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Summary

The study of freeze-thaw damage to end'othelial cells necessitated the
development of a suitable in vitro system. After investigating various substrates,
Leighton tubes containing a plastic coverslip proved to be the most versatile for
studying in vitro alteration to endothelial cells following thaw. The polymethylpen-
tene coverslip is the key to its versatility, It may also be easily cut to allow
portions of the same monolayer to be processed for examination by phase contrast,
bright field, and both scanning and transmission electron microscopy. At the same
time, the attached handle allows for easy processing without disturbing the
monolayer. Endothelial cells also remain better attached to the plastic substrate
than to glass coverslips following a freeze-thaw insult. The Leighton tube itself is
ideal for temperature studies because it is water tight, allowing submersion in
refrigerated water baths, and the media covering the cells may be assayed for
cellular enzymes and ions released into the media following thaw. In this manner,
biochemical markers may be correlated with the same cells used for all forms of

microscopy.

Key words: endothelial cells, Leighton tubes, freeze-thaw, polymethylpentene

coverslip.
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Introduction

Endothelial cells have been studied because Qf their importance to a variety
of medical conditions including thrombosis (1,2,3), atherosclerosis (4,5), micro-
angiopathy (6) and thromboangitis (6). Because of their strategic location at the
blood-tissue interface they are also important in the pathophysiology of frostbite.

Frostbite often leads to tissue necrosis as a direct result of post-thaw hemo-
stasis. This vascular thrombosis is believed to be initiated by freeze damage to
endothelial cells which are normally nonthrombogenic when intact (1,2). Disrupted
endothelial cells can expose subendothelium which can cause platelet aggregation.
This initiates thrombosis leading to increased vascular permeability, edema, red
blood cell sludging and eventual tissue necrosis.

In order to later study endothelial cell freeze-thaw damage as it relates to
both temperature and duration of exposure, it was necessary to develop a suitable
in vitro system for studying cellular alterations caused by freezing. Such an in
vitro system al}ows more precise control of variables not possible in vivo.

Towards this aim, we describe the use of Leighton tubes containing a plastic
coverslip for growth and processing of bovine endothelial cells following a freeze-
thaw injury. Such a system permits cellular examination of the monolayer by phase
contrast, bright field, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). In addition, release of cellular enzymes as markers of

cellular damage may be correlated with the same cells used for all forms of

microscopy.

Materials & Methods

Cell Preparation

Aortas from newly slaughtered calves served as the source of endothelial
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cells. Aortas were transported from the slaughter house to the laboratory on ice
with both ends clamped with hemostats to maintain sterility as much as possible.
Endothelial cells were obtained by 1 mg/ml collagenase perfusion (Type 1,
Worthington Bioch. Corp., Freehold, NJ) essentially as previously described (7).
Following incubation for 15 min at 37°C, the collagenase was collected and pooled

with a rinse solution consisting of Earl's balanced salt solution (Ca**

and Mg**
free, pH 7.4) and the remaining loose endothelial cells from the luminal surface.
After centrifugation at 750 rpm for 5 min, the cells were resuspended in media,
counted and seeded as follows: in Leighton tubes (Costar, Cambridge, MA)
containing a plastic coverslip (9x55 mm), on glass coverslips (11x22 mm), teflon
coated glass coverslips (8) or collagen (.25%) coated glass coverslips (9) at a density
of 5-6x10° cells/ml. Growth media consisted of Medium 199 (Microbiological
Associates, Walkersville, MO) containing 25 mM HEPES buffer and supplemented
with 20% fetal calf serum, 2mM L-glutamine, 50ug/ml gentamicin and 2.5ug/ml
fungizone. Preparations were placed in a 37°C incubator until coverslips reached
confluenc‘y which was usually within 2-3 days. Only primary cultures were used to
decrease the chance of mycoplasma contamination and improve comparisons to in
vivo conditions. Testing for mycoplasma was conducted (Bio Assay Systems, Inc.,
Cambridge, MA) as previously described (10) with negative results.

Freeze-Thaw Procedure

For freeze-thaw studies, experimental Leighton tubes were submerged in an
ethylene glycol refrigerated water bath (Neslab, Portsmouth, NH). Leighton tubes
were water tight and coverslips did not require transfer to new con-tainers for
freezing. All types of glass substrates required transfer to | oz glass prescription

bottles for freezing. The rate of freezing was approximately 0.5°C/min and was
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monitored with a thermocouple permanently mounted in a sample Leighton tube
containing the same amount of media (I ml) that covered the cells. The media
froze between —11 to —=13°C. The frozen media was lowered to -15 or -20°C, and
when the appropriate temperature was reached the cultures were thawed at a rate
of 0.75°C/min. Control Leighton tubes were maintained at 37°C until processed
with experimentals.

