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Vascular changes in the rat brain during
chronic hypoxia in the presence and absence

of hypercapnia.∗

Osamu Miyamoto, kazunori Sumitani, Masaru Takahashi, Haruhisa Hirakawa,
Tatsumi Kusakabe, Yoshiaki Hayashida, and Toshifumi Itano

Abstract

Changes in brain vascularity in adult rats during adaptation to chronic normobaric hypoxia
with or without elevated CO(2) were morphometrically investigated. Immunohistochemistry with
anti-rat endothelial cell antigen (RECA-1) antibody was carried out for the vascular analysis. After
the rats were subjected to hypoxia for 2 to 8 weeks (wks)(10 percent O(2) in N(2)), the total area
of blood vessels was measured in 6 brain regions. After 2 wks of hypoxia, the blood vessel area
was found to be significantly increased in the frontal cortex, striatum, hippocampus, thalamus,
cerebellum, and medulla oblongata, by 44% , 96% , 65% , 50% , 102% and 97% , respectively.
The ratio of large vessels with an area > 500 micro m(2) was also increased in all brain regions.
Hypoxic adaptation in brain vascularity did not change during 8 wks of hypoxia, and the hypoxia-
induced levels measured in the vasculature returned to control levels 2 wks after the termination
of hypoxia in areas of the brain other than the cortex and thalamus. In addition, hypoxia-induced
changes in terms of the total vascular area and vessel size distribution were significantly inhibited
by the elevation in CO(2), whereas chronic hypercapnia without hypoxia had no effect on brain
vascularity. These findings suggested that adaptations in brain vascularity in response to hypoxia
are rapidly induced, and there are regional differences in the reversibility of such vascular changes.
Carbon dioxide is a potent suppressor of hypoxia-induced vascular changes, and may play an
important role in vascular remodeling during the process of adaptation to chronic hypoxia.

KEYWORDS: hypoxic adaptation, brain vascularity, anti-rat endothelial cell antigen, carbon
dioxide
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Changes in brain vascularity in adult rats during adaptation to chronic normobaric hypoxia with or
 

without elevated CO were morphometrically investigated. Immunohistochemistry with anti-rat
 

endothelial cell antigen (RECA-1)antibody was carried out for the vascular analysis. After the rats
 

were subjected to hypoxia for 2 to 8 weeks(wks)(10 O in N ), the total area of blood vessels was
 

measured in 6 brain regions. After 2 wks of hypoxia, the blood vessel area was found to be
 

significantly increased in the frontal cortex, striatum, hippocampus, thalamus, cerebellum, and
 

medulla oblongata, by 44 , 96 , 65 , 50 , 102  and 97 , respectively. The ratio of large
 

vessels with an area＞500μm was also increased in all brain regions. Hypoxic adaptation in brain
 

vascularity did not change during 8 wks of hypoxia, and the hypoxia-induced levels measured in the
 

vasculature returned to control levels 2 wks after the termination of hypoxia in areas of the brain
 

other than the cortex and thalamus. In addition, hypoxia-induced changes in terms of the total
 

vascular area and vessel size distribution were significantly inhibited by the elevation in CO,
whereas chronic hypercapnia without hypoxia had no effect on brain vascularity. These findings

 
suggested that adaptations in brain vascularity in response to hypoxia are rapidly induced, and there

 
are regional differences in the reversibility of such vascular changes. Carbon dioxide is a potent

 
suppressor of hypoxia-induced vascular changes, and may play an important role in vascular

 
remodeling during the process of adaptation to chronic hypoxia.
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P rolonged hypoxia is experienced frequently by
 

climbers in high mountainous areas and those who
 

live at high altitudes. Information about the effects of
 

hypoxia is physiologically relevant to understanding the

 

adaptive changes that occur in humans in response to
 

exposure to high altitudes. The mammalian brain depends
 

on a continuous supply of glucose and oxygen in order to
 

function normally. Thus, brain tissue is extremely vulner-
able to hypoxia;decreases in oxygen availability are

 
known to activate compensatory mechanisms aimed at

 
maintaining the balance between local oxygen delivery and

 
tissue oxygen consumption. Chronic hypobaric hypoxia
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has been found to lead to the dilation and elongation of
 

brain capillaries in mice, which acts to alleviate any O
deficit［1］. This remodeling of capillary diameter and

 
length during chronic hypoxia leads to a significant

 
increase in O conductance to neural tissues. Patt et al.
［2］reported finding an adaptation of brain circulation in

 
rats after 130 days of normobaric hypoxia;the observed

 
effects included the angiogenesis and dilation of microves-
sels, with regional differences in the pattern of vascular

