
were not angiogenic at  100 times this 
concentration. 

These observations suggest that the 
degradation of hyaluronic acid in devel- 
oping or remodeling tissues may not only 
remove the antiangiogenic activity of the 
native hyaluronate but also produce frag- 
ments that are angiogenic. The mode of 
action of the hyaluronate degradation 
products has yet to be determined. How- 
ever, hyaluronic acid is known to bind to 
and modulate the interaction of fibronec- 
tin with collagen (12), aggregate proteo- 
glycans (13), and self-associate to a con- 
siderable degree (14). Hyaluronate oligo- 
saccharides (similar in size to the angio- 
genic fragments) inhibit many of these 
interactions (11, 12, 14). Recently sever- 
al proteins were isolated from the extra- 
cellular matrix and found to be able to 
bind to hyaluronate; they appear to be 
involved in structuring the extracellular 
matrix. It is reasonable to assume that 
hyaluronate fragments would also inter- 
fere with their function. Thus the stimu- 
lation of angiogenesis may be due to a 
"loosening" or  disorganizing effect on 
the extracellular matrix and a weakening 
of cell-cell and cell-matrix interactions. 

Electron microscopy has shown signif- 
icantly more small vessels in ischemic 
areas of infarcted myocardium from ani- 
mals treated with high doses of hyaluron- 
idase than in such tissue from untreated 
animals (15). Furthermore, hyaluronate 
has been implicated in the invasive 
growth of tumors, which have been 
shown to produce hyaluronidase (16). In 
several disease conditions (rheumatoid 
arthritis, osteoarthritis, and diabetic reti- 
nopathy), vascularization occurs close to 
a hyaluronate-rich fluid. In rheumatoid 
arthritis a decrease in the molecular 
weight of joint fluid hyaluronate may be 
due in part to the action of hyaluronidase 
or oxygen radicals (17). 

Although numerous angiogenic factors 
have been detected (18), none has been 
adequately characterized. We have now 
identified a new angiogenic factor and 
determined its size distribution. The 
ubiquitous presence of hyaluronate in 
tissues suggests that the native and de- 
graded forms are important in the control 
of normal and pathological neovasculari- 
zation. An understanding of the mode of 
action of these angiogenic fragments 
may enable us to modulate the angio- 
genic process. 
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Dragonfly Flight: Novel Uses of Unsteady Separated Flows 

Abstract. Studies of insectflight have revealed novel mechanisms ofproduction of 
aerody namic lift. In the present study, large lift forces were measured during flight 
episodes elicited from dragonflies tethered to a force balance. Simultaneously, 
stroboscopic photographs provided stop-action views of wing motion and the flow- 
jield structure surrounding the insect. Wing kinematics were correlated with both 
instantaneous lift generation and vortex-dominatedjow $fields. The large lift forces 
appear to be produced by unsteady flow-wing interactions. This successful utilization 
of unsteady separatedflows by insects may signal the existence of a whole new class 
offluid dynamic uses that remain to be explored. 

Many insect species exhibit flight be- 
haviors not readily explained by conven- 
tional steady-state aerodynamics (1, 2). 
Using high-speed photographic records 
of hovering chalcid wasps, Weis-Fogh 
(2) observed a wing upstroke completed 
by a dorsal clap and a downstroke initiat- 
ed by a flinging apart of the wing leading 
edges. These so-called "clap" and 
"fling" movements were purported to 
induce both temporally and spatially de- 
pendent circulations about the wings that 
accotlnted for large unsteady lift forces. 
The estimated lift values were consistent 
with the observed hovering behavior. 
Analytic evaluations (3) corroborated 
the postulated underlying unsteady fluid 
mechanics. Using physical models to 
simulate the Weis-Fogh mechanism, 
Maxworthy (4) visualized these unsteady 
separated flows and suggested that they 
play a larger role in the production of lift 
than had been predicted. Theoretical (5 )  
and experimental (6) analyses have fur- 
ther characterized the influences of un- 
steady separated flow on the Weis-Fogh 
mechanism of lift production. These 
studies indicated that novel unsteady flu- 
id mechanisms can be used by certain 
insects. Moreover, these unsteady sepa- 

rated flow mechanisms, based on the 
same wing geometry and kinematics, ap- 
pear to generate more lift than do steady- 
state mechanisms. 

