of these results revealed that the nega-
tive association between flatworms and
mosquitoes could not be explained by
chance alone [x*2) = 13.3, P < .05].
The seven rice fields that lacked flat-
worms but still yielded few (less than six)
mosquitoes either had been stocked with
the mosquito fish Gambusia affinis or
were cool-water fields with a summer
midday temperature usually below 21°C
).

Our data show that rice fields with
large numbers of flatworms produce few
mosquitoes, even if the fields contain
warm water and are not stocked with
Gambusia, and that in the laboratory the
flatworms are directly responsible for the
death of larvae of C. tarsalis. Exclusion
of the flatworms by the floating field
cages causes a fourfold increase in larval
survival but survival under these condi-
tions is still lower than that in other fields
that lack flatworms altogether. Perhaps
in fields infested with flatworms the toxin
is able to diffuse into the floating cages in
sufficient quantities to adversely affect
the mosquito larvae. An alternative ex-
planation is that some other micro-
organism in flatworm-infested fields may
also be detrimental to mosquitoes but
may lack virulence under our laboratory
conditions (3).

Also puzzling is the question of why
some rice fields support flatworms and
others do not. Most of the fields in this
study that had inordinate numbers of
mosquitces and lacked flatworms were
fields that had just been turned over to
rice production. Typically, farmers in
the Sacramento Valley will rotate rice to
safflower or some other crop every 3 to 5
years. Perhaps flatworms have difficulty
dispersing to new rice fields but once es-
tablished they are able to overwinter and
control mosquitoes for the successive
years the field is in rice. Further study
should reveal the validity of this hypoth-
esis.

TED J. CASE

Department of Biology,
University of California, San Diego,
La Jolla 92093
ROBERT K. WASHINO

Department of Entomology,
University of California, Davis,
Davis 95616
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Vascular Smooth Muscle: Aerobic Glycolysis

Linked to Sodium and Potassium Transport Processes

Abstract. Under aerobic conditions, glucose is primarily catabolized by vascular
smooth muscle to lactate, in spite of an adequate oxidative capacity. Although this is
often considered to be indicative of some nonspecific metabolic insufficiency; there is
evidence that aerobic glycolysis is specifically coupled to sodium and potassium
transport processes, whereas oxidative metabolism is coupled to contractile energy

requirements.

Under fully oxygenated conditions,
lactic acid is a major end product of vas-
cular smooth muscle (VSM) metabolism.
Such aerobic glycolysis has long been an
enigma since it is normally associated
with relatively few cell types, such as tu-
mor or retinal cells, which generally are
poorly oxygenated in comparison with
VSM (/). Although it is sometimes con-

sidered to be an artifact of tissue prepa-
ration (2), substantial aerobic glycolysis
is a consistent finding in reports of vas-
cular metabolism and indeed of smooth
muscle in general (3). The mismatch of
glycolytic and oxidative metabolism in
VSM (50 to 90 percent of the glucose en-
tering the cell is lost as lactate) has been
the source of considerable speculation.

Table 1. Steady-state values of metabolic and contractile parameters in porcine coronary arter-
ies. Measurements were made during the second 1/2 hour of the experimental period. Metabolic
functions are expressed as a fraction of the values obtained in the absence of stimulation:
Jo, = 0.095 = 0.006 pmole/min-g (N = 29); Jize = 0.150 = 0.006 umole/min-g (N = 77). Ac-
tive isometric force (AP,) is expressed as a fraction of that induced by 80 mM KCl. Contraction
induced by the pharmacological agonist histamine is included for comparison. Number of tissue
measurements is included in parentheses after each value.

