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ABSTRACT

The cytoplasmic ground substance of cultured cells prepared for high voltage
transmission electron microscopy (glutaraldehyde/osmium fixed, alcohol or ace-
tone dehydrated, critical-point dried) consists of slender (3-6 nm Diam) strands—
the microtrabeculae (55)—that form an irregular three-dimensional lattice (the
microtrabecular lattice). The microtrabeculae interconnect the membranous and
nonmembranous organelles and are confluent with the cortices of the cytoplast.
The lattice is found in all portions of the cytoplast of all cultured cells examined.
The possibility that the lattice structure is an artifact of specimen preparation has
been tested by (a) subjecting whole cultured cells (WI-38, NRK, chick embryo
fibroblasts) to various chemical (aldehydes, osmium tetroxide) and nonchemical
(freezing) fixation schedules, (b) examination of model systems (erythrocytes,
protein solutions), (c) substantiating the reliability of critical-point drying, and (d)
comparing images of whole cells with conventionally prepared (plastic-embedded)
cells. The lattice structure is preserved by chemical and nonchemical fixation,
though alterations in ultrastructure can occur especially after prolonged exposure
to osmium tetroxide. The critical-point method for drying specimens appears to
be reliable as is the freeze-drying method. The discrepancies between images of
plastic-embedded and sectioned cells, and images of whole, critical-point dried
cells appear to be related, in part, to the electron-scattering properties of the
embedding resin. The described observations indicate that the microtrabecular
lattice seen in electron micrographs closely represents the nonrandom structure of
the cytoplasmic ground substance of living cultured cells.

KEY WORDS microtrabecular lattice - substance as it appears in electron micrographs of
C}_'toplasmlc ground sub§tance . thinly spread, cultured cells (5, 7, 10, 23, 53-58).
high voltage electron microscopy In preparation for microscopy, such cells have
whole cultured cells . fixation and artifact

ordinarily been fixed with glutaraldehyde, post-
A number of recent reports call attention to the fixed with OsO,, and dehydrated in alcohol or
lattice-like morphology of the cytoplasmic ground acetone. Finally, the specimens have been trans-
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ferred to liquid CO; and dried by the critical-point
method (2) to avoid the damaging effects of sur-
face tension. After these treatments, the cytoplas-
mic ground substance appears to consist of slender
strands (3-6 nm in diameter), which we have
called microtrabeculae (55), interconnected so as
to form an irregular, three-dimensional, microtra-
becular lattice (MTL). This lattice is confluent
with the upper and lower cortices of the cytoplast
and interconnects most of the better-known com-
ponents of the cell such as microtubules, cisternae
of the endoplasmic reticulum, polysomes, and
stress fibers. We have suggested that the strands of
the MTL constitute a polymerized, protein-rich
phase, whereas the intertrabecular spaces contain
water-rich solutions of low molecular weight me-
tabolites (35).

The possibility that the observed lattice might
be an artifact condensed during fixation or dehy-
dration from a homogeneous, protein-rich cytosol
or cytogel has occurred to most observers. This
concern has not been dispelled by observations
that a similar, though less distinct lattice is present
in conventionally prepared thin sections of a num-
ber of cell types (our interpretations of published
micrographs, e.g., references 6, 8, 9, 21, 24, 25, 39,
45, and 59). Various arguments for (16) and
against (5, 55, 58) the artifactual nature of the
MTL have been published, but these notwith-
standing, some doubts persist as to whether the
lattice is merely a condensation artifact, or, if not
that, just how closely the visualized image resem-
bles the structure of the ground substance before
fixation, dehydration, and critical-point drying,

To help resolve these issues, we have (a) sub-
jected whole cultured cells to various chemical and
nonchemical fixation schedules, (b) examined
model systems after similar fixations, (c) investi-
gated the reliability of critical-point drying, and
finally, (d) compared the images obtained from
whole cells with conventionally prepared thin sec-
tions of cells. The resulting observations are dis-
cussed and evaluated along with arguments sup-
porting our belief that the lattice seen in electron
micrographs closely represents the nonrandom
structure of the ground substance of living, cul-
tured cells.

MATERIALS AND METHODS

Because the observations reported below are best
understood in the context of the experimental
conditions employed, procedural details are given
in association with the respective experiments and
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observations. We hope this departure from con-
vention makes this report more readable.

Cell Lines

The procedures used throughout this study for
growing cells in preparation for high voltage elec-
tron microscopy were described previously (13, 55,
56). In brief, cultures were established on Form-
var-carbon-coated gold grids held on coverslips.
When enough cells were visible on the grids
(phase-contrast microscopy), the cultures were
used for experiments without other disturbance to
the cells.

For most of these studies we used the well-
known cell line, WI-38 (human fibroblast [18]).
Cells were maintained under constant growth con-
ditions as recommended by the American Type
Culture Collection. In a few instances, however,
normal rat kidney (NRK {1]) and chick embryo
cells grown from primary explants of lung tissue
(14-d incubation) were used.

Viewing the Micrographs

Stereo viewing is essential in the examination of
micrographs of thick preparations taken with the
high voltage microscope. In fact, there is little
advantage in using the microscope to examine
thick specimens unless one takes stereo pairs and
studies them as a fused image. The superimposi-
tion of structures in a single image of a thick
specimen is unavoidable, as well as confusing, and
such images are essentially uninterpretable. Most
of the images presented here to illustrate our ob-
servations are accordingly reproduced as stereo
pairs.

These can be observed with the aid of small
binocular desk sets manufactured especially for
stereo viewing (obtainable, e.g., from Abrams In-
strument Corp., Lansing, Mich.). Alternatively,
the viewer can learn to fuse such pairs without
mechanical aids. What one does is to focus with
both eyes on an object at ~30 feet. Without chang-
ing focus, one then interposes the stereo pair in the
line of sight. The observer should see three images,
and the middle one will be stereoscopic. Practice
will perfect the technique to the point where fusing
stereo pairs will become rapid and comfortable.

EXPERIMENTAL

I. Chemical Fixation

Fixation of cells and tissues with various mix-
tures of chemicals has long been regarded as a
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source of structural artifacts. Among the many
reagents tried, osmium tetroxide has received more
than passing attention because of the unusually
good quality of preservation achieved. This was
made especially evident by Strangeways and Canti
(46) in their study of the action of several fixatives
on cultured cells. Their observations were con-
firmed in the early period of biological electron
microscopy in studies involving both cultured cells
and whole tissues (30, 36, 37). It was also recog-
nized early that, although OsO, fixes well during
initial contact with the cells, this reagent even-
tually solubilizes most components of the cyto-
plasm, membranes excluded, if allowed to act over
periods as long as 12-24 h (31). In this and other
respects, glutaraldehyde is more reliable, and com-
bined with OsO, it appears to be ideal (41). Since
other classical fixatives are known to be strongly
acidic or to contain known protein coagulants
(e.g., mercuric chloride), we chose for this study to
experiment only with the currently popular alde-
hydes and OsO.,.

A. THE ALDEHYDES:

GLUTARALDEHYDE AND PARAFORMAL-

DEHYDE

PROCEDURES: As described earlier (55, 56), cells
were incubated on Formvar-coated gold grids until a
suitable population was reached. The culture medium
was poured off the grids, leaving only a thin layer
covering the cells, and immediately replaced with 2%
glutaraldehyde (E. M. grade, Polysciences, Inc., War-
rington, Pa.) in 0.1 M sodium cacodylate (Sigma Chem-
ical Co., St. Louis, Mo.) (pH 7.2-7.4, 37°C). Fixation in
glutaraldehyde was continued for 15 min at 37°C, after
which the primary fixative was removed, and the cells
were rinsed briefly (three changes in 3 min) in buffer (0.2
M sodium cacodylate) alone before being covered with
a 1% solution of OsO, (Polysciences, Inc.) in 0.1 M
sodium cacodylate for 5 min. Preparations were then
rinsed in distilled H,O (two changes in 1 min), stained

for 1-2 min in 0.5% uranyl acetate in 0.2 M s-collidine
(pH 4.5), washed in 0.2 M s-collidine, and placed in a
multiple-grid holder (Tousimis, Rockville, Md.) for fur-
ther processing.

