tgal should not exist (9). The discovery of
tgal also represents a case in which the
evolution of a new adaptation was largely
governed by a single locus, providing fur-
ther evidence for the controversial view
that evolution can proceed by a relatively
few large steps (13). Because the develop-
ment of Native American societies and the
evolution of maize were intimately con-
" nected (14), the selection of Tgal by early
maize agriculturists represents a critical
event in the cultural history of the New
World.
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Mammalian Locomotor-Respiratory Integration:
Implications for Diaphragmatic and Pulmonary
Design

Dennis M. Bramble* and Farish A. Jenkins Jr.

Diaphragmatic function and intrapulmonary respiratory flow in running mammals were
found to differ substantially from the corresponding conditions known in resting mammals.
In trotting dogs, orbital oscillations of the diaphragm were driven by inertial displacements
of the viscera induced by locomotion. In turn, oscillations of the visceral mass drove
pulmonary ventilation independent of diaphragmatic contractions, which primarily served
to modulate visceral kinetics. Visceral displacements and loading of the anterior chest wall
by the forelimbs are among the factors that contribute to an asynchronous ventilation of
the lungs and interlobar gas recycling. Basic features of mammalian respiratory design,
including the structure of the diaphragm and lobation of the lungs, appear to reflect the
mechanical requirements of locomotor-respiratory integration.

Mammals, among the most active of ver-
tebrates, have evolved respiratory and l6co-
motor systems of complex and distinctive
design. Despite substantial interest focused
on the -mechanical basis of mammalian
respiration, numerous aspects of the respi-
ratory system, including diaphragmatic
structure, pulmonary lobation, and right-
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left asymmetry of the lungs, are as yet
poorly understood. In reality the thoracic
complex of mammals is inextricably linked
to both respiration and locomotion, and
the demands of both are intensified during
exercise (1). Reptiles, in contrast, appear
unable to achieve effective lung ventilation
during rapid locomotion; a mechanical con-
straint on simultaneous running and
breathing is probably primitive for tetrapods
(2). The ability to integrate locomotor and
respiratory mechanics appears to be an ev-
olutionarily derived feature that has been
critical to developing the elevated aerobic
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capacity and stamina that distinguishes
mammals and birds (2, 3).

In stationary mammals, contraction of
the diaphragm provides a primary mechan-
ical drive for inspiration. In running mam-
mals, inertial oscillations of the abdominal
viscera and the movements of the trunk
have been hypothesized as influencing dia-
phragmatic mechanics in a manner that
tends to synchronize respiration with loco-
motion (4). Observations of coupling ratios
between breathing and gait cycles in vari-
ous mammals have been cited in support of
such a mechanical integration (I, 5), but
the significance of this phenomenon has
remained controversial (6) in the absence
of direct observations of diaphragmatic or
visceral motion in active animals. We pre-
sent a cineradiographic analysis of dia-
phragmatic, trunk, and chest wall move-
ments in trotting dogs (7) and infer previ-
ously unknown patterns of gas flow within
the lungs that result from locomotor-respi-
ratory interactions.

In trotting, contralateral pairs of fore-
and hindlimbs alternate in providing sup-
port and propulsion. Cyclical variations in
vertical and horizontal accelerations of the
body occur in conjunction with the contact
phase of each limb pair. During the initial
part of the contact phase (Fig. 1, phases A
and B), the trunk sinks downward, decel-
erating horizontally and vertically (Fig. 1,
G through I); during the second half of the
contact phase, the body accelerates upward
and forward (Fig. 1, G through I; phases B
and C). Although the acceleration-deceler-
ation profiles are consistent for all dogs, the
vertical oscillations, which occur twice in
each stride cycle, are not invariably sym-
metric; greater vertical excursion common-
ly occurs during the contact phase of a
particular forelimb (usually the right) (Fig.
1G). The displacements of the diaphragm
appear to result primarily from the inertial
oscillations of the pendulous visceral mass
within the abdomen and in particular the
liver, which is attached centrally to the
diaphragm. When the trunk decelerates
during the initial part of a contact phase,
the viscera displace the diaphragm craniad
(Fig. 1J; phases A and B). Conversely,
when the trunk subsequently accelerates
forward and upward, the diaphragm follows
the visceral mass caudad (Fig. 1J; phases B
and C). As expected, the primary respira-
tory cycle of inspiration and expiration
closely tracks the movements of the oscil-
lating diaphragm (Fig. 1K) (8).

