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SUMMARY: The responses of canine 
middle cerebral arteries to changes in 
pCOs tmtl pOi were tested in vitro. It 
was found that there was no response to 
changes in pCO: from 38.1 mm. Hg to 
26.6 mm. Hg. hut there was some con
striction of the vessels with lowering of 
the pCOi below 26.6 mm. Hg and there 
was minimal dilatation of the vessels 
when the pC02 was increased from 38.1 
nan. Hg to 87.2 mm. Hg. There was no 

RESUME: Les reponses des arteres 
cerebrates medicines des chiens aux 
changements aux pCO: et pOi furent 
verijiees in vitro. II fm irouve qu'il n'y 
avail pas de reponse aux changements 
de pC02 de 38.1 mm Hg a 26.6 mm Hg. 
mais qu'il y avail constriction des 
vaisseaux avec line baisse de pCOi en-
dessous de 26.6 mm Hg el line dilata
tion minimale des vaisseaux quand le 
pCO: etait augmenle de 38.1 mm Hg a 
87.2 mm Hg. II n'y avail pas de re-

response to changes in pOi from more 
than 500 mm. Hg to 59.6 mm. Hg, but 
when pOi was lowered below 50 mm. Hg 
there was a sudden, massive constric
tion of the arteries tested. It is postu
lated that this constriction is due to 
build-up of a substance (substances) 
during a period of hypoxia (pO: < 50 
mm. Hg). The significance of the results 
obtained are discussed. 

ponse aux changements de pOi de plus 
de 500 mm Hg a 59.6 mm Hg, mais 
quand pOi descendait sous 50 mm Hg, 
il y avail line constriction massive et 
soudaine des arteres. II est postule que 
cette constriction est due It Vaccumula
tion d'tme 011 des substances durant la 
periode d'hypoxic (pOi < 50 mm Hg) 
et que la substance impliquee est pro-
bablement 1111 produit du metabolisme 
anaerobique. 
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INTRODUCTION 
It is now generally accepted that 

cerebrovascular resistance is regu
lated by a combination of nervous 
and humoral factors (Betz, 1972; 
Meyer and Welch, 1972; Reivich, 
1969). However, the mechanisms 
whereby these factors affect the 
cerebral vessels, and their relative 
significance are unclear. 

There is no doubt that cerebral 
vessels are richly innervated with 
both sympathetic and parasympathe
tic fibers (Sundt, 1973; Peerless and 
Kendall, 1975). This was originally 
demonstrated by Chorobski and Pen-
field (1923) and Penfield (1932) using 
the light microscope, and has been 
confirmed more recently using 
fluorescent microscopic techniques 
(Nielsen and Owman, 1967; Falck et 
al, 1968; Lavretievaet al, 1968; Peer
less and Yasargil, 1971; Peerless et 
al, 1972), and electron microscopy 
(Nelson and Rennels, 1970; Nielsen 
et al, 1971). 

The functional significance of 
these nerves is not known. Stimula
tion and transection of the nerves 
have produced variable responses, 
suggesting that the direct effect of the 
nervous system on cerebrovascular 
resistance is minimal (Chorobski and 
Penfield, 1932; Forbes et al, 1939; 
Dumke and Schmidt, 1943; Gurdjian 
et al, 1958; Meyer et al, 1967). More 
recently it has been shown that both 
sympathetic and parasympathetic 
nerves modulate the effect of carbon 
dioxide on cerebral blood flow 
(James et al, 1969; Harper et al, 
1971). The quantitative significance 
of this is not certain and it is thought 
that humoral factors including pCO: 
pO: and pH are of greater importance 

Vol. 3, No. 4 NOVEMBER 1976 - 255 

https://doi.org/10.1017/S0317167100025361 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100025361


THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES 

in the regulation of cerebrovascular 
resistance. 

Kety and Schmidt (1948) showed 
that inhalation of CO2 caused in
creased cerebral blood flow in man, 
whilst hyperventilation with its as
sociated hypocarbia produced de
creased cerebral blood flow. These 
findings have been confirmed 
(Reivich, 1964; Meyer et al, 1967). 

