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Effects of thermal injury to the airway on the vascular permeability in the
region of head and neck, were studied in the canine models. The thermal airway
injury was produced by an inhalation of a gas burner's flame through the metallic
tracheostomy cannula. The changes in vascular permeability were evaluated by
calculating the reflection coefficient, which was obtained by the protein washdown
technique into lymph. The reflection coefficient after the flame' inhalation did not
show any increases, while it increased significantly after a histamine infusion into
the carotic artery. We concluded, that the vascular permeability in the unburned
area does not increase at least in the first 3 hr after a thermal injury to the airway.
(Key words: capillary permeability, inhalation burn, reflection coefficient, Lymph
protein concentration)

(Okamoto K, Noguchi H, Akashi M, et al.: Peripheral vascular permeability
following a thermal injury to the airway. J Anesth 5: 79-87, 1991)

Increases in the peripheral vascular
permeability'P have been reported in many
pathological conditions, including sepsis,
hemorrhagic shock, acute pancreatitis and
burns, and how to overcome the period of
increased vascular permeability is one of the
most important therapeutic problems in the
field of acute medicine. However, recogni­
tion of an increased vascular permeability
is very difficult, especially if one intends to
express its degree with some kinds of nu­
merical data. Only in the animal experiment
changes in the vascular permeability can
be demonstrated numerically as increases in
the lymphatic flow rate or in the lymphatic
protein concentration". The protein wash­
down technique into lymph", which was used
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in this study may be one of most exact
methods for assessing the reflection coef­
ficient of microvascular endothelial barrier,
because the confusing effects of dynamically
changing vascular surface area or contamina­
tion of lymph on the estimation of reflection
coefficient are offset.

On the other hand, the loss of microvas­
cular endothelial integrity and the leakage
of plasma components into the extravascular
space make a tremendous volume substitu­
tion necessary in the treatment of burn pa­
tients. The infusion for burn patients tends
to go excess easily by the fear that the
vascular permeability in unburned body area
will also increase following a widely involved
burn. The purpose of this study is to know
whether the microvascular permeability in
the normal, not burned body area can really
increase following a burn or not.

Methods

17 adult mongrel dogs weighing 10 to
18.5 kg were anesthetized with an intra-
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venous Ketamine chloride of 10 mg.kg- 1 •

The Vasa femoralis of both sides were laid
open. A 7-F balloon tipped pulmonary ar­
terial catheter and a 16-G infusion catheter
were placed through the femoral veins in
the pulmonary artery and inferior caval vein.
They were used for infusion and measure­
ments of pulmonary arterial and capillary
wedge pressures (PAP & PCWP). Through
one of the femoral arteries, a 7-F pigtail
catheter (Cordis) was introduced into the left
atrium via the left ventricle! for monitoring
of left atrial pressure (LAP). Via another
artery, a catheter with a thermistor probe
at the tip was placed in the descending
aorta for measuring the systemic mean aor­
tic pressure (MAP) and the cardiac output
(CO). Cardiac output was determined with
the thermodilution method by injecting 5 ml
of cold saline into the left atrium (Kimray:
Model 3500E Cardiac Output Computer).

The animals were tracheotomized with a
metallic cannula. In order to avoid a leakage
of air through the breach between tracheal
wall and cannula, the trachea around the
cannula was tightly ligated. Skin incisions
of about 6 em were made by the exter­
nal jugular veins of both sides, and from
a branch of the left external jugular vein,
usually the cephalic vein, a 8-F Fogarty oc­
clusion catheter (Edwards Laboratories) was
introduced into the superior caval vein and
the balloon was inflated slightly. This re­
sulted in engorgement of the cervical veins
and lymphatics and made it easy to identify
the right lymphatic ampulla. The right lym­
phatic ampulla was ligated just cranial to the
communication with the jugular vein and the
balloon of the Fogarty occlusion catheter was
deflated. A small tubing was placed in the
right jugular vein through the right radial
cutaneous vein and used for monitoring the
cervical venous pressure (P EX J ) . The cervical
lymphatics were traced from the ampulla to
the cranial direction and one of the deep
cervical lymphatics which were found just
laterally to the carotid artery, was cannu­
lated with a 21-G needle. This needle was
connected with a polyethylene tubing of a
inner diameter of 0.6 mm, and its distal end