Excursions of the viscera during trotting
are affected not only by the kinetic oscilla-
tions of the trunk but also by the physio-
logical state of the diaphragm, which we
infer from cineradiographic observations.
Excursions of the inactive diaphragm are
larger than those during contractions
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(hatching, Fig. 2A) when the diaphragm
restrains the anterior displacement of the
viscera. A diaphragmatic contraction is
thus identified by a characteristic kinematic
profile: positions recorded in successive cine-
radiographic frames are closely juxtaposed
(Fig. 2B) as a result of the increased stiffness
of the membrane, in contrast to the greater
displacements observed when the dia-
phragm is relaxed and more compliant. A
contraction is also evident on the basis of a
change in the outline of the diaphragm seen
in lateral projection. The dorsal region of
the diaphragm, representing the crural part,
is more or less straight or slightly concave
when relaxed (Fig. 3, A and B) but bulges
to a convex outline when contracted (Fig.
3, Cand D).

Pneumotachographic  recordings ob-
tained simultaneously with cineradiographs
of diaphragmatic movements show no sim-
ple 1:1 relation between respiratory fre-
quency and diaphragmatic contractions.
Breathing rates always exceed diaphragmat-
ic contraction rates, the ratio varying from
3:1 to nearly 10:1 (9). Contractions of the
diaphragm occur in various ratios to the
stride cycle: 1:1 (Fig. 2A), 1:4 (Fig. 2C),
and other combinations (10). Diaphrag-
matic contractions interrupt the phasic re-
lation between the inertial oscillations of
the diaphragm and the respiratory cycle
that develops when the diaphragm under-
goes several consecutive oscillations in a
relaxed state (that is, in instances of a 4:1
ratio between stride cycle and diaphragmat-
ic contraction; Fig. 2C). After a diaphrag-
matic contraction, respiratory flow initially
lags diaphragmatic displacement (Fig. 2D);
the phase lag progressively declines to zero,
at which point another contraction inter-
venes to reset the diaphragm to continue
free oscillation of the visceral mass from a
more caudal position (11).

An unexpected finding is that cycles of
expiratory and inspiratory flow continue
uninterrupted during diaphragmatic con-
tractions; expiration during diaphragmatic
contraction and posterior movement of the
viscera is paradoxical (Fig. 2). An explana-
tion of this phenomenon derives from the
fact that diaphragmatic-visceral move-
ments, rather than the simple linear dis-
placements assumed by visceral piston mod-
els (12), are complex. The alternating de-
celeration and acceleration of the trunk in
the horizontal and vertical planes imparts
an elliptical orbit to the visceral mass (13).
Thus, the diaphragm has not only an an-
teroposterior excursion (Fig. 3, x) but also a
dorsoventral excursion (Fig. 3, y). The
relative proportions of the x and y displace-
ments are in turn modulated by the con-
tractile state of the diaphragm. When the
diaphragm is relaxed and compliant, an-
teroposterior and dorsoventral displace-
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ments are approximately equal (Fig. 3, A
and B). During a contraction, the stiffened
diaphragm retracts against the viscera and
thus damps the anteroposterior component
of the inertial oscillations (Fig. 3, bottom;
x, hatching). However, neither the costal
nor the crural parts of the diaphragm, both
of which have more or less longitudinally
oriented fibers, can effectively restrain dor-
soventral displacements of the viscera,

which therefore continue to drive ventila-
tion throughout a contraction (Fig. 3, C
and D). These dorsoventral excursions
principally impact the caudal part of the
diaphragmatic lobes of the lungs, which in
dogs and many other mammals extend
above the viscera.

In addition to the inertial oscillations of
the viscera and the variable compliance of
the diaphragm, another mechanical factor,
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chest wall loading, directly impacts the
lungs. The two sides of the thorax are
alternately deformed during trotting by the
transfer of weight to the load-bearing fore-
limb. Cineradiographic films taken in ven-
trodorsal projection reveal that the first five
ribs of the loaded chest wall are deflected
posteromedially in series from front to back
as the chest moves forward over the sup-
porting limb (Fig. 4, left). This deforma-
tion, which begins during the first half of
the contact phase of each forelimb and is
mediated by slips of the serratus ventralis
muscle, compresses the adjacent part of the
lung (the apical, or cranial, lobe). On the
contralateral, non-weight-bearing side, the
ribs shift anterolaterally as the limb is being
protracted, expanding this part of the chest
wall to its unloaded, convex form (Fig. 4,
right).

