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ABSTRACT. Plastic embedding preserves tissue structure much more faithfully than does
paraffin. Acrylic polymerization is innocuous to dye-binding groups in sections. The water
solubility of glycol methacrylate monomer and the hydrophilic properties of the polymer allow
for convenience in dehydration and for versatility in staining sections. Five years of experience
with glycol methacrylate (GMA) embedding for light microscopy is summarized. Methods for
purifying GMA monomer are cited. Procedures for fixing, dehydrating, embedding, ylymerizing, sectioning and staining, using GMA, are explained. A method is provided for making glass
knives long enough to cut large blocks. Simple, reliable, quick staining methods are outlined.
When compared with paraffin, GMA offers opportunities for simpler, quicker procedures and
yields sections of superior quality, greater information content, and less distortion.

Polymerizing resins as embedding media for tissues have the great advantage over
paraffin of producing much less distortion; that is, of preserving the structure of the
tissue much more faithfully. Polymerizing resins were introduced for these purposes in
the form of methyl methacrylate by Newman, Borysko and Swerdlow (1949). Eleven
years later, Rosenberg, Bart1 and Leiko (1960) brought attention to favorable
properties for embedding of the water-soluble acrylic ester, glycol methacrylate, also
called 2-hydroxyethyl methacrylate, and frequently referred to by the abbreviation
GMA. These authors had the needs of electron microscopists in mind. The use of
G M A as an embeddant for electron microscopy and for enzymatic histochemistry at
the light and electron microscope level was extensively developed by Leduc and
Bernhard (196?), by Cope (1968), by Ashford, Allaway, and McCully (1972), by
Hoshino and Kobayashi (1971, 1972) and by many others. Even though the usefulness
of this method for electron microscopy reflected that G M A embedding preserved tissue
structure with little distortion, and even though successful employment of G M A
embedding in enzymatic histochemistry was evidence of its innocuous chemical
behavior, the general value of this embeddant for light microscopy was not recognized
until Feder and O’Brien (1968) used it successfully for light microscopy of botanical
specimens. Later, Sims (1974) and Cole and Sykes (1974) described their use of G M A
for routine embedding of animal tissue and collected a useful bibliography of early
work with this plastic.
W e have been using G M A routinely for preparing sections for light microscopy for
the past five years and now use this method for preparing slides for student loan
collections, where several hundred slides from single blocks may be needed. In
agreement with Sims (1974) and with Cole and Sykes (1974) we have been able to cut
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large blocks embedded in GMA and have found that the method lends itself to a wide
variety of stains and to the completion of slides within 24 to 96 hours of the end of
fixation.
Our methods differ in some respects from those of Sims, of Cole and Sykes, and of
Feder and O’Brien. These variations call attention to the versatility of GMA embedding and to the prospect of using many variants of procedures for routine or special
use. We have learned to make glass knives long enough to cut large blocks and have
found them to be superior to steel knives. We prefer rapid, simple, consistent, single
solution staining procedures based on sound principles and lending themselves to
combinations of dyes. The rapidity and simplicity of many of the steps, combined
with the advantages of GMA as cited in subsequent sections, lead us to anticipate that
GMA or some related plastic method is destined to replace paraffin entirely for routine
purposes. T o accelerate this desirable trend, we think it proper to publish our
experiences, thus emphasizing that there are many ways of using GMA successfully,
and that further simplification and shortening of procedure can be expected.