was fixed at the height of 10 em beneath the
sternal notch. Because the lymphatic flow
rate (Qd was influenced by the height of
the outflow cannula'':", QL was always de­
termined with this drainage height. In order
to facilitate the outflow of lymph, the neck
of the dogs was distended periodically with
a frequency of about 10 times per minute.
Then the dogs were allowed to stabilize for
60 min under spontaneous respiration and at
an interval of 15 min, three determinations of
lymphatic flow rate, protein concentrations
in the lymph and plasma and of the hemo­
dynamic parameters were repeated. These
values were used as the baseline values. The
figure 1 illustrates the schema of the setting
up of venous catheterization.

Here, dogs were divided into three groups.
In the Control group, the jugular pressure
was elevated up to 30 ± 2 mmHg by inflating
the balloon of the Fogarty occlusion catheter
in the superior caval vein. Hereafter, the
same determinations were repeated every
15 min for 3 hr. After the inflation of
the intracaval balloon, falls in the systemic
aortic pressure were treated with the infusion
of lactated Ringer solution. The volume of
infusion was controlled by maintaining the
left atrial pressure in the range of baseline ±
2 mmHg.

In the Histamine group, after the deter­
mination of the baseline value, the jugular
venous pressure was elevated and the dogs
were kept in that situation for 60 min. The
same determination was repeated at the end
of this 60 min and served as the control
value. Then the histamine infusion, through
a catheter placed in the right carotid artery,
was started with a rate of 2 mcg·kg-1·min- 1

and continued for 30 min. The determina­
tions of lymphatic and hemodynamic param­
eters were repeated every 30 min for 60
min.

In the Burn group, after the determina­
tions of the baseline and control values (60
min after the jugular venous pressure ele­
vation), the dogs were allowed to breathe
spontaneously from the tracheostomy can­
nula and forced to inhale the flame of the gas
burner. The inhalation of flame was carried
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using the biuret reaction. The lymph to
plasma protein concentration ratio (CL/CP )

was calculated.
Monitoring
ECG, mean aortic pressure (MAP), mean

pulmonary arterial pressure (MPAP), pul­
monary capillary wedge pressure (PCWP),
mean left atrial pressure (LAP), central
venous pressure (CVP) and right external
jugular venous pressure (P EXJ ) were shown
through the pressure transducers (HP-1290)
on the multi-monitor (HP-78342A). The
body temperature of the dog during the
experiment was kept between 38-39°C. The
blood gas measurements were repeated every
30 min.

Statistics
The means and standard deviations were

calculated for each measured parameter dur­
ing the experiment. Paired and unpaired t
tests were applied where it was appropriate.
A significant difference was indicated when
P is smaller than 0.05.

Fig. 1. Method of flame inhalation and cer­
vical venous pressure elevation.

out as it is shown in figure 1. The free end
of the cannula was inserted into a hole which
was bored on the side of the bottom of a
large tin can and the flame was blown into
the can. By the blowing of flame into the
can, dogs held respiration for about 30 sec
and then started to inspire deeply several
times. This hyperventilation lasted usually
until bradycardia occurred. When the brady­
cardia was noted, the inhalation of flame
was stopped and dogs were allowed to re­
cover. This manoeuvres were repeated three
times. After the flame inhalation, the dogs
were ventilated mechanically again and the
same determinations were repeated for three
hours.

Measurements
The lymphatic fluid was collected in a

small tube and the lymphatic flow rate
(QL) was determined by weighing the tube
and subtracting the tare weight every 15
min. The total protein concentrations in the
lymph (Cd and plasma (Cs ) were deter­
mined with a spectrophotometric method

Results

In the table 1, results of the Control
group are presented. By the inflation of the
intra-caval balloon, the right jugular pres­
sure (P E XJ ) was maintained on the level of
30 mmHg. In the hemodynamic parameters,
there were no remarkable changes except
the falls in cardiac output 2 and 3 hr af­
ter the venous pressure elevation. Towards
the end of the experiment, the difference
between LAP and PCWP was enlarged.
After the venous pressure elevation, the
volume of infusion increased by about 10
times but it decreased gradually with time.
The infusion volume needed, was about 0.5
ml·kg-1·min- 1 1 to 2 hr after the venous
pressure elevation.

