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INTRODUCTION

" The customary method of preparing tissue culture cells for freeze-
fracture has involVed gently scraping fixed}or unfixed cell layers off
the culture dish, centrifuging the resulting suspension, and freezing
pbrtions of the pelleted cell layer. Although aldehyde-fixed, confluent
cell layers will retain some of their integrity during this procedure, a f
great deal of information regarding morphology in situ and intercellular
re]ationships is unavoidably lost. Delicate structures such as filopodia
are usually broken during removal of the cell layer, and it is often
difficult to orient regions of membrane specia]fzation with respect either
to the cell as a whole or to regions of interaction with neighbouring cells.

Recently, Pfenninger and Rinderer (9) have described a method for the

in situ freeze-fracture of cells growing on 3 mm gold grids embedded in a

thin collagen substrate. This apparatus has given excellent results, but
has the disadvantages of éomp]exity and high cost. FUrthermore, in applica-
- tions such as cell cycle studies where growth parameters may be dependent
-on the sqbstrate upon which the culture is grown, it may be necessary to
compare the biociemical properties and u]trastructufe,of cells grown on the
same substrate, and'collagen may not always be the substrate of choice.

The present report describes a simple technique for the freeze-fracture

in situ of cultures grown on gold carriers coated with a thin layer of
vacuum-deposited silicon monoxide. This coating can be deposited on .
growth chambers of any éize and appeafs to be a suitable substrate for
_ the growth of a number of cell lines. The method is inexpensive, yields

large areas of cell membrane, and should be adaptable to use with other

‘éell culture substrates.



MATERIALS AND METHODS
Cell Culture |

Swiss 3T3 mouse embryo fibroblasts, obtained from Robert Holley
of the Salk Institute, were cloned prior to use in this study. TC-7
African green monkey kidney cells (obtained from Dr. Helene Smith, Naval
Biomedical Laboratories, Oakland, Ca.), WI-38 human diploid lung fibroblasts
(obtained from Dr. Leonard Hayflick of Stanford.University at passage
level 15; used at passage level 27), and NMuli mouse liver epithelial
cells (7; obtained from Dr. R. B. Owens, Naval Biomedica] Laboratories)
were used without cloning. For routine culture: 373, TC-7, and WI-38
ce1]s’were grown in Vogt and Dulbecco*s modification of Eagle's medium
(13; DME, Grand Island Biological Company, Grand Island, NfY.) contéining
10% newborn ca]f'serﬁm (GIBCO). NMuLi cultures were grown in Eagle's
_medium (3; GIBCO) containing 10% fetal calf serum (GIBCO) and 10 ug/ml
insulin (Schwartz-Mann, Orangeburg, N.Y.).

The cells were carried in 100 mm Falcon plastic dishes (Falcon Plastics,
Oxnard, Ca.) and were incubated at 37° in a 10% CO2 atmosphere. Primary
cultures of chick cells were prepared from 10-day-old embryos as described
by Rein and Rubin (10). Secondary cultures (1) were seeded on silicon
monoxide coated Fé]con dishes in medium 199 (6; GIBCO) supplemented with
2% tryptose phosphate broth (DIFCO Laboratories, Detroit, Mich.), 2% caif
serum and 1% chicken serum (Microbiblogica1 Associates, Bethesda, Md.).
These cultures were incubated at 39° in a 5% CO2 atmosphere. Cultures
. were judged to be free of Mycoplasma by the lack 6f incorporation of
3H-thymidine into cytoplasmic areas of the cell after labeling with 0.05
uCi/mt SH-thymidine for 24 h followed by autoradiography.

The growth curve of 373 cells on clean or silicon monoxide coated

tissue culture dishes was determined by seeding 5 x ]04 cells per 35 mm

~*
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dish. Each day four coated and four uncoated dishes were removed and the
number of cells per dish was determined by removing the cells with 2.0 ml
0.01% trypsin (DIFCO) in 25 mM Tris buffer, pH 7.4, containing 140 mM
NaCl, 5 mM KC1, and 0.7 mM Na2HP04; 0.5 ml samples were counted in a
Model Fn Coulter countef. The Tife cycle paramefers of cells at their»
saturation density on coated and uncoated dishes were analyzed by the
flow microfluorimetry technique of Trujillo and Van Dilla (12).

Preparation of Cultures for Freeze-fracture

Confluent cultures of 3T3 cells were prepared by a procedure similar
to that of Pfenninger and Bunge (8). Cells weré fixed for 15 min in 4%
paraformaldehyde (Matheson, Coleman, and Bell Reagent grade) and 0.5%
glutaraldehyde (Electron Microscopy Sciences, Fort Washinéton, Pa.)