Processing for Light Microscopy

Following thaw, portions of the plastic coverslip used for light microscopy
were rinsed briefly in phosphate buffered saline (PBS) (Ca** and Mg** free, pH 7.4)
at room temperature to remove excess media and fixed in Carnoy's (1 part glacial
acetic acid:3 parts absolute ETOH:6 parts chloroform) prior to Toluidine Blue O
staining. The pieces of coverslip used for examination by phase contrast were
mounted unfixed with the cell side down on glass coverslips (25x 60mm) for
photography.

Endothelial cells were identified by phase contrast morphology (i.e. polygonal
cells in close apposition)(11), transmission electron microscopy (i.e. numerous
pinocytotic vesicles, 60-70 A filaments, microtubules) (11) and the presence of
Factor VIII antigen determined by indirect immunofluorescent staining (11). The
rabbit antiserum to bovine Factor VIII was kindly supplied by Dr. Edward P. Kirby
of Temple University.

SEM & TEM Processing

Those portions of the plastic coverslip used for SEM and TEM were processed
as recently described (12). Briefly, coverslips were rinsed, fixed in 2.5% buffered
glutaraldehyde, post fixed (1% buffered osmium tetroxide) and dehydrated in

ethanol. Pieces of coverslips for SEM examination were critically point dried,
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mounted on stubs, and sputter coated with gold-palladium for viewing. Those
pieces of coverslips for TEM were embedded in Epon-Araldite from propylene
oxide. After polymerization for 2 days (60°C), ultrathin sections were cut and
stained with both uranyl acetate and lead citrate for viewing.

Enzyme Determinations

Immediately after thaw, media (1Iml) was removed from the Leighton tube by
syringe, filtered through a Millipore filter (Type GS) to remove cellular debris and
refrigerated. Lactic dehydrogenase (LDH) determinations were performed as soon
as all samples were collected. Measurements were made using the Worthing-
ton/Gilford LDH (P+L) kit (Worthington Bioch. Corp., Freehold, NJ) according to
package insert SM 527020 and the Gilford Automated System, Model 3402 (Gilford
Instru. Lab., Inc., Oberlin, OH). The six printed values were averaged for a
reportable LDH activity in .U./I at 30°C.

Statistical analyses were not performed since the data represented only one
experiment. Inclosure of this information is for the purpose of illustrating the
feasibility of enzyme determinations using this in vitro system without drawing
conclusions to its statistical significance.

Choice of Substrate

Since the endothelial cell cultures were subjected to freeze-thaw conditions,
the ability of the substrate to permit normal monolayer growth and retain the cells
following thaw .was very important. All substrates except the teflon coated
coverslips yielded good monolayer growth, with polygonal endothelial ce‘lls growing
in close apposition. Teflon was found unsuitable because cells would not grow on

the teflon droplets thereby interrupting the monolayer.
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The integrity of the monolayer after freeze-thaw was also an important
consideration. All glass substrates proved unsuitable in this regard since 90 to 95%
of the cells detached after thaw, with only a few cells remaining around the
periphery of the coverslip. Plastic coverslips were able to retain 75 to 95% of the
monolayer following thaw. Occasionally the monolayer had a tendency to peel off
in certain areas, but gentle handling minimized this occurrance. Figure |1
illustrates the subjective evaluation of the various substrates with regard to growth
characteristics, integrity of the monolayer following thaw, differential staining and
ease of processing for examination by light microscopy and scanning and
transmission electron microscopy.

Light Microscopy

Bovine endothelial cells growing on plastic polymethylpentene substrates may
be stained with a variety of histological stains or examined by phase contrast.
Figure 2 illustrates control cultures maintained at 37°C, stained with Toluidine
Blue O, while Figure 3 illustrates a photomicrograph of cells frozen to -20°C,
thawed, and similarly stained. The small, round pyknotic cells remaining over the
control monolayer (Fig. 2) are dead cells not rinsed away after seeding and
attachment. In Figure 3, some cells appear normal in appearance (closed arrows)
while others demonstrate pyknotic nuclei (open arrows).

All glass coverslips presented no problems for viewing by either phase
contrast or bright field. Plastic coverslips presented no problems for viewing by
either phase contrast or bright field when mounted on large glass coverslips using
PBS and inverted for viewing. Typical permanent mounting on glass slides hindered
examination at higher magnifications unless the coverslips were mounted on slides

cell side up and, in turn, covered with a glass coverslip. This may then be sealed




with clear fingernail polish allowing the cells to be viewed through only the
thickness of the glass coverslip. |

SEM

Scanning electron microscopy was possible with either glass or plastic
substrates, but plastic ones were more versatile because they could easily be cut
into appropriate sizes for mounting on aluminum stubs and retained the monolayer
better following thaw.

