Hyaenodontidae), others are more in-
dicative of pre-Wasatchian age (Arcto-
stylopidae, certain uintatheres and pan-
todonts). The Gashato fauna was long
considered to be of late Paleocene age
21), but it is probably earliest Eocene
and at least partly correlative with the
Clarkforkian @, 12, 22).

Our much-improved knowledge of the
Clarkforkian Land-Mammal Age and its
fauna allows better correlation with Eu-
ropean and Asian faunas and demon-
strates that the Paleocene-Eocene transi-
tion was a time of substantial faunal in-
terchange between North America and
both Europe and Asia.

KENNETH D. ROSE
Department of Paleobiology,
National Museum of Natural History,
Smithsonian Institution,
Washington, D.C. 20560
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Saturn’s Luminosity and Magnetism

Abstract. The Pioneer 11 results for Saturn’s large heat output, small magnetic
field, and near-axisymmetry of the field may all be explained by an interior model in
which the helium is undergoing phase separation and is nonuniformly distributed.
Substantial depletion of helium from the atmosphere is predicted.

All published models for Saturn are
essentially similar to those for Jupiter:
they consist of a rock and ice core (or
central concentration) of order ten Earth
masses, surrounded by a shell of fluid,
metallic, uniformly mixed hydrogen and
helium, surrounded in turn by a fluid en-
velope of a molecular hydrogen-helium
mixture (/). Three aspects of the Pioneer
11 results lead to doubts concerning this
supposed similarity of Jupiter and Sat-
urn. First, the conventional explanation
of Jupiter’s excess heat output (gradual
homogeneous cooling) does not appear
to explain Saturn’s observed excess heat
output (2). Second, the observed mag-
netic field at Saturn (3) is smaller than
expected on the basis of scaling from Ju-

piter. Third, the magnetic dipole is
aligned to within 1° of the rotation axis,
unlike the substantial dipole tilt that
characterizes other planets.

It is proposed to explain all these ob-
servations by an ongoing gravitational
differentiation of helium from hydrogen
within Saturn. The potential importance
of differentiation as an additional energy
source has long been known (4) and the
essential features of the process have
been described by Salpeter (5). Dif-
ferentiation not only provides energy,
but limits the convecting metallic region
to deeper within the planet, thereby re-
ducing the external field. Furthermore,
an inhomogeneous, stably stratified me-
tallic fluid layer above the dynamo re-
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gion (see Fig. 1) is in differential rotation
because of the equator-to-pole temper-
ature difference. This flow tends to make
the external field axisymmetric. These

assertions are elaborated below.

The difficulty of reconciling Saturn’s
heat output with a homogeneous evolu-
tion (one in which the composition at
each point within the planet does not
change with time) is indicated by de-
tailed evolutionary calculations (6) but
can be readily understood in terms of
quite simple considerations (7). To a
good approximation, the ‘‘age’’ of a ho-
mogeneously evolving Jupiter or Saturn
(defined as the time the planet takes to
cool from an initially hot state to its pres-
ent observed effective temperature) is
proportional to the Kelvin time, defined
as the ratio of present heat content to
present excess heat output. (The con-
stant of proportionality is about 0.25.)
For Jupiter (8), the present excess heat
output is (4 = 1) X 10** erg/sec and the
present heat content can be calculated
from interior models (9). The resulting
age for Jupiter is (5 = 1.3) x 10° years,
consistent with the age of the solar sys-
tem. For Saturn, the excess heat output
) is (1.1 = 0.3) X 10* erg/sec, and the
heat content of Saturn can be evaluated
from published models (/). The result-
ing homogeneous age of Saturn is (2.8
+ 1.2) X 10° years, less than the solar
system age. The error includes observa-
tional error, the assumption of an interi-
or adiabat based on a temperature (7) of
140 K at a pressure (P) of 1 bar, the un-
certainty in the specific heat of dense
molecular hydrogen, and all the correc-
tions and sources of error discussed by
Hubbard (10). For the reasons discussed
by Stevenson and Salpeter (7), an even
larger uncertainty is possible, so the fail-
ure of a homogeneously cooling model is
not certain. Nevertheless, these calcu-
lations suggest the need for an additional
energy source.