The profile of the lymphatic parameters
is presented in figure 2. By the elevation
of the jugular venous pressure, the vascular
bed in the head and neck was recruited and
the lymphatic flow rate (Qd increased by
about 10 times. With the increase in QL,
the protein concentration of the lymph (Cd
fell significantly. This was associated with
a mild decrease in the plasma protein con-
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Table 1. Control group (n == 6)

J Anesth 1991

baseline 30 min 60 min 120 min 180 min

CO ml.kg-1.min-1 164±38 148±35 150±26 128±26* 130±35**
HR beats-min -1 156±36 176±49 174±45 176±42 172±27
MAP mmHg 134±15.6 140±18.8 136±18.7 135± 13.6 134±12.8
MPAP mmHg 17.7±0.8 18.6±2.6 20.8 ±5.8 19.5±3.1 18.3±2.4
PCWP mmHg 6.2±2.8 6.8±3.3 7.0±2.2 7.7±2.9 8.2±3.4
LAP mmHg 6.0±2.3 5.5±1.9 5.3±1.6 5.5± 1.4 4.5±0.8

PEXJ mmHg 4.8±2.2 30.5±1.0** 30.0±0.6** 29.5 ±0.8** 30.0±0.6**
Hb g.dl-1 13.4±1.7 12.8± 1.6 12.8±1.7 13.0±1.7 13.3±2.3
Infusion ml.kg-1.rnin-1 0.17±0 1.84±0.30** 0.64±0.14** 0.53±0.21** 0.35 ±0.56**
Pa.o 2 mmHg (Flo2 ==0.5) 225 ±25 217±28 214±14 221 ±24 213±15

QL mg.kg-1.15 min-1 34±18 227±67** 316±55** 344±70** 374±75**
Cp g.dl-1 4.70±0.87 4.11±0.37 4.12±0.27* 4.14±0.34 3.88 ±0.56**

CL g.dl-1 2.11 ±0.183 1.1O±0.259** 0.84±0.073** 0.86±0.112** 0.81±0.132**
CL/Cp 0.46±0.074 0.27 ±0.062** 0.21 ±0.026** 0.26 ±0.033** 0.21 ±0.038**

The values are the means ± standard deviation (n == 6).
*: significantly different from the baseline value, P < 0.05.
**: P < 0.01.

Q./Cp

• 30 eo 120 180··

Fig. 2. Changes in lymph flow rate (Qd and
protein concentration ratio between lymph and
plasma (CL/Cp) after venous pressure elevation.

Values are means ± SD. n == 6. B: baseline.
#: significantly different from the base line

value with P smaller than 0.005.

centration (Cp). As it is seen in figure 2,
after the venous pressure elevation the pro­
tein concentrations-ratio between lymph and

plasma (CL/C p) decreased significantly in
the first 60 min and made a plateau around
the value of 0.2. A new steady state was
established 45 min after the venous pres­
sure elevation. These findings suggest that
the reflection coefficient ((J) of the normal
craniocervical vascular bed is about 0.88 .

Table 2 shows the results of the Histamine
group. The baseline and control values were
almost the same as in the Control group.
After the histamine infusion, the mean arte­
rial pressure fell significantly but the cardiac
output was kept unchanged. This reaction
seemed due to the vasodilating effect of
histamine on the systemic circulation. The
cervical lymphatic flow rates increased af­
ter histamine but they were not significant
compared with the control value. The most
remarkable change associated with the his­
tamine infusion, was the decrease in plasma
protein concentration (C p). The falls of Cps
after histamine were significant not only
against the control value but also against the
Cps in the Control group of the same timing.
Because the lymphatic protein concentration
(Cd remained without any marked changes,
the calculated CL/Cp increased significantly
after histamine (fig. 3). The values of CL/Cp
after histamine were about 0.4 and signif-
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Table 2. Histamine group (n ::::: 6)

