznil sie od normy.

P. T'apamcky, P. EycraxmneBuy

TUCTOXMMUYECKUE USMEHEHUS B ITPOZOJTOBATOM MOSITE K,PO.,'IMKA
IIOCIJIE TVPKYJIANVOHHOV TUIIOKCUU

PeswomMme

Onpepenann aKTMBHOCTM KMCIOM pocchaTazsl, TMaMmMHNUpodocdaTasel, CyKIM-
HaTAErUApOreHassl, JaKTaTAeTUApPoreHasnbl U AerupaporeHassl I'ni-6-P, a Takxke Ipo-
BOAMJINCH TUMCTOXMMMYECKMe MpPOoObl Ha 1JIMKOTeH B IPOJOJTOBaTOM MO3Te KPONMKOB,
TIOABEPTHYTHIX 15-MMHYTHOM LIMPKYJIALMOHHONM TIMIIOKCKM COTJIACHO MOJeJiM, OmnyucaH-
qoit MxeanmmuBuan (1973). BpeMsi nepezmuBaHMsA MKMBOTHBIX IIOCJE TUIIOKCHM GbLIO
oT 2 0 48 "acos.

B wuccinepyemom wmartepualie He ObLIO 00Hapy2KeHO OTJIOMKEHMII TJIAMKOreHa, 3a
VUCKJIIOYEeHMEeM JBOMHOIO siipa, B HEMPOHAX KOTOPOro ObIJIO IMOKAa3aHO HaJIUIue IT0JIU-
caxapuza y KMBOTHBIX, nmepezkuBmInx 4 u 6 wacoB. IIpu ucciaenoBaHMM CUJIPOJIATU-
4eCcKuX (hepMeHTOB ObLIIO yCTAHORJIEHO yBeJIMuUeHMe AKTUBHOCTM KMCJON (docdaTasbl
8 niepuoj OoT 2 A0 12 yacoB nepe:kmuBaHusA. B TO Ke Bpemsa TuMaMHHIIMPOchocdaTasbl
Obljla 4YeTKO CHMIKEHA.

B rpynme jbIxaTenbHbIX (PepPMEHTOB OblI0 0OHApPYIKEHO yBeJIMYCHUE AKTUBHOCTH
CyKuMHaTAeruyporesasbsr (0r 2 go 12 wacom), gmerunporsasst I'n-6-@ (or 4 go 24
JacoB) M CHMIKEHME JaKraTtaeruaporenassl (2 ro 6 uHacoB mnepemxmBanusa). Habmro-
lJaeMble M3MEHEHMA B aKI1MBHOCTM MCCJEAYEMBIX (DEPMEHTOB HOCMIM OOparuMbIi
xapakTep. Y IKMBOTHBIX, NEPEKMBIIMX 48 vacOB, TMCTOXMMMYECKAsA KapTiia He
OTJIMYajiaCh OT HOPMbL

REFERENCES

1. Albrecht J.: Changes in rabbit brain ribosomes in circulatory hypoxia.
Neuropat. Pol. 1974, 12, 665—669.

2. Backer N. H., Barron K. D.: The cytochemistry of anoxic-ischaemic encepha-
lopathy in rats. I. Alteration of neuronal lysosomes identified by acid phos-
phatase activity. Am. J. Path. 1961, 38, 161—175.

http://rcin.org.pl



612

10.

11,
12.

13.

14.

15.

16.

: [

18.

19.

20.

21.

R. Gadamski, R. Eustachiewicz Nr 4

Broniszewska-Ardelt B., Wroblewski J.: Wplyw niedotlenienia na aktywnosé
niektérych enzymoéw glikolitycznych w mozgach $§winek morskich i szczuréw.
In preparation.

Bulmer D.: Dimedon as an aldehyde blocking to facilitate the histochemical
demonstration of glycogen. Stain Technol. 1959, 34, 95—98.

Burstone M. S.: Enzyme histochemistry and its application in the study of
neoplasms. New York: Acad. Press 1962.

Dawson D. M., Goodfriend T. L., Kaplan N. O.: Lactic dehydrogenases fun-
ctions of the two types. Science, 1964, 143, 929—933. ’
Domanska-Janik K.: DoSwiadczalne niedotlenienie a niektére zagadnienia tle-
nowego metabolizmu glukozy w oSrodkowym ukladzie nerwowym. Neuropat.
Pol. 1972, 10, 17—43.

Duffy T. E., Nelson S. R, Lowry O. H.: Cerebral carbohydrate metabolism
during acute hypoxia and recovery. J. Neurochem. 1972, 19, 959—977.

Friede R. L.: Topogzraphic brain chemistry. Acad. Press, New York — Lon-
don 1966.

Gadamski R., Rap Z., Borkowski M.: Badania histologiczne i histochemiczne
zmian w rdzeniu kregowym pséw po do§wiadczalnym zamknieciu aorty pier-
siowej. In preparation.

Gadamski R., Szumanska G.: The blood-brain barrier in rabbit following
circulatory hypoxia. Neuropat. Pol. 1974, 12, 693—702.

Gluszez A.: Lokalizacja histochemiczna fosfataz hydrolizujacych pyrofosforan
tiaminy w oSrodkowym ukladzie nerwowym. Neuropat. Pol. 1966, 4, 171—185.
Hess R., Scarpelli D., Pearse A.: The cytochemical localization oxidative enzy-
mes. II. Piridine nucleotide linked dehydrogenase. J. Biophys. Biochem. Cytol
1958, 4, 753—760.

Kozik M.: Do§wiadczalny obrzek neuronu w $§wietle badan histoenzymatycz-
nych. Neuropat. Pol. 1972, 10, 1—15.

Kapuécinski A.: Cerebral blood flow under conditions of circulatory hypoxia
with particular reference to the retransfusion period. Neuropat. Pol. 1974, 12,
563—572.

Long D. M. Mossakowski M. J., Klatzo, I.: Glycogen accumulation in spinal
cord motor neurons due to partial ischemia. Acta Neuropath. (Berl) 1972, 20,
335—347.

Mchedlishvili G. I.: Experimental model of controllable circulatory hypoxia
(ischemia) of cerebral hemispheres. Neuropat. Pol. 1973, 11, 249—262.
Mossakowski M. J., Long D. M., Myers R. E., de Curet H. R., Klatzo I.: Early
histochemical changes in perinatal asphyxia. J. Neuropath. exp. Neurol. 1968,
27, 500—516.

Mossakowski M. J., Pronaszko-Kurczynska A., Korthals J.,, Wrutniak A.:
Wplyw umiarkowanego niedokrwienia na poziom glikogenu w moézgu w za-
lezno$ci od stopnia dojrzalo$ci o$rodkowego ukladu nerwowego. Neuropat.
Pol. 1973, 11, 53—68.

Novikoff A. B., Goldfischer S.: Nucleoside diphosphatase activity in the Golgi
apparatus and its usufulness for cytological studies. Proc. Nat. Acad. Sci 1961,
47, 802—809.

Novikoff A. B.: Electron transport enzymes biochemical and tetrazolium stu-
dies. I. Intern. Congres of Histochem. Cytochem. Pergamon Press, Oxford, Lon-
don, New York, Paris 1963, 465—841.

http://rcin.org.pl



Nr 4 Histochemistry of ischemic medulla 613

22. Pearse A. G. E.: Histochemistry. Theoretical and Applied. 2 Ed. Little, Brown
and Comp., Boston 1972.

23. Pronaszko-Kuczynska A. Mossakowski M. J., Ostenda M., Korthals J.: Zmia-
ny w zawartoSci glikogenu w moézgu w do$wiadczalnej ischemii. Neuropat.
Pol. 1971, 9, 281—295.

24. Schiffer D.: Histochemical study of TPPase and NDPase in the human ner-
vous tissue with particular reference to glia cells. Histochemie. 1973, 33, 53—60.

25. Sikorska M., Smiatek M.: Glycogen level and UDPglucose: glycogen a-4-glu-
cosyltransferase (EC 2.4.1.11) activity in the brains of rabbits after experimen-
tal circulatiory hypoxia. Neuropat. Pol. 1974, 12, 655—664.

26. Spector R. G.: Selective changes in dehydrogenase enzymes and pyridine nu-
cleotides in the rat brain in anoxic-ischemic encephalopathy. Brit. J. Exp. Path.
1963, 44, 312—316.

27. Szumanska G., Gadamski R.: Histochemical changes in rabbit brain following
circulatory hypoxia. Neuropat. Pol. 1974, 12, 593—601.

28. Zelman I. B.: Pathomorphology of the rabbit brain following circulatory hy-
poxia. Neuropat. Pol. 1974, 12, 583—591.

Authors’ address: Department of Neuropathology, Experimental and Clinical
Medical Research Centre, Polish Academy of Sciences, 00-784 Warsaw, 3 Dwor-
kowa Str.

LEGEND OF FIGURES

Fig. 1. Normal glycogen grains within nucl. solitarius. X 100.
Ryc. 1. Norma, ziarnisto$ci glikogenu w obrebie nucl. solitarius. Pow. 100 X.

Fig. 2. Glycogen deposits in neurons of nucl, ambiguuy; 6 hrs after hypoxia. PAS-
-dimedone. X 150.
Ryc. 2. Zlogi glikogenu w neuronach nucl. ambiguus; czas przezycia 6 godz. PAS-
-dimedon. Pow. 150 X.

Fig. 3. Normal granular reaction to acid phosphatase in neurons of nucl. mo-
torius mervi trigemini. X 400.

Ryc. 3. Norma, ziarnisty odczyn na fosfataze kwasng w neuronach nucl. motorius
nervi trigemini. Pow. 400 X, .

Fig. 4. Enhanced acid phosphatase activity in neurons of nucl. motorius nervi

trigemini; 12 hrs after hypoxia. X 400.
Ryc. 4. Wzmozona aktywno§é¢ fosfatazy kwasnej w neuronach nucl. motorius mervi
trigemini; czas przezycia 12 godz. Pow. 400 X.

Fig 5. Normal pattern of TPP-ase activity in neurons of nucl. reticularis gigan-
tocellularis. X 400.

Ryc. 5. Norma, prawidlowy wyglad aparatu Golgiego w neuronach nucl. reticularis
gigantocellularis. Pow. 400 X, . 1
Fig. 6. Lowered TPP-ase activity in neurons and neuropil of nucl. Deitersi; 2 hrs
after hypoxia. X 400.
Ryc. 6. Obnizona aktywno§é TPP-azy w neuronach i w neuropilu nucl. Deitersi;
czas przezycia 2 godz. Pow. 400 X,
Fig. 7. Lowered TPP-ase activity in neurons and neuropil of nucl. reticularis
gigantocellularis; 6 hrs after hypoxia. X 300.
Ryc. 7. Obnizona aktywno§¢ TPP-azy w neuronach i neuropilu nucl. reticularis
gigantocellularis; czas przezycia 6 godz. Pow. 300 X.
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Figs. 8, 9, 10, 11. Cross sections of medulla oblongata at various levels. Differences
in succinate dehydrogenase activity in particular nervous structures; 2 hrs after
hypoxia. X 9.

Ryc. 8, 9, 10, 11. Przekroje poprzeczne rdzenia przedluzonego na réznych pozio-
mach. Zréznicowana aktywno§¢ dehydrogenazy bursztynianowej w poszczegdlnych
strukturach nerwowych; czas przezycia od 2 do 12 godz. Pow. 9 X.

Fig. 12. Normal lactate dehydrogenase activity in neurons and neuropil of nucl.
Deitersi. X 300.
Ryc. 12. Norma, aktywno§¢ dehydrogenazy mleczanowej w neuronach i neuropilu
nucl. Deitersi. Pow. 300 X.

Fig. 13. Cross section of medulla oblongata at the level of nucl. reticularis laie-
ralis. Depressed lactate dehyrogenase activity in particular nervous structures;
2 hrs after hypoxia. X 9.

Ryc. 13. Przekr6j poprzeczny rdzenia przedluzonego na poziomie nucl. reticularis
lateralis. Obnizenie aktywno$ci dehydrogenazy mleczanowej w poszcezegdlnych
strukturach nerwowych; czas przezycia 2 godz. Pow. 9 X.

Fig. 14. Depressed lactate dehydrogenase activity in neurons and neuropil of
: nucl. Deitersi; 6 hrs after hypoxia. X 200.
Ryc. 14. Obnizona aktywno$§¢ dehydrogenazy mleczanowej w neuronach i neuropilu
nucl. Deitersi; czas przezycia 6 godz. Pow. 200 X.

Fig. 15. Visible return of lactate dehydrogenase activity in neurons of nucl.
Deitersi; 12 hrs after hypoxia. X 200.
Ryc. 15. Zaznaczajacy sie¢ powr6ét aktywnoSci dehydrogenazy mleczanowej w neu-
ronach nucl. Deitersi; czas przezycia 12 godz. Pow. 200 X.

Fig. 16. Control animal. Differences in G-6-P dehydrogenase activity in nervous
_ structures of medulla oblongata at the level of nucl. reticularis lateralis. X 9.
Ryc. 16. Zwierze kontrolne. Zréznicowana aktywno$¢ dehydrogenazy G-6-P w struk-
turach nerwowych rdzenia przedluzonego na poziomie nucl. reticularis lateralis
Pow. 9 X.
Fig. 17. Normal G-6-P dehydrogenase activity in neurons and neuropil of tuber-
culum acusticum and nucl. nervi cochlearis. X 100.
Ryc. 17. Norma, aktywno$é dehydrogenazy G-6-P w neuronach i neuropilu tuber-
culum acusticum oraz nucl. mervi cochlearis. Pow. 100 X.
Fig. 18. Normal G-6-P dehydrogenase activity in neurcns and neuropil of nucl.
Deitersi. X 200.

Ryc. 18. Ncrma, aktywno$§é debydrogenazy G-6-P w neuronach i neuropilu nucl.
Deitersi. Pow. 200 X.

Fig. 19. Normal G-6-P dehydrogenase activity in neurons of nucl. reticular?s gi-
gantocellularis. X 200.

Ryc. 19. Norma, aktywno$§é dehydrogenazy G-5-P w neurcnach nucl. reticularis gi-
gantocellularis. Pow. 200 X.

Fig. 20. Enhanced G-6-P dehydrogenase activity in neurons and neuropil of nucl.
Deitersi; 6 hrs after hypoxia. X 200.

Ryc. 20. Wzmozona aktywno$§é dehydrogenazy G-6-P w neuronach i neuropilu nucl.
Deitersi; czas przezycia 6 godz. Pow. 200 X.

Fig. 21. Enhanced activity in neurons and neuropil of nucl. reticularis giganto-
cellularis; 12 hrs after hypoxia. X 200.
Ryc. 21. Wzmozona aktywno§¢é w neuronach i neuropilu nucl. reticularis giganto-
cellularis; czas przezycia 12 godz. Pow. 200 X.
Fig. 22. Enhanced G-6-P dehydrogenase activity in neurons of tuberculum acusti-
cum and nucl. nervi cochlearis; 24 hrs after hypoxia. X 100.

Ryc. 22. Wzmozona aktywno$é dehydrogenazy G-6-P w neuronach tuberculum acu-
sticum i nucl. mervi cochlearis; czas przezycia 24 godz. Pow. 100 X.
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Explanations of descriptions in the figures:
Objaénienia oznaczeh na rycinach:

ND — nucl. Deitersi

NDV — nucl. dorsalis nervi vagi
NH — nucl. nervi hypoglossi
NNC — nucl. nervi cochlearis
NO — nucl. olivaris caudalis
NOC — nucl. olivaris cranialis
NT — nucl. triangularis

NPH — nucl. prepositus hypoglossi
NRG — nucl. reticularis gigantocellularis
NRL — nucl. reticularis lateralis

NRP — nucl. reticularis parvocellularis
STO — subnucleus tractus trigemini oralis
TA  — tuberculum acusticum
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HISTOCHEMICAL STUDY ON NUCLEOSIDE PHOSPHATASE
ACTIVITY IN RABBIT BRAIN FOLLOWING CIRCULATORY
HYPOXIA

Department of Pathophysiology, Institute of Physiology Georgian Academy
of Sciences, Tbilisi, USSR
Department of Neuropathology, Experimental and Clinical Medical Research
Centre, Polish Academy of Sciences

Interruption of cerebral circulation for more than a few minutes may
irrevesibly damage the nervous tissue. Despite the high vulnerability of
neurons to oxygen deprivation, some factors indicate that early impair-
ment to the vasculature may play an important role in the pathogenesis
of transitory or permanent ischemic injury to the brain (Ames et al.,
1968; Brierley et al., 1969; Hossman and Olsson, 1970). The increase of
brain volume, observed by several authors in the course of hypoxia is
due to cellular swelling rather than to the increased vascular permea-
bility (Lee 1966; Bakay and Lee, 1968); van Hareveld et al. (1965) even
suggested that intracellular swelling appeared to be the major conse-
quence of arrest of cerebral circulation. The problem of disturbances of
tissue fluid balance and impairment of the cellular membranes permea-
bility in anoxic conditions have been a subject of investigations for
several years. In electron cytochemical studies Torack et at. (1961, 1967,
Torack and Barrnett 1963, 1964) demonstrated the activity of nucleoside
phosphatase in the cytoplasmatic membranes of various cellular com-
partments of the brain and suggested their participation in the active
transport mechanisms. Tani et al. (1969 a and b) localized sodium depo-
sits on plasma membranes of neurons, astrocytes, endothelial and peri-
vascular cells and established their relation in normal and pathological
conditions to the presence of ATPase activity. Since in our previous
investigations on hypoxic rabbits we observed swelling of blood vessel
elements and perivascular glia this study is concerned with enzymes
which participate in transport mechanisms across the cell membranes.
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MATERIAL AND METHODS-

The experiments were carried out with adult rabbits of both sexes,
2.5—3.5 kg of body weight. The skin of the animals neck was incised in
the sagital line and both common carotid arteries were exposed. The
operations were performed in pentobarbital anesthesia (40 mg/kg bo-
dy weight). The right artery was immediately occluded, the left one was
put on the ligature for transient exclusion of blood circulation. Collate-
ral blood supply to the brain hemispheres was limited by a decrease of
systemic arterial pressure up to 20—30 mm Hg resulting from exsan-
guination of the animal. In these conditions the cerebral blood flow ne-
cessary to prevent respiratory disturbances or even breath stopping was
preserved. The details of experimental procedure was described by Mche-
dlishvili (1973). The control groups comprised rabbits which were sub-
jected to surgical procedure only. The experimental and control ani-
mals were sacrificed by single injection of the air into the auricular
vein at time ”0” (directly after hypoxia without blood reinjection), 15,
and 30 minutes, 2, 4 and 6 hours after retransfusion. The brains were
immediately removed from cranial vault and small blocks from brain
hemispheres were put into cold 10 per cent solution of formol-calcium
and kept at 4° temperature for 24 hrs. Frozen sections and the total pia
mater preparation were incubated in the Wachstein-Meisel (1957) me-
dium at pH 7.2 at room temperature for 40 min. Adenosine monophos-
phate (AMP), adenosine diphosphate (ADP), adenosine trirhosphate
(ATP), cytidine trisphosphate (CTP) and guanosine triphosphate (GTP),
esters were used as substrate compounds.

RESULTS

Examination of the control animals did not reveal any presence of
AMPase activity. The same was true for experimental groups where
neither directly after hypoxia nor 6 hrs after retransfusion any final
products of enzymatic reaction were found. A weak ADPase activity
was detectable only in the walls of pial and intracerebral vessels. The
localization of the ATPase, CTPase and GTPase activity appeared si-
milar. The activity of CTPase and GTPase was present in blood vessels
and appeared to be located in smooth muscles membranes and the base-
ment membrane of capillaries. In glial elements the activity of both en-
zymes in the form of single irregularly scattered brown grains was
locate don cytoplasmic cells membranes and processes (Fig. 1). ATPase
activity was present mainly in adventitia of arteries, arterioles and ve-
nous vessels and in the basement membrane of capillaries. In glial cells
the final reaction product appeared in the places of CTPase and GTPase
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activity (Fig. 2). In the pia mater all three enzymes were localized in
the smooth muscle membranes and in the other cellular elements of
blood vessels as well as in the connective tissue fibres (Fig. 3).

In the experimental animals the most pronounced changes occurred
during ischemia i.e. at the time ”0” (Fig. 4) and 6 hours after blood
reinjection (Fig. 5). At that time the increase of ATPase, CTPase and
GTPase activity was encountered both in glial cells and intracerebral
blood vessels.

In rabbits which were sacrificed 15 and 30 minuts and 2 hours after
experiment a decrease of enzymatic activity was stated. At these times
the glial cells exhibited only traces of enzymatic activity while in the
blood vessels it continued to be high (Fig. 6).

Four hours after ischemia the activity of all the three enzymes started
to increase again and 6 hours after exsanguination the content of the
final product of enzymatic reaction in brain tissue was still higher than
in the control rabbits . This increase of enzymatic activity was pertinent
to glial cells which perikarya and processes appeared bo‘h in grey
and white matter to be swollen and filled with abundant products of
enzymatic reaction.

Contrary to the cerebral cortex and white matter the pial vessels
did not show essential differences of GTPase, CTPase and ATPase acti-
vities in all the experimental groups with regard to the control rabbits.
Only the constricted segments of pial arteries and proximal parts of
their branches showed an inreased ATPase activity (Fig. 7). Examination
of total pia mater preparation revealed higher activity of ATPase,
GTPase and CTPase in radial arteries which was attributable to the
high activity of the enzymes in adventitial connective tissue of these
vessels. On the other hand there were no differences in the activity of
smooth muscle fibres between intracerebral and meningeal arteries.

The morphological investigations performed on unstained sections re-
vealed during ischemia and in the period of recovery changes in ba-
sement capillary membranes, in adventitia of arterial and venous vessels
as well as in perivascular glial cells. These elements showed here and
there swelling of their perikarya and processes. In addition blood
vessels also revealed swelling and tissue loosening. The muscle fibres
were constricted, showing enlargement and shortening of nuclei and
narrowing of vascular lumina.

DISCUSSION

The performed histoenzymatic studies revealed that transient circula-
tory hypoxia of 15 minuts duration brings about in the rabbit brain
disturbances in the GTPase, CTPase and ATPase localized in glial cells
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and vascular walls. During ischemia an increase of these enzymes acti-
vity became apparent followed by their significant decrease, marked
in particular in the glial cells. Four hours after hypoxia the quantity
of the reaction products again increased, being at 6 hours higher than in
control animals. It is noteworthy that the histoenzymatic changes con-
cerned in the first instance processes and perikarya of glial cells
being considerably less intense in the blood vessels. Even in the period
of 15 minutes — 2 hours after ischemia capillaries and other intracere-
bral vessels revealed a rather high ATPase, GTPase and CTPase activity
while at that time the glial cells were lacking it almost completely.
The pial arteries exhibited even lower sensitivity to hypoxia showing
significant accumulation of the final reaction products only in the con-
tracted parts of arterial walls.

Torack and Barnett (1964) on the ground of electron microscopic
studies determined the fine structural localization of some nucleoside
phosphatases. According to their results capillary endothelium is almost
lacking the activity of these enzymes. Both GTPase and CTPase were
noted predominantly in perivascular glial feets, ATPase was demon-
strated in the pinocytotic vesicles in the endothelial cells, in the basement
membranes and in addition with strong connection with oligodendroglial
cells (Torack 1965).

Our investigations confirmed that glia is the very sensitive cellular
constituents of the central nervous system, tending to exhibit most pro-
nounced histochemical abnormalities. The disturbances in the activity
of enzymes localized in plasma membranes should be considered as an
expression of the impairment of transport mechanism. The appearance

Fig. 1. CTPase activity in blood vessels and perivascular glia. Cerebral cortex,
control rabbit. X 400.

Ryc. 1. Aktywno§é CTPazy w naczyniach krwionoénych i przynaczyniowych ko-
moérkach glejowych. Kora moézgowa, kréolik kontrolny. Pow. 400 X.

Fig. 2. Strong ATPase activity in blood vessels walls, proportionally weaker in
glial cels. Cerebral cortex, control rabbit. X 400.

Ryc. 2. Silna aktywno§¢é ATPazy w naczyniach krwionoénych, stosunkowo slabsza
w komorkach glejowych. Kora mézgowa, krolik kontrolny. Pow. 400 X,
Fig. 3. GTPase activity in the pial artery. Control rabbit. X 400.
Ryc. 3. Aktywno$§¢ GTPazy w naczyniu krwiono$nym opony miekkiej. Krolik kon-
trolny. Pow. 400 X,

Fig. 4. Increase of CTPase activity in glial cells perikarya and processes. Cerebral
cortex, time ,,0” — directly after exsanguination. X 400.