4

containing 0.1 M phosphate buffer and 1.4 x 107" M CaCl,+2H,0. Cultures

were then fixed 45 min in 4% g]utara]dehyde/containing 0.15 M phosphate

4

buffer and 1.4 x 100" M CaCl,-2H,0, washed three times in ice-cold 0.2

M phosphate buffer containing 1.4 x 107

M CaC]Z-ZHZO, and incubated

for 45 min in cold 30% glycerol in 0.1 M phosphaté buffer. A1l solutions

had a pH of 7.0-7.4 at the temperature emplo:ed. Culture dishes were
floated on the surface of a 37° water bath during fixation and were trans-
ferred to an ice-water slush during washing and glycerination. Each solution
was gradually replaced by the next one to minimize the osmotic shock to

the cells. Osmotic concentrations of these solutions were approximately

as follows: paraformaldehyde-glutaraldehyde, 1500 milliosmolal; glutar-

aldehyde, 770 milliosmolal, and 0.2 M buffer, 430 milliosmolal.

Vacuum Coating

Vacuum coating with silicon monoxide was carried out in a Varian
model VE-10 vacuum evaporator fitted with a 10 RPM rotating table and a -

liquid nitrogen trap. Small pieces of silicon monoxide (Ladd Reseaich
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Industries, Burlington, Vt.) were placed in a tungsten wire basket situatéd
9 cm from thé specimen. - Evaporation was carried out for 20 sec at a current
of 18-20 amp and a vacuum less than 1.0 x 1074 torr. Use of thinner coatings
resulted in crackfng and detachment of the ;oating after a.few days in
culture.  Three mm flat-topped specimen'carriers (95% gold, 5% nickel;
Balzers High Vaéuum Corp., Santa Ana, Ca.) were polished wifh Wenol (Ladd)
followed by sonications in absolute ethanol and petroleum ether before
coating. For compérison of cell growth on Falcon plastic and silicon
monoxide, a portion of each culture dish was masked during evaporation

to provide an uncoated region, a]]owing cgmpariéon.df cell growth on both

substrates within the same dish. y

Light Microscopy of Cells Grown on Silicon Monoxide Coated Substrates

373 cells were grown on coated Balzers specimen carriers in 35 or 60 mm
~Falcon culture dishes. These culthres were prepared for microscopy either
by fixation in cold 5% trichloroacetic acid followed by a standard Giemsa -
stain, or by simultaneous fixation and staining in 1% Crystal Violet in
25% ethanol. Cells were photographed on Kodachrome II Professional Type A
film using a Leicz Orthomat camera on an Ortholux microscope fitted with a
22X objective and a Leitz Ultrapac verticql illuminator system. Cells
growing on transparent substrates (Falcon culture dishes and fragments
frem a bacterial culture dish [Lab-Tak Products, Westmont, 111.]) were
photographed without fixation or stéining on Tri-X film using either a
Nikon or a Zeiss invertéd tissue culture microscope;equipped with phase
contrast optics.

Freeze-fracture

3T3 cells were groWn to their saturation density on silicon monoxide
coated 3 mr diameter Ba]Zers,specimen carriers p]acéd_in the bottom of

Falcon plastic dishes. After the cells had been fixed and glycerinated,

FOF 1l OFEOOOD
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the carriers were removed from the dish and the excess liquid carefully
~drained off with filter paper. The carfier was then sprayed with a 1%
suspension of 9.7 m polystyrene latex beads (Particle Information Service,
Lss Altos, Ca.), using a.Pelco nebulizer (Ted Pella Company, Tustin, Ca.).
A small copper hat (Fig. 1) was thenvplécéd over the cell layer on the
raised central portion of the Balzers carrier, and the whole assembly was
frozen rapidly against the solid phase of partially so]idifiéd Freon 22

(E. I.\duPont de Nemours & Co., Wilmington,>De1.); The polystyrene latex
Sphefes functioned as spacers to prevenf the copper hat from resting
directly on the cell layer. Good mechanical coﬂtaét between ‘the copper
hat and the fce layer above the cells’was ensured by drilling three .003
inch holes in the base of each hat, and sonicating the hats in the 30%
glycerol cryo-protectant to remove any air bubbles from the holes. The

