reported for a variety of gastropod
shells, whose SM’s were resolved as
several proteins, all with molecular
weights lower than that reported here
©).

Calcium-binding studies were per-
formed on matrix solutions that had been
redialyzed, first against 1 mM EDTA
(pH 7.5) and then against water. Redialy-
sis removed residual calcium from ma-
trix preparations. The binding capacity
of the protein was determined by mea-
suring the decrease in free calcium in 10
ml of 107 to 10~*M CaCl, (pH 6.0) when
matrix protein (3 to 150 pg) was added
(11). For all preparations, the quantity of
calcium removed from solution was di-
rectly proportional to the quantity of
protein added and was independent of
calcium concentration in the range of
1073 to 10~ M, indicating that the protein
was saturated with calcium during the
experiments. The mean binding capacity
for four preparations (two EDTA-ex-
tracted and two HCl-extracted) was
23.2 + 2,92 umole of calcium per milli-
gram of protein (mean = standard error).
This is considerably higher than the 0.65
wmole/mg obtained for SM from clams
(12). The difference may result in part
from estimation of SM on the basis of
protein content, since protein constitutes
an unknown portion of the matrix mole-
cule, or it may be related to differences
in techniques for estimating amounts of
matrix and protein. That the SM of oys-
ter acts as an effective calcium-binding
protein, though, is in general agreement
with the findings for clam SM. The inhib-
iting effect on crystal nucleation and
growth is not simply due to removal of
calcium, however, because at an SM
concentration of 7.94 pg/ml (Fig. 1) less
than 2 percent of calcium in the medium
is bound.

The effect of SM on CaCOj; precipita-
tion is apparently specific for the matrix
protein. When phosphovitin (Sigma), a
phosphoprotein that inhibits calcium
phosphate crystal growth (13), was test-
ed in this system (Fig. 1C) only slight
inhibition of the rate and negligible inhi-
bition of the initiation of precipitation
were observed, and then only with quan-
tities of phosphovitin greater than the
quantities of matrix normally employed
in these experiments. Similarly, up to
1.5 pmole (0.3 ml of 5.0 mM) EDTA had
no effect on the rate of precipitation or
the time required for initiation of precipi-
tation (data not shown).

The results reported here directly
demonstrate regulation of crystal nucle-
ation and growth by a protein in a CaCO;
system. Such regulation by calcium-
binding proteins has been demonstrated
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for calcium phosphate systems and has
been proposed for components of insolu-
ble (I4-16) and soluble (¢) matrix of
molluscan shell. The results do not favor
a role for calcium-binding SM in initiat-
ing crystal growth, nor do they exclude
it. However, one might have expected an
effect on precipitation if initiation were
the primary function of the protein.

Exactly how the matrix protein binds
to a forming crystal is not known. How-
ever, it is tempting to speculate that the
multiple binding sites for calcium present
on these proteins might interact with the
nucleation site or surface of the forming
crystal in such a way as to prevent
further accretion of mineral, presumably
by raising the free energy for activation
of this process. For this protein-crystal
association to occur, the protein must
have a much higher affinity for the crys-
tal than for free calcium, as the binding
sites on the protein would normally be
saturated with calcium from solution.

In summary, SM from molluscan
shells has the potential to regulate
CaCO; deposition. Control of crystal
growth thus seems to depend on control
of SM secretion or activation, processes
about which virtually nothing is known.

A. P. WHEELER
JAMEs W. GEORGE
C. A. Evans
Department of Zoology,
Clemson University,
Clemson, South Carolina 29631
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Improved Detail in Biological Soft X-ray Microscopy:

Study of Blood Platelets

Abstract. Improved image quality in soft x-ray contact microscopy can be
obtained by examining the resist with transmission rather than scanning electron
microscopy. Application of the new technique to air-dried preparations of human
blood platelets reveals structures not visible in the same cells with transmission
electron microscopy or when the resist is examined by scanning electron microscopy.
As seen by the new technique, platelet pseudopods contain a central structure
connected to a network in the platelet and dense bodies exhibit a lamellar structure.

Contact x-ray microscopy is an excel-
lent imaging technique for use in biologi-
cal studies (7). It has several advantages
over other imaging techniques currently
in use. Resolutions in the range of 5 nm
can be achieved with relatively thick and
hydrated specimens, and information
about the subcellular distribution of light
elements can be obtained from their ab-
sorbance or fluorescence properties. In
addition, staining is not required to ob-
tain relatively good contrast in biological
structures, and imaging is possible at
radiation doses somewhat lower than
those needed for imaging with electrons.

0036-8075/81/0619-1398500.50/0 Copyright © 1981 AAAS

The technique has been limited by the
necessity to metallize the relatively thick
resist for examination in the scanning
electron microscope (SEM) and by the
limited resolution of commercially avail-
able SEM’s. Valuable information con-
tained in small topological variations in
resist thickness is thus obscured and not
quantifiable, and the best achievable res-
olution is limited by the necessity to
distinguish between small differences in
secondary electron emission. This report
describes a modification of the x-ray
resist technique which permits exam-
ination of thin x-ray resists directly in
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the transmission electron microscope
(TEM). The theoretical resolution of the
resist technique and accurate quantita-
tion of the absorption properties of the
specimen can now be attained with rela-
tive ease.