Ryc. 4. Wzrost aktywno$ci CTPazy w perikariach i wypustkach komoérek glejo-
wych. Kora mézgowa. Czas ,,0” — bezpoSrednio po niedokrwieniu. Pow. 400 X.
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of enhanced enzymatic activity during ischemia may be indicative of
facilitated transport through blood vessels to the nervous tissue being
a compensatory phenomenon following the period of deprived blood
supply to the brain. A rapid decrease of enzymatic activity which occurs
in the early postischemic period may be related to general metabolic
disturbances and impaired cellular oxygenation. This supposition is con-
sistent with the results of histoenzymatic and biochemical investigations
in hypoxia showing the decrease of succinic dehydrogenase atcivity
(Domanska-Janik, 1972). Lack of energy-rich ATP-bonds is followed by
sodium pump disturbances and increased permeability of cell mem-
branes (de Robertis, 1968, Masurovsky, Bunge, 1971). In homeostatic re-
gulation of biochemical millieu of the brain parenchyma, various trans-
port elements and mechanisms are involved, so it is impossible on the
ground of histochemical findings only to discuss which factors are
responsible for the appearance of enzymatic changes. It should be men-
tioned however that our observations strongly support the idea that in
hypoxic conditions intracellular swelling is one of the important factors
in the development of brain edema. Our findings are also in agreement
with the results obtained by Gadamski and Szumanska (1974) who in
the same experimental conditions did not observed any increase of the
blood-brain barrier permeability for protein, nothwithstanding the accu-
mulation of protein tracer in the nerve cells.

It is worth mentioning that the blood vessels showed at any time of
experiment a far less significant changes of the enzymatic activity than
the glial elements. However, the factors responsible for these differences

Fig. 5. Increase of GTPase activity in glial cells. Cerebral cortex 6 hrs after is-
chemia of brain hemispheres. X 200.

Ryc. 5. Wzrost aktywno§ci GTPazy w komérkach glejowych. Kora mézgowa, 6 go-
dzin po niedokrwieniu péikul mézgowych. Pow. 200 X.

Fig. 6. Decrease of GTPase activity in glial cells, strong activity of blood vessels.
Cerebral cortex, 2 hours after ischemia. X 200.

Ryc. 6. Obnizenie aktywno§ci GTPazy w komoérkach glejowych, silna aktywnosé
enzymatyczna w naczyniach krwiono$nych. Kora mézgowa, 2 godziny po niedo-
krwieniu pélkul moézgowych. Pow. 200 X.

Fig. 7. Increase of ATPase activity in the area of branching off of pial artery.
Postischemic period, 6 hrs after retransfusion. X 400.

Ryc. 7. Wzrost aktywno$ci ATPazy w miejscu rozgalezienia tetnicy oponowej. Okres
pois¢hemiczny, 6 godzin po retransfuzji. Pow. 400 X.

Fig. 8. Intracerebral blood vessels show stronger enzymatic activity of GTPase
(arrows) than pial arteries. Postischemic period, 6 hrs after experiment. X 100.

Ryc. 8. Naczynia §r6dmézgowe wykazuja wyzszg aktywno§é GTPazy (strzalki) niz
tetnice oponowe. Okres poischemiczny, 6 godzin po eksperymencie. Pow. 100 X.
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remain obscure. Both in acute pathological states and after functional
constriction of arteries, structural changes in blood vessels were observed
almost always accompanied by their increased permeability irrespective
of the character of pathogenetic factor (Fedorov, 1964; Lang, 1965; Esi-
pova et al., 1967; Mchedlishvili et al., 1965). This enhanced permeability
was restricted usually to the vessel walls having slight if any influence
on the brain parenchyma.

The secondary increase of activity of studied enzymes observed 4 and
6 hours after exsanguination of rabbits may be related to the hyper-
activity of glia and to enhanced metabolic processes.

D. G. Baramidze, I. B. Zelman

BADANIE HISTOCHEMICZNE AKTYWNOSCI NIEKTORYCH FOSFATAZ
NUKLEOZYDOWYCH W MOZGU KROLIKA W DOSWIADCZALNEJ ISCHEMII

Streszczenie

Przeprowadzono badanie aktywnoéci ATP-, ADP-, AMP-, CTP- i GTPazy
w skrawkach z mézgu i opony miekkiej krélikow poddanych 15-minutowej ischemii
w/g metody Mchedlishvili (1973). Aktywno§é enzyméw wykazywano metodg Wach-
steina i Meisela (1957) w trakcie niedokrwienia oraz 15 i 30 minut i 2, 4 i 6 godzin
po retransfuzji. Nie stwierdzono réznicy w aktywno$ci ADPazy pomiedzy krélikami
do§wiadczalnymi i kontrolnymi oraz nie wykazano aktywnoSci AMP-azy w zadnej
z badanych grup. Zmiany dotyczyly aktywno$ci ATP-, GTP- i CTP-azy. Nasilenie
odczynu zaréwno w perikariach i wypustkach komérek glejowych, jak i Scianach na-
czyh §rédmoézgowych stwierdzono w czasie niedokrwienia, natomiast w okresie po-
ischemicznym obserwowano 15 i 30 minut oraz 2 godziny po retransfuzji przej$ciowe
obnizenie aktywnoéci tych enzymoéw. Poczawszy od 4 godziny po ischemii aktywno$é
ATP-, GTP- i CTP-azy zaczynala ponownie wzrastaé.

Aktywno$§¢é badanych enzymo6éw w naczyniach opon nie zmieniala sie¢ zar6wno
podczas niedokrwienia jak i w okresie poischemicznym, z wyjatkiem zwezonych
segmentéw tetnic oponowych wykazujacych wzrost aktywno$ci ATP-azy.

Zmiany aktywno$ci badanych enzyméw w moézgu krélika w nastepstwie nie-
dokrwienia mozna traktowaé jako wykltadnik zaburzen aktywnego transportu,
spowodowanych okresowym obnizeniem przeplywu krwi i utrzymujgcymi sie po
retransfuzji zaburzeniami krazenia moézgowego.

. I. Bapamuaze, M. B. 3enbman

TUCTOXUMMMUYECKOE MCCIEJOBAHUE AKTUBHOCTU HEKOTOPHIX
HYKJIEO3SUIHBIX ®OCPATA3 B MOITE KPOJIMKA
IIPM EKCIIEPMMEHTAJIbHOM IIUPKVYJIAIIMOHHON TUTTOKCUU

Pe3ome

Bu1ayu npoBejieHbl MCCIIEA0BaHUA aKTUBHOCTY AT®D, A)[D, AMD, T[T » I'T'b-a3nr
B y4YacTKaX MATKOJ 000JI0YKM ¥ B Cpe3ax MO3ra KpPOJMKOB, ICABEPTHYTHLIX 15- MitHyT-
oyt vuemuy (Memammenay, 1973). AKTUMBHOCTB OIIpele/isasiach 110 Me101y Bakiureina
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u Mevicensa (1957) BoO Bpemsi mmiemuy, a Takxe uepe3 15 u 30 muuyT, 2, 4 u 6 Jacos
nocyie perpaHcdy3un. Pasznuuma B akTuBHOcTM AJIP-a3pl He Obio o6HapyKeHO
MEKJYy O9KCIIePMMEHTAJbHbIMM M KOHTPOJBHBLIMM KPOJMKaMM, a TaKKeé HM B KaKOMH
U3 uccjaenyeMblX rpynn He Oblia obnapyKeHa axKTUMBHOCTE AMP-a3bl

V3MeHeHUsA OTHOCMINMCHL K akTMBHOCTAM ATdD, I'T® u I[TP-a3pl. YBeauienmue
peakumMy KakK B OTPOCTKaX IJIMAJBHBLIX KJETOX, TaK M B CTEHKaX BHYTPMMO3TOBBIX
cocyioB Ob110 OOHApPyKeHO BO BpeMs MILEMMHM, a B IOCTUILIEMUYECKMII NEPHOJ], yepe3
15 u 30 muuyT M 4epe3 2 yaca mocje perpaHcdy3uu Obl10 06HAPY>KEHO BPEMCHHOE
CHUIKEeHMEe aKTMBHOCTU 9TMX (epmeHToB. Hawimiad ¢ 4 waca mocJje MUIIeMUU aKTUB-
vocte AT®D, I'TD u IITP-a3p HauMHaAJIQ BHOBL PaCTIL.

AKTUBHOCTb MCCJIIEAYEMbLIX (DEPMEHTOB B cocyZnax 000JI04eK He MEeHAJNACh Kak
BO BpeMs MIIEeMMuM, TaK M B IIOCTUIIEMMUYECKMIT IIEPUOJ, 3a MCKJIIOYEHUEM CYZKEHHbIX
CerMeHTOB apTepuii 060J0ueK, 00HAPYRUBAIOUMX yBeanmueHnue akTuBHoctu ATP-a3bl.

VI3MeHeHMsA AKTUMBHOCTM MCCIEAYEeMBbIX (DEepMEHTOE B MO3re KpOJMKAa BO BpeMs
UIIEMUM U B IIOCTUMIEMMYECKMII IIePMOJ MOXKHO pPAaCI€HMBATh KaK IloKazaTejlb Ha-
pywenuit B 06JacTy aKTMBHOTO TPAHCHOPTA, CBA3AIHEIX C BPEMEHHbIM CHMUIKEHUEM
KPOBOTOKa MO3ra M KpoBooOparenms, COXpauMBILIMXCA IOCJ€ peTpaHcdys3uu.
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G. I. MCHEDLISHVILI, R. V. ANTIA, L. S. NIKOLAISHVILI

DYNAMICS OF SOME METABOLIC CHANGES IN THE CEREBRAL
CORTEX DURING THE ISCHEMIC AND EARLY POSTISCHEMIC
PERIODS

Department of Pathophysiology and Morphology, Institute of Physiology, Georgian
Academy of Sciences, Thilisi, USSR.

There are numerous biochemical studies of the metabolic changes
resulting from ischemia in brain tissue homogenates. The application
of special electrodes for investigations in vivo has certain advantages,
since they yield information on the metabolic changes directly from
living tissues and, thus, about the whole dynamics of the processes.
Moreover, such studies contribute to elucidation of the relationship be-
tween the circulatory and different metabolic changes in the tissue.
Electrodes have been already applied for studies of ischemic changes
in the brain (Thorn, Heitmann, 1954; Meyer et al., 1965), promoting
a better understanding of the metabolic processes in the brain, resulting
from circulatory disturbances.

The present study was aimed at elucidating the oxygen tension dy-
namics and the ensuing changes in the acid-base balance, as well as the
cytoplasmic membrane phenomena in the brain, resulting from 15 min
cerebral ischemia.

MATERIAL AND METHODS

The experiments were carried out with 47 adult rabbits, weighing
2—2,5 kg, without general anesthesia. The following preparatory sur-
gical procedure was performed under local novocaine anesthesia: in-
cision of the skin was made along the sagittal line of the neck. After
tracheotomy both common carotid arteries were exposed. A polythene
cannula of maximum size was inserted into the left artery in cardiac
direction and connected with a pressurized reservoir filled with blood-
-substituting fluid (Mukhadze Institute of Hematology and Hemotrans-
fusion, Tbilisi) for changing the systemic arterial pressure, and with
a pressure-transducer EMT-35 for recording the latter (when the pres-
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surized system was switched off — especially during the periods when
blood or the substituting fluid was flowing into or from the vascular
system of the animals). In a series of experiments where the Combi-
-Analyser (see below) was connected with the common carotid artery
(the blood flowed into it from the cardiac end and passed then towards
the head) the systemic arterial pressure was measured through the ex-
ternal iliac artery (extraperitoneally). To mount the electrodes for re-
cording the cerebral pH, pNa and pK a large trephined hole was made
in the parietal region of the skull. After the preparatory surgical pro-
cedure, heparine (1500 units per kg body weight) was injected intra-
venously.

The 15-min controllable ischemia in the cerebral hemisphere was
produced by occluding both common carotid arteries and then by
a considerable restriction of collateral blood flow from the vertebral
arteries resulting from a drop of the systemic arterial pressure. To res-
tore CBT the carotid occlusion was removed and the systemic arterial
pressure returned to the initial level. The technique for producing
such ischemia is described in more detail in paper by Mchedlishvili et
al. (1974) and elsewhere (Mchedlishvili, 1973).

For quantitative recording of the cerebral oxygen tension the Liib-
bers’ Po,-electrode (Libbers, 1966) was used (in 18 experiments). The
electrode was covered with two membranes: cuprophane 10 n thick —
inside and tephlon 12.5 p thick — outside. The voltage between the
cathode and anode was 0.65. Since the relationship between the actual
Po, and its recorded electric signal was linear, calibration of the Po,
electrode was done in two gas mixtures — O (pure CO, gas) and
average 145 mm Hg (atmospheric air with corresponding corrections).
The latent period of the Po, electrode was 1—2 seconds, the response
time 90—95 per cent at 150 mm Hg within 10 seconds at 37°C, the
stability of the electrode — 0.9 per cent within four hours (if it was
mounted 3—4 hrs before the experiment and was afterwards under
electric current of 0.65 volt). The Po, electrode was calibrated before
and after the experiments (sometimes also during them).

For continuous recording of pH (14 experiments), pNa (11 experiments)
and pK (6 experiments) respective electrodes 5—6 mm in diameter with
flat selective glass membranes were placed on the surface of the parietal
cortex. The accessory electrode was connected with the brain surface
through a key at a ca 5 mm distance from the indicating electrode. The
latent periods of the electrodes were 1—2 seconds. The stability of elec-
trodes under the steady state conditions was * 0.01 units of pH or pNa.
The electric signal was amplified with a pH-meter LPU-01. The pH-elec-
trodes were calibrated in two buffer solutions with pH 6.84 and 7.38 at
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37°C. The pNa — electrodes were calibrated in 0.5 and 0.05 N solutions
of NaCl (0.45 and 1.38 units of pNa). The pK-electrodes could not be
calibrated because of insufficiently high selectivity of the electrode glass
membranes.

Arterial Po, and pH (9 experiments) were continuously recorded with
a Combi-Analyser (Eschweiler and Co. Kiel). The electrodes were built
into a thermostatized cell through which the blood was continously
flowing (via a delta-pump) from the common carotid artery (see above).
The Po, and the pH-electrodes of the Combi-Analyser were calibrated
in a similar way as the corresponding cerebral Po, and pH-electrodes
(their characteristics were quite similar).

Recordings of cerebral Po,, pH, pNa and pK and of the arterial Po,
and pH as well as of systemic arterial pressure were performed on
a Mingograf-81 (Elema-Schonander, Sweden). All the above mentioned
electrodes (sometimes also the Pt-electrode for H,-clearance and the bio-
-sensor for CBF thermoelectric recording) as well as the microscope
for studying pial arteries (Mchedlishvili et al., 1974) could not be used
simultaneously in rabbits. Thus, they were used in different combinations
in individual experiments. The data obtained were treated statistically
in the usual way. The means and mean errors are given in the diagrams.

RESULTS

Because of the essential difference in the metabolic changes during
cerebral ischemia and in the postischemic period they are considered
below separately:

1. Ischemia

a) Cerebral Po, (Fig. 1) began to drop within several seconds after
the onset of ischemia. Its level decreased below 10 mm Hg and remained
without significant changes during the whole 15-min ischemic period.
The drop of cerebral Po, proved not to be caused by changes of the
arterial Po, whose level decreased insignificantly during this period in
spite of slowing down of respiration in the recorded pneumogram.

b) The extracellular fluid pH of the cerebral cortex (Fig. 2) showed
a regular acidic shift at the onset of brain ischemia. The pH changes
started 48+ 6 seconds later than those of cerebral Po,. However, in
some experiments there was a short-lasting initial increase of cerebral
pH followed by its decrease; this variation in the pH response was
observed only in cases when the rate of respiration became significantly
increased after the onset of ischemia. The cerebral pH dropped gradually
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during the whole period of ischemia. These changes proved to be local
in the brain and independent of arterial blood pH, since the latter re-
mained almost constant during this period (Fig. 2).

¢) The extracellular fluid pNa and pK in the brain cortex (Fig. 3)
regularly changed during cerebral ischemia. The changes of pK ap-

Resp/min
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304

" mm Hg
07 art. Py,

% F—!—-H./‘—F'*\.\'
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401

201
Postischemic period

0 15 30 45 60
0 ; lb 1‘5 minutes
Ischemia

04 Initial

Fig. 1. Rate of respiration, arterial and cerebral P,; (mean and mean errors) in
the course of controllable ischemia in the cerebral hemispheres and of the early
postischemic period in rabbits.

Ryc. 1. Szybko§¢ oddychania oraz P,, tetnicze i mézgowe (§rednia i blad Sredniej)
w trakcie kontrolowanego niedokrwienia péikul mézgowych Kkrélika oraz we
wecezesnym okresie poischemicznym.

peared always before those of pNa, two minutes earlier. The changes
dof pK in turn were noticeable about two minutes later than those of
the cerebral Po, and one minute 36 seconds after the beginning of
a decrease of the cerebral pH. The changes of the cerebral extracellular
fluid pNa and pK were as follows: pNa increased while pK, on the
contrary dropped; pNa increased from 0.86%0.02 up to 1.21+0.03, i.e.
forty per cent. The shifts of pNa and pK during cerebral ischemia
reached their maximum simultaneously just before blood flow in the
brain was restored.

2. The postischemic period

Upon recovery of CBF there appeared restoration of all the brain
metabolic parameters evaluated in the present study.

a) Cerebral Po, (Fig. 1) showed an immediate increase as soon as the
CBF was restored. Po, increased from 7+ 3 mm Hg at the end of ische-
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mia up to 60*8 mm Hg, thus about 81 per cent above the initial level
(before ischemia). The increased level of the cerebral Po, certainly
reflected the augmented blood flow in the postischemic (reactive) hy-
peremia. It was independent of changes in the arterial Po,, since the
changes of the latter were negligibly small.

Resp/min
90
Respiration
60
30 o
750 art. pH

700

750

7.00

6.50

Postischemic period
ARSI o i BRI o T e e

Initial

6 ; I'O 1'5 minutes.
Ischemia

Fig, 2. Rate of respiration, arterial and cerebral extracellular fluid pH (mean and
mean errors) in the course of controllable ischemia in the cerebral hemisphers
and of the early postischemic period in rabbits. In the lower diagram the dashed
line shows pH changes is a group of animals where hyperventilation (and, thus,
hypocapnia) resulted in an alkaline shift of pH at the onset of ischemia.

Ryc. 2. Szybko§¢é oddychania oraz pH tetnicze i moézgowej przestrzeni pozakomor-

kowej (Srednia i blad S$redniej) w czasie kontrolowanego niedokrwienia péikul

moézgu kroélika oraz we wezesnym okresie poischemicznym. Linia przerywana na

nizszym diagramie przedstawia zmiany pH w grupie zwierzat, u ktérych hiperwen-

tylacja (a tym samym hipetkapnia) spowodowala przesuniecie pH w kierunku
alkalicznym z chwilg rozpoczecia niedokrwienia.

b) The extracellular fluid pH of the brain (Fig. 2), decreasing consi-
derably during the ischemia, regularly began to increase after the return
of CBF, especially in the period of postischemic hyperemia. There ap-
peared an insignificant decrease of cerebral pH at the end of the latter
which might be partly due to a decrease in the blood pH during this
period. Later pH tended towards full recovery, nevertheless it did not
reach its initial level (i.e. before ischemia) even within one hour after
the latter.

¢) The extracellular fluid pNa and pK of the brain (Fig. 3) had
a regular tendency of recovering during the postischemic period. This
was most pronounced in the course of the postischemic hyperemia.
As to the quantitatively evaluated pNa, it reached its initial level (be-
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fore ischemia) within 60—75 minutes, though this was not the case
in all the experiments, since the dispersion of the data of pNa was con-
siderable in different experiments.

130
1204
L‘!.‘J
1004
ECF pNa
0901
c80
ECF pK
Postischemic period
Initial AR 15 30 45 |
ik AR : minutes
Ischemia

Fig. 3. Cerebral extracellular fluid pNa and pK changes (mean and mean errors)

indicating the dynamics of disorders of the ion transport function of the cyto-

plasmic membranes in the course of controllable ischemia in the cerebral he-
mispheres and in the early postischemic period in rabbits.

Ryc. 3. Zmiany pNa i pK przestrzeni pozakomorkowej (Srednia i blad S$redniej)

obrazujgce dynamike zaburzen transportu jonowego przez blony cytoplazmatyczne

w przebiegu kontrolowanego niedokrwienia p6lkul mozgu kréolika oraz we wezes-
nym okresie poischemicznym.

DISCUSSION

The majority of the methods used in the present study for evaluation
of metabolic parameters, namely, Po,, pH, pNa and pK both in the brain
and arterial blood yielded quantitative data. Only the estimation of pK
in the extracellular fluid (where the amount of potassium relative to
sodium is very small) was qualitative because of the low selectivity of
the electrode glass membranes. That is why most probably the deviation
of the pK curves was relatively smaller than the actual changes. Owing
to the high reliability of the methods and to comparatively short latent
periods of deviation, the obtained data seem to be precise enough to
evaluate correctly the processes under study.

An inevitable limitation of the methods used in the present study
and, thus, a possible source of errors, is the fact that Po,, pH, pNa and
pK have been actually recorded only in respective small areas of the ce-
rebral cortex under the electrodes, but the obtained data were generali-
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zed for the whole cerebral cortex. This was partly permissible because
ischemia spread all over the hemispheres and, thus, changes should be
more or less similar everywhere; though the authors realized that,
a considerably reduced collateral blood flow from the vertebral arteries
seemed to be more pronounced in the occipital than in the frontal re-
gions of the hemispheres.

The studied metabolic parameters made it possible to evaluate the
following processes within the brain caused by ischemia: the oxygen
tension is considered to be the best index of the actual amount of O,
(Kovalenko, 1972) and in the present case it was the primary result of
the deficiency of blood supply to the brain during ischemia. pH being
a direct index of the acid-base balance changes in the brain, might re-
flect the hypoxic changes in tissue metabolism, namely, the accumula-
tion of lactic acid, etc. (Lajtha, 1971; Kaasik, 1972). On the other hand,
the pH changes obtained were important, since they might influence, in
turn, the enzymatic processes in the brain and particularly those res-
ponsible for active transport of monovalent ions through the cytoplasmic
membranes. The function of the latter was reflected by two parameters
also investigated in the present work, i.e. the extracellular potassium
and sodium ion activities, since the disturbances in the active transport
of ions across the cytoplasmic membranes resulting from hypoxia should
immediately change the concentration of Nat and K* in the extracellu-
lar fluid owing to the passive flux of potassium from the cytoplasm and
of sodium in opposite direction (Bartko, 1971). The present studies sho-
wed the dynamics of changes of all these processes during the ischemic
period and after recovery of blood supply to the brain. All the observed
changes proved to be mainly caused by local processes in the brain,
since both the systemic P,, and pH in the arterial blcod remained almost
unchanged during the experiments.

As to the sequence of the metabolic changes in the brain resulting
from ischemia it was as follows: first decreased the cerebral Po,. Then
an acidic shift of the cerebral pH appeared: it seemed to be caused by
accumulation of acidic products in the brain tissue (Thorn, Heitman,
1954; Lajtha, 1971; Symon et al., 1972; Kaasik, 1972) and not to respi-
ratory acidosis, since the arterial pH remained almost without changes,
in spite of the fact that the rate of respiration decreased during ische-
mia. Further the ion transport function of the cytoplasmic membranes
became disturbed, since changes in both the pNa and pK in the extra-
cellular fluid appeared, and this could not but cause changes in the brain
cell function.

All these pathological changes had a tendency to recovery during
postischemic hyperemia which lasted about 10—15 minutes in the
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present conditions (see another paper by Mchedlishvili, Nikolaishvili
and Antia in this issue). The high Po, persisted even longer than the
increased CBF during postischemic hyperemia, being probably due to
a decrease in oxygen metabolic rate in the brain tissue caused by severe
ischemia (Meyer, 1968; Lunets et al., 1968; Waltz, 1969; Bruce et al,
1973). However ,neither the acid-base balance, nor the cytoplasmic mem-
brane function was restored completely even within one hour of the
postischemic period.

When comparing the dynamics of metabolic processes elucidated in
the present study with the CBF changes during the ischemic and post-
ischemic periods (see two other articles by Mchedlishvili et al.,, publi-
shed in this issue, there seems to be a direct dependence of the cerebral
Po, on the decrease in blood flow. As to the reverse effect of meta-
bolites on the CBF, it appeared to be doubtful that the cerebral vascular
behaviour should be directly affected by Po, or pH changes in the
extravascular space. Thus, it is to be conjectured that the feed-back
controlling blood flow depends upon hypoxic changes in the tissue
metabolism and affects the blood vessel walls, probably through the
nervous vasomotor mechanisms (Mchedlishvili et al., 1971).

G. I. Mchedlishvili, R. V. Antia, L. S. Nikolaishvili

DYNAMIKA NIEKTORYCH ZMIAN METABOLICZNYCH W KORZE MOZGOWEJ
W TRAKCIE NIEDOKRWIENIA I WE WCZESNYM OKRESIE
PONIEDOKRWIENNYM

Streszczenie

Przy uzyciu wybiérezych elektrod rejestrowano w sposéb ciggly zmiany Poe, PH,
pNa oraz pK w przestrzeniach zewngtrzkomérkowych kory mézgowej oraz zmiany
P,, i pH w krwi tetniczej zachodzace w przebiegu 15-minutowego, kontrolowanego
niedokrwienia moézgu (Mchedlishvili 1973) oraz po powrocie do normy dopiywu
krwi do pétkul mézgowych krélika. Tym samym okre§lano stopien hipoksji krg-
zeniowej w mozgu oraz wynikajgce z niej zaburzenia rownowagi kwasowo-zasadowe]
(kwasica metaboliczna), jak rowniez zaburzenia transportu jonowego przez blony
cytoplazmatyczne kory moézgowej towarzyszace niedostatkowi dopltywu krwi do
moézgu oraz nastepujgcemu po nim powrotowi krazenia do normy.