TECHNICAL
Advantages. As stated earlier, the advantage of plastic sections lies principally in
their lower distortion and much higher information content after staining, as compared
to sections cut from paraffin blocks. Low distortion characterizes GMA and epoxy
embedded sections alike, but the latter lose in information content because some of the
tissue groups important in dye binding react with epoxy monomer ingredients and lose
capacity to bind acidic dyes (see Lee and Neville 1967). Thus epoxy-embedded sections
have lost their eosinophilia but retain capacity to bind cationic dyes, as phosphate,
carboxyl and sufate groups survive epoxy embedding. In contrast, GMA during
polymerization does not react with any tissue group of importance in staining, so that
GMA sections bind stain much as do paraffin sections. As a consequence of low
distortion, GMA sections as prepared routinely present good displays of mitochondria,
brush border, terminal bars and other fine cytological detail. Though distortion is
greatly reduced in our plastic sections, it is not entirely absent at the light microscope
level. We have often noted distortion of the myelin of nerves of both peripheral and
central nervous systems (Fig. 14). We have not been able to determine if this occurs
during fixation, or in dehydration, or in the course of embedding. We have frequently
noted a swelling and loss of hemoglobin (partial hemolysis) of red cells near the
periphery of a block, though erythrocytes in the interior of the block may be
undistorted. We have attributed this to distortion during fixation, though our fixatives
are hypertonic. Very rarely, we have noticed the appearance of numerous spherical
defects in cells near the center of the block, each defect appearing as a clear, unstained
transparent circle about 1 p n ~in diameter, with cells on the periphery lacking this type
of distortion (Fig. 18). We attribute this to damage from gas evolution as a
consequence of inadequate control of polymerization of the embedding medium.
Our procedures permit distinguishing the several cell types in the pituitary and the
display of C cells in the thyroid and of mast cell granules in good contrast. They
clearly distinguish between smooth muscle and collagen and permit application of immunohistochemical localization methods, all with a clarity and consistency which we
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have not been able to achieve with paraffin. For clearest demonstration of cytological
detail, sections 0.2 to 0.5 pn thick are preferred, but for many routine purposes sections 1, 1.5 or even 2 pm thick are useful. Mitochondria are displayed routinely, and
are eosinophilic.
Principles. Embedding tissue in polymerizing resins depends on the principle of
allowing small, mobile monomer molecules to infiltrate the tissue, to take positions
between the molecules comprising the tissue sample, and then, upon command, to link
with each other to form long, tangled chains or three-dimensional molecular
spongeworks or cages in which the tissue molecules are enclosed. This mutual linkage
reaction is called polymerization and is illustrated in Fig. 2. It is possible to choose
very gentle polymerization reactions which disturb very little the tissue components
one wishes later to observe.
Glycol methacrylate is, in monomer form, the ethylene glycol monoester of
methacrylic acid. Many of its features are described by Feder and O’Brien (1968). Its
polymerization reactions are well understood and are similar to those of acrylamide,
acrylic acid and methyl methacrylate. These properties are well described in
summarizing articles by Luskin and Myers (1964). An understanding helpful to
histologists can be based on concepts set forth as follows: Glycol methacrylate
monomer can be represented by the structural formula in Fig. 1. T h e portion of the
molecule in the dotted outline is a side chain which endows the monomer with the
property of water solubility. T h e molecule is small and penetrates readily between the
molecular components of tissues.
T h e polymerization reaction can be represented by simplified models of GMA, as in
Fig. 2, where the side chain outlined by the dotted line in Fig. 1 is indicated by the
letter R. This permits the scheme of Fig. 2 to be regarded as a general one, valid for all
esters of methacrylic acid. After many small monomer molecules have penetrated the
tissue, polymerization can be engendered by heat, ultraviolet light or other ionizing
radiation in the presence of a suitable free radical producing catalyst, of which there
are many. Acrylic polymerization can be thought of as the opening of one pair of
shared electrons in each of the double bonds and the subsequent use of those electrons
to create new single bonds joining carbon pairs together in very long chains, leaving
the methyl and other side groups attached to the polymer. T h e resulting molecular
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FIG. 1 . Structural chemical formula for glycol methacrylate monomer. The portion of the molecule
enclosed In dashed lines is represented in Fig. 2 as R. Length of carbon to carbon single bonds is about
1.54 A. Molecular weight: 130.1432. Length of molecule: about 9 A.
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spongework of tangled carbon chains encloses the tissue components, but is not bound
covalently to them. This polymer framework has some features in common with a
parafin block, which also consists of a tangle of long carbon chains in which the tissue