The dimensions of the lungs, intimately
fitted to the walls of the chest, are therefore
mechanically modified during trotting by
locomotor-induced forces. Evidence that
these forces produce differential volumetric
changes within the lungs is provided by the
cineradiographic films themselves. Utilizing
a rear-projection film analyzer, we apposed
photocells to the displayed lobar fields (api-
cal, cardiac, and diaphragmatic) in lateral-
projection cineradiographs and recorded
the variations in radiodensity, which are
directly related to fluctuations in the
amount of respired air present in a particu-
lar lobe (14). Despite differences in trotting
speed and respiratory rate between individ-
ual records, the filling and emptying of the

Fig. 3. (Top) Diaphrag-
matic profiles traced
from a lateral-projection
cineradiographic film of
a trotting dog. A pair of
registration marks on
the image intensifier
are denoted by + +;
the line between them
represents a fixed grav-
itational horizontal.
Note the vertical dis-
placements of the

apical and diaphragmatic lobes were invari-
ably found to be out of phase (Fig. 5, A and
B). Furthermore, the radiodensity-volume
(RDV) curves, which represent the com-
posite density of paired (right and left)
lobes, are themselves asymmetrical. In the
case of apical lobes, for example, major
peaks alternate with minor peaks. This
asymmetry is explicable in terms of the fact
that the right apical lobe is larger than the
left; the lobe contralateral to the supporting
limb is preferentially filled because the lobe
on the side of the supporting limb is being
subjected to thoracic compression (Fig. 4).
Thus, we would interpret the major peaks
(which occur at the end of the left fore-
limb’s support phase) as primarily represent-
ing filling episodes of the right apical lobe,
and minor peaks as filling episodes of the
left apical lobe (15).

On the basis of synchronized records of
diaphragmatic excursions, respiratory and
locomotor cycles, and RDV curves derived
from cineradiographic films, we propose a
model of pulmonary ventilation in trotting
dogs that accounts for the complex interac-
tion of forces and flow (Fig. 6) (16). We
suggest that ventilation of the diaphragmat-
ic lobes is principally a function of the
kinetics of the neighboring visceral mass,
whereas ventilation of the apical lobes is
dictated by the loading pattern of the adja-
cent chest walls. During inspiration, which
typically occurs early in the support phase
of a forelimb, air is drawn into the dia-
phragmatic lobes by the posteroventral dis-
placement of the viscera; simultaneously,
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the chest wall on the side of the supporting
forelimb is compressed, expelling air from
the adjacent apical lobe into the airstream
directed into the ipsilateral diaphragmatic
lobe (Fig. 6, A and C). During expiration,
air is expelled from the diaphragmatic lobes
by the anterodorsal displacement of the
viscera. Air from the diaphragmatic lobe
contralateral to the side of the supporting
forelimb flows into the trachea and is also
induced into the ipsilateral apical lobe by
the expansion of the adjacent chest wall
that accompanies protraction of the swing
phase limb (Fig. 6, B and D). The diverted
airstream would comprise at least in part
the unrespired tidal volume that reached
the bronchi but not the alveoli. A similar
diversion of the flow from the diaphragmat-
ic to apical lobe on the supporting limb side
is precluded by the compressive loading of
the chest wall. The anteriorly directed sec-
ondary bronchi of the apical lobes, repre-
sented in Fig. 6 on the basis of anatomical
preparations (17), are suitably arranged to
capture part of the airstream expelled from
the ipsilateral diaphragmatic lobe during
expiration as well as to direct expelled air
into the same lobe during inspiration.

The subdivision of the lungs into dis-
crete mechanical units, or lobes, permits
some regions to be filled while others are
emptied. The three major lobes common to
most mammals (apical, cardiac, and dia-
phragmatic) correspond to the three sepa-
rate sources of loading for the pleural sur-
faces (anterior chest wall, heart, and dia-
phragm plus viscera). Interlobar fissures
thus appear to represent shear zones that, if
the lung tissue were continuous, would be
stressed by adjacent forces of distension and
compression. We hypothesize, on the basis
of the widespread occurrence of lobation in
mammals, that locomotor-respiratory inter-
actions similar to those in dogs developed
early in mammalian history. The common
pattern of three lobes in the left lung and