T. U. Muepgmmusuay, P. B. Aurusa, J. C. HuxonanuwBuim

JIVHAMMKA U3MEHEHUI ITAPAMETPOB METABOJIM3MA B MO3IY ITPU
UIIEMUM ¥ B PAHHEM IIOCTUIIEMMUYECKOM ITEPUOJE

Pe3momMme

IIpM KOHTPOJMPYEMOM MIIEMMM MO3ra IIPOJIOJKUTENBHOCTHI0 B 15 MumuHyT (Mue-
anvuBuay, 1973) M mocsie BOCCTAHOBJIEHMA KpPOBOCHabO’KeHMsA MO3ra y KpPOJIMKOB,
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¢ IOMONIBIO CEJIEKTMBHBIX 9SJIEKTPOAOB PErMcTpHMpoBaiauck uaMeHenusa Po,, pH, pNa
un pK 9KCTpaLeaoIapHOi KUAKOCTMA KOPbl MO3ra, a Takxke Po, u pH aprepuaibHOMi
KpoBU. TakMM IyTeM OLEHMBAIMUCH IIyOMHA LMPKYJIATOPHOM TMIIOKCUIT M 303HU-
Kaollye B pe3yJibTaTe HapyLIEHMs KUCJIOTHO-LIEJ0UHOro Gananca (meTabosmuecKuit
anMA03) B MO3Ty, a TakKe M3MeHeHMs (PYHKIUM MOFHOrO TPAHCIOPTA B IMTOIIA3-
MaTMyecKux Membpanax BO Bpemsa geduumra KpoBocHabmeHMsa Mo3ra M mocie
BOCCTAHOBJIEHMS KPOBOTOKA.
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CHANGES IN CYTOPLASMIC RNA CONTENT AND NUCLEAR DRY
MASS OF THE CORTICAL NEURONS AND GLIA
IN THE POSTISCHEMIC PERIOD
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One of the most topical questions of present-day neurology is the
study of metabolic processes in the cells and their satellites. Evidence
obtained by the method of modern quantitative cytochemistry, dealing
with the changes in proteins, nucleic acids, dry mass of the nuclei and
cells, has demonstrated that the cells involved in the neuron-satellite
system are in intimate morphofunctional interrelationship (Hyden, 1962,
1963, 1964, 1967; Hyden a. Lange, 1965; Hyden, Egyhazi, 1963; Aleksan-
drovskaya et al., 1965; Aleksandrovskaya, Chizenikova, 1972; Pevzner,
1963a, 1963b, 1966, 1969, 1972). From these findings it follows that the
satellite glia has an essential role under high functional loadings. The
role of satellites is primarily expressed in the increase of adaptational
properties of the neurons under the altered conditions of vital activity.

It is of particular interest to study various pathological processes evol-
ving in the nervous system, and in particular, those in the cerebral cor-
tex in the aspect of the interrelationship between the neurons and satel-
lites. Thus, for example, study of proteins and nucleic acids in the ce-
rebral cortex under ischemia may reveal the ability of the nerve cell in
the ischemic area for recovery processes and determine their contribu-
tion in these events.

The present work was aimed at studying the fluctuation of the cyto-
plasmic RNA content and nuclear dry mass in free neurons and neuro-
glial cells, and separately, in cells involved in the neuron-satellite
system of the rabbit’s cortex in the early postischemic period.

MATERIAL AND METHODS

Experiments were carried out with 21 rabbits weighing 1.5—2.5 kg.
Cerebral ischemia was brougt about by way of occlusion of both caro-
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tids and a decrease in the systemic arterial pressure approximately to
25 mm Hg, resulting in a considerable decrease of the collateral blood
supply to the hemispheres via the vertebral arteries. Ischemia lasted
15 minutes and was followed by recovery of blood flow through the ca-
rotid arteries to the brain after elimination of the occlusion and re-
stablishment of the initial level of systemic arterial pressure. This me-
thod of evoking controllable ischemia in relevance with its depth and
length has been described elsewhere (Mchedlishvili, 1973). Trephination
was done previous to ischemia, and thus, the parietal cortex was excised
for analysis 0, 15, 30, 60 and 120 minutes following ischemia. The cy-
toplasmic RNA content and the nuclear dry mass were determined in
brain smears. Plastic smears were obtained according to the method
described by Sandritter (1966) and modified by Lodin (1967). To deter-
mine the RNA, the smears were stained by the Einarson method. The
cytoplasmic RNA was explored by means of cytophotometer scanning in
combination with an analog computer MN-7M.

The nuclear dry mass was determined in an 1nterference mlcroscope
MPI-5, by the method of homogeneous field.

For the purpose of determination of the cytoplasmic RNA content
and nuclear dry mass, 100 cells were inspected in every stage of the
postischemic period. The results of measurements were statistically pro-
cessed.

RESULTS AND DISCUSSION

The evidence obtained shows that 15-minute cerebral ischemia leads
to disturbances in the integrity of the pyramidal cells and to a lesser
extent, of the glial cells in the cortex. Those disturbances were obser-
ved throughout the postischemic period (for 2 hours in the present case)
and manifested themselves as pyknosis, nuclear caryorrhexis and shrink-
age of the cells predominantly in the lower layers of the cortex. Apart
from degenerative changes, the glial cells exhibited satellitosis of the
nerve cells.

Similar changes did not spread over the entire cortex, but were of
focal character, involving separate groups of neurons, predominantly
in layers IV and V of the cortex. The selectivity of particular groups of
neurons is so far difficult to explain and require confirmation in fur-
ther study.

The question logically arises what kind of functional changes have
the neurons undergone whose structural organisation appeared unaltered
during ischemia and the postischemic period. One of the most frequently
used cytochemical means of revealing the peculiarities of protein meta-
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bolism and making it possible to estimate the functional state of the
neurons is the observation of the dynamics of the cytoplasmic RNA.
With this end in view, the cytoplasmic RNA content was determined,
revealing that in the postischemic period the experimental animals
show an increase in nucleic acid concentration in the pyramidal cells
of the cortex, as compared with the control.
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Fig. 1. Changes in cytoplasmic RNA content in free nerve cells (a), neurons with

satellites (b) and satellites (¢) in early postischemic period. Abscissa: Post-

ischemic periods in minutes. Ordinate: RNA content as % in respect to control.

Hatched bars show RNA content in the control group. Light bars — RNA content
in the experimental group.

Ryc. 1. Zmiany w zawarto$ci cytoplazmatycznego RNA w komoérkach nerwowych
(a), neuronach wraz z satelitami (b) i w satelitach (c) we wczesnym okresie po-
niedokrwiennym. Rzedna: Okres poischemiczny w minutach. Odcieta: Zawarto§¢
RNA w procentach kontroli. Kolumny zakreskowane — zawarto§¢ RNA w grupie
kontrolnej; kolumny jasne — zawarto§¢é RNA w grupie do$§wiadczalnej.

The pattern of the increase in the RNA content lent support to the di-
vision of the two-hour postischemic period into two stages. The first,
where shortly after the cessation of ischemia there was a 25% increase
in the RNA content, lasted for 30 minutes. The later one, which had
ceased 120 minutes after ischemia, was characterized by a further 55%
increase in the RNA content as compared with the control (Fig. 1la).

During this increase in the RNA content the size of cells remained
unaltered and thus, determination of the RNA content reflected the
changes in the nucleic acid content. The foregoing evidence has been
obtained while determining the cytoplasmic RNA content in free cells
devoid of satellites or being in contact with glial cells only in the area
of apical of basal dendrites. In the latter case the neurons may be
considered as free of satellites, since in the neuron-satellite system
the interrelation in protein metabolism is observed between those nerve
and glial cells which are located in the area of the perikaryon (Svanidze,
1972, Geinisman, 1962).
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Studies of the RNA change within the nerve and glial cells forming
the neuron-satellite system have demonstrated that RNA changes in the
neurons are in general the same as the nucleic acid change in nerve
cells free of satellites, i.e. the RNA content is increased in the posti-
schemic period (Fig. 1b). While a reverse picture is observed in the
satellites: in the second stage of the postischemic period, when there
is a particularly sharp increase in the neuronal RNA content (55—65%),
the satellites show a fall in RNA, the latter being only 7% above the
control level (Fig. 1c).

The ischemic period afftects also the nuclear apparatus of the nerve
and glial cells. Namely, in this period the amount of nuclear proteins
is altered substantially. The nuclear dry mass was determined separately
in neurons free of satellites and those being in contact with glial cells.
Shortly after ischemia, the nuclear dry mass of the nerve cells is in-
creased by 50% in comparison with the control (Fig. 2a). This level
of dry mass starts to fall already 15 min after the onset of ischemia,
sharply decreasing after 30, 60 and 120 min, far below the control level
(73, 75 and 52%, respectively).

15 minutes after the cessation of ischemia, there is a 34% increase in
the nuclear dry mass of the pyramidal cells possessing satellites, which
subsequently falls gradually after 60 and 120 min (Fig. 2c). In general
the nuclear dry mass of the satellites is the same as that of the nerve
cells (Fig. 2c). Thus, the pyramidal cells which are not subject to des-
tructive processes undergo essential metabolic changes.

Appraisal of the results obtained permit us to consider the changes
in the cytoplasmic RNA content and nuclear dry mass as a processes
reflecting adaptational or recovery changes in the nerve cells of the
cortex under circulatory hypoxia.

And indeed, the consistent and distinct rise in the neuronal RNA in
the rost‘ischemic period, irrespective of the presence of satellites, is in-
dicative of an increase of functional activity of the cells. These fin-
dings are in good agreement with those reported in the literature (Hamn-
berger a. Hyden, 1963; Meerson et al., 1972; Pevzner, 1962, 1972), al-
though their experimental conditions differed from ours. The extra-
ordinarily early response of the pyramidal cells arising in the post-
ischemic period should be considered as the particularity of our findings.

In view of the current knowledge on the relative metabolic interre-
lationship between neurons and satellites, our evidence for the RNA
fall in the satellites in the face of the RNA rise in the neurons may be
explained by an active contribution of the former in the recovery pro-
cesses going on in the neurons in severe pathological state of the fibres.
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Fig. 2. Fluctuation of nuclear dry mass in free cells (a), neurons with satellites (b}

and satellites (c) in early postischemic period. Abscissa: Postischemic period in

minutes. Ordinate: Nuclear dry mass as % in respect to control group. Hatched

bars — nuclear dry mass in the control group; light bars — nuclear dry mass in
the experimental group.

Ryc. 2. Wahania suchej masy jader w komoé6rkach nerwowych (a), w neuronach

wraz z satelitami (b) oraz w satelitach (¢) we wczesnym okresie poischemicznym.

Rzedna: Okres poischemiczny w minutach. Odcieta: Sucha masa jgder w % kon-

troli. Kolumny zakreskowane — sucha masa jader w grupie kontrolnej; kolumny
jasne — sucha masa jader w grupie doS§wiadczalnej.
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Fig. 3. Changes in surface area of the nuclei of free neurons (a), neurons with sa-

tellites (b) and satellites (c) in early postischemic period. Abscissa: Postischemic

period in minutes. Ordinate: Surface area of the nuclei as % in respect to con-

trol group. Hatched bars — surface area of the nuclei in control group; light bars
— surface area of the nuclei in experimental group.

Ryc. 3. Zmiany powierzchni jgder neuronéw (a), neuronéw wraz z satelitami (D)

oraz satelitbw (c) we wczesnym okresie poischemicznym. Rzedna: Okres poische-

miczny w minutach. Odcieta: Powierzchnia jader w %o kontroli. Kolumny zakres-

kowane —. powierzchnja jgder w grupie kontrolnej; kolumny jasne — powierzch-
nia jader w grupie do$wiadczalnej.
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The dynamics of changes in the nuclear proteins should be conside-
red in the same aspect. Fluctuation of the nuclear dry mass seems to
be suggestive of breakdown or migration of nuclear protein in the cy-
toplasm.

The evidence obtained reflects one of many aspects of the plasticity of
the nervous tissue.
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the experiments on cerebral ischemia in rabbits, and to Miss Ninell Skhirtladze
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I. K. Svanidze, D. P. Museridze

ZMIANY W ZAWARTOSCI CYTOPLAZMATYCZNEGO RNA ORAZ W SUCHEJ
MASIE JADER NEURONOW I GLEJU KORY W OKRESIE
PONIEDOKRWIENNYM

Streszczenie

Przy uzyciu cytospektrofotomerii i interferometrii badano zawarto§¢ cytoplazma-
tycznego RNA oraz suchej masy jader komoérek nerwowych i glejowych, jak row-
niez ukladu neurony — komoérki satelitarne kory w okresie 2 godzin, po zasto-
sowaniu 15-minutowego glebokiego niedokrwienia moézgu krélika. Charakterystyka
wahan zawarto$ci cytoplazmatycznego RNA pozwolila podzieli¢ okres poische-
miczny na 2 etapy. Zawarto$§¢ cytoplazmatycznego RNA w neuronach korowych
byla w calym dwugodzinnym okresie poniedokrwiennym podwyzszona w stosunku
do kontroli. Szczeg6lnie silny wzrost zawarto$ci neuronalnego RNA zaznaczyl sie
w etapie drugim, gdy zawarto§¢ RNA w ukladzie satelitarnym spadia. Podobne
zmiany zaobserwowano odno$nie suchej masy jgder komoérek nerwowych i glejo-
wych. Zmiany powierzchni jader neuron6w i ich satelitow zachodzily réwnolegle
z wahaniami suchej masy.

U. K. Ceaunpze, . II. Mycepuznse

ITUHAMMUKA VISMEHEHMSA KOHIEHTPALOUM IIUTOIIIASMATUYECKOM PHK
U CYXOrO BECA SAJEP B HEWUPOHAX M TJUAJBHBIX KJIETKAX KOPHI
TOJIOBHOI'O MOSTrA B IIOCTUMIIIEMUYECKOM IIEPUOJE

Pes3woMme

B Teuenme JAByX HaATOB mocje TIJayOOKOM wMmeMum (AJIUTEIBHOCTBIO 15 MMHYT)
B IOJIyLUAPMAX IOJIOBHOIO MO3ra KPOJIMKOB, METOJAMM LIMTOCIIEKTPOMOTOMETPUIC M MH-
TepchepoMeTpuM M3yyasach KOHUEHTpPaumua uuroiiasmatrmyeckorn PHK u cyxoi Bec
Anep B CBOOOAHBIX HEPBHBIX M TIJIMAJBHBIX KJETKaX KODbI, a TdKXKXe B CUCTeMe
HeVpoH-caTeaaur. OcobennocTy Konebanmsa KOHLEHTpALMy LuTomasMaruydeckoin PHK
Jauyl BO3MOXKHOCTBH NOAPA3AeNUTh IOCTHMINEMMYECKMIT Mepuox Ha jBa srama. Kowu-
HeHTpanua nuronaasmatTudeckoy PHK B HelfpoHaxX KOPHI TOJIOBHOTO MO3ra B TeYEHUM
BCEr0 JBYyX4YacOBOrO IIOCTMIIEMMYECKOrO Tepuojia, II0 CPaBHEHMIO C KOHMTPOJEM,
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OKa3blBaeTcd IOBblIUeHHOM. OcobeHHO pe3koe yBeauyenme KOHUeHTpauuy PHK
B HelpoHax HabiiofaeTcA Ha BTOPOM 3Tale. B 9TOT K€ NEepuoj] B CaTeJJIUTaX KOH-
uentpauus PHK mnajaer. AHaJIOTMYHBIE M3MEHEHMA HAOJMIOAaNIMUCh 1IPM M3y i€HUMU
CyXOro Beca fAJlep HEMPOHOB M riauu. M3MeHenMA nJjonlagy AIep HEPOHOB M MX
CaTeJIIMTOB IIPOUCXOAAT CMHXPOHHO ¢ KoJebaHMAMM CyXOro Beca.
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Our previous study on the effects of the oxygen debt on the meta-
bolic functions of the brain showed a close relationship between the
changes in metabolism and the method of producing hypoxia as well
as the possibility of involvement of secondary effects in the changes.
Levin’s circulatory hypoxia and postdecapitative anoxic ischemia rapidly
depressed the metabolic functions of the brain mitochondria (Domanska-
-Janik, 1972, Lazarewicz et al.,, 1972). Postdecapitative ischemia increa-
sed the free fatty acids concentration owing to the increased hydrolysis
of phospholipids (Strosznajder et al., 1972).

On the other hand mild hypoxia mainly influenced glucose metabo-
lism and the mechanism regulating the level of non-protein -SH groups
(Domanska-Janik, Wideman, 1974: Wideman, Domanska-Janik, 1974).
The pathophysiology of blood circulation and some biochemical chan-
ges indicating the degree of the oxygen debt in the brain during
circulatory hypoxia described by Mchedlishvili (1973) have been inve-
stigated. The specific way of producing circulatory hypoxia as well as
the results of detailed studies carried out in the Institute of Physiology,
Georgian Academy of Sciences, S. U., led us to the opinion that it may
serve as a model of reversible and reproducible hypoxia of the central
nervous system with minimal involvement of systemic disturbances.
The reversibility of the main physiological disturbances produced by
circulatory hypoxia are well documented (Mchedlishvili, 1973; Mchedli-
shvili 1974).

There is, however, no evidence of metabolic changes at the subcellular
level which may develop during the postischemic period as a result
of temporary ischemia.

In the present work the effects of Mchedlishvili’s circulatory hypoxia
on the metabolic functions of mitochondria and some metabohc proces-
ses in the cytoplasm have been studied.
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MATERIAL AND METHODS

Rabbits weighing 2.5—3.0 kg were used. The animals were anestheti-
zed with nembutal (40 mg/kg o body weight) and circulatory hypoxia
was produced by the method of Mchedlishvili (1973). The control ani-
mals were sham operated excluding exsanguination.

For studying the metabolic functions of mitochondria the brains were
excised under deep anesthesia immediately after 15 min of circulatory
hypoxia. The mitochondrial fraction was obtained according to Ozawa
et al. (1967).

Assay of oxidative phosphorylation

Oxidative phosphorylation was assayed at 25°C. in an incubation me-
dium containing 0.3 M mannitol, 10 mM KCIl, 10 mM Tris-HCIl, pH 7,4,
5 mM potassium-phosphate buffer, pH 7,4, 0.2 mM EDTA, 5 mM glu-
tamate, 2560 ptM ADP and 1 mg of mitochondrial protein in a total vo-
lume of 1.5 ml. Respiratory rates were recorded in a closed system simi-
lar to that discribed by Estabrook (1967), with a Clark oxygen electro-
de. The ADP/O and respiratory control (RC) were calculated according
to Chance and Williams (1955). The RC was defined as the ratio of
the respiratory rate in the presence of added ADP (metabolic state 3)
to the rate obtained after ADP expenditure (metabolic state 4).

Determination of ATP-ases activities

DNP-ATPase and Mg?t-ATPase activities were studied in an incu-
bation mixture containing 75 mM KCIl, 0.1 M mannitol, 50 mM Tris-
-HC], pH 7.4, 1 mM EDTA, 2 mM ATP and 0.5 mg of mitochonrial pro-
tein in a total volume of 1.5 ml. 2,4-dinitrophenol (DNP) and MgCl, were
added to the incubation mixture as shown in Results to the final con-
centrations of 0.1 mM and 3 mM, respectively. The mixture was incu-
bated for 15 min at 25°C. The liberated inorganic phosphate was deter-
mined by the method of Fiske and Subbarow (1925).

Determination of the concentration of free fatty acids

Free fatty acids were extracted from freshly prepared mitochondria
by the method of Folch et al. (1967), separated by TLC chromatography
after Bazan and Joel (1970), and estimated by the colorimetric method
described by Itaya and Ui (1965).

In a separate groups of animals the non-protein and protein -SH groups
levels, glutathione reductase and glucose-6-phosphate dehydrogenase
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activities and isoenzyme composition of LDH were assayed. Rabbits
were Kkilled by air embolia and the brains were immediately removed
and homogenized. Groups of animals just after hypoxia and after 3 and
24 h of recovery therefrom were studied.

Tissue preparation

For assay of the isoenzyme composition of LDH samples of white and
gray matter were homogenized in a glass-glass Potter’s homogenizer in
0.05 M phosphate buffer, pH 6.9 in a ratio 1:3 w/V as previously des-
cribed (Dietz, 1967) and centrifuged at 15 000 g for 20 min.

For studying the -SH groups levels and enzymes activities the tissue
was homogenized in 0.1 M phosphate buffer containing 5 mM EDTA, pH
7.5. Cytoplasmatic fractions were obtained by centrifuging the homoge-
nates at 20 000 g for 30 min.

The whole work was carried out at 0—4°C.

Determination of -SH groups levels

Total and non-protein i.e. soluble in 5% TCA -SH groups levels in
cytoplasmic fractions were determined spectrophotometrically by the
methods of Ellman (1959) as previously described (Wideman, Doman-
ska-Janik, in press). Protein -SH groups level was calculated in contra
distinction to the total and nonprotein -SH groups levels.

Determination of enzymes activities

Enzymes activities were assayed spectrophotometrically by measuring
the changes of absorption at 340 nm according to the methods described
elsewhere. The activities studied at room temperature were rectilinearly
dependent on the time of reaction and the protein concentrations used
in experiments.

Glutathione reductase activity was assayed in a incubation mixture
containing 0.1 M phosphate buffer, pH 7.5, 5 mM EDTA, 0.1 mM
NADPH, 1.25 mM oxidized glutathione and about 150—200 ng of super-
natant protein in a final volume of 400 ul. NADPH consumption was de-
termined during first 5 min after initiating the reaction.

Glucose-6-phosphate dehydrogenase activity was determined in a rea-
ction mixture containing 0.1 M Tris-HCI buffer, pH 8.0, 1 mM NADP
4 mM MgCl,, 0.4 mM glucose-6-phosphate and about 150—250 ug of
supernatant protein in a final volume of 400 ul.
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Assay of isoenzyme composition of LDH

Supernatants obtianed in the way described above were diluted with
40% saccharose and 35 ul of the mixture containing 30—60 ng protein
was applied on the gel. Isoenzymes were separated by polyacrylamide
disc electrophoresis according to Dietze et al. (1967). During the first
15 min 2 mA per tube was applied and in the next 2 hours current in-
tensity was 2.5 mA per tube. The separated isoenzymes were developed
by the visual staining technique with the use of blue tetrazolium salt
(Dietz et al. 1967), modified by omitting NaCl. Incubation was carried
out for 10 min at 30°C. The reaction was stopped with 7.5% acetic acid.

Preparation of tissue and the electrophoresis take about 3—4 h. The
relative activity of each isoenzyme, expressed as the percentage of the
total LDH activity, was determined by the method of planimetry.

Protein concentration in the experiments was determined according
to Lowry et al. (1951).

RESULTS

I. Metabolic functions of brain mitochondria

Mitochondria obtained from control animals were high-coupled
especially in the presence of bovine albumin which binds free fatty
acids liberated during preparation. Other parameters also indicate that
the mitochondria were not damaged: DNP-ATPase activity was high
and Mg2*t-ATPase activity and FFA concentration very low.

Circulatory hypoxia of 15 min duration had no significant influence
on the metabolic functions of the brain mitochondria. ATP-ases acti-
vities and FFA content remained unchanged and only a slight decrease
of RC and increase of respiratory activity were observed.

II. -SH groups levels and their regulation in gray
and white matter

Circulatory hypoxia of 15 min imperceptibly increased non-protein
-SH groups level in gray and white matter of the brain as compared
to that in control animals. During recovery, the amount of non-protein
-SH groups showed a tendency to decrease this leading after 24 h to
a significant decrease as compared to other experimental groups. This
decrease (by about 35%) was higher in gray matter. Simultaneously
glutathione reductase activity diminished, this being also more prono-
unced in gray matter. Glucose-6-phosphate dehydrogenase activity which

http://rcin.org.pl



Table 1. Metabolic properties of rabbit brain mitochondria under control and ischemic conditions
Tabela 1. Metaboliczne wlasciwosei mitochondriéw mézgu krélika w warunkach kontrolnych i w niedokrwieniu

Control Ischemia
— albumin - albumin — albumin <+ albumin

0. uptake (zuzycie O,) state 3 34.9 52.2 44.8 58.6
ng atom x mg prot-! x min-! stan 3
ng atom x mg biatka'l x min-1 state 4 7.6 5.5 11.6 7.8

: stan 4
RC 4.6 9.5 3.9 7.5
ADP/O , 2.3 2,7 2.4 2.7
ATP-ase activity (aktywno$é ATP-azy) endogenous 0.12 0.23
pmoles P; x mg prot-l x min-1 Mg2+ 0,17 0.38
pmoles Pj x mg biatka:l x min-1 DNP 1.33 1.36
FFA content zawarto$é FFA
pmoles x mg prot-1 umoles x mg biatka"1 11.3 11.4

Ischemia of 15 min duration, produced as described under Methods. Bovine serum albumin was added as indicated only to the
oxidative phosphorylation medium at a level of 4,0 mg/ml. Free fatty acids were extracted from the freshly prepared mitochondrial
fraction. All other conditions as described under Methods. Values represent means of three experiments.