molecules are embedded, and to which the chains are not linked by covalent chemical
bonds (Fig. 2). In this respect, paraffin and GMA blocks differ on the one hand from
epoxy resins on the other, wherein the enfolding chains are bound by covalent bonds to
tissue molecules (see Lee and Neville 1967, p. 226). T h e benign nature of acrylic
polymerization accounts for the availability of a tissue's full complement of
dye-binding sites in GMA blocks, as in paraffin, but not in epoxy blocks.
One must inject one qualifying statement about the inertness of acrylic polymerization. If tissue aliphatic double bonds are present in the specimen, these can
copolymerize and become part of the final acrylic polymer cage. Such double bonds are
found in unsaturated fatty acids, for example oleic and arachidonic acids, and hence
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FIG.2. Representation of polymerization reaction of methacrylic acid esters and comparison of final
polymer with paraffin chain. (A) A sequence of monomer molecules in position for polymerization. ( B ) A
representation of a portion of polymethacrylic ester chain after polymerization. The main chain sequence of
carbons is identical with that in a paraffin chain (see C), hut in this type of polymer every other carbon has a
methyl group and an ester side chain, instead of two hydrogens. (C) A representation of a portion of a
paraffin chain, such as surrounds tissue components after paraffin embedding. In unbranched portions every
carbon is attached to two hydrogens (except for carbons terminating chains, which are attached to three
hydrogens).
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are parts of the molecular inventory in membranes, myelin and lipid deposits. Such
components are removed by alcohol or acetone dehydration. W e do not know the
solubility of fats and lipids in G M A monomer. If any are present in the tissue at the
time of polymerization, they may be incorporated into the plastic. W e know of no
impairment of the value of a specimen should such incorporation take place.
T h e polymerization reaction is exothermic. If allowed to go too fast, heat may
accumulate in the specimen and produce gas bubbles which can be trapped in the
plastic and impair seriously the properties of the block. Danger of gas bubble
formation is greater with large blocks than with small. Prevention of these disasters
depends on regulating the rate of polymerization and providing for adequate cooling of
the specimen so as to avoid excess rise of temperature.
T h e GMA polymer retains hydrophilic properties, permits penetration of water and
of solutes and does not exclude water-soluble dye molecules or antibodies from binding
sites in the sectioned tissue. T h e penetration of dye molecules, however, is not as rapid
as with paraffin sections.
T h e GMA polymer is stable, inert and resistant to many solvents. W e have found
that the polymer is slowly soluble in the monomer. Blocks impaired by gas bubble
formation can be re-embedded after the surrounding foamy polymer has been removed
by immersion in monomer.
Commercial samples of GMA contain hydroquinone to inhibit premature polymerization. We have treated all our GMA monomer used for embedding with activated
carbon to remove the hydroquinone and usually carry out additional purification to
remove acidic monomer, as mentioned below. However, by adding proper amounts of
catalysts, it is possible to polymerize acrylic resins in the presence of inhibitors.
Epoxy resins of various types, including Epons and Araldites, have also been used
for light microscopy. T h e principles of epoxy polymerization are summarized by Lee
and Neville (1 967). The preservation of structure through epoxy polymerization is
very faithful, as is attested to by much experience with epoxy sections in electron
microscope studies. However, for the light microscope, acrylic resins are to be
preferred because of the better preservation of chemical groupings and configurations
by the acrylics, for reasons already alluded to.
Fixation. We have followed the principles of buffered fixation worked out for the
electron microscope by Palade (1952). W e have used phosphate, collidine and
cacodylate buffers, and have been unable to distinguish between them when examining
the final sections. Thus, because of simplicity and lesser cost, we usually use phosphate
buffers. Our fixatives are generally buffered within the range p H 7.0 to 7.4.
For fixing agents we prefer aldehydes and have extensive experience with 3%
glutaraldehyde (Sabatini, Bensch and Barrnett 1963), with fresh 4% solutions of
paraformaldehyde prepared by the method of Karnovsky (1965) and with mixtures of
the two in various proportions. We have been unable to discern any consistent
difference between the several aldehyde fixatives we have tried and hence usually
choose paraformaldehyde because of its lesser cost. We have had good success with
Mizuhira’s tannic acid aldehyde fixative [Mizuhira and Futaesaku (1971) and
Futaesaku, Mizuhira and Nakamura (1972)j. In Table 1 we present our measurements of the freezing point depression and milliosmoiarity of sume of the solutions we
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1 . MILLIOSMOLARITIES
OF SOMEFIXATIVES
USEDIN THISSTUD\
Fixative
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3%Glutaraldehydein 0.1 M phosphate
4%Paraformaldehydein 0.1 M phosphate
Mizuhira’s tannic acid-glutaraldehyde
2.3%Glutaraldehydein 0.1 M Na cacodylate
1.27%Glutaraldehydein 0.1 M Nacacodylate
1 % Osmium tetroxide in 0.1 M s-collidine HCI