Dehydration in increasing concentrations of reagent
grade acetone (15, 25, 50, 70, 95, and 100%; 1-2 min per
change) was followed by drying from liquid CO; by the
critical-point method according to Anderson (2). Grids
were subsequently carbon-coated on both sides and
stored over a desiccant (silica gel) for later observation.

The quality of preservation realized with this proce-
dure is regarded in this laboratory as the standard against
which the effects of other fixatives or experimental con-
ditions are evaluated.

In five cases, 2% paraformaldehyde was used as the
primary fixative instead of glutaraldehyde; the buffers
and fixation times were as just described. In other ex-
periments, fixation was continued for 3 h. Finally, some
preparations were fixed in either glutaraldehyde or par-
aformaldehyde and processed without any additional
stain (i.e., osmium or uranyl acetate).

OBSERVATIONS: Low magnification micro-
graphs of cultured chick cells grown in monolayer
consistently show the fine structural features de-
picted in Fig. 1. Chick cells are smaller, thinner,
and less dense than human WI-38 cells; measure-
ments from thin sections and stereo pairs show
that thinly spread chick cells are never thicker
than 1.0 pum. These combined characteristics yield
intormative images of all parts of the cell, and the
absence of any embedding resin in these prepara-
tions greatly enhances contrast and resolution.

The organelles and structures evident in low
magnification images are readily identified. It is
common in these thinly spread cultured cells for
fibers, mitochondria, and lipid granules to be more
or less radially disposed with respect to the cell
center, suggesting a nonrandom organization of
the cytoplast (Fig. 1).

At higher magnification, i.e., in micrographs

FIGURE 1

Low magnification image of an unsectioned fibroblast from a primary explant of lung from

a 14-d chick embryo. The high energy (1 MeV) electrons have penetrated all portions of the cell including
the nucleus, as evidenced by the clarity and contrast of the image. Organelles readily identified in this cell
include the nucleus (N), mitochondria (M), endoplasmic reticulum (ER), centrosphere region and Golgi
(G), stress fibers (SF) composed of microfilaments, and lipid inclusions (L). Such low magnification
images illustrate the organization of the cytoplast in these thinly spread cells. The distribution of
mitochondria, stress fibers, and rows of lipid inclusions tends to be radial. Larger organelles are excluded
from regions above and below the nucleus, probably by the thickness of the nucleus. The matrix occupying
the space between the major organelles supports the fine lace-like divisions of the ER and other organelles
and has a fine structure depicted in Figs. 2 and 3. The outlined area (lower right) if enlarged would be
similar in its content and structure to that shown in Fig. 2. Bar, 5 um. X 4,500.

116

THE JourRNAL OF CELL BioLOGY - VOLUME 82, 1979



JoHN J. WoLOSEWICK AND KEITH R. PORTER Reality of the Microtrabecular Lattice 17



118



depicting less than a few cubic micrometers of the
cell, the previously described lattice of microtra-
beculae (55) emerges as a three-dimensional con-
tinuum apparently supporting other cytoplasmic
components (Figs. 2 and 3). With appropriate tilt
angles, the lattice is easy to observe in stereo.

Individual microtrabeculae vary enormously in
length and thickness. Indeed, it is most difficult to
measure accurately structures that are so nonuni-
form throughout the cytoplast. Microtrabeculae
may measure more than 10 nm thick at their ends,
i.e., where they fuse with other trabeculae, micro-
tubules, and microfilaments, etc. but only 2-3 nm
thick at their midpoints. The variation is especially
great when lattice elements near the cell margin
are compared with those near the cell center.
Where microtrabeculae approach the continuous
layer of cortical matrix material and become con-
fluent with it, they flatten out and align with their
broadest aspects parallel to the surface of the
cortex.

Microtrabeculae also vary enormously in length,
some reaching 100-200 nm; others are much
shorter. There is a corresponding variation in the
size of the interstices outlined by the trabeculae.
We estimate that ~80% of the cytoplasmic volume
comprises intertrabecular space, but this varies
with cell type.

Stress fibers are prominent in chick fibroblasts
and WI-38 cells and seem to be integral parts of
the lattice in which parallel and often elongated
trabeculae have become laterally associated in
compact bundles. This structure is made particu-
larly striking by the fact that, in regions adjacent
to the stress fibers, the trabeculae appear randomly
oriented in space. At least two sizes of stress fibers
are evident in Fig. 2. One consists of only a few

trabeculae in parallel array; the other comprises
many. Fibers seem to develop in regions closer to
the upper and lower surfaces (cortices) of the
cytoplast (the latter, as used here, refers to all of
the cell, exclusive of nucleus and plasma mem-
brane).

Elongated vesicles of the endoplasmic reticu-
lum, which in these cells form a lace-like config-
uration, are contained in the lattice at a level more
or less midway between the upper and lower cor-
tices (Figs. 2 and 3), and have only a few ribosomes
on their surfaces. Other “free” ribosomes and
polysomes are contained in the trabeculae and are
especially prominent at points where trabeculae
fuse, that is, at cross-points in the lattice (Fig. 4).

Microtubules are not detected in some images
(Fig. 2), probably because none is present in the
small volume of cytoplasm represented. Where
evident, they have essentially the same density as
the trabeculae and are not much larger in diameter
than some of the latter. However, because they
tend to be straight and extend over relatively long
distances (several micrometers), they can ordinar-
ily be identified (see black arrow, Fig. 3). The
microtubules are coated with matrix material, and
trabeculae extend from or into this coating. Thus,
the microtubules, too, are integral to the lattice
and essentially suspended in it.

In experiments using paraformaldehyde as a
fixative, the morphology of the cytoplasmic
ground substance had the same general features as
after glutaraldehyde. The differences, if any, are
so insignificant that they cannot be convincingly
depicted or described.

Similarly, experiments to test the effects of pro-
longed fixation reveal that in cells fixed with glu-
taraldehyde for 3 h the MTL has the same mor-

FIGURE 2 Stereo micrograph of a region similar to that outlined in Fig. 1, but at higher magnification.
Two parallel stress fibers (SF) are shown, one broad and thick, close to the upper surface, the other much
thinner and nearer the lower cortex. Microtrabeculae are continuous with individual filaments of the stress
fiber as well as with filaments not part of the stress fiber. The microtrabeculae which make up the space-
filling lattice are distinctly more random in distribution and orientation farther from the stress fiber. For
the most part they vary in “diameter” from 3-6 nm, though some are much broader, especially when they
fuse with other microtrabeculae. The intertrabecular space, which is continuous throughout the cytoplast,
is represented in the image by microtrabecula-free areas 80 to over 100 nm across. Many trabeculae (white
arrows) appear more globular and at junctional regions are frequently occupied by polysomes (R). Where
the microtrabeculae fuse with the cortices, they adopt more lamellar forms (black arrows). A few
microtrabeculae (black arrowheads) have free ends; these may represent local areas of deformation/
reformation of the protein-rich phase of the lattice. Alternatively, these free-ending strands may develop
during specimen preparation or examination. ER, endoplasmic reticulum. 8° total tilt. Bar, 0.1 um.

