western ends than at the eastern. It has
been assumed, as normal, that these
wadis flowed eastward toward the Gulf.
Were the notches, shaped like gigantic
V’s, cut at the western ends of these
canyons the results of normal stream
erosion cutting into a dip slope that
dipped downstream? Or did the streams
originate in Tertiary times as west-flow-
ing rivers, when the Afro-Arabian
shield had not been uplifted?

In conclusion, the desert geomor-
phologist today finds that the desert
is susceptible to systemic land-form
analysis. Every land form in the des-
ert has significance, if we can but
determine what it means. Desert geo-
morphologists of the future, many of
whom may come from the Middle
East, will discover that there are still
geomorphic frontiers in the Arabian
deserts (24).
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Speciﬁc Transport of Oxygen

Through Hemoglobin Solutions

Why is this transport abolished when opposed
by a slight back pressure of oxygen?

E. Hemmingsen and P. F. Scholander

It has recently been shown that under
certain steady-state conditions oxygen
moves ~ several times faster through
hemoglobin solutions than through
water. In these experiments the solu-
tion was held in a Millipore membrane,
above which was air at varying pres-
sures and below which was moist
vacuum, It was found that the nitrogen
flux in all cases was strictly propor-
tional to the diffusion pressure, but
that the oxygen flux was enhanced.
At air pressure of 1 atmosphere the
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numerical relation prevailed in each
case: Total oxygen flux = oxygen dif-
fusion + a constant. Or, to express it
more empirically: Total oxygen flux =
nitrogen diffusion X 0.56 4 a constant,
where 0.56 is the O,/N, ratio in the
hemoglobin-free solution.

This was interpreted to mean that
the oxygen flux proceeds via two sepa-
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rate routes—namely, a simple Fick’s
diffusion through the solution and a
specific transport which is mediated by
the hemoglobin. The latter is constant
over a wide pressure range, increases
with the concentration of the hemo-
globin until the viscosity becomes ex-
cessive, and is abolished when the
pigment is oxidized to methemoglobin.
Suspensions of intact red cells and solu-
tions of myoglobin show a similar
effect (7).

These results were obtained by a
gasometric technique which required
that a near-vacuum be maintained be-
low the membrane; it could not be
used to study gas flow into a system
containing oxygen of various tensions.
In a muscle, zero or near-zero oxygen
tension is relevant enough, but this
would very rarely apply to the blood.
The question therefore presented itself:
What happens to oxygen transport
through hemoglobin when the low pres-
sure is elevated? In order to answer
this question a new approach was
needed, and it was highly desirable,
also, to determine the state of oxygen
saturation in the membrane at various
pressures.

The authors are members of the staff of the
Scripps Institution of Oceanography, University
of California, La Jolla.
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Methods

Determination of gas flux against
back pressure. = A Millipore filter
charged with hemoglobin solution was
used to separate two large volumes
of oxygen or nitrogen gas. When a
pressure difference was applied, gas
permeated the filter and the steady-
state flux was determined.

Two 300-cm® gas chambers were
moistened with a little water and inter-
connected through a capillary measur-
ing device and a diffusion chamber
(Fig. 1). The latter was divided into
an upper and a lower half. The Milli-
pore filter, resting on a rigid stainless
steel screen, was clamped, airtight, be-
tween them. The graduated capillary,
of 1- to 2-millimeter inside diameter,
held a drop of kerosene for measuring
the rate of gas flux. The drop could be
reset at any time for repeated measure-
ments by means of a three-way stop-
cock. Adequate sensitivity was obtained
by keeping the gas volume between the
drop and the membrane small (1 cubic
centimeter). Change in the water con-
tent of the membrane by evaporation
and condensation was the greatest
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Fig. 2. Flux of oxygen and nitrogen
through hemoglobin solution at an oxygen
back pressure of 20 mm-Hg. Oxygen ca-
pacity, 20 to 21 vol percent. The marked
points belong to sequences taken on two
membranes. The other points are mostly
single determinations from various mem-
branes.
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Fig. 3. Flux of oxygen and nitrogen through hemoglobin solution at constant pres-
sure gradients but varying absolute pressures. Oxygen capacity of solutions, 20 to 21

vol percent.
7.3, 8.2, and 8.5, respectively.

source of error and was minimized by
inserting a ring of wet filter paper in
the lower diffusion compartment. The
whole apparatus was immersed in a
thermoregulated water bath.

Hemoglobin solutions were prepared
from heparinized human blood, and
the Millipore filter was charged with
the solution, as previously described
(1). With the membrane clamped,
airtight, in the diffusion chamber, the
system was evacuated and filled with
purified oxygen (or nitrogen), evacu-
ated again, and refilled. The desired
pressure on the high and low sides of
the membrane was obtained by means
of the manometer. With the stopcock
set as in Fig. 1, the rate of gas flux
through the membrane was determined
from the rate of movement of the kero-
sene drop. Final readings were taken
when steady-state flux was reached.
For each membrane the gas flow was
determined at several different pres-
sures, first with oxygen gas, then with
nitrogen gas.

