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Direct Measurement of Pulmonary Capillary Transit Times

Abstract. Direct measurements of capillary transit times in dog lungs were made
by using in vivo television microscopy. Mean transit times were unexpectedly long.
As pulmonary artery pressures were raised, transit times decreased, suggesting that
the normally existing hydrostatic pressure gradient in the lung causes a vertical
distribution of transit times. The more rapid transit times approached the minimum

time required for complete oxygenation.

The time that blood spends in the
pulmonary capillaries is a major determi-
nant of the effectiveness of the gas ex-
change in the lung. Complete oxygen-
ation occurs in a remarkably short time.
Red cells spend about 0.75 second in the
pulmonary capillaries in resting subjects
and only 0.3 second during exercise (/,
2). These values, however, are based on
indirect measures of mean capillary tran-
sit times for the lung as a whole. They
provide no information about the range
of transit times in individual capillary
beds, in different hydrostatic zones of
the lung, or during altered hemodynamic
states. The most rapid transit times are
especially important, for if some red
cells pass through the gas-exchange ves-
sels too quickly, arterial hypoxemia can
result. Very rapid red cell transit may be
involved in the exercise-induced arterial
hypoxemia found in patients with re-
stricted pulmonary vascular beds, in nor-
mal individuals (3, 4), and even some
world-class runners (5). To confirm the
indirect estimates of mean pulmonary
capillary transit times and to determine
the range of transit times, we made di-
rect measurements of the passage of
blood across single pulmonary capillary
networks by using television microscopy
in vivo.

Eight pentobarbital-anesthetized dogs
(mean weight, 24 kg) were prepared for
measurement of systemic and pulmonary
arterial pressures, blood gases, and car-
diac output (6). These measurements
were in the normal range. A transparent
window was then implanted in the ninth
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left intercostal space to permit alveolar
capillaries on the surface of the left lower
lobe to be studied (7, 8). The animals
were placed in the right lateral decubitus
position so that the microscope looked
down through the window at the upper-
most surface of the lung. To determine
capillary transit time a fluorescent dye,
fluorescein isothiocyanate in dextran (9),

Venule

LN

Arteriole

el I
3

Time of injection

was injected through a catheter placed in
the left lower lobe artery under fluoro-
scopic guidance (10). Passage of the dye
through the microcirculation was ob-
served with a Leitz Ultropak microscope
coupled to a COHU 4400 television cam-
era and was recorded on videotape with
a Panasonic PV-1210 video (VHS) re-
corder. To measure capillary transit
time, it was necessary to determine
when an average molecule in the dye
bolus entered and exited a single capil-
lary bed. As the videotape was replayed,
the dye passage through the arteriole
(diameter, < 20 pm) and a small venule
(< 15 pm) serving a common capillary
network was electronically sampled. The
signals were passed through a sample-
and-hold circuit at 60 Hz and then re-
corded oscillographically to produce dye
dilution curves (Fig. 1). A signal indicat-
ing the time of dye injection was placed
on the audio channel of the videotape
and later transcribed with the dye dilu-
tion curves. The time at which the aver-
age molecule passed the sample window
was determined by calculating the first
moment (time-weighted mean) of each
curve. Mean capillary transit time was
obtained by subtracting the first mo-
ments of the arteriolar and venular
curves with reference to the common
injection time signal.

The average of the mean capillary
transit times for eight dogs under control
conditions was 12.7 * 3.2 seconds
(mean = standard error) at an average
pulmonary artery pressure of 7.7 = 1.0
torr (//). This transit time was unexpect-
edly long—more than an order of magni-
tude longer than the 0.75 second for
whole lung capillary transit found by
indirect techniques. In fact, the mean
capillary transit time we measured is
even longer than the mean transit time
across the whole lung; mean transit time
from the main pulmonary artery to the
left atrium was shown by Maseri et al.
(12) to be 6.4 seconds and by Knopp and
Bassingthwaighte (/3) to be 6.8 seconds.

The differences between our measure-
ments and those made with other tech-
niques may be explained by the observa-
tion that plasma travels across the lung
more slowly than red cells (/4). Fluores-
cein isothiocyanate in dextran labels

Fig. 1. Photometric records of passage of
fluorescein isothiocyanate through a venule
and an arteriole. Time lines represent individ-
ual seconds. The venular curves were consis-
tently wider than the arteriolar curves, indi-
cating that some of the dye was delayed in its
passage through the capillary bed—that is,
that there was a distribution of transit times in
the capillary bed.
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plasma. Through the whole lung, howev-
er, plasma travels only 10 percent slower
than red cells (/5), an insufficient differ-
ence to account for our long transit
times.

