Table 2. Analysis of the segregation of the AChR subunit genes and other known chromosomal markers
in the backcross. Results are shown, in the lower left quadrant of the matrix, as cosegregants per total
number of animals analyzed and, in its upper right quadrant, as percentages of cosegregants.

Locus Glo-I o Actin o AChR MHCy B AChR Idh-1 MLCy yAChR 8 AChR
Glo-1 47 42 50 50 39 44 44 46
a-Cardiac actin ~ 17/36 81 60 60 51 57 52 54
a-Chain AChR  15/36  34/42 50 50 54 52 48 46
MHCx. 18/36  25/42  21/42 100 57 55 60 61
B-Chain AChR  18/36 25/42  21/42  42/42 57 55 60 61
Idn-1 14/36  19/37  20/37  21/37  21/37 95 89 89
MLCL/MLC3: 16/36 24/42  22/42 23/42  23/42 35/37 95 95
y-Chain AChR  16/36 22/42  20/42  25/42  25/42 33/37 40/42 100
8-Chain AChR  16/35 22/41  19/41  25/41  25/41 32/36 39/41 41/41

locus and the +y/3-subunit genes, the three
loci must be arranged in the following or-
der: +y/3-subunit genes—MLCI1z/MLC3g
(genes—Idh-1.

 Our results are thus consistent with a
distribution of the genes coding for the four
AChR subunits on three different chromo-
somes in the mouse. The y- and &-subunit
genes, which are linked on the same chro-
mosome, are also the most homologous
[57% at the amino acid level, compared to
36 to 43% for any other pair of the four
genes in Torpedo marmorata (4)]. Either the
v/3-subunit gene duplication took place lat-
er in evolution compared to the duplication
of the /B subunit, or, as in the case of the
immunoglobulin genes, the close proximity
of the two genes have maintained their high
sequence homology via gene conversion
(14, 15). However, evidence for this last

possibility would require more extensive
nucleotide sequence comparisons, in partic-
ular between allelic forms of the two genes.
The partial dispersion of the four AChR
subunit genes suggests that their expression
is regulated by #rams-activating factors rather
than by a common c¢is regulatory mecha-
nism. However, it is interesting that the
genes for all four subunits of the AChR
cosegregate with genes for contractile pro-
teins that are expressed coordinately with
them at the onset of myotube formation.
Yet, the genetic distances between a-cardiac
actin and AChR a-subunit genes (20 cM)
and between MLC1g/MLC3§k and +v/3-sub-
unit genes (5 cM) correspond to consider-
able lengths of the DNA molecule that are
not likely to form chromatin domains (16)
responsible for the coordinate activation of
these genes during myogenesis.
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Flow Control Among Microvessels Coordinated by

Intercellular Conduction

STEVEN S. SEGAL AND BRrRIAN R. DULING

Optimal distribution of blood flow requires coordination of vasodilation among
resistance vessels. During hyperemia, blood vessels dilate upstream from the initiating
stimulus. Spreading vasodilation independent of flow changes has not been previously
demonstrated. In the present study, iontophoresis of acetylcholine adjacent to single
hamster cheek pouch arterioles in situ (diameter, 20 to 37 micrometers) induced a
rapid bidirectional dilation that was not attenuated when blood flow was eliminated
with vascular occlusion. This finding indicates that a vasodilatory stimulus is conduct-
ed along the arteriole and demonstrates the existence of a mechanism of intercellular
communication that is capable of coordinating diameter changes among resistance

vessels.

ASODILATION MUST BE COORDI-
nated among various segments of
the peripheral vasculature in order
to accurately match blood flow with cellular
metabolic demand. Coordination of vasodi-
lation between feed arteries and microvessels
is required because there is a substantial
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pressure drop across the small arteries (100
to 300 pm in diameter) feeding the micro-
circulation of many tissues (I1). Thus both
feed arteries and arterioles must dilate to
achieve the observed increases in blood flow
(I). An increase in vascular conductance
initiated in arterioles intimately associated

with the parenchymal cells can induce a
complementary dilation of the feed arteries
upstream through a flow-dependent mecha-
nism (2), apparently mediated by an increase
in shear stress acting on the endothelium (3).

Within the arteriolar network (vessel di-
ameters less than 60 wm), resistance is also
partitioned among and between vessel seg-
ments, and a spreading vasodilation has
been observed in these vessels (4, 5). Wheth-
er this spreading dilation is dependent on
flow changes or on some other form of
conducted response is unknown. Since elec-
trotonic conduction occurs in both isolated
endothelial cells and vascular smooth muscle
(6, 7), we examined the possibility that the
coordination of vasodilation within arter-
ioles is due to some form of intercellular
communication. We report that acetylcho-
line (ACh) triggers an arteriolar dilation
that is conducted along the vessel wall and is
independent of blood flow.