To examine developed x-ray resists
with transmitted electrons, an ultrathin
substrate must be formed which is capa-
ble of supporting the very thin layer of
resist material. A 100-nm film of Si3;N,
with the necessary substrate properties
(flat, strong, and relatively transparent
to soft x-rays and to electrons in the 60-
to 100-keV range) is formed by chemical
vapor deposition on the polished surface
of a silicon wafer. Holes are back-etched
in the wafer, leaving an amorphous
Si3N, film approximately 100 nm thick
supported by a silicon frame (2). Then
400 to 800 nm of x-ray resist (polymethyl
methylacrylate or copolymer) is spun
onto the flat Si;N, surface in the conven-
tional manner. Specimens on electron
microscope grids are placed in contact
with the resist and exposed in a soft x-
ray source (Fig. 1) (/). Exposed resists
are developed and may be coated with a
thin (10-nm) layer of gold and palladium
or examined directly in the electron mi-
croscope without further treatment. To
minimize electron beam heating of un-
coated resists, they must be developed
to a point where the maximal thickness is
less than 400 nm. In practice, this can be
done by developing the resists for brief
periods and monitoring the thickness of
an essentially. unexposed portion (the
image of the grid bars) with an interfer-
ence microscope.

Although examination of hydrated
cells is possible in the x-ray source used,

X-rays

—\ / — Silicon frame

—_ Si3N4 window
P~ Seecimen

— X-ray resist
— SigN4 window

/ \‘ — Silicon frame

Fig. 1. Schematic diagram showing specimen
mounted on a thin window of Si;N,. Trans-
mitted x-rays expose a thin polymeric resist
spun onto a similar Si;N, window, which,
after development of the resist, is retained as
an electron-transmitting substrate.
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Fig. 2. (A) Transmission electron micrograph of an air-dried whole mount of a human blood
platelet with several pseudopods extending out from the cell body. Dense bodies are dark,
circular structures, and the cell margin is outlined by a dense rim of dried protein (4). (B)
Scanning electron micrograph of a metallized x-ray replica of air-dried blood platelets showing
two platelets with pseudopods. The dense bodies and vacuoles are seen as protrusions and
depressions, respectively. (C) Transmission electron micrograph of the same replica. All
pseudopods exhibit backbone-like structures that intersect a periplatelet structure of similar
density; in some cases the pseudopod core extends into the substance of the platelet. To permit
SEM examination of this specimen, the resist was coated with 10 nm of gold and palladium.

Similar detail was seen in unmetallized resists.

a relatively long exposure time in a hy-
poxic environment is required (10 to 12
hours) (3). We chose air-dried whole
mounts of human blood platelets for test-
ing because they have been extensively
characterized by electron microscopy
and because they appear to possess all
the morphological features described in
fixed and sectioned material (4). Plate-
lets were dried on grids coated with 20
nm of amorphous carbon and irradiated
with carbon K, x-rays (4.4-nm wave-
length) as described above (/). X-ray
resists were then examined by scanning
and transmission electron microscopy
and compared with transmission images
of the same cells.

There are striking differences in the
amount and type of ultrastructural detail
discernible in each preparation (Fig. 2).
The grid coating and the Si;N, window
attenuated the incident x-rays equally
over the entire specimen and thus con-
tributed virtually nothing to the images
seen in the developed resists. Platelet
dense bodies viewed in the TEM appear
as electron-opaque structures with
sharply demarcated edges and a relative-
ly homogeneous internal core.(Fig. 2A)
(4). Pseudopods projecting from the cells
show the suggestion of a core structure
only toward their tips, with a relatively
homogeneous base merging into the
platelet cytoplasm. Other structures in-
side the cells are more poorly defined,
and no evidence of an internal network is
apparent. Platelet images in resist stud-
ied by the SEM (Fig. 2B) show smooth-
contoured bulbous projections that cor-
respond in location to dense bodies—an
appearance probably due to relatively
high absorption of the incident photons

by calcium, phosphorus, and oxygen in
the dense body core (4). Pseudopods and
a periplatelet rim are also visible as
smooth, raised topological features, al-
though their relations to the actual cell
boundaries are not apparent. When the
same resist is studied with transmitted
electrons (Fig. 2C), the dense bodies
appear as lamellated rather than homo-
geneous structures and contain small
clumps of material scattered throughout
the core. Since the cell and pseudopod
edges are more clearly defined in this
image, it is apparent that each pseudo-
pod contains a photon-absorbent core.
The pseudopod core appears to intersect
a rim of similar material lying just inside
the cell periphery, and in many cases the

0.1 um—|

Fig. 3. High magnification transmission elec-
tron micrograph of a dense body as seen in a
developed x-ray resist replica. The dense.
body appears to have a lamellar structure and
contains particulate inhomogeneities. The
background is due to a noncontinuous metal
coating. Dark object to the lower left of the
dense body is probably a foreign particle in
the resist.
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core extends into the cytoplasm. In addi-
tion, the cytoplasm contains a network
of photon-absorbent material that sur-
rounds vacuoles, connects with dense
bodies, and, in some cases, appears to be
continuous with the pseudopod core.
Platelets fixed in glutaraldehyde before
the preparation of whole mounts show
similar morphological detail in both
dense bodies and pseudopods.

