its splicing of an HIV-1 pre-mRNA. This
pre-mRNA contains an intron that is also
part of the coding region for the envelope
protein. Several studies (24, 25) reported cis-
acting sequences that influence the levels of
splicing of genomic retroviral RNAs that
when removed inhibit splicing. It is very
unlikely, however, that the inhibitory splic-
ing effect we have shown was due to the lack
of either intron-deleted sequences (Fig. 1)
or HIV-1 upstream sequences, since the
synthetic SP6/HIV  pre-mRNAs  were
spliced normally in extracts from uninfected
cells. A trans-regulatory modulation of
RNA splicing has been postulated for a
number of viral and cellular genes (26, 27).
However, the demonstration of inhibitors
of RNA splicing encoded by HIV-1 is with-
out precedents in retroviruses or other sys-
tems. The HIV-1 viral-encoded inhibitors
of RNA splicing in the env-coding region
might be one of the control mechanisms
operative in the switch from long latency to
a cytopathic virus. The cytopathic effect of
HIV-1 directly correlates with the expres-
sion of high levels of viral envelope proteins
by an infected cell (8, 16). The regulatory
control mechanism of viral RNA splicing
affords the virus a means of rapidly respond-

ing with efficient production of viral struc-
tural proteins for virion assembly.
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A Cineradiographic Analysis of Bird Flight:
The Wishbone in Starlings Is a Spring

FArisH A. JENKINS, JR., KENNETH P. D1AL, G. E. GosLow, JRr.

High-speed x-ray movies of European starlings flying in a wind tunnel provide detailed
documentation of avian skeletal movements during flapping flight. The U-shaped
furcula (or “wishbone,” which represents the fused clavicles) bends laterally during
downstroke and recoils during upstroke; these movements may facilitate inflation and
deflation of the clavicular air sac. Sternal movements are also coupled with wingbeat,
ascending and retracting on downstroke and descending and protracting on upstroke
in an approximately elliptical pathway. The coupled actions of the sternum and furcula
appear to be part of a respiratory cycling mechanism between the lungs and air sacs.

URRENT UNDERSTANDING OF THE
mechanisms of bird flight is based
largely on conventional photogra-
phy (1). The mechanics of a wing’s musculo-
skeletal structure, however, can only be in-
ferred by these techniques. The action of the
shoulder girdle, which is obscured by plum-
age, has remained unresolved. Our analysis
of radiographic films of birds in flight pro-
vides detailed data on the excursions of the
bones in the wing and shoulder and demon-
strates that the furcula (the “wishbone™) acts
as a spring.
European starlings (Sturnus vulgaris) were
radiographed in both lateral and dorsoven-
tral projections at 200 frames per second as
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they flew in a wind tunnel at air speeds of 9
to 20 m/s (20 to 45 mile/hour) (2). For
descriptive purposes the wingbeat cycle as
seen in x-ray films can be divided into four
phases: (i) upstroke-downstroke transition
(ii) downstroke, (iii) downstroke-upstroke
transition, and (iv) upstroke. During the
upstroke-downstroke transition, the longi-
tudinal axis of the humerus comes to lie in a
sagittal or nearly sagittal plane (Fig. 1A,
top). Thereafter the wing protracts (that is,
moves craniad); in this movement the angu-
lar intersection of the longitudinal axis of
the humerus and the longitudinal body axis
increases from an acute angle (Fig. 1A,
bottom) to about 50°. As downstroke be-

gins, the humerus is further protracted an-
other 5° to 10° and the elbow and carpal
joints extend. During the downstroke (Fig.
1, B and C) the humerus depresses some
110° but is maintained at a relatively con-
stant angle (55° to 60°) with respect to the
longitudinal body axis.

The downstroke-upstroke transition is
characterized by humeral elevation and ad-
duction and by nearly simultaneous flexion
of the elbow and carplus.

During flight the shafts of the furcula are
bent laterally during downstroke (Fig. 1, A
through C, top) and recoil during upstroke
(Fig. 1, D through A, top). The mean
excursion of the dorsal ends of the furcula in
four birds was 5.8 mm (SD, 1.0 mm), an
increase of 47% over the resting distance,
which averaged 12.3 mm (SD, 0.2 mm)
(Fig. 2A). The minimum intrafurcular dis-
tance during flight averaged 12.9 mm (SD,
0.6 mm), and the average maximum intra-
furcular distance was 18.7 mm (SD, 0.9
mm) (3). Furcular spreading begins as the
distal end of the humerus moves craniad

F. A. Jenkins, Jr., and K. P. Dial, Department of
Organismic and Evolutionary Biology and Museum of
Comparative Zoology, Harvard University, Cambridge,
MA 02138.

G. E. Goslow, Jr., Department of Biological Sciences,
Northern Arizona University, Flagstaff, AZ 86011.

REPORTS 1495



during the upstroke-downstroke transition,
before the initiation of humeral depression,
and continues throughout downstroke. The
dorsal ends of the strut-like coracoids and
the cranial ends of the scapulae, both of
which are intimately bound to the furcula,
are also displaced laterad. The coracoid dis-
placement occurs not through bending but
by a caudolateral translation at the coracos-
ternal joint. Each scapula appears to rotate
on the thoracic wall about an axis located at
the junction of the posterior and middle
thirds of the bone’s length. As a result, the
posterior end of the scapula translates medi-
ally as the shoulders spread.