. carriers with their attached hats were then placed in the depressions

on the four position specimen table of a Balzers BA 360M freeze-etching
apparatus and'he]d firmly in place by the specimen table C]ip and clamping
ring. Specimens were fractured at stage temperatures between -125° and
-100°C by knocking off the hats with the knife, and were immediately shadc..ed
with platinum-carbon (7 sec at 7.4 v using 10 cm of .004 inch cleaned
platinum wire on a standard Balzers carbon electrode) followed by carbon
(10 sec at 8.6 v). The specimens were then thawed and the cellular
material digested away from the replica by chlorine bleach (5.25% sodium
hypochlorite, 30 min) followed by two washes with distilled water. The
replicas were quite firmly attached to the cell layer and tended to tear
when the carriers were introduced into bleach. However, it was possible
to alleviate this problem by soaking‘the specimen carriérs overnight in

100% methanol and gradually replacing the methanol with distilled water

before treatment with bleach. Replicas were picked up on clean 75 x 300
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mesh copper grids and examined in a Siemens Elmiskop I electron microscope
at an accelerating voltage of 80 or 100 kV. The hats were cleaned before
each run by a brief immersion in dilute ammonium hydroxide followed by
sonications in absolute ethanol and petroleum ether. Only thé B face of
the membrane at the lower ce11 surface and the A face of the membrane at
the upper surface could be seen by this technique, as the other two

fracture faces are attached to the hat and cannot be retrieved at present.

RESULTS

Comparison gf_CEIT Growth on Silicon Monoxide and Conventional Substrates

In order to evaluate the suitability of silicon monoxide as a tissue
culture substrate, a comparison was made of the mdrpho]ogy of a number of
different cell lines growing on coated and uncoated areas of Falcon plastic
culture dishes. Theré was no visible difference in the density or morphology
| " of 373 (Fig. 2, a and b), TC-7 (Fig. 2, c and d) or WI-38 cells (Fig. 2, e
and f) growihg on coated or uncoated areas of’Fa]con dishes. NMuLi cells
(Fig. 2, g and h) exhibited the same growth pattern on Falcon plastic and
si]icon monoxide, although the morphology on either substrate tended to
vary between different areas of the same dish. Chick embryo fibroblasts
(Fig. 2, i ahd j) exhibited a more criss-crossed growth pattern, a higher
frequency of cell vacuoles, and more bare patches in the mono]ayerbon
si]iéon monoxide; however, cell denéity seemed to be rouéh]y comparable
on the two substrates. |

In order to determine that cells were actually growing on the oxide

coating, rather than on areas where the culture dish might be accessible

through microscobic cracks or bare patches, 3T3 cells were grown on
fragments from a Lab-Tak bacterial culture dish, a substrate which cannot

support the growth of this line of cells. While the cell layer on the

c ok i oprRrOO00
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coated areas‘of these fragments appeared normal, cells in uncoated areas
were:sparse and tended to grow in clumps. A sharp boundary could usua]]y
be seen between the coated and uncoated areas. Gentle agitation of the
plastic fragment caused the cell layer in the clear patches to detach
and roll up to the edge of the coated area. This result suggested that
3T3 cells were weakly attached to this type of plastic, but had no difficulty
in adhering to, and growing on, the silicon monoxide coating.

In similar experiments with coated and uncoated Balzers specimen
carriers, 373 cells grew te confluency on both the si]fcon monoxide coat
and the clean metal surface. Although it was not pqesible to observe fine
details of cell morphology with the vértical illuminator system, cells
growing on coated and uncoated specimen carriers appeared to have the
same size and shape as those on Falcon plastic. Apperently, it would
“be possible to eliminate the silicon monoxide coating when using cell
lines such as 3T3 which will grow on metal. However, in experiments with
cell lines that do not grow well on metal or where it is desirable to employ
the same substrate for ultrastructural and biochemical studies, use of
the si]icon monexide eoating is recommended.

To test whether the growth properties of 373 cells on silicon monoxide
were any different from those grown on standard Falcon plastic dishes, the
doubling tjme,and saturation density were determined as described in
MATERIALS AND METHODS. The 3T3 cells used in these experiments had a
doubling time of 15 i_zgh and a saturation density of 6.2 x 10% ce]]s/cm2
growing on both Falcon piastic and the silicon monoxide coating. At their
saturation density, 95% of.the cells grown on both coated and uncoated

dishes had a DNA content equivalent to cells in thevG] part of their life

cycle.