In this study we correlated dragonfly 
wing kinematics with lift history and the 
structure of the surrounding flow field. 
This insect exhibits a proficient flight 
capability with relatively simple, fixed- 
geometry wings. Its major flight modes 
include stationary hovering or  slow hov- 
ering in any direction, high-speed up- 
ward and forward flight, and gliding 
flight. Earlier studies (2, 7) indicated 
that, for dragonfly hovering, calculations 
based on steady-state aerodynamic the- 
ory do not produce the lift values neces- 
sary to counterbalance the weight of the 
insect (8). In fact, the large geometric 
attack angles of the wings characteristic 
of dragonfly hovering may result in a 
total separation of the boundary layer 
that precludes the use of steady-state 
mechanics. 

In evaluating the mechanisms of drag- 
onfly flight, physical characteristics 
were measured, wing kinematics were 
documented photographically, lift pro- 
duction was correlated with wing mo- 
tions, and flow was visualized to reveal 
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strokes. During upstrokes wing attack 
angles decreased from the root to the 

associated perturbations in the flow 
field. The results indicated that the drag- 
onfly generates and controls unsteady 
separated airflows to produce lift. The 
manner in which the dragonfly does so, 
however, differs from that reported for 
the chalcid wasp. 

Twenty-one dragonflies (Libellula luc- 
tuosa) netted in habitats near the Univer- 
sity of Colorado, Boulder (-1600 m 
above sea level), were used for this 
study. Within 1 hour of capture, each 
dragonfly was temporarily immobilized 
with chloroform (or cooled to approxi- 
mately 10°C) to simplify measuring and 
tethering. The average total area of the 
two wing pairs on each insect was 16 + 1 
cm2 (mean 2 standard deviation) and 
the average body mass was 340 + 36 mg, 
so that the typical wing loading was 
2.1 + 0.2 N m-2. The ratios of the 
square of the wingspan to the wing area 
(aspect ratios) were between 8 and 9 for 
the front wings and between 6 and 7 for 
the rear wings. Such aspect ratios are 
typical of enhanced lift-to-drag ratios 
(due to reduced wing-tip effects) used in 
gliding flight. Ratios of wing thickness to 
chord thickness ranged from 0.01 to ap- 
proximately 0.05, indicating that the 
dragonfly wing can be approximated by a 
Blasius flat-plate model. 

Dragonflies were tethered with cyano- 
acrylate adhesive at the ventral aspect of 
the synthorax to a one-dimensional force 
balance so that vertical lifting forces 
could be measured during flight epi- 
sodes. Thirty minutes after tethering, 
insects were placed in a zero-flow envi- 
ronment, and flight episodes lasting 2 to 
3 seconds were elicited two to three 
times per minute over a total test time of 
10 to 15 minutes. Throughout tests there 
was no change in lift force or wing 
dynamics of the insects. The output of 
the force balance was continuously mon- 
itored by oscilloscope, and stroboscopic 
photographs were taken simultaneously 
with a 0.4-msec flash (2900 beam candle 
power seconds) positioned 28 cm above 
the insect. A light-sensitive diode was 
used to indicate the instantaneous lift 
force corresponding to the visualized 
wing configuration (Fig. 1). 

Resulting views of wing motions were 
similar to those observed for tethered (9) 
and free hovering (7, 10) dragonflies. 
Correlated patterns of lift generation 
were repeated approximately every 36 
msec, so that wing-stroke and peak lift- 
force frequencies averaged 28 Hz. The 
basic motion of the wing tips was down 
and forward during downstrokes and up 
and rearward during upstrokes (Fig. 2, A 
and B). Viewed from the side, the upper 

Fig. 1 .  A typical photograph used to correlate 
configurations of the dragonfly wings (left) 
with instantaneous lift generation (right). A 
spike in the lower oscilloscope trace generat- 
ed by a light-sensitive diode marks the instan- 
taneous force-balance output in the upper 
trace. Approximately three full cycles of the 
wings (hind pair marked in black near the tips) 
are represented by the three lifting cycles 
displayed on the upper oscilloscope trace. 
The horizontal oscilloscope sweep moves 
from right to left (total duration, 120 msec) in 
these mirror images. 

half of the stroke plane of each wing pair 
was inclined 30" behind the vertical and 
the bottom half was 40" forward of the 
vertical. Geometric attack angles (acute 
angles measured from the stroke plane to 
the wing-surface plane) were estimated 
to be as large as 50" to 60" during down- 
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Fig. 2. A summary of an average dragonfly 
stroke cycle normalized to a 36-msec stroke 
period. Wing angles are summarized for ob- 
servations from the front (A) and top (B) of 
the tethered dragonfly. Measurements of the 
corresponding lift (C) were estimated by sub- 
tracting the resonance values contributed by 
the mounting device (-55 Hz) from the total 
measurements of the force balance (1 
gf = 9.81 x 10-3 N). 