Fig. 4. Cineradiographic image taken in ventro-
dorsal projection of the chest in a trotting dog.
The left (L) forelimb is load-bearing (in a posi-
tion comparable to that shown in Fig. 1C). Note
the scapula (S), the compression of the adja-
cent thoracic wall, and the relatively large size
of the right apical lobe.
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four in the right is known in representatives
of diverse mammalian orders, including Ar-
tiodactyla, Lagomorpha, Rodentia, Car-
nivora, and nonhuman primates (I8).
However, in other groups the number and
degree of differentiation of lobes vary. In
small rodents and in some bats, lobation is
present only on the right side. Additional-
ly, a right-left asymmetry in lung size is

characteristic of most terrestrial mammals;
the right lung is significantly larger than the
left and incorporates an accessory lobe not
present on the left side. Attempts to ac-
count for right-sided dominance on the
basis of cardiac positioning (for example, as
in humans) are insufficient given the mid-
line or dextral position of the heart in many
mammals. A more plausible explanation, in

Fig. 5. Respiratory flow %
and changes in lobar vol- o
ume recorded from local ég
variations in radiodensity & &
within the pulmonary field &
of a trotting dog. Because w T
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with lung inflation, the rela- &
tive filling and emptying c 8
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terms of locomotor-respiratory interactions,
is that the dextrally placed liver favors a
biased investment in the right lung in terms
of size and lobation; the liver is the largest
and most consistent of the abdominal or-
gans in mass and shape and therefore is
mechanically the most reliable driver. A
related bias is present in the crural dia-
phragm where typically the right crus is
more robustly developed than the left.
Further insight into the gross design of
the lung may be derived from species in
which lobation is vestigial or absent alto-
gether. In horses, only the accessory lobe of
the right lung is distinct; although cranial
and caudal lobes are recognized on the basis
of bronchial distribution, the rigidity of the
equine thorax would appear to preclude
significant thoracic deformation (19). The
complete lack of lobation in marine mam-

“mals [dugongs, seals, 'and whales (20)] ap-

pears to be secondary and associated with
other fundamental alterations of their loco-
motor and respiratory systems: the chest
walls no longer receive sustained impulsive
loading from the limbs, and respiration is
discontinuous.

The diaphragm is recognized as a com-
pound structure on the basis of its costal
and crural divisions as well as innervation
and development (21), but the functional
significance of this duality has been un-
clear: We suggest that the crural diaphragm
is a variable-length tether that primarily
modulates the inertial oscillations of the
viscera, which, during rapid locomotion,
provide a major component of respiratory
drive. The crura are mechanically suited to
this purpose because they originate from a
stable base (the lumbar vertebrae), in con-
trast to the fibers of the costal diaphragm
which originate from mobile ribs. This in-
terpretation is supported by the develop-

Fig. 6. A model of locomotor-respiratory dynamics in a trotting dog relating the influence of diaphragmatic oscillations (large arrows) and chest wall
deformation (small arrows) to pulmonary flow. (Top) The lungs and visceral mass are represented in dorsal view; the positions of the supporting forefoot
are indicated by black footprints. (Bottom) The corresponding phases of the gait cycle (A through D); (D) is comparable to the cineradiograph shown

in Fig. 4.
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ment of the crura, which arise from a
muscularization of the dorsal, suspensory
mesentery of the foregut (22). The costal
diaphragm may participate in locomotor-
induced ventilatory mechanics through the
“diaphragmatic ligament,” a thin, but elas-
tin-rich sheet applied to the entire pleural
surface of the muscular diaphragm; by pas-
sively absorbing the kinetic energy of the
visceral mass, the diaphragmatic ligament
may both safeguard against hyperextension
of muscle fibers and provide elastic recoil
that assists inspiration (23) even when the
diaphragm is relaxed. The diaphragm thus
incorporates major features that are integral
to the mechanical effects and respiratory
demands of locomotion.

Although regional heterogeneities in gas
distribution within the mammalian lung are
well documented (24), existing models do
not anticipate the asynchronous interlobar
exchange observed in trotting dogs. Models
of differential flow at airway bifurcations
invoke the balance of downstream loads to
account for gas distribution (25) or empha-
size fluid dynamic forces attributable to the
geometry of the central airways, particularly
the branching angles of daughter from par-
ent ducts (26). The convective momentum
of air moving down a primary bronchus will
favor its continuation at a branch point
along that pathway (secondary bronchus)
having the smaller branching angle (for
example, branches of the diaphragmatic
rather than apical lobes, Fig. 6, A and C).