baseline Control (60 min) 90 min 120 min

CO ml.kg-1.min-1 125 ± 25 134 ± 41 136 ± 47 139 ± 43
HR heats-min -1 192 ± 24 190 ± 25 174 ± 39 178 ± 34
MAP mmHg 142 ± 15.8 140 ± 17.1 78 ± 5.7* 93 ± 17.9*
MPAP mmHg 16.3 ± 3.9 17.5 ± 4.3 15.8 ± 3.8 18.3 ± 4.1
PCWP mmHg 7.2 ± 4.5 6.2 ± 4.2 5.7 ± 3.3 6.0 ± 3.3
LAP mmHg 5.2 ± 1.7 5.0 ± 2.8 4.3 ± 2.9 5.0 ± 2.9
PEXJ mmHg 3.2 ± 1.5* 29.7 ± 0.5 30.5 ± 0.8 29.7 ± 0.7
Hb g-dl"! 14.3 ± 1.9 13.0 ± 1.5 12.3 ± 2.0 12.6 ± 1.5
Infusion ml·kg- 1.min-1 0.17 ± 0* 0.44 ± 0.24 0.32 ± 0.57 0.30 ± 0.37
Paa 2 mmHg (Flo2 =0.5) 241 ± 24 228 ± 35 202 ± 31 208 ± 34

QL mg.kg- 1.15 min- 1 28 ± 17* 299 ± 111 366 ± 130 403 ± 143
• Cp dl-1 5.73 ± 0.68* 4.40 ± 0.24 3.16 ± 3.57*s 2.97 ± 0.37*sg.

CL g·dl- 1 2.81 ± 0.626* 1.05 ± 0.215 1.28 ± 0.188s 1.16 ± 0.330
CL/Cp 0.49 ± 0.072* 0.24 ± 0.043 0.41 ± 0.141*s 0.40 ± 0.125*s

The values are the means ± standard deviation (n ::::: 6).
*: significantly different from the control value, P < 0.05.
s: significantly different from the same value in the Control group, P < 0.05.
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Fig. 3. Changes in lymph flow rate (Qd a.nd
protein concentration ratio between lymph and
plasma (CL/Cp) after venous pressure elevation
and histamine infusion.

Values are means ± SO. n=6 in both groups.
B: baseline. 60 (control): after venous pressure

elevation. •
#: significantly different from the control value

with P smaller than 0.01.

icantly different from the CL/CpS in the
Control group. This finding suggests a de­
crease in reflection coefficient (u) by about
0.2 after the histamine infusion.

In table 3, the results of the Burn group
are presented. In this group, the inhalation
of flame was made just following the deter­
mination of the control values and the obser­
vation was continued for 3 hr after the flame
inhalation. About one hour after the flame
inhalation, a large volume of frothy fluid was
noted in the trachea and the arterial oxy­
gen tension (Pao2) fell gradually. Two hours
after the flame inhalation, Pao, was signif­
icantly lower than the control value. This
pulmonary edema continued until the end of
the experiment. The lung removed at the end
of the experiment was heavy and edematous
and the epithelial surface of the trachea was
burned black down to the bifurcation, but
on the epithelium of the main bronchi no
remarkable changes were noted under direct
vision.

After the burn, the arterial blood pressure
was maintained unchanged but the cardiac
output decreased markedly. In the lymphatic
parameters there were no significant changes
either in the plasma- or in the lymphatic
protein concentrations. Only the lymphatic
flow rate increased significantly 2 hr after
the burn but it decreased thereafter. It seems
likely, if the cardiac output towards the end
of the experiment were kept undecreased, the
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Table 3. Burn group (n = 5)

baseline control 90 min 120 min 180 min 240 min
(60 min)

CO ml.kg-I.min- I 174±41 161 ±43 142±22 155±39 146±43 130±30
HR beats-min -I 183±41 183±40 178±36 170±38 167±43 169±47
MAP mmHg 144±16.3 139±19.8 137±16.1 141±17.3 140±15.2 136±21.6
MPAP mmHg 16.4±5.0 18.0±8.8 17.4±9.1 17.6±8.8 21.2±8.6 19.4±4.0
PCWP mmHg 6.4±2.6 6.0±2.6 6.6±2.1 6.2±1.3 6.6±1.7 7.0±2.6
LAP mmHg 4.8±1.9 4.6±1.3 4.2±1.9 4.2±1.8 4.4±1.1 4.2±1.3
PEX J mmHg 4.4±2.7* 39.6±0.6 30.2±1.3 29.6±1.5 29.0±0.7 29.8±0.8
Hb g.dl- I 14.0±1.l 13.5±1.5 13.5±2.4 13.7±2.0 14.5±3.7 14'.8±2.9
Infusion ml.kg-I.min- I 0.17±0* 0.55±0.19 0.70±0.35 0.76±0.28 0.40±0.12 0.34±0.06*
Pao2 mmHg 239±29 245±43 250±24 220±70 129±52* 82±6*