Figure 4 is a scanning electron micrograph of bovine endothelial cells
maintained at 37° (control). Nuclei can be seen to rise slightly from the centers of
the cells. Figure 5 represents two endothelial cells following a freeze-thaw insult
at -20°C. The large cell is fairly representative of the extensive cytoplasmic
disruption caused by ice crystal formation within the cell. Other cells viewed (not
illustrated) demonstrated varying degrees of damage, from craters and holes in the

plasma membrane to little or no external damage detectable when viewed by SEM.

TEM

The important test for the substrates was their ability to be processed for
transmission electron microscopy. Glass coverslips proved very poor in this regard
because of the difficulty in separating the Epon-Araldite from the glass following
polymerization. Teflon coated coverslips separated well but were unsuitable in cell
growth characteristics. Glass and glass coated with collagen tended to shatter,
splinter or cleave into layers upon separation using liquid nitrogen immersion.
Plastic coverslips embedded for either parallel or perpendicular sectioning always
allowed quick and easy separation of the coverslip from the embedding resin (12).

Figure 6 is a transmission electron inicrograph of a bovine endo.thelial cell

maintained at 37°C. Cellular integrity is intact including nuclear membranes, and
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mitochondria. Numerous pinocytotic vesicles (V), characteristic of endothelial
cells, can be seen near the cell periphery.

An endothelial cell frozen to -15°C is illustrated in Figure 7. Freeze-thaw
alterations include separation and distortion of the nuclear membrane (black
arrows), and changes in the internal mitochondrial membrane (white arrow). Our
observations demonstrated that other cells exhibited more extensive internal
ultrastructural damage consistent with the external changes evident with SEM
(Fig. 5).

Enzyme Data

LDH was assayed for its presence in the media following thaw in experi-
mental cultures and after incubation at 37°C for controls. Figure 8 illustrates that
LDH levels increased greatly following a freeze-thaw cycle. Release of LDH did
not appreciably occur until after freezing at -12°C even though the cells were
supercooled. The small number of cells did not present quantitation problems and
as few as 5 x 105 cells released as much as 100-300 L.U./l @ 30°C following a
freeze-thaw state.

Discussion

Any in vitro cell culture system designed to study cellular injury must be
versatile enough to allow processing and subsequent examination by the major
forms of microscopy. It is also desirable to use other pzrameters, such as the
release of enzymes, to evaluate cellular damage. We hzve found the Costar
Leighton tube containing a polymethylpentene plastic coverslip to be such a
system; suitable for studying freeze-thaw damage to bovine endothelial cells by
four types of microscopy (phase contrast, bright field, SEM, TEM) and. release of

cellular enzymes.
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The Leighton tube is particularly suited for temperature studies which require
submersion of the cell culture in a refrigerated w‘ater bath. It is self-contained,
water tight and does not require transfer of the coverslip to another container for
freezing. It was our experience that individual glass coverslips (11x22mm) proved
difficult to manage in this regard and required transferring between the culture
dish and a glass prescription bottle for freezing. The coverslips were often broken
and the monolayer damaged because of excessive handling. The presence of a
handle on the Leighton tube coverslip permitted easy handling and decreased the
chance of disturbing the monolayer.

Temperature equalization between the water bath and the media temperature
did not prove to be a problem. By means of a thermocouple implanted in an
identical Leighton tube containing the same amount of media, it was possible to
demonstrate that the temperature of the media was only 1°C higher than the
external water bath temperature. Therefore, there was not a long latent period for
temperature equalization between the water bath and the media covering the cells.
The assumption is made that there is little or no appreciable difference between
the freezing temperature of the media and the cells.

We also found that endothelial cells remained attached better to plastic than
to glass following a freeze-thaw insult. Prior use of glass coverslips showed that
most of the cells detached following thaw. Plastic coverslips were able to retain
most of the monolayer following thaw.

Another advantage to the use of the large (9x55mm) plastic coverslips is their
ability to be easily cut for processing for the four types of microscopy. Following
thaw, the coverslip can be briefly rinsed to remove excess media. The f irst portion

of the coverslip may then be cut off and mounted cell side down on a large glass
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coverslip for phase contrast examination. Another portion or portions may be
excised and fixed for staining by different histological stains such as Toluidine Blue
O, Hemotoxylin and Eosin, and Acridine Orange. The remaining piece of coverslip
with attached handle may then be fixed with glutaraldehyde and post fixed in
osmium tetroxide in preparation for SEM and TEM examination. Following
dehydration, the piece of coverslip for SEM examination’ may be excised and
critical point dried; while the last portion of the coverslip is embedded in resiﬁ
prior to TEM examination, in either cross section or "en face". This procedure has
been previously discussed in detail (12). Thus, portions of the same monolayer may
be processed separately and examined by four forms of microscopy.