| Freeze-fracture of Monolayer Cu]turés

Replicas of confluent 373 cell monolayers fracturéd'by this method
showed large areas of cell membrane (Fig. 3). In preliminary observations,
these cells appeared to be very flat, with a thickened portion over the
nucleus sloping gently to thin peripheral sheets of cytoplasm which often
extended for several micrometers. These peripheral sheets could be as
thin as 0.06 - 0.07. m in places and showed extensive overlap with similar
regions on neighbouring cells. Microvilli were small and infrequent on the
| upper and 1owef cei] surfaces, but large filopodia (Fil) were fairly common
at the cell periphery. The stomata of numerous ‘small vesicles (v) could be
seen in localized areas of the membranes of both the upper and lower
surfaces, and often appeared to be arranged in straight lines. In some
cases, there was a very distinct boundary between areas of'p1asma membrane

with many vesicular stomata and regions with no stomata. Both A and B
fracture faces displayed numerous round intramembranous particles (IMP)

50 to 180 A°-in'diameter, distributéd at random across thé matrix of the
fracture face, with the density of IMP generally being greéter on the A
face. However, the density of IMP on the A “ace varied considerably between
~different regions of an individual cell membrane, With some areas being
é1most devoid of particles. A large protuberance filled with smooth-

membraned vesicles (Ves) is visible on A2; its nature is uncertain at

present.

DISCUSSION

The technique described in this report has proVén to be a simple and
inexpensive method for fracturing a monolayer culture without removing it

from the substrate. Our experience with freeze—ffacture of cultures prepared

ORI 0P P00 0
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by traditional meﬁhods] suggests that with these preparations, it is very
difficult to interpret regional membrane specializations §uch as variations
in the density of vesicular stomata or IMP. Preservation of the native
cell shape by jﬂ_§i£g_fixatidn and fracturing makes it'possib]e éo determine
how areas of membrane specia]ization are related to the cell as a whole and
to regions of cellular interaction. Furthermore, since the cell layer
remains attached to the substrate during preparation for fracturing,
delicate structures such as filopodia (Fig. 3) are preserved intact.

Thislmethod of in situ fracturing presents several improvements over
Techhiques i and II described by Pfénninger and‘Rihderer (9). Use.of the
silicon monoxide coating eliminates the necessity for the collagen-coated
cellophane supporting film employed with cell cultures in Technique I,
while avoiding the complex apparatus required by Technique 1I. The design
.of the hat minimizes the amount of metal separating the cell mono]ayer from
the coolant during freezing and should provide faster freezing than the
brass cylinders used ih technique I. Since the carriers fit onto the
standard Balzers specimen table, a special specimen stage is not required.
The method should be adaptable to a number of different substrates, the
.only cgndition being that the layer of substrate app]ied to the gold-nickel
carrier must be thin enough to permit good heat conduction during replica-
tion. For example, Hamamoto et al. (4) have recently used this technique
to examine epithelial cell layers grown on Nuc]eopore_filters. At present,
the main limitation encountered with this method resd]ts from the necessity
of using a vertical illumination system to observe the cells growing on
the carrier. This problem does not arise with the method of.Pfenninger
and Rinderer, where the transparent collagen substrate extends across the

open squares of the supporting anld grid. Tn addition; fracture faces

1T. R. Collins, unpublished observations.
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produced by fhis technique seem particularly sensitive to “orange peel"
contamination of the sort déscribed by Moor (5; see especially Fig. 12),
Dunlop and Robards (2) and Staehelin and Bertaud (11). However, contamina-
tion can be minimized by fracturing at -100° and etching the specimen for

1 min with the cold knife positioned over the specimen table.2 This
problem is presently under study.

The silicon monoxide coating employed here appears to be an excellent
substrate for freeze-fracture studies on cell cu]tures; Once coated, the
carriers can be sterilized at 132° without any apparent change in the
oxide layer. 3T3 cells-cultured on silicon monéxidé show no modification
of'growth properties compared to cells growing on Falcon plastic, and
other cell lines also appear to grow well on this substrate.“The abf]ity
‘to coat cu]ture_vesse]s roufine]y with silicon monoxide allows comparison
? _of the biochemical properties and ultrastructure of cells growing on the

same substrate.

SUMMARY

A simple method is described for the freeze-fracture in situ of mono-

layer cultures grown on gold carriers coated with a thin layer of silicon
monoxide. Preliminary observations on 3T3 mouse embryo fibroblasts

indicate that this technique exposés large areas of cell membrane, making

it possib1e.to determine how areas of membrane specialization are related

to the cell as a whole and to regions of cellular interaction. 3T3

cells cultured on silicon monoxide show no modification of growth properties
compared to cells growing‘on Falcon plastic, and other cell 1ine5 é]so

appear to grow well on this substrate.

2T. R. Collins, unpublished observations, and J. P. Revel, personal

SeviLOopbOTOO0
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communication.