 
changes. In rats, vascular dilation has been found to

 
occur predominantly in the carotid body after 12 weeks
(wks)of normobaric hypoxia［3］. Pichiule et al.［4］
found that capillary density in the rat cerebral cortex

 
increased by 60 after 3 wks of hypobaric hypoxia, and

 
that capillary density progressively decreased to the

 
pre-hypoxic level after 3 wks of normoxic recovery.
These findings indicate that chronic hypobaric and nor-
mobaric hypoxia induce reversible angiogenesis in the

 
brain. However, little is known about the time-course of

 
the vascular changes, including the angiogenesis and

 
dilation of vessels that occur during adaptation and

 
deadaptation to chronic hypoxia in each brain region. The

 
mechanisms of induction of these vascular changes also

 
remain unclear.
Arterial hypoxia dilates cerebral blood vessels, conse-

quently increasing both cerebral blood flow(CBF)and
 

blood volume(CBV)［5］. In contrast, hyperventilation
 

due to hypoxia reduces the arterial partial pressure of
 

carbon dioxide (PaCO), and this has a powerful
 

vasoconstrictor effect on cerebral blood vessels［6］. Not
 

only the arterial pressure of oxygen (PaO) but also
 

PaCO appears to be an important factor in these changes
 

in vascular size. Previous studies have suggested that
 

CO is involved in vascular adaptation to chronic hypoxia
 

in the lung［7］and the carotid body［3, 8］. In a study
 

of rats, hypoxic pulmonary vascular remodeling was
 

inhibited by chronic hypercapnia［7］. Moreover, Kusa-
kabe et al.［3, 8］demonstrated that the vasculature in

 
the carotid body of hypoxic rats is enlarged in comparison

 
with that of normoxic control rats, and the extent of

 
vascular enlargement is suppressed by elevated CO
concentration in a hypoxic environment. These findings

 
indicated that CO affects hypoxic vascular remodeling.
However, in most studies of brain vascular changes due

 
to long-term hypoxic exposure, the levels of CO have

 
not been examined.
In the present study, we morphometrically studied the

 
time course of vascular changes within 6 selected rat brain

 

regions during long-term normobaric hypoxia and nor-
moxic recovery. The blood vessels in the brain were

 
immunostained with anti-rat endothelial cell antigen
(RECA-1) antibody, which is strictly specific for rat

 
endothelial cells［9］. The area of each blood vessel was

 
measured, and these values were used to calculate the

 
total area of the blood vessels using image analysis

 
software. We also investigated whether CO is involved

 
in brain vascular remodeling during adaptation to hypoxia.

Materials and Methods
 

Male
 

Wistar rats weighing 350 to 400 g were used. The
 

hypoxic protocol has been described in detail elsewhere
［10］. Briefly, rats were placed in a home cage(27×

18×15 cm)inside an airtight acrylic chamber(50×50×

60 cm)with 2 holes. One hole, located at the top of a
 

sidewall of the chamber, was connected to a multi-
flowmeter(MODEL-1203, KOFLOC, Tokyo, Japan),
and was used to deliver a hypoxic gas mixture into the

 
chamber. The flow of air, N, and CO was regulated by

 
the multi-flowmeter (total, 10 L/min), and the O and

 
CO levels within the box were monitored with a gas

 
analyzer(Respina 1H26, NEC San-ei, Tokyo, Japan).
The second hole was located at the bottom of the opposite

 
wall of the chamber, and was used to flush out the gas

 
mixture. The temperature within the chamber was

 
maintained at 25°C, and the chamber was opened for 10

 
min every 3 days for animal care. Brain vascularity was

 
analyzed in 3 hypoxic experiments examining the follow-
ing:vascular changes during adaptation and deadaptation,
and the effects of CO. In the adaptation experiment, the

 
rats were exposed to normobaric hypoxia(10 O in N)
for 2 wks, 4 wks, or 8 wks(n＝6 per each time point),
with food and tap water provided ad libitum. According

 
to our previous experiment, the mean value of PaO was

 
36.2±0.6 mmHg under the hypoxic condition［10］.
Control animals were housed under the same physical

 
conditions, but under conditions of normoxia(n＝6). In

 
the deadaptation experiment, after 8 wks of hypoxic

 
exposure, rats were exposed to normoxic conditions for

 
2, 4, or 8 wks(n＝6 each). In the CO experiment, rats

 
were exposed to one of 4 types of hypoxic or normoxic

 
conditions for 4 wks:hypocapnic hypoxia, normocapnic

 
hypoxia, hypercapnic hypoxia, and hypercapnic normoxia
(n＝6 per each group). In the hypocapnic hypoxia group,
the hypoxic protocol was identical to that of the adaptation
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experiment. Due to hypoxia-induced hyperventilation,
CO was added to the gas mixture at a concentration(3
-4 )sufficient to maintain the PaCO close to the level

