
Abstract The distribution of oxygen tension (PO2) was
studied in normoxia on the surface of arterioles, capillar-
ies and venules of rat brain cortex, both longitudinally
and in tissue radially from the wall of microvessels.
Along the arteriolar tree, PO2 decreased from 81.2±6.2
mmHg (mean±SD) on 1°A (first-order branch) arterioles
to 61.5±12 mmHg on 5°A arterioles. Transmural flux of
oxygen from blood to tissue increased markedly at the
level of minute 4°A–5°A arterioles. At the arterial end of
cortical capillaries, PO2 averaged 57.9±10.6 mmHg,
n=19, (or, in terms of blood oxygen saturation SO2;
82±9%) and 258±19 µm downstream 40.9±11.5 mmHg,
n=19, (SO2 59±18%). The averaged PO2 drop on the
capillaries studied was 17±9 mmHg, and the longitudinal
PO2 gradient was accordingly 0.07±0.04 mmHg/µm
(SO2 0.1±0.06%/µm). The radial profiles of tissue PO2
recorded near arterioles, capillaries and venules clearly
demonstrated that all these microvessels supply oxygen
to brain tissue. The PO2 distribution on venules was
characterized by pronounced heterogeneity.
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Introduction

Oxygen tension (PO2) in blood of brain microvessels is
one of the basic parameters of cortical oxygenation, as it
determines the PO2 gradient and thus, according to
Fick’s law, the oxygen flux from microvasculature to re-
spiring nerve cells. The wall of cortical arterioles and
venules is permeable to oxygen [5, 6, 9–11]. These mi-
crovessels therefore, in conjunction with capillaries, par-
ticipate in gas exchange between blood and tissue.

Although several authors have reported values for the
oxygen tension (or degree of blood saturation with oxy-
gen, SO2) in pial arterioles [6, 11, 21], or in pial venules
[21, 22], or in cortex capillaries [11, 25], the distribution
of PO2 throughout the microvascular tree of the brain
cortex still remains poorly investigated. The lack of
quantitative data makes an analysis of the mechanisms of
oxygen supply to the nerve cells largely incomplete.

A methodical approach that has been developed in
our laboratory combines the techniques of intravital mi-
croscopy (using contact lens epiobjectives) and PO2
measurements by needle oxygen microelectrodes. This
approach makes it possible to conduct PO2 measure-
ments on different sites of cortical microvasculature (on
the surface of arterioles, capillaries, venules), or in tissue
at various distances from the microvessel. Thus, this
method allows correlation between tissue PO2 values
and the geometrical parameters of cortical microvascula-
ture.

The main purpose of the present work was to study
systematically the distribution of PO2 in microvascula-
ture (arterioles, capillaries and venules) of rat brain cor-
tex in longitudinal and radial directions to the vessel
wall. Our study is the first to measure PO2 directly at
two points along the length of the same capillary (at the
arterial end and 258±95 µm downstream).

Materials and methods

The experiments were performed on male Wistar rats weighing
220–260 g. Animals were anaesthetized with pentobarbital sodium
(dose for surgery 50 mg/kg i.p., supplementary doses 15–20
mg/kg per h, s.c.). Teflon catheters (0.8 mm OD) filled with hepa-
rin-saline were inserted into the femoral artery and vein for moni-
toring mean arterial blood pressure, for blood sampling and for
compensatory infusions of blood from a donor rat. The pH, PCO2
and PO2 in blood samples were measured with a blood gas ana-
lyser BME-3 (Radiometer, Denmark). The head of the animal was
mounted in a frame, and the skull was exposed by a midline exci-
sion. Trepanation (diameter 8 mm) was performed using a saline-
cooled dental drill. The dura mater was removed carefully and the
pial surface superfused with a solution of the following composi-

E. Vovenko (✉)
Pavlov Institute of Physiology of Russian Academy of Sciences,
nab. Makarova, bld.6, Saint Petersburg, 199034, Russia 
e-mail: vovenko@epv.infran.ru, vovenko@pavlov.infran.ru, 
Fax: +812-3280501

Pflügers Arch – Eur J Physiol (1999) 437:617–623 © Springer-Verlag 1999

O R I G I N A L  A RT I C L E

Eugene Vovenko

Distribution of oxygen tension on the surface of arterioles, 
capillaries and venules of brain cortex and in tissue in normoxia:
an experimental study on rats