(F102=0.5)

QL mg.kg-I.15 min-1 37±1O* 328±36 389±104 419±87 437±98* 364±44
Cp dl-1 5.05±0.44 4.39±0.84 3.98±0.61 4.03±0.49 3.88±0.64 3.88±0.47g.
CL dl-1 1.71 ±0.41O* 1.00±0.359 0.93±0.252 0.82±0.343 0.70±0.232 0.66±0.290g.
CL/Cp 0.37±0.135 0.23±0.066 0.23±0.034 0.20±0.063 0.18±0.034 0.17±0.056

The values are the means ± standard deviation (n = 5).
*: significantly different from the control value, P < 0.05.
s: significantly different from the same value in the Control group, P < 0.05.

Fig. 4. Changes in lymph flow rate (Qd and
protein concentration ratio between lymph and
plasma (CL/C p ) after venous pressure elevation
and flame inhalation. Note, no values in the Burn
group are significantly different from the Control
group.

Values are means ± SD. n is 6 in the Control
group and 5 in the Burn group.

B: baseline. 60 (control): after venous pressure
elevation.
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lymphatic flow rate should have increased
much more. Therefore, the fact that the
CL!Cp in this group did not increase after
the burn, should be emphasized (fig. 4). Here
no evident decrease of (T was suggested.

Discussion

When a flame- is inhaled, the penetration
of thermal injury into the lung has been
reported not deep2 1 . Because the flame is
cooled rapidly during the passage through
airway, the injuries stay usually only in tra­
chea. In our study, the visible lesions of the
airway mucosa did not extend beyond the
tracheal bifurcation. However, our intention
for the flame inhalation is not to produce
a thermal injury deeply in the lung, but
to produce a burn lesion in the body area,
from where humoral mediators released from
the burned tissue, if any which can increase
the vascular permeability in the unburned
body area, can be distributed evenly over the
whole body.

According to the Starling equation for­
mulated by Kedem et a1. g, the net fluid
filtration through the microvascular wall can
be written as follows;
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Qf = KS[(Pmv - Ppmv)
- u (lImv - lIpmv)] 1)

Where Qf is the net filtration rate of
fluid, K is the fluid filtration coefficient of
the microvascular wall, S is the microvascular
surface area, o is the reflection coefficient
of the microvascular barrier, Pmv and Ppmv
are the microvascular and interstitial hydro­
static pressures and lImv and lIpmv are the
microvascular and interstitial colloid osmotic
pressures. The parallel equation for solute
filtration is:

Qs = PS(lImv - lIpmv)
+ (1 - u) Cs-Qf 2)

Here, Qs is the net solute filtration rate,
P is the diffusive permeability coefficient
of the solute and Cs is the average solute
concentration across the microvascular wall.
If all the filtrate should be drained without
any concentration or dilution into the lymph,
the lymph flow rate must be equal to Qf and
the solute concentration in lymph must be
Qs/Sf10,1l .

CL = Qs/Qf
= PS(lImv - lIpmv)/Qf

+ (1 - u) Cs 3)
When the vascular permeability increases,

it causes a decrease in o and increases in P
and K and the result is increases in both Qs
and Qf3. Therefore, in order to indicate an
increase in vascular permeability, the changes
in a must be determined. On this account,
we intended a maximal recruitment of the
microvascular bed by elevating venous pres­
sure. This caused an increase in Qf and a
decrease of CL on account of the increase
in Sand Pmv in equation 1. As it is clear
from equation 3, if the increase in Qf is large
enough, CL approximates to (1 - u) Cs. As­
sumed Cs = (CL + Cp)/2, a can be written
as follows 8 ,12 ,13 j

a = (1 - CL/Cp )/(1 + CL/Cp) .... 4)
Therefore, the more the Qf increases and

the more CL/CP decreases, the closer ap­
proximates the a to (1 - CL/Cp )4,8. This is
the reason, why we estimated a in the nor­
mal craniocervical vascular bed at about 0.8
from the plateau value of CL/C P of about
0.2, which was obtained in the Control group
after the jugular venous pressure elevation.