The mechanism of action of CO2 on 
the cerebral blood vessels is not 
clear. It has been established by 
Severinghaus and Lassen (1967) 
(1968) that the arterial pCCh and not 
the venous or tissue pCCh is impor
tant in regulating cerebrovascular re
sistance. Earlier workers Sokoloff 
(1960) and Wolff (1936) suggested 
that CO2 had a direct effect on cere
bral arterial muscle, and, as evidence 
they cited the work of Cow (1911) 
who showed that isolated strips of 
carotid arteries immersed in Ringer's 
solution dilated when the pCCh of the 
solution was increased. Further
more, the effect of CO2 on cerebral 
blood flow was not abolished by 
spinal transection, section of 6th, 
7th, 8th, and 10th cranial nerves, 
cervical sympathectomy, removal of 
the carotid sinus or decerebration, 
lending support to a possible direct 
effect of CO2. 

However, it has been shown by 
Betz (1965), Severinghaus (1965) and 
Severinghaus et al (1966) that the 
direct effect of CO2 on the cerebral 
vessels cannot be the sole 
mechanism for the responses of the 
cerebral vessels to changes in pCCh. 
During acclimatization to high al
titudes hypocarbia occurs, and with 
it there is a decrease in cerebral 
blood flow, but after six to twelve 
hours the cerebral blood flow re
turns to normal despite a persistent 
decreased arterial pCCh. It was 
noted that there was an initial in
crease in CSF pH with hypocarbia, 
but after a few hours the CSF pH 
returned to normal, so that the cere
bral blood flow seemed to parallel 
the CSF pH rather than the arterial 
pCCh. Similarly, with chronic 
hypercarbia in animals (Betz 1965) 
there was an initial increase in cere
bral blood flow, but the cerebral 
blood flow returned to normal in a 
few hours, again reflecting the 

changes in the CSF pH which ini
tially decreased but then returned to 
normal in a few hours. 

It has, therefore, been suggested 
that the effect of changes of pCOi on 
cerebral blood flow are mediated via 
changes in the CSF pH which re
flected the brain extracellular fluid 
pH. 

The effect of changes of pC>2 on 
cerebrovascular resistance have 
been well documented. Hypoxia has 
been shown to cause dilatation of the 
cerebral vessels with increased 
cerebral blood flow whilst hyperoxia 
produces the opposite effect (Kety 
and Schmidt), 1948; Meyer and 
Gotoh, 1961; Reivich, 1968; Betz, 
1972). 

The mechanism whereby changes 
in pCh affect the cerebral blood flow 
is not fully understood. A direct ef
fect of O2 on cerebral vessels has 
been reported Sokoloff (1959) but it 
is thought that this is not the only 
mechanism. Attempts have been 
made to relate the effects of O2 on 
cerebral blood flow to the jugular 
venous pCh, and it has been shown 
that as the jugular venous pCh fell 
below 30 mm. Hg, cerebral blood 
flow increased, and at a "critical" 
jugular venous pCh of 19-20 mm. Hg 
disturbance of brain function occur
red (Meyer et al, 1965). 

It was thought that receptors in 
the jugular veins responded to 
changes in jugular venous pC>2 so 
that cerebral hypoxia with decreased 
venous pCh resulted in increased 
cerebral blood flow and correction 
of the hypoxia in the brain. How
ever, there is much evidence against 
this concept. Following transient 
occlusion of an intracerebral artery 
there is reactive hyperemia when the 
occlusion ceases, and despite the 
fact that the jugular venous pC»2 is 
elevated, increased cerebral blood 
flow occurs. Furthermore, in the re
gion of an ischemic area of brain due 
to vascular occlusion, there often 
occurs a region of excess blood flow 
producing the so-called "luxury per
fusion syndrome" (Lassen, 1966). In 
this region the pCh is elevated and so 
is the cerebral blood flow, whilst 
perfusion may be normal in other 
areas of the brain. Finally, in chronic 
hypoxia, the cerebral blood flow ini

tially increases, but later returns to 
normal despite the maintenance of 
the hypoxic state. 

In order to explain the response to 
chronic hypoxia, it has been sug
gested that hypoxia produces lac-
tacidosis with an associated de
crease in CSF pH and brain extracel
lular fluid pH, and these changes 
may be responsible for the changes 
in cerebral blood flow. This is one of 
the most attractive hypotheses as to 
the mechanism of action of O2 
changes on cerebral blood flow, and 
certainly in chronic hypoxia the 
cerebral blood flow does parallel the 
CSF pH. However, it is also possi
ble that the adaptation to chronic 
hypoxia is due to changes in high 
energy phosphates in cerebral tis
sue, notably increased ATP produc
tion via anerobic pathways (Dahl 
and Balfour, 1964; Detar and Bohr, 
1968). 