X 140,000.
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FIGURE 3 Stereo micrograph of a portion of a WI-38 cell (passage 31) dried by the critical-point method.
The microtrabecular lattice in this cell resembles the lattice in chick fibroblast (Fig. 2). Microtrabeculae
are prominent here and exhibit the wide variation in both length and breadth observed in cultured chick
embryo cells. Here, the fusion of microtrabeculae with the surfaces of microtubules (arrow), the cisternae
of the smooth endoplasmic reticulum (asterisk), and the microfilaments is easily seen in three dimensions.
As in all the cells studied, microtrabeculae are broader where they fuse with organelles, or other



FIGURE 4 A model of the microtrabecular lattice illustrating the relationship of the structured elements
to other organelles. This model is derived from hundreds of stereo images of cultured cells prepared by
the techniques described in this report. The lattice of slender microtrabeculae is a constant feature of the
ground substance in all cells studied. In this model, material of the lattice is depicted as continuous with
the upper and lower cortices (C), the surfaces of the endoplasmic reticulum (£R), with microtubules (MT),
with the filaments in stress fibers (SF), and other trabeculae (T). “Free” polysomes (R) are depicted at the
junctional regions of the trabeculae. We suggest that this lattice supports or contains the organelles of the
cell with the possible exception of mitochondria (M). PM, plasma membrane. X 150,000 (approx.).

phology as in cells fixed for only 15 min.

Among the cells used in this study, chick cells
yielded images showing greater openness in the
lattice than either the WI-38 or NRK cells. More
recently, the range of cell types brought to the high
voltage microscope has been broadened consider-
ably, as has our awareness of a great variability in
the compactness of the lattice, related in all prob-
ability to the degree of hydration of the cells
examined. In general, the lattice is more finely
divided in differentiated cells than in the cells
from explants of embryonic tissue. These obser-
vations will be reported in detail elsewhere.

The schematic representation of the lattice
shown in Fig. 4 is the image of the cytoplasmic
ground substance that is common to all of the
cultured cells fixed by the procedures outlined
above. It is this image that is to be evaluated for
its relation to what actually exists in the living cell.

B. OsmiuM TETROXIDE

The qualities of OsO, as a fixative have been
repeatedly extolled since it was introduced to his-
tology over a century ago by Schultze (43). For
electron microscopy it combines in one reagent
both fixative and stain, and for this reason, among
others, it found early favor among electron micro-
scopists (30, 36). Since the chemical reactions be-
tween OsO, and the components of the cell are
very different from those of the aldehydes (17, 37),
we were particularly interested to see whether,
when used alone, osmium would preserve the lat-
tice described above.

PROCEDURE (1): OsO, IN soLUTION: Cells were
handled identically with those for glutaraldehyde fixa-
tion except that a solution of osmium tetroxide (1% in
0.2 M sodium cacodylate, pH 7.2-7.4) replaced the glu-
taraldehyde. Fixation was continued for 15 min, after
which the preparations were rinsed in distilled water,
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dehydrated through an acetone series, and dried by the
critical-point method.

OBSERVATIONS: When used as the primary
fixative, osmium tetroxide preserves the microtra-
beculae and their arrangement in an irregular
three-dimensional lattice in all cells studied (Fig.
5). As expected, cellular membranes, especially
those of the endoplasmic reticulum and mitochon-
dria, fix and stain satisfactorily with osmium te-
troxide, as do also lipid inclusions. Microfilament
bundles (stress fibers) appear consistently in these
preparations, although individual 6- to 7-nm (ac-
tin) filaments often are difficult to resolve. Though
not normally preserved by OsO,, microtubules are
seen occasionally in the cortical regions of os-
mium-fixed cells. On the other hand, trabeculae
comprising the lattice are less distinct than in the
aldehyde-fixed cells. Closer examination also re-
veals many discontinuities in the lattice. Many
microtrabeculae terminate as free ends (arrow-
heads, Fig. 5), as if there had been some decay of
the original structure and perhaps a flowing to-
gether of the material of the matrix to form a
slightly different structure from that evident in
aldehyde-fixed cells. This phenomenon may be
similar to the partial disassembly of bundles of
actin microfilaments reported by others as taking
place during fixation in solutions of OsO, (33).

PROCEDURE (2): OsO, vaPORS: In another series of
experiments, cultured cells (WI-38 and NRK) were fixed
with vapors of OsQ,. This was done by quickly draining
all but a thin film of culture medium from the grids and
then inverting them over a 1% solution (in H>0) of OsO,
in a Maximow well slide for 1, 10, 60, or 120 min. All
preparations were subsequently processed as described
above.

OBSERVATIONS: The image of the cytoplas-
mic ground substance after a |-min exposure to
OsO, vapors (Fig. 6) essentially duplicates the
appearance after fixation by immersion in solu-
tions of OsQ,. If there is any significant difference
in fixation, it is in the appearance of the cytoplas-
mic cortex underlying the plasma membrane, and
in the smaller number of microtrabeculae. The
cortex shows a reticular pattern of thick and thin
areas which may have developed as a consequence
of the relative slowness with which the OsO, vapor
reaches the cytoplasmic ground substance. Possi-
bly the material of some of the microtrabeculae
mingled with that of the cortex before fixation was
complete. Fixation with osmium is evidently not
an instantaneous achievement, as with glutaral-
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dehyde, but seems rather to be prolonged with the
products always changing.

This could, on the other hand, be the early stage
of a decay in the quality of the initial fixation that
becomes much more evident after 120 min of
exposure to osmium vapors (Fig. 7). Here, the
residual trabeculae are few and most of the os-
mium-fixed material, representing the residue of
the lattice, is associated with either the upper or
lower cortex in the form of irregularly fenestrated
sheets. One has the impression that, after initial
“fixation” the structural integrity fails and the
lattice is to some extent deformed and solubilized.
Eventual stabilization of the residue may result
from dehydration in acetone.

II. Fixation by Freezing

These experiments were designed to test the
possibility that chemical fixation or other conven-
tional procedures induce meaningless artifacts. We
therefore included in this study freeze-drying from
both the nonfixed and fixed states, and freeze-
substitution using OsO, as the fixative. In all the
experiments, cells on coated grids were frozen
without the aid of cryoprotectants.

A. FREEZE-DRYING PROCEDURES WITHOUT
CHEMICAL FIXATION

PROCEDURE: Grids with cells were removed from
their cover slips with fine foreceps, dipped once for 1 s
in prewarmed (37°C) isotonic ammonium carbonate (pH
7.2, 0.75%, ~320 mosmol), or 27°C distilled water,
flicked free of liquid, and immediately plunged into
liquid nitrogen or into Freon-12 quenched at liquid
nitrogen temperatures. The entire procedure was com-
pleted in ~2 s. The grids were then placed into a solid
steel grid holder submerged in liquid nitrogen, and trans-
ferred quickly to the thermocouple stage of a modified
Denton freeze-drying apparatus (Denton Vacuum Inc.,
Cherry Hill, N. J.) operating at 5 x 107 Torr and with
a cold trap (copper bar) in the chamber maintained at
—180°C. The cells were dried in vacuo for 8-12 h at
—~80°C, after which they were allowed to warm gradually
to room temperature. On several occasions the stage and
the dry specimens were warmed slowly to +60°C to
volatilize residual ammonium salts. Thereafter, the spec-
imens were coated on both sides with a layer of evapo-
rated carbon and stored as described above.