By contrast, the CL/Cp in the Histamine
group increased by about 0.2 after the his­
tamine infusion of 5 meg-kg- 1 -rnin -1 into
the right carotid artery. Histamine is a potent
vasodilator and it is widely believed that his­
tamine increases vascular permeability. How­
ever, the effects of histamine on vascular
permeability are not completely evident. In
a canine model, Drake and his colleagues
gave histamine of 3.6 to 8.3 mcg·kg- 1·min-1

intravenously but failed to prove any evi­
dence of increased vascular permeability in
the lung14

. Rippe et al. reported no increases
in vascular permeability following a bolus
injection of histamine (2 to 4 mg) into the
perfusate of a removed canine lung15 . On
the other hand, O'Neill and his colleagues
have successfully proved an increased vas­
cular permeability following an intra-arterial
infusion of histamine of 16 mcg-kg r l-rnin"!

in the lamb's hind leg 16 • Brigham et al.
also reported an increase of vascular perme­
ability after an infusion of histamine of 4
mcg·kg-1·min-1 4 hr long to the sheep!".
In this study, the CL/CP from the area
with fully recruited vascular bed, showed
a significant increase after the intra-arterial
histamine infusion. From these findings, we
were convinced of the permeability increas­
ing effect of histamine also in the canine
peripheral vascular bed.

In this study, the QL and CL/C p in
the Burn group showed no increases af­
ter the flame inhalation and only the Pao,
decreased significantly. Now it is believed
that the vasodilation and endothelial dam­
ages due to heat cause a marked increase
in vascular permeability, and a large volume
of plasma proteins leaks out into the in­
terstitial space with water18 ,19 . It was also
reported that ~he increase in vascular per­
meability in the thermally injured tissues
reaches its maximum about 2 hr after the
injury and continues 6 to 12 hr 2o• Accord­
ing to Demling and his colleagues, about
3/4 of the edema formed in the thermally
injured tissues, occurs in the first 4 hr and
reaches maximum 18 hr after the injury".
They also reported that lymphatic drainage
from the injured tissues increases soon after
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the burn and becomes maximum at 6 hr and
stays increased for about 60 hr. Concerning
the lymph from the lung with a thermal
injury on the airway, similar results were
reported!", The lymphatic flow rate from the
injured lung continues to increase by about
6 hr after the injury and the CLjCp in it
also increases with a maximum value at 4
hr after the injury. On the other hand, some
studies suggest that edema formation in the
thermally injured tissues is not only a result
from the increased vascular permeability but
from the transition of water into the inter­
stitial space caused by the decreased plasma
oncotic pressure-". Therefore we have no ev­
ident conclusions about the cause of edema
formation following the burn.

The results in our Burn group did not
suggest any increases in vascular perme­
ability in the unburned tissues. If the
changes in vascular permeability following
a burn, especially in the uninjured tissues,
should be referred to some neurall" or hu­
moral factors, for instance, to histamine/",
prostaglandins24 ,25 , or burn toxins, it must
take time before vascular permeability
changes. The time interval of 3 hr, during
which we observed the changes in lymphatic
parameters after the flame inhalation, can
be too short for vascular permeability to in­
crease. Although Demling reported immedi­
ate increases in lymphatic flow rates not only
from the injured but also from the uninjured
tissues after the burn, we could not find
such prompt increase in lymphatic flow rate
from the craniacervical region. This finding
may also suggest that vascular permeability
in the not directly burned tissues does not
really increase following a burn. Anyway, so
far as we could confirm through this study,
vascular permeability in the unburned tissues
did not increase at least in the first 3 hr after
the burn.