 
measured during the control period of the normocapnic

 
hypoxia group［10］. In the hypercapnic hypoxia group,
the chamber was ventilated with an elevated CO gas

 
mixture (10  O ＋6.5-7  CO in N). To analyze

 
arterial blood gas, heparin-filled polyethylene catheters

 
were inserted into the right femoral artery in another set

 
of CO experimental animals (n＝5 per each group).
Blood samples (0.08 ml)were drawn during the control

 
period and 20 min after the initiation of hypoxic exposure,
and the blood was analyzed for PaO, PaCO, and pH

 
by a gas analyzer(ABL-30, Radiometer, Denmark). All

 
animal experiments were performed in accordance with

 
the guidelines described in the Guiding Principles for the

 
Care and Use of Animals approved by the Council of the

 
Physiological Society of Japan.

Rats were anesth-
etized with sodium pentobarbital(50 mg/kg)and perfused

 
transcardially with an 18-gauge cannula connected to a

 
reservoir of perfusate at a height of 1.5 m above the

 
animals. Perfusion was performed with 0.01 M heparin-
ized phosphate-buffered saline(PBS, pH 7.4)followed by

 
a fixative consisting of 4  paraformaldehyde and 0.2

 
picric acid in 0.1 M phosphate buffer(pH 7.4, PB)for 20

 
min. The brains were removed, postfixed in the same

 
fixative for 24 h, cut into several blocks, cryoprotected in

 
30  sucrose at 4°C, and embedded in OCT compound

 
at－70°C. Immunohistochemical staining for RECA-1

 
was performed to analyze brain vascularity. Brain sec-
tions (thickness, 25μm) were cut using a freezing

 
microtome, incubated with 0.3 Triton X-100 in 0.01 M

 
PBS for 1 h, and then placed in 0.15  HO in 0.01 M

 
PBS for 1 h to quench endogenous peroxidase activity.
After washing the sections with 0.01 M PBS, non-
specific reactions were blocked with 1  bovine serum

 
albumin for 30 min. The sections were then incubated

 
with anti-RECA-1(1:400, mouse monoclonal antibody;
Monosan, Uden, The Netherlands) overnight at 4°C.
After 5 rinses with PBS, the sections were incubated

 
with a biotinylated secondary antibody for 30 min at room

 
temperature. The sections were then incubated with an

 
avidin-biotin-peroxidase complex(ABC)for 1 h at room

 
temperature, according to the manufacturer’s recommen-
dations(Vectastain Elite ABC kit;Vector Laboratories,
Burlingame, CA, USA). Finally, the sections were

 
reacted with 3,3’-diaminobezidine(Sigma, Chemical Co.,

St. Louis, MO, USA)and HO. All sections were
 

dehydrated and mounted on silan-coated slides.
For each animal,

sections of the frontal cortex, striatum, hippocampus,
thalamus, cerebellum, and medulla oblongata were

 
selected and digitized with a digital camera connected to an

 
Olympus microscope (Olympus Optical Co., Tokyo,
Japan)with a×10 objective. Each region was analyzed

 
on the following sections:0.7 mm anterior to the bregma
(frontal cortex and striatum), 3.8 mm posterior to the

 
bregma(hippocampus and thalamus), 10.3 mm posterior

 
to the bregma(medulla oblongata and cerebellum)［11］.
The area of blood vessels stained with RECA-1 within

 
these selected regions was measured and analyzed using

 
National Institutes of Health(NIH)imaging software(ver.
1.6). The values were expressed as the total area of blood

 
vessels per mm brain tissue(mm/mm)and the distribu-
tion of blood vessel size( ). The blood vessels assessed

 
in this study included arteries, arterioles, capillaries, and

 
venules. A researcher with no prior knowledge of the

 
experimental groups performed the morphometric mea-
surements. Data are presented as mean±standard devia-
tion(SD). The quantitative data were analyzed by one-
way analysis of variance(ANOVA)followed by Scheffe’
s test. A probability level of＜0.05 was considered to

 
indicate statistical significance.