Buffer

Milliosmolarity

pH 7.2
pH 7.2
pH 5.3-6.8
pH 7.2
pH 7.2
pH 7.75

586
1,284
333
344-388
473
167

have tried. Since blood plasma has a milliosmolarity of about 300, it can be seen that
the aldehyde fixatives listed are hypertonic. Wide variation in duration of aldehyde
fixation seems to be well tolerated, though we usually fix for 24 hours. Very small
blocks can, of course, be fixed in less time. With the light microscope we see little
difference in material fixed for 1 day, when compared with blocks fixed in aldehyde
for several weeks.
We have used buffered 1 % osmium tetroxide, both as an initial fixative and as a
second fixative following aldehyde. At the light microscope level osmium tetroxide
presents few advantages, as it greatly reduces the capacity of the tissue to bind organic
dyes and hence restricts severely the range of useful stains. Moreover, cell components
such as mitochondria are well preserved by aldehyde fixation alone. One of us (D.W.)
has developed a satisfying silver stain for osmic fixed tissue. This is presented later in
this paper, and is useful for providing good optical contrast of cytological detail.
We have used standard Helly’s fixative (see Figs. 13, 14, 19), and also a modified
form based on potassium dichromate, mercuric chloride and formaldehyde derived
from paraformaldehyde, brought to a desired p H by adding N a O H according to the
procedure of Dalton (1955). Tissue fixed in this solution should, of course, be treated
with alcoholic iodine solution to remove sublimate crystals. This treatment, however,
can be carried out either in block before embedding or on the mounted sections after
cutting. W e prefer to remove the crystals before embedding, as the crystals, if present
in the cutting block, damage the knife edge and produce defects in the tissue. W e
regard this modified Helly’s fixative as satisfactory, but the results have suggested to us
no advantages when compared with those achieved by aldehydes alone. Therefore we
use it infrequently, because of greater complexities and costs involved in its use.
We have used successfully Solcia and Sampietro’s (1967) fixative containing glutaraldehyde, picric acid and sodium acetate (see Fig. 17).
We have also tried potassium permanganate fixation according to Luft (1956), but
for the light microscope this fixative seems unpromising, as it penetrates poorly and
seriously compromises the staining properties of the tissue.
We have not tried acrolein (Luft 1959, Feder and O’Brien 1968) as a fixative in
this study.
We have administered our fixatives by perfusion and by immersion, and have, in
general, preferred the results after immersion. Using aldehydes, blocks of solid tissue
up to 1 cm in diameter and whole eyes of pigs, dogs, and monkeys have been fixed
by immersion, embedded and cut, with satisfying results, but with some shortcomings.
In the case of the eyes, we preferred the results when the sclera was incised prior to
immersion.
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We have usually carried out our fixation procedures at room temperature, and have
not compared carefully the results so obtained with those of fixation at 0°C or 4OC.
Dehydration. Our usual procedure is to dehydrate tissue in graded ethanol solutions in the ordinary way at room temperature and to go from alcohol into glycol
methacrylate monomer without an intermediate “clearing” agent. Tissues fixed in
osmium tetroxide or permanganate are washed thoroughly before initiation of
dehydration. After aldehyde fixation, careful washing does not seem to be necessary,
unless one is to proceed subsequently into osmium tetroxide.
It was our practice at first to carry our tissues into absolute alcohol before immersing
them in GMA, but after we came to realize that the GMA we were using for
embedding contained several percent of water, we abandoned the use of absolute
alcohol and now terminate our dehydration with 95 Ti alcohol. Since GMA is miscible
with water, it can be used in place of ethanol as a dehydrating agent. In most cases, at
the light microscope level, the results after GMA dehydration are not recognizably
different from those after ethanol dehydration. In special cases, the more expensive
GMA dehydration may be preferable. For example, in dehydrating eyes, we have
noticed less separation of retinal layers from pigment epithelium after GMA
dehydration than after ethanol. However, if tissue contains appreciable accumulations
of fat cells, dehydration with GMA is unsatisfactory, as GMA monomer neither
removes fat nor infiltrates it sufficiently to yield a block which can be sectioned in a
reliable manner. With fatty tissue, then, dehydration with ethanol is superior to
dehydration with GMA.
Preparation of Monomer. Feder and O’Brien (1968) mention a purification
procedure designed to remove unesterified acrylic acid from monomer obtained from