The fact that resist dense bodies ap-
pear to consist of concentric rings (Fig.
3) raises the question of whether this
ultrastructure is unique to the resist,
exists in the living state, or is introduced
in the whole mount during the air-drying
procedure. It probably is not an artifact
of the exposure and development pro-
cesses, since other regions of high pho-
ton absorption (such as the pericytoplas-
mic rim and the pseudopod core) are
reproduced in the resist as smooth struc-
tures. In addition, TEM examination of
the same platelets before and after x-
irradiation for periods of 8 to 100 hours
showed no obvious structural differ-
ences. If the lamellar arrangement exists
in vivo, it may occur by sequential pre-
cipitation of secreted material as the
dense body is formed in the megakaryo-
cyte. An explanation of why it is not
visible by TEM in the actual whole
mount is lacking, however.

Two other features visible in the resist
but not in the whole mount may owe
their prominence in the resist to differ-
ences in the cross section for electron
scattering versus photon absorption. In
passing from carbon to sulfur (atomic
numbers 6 to 16), the total electron scat-
tering cross section for 100-keV elec-
trons rises by a factor of approximately
3, while the absorption cross section for
4.4-nm photons rises by a factor of 50.
Thus a PO, group looks like approxi-
mately eight carbon atoms to 100-keV
electrons but looks like more than 50
carbon atoms to 4.4-nm photons. Plate-
lets contain large quantities of actin, a
molecule associated in its polymerized
form with one adenosine diphosphate
molecule. Pseudopods in fixed and sec-
tioned platelets appear to contain a fila-
mentous core, which is believed to be
composed of actin, although a specific
connection with cytoplasmic elements
has not been convincingly documented
(3). If the cytoplasmic network, the peri-
plasmic rim, and the pseudopod core
represent adenosine diphosphate—associ-
ated actin relatively rich in phosphorus
and oxygen, they would be essentially
indistinguishable to 100-keV electrons
when embedded in a proteinaceous ma-
trix, but significantly more absorbent
than their surround to 4.4-nm photons.

1400

Transmission electron microscope im-
ages of x-ray resists made from other
cells or tissues may provide new insights
into subcellular organization, since they
can highlight features not readily visible
with conventional electron microscopy
(6). Resists may now be examined with a
resolution approaching 5 nm and, with
proper equipment, can provide qualita-
tive information about elements that may
be present in small cellular areas. Per-
haps the most important application of
the new technique, however, will result
from accurate quantitation of photon ab-
sorbance in areas of resists made with x-
rays just below and above the absorption
edges of elements of interest (7). By
superimposition or subtraction of images
obtained in this fashion, contact x-ray
microscopy may provide a valuable tool
for the quantitative imaging of the distri-
bution of elements in biological speci-
mens.
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Estradiol and Progesterone Profiles Indicate a Lack of

Endocrine Recognition of Pregnancy in the Opossum

Abstract. Concentrations of estradiol and progesterone in blood collected during
the 12.5-day gestation period of the Virginia opossum were not significantly different
Sfrom those during equivalent days of the estrous cycle. Progesterone was correlated
with an index of corpora luteal mass. Ratios of estradiol to progesterone were
highest 3 to 4 days before estrus and on the day of parturition.

As representatives of evolutionary
lines that have been separate for over 80
million years (), members of the infra-
classes Metatheria (marsupials) and
Eutheria (all other viviparous mammals,
for example, primates, rodents, or ungu-
lates) exhibit fundamentally different
strategies for gestation and lactation. Eu-
therians deliver large, well-developed
neonates after a relatively long gestation
period that interrupts the estrous cycle
and effects major alterations in maternal
physiology. The corpus luteum of preg-
nancy is usually maintained beyond its
normal life-span in the estrous cycle (2),
and progesterone concentrations re-
main high until near parturition. Like-
wise, profiles (concentrations plotted
over time) of circulating estrogens in
eutherian gestation are high and qualita-
tively different from those seen during
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the estrous cycle. In contrast, marsupi-
als give birth to extremely small, embry-
onic young after a relatively short gesta-
tion and lactate for an extended period,
several times longer than the period of
gestation. In all but a few macropods
(kangaroos and wallabies), the gestation
period of marsupials is shorter than the
estrous cycle, and if nurslings are taken
from the mother after birth, estrous cy-
cles continue unaltered (3).

Sharman (3) suggested that the estrous
cycle might be hormonally equivalent to
gestation in marsupials, a hypothesis
based on anatomical and histological
comparisons of reproductive tracts, em-
bryo transfer experiments (4), and the
temporal coincidence of estrous and ges-
tational cycles. Our test of the equiva-
lence hypothesis predicted no differ-
ences between these two reproductive
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