Among the potential physiological ben-
efits of the relatively high-frequency inter-
lobar exchange depicted in our model may
be a more thorough mixing of airway gases
and thereby a lesser likelihood of longitudi-
nal airway stratification, which could re-
duce gas exchange efficiency (27). More-
over, asynchronous lobar ventilation may
help to minimize a basic limitation of the
tetrapod breathing apparatus: the wasted
(dead space) ventilation intrinsic to tidal
airflow.
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Resistance of Mice Deficient in IL-4 to
Retrovirus-Induced Immunodeficiency Syndrome
(MAIDS)

Osami Kanagawa,* Barbara A. Vaupel, Shinyo Gayama,
Georges Koehler, Manfred Kopf

The murine acquired immunodeficiency syndrome (MAIDS) is induced by a defective
murine leukemia virus and has many symptoms similar to those found in patients infected
with the human immunodeficiency virus. The presence of both B cells and CD4* T cells
is critical for the development of the disease. Furthermore, a Th2 cytokine response
dominates during the progression of the disease. When interleukin-4 (IL-4)—deficient mice
that are defective in Th2 cytokine responses were infected, there was no lethality, and the
development of the T cell abnormalities associated with MAIDS was delayed. These data
suggest that IL-4 or a Th2 response is involved in the development of retrovirus-induced

immunodeficiency in mice.

During MAIDS progression, abnormal
functioning of CD4* T cells is observed,
including loss of proliferative capacity and
IL-2 production in response to mitogens
and antigens as well as impaired help for the
induction of cytolytic T lymphocyte re-
sponses (1). At later times after infection,
T cells specifically produce IL-4 and IL-10
and low amounts of interferon-y, which is
characteristic of a dominant Th2 response
(2). This suggests that Th2 cytokines may
determine the fatal outcome of the disease.

To investigate the role of IL-4 and Th2
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cytokines in MAIDS development, we used
IL-4-deficient mice, which carry a targeted
disruption of the gene encoding IL-4 as a

result of homologous recombination in em-
bryonic stem cells (3). The IL-4—deficient
(IL-47/7) and control (IL-4*/*) mice (F,
interbreeding from 129/Sv X C57B1/6) were
infected with LP-BM5 virus, as a mixture of
replication-competent and replication-de-
fective murine leukemia viruses produced by
SC-1 cells (4). The development of lym-
phoadenopathy, T cell function, and mor-
tality was monitored. From 6 to 20 weeks
after infection, 28 out of 28 IL-4*/* mice
progressively developed visible lymph node
enlargement at the cervical and axillar re-
gions (Table 1). In contrast, 1 out of 24 and
3 out of 24 IL-4~/~ mice developed lym-
phoadenopathy at 12 and 20 weeks, respec-
tively, after infection. The development of
splenomegaly in infected IL-4™/* mice was
observed as a 10- to 12-fold increase in the
number of spleen cells as compared with that
in uninfected controls. In contrast, the
number of spleen cells in infected IL-4~/~
mice increased less than twofold (Table 2).
To further examine T cell function, we
stimulated spleen cells with either monoclo-
nal antibody to the T cell receptor (anti-
TCR) or phorbol 12-myristate 13-acetate
(PMA) plus ionomycin and assessed the cells
for IL-2 production. By 8 weeks after infec-
tion, spleen cells from IL-4*/* mice were no
longer able to produce IL-2 in response to
both PMA plus ionomycin and anti-TCR
stimulation (Table 2). In contrast, spleen
cells of infected IL-4™/~ mice remained
functionally intact. However, T cells from
one IL-4™~ mouse that developed lym-
phoadenopathy more than 20 weeks after
infection also were unable to respond to
anti-TCR and anti-CD3 in vitro (5). All
IL-4** mice infected with LP-BM5 virus
died within 25 weeks after infection, where-
as none of the IL-4~/~ mice died during this
period of time (Fig. 1). These results dem-
onstrate that IL-4—deficient mice are resis-
tant to the development of MAIDS virus—
induced disease.

We next determined the surface pheno-
type of lymph node T cells in mice infected
with LP-BM5 virus. Although the percent-

Table 1. Resistance of IL-4—deficient mice to infection with LP-BM5. LP-BMS virus produced by
chronically infected SC-1 cells was inoculated intraperitoneally (0.5 ml) into young (4- to 5-weéek-old)
IL-4-/~ and IL-4*/* mice. Mice were monitored daily for the development of lymphoadenopathy at

the inguinal, axillar, and cervical lymph nodes.

Mice with lymphoadenopathy/mice infected

Mice
6 weeks 8 weeks 12 weeks 20 weeks
Experiment 1
IL-4~/- 0n2 012 0/12 212
IL-4+/+ 712 11/12 12/12 3/3*
Experiment 2
IL-4=/~ o012 0/12 112 112
IL-4+/+ 15/16 16/16 16/16 16/16

*To whom correspondence should be addressed.
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*Only three mice survived to this point.
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