Department of Physiology, University of Virginia
School of Medicine, Charlottesville, VA 22908.
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Fig. 1. Summary data (mean + SEM) 12
for acetylcholine-induced propagated
vasodilation in hamster cheek pouch
arterioles (# = 12). Eight hamsters
were studied during these experi-
ments: in four hamsters, two separate
vessels were studied; one vessel was
studied in each of the other four
animals. Diameter responses during
flow and during occlusion were mea-
sured at identical locations with each
vessel studied. The ordindte values
were calculated as the peak internal
diameter observed in response to an
acetylcholine stimulus minus the rest-
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ing intérnal diameter; these values 0
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indicated on the abscissa. Diameter

——- Flow; low O,
o--=-0Qccluded; high Oy

Il L Il | —

400 800
Distance upstream (um)

responses during occlusion were not statistically different from those during flow (P > 0.3; paired ¢
tests). Resting internal diameter for these vessels was 29 + 2 pm (mean + SEM) durirg flow and

during occlusion.

To test the flow dependence of the
spreading dilation in microvessels, we ap-
plied ACh by iontophoresis to sites adjacent
to single arterioles of the hamster check
pouch during control (free flow) conditions
and again after arteriolar occlusions (8).
During free flow, after a 1- to 3-second
delay, an ACh pulse typically induced a
transient local vasodilation that peaked after
7 to 8 seconds and waned by 15 to 20
seconds. The dilation spread rapidly along
the arteriole, declinifig in magnitude with
distance from the origin of the stimulus (9)
(Fig. 1). Iontophoresis of NaCl at the same
location was without effect at either local or
upstream locations. An identical ACh stimu-
lus applied at 215 to 1075 wm away from an
arteriole had no effect on the resting diame-
ter. Thus, simple diffusion of ACh cannot
explain the spread of arteriolar dilation (10).

To determine whether changes in blood
flow mediated the spreading arteriolar dila-
tion, we evaluated the response to ACh at
the same sites before and after arteriolar
occlusion produced by pressing a glass pi-
pette (diameter, 30 to 35 um) across an
arteriole with a micromanipulator. Occlu-
sion usually caused arteriolar dilation, and,
to climinate the possibility of secondary
effects due to the diameter change, we in-
creased the oxygen content of the superfu-
sate to return the diameters of vessels to the
preocclusion values (11). Branching and col-
lateral flow made it difficult to obtain non-
flowing arteriolar segments longer than
1000 to 1200 pm. In the occluded vessels,
dilation spread along the arteriole with a
latency, magnitude, and decay not signifi-
cantly different from those observed during
flow (Fig. 1). The velocity of the response in
the absence of flow suggested that the vaso-
dilatory stimulus was propagated along the
vessel wall.

Because of the increase in vessel volume
during dilation, there was a small influx of
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blood into the occluded segment. To ascer-
tain that this blood movement was not the
proximate stimulus for dilation, we per-
formed four additional experiments using a
double occlusion technique in which a seg-
ment of an arteriole up to 516 pm long was
sealed at both ends with occlusion pipettes
to prevent chariges in segmerit volume dur-
ing applications of ACh (Fig. 2). Acetylcho-
line was applied distal to the occlusion, and
dimensional measurements were made at the
site of the ACh pipette, in the occluded
segment, and 800 to 1200 wm proximal to
the ACh pipette (Fig. 2). As expected, ACh
pulses produced no red cell motion and had
minimal effect on diameter of the vessel
segment located between the occlusion pi-
pettes. In spite of this absence of cell mo-
tion, the magnitude of propagated vasodila-
tion during the double occlusions was not
different from that observed during flow
(12) (Fig. 2). These experiments substanti-
ated our finding that a propagated vasodila-
tory stimulus capable of coordinating vaso-
dilation in contiguous arteriolar segments is
not dependent on the motion of blood for
its action.

