3. C. Sachs and G. Jonsson, Brain Res. 99, 277
(1975).

4. The “‘pruning effect’’ concept implies a growth
response of a collateralized neuron where a
permanent lesion of one axonal branch leadsto a
compensatory outgrowth of nerve terminals in
intact branches resulting in a hyperinnervation
[see G. E. Schneider and S. R. Jhaveri, in
Plasticity and Recovery of Function in the Cen-
tral Nervous System, D. G. Stein, J. J. Rosen,
N. Butters, Eds. (Academic Press, New York,
1974)].

5. A. Ljungdahl, T. Hokfelt, G. Nilsson, Neurosci-
ence 3, 861 (1978).

6. P. G. Guyenet and G. K. Aghajanian, Brain Res.
136, 178 (1977).

7. Endogenous NE was assayed by liquid chroma-
tography with electrochemical detection accord-
ing to R. Keller, A. Oke, I. Mefford, and R. N.
Adams [Life Sci. 19, 995 (1976)]. The data are
presented as nanograms per gram of the wet
weight of the tissue,

8. Standardized slices were obtained by punching
out disks (1.5 mm in diameter) from 0.5-mm
thick slices prepared from the frontal cortex and
the cerebellum. The slices were incubated in
vitro in Krebs-Ringer buffer (pH 7.4) containing
0.05 wM *H-labeled NE (specific activity, 12.4
Ci/mmole) for 10 minutes at 37°C. The radioac-
tivity taken up and retained in the slices was
determined according to P. Lidbrink and G.

Jonsson, J. Neurochem. 22, 617 (1974). The
labeled NE uptake values were expressed as
nanocuries per slice and were corrected for
extraneuronal uptake.

9. I. Lorén, A. Bjorklund, B. Falck, O. Lindvall,
Histochemistry 49, 177 (1976).

10. H. Thoenen and J. P, Tranzer, Naunyn Schmie-
debergs Arch. Pharmakol. Exp. Pathol. 261, 271
(1968); G. Jonsson and C. Sachs, Eur. J. Phar-
macol. 9, 141 (1970); G. Jonsson, in preparation.

11. G. Jonsson, Annu. Rev. Neurosci. 3, 169 (1980);
T. Hokfelt, G. Jonsson, C. Sachs, Z. Zellforsch.
Mikrosk. Anat. 131, 529 (1972).

12. S. Narumi and T. Fujita, Neuropharmacoloiy
17, 73 (1978); T. Hokfelt, O. Johansson, A.
Ljungdahl, J. M. Lundberg, M. Schultzberg,
Nature (London) 284, 515 (1980).

13. See R. P. Veraa and B. Grafstein, Exp. Neurol.
71, 6 (1981).

14. T. H. Svensson and G. Engberg, Acta Physiol.
Scand. Suppl. 479, 31 (1980).

15. W. S. Young, S. J. Bird, M. J. Kuhar, Brain
Res. 129, 366 (1970).

16. G. Jonsson and H. Hallman, Acta Physiol.
Scand. Suppl. 479, 25 (1980); in preparation.

17. This research has been supported by grants from
the Swedish Medical Research Council (04X-
02295), Expressens Prenatalforskningsnimnd,
and Bergvall’s and Jeansson’s Foundations.

28 April 1981; revised 3 August 1981

Pulmonary Blood Plasma Filtration in Reptiles:

A ‘““Wet”’ Vertebrate Lung?

Abstract. The net loss of plasma from blood into tissues within the ventilated
reptile lung is 10 to 20 times greater than that in mammalian lungs. When blood flow
is reduced during breathholding by reptiles, the plasma loss stops, and a net re-
absorption of fluid from the tissues occurs. Fluid movement dynamics and the
relative “‘dryness’’ of the lung of reptiles and mammals thus differ in several
important respects and reflect the more variable cardiovascular performance of

reptiles.

Fluids continually move in both direc-
tions through the walls of blood capillar-
ies. The net hydrostatic pressure (blood
pressure) forcing plasma from capillaries
is nearly completely opposed by the net
colloid osmotic pressure drawing tissue
fluid back in, so that net blood plasma
loss is very low. In mammalian lungs,
only 1 to 4 percent of the blood fluids is
lost to the surrounding tissues (/), this
fluid being effectively drained away by
lymphatic vessels. The alveoli (gas sacs)
within mammalian lungs thus remain
comparatively dry, greatly facilitating
diffusion of O, and CO,.

Our current concept of lung fluid bal-
ance is based almost entirely on the
“dry’” mammalian lung, which is con-
stantly perfused at a mean arterial blood
pressure of 10 to 15 mmHg (2). In rep-
tiles, however, mean pulmonary arterial
pressures may be up to five times higher
than those in mammals (3, 4), because the
typical reptilian heart, with its single
ventricular pump, produces very similar
pulmonary and systemic pressures (4).
In view of the elevated pulmonary arteri-
al pressure in reptiles, it is paradoxical
that the colloid osmotic pressure of rep-
tilian plasma is lower than that of mam-
mals (5), and would seem to be far too
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low to keep the lung dry by effectively
counterbalancing plasma filtration from
pulmonary capillaries.

The lungs of reptiles thus appear to be
perfused under physiological conditions
that are incompatible with our current
mammalian-based concepts of tissue flu-
id regulation. This study, in which mea-
surements were made of the net fluid
movements between the vascular and
nonvascular spaces of the lung of an
ectothermic vertebrate, raises the ques-
tion of whether a dry lung is a trait of all
air-breathing vertebrates.