The largest and most likely additional
source is the gravitational energy release
from a downward partitioning of the
more dense helium. Theoretical calcu-
lations (/1) show that insolubility of heli-
um must eventually occur, beginning at
the lowest pressure at which hydrogen is
pressure-ionized [around 2 Mbar (/2)]
and for 7 <10* K. Helium raindrops
form, grow to ~ 1 cm in size, and fall
under the influence of gravity, releasing
energy by viscous dissipation on a small
length scale. These raindrops dissolve
deeper down where the temperature is
higher. The molecular envelope (in-
cluding the atmosphere) is in convec-
tive communication with the region of
phase separation and is progressively de-
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pleted in helium. A three-zone structure
evolves in the hydrogen-helium region
(see Fig. 1) in which the intermediate
zone is highly stable with respect to
large-scale vertical motions because of a
helium gradient (7).

The energy release from differentia-
tion is around 1.7 X 102 to 2.5 x10'2
ergs per gram of helium removed from
the molecular envelope, the uncertainty
being caused by current uncertainties in
interior models (especially the rock-ice
core). A depletion from an initial 25 per-
cent helium by mass in the molecular en-
velope to a present value of 15 percent
by mass would provide sufficient energy
to sustain the present excess heat output
for about 2 X 10° years. A much smaller
depletion (corresponding to the lowest
value of excess heat output permitted by
the observations) would be inconsistent
with the proposed interpretation of the
magnetic field. A much higher depletion
does not increase the present-day heat
output (because most of the depletion
would have taken place long ago, when
the heat output was much higher) and
would be difficult to reconcile with cur-
rent theoretical solubility models (/7).
Both theoretical and observational un-
certainties prevent more precise predic-
tions.

Attempts to understand the magni-
tudes of planetary magnetic fields are an
endless source of amusement and frus-
tration [for example, see (/3)]. Assuming
a dynamo mechanism and negligible pre-
cessional effect, the most general scaling
law for the magnetic dipole moment M
can be written (electromagnetic units)
as -

M = kR3A(AD)2R " RyPP R (1)

where k is a dimensionless constant of
order unity; R, is the core radius; p is the
core density; A is the magnetic dif-
fusivity; € is the rotation rate; and R,,
Ry, P., R. are the Rossby, magnetic
Reynolds, Péclet, and ordinary Reyn-
olds numbers, respectively, all based on
R, as a length scale and (F/p)'? as a ve-
locity scale, where F is the heat or ener-
gy flux responsible for the dynamo (14).
The exponents a, b, ¢, and d are not
known but are expected to be small in
magnitude. For the ‘‘magnetic Bode’s
law”’ (I4), b = —a = 1/2and c = d = 0.
Of all the relevant parameters, only F
and R, are substantially different be-
tween Jupiter and Saturn. The core heat
flux is 50 percent larger in Jupiter, but M
is only a weak function of F. The value
of R, for conventional Jupiter and Saturn
models should correspond to the P = 2-
Mbar level at which the hydrogen be-
comes metallic (/2); this is R, = 5.6 X
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Fig. 1. Schematic rep-
resentation of Saturn
models (dimensions
only approximate).
Conventional models
[all detailed models
published; see (1)] do
not explain Saturn’s
heat outputorthe mag-
nitude and geometry of
the magnetic field. The
proposed differentiat-

Depleted
in He

H-He

Rock and/or
ice core

Conventional

10° cm (Jupiter) and R, = 3.0 X 10° cm
(Saturn).

With these choices and with M =
1.4 X 103 G-cm?® for Jupiter (/5) and
M =48 x 102 G-cm® for Saturn (3),
it is difficult to reconcile Eq. 1 with
the expectations of small magnitudes for
the exponents. For example, the magnet-
ic Bode’s law requires R, = 2.3 X 10°cm
for Saturn (/3). This suggests that the re-
gion of dynamo generation is even deep-
er than conventional Saturn models
would suggest. The differentiating model
proposed here is consistent with this,
since the inhomogeneous, stable metallic
zone does not participate in the dynamo
process. The thickness of this zone is dif-
ficult to estimate (7) but may be of order
5000 km.