15-minutowa ischemia byla wykonywana wg opisu podanego w Metodach. Albuming podawano jedynie do medium fosforylacyjnego

w stezeniu 4,0 mg/ml. Wolne kwasy tluszczowe ekstrahowano ze §wiezych frakeji mitochondrialnych. Warunki oznaczen podano
w metodach. Wyniki przedstawiajg érednig z trzech doswiadczen.
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Table 2. The SH-groups levels, glutathione reductase and glucose—6-phosphate dehydrogenase activities in the cytoplasmatic fraction
of gray matter of the rabbit brain during the postischemic periods
Tabela 2. Poziom grup-SH, aktywnosci reduktazy glutationowej i dehydrogenezy glukozo—6—fosforanowej, we frakeji cytoplazmaty-
cznej istoty szarej mézgu kroélika po niedokrwieniu

Non-protein SH pmol/g Protein SH pmol/g GR activity pmol DHG6P activity pmol
protein protein NADP /min/ g p NADPH /min/ g p
Experiments Niebiatkowe SH pmol/g Biatkowe SH pmol/g Aktywno$é GR pmol Aktywnosé DHG6P pmol
Doéwiadczenia biatko biatko NADP /min/ g b NADPH /min/ g b
mean + S.E.M. mean + S.E.M. mean + S.E.M. mean + S.E.M.
$rednia §rednia $rednia érednia
Control & 33.7 60.0 12.6 14.6
2 32.9 31.9+1.9 62.5 63.24-2.6 - 13.8 15.14+2.3 15.7 14.34+1.1
3 29.1 67.0 18.8 12.6
Postischemic
periods. Czas
po niedot.
»0” time 1 36.5 64.9 13.7 12.3
Czas ,,0” 2 40.3 35.54+3.8 71.8 66.943.3 14.1 13.64-0.4 14.1 13.240.6
3 29.8 ” 64.0 13.0 13.2
3 hours 1 33.1 80.7 10.5 13.1
3 godziny 2 30.7 31.94-0.8 70.1 75.94+3.8 Tt 11.14-2.6 13.3 12441.1
3 31.9 76.8 15.0 10.7
24 hours 1 21.0 60.2 8.0 16.0
24 godziny 2 20.0 21.641.4 62.4 63.54+2.9 9.4 9.64-0.9 16.4 154414
3 23.7 10.6 12.8
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Table 3. SH-groups levels, glutathione reductase and glucose—6—phosphate dehydrogenase activities in the cytoplasmic fraction of
white matter of rabbit brain during the postischemic period
Tabela 3. Poziomy grup-SH, aktywnosé reduktazy glutationowej i dehydrogenazy glukozo—6-fosforanowej, we frakeji cytoplazma-
tycznej istoty bialej mézgu krélika po niedokrwieniu

Non-protein SH pmol/g  Protein SH pmol/g protein GR activity pmol DHG6P activity pmol
protein NADP /min/ g p NADPH /min/ g p
Experiments Niebiatkowe SH pmol/g Bialkowe SH pmrol/g Aktywnos¢ GR pmol Aktywno$¢é DHG6P pmol
Doséwiadezenia biatko bialko NADP /min/ g b. NADPH /min/ g b
mean + S.E.M. mean 4+ S.E.M. mean + S.E.M. mean + S.E.M.
$rednia $rednia $rednia $rednia
Control 1 34.9 72,9 13.4 23.2
2 39.9 34.943.4 75,2 69.2+6.5 11.9 13,94-2.7 25.4 22.14+2.9
3 30.1 59,5 16.5 YT
Postischemic
periods. Czas
po niedot.
1 41.7 63,3 10.0 20.0
time ,,0” 2 39.0 39.4+1.6 64,2 62.541.6 12.5 11.34-0.9 18.2 19.140.6
Czas ,,0” 3 37.4 60.1 11.5 19.2
3 hours 1 36.7 70,7 12.1 20.2
3 godziny 2 35.9 36.3+0.3 65,0 65.743.7 8.9 11.94-2.0 16.5 17.84-1.6
3 36.3 61,4 14.6 16.7
24 hours 1 24.8 50,0 8.0 24.9
24 godziny 2 25.6 26.14+1.2 55,8 55.843,9 10.2 9.841.2 20.5 21.8+2.1
3 28.0 61,6 11.1 19.9
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650 K. Domanska-Janik et al. Nr 4

Table 4. Effect of circulatory hypoxia on isoenzyme composition of lactic acid

dehydrogenase
Tabela 4. Wplyw niedokrwienia na sklad izoenzymatyczny dehydrogenazy mleczanowej
Time of I
soenzyme
recovery

Czas po nie- LDH—1 LDH—2 LDH—3 LDH -4 LDH—5

dotlenieniu

g8

%8 Control 38.5% 28.4 28.4 4.5 —
g 15 min 35.6 25.2 21.3 15.0 2.8
Z § 3h 28.6 19.4 24.7 16.9 A
5.2

- é Control 35.1 25.3 28.0 11.6 —
B 15 min 30.9 24.5 27.0 14.1 3.5
,§ g 3h 25.2 33.4 22.4 14.6 4.4
s B

*) Relative activity expressed as percentage of total LDH activity.
Wzgledng aktywnosé izoenzyméw wyrazono jako procent calkowitej aktywnosci LDH.

is known to participate in regulation of -SH groups was slightly decreased
just after hypoxia and 3 hours later in'gray and white matter. After
24 h of recovery G6PD activity increased significantly, as compared
with that in other experimental groups of recovering animals, and rea-
ched control values.

Protein -SH groups level in white matter did not differ from the
control value during 3 h of recovery. After 24 h it significantly decreas-
ed for about 15%. In gray matter protein -SH groups level significantly
increased after 3 h of recovery and after 24 h decreased to the control
value:

III. Isoenzyme composition of LDH

Prehmmary study on the isoenzymatic pattern of lactic. acid de-
hydrogenase indicated characteristic changes which were similar in
white and gray matter. The relative activity of LDH-1 expressed as
percentage of the total LDH activity decreased after 15 min of circulatory
hypoxia with simultaneous increase of the activities of LDH-4 and
LDH-5 which did not appear in control animals. After 3 h of recovery
these changes were more pronounced ¢

- DISCUSSION

Cifcuiatory,hypoxia__ appliéd in the present work is known to pro-
duce' an immediate decrease of p0, in the cerebral cortex below the

http://rcin.org.pl



Nr. 4 Metabolism of ischemic brain 651

value reported to be critical (Mchedlishvili, 1973). -Simultaneously the
anaerobic metabolism is stimulated, as indicated by the local decrease.
of tissue pH. After restoration of blood circulation pH and p0, reached
the control level very quickly and after the first hour of recovery p0,
even increased above the control value, which seems to point to distur-
bances of oxidative metabolism in the mitochondria (Mchedlishvili et
al. 1974). Contrary to the previously found drastic changes of mito-
chondrial functions after decapitation (Lazarewicz et al. 1972), the effect
of 15 min circulatory hypoxia was less pronounced. The increase uf
oxygen consumption after hypoxia may be explained by the lower
volume of blood containing nembutal in hypoxic brains as compared
to control ones. Nembutal from blood may bind with mitochondria
during their preparation and its higher content in control brains may
inhibit the respiratory chain (Majewska et al., 1974). The high activity
of DNP-dependent ATP-ase and low concentration of free fatty acids
in mitochondria obtained from hypoxic rabbits indicate that, in spite
of a slight depression of respiratory control and increase in Mg?*-de-
pendent ATP-ase, the probable damage to mitochondria is insignificant.
This lack of disturbances of mitochondrial functions may be a result
of maintaining slight cerebral circulation during the experiment,
especially as comrared with the absolute cessation of circulation during
postdecapitative ischemia. On the other hand, though the preliminary
studies of mitochondria after 24 h of recovery indicated marked dis-
turbances of their functions similar to those described in" cases of
brain edema (Gromek et al., 1973).

These results suggest-that the slight changes of mltochondrlal func-
tions just after circulatory ischemia may represent preliminary distur-
bances of oxygen metabolism in brain tissue in vivo. These mitochondrial
changes may be reversible in nature and,. in consequence difficult to
observe in vitro that is-under optimal conditions. : Ofe

The changes in the isoenzymatic composmon of LDH after hypoxxa‘
and during .recovery indicate that hypoxic changes developed after
restoration of blood circulation. Immediately following hypoxia and after
further -3 h of recovery the relative activity of slow — migrating
1soenzymes progresswely inereaséd and that of the fast ones decreased.
Owing 'to the higher opt1mal lconcentratlon of pyruvate (Cahn'et al., 1962;
Plagemann et al, 1960) nor slow — mlgratmg isoenzymes as compared. to
the fast ones and to their higher resistance to inhibition by increasing
lactate (Brody, 1964) and pyruvate concentrations, the above changes
may represent the adaptatlon ‘of LDH ‘o the lowered pressure of oxy-=
gen whlch is known ‘to be one of the main factors which regulate 1ts
isoenzyme composmon (Cahn 1963; Goodfriend et al.,  1966; Lmdv
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Rajasalmi, 1966). These changes are too rapid to be due to protein
biosynthesis, and most probably they result from changes in the intra-
cellular environment. Especially so as preliminary data indicated no
change in the total LDH activity.

In our previous study mild hypoxia was found to decrease after
1 h -SH groups levels which was closely correlated with the changes
of glutathione reductase (Wideman, Domanska-Janik, 1974). After
2.5 h of hypoxia the -SH groups levels increased to the control level
mainly owing to the increase of G-6-P dehydrogenase activity (Doman-
ska-Janik, Wideman, 1974). In the present experiments the decrease
of thiols levels was observed not before the 24th hour of recovery
and was not so great. Like in mild hypoxia this fall was accompanied
by the decrease of glutathione reductase activity. The significant in-
crease of G-6-P dehydrogenase activity after 24 h of recovery precede
the increase of -SH groups levels as it was observed during mild hy-
poxia. Despite the long lapse of time after which the changes were
found they may represent the same type as during mild hypoxia i.e.
then may result“from prolonged and mild hypoxia, being the late
effect of acute interruption of cerebral circulation. Especially as the
works of Mossakowski (1974) and Kapuscinski (1974) reported secondary
disturbances of cerebral circulation during recovery.

K. Domarniska-Janik, J. Wideman, J. Lazarewicz, D. Majewska

WPLYW ISCHEMII NA NIEKTORE PROCESY METOBALICZNE OSRODKOWEGO
UKELADU NERWOWEGO KROLIKA

Streszczenie

Przebadano wplyw 15 minutowej ischemii (Mchedlishvili, 1973) na wtasnosci
metaboliczne mitochondriéw (aktywnoé§é oddechowa, fosforylacyjna i ATPaz mito-
chondrialnych) wybrane procesy cytoplazmatyczne: poziom grup SH, aktywno$§é
specyficzng dehydrogenazy G-6-P i reduktazy glutationowej oraz sklad izoenzyma-
tyczny dehydrogenazy mleczanowej w istocie szarej i bialej moézgu krolika.

Bezpoérednio po ischemii i w 3 godziny po niedokrwieniu nie zaobserwowano
wyraZnych zmian w badanych parametrach charakteryzujgcych metabolizm w mito-
chondriach i cytoplazmie, poza typowymi dla warunkéw beztlenowych zmianami
w skladzie izoenzymatycznym LDH. Charakteryzowaly sie¢ one wzglednym podwyz-
szeniem aktywno$ci izoenzyméw wolno migrujgcych. W 24 godz. od ischemii
zaobserwowano spadek aktywno$ci reduktazy glutationowej z towarzyszgcym obni-
zeniem poziomu biatkowych (gléwnie w istocie bialtej) i niebiatkowych grup SH,
prawdopodobnie jako wynik zmian obrzekowych i wtérnego przewleklego niedotle-
nienia tkanki. W tej grupie czasowej wykazano réwniez pogorszenie si¢ stanu
metabolicznego izolowanych mitochondrii mézgu. Aktywno$é dehydrogenazy G-6-P
ulegala nieznacznemu obnizeniu bezpoSrednio i w 3 godziny po ischemii, natomiast
po 24 godzinach wykazywala warto$ci rowne kontroli.
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Rézna dynamika rozwoju zmian biochemicznych wskazuje na zlozony pato-
mechanizm zaburzen w badanym modelu i nakladanie sie wtoérnych, dodatkowych
zmian, rozwijajgcych sie juz po retransfuzji.

K. Jomaubcka-fIuuk, 1. Bugeman, E. Jlazapesuu, JI. MaeBcKa

BIMAHUE MIIEMUY HA HEKOTOPUE METABOJMYECKMUE ITPOIIECCBHI
IIEHTPAJIEHOM HEPBHOM CUCTEMBEI KPOJUKA
Pe3wMme

UccnenoBaiyu Bausuue 15-muuytHon mmuemuyn (MuekmmuBuiy, 1973) na Mmeta-
6onMueckue CBOMCTBA MMTOXOHAPMM (AbIXaTesbHAs aKTUBHOCTB, (hoccopuamposaHue
M MUTOXOHAPHaNbHble ATd-a3bl), 30paHubIC LATOMJIa3MaTUYECKNUE IIPOIECChI: ypo-
senb SH-rpymnm, cnenmduyecKy aKTMBHOCTBL Aeruaporenass! I'n-6-P u rimoTaTuoH-
peAyKTasbl, a TaKxe M30(hepMEHTHbI COCTaB JaKTaTAEeIUAPOTEeHAa3bl B cepoM 1 GesoMm
BeIlJeCTBaX MO3ra KpOJMKa.

HenocpeacTBeHHO IIOCJIe MINEMMM M uepe3 3 yaca Ilocsie Hee He Hab.aionanoch
OTYETJAMBBIX M3MEHEeHUMII B MCCJEeAyeMbIX IIapaMeTpaX, XapaKTepu3ylIMx MeTa-
601M3M B MMTOXOHJAPUAX M LUTOIUIA3Me, KPOME TUIIMMYHBLIX AJs Oe3KMCIOPOAHBIX
YCJIOBMII HapyuweHuit B wu3ogepMeHTHOM cocraBe JIAI. OHM XxapaKTepr3oBaauch
OTHOCUTEJIbHBIM yBEJIMYEHUEM aKTUBHOCTM MEIJIEHHO MMIPMPYIOIUMX M30(DEePMEHTOB.
Yepes3 24 yaca mocsie umemMuyu HaOIIOAANOCH MAajeHUe aKTMBHOCTY TIIIOTATHOHDPEAYK-
Ta3bl C OJHOBPEMEHHBLIM CHUIKCHMEM O0eJKOBbIX (B OCHOBHOM B 0emrom BelijecTee)
un HebenkoBbIX SH-rpyI, 10 BCEl BEPOATHOCTU KaK Pe3yJibTaT OTEYHLIX M3MEHEeHWA
¥ BTOPMYHOM XPOHMYECKON I'MIIOKCUM TKauu. B 97011 BpeMeHHOM rpynne ObLI0 Takke
obHapyXeHO yXyAuleHue MeTabosM4eCcKOro COCTOAHMUA M30JIUMPOBAHHLIX MUTOXOHPMIA
Mo3ra. AKTMBHOCTBL JerMaporeHasbl I-6-d He3HAYUTENbHO CHMIKAJACh Henocpeia-
CTBEHHO IIOCJIe MUIeMMM M yepe3 3 yaca IIocje Hee, a 4epe3d 24 waca Jocruraja
BCJIMYUHBI, PABHOM KOHTPOJIO.

Paznuunasa auHaMyKa Pa3BUTHs OMOXMMMIECKUX U3MEHEHMI yKas3hbIBaeT Ha CJIOK-
HbIJI NMaTOMEeXaHM3M HapyLIeHMII B MCCJEAYyEeMO MOJENM A HaclauBaHYe BTOPUYHBIX
AONOJIHUTEJIbHBIX M3MEHEHMM, pPa3BUBAIOLIMXCA VIKe Iociae perpadcdys3nu.

REFERENCES

1. Bazan, N. G.; Joel, C. D.: Gradient thickness thin — layer chromatography for
the isolation and analysis of trace amounts of free fatty acids in large lipid
samples. J. Lipid Res. 1970, 11, 42-47.

2. Brody, I. A.: Isoenzyme histochemistry: A new method for the display of selec-
tive lactate dehydrogenase isoenzymes on an electrophoretic pattern. Nature,
1964, 201, 685—687.

3. Cahn, R. D.: Cellular Damage and the Control of Lactic Dehydrogenase Syn-
thesis in Cell Cultures by Oxidative Metabolites. J. Cell. Biol.,, 1963, 19, 24.

4. Cahn, R. D.; Kaplan, N. O.; Levire, L.; Zwilling, E.: Nature and Development
of Lactic Dehydrogenases, Science, 1962, 136, 962—969.

5. Chance, B.; Williams, G. R.: Respiratory enzymes in oxidative phosphorylation.
I. Kinetics of oxygen utilization. J. Biol. Chem. 1955, 217, 383—393.

6. Dietz, A. A.; Lubrano, T.: Separation and Quantitation. of Lactic Dehydrogenase
Isoenzymes by Disc Electrophoresis. Anal. Biochem. 20, 246—257.

7. Domanska-Janik, K.: Do$wiadczalne niedotlenienie a niektére zagadnienia tle-
nowego metabolizmu glukozy w OUN. Neuropat. Pol. 1972, X, 1, 2—43.

8. Domanska-Janik, K.; Wideman, J.: Effect of Hypoxia on the activity of cyto-
plasmic NADPH-producing enzymes in different parts of rat brain — Res-
suscitation, 1974, 3, 37—41.

http://rcin.org.pl



654

10.
11.
12.
13.

14.

15.
16.
17.
18.

19.
20.

21.

22.

23.
24,

25.
26.

217.

K. Domarska-Janik et al, Nr 4

Ellman, G. L.: Tissue sulphydryl groups. Arch. Biochem. Bioph. 1959, 82,
70—71. ;
Estabrook, R. W.: Mitochondrial respiratory conftrol and the polarographic
measurement of ADP: A rations In: Methods in Enzymology (Estabrook R. W.
ed) Vol. 10, p. 41-47, Academic Press, New York—London 1967.

Fiske, 'C. H.; Subbarow, Y.: The colorimetric determination of phosphorus.
J. Biol. Chem. 1925, 66, 375—400.

Folch, J.; Lees, M.; Stanley, G. H. S.: A simple method for the isolation
and purification of total lipids from animal tissues. J. Biol. Chem., 1967,
226, 497—509.

Goodfriend, T. L.; Sokol, D. H.; Kaplan, N. O.: Control of Synthesis of lactic
Acid Dehydrogenases. J. Mol. Biol., 1966, 15, 18—31.

Gromek, A.; Majewska, D.; Czernicki, Z.; Jurkiewicz, J.; Kunicki, A.: Bio-
chemical Properties of Mitochondria in Conditions of Experimental Brain
Edema in Cats. Bull. Acad. Pol. Sci. 1973, 21, 701—708.

Itaya, K.; Ui, M.: Colorimetric determination of free fatty acids in biological
fluids. J. Lipid Res. 1965, 6, 16. :

Kapu$ciniski, A.: Cerebral Blood flow under conditions of circulatory hypoxia
with particular reference to the retransfusion period. Neuropat. Pol. 1974, 12.
Lindy, S.; Rajasalmi, M.: Lactate dehydrogenase isoenzymes of chick embryo:
response to variations of auxbient oxygen tension. Science, 1966, 153, 1401—05.
Lowry, O. H.; Roseborough, M. J.; Farr, A. L.; Randall, R. J.: Protein mea-
surement with the Folin Phenol reagent. J. Biol. Chem. 1951, 193, 265—275.
Lazarewicz, J. W.; Strosznajder, J.; Gromek, A.: Effect of ischaemia and
exogenous fatty acids on the energy metabolism in brain mitochondria. Bull.
Acad. Pol. Sci., 1972, 20, 599—606.

Majewska, D.; Gromek, A., Strosznajder, K.: Properties of Brain Mitochondria
in conditions of ischemia and nembutal anaesthesia in guinea pig. Bull. Pol.
Acad. Sci., 1974, 4.

Mchedlishvili, G. I.: Experimental Model of Controllable Circulatory Hypoxia
(Ischaemia) of Cerebral Hemispheres. Neuropat. Pol. 1973, XI, 3, 249—262,
Mchedlishvili, G. I.; Antia, R. V.; Nikolaishvili, L. S.: Dynamics of some meta-
bolic changes in the cerebral cortex during the ischemic and early polstische-
mic periods. Neuropat. Pol. 1974, 12. '
Mossakowski, M. J. : Cerebral microcirculation disorders in experimental
circulatory hypoxia. Neuropat. Pol. 1974, 12.

Ozawa, K.; Seta, K.; Araki, H.; Handa, H.: The effect of ischaemia on mito-
chondrial metabolism. J. Biol. Chem. 1967, 61, 512—514.

Plagemann, P. G. W.; Gregory, K. F.; Wroblewski, F.: Properties and inter-
relationship of rabbit and human lactic dehydrogenase isoenzymes. JBC, 235,
1960, 2288—2293.

Strosznajder, J.; Gromek, A.; Lazarewicz, J.: Wplyw niedokrwienia na zawarto§¢
wolnych kwaséw tluszczowych w mozgu S$winek morskich. Neuropatol. Pol.
1972, 10, 447—455.

Wideman, J.; Domanska-Janik, K.: SH levels and glutathione reductase acti-
vity in the different parts of rat brain during hypoxia — Ressuscitation
1974, 3, 27—36.

Authors’ address: Department of Neurochemistry, Medical Research Centre,

Polish Academy of Sciences, 00-784 Warszawa, Dworkowa Str. 3.

http://rcin.org.pl



NEUROPAT. POL., 1974, XII, 4

M. SIKORSKA, M. SMIALEK

GLYCOGEN LEVEL AND UDPGLUCOSE : GLYCOGEN

a-4-GLUCOSYLTRANSFERASE (EC 2.4.1.11) ACTIVITY

IN THE BRAINS OF RABBITS AFTER EXPERIMENTAL
CIRCULATORY HYPOXIA

Department of Neuropathology, Experimental and Clinical Medical Research
Centre, Polish Academy of Sciences

The investigations of Mossakowski et al. (1968) called attention to
the fact of transient accumulation of glycogen in the brains of monkeys
under conditions of perinatal asphyxia. Other authors, using various
experimental models producing oxygen deficit in the brain as for in-
stance ischemia in rats . (Ibrahim et al,. 1970; Smialek et al, 1971)
Mossakowski et al., 1973), simple hypoxia (Mossakowski, Zelman, 1971)
and carbon monoxide intoxication (Smiatek et al., 1973) found a transient
rise in the glycogen level and activity of the enzymes metabolizing this
polysaccharide in the brains of animals after a period of hypoxia.

The present study was undertaken to investigate the glycogen level
and UDPglucose : glycogen glucosyltransferase activity in the brains
of rabbits following circulatory hypoxia of 15 min duration.

MATERIAL AND METHODS

For the experiments 150 rabbits of both sexes weighing 2.5—3.8 kg
were used. In the experimental group 15-min circulatory hypoxia was
induced (Mchedlishvili, 1973).

Under nembutal anaesthesia (40mg/kg body weight) and heparin in-
jection (0.3 ml/kg body weight) blood was drawn from the right common
carotid artery of the animals and pooled in a bottle in such an amount
as would reduce for 15 min peripheral blood pressure to 15 mm Hg. For
this time period supply of blood to the brain was cut of by closing
both common carotid arteries. After 15 min the compression of the left
artery was released, and through the right one the blood drawn from
the animal’s organism was reinjected. After transfusion of the total
amount of bloodlet the right artery was ligated for good.
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After blood retransfusion holes were drilled bilaterally in the parietal
bones of the skull, and the dura mater was punctured to avoid a rise
of intracranial pressure. The control group consisted of animals treated
as in the experimental group, with the exception of blood letting. The
results obtained in animals not subjected to any treatment were consi-
dered as normal.

The rabbits were killed by means of air emboli-as at 0 time, that is
immediately after 15 min of hypoxia and 6, 12, 24 and 48 h from the
moment of retransfusion into the organism of the blood which was
drawn out. For establishing the glycogen level tissue blocks weighing
about 500 mg were taken from three regions of the brain (Fig. 1).

Jid opt.ic chi:asm, II — from the anterior edge of the
optic chiasm to the central part of the tuber

r \ k\j ] \ Jii cinereum, III — from the central part of the tu-
NI ber cinereum to the interpeduncular fossa.

Fig. 1. Investigated regions of rabbit brain in
circulatory hypoxia. I — from the posterior edge
of the olfactory bulb to the anterior edge of the

Ryc. 1. Badane okolice moézgu krélika w hipoksji
krazeniowej. I — Od tylnej krawedzi opuszki we-
chowej do przedniej krawedzi skrzyzowania ner-
wow wzrokowych, II — od przedniej krawedzi
skrzyzowania nerwéw wzrokowych do S$rodkowej
czeSci guza popielatego, III — od $rodkowej cze-
§ci guza popielatego do dolu migdzykonarowego

Glycogen was isolated from the brain tissue, purified and hydrolysed.
Glucose was determined colorimetrically after Nelson (1944).

Glucosyltransferase activity in brain tissue taken from regions 1
and IT was jointly determined by the method of Leloir and Goldemberg
(1962) in a modified incubation medium (Smialek et al., 1971). Protein
was determined by the method of Lowry et al. (1961).