OBSERVATIONS: Fig,. 8 illustrates the appear-
ance of one of the frozen-dried specimens. The
surprising contrast imparted to the images of the
microtrabeculae and inclusions is apparently the
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FIGURE 5 WI-38 cell (passage 30) fixed by immersion in 1% OsO, for 15 min. As expected, mitochondria
(M) and lipid-rich inclusions (L) are preserved and are prominently stained. The lattice made up of
numerous trabeculae is present, as after glutaraldehyde, but not without modifications. To the experienced
observer, it is evident that many of the trabeculae are broader and seem to be part ot a fenestrated sheet
closely associated with the undersurface of the upper cortex (arrows). One notes as well that many
trabeculae associated with the stress fibers (SF) and elsewhere have free endings (arrowheads) as though
caught by the fixative after the strand had broken and started to withdraw toward its two ends. This
would reduce the number of trabeculae that traverse the region between the upper and lower cortices. An
isolated cisterna of the ER is also shown. 10° tilt. Bar, 0.2 um. X 48,000.
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product, in part, of the salts retained in the struc-
tures. The trabeculae are preserved in their three-
dimensional form without evident distortions, al-
though damage from ice crystals could be found
in some places, especially in regions within the
nucleus and in the thicker parts of cells. Even
though the volume of liquid covering the cells on
the grid immediately before freeze-fixation is very
small (<0.01 ml) and the cells are only | um thick,
it is apparent from the internal morphology that
the freezing rates (e.g., Freon-12, 2,940°C/s (40]),
are too slow to transform the aqueous phase in the
cell to noncrystalline ice.

The dimensions of the trabeculae are generally
larger than in preparations from other procedures,
often 40-50% broader than in glutaraldehyde-
fixed, acetone-dehydrated specimens. This sug-
gests to us that glutaraldehyde-OsO, and dehydra-
tion may preserve the material, but not the dimen-
sions of the trabeculae.

B. FREEZE-DRYING AFTER FIXATION

It seemed important to test whether the MTL
might be a product of dehydration and/or critical-
point drying after fixation. This was regarded as
unlikely, but in the course of the present survey,
we decided to fix cells with glutaraldehyde and
osmium tetroxide in the usual way, and then freeze
them as we had the living cells, and dry in vacuo.

PROCEDURES: WI-38 cells, growing on Formvar-
coated grids, were fixed with glutaraldehyde and osmium
as described under Section I A, and then held in distilled

water for 1-2 min. Grids were individually removed
from the glass cover slip, flicked free of excess water or
blotted to remove the excess water, and immediately
plunged into Freon-12 quenched at liquid nitrogen tem-
peratures. The grids were then transferred to a metal
grid holder submerged under liquid nitrogen, and trans-
ferred quickly to the thermocouple stage of the freeze-
drying apparatus and dried for 8 h at 5 x 107" Torr. The
temperature of the thermocouple stage was —80°C, while
the cold trap was maintained at liquid nitrogen temper-
atures. After 8 h of drying, the specimens were allowed
to come to room temperature. The grids were then
removed from the drying unit, coated on both sides with
a layer of carbon, and stored over a desiccant.

OBSERVATIONS: The important observation
from this experiment is that the microtrabecular
lattice is still observed and displays the general
characteristics normally observed after fixation
with the standard glutaraldehyde-osmium fixa-
tion, dehydration with solvents, and critical-point
drying (Fig. 9). However, the individual trabeculae
are as large as in cells frozen-dried without pre-
vious fixation (Section II A), which suggests that
drying by acetone and/or critical-point drying
from CO; does cause some shrinkage in the di-
mensions of the trabeculae, especially at their mid-
points. The contours of the trabeculae in these
fixed and frozen-dried cells are not so smooth and
uniform as in nonfixed frozen-dried cells (Fig. 8).

C. FREEZE-SUBSTITUTION

Another important and accepted technique for
the preservation of biological ultrastructure is

FIGURE 6 Stereo image of an intermediate passage W1-38 cell exposed to osmium vapors for ! min. The
lattice microtrabeculae are preserved adequately by short vapor-phase fixation, although there are few
microtrabeculae in cells fixed in this way and the cells tend to have smoother contours than cells fixed by
immersion. Note that the cortical regions are denser and less homogeneous than in Fig. 5. It is also evident
that many of the trabeculae have withdrawn to the larger masses in the cytoplasm such as vesicles of the
ER (v) or polysomes. These phenomena may be the early stage of deformations induced by inadequate or
slow fixation with osmium vapors. The end of a mitochondrion (M) is at the lower left. 12° total tilt. Bar,

0.2 pm. X 48,000.

FIGURE 7 Stereo image of a portion of a WI-38 cell fixed for 2 h over vapors of OsO,. The failure of the
0504 to preserve the microtrabeculae in the usual form is even more evident than in either of the
preceding images. It is certain that the upper and lower plasma membrane of this cell are fixed, as are all
the membranes, but the ground substance or matrix of the cytoplasm, represented in these images by the
microtrabeculae, has decayed or is not preserved in its polymerized form. Evidence of this failure increases
with time of exposure to the OsO, vapors. The “lakes™ of dense materials associated with the upper and
lower surface of the cytoplast are thick and continuous (arrows), as though the process initiated in the
shorter exposure (Fig. 6) had continued. This leads eventually to a total deformation of the finely divided

microtrabeculae. Total tilt 15°. Bar, 0.2 um. X 48,000.
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freeze-substitution (20, 40). In these procedures,
cells are rapidly frozen from the living state and
subsequently, while still locked in ice, fixed with
050, as the ice dissolves in cold acetone. For small
samples, such as thin whole cells in culture, the
substitution process is rapid, though with blocks
of tissue the substitution requires considerably
longer.

PROCEDURES: Cells on grids were frozen as de-
scribed immediately above, then transferred to solvent-
resistant vials containing 10% osmium tetroxide in ab-
solute acetone maintained at liquid nitrogen tempera-
tures. The 10% osmium solution (wt/vol) was prepared
by adding crystalline osmium to 100% reagent grade
acetone that was almost completely frozen by liquid
nitrogen. This mixture was allowed to freeze, and liquid
nitrogen was added to the top of the frozen acetone-
osmium mixture. The grids were transferred to this mix-
ture, then to a —70°C freezer for 8-10 h, then to a —25°C
freezer for 8 h, then to 0°-4°C for 4 h, and lastly allowed
to come to room temperature. At that point, the grids
were placed in a multiple grid holder (while submerged
in 100% acetone) and dried by the critical-point method.
The grids were then carbon-coated and stored in a
desiccator.

OBSERVATIONS: The microtrabeculae are pre-
served (Fig. 10) in dimensions comparable to those
in glutaraldehyde-fixed cells. Damage from ice
crystals is frequent in the thicker regions of the
cells in these preparations. Nonetheless, it is sig-
nificant that the typical 3- to 6-nm trabeculae of
the lattice are present.

1I1. Model Systems Tested

Model systems have been used to test the ten-

dency of this or that procedure to produce artifacts
(37). We chose two distinctly different models in
which to search for evidence of trabeculae-like
structures after fixation.

A. WHOLE ERYTHROCYTES

PROCEDURES: % ml of circulating human blood was
suspended in 10 ml of isotonic saline, centrifuged gently,
and washed in two additional aliquots of saline. Drops
of resuspended erythrocytes were placed on Formvar-
coated grids to which polylysine had been added (27)
and allowed to settle for 5 min in a warm (37°C), moist
chamber. The erythrocytes were subsequently fixed and
processed as described under Section [A for cultured
cells.

OBSERVATIONS: The biconcave erythrocyte is
too thick and dense for even high energy electrons
to penetrate except at its center. Micrographs of
this region show the structure to be homogeneous
and without evidence of any MTL. A few leuko-
cytes were located on these grids, and, as with all
nucleated cells examined thus far, they exhibited
in their cytoplasms a typical trabecular structure.

B. BOVINE SERUM ALBUMIN

PROCEDURES: Solutions of crystalline bovine serum
albumin (20% wt/vol in H.O) were mixed with 2%
glutaraldehyde at ratios of 1:1, 2:1, 3:1, 4:1, 5:1, and
applied immediately to Formvar-coated grids which
were then placed in a moist chamber at 37°C for 30 min.
The grids were subsequently processed as described in
Section 1 A, including acetone dehydration and critical-
point drying.