The effect of pH changes on the 
cerebral blood is also controversial. 
It is generally accepted that acidosis 
causes increased cerebral blood flow 
and alkalosis causes decreased cere
bral blood flow (Sokoloff, 1959) al
though some earlier workers had re
ported conflicting results (Bronk and 
Gesell, 1927; Schieve and Wilson, 
1953). 

The mechanisms whereby pH 
changes affect cerebral blood flow 
have been difficult to elucidate, 
largely because changes in acid-base 
balance are associated with other 
metabolic variat ions, mainly 
changes in pCCh. By separating the 
effects of arterial pH and pCCh it has 
been shown that changes in arterial 
pH affect cerebral blood flow indi
rectly via changes in arterial pCCh 
and secondary alterations in the 
pCCh and pH of the cerebrospinal 
fluid and brain extracellular fluid 
(Lambertsen et al, 1961; Harper and 
Bell, 1963; Betz and Heuser, 1967). 

There is still much controversy 
regarding the regulation of cere
brovascular resistance by nervous 
and humoral factors. The humoral 
mechanisms seem to be the more 
important, but the significance of 
nervous mechanisms, especially in 
modulating the responses to the 
humoral factors, is becoming more 
established. The basic mechanisms 

256 - NOVEMBER 1976 Canine Cerebral Artery Responses in Vitro 

https://doi.org/10.1017/S0317167100025361 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100025361


whereby arterial pH, pCCh and pCh 
affect cerebrovascular resistance are 
not completely resolved, but the 
most acceptable mechanism is an 
indirect effect via.changes in acid-
base balance within the brain. There 
are undoubtedly direct effects of pH, 
pCCh and pCh on the cerebral ar
teries, and these have been poorly 
documented. 

The present study was designed to 
investigate the direct effects of CO2 
and O2 on the cerebral arteries, using 
an in vitro preparation of canine 
middle cerebral arteries. Although it 
can be argued that results obtained 
by in vitro methods are not strictly 
applicable to the in vivo situation, it 
is only by an in vitro method that 
one can eliminate extrinsic influ
ences on the responses of the vessels 
under study. 

Two basic methods have been 
used to study the reactivity of iso
lated vascular smooth muscle. Di
rect recording of changes in tension 
or length of strips or rings of vessels, 
and measurement of resistance in an 
isolated perfused blood vessel by 
recording changes in pressure or 
flow. Although these techniques 
have been used extensively in the 
study of various circulatory beds, 
the cerebral circulation was not in
vestigated by these in vitro methods 
until 1961, when Bohr, Goulet and 
Taquini reported on direct tension 
recording from various resistance 
vessels, including cerebral arteries. 
In this series of experiments, helical 
strips of cerebral arteries were used 
and the reactivity to various drugs 
was tested. Uchida, Bohr and 
Hoobler (1967) used preparations of 
isolated perfused cerebral arteries to 
study the effects of drugs on the 
cerebral vessels, and Nielsen and 
Owman (1971) and Allen et al, (1974) 
studied the effect of vasoactive 
agents on isolated segments of cere
bral arteries by recording changes in 
intraluminal tension of the arterial 
preparation. 

In the current study we have in
vestigated the effects of O2 and CO: 
on the reactivity of cerebral arteries 
in vitro, using the method described 
by Neilsen and Owman (1971) and 
Allen et al (1974). By using segments 
of arteries one can measure the ra-
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dial contraction of the arterial seg
ment, which is more physiological 
than measuring the tension de
veloped in the helical strip of the 
artery and is, therefore, more likely 
to yield results applicable to the in 
vivo situation. 