Condition Jiac Jo, AP,
KCl* 1.67 + 0.08 (28) 1.68 = 0.07 (23) 1
K* substituted for Na* 0.28 = 0.05 (8) 1.93 (N 1.88 = 0.14 (3)
K+ substituted for Na* 0.34 = 0.03 (8) 1.57 2) 1.60 = 0.19 (3)
+ 50 mM sucrose
K,SO, substituted 0.60 = 0.05(12) 1.66 = 0.12  (7) 1.50 = 0.10 (4)
for NaCl
Quabain (107°M) 0.53 = 0.05(12) 1.21 = 0.035(11) 0.62 = 0.14 (10)
K*-free PSS 0.54 = 0.04(10) .99 = 0.09  (9) 0.22 £ 0.07 (7)
K* restored 1.18 £ 0.17 (6) 1.04 = 0.09 (7) -0.02 = 0.07 (6)
Histamine (107*M) 1.85 = 0.12 (8) 1.84 £ 0.12 (7) 1.51 = 0.31 (5)

*Added to cause an 80 mM increase in bath concentration.
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It has been suggested that aerobic glycol-
ysis is beneficial as well as destructive to
vascular tissue (¢). In fact, many investi-
gators have attempted to use the ratio of
glycolytic to oxidative metabolism as an
index of vascular myopathy related to
aging, atherosclerosis, or hypertension
©).

Our evidence suggests that aerobic
glycolysis in VSM does not reflect meta-
bolic failure, but is specifically coupled
to processes related to Na-K transport.
In earlier studies (6), both oxygen con-
sumption and lactate production were
found to be linearly related to isometric
force, such that the ratio of lactate pro-
duction to oxygen consumption re-
mained constant under a wide variety of
conditions, including stimulation by epi-
nephrine, norepinephrine, and hista-
mine. However, in a more recent study
(7) it was reported that an isometric con-
traction achieved by substituting K+ for
Na* in the physiological saline solution
(PSS) increased the rate of oxygen con-
sumption (J,,) while inhibiting the rate of
lactate production (/o). This finding
suggested that aerobic glycolysis is po-
tentially coupled to specific processes
rather than to the overall cellular energy
demands.

In this study, porcine right coronary
and left anterior descending arteries
were obtained from a slaughterhouse and
used within 1 hour of the death of the an-
imal (6). The J,, was measured polaro-
graphically in a chamber that allowed for
simultaneous' measurement of isometric
force. Lactate production was estimated
at intervals from the lactate content of
the bathing solution in the chamber. As
measurements of oxygen are made con-
tinuously, they are inherently more pre-
cise than the lactate measurements. To
improve the precision of lactate produc-
tion measurements, separate measure-
ments on additional segments of vessel
used in the polarographic chamber were
made. These segments were inverted,
cannulated on rods, and incubated in test
tubes in such a way that they were iso-
metric, with their luminal side toward
the bathing medium. The PSS contained
(in millimoles per liter): NaCl, 130; NaH-
CO,;, 14.9; KCl, 4.7, KH,PO,, 1.18;
MgSO,, 1.17; CaCl,, 1.6; and glucose,
5.5. Solutions were bubbled with gas mix-
tures containing 5 percent CO,, resulting
in a pH between 7.3 and 7.4 at 37°C.
Consumption of O, was measured be-
tween 0.15 and 0.40 atm of O,, always
greater than the critical partial pressure
for diffusion, which was 0.078 = 0.013
atm of O, [mean =+ standard error (S.E.);
N = 9]. Separate measurements of lac-
tate were made at 0.95 atm of O, to en-
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Table 2. Metabolic and contractile parameters
measured after KCl-induced isometric force
stabilized (see Fig. 1). Data give ratio of KCl
to ouabain + KCI.

Lactate Oxygen Iso-
Item produc- consump- metric
tion tion force
X 2.54 0.88 0.93
S.E. 0.29 0.05 0.04
N 12 8 8

sure that the rod-mounted tissue was not
diffusion-limited (8). The results for the
right coronary and left anterior descend-
ing arteries were indistinguishable.

Stimulation of the coronary vessels
with a saline solution in which K* was
substituted for Na* (K* PSS) resulted in
an increase in J, and a considerable re-
duction in Ji,. (Table 1). This agreed with
the finding of Gliick and Paul (7) for por-
cine carotid artery; however, when con-
traction was elicited with added KCI (to
increase bath concentrations by 80 mM)
both Jo, and Ji,. were increased. This
aerobic glycolysis is unlikely to be an ar-
tifact of a population of smooth muscle
cells that have lost their capacity for
oxidative phosphorylation, since Jj,c
could be inhibited as well as stimulated
under conditions when both isometric
force and Jo, were increased. These re-
sults suggest that aerobic glycolysis may
be coupled to Na-K transport. In the
case of stimulation by K* PSS, Na-K
transport would be inhibited by the ab-
sence of external sodium, whereas the
addition of KCl would stimulate Na-K
transport (9).