OBSERVATIONS: Although a single protein
such as bovine serum albumin admittedly does not

FIGURE 8 Stereo image of a portion of the cytoplasm of a frozen-dried W1-38 cell. Of particular interest
there is that the microtrabeculae in these preparations range from 9 to 30 nm. which is thicker than those
observed in cells fixed with glutaraldehyde/osmium. Contours of the microtrabeculae are smoother, and
the spaces outlined by the trabeculae are more uniform than in chemically fixed and acetone-dehydrated
specimens. Some membranes are visible, probably vesicles of the ER. As in other preparations the
microtrabeculae show continuities with the surfaces of inclusions (probably secondary lysosomes), the ER.
and the other microtrabeculae. The mass of the cell's components, the salts from the tissue culture medium
trapped in the trabeculae, and a small (20 um) aperture all contribute to the contrast in this image of a
frozen-dried specimen. 7° total tilt. Bar, 0.2 um. X 50,000,

FIGURE 9 Stereo image of a portion of a WI-38 cell frozen-dried after glutaraldehyde/osmium fixation.
The morphology of the microtrabecular lattice in this specimen resembles more closely that of glutaral-
dehyde/osmium-fixed, solvent-dehydrated cells than that in Fig. 8. It retains, however, some of the
attributes of the structure in Fig. 8 and substantiates at the very least that the microtrabecular lattice is not
the product of ethanol-acetone dehydration and critical-point drying. 9° total tilt. Bar, 0.2 um. x 51,000.
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FIGURE 10 Stereo image of a WI-38 cell prepared by the freeze-substitution-OsO4 method. Differences
in the fine structure are evident compared with the frozen-dried cells. The microtrabeculae are more
uniform in size than in frozen-dried and glutaraldehyde/osmium-fixed cells. Most microtrabeculae here
are 4-6 nm thick though a few are <4 nm. Filaments thicker than 7 nm are abundant. Interestingly, the
dimensions of many of the intertrabecular spaces are similar to those seen in cells prepared by other
techniques. It is most significant that the trabeculae are preserved in their three-dimensional lattice
configuration. A portion of a mitochondrion (M) and a small vesicle (arrow) are shown in this image. 5°

total tilt. Bar, 0.1 pm. x 100,000.

duplicate the cytoplasmic ground substance, it has
been used repeatedly to investigate the coagulating
effects, if any, of chemical fixatives (37). In this
latest trial, it became fixed in the sense of becom-
ing gelatinous, but it did not show in its structure,
even at X 20,000, any evidence of a microtrabe-
cular lattice.

IV. Images of Sections
of Cultured Cells

All of the observations reported up to this point
were made on cells prepared without any embed-
ding matrix such as Epon-Araldite. In such cells,
the spaces normally occupied by such matrices
are, in the vacuum of the microscope, also in
vacuum. Accordingly, differences would be ex-
pected between micrographs of whole, unembed-

ded cells and sections of similar cells. One would
expect, nevertheless, that the structures in one
should be identifiable in the other, and we have
sought to make appropriate comparisons with this
in mind. We have accordingly made stereo pairs
of thin and thick sections, at both low and high
voltages. Additionally, and especially to monitor
the action of liquid CO,, we have examined cells
that were dried by the critical-point method and
subsequently embedded and sectioned. The pur-
pose was to detect differences, if any, between the
appearances of cells that had and had not been
exposed to critical-point drying.

A. THIN SECTIONS OF CONVENTIONAL
PREPARATIONS

PROCEDURES: Cells for conventional transmission
electron microscopy were plated onto heat-sterilized.
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carbon-coated glass slides and maintained in culture as
previously described (56). When ready for fixation, the
cells on the slides were fixed in 2% glutaraldehyde in 0.1
M sodium cacodylate at 37°C for 15 min. Fixed cells still
on the slides were rinsed in 0.2 M sodium cacodylate,
postfixed in 1% osmium tetroxide in 0.1 M sodium
cacodylate (pH 7.2-7.4) for 10-15 min, washed briefly in
distilled water (1-2 min.), stained en bloc in 0.5% uranyl
acetate in s-collidine for 1 h, dehydrated in increasing
concentrations of reagent grade acetone, infiltrated for 1
h in Epon-Araldite, and finally embedded in this resin.
Embedding was accomplished by inverting the glass slide
(cells down) onto another slide coated with a fluorocar-
bon (Spraymate, Minnesota Mining and Manufacturing
Co. St. Paul, Minn.). This sandwiched preparation was
then hardened at 60°C for 48 h, after which the slides
were separated with a razor blade, leaving the embedded
cells in a thin layer of resin. Individual cells or groups of
cells were selected, cut out of the waferlike embedment
with a razor blade, and mounted on Epon blanks for
sectioning. Sections were spread on Formvar-coated
grids, stained again with aqueous uranyl acetate and lead
citrate, and viewed in a Philips 300 electron microscope
operated at 80 kV.

OBSERVATIONS: Examination at suitably
high magnifications of thin sections of convention-
ally prepared, plastic-embedded material reveals,
as it has for other investigators (6, 8, 9, 15, 21, 26,
39, 44, 45, 51, 52, 59), a considerable amount of
“flocculent” material associated with microtu-
bules, microfilaments, free ribosomes, membranes
of the endoplasmic reticulum (ER), etc. (Figs. 11
and 12). None of these structures has “clean,” or
smooth surfaces: in some places, the flocculent
material forms strands which extend from one to
another of the better defined structures (see arrow-
heads in circular inserts); in other places, there are
small patches of what can be called a lattice. The
dimensions of the strands vary greatly (e.g., 2.5
6.5 nm diameter), as do those of the microtrabe-
culae in stereo images of whole cells, but their
appearance here is very different in that they are
feathery and without distinct margins. If we as-
sume that the two are equivalent, then we have to
account for the discrepancy in their appearance.

At least two explanations come to mind. The
most obvious is that any one thin section, ~60 nm
thick, includes only fragments of the lattice micro-
trabeculae and these will therefore appear mostly
as bits and pieces in the section. Where a micro-
tubule is present in the section over some part of
its length, more fragments of the lattice attached
to its surface will also appear in the section. The
same is evident, though less strikingly so, with the
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6-7 nm and 9- to 10-nm microfilaments (14, 15,
22). Where the 6- to 7-nm actin-containing fila-
ments are bundled together to form a stress fiber,
the “flocculent matrix material” fills the spaces
between the filaments (Fig. 12).

Another explanation we find reasonable is that,
in sections, we are looking at a uranyl-stained
component of the trabeculae that scatters electrons
more than the bulk of the materials making up the
lattice. These latter, having, we assume, the same
scattering properties as the Epon-Araldite, fail to
be visualized at all. The space occupied by Epon-
Araldite in sections is, in whole cells, continuous
with the vacuum of the microscope and in failing
to scatter electrons enhances the contrast of the
trabeculae, which do.

B. THIN SECTIONS OF CELLS FIRST DRIED
BY CRITICAL-POINT METHOD

PROCEDURES: WI-38 cells were fixed and dried by
the critical-point method as though prepared for whole-
cell microscopy (Section I A). They were then infiltrated
for 1 h in Epon-Araldite and finally embedded in this
mixture. Subsequent handling repeated exactly the pro-
cedures followed (Section IV A) for preparing cultured
cells for thin sectioning.

OBSERVATIONS: Comparisons of the images
shown in Figs. 11 and 12 reveal no significant
differences: the flocculent material equated with
the trabecular lattice is distributed in exactly the
same manner in both. Association of the material
with ribosomes, filaments, and microtubules ap-
pears the same in each of the images (see arrows
in enlarged areas). It has to be concluded, there-
fore, that the act of drying the cell through liquid
CO; (Fig. 12) has no major effect on the fine
structure.