Although the inhomogeneous layer
has no large-scale vertical motions, hori-
zontal flows are expected because of an
equator-to-pole temperature difference
arising from the atmospheric boundary
condition and the rotational inhibition on
convection in the molecular envelope
(16). The resulting thermal wind takes
the form of a differential rotation de-
scribed by (17)

ou _ _ 9T 2
2Qcosf P ay @)
where u is the azimuthal velocity, 6 is the
colatitude, z is the vertical coordinate, a
is the coefficient of thermal expansion, g
is the gravitational acceleration, and y is
the local meridional coordinate. If AT is
the equator-to-pole temperature differ-
ence, then « has a characteristic magni-
tude ~ 10AT cm/sec, the Richardson
number for the inhomogeneous layer is
~ 10'°/(AT)?, ensuring high stability, and
the magnetic Reynolds number Ry is
~ 107AT, ensuring hydromagnetic cou-
pling for any reasonable AT. A plausible
choice is AT ~ 1073 K (I6).
Neglecting ohmic dissipation (that is,

ing model has an in-
termediate, inhomoge-
neous layer in which
helium raindrops form.
Energy is released, and
the external field is re-
duced and tends to be
axisymmetric.

Enriched
in He

Differentiating

assuming AT >> 10~7 K), the effect of
on the magnetic field is given (in spheri-
cal coordinates) by

OH, _ _ _u _oH, 3
at rsind 9¢
0H, _ 19 19 @
ot r ar (ru,) + r 96 (uHy)

and the equation for H, has the same
form as Eq. 3. The axisymmetric com-
ponents of H, and H, are unaltered,
whereas the nonaxisymmetric compo-
nents are progressively twisted and al-
tered by the nonuniform differential rota-
tion. Large, localized radial field gradi-
ents are produced, eventually to be bal-
anced by small-scale ohmic dissipation.
Meanwhile, the axisymmetric toroidal
field is progressively amplified, presum-
ably until it reaches magnetostrophic
balance (H, ~ 10*AT"? G), while non-
axisymmetric azimuthal components un-
dergo no net amplification. The resulting
steady state would be exceedingly diffi-
cult to evaluate and would ultimately re-
quire solution of the dynamo as well
(since the large toroidal field modifies the
boundary conditions for the dynamo) but
an approximate analysis indicates that
differential rotation causes rapid radial
attentuation of the nonaxisymmetric
parts of H, and H,, provided Ry >> 1.
This is consistent with the Pioneer 11 ob-
servations.

The harmonic spectrum and time vari-
ability of the magnetic field will play an
important role in future attempts to inter-
pret the internal structure and dynamics
of Jupiter and Saturn (/8). However, the
most important prediction is a sub-
stantial (perhaps a factor of 2) depletion
of helium from the atmosphere.

D. J. STEVENSON
Department of Earth and Space
Sciences, University of California,
Los Angeles 90024
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Endothelial Cells of Bovine Pulnionary Artery Lack Receptors
for C3b and for the Fc Portion of Inmunoglobulin G

Abstract. Bovine pulmonary endothelial cells do not possess receptors for the 3b
component of complement (C3b) or for the Fc portion of immunoglobulin G. The lack
of these receptors may help explain the nonthrombogenic function of endothelial
cells. Our findings rule out the possibility that endothelial cells participate in pulmo-
nary immune complex disease through the binding of C3b or Fc fragments.

It is generally agreed that the lungs are
a major target organ in some forms of im-
mune complex disease (/). The lungs ap-
pear to be a major site of deposition of
immune complexes in which antigen is in
slight excess over antibody (2, 3). Our
study was begun to help clarify the role,
if any, of pulmonary endothelial cells in
binding of immune complexes as they
may occur within the circulation. Specif-
ically, we examined for the presence of
receptors for the Fc portion (crystalliz-
able fragment) of IgG (immunoglobulin
G) and for C3b (3b component of com-
plement). We were interested in C3b
both because of its role in immune adher-
ence and immune conglutination (¢) and
because bovine serum contains con-
glutinin, which appears to have specifici-
ty for bound C3b. We have found that
bovine pulmonary endothelial cells in
culture (initial isolates through the ninth
passage) do not possess receptors for
C3b or the Fc portion of IgG.