commercial sources. Feder’s (1967) description of this procedure is not available in any
journal and is not sufficientlycomplete to permit technicians to carry it out easily from
his description alone. We have successfully purified many commercial samples of
GMA, using procedures based on Feder’s. We describe the purification method we
have followed in Appendix I to this article.
GMA specially purified for embedding purposes is now commercially available from
Hartung Associates (see Appendix). We have used Hartung’s monomer directly after
hydroquinone removal, but if the pH is not within our tolerances, we prefer to treat it
further. We have found GMA sold by Rohm and Haas and Polyscience to contain acid
and have removed the acid before use.
Feder mentions the importance of low acidity for satisfactory results. We measure
the p H of our samples with an electronic p H meter and use for embedding samples
which fall within the range p H 7.4-7.0, after removal of hydroquinone and addition of
plasticizer and catalyst. We follow the precautions advocated by Feder to prevent
premature polymerization of stored samples of GMA. Polymerization is inhibited by
low temperatures, by oxygen, and by chemical inhibitors such as hydroquinone, which
are usually present in commercial preparations of acrylic monomers.
We have found that the purified GMA we use for embedding loses several percent
of its weight when kept in a desiccating chamber over phosphorus pentoxide. We
measured the water content of various GMA samples by Karl Fischer titration
according to the electrometric method of Bastin, Siege1 and Bullock (1959), using a
measuring circuit of our own construction based on the circuit diagram of Mitchell
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(1961). Our mastery of the Karl Fischer method is recent, and we have not yet
measured the water in enough batches of monomer to learn how much water content
varies from batch to batch. GMA, like acrylamide, will polymerize in the presence of
considerable amounts of water, but we have not yet ascertained how variations in
water content affect the properties of the final polymer block.
We summarize in Table 2 the water content of some G M A samples measured by
Karl Fischer titrations performed prior to the time this manuscript went to press.
Embedding. We have followed Feder in mixing an inert plasticizer, a polyethylene
glycol preparation with a molecular weight of about 400 daltons, with the embedding
monomer to achieve a final block with satisfactory cutting properties. W e have not
experimented very much with variations in plasticizer percentage or molecular weight.
We have not “prepolymerized” the monomer, as recommended by Cole and Sykes
(1974) on the grounds that partial prepolymerization reduces shrinkage. It is well
known that all acrylic resins shrink progressively as monomer is incorporated into
polymer. However, it does not follow that, during embedding, shrinkage of polymer
produces a corresponding shrinkage of tissue. One can expect considerable movement
and adjustment of monomers and of short forming chains around the tissue
components during polymerization, with little displacement of the latter. Previous
experience with methyl methacrylate embedding for electron microscopy did not lead
us to expect any lessening of shrinkage from using prepolymerized resin. Thus we were
content to follow Leduc, Feder and others and to use monomer G M A directly. We
would welcome careful comparative studies of shrinkage or other distortions
characterizing tissues embedded in partially prepolymerized G M A with those
occurring in tissues embedded directly in monomer.
Tissues dehydrated in ethanol are placed in the monomer mixture specified in the
Appendix for 2 or 3 changes, Yi to 1 hour in each change for most blocks. Longer times
are necessary for larger blocks.
As mentioned earlier, we have also successfully embedded fixed tissue with little fat
by omitting alcohol dehydration entirely. After aldehyde fixation, with or without
washing, the tissue is placed directly in full strength G M A monomer embedding
mixture for two or three changes before polymerization.
After infiltration, the tissue is placed in a mold of convenient dimensions, covered to
exclude oxygen, and placed in an oven at 38’-40’C for 15-96 hours, or left at room

TABLE
2. WATERCONTENTOF SELECTED
GMA SAMPLES
Sample
Pooled G M A from 5 1-lb. bottles as purchased from Hartung Associates
Same sample immediately after processing with carbon and ion exchange column and after
addition of plasticizer and catalyst and adjustment of pH
Same processed, catalyzed and adjusted GMA after standing 5 days exposed to the
laboratory atmosphere
Same processed, catalyzed and adjusted GMA after 5 days storage in a closed desiccator over
P a , and anhydrous CaSO,
*All percentages are based on weights of water per unit weight of samples.