Fig. 2. Conducted vasodilation in a
hamster cheek pouch arteriole. The
experimental approach is shown by
the illustration (A), which was
traced from a photograph. Two
occlusion pipettes were placed
across the arteriole to seal a vessel
segment (length, 500 pm); volume
changes and fluid motion in the
sealed segment were thereby ex-
cluded. Acetylcholine (ACh) given
at time indicated by the arrow in-
duced dilation locally (B), and a
propagated dilation at 1 mm up-

We attempted to measure propagation
velocity by a video technique (13) but found
that the delay to the onset of dilation was so
long relative to the propagation delay that
no usefiil data could be obtained. We esti-
mate that the limit of temporal resolution
for propagation velocity by video analysis
was approximately 2 mm/sec (14). Since
there was no measurable difference for the
onset of dilation between locations separat-
ed by more than 1 mm, we conclude that
propagationi velocity was in excess of 2
mm/sec and was masked by the delay in
response of the smooth muscle to the dila-
tory stimulus. Further experiments, perhaps
with the use of intracellular recording tech-
niques, are required to obtain definitive
measures of propagation velocity.

The demonstration of a propagated vaso-
dilation indicates that some form of direct
communication between the cells constitut-
ing the arteriolar wall coordinates the ele-
ments of microvascular resistance. A com-
pelling question is how these cells actually
communicate with one another. One obvi-
ous pathway by which a vasodilatory stimu-
lus may be conducted along the arteriole
involves nerve fibers intrinsic to the vessel
wall (15). The specificity of the response to
ACh (4, 16) suggests that a muscarinic
pathway may underly the propagation of a
vasodilatory stimulus, but it remains to be
defined. In conduit arteries, the vasodilatory
response to ACh is mediated by endothelial
cells (17). However, similar studies have yet
to be successfully completed in arterioles.

The second obvious pathway for conduct-
ing information along the arteriole is via gap
junctions, which provide direct electrical
and metabolic communication between ad-
jacent cells (6, 18). Gap junctions have been
shown by ultrastructural techniques to con-
nect smooth muscle cells, endothelial cells,
and the endothelium with smooth muscle
(19). Thus, the arteriole exemplifies a prepa-
ration in which intercellular relationships
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stream from the ACh pipette (star)
(C). This propagated response in
the absence of blood flow demon-
strates that a dilatory stimulus was
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conducted along the arteriole. Both local and propagated dilations during flow were similar to those

recorded during occlusion.
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can be studied in vivo, but there have been
too few studies of the physiological interac-
tions between endothelial and smooth mus-
cle cells in the intact arteriole to permit
conclusions regarding the role of gap junc-
tions in propagated vasodilation.
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Vertical Nitrate Fluxes in the Oligotrophic Ocean

MarLoN R. LeEwris, W. GLEN HARRISON, NEIL S. OAKEY,

Davip HEBERT, TREVOR PLATT

The vertical flux of nitrate across the thermocline in the upper ocean imposes a
rigorous constraint on the rate of export of organic carbon from the surface layer of the
sea. This export is the primary means by which the oceans can serve as a sink for
atmospheric carbon dioxide. For the oligotrophic open ocean regions, which make up
more than 75% of the world’s ocean, the rate of export is currently uncertain by an
order of magnitude. For most of the year, the vertical flux of nitrate is that due to
vertical turbulent transport of deep water rich in nitrate into the relatively impover-
ished surface layer. Direct measurements of rates of turbulent kinetic energy dissipa-
tion, coupled with highly resolved vertical profiles of nitrate and density in the
oligotrophic eastern Atlantic showed that the rate of transport, averaged over 2 weeks,
was 0.14 (0.002 to 0.89, 95% confidence interval) millimole of nitrate per square
meter per day and was statistically no different from the integrated rate of nitrate
uptake as measured by incorporation of *N-labeled nitrate. The stoichiometrically
equivalent loss of carbon from the upper ocean, which is the relevant quantity for the
carbon dioxide and climate question, is then fixed at 0.90 (0.01 to 5.70) millimole of
carbon per square meter per day. These rates are much lower than recent estimates
based on in situ changes in oxygen over annual scales; they are consistent with a
biologically unproductive oligotrophic ocean.

N CONTEMPORARY, GLOBAL, GEO-

chemical models of the atmosphere-

ocean carbon cycle, the oceans are
viewed as the primary sink for atmospheric
carbon dioxide (1). The responsible mecha-
nism is the photosynthetic incorporation of
dissolved carbon dioxide by marine microal-
gae in the upper ocean, followed by vertical
loss of organic carbon, either through sink-
ing particles or associated with vertical fluid
transport. For the open ocean regions,
which make up more than 75% of the
world’s oceans, both the rate of photosyn-
thetic incorporation (the so-called total pro-
duction) and the rate of export of organic
carbon (“new” production) are currently

uncertain to within an order of magnitude
(2). Given the profound importance of the
oceans in the global carbon cycle, this uncer-
tainty propagates to a much greater uncer-
tainty in prediction of future atmospheric
carbon dioxide concentrations and hence in
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