RESULTS

In the brain of normal untreated rabbits the glycogen level was in
region I — 32.12+5.04, in region II — 62.87+7.26 and in region III —
103.33 = 7.55 mg glucose/100 g fresh tissue (Table 1).

In the brains of the control animals treated similarly as the experi-
mental group, induction of hypoxia excepted, glycogen content im-
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Table 1. Glycogen level in rabbit brain following 15 min. duration of circulatory hypoxia
Tabela 1. Poziom glikogenu w mézgu krélika w nastepstwie 15 min. hipoksji krazeniowej

Time af- Glycogen mg glucose/100 g wet tissue

ter hypoxia Glik . T00 & bbbt densii
Rightei (hrs) ikogen mg glukozy/100 g $wiezej tkanki s

okolica, Czas po experimental group control group
hipoksji grupa dos$wiadczalna grupa kontrolna
(godz.) X+m¥*) X4+m
1 0 17.3641.32 (8)***) 31.49+45.52 (8) <0.05
6 68.65+3.37 (8) 71.544-8.50 (8) =0.05
12 86.904-1.19 (10) 62.294-0.97 (10) <0.01
24 108.85+1.69 (10) 36.48+-2.72 (10) <0.001
48 87.40—4.27 (8) 34.44—1.77 (8) <0.001
norm 32.124-5.04 (8)
il 0 27.7240.92 (8) 82.064-2.02 (8) <0.001
6 114.7546.44 (8) 93.894-9.18 (8) =0.05
12 119.324-2.68 (10) 86.754-2.15 (10) <0.001
24 122.18+1.65 (10) 76.74+1.52 (10) <0.001
48 96.27+3.41 (8) 55.644-2.02 (8) <0.001
norm 62.87+417.26 (8)
0 40.65+1.16 (8) 111.39+2.31 (8) <0.001
111 6 138.48+7.81 (8) 131.764-9.20 (8) >0.05
12 144.42+-1.88 (10) 127.42-+1.79 (8) <0.001
24 137.644-1.62 (10) 122.58 +2.07 (10) <0.001
48 137.95+1.45 (8) 111.2241.07 (10) <0.001
norm 103.33+7.55 (8)

*) arithmetic mean -4 standard error of the mean
érednia arytmetyczna + standardowy blad éredniej
**) probability — prawdopodobienstwo
**%) number of the animals
liczba zwierzat

I, II, IIT — according to
Fig. 1

mediately after treatment — at 0 time — did not differ from the values
obtained in the group of normal animals.

Six hours after the operation a rise of the glycogen level as compared
to normal was noted in the control group. If we compare the three brain
regions studied, the highest rise of glycogen level, by about 125 per cent
is found in region I (statistically significant as comrpared with normal),
the increments in glycogen content in regions II and III are about 50
and 27 per cent, respectively, and they are also statistically significant.
In the control group the glycogen level after 12 hrs was in the three
brain regions lower than after 6 hrs, but still higher than normal. In the
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further time intervals, after 24 and 48 hrs glycogen content was within
the values recorded in the normal group.

In the experimental group, at time O, that is immediately after hy-
poxia of 15 min duration; in all three examined brain regions a fall of
the glycogen level by about 50 per cent was found as compared with
the control group. The results were statistically significant.

i
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0 5 7 2 Time (brs) 418
Diagram 1. Glycogen level in rabbit brain following 15-min duration of circulatory
hypoxia.
Diagram 1. Poziom glikogenu w moézgu krélika w nastepstwie 15-min. hipoksji
krazeniowej.

Six hours after eliciting circulatory hypoxia, the glycogen level in the
rabbit brains in all three regions was higher than at 0 time, and the
mean values were close to those found in the brains of the controls 6 h
after the operation. A further rise of glycogen content was noted after
12 and 24 hrs. The highest level in regions I and II, was recorded after
24 hrs and after 12 hrs in region III. The increment was quantitatively
different in the three regions: in region I it amounted to about 200, in
region II to about 60 and in region III to as little as 15 per cent. After
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Table 2. UDPglucose: glycogen a-4-glucosyltransferase activity in rabbit brain fol-
lowing 15 min. duration of circulatory hypoxia

Tabela 2. Aktywnosé a-4—glukozylotransferazy UDPglukoza: glikogen w mézgu krélika
w nastepstwie 15 min. hipoksji krazeniowej

Time af- Specyfic activity pmoles UDP/mg protein/ml

ter hypo- enzyme/min
; xia_ (hrs) Swoista aktywnosé pmoli UDP/mg biatka/
Region L
3 /ml enzymu/min p**)
Okolica p
Czas po experimental group control group
hipops;ji grupa doswiadczalna grupa kontrolna
(godz.) ) X4+-m¥*) X-+m
0 0.064+-0.001 (6)***)  0.058+0.002 (5) >0.05
6 0.0994-0.003 (6) 0.059+40.002 (5) <0.001
Ly 12 - 0.07740.003 (6) 0.0574-0.005 (5) <0.01
24 0.0704-0.003 (6) 0.05940.002 (6) <0.01
48 0.0664-0.002 (5) 0.0584-0.002 (2) <0.05
nirm 0.057+40.002 (5)

I, IT — according to Fig. 1 *) arithmetic mean + standard error of the mean

srednia artmetyczna -+ standardowy blad sredniej
*¥) probability — prawdopodobienstwo
**¥) number of animals-—liczba zwierzat

S S
8 3

~ Specific activity 3
umoles UDPJmg protein/ml enzyme/min
S
I8

S
R

experimental group
= == control group and norm

S
—

A shaded L
—

& 7 2 Time(hrs) 48 ;
Diagram 2. UDPglucose:glycogen:a-4-glucosyltransferase activity in rabbit brain
following 15-min duration of circulatory hypoxia.

Diagram 2. Aktywno§é-a-4-glukozylotransferazy UDPglukoza:glikogen w moézgu kro-
lika w nastepstwie 15-min. hipoksji krazeniowej.

48 hrs the glycogen level fell. This was most pronounced in region I, less
so in region II and least in region III. In all three regions a similar
course of the changes in glycogen content was observed, both in the
control and in the experimental group. The greatest increase in the con-
trol group fell to the 6th hour after the operation. A return to the nor-
mal level was observable in the further time intervals. In the experi-
mental group a distinct fall of the glycogen level was observed at 0
time, and then a rise reaching its maximum in regions I and II after
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24 hrs and in region III after 6 and 12 hrs. Beginning with the 24th
hour, in all regions a tendency to return to normal values prevailed
(diagram 1).

UDPglucose:glycogen glucosyltransferase activity in the brain tissue
including regions I and II was in the group of normal rabbits 0.057 +
+ 0.002 wmole UDP/mg protein/ml enzyme/min (Table 2). The enzyme
activity in the control group did not change in the examined time in-
tervals.

In the experimental animals an enhanced enzyme activity is observed.
Its highest value 0.099 * 0.003 was found 6 hrs after hypoxia. The in-
crement was about 70 per cent as compared with the control group. In
the subsequent time intervals, after 12, 24 and 48 hrs the enzyme acti-
vity decreased reaching after 48 hrs 0.066 * 0.002, a value close to the
activity at 0 time, but still somewhat higher than in the control group.

As compared with the normal and control groups, an increase in
UDPglucose: glycogen glucosyltransferase activity is distinctly visible
in the period between 0 time and 6 hrs. In the further time intervals the
activity declines with a tendency to return to the value found in the
normal group (Diagram 2).

DISCUSSION

In the brains of experimental animals a distinct fall of the glycogen
level was noted in all three investigated regions of brain immediately
after the end of circulatory hypoxia. This phenomenon is frequently
observed during hypoxia of the nervous tissue, and it is associated with
an exhaustion of the energy reserve (glucose, glycogen and high-energy
compounds) in the cells, as indicated by the results of numerous authors
e.g. Thorn et al., 1958; Gatfield et al.,, 1966; Hackonen et al., 1969.

In the present investigations as a consequence of 15-min circulatory
hypoxia a transient rise of the glycogen level was found. in rabbit brains,
associated with a temporarily enhanced UDPglucose: glycogen glucosyl-
transferase activity, similar to that demonstrated by Mossakowski et al.
(1968) in perinatal asphyxia, Ibrahim et al. (1970) in hypoxia and is-
chemia in rat, Mossakowski et al. (1973) in ischemia in rat and Smia-
lek et al. (1973) as the consequence of poisoning of rats with carbon mo-
noxide.

The maximum increase of enzyme activity falling to the 6th hour
after hypoxia precedes the maximal increment in glycogen content no-
ted for the regions I and II after 24 hrs. The course of changes in the
glycogen level and enzyme activity in the circulatory hypoxia model
here discussed resembles that observed in the experimental model of
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carbon monoxide intoxication (Smialek et al., 1973). In the latter model,
however, the effect becomes sooner noticeable, perhaps owing to tissue
reaction to hypoxia and the cytotoxic influence at the same time. The
present results suggest that the observed rise of the glycogen level
caused by circulatory hypoxia may be due to the enhanced activity of
UDPglucose: glycogen glucosyltransferase involved in the process of
biosynthesis of this polysaccharide. Experimental data are not available
as yet which would explain the cause of the enhanced UDPglucose: gly-
cogen glucosyltransferase activity. In the processes of regulation of the
activity of this enzyme numerous factors are involved, among which uri-
dindiphosphoglucose (UDPG), adenine nucleotides and glucose-6-phos-
phate which stimulates the conversion of the inactive enzyme form (D)
to the active one (I) (Suzumo, Vasuluto, 1970; Hornbrook, Lyan, 1970).

If we consider the eventual changes in the ATP/ADP/AMP system
and assume that, like in the carbon monoxide model, an increase in ATP
concentration will occur at a later time as the consequence of circula-
tory hypoxia, the possibility of ATP influencing UDPglucose: glycogen
glucosyltransferase activity (Stassel et al., 1970) phosphofructokinase
activity and also the phosphorylase activity via 3.5-cyclic AMP should
be taken into account.

In the brains of control animals a transient rise of the glycogen level
was also found, most pronounced 6 hrs after the treatment. UDPglucose:
glycogen glucosyltransferase activity in the brains of the animals of
this group underwent no changes at all time intervals examined.

It would result therefrom that in the control group the rise of the
glycogen level is stimulated by a different enzymatic mechanism which
may be released by anesthesia or the operational treatment itself (Gat-
field et al.,, 1966). It is possible that in the investigated model of circu-
latory hypoxia the operation shifts the equilibrium of the processes to-
wards glycogen biosynthesis by changing catecholamine and/or 3.5-cyclic
AMP concentrations (Newton, Hornbrook, 1972; Schlender, 1973).

Under conditions of circulatory hypoxia, in the group of experimental
animals the highest glycogen content increase was observed in region I,
it was smaller in region II and percentually smallest in region III of the
brain. This phenomenon may be due to the different proportions of white
and grey matter in the examined brain areas. Szumanska (1974) in her
histochemical analyses performed in the same model observed earliest
glycogen accumulation around the grey matter vessels, and only later
in the glia of the white matter. In view of the highest quantitative in-
crement of glycogen content at a later time in region I of the brain ri-
chest in white matter, it may be supposed that it is the result of a chan-
ged reaction of the glia under conditions of circulatory hypoxia. Neither
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can the differences in blood supply to the particular areas of the brain
and the degrees of brain damage be-disregarded.

A more precise knowledge of the mechanism of transient glycogen
accumulation in the brain as a consequence of hypoxia of the central
nervous system requires a separate study of the above discussed factors
which may influence this phenomenon. '

CONCLUSIONS

1. A fall of glycogen level in the brains of rabbits was noted as the
immediate result of induced hypoxia, and furher, at a later time,
a transient rise as compared with the values in the normal and control
groups.

2. The operational treatment itself associated with nembutal anest-
hesia also causes a transient increase of glycogen content as compared to
normal. This rise is much smaller than in the brains of the experimen-
tal animals. -

3. The highest percentual rise cf the glycogen level was noted in re-
gion I, it was smaller in region II and lowest in region IIT of the brain.

4. A temporarily enhanced activity of UDPglucose: glycogen glucosyl-
transferase was also noted in the brains of the experimental rabbits,
preceding in time the maximum rise of the glycogen level.

The authors are indepted to Mrs Teresa Pankowska for her help in the bio-
chemical determinations

M. Sikorska, M Smialek

POZIOM GLIKOGENU 1 AKTYWNOSC «-4-GLUKOZYLOTRANSFERAZY
-7’ © UDPGLUKOZA:GLIKOGEN (EC 241.11) W MOZGU KROLIKA
W NASTEPSTWIE DOSWIADCZALNEJ HIPOKSJI KRAZENIOWEJ

Streszczenle

Badania przepcrowadzono na-mobzgach krolikéw, u k’térych wywo&ywano hxpoks;q
krazeniows (wg modelu op:sanego przez Mchedlishvili 1973), trwaj3ca 15 min. Zwie-
rzeta dekapitowano bezpo$rednio, po 6, 12, 24 i 48 godzinach od wywolama h1poksn

W mozgach krélikéw badanych bezposrednio po. hipoksji stwierdzono znamien=
ny statystycznie spadek poziomu glikogenu. W nastepnych przedzialach czasowych
obserwowano przej$ciowy wzrost poziomu glikogenu, vnajwyisze przyrosty noto-
wano 24 godziny po wywolaniu hipoksji.

--Swaoista aktywnoéé glukozylotransferazy w mézgach krolikow badanych bez—
poSredmo po. 15-min. hlpoksn pozostawala na poziomie wynikéw uzyskanych
w grupie kontrolnej. "W péimerzych przedualach czasowych stwierdzono takze
przejSciowy wzrost ‘aktywno$ci enzymu, najwyzsza aktywnosé wystepowala po
uptywie 6 godz. od wywolania hipoksji. )

~
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M. Curopcka, M. Cmsanex

VPOBEHb IVIMKOTEHA M AKTUBHOCTBH «-4-TIIIOKO3UITPAHCPHEPA3EI
YAP-TIIOKO3A: TIIMKOI'EH (EC 2.4.1.11) B MO3TE KPOJUKA TIOCJIE
SKCIIEPMMEHTAJBHOM I.IMPKYJIHIIMOHHOPI TUIIOKCUU

~

Pe3swome

VicenenoBauusa MPOBOAMJIMCHL HAa MO3re KPOJIMKOB, Y KOTOPBIX BbI3bIBAJACH 15-MM-
HyTHaA LUMPKYJIAUMOHHAsA TUIIOKCHUA (COTJIacHO MOJeNM, OIMCaHHOM MuenamiuBuim
B 1973 r.). 2ZKMBOTHBIX JE€KANMTMPOBaJM Cpa3y IOCJe BEI3BAHHOM TUIIOKCUM M Aajiee
yepe3 6, 12, 24 1 .48 wacos.

B MoO3re KpOJIMKOB, MCCJEIyeMblX HEIOCDEACTBEHHO noce runoxcui1, 6p1510 obHa-
PYZEHO CTaTMCTUYECKM JOCTOBEDPHOE CHUIKEeHMe YPOBHSA TJAMKOreHa. B OCTalbHBIX
BpEMeHHBIX Trpynnax Ha0l0ga;l0ck BpPEMEHHOE YBEJIWYEHME YPOBild TIJIMKOPEHA,
npuyeM, caMOe CMIIbHOe yBeJMyeiye OTMEeualJloch 4Yepe3 24 yaca Iocjie BbI3BaHHOM
P UMIOKCUN. 5

Crnenudnieckas aKTMBHOCTb TIJIIOKO3MITPaHCpEepa3kl B MO3re KPOJIMKOB, uccle-
IYEeMbIX HEIOCPEACTBeHHO TIIocJie 15-MMHYTHOM TMNOKCUM, OCTaBaliaCb Ha yPOBHE
pPe3yJlbTaTOB, MOJYyYEHHBIX JAJA KOHTPOJBLHOM TPynnbl. B mnocreaymoimmx -orpe3kax
BpeMeHM TaKzKe yCTAaHOBJIEHO NPEeXOAAllee yBeJMYeHMe aKTUBHOCTU (pepMeHTa, Ma-
KcuMmaslbHasg aKTUMBHOCTh. Habiioganack 4yepe3 6 JacOB IOcCJie BBIBBAHHOW TUIIOKCUM.

REFERENCES

1. Gatfield P. D, Lowry O. H., Schulz D. W., Passonneau J. V.: Regional energy
‘reserves in mouse brain and changes with ischaemia and anaesthesia. J.
Neurochem. 1966, 13, 185—195. ) : :

2.  Hackonen M. H. A, Passonneau J. V., Lowry O. H.: Relationships between
energy reserves and function in rat superior cervical ganglia. J. Neurochem,
1969, 16, 1439—1450. j

3. Hornbrook R. K., Lyan J. B.: The regulation of glycogen metabolism in mouse
liver. Biochim. Biophys. Acta, 1970, 215, 29—38.

4. Tbrahim M. Z. M., Pascoe E., Alam S., Miquel J.: Glycogen and phosphorylase
activity in rat brain during recovery from several forms of hypoxia. Amer.
J. Path. 1970, 40, 403—415.

5. Leloir L. F., Goldemberg S. M.: Glycogen synthetase from rat liver. In:*Me-
thods in enzymology. Ed.: S. P. Colowick and N. O. Kaplan, 1962, N. Y. Acad.
Press 5, 145—147.

6. Lowry O. H. Rosenbrough S. M., Farr A. L., Randall R. J.: Protein measu-
rement with the folin-phenol reagent. J. Biol. Chem. 1951, 193, 265—270.

7. Mchedlishvili G. J.: Experimental model of controllable circulatory hypoxia
(ischemia) of cerebral hemispheres. Neuropat. Pol. 1973, 11, 249—262.

8. Mossakowski M. J., Long D. N., Meyers E.,, de Curet H. R., Klatzo I.: Early
histochemical changes in perinatal asphyxia. J. Neuropath. exp. Neurol. 1968,
27, 500—516.

9. Mossakowski M. J., Zelman I. B.: Zmiany w oSrodkowym ukladzie nerwowym
na skutek niedoboru tlenowego w warunkach dos§wiadczalnych. Postepy Astro-
nautyki 1971, Supl. 37—50.

o

http://rcin.org.pl



664 M. Sikorska, M. Smiatek Nr 4

10. Mossakowski M. J., Pronaszko-Kurczyfiska A., Korthals J., Wrutniak A.:
Wplyw umiarkowanego niedokrwienia na poziom glikogenu w moézgu w zalez-
noSci od stopnia dojrzalo§ci oSrodkowego ukladu nerwowego. Neuropat. Pol.
1973, 11, 53—68.

11. Nelson N.: A photometric adaptation of the Symogyi method for the determi-
nation of glucose. J. Biol. Chem. 1944, 153, 375—380.

12. Newton N. F., Hornbrook K. R.: Effects of adrenergic agents on carbohydrate
metabolism of rat liver activities of adenyl cyclase and glycogen phosphorylase
J. Pharmacol. Exp. Theurapeutics, 1972, 181, 479—488.

13. Schlender K. K.: Regulation of renal glycogen synthetase interconvertion of
two forms in vitro. Biochim. Biophys. Acta 1973, 297, 384—398.

14. Stassel T. P., Murad F., Mason R. J., Vanghan M.: Regulation of glycogen me-
tabolism in polymorphonuclear leucocytes. J. Biol. Chem. 1970, 245, 6228—6234.

15. Suzumo H., Vasuluto T.: Activiation of the D to I form convertion of glycogen
synthetase by glucose-6-phosphate in bovine spleen. Biochim. Biophys. Acta
1970, 212, 179—184.

16. Szumanska G., Gadamski R.: Histochemical changes in rabbit brain following
circulatory hypoxia. Neuropat. Pol. 1974, 12, 000—000.

17. Smialek M., Sikorska M., Bicz W., Mossakowski M. J.: UDPglucose: glycogen
o-4-glucosyltransferase (EC 2.4.1.11) and a-1,4-glucan:orthophosphate glucosyl-
transferase (EC 2.4.1.1) activity in rat brain in experimental ischemia. Acta
Neuropath. 1971, 19, 242—248.

18. Smialek M., Sikorska M., Korthals J., Bicz W., Mossakowski M. J.: The glyco-
gen content and its topography and UDPglucose-glycogen a-4-glucosyltrans-
ferase (EC 2.4.1.11) activity in rat brain after experimental carbon monoxide
intoxication. Acta Neuropath. 1973, 24, 222—231.

19. Thorn. W., Mueldener B., Scholl H. Pfleiderer W.: Stoffwechselvorgange in
Gehirn bei normaler und herabgesetzter Temperatur unter ischemischer und
anoxischer Belastung. J. Neurochem. 1958, 2, 150—165.

Authors’ address: Department of Neuropathology, Experimental and Clinical
Medical Research Centre, Polish Academy of Sciences, 00-784 Warszawa, Dwor-
kowa Str. 3

Ny
-5

-y
—
—

[p://rcin.org.pl



NEUROPAT. POL., 1974, XII, 4

J. ALBRECHT

POLYRIBOSOMES OF THE RABBIT BRAIN IN CIRCULATORY
HYPOXIA

Department of Neuropathology, Experimental and Clinical Medical Research
Centre, Polish Academy of Sciences

Both a decreased oxygen content in the blood and in the air inhaled
and a reduced blood supply have been shown to reduce protein synthesis
in the brain in a number of experimental models of brain hypoxia and
ischemia (Sanders et al., 1965; Blomstrand, 1970; Holstein, Myers, 1971;
Kleihues, Hossman, 1971; Albrecht, 1972, 1973). However, the dynamics
and intensity of tissue reaction to the hypoxic or ischemic factor differ
in the particular models and depend upon the species under study. The
present investigation deals with the dynamics of changes in the state
of the protein-synthesizing system in rabbit brain following circulatory
hypoxia in the Mchedlishvili model (1973), the state being determined
by measuring the extent of aggregation of ribosomes into polyribosomes.

MATERIALS AND METHODS

Rabbits of both sexes, weighing 2.5—3.5 kg, were subjected to stan-
dard conditions of circulatory hypoxia. At the times indicated in table 1,
the animals were sacrificed by air embolus, the brains were excised and
ca 1.6 g samples of cerebral tissue taken from the region between fossa
interpeduncularis and pons (Fig. 1, region IV) were homogenized in
a glass-teflon homogenizer in ice-cold 0.25 M sucrose containing 12 mM
MgCl,, 100 mM KCIl and 50 mM Tris-HCl pH 7.6 (buffer A) in the pre-
sence of 20 pg/ml of polivinyl sulphate and 100 ug/ml of cycloheximide
to prevent polyribosome breakdown (Albrecht, 1973). The homogenates
were centrifuged for 20 min at 10000 x g and 1.5 ml samples of the
resulting postmitochondrial supernatant were centrifuged through 15—
—30% sucrose gradients in buffer A for 4 hrs at 107 000 x g (Albrecht,
1973). The optical density profiles of the gradients were analyzed spe-
ctrophotometrically at 260 nm. The amounts of polyribosomes and mono-
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Table 1. Changes in rabbit brain ribosomes in circulatory hypoxia

J. Albrecht

Nr 4

Tabela 1. Zmiany w rybosomach moézgu krélika w niedotlenieniu krgzeniowym

Time after

hypoxia Polyribosomes
(hrs) Monosomes
Czas po Animals Zwierzeta P*)
niedotle- Polirybosomy
nieniu
(godz.) Monosomy
normal norma 1.374-0.05 (5)**)
0 control kontrolne 1.314+0.02 (3) =0.05
experimental doswiadczalne 0.914-0.25 (4) <0.01
6 control kontrolne 1.30(1.29, 1.30) (2) =0.05
experimental doswiadczalne 0.954-0.14 (4) <0.001
12 control kontrolne 1.43(1.38, 1.48) (2) =0.05
experimental do$wiadczalne 1.374-0.18 (5) =0.05
48 control kontrolne 1.34 (1) =0.05
experimental doswiadczalne 1.34 (1) =0.05

*) probability (calculated by Student’s t-test)
prawdopodobienistwo (obliczone testem t Studenta)
**) arithmetic mean 4 standard deviation, in parenthesis number of experiments

srednia arytmetyczna -+ odchylenie standardowe, w nawiasach liczba do$wiadczen

Fig. 1. Investigated regions of rabbit

brain in circulatory hypoxia. I — bulbus

olfactorius — chiasma opticum. II —

chiasma opticum —> tuber cinereum.

III — tuber cinereum — fossa interpe-

duncularis. IV — fossa interpeduncula-
ris — ponms.

Rye. 1. Okolice moézgu kro6lika badane
w niedotlenieniu krazeniowym.

somes were estimated by measuring planimetrically the areas under
the respective peaks (Fig. 2). The control groups consis‘ed of animals
which were operated but not subjected to hypoxia (Sikorska et al., 1974).

RESULTS AND DISCUSSION

The values of the ratios of polyribosomes to monosomes at various
times following hypoxia, expressing the extent of ribosomal aggregation
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are presented in table 1. Since polyribosomes and not single ribosomes
are regarded to be the particles active in protein synthesis, these ratios
are considered to describe directly the actual protein-synthesizing activity
of the tissue (Kleihues, Hossman, 1971; Albrecht, 1973). As may be seen
circulatory hypoxia causes a significant drop in the relative content of

o——=—o () hrs control
25| GRSy experimental
Fig. 2. Example of a polysome pro-
file obtained by sucrose gradient
centrifugation of postmitochondrial
supernatant of a rabbit brain sam-
plee. M — single ribosomes, P —
polyribosomes. For further detaiis
see “Material and methods”.