The sternum also exhibits cyclical move-
ment with each wingbeat. During down-
stroke the sternum ascends and retracts cau-
dodorsad, and then during the subsequent
upstroke it descends and protracts cranio-
ventrad (Fig. 1, bottom). These excursions
are not simple linear displacements; they
differ in their pathways and in the relative

displacement of the cranial and caudal ends
of the sternum. Typically the pathway of
sternal ascent-retraction lies cranial to the
pathway of descent-protraction so that one
complete cycle of movement is approximate-
ly elliptical (Fig. 2B). An average total cran-
iocaudal displacement was 2.7 mm, but
some excursions exceeded 5 mm. Dorsoven-
tral movement of the sternum was almost
invariably asymmetrical, with the posterior
end typically moving through a range 50%
longer than that of the anterior end. An
average total dorsoventral displacement of
the anterior and posterior parts of the ster-
num was 2 and 2.9 mm, respectively; dis-
placements up to 3.8 mm for the anterior
sternum and 7.3 mm for the posterior ster-
num were observed (4).

The furcula, in addition to serving as the
most cranial origin of the pectoralis, has
generally been regarded as a strut or “spac-
er” between the shoulder girdles, although
Norberg and earlier workers alluded to the

Fig. 1. Phases in the wingbeat cycle of the European starling based on cineradiographic analysis in
dorsal (top) and lateral (bottom) views. (A) Upstroke-downstroke transition; (B) mid-downstroke; (C)
end of downstroke; (D) mid-upstroke. In the dorsal series note the spreading of the furcula (rendered in
black) from (A) to (C); the dashed lines indicate the relative positions of the joint between the furcula
and coracoid. The lateral series depicts the excursion of the sternum relative to the bird’s spinal column
and a horizontal plane.
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possibility that this bone might be capable
of storing elastic energy (5). We determined
that the force required to bend fresh, excised
starling furculae through their normal range
of excursion is 0.6 to 0.8 N (Fig. 3); these
furculae appear to act as lightly damped
linear springs (6).

The pectoralis muscle appears to have a
mechanical advantage appropriate for bend-
ing the furcula. Some pectoralis fibers origi-
nate from the furcular shaft, although most
arise from the sternum and lateral aspect of
the thorax. However, neither rhythmic nor
tetanic contractions of the pectoralis, which
were elicited by electrical stimulation in
anesthetized  birds, produced furcular
spreading; in fact, the furculae were slightly
compressed upon tetany. Similar stimula-

u

Fig. 2. (A) The furcula ( f) and coracoids (¢) of the
European starling in anterior view exhibiting a
typical intrafurcular resting distance of about 12.3
mm (solid horizontal arrow). As a result of furcu-
lar bending during downstroke (dashed lines),
intrafurcular distance typically reaches 18.7 mm
(dashed arrow) or more. (B) Sternal excursion in
the European starling was determined by means
of markers (represented as dots) implanted in the
carina. The arrows indicate a typical movement
from u, the position at the end of upstroke, to d,
the position at the end of downstroke, and return.
An average anteroposterior displacement was
about 2.7 mm,; sternal ascent was usually greater
posteriorly (2.8 mm) than anteriorly (2 mm). The
position of the stippled sternum relative to the
markers at u depicts one of the largest excursions
observed; the total dorsoventral movement of the
posterior part of the sternum was 7.4 mm.
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Fig. 3. Force versus displacement record of a
freshly excised furcula from a European starling.
Cycles of furcular bending and recoil were mea-
sured at 14 Hz. Other furculae gave slightly larger
values for maximal force (up to 0.8 N).

tion of the sternocoracoideus did effect a
distinct lateral bending of the furcula, wid-
ening the intrafurcular distance several milli-
meters (7). This muscle crosses the posterior
aspect of the coracosternal joint and retracts
the coracoid along the arcuate, posterolater-
ally directed pathway of the joint surface.
With this movement the dorsal ends of the
coracoids are abducted and the furcula is
bent. Centrifugal forces generated by the
extended wings during downstroke may also
contribute to furcular bending (8).

The shafts of the furcula lie in intimate
relation to the walls of the clavicular air sac.
We tested the hypothesis that bending of the
furcula may also occur as the result of infla-
tion of this air sac under positive pressure by
intubating the sac with a polyethylene can-
nula (inner diameter, 3.5 mm) inserted
through the skin of the anterior chest wall.
The ability of the bird to pressurize the air
sac was thus compromised. No significant
alteration of furcular excursion was observed
in intubated birds during flight (9). None-
theless, the intimate association of the cla-
vicular air sac and the furcula is clear; artifi-
cial inflation of this sac through a tracheal
cannula results in a spreading of the furcula.