Results
 

Blood vessels in the brain were clearly stained and
 

identified by RECA-1 immunohistochemistry (Fig. 1).
After 2 wks of hypoxia, the vessels were enlarged and

 
elongated, with many ramifications (Fig. 1). Vascular

 
changes were quantified by measuring the area of vessels

 
per mm brain tissue. The time-course of vascular

 
changes during hypoxic adaptation and normoxic recovery

 
is shown in (Fig. 2). After 2 wks of hypoxia, brain

 
vascularity was significantly increased, compared with

 
that of the control(P＜0.01-0.05), by 44 , 96 , 65
, 50 , 102 , and 97  in the cortex, striatum,

hippocampus, thalamus, cerebellum, and medulla oblon-
gata, respectively. Brain vascularity remained

 
significantly increased at 8 wks of hypoxia. In the cerebel-
lum, due to the high SD, there were no statistically

 
significant differences after 4 or 8 wks hypoxia, as

 
compared with normal controls. In all brain regions, at 2

 
wks of hypoxia, the ratio of large vessels(cross-sectional

 
area＞500μm)had increased, whereas that of small

 

Brain Vascular Changes in Chronic Hypoxia August 2005  137

3

Miyamoto et al.: Vascular changes in the rat brain during chronic hypoxia in

Produced by The Berkeley Electronic Press, 2005



 

vessels (cross-sectional area＜150μm)had decreased,
and the ratio of large vessels remained elevated at 8 wks

 
of hypoxia(data not shown). In all brain regions except

 
for the cortex and thalamus, the chronic hypoxia-induced

 
increase in the total blood vessel area was gradually

 
reversed during normoxic recovery, with vascularity

 
returning to the control level after 1 or 2 wks(Fig. 2). In

 
the cortex and thalamus, after 8 wks of normoxic recov-
ery, the total vascular area was still elevated, by 34

 
and 56 , respectively. After 8 wks of normoxic recov-
ery, the distribution of blood vessels returned to the

 
control level in the striatum, hippocampus, cerebellum,
and medulla oblongata, whereas in the cortex and

 
thalamus, the hypoxic changes in vessel size distribution

 
were found to persist(data not shown).
Table 1 shows the mean values of PaO,PaCO, and

 
pH in the control and 3 hypoxic groups(hypo-, normo,
and hypercapnic hypoxia). Hypoxia induced a significant

 
decrease in PaO in the hypoxia group;however, the

 
reduction in PaO in the normo-and hypercapnic hypoxia

 
groups was attenuated compared with that of the hypocap-
nic hypoxia group. As regards the levels of PaCO,
hypocapnia induced a significant decrease, and hypercap-

nia induced a significant increase, whereas normocapnia
 

produced no significant changes compared with the con-
trols. With respect to pH, hypocapnia induced a

 
significant increase, and hypercapnia induced a significant

 
decrease, whereas normocapnia produced no significant

 
changes compared with the controls. The effect of the

 
CO concentration on hypoxia-induced vascular changes

 
is shown in Fig 3. In all brain regions except for in the

 
cortex and thalamus, the increase in brain vascularity

 
induced by chronic hypoxia was significantly suppressed

 
by CO augmentation.
With elevated CO, there were no significant

 
differences among the control, normocapnic hypoxia, and

 
hypercapnic hypoxia groups in the striatum,
hippocampus, cerebellum, or medulla oblongata. In the

 
cortex, elevated CO inhibited hypoxia-induced increases

 
in the vascular area, but there were still statistical

 
differences in the normocapnic hypoxia and hypercapnic

 
hypoxia groups compared with the normoxic controls
(P＜0.05). In the thalamus, elevated CO had no effect

 
on hypoxic vascular changes. Hypercapnic normoxia did

 
not induce changes in vascular area compared with that of

 
the normal controls. The increase in the ratio of large

 

Fig.1  Rat endothelial cell antigen(RECA-1)immunostaining of the striatum after hypoxia. A and B, normoxic control;C and D, 2 wks
 

of exposure to hypoxia. Elongation and dilation of blood vessels were induced by 2 wks of exposure to hypoxia. Note that many ramifications
 

are visible in the extended vessels (arrows). Bars＝100μm in A and C, 50μm in B and D.
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Fig.2  Time-course of changes in total blood vessel area in each brain region during hypoxia and normoxic recovery. Brain vascularity was
 

significantly increased(P＜0.01-0.05), compared with that of the controls, in all brain regions after 2 wks hypoxia. Total blood vessel area
 

remained significantly elevated at 8 wks of hypoxia. In almost all brain regions, the increase in vessel area induced by chronic hypoxia gradually
 

decreased, reaching the control level after 1 or 2 wks of normoxic recovery. However, the blood vessel area remained elevated in the cortex
 

and thalamus, despite 8 wks of normoxic recovery. Values are mean±SD. P＜0.05, P＜0.01 vs. normoxic controls.

Table 1  Arterial blood gas in hypoxia
 

PaO (mmHg) PaCO (mmHg) pH
 

Control  96.9±6.2 34.7±1.9 7.44±0.03
 

Hypocapnic hypoxia  36.4±1.5 21.4±2.8 7.58±0.05
Normocapnic hypoxia  49.6±3.7 35.6±2.2 7.42±0.02

 
Hypercapnic hypoxia  52.7±2.1 52.4±5.7 7.31±0.03

＜0.01 compared with control, ＜0.01 compared with hypocapnic hypoxia.
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vessels induced by hypocapnic hypoxia was also suppres-
sed by elevated CO, and hypercapnia without hypoxia

 
did not significantly affect vascular size distribution in any

 
of the brain regions examined(data not shown).

