Transport of Gases through
Hemoglobin Solution

Abstract. A mathematical theory is de-
veloped to explain the observed enhance-
ment of oxygen transport through solutions
by hemoglobin. At high partial pressures
of oxygen, ordinary diffusion through the
solvent accounts for all transport of oxy-
gen, but at low partial pressures the trans-
port may be increased many fold by the
presence of hemoglobin. This phenomenon

is explained and the possible role of this

phenomenon in living organisms is dis-
cussed. The theory also indicates a new
method of determining dissociation curves
from diffusion experiments.

Two recent articles (I, 2) have de-
scribed several interesting and perhaps
important features of gas transport
through hemoglobin solutions. Scho-
lander (I) and later Hemmingsen and
Scholander (2) reported observation of
an enhanced diffusion of oxygen
through solutions containing hemo-
globin. Briefly these experiments are
reviewed as follows.

A Millipore membrane saturated
with a hemoglobin solution separated
two gas chambers. In the first instance
(1) one chamber was maintained at
near vacuum while oxygen at a fixed
pressure filled the other chamber. In
the second case (2) oxygen at different
pressures was maintained in the two
chambers. Similar experiments were
performed with nitrogen in place of
oxygen. In both cases the flux of gas
through the solution-filled membrane
was measured.

The results of these measurements
revealed that while the nitrogen flux
was always simply proportional to the
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difference in partial pressures of nitro-
gen in the two chambers, as required
by Fick’s law of diffusion, such was not
the case for oxygen. It was found that
the rate of transport of oxygen was
proportional to the difference of the
partial pressures of oxygen in the two
chambers only when the partial pressure
in both chambers was appreciable.
When the partial pressure of oxygen in
the low-pressure chamber was very
small, the rate of transport was several-
fold greater for the same difference in
oxygen partial pressure.

In particular, the first reported results
(1) in which the low-pressure chamber
was maintained at near vacuum showed
that the O, transport could be repre-
sented by the equation:

Total O flux = N: flux X (0.56) + ¢

where 0.56 is the O,/N, flux ratio in
hemoglobin-free solution for the same
difference in pressure, and c¢ is a con-
stant. The second report of results (2)
revealed that this augmentation of trans-
port was not constant, but was reduced
by a back pressure of oxygen. Further-
more, the augmentation was shown to
be proportional to the hemoglobin con-
centration of the solution, except at
very high concentration.

Scholander (1) pointed out that the
additional transport mediated by the
hemoglobin could be due to the random
Brownian motion of the hemoglobin
molecules. Thus, a hemoglobin mole-
cule could move from a region of high
oxygen concentration to a region of
low oxygen concentration. In doing so
it would give up some of its associated
oxygen which would be taken up by
hemoglobin molecules in the region of
low concentration. This, of course,
would be accompanied by hemoglobin
molecules moving in the opposite direc-
tion. In this manner a “bucket-brigade”
would mediate oxygen transport. That
thermal or Brownian motion plays an
important role in the transport of oxy-
gen was demonstrated by the fact that
oxygen transport was greatly reduced
when the solution was solidified with
agar gel. Indeed, the theory which has
been developed reveals that this is the

mechanism of hemoglobin transport of
oxygen, as well as of other gases which
are associated with hemoglobin.

The theory which has been developed
to describe these diffusion phenomenon
is presented in detail elsewhere (3).
It is shown that, for equal differences
of partial pressure across a Millipore
filter filled with hemoglobin solution,

the flux of oxygen i\IOZ and the flux

of nitrogen 1’:IN2 are related by:
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where Do2 is the diffusion coefficient
of O, in solvent; DN2 is the diffusion
coefficient of N, in solvent; ko2 is
Henry’s law coefficient for O, ky,

is Henry’s law coefficient for N,; 4
is the area of membrane; ¢ is the
porosity of membrane; L is the thick-
ness of membrane; n is moles of O,
per mole of hemoglobin at 100 percent
saturation; X is moles of hemoglobin
per volume of solution; Dy, is the dif-
fusion coefficient for hemoglobin in
solvent; S’ is the fractional saturation
of hemoglobin; and pg, (L) is the par-
tial pressure of O, on the low-pressure
side. (Here po, on the high-pressure
side is assumed to be large enough to
consider 8 = 1 on this side.) This
equation, which is derived from the
theory of Brownian motion, shows that
the flux of oxygen is a function of oxy-
gen back pressure, pg, (L). In par-
ticular the oxyhemoglobin dissociation
curve, 8’ as a function of po,, enters
explicitly.

In every respect this theory agrees
with the reported experimental observa-
tions. Thus the augmentation of O,
transport is proportional to the hemo-
globin concentration, X, up to concen-
trations great enough to modify the
value of Dy,. Effects of pH, tempera-
ture, CO,, and so forth are also implied
through the dependence of Dy, and the
dissociation curve on such factors. The
reported effect of gelation of the solu-
tion is also indicated.

Thus, according to the theory of
Brownian motion, one has for diffusion
of hemoglobin molecules:

RT
Dy ~ 6a qrAo

2)

where R is the gas constant; T is the
absolute temperature; 5 is the viscosity
of solvent; r is the effective molecular
radius of hemoglobin; and 4, is- Avo-
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gadro’s number. Hence Dy, and the
augmentation of O, transport, decreases
with increasing solvent viscosity.