0 nm
S
Lo
-
O - - o e O

Ryc. 2. Przyklad profilu poliso- i

malnego uzyskanego przez wiro-
wanie nadsgczu postmitochondrial-
nego probki mézgu kroélika w gra-
diencie sacharozowym. M — poje- offq
dyncze rybosomy, P — polirybo- \f"‘\
somy. Dalsze szczegoly w rozdz.
”Materials and methods”.

Optical density at 26

Fraction number

polyribosomes in the tissue. This decrease becomes manifested directly
after hypoxia and may still be observed unchanged after 6 hrs. It rece-
des completely after the next 6 hrs. A similar, although somewhat less
extensive, disaggregation of polyribosomes has been previously observed
to occur in rat brain as the consequence of carbon monoxide intoxication
(Albrecht, 1973) and was interpreted as indicating that a relatively stron-
ger inhibition of the polypeptide chain initiation than of elongation has
taken place. Thus, it seems plausible that regardless of the experimental
model used, chain initiation, understood as formation of polyribosomes
active in protein synthesis is the step most sensitive to energy depriva-
tion of the tissue. This result is contradictory to the observation of Klei-
hues and Hossman (1971). These authors, working on the model of acute
cerebral ischemia in cats, observed equal inhibition of chain initiation
and elongation. This, however, occurred under not absolutely reversible
conditions, where the whole tissue metabolism had almost stopped. The
dynamics of polyribosomal changes in the present model shows a certain
correlation with that of UDPG-glucosyl transferase activity (Sikorska
et al., 1974). The stimulation of the latter enzyme observed in the 6th
hour after hypoxia may have taken place at the cost of the energy re-
serves transferred from the protein synthesizing system, thus leading
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to polyribosome disaggregation. More detailed studies of the high energy
compounds levels in circulatory hypoxia are necessary to clarify this

point.

J. Albrecht
POLIRYBOSOMY MOZGU KROLIKA W NIEDOTLENIENIU KRAZENIOWYM

Streszczenie

Przy zastosowaniu metody ultrawirowania w liniowym gradiencie sacharozy,
oznaczano stosunek polirybosoméw do rybosomé6w pojedynczych we frakcjach post-
mitochondrialnych moézgéw kré6likéw poddanych niedotlenieniu Kkrazeniowemu
w modelu Mchedlishvilego. Badania przeprowadzano w réznym czasie po zabiegu,
a wyniki odnoszono do analogicznych oznaczen u zwierzat kontrolnych nie pod-
danych niedotlenieniu.

Stwierdzono, ze niedotlenienie powoduje znaczne obnizenie wzglednej zawartosci
polirybosoméw w mézgu, §wiadczgce o spadku aktywnosci ukladu syntetyzujacego
biatka. Obnizony stosunek polirybosoméw do monosomoéw utrzymywal sie w okre-
sie 6 godzin po zabiegu, a powrét do wartoSci kontrolnych zaobserwowano w gru-
pie badanej w 12 godzin po przerwaniu niedotlenienia. Zaobserwowane zmiany
wskazuja na odwracalny spadek syntezy bialka w niedotlenieniu, dotyczacy naj-
prawdopodobniej jednego z etap6éw inicjacji.

. Annbpext
IIOIMPUBOCOMBI MO3TA KPOJUKA IIPU IMUPKYJAILIMOHHOM TUITOKCUU

Pe3mome

MeTonOM yABTPAlEHTPU@PYIMUPOBAHUA B JIUHENMHOM TI'DAJMEHTe CaXapo3bl OIpe-
AeNANM OTHOLUEHME MOAMPHOOCOM K OTAENLHbIM puboCcOMaM B MHOCTMHMTOXOHpUAJb-
HBIX (PpaKuMAX MO3Ta KPOJAMKOB, IOJBEPIHYTHLIX LMUPKYJSAUMOHHOM TUINOKCUM B MO-
nenu Muenmmmusuwin. VicclefoBaHMA NPOBOAMINCH B Pa3jIMYHOE BPEMs TOCJS IIPO-
HeAypbl, & pe3yJbTaThb! OTHOCKMJIM K AaHAJOIMYHBIM OIIPENENIEHUAM y KOHTPOJbHBIX
JKVMBOTHBIX, HE IIOJBEPrHYTHIX TUIIOKCUM.

YCTaHOBJIEHO, YTO TMIIOKCUA BBI3bIBAET 3HAUYMTEILHOE CHUIKEHME OTHOCUTEIbHOTO
cojepxKauusa IoaupubocoM B MO3re, CBUAETEJILCTBYIOLIEE O CHMUIKEHUM AKTUBHOCTU
CHUCTEMBI, CUHTe3upyloley Oenkn. IIoHMIKEHHOE OTHONleHue IoJMpubocoM K MOHO-
COMaM yAepzKuBajioch B TeyeHMe 6 4acoB Iocje Npoueaypbl, a BO3BpalleHue K KOH-
rPOJILHBIM BeJIMYMHAaM HaOJIOAAJIOCh B TIpyIIe, MCCIeA0BaHHOM uepe3 12 yacos
nocjie KoHma runokcuy. HabiroaeMmble M3MEHERMs YKA3LIBAKQT Ha ONPATMMOE CHU-
Kerue cuHTesa Oesika IpU T'MIOKCHMM, Kacalolleecs, I'0 BCEii BEPOATHOCTU, OJTHOTO
M3 9STaloB MHUUMALMM.
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The effect of hypoxia, which is a concomitant with cerebral ischemia,
on the metabolic processes in the nervous tissue has been long the sub-
ject of extensive research. It was found that disturbances of blood circu-
lation and the ensuing oxygen deficiency affect primarily the level of
high energy substances. Any discontinuation of oxygen supply to the
tissue leads to a perceptible decrease of the content of phosphocreatine,
such a decrease being invariably followed by irreversible dissociation
of ATP (Gatfield et al.,1966; Maker, Lehrer, 1971; Sieso, 1973).

Depending upon the duration and intensity of ischemia, impairment
of the supply of the tissue with oxygen and some other ingredients of
blood results in a decrease of oxidizing phosphorylation, a considerable
increase of glycolytic processes and accumulation of lactic acid (Thorn
et al.,, 1963).

The decrease in the rate of oxidizing phosphorylation and the increase
of glycolytic processes results in a rise of the NAD-H™' level and a per-
ceptible decrease of the NAD/NAD-H* ratio (Chance et al., 1962).

The disturbance of metabolic processes, connected with energetic me-
tabolism, must during ischemia affect the metabolism of amino acids
and biogenic amines. As known, one of the peculiarities of energetic me-
tabolism in the brain is the intensive consumption of amino acids ser-
ving as an oxidizing material (Kometiani, 1967). Study of changes in the
distribution of amino acids and biogenic amines is of great importance
for the elucidation of the mechanisms underlying the changes of the
functional activity of nerve cells (Seiler et al., 1971; Kometiani, Dia-
samidze, 1972; Chilingarov et al., 1972). Unfortunately, the study of
the problem as related to ischemia has not received due attention of
researchers. In the pertinent literature there are some references to the
results of a few experiments on dogs mentioning that 20-minute-long
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ischemia does not affect the distribution of amino acids in the brain with
the exception of alanine and gamma-aminobutyric acid (Tews et al,
1963). oo |

Some other authors have also reported an increase of alanine content
after short-term ischemia in rabbits (Atkinson, Spector, 1964). This fact
was explained by the termination of the Krebs cycle and involvement of
pyruvate in the amination reactions. The cause of the increase of gam-
ma-aminobutyric acid (GABA) during ischemia should be sought in the
delay in the uptake of glutamic acid in oxidation reactions without any
simultaneous decrease of the rate of decarboxylation (Wood et al., 1968).

In the earlier work carried out at our Laboratory with the aim of
studying the effect of ischemia on some metabolic processes -in the
CNS, it was shown that a sharp reduction of blood supply resulted in
a decrease of the concentration of those amino acids which are chara-
cterized by the highest metabolic activity such as: glutamic acid, aspar-
tic acid and GABA. These data were obtained under experimental con-
ditions in which ischemia was induced in one cerebral hemisphere of
rabbits, the other serving as control (Kometiani et al., 1969).

The metabolism of amino acids in the brain is closely linked with the
metabolism of biogenic amines. It is shown that changes in the distribu-
tion of amino acids in the brain are reflected in the changes of the con-
centration of biogenic amines. Similar changes are observed in the fun-
ctional activity of the animal.

The present study has been undertaken, firstly, with a view to elu-
cidate the effect of ischemia on the regional distribution of biogenic
amines in the brain, and secondly, to show the extent to which these
changes can be reversible.

MATERIAL AND METHODS

The experiments involved adult rabbits weighing 2—2.5 kg (52 ani-
mals in all). Controlled 15-minute ischemia was induced in the brain
with subsequent restoration of the blood supply. The method is descri-
bed by Mchedlishvili et al. (1974) and Mchedlishvili (1973). The expe-
riments with rabbits in the present study were carried out by L. S. Ni-
kolaishvili in the Department of Pathophysiology.

Tracheostomy was performed under local novocaine anesthesia and
both carotid arteries were exposed. In the rigth common carotid artery
a polyethylene three-way cannula was implanted in heartward direction.
One end of the cannula was connected with the reservoir designed to
change the arterial blood pressure in the rabbits, the other one being
connected with a manometer to record the pressure. The animal was
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given an intravenous injection of heparin (approximately 1500 units per
body weight).

To induce ischemia in the brain the second common carotid artery
was ligated (thus both common arteries were occluded). In order to
decrease the collateral blood flow to the cerebral hemisphere through
the system of vertebral arteries the arterial blood pressure was reduced
to approximately 20—25 mm Hg.

Cerebral ischemia lasted 15 minutes and the blood supply subsequen-
tly recovered to its initial level. The restoration of the blood supply was
effected by increasing the pressure blood (by pumping the blood from
the reservoir) to the initial level (100—120 mm Hg), and blood .flow in
the left carotid artery was restored.

To carry out biochemical investigations the skull was extensively
trephined in the parietal part. The material collected from the animal
in vivo was immediately immersed in a mixture of carbon dioxide and
methyl alcohol.

Quantitative determination of biogenic amines in the cerebral tissue
was done by the method of thin-layer chromatography of dancyl-deri-
vatives. The method was worked out at our Laboratory (Chilingarov,
Kometiani, 1974). The method provides a way to determine amines within
the quantity of 101! moles. The material for investigation was collected:
before ischemia, at the end of it, and 15 and 60 minutes afterwards.
The control animals underwent all the above mentioned procedures
with the exception of induction of cerebral ischemia.

RESULTS AND DISCUSSION

The first task was to study the distribution of biogenic amines in
the following areas of the brain of the rabbits used as controls: the ce-
rebral cortex, cerebellum, thalamus, hippocampus and mesencephalon.
The distribution of the following amines was studied: dopamine, epine-
phrine, nor-epinephrine and 5-hydroxytryptamine (5-HTA). The method
of thin-layer chromatography of dancyl-derivatives enabled us to deter-
mine all the amines in each of the cited cerebral areas simultaneously.
To our knowledge very few investigators, if any, have succeeded in
simultaneous determination of all the amines in the brain.

Table 1 presents the results obtained in our investigations. First of all
it should be mentioned that our data on the concentration of amines
show higher concentration as compared to those reported in the litera-
ture (Glovinski, Iversen, 1966; Iversen, Glovinski, 1966).

It is known that the results of any quantitative determination largely
depend on the method employed and that this may lead to a variance of

http://rcin.org.pl



674 V. N. Chikvaidze, N. N. Melitauri Nr 4

Table 1. Regional distribution of biogenic amines in the brain in control rabbits in
mkg/g fresh tissue. Determination of biogenic amines was made by the method of
_ thin-layer chromatography of dancyl-derivatives. Each value represents the mean of 6
experiments + S.E.

Tabela 1. Zawarto$é amin biogennych w poszezeg6lnych okolicach mézgowia u krélikéw

kontrolnych ( /g éwieze] tkanki). Aminy biogenne oznaczano metoda chromatografii

cienkowarstwowej pochodnych densylowych. Kazda warto$é odpowiada éredniej z 6
doswiadezen + blad éredniej

The brain area ; 3 ; ; A 5-hydroxytrip-
Okolica mézgu Dopamine Nor-epinephrine Epinephrine fanstle
Brain cortex 1.84+0.23 0.714+0.05 0.794-0.05 0.984+0.09
Kora mézgu
Cerebellum 1.444+0.13 0.8240.04 0.834+0.07 1.2340.11
Mézdzek
Thalamus 3.704-0.42 1.73+0.17 1.19+40.08 1.9740.29
Wzgbrze
Hippocampus 1.154-0.08 0.7240.05 0.794-0.05 0.9040.08
Hipokamp
Mesencephalon 2.024-0.29 0.724-0.05 0.8740.06 1.014-0.08
Sré6dmézgowie

results. Inasmuch as parallel and control determinations of biogenic ami-
nes by the method employed by us fairly coincide, it seems advisable to
assume that a study of the dynamics of their quantitative changes would
yield a true picture. Furthermore, our method provides an opportunity
to determine epinephrine in the nervous tissue, whereas the presence
of this amine in the above mentioned tissue has been put in doubt by
many authors. Since we have not made a special study aimed at thro-
wing light on this point of controversy, we have no grounds to contra-
dict the argument that an unknown compound with Rf identical with
that of epinephrine is superimposed on the spot identified as epinephrine
in our chromatograms.

From the data of Table 1 it is clear that the greatest amount of the
biogenic amines studied is concentrated in the thalamus. According to
our data there is no difference in the distribution of nor-epinephrine,
epinephrine and 5-HTA between the hippocampus, cerebral cortex, ce-
rebellum and mesencephalon. The amount of dopamine in the hippocam-
pus is relatively small, whereas this amine is present in a high concen-
tration in the cerebral cortex and the mesencephalon.

The level of biogenic amines in the brain is determined by the acti-
vity of the enzymes which catalyze their biosynthesis and dissociation.
Some hydroxylases and DOPA decarboxylase belong to the group of
enzymes participating in the biosynthesis of catecholamines. The follo-
wing enzymes take part in the biosynthesis of 5-HTA: tr&atophane hy-
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droxylase and 5-hydroxytriptophane decarboxylase. Inactivation of bio-
genic amines proceeds in two ways: by oxidizing desamination and me-
thylation, the former way being related to the action of monoaminooxi-
dase and the latter — to that of transmethylase.

The study of the conditions determining the level of biogenic amines
is complicated by their inability to be accumulated at the site of their
synthesis. In a number of cases accumulation takes place by transporta-
tion. There exists a vast literature explaining the ways of biosynthesis
and dissociation of biogenic amines, and of their turnover time and
changes in their concentration as influenced by endogenic and exogenic
factors (Costa, Neff, 1970; Iversen, 1970).

It has been shown that the presence of various enzyme systems acco-
unting for the level of biogenic amines in various areas of the brain
depends upon the number of neurons whose functional activity is media-
ted through biogenic amines (Roth et al., 1967; Aghajanian et al.,, 1967).

According to Browd$Z et al. (1966) the turnover time for nor-epine-
phrine in the brain of rats is 0,036 mkg/gr/hr, for dopamine — 0.21
mkg/gr/hr, and even less for 5-HTA (Udenfriend, Weissbach, 1968).

Iversen and Glovinski (1966) undertook a study to ascertain the tur-
nover time for catecholamines in various areas of the brain. It was found
that the highest turnover time was shown by the cerebellum; the lowest
turnover time was observed in the hypothalamus and the cerebral cor-
tex holds an intermediate position. The discovery that the turnover
time for dopamine is the highest in the area of the highest concentration
of nor-epinephrine is of some interest.

Neurotropic compounds have a considerable effect on the distribution
of biogenic amines in the brain. These compounds act upon different sta-
ges of biosynthesis and dissociation of amines (Carlsson, 1966; Iversen,
1970). These effects may be related to the change of the neuronal con-
tent of the amines, as well as to the inhibition of synthesis, to the effect
on adsorption in the storages and to the effect on the process of their
release from the latter (Hillarp et al., 1966). 3

In summing up the foregoing one may come to the conclusion that the
level of biogenic amines and their regional distribution may have a wi-
der range of variability, depending on the character of the agent exer-
ting action. Ischemia could have been expected to cause the above chan-
ges. Tables 2, 3, 4, 5, 6 present the changes in the distribution of amines
caused by ischemia, along with some other changes arising in the
pos‘ischemic period.

A closer inspection of the Tables 2, 3, 4, 5, 6 will show that 15-minute
ischemia as a rule leads to a decrease of the concentration of all biogenic
amines in all the areas of the brain under study. But this decrease does

e
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Table 2. Changes in the content of biogenic amines under ischemia and in postischemic
period (15 and 60 min) in the cerebral cortex of rabbits. Each value represents the mean
of 8 experiments + S.E.

Tabela 2. Zmiany w zawartosci amin biogennych w czasie ischemii i w okresie poischemi-
eznym (15 i 60 min) w korze mézgu krélikéw. Wartoséi érednie 8 doswiadezen 4 blad

T $redniej
Nor-epine- 5-hydroxy -

Dopumine phrri)ne Kpinophrine trip{amini
Ischemia 15 min. 1.084-0.11 0.63+4+0.07 0.38+0.05 0.5440.07
Changes in 9%from control —40.0 —11.3 —51.9 —44.9
Zmiany w9, kontroli :
p< 0.02 0.05 0.01 0.01
Postischemia 15 min 2.2140.21 0.8240.02 0.724-0.08 0.8240.04
Okres poischemiczny 15 min
Changes in 9, from control +22.7 +15.0 —8.8 —16.3
Zmiany w 9% kontroli
p< 0.05 0.05 0.05 0.05
Postischemia 60 min 2.9540.22 0.9940.14 0.4540.03 1.8740.2
Okres poischemiczny 60 min
Changes in 9, from control +63.8 4394 —43.0 +490.8
Zmiany w % kontroli
p< 0.01 0.05 0,01 0.001

Table 3. Changes in the content of biogenic animes under ischemia and in postischemic

period (15 and 60 min) in the cerebellum of rabbits. Each value represents the mean of 8
experiments + S.E.

Tabela 3. Zmiany w zawartosci amin biogennych w czasie ischemii i w okresie poische-

micznym (15 i 60 min) w\méidiku krélik6w. Wartosei érednie 8 doswiadezen 4+ blad

$redniej
D ! Nor-epine- Eoi hri 5-hydroxy-
e i phrine i o triptamine

Ischemia 15 min 0.994-0.05 0.5740.05 0.554+0.05 0.6140.08
Changes in 9, from control —31.2 —30.2 —37.1 —50.4.
Zmiany w 9% kontroli
r< 0.01 0.01 0.01 0.001
Postischemia 15 min 1.89+4-0.18 0.824-0.20 0.844+0.07 1.074-0.12
Okres poischemiczny 15 min
Changes in 9, from control +31.5 0.00 +1.2 +13.0
Zmiany w 9, koutroli
p< 0.05 0.5 0.05
Postischemia 60 min 4.154-0.17 0.594-0.14 0.424+0.05 2.3740.22
Okres poischemiczny 60 min
Changes in 9, from control +4188.0 —28.0 —50.0 +92.9
Zmiany w %, kontroli
p< 0.001 0.05 0.01 0.001
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Table 4. Changes in the content of biogenic amines under ischemia and in postische-
mic period (15 and 60 min) in the thalamus of rabbits. Each value represents the mean of 8
experiments 4+ S.E.

Tabela 4. Zmiany w zawartosci amin biogennych w czasie ischemii i w okresie poische-
micznym (15 i 60 min) we wzgérzu mézgu krélikéw. Wartosci érednie 8 doswiadezen +
blad $redniej

; 5-hydro-
Dopamine Nor—e.pme- Epinephrine  xytripta-
phrine it

Ischemia 15 min 0.9740.04 0.944-0.06  0.9440.03 1.00+0.05
Changes in 9, from control —173.8 —45.3 —21.0 —49.2
Zmiany w % kontroli
p< 0.01 0.01 0.05 0.01
Postischemia 15 min 9.054-1.2 1.554-0.03 1.6040.06 2.1040.05
Okres poischemiczny 15 min
Changes in 9, from control +144.0 —10.0 +34.4 +6.6
Zmiany w 9, kontroli
p< - 0.001 0.05 0.01 0.05
Postischemia 60 min 3.564-0.36 0.434+0.07 0.484+0.06 0.9840.07
Okres poischemiczny 60 min
Changes in 9, from control —5.41 —175.0 —59.0 —50.2
Zmiany w 9, kontroli
p< 0.2 0.01 0.01 0.01

Table 5. Changes in the content of biogenic amines under ischemia and in post-
ischemic period (15 and 60 min) in the hippocampus of rabbits. Each value represents
the mean of 8 experiments 4 S.E.

Tabela 5. Zmiany w zawartosei amin biogennych w czasie ischemii i w okresie poische-
micznym (15 i 60 min) w zawoju hipokampa mézgu krélikow. Wartosei Srednie 8 doswia-
dczeni + blad éredniej

Nor-epine- 5-hydroxy-

Dopamine phrifle Epinephrine trip); amins;
Ischemia 15 min 1.084+-0.18 0.534-0.06  0.63+0.04 0.664-0.06
Changes in 9, from control —6.1 —26.3 —20.2 —26.9
Zmiany w 9, kontroli
p< 0.5 0.05 0.05 0.05
Postischemia 15 min 1.884-0.11 0.7540.03  0.894-0.07 0.824-0.06
Okres poischemiczny 15 min
Changes in 9, from ccntrol +68.5 +4.1 +12.6 —8.9
Zmiany w 9%, kontroli
p< 0.01 0.5 0.05 0.05
Postischemia 60 min 4.254-0.55 0.43+0.03 0.394+0.05 1.324-0.37
Okres poischemiezny 60 min
Changes in 9%, from control +269.0 —28.0 —49.3 +46.6
Zmiany w 9, kontroli
p< 0.001 0.01 0.05 0.05
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Table 6. Changes in the content of biogenic amines under ischemia and in postischemic
period (15 and 60 min) in the mesencephalon of rabbits. Each value represent the mean
of 7 experiments 4 S.E.

Tabela 6. Zmiany w zawartoSci amin biogennych w czasie ischemnii i w okresie poischemicz-
nym (15 1 60 min) w éréWu krélikéw. Wartosei érednie 7 doswiadezenn -+ blad

$redniej
2 Nor-epine- : . 5-hydroxy-

Dopamine phrine Eginepliring triptamine
Ischemia 15 min 0.75+0.07 0.534+0.07  0.60-+0.07 0.654-0.08
Changes in 9, from control 5
Zimiany w 9, kontroli —62.9 —26.4 —31.0 -—35.6
p< 0.001 0.05 0.01 0.01
Posvischemia 15 min 4.044-0.59 0.754+0.04 1.434-0.07 1.434-0.13
Okres poischemiczny 15 min
Changes in 9, from control +-100.0 +4.1 +64.3 +41.6
Zmiany w 9, kontroli
p< 0.01 0.5 0.001 0.05
Postischemia 60 min 3.3740.07 0.414-0.04 0.41-+0.06 1.794-0.29
Okres poischemiczny 60 min
Changes in 9, from control +66.8 —43.1 —52.9 +77.2
Zmiany w 9 kontroli
pP< 0.01 0.05 0.01 0.01

not seem uniform in all the areas; the maximum decrease of dopamine
occurs in the thalamus and mesencephalon (73.8% and 62.9%, respecti-
vely). The thalamus reveals a perceptible decrease of nor-epinephrine
and 5-HTA. This means that the maximum decrease of the level of bic-
genic amines is found in those areas of the brain where their concen-
tration is the highest. The decrease of nor-epinephrine is characterized
by more uniformity and is less intense in the mesencephalon, cerebellum,
‘hippocampus and the cerebral cortex. Equally uniform (with the excep-
tion of the cerebral cortex) is the decrease of epmephrme in all the areas_
of the brain. The decrease of 5- HTA is almost the same in all the areas
studied.

The postischemic period exhibits some characteristic changes in the
distribution of biogenic amines — 15 and 60 minutes later. The general
tendency observed in the postischemic period was the return of the con-
centration of biogenic amines to the initial level, being dissimilar in
various cerebral areas, and primarily for dopamine. The concentration
of this amine in the thalamus and mesencephalon after the primary
decrease during ischemia considerably increases during the first 15
minutes of the postischemic period. The tendency of dopamine to in-
crease continues even 60 minutes after the termination of ischemia in
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all the studied areas of the brain, excluding the thalamus. The dopamine
behaviour both during ischemia and after can be explained by the
high ‘metabolic activity of dopamine. The concentration of nor-epine-
phrine after its initial decrease in all the areas of the bra-m\durmg
ischemia, 15 minutes later naturally begins to return to its initial nor-
ntal-Tevel, but within the next 60 minutes a secondary decrease of its
level in the cerebral tissue occurs (with the exception of the cerebral

cortex). An almost similar picture is found for epinephrine, this time

the cerebral cortex being no exception.