wing tip because of spanwise twisting 
but still averaged a relatively large 20" to 
30". Rapid changes in attack angles were 
observed at the bottom of each down- 
stroke, when the wing leading edges 
pitched up (supinated), and at the top of 
each upstroke, when the leading edges 
pitched down (pronated). The hind wings 
normally led the front pair through a 
stroke, with a phase-angle difference 
varying between 50" to 100" (Fig. 2, A 
and B). Average velocities of the wing- 
tips (-300 cm sec-') were larger during 
upstrokes (-350 cm sec-') than during 
downstrokes (-250 cm sec-'). These 
values were obtained from stroboscopic 
visualizations that showed high reliabil- 
ity across tested specimens, with minor 
variances observed only in stroke rate 
and amplitude. 

Force-balance measures revealed un- 
steady lift patterns, with smooth peaks 
of 5 to 7 gram-forces (go (4.9 x lo-* to 
6.9 x N) during a typical test (Fig. 
2C) (11). Thus, for an instant during each 
stroke cycle, a dragonfly weighing 0.34 
gf produces lift forces 15 to 20 times its 
body weight. The average sustained lift 
was less than this but still amounted to 
more than twice body weight. 

Correlations of lift history with wing 
kinematics (Fig. 2) showed that positive 
lift begins as the rear wings pronate and 
then accelerate into a downstroke. Lift 
increases steadily through the first half 
of the downstroke and reaches a maxi- 
mum as the wings pass through the hori- 
zontal body plane. This lift maximum 
occurs 8 to 10 msec after a pronated rear 
wing slips past a supinated front wing. 
Lift drops toward zero during the second 
half of the rear-wing downstroke and 
becomes negative through the following 
upstroke. The first half of the front-wing 
downstroke coincides with a positive but 
decreasing lift, while the second half 
coincides with negative lift. 

Flow visualization techniques were 
used to reveal the pattern of airflows 
interacting with the dragonfly during 
elicited flight episodes. A vaporized ker- 
osene smoke was delivered (velocity, 
-20 cm sec-') through Tygon tubing (1 
cm in diameter) to a region directly in 
front of the insect. During flow visualiza- 
tion tests, limited to 5 minutes or less, 
behavior vatterns did not differ from 
those observed in the absence of smoke. 
Flow visualizations, recorded photo- 
graphically, revealed a prominent wake 
flow field behind the dragonfly. This 
wake described a symmetric wedge 
shape about the horizontal (apex angle 



Fig. 3. (A) Stroboscopic photograph showing a typical wake flow field behind a tethered 
dragonfly. The insect is facing right with both wing pairs in the lower stroke plane. The 
mounting strut (thickness, -12 percent wingspan) is positioned below and parallel to the 
dragonfly body to minimize interference with the induced flow field. Both a laminar vortex- 
dominated flow above the horizontal plane of the insect and a turbulent region below are 
apparent. The upper flow of this complex wake may arise from residual structures such as those 
in (B). (B) A multiple (four to five) exposure photograph of the phase-locked wing motion and 
associated flow field around the forewing (the other three wings have been surgically removed) 
of an automaton model (13) of the dragonfly (facing right). Wing motion is driven by electrical 
stimulation of flight-sensitive neuromuscular systems. When shed from the wing surface during 
a wing downstroke, vortex structures such as those shown gradually dissipate with convection 
away from the insect. 

varying between 20" and 180") which CL values are incompatible with steady- 
ranged from 5 to 15 cm in length. Al- state aerodynamics at the associated 
though generally turbulent in appearance Reynolds numbers of 1000 to 2000 (8). 
below the horizontal, above the horizon- These data are suggestive of one or more 
tal the wake region often displayed a unsteady fluid mechanisms that act in 
clearly defined character in which local- 
ized vortex stacking was evident (Fig. 
3A). Previous model studies (12) sug- 
gest, and our follow-up studies (13) cor- 
roborate, that vortices and unsteady 
flow interactions are produced by drag- 
onfly wing motions (Fig. 3B). 