Percent
Water*

8.2

I

5.8
6.6

0.23
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temperature for one to several days. T h e mixture gradually becomes more viscous and
sets into a firm block, considerably harder than paraffin. We sometimes raise the
temperature of the block to 60°C after the material has set to a firm gel in order to
hasten final hardening.
T h e rate of polymerization must be regulated with caution or one runs risk of gas
bubble formation and consequent impairment or even destruction of the usefulness of
the block. Sometimes gas bubbles are not detectable grossly from examining an
unmagnified block, but may appear in sections when examined with a microscope. Gas
bubbles are apparently responsible for a type of localized tissue distortion characterized by small, clear spherical defects about 1 p n in diameter noticeable sometimes in
central regions of tissue bloclis, the peripheral regions of which are usually free from
those defects (see Fig. 18). With proper precautions, damage from gas bubbles becomes
rare, and we do not regard it as troublesome, though we take measures to avoid it.
T h e rate of polymerization is harder to control in large blocks than in small ones, as
in large blocks the surface to volume ratio-and hence the rate of heat loss-is less
than in the case of small blocks. In practice, we have found that when polymerizing in
gelatin capsules 8 mm in diameter or smaller, or in "BEEM capsules," or in shallow
plastic dishes with a large surface to volume ratio (Sorvall JB-4 molds), the risk of
polymerization damage is small. However, when embedding large blocks, such as
whole pig eyes, or when we are polymerizing in a container as large or larger than I
cm in diameter and 1 cm deep, special precautions to avoid rapid polymerization are
advisable. In such cases we usually use the standard amount of catalyst and initiate the
polymerization slowly, at room temperature or at 30"C, allowing several days for the
process, sometimes raising the temperature gradually to 40°C as the mixture becomes
more and more viscous. If it does not get hard enough at 4OoC, a higher temperature
is used.
Mention has been made of the value of excluding oxygen. W e have found that 8 mm
or smaller diameter gelatin capsules are satisfactory for embedding small blocks if
covered in the usual manner. Small bits of properly oriented tissue are placed in the
bottom and the capsule is filled to the top with monomer mixture, capped and placed in
the oven at 38"-4OoC.
Tissue pieces too large or otherwise unsuitable for embedding in standard gelatin
capsules are placed in plastic or aluminum foil casting molds of convenient size and
shape, or sometimes are placed in large gelatin capsules. W e have embedded in gelatin
capsules 24 mm in diameter and 30 mm deep, such as are made for use in veterinary
medicine. W e have come to prefer plastic molds with slanting sides, choosing a mold of
minimum size to accommodate the tissue block we wish to embed. W e place the tissue
in the mold, cover with monomer mixture, and then cover the surface of the monomer
mixture completely with a sheet of polyethylene film. This polyethylene film cover
excludes oxygen sufficiently to permit polymerization to proceed at a satisfactory rate.
We have carried out polymerizations successfully at room temperature with
ultraviolet light, but our experience with this method is not yet extensive.
Though Cole and Sykes (1974) stress the rationale that polymerization with
ultraviolet light at low temperature is desirable, we recognize no ill effects from
treatment of tissues to polymerizing temperatures of 40°C or even 60"C, and are
comforted by excellent preservation of tissue morphology at the electron microscope
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level in epoxy blocks polymerized for many hours at 60°C. We know of no theoretical
reamn to expect that temperatures of 40"C, or even of 60"C, will be more deleterious
than exposure to ionizing ultraviolet radiation at -20°C. It is well known that
ultraviolet radiation is capable of producing chemical changes in proteins and nucleic
acids.
We are impressed by Sims's (1974) report of polymerization within an hour at room
temperature with no mention of loss from gas bubble formation. This method may
offer advantages over ours and that of Cole and Sykes.
Mounting for Sectioning. Specimens embedded with a satisfactory orientation in
standard BEEM or gelatin capsules can be inserted directly without further mounting
in the specimen holder chuck of a microtome and sectioned in the usual way as for
electron microscopy. If reorientation is necessary, or if the block is large, or if
mounting on a stud is otherwise deemed to be desirable, we trim away excess plastic
from the tissue and create a flat base favorably oriented towards the desired plane of
