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Using dogs (previously considered unsuitable for research
on infarction of the brain because of their extensive col-
lateral cerebral circulation), we have produced ischemic
foci in the thalamus, the cerebral mantle, and the entire
cerebral hemisphere by occluding various combinations of
cerebral vessels at the base of the brain. A unilateral tem-
poral approach was utilized in identifying and occluding
all of the bilateral trunk arteries. By a variation of vascu-
lar occlusion (inserting a cannula retrogradely into the
middle cerebral artery [MCA] on the operated side and
pumping autologous blood from the femoral artery to the
opposite MCA, while producing a condition of complete
ischemia in the contralateral hemisphere, which is then
perfused with the autologous blood), we have produced an
experimental model in which blood flow to the contralat-
eral hemisphere can be freely controlled. By controlling
the volume of perfused blood, various degrees of hy-
peremia, incomplete ischemia, and complete ischemia can
be produced. At the same time, physiological conditions
can be maintained and recirculation following isch-
emia can be easily performed. Also, known quantities of
drugs can be delivered to the brain, and sequential changes
can be measured over long periods.
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Using various experimental models, many researchers have
investigated the pathophysiology of brain ischemia, but
previous oc€lusion models [1-3, 6, 7, 10-12, 14, 15, 17,
18] and embolization methods [13, 16, 19} have had a low
success rate in producing ischemic foci, and the site and size
of the foci have not been consistent. Furthermore, the de-
gree of ischemia has not been subject to control, so the
ability to produce a complete focus has remained unattain-
able.
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To examine the pathology of the brain following recir-
culation of blood—an important problem with regard to
clinical treatment—it is first necessary to produce a focus of
complete ischemia to which blood or drugs can be delivered
in a controlled manner. Only then will reliable data be ob-
tainable.

By means of a unilateral temporal approach, we have
found it possible to dissect all of the arteries entering and
leaving the circle of Willis in the dog. We have also been
able to occlude various combinations of trunk vessels and
thereby freely control the degree of ischemia produced at
various cerebral sites [21-23]. We have developed a tech-
nique by which it is possible to control the degree of cere-
bral blood flow to the left cerebral hemisphere.

Experimental Method

Adult mongrel dogs weighing about 10 kg each were used.
Anesthesia was induced by intravenous administration of
25 milligram per kilogram of body weight of thiopental
sodium (Ravonal), after which immobilization was main-
tained by intravenous administration of 0.2 mg/kg of pan-
curonium bromide (Myoblock). Regulated respiration was
instituted, and no further anesthesia was administered.
Throughout the operation body temperature was main-
tained at 37°C, blood pressure at 90—120 mm Hg, Pao, at
100 mm Hg, Paco, at 37 mm Hg, and arterial pH at 7.4.
Electrical activity of the brain (EEG) was recorded from
two stainless-steel electrodes placed on the dura mater
above the left parietal lobe. For measurements of regional
cerebral blood flow (rCBF), platinum-wire electrodes were
implanted bilaterally in the cortex fed by the anterior cere-
bral artery (ACA) and tCBF was measured by the hy-
drogen-clearance method (Fig. 1).

After removal of the right zygomatic arch, a right tem-
poral craniotomy was performed, with sufficient removal of
bone in a caudal direction. After opening a 4 X 3 cm win-
dow in the bone, the dura mater was cut over the right
temporal lobe. By use of a surgical microscope, the trunk

.arteries of the brain were approached, and the left and right

internal carotid arteries (ICA), opthalmic arteries,
ethmoidal arteries, right posterior cerebral artery (PCA),
and right anterior cerebellar artery and basilar artery were
dissected free without damaging the brain itself. The left
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Fig. 1. Plan of the model: perfusion of blood to the right MCA from
the femoral artery.

cerebral hemisphere was not exposed at this time. A
polyethylene tube (diameter, 3 mm) from the femoral ar-
tery was attached to a peristaltic infusion pump (Model
1210).* The tip of the tube was narrowed to a diameter of
600 w to allow for retrograde insertion into the right MCA.
At the time of perfusion of the brain with the autologous
blood, 150 units/kg of heparin were administered intrave-
nously, with 150 units/kg every hour thereafter.