C. THICK SECTIONS

PROCEDURES: Epon-Araldite-embedded  cultured
cells were sectioned on glass knives at various thicknesses
(0.25-0.75 pm) and mounted on Formvar-coated copper
grids. Before embedding, they were stained for 18 h in
0.5% uranyl acetate. After sectioning, the preparations
were stained for 3 h with 4% aqueous uranyl acetate and
15 min in lead citrate at 60°C in a moist chamber. After
staining, the grids were stabilized by evaporating a layer
of carbon on each side and stored in a desiccator.

OBSERVATIONS: It was assumed in this ex-
periment that stereo viewing of a thicker section
(Fig. 13) should demonstrate a greater level of
continuity in the flocculent material than is evi-
dent in thin sections. In several places, and espe-
cially between polysomes or between closely as-
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sociated microtubules, there is reasonable evidence
of a fine lattice which is interpreted as the stainable
portions of the lattice evident in the whole-cell
equivalent. In other places, however, there are
large voids (asterisk) which suggest that some-
where (either in the en bloc staining for 18 h in
uranyl acetate, or in the process of embedding)
portions of the ground substance were extracted
from the cell.

To provide an explanation for this latter point,
we have in Fig. 14 represented in stereo images (at
the same magnification as in Fig. 13) a portion of
a whole cell also stained for 18 h in uranyl acetate
and dried by the critical-point method. Clearly, it
is not changed appreciably from the structure
observed in other stereo images of whole cells (e.g.,
Fig. 3). A careful comparison of Figs. 13 and 14
reminds us that in whole cell image there are large
intertrabecular spaces which match in size the
voids seen in the sectioned image. This leaves the
flocculent or feathery appearance of the lattice
“trabeculae” in the sectioned image to be ex-
plained, and for this we have already suggested
that what one sees in the sectioned image is only
the stainable portion of the trabeculae; the rest,
while still there, is lost to view because there is
insufficient differential in scattering properties be-
tween it and the matrix.

V. Test for the Integrity
of the Cell Surface

It is difficult in stereo views of whole cells to

identify the upper surface of the cell. This diffi-
culty is less significant if a marker is included in
or on the membrane. That the surface is in fact
present and intact is indicated by images of vertical
sections through cultured cells as well as by images
of cells similarly treated and examined by scan-
ning microscopy. Nonetheless, in the unlikely pos-
sibility that the high voltage beam might have
damaged or destroyed the integrity of the upper
free surfaces of these cells, it was decided to iden-
tify the surface with a marker and to prepare
images for stereo viewing. To demonstrate that
this thin surface layer of the cell has withstood the
rigors of fixation, dehydration, and critical-point
drying is also to make more believable the pres-
ervation of the underlying morphology of the cy-
toplasmic ground substance after the same treat-
ment.

PROCEDURES: Cells were fixed with glutaraldehyde
plus osmium tetroxide as previously described (Section
I A). After dehydration and critical-point drying, the
preparations were placed in a metal evaporator and
coated with 20-30 A of platinum-palladium.

OBSERVATIONS: It is evident that the evapo-
rated platinum-palladium renders the cell surface
visible by giving it a finely granular appearance
(Fig. 15). One has the impression of looking
through a partially opaque (frosted) glass at the
subjacent morphology of the cytoplasmic ground
substance. It is thus possible to conclude that the
upper free surface is intact and smooth and not a
part of the lattice structure clearly evident beneath.

FIGURE 11 Thin section of a cultured WI-38 cell fixed and processed for electron microscopy by
conventional methods. Microtubules (MT), microfilaments (MF), and ribosomes (R) appear in the
expected forms and dimensions. This image and the inset at high magnification are included to illustrate
the appearance of what has to be interpreted as the microtrabeculae in thin sections. The microtrabeculae
have dimensions similar to those in the whole-cell preparations, but they are far less distinct and look as
one might expect remnants or fragments of the trabeculae to look. They are obviously attached to the
surfaces of the microtubules and ER vesicles and are confluent with filaments in the stress fibers. Bar, 0.5

pm. X 40,000. Inset: Bar, 0.1 um. X 80,000.

FIGURE 12 Thin section of a WI-38 cell that was fixed and processed as a whole cell (including critical-
point drying) before being embedded in Epon-Araldite and sectioned. The section, which includes
microfilaments (MF) just under the cell surface, has the same morphology as that of the cell in Fig. 11
which was not subjected to critical-point drying. The preservation of the microtrabeculae may be better
than in Fig. 11. Again the microtrabeculae are identified as strands having the size and associations, but
lacking the crispness of those in the whole-cell images. The microtrabeculae seem to fill the space between
the 6-nm actin filaments of the stress fibers (MF). (See text for further interpretation of images.)
Microtubules (MT) and more randomly oriented 10-nm filaments (arrows), as well as the cisternae of the
endoplasmic reticulum (ER) and ribosomes (R), are included in the micrograph. Bar, 0.5 um. X 40,000.

Inset: Bar, 0.1 pm. X 80,000.
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DISCUSSION
The Artifact Controversy

The question of what is artifact and what is not
is a persistent one in electron microscopy, espe-
cially where micrographs depict what are essen-
tially new or unexplored structures. In the strictest
sense, of course, the content of the images is all
artifact where the usual procedures are employed.

The question is one of equivalence. To what
extent do the images represent what was in the
ground substance when the fixative was applied,
and to what extent may these images be used to
investigate the form and function of this part of
the cell? Obviously, after examining the results of
these variations in preparation, we conclude that
what is seen consistently and reproducibly in our
whole cell images is useful for studies of the non-
random organization and nonhomogeneous na-
ture of the cytoplasmic ground substance and the
phenomena in which the ground substance is in-
volved. Since there are few alternatives to electron
microscopy for examining structures smaller than
1,000 A, we have little choice but to make the
most of this one.

It would be generally conceded that most of the
cell structures revealed by electron microscopy and
frequently questioned have been demonstrated to
exist before fixation. This has been done by light
optical methods on living materials, by cytochem-
ical procedures, and by freeze-fracture and repli-
cation studies. Thus, the structure of the plasma
membrane is no longer questioned. Although frag-
ile and thin in dimension, it appears to retain its
integrity and to withstand the rigors of chemical
fixation and dehydration surprisingly well. The

same may be said for the endoplasmic reticulum,
as evidenced by the form of the derived micro-
somes (32).

Ribosomes have without doubt the morphology
depicted in thin sections and substantiated by
negative staining. And microtubules, especially in
ordered arrangements (as in axonemes), are de-
picted as joined by slender bridges or links (48).
In cilia, the ordered disposition of dynein arms
and the slender spokes as seen in sections has been
verified by negative staining of tubules freshly
isolated (50) and in critical-point-dried cilia (42).
Similar arms and bridges observed in micrographs
of microvilli and axostyles, have been recognized
in replicas of freeze-etch preparations of these
same structures (4, 28, 29). Microfilaments in bun-
dles (stress fibers), even though individually only
6-7 nm in diameter, display form birefringence
and have been identified as to location, form, and
composition by immunochemical procedures.
These several examples of fine details of mor-
phology are readily accepted. Thus, it is reasonable
to believe that structures of similar dimensions, for
several reasons not previously observed, are also
faithfully preserved by glutaraldehyde-osmium te-
troxide fixation. Yet, there could be exceptions,
especially where the relative disorder of the ob-
served structural elements increases the appear-
ance of artifact.

So, we have attempted in this study to explore
again in the preservation of cultured cells a possi-
ble role of fixation and dehydration in the gener-
ation of artifacts. More specifically we are asking
whether these preparation procedures produce the
three-dimensional lattice or meshwork of slender
strands (microtrabeculae) that is being depicted in

FIGURE 13 Stereo image of a thick section (0.25 um) of a WI-38 cell stained en bloc in uranyl acetate for
18 h. The “fuzzy” material associated with the microtubules and especially evident in this micrograph is
taken to represent the sectioned equivalent of the microtrabeculae of the whole-cell image. The same
material (arrowheads) is observed in association with polysomes, microfilaments, and surfaces of ER
cisternae. When observed stereoscopically it forms an incomplete microtrabecular network similar, but
not identical, to that present in the whole-cell images. Large voids (asterisk) suggest that portions of the
ground substance were extracted from the cell. Tilt +4°, Bar, 0.2 um. X 60,000.