An alternative explanation of these re-
sults is related to the transport of glucose.
At the physiological concentration (5.5
mM) of glucose used in this study, glu-
cose transport, glycogen content, and
lactate production are all at or near the

f
80 mM KCI PSS
=30 min>

t
80 mM KCI
10~5M Ouabain

Fig. 1. Isometric myograms of porcine right
coronary artery. (a) Trace showing a con-
traction-relaxation cycle induced by addition
of KCl to cause an 80 mM increase in bath
concentration. (b) Trace showing the effects
of ouabain (10~M) and of KCl added ‘in the
presence of ouabain. Metabolic and con-
tractile parameters from his type of experi-
ment are summarized in Table 2.

maximum levels that are found at satu-
rating glucose concentrations in vascular
tissue (I0). Lactate elimination, how-
ever, can be significantly reduced at
lower glucose concentrations, suggesting
that glucose transport may play a role. In
skeletal muscle, glucose utilization ap-
pears to be limited by membrane trans-
port, which is rather sensitive to changes
in cell volume (/7). In K* PSS, VSM
cells are known to swell (/2); the inhibi-
tion of Ji,. might be the result of de-
creased glucose transport. This hypothe-
sis was tested in two ways. The J;,. mea-
sured in hypotonic PSS (65 mM NaCl)
was not statistically different from the
control value (fractional change, —0.1
+ 0.08; four measurements). Further-
more, when NaCl was replaced by
equimolar KCI (with 50 mM sucrose add-
ed) or by K,SO,, conditions that are re-
ported (I2) to be isotonic for VSM, the
inhibition of J,,. was similar to that found
in the hypotonic PSS in which K* was
substituted for Na* (Table 1). Therefore,
volume changes and their potential ef-
fects on glucose transport appear to be of
little significance compared to the effects
of the presence or absence of external
sodium.

To clarify the relation between lactate
production and Na-K transport, the me-
tabolism of VSM was studied under oth-
er conditions known to inhibit this ion
pump. Ouabain (Fig. 1 and Table 2) was
found to elicit a contraction that was
slow to develop, compared to the de-
polarizing conditions given above. Lac-
tate production was again reduced while
Jo, slowly increased. In the absence of
K* ions, the coronary vessels again
showed a slow development of tension,
which was relaxed upon returning the K+
concentration to normal. This behavior
has been interpreted in terms of the inhi-
bition and restarting of Na-K transport
(9). The Jy,. is inhibited by the absence of
K* ions; it is initially stimulated by read-
mission of K* ions but after approxi-
mately 1/2 hour returns to the baseline
value. The Jo, in both these cases shows
arelatively small increase that is tempo-
rally similar to the slow rise in isometric
force.

Although these experiments demon-
strate that aerobic glycolysis is coupled
to Na-K transport, the extent of oxida-
tive metabolism related to such transport
is not clear. Although oxygen consump-
tion was found to increase under condi-
tions in which Na-K transport is inhib-
ited, the increase in O, consumption due
to the increased contractility also seen
under those conditions could mask a de-
crease associated with inhibition of ion
pumping. The following experimental
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evidence suggests that oxidative metabo-
lism is only marginally involved, if at all,
with Na-K transport.

Addition of KCl to the PSS stimulated
Na-K transport and development of iso-
metric force; both O, consumption and
lactate production were substantially in-
creased (Table 1). The steady-state iso-
metric force developed under stimula-
tion by KCl, however, was found to be
relatively unaffected by ouabain. There-
fore one can investigate the effects of
ouabain on stimulated Na-K transport at
nearly constant levels of contractility.
As Fig. 1 shows, steady-state J,,, under
stimulation by KCl in the presence of
ouabam was virtually identical to the J,,
under such stimulation in the absence of
ouabain. On the other hand, lactate pro-
duction, even in the presence of KClI,
was again found to be greatly inhibited
by ouabain. Thus, whereas stimulation
and inhibition of Na-K transport is ac-
companied by parallel changes in aerobic
glycolysis in VSM, oxygen consumption
bears little relation to Na-K transport
even though it is strongly associated with
increases in isometric force.