METHOD 
a) Material 

The subjects were 17 adult mon
grel dogs ranging in weight from 15 
kg. to 24 kg. The dogs were given a 
lethal dose of pentobarbi tone 
sodium (Nembutal) and the brains 
immediately removed. 

b) Vessel preparation 
The vessels of the circle of Willis 

were immediately dissected out and 
placed in Krebs-Ringer-glucose sol
ution having the following composi
tion: NaCl 120 mM, KC1 4.5 mM, 
CaCh.2H20 2.5 mM, MgS04.7H20 
1.0 mM, NaHCOj 27 mM, KH2PO4 
1.0 mM, glucose 3.0 mM. The ves
sels were stored at 4°C, until used, 
and all vessels were used within 16 
hours after death of the animal. 

Thirty segments of the middle 
cerebral arteries, each measuring 2 
to 4 mm. in length were tested. The 
segment of artery to be tested was 
placed in a 50 ml. plexiglass well 
containing Krebs-Ringer-glucose 
solution (composition above), which 
was maintained at a temperature of 
38.0°C by an outer jacket of circulat
ing water, heated by a thermostati
cally controlled circulation pump. 
The vessel was mounted in a rigid 
system, consisting of two stainless 
steel rods passing through the lumen 
for its entire length. One rod was 
fixed to the wall of the plexiglass 
well, and the other rod was con
nected to a strain gauge, so that the 
radial contraction of the vessel seg
ment could be measured, as de
scribed (Allen et al, 1974; Nielsen 
and Owman, 1971) (Fig. 1). Since the 
only factors affecting the tension 
measured by the strain gauge were 
the changes in the diameter of the 
mounted vessel segment, the 
method allowed an indirect assess
ment of changes in the caliber of the 
vessel segment. The artery was 
placed under a tension of 3-6.5 gm. 
and allowed to relax for a period of 
30-60 minutes to a baseline tension 
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Figure I—Simplified diagram of ap
paratus used for measuring radial con
tractions of middle cerebral artery 
preparations. B = Plexiglass well, 
A = vessel segment mounted on two 
rods, the upper rod C being attached 
to a strain gauge. " 

of between 130 and 700 mg. Only 
those vessels which displayed a sta
ble baseline were tested. 

c) Changes in pOi and pCOi 
The pO: and pCXh of the solution 

were regulated by bubbling a gas 
mixture into the solution via a 21 
gauge needle. Gas mixtures were 
available for varying the pC02 inde
pendent of changes in p02, and these 
included 2%, 4%, 5%, 6%, 8% and 
13% CO2 in compressed air, i.e. 21% 
O2. Gas mixtures were also available 
for varying the p02 without changing 
the pC02, and these included 0%, 
7%, 15%, 21% and 95% O2 in 5% 
CO2. In addition there was a gas 
mixture containing 2% CO2 and 0% 
O2, which allowed a low pC02 and a 
low p02 to be produced simultane
ously. 

d) Measurements 
i) Vessel contraction 

The radial contraction of the 
arterial segment was recorded 
by means of a Grass force dis
placement transducer. Son-
born preamplifier and modified 
XY plotter. The system was 
capable of recording a change 
in tension of 10 mg. or more, 

ii) pH, pC02, p02 
Samples of the solution were 
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Figure 2—Typical response to a change of the pCO: in the 
solution. A downward deflection of tension tracing repres
ents increased tension and a constriction of the vessel. 
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Figure 4—Typical response to a change of p02 to a level < 50 
mm. Hg. A downward deflection of the tension tracing 
represents constriction of the vessel. 
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Figure 3—Magnitude of the responses 
observed with changes of the pC02 in 
the solution from the control pCO: of 
38.1 mm. Hg. A positive value repres
ents a constriction, whilst a negative 
value represents dilatation of the ves
sel. 

removed from the plexiglass 
well at 5 minute intervals for 
measurement of pH, pCCh and 
pCh; and the samples were 
analyzed using an Astrup blood 
gas analyzer. 

RESULTS 
Effect of CO2 

Using normoxic solutions, the 
pCCh was varied from 17.0 mm. Hg 
to 87.2 mm. Hg (Table 1), and this 
was associated with pH changes 
from 7.60 to 6.95. A change of pCCh 
was accompanied by a change in the 

intraluminal tension of the vessel 
tested. Increasing the pCO: caused 
dilatation and decreasing the pCO: 
caused constriction. There was a 
latency of approximately 5.4 mi
nutes (average of all values) before a 
response was noted, followed by a 
gradual change towards a new 
baseline over a period of approxi
mately 20 minutes. Return to the 
original pCO: was accompanied by a 
reversal of these changes (Fig. 2). 