FIGURE 14 Stereo image of a portion of the cytoplasm of a whole, critical-point-dried cell (WI-38)
stained en bloc for 18 h in uranyl acetate. This experiment tests the assumption that uranyl acetate (pH
4.5) extracts material from the slender microtrabeculae and provides images for comparison with those
derived from thin sections. The variations in the size of the slender microtrabeculae (arrowheads) is
evident as in other whole-cell preparations. It appears, subjectively, that the microtrabeculae have lost
density compared with cells exposed to uranyl acetate for short periods. Tilt 5°. Bar, 0.2 um. X 60,000.
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FIGURE 15 Stereo micrograph of a whole, critical-point-dried cell (WI-38) shadowed lightly with
platinum-palladium to render visible the upper surface of the cell. This procedure was performed to
establish the integrity of the plasma membrane after exposure to fixation, staining, dehydration, and
drying by the critical-point method. Viewed in stereo, the image includes a uniform layer of granular
material on the surface, a layer through which one looks to see the lattice beneath. There are no apparent
interruptions in the continuity of the surface. The granularity is due to the action of the beam on the thin
(2- 10 3-nm) layer of metal deposited during shadowing. Even though the trabeculae are not so clearly
imaged as in the unshadowed preparations, they are there and appear as if viewed through frosted glass

(black arrowheads). Tilt, 9°. Bar, 0.1 um. X 70,000.

all of the cells in this study (5. 7, 10, 55, 56) with
the exception of erythrocytes. In cultured cells
fixed with glutaraldehyde and dried by the critical-
point method, the lattice comprises microtrabecu-
lae that are usually 3-6 nm in “diameter” and 100
or more nm in length. These outline intertrabe-
cular spaces that vary greatly in size but are in the
range between 50 and 150 nm across. It is apparent
in the three-dimensional images provided by
stereo microscopy that the microtrabeculae are
continuous with the inner surfaces of the plasma
membrane (cytoplasmic cortex), the microtubules
and microfilaments, and the cytoplasmic surfaces

of the ER. All of these latter surfaces as well as
the ribosomes are coated with thin layers of a
material that is continuous with that of the trabec-
ulae. Other details of the structure of the cytoplas-
mic ground substance or matrix are discussed be-
low and can be observed as well in publications of
Buckley (5), Buckley and Porter (7), and Wolose-
wick and Porter (55).

Chemical Fixation

Although many attempts have been made since
1963 (when glutaraldehyde was introduced) to
“improve” fixation methods, nothing very signifi-
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cant has been reported as a replacement for the
now-standard glutaraldehyde-OsO,4 formula. Buf-
fers, pH optima, tonicity levels, and times of ex-
posure have been varied for different tissues, yet
the fine structure that has emerged has remained
very much the same. Additionally, glutaraldehyde
has been used simultanecusly or sequentially with
050, without significant variations in the results
(11). Since the product of these procedures is
widely accepted as satisfactory by most practition-
ers, it has seemed appropriate to accept it here as
the standard against which the product of other
procedures may be evaluated.

With OsO4

Observations growing out of the fixation with
Os0y are of interest in this context. Where cells
were exposed to solutions of osmium tetroxide for
a period of only 15 min, the lattice has most of the
features shown after fixation with glutaraldehyde
and osmium. This represents the initial response,
a cessation of all motion in the cells. Over the
longer period of exposure to OsO; the lattice struc-
ture undergoes a progressive decay; the microtra-
beculae, which normally traverse the space be-
tween the upper and lower surfaces of the cell,
disappear and the image includes mostly dense
gobbets of material which are interpreted as the
remnants of lattice material. At the same time, the
upper and lower cortices of the cytoplast increase
in density and probably in thickness. From these
observations we conclude that OsOj fixation of the
lattice is a transient phenomenon resulting in a
progressive decay of the preserved form and con-
comitant solubilization of the polymer.

Why, when allowed continued contact with the
cell, OsO; acts to destroy the initial fixation is not
known. It is, however, an effect that is not surpris-
ing, for as early as 1948 it was recognized that
extended exposure to this reagent increases the
visibility of membrane-limited structures. appar-
ently by solubilizing and eluting the surrounding
cytoplasmic ground substance, while stabilizing
the membranes (38). Apparently, in the studies
reported here, we are observing in detail the early
stages in this dissolution of the cytoplasmic ground
substance. The phenomenon parallels the failure
of OsOs to fix the so-called intercellular cement
with its high content of mucopolysaccharides (49).
This becomes especially interesting in the light of
reports that tests with ruthenium red and lan-
thanum hydroxide indicate the presence of acid
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mucopolysaccharides in the trabeculae of the lat-
tice (9, 47).

It is evident as demonstrated some time ago (31)
that OsO,, even where appropriately buffered, is
not a reliable fixative for anything except mem-
branes. More recently, Pollard et al. (33) have
reported the instability of actin filaments in model
(in vitro) preparations exposed to OsO..

We have not noticed such deleterious effects of
osmium tetroxide on cells fixed initially with glu-
taraldehyde. Within the time periods used, in any
case, there were none of the changes observed with
OsOy alone as the fixative. The striking fact that
polymers such as cytoplasmic microtubules dis-
appear completely in some instances after only a
few minutes exposure to OsO, should alert one to
the extraordinary differences in the action of these
two fixatives.

That the lattice appears after paraformaldehyde
fixation in a variety of cell types' and in a form
identical to that after glutaraldehyde, should not
be overlooked as evidence that the system occurs
naturally.

Fixation by Freezing

That the trabeculae which make up the MTL
are preserved by all of the freezing techniques
employed is also meaningful, although in each
instance their appearance is slightly different from
that following glutaraldehyde. The variation is, we
believe, related in some measure to the form that
ice assumes during the freezing process or the
degree to which freezing extracts water from the
trabeculae. That is, whether amorphous or crys-
talline, the ice can determine the degree of damage
caused in these preparations, especially in the size
of intertrabecular spaces. Where the freezing rates
are very fast, as in the case of liquid nitrogen or
Freon-12 applied to the thin margins of cultured
cells, the aqueous environment could be trans-
formed into a solid vitreous state.

However, for thick samples this probably is not
the case. Furthermore, the transition from amor-
phous to crystalline ice can occur between —120°

! In the time that has elapsed since this paper was initially
submitted for publication, several other cell types (plate-
lets, myoblasts, thyroid epithelial cells, neutrophiles, and
neuroblastoma cells) have been observed. In each in-
stance the MTL is present but with variations in form
with cell type that are striking (K. R. Porter and K.
Anderson, unpublished observations).

135



and —80°C during lyophilization, depending on
the concentration of solutes (3). The higher the
concentration of solute, the higher the transition
point, and consequently, the lower the chance for
damage by ice crystals. In our freezing procedures,
the thicker parts of the cells probably were not
frozen in the amorphous condition. This is not
unexpected since cryo-protectants, which raise the
concentration of solutes, were not used.

These considerations make it seem highly prob-
able that the images we have collected of cells
frozen quickly and thereafter dried while still fro-
zen reflect what was present at the time of freezing
(fixation) and not merely damage by ice crystals.
Thus it is significant that the stereo micrographs
of the cytoplasmic ground substance of frozen celis
show a three-dimensional lattice similar to glutar-
aldehyde-fixed cells, dehydrated by alcohol or
acetone, and dried by the critical-point method. It
is true that the trabeculae of the frozen-dried cell
are thicker on the whole than those in the stan-
dard, and we assume that the finer form of the
latter is a product of dehydration in alcohol and
acetone.