Since aerobic glycolysis was estimated
from measurements of lactate in the
bathing medium, these experiments can-
not distinguish between a direct coupling
of glycolysis to the energetics of Na-K
transport or to an effect on lactate per-
meability. The latter mechanism is un-
likely, however, since the reported val-
ues of vascular lactate content, and
changes in content with stimulation (I3),
are small compared to the rates of lactate
efflux. Preliminary experiments measur-
ing the lactate content of porcine coro-
nary vessels indicate that, under condi-
tions in which KCl has been added or po-
tassium has been substituted for sodium,
the change in lactate content from basal
levels can be appreciable; however, the
changes parallel those measured in the
bathing medium. Thus the effects report-
ed here for aerobic glycolysis would be
minimal estimates, suggesting that gly-
colysis and Na-K transport are very
tightly coupled.

Complete understanding of the nature
of the coupling between Na-K transport
and glycolysis may come with further ex-
perimentation. However, the coupling of
glycolysis to Na-K transport via mem-
brane-bound glycolytlc enzymes, as pos-
tulated for erythrocytes (/4), would ap-
pear to be a plausible model. A distribu-
tion of mitochondria suitable to the
energy demands of membrane transport
processes may not be possible in the
smooth muscle cell, given that con-
tractile force is transmitted by attach-
ments of the myofilaments to dense bod-
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ies on the plasma membrane. Thus aero-
bic glycolysis in VSM, which derives
most of its adenosine triphosphate from
oxidative phosphorylation, may have
evolved to favor the mechanical efficien-
cy of the cell.

Although the exact nature of the cou-
pling of aerobic glycolysis to Na-K trans-
port-related processes is unknown, our
results suggest that the reported increase
in lactate production associated with
vascular myopathy (5) may more reflect
changes in Na-K transport processes
than a nonspecific degradation of metab-
olism.

RICHARD J. PAUL
MaRry BAUER
WiLLIAM PEASE
Department of Physiology, College of
Medicine, University of Cincinnati,
Cincinnati, Ohio 45267
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A Direct Role of Dopamine in the Rat

Subthalamic Nucleus and an Adjacent Intrapeduncular Area

Abstract. The subthalamic nucleus, a clinically important component of the extra-
pyramidal motor system, and a lateral area extending into the peduncle contain cate-
cholamine terminals and dopamine receptors coupled to adenylate cyclase. In addi-
tion, dopamine agonists administered in vivo enhance glucose utilization in the re-
gion. Thus, neuronal function in this region is directly affected by dopamine and

dopaminergic drugs.

The subthalamic nucleus (STN), a rel-
atively small nucleus of the extra-
pyramidal motor system, is known for its
vulnerability to stroke damage in hu-
mans and the resultant involuntary limb-
flinging movements called hemiballismus
(I). Previous neuroanatomical studies in
animals have suggested that cate-
cholamines do not play a direct role in
the function of the STN (2). In a study of
rats injected with [**C]deoxyglucose as a
metabolic tracer, however, we found
that a'dopamine (DA) agonist, apomor-
phine, markedly increased glucose utili-
zation in the STN (3), suggesting either a
direct action of apomorphine on DA re-
ceptors in the STN or an indirect action
via the striatum, where a high density of
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DA receptors exists (¢). We present ana-
tomical and biochemical evidence here
that the STN of rats is a DA receptor
area with DA afferents, and that in addi-
tion, and unexpectedly, there is a region
of neuropil within the cerebral peduncle,
just lateral to the STN, which is also a
DA receptor area.

Anatomical studies of the STN region
were carried out with eight male
Sprague-Dawley rats (200 to 300 g).
Three rats were perfused with a gluta-
raldehyde solution for light and electron
microscopy (5), and five rats were per-
fused with glyoxylic acid for -cate-
cholamine fluorescence histochemistry
(6). Examination of the STN region by
light and electron microscopy revealed
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