The turtle Chrysemys (Pseudemys)
scripta was chosen because of its high
pulmonary arterial blood pressure (4)
and the ease of access to its lungs and
blood vessels. Extracellular fluid in the
lung was assumed to be in one of two
compartments-—vascular (within blood
vessels) or nonvascular (extracellular tis-
sue spaces, alveoli, and lymphatic ves-
sels). Instantaneous net flow of fluid
between these two lung compartments
was measured with an electromagnetic
flow probe and a modification of an
indicator dilution method for measuring
capillary permeability (6). Instead of us-
ing an artificial indicator, I based calcu-
lations on red blood cell (RBC) concen-

trations in simultaneously drawn sam-
ples of pulmonary arterial and pulmo-
nary venous blood (7). For each of eight
turtles, four to six paired blood samples
(100 ul) for RBC counts were taken
within a 24-hour period, during which
pulmonary arterial blood pressure and
left pulmonary artery flow were moni-
tored continuously (8). Values, reported
as means = standard deviation (N = 40),
for heart rate (24 = 6 beats per minute),

‘blood pressure (17 = 6 mmHg) (9), and
- minute blood flow to the left lung

(7.38 = 4.82 ml/kg) were in excellent
agreement with reported values (3, 4), as
were cardiovascular events that oc-
curred during intermittent lung ventila-
tion (Fig. 1).

The concentration of RBC’s in pulmo-
nary venous blood was often 10 to 40
percent higher than that in pulmonary
arterial blood, a disparity many times
greater than is found in rabbit lung ves-
sels (10). However, variation was com-
mon between pairs of samples, even
when taken only 2 minutes apart. These
paired RBC counts, as well as lung blood
flow at the time of sampling, were used
to calculate the net flow and direction of
plasma movement in the lung. There was
a significant correlation (r = .78;
P < .001) between the rate of plasma
filtration and pulmonary blood flow (Fig.
2). At blood flows of 12 to 14 ml/kg-min
evident during lung ventilation, 20 to 30
percent of the fluid entering the lung
remained behind in the nonvascular lung
tissues. However, when blood flow fell
to only 2 to 4 ml/kg-min during breath-
holding, plasma filtration stopped or
even reversed, causing reabsorption of
fluid from pulmonary nonvascular
spaces. There was no significant relation
between lung filtration or reabsorption
and mean pulmonary arterial pressure,
which fluctuated: during intermittent
breathing (Fig. 1).

The most striking difference between
pulmonary filtration dynamics in mam-
mals and reptiles is the apparent ‘‘leaki-
ness’’ of the turtle pulmonary capillaries.
When lung blood flow is high during
ventilation, the volume of plasma filtrate
is approximately 10 to 20 times greater
than that in mammalian lungs (/). A
contributory factor may be the high pul-
monary arterial blood pressure of Chry-
semys, which exceeded mammalian pul-
monary arterial pressures by 20 to 40
percent. Capillary blood pressure (which
remains to be measured) will be lower,
but some proportion of the elevated arte-
rial pressure of Chrysemys is almost cer-
tainly transmitted to the lung capillaries.
Since blood colloid osmotic pressure of
turtles is lower than that in mammals (5),
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an imbalance in hydrostatic and colloid colloid forces interact to exude plasma

osmotic pressures may largely account from the capillaries.

for the considerable plasma loss from Fluid reabsorption during breathhold-
lung capillaries. Reptilian capillaries are  ing cannot be explained simply by a
relatively permeable to proteins (I7), and  reduced perfusion of lung capillaries. Re-
this would also contribute to lung plasma  duction of pulmonary flow by arterial
filtration by allowing blood proteins to  vasoconstriction (4) may cause a fall in
enter the nonvascular compartment and  lung capillary pressure sufficient to re-
elevate its colloid osmotic pressure. verse the net pressures driving plasma
A correlation between lung blood flow  from the blood, thus leading to fluid
and transcapillary fluid movement in the reabsorption. A similar fluid reabsorp-
vertebrate lung has not previously been  tion and resultant blood dilution occur
described. Three- to 20-fold increases in  during interruptions of blood flow in
pulmonary blood flow during breathing mammalian skeletal muscle (/3).
are common in reptiles (Fig. 1) and must Even though lung ventilation and per-
require a substantial recruitment of un- fusion are intermittent in Chrysemys, a
perfused capillaries, as can occur in the  very large net plasma filtration prevails.
fish gill or mammalian lung (/2). During  As to how ‘‘wet’’ the turtle lung actually
breathing in Chrysemys, there must be a  is will depend in part on the unknown
great increase in total capillary wall sur-  effectiveness of lymphatic vessels in re-
face area across which hydrostatic and moving filtrate from the lungs. However,
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Fig. 1. (A) Pulmonary
arterial blood pres-
sure and flow to the
left lung of a 1023-g
turtle (Chrysemys
scripta) during normal
intermittent  breath-
ing. Mean pulmonary
pressure is indicated
on blood pressure
trace by the white
line. Lung ventilation
is indicated by black
bars. (B) Plasma fil-
tration and reabsorp-
tion for the period de-
picted in (A). Calcula-
tions were based on
data for blood flow
and the equation re-
lating pulmonary
blood flow and trans-
capillary fluid move-
ment given in Fig. 2.

Fig. 2. Relation be-
tween the net trans-
capillary movement
of fluid (filtration or
reabsorption) and
blood flow to the left
lung of Chrysemys
scripta.

the widespread concept of the lung as a
dry organ may not apply to vertebrates
with low colloid osmotic pressures, high
pulmonary arterial pressures, and vari-

" able blood flow.

WARREN W. BURGGREN
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