Nonsteady wing motions, such as rap- 
id changes in wing attack angles and 
velocities, although necessary to support 
unsteady fluid mechanisms, are not suffi- 
cient to indicate a significant dependence 
on unsteady separated flows to generate 
lift. For example, during normal hover- 
ing as exhibited by many insects, the 
wings move in a horizontal figure-eight 
stroke plane at relatively small attack 
angles. For these insects, steady-state 
aerodynamic calculations yield lift val- 
ues large enough to support the insect 
during hovering (2). However, in the 
dragonfly the stroke plane is nearly verti- 
cal, the wing pairs beat independently at 
large geometric attack angles, and the 
surrounding flow field is dominated by 
unsteady structures. Perhaps more im- 
portant is that the tethered dragonfly 
produces a nonsteady lift history with 
large transient lift peaks 15 to 20 times its 
body weight. Even when time-averaged 
across a full stroke, our force balance 
data indicate that a tethered dragonfly 
generates a sustained lift two to three 
times its body weight, possibly indicat- 
ing coefficients of wing lift, CL, larger 
than the values of 2.3(2) and 6.1(7) pre- 
dicted for sustained hovering. Such high 

the production of lift for the dragonfly 
(14). 

Unlike the chalcid wasp, dragonflies 
do not exhibit "clap" and "fling" wing 
movements. The front and rear wings are 
not latched together. Dragonflies operate 
their front and rear wing pairs indepen- 
dently, maintaining a specific phase rela- 
tion between the wings. Visualization of 
the associated flow revealed an unsteady 
field different from that predicted and 
modeled for the "clap" and "fling" 
mechanism (2, 4) of the wasp. 

The active changes in wing pitch (pro- 
nation and supination) initiating both 
downstrokes and upstrokes, respective- 
ly, have been suggested to play a role in 
unsteady lift generation for the dragonfly 
(2, 7,12). The fluid dynamic mechanisms 
underlying such unsteady effects have 
not been described. Although the pres- 
ent force-balance recordings do not rule 
out such unsteady effects (ll) ,  the single 
large lift peaks that occur once in each 
stroke period suggest that lift generation 
is dominated by the integrated interac- 
tions between wings rather than by the 
unsteady effects elicited independently 
by each of four wings. 

On the basis of the measurements of 
the forces generated during the wing- 
stroke motions of four wings, there may 
be a requirement for coordinated interac- 
tions between the front and rear wings, 
as has been speculated (7). The high 
positive lift that is generated immediate- 
ly after a pronated rear wing slips down- 

ward past a supinated front wing (Fig. 2) 
may indicate that highly energetic vortex 
flows separate from the upward moving 
front wing and then interact with the rear 
wing to produce high lift. Although our 
data suggest a controlled movement of 
vortices between wing pairs, the details 
of these flows remain to be measured 
and correlated with lift production. 

The tethered dragonfly may not be a 
precise model of the insect in free flight, 
but the similarities in wing movements 
are remarkable. That the tethered drag- 
onfly generates high lift makes underly- 
ing fluid-wing mechanisms worthy of fur- 
ther investigation despite any departure 
from normal flight conditions. Also, such 
fluid mechanisms may exist initially near 
a dragonfly escaping freely from rest. 
Additional flow visualization studies to- 
gether with a multidimensional force- 
balance analysis should help to clarify 
some of the finer details of these novel 
mechanisms of lift production (13). 

It seems clear that the total flight be- 
havior of most insects depends on both 
steady and unsteady fluid mechanisms. 
During any particular flight mode, one 
type of mechanism may predominate. 
The use of complex unsteady separated 
fluid mechanisms need not imply the 
existence of complicated wing geometry, 
motions, or control. The dragonfly gen- 
erates large aerodynamic forces by 
means of rather simple wing structures 
and kinematics. Moreover, these wing 
kinematics and associated flow fields are 
different from those postulated by Weis- 
Fogh for the chalcid wasp. These obser- 
vations suggest a number of different 
mechanisms for the generation and use 
of unsteady separated flows by insects. 
Whether such mechanisms might be use- 
ful on a larger scale at high Reynolds 
numbers remains to be seen (15). 
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Monitoring the Time Course of Cerebral Deoxyglucose 
Metabolism by 3 1 ~  Nuclear Magnetic Resonance Spectroscopy 

Abstract. The phosphorylation of 2-deoxyglucose by the mammalian brain is used 
as an index of the brain's energy metabolism. The results of phosphorus-31 nuclear 
magnetic resonance ( j ' ~  NMR) monitoring of conscious animals in vivo showed 
rapidphosphorylation of 2-deoxyglucose by brain tissue. The rate ofphosphorylation 
as determined by 3 ' ~  NMR was consistent with results achieved by tracer methods 
using carbon-14-labeled 2-deoxyglucose. However, the disappearance of 2-deoxy- 
glucose-6-phosphate was shown to be faster than that reported by tracer studies and 
occurred without alterations of intracellular p H  and energy homeostasis. These 
results were confirmed by gas chromatography and mass spectroscopy. It is 
postulated that 2-deoxyglucose may be metabolized in several ways, including 
dephosphorylation by a hexose phosphatase. 