Determination of oxygen saturation
in membrane. A membrane charged
with hemoglobin solution was sus-
pended in a flat plastic chamber which
was kept moist with a strip of wet
filter paper. The air spaces on each
side of the membrane communicated
with each other, and the air was main-
tained at various pressures. The state
of oxygenation at each pressure was
read on a reflectance spectrophotom-
eter.

Two different series of experiments

(Right) Two membranes at pH 7.2; (left) four membranes at pH 7.2,

were performed in order to determine .
the effect of back pressure on the oxy-
gen transport. In the first series the
low pressure stayed constant at 20
mm-Hg, while the high pressure varied
from 30 to 150 mm-Hg (Fig. 2). It
may be seen that the transport of both
nitrogen and oxygen proceeds exclu-
sively by simple diffusion; that is, the
rate is proportional to the gradient, and
the oxygen moves nearly twice as fast
as the nitrogen; there is no enhance-
ment of the oxygen rate.

In the second series the total gas
pressure varied while the pressure dif-
ference was maintained constant, either
at 20 or at 80 mm-Hg (Fig. 3). It
will be seen that the rate of nitrogen
flux closely reflects the fourfold dif-
ference in gradient, and looking at
each run separately, we find that the
rates are constant all the way down to
zero pressure; that is, the nitrogen
moves by simple diffusion. In the case
of oxygen, however, simple diffusion
prevails only down to opposing oxygen
pressure of 10 mm-Hg. Below this,
the flux increases rapidly and reaches
a maximum at zero back pressure; that
is, the specific transport mediated by
the hemoglobin is abolished when it is
opposed by a slight back pressure of
oxygen.

This blocking effect by oxygen is
specific, for neither water-vapor pres-
sure of 20 mm-Hg (moist vacuum)
nor the addition of nitrogen to a pres-
sure of 80 mm-Hg impedes the flux.
The specific oxygen transport appears
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to be insensitive to temperature, for
there was no clear difference in the
oxygen-nitrogen ratio in runs made at
15° and 25°C. Likewise, there was
no pH effect (compare Fig. 3, left),
although such an effect becomes mani-
fest at very low oxygen pressures (/).
The state of saturation of a mem-
brane suspended in air at various pres-
sures may be seen in Fig. 4. Full oxy-
genation occurs down to pressures of
30 to 25 mm-Hg, and one may there-
fore assume that our diffusion mem-
branes were fully saturated, or nearly
so, in the surface layer down to air
pressure of % atmosphere. Similarly,
it can be seen that the blocking pres-
sure of 5 to 10 mm-Hg corresponds to
less than half saturation of the lower
surface. Evidently, therefore, a maxi-
mally accelerated oxygen transport re-
quires full reduction pressure on one
side of the membrane and full satura-
tion pressure (or more) on the other.
When the hemoglobin solution in the
membrane was solidified by gelatine,
the nitrogen diffusion remained un-
changed but the specific oxygen trans-
port was cut in half (7). This suggests
that the oxygen transport is linked with
the kinetic motion of the hemoglobin
molecules. One concept would assume
that a certain exchange of oxygen
takes place from one hemoglobin mole-
cule to the next when these collide.
At the vacuum end of the chain there
is no more than one oxygen molecule
attached to the hemoglobin. When

11 NOVEMBER 1960
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Fig. 4. Saturation of a membrane sus-
pended in air at various pressures, meas-
ured by reflectance spectroscopy. (Left)
Observed curve measured on two different
membranes at 23°C, pH 7.3 and no
carbon dioxide; (right) reference curve
(37°C, pH 7.4, carbon-dioxide pressure,
40 mm-Hg) (3).

this molecule is lost to the vacuum, the
deficit or “hole” is filled in from above;
that is, the disturbance is transmitted
through the entire chain in a rate-
limited “bucket-brigade” fashion (7).

An alternative view would be that
the transport is caused by oxyhemo-
globin diffusing from one surface to
the other. The porosity of the Milli-
pore filter is much too fine for convec-
tion to take place, but hemoglobin

readily diffuses into much finer struc-
tures, such as agar gels. Hence, some
of the oxygenated molecules might
carry oxygen downward and unload it
to the vacuum, but if this is the case,
an equal number of empty molecules
would be moving upward, and one
would expect these to receive oxygen
from the loaded descending molecules.
As in other countercurrent systems,
such a cross exchange would strongly
limit the net transfer. This concept
is in line with the relatively low effi-
ciency of our system. But neither of
the proposed systems explains why a
slight back pressure of oxygen should
completely block further unloading.
What role does this hemoglobin
transport system have in human beings?
Presumably very little, if intact red
cells are as sensitive to back pressure
as is hemoglobin, If, however, the
blocking pressure is related to degree
of saturation rather than to absolute
pressure, the transport might still be
effective under tissue asphyxial condi-
tions wherein the carbon dioxide ten-
sion and the presence of lactic acid
have lessened the oxygen affinity (2).
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