Although the furcula in starlings bends
and recoils over a wide range, the clavicles of
some birds undoubtedly do not act in this
manner. In barbets, toucans, and some par-
rots, for example, the clavicles are unfused
ventrally and therefore cannot act as a
spring. The clavicles of flightless birds (rat-
ites and scrub-birds) are typically either ab-
sent or vestigial. The furculae of certain
soaring birds, such as raptors, are so robust
that they would appear to be far less compli-
ant (if the bone bends at all). Thus, the
structural diversity of avian clavicles may
vary with body size, wingbeat frequency, or
flight mode. The condition observed in star-
lings is probably common to most passerine
and other small to medium-sized birds with
similarly designed furculae. It is unlikely that
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the boomerang-shaped furcula in the Juras-
sic bird Archaeopteryx lithographica (10) acted
as a spring because its greatest cross section-
al diameter is aligned transversely and would
resist bending.

The physiological significance of furcular
and sternal movements during flight re-
mains to be determined, but it is reasonable
to hypothesize that these movements serve
some respiratory function. Present interpre-
tations of the mechanics of avian respiration
are derived primarily from observations on
stationary birds and are based on the suppo-
sition that all of the air sacs are simulta-
neously inflated and then deflated (11). Our
observations on resting starlings, in both
anesthetized and alert states, are that posi-
tive pressure in the clavicular air sac follows
upon compression of the posterior thora-
coabdominal region. This finding is consist-
ent with our kinematic data that demon-
strate coupling between furcular spreading
(presumptive inflation of the clavicular sac)
and sternal ascent and retraction (presump-
tive compression of the posterior air sacs).
In a few birds (pigeons and crows) the
primary respiratory cycle of inhalation:exha-
lation is coupled 1:1 with wingbeats, but in
all others that have been studied this ratio
varies from 1:2 to 1:5 and even includes
odd ratios where the phase of breathing
shifts relative to wingbeats (12). Starlings
are therefore not unusual in exhibiting asyn-
chrony between their respiratory rate during
flight of approximately 3/s (13) and wing-
beat frequencies of 12 to 16 Hz. Our obser-
vations, however, have established that fur-
cular and sternal movements are synchro-
nized 1:1 with wingbeat. We hypothesize
that the furcular “spring” and sternal
“pump” might represent a secondary respi-
ratory cycling mechanism between the air
sacs and the lungs that is capable of operat-
ing independently of inhalation and exhala-
tion and that might serve the increased
metabolic demands of flight.
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Symmetrical Erosive Peripheral Polyarthritis in the
Late Archaic Period of Alabama

Bruce M. RotHscHILD, KENNETH R. TURNER, MICHAEL A. DELucA

Rheumatoid arthritis was first described unambiguously in 1800, but its etiology and
historical origins are still obscure. Definite rheumatoid arthritis has not been demon-
strated in pre-19th century Old World skeletal remains. Six individuals who lived
3000 to 5000 years ago in northwestern Alabama and present erosive polyarthritis
characteristic of rheumatoid arthritis are described. The diagnosis raises the possibility
that rheumatoid arthritis can be associated with a New World pathogen or allergen.

HEUMATOID ARTHRITIS, FIRST
chcognized in Europe, appears to

be a relatively new disease (1). Ex-
cept for Sydenham’s (2) ambiguous descrip-
tion, Landre-Beauvais (3) provided the ear-
liest documentation of rheumatoid arthritis
in 1800, followed by Charcot’s (4) in 1853
and Garrod’s (5) in 1859. Published asser-
tions of rheumatoid arthritis in skeletons
antedating 1800 describe lesions or patterns
of lesions that are not characteristic only of
rheumatoid arthritis, being instead even
more characteristic of osteoarthritis or spon-
dyloarthropathies (6-13). We describe six
prehistoric native Americans, each exhibit-
ing a pathological pattern consisting of the
presence of several kinds of lesions accompa-
nied by the absence of several other kinds of
lesions, all arranged in a particular anatomi-
cal distribution; rheumatoid arthritis is char-
acterized by this pattern.

We examined skeletons of 84 adults who
lived during the Late Archaic Culture Peri-
od, 3000 to 5000 years ago, along 19 miles
of the Tennessee River immediately below
Florence, Alabama. Each skeleton is directly
or stratigraphically associated with distinc-

Fig. 1. Homunculi illustrating skeletal distribu-
tion of erosive lesions in individual Late Archaic
native Americans. Nonvisualization of a bone
indicates missing skeletal material, except for the
spine and sacroiliac joints. Spine and sacroiliac
joints, though present in all skeletons portrayed,
contained no evidence of erosion or fusion.
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tive Late Archaic artifacts. The excellent
bone preservation derives from interment in
acid-neutralizing mussel shell middens at
Late Archaic riverine encampments.

While investigating paleopathologies in

this group, we discovered lesions in six
skeletons corresponding to lesions noted in
contemporary rheumatoid arthritis patients.
Although the consistent anatomic distribu-
tion of lesions in six individuals contraindi-
cates postmortem artifact, we examined each
lesion (magnification to x40) for post-mor-
tem artifact (pseudolesion). Four of the six
affected individuals are female and two are
male. Two (including one male) died at ages
between 30 and 40 years, two (including the
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