There was no change in the in
traluminal tension of the vessel with 
changes of pCO: between 26.6 mm. 
Hg and 38.1 mm. Hg. Below 26.6 
mm. Hg there was increasing con
striction of the vessel with progres
sive lowering of the pCCh to 17 mm. 
Hg, whereas changing the pCO: 
from 38.1 mm. Hg to 87.2 mm. Hg 
was accompanied by dilatation of 
the vessel (Fig. 3). 

The constriction of the vessel with 
changes of the pCO: from the control 
value 38.1 mm. Hg to a lower pCO:, 
e.g. 17.0 mm. Hg, was much greater 
than the dilatation observed with 
change of the pCO: from 38.1 mm. 
Hg to 87.2 mm. Hg. This may reflect 
the fact that the vessel at rest is 
almost fully dilated, so that it can 
dilate only a small amount. How
ever, full dilatation is probably not 
produced by a pCO: of 87.2 mm. Hg, 
because, if xylocaine 20 mg. is added 
to the bath after a pCO: of 87.2 mm. 
Hg has produced dilatation, further 
dilation of the vessel does occur, 

although the response is also of 
small magnitude. 

Effect of 0> 
Using a constant pCO: level of 

approximately 26.6 mm. Hg, the pO: 
levels of the solution were changed 
by using gas mixtures with varying O2 
concentrations, according to Table 
2. Changes in pCh from > 500 mm. 
Hg to 59.7 mm. Hg had no effect on 
the intraluminal tension of the mid
dle cerebral arteries tested. How-

TABLE 1 
Showing pCOi Changes in 
Solutions with Varying Gas 

Concentrations of CO2 
C02% in 

Gas Mixture 

2 
4 
5 
6 
8 

13 

pC02 in Solution 
Mean + Standard Deviation 

(mm. Hg) 
17.0 ± 1.38 
22.3 ± 1.18 
26.6 ± 2.80 
31.5 ± 1.15 
38.1 ± 2.87 
87.2 ±15.93 

TABLE 2 
Showing pOi Changes in 

Solution with Varying Gas 
Concentrations of O2 

O2 in 
Gas Mixture 

0 
7 

15 
21 
95 

pOi in Solution 
Mean + standard Deviation 

(mm. Hg) 
28.7 ± 5.0 
59.7 ± 8.4 

108.0 ± 3.7 
135.0 ± 8.8 

>500 
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TABLE 3 
Duration of Response Following 

Change of pOi in Solutions 

Number 

2 
17 
6 

10 

Change in p02 
(mm. Hg) 

500 -> 28.7 
135 -* 28.7 
108 -+ 28.7 
59.7->• 28.7 

Duration of 
Response (min) 

+ Standard 
Deviation 

6.31 ± 621 
9.01 ± 3.66 
9.10 ± 4.04 
6.53+ 1.73 

ever, on reducing the pO: of the 
solution towards 28.7 mm. Hg by 
using the gas mixture containing 0% 
O:, a strong constriction of the ves
sel was noted, and this response 
occurred when the pO: was between 
40 mm. Hg and 50 mm. Hg. 

The typical response to these low 
levels of pO: was a sudden large 
constriction, with a duration of 2 
minutes to 17 minutes, followed by a 
return to a prehypoxic baseline ten
sion even though the pO: remained 
low (Fig. 4). The duration of the 
response was quite variable and did 
not depend on the original level of 
the pO: before hypoxia was induced 
(Table 3). Furthermore, no matter 
what the original pO: was, the mag
nitude of the constriction in re
sponse to hypoxia was similar (Fig. 
5). In a single preparation, repeated 
lowering of the pCh would produce 

1300 844 1155 1271 

± ± i. i. 
424 651 829 1129 

3500-, 

3000-

X 2500-

o 
| 2000-

"o • 

•5 1500-

I i 
I 1000-

500- ' ' 

>S00 - 135 — ' 108 - ' 1»7 - ' 
II J It f IB 7 I I 7 

Changes in p O j (mm Hg| 

Figure 5—Response to changes of pO: in 
the solution from different levels to a 
value of < 50 mm Hg. 

progressively larger contractions, 
and in some vessels responses oc
curred only after the second and 
subsequent reductions of the pCh. 
This suggests that hypoxia sensitizes 
the artery, so that repeated episodes 
of hypoxia cause larger contractions 
of the artery. 