Another explanation for our long tran-
sit times is that blood flow through sub-
pleural capillaries may not be repre-
sentative of flow through internal capil-
lary networks. This possibility cannot be
examined directly because of the inac-
cessibility of internal capillary networks.
However, an extensive theoretical anal-
ysis by Overholser et al. (I16) suggests
that, although morphological differences
exist between subpleural and internal
capillary beds, they do not cause impor-
tant hemodynamic differences between
the two regions. Thus it is probable that
our measurements for subpleural vessels
reflect transit times in the internal capil-
laries in the same hydrostatic zone.

The most likely explanation for our
long transit times is low driving pres-
sures at the location of the window over
the upper lung, where blood flow is low
(17). If this explanation is correct, then
greater driving pressure should reduce
transit times. We tested this idea by
increasing pulmonary artery pressure
with isocapnic hypoxia. As pulmonary
artery pressure rose, mean transit time
decreased (Fig. 2A). At pressures above
10 torr, mean transit times averaged 4.0
seconds. Because there is a vertical dis-
tribution of arterial pressures in the lung
(17), our data suggest that there is also a
vertical distribution of transit times in
the lung, with the shortest times in the
lower lung, where blood flow is high.

To determine by another method
whether there is a large vertical distribu-
tion of flow velocities, we measured the
clearance rate of angiographic material
injected into large arteries (diameter, >3
mm) at two hydrostatic levels in the
lung. In four pentobarbital-anesthetized
dogs we passed an arterial catheter into
the periphery of the left lower lobe,
injected contrast material (Hypaque;
Winthrop), videotaped the fluoroscopic
arteriogram, and measured the time re-
quired for clearance of the dye signal
from the arteries using our television
photometer system. By keeping the cath-
eter in the same artery and rotating the
dog from the left to the right lateral
decubitus position, we could compare
washout times of arteriograms in the
lower and upper position. Washout time
was three times longer in the upper posi-
tion. Thus, with an independent method,
we found a large difference in blood flow
velocity between two different hydro-
static levels in the lung. These data sup-
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port our idea of a vertical distribution of
transit times.

We estimated the shortest transit
times to determine whether they ap-
proach the minimum time required for
complete red cell oxygenation. The most
rapid transits were estimated by sub-
tracting the beginning of the arteriolar
curve from the beginning of the venular
curve. Even under the relatively sluggish
flow conditions of the upper lung, the
shortest time (0.3 second) approached
what is considered to be the lower limit
(0.25 second) (/8) for adequate exposure
to alveolar gas. If this is the case in the
upper lung, it seems possible that many
red cells in the lower lung, even under
resting conditions, traverse the capillar-
ies too rapidly for complete oxygenation.
However, oxygenation is complete dur-
ing rest. It may be that the red cells that
are still desaturated after leaving the
capillaries continue taking up oxygen in
the venules. There is evidence that red
cell oxygenation begins in arterioles (/9);
oxygen uptake could continue in venules
as well.
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Fig.2. (A) Mean capillary transit times and (B)
fastest transit times. Transit times decreased
when pulmonary artery pressures were in-
creased by isocapnic airway hypoxia. The
average mean capillary transit time for eight
dogs under normoxic conditions was
12.7 = 3.2 seconds at an average pulmonary
artery pressure of 7.7 = 1.0 torr (11).

Both the mean and minimum transit
times (Fig. 2) were correlated with pul-
monary artery pressure (P < .001,
Spearman’s nonparametric ranking test).
This relation was predicted by Fung and
Sobin in an important theoretical paper
(20). As expected, very long transit times
occurred at low pulmonary artery pres-
sures. As pressure increased, transit
times decreased sharply until a pressure
of 10 torr was reached. Pressures in
excess of 10 torr were accompanied by
much smaller decreases in transit times,
suggesting an asymptotic approach to
the x-axis. These data suggest that
some mechanism in the pulmonary mi-
crocirculation, such as capillary recruit-
ment (21), limits red cell velocity and
thereby helps ensure complete red cell
oxygenation.

Mean transit time was also correlated
with cardiac output, so it is not possible
to state categorically whether flow or
pressure per se controlled transit time in
this study. During hypoxia, however,
cardiac output increased only 10 per-
cent, whereas pulmonary artery pressure
more than doubled and mean capillary
transit time decreased by a factor of 4.
From the magnitude of these changes it
seems likely that pressure is more impor-
tant than flow in affecting transit time in
the upper lung.
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Herpes Simplex Virus Type-1 Glycoprotein D Gene:

Nucleotide Sequence and Expression in Escherichia coli

Abstract, The protein coding reglon of the herpes simplex virus type-I glycoprotein

D (gD) gene was mapped, and the nucleotide sequence was determined. The pre-
dicted amino acid sequence of the gD polypeptide was found to contain a number of
features in common with other virus glycoproteins. Insertion of this protein coding
region into a bacterial expressor plasmid enabled synthesis in Escherichia coli of an
immunoreactive gD-related polypeptide. Thepozentialﬂqfth,is, system for preparation

of a type-common herpes simplex virus vaccine is discussed.