We obtained the endothelial cells by
scraping bovine pulmonary artery with a
scalpel. The cells were dissociated in 0.1
percent collagenase and cultured in Me-
dium 199 containing 20 percent fetal calf
serum. We used methods similar to those
described previously (5). The cells were
identified by structural and functional
criteria: monolayer growth with cobble-
stone appearance; ultrastructural char-
acteristics of endothelial cells including
frequent caveolae and occasional Wei-

bel-Palade bodies (5-7); presence of an-
giotensin-converting enzyme activity (6-
10); and reactivity with antibodies to
human factor VIII and a,-macroglobu-
lin (5).

The rosette method (/1) was used to
assay for Fc receptors. Sheep erythro-
cytes (E), either alone or sensitized with
IgG antibody (EA), were purchased from
Cordis Laboratories. The sheep E and
EA were washed three times and adjust-
ed to a concentration of 0.5 percent in
ice-cold Hanks buffered saline solution
(HBSS) (12). To perform the assay, ap-
proximately 2 X 10° endothelial cells in
0.1 ml of HBSS were incubated with 0.1

Fig. 1. (a) Cow pulmonary artery endothelial
cells in the fifth passage were removed from
their flasks with a rubber policeman. Approxi-
mately 2 X 10° endothelial cells were in-
cubated with 3 ml of 0.5 percent EAC at 37°C
for 15 minutes, then at 4°C for 2 hours. Endo-
thelial cells did not bind EAC (x800). (b) Hu-
man buffy coat was incubated with 0.5 per-
cent EAC as described for endothelial cells.
Rosettes formed between B lymphocytes and
EAC (x800).

748 0036-8075/80/0516-0748$00.50/0 Copyright © 1980 AAAS

ml of EA at 37°C for 15 minutes. The re-
action mixture was then centrifuged very
gently, at approximately 25g for 5 min-
utes, and incubated for an additional 2
hours at 4°C. The cells were resuspended
and examined in a Zeiss photomicro-
scope with phase optics. Endothelial
cells did not bind EA (Fig. 1a). Prior
treatment and length of time in culture
did not appear to be important factors.
Fresh isolates were unreactive as were
cells in monolayer culture (passages 4
through 9; tested 24 hours after passage).
Cells detached mechanically by scraping
or enzymatically (0.5 percent trypsin
with EDTA) did not bind EA. The quali-
ty of the EA was verified by reaction
with B lymphocytes, cells known to pos-
sess Fc receptors (Fig. 1b).

The immune adherence assay (/3)
was used to test for C3b receptors. The
cellular intermediate, EACI14b2a3b
(EAC1423) was prepared as described
(14). The cells were suspended in a dex-
trose-gelatin Veronal buffer containing
0.15 mM calcium and 0.5 mM magne-
sium, pH 7.3 (13), and adjusted to a con-
centration of 8 x 107 cells per milliliter.
To confirm that C3b was bound to the
EA, monospecific goat antibody to hu-
man C3b was added to the coated red
cells and clumping occurred. This in-
dicated that the cellular intermediate was
EAC1423, as expected. Three dilutions
of complement-bearing red cells, 4 <107,
4 x 105, and 4 x 10° per milliliter, were
used. Endothelial cells were used at a
concentration of 5.5 X 10° per milliliter.
For control tests we used human red
cells (O positive) at 8 X 107 per milliliter.
Pulmonary endothelial cells showed no
agglutination when incubated with
EAC1423. When the test was carried out
under identical conditions with normal
human red cells, clumping did not occur.

Since a primary function of endothelial
cells is to provide a smooth, gliding sur-
face for the passage of blood, it is not
surprising that these cells do not possess
receptors for C3b and the Fc portion of
IgG. In particular, the properties of C3b
immune adherence could be extremely
disadvantageous for the normal function-
ing of endothelial cells. Nonetheless, re-
cent results (2, 3) indicate that the sol-
uble immune complexes can gain access
to the interstitial space of the lungs. The
route taken by the immune complexes
from blood to interstitium is not yet evi-
dent. What is evident is that endothelial
cells do not participate by way of recep-
tors for C3b, nor do they possess recep-
tors for the Fc portion of IgG, unlike epi-
thelial cells of the kidney which do pos-
sess receptors for C3b (/5). Our results
do not rule out the possibility that other
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