It is interesting to note that the 
contraction in response to hypoxia 
was short-lived, and that the artery 
relaxed to the original base-line ten
sion following a brief constriction, 
despite maintenance of a low p O . A 
possible explanation is that the ar
tery responds only to a change in 
pO: towards a value of < 50 mm. Hg, 
and does not respond to hypoxia per 
se. Another explanation why the 
contraction is not maintained is that 
the energy sources required for con
traction are rapidly utilized by 
hypoxic levels and cannot be re-
synthesized without adequate Ch. 
The evidence is in favour of the 
latter explanation. 

It was noted on several occasions 
that restoration of the pO: to normal 
values following a period of hypoxia 
was accompanied by a further sud
den constriction of the artery (Fig. 
6). This suggests that during the 
period of hypoxia an excitatory sub
stance (or substances) accumulated, 
but was unable to cause constriction 
of the artery because of lack of 
energy sources. On restoration of 
the pO: to levels above 50 mm. Hg, 
the energy sources could be re-
synthesized and the excitatory sub
stance caused constriction of the ar
tery. It can still be argued that the 
constriction was due to the effect of 
rapidly changing the pCh across the 
critical threshold level, and the rapid 
changes from low pOi to high pO: or 
from high pO: to low pCh were 
equally effective in causing constric
tion of the artery. 

In order to elucidate the problem, 
further experiments were designed. 
A gas mixture containing 2% CO: 
and 0% O2 was used to produce a 
PCO2 of approximately 20.0 mm. Hg 
together with a pO: of approximately 
28.7 mm. Hg. As shown in Fig. 7 the 
constriction produced by low pCOz 
was abolished or inhibited by 
hypoxia, implying the need for O2 to 
allow the normal constriction in re

sponse to low pCO:, and presumably 
the O2 is required for energy produc
tion. It may also be noted that when 
the solution was hypoxic and 
hypocarbic, and the hypoxia was 
relieved, maintaining hypocarbia 
(i.e. 2% CO2 and 0% O2 changed to 
2% CO2 and 21% O2), there was an 
initial sudden, transient contraction 
of the artery with rapid return to the 
baseline tension, followed by a more 
gradual constriction. The initial sud
den constriction was similar to the 
responses observed when the p02 of 
the solution was elevated from levels 
below 50 mm. Hg, as described pre
viously. The gradual later constric
tion was similar to the response to 
low pC02 at normal pO: levels, and 
in this experiment probably rep
resented the effect of hypocarbia, 
which had been maintained after re
storation of the p02 to normal levels. 
To explain the absence of a response 
of hypocarbia in the presence of 
hypoxia, it is suggested that energy 
sources for contraction are depleted. 
This would also explain why the 
constriction in response to hypoxia 
was not maintained. 

Some observations can be made 
from the above experiments on the 
mechanisms whereby hypocarbia 
and hypoxia produce constriction of 
the artery. Hypocarbia produced a 
gradual constriction under normoxic 
conditions and also following a 
period of hypoxia and hypocarbia 
combined, and the magnitude of the 
constriction produced was similar in 
both cases. This suggests that at low 
levels of pC02 there is no accumula
tion of an excitatory substances, but 
that hypocarbia itself is responsible 
for the constriction observed. On the 
other hand, the sudden constriction 
of the artery which occurs im
mediately following return to normal 
PO2 levels from low p02 levels sug
gests the accumulation of an excitat
ory substance (or substances) during 
the period of hypoxia. If there is an 
excitatory substance produced dur
ing hypoxia then one might expect 
that the longer the hypoxia the larger 
the quantity of excitatory substance 
produced, and the larger the mag
nitude of the arterial constriction 
until the maximum response had 
been reached. This was tested ex-
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Figure 6— Response to restoration of the p02 in the solution to 
normal levels after a period of hypoxia. A downward deflection 
of the tension tracing represents a constriction of the vessel. 
*Represents the magnitude of the constriction. 
There is a transient large constriction when the p02 is 
decreased from 109 mm. Hg to 43 mm. Hg, and another 
similar constriction when the pO: is elevated to 86 mm. Hg 
after the period of hypoxia. 