Brain neuronal activity requires large 
amounts of energy. Regions within the 
brain selectively increase or decrease 
energy utilization in a manner commen- 
surate with behavioral changes, as is 
revealed by electroencephalography, 
evoked potentials, cerebral blood flow 
(I), and methods that employ metabolic 
substrates such as oxygen and glucose 
(2) .  The use of glucose analogs, including 
14C-labeled 2-deoxyglucose (2-dGlc) ( 3 ) ,  
has enhanced the applicability of tech- 
niques such as positron emission tomog- 
raphy and autoradiography. All the 
methods provide mutually confirming re- 
sults. However, the basic assumptions of 
the analog methods have been chal- 
lenged (4). 

Phosphorus-31 nuclear magnetic reso- 
nance ( 3 1 ~  NMR) spectroscopy can mon- 
itor high-energy phosphorus metabo- 
lites-such as adenosine triphosphate 
(ATP), phosphocreatine (PCr), inorganic 
phosphate (Pi), and various phospho- 
monoesters (PME) including 2-deoxyglu- 
cose-6-phosphate (2-dGlc-6-P)-in living 
animals (5) (Fig. 1). The surface-coil 
radio frequency antenna, a small trans- 
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mitter-receiver that can be placed over 
the intact skin of the anatomic region of 
interest, has allowed long-term, spatially 
localized observation of ongoing normal 
metabolic events (6). To study the accu- 
mulation of intracerebral 2-dGlc-6-P af- 
ter a single intravenous injection of 2- 
dGlc in the conscious animal, we used 
surface-coil 31P NMR to observe PME 

(-1.75 by 1 cm) was placed 1 mm above 
the cranium, and the rat was ascertained 
to be responsive by an active corneal 
reflex. The probe was inserted into an 
8.5-T spectrometer (Bruker model WH 
360) operating at a frequency of 145.8 
MHz. Spectra for 31P were collected in 
5-minute blocks for 20 minutes before 
and 240 minutes after each rat received a 
bolus injection (0.25 cm3; dose, 500 mgl 
kg) of either 2-dGlc (DG-NMR group, 
n = 4) or dextrose (DEX-NMR group, 
n = 4) in sterile water. A third group was 
not injected (NIC-NMR group, n = 4). 

Statistical differences between relative 
concentrations of metabolite (as deter- 
mined from peak heights) among groups 
over time were determined with an 
analysis of variance for repeated mea- 
sures; the t-test was used to evaluate 
differences between two specific time 
blocks (7). In the DG-NMR group, the 
broad PME resonance rose after the in- 
jection, with maximum intensity at 40 
minutes (Fig. 2A). A rapid decline then 
ensued, with the PME peak reaching 
half-maximum intensity 120 minutes af- 

PCr 
I Fig. 1. Surface-coil 31P NMR 
11 spectra from a rat treated with 

2-dGlc. The normally intense 
baseline bone phosphate con- 

B A T P  tribution was removed by con- 
volution difference, and reso- 
lution-enhancement was car- 
ried out (7). In the control 
(upper) spectrum, resonances 
are identified as phosphomon- 
oesters (PME, *), inorganic 
phosphate (P,), phosphocrea- 
tine (PCr), and the y-, a - ,  and 

I I 1 1 I I I 

10.0 5.0 0.0 -5.0 -10.0 -15.0 -20.0 
P-phosphates of adenosine tri- 
phosphate (-yATP, aATP, and 

3 1 P  Chemical shift (ppm) PATP). In the lower spectrum 
[30 minutes after a bolus injec- 

tion of 2-dGlc (500 mglkg)], a new peak ( ) appeared at 7.1 1 parts per million, which is the 
chemical shift of 2-dGlc-6-P (12). Acquisition parameters: pulse width, 40 Wsec at 100 W;  
spectral width, 10 KHz; 1024 data points; pulse repetition rate, 1 sec-I; accumulation time, 10 
minutes. 