Received: 30 March 1998 / Received after revision: 28 July 1998 / Accepted: 25 November 1998



tion (in mM): NaCl 118, KCl 4.5, CaCl2 2.5, KH2PO4 1.0, MgSO4
1.0, NaHCO3 25, glucose 6. The solution was saturated with a gas
mixture of 5% O2, 5% CO2, nitrogen remainder, and had a pH of
7.35±0.08 at 37±1 °C. During experiments animals breathed spon-
taneously with room air. Oxygen dissociation curves (ODC) of the
arterial blood samples were analysed using the HEM-O2-SCAN
(Aminco, USA). As ODCs were constructed under standard condi-
tions (a PCO2 of 40 mmHg), they were recalculated for the in vivo
conditions of arterial and venous blood.

The schematic illustration of the experimental installation is
shown in Fig. 1. The base of the microscope (1) and platform for
the animal (11) were fixed to the wall to prevent any mechanical
displacements during PO2 measurements on minute microvessels.
The animal was placed on the platform (11) its head was fixed in a
special frame using a teeth-fixing rod. The platform could be han-
dled with a precise 3D-manipulator. The temperature of the frontal
lens of the epiobjective (4) was maintained at 36–37 °C. The core
temperature of the animal was maintained at 37±1 °C with the
heating pad (14).

Visualization

The brain cortex microvessels were visualized using a special bio-
logical microscope Lumam-K1 (Lomo, Russia) supplied with con-
tact lens epiobjectives (×10/0.30, ×20/0.60). In this work an objec-
tive ×10 and ocular lens ×12, ×15, or ×25A were used. The diame-
ter of microvessels was estimated using an ocular micrometer with
an accuracy of 3–5 µm; the length of capillaries with an accuracy
of 10–20 µm. The maximal depth of vision was about 120–150
µm. The focus was changed by means of a special lens (2), posi-
tioned along the optical axis of the microscope draw-tube without
any displacement of the objective relative to the tissue surface (9)
(Fig. 1). During PO2 measurements the frontal lens (diameter ap-

proximately 5000 µm) was in contact with tissue being studied (no
compression, the gap between lens and tissue surfaces was less
than 10 µm). This small gap prevents convection of the superfu-
sion solution over the studied microregion of brain tissue. The su-
perfusion solution was saturated with 5% CO2 (to exclude elimi-
nation of CO2 from blood of microvessels) and 5% O2 (to mini-
mize the PO2 gradient between solution and cortical tissue). We
assume therefore that the influence of superfusion solution on PO2
measurements in tissue was low, or absent.

PO2 microelectrode

PO2 was measured using platinum microelectrodes, recessed type,
(recess length 2–4 µm), glass insulated, with tip diameters includ-
ing isolation of 3–5 µm. The microelectrodes were manufactured
by the author. The platinum wire (diameter 30 µm) was sharpened
electrochemically to a tip diameter of about 1.0 µm. A piece of
sharpened wire, length 10–12 mm, was welded to the copper wire
(diameter about 100 µm) in the fire of miniature burner. Then the
platinum tip was inserted into a glass capillary micropipette and
was welded to the glass using an electrically heated loop. The tip
of the microelectrode was bevelled, and the recess was electro-
chemically made. The electrode was cleaned in boiling distilled
water, then the tip covered by a collodion membrane permeable to
oxygen. The oxygen sensitivity of the microelectrodes was 2–6
pA/mmHg PO2 in physiological solution saturated with atmo-
spheric air. The electrodes, with negligible residual current in “ze-
ro solution” (saline with PO2 less than 3–5 mmHg) and relatively
stable characteristics of oxygen sensitivity (drift less than 50%/h),
were used in experiments. The electrodes were insensitive to stir-
ring: convective mixing of solution with linear velocity of 30–50
mm/s resulted in an increase of polarographic current of less than
3% of its initial value. They were also practically insensitive to
differences in the O2 diffusion coefficient between tissue and the
calibration solution.

During experiments the microelectrodes were calibrated in air-
saturated superfusion solution. Stability of pH was provided by
appropriate changes in NaCl/NaHCO3 concentrations. Superfusion
and calibration solutions were transported alternatively in separate
glass tubes (rate of pumping was about 5–8 ml/min) to the objec-
tive lens, where the microelectrode tip was located (Fig. 1). This
ensured an easily repeated calibration procedure immediately be-
fore and after a series of measurements. Repetition of the proce-
dure was determined by the rate of drift of the electrode. To mini-
mize the calibration error the tip was inserted in brain tissue or
placed at the wall of large pial arteriole for several minutes to sta-
bilize its current. Then the electrode was placed into calibration
fluid again. This procedure was repeated until a stable level of the
electrode sensitivity to oxygen was attained. During experiments
the additional control of calibration was performed by measuring
PO2 values at the surface of large (50–70 µm) pial arterioles and
comparing the obtained values with the PO2 measurements in sys-
temic arterial blood.

PO2 measurements on microvessels

All PO2 measurements on microvessels were intended to assess
the intravascular PO2. This is not a problem for capillaries and the
smallest thin-walled arterioles and venules. When measuring PO2
at small arterioles (calibre less than 25–30 µm) the tip of electrode
was impressed slightly into the wall. During PO2 measurements at
capillaries the tip was placed close to the capillary wall. Special
attention was paid so that the blood flow in the studied and adja-
cent capillaries was not disturbed by manipulations with the mi-
croelectrode (visual assessment). A transmural PO2 gradient exists
across the wall of large arterioles [6]. Duling et al. (1979) have
shown that the PO2 gradient averages 0.9 mmHg/µm distance. In
large arterioles of the rat (luminal diameter 40–70 µm, the wall
thickness is about 8–15 µm) the radial PO2 gradient may lower
PO2 values recorded on the outer surface of the wall substantially.
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Fig. 1 Schematic diagram of the experimental system. 1 micro-
scope Lumam-K1 with contact lens epiobjective; 2 focusing lens;
3 xenon lamp; 4 contact lens epiobjective; 5 objective thermosta-
bilization system; 6 electrometric amplifier; 7 line chart recorder;
8 PO2 microelectrode attached to 3D-micromanipulator; 9 brain
cortex tissue; 10 tubing carrying the calibration and superfusion
solutions to epiobjective lens; 11 platform for the animal with
heating pad and 3D-micromanipulator system; 12 core tempera-
ture recording; 13 blood arterial pressure monitoring system;
14 heating pad; 15 heat exchangers; 16 peristaltic mini pumps;
17 thermostat U-10; 18 saturator; 19 air microcompressor; 20 cyl-
inder with gas mixture 5% O2, 5% CO2, 90% nitrogen



To minimize the measurement error the fine tip of PO2 microelec-
trode was therefore impressed into the wall parenchyma so that
the distance from the blood stream was less than 3–4 µm (Fig. 2).
We assume that the PO2 electrodes used in these experiments ob-
tain their readings from the lumen (capillaries, small microves-
sels), or from inner surface of the wall (large arterioles). In every
case the measurement error is within several millimetres of Hg. It
may be greater for large arterioles under conditions of hyperoxia
or hypoxia, when the radial PO2 gradient in the wall may be in-
creased greatly.

Intravascular PO2 measurements were performed in some large
(diameter of 100 µm or more) venules. Insertion of the tip into
blood stream generally resulted in instantaneous thrombus forma-
tion (on the tip). Procedures were developed, however, to mini-
mize the influence of thrombus formation on PO2 measurements
in venular blood.

Radial profiles of tissue PO2

The PO2 microelectrode was positioned perpendicular to the wall
of selected microvessel. The PO2 was measured at the wall sur-
face, as described above and at distances of 10, 20, 30 µm and so
on from the vessel wall, sequentially. Then the electrode was re-
turned to the wall to re-check the value obtained. It should be
stressed here, that as superficial microvasculature forms a tortuous
thick network, it was not easy to select a site for recording a radial
PO2 profile from a given microvessel. Therefore, the PO2 micro-
electrode was positioned so that the nearest large microvessels (on
the course of the electrode track) was at least 80–100 µm distant.

Protocol

At least 15–20 min was allowed for the tissue to stabilize, prior to
the acquisition of PO2 data. Measurements of PO2 on pial and cor-
tical arterioles and venules were performed in every experiment.
One can not be certain however, that the studied microvessels
were contiguous as the optical systems restricted the depth of fo-
cus to about 120–150 µm from the brain surface.

The PO2 was measured on the surface of a large 1°A (first-or-
der branch) order arteriole and an arterial blood sample taken si-
multaneously. (These paired measurements were repeated several

times during the experiment and were used as an additional con-
trol of microelectrode sensitivity). Then multiple PO2 measure-
ments were performed on arteriolar and venular microvessels and
radial PO2 gradients were recorded as described above.

The PO2 drop along the capillary length was assessed by se-
quential measurements of PO2 at two points on the same capillary.
The time interval between these two measurements was 20–30 s.

On completion of the experiment a blood sample (approxi-
mately 200 µl) was taken from the superior sagittal sinus using a
sharpened (tip diameter about 0.7 mm OD) glass capillary.

All data are presented as mean±SD. The standard Student’s
t-test was used to compare the means of the PO2 values at micro-
vessels of various branching orders. P<0.05 was accepted as sig-
nificant.

Results

The data presented were collected from 26 animals. The
average arterial pressure of studied animals was in the
range of 90–120 mmHg and did not vary significantly
during the experiments. The systemic arterial blood gas
values were: pH 7.37±0.05, PCO2 34.2±7.0 mmHg, PO2
85.6±10.1 mmHg (n=40) and P50 36±2 mmHg, n=9
(where P50 is the blood PO2 at which haemoglobin is
50% saturated). The oxygen saturation (SO2) values
were calculated using the ODC and measured PO2 val-
ues; for systemic arterial blood SO2 averaged 95±6%.
The samples of blood taken from the confluence of sagit-
tal sinuses had the following characteristics: pH
7.36±0.08, PCO2 40.5±5.7 mmHg, PO2 43.5±5.2 mmHg
and SO2 62±7%, n=28.

Arterioles

All arterioles studied were grouped according to their or-
der of branching. The branches of the middle cerebral ar-
tery were designated first-order arterioles (1°A), their
daughter branches as second-order arterioles (2°A), etc.
The main results of PO2 measurements on arterioles are
presented in Table 1. The data indicate that the mean
PO2 in 1°A arterioles is lower than in systemic arterial
blood (P=0.014). We assume that the decrease in PO2 is
attributable to the presence of an arteriolar wall transmu-
ral PO2 gradient and/or a real decline of PO2 in the
blood of 1°A arterioles. The average PO2 values in
2°A–5°A arterioles were significantly lower than in sys-
temic arterial blood (P<0.001). The data therefore show
a significant fall in PO2 along the pial microvasculature:
from 81.2±6.2 mmHg (or 94±2%SO2) on 1°A arterioles
to 61.5±12 mmHg (83±11%SO2) on 5°A arterioles. The
decrease of oxygen saturation in arteriolar blood (∆SO2)
relative to systemic arterial blood was also estimated.
This value may be considered as a measure of diffusion-
al losses of oxygen from the proximal (relative to a giv-
en arteriole) portion of the cortical microvasculature. It
clearly indicates that the transmural diffusional flux of
oxygen increases markedly at the level of minute
(4°A–5°A) arterioles (Table 1).

The radial tissue PO2 profiles near cortical arterioles
(Fig. 3a) indicate how the tissue PO2 values correlate
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Fig. 2 Oxygen microelectrode positioned on the surface of a rat
pial arteriole (30 µm diameter). Small division of scale 5 µm



with position along the vascular tree. These data show
that the highest PO2 values in brain tissue are related to
the cortical arterioles, and not to the arterial end of the
capillary, as has been assumed.

Capillaries

A total 19 capillaries were studied (Table 2). Only capil-
laries 3,6,15 could be visualized along their whole length
from the arterial to the venous end. In other cases the
second point along the capillary length was chosen as the
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Table 1 Distribution of oxygen
tension (PO2) on cortical arteri-
oles of the rat brain cortex. Val-
ues are mean±SD for n mea-
surements (D arteriolar diame-
ter, SO2 saturation of blood
haemoglobin with oxygen,
∆SO2 difference in SO2 be-
tween systemic arterial and ar-
teriolar blood)

Branching order D (µm) PO2 (mmHg) SO2 (%) ∆SO2 (%)

1°A 45±7, n=42 81.2±6.2*, n=48 94±2 1
2°A 33±7, n=53 78.7±8.9**, n=55 94±5 1
3°A 26±7, n=38 75.8±11.1**, n=43 93±6 2
4°A 13±4, n=38 68.3±8.3**, n=35 89±8 6
5°A 8±2, n=40 61.5±12**, n=40 84±11 11

*, **P<0.05, <0.001 respectively vs systemic arterial PO2

Fig. 3 The radial profiles of
tissue PO2 at precortical arteri-
oles (A), capillaries (B) and
cortical venules (C) of the rat.
X-axis distance in micrometer;
Y-axis PO2 in millimetres of
Hg. Each symbol represents an
individual value. The same
symbols in A–C are indepen-
dent of one another

Table 2 PO2 on arterial and
venous ends of cortical capil-
laries of the rat during normo-
xia

No. Length of capillary PO2 (mmHg) ∆PO2 along capillary
segments (µm) length (mmHg)

arterial side venous side

1 130 47 20 27
2 250 52 46 5
3 450 64 47a 17
4 210 45 38 7
5 360 35 20 15
6 270 69 47a 22
7 300 52 24 28
8 210 59 42 17
9 450 47 33 14

10 300 52 33 19
11 100 55 51 4
12 280 54 50 4
13 160 60 45 15
14 260 66 42 24
15 150 65 58a 7
16 270 66 35 31
17 260 66 51 15
18 300 80 46 34
19 200 66 53 13
Mean: 258 57.9 40.9 17.0
±SD: 95 10.6 11.1 9.1

a PO2 recorded at the actual ve-
nous end (optically confirmed)
of the capillary (see text for
details)



maximum distance from the arterial end within the limits
of vision of the optical system (the maximal depth of fo-
cus was 120–150 µm from the brain surface). The mean
length of these capillary segments was about 258±95
µm, n=19). The data presented in Table 2 are the first di-
rect measurements on brain cortex capillaries, where the
PO2 values are paired with the length of capillary seg-
ments. The data show that at the arterial end of the capil-
laries oxygen tension averaged 57.9±10.6 mmHg (or
82±9%SO2), that is substantially lower than in systemic
arterial blood. On the venous side of studied capillaries
the PO2 averaged 40.9±11.5 mmHg, n=19 (or
59±18%SO2). The mean PO2 drop between these two
points was 17±9.1 mmHg, (23±14%SO2), and, conse-
quently, the longitudinal PO2 gradient was 0.07±0.04
mmHg/µm (SO2 0.1±0.06%/µm). The values for the PO2
drop along the capillaries (∆PO2) and the length of the
studied capillary segments (L) did not correlate signifi-
cantly (r=0.21).

Venules

The most characteristic feature of the PO2 distribution of
pial and cortical venules was their pronounced heteroge-
neity. The individual PO2 values varied in the range of
15–60 mmHg on venules of the same branching order.
The scatter of the PO2 values at different sites relative to
the venular lumen in vessels of 100 µm in diameter and
above often exceeded 10–20 mmHg (Fig. 4). A distinct
difference in colour between separate streams of blood,
the result of confluence of flows from small proximal
venules, could be seen with the microscope. The differ-
ence in colour persisted along the length of the venular
tree, including the 1°V venules.

The results of PO2 measurements on 1°V–5°V ven-
ules are presented in Table 3. PO2 on 5°V cortical ven-
ules averaged 38.2±12.3 mmHg (54±18%SO2, n=59),
i.e. lower than in the blood of superior sagittal sinus
(P=0.032). For other groups of venules the mean PO2
values did not differ significantly from PO2 in the sagit-
tal sinus (P>0.05). Also there was no significant differ-
ence in PO2 between the groups of venules studied
(P>0.05).

It was found in the present work, that all studied ven-
ules released oxygen to the tissue under normoxic condi-
tions. The measurements of radial profiles of tissue PO2
near the venules clearly support this finding (Fig. 3c).
The data show that cortical venules of calibre 10–40 µm
with a high intravascular PO2 may supply oxygen to a
tissue zone of at least 40–60 µm in diameter. It should be
noted here that these PO2 profiles were recorded in tis-
sue regions in which large microvessels were distant
from the studied venule (see above).

Discussion

The first limitation of the method used is the small depth
of focus of the optical system. Care must therefore be
exercised in extrapolating the results obtained in this thin
tissue layer to the brain tissue as the whole. The second
limitation is the accuracy of the PO2 measurements. It is
well known that platinum oxygen microelectrodes often
show a marked drift in their sensitivity. By decreasing
the diameter of the electrode tip, by a making recess and
covering the active surface with a collodion film we re-
duced the calibration drift significantly. For the experi-
ments we selected only relatively stable electrodes that
were tested in vitro. During the experiments, the elec-
trodes were calibrated before and after each series of
measurements. These steps made it possible to reduce
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Fig. 4A–D The intraluminal profiles of PO2 in pial venules of the
rat. A–D Pial venules of 200, 120, 160 and 140 µm, respectively.
X-axis distance in micrometres; Y-axis PO2 in millimetres of Hg

Table 3 Distribution of PO2 on cortical venules of the rat in nor-
moxia. Values are mean±SD

Branching D (µm) PO2 (mmHg) SO2(%)
order

1°V 258±31, n=24 41.3±9.7, n=147 59±14
2°V 145±15, n=35 39.6±10.1, n=127 57±16
3°V 71±24, n=47 40.1±9.1, n=58 57±14
4°V 31±9, n=72 41.1±10.9, n=98 59±17
5°V 13±6, n=59 38.2±12.3*, n=59 54±18

*P<0.05 vs sagittal sinus blood



the measurement error of the absolute PO2 values to less
than 10%. The error of relative PO2 values (e.g. in dif-
ferent locations on the same capillary) was estimated as
being less than 2%. Despite these limitations, the method
of oxygen micropolarography and intravital contact mi-
croscopy enable correlation studies of tissue PO2 values
and microvascular geometry to be performed on such tis-
sues as brain, liver, skeletal muscle etc.

It is known that pentobarbital anaesthesia noticeably
decreases oxygen consumption and blood flow in brain
tissue [15, 17], and so this might significantly affect the
PO2 distribution patterns throughout the microvascula-
ture and brain tissue. Simultaneous measurements of lo-
cal blood flow and local PO2 distribution in the same
brain areas show, however, that the PO2 distribution in
pentobarbital anaesthetized cats relative to control ani-
mals remains the same [4]. This might be accounted for
by the fact that blood flow and O2 uptake fall by approx-
imately the same extent in the anaesthetized brain [4,
17]. Pentobarbital anaesthesia does, however, decrease
regional metabolic, and hence SO2, heterogeneity in ce-
rebral microvasculature [17].

The data presented in this study reveal a significant
fall in the PO2 values on 1°A–5°A arterioles. The de-
cline was about 20 mmHg, or about 10%SO2. Similar
findings have been reported by Duling and co-workers
[6]. They found that the PO2 on cat pial arterioles of cal-
ibre 22–200 µm fell from 98.8±10.7 mmHg to 72.6±3.6
mmHg. It is worth noting here, that the data available in
the literature on direct PO2 (or SO2) measurements in
brain cortex microvasculature are generally sparse and
have been recorded only from microvessels of a certain
calibre (30–50 µm) [8, 19, 21–23, 25]. The present study
is the first to examine systematically the PO2 distribution
throughout the cerebral microvascular network of the rat.

Direct measurements of PO2 at brain cortex capillar-
ies are of great physiological importance, as the capillar-
ies deliver a large portion of oxygen to the brain tissue.
In our study, PO2 was measured at two points along the
length of individual capillaries: at the arterial end (PO2
57.9±11.1 mmHg) and 258±95 µm downstream (PO2
40.9±11.5 mmHg, n=19). No significant difference was
found between the PO2 values on 5°A arterioles and the
arterial end of capillaries (P>0.05). Also there was no
significant difference between the PO2 values for 5°V
venules and the venous side of the capillaries studied
(P>0.05). The mean length of the capillary segments was
close to the known data in literature [1, 2, 8]. We specu-
late therefore, that the studied capillary segments repres-
ent the major portion of the length of brain cortex capil-
laries; and, consequently, that the measured PO2 drop
may be considered as a lower estimate for the PO2 dif-
ference along the length of cortical capillaries of the rat.