sectioning. The trimmed embedded specimen is then mounted on a metal stud which
can be firmly grasped by the specimen holder of the microtome. The mounting surface
of the stud is covered with a freshly mixed epoxy cement (many commercial
preparations are suitable) and the specimen block i s placed on the stud with the
orientation desired. The epoxy cement is allowed to harden, whereupon the specimen
is ready for sectioning.
The metal mounting studs we use are of aluminum and are variously shaped. The
simplest consist of cylindrical pieces of aluminum rod about 12-15 mm long with
diameters which fit a specimen holder of the microtome. Many specimens are too large
for these simple cylindrical studs. For such large specimens we usually use aluminum
blocks of convenient size which can be fitted firmly in the microtome we plan to use.
For the Sorvall JB-4 microtome we frequently use standard Sorvall aluminum block
holders. For many purposes we prefer to modify the holders by flattening the originally
concave mounting surface.
After sectioning, the remainders of the blocks can be cut away and the residual
epoxy cement cleaned off with a knife so the metal stud can be used again and the block
set aside and stored.
Knives. We use glass knives routinely. We have not succeeded in cutting satisfactory
sections thinner than 2 pm with steel knives. Sections cut with steel knives were, in our
hands, marred more severely with knife scratches than were those cut with glass.
For small blocks we use knives made according to the principles set forth by Latta
and Hartmann (1950). These are similar to those used extensively to cut sections for
electron microscopy. We break our glass knives of this type on a Messer (Sunkay) knife
maker, or by hand using glass pliers. The smallest diameter of a block which is to be
sectioned must be less than the length of the knife edge used for sectioning. Glass
ordinarily used for knives of the Latta and Hartmann type has a thickness of 6.5 mm
and permits sectioning of blocks 6 mm wide or less. We also make knives of the Latta
and Hartmann type from thicker glass, yielding an edge 9.8 mm long. We do not
attempt to cut blocks wider than this on glass knives of this type, which are limited in
length by the thickness of the glass stock used.
For blocks wider than 9 mm we use glass knives made according to a principle
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conveyed to one of us (HSB) in a personal communication and demonstration about
twenty years ago by Professor John Luft of the Department of Biological Structure at
the University of Washington in Seattle. Luft, in turn, learned the method from the
late Dr. Paul Ralph. So far as we are aware, neither Luft nor Ralph published the
method, but in honor of Ralph’s ingenuity in conceiving of this type of knife, we speak
of them as Ralph knives.
Ralph knives are made from strips of flat glass, the width of which (not the
thickness) determines the length of the ensuing cutting edge. W e use strips about 25
mm wide, as we have not attempted to cut plastic sections from blocks wider than that.
T h e thickness of the glass we use most commonly is about 6.5 mm, but neither the
thickness nor the width nor the length of the strip is critically important for creation of
a satisfactory edge. Illustrations of Ralph knives and of our method of creating them
appear in Figures 3-7.
W e first take a diamond point or other glass cutter and inscribe a scar across the
strip on one side at right angles to its length and parallel to the course of the desired
edge, but on the opposite side of the glass. (Fig. 5). T h e severe strains set up by the
scoring process are thus sufficiently removed from the future knife edge and do not mar
its evenness. Care must be taken, however, to make the scar with steady, even pressure
along its entire length, as uneven pressure during scoring will result in an uneven and
unsatisfactory blade.
T h e glass strip is then subjected to a bending moment which imposes a sharp
rotational torque on one end of the strip around an axis parallel and close to the scar
made by the diamond, but located on the other side of the strip, the side on which the
edge is to appear (Fig. 6 ) .T h e bending force or torque is exerted until the strip breaks
transversely, fracturing along the course of the scar inscribed previously by the
diamond. When the two fractured ends are examined, it will be found that one of them
has a very sharp edge extending across the entire width of the strip. If this edge has the
properties needed in a satisfactory knife, it is selected, the strip is broken to yield a
convenient piece of glass carrying the edge, and the knife is ready to mount on a metal
strip, as described later in this section.
METAL BAR

I’

KNIFE

,