12

ACKNOWLEDGEMENTS
| The authors would 1ike to express their thanks to Dr. Karl H.

Pfenninger, Dr. Dorothy R. Pitelka, Dr. Peter Satir, Dr. Daniel S. Friend,
and Mrs. Carolyn Schooley for their criticism and suggestions during
the course of this work. We are deeply indebted to Mr. Jack Murchio
for sharing his knowledge of the silicon monoxide evaporation technique
and for his many suggestions during this study. We thank Hisao Yokota
and Carro]]'Hattie for their assistance in cu]tufing the cells.

This research was supported by Grant CA 14828-02 from the National
Institutes of Health and also by the U. S. Eneréy Resources and Development
Administration. Mr. T. R. Collins wa$ the recipient of a studentship

from the Medical Research Council of Canada.



13
REFERENCES _ |

1. Bissell, M. J., C. Hatie..A. N. Tischler, and M. Calvin. 1974.
Preferential inhibition of the growth‘of virus;transformed.ce1ls in
culture by Rifazone-82, a new Rifamycin derivative. Proc. Natl. Acad.
Sci. U.S.A. 71:2520-2524. |

2. Dunlop, W. F., and A. W. Robafds. 1972. Some artifacts of the freeze-
etching technique. J. Ultrastruct. Res. 40:391-400.

3. Eagle, H. 1959. Amino acid metabolism in mammalian cell cultures.
Science 130:432-437.

4. Hamamoto, S. T., D. R. Pitelka, T. R. Collins, and D. S. Misfeldt.
1974. Transepithelial transport and tight junctions in normal and
neoplastic cells in culture. J. Cell Biol. 63:129a.

5. Mobr, H. 1971. Recent progress in the freeze-etching technique.

Phil. Trans. Roy. Soc. Lond. B. 261:121-131.

6. Morgan, J. F., H. J. Morton, and R. C. Parker. 1950. Nutrition of
animal cells in tissue culture. I. Initial studies on a synthetic
medium. Proc. Soc. Exp. Biol. Med. 73:1-8.

7. Owens, R..B. 1974. Glandular epithelial cells from mice: A method
for selective cultivation. J. Natl. Cancer Inst. 52:1375-1378.

8. Pfenninger, K. H., and R. P. Bunge. 1974. Freeze-fracturing of nerve
growth cones and young fibers: J. Cell Biol. 63:180-196.

9. Pfenninger, K. H., and E. R; Rinderer. 1975. Methods for the freeze-
fracturing of nerve tissue cu1tufes §hd cell monolayers. J. Cell Biol.
65:15-28. |

10. Rein, A., and H. Rubin. 1968. Effects of local cell concentrations upon
the growth of chick embryo ce]]s‘in tissue culture. Exp. Cell Res.,

49:666-678.



14

V]]. Staehe]in, L. A., and W. S. Bertaud. 1971. T;mperature and contamina-
tion dependent freeze-etch images of frozen water and glycerol solu-
tions. J. Ultrastruct. Res. 37:146-168.

12. Trujillo, T. T., and M. A. Van Dilla. 1972. Adaptation of the f]uoreécent
Feulgen reaction to cells in suspension for f]ow'microfluorimetry.
Acta Cytol. 16:26-30.

13. Vogt, M., and R. Dulbecco. 1963. Steps in the neoplastic transformation

of hamster embryo cells by polyoma virus. Proc. Natl. Acad. Sci. U.S.A.

49:171-179.



«l7=

XBB 757-5027

L Ok | OFb




=18~

XBB 747-4536

Fig. 3



15

FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Copper hats with a Balzers flat-topped specimen carrier.

Cell growth on Falcon plastic (a,c,e,g,i) and silicon monoxide
(b,d,f,h,j). a and b, 3T3 cells; c and d, TC-7 cells; e and f,
WI-38 cells; g and h, NMuli cells; i and j, secondary chick

embryo fibroblasts. 100X.

Freeze-fracture of a portion of a 3T3 cell growing on a silicon
monoxide coated carrier. In the area marked A], the fracture
plane has followed the membrane of the upper surface near the
cell periphery. A2 is an adjoining A face which probably
represents an underlying cell. G' is a narrow region of glycerol
matrix separating A] and A2. The white area at the lower left
represents a split in the replica. Shadow direction is indicated
by the arrow, and shadows are white. G, glycerol matrix; v,
pinocvtotic or exocytotic vesicles; Fil, filopodia; Ves, bulge

in A2 filled with smooth-membraned vesicles. 17,500X.
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