perimentally and shown to be the 
case (Fig. 8). In this experiment the 
starting pCh was approximately 60 
mm. Hg (7% O2 gas mixture), and 
this was reduced to levels below 40 
mm. Hg (0% O2 gas mixture) with 
period of hypoxia varying from 2.3 
minutes to 6.5 minutes. It should be 
noted that even after only 2.3 mi
nutes of perfusion with 0% O2 mix
ture, the p02 of the solution was less 
than 40 mm. Hg. Therefore, each 
time the pCh was lowered the critical 
threshold range of 40 mm. to 50 mm. 
Hg (see above) was traversed. With 
the first three periods of hypoxia of 9 
minutes, 8 minutes and 6.5 minutes 
respectively there was an increase of 
each successive constriction, a 
phenomenon that has been com
mented on earlier. Despite this ten
dency for larger constrictions with 
repeated episodes of hypoxia, when 
the periods of hypoxia were then 
decreased to 2.65 minutes and 2.3 
minutes respectively, smaller re
sponses were observed. That this 
was not due to decreased respon
siveness of the vessel preparation is 
shown by the larger constriction in 
response to yet another period of 
hypoxia, this time lasting 5 minutes. 

The findings in this experiment 
are not compatible with the 

Figure 7—Effect of hypoxia on the response to changes of 
PCO2. Downward deflection of the tension tracing represents 
vessel constriction. The constriction in response to hypocar-
bia is abolished by hypoxia produced by the use of a gas 
mixture containing 0% O2 and 2% CO2. 

hypothesis that the response to 
hypoxia is due to a rapid change of 
PO2 across a critical threshold level. 
There is a relationship between the 
duration of hypoxia and the mag
nitude of constriction of the vessel, 
supporting the hypothesis that 
hypoxia causes accumulation of an 
excitatory substance (or substances) 
which causes constriction of the 
middle cerebral artery. 

DISCUSSION 
In this study the direct effects of 

CO2 and O2 on the middle cerebral 

artery of dogs have been investi
gated in vitro, using a modification 
of the method described by Nielsen 
and Owman (1971) and Allen et al 
(1974). These workers were inves
tigating the effects of drugs on the 
middle cerebral arteries and ob
tained reproducible responses to the 
same dose of drug using different 
arterial segments. In the present ex
periments variability of the mag
nitude of the responses to CO2 and 
O2 was marked. Some of the factors 
contributing to this variability in
clude different reactivities of the dif-

PO2 mmHg u 

02 ,n T 

Figure 8—Response of the arterial segment of varying period of hypoxia. Downward 
deflection of the tension tracing represents vessel constriction. With periods of 
hypoxia of 2.65 minutes and 2.3 minutes respectively, there are smaller constrictions 
than with periods of hypoxia of 5 minutes or more. 
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ferent arteries, variation in the 
diameter and length of the arterial 
segment used, changes in magnitude 
of the response with the lapse of 
time after death of the animal and 
with the duration of time that the 
vessel had been mounted in the ap
paratus, and the amount of trauma 
sustained by the vessel during re
moval from the brain and mounting. 
Despite the great variability noted, 
semiquantitative assessments could 
still be made from the results. 

The responses of the middle cere
bral artery preparations to changes 
in pCO: differed slightly from what 
was expected. Reivich (1964) 
showed that in the monkey, chang
ing the pCO. from 20 mm. Hg to 418 
mm. Hg caused a stepwise increase 
in cerebral blood flow, with the max
imum sensitivity of the response to 
changes in pCCh occurring at levels 
of pCCh near normal, i.e. around 40 
mm. Hg. In the present experiments 
there was no response of the middle 
cerebral arteries to decreases in the 
pCO: from 38.1 mm. Hg to 26.6 mm. 
Hg, although there was marked con
striction when the pCCh was lowered 
further. Increasing the pCCh from 
38.1 mm. Hg to 87.2 mm. Hg re
sulted in a small amount of dilata
tion, but no information was ob
tained concerning the response of 
the vessels to lesser elevations of 
pCCh in the range near the normal. 
The arterial segments responded 
only when there was a large change 
from normal, and there is a sugges
tion of a threshold in the vicinity of 
the normal pCOs, below or above 
which changes in the pCCh produce 
constriction or dilatation. The exis
tence of a threshold phenomenon 
determining the cerebral blood flow 
response to pCO: has previously 
been suggested by Patterson et al 
(1955) but because of the wide scat
ter of the responses, their data could 
just as easily be interpreted as a 
continuous function. It may be that 
in vivo the sensitivity of the cerebral 
vessels to changes in pCO: is in
creased by the interaction of nerv
ous and humoral factors, so that the 
range of pCCh through which no 
change in cerebral blood flow occurs 
is small, and this threshold 
phenomenon can then be obscured 