A Scoville aneurysmal clip was then placed immediately
below the bifurcation of the right MCA and ICA. The
MCA was severed 1 cm peripherally. The peripheral por-
tion was then cauterized, and the polyethylene tube was
inserted retrogradely for 1 cm into the MCA as far as its
origin. The tube and artery were firmly bound with adhe-
sive agents. After complete adhesion, the clip on the right
MCA was removed. The right ophthalmic and the right
ethmoidal and left ethmoidal arteries were then cauterized,
in that order. After the right optic nerve was severed, the
left ophthalmic artery was cauterized. Finally, the right
PCA and the right anterior cerebellar artery were
cauterized, and 150 units/kg of heparin were administered.
The infusion pump cannulated into the right MCA was
then started, and the brain was gradually perfused with au-
tologous blood. Clipping of the basilar artery was done
simultaneously with an increase to 4 ml/min of perfusion
through the cannulation tube. This was followed by clip-
ping the right ICA and increasing the blood being perfused
to 8 ml/min, then clipping the left ICA and increasing to
16 ml/min. (In this model the ACA is not occluded be-
cause the A, portion cannot be seen in the dog from the
exterior of the brain, and it is not easily dissected.) The left
cerebral cortical EEG was monitored throughout the pro-
cedure. The blood flow to the left cerebral hemisphere was
thus completely separated from the usual intracranial circu-
lation, allowing complete control of cerebral blood flow
through the cannula to the right MCA (Fig. 2). Using thls
model, we have made the following observations.

*Harvard Co., Millis, MA.

Fig. 2. The main arteries of the brain, showing the occluded points
and the distribution of blood from the perfusion through the cannulated
tube introduced retrogradely into the right MCA.

CEREBRAL PERFUSION BY CARBON BLACK SOLUTION. A total
volume of 15 ml of a 10% formalin and carbon black solu-
tion was delivered to the brain through the cannulated
right MCA at a temperature of 37°C and a speed of 1€
ml/min. Immediately thereafter, 15 ml of a 10% potassium
chloride solution was injected intravenously to arrest car-
diac activity. The brain was then removed and the brain
surface and coronal sections of the chiasmal region were
examined for the presence of carbon black.

MEASUREMENT OF MEAN BLOOD PRESSURE IN THE LEFT MCA.
After the dura mater on the left side was cut, the trunk of
the left MCA was dissected in the posterior sylvian fissure
by means of a surgical microscope. A polyethylene tube
(diameter, 600 w) was inserted retrogradely and connected
to a pressure transducer. While the volume of infused blood
to the right MCA was being increased, the mean blood
pressure of the left MCA was measured.

MEASUREMENT OF 1cBF. One window (1 X 1 cm) was
opened on each side over the frontal lobes fed by the an-
terior cerebral arteries. After the dura mater was cut,
platinum-wire electrodes were inserted 1 to 2 mm into the
cortex, and bilateral rCBF measurements were made using
the H, clearance method while the volume of infused blood
was being altered.



Fig. 3. Dorsal view of brain perfused with carbon black through the
right MCA. Note that the left hemisphere is perfused diffusely and the
right hemisphere is perfused only in the territory of the right ACA.

LEFT PARIETAL EEG. While the volume of blood being in-
fused into the right middle cerebral artery was being al-
tered, the electrical activity of the left cerebral hemisphere
was measured.

Experimental Results

CEREBRAL PERFUSION BY CARBON BLACK sOLUTION. Carbon
black was seen over the entire dorsal surface of the left
hemisphere, but only in the area fed by the anterior cere-
bral artery in the right hemisphere (Fig. 3). Coronal sections
through the chiasmal region showed carbon black through-
out the left hemisphere, including the thalamus and the
hypothalamus. On the right side, however, carbon black
was found only in the cerebral mantle in the areas thought

to be fed by the ACA, that is, the frontal and medial
parietal cortex (Fig. 4).

LEFT MCA ARTERIAL PRESSURE AND VOLUME OF INFUSED
BLoOD. Left MCA blood pressure was found to be directly
proportional to the volume of infused blood. Increases from
0 to 18 ml/min caused increases in blood pressure from 0 to
170 mm Hg (Fig. 5).
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Fig. 4. Coronal view of brain perfused with carbon black through the
right MCA. Note that the left hemisphere is perfused diffusely and the
right hemisphere is perfused only in the territory of the right ACA.

VOLUME OF INFUSED BLOOD AND rCBF OF THE CORTEX FED BY
THE AcA. The volume of infused blood necessary to main-
tain an rCBF of 28 ml/100 gm/min (the value obtained on
the left side prior to the operation) was between 14 and 23
ml/min. Above or below such values, the rCBF was above
or below the normal range. In contrast, a roughly linear
correlation between the volume of blood infused on the
right side and tCBF was seen (Fig. 6).

CHANGES IN VOLUME OF INFUSED BLOOD AND LEFT PARIETAL
CORTICAL AcTiviTy. When the volume was maintained
between 14 and 20 ml/min, no notable differences were
seen in electrical activity between preoperative and post-
operative recordings. At lower volumes, there was a gradual
slowing and flattening of electrical activity, with complete
flattening when the pump was shut off and the volume
brought to zero. At a volume of 16 ml/min, normal electri-
cal activity was maintained for the entire 5-hour observa-
tion period (Fig. 7).