As illustrated in Fig. 9, the same morphology
emerges from stereo images of cells frozen and
dried after fixation as from those unfixed. This
obviously supports the view that chemical fixation
is not generating the observed structure, and that
in avoiding the use of dehydrating agents and
critical-point drying, we have not altered the stan-
dard image appreciably. Trabeculae in prepara-
tions treated in this way resemble more closely in
their dimensions those of frozen-dried cells than
those of cells exposed to alternative procedures of
drying. This suggests that the usual procedures do
indeed have a shrinking effect on the dimensions
of the trabeculae and may distort somewhat the
form of the lattice.

Other experiments done to test the benefits of
holding in place, by freezing, the substructures of
the ground substance while they are fixed with
Os0, in acetone (known as freeze-substitution)
likewise yielded images similar to those of the
standard. The microtrabeculae appear more slen-
der and uniform along their length, which may
reflect the postfixation effects of dehydration in
acetone mentioned above.

There are observations from freeze-fracture
studies of cells that are pertinent in the present
context. Ordinarily, the fracture plane follows
membranes and the replicas reflect the particulate
or molecular components of the lipid bilayer. In

other places, however, the fracture moves through
the cytoplasmic ground substance or some exten-
sion of it (microvilli) and should therefore expose
the MTL to view. We have examined published
micrographs (12) of freeze-fracture replicas and
have found in most instances some evidence of
irregularities in the surface which in their size and
disposition could easily represent replicas of tra-
beculae. That structures in the same size range and
of a similar nature can be seen in fracture replicas,
was intentionally demonstrated by Bloodgood and
Miller (4) in fractures taken through the axostyles
of Saccinobaculus. Likewise, in replicas of fracture
planes through microvilli, Mooseker and Tilney
(29) and McNutt (28) have identified bridges,
which we equate with microtrabeculae, between
the central bundle of actin filaments and the un-
der-surface of the plasmalemma. This miscellany
of observations can be taken to indicate that both
in specimens frozen from the living state, and after
fixation with glutaraldehyde, it is possible to iden-
tify units having many of the features of trabeculae
observed in the standard image. Most impressive
in this regard, however, are the replicas of deeply-
etched fracture surfaces from cells frozen at liquid
helium temperatures. Here without doubt the
MTL is evident (19).

Other Considerations

MODELS: ERYTHROCYTES AND BOVINE
SERUM ALBUMIN: As noted above (IIl A and
B), aldehyde fixation of mature circulating eryth-
rocytes reveals little evidence of a trabecular struc-
ture.” If the lattice were a precipitation artifact,
protein-rich erythrocytes (or more so, platelets)
should show a meshlike appearance similar to
other whole cells. This reasoning is applicable as
well to intracellular organelles as first noted by
Wessells et al. (52), Buckley (5), Wolosewick and
Porter (55). That is, cisternae of the ER, Golgi,
and mitochondria probably contain concentra-
tions of proteins or macromolecules as high or
higher than those in the cytoplasm. Yet, exami-
nation of whole cells and sections generally fail to
show structured lattices within these organelles
and systems.

Additionally, in these studies, we have tested
various chemical fixatives on thin films of serum

* Some platelets are also devoid of the lattice or any
equivalent in their thinner margins (R. Steele. personal
communication),
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albumin as have others for the same purpose. In
no instance have we found glutaraldehyde to pro-
duce in these films anything like the trabecular
structure of the cytoplasmic ground substance.

The Lattice in Sections

There is clearly a problem in relating the whole-
cell image of the trabecular lattice to the thin-
section image available from these studies as well
as from the literature. Part of this problem arises
from the fact that the thin section includes only
fragments of the trabeculae; that is easily under-
stood. It is less easy to account for the differences
between the feathery character of the material
attached to the larger components of the cytoplasm
and the thicker trabeculae bearing the same rela-
tionship to these components, We have suggested
that the epoxy resin that surrounds every compo-
nent in the sections has electron-scattering prop-
erties not dissimilar from those of the lattice ele-
ments. As one consequence of this, the true mar-
gins of the trabeculae are not apparent. But this
explanation does not teil us what it is that we are
seeing as feathery material in the thin section,
unless it represents the residue seen after staining
with uranyl acetate. We sought to test this idea by
exposing whole cells to uranyl acetate for extended
periods before dehydration and critical-point
drying. The results suggest that, rather than adding
more contrast to the lattice, prolonged exposure to
uranyl acetate (and at low pH) can actually extract
some of the lattice components.

This is a problem that needs the investigations
we are currently conducting. It should be noted
finally that the appearance of the trabeculae in
sections is essentially the same in all cases except
where ruthenium red and lanthanum hydroxide,
compounds which bind to acid mucopolysaccha-
rides, have been used to stain the microtubule-
associated material. In such preparations the
“fuzzy” or “feathery” material is much more sub-
stantial in its dimensions, and also more dense (9,
21, 47).

Summary and Conclusions

Throughout the course of this discussion we
have concentrated on the actual or artifactual
nature of the lattice, i.e., its presence, and hence
its expression, as a structural entity in the living
cell. From the various experiments described
above, we conclude that the microtrabecular lat-
tice must exist in a form not too dissimilar from

that depicted in the stereo micrographs. The gen-
eral reliability of glutaraldehyde in preserving
other features of fine structure, identical in their
dimensions to microtrabeculae, supports this con-
clusion. We have in mind, for example, the so-
called spokes (5-nm radial links) within the cilium
(50) which are distributed in a perfect repeating
pattern and could scarcely represent an artifact.
Recall also the regular arrangement of bridges
depicted in micrographs of microvilli pretreated
with 15 mM MgCl: (29) before fixation. These
bridges have precisely the form and appearance of
microtrabeculae observed in other parts of the cell
in more random arrangements.

Perhaps most compelling in convincing us that
the system under observation exists in the living
cell is a study on its structural changes during cell
function. The rapid transitions displayed by the
lattice during the aggregation and dispersion of
pigment in chromatophores are dramatic and can-
not be interpreted as a product of fixation without
an extraordinary strain on the imagination (10).
The same must be said for the observed changes
which take place in response to low temperatures.
Although not so sensitive to chilling as the con-
tained microtubules, the MTL deforms as though
certain bonds within its structure are weakened
while others are retained. This restructing of the
lattice when normal temperatures are restored is
both prompt and dramatic (57).

The nonrandom distribution of the microtrabe-
culae relative to other structures and surfaces of
the cytoplasm makes these cytoskeletal elements
integral components of an organized cytoplast;
they evidently divide the cytoplasm into two
phases, one water-rich and the other protein-rich.

The elements of the lattice are not free-flowing
in the living cell. If they were, we suggest that
would mean transitions between a structured gel
state and a homogeneous sol—transitions we have
not observed. Alterations in structure occurring
either naturally (e.g., ruffling lamellipodia, pig-
ment translocation) or experimentally induced by
low temperature, should be regarded as the result
of a graded deformation or reformation of a vis-
coelastic polymerized unit. In other words, there
is probably a shift or continual flux between a
random and nonrandom state without the loss of
trabecular structure.

Experiments in progress with colchicine, low
temperature, and cytochalasins further strengthen
the case for the existence of the MTL by inducing
local and unique alterations in the structure of the

JonN J. WoLOSEWICK AND KEITH R. PORTER Reality of the Microtrabecular Lattice 137



lattice. In other words, all these agents impart
randomness to the lattice, but probably in different
ways.

Finally, if the evidence just discussed were
weaker, one could fall back on the thought that
the methods we use are the most reliable means
available for visualizing cell fine structure and we
therefore find it excusable to make the most of
them. Again, we repeat, we are dealing with a
question of equivalence—to what degree is the
structure observed equivalent to the native, un-
fixed structure of the ground substance? It will
doubtless require further study and experimenta-
tion to answer this question to the satisfaction of
all.
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