The closely related herpes simplex

type-1 and type-2 viruses (HSV-1 and
HSV-2) are the causative agents of vari-

ous primary and recurrent human dis-
eases ranging in severity from minor skin

infections_through often fatil complica-
tions (in exposed newborns) and viral
encephalitis (7). In addition, there may
be as many as 9 million cases of recur-
rent genital infections caused primarily

by type-2 each year in the United States " s. Map units
alone (2). . 08 ' 09 10

The infectious HSV particles consist A u s
of a linear double-stranded DNA genome — y, IR, Rs o w S n TR

. . . x E (R -] L S ] x

of 150 kilobase pairs (kbp) in length g 2 $2 %% g
contained within an icosahedral nucleo- " g “f’{ W\T i T T
capsid that is in turn_surrounded by ~ ~"7TT " — B .
a membrane envelope (3). Embedded e ~o
Within the'viri,orj,enyelope, which is de- e - . Kilobases D S
rived from the cellular lipid bilayer dur- o L0 20 29
ing maturation of the virus, are five 5 g0  mRNA_ . )
major HSV-specified glycoproteins, des- P R — | — '] ' " 3 o
ignated gA, gB, gC, gD, and gE ). o '; 2o P - oo =
These virus glycoproteins, with the ex- a3 £ & < z &z 3
ception of gA and gB, are antigenically . Fig. 1. (A) Restriction tap of the U, and TR, and IR,
distinct and are required for penetration . (short términal repeat and short internal repeat) re-
of the virus into the cell, Virus-indueed gions of HSV-1 DNA for the enzymes Eco RI, Hind
cell fusion, and probably other aspects of 111, and Sac I. (B) Restriction map of the 2.9-kbp Sac I
virus replication (5). Antiserums toeach DNA fragment (28) Containing the gD coding. se-
of these glycoproteins can neutralize in- . & qiences (denoted by a thick line). The location and

fectivity of the homologous HSV type in
an in vitro assay (4, 6). Whereas antise-
rums to gC and gE are specific for the
HSV type to which they were directed
(6, 7), antiserum prepared to HSV-1 gD
polypeptide - is type-common, Thus,
polyvalent gD antiserum (8) and certain
gD monoclonal antibodies (9, 10) recog-
nize antigenic determinants_(epitopes)

and neutralize mfectlvnty of both HSV-1_

and HSV:2.
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" The type-common specificity of gD
antiserum was demonstrated in vivo by
passively immunizing mice with a mono-
clonal antibody directed against HSV-1
gD (/1). Such mice were protected
against acute neurological disease in-
duced by either HSV-1 or HSV-2. This_
observation further demonstrated the.

potential for inducing immunit;} to infec-
tions of both HSV types with the use of a
subunit vaccine consisting of a purified
HSV-1 gD polypeptide. To this end, we
have characterized the genome location
and sequence of the HSV-1 DNA encod-
ing gD. Here, we describe the nucleotide
sequence of an HSV-1 DNA fragment
containing the entire gD polypeptide
codmg region. Fusion of this coding re-
gion with the lac promoter ¢nabled syn-
thesis of an immunoredctive gD-related
polypeptide in Escherichia coli.

The HSV gD gene was mapped by

intertyplc recombinant analyses (12) be-
~tween 0.9 to 0.945 genome map units

{Fig. 1A) in the single-copy short (U,)
region of the virus DNA [for a detailed
review of the HSV DNA structure, see
(13)]. We have mapped the gD gene more
precisely by two techniques: (i) by se-
lecting messenger RNA (mRNA) species

by hybridization ta specific HSV-1 DNA

fragments and _translation _of _these
mRNA’s in vitro and (ii) by expressing
cloned HSV-1 DNA fragment by injec-
tion into the nuclei of frog oocytes (/4).
We concluded that gD was encoded by a
3.0-kilobase (kb) mRNA, mapping pre-
dominantly in a 2:9-kbp Sac T DNA frag-
ment subsequently cloned in plasmid

,pSC30-4‘ (Fig. 1B). A recent report by

2.4-kbp

Socl

orientation of transcription of the 3.0-kb gD mRNA is
indicated by an arrow. (C) Diagram showing the
construction of the gD expressor plasmid pEH25. A

Pvu II plus Sa¢ T DNA fragment contammg

_the 342 COOH-terminal codons. of gD was isolated by
electrophoresis on. a low-melting point agarpse gel
(29), and ligated into the Sma I and Sac I sites of the

expressor vector pJS413 (30). This placed the gD
coding region in the correct readmg frame downstream from a_modified N cro_sequence (26)
containing the Shine and Dalgarno sequence (SD), the initiation sequence (ATG), and a further

- 23 codons. HSV-1 DNA sequences are represented by a smooth circular liné and those derived

from pJS413 by a wavy line. These coding sequences (indicated by an open circular box) are

- transcribed in the direction indicated by the arrow under the control of the E. coli. lac promoter

(lac p-0). This plasmid, pEH25, was used to transform E. coli strain NF1829 (37).
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