Discussion
 

As previously reported, the vessels of the rat brain
 

were clearly stained and distinguished by immunohisto-

chemistry using anti-RECA-1 antibody［12］. RECA-1
 

has been recognized as a general endothelial marker that
 

is more specific to endothelial cells than are other endoth-
elial cell markers such as von Willebrand Factor［9］.
Moreover, Silverman et al. demonstrated the ability of

 
RECA-1 to identify even the immature blood vessel

 
endothelium［13］. Therefore, using RECA-1, we were

 
able to investigate all vessels, including angiogenetic

 
vessels, in the brain. Both angiogenesis and the dilation

 

Fig.3  Effects of carbon dioxide(CO)on hypoxia-induced remodeling in the brain. Rats were exposed to 4 wks of hypoxia with or without
 

CO elevation. Elevations in CO significantly inhibited hypoxia-induced vascular remodeling. However, the suppressive effect of CO was much
 

less pronounced in the cortex and thalamus than in other regions of the brain. Hypercapnia without hypoxia did not induce vascular changes
 

in the brain. Values are mean±SD. P＜0.05, P＜0.01 vs. normoxic controls.
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of vessels have been shown to occur during chronic
 

hypoxia, by decreasing the intercapillary distance as an
 

adaptation to low concentrations of O［1］. Therefore,
in the present study, the data were expressed as the total

 
area of blood vessels in order to assess angiogenesis and

 
the dilation of vessels under hypoxic conditions. Previous

 
studies have shown that an increase in vascular density of

 
the rat cortex can be induced by chronic hypobaric［1, 4,
14］and normobaric hypoxia［2, 15］. Vascular changes

 
in response to chronic hypoxia have previously been

 
analyzed using immunohistochemistry for the type 1

 
glucose transporter(GLUT-1), which is a major glucose

 
transporter in cerebral microvessels［16］, showing that

 
capillary density in the cortex increased after 3 wks of

 
hypobaric hypoxia(0.5 atm)［4, 14］. Studies have also

 
shown that the increase in the vascular density of the

 
cortex induced by 3 wks of hypoxia can be reversed by 3

 
wks of normoxic recovery. In the present study, 2 to 8

 
wks of hypoxia induced cortical vascular changes to a

 
degree similar to that seen in previous studies. We found

 
that the total area of blood vessels significantly increased

 
in all brain regions after 2 wks of normobaric hypoxia(10

 
O), and that this change persisted at almost the same

 
level at 8 wks of hypoxia.
Immediate brain adaptive responses to hypoxia include

 
an increase in blood flow, whereas long-term responses

 
involve the remodeling of the cerebral blood vessels. A

 
critical mediator of hypoxia-driven vascular remodeling is

 
the transcription factor hypoxia-inducible factor-1
(HIF-1), which is responsible for the transcriptional

 
activation of several proangiogenic growth factors such as

 
vascular endothelial growth factor(VEGF)［17］. Chavez

 
et al. reported that HIF and VEGF were induced 6 h

 
after the onset of hypoxia and the levels of these factors

 
did not decrease for 14 days;however, the levels had

 
returned to normal after the passage of 21 days, despite

 
exposure to continuous hypoxia［18］. The results of that

 
previous report might account for the completion of

 
hypoxia-driven vascular remodeling within 2 wks observ-
ed in the present study. The significant reduction in the

 
ratio of small vessels and the increase in the ratio of large

 
vessels occurred within a similar time frame during

 
exposure to hypoxia. This finding suggests that the

 
increase in vascularity in response to chronic hypoxia is

 
primarily the result of the enlargement of preexisting

 
vessels. In the present study, the increase in the total

 
area of blood vessels induced by hypoxia was for the most

 
part reversible, a finding which is consistent with those of

 

previous studies［4, 13］. However, hypoxic changes in
 

terms of both vascular size and size distribution persisted
 

in the cortex and thalamus at 8 wks of normoxic recovery.
This finding is consistent with the previously observed

 
persistence of hypoxia-induced elevations in GLUT-1

 
density in the rat cortex, in spite of 3 wks of normoxic

 
recovery［14］. The previous findings, taken together

 
with those of the present study, indicate that the effects

 
of hypoxia on vascular systems persist for a long period

 
of time. Several researchers reported regional differences

 
in response to hypoxia［2, 19, 20］. For example, Patt

 
et al. suggested that the pattern of the microcirculatory

 
changes in the brain is not homogenous throughout all

 
regions of the brain［2］. In addition, brain stem neurons

 
are known to depolarize faster than cortical neurons

 
during hypoxia［19］. Magnetic resonance study has

 
shown that the hippocampal CA1 region exhibits a

 
reduced response to hypoxia relative to that of the cortex

 
and basal ganglia［20］. Although the mechanisms under-
lying the regional differences in response during hypoxic

 
adaptation and deadaptation remain unclear, the sensitiv-
ity of the brain to hypoxia might differ between brain

 
regions. In the present study, the vascular areas were

 
found to be approximately 8-10  in the normoxic con-
trols. However, previous studies have reported that the