by widely scattered results. 
It should be pointed out that dur

ing these experiments changes of 
pCCh were invariably associated 
with changes in pH. An increased 
pCCh was accompanied by a de
crease in the pH and vice versa. 
Since the pH changes varied from 
6.95 to 7.60 and might have affected 
the middle cerebral arteries in a simi
lar manner to the pCCh changes, it is 
not possible to say whether the re
sponses observed with changes in 
pCCh were due to a direct effect of 
CO: on the vessels or an indirect 
effect via changes in pH. 

The responses of the middle cere
bral artery preparations to changes 
in the pCh were completely at var
iance with the expected responses 
based on in vivo studies. Betz (1965) 
found that lowering the inspired O2 
concentration to 16% or less caused 
a decrease in cerebrovascular resis
tance with increased cerebral blood 
flow, and the response became more 
and more marked as the arterial pCh 
fell below 50 mm. Hg until con
sciousness was lost at a jugular ven
ous pCh of 19 mm. Hg. The response 
to increases in pO: was less marked, 
with a decrease in cerebral blood 
flow of up to 15% occurring with 
inhalation of 100% O2 at normal at
mospheric pressure. 

In the present study there was no 
response of the middle cerebral ar
teries to changes of the pO> from 
> 500 mm. Hg to 59.6 mm. Hg. 
However, as the pCh was decreased 
below 59.6 mm. Hg there was a 
dramatic and unexpected constric
tion of the artery. The constriction 
occurred when the pCh fell below 50 
mm. Hg, and was of great mag
nitude, but brief duration. Repeated 
lowering of the pC>2 below 50 mm. 
Hg in a single preparation produced 
progressively larger contractions. In 
some way the response to hypoxia is 
potentiated by a previous period of 
hypoxia. 

It was noted that the constriction 
of the middle cerebral arteries in 
response to lowering of the pCh 
below 50 mm. Hg was brief and that 
the artery relaxed again despite the 
maintenance of the hypoxia. It has 
been hypothesized that the brevity 
of the contraction is related to a lack 

of energy sources to permit pro
longed contraction. As one might 
expect, the contraction occurring in 
response to hypocarbia was 
abolished or inhibited by lowering 
the p02 to < 50 mm. Hg (Fig. 7), 
supporting this hypothesis. Furth
ermore, elevation of the pO: follow
ing a period of hypoxia sometimes 
resulted in another sudden contrac
tion of the artery, suggesting that an 
excitatory substance produced dur
ing the period of hypoxia had at
tached to receptors on the arterial 
segment, but could cause contrac
tion only when energy sources were 
again made available by elevation of 
the pCh. If this were true, then one 
would expect that the longer the 
period of hypoxia the greater the 
amount of excitatory substance pro
duced, and the greater the mag
nitude of the contraction in response 
to hypoxia. It was shown (Fig. 8) 
that the magnitude of the response to 
hypoxia was directly related to the 
duration of hypoxia, as predicted by 
the hypothesis. 

The explanation and significance 
of this response to hypoxia are un
clear. Certainly no such response 
has been previously reported in liv
ing animals and man, and it may be 
that in vivo, other factors modulate 
the response to changes in pCh, so 
that the direct effects of hypoxia are 
not observed. The levels of pCh at 
which this response occurs are very 
low, but not unheard of clinically. 
Such low p02 levels are seen in 
patients with airway obstruction, fol
lowing anaesthetic accidents and 
cardiac arrest. An important ques
tion, therefore, is whether the re
sponse to hypoxia that we have 
noted, does occur in vivo in 
pathological conditions when there 
may be a breakdown in the 
mechanisms that normally modulate 
the response of the cerebral vascula
ture to hypoxia. At present we can 
only speculate on this. 
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