In addition to using the in vitro system for examining freeze-thaw alterations
in endothelial cells on both the light and electron microscopy level, we were
interested in evaluating the versatility of the Leighton tube as a means of studying
cellular damage via release of cellular enzymes and ions. Thus, we assayed the
media for the presence of glutamic oxaloacetic transaminase (GOT), glutamic
pyruvic transaminase (GPT), creatine phosphokinase (CPK), lactic dehydrcgenase
(LDH) and Sodium (Na*) and Potassium (K'). Results of approximately 5
experiments illuistrated that GOT, GPT and CPK could not be detected in

significant amounts above control levels using between 5-6 x 10°

cells and
spectrophotometric methods of detection. Likewise, Na* and K* concentrations
were also unchanged as measured by flame photometry. Thus, only LDH was
released in appreciable quantities to be detected following the freeze-thaw state.
This proved to be very reproducible with one experiment illustrated in Figure 8.

Although the Leighton tube capacity for monolayer growth (area 5 em?) s

relatively small, the small amount of media (0.75-1.0 m!) necessary to cover the
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cells probably facilitates detection of enzymes released into the media. Although
bovine endothelial cells are not believed to contain high amounts of GOT, GPT or

CPK, other cultures, such as hepatocytes, might be expected to release appreciable

quantities of GOT and GPT when subjected to stresses such as heat, cold or
p & cytotoxic chemicals.

In order to later improve in vivo comparisons and decrease the chance of
overgrowth by smooth muscle and bipolar cells, we chose to use only primary
cultures of endothelial cells. The use of such primaries sometimes presents the
problem of obtaining enough cells for processing by several procedures. Many of

: the techniques using plastic substrates utilize large flasks for cell culturing. This
! method, although satisfactory, requires a greater number of cells and a longer
¢ growth period to achieve a monolayer. With Leighton tubg cultures, we found that

as few as 5 x 105 cells yielded a confluent monolayer in two days. The coverslip is

large enough to use for SEM, TEM and light microscopic examination without
needing millions of cells.

It was not the intent of this investigation to go into extensive detail
concerning specific ultrastructural changes caused by freezing and thawing of a
endothelial cells. This will be the subject of a later paper. More specifically, it i

- was our intent to demonstrate the feasibility of using the Costar Leighton tube i
with plastic coverslip as a suitable system to study, using various methods, freeze- j
thaw damage to endothelial cells. This system will now be used to study the |
effects of various temperatures and durations on the micro and macrostructure of
this cell type.

In conclusion, the Leighton tube with a plastic coverslip was foun‘d to be very

versatile for studying the effects of various temperatures on bovine endothelial
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cells. Its advantages are summarized as follows: the Leighton tube is self-
contained and water tight allowing submersion for temperature studies, release of
cellular enzymes may be correlated with the same cells used for microscopy
examinaticn, the large plastic coverslip allows all forms of microscopy to be done
on the same monolayer, the plastic coverslip is easy to cut into various sizes for
versatility in processing, the coverslip handle allows easy processing without
disturbing the monolayer, the cell monolayer remains better attached to the plaﬁtic

coverslip following a freeze-thaw injury, and plastic coverslips permit easy resin

embedding and separation for electron microscopy.
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Chart illustrating a subjective evaluation of four cifferent substrates

used for growth and processing of bovine endothelial cells.

Light micrograph of a control (37°C) culture of Sovine endothelial cells
stained with Toluidine Blue O. Round pyknotic cells are dead cells not

removed with rinses following seeding and attachment. x 205.

Light micrograph of bovine endothelial cells frozen to -20°C and then
thavred. Some cells appear like controls (white closed arrows) while
others demonstrate pyknotic nuclei (white open arrows). Toluidine Blue

O, x 830.

Scanning eleciron micrograph of control (37°C) bovine endothelial cells
growing on the plastic substrate. Nuclei can be seen to bulge from the

center of the cells. x 2965.

Scanning electron micrograph of freeze-thawed (—20°C) bovine endo-
thelial cells. The large cell exhibits extensive cytoplasmic destruction

as the result of ice crystal formation. x 5450.

Transmission electron micrograph of a control (37°C) bovine endo-

thelial cell. Nuclear membrane and mitochondria appear normal.
L]

Pinocytotic vesicles (V) and 60-70 A filaments (F) are evident.

x 19,000.
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Figure 7. Transmission electron micrograph of a freeze-thawed (~15°C) bovine

endothelial cell. The nuclear membrane has separated and moved away

T

from the peripheral chromatin (black arrows) and some mitochondria

1 display distorted internal membrane structures (white arrow). x 11,825.

Figure 8. Graph illustrating amounts of LDH released from a monolayer culture
of bovine endothelial cells at various temperatures (°C). Freeze
occurred af ~12°C. Solid line represents LDH detected in media from
tubes containing cells while the dashed line represents corresponding

controls containing only media.
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