 
CBV of rats was in the range of 1-4 ［21-23］.
Because blood volume (mm/mm) is mathematically

 
identical to our measurement of area/area, a criticism of

 
the present study might be that the vascular areas consid-
ered here were much greater than those of other studies.
In this study, an overestimation of the values of the

 
vascular areas due to the use of thick brain sections(25
μm)could not be excluded. Therefore, the value of the

 
total area of blood vessels per mm brain tissue(mm/
mm)in this study should be recognized as an anatomical

 
rather than as a physiological measure. In this context, it

 
is also important to consider the modification of vascular

 
area by fixation, since paraformaldehyde induces tissue

 
contraction. Further analysis must therefore be carried

 
out in order to avoid the artifacts of fixation.
Hypoxic exposure induces hypocapnia due to hyper-

ventilation. The addition of CO to hypoxic exposure(3-
4  in the case of normocapnic hypoxia, and 6.5-7  in

 
the case of hypercapnic hypoxia)maintained the rats in the

 
normocapnic or hypercapnic condition. Hypercapnia

 
induces cerebral vasodilation and increases both CBF and

 
CBV, whereas hypocapnia induces cerebral vasoconstric-
tion and leads to decreases in both CBF and CBV［22-
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24］. Thus, carbon dioxide is a potent vasodilator of
 

cerebral blood vessels［6, 25］. Unexpectedly, in the
 

present study, normo-and hypercapnic hypoxia clearly
 

inhibited what would have otherwise been a hypoxia-
induced increase in vascular area. The expected changes

 
in vessel size distribution induced by hypoxia were also

 
suppressed by CO elevation. Long-term normoxic

 
hypercapnia was found to have no effect on brain vas-
culature, indicating that elevated CO itself does not

 
cause vascular remodeling under conditions of normoxia.
These results suggest that normocapnia and hypercapnia

 
prevent the compensatory vascular response to chronic

 
hypoxia, including angiogenesis and vascular dilation.
Although the precise mechanism of the observed inhibi-
tion of hypoxia-induced vascular changes by CO remains

 
unclear at present, several researchers have reported the

 
influence of CO on hypoxic adaptation［7, 8, 26］.
Hypercapnia(4-10  CO)prevented a hypoxia-induced

 
hypertrophic response［26］and vascular enlargement
［8］in studies of responses to chronic hypoxia in the

 
carotid body. Furthermore, Ooi et al.［7］reported that

 
chronic hypercapnia (10  CO) inhibits the hypoxia-
induced proliferation of pulmonary vascular smooth

 
muscle cells, right ventricular hypertrophy, and the

 
proliferation of red blood cells. Taken together, these

 
findings suggest that elevated CO exerts a general inhibi-
tory effect on hypoxia-induced protein synthesis and cell

 
proliferation［27］. Moreover, Kusakabe et al.［8］
demonstrated that, in the carotid body during chronic

 
hypoxic exposure, the PaCO level affected the peptider-
gic innervation that regulates vascular tone［28, 29］.
Moreover, the findings of that study indicated that the

 
alteration of peptidergic innervation in the carotid body

 
after chronic exposure to hypercapnic hypoxia is a

 
mechanism of hypoxic adaptation. In addition, in the

 
present study, the increase in CO attenuated the

 
decrease in PaO 20 min after the onset of hypoxia.
Imray et al.［30］also reported that supplementation with

 
3  CO increased cerebral oxygenation at a high altitude

 
in humans, and they suggested several mechanisms for

 
the improvements in tissue oxygenation. Hypercapnia

 
increases ventilation and cardiac output, and shifts the

 
oxyhaemoglobin dissociation curve to the right, resulting

 
in the improvement of oxygen delivery to the tissues
［30］. Thus, PaCO as well as PaO have profound

 
effects on oxygen delivery to the brain;therefore, the

 
possibility cannot be excluded that hypercapnia attenuates

 
the hypoxic stimulation of the vasculature by improving

 

oxygenation. However, these data were obtained from
 

acute hypoxic experiments, and the effects of CO on
 

tissue oxygenation during chronic hypoxia remain to be
 

examined.
In summary, we demonstrated that a significant

 
increase in blood vessel area, including an increase in the

 
ratio of large vessels, occurs in the rat brain after 2 wks

 
of normobaric hypoxia, and these effects were found to

 
persist at 8 wks of hypoxia. This vascular change was not

 
reversed in any region of the brain studied, despite 8 wks

 
of normoxic recovery. Furthermore, elevated CO inhib-
ited vascular responses to chronic hypoxia. These results

 
suggest that vascular adaptation to hypoxia in the brain

 
occurs rapidly, and that these vascular changes persist for

 
a long time in several brain regions following the termina-
tion of hypoxia. Hypercapnia in cases of hypoxic expo-
sure significantly inhibits the otherwise expected hypoxia-
induced vascular changes, suggesting that CO levels are

 
involved in adaptive mechanisms to chronic hypoxia.
Increasing numbers of people travel to high altitudes for

 
both recreational and professional purposes. Hypoxic

 
adaptation induces tolerance to ischemic brain injury,
although its mechanisms are not yet fully understood
(［31］, as a review). Thus, information regarding the

 
effects of hypoxia is not only physiologically but also

 
clinically relevant to our understanding of the adaptive

 
changes that occur in response to hypoxia. The findings

 
of the present study will provide useful information for

 
future clinical investigations of hypoxia.

Acknowledgements. This work was supported by a Grant-in-Aid for
 

Scientific Research from the Japan Society for the Promotion of Science.

References
 

1. Boero JA, Ascher J, Arregui A, Rovainen C and Woolsey TA:In-
creased brain capillaries in chronic hypoxia. J Appl Physiol(1999)86:
1211-1219.

2. Patt S, Sampaolo S, Theallier-Janko A, Tschairkin I and Cervos-
Navarro J:Cerebral angiogenesis triggered by severe chronic hypoxia

 
displays regional differences. J Cereb Blood Flow Metab (1997)17:
801-806.

3. Kusakabe T, Hayashida Y, Matsuda H, Gono Y, Powell FL, Ellisman
 

MH, Kawakami T and Takenaka T:Hypoxic adaptation of the peptider-
gic innervation in the rat carotid body. Brain Res (1998)806:165-

174.
4. Pichiule P and LaManna JC:Angiopoietin-2 and rat brain capillary

 
remodeling during adaptation and deadaptation to prolonged mild

 
hypoxia. J Appl Physiol(2002)93:1131-1139.

5. Bauer R, Bergmann R, Walter B, Brust P, Zwiener U and Johannsen
 

B:Regional distribution of cerebral blood volume and cerebral blood
 

flow in newborn piglets--effect of hypoxia/hypercapnia. Brain Res Dev

 

Miyamoto et al. Acta Med. Okayama Vol. 59 , No. 4 142

8

Acta Medica Okayama, Vol. 59 [2005], Iss. 4, Art. 4

http://escholarship.lib.okayama-u.ac.jp/amo/vol59/iss4/4



 

Brain Res (1999)112:89-98.
6. Atkinson JL, Anderson RE and Sundt TM Jr:The effect of carbon

 
dioxide on the diameter of brain capillaries. Brain Res (1990)517:
333-340.

7. Ooi H, Cadogan E, Sweeney M, Howell K, O’Regan RG and McLough-
lin P:Chronic hypercapnia inhibits hypoxic pulmonary vascular

 
remodeling. Am J Physiol Heart Circ Physiol(2000)278:H331-338.

8. Kusakabe T, Hirakawa H, Matsuda H, Yamamoto Y, Nagai T,
Kawakami T, Takenaka T and Hayashida Y:Changes in the peptider-
gic innervation in the carotid body of rats chronically exposed to

 
hypercapnic hypoxia:an effect of arterial CO tension. Histol His-
topathol(2002)17:21-29.

9. Duijvestijn AM, van Goor H, Klatter F, Majoor GD, van Bussel E and
 

van Breda Vriesman PJ:Antibodies defining rat endothelial cells:
RECA-1, a pan-endothelial cell-specific monoclonal antibody. Lab

 
Invest(1992)66:459-466.

10. Hirakawa H, Nakamura T and Hayashida Y:Effect of carbon dioxide
 

on autonomic cardiovascular responses to systemic hypoxia in con-
scious rats. Am J Physiol(1997)273:R747-754.

11. Paxinos G and Watson C:The Rat Brain;in Stereotaxic Coordinates,
2nd Ed, Academic Press, New York(1982).

12. Topel I, Stanarius A and Wolf G:Distribution of the endothelial
 

constitutive nitric oxide synthase in the developing rat brain:an
 

immunohistochemical study. Brain Res (1998)788:43-48.
13. Silverman WF, Krum JM, Mani N and Rosenstein M:Vascular, glial

 
and neuronal effects of vascular endothelial growth factor in mesence-
phalic explant cultures. Neuroscience(1999)90:1529-1541.

14. Harik N, Harik SI, Kuo NT, Sakai K, Przybylski RJ and LaManna JC:
Time-course and reversibility of the hypoxia-induced alterations in

 
cerebral vascularity and cerebral capillary glucose transporter density.
Brain Res (1996)737:335-338.

15. Cervos-Navarro J, Sampaolo S and Hamdorf G:Brain changes in
 

experimental chronic hypoxia. Exp Pathol(1991)42:205-212.
16. Maher F, Vannucci SJ and Simpson IA:Glucose transporter isoforms

 
in brain:absence of GLUT3 from the blood-brain barrier. J Cereb

 
Blood Flow Metab(1993)13:342-345.

17. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD and
 

Semenza GL:Activation of vascular endothelial growth factor gene
 

transcription by hypoxia-inducible factor I. Mol Cell Biol (1996)16:
4604-4613.

18. Chavez JC, Agani F Pichiule P and LaManna JC:Expression of
 

hypoxia-inducible factor-1alpha in the brain of rats during chronic
 

hypoxia. J Appl Physiol(2000)89:1937-1942.
19. Donnelly DF, Jiang C and Haddad GG:Comparative responses of

 
brain stem and hippocampal neurons to O deprivation:in vitro

 

intracellular studies. Am J Physiol(1992)262:L549-554.
20. Dunn JF, Wadghiri YZ, Meyerand ME, Donnelly DF, Jiang C and

 
Haddad GG:Regional heterogeneity in the brain’s response to hypoxia

 
measured using BOLD MR imaging. Magn Reson Med(1999)41:850
-854.

21. Todd MM, Weeks JB and Warner DS:Microwave fixation for the
 

determination of cerebral blood volume in rats. J Cereb Blood Flow
 

Metab(1993)13:328-336.
22. Broux C, Tropres I, Montigon O, Julien C, Decorps M and Payen JF:

The effects of sustained hyperventilation on regional cerebral blood
 

volume in thiopental-anesthetized rats. Anesth Analg (2002)95:1746
-1751.

23. Shockley RP and LaManna JC:Determination of rat cerebral cortical
 

blood volume changes by capillary mean transit time analysis during
 

hypoxia, hypercapnia and hyperventilation. Brain Res(1988)454:170
-178.

24. Ito H, Kanno I, Ibaraki M, Hatazawa J and Miura S:Changes in
 

human cerebral blood flow and cerebral blood volume during hypercap-
nia and hypocapnia measured by positron emission tomography. J

 
Cereb Blood Flow Metab(2003)23:665-670.

25. Nakahata K, Kinoshita H, Hirano Y, Kimoto Y, Iranami H and Hatano
 

Y:Mild hypercapnia induces vasodilation via adenosine triphosphate-
sensitive K＋ channels in parenchymal microvessels of the rat cere-
bral cortex. Anesthesiology(2003)99:1333-1339.

26. Dhillon DP, Barer GR and Walsh M:The enlarged carotid body of the
 

chronically hypoxic and chronically hypoxic and hypercapnic rat:a
 

morphometric analysis. Q J Exp Physiol(1984)69:301-317.
27. Cogo A, Napolitano G, Michoud MC, Barbon DR, Ward M and Martin

 
JG:Effects of hypoxia on rat airway smooth muscle cell proliferation.
J Appl Physiol(2003)94:1403-1409.

28. Mione MC, Ralevic V and Burnstock G:Peptides and vasomotor
 

mechanisms. Pharmacol Ther(1990)46:429-468.
29. Edvinsson L, Uddman R and Juul R:Peptidergic innervation of the

 
cerebral circulation. Role in subarachnoid hemorrhage in man.
Neurosurg Rev(1990)13:265-272.

30. Imray CH, Walsh S, Clarke T, Tiivas C, Hoar H, Harvey TC, Chan
 

CW, Forster PJ, Bradwell AR and Wright AD:Effects of breathing air
 

containing 3% carbon dioxide, 35% oxygen or a mixture of 3%
carbon dioxide, 35% oxygen on cerebral and peripheral oxygenation

 
at 150 m and 3459 m. Clin Sci(2003)104:203-210.

31. Dirnagl U, Simon RP and Hallenbeck JM:Ischemic tolerance and
 

endogenous neuroprotection. Trends Neurosci(2003)26:248-254.

143 Brain Vascular Changes in Chronic Hypoxia August 2005

9

Miyamoto et al.: Vascular changes in the rat brain during chronic hypoxia in

Produced by The Berkeley Electronic Press, 2005