14 O Control Postischemic period 15 min
B Ischemia B Postischemic period 60min
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Fig. 1. Changes of ratio of nor- epmephrme to 5-hydroxytryptamine under ischemia
and in the postischemic period in different parts of the rabbit brain.

Rye. 1. meany stosunku nor-epinefryny do 5-hydroksytryptaminy w czasie nie-

dokrwienia i w okresie poischemicznym w rbézinych cze§ciach moézgowia kroélika.

The peculiarities of changes in the distribution of 5-HTA consist in
that after its decrease in all the areas of the brain its concentration
gradually increases again in all of them even 60 minutes after the ter-
mination of ischemia. As mentioned above this tendency to increase
within 60 minutes after termination of ischemia is charateristic of
dopamine as well. Thus, our results warrant the conclusion that ischemia
as a rule leads to a decrease of ,all biogenic amines (dopamine, nor-
-epinephrine, 5-HTA). In the postischemic period this decrease comes
to the end with the re‘urn of the amount of amines to the preischemic
level.

These changes are regional in character but at present we have not
enough grounds to infer regularities for these changes for each separate
area. Elucidation of this point requires additional study of the change
in the enzyme activity determining the level of this or that amine in
each area separately. In the course of our investigation of the relation
between the changes in the distribution of biogenic amines and the en-
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zyme activity in the CNS it was found that an increase of the functional
activity is reflected in a decrease of the nor-epinephrine/5-HTA ratio
and deterioration of the functional activity causes an increase of this
ratio (Chilingarov et al., 1972). This statement is supported by the results
of our study on the effect of ischemia on the distribution of biogenic
amines. Fig. 1 shows that almost in all the studied areas of the brain,
except the hippocampus, ischemia increased the nor-epinephrine/5-HTA
ratio. In the postischemic period when an improvement of the functional
state of the animal is expected this ratio sharply decreases. The best in-
dication of this can be found in the cerebral cortex and the cerebellum.

The fact of the existence of a certain relationship between the ratio
of amines and the functional state of the CNS, discovered by us, is
of high significance in the elucidation of the physiological role of amines.
It is obvious that, when considering the functional activity of the CNS,
importance should be attached not to the absolute changes of the amine
content in the brain, but to the change of the ratio between them.

V. N. Chikvaidze, N. N. Melitauri

WPLYW NIEDOKRWIENIA NA ZAWARTOSC AMIN BIOGENNYCH
W POSZCZEGOLNYCH OKOLICACH MOZGU KROLIKA

Streszczenie

Oceniono wplyw niedokrwienia na zawarto§¢ amin biogennych (dopaminy, nor-
epinefryny, epinefryny i 5-HTA) w rbéznych okolicach mézgu kroélika (kora moézgu,
moézdzek, wzgbrze, Sr6dmobzgowie i zawdj hipockampa).

Badania dotyczyly zaré6wno okresu niedokrwienia, jak i okresu poischemicznego.
Stwierdzono, ze niedokrwienie powoduje obnizenie zawarto$ci wszystkich badanych
amin we wszystkich Dkﬁcmwf‘w_Fkﬁm/zawartoéé tych
amin wzrastala nier6wnomiernie we wszystkich okolicach. Szczegélnie znamienne
byly zmiany stezenia dopaminy we wszystkich badanych okolicach. Wykazano, ze
upo$ledzeniu aktywno$ci czynno§ciowej moézgu (ischemia) towarzyszy podwyzszenie
stosunku norepinefryny do 5-HTA, podczas gdy jej poprawa (okres poischemiczny)
prowadzi do jego obniZenia.

B. H. YukBannze, H. H. Menuraypu

BIUAHUE MIIEMMU HA COJEP?KAHUE BUOTEHHBIX AMMHOB
B PABJIMYHBIX OBJACTSAX MO3TA KPOJIUKA

Pe3wome

OuesmBajioch BIAMSALME MILIEMMUM Ha coJepKaHyue OMOreHHbIX HMMHOB (nomaMmia,
Hopsnuuecdpuna, smmHedpusa u 5-I'T) B pasnmuubix O0OJACTAX MO3ra KpoJmxa
(kopa MoO3ra, MO33Ke4YeK, TajlaMyC, CPeJHMII MO3T M M3BMIMHA TUIIOKAMMa).
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VicenepmoBauMA Kacaluch Kaxk IIepMOsa MIUEMMM, TaK M Iepuoja IOCTUILIEeMM-
"I€CKOTO. DBBIJIO YCTAHOBJEHO, YTO MUIEMMUs MPUBOAUT K CHMUIKEHMIO COJep3KaHUs
BCEX MCJIEAYEeMbIX aMMHOB BO BceX obsacTAx mo3ra. B mocTtuieMmueckini nepuoxn
cozepIKaHMe STUX aMMHOB BO3pAcCTajJio0 BO Bcex oOOjacTAX MO3ra HEPABHOMEPHO.
OcobeHHO 3HAYUTEJNbHLIMM OBbLIM WU3MEHEHUA KOHLEHTpAuuM JONaMMHA BO BCeX
uccaenyembix objsiactax. Bbuio moxasaHo, 4TO yMeHbLIeHME (DYyHKIMOHAJEHOM aKTUB-
170CTM MO3ra (MIIEMMSA) CONPOBOZKJAAETCA IIOBBLIIIEHMEM OTHOLIEHMA HOPOINUHeMpMHA
k 5-T'T, B TO EpeMA KaK €e yJayTiieHue (MOoCTHMUIEeMUYECKUA Iepuoj) BeJeT K €ro
CHUIKEHMUIO.
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A. 1. ROITBAK, T. Sh. LABAKHUA

DIRECT CORTICAL RESPONSES DURING CIRCULATORY HYPOXIA
(ISCHEMIA) OF CEREBRAL CORTEX

Laboratory of General Physiology of Cerebral Cortex, Iistitute of Physiology,
Georgian Academy of Sciences, Tbilisi, USSR

It is known that during the development of circulatory hypoxia sup-
pression of electrical activity of the brain takes place and sooner or later
the period of electrical silence ensues (Gurvitch, 1966); it concerns the
spontaneous ECoG and evoked potentials of the cortex. The direct cor-
tical responses have not been studied enough in this aspect.

In deeply anesthetized animals in response to a stimulus of near-
-threshold intensity a negative potential lasting 20—30 msec within
a radius of up to 6 mm is recorded around the stimulated point. If paired
stimuli with an interval of less than 100 msec are applied, the response
to the second stimulus is diminished. If the intensity of a single stimulus
is increased, the mentioned potential is followed by a slow negative po-
tential SNP of 300—3000 msec duration. At a frequency of stimulation
more than 5 imp/sec DC shift develops (Goldring, O’Leary, 196" Roit-
bak, 1963). }

The first negative potential expresses monosynaptic EPSP of apical
dendrites developing in response to nerve impulses from the fibers of
layer I. Analysis of the changes of dendritic potentials DPs due to paired
stimuli gives the possibility to judge the pre- or postsynaptic action of
the given agent (Roitbak 1968). In the absence of anesthesia dendritic
potentials are variable, monosynaptic DPs do not usually arise in a pure
form. If paired stimuli are applied, the second dendritic potential DP
is greater than the first one. These changes of DP depend on the exci-
tation of cortical neurons and additional synaptic activation of apical
dendrites (Roitbak 1968).

SNP and intracellularly recorded potentials of glial cells in a given
point of the cortex have a similar configuration and time course, their
thresholds coincide. This data corresponds to the suggestion (Roitbak,
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1963) of the glial origin of SNP (Castellucci, Goldring, 1960; Roitbak,
Fanardjian, 1973).

Thus changes of DP and SNP during circulatory hypoxia can give the
possibility to evaluate the reactions of the axodendritic apparatus of the
cortex and its neuroglial complexes. SNP is more sensitive than DP to
the action of some agents, for example, to X-rays (Roitbak 1969). The
known facts about the changes of two components of direct cortical res-
ponses during hypoxia are contradictory. According to Chang (1951))
when an animal was made to respire a nitrogen, SNP disappeared in
60 sec, while DP remained unchanged; it disappeared in 1.5 min. After
restoration of normal respiration SNP appeared much later than DP.
According to Goldring et al. (1959) during hypotension caused by
exsanguination, DP evoked by rhythmic stimulation disappeared earlier
than any changes in the DC shift, arising, as was said, during high
intensity stimulation at a frequancy of more than 5 imp/sec.

MATERIAL AND METHODS

Experiments were carried out on unanesthetized adult rabbits. A tra-
cheal cannula was inserted. The animal was fixed in the stereotaxic
apparatus. The cerebral cortex was exposed. Stimulating electrodes (se-
parated by a distance of 0,1 mm) and the recording electrode (at a dis-
tance of 1.5 mm from the stimulating electrodes) cemented together
could follow the pulsations of the brain (Labakhua, 1972). The indifferent
electrode was placed on the skull. Rectangular stimuli of 0,05 msec du-
ration were used. The cortical responses to single stimuli were amplified
by an AC amplifier with a time constant of 0,7 sec. and were recorded
with a type CI — 19A cathode-ray oscilloscope. The responses to tetanic
stimulation were recorded by means of the mingograf — 8I (Elema-Schd-
nander, Sweden). Simultaneously with ECoG, blood pressure, pH, CBF
and respiratory movement were recorded (Mchedlishvili et al. 1972). The
time constant of the amplifier for recording the DC shifts to tetanic
stimulation was 5 sec. In this case potentials underwent some distortions
(compare Fig. 1, A and Fig. 1. B). The responses were not artifacts: they
weakened and disappeared in the course of ischemia (Fig. 1, C). The in-
tervals between the stimulations were not less than 15 sec in the case
of DP and not less than 1 min in the case of SNP.

The principle of the method for causing controllable hypoxia (ische-
mia) of the brain involves two components: first, occlusion of certain
arteries supplying the brain with blood (in this case of the both caro-
tids), and secondly restriction of the collateral blood supply to the brain
by a decrease of the systemic arterial pressure down to 30—50 mm Hg.
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By the subsequent removal of the arterial occlusion and by increasing
the systemic arterial pressure up to the initial level the cerebral cir-
culation could be restored after 15 min of circulatory hypoxia (Mched-
lishvili, 1973).
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Fig. 1. Long-lasting surface negative potentials of the cortex. Unanesthetized

rabbit. Recording electrode and stimulating electrodes on the cortical surface:

a) — DC amplifier; parameters of stimulation: 0.05 msec, 30 V, 10 imp/sec, b) — AC

amplifier, time constant — 5 sec; parameters of stimulation: 0.05 msec, 30 V,

15 imp/sec. ¢) — the same at the beginning of the postischemic period. In all
of three cases blood pressure was the same. Calibration: 1 sec, 1 mV.

Ryc. 1. Dlugotrwale ujemne potencjaly powierzchniowe kory. Kré6lik nienarkotyzo-

wany. Elektroda rejestrujaca i elektrody stymulujgce na powierzchni kory: a) —

wzmacniacz CD; parametry stymulacji: 0,05 msek, 30 V, 10 imp/sek., b) — wzmac-

niach AC, stala czasowa — 5 sek, 30 V, 15 imp/sek., ¢) — to samo na poczatku

okresu poniedokrwiennego. We wszystkich trzech przypadkach ci$nienie krwi byto
identyczne. Kalibracja: 1 sek, 1 mV.

RESULTS
Effect of circulatory hypoxia on DP and SNP evoked by single stimuli

As hypoxia develops and deepens, the direct cortical responses undergo
definite changes. Marked changes were observed one minute after the
onset of ischemia (Fig. 2 and 3). They became progressively attenuated.
The rate of attenuation and time of abolition of two components of the
direct response, i.e. DP and SNP, usually vary. Fig. 2 shows the oscillo-
grams obtained in one of such experiments, while Fig. 3 is a graphic
representation of the dynamics of changes in these potentials. Two pha-
ses of changes in the DP may be distinguished. In this case the DP
gradually decreased within 9 min after the onset of ischemia, approxi-
mately by 20%; then for a short time they rapidly weakened and disap-
peared in the 12th min. There was a relatively slow decrease in the
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SNP within 4 min while from the 4th to the 7th min it decreased ra-
pidly. The oscillograms and graphs of another experiment are presented
in Figs. 4 and 5. In this case, a gradual decrease in the direct responses
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Fig. 2. Changes of dendritic potentials DP and slow negative potential SNP during

ischemia of the brain. Rabbit. Distance between stimulating and recording elec-

trodes 1.5 mm. DP evoked by paired stimuli (0.05 msec, 10 V) with an interval of

70 msec; SNP evoked by a single stimulus (0.05 msee, 50 V). Calibration: 50 msec,

0.5 mV. Time in minutes from the beginning of ischemia and from the beginning
of recovery is indicated.

Ryc. 2. Zmiany potencjatéw dendrytowych DP i wolnego potencjalu ujemnego SNP

w okresie niedokrwienia moézgu. Kro6lik. Odleglo§¢ pomiedzy elektrodami sty-

mulujgcymi a rejestrujgcymi — 1,5 mm. DP wywolane przez bodzce podwojne

(0,056 msek, 50 V) z przerwa 70 msek; SNP wywolane przez pojedynczy bodziec

(0.05 msek, 50 V). Kalibracja 50 msek, 0,5 mV. Czas rozpoczecia niedokrwienia
i jego zaprzestania zaznaczono w minutach.

Fig. 3. Dynamics of changes of DP and SNP during ischemia of the brain. Curves

are plotted from records of one experiment, a part of which is presented in Fig. 2.

Ordinate — amplitude of potentials in per cent of initial value; abscissa — time
in min. A — DP1; B — DP2; C — SNP.

Ryc. 3. Dynamika zmian DP i SNP podczas niedokrwienia moézgu. Krzywe z od-

czytow z jednego do$wiadczenia, z ktérego cze§é przedstawiono na ryc. 2. Rzed-

na — amplituda potencjaléw w procentach wartoSci poczatkowych; odcieta —
czas w minutach. A — DP1; B — DP2; C — SNP.

occurred until 12 min followed by a rapid phase of attenuation. Chan-
ges in the DP and SNP developed nearly in parallel, and 16 min after
the onset of ischemia both components disappeared. With the develop-
ment of ischemia the positive potenial (beween DP and SNP) initially
augmented, after 4 min of ischemia it weakened considerably and
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disappeared together with other components of the direct response. (In
this experiment ischemia was prolonged by 2 min, since the direct

responses were not abolished within 15 min).

Ischemia Postischemic period
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55W —\/\ 0 487280 K 20 4min 60
| Ischemia Postischemic period
Fig. 4. Fig. 5

Fig. 4. Changes of DP and SNP during ischemia of the brain. The same notations
as in Fig. 2. Interval between paired stimuli 60 msec.

Ryc. 4. Zmiany DP i SNP podczas niedokrwienia moézgu. Oznaczenia jak na ryc. 2.
Przerwa pomiedzy podwoOjnymi bodZcami 60 sek.

Fig. 5. Dynamics of changes of DP and SNP during ischemia of the brain. Curves

are plotted from records of one experiment, a part of which presented in Fig. 4.

Ordinate — amplitude of potentials in per cent of initial value; abscissa — time
in min. A — DP1; B — DP2; C — SNP; D — positive potential after DP1.

Ryc. 5. Dynamika zmian DP i SNP podczas niedokrwienia moézgu. Krzywe z od-

czytow z jednego do§wiadczenia, ktérego cze§é¢ przedstawiono na ryc. 4. Rzedna —

amplituda potencjalbw w procentach warto§ci poczatkowych; odcieta — czas
w minutach. A — DP1; B — DP2; C — SNP; D — potencjal dodatni po DPI.

In the course of ischemia not only the amplitude of DP decreased,
but the accessory waves fell out and the responses became simple; chan-
ges also occurred in the ratio of amplitudes of DP1 and DP2 and at
some point they became equal.

Recovery of DP and SNP in the postischemic period

As seen in Fig. 2, the cortical responses to single stimuli appeared in
the 17th min of the recovery period. The DPs, at the moment of their
appearance, were 75—80% of the initial value, i.e. were approximately
of the same value as before the development of their rapid attenuation
in the ischemic period. In 32 min the DPs attained their original value.
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The initial ratio between DP1 and DP2 also returned. In this experi-
ment observations were made for about an hour and during this time
the amplitude of the DPs fluctuated within the range 5—10%. The SNP
amplitude when it appeared at the 17th min of the recovery period was
only 40% of the initial value. Having attained the original value in
62 min, the SNP differed in its configuration from the normal one.

In the experiment, records of which are presented in Fig. 4, the res-
ponses appeared exactly 3 min after the onset of the recovery period.
The DPs at this moment were nearly of the same value as before the
development of a rapid phase of attenuation of responses in the ischemic
period. All the Components of the direct response gradually increased
until the 35th min; the DPs attained 75% of the original value, while
the SNPs — 50%. The positive potential of a considerable amplitude
subsisted throughout the observation period.

Effect of circulatory hypoxic on the responses evoked by tetanic
stimulation

Records of a typical experiment are presented in Fig. 6, while the
corresponding graphs are shown in Fig. 7. As seen, changes in the
duration of the negative potential and spontaneous ECoG occurred just
first minute of ischemia. The long-lasting negative potential gradually
diminished and disappeared at the 4th min; the spontaneous electrical
activity disappeared later: some fluctuations of small amplitude were
still in evidence within 9 min. Recordings of pH (Fig. 7) show that
a short-term alkalosis is followed by acidosis which increased throug-
hout the period of ischemia, attaining a significant value — (pH = 6,45).
We were unable to measure the CBF in the course of ischemia.

Recovery of responses to tetanic stimulation in the postischemic period

Recovery of spontaneous electrical activity occurred much earlier than
that of responses to tetanic stimulation of the cortex: fluctuations in
the ECoG were in evidence in 1—3 min, while the response to the si-
mulation appeared in the 4th min. Within 80 min the response appro-
ached 75% of the original value, remaining further unaltered. When
the CBF had recovered, pH continued to deviate in the direction of
acidity during 4—5 min. It should be noted that the moments of
abolition and appearance of the cortical responses coincide with the
moments of the relevant changes in pH (Fig. 7). Although, the arterial
pressure in the recovery period had been brought to the normal level,
the CBF underwent phasic changes; this corresponds to the known data
(Mchedlishvili et al. 1972).
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Fig. 6. Effect of ischemia on ECoG and long-lasting negative potentials, of the
cortex evoked by its tetanic stimulation. Rabbit. Distance between the recording
and stimulating electrodes 1.5 mm. Potentials are evoked by tetanic stimulation
(0.05 msec, 20 V, 20 imp/sec). Time in minutes from the beginning of ischemia
and from the beginning of recovery is indicated. Calibration: 1 sec, 1 mV.

Ryc. 6. Wplyw niedokrwienia na ECoG i dlugotrwale potencjaly ujemne kory wy-

wolane draznieniem tezcowym. Krolik. Odleglo§é pomiedzy elektrodami rejestru-

jacymi a stymulujgcymi — 1,5 mm. Potencjaly wywolane draznieniem tezcowym

(0,05 msek, 20 V, 20 imp/sek). Czas rozpoczecia niedokrwienia i jego zakonczenia
zaznaczono w minutach. Kalibracja: 1 sek, 1 mV.

Fig. 7. Dynamics of changes of long-lasting surface negative potential of the cortex,

pH, cerebral blood flow (CBF) in ischemic and postischemic periods. Curves are

plotted from records of one experiment presented in Fig. 6. Ordinate: figures

from the left show the amplitude of SNP in mV, figures from the right — the

value of CBF. Left from the ordinate — calibration of arterial pressure ( art. P)
and pH. Bars — value of CBF. Abscissa — time in minutes.

Ryc. 7. Dynamika zmian dlugotrwalego potencjalu ujemnego kory, pH, moézgowego

przeplywu krwi (CBF) w okresie niedokrwienia i poniedokrwiennym. Krzywe

z odczytow jednego doS§wiadczenia przedstawiono na ryc. 6. Rzedna: cyfry po

lewej oznaczaja amplitude SNP w milivoltach, cyfry po prawej — warto§¢ CBF.

Na lewo od rzednej — kalibracja ci$nienia tetniczego (art. P) i pH. Kolumny —
warto$ci CBF. Odcieta — czas w minutach.

DISCUSSION

As mentioned above, the DPs express EPSP of apical dendrites and
in nuanaesthetized animals polysynaptic EPSP are summated, i.e. EPSP
arise not only under the influence of impulses of layer I fibres, but also
under the influence of impulses from cortical neurons. In the course
of ischemia not only the amplitude of the DP decreases, but the acce-
ssory waves fall out, the DPs become simple and the amplitudes of DP1
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and DP2 become equal. All this shows, that in the course of ischemia
at first neuronal discharges are depressed, while the ability of apical
dendrites to produce EPSP remains. But sooner or later the monosynap-
tic EPSP of apical dendrites are abolished. This may be explained as fol-
lows: On the one hand, there is direct evidence that during ischemia

Fig. 8. Glial depolarization as a function
of membrane potential (MP). Cat. Nembu-
tal 60 mg/kg. Gyrus suprasylvius. Stimulat-
ing electrodes on the cortical surface. Re-
cording macro- and microelectrodes at a dis-
tance of 1.5 mm from the stimulated point.
Potentials are recorded simultaneously from
glial cell intracellularly (upper tracing) and
from the cortical surface (lower tracing).
The frequency of stimulation is indicated:
a) — MP 80 mV; b) — MP 60 mV; ¢) —
MP 45 mV. Time is logarithmic, marks 200
msec; voltage calibration: for macroelectrode
1 mV for microelectrode 5 mV. (Roitbak,
Fanardjian, 1973).
Ryc. 8. Depolaryzacja gleju jako funkcja
potencjalu blonowego (MP). Kot. Nembutal
60 mg/kg. Gyrus suprasilvius. Elektrody Sty-

g ; mulujgce na powierzchni kory. Makro- i mi-

_/\ A _— ) kroelektrody rejestrujgce w odlegto$ci 1,5 mm

& so__/\ _A _’\ od miejsca draznienia. Ro6wnocze$nie reje-
.L strowano potencja}y wewnagtrzkomérkowe z

gleju ($§lady wyzsze ) oraz z powierzchni ko-

ry (nizsze). Zaznaczono czestotliwo§¢ draz-
mema a) — MP 80 mV; b) — MP 60 mV; ¢) — MP 45 mV. Czas przedstawiono
logarytmicznie, oznaczenia co 200 msek; kalibracja napiecia: dla makroelektrody

1 mV; dla mikroelektrody 5 mV (Roitbak, Fanardjian, 1973).

membrane depolarization of muscle and nerve cells takes place (Hub-
bard, Loyning 1966; Collewijn, Van Harreveld 1966). On the other hand
a number of indirect facts indicate a decrease of the quantity of re-
leased quanta of transmitter into the synaptic cleft, evidently because
of depolarization of presynaptic terminals (Eccles, Loyning, Oshima 1966;
Hubbard, Loyning 1966). Both these circumstances must cause a de-
crease of postsynaptic potential. The cause of depolarization during hy-
poxia may be the depression of activity of the Nat — K* pump.

SNP to single stimuli and negative DC shifts also gradually decrease
and then disappear earlier than DP and much earlier than spontaneous
ECoG. As mentioned above, SNP and negative DC shifts express the
depolarization of glial cells. The records in Fig. 8 show that the extent
of depolarization of glial cell depends on the level of the membrane po-
tential: the lower the membrane potential the smaller was the glial de-
polarization in response to cortical stimulation. At membrane potential
30 mV cortical stimulation did not cause any electrical reaction of glial
cells (Roitbak, Fanardjian, 1973). It should be noted that at such values
of membrane potential, nerve cells continue to generate postsynaptic po-

I = Lo hiee )
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tentials of considerable amplitude.The fall of membrane potential of
glial cells during hypoxia occurs apparently also because of depression
of activity of the Na* — K* pump. Thus, in the course of hypoxia, i.e.
during the progressive depolarization of cellular membranes, there is
a moment when glial cells cease to respond to the cortical stimulation,
while nerve cells are still capable of generating EPSP; SNP disappears,
while DP remains.

In the course of hypoxia there is a moment when the permeability
of cellular membranes is sharply increased — NA* ions, Cl— ions and
water penetrate into the cells, and K* ions flow out. This is shown in
respect to apical dendrites (Van Harrevold, Ochs, 1957) and in respect
to glia (Hossman, Sato, 1970). Apparently, this corresponds to a quick,
sharp decrease and abolition of direct responses — the second phase
of their changes in the course of hypoxia. It should be also underlined,
that glial potentials are abolished during hypoxia earlier than sponta-
neous ECoG and recover later, and we do not observe full recovery of
glial components.