An interesting possibility arising from
the theory described here is in the deter-
mination of the oxygen-hemoglobin
dissociation curve from diffusion experi-
ments. Thus, from Eq. 1

’ ~ (Iiloﬁ) max — I:Io2 (Pp,)
Swo) = S
(Noz) max — (NO;) min

where the difference in PO, is always
constant, but Pp, on the high-pressure
side is always great enough for §' = 1
to be assumed, and Po, in the equation
is on the low-pressure side. Such
experiments could be performed with
a fixed CO, partial pressure on both
sides of the membrane. This shows that

measurements of N , and pg, on the
low-pressure side, can be used to deter-
mine the dissociation curve.

While the theory described has ac-
counted for all features of enhanced
transport of gases O,, CO,, or CO
which associate with hemoglobin, it in
itself does not indicate the role of this
mechanism within living organisms.
Since the dissociation curves for O,
and CO, are similar in form, it is
evident that the mechanism is the same
for both of these gases within the living
organism. In particular transport of
gases within the red blood cell should
be described by this theory.

A result of the theory described here
is that the effective diffusion coefficient
for O, in a hemoglobin solution is:

D = Dy + nXD _ds'_
0, Yo, T nabm aCq,

where Cg, is O, concentration in the
solvent. It is evident that in regions
of low concentration of the gas in ques-
tion the transport of the gas is much
greater for a given gradient of concen-
tration than in a region of high con-
centration. This follows since dS’/dCq,
decreases rapidly with increasing Cgq,
Thus an important role of this mecha-
nism in living organisms could be to
maintain O, and CO, transport even
with lowered gradients of gas concen-
tration. Thus oxygenation of hemo-
globin in red blood cells should be
more rapid at low oxygen partial pres-
sures in blood plasma. It could also
mediate an equitable distribution of
gases to tissues, that is, as the concen-
tration of O, falls in a given region
of tissue the transport of O, to that
region is spontaneously increased by
this mechanism.
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In conclusion it should be noted that
the theory described here must be modi-
fied to include the reaction rate of gas
with hemoglobin if the gas concentra-
tion in the solution changes rapidly
with time.

R. E. CoLLINS
Department of Physics, University
of Houston, Houston, Texas
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Pollination of Saguaro
Cactus by Doves, Nectar-Feeding
Bats, and Honey Bees

Abstract. In a large cage, free-flying
western white-winged doves, nectar-feeding
Leptonycteris bats, and honey bees were
each effective as cross-pollinators of self-
sterile saguaro flowers. Seed production
and seed viability were not significantly
different in fruit from flowers pollinated
by these agents. Pollination is not a limit-
ing factor in saguaro repopulation.

Since the turn of the century the
saguaro, or giant cactus [Carnegiea
gigantea (Engelm.) Britt. & Rose], has
failed to repopulate itself in certain
areas within the range of its habitat in
Arizona (7). This report concerns the
effect of pollination and of certain pol-
linating agents on the production of via-
ble seed needed for plant establishment.

The saguaro flower begins to open
shortly after nightfall and is usually in
full bloom by midnight, when both
pollen and nectar are available. The
flower usually closes by late afternoon
of the same day. Previous work (2)
showed that the flower may be polli-
nated both at night and in the daytime
and that it is self-sterile and is not wind-

pollinated. These findings led to the
question: What agents are responsible
for pollen transfer?

Preliminary observations indicated
that severed saguaro branches (arms),
2 to 5 feet long, would bud, flower, and
set fruit satisfactorily. In our experi-
ment 45 arms, removed mainly from
windfall plants just before flowering,
were placed upright in a 12-mesh
plastic-screen cage, 12 by 24 by 9 feet
high, located in a cactus forest (3).

The prevalence of the day-flying
western white-winged doves [Zenaida
asiatica mearnsi (Ridgway)] during the
period of saguaro flowering, and the
presence of pollen on their heads, led us
to include them as test agents. Six birds
of unknown sex were released into the
cage (3). They soon accepted confine-
ment and were not injured the few times
they collided with the plastic screen.
These doves fed at will on the nectar in
the flowers and on available rolled oats
and water.

Saguaro pollen has been found in the
stomach and fecal material of nectar-
feeding bats (Leptonycteris nivalis
Saussure) (4). This finding, and our
observations that pollination may occur
at night, suggested that we try these
bats: Nine females, three of which were
gravid and four with living young, were
collected in nearby Colossal -Cave (3).
They were kept'in a-12 by .24 by 24 in.
screen-bottomed box. Screen was also
provided in the ceiling of the container
for them to cling to. Because of their
sensitivity to excessive temperatures, the
bats were kept in an air-conditioned
building during the daytime. At night-
fall the box with bats was suspended in
the cage and gently opened. However,
the bats did not break their cluster for
an hour or more; they always returned
to the box voluntarily before dawn.

Flowering stalks of the century plant
(Agave schottii Engelm.) were placed
in the cage as an attractant for the bats
in the early evening before the saguaro

Table 1. Saguaro fruit set, seed production, and seed viability as related to mode of pollination,

Tucson, Arizona, 1960.

Flowers exposed Seeds*
Mode of N
pollination Dates No Set Per fruitt S;rig::;

(inclusive) o (%) (No.) (%)

Doves 9-18 May 338 44.7§ 2634 83.5

Bats 24-26 May 86 61.6§ 1887 80.2
Honey bees 27 Apr.-

8 May 193 51.8§ 1751 90.4

Natural, field-pollinated 8-16 May 132 53.8 2721 83.4
Hand cross-pollinated 26 Apr.—

) 23 May 79 70.9§ 2439 91.9
Self-pollinated 26 Apr.—

20 June 124 0 — —

* Data not significantly different at 5-percent level.
100-seed replicates from each of ten fruits.
7 days.

T Based on counts of seed in ten fruits.
§ Includes all fruits harvested plus injured buds that dropped after

1 Based on three
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