Discussion

Perfusion of the brain has been done since the 1930s as part
of research on brain metabolism [4]. In order to separate
brain circulation from systemic circulation, blood vessels,
bone, and cartilage of the neck have been severed and cir-
culation has been established between the bilateral carotid
veins and arteries. Autonomic nerves in the vicinity of the
ICA have been cut, the venous system has not been pre-
served in a physiological state, and the perfused blood has
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Fig. 5. Correlation between volume of infused blood and blood pres-

sure in the left MCA.

not been autologous. Consequently, it has been believed
that autoregulation of the vessels of the brain is necessarily
lost [8, 17, 20], and that nonphysiological factors play an
important role in producing inevitably inconsistent ex-
perimental data [5, 9].

Initially, we tried to prepare a dog model in which a tube
was inserted anterogradely into the beginning portion of
the right MCA. This would control circulation for the en-
tire region of the right cerebral hemisphere by controlling
blood flow into the completely ischemic right hemisphere
(produced by interrupting the eight main arteries at the
base of the brain on the right side) [21] (Fig. 8). In this
model, however, brain ischemia was not avoidable during
the procedures: cerebral blood flow decreased during the
dissection and cannulation of the artery. Following carbon
perfusion in this dog, carbon was found penetrating the
right brain mantle alone, and perfusion for the entire region
of the right cerebral hemisphere had not been achieved
(Fig. 9).

The present model was developed as a model of brain
perfusion that would be entirely physiological in nature.
During all the procedures for preparing the model, brain
ischemia in the left hemisphere (in which all the obser-
vations and sampling were made) was prevented by in-
creasing the volume of infused blood at every clipping or

Fig. 6. Correlation between the volume of infused blood and vCBF in
the territories of both anterior cerebral arteries. Note that the TCBF on
the left side shows evidence of autoregulation while that on the right
does not. (rCBF before operation: right, 29 ml/100 gm/min; left, 28
ml/100 gm/min.)
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Fig. 7. Correlation between volume of infused blood and the cortical
EEG in the left hemisphere. Between 20.8 ml/100 gm/min and 14.4
ml/100 gm/min of infused blood, there is no difference in the cortical
EEG; below 9.8 mi/100 gm/min, low voltage and a slow wave appear
in the cortical EEG. At 0 ml/100 gm/min the cortical EEG becomes
completely flat.

occlusion of an artery. Cannulation of the right MCA was
done retrogradely, making it possible to perfuse the entire
left hemisphere through the circle of Willis. Although the
right hemisphere (except the area fed by the right ACA) in
this model was sacrificed and therefore was not suitable for
experimental purposes, autoregulation in the left cerebral
hemisphere continued to function normally (i.e., when the
volume of blood being infused was increased in the left
hemisphere, the tCBF retained a certain stability), as dem-
onstrated in Figure 6. Due to the linear correlation between
volume of infused blood and perfusion pressure, changes in
blood flow to the left hemisphere show stability within a
certain range proportionate to the perfusion pressure. The
blood flow of the area fed by the right ACA shows a direct
correlation with the volume of infused blood, indicating no
autoregulation. From these findings, it is thought that the
blood volume, which increases within the range of volume
of infused blood at which the left hemisphere shows au-
toregulation, flows to the area that is fed by the right ACA.
When compared with previous brain-perfusion models, the
left hemisphere in our model is maintained under nearly
physiological conditions.

Previous experimental models have had a low success
rate in producing ischemic foci, and the site and size of the
areas of ischemia have been inconstant. Furthermore, con-

Kayama et al: Complete Ischemia of the Canine Brain 171

[

3

w

Fig. 8. The arteries of the brain, showing the occluded points and the
cannula inserted anterogradely into the right MCA, in our initial
model.

Fig. 9. Coronal view of the brain perfused with carbon black through
the tube inserted anterogradely into the right MCA. The right hemi-
sphere is perfused diffusely but only in the cerebral mantle. (Scale is in
centimeters.)
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trol of the degree of ischemia has been impossible. In the
present model it is possible to produce a focus of incomplete
ischemia by reducing the volume of blood being infused to
below 14 ml/min. Complete ischemia can also be achieved
in all animals immediately after reduction of the volume of
blood being infused to 0 ml/min. Hyperemia can be pro-
duced by increasing the volume to more than 23 ml/min. In
this model, since various degrees of hyperemia and ischemia
can also be produced and recirculation of blood undertaken
immediately by controlling the power of the infusion pump,
it is also possible to study the very early stage of the condi-
tion by changing the blood flow. Additionally, it is possible
to perfuse the brain through the cannulation tube with
various drugs at differing concentrations, allowing for pre-
cise determination of the response of ischemic or normal
brain tissue to known quantities of drugs. Since unilateral
cerebral ischemia of varying severity can be produced, it is
possible to obtain an abundance of tissue samples over an
extended period from a single dog. This eliminates the
problem of individual differences among dogs and makes
feasible biochemical, morphological, and other studies of
brain tissue. Since use of the pump to the brain is unavoid-
able, this model may not be useful for long-term experi-
ments.
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