A. J. Roitbak, T. Sh. Labakhua

BEZPOSREDNIE ODPOWIEDZI KOROWE W CZASIE HIFOKSJI KRAZENIOWEJ
(NIEDOKRWIENIA) MOZGU

Streszczenie

U nienarkotyzowanych krélikow badano zmiany odpowiedzi kory moézgowej na
draznienie jednorazowe i tezcowe jej powierzchni, zachodzgce pod wplywem
hipoksji krazeniowej (niedokrwienia) moézgu. W czasie 15-minutowego niedotle-
nienia stwierdzono poczatkowo powolny, a nastepnie szybki spadek oraz za-
nikanie potencjalow dendrytowych DP (EPSP dendrytéw) oraz wolnych potencjailow
ujemnych SNP (potencjaly glejowe). SNP zwykle zanikaja wecze$niej niz DP
i znacznie wczeSniej niz spontaniczna aktywno$§¢ elektryczna. W okresie powrotu
do normy spontaniczna aktywno§é elektryczna pojawia sie wczeSniej niz SNP,
przy czym w stosunku do tej ostatniej nie zaobserwowano pelnego powrotu do
wartos$ci kontrolnych,

A. Pourbak, T. Jlabaxya

IMPAMOV KOPTUKAJBHBII OTBET IIPU IIUPKVJIALMOHHOM TUIIOKCUU
(MIIEMVW) KOPBI MO3TA
Pe3womMme

ITa HeHapKOTM3MPOBAHHBIX KPOJMKaX M3y4ajuCh M3MEHEHUI OTBETOB KOpPbl MO3ra
Ha OJIMHOYHBIE M TeTaHMYECKMEe pa3ApazkeHMUs €€ I0BEePXiiOCTM IIPM IUPKYIHTOPHOM
runokeun (umemmy) wmosra. Ilpu 15-TMMMHYTHOJM THMNOKCUM NPOMCXOAMUT cHauaja
MeJJIeHHoe, NOTOM ObicTpoe ocaabJjenme M MCUE3HOBEHME AEHAPUTHLIX IIOTEll[1aJIOB
JIIT (BIICB BepxyuUl€YHbIX AEHAPUTOB) M MELJEHHLIX OTPULIATENbLHBLIX IOTeHUAJIOR
MOII (ramanbabix noreHumason). MOII o6nLriHO Mc1e3a0T panbule, yeM IIT i MHOTO
pamHblle, 4eM CIIOHTAHHAas SJIEKTPU'iecKad aKTMBHCCTh. 13 BOCCTAHOEBMTELHIIOM Iiepuojie
CrioHTaHHasA SJIeKTpMYecKas aKTUBHOCTL IOABJAAeTcsa panbuie, yem MOII, mnoJganoe
BOCCTaHORJIEHME KOTOPbIX HE ITPOMCXOIMJIO.
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R. GADAMSKI, G. SZUMANSKA

BLOOD-BRAIN BARRIER AFTER CIRCULATORY HYPOZXIA
(ISCHEMIA)

Department of Neuropathology, Experimental and Clinical Medical Research Centre,
Polish Academy of Sciences

The influence of hypoxia and ischemia of the central nervous system
on the state of the blood-brain barrier has so far not been definitively
and unequivocally elucidated, and the particular publications devoted
to this problem bring different, frequently controversial observations.

Crone (1963) reported that severe hypoxia associated with structural
brain lesions occurs without damage to the barrier mechanisms. Kapus-
cinski (1974) in investigations on hypoxia with bilateral ligation of com-
mon carotid arteries in rats did combined not observe any impairment
of the blood-brain barrier, with a simultaneous increase of the water
content in the tissues. Similarly Rap et al. (1974) did not demonstrate
any changes in the state of the blood-brain barrier in respect to protein
markers in acute carbon monoxide intoxication. They only found
a transient increase in water content, as measured by the difference
between the wet and dry weight of the tissue. Mossakowski e! al.
(1968) described, in experiments on perinatal asphyxia, a slight and
short lasting injury of the barrier mechanisms for proteins concomitant
with extensive irreversible tissue lesions and so did Long et al. (1972)
under conditions of moderate ischemia of the spinal cord in cats. In
ischemia of the brain hemispheres induced by occlusion of the middle
cerebral artery, Olsson et al. (1971) obtained only in a small per cent
of cases changes indicating abnormalities in the blood-brain barrier. Bakay
and Bendixen (1963) and Bakay (1967) established on the other hand
that for breaking the blood-brain barrier in experimental conditions,
a definite degree of hypoxia must be associated with hypercapnia.
The same effect was obtained by Kapuscinski et al. (1972) under con-
ditions of experimental ischemic hypoxia exclusively in animals with
extensive morphological lesions of the nervous tissue.
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The present investigations were undertaken to study the influence of
circulatory hypoxia (ischemia) of short duration on the behaviour of
the blood-brain barrier in respect to a complex composed of plasma
proteins and Evans blue and to analyse simultaneously the water content
in the tissue.

MATERIAL AND METHODS %

The experiment were performed on 27 rabbits of both sexes weighing
2.5—3.6 kg in which circulatory hypoxia was elicited by the method
described by Mchedlishvili (1973). The animals were sacrificed 2, 4, 6, 12,
24 and 48 hrs and 5 days after this treatment under light nembutal anae-
sthesia by cutting the spinal cord at the level between the first and se-
cond cervical vertebrae. In part of the animals of each time group per-
fusion with 10 per cent neutralized formalin solution was performed. As
marker of impairment of the blood-brain barrier served Evans blue so-
lution prepared in the following variants: a) 2 per cent dye solution in
physiological saline without albumin and b) 2 per cent solution of the
dye in saline with bovine albumin added in the amount of 4 mg/l1 mi
of solution.

The animals received 3 ml of one of these solutions 2—3 h before
being killed by an injection of air into the auricular marginal vein. From
each time group one rabbit was chosen to which the indicator was injec-
ted immediately after the end of 15-min ischemia, so that the dye could
circulate in the blood until the animal’s death.

The brains were fixed in 4 per cent paraformaldehyde solution in
Millonig buffer, pH 7.4 and further for 7 days in a neutralized forma-
line solution diluted with water in 1:4 and 1:9 ratios for 24 hrs in
each. The fixed brains were cut in coronal plane into 3-mm slices.

The behaviour of the blood-brain barrier towards the indicator applied
was evaluated macro- and microscopically. The brain surface and cross
sections were examined macroscopically with a magnifying glass. In this
way the presence and topographic localization of the blue stained
areas marking the region of damage to the barrier could be established.
Microscopic observations were performed on 10-n frozen sections cut
on a microtome and embedded in 50 per cent glycerol solution. The
sections were studied in a fluorescence microscope (Reichert) equipped
with a HBO 200 lamp, with the use of BG 12/4 and OG 1 filters. The
sites exhibiting fluorescence were photographied on ORWO — UT
16 film.

The second experimental group consisted of 30 animals in which cir-
culatory hypoxia was induced identically as in the first one. They were
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Table 1. Water content in the brains of rabbits following experimental cirulatory hypoxia
Tabela 1. Zawartosé wody w mézgach krélikéw w nastepstwie hipoksji krazeniowej

Part of brain

Mean water content (%)

Srednia zawarto$¢ wody w 9%

Badane czesei Control 2 hrs P 4 hrs P 6 hrs PP

mébzgu
Right hemisph. 79.07540.26 79.41840.29 =0.05 79.27940.43 =0.05 78.81940.22 =0.05
Prawa potkula
Left hemisph. 79.0724-0.32 79.3484-0.32 =0.05 79.2934-0.43 =0.05 78.9354-0.47 =0.05
Lewa poétkula
Cerebellum 78.7394-0.59 78.1264-0.29 =0.05 78.06140.18 <0.05 78.1594+0.16 =0.05
Mesencephalon 74.9244-0.49 74.7304-0.34 =0.05 74.9064-0.33 =0.05 74.7334-0.36 =0.05
Medulla
oblongata 71.996+0.31 71.968 4 0.21 =0.05 71.901+0.18 =0.05 72.030+40.30 =0.05
Continuation of Table 1
Cigg dalszy tabeli 1

Part of brain Mean water content (%) Srednia zawarto$é wody w 9
Badane czesci 12 hrs P 24 hrs P 48 hrs P

mébzgu
Right hemisph. 79.9814-0.28 <0.001 80.12740.39 <0.01 79.0374-0.26 =0.05
Prawa pélkula
Cerebellum 79.698 4 0.29 <0.05 79.8904-0.40 <0.01 79.020+40.30 =0.05
Left hemisph. 78.7324-0.20 =0.05 78.564+0.33 =0.05 78.7804-0.21 =0.05
Lewa pélkula
Mesencephalon 75.0014-0.19 =0.05 75.4754-0.48 =0.05 75.253+0.34 =0.05
Medulla oblongata 71.8324-0.26 =0.05 71.8474-0.28 =0.05 72.0784-0.37 =0.05
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sacrificed after 2, 4, 6, 12, 24 and 48 hrs. The brain was devided into
the right and left hemisphere, the mesencephalon, cerebellum and me-
dulla oblongata. These parts were weighed and dried in a exsiccator at
105°C to constant weight. The percentual water content was calculated
from the difference between the weights of wet and dry tissue. The
results were subjected to statistical analysis by Student’s test and com-
pared with the data for the group of 5 control animals not subjected
to the experimental treatment. Each time group consisted of 5 animals.

RESULTS

The blue staining of the meninges was macroscopically observed in all
the animals examined. After removal of the meninges the blue stained
areas lying on the outer surface of the brain were found only in 4 ani-
mals, 4 and 6 hrs after treatment. In each case they were localized
on the right dorso-lateral side of the medulla. These areas differing in
size comprised the outer surface of the medulla oblongata and structures
lying at the bottom of the 4th ventricle. In none of the investigated ani-
mals was a blue staining noted on the outer surface of the cerebral
hemispheres or the cerebellum.

On coronal sections of the brain hemispheres minute oval or round
blue stained areas of tissue were visible in the cortex of the frontal
and parietal lobes and in the pyriform lobes (Fig. 1). Among other stai-
ned regions may be mentioned the basal nuclei, the hippocampal gyrus
and the cerebellar cortex. This localization varied in the particular ani-
mals and no predilection for some special brain regions could be establi-
shed, which would indicate a dependence from the vascularization fields.
The size of the foci did not seem to depend on the time elapsed after the
experimental treatment or on the time of circulation of the marker in
the blood. In most cases foci of blue staining in the tissue were found
in animals killed 4 and 6 hrs after treatment.

Fig. 1. Cross section through brain. Macroscopically visible blue stained areas in
cerebral cortex and brain stem, 4 hrs after treatment. X 3.

Ryc. 1. Przekr6j poprzeczny moézgowia. Widoczne makroskopowo niebiesko zabar-
wione pola w korze moézgowej i w pniu. Czas przezycia 4 godz. Pow. 3 X.
Fig. 2. Fluorescence of brain cortex capillaries in nonperfused material. X 100.
Ryc. 2. Swiecenie §wiatla naczyh wlosowatych kory moézgowej w materiale nie-
perfundowanym. Pow. 100 X.

Fig. 3. General aspect of fluorescence. Fluorescence of fragment of vascular wall
and perivascular diffuse form of fluorescence. With increasing distance from the
vessels only the nerve cells and their processes are luminescent. Medulla oblon-
gata, 6 hrs after treatment. X 100.

Ryc. 3. Ogélny widok fluorescencji. Swiecenie fragmentéw §ciany naczyniowej oraz
dyfuzyjna, przynaczyniowa postaé fluorescencji. W miare oddalania sie od naczynia
§wieca wylgcznie komoérki nerwowe i ich wypustki. Rdzen przediuzony, czas prze-
zycia 6 godz Pow. 100 X.
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Investigation of unstained 25-u sections in the light microscope made
it possible to follow the behaviour of the marker towards the vascular
wall elements. It was found that delicate dye deposits were accumulated
in the walls of some minute arterioles, above all in the medulla oblon-
gata. Analysis in detail of the indicator localization in wvascular walls
by comparing the cross and longitudinal sections of arterioles demon-
strated that the dye penetrated into the vascular wall to the level of the
lamina elastica interna. L i >

In sections examined in the fluorescence microscope, red-fluotéscence
of the vessels was very distinct in nonperfused material (Fig.”2). After
perfusion fluorescence was noted in vascular walls and perivascular
tissue. In the latter case it was of distinctly diffuse character (Fig. 3).
The changes described involved exclusively brain arterloles ‘the veins
and capillaries showed no changes. '

A phenomenon particularly worth attention is the intensive red fluo-
rescence appearing in the perikarya and processes of nerve cells situated
in the 'region of intensively blue stained areas of the medulla oblongata
(Figs 4, 5). The fluorescence of neuropil in areas distant from the ve-
ssels, visible in the form of intesely luminescent filamentous bodies was
probably associated with fragments of nerve cell processes. No morpho-
logical elements could be found which would indicate its connection with
any glial element. In the blue stained areas lying in the brain hemis-
pheres and cerebellum, fluorescence was visible only in the vascular
walls and their surroundings. It did not occur, with the exception of
one case, in cellular elements of the parenchyma. In the above mentioned
case, weak fluorescence was observed in neurons of the 3rd cortex
layer. It was, however, much weaker than in the bulbar neurons and
showed an orange, and not vivid red, hue. These changes were observed
in rabbits 6 hrs after treatment. In no case was fluorescence seen in
areas outside the blue stained tissue regions. It never occurred in the
white matter of the brain.

Observations concerning water content in the brains of the experi-
mental animals (Table 1) demonstrated a slight statistically significant
increase in the group of animals 12 and 24 hours after treatment. This
increase involved both hemispheres, although it was more pronounced

Fig. 4. Fluorescence of various types of nerve cells. Medulla oblongata, 4 hrs
after treatment. X 200.

Ryc. 4. Fluorescencja ro6znych typéw komoérek nerwowych. Rdzen przediluzony,
czas przezycia 4 godz. Pow. 200 X,

Fig. 5. Intensive fluorescence visible in perikarya and nerve processes. Medulla
oblongata, 6 hrs after treatment. X 300.
Ryec. 5. Widoczna intensywna fluorescencja w penkarionach oraz wypustkach ko-
moérek nerwowych. Rdzen przedluzony, czas przezycia 6 godz. Pow. 300 X.

Neuropatologia Polska — 11
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in-the rigth one. The remaining parts of the brain, notwithstanding the
time at which they were examined after treatment, showed a water con-
tent similar to that in the controls.

DISCUSSION

The results obtained indicate that 15-min hypoxia produces in rabbit
only slight impairment of the blood-brain mechanisms in respect to the
complex composed of albumin and Evans blue. Damage to the barrier
manifested in the permeation of the marker beyond the vascular bed to
the nervous tissue was observed only in part of the material, mainly in
animals killed 4 and 6 hrs after treatment. The fact of the relatively
slight and variable impairment of the blood-brain barrier in the present
experimental model indicates that bbb is but little sensitive to strong
but short lasting ischemia. The appearance of damage to the blood-
-brain barrier only in part of the animals seems to suggest also the
existence of wide individual differences in the formation and sufficiency
of collaterals between the particular brain arteries. Variability of this
type of the vascularization in the central nervous system may explain
the wide differences of the individual ability to compensate haemody-
namic disturbances developing as the consequence of brain hypoxia,
demonstrated on the same experimental model by Kapuscinski (1974)
and Mossakowski (1974).

The present observations point at the same time to the focal cha-
racter of the damage to the barrier mechanisms; these lesions occurring
exclusively in grey matter formations of the brain. No specific topo-
graphic predilection of the pathological changes or their connection with
definite structures of the central nervous system could be traced, with
the exception of the dorso-lateral region of the medulla, where they
appeared most frequently. This is worth stressing in view of the fact
that the whole experiment is based on the assumption that the brain
stem structures will be exposed to less severe ischemia owing to the
preserved patency of the vertebral arteries (Mchedlishvili, 1973).

The area of blood-brain barrier damage in th emedulla oblongata com-
prises numerous structural and functional formations including the re-
ticular formation and vegetative autoregulation centres. Injury to this
region may, therefore, affect the general state of the animals and en-
hance the disturbances caused by the experimental treatment.

- ‘Attempts to demonstrate a relation between the localization and inten-
sity of the blood-brain barrier lesions, and histological, histochemical
and biochemical changes in the brains of animals subjected to analogous
experimental treatment (Zelman, 1974; Szumanska, Gadamski, 1974; Si-
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korska, Smialek, 1974) failled. However, in the present material note-
worthy is the absence of extensive necrotic foci of nervous tissue which,
as stressed by Kapuscinski et al. (1972), are as a rule associated with
bloob-brain barrier lesions in the course of brain ischemia. The above
named authors ascribe an essential role to these foci in changes of the
tissue pH, favouring damage to the barrier analogous to that in hyper-
capnia combined with hypoxia in the experiments of Bakay et al. (1963).
Metabolic disorders in the nervous tissues noted in histochemical (Szu-
manska, Gadamski, 1974) and biochemical investigations (Sikorska, Smia-
fek, 1964; Albrecht, 1974) did not exert such an effect on the state of
the barrier.

The morphological exponents of blood-brain barrier lesions observed
in microscopic examinations were of three kinds. They were manifested
in the accumulation of the marker among the elements of the vascular
walls, above all the arterioles, in perivascular accumulation of the dye
seen in the form of diffuse perivascular fluorescence and in the filling
of perikarya and of processes the nerve cells.

The present findings concerning the intraparietal accumulation of the
marker in minute arterioles supplement the observations of Baramidze
(1958) concerning changes in the vessels in the course of brain ischemia.
Accumulation of the dye in the cytoplasm of nerve cells indicates in
turn that under the conditions applied, not only the blood-brain barrier
mechanisms are impaired, but also the neurons, as manifested by the
changed permeability of their membranes which makes possible permea-
tion of the marker complex into their cytoplasm. This suggests an addi-
tional contribution of the cytotoxic factor in the mechanism of oedema
caused by brain ischemia. The present results show in this respect a far
reaching analogy with the observations of Mossakowski et al. (1968) on
the consequences of perinatal asphyxia and of Olsson et al. (1971) in
the case of focal brain ischemia.

The slight rise of water content in the brain hemispheres in animals
sacrificed 12 and 24 hrs after subjection to hypoxia shows discrepancy
in time with the observed morphological exponents of the minute and
only focal damage of the blood-brain barrier. This is in contradiction with
the observations of Edvinsson et al. (1971) and Herman and Neuenfeldt
(1972), who in the case of the models of experimental brain oedema (not
in ischemia) condition found a strict time dependence between impair-
ment of the blood-brain barrier and the increased water content in the
tissue.

It is particularly difficult to establish a correlation in the present ma-
terial between oedematous changes measured by water content in the
tissue and the damage to the blood-brain barrier mechanisms. This might
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result both from the not too high accuracy of the method based on
comparison of fresh and dry tissue weights, the nonhomogeneity of
the material (uneven-aged &"imals) and the inconsistency of occurrence
of exponents of blood-brain barrier impairment.

The discrepancy in time observed might be explained by the earlier
appearance of blood-brain barrier lesions and the consequent progress
of oedema, finding expression in a global increase of water content in
the tissue at a later period. However, this is contradicted by the lack
of spread of the marker in the tissue even after its prolonged circula-
tion in the blood as well as by the insfability of changes indicating the
damage to the barrier mechanism versus relative reproducibility of the
increase of water content. It seem more probable that, under the experi-
mental conditions applied, water may be accumulated in the tissue
irrespectively of changes in the vascular permeability to protein barrier
markers similar to that found in the obervations of Olsson et al. (1971),
Kapuscinski (1973) and Rap et al. (1974).

CONCLUSIONS

1. Circulatory hypoxia (ischaemia) of short duration (15 min) leads
to slight focal disturbances in the blood-brain barrier occurring only
within a short time after the treatment (4 and 6 hrs).

2. Breaking of the blood-brain barrier occurs only in the grey struc-
tures without any predilection for any particular region of the brain
except the dorso-lateral area of the bulb in which changes are most
frequent.

3. Lesions of the blood-brain barrier, the morphological exponent of
which is found in the accumulation of the protein marker among the
parietal elements of minute arteries and in the neuropil surrounding
them, are associated with changes in the permeability of cell membranes
of neurons, leading to accumulation of the marker in the cytoplasm of
these cells. These being most pronounced in medulla.

4. A statistically significant increase in water content! was found in
the brain hemispheres of animals sacrificed 12 and 24 hours being sub-
jected to hypoxia.

R. Gadamski, G. Szumanska

ZACHOWANIE SIE BARIERY KREW-MOZG U KROLIKA
W NASTEPSTWIE HIPOKSJI KRAZENIOWEJ

Streszczenie

Przebadano zachowanie sie bariery krew-moézg dla bialek u kroélikéw podda-
nych 15-minutowej hipoksji (ischemii) krazeniowej wg modelu opisanego przez
Mchedlishvili (1973) oraz oznaczano zawarto§¢ wody w poszczegbélnych czeSciach
moézgowia (pétkula lewa, poltkula prawa, Sr6dmoézgowie, mozdzek i opuszka) przez

http://rcin.org.pl



Nr 4 BBB in ischemia 701

poréwnywanie mokrej i suchej wagi tkanki. Czas przezycia zwierzat po hipoksji
wynosit 2, 4, 6, 12, 24, 48 godz oraz 5 dni.

Przepuszczalno§é bariery krew-moézg oceniano 7 oparciu o zachowanie sie roz-
tworu blekitu Evansa, ktory wstrzykiwano dozylnie zwierzetom wszystkich grup
2 godziny przed zakoriczeniem do$§wiadczenia. Moézgi zwierzat oceniano makrosko-
powo oraz ogladano skrawki mrozone z réznych poziom6éw w mikroskopie fluo-
rescencyjnym.

Obecnoéé niebiesko zabarwionych p6l na przekrojach poprzecznych mézgu i po-
wierzchni zewnetrznej opuszki stwierdzono jedynie u zwierzat z 4 i 6-godz. czasem
przezycia po hipoksji. W obrazie mikroskopowym skrawkéw pobranych z okolic
wykazujgcych niebieskie zabarwienie byla widoczna czerwona fluorescencja zloka-
lizowana w $cianach niektérych naczyn krwiono$nych oraz w neuronach i neuro-
pilu. Statystycznie znamienny wzrost zawarto$ci wody w poétkulach moézgowych
wystepowatl u zwierzat z 12 i 24-godz. przezyciem.

Z przeprowadzonych badan wynika, Ze 15-minutowa hipoksja powoduje tylko
nieznaczne, ogniskowe uszkodzenie bariery krew-moézg dla biatek.

P. Tagamcky, I. Illymanbcka

TEMATO-2HIEPAJOI'MYECKUN BAPBEP
Y KPOJUKA B PE3YJBTATE IUPKYJIAIIMOHHON TUIIOKCUU

PeszwomMme

MccenenoBanacs NpoOHMIIAEMOCTH TeMaTO-SHIedasormyeckoro 6apbepa Ansa GeJKOB
Y KpPOJIMKOB, IOABEPrHYTbLIX 15-MMHYTHOM UMPKYJSUMOHHOM TIMOOKCUM (Miuemmm)
COrjlacHO Mozeay, omnmcanHoy MyeaammBuiIn B 1973 r., a TakKe ONpPeJeJANIOChH
cojlep>KaHue BOJAbI B OTAEJBHBIX YacTAX TOJOBHOTO Mo3ra (neBoe IOJyl.Iapue,
1paBoe IMoJyluapue, CPEeAHMII MO3r, MO3XKeYOK U MNpOAOJroOBaTHII MO3r) IIyTeM
CPaBHEHMA BJIAXKHOTO M CYXOro Beca TKadu. Bpems mnepexmBaHMs IKUEOTHBIX RbI-
HOCWJIO 2, 4, 6, 12, 24, 48 1acoB u 5 AHEN.

IIponunaemocrs remarTo-srnedanornyeckoro bHapbepa oOneHMBajach € I[IOMOIILIO
pacTBOpa cuMHero DBamca, KOTOPbIN BBOJIJICA XMBOTHLIM BCeX TIPYIIN 3a_JBa daca
JI0 OKOHYaHMs 9KcrnepymenTa. MO3r KMBOTHBEIX OLEHMBAJICA MaKPOCKONUYECKHM, a 3a-
MODPOXKEeHHble Cpe3bl, ITOJIy4YeHHbIe M3 Pa3JIMYHbIX OTAEJIOB, UCCJIENOBAJIUChH BO (D00~
DECLEHTHOM MMKPOCKOIIE.

Hannumne oxpaurennsix B roayboii 1BeT IPOCTPaHCTB Ha IIONEPEvHEIX cpe3ax
MO3ra M BHELIHEe) [IOBEPXHOCTM IPOLOJTOBATOrO0 MO3ra 6bIIO OTMEYEHO JMIIbL
Y KMBOTHBIX, nepexuBmmx 4 u 6 yacos nocie runokcuy. MukpocKommuyeckasa Kap-
TUMHA CPe30B, B3ATbIX M2 06JiacTeli, OKPallieHHbIX B ro.y0boii 1BeT, XapakTepu3oBajach.
KpacHOoi hiiroopeclienumei, JOKaJAUM3MpOBaHHOM B CTEHKaX HEKOTOPbIX KPCREeHOCHBIX
coCyJnOB, a Takxke B HedipoHax u Herpomnmie. CTaTuMCTHMYeCKM HOCTOBEPHNEe yBeIu-
YeHMe COojeprKaHMsA BOAbI B NOJyLIapUAX MO3ra OTMEYaJIOCh y JKMEOTHBLIX, IEPeXUB-
mux 12 un 24 yaca.

W3 nposejennbIx mccieJ0BaHMM CJeIyeT, YTO 15-MUHYTHAs TUIIOKCUS BhI3BIBAeT
JMIIBb HE3HAYMUTEJbHbIe, 0YaroBble HAPYLICHUsS IIPOHMIL@EMOCTM TreMaTo-3Hnedaoru-
HqeckKoro bapwepa ansa GesKOB.
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