According to the data presented here, SO2 values de-
creased by 10% on 1°A–5°A arterioles, but by 23% in
capillaries. The cortical capillaries thus unload approxi-
mately twice as much oxygen to brain tissue as the arte-
rioles. The most pronounced decrease in SO2 in arteriolar
blood (compared with systemic SO2) occurs between

3°–5° A arterioles: 9% (Table 1). Therefore, the smallest
(3°A–5°A) arterioles and capillaries, one may conclude,
provide the major quantity of oxygen to brain cortex.
These estimates are applicable to the rat brain cortex in
normoxia. For other species, tissues and conditions these
conclusions may not apply.

Our data showing a significant heterogeneity of PO2
on the venous side of the cortical microcirculation is in
agreement with the literature [17, 22, 23]. The coeffi-
cient of variation for 4°V and 5°V venules averaged
26.5% and 31.1%, whereas for 4°A and 5°A arterioles
these coefficients were 12.2 and 19.5%, respectively (Ta-
bles 1, 3). In the blood of 3°V–1°V venules adjacent
streams could often be seen: the result of confluence of
flows from small venules that differed in colour and cor-
respondingly in oxygenation [12]. A high PO2 – 45–60
mmHg – was found in some venules (especially those
draining blood from deeper brain structures). There are
three possible reasons for this phenomenon: shunting of
blood through the anatomical anastomoses, functional
shunting of oxygen and tissue diffusional shunting of
oxygen. There is no convincing evidence in the literature
for the existence of arteriolar-venular anastomoses in
brain tissue [13, 14]. It is also not clear to what extent
high PO2 values might be attributed to pentobarbital ana-
esthesia. If this were the case, some microvessels with
higher flow may contribute more oxygen to the venous
outflow than microvessels with lower flow. However,
there are no favourable conditions for O2 diffusional
shunting in the brain microcirculation [3, 7]: cortical ar-
terioles and venules do not form parallel pairs with coun-
tercurrent flows as in skeletal muscle. However, only pi-
al arterioles and venules that cross are in immediate con-
tact. The surface area of this contact is obviously negli-
gible compared with the total surface area of the vessels
that is available for exchange. Therefore, diffusional
shunting of oxygen is probably of no significance in the
brain cortex during normoxia. In hyperoxia however this
is not the case: O2 diffusional shunting does exist and
may have a noticeable effect on the oxygen transport in
brain tissue [18, 20].

On the basis of the above data we speculate, that large
pial 1°V–2°V venules are most probably of no impor-
tance in gas exchange between blood and tissue. Small
venules however may transfer a significant quantity of
oxygen, as they characterized by a large surface area,
comparable with that of capillaries [24]. The total oxy-
gen flux from cortical venules to tissue cannot be as-
sessed from this study. Nevertheless, the role of venules
in oxygen supply to brain tissue is clearly important, at
least in the superficial cortical layer with a large venular
density, and demonstrates a need for additional experi-
mental and modelling analyses.

The data presented in this study therefore show that
all cortical microvessels (arterioles, capillaries and ven-
ules) supply oxygen to the tissue. The anatomical capil-
laries, nevertheless, are of major importance. Haemoglo-
bin is unloaded there and SO2 falls from 82±9 to
59±18%, i.e. by 23±14%. In 1°A–5°A arterioles blood is

622



desaturated by approximately 10%SO2 and a large por-
tion of this oxygen diffuses across the walls of small
(7–25 µm in diameter) arterioles. We may conclude
therefore that the bulk of oxygen delivery to brain tissue
occurs at the level of microvessels of calibre of 20–25
µm and less.

In summary, the distribution of PO2 along arterioles,
capillaries and venules of rat brain cortex has been pre-
sented for the first time. In cortex capillaries, PO2 has
been measured at the arterial and venous ends of the
same capillary. The values of mean longitudinal PO2
gradient in the brain cortex capillaries were assessed.
Also the character of PO2 distribution on the venous side
of brain cortex microvessels from post-capillary venules
to the sagittal sinus has been presented for the first time.
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