(Received Jun. 19, 1990, accepted for publi­

cation Aug. 27, 1990)

References

1. Brouhard BH, Carvajal HE, Linares HE:
Burn edema and protein leakage in the rat.
I. Relationship to time of injury. Microvas

Res 15:221-8, 1978
2. Deniling RH, Smith M, Gunther R,

Wandzilak T, Pederson NC: Use of a
chronic prefemoral lymphatic fistula for
monitoring systemic capillary integrity in
unanesthetized sheep. J Surg Res 31:136­
44, 1981

3. Staub NC: The pathogenesis of pulmonary
edema. Prog Cardiovasc Dis 23:53-80, 1980

4. Drake RT, Glen AL: Pulmonary microvas­
cular permeability to fluid and macro­
molecules. J Appl Physiol 64:487-501, 1988

5. Noble WH, Kay JC: Cardiac catheterization
in dogs. Can Anaesth Soc J 21:616-20,1974

6. Drake RE, Giesler M, Laine G, Gabel J,
Hansen T: Effect of outflow pressure on
lung lymph flow in unanesthetized sheep. J
Appl Physiol 58:70-6, 1985

7. Laine GA, Drake RE, Zavisca FG, Gabel
JC: Effect of lymphatic cannula outflow
height on lung microvascular permeability
estimations. J Appl Physiol 57:1412-6, 1984

8. Taylor AE, Granger DN, Brace RA: Anal­
ysis of lymphatic protein flux data. I.
Estimation of capillary heteroporosity on
estimates of reflection coefficients and PS
products. Microvasc Res 14:215-26, 1977

9. Kedem 0, Katchalsky A: Thermodynamic
analysis of the permeability of biological
membrane to nonelectrolytes. Biochem Bio­
phys Acta 27:229-46, 1958

10. Aukland K, Nicolaysen G: Interstitial fluid
volume; local regulatory mechanism. Phys­
iol Rev 61:556-643, 1981

11. Renkin EM: Transport of large molecules
across capillary walls. Physiologist 7:13-28,
1964

12. Chen HI, Granger HJ, Taylor AE: Interac­
tion of capillary, interstitial, and lymphatic
forces in the canine hind-paw. Circ Res
39:245-54, 1976

13. Granger DN, Taylor AE: Permeability of
intestinal capillaries to endogenous macro­
molecules. Am J Physiol 238:H457-64, 1980

14. Drake RE, Gabel JC: Effect of histamine
and alloxan on canine pulmonary vascular
permeability. Am J Physiol 239: H96-100,
1980

15. Rippe B, Allison RC, Parker JC, Taylor
AE: Effects of histamine, serotonin, and
norepinephrine on circulation of dog lungs.
J Appl Physiol 57:223-32, 1984

16. O'Neil JT, Haddy FJ, Grega GJ: Effect of
norepinephrine on lymph flow and edema



Vol 5, No 1 Vascular permeability under airway burn 87

formation III the canine forelimb. Am J
Physiol 243:H575-83, 1982

17. Brigham KL, Owen PJ: Increased sheep
lung vascular permeability ca.used by his­
tamine. Circ Res 37:647-57, 1975

18. Art urson G: Microvascular permeability to
macromolecules in thermal injury. Acta
Physiol Scand Suppl 463:111-22, 1979

19. Nozaki M, Guest MM, Bond TP, Larson
DL: Permeabili ty of blood vessels after
thermal injury. Burn 6:213-21, 1979

20. Arturson G, Mellander S: Acute changes
in capillary filtration and diffusion in ex­
perimental burn injury. Acta Physiol Scand
62:457-63, 1964

21. Wang C, Li A, Zhu P, Yang Z, Gao J, Zeng
S, Wang D, An N: Dynamic changes of lung
lymph flow and the release of lysosomal

enzyme from the lungs after severe stearn
inhalation injury in goats. Burn 12:415-21,
1986

22. Demling RH, Will JA, Belzer FO: Effect
of major thermal injury on the pulmonary
microcirculation. Surgery 83:746-51, 1978

23. Yurt RW, Pruitt BA Jr: Base line and post
thermal injury plasma histamine in rats. J
Appl Physiol 60: 1782-8, 1986

24. Fang C, Alexander JW, MacMillan BC,
Austin LS: Failure of topical prostaglandin
inhibitors to improve wound healing follow­
ing deep partial thickness burns. J Trauma
23:300-4, 1983

25. Jin L, Lalonde C, Demling RH: Lung dys­
function after thermal injury in relation to
prostanoid and oxygen radical release. J
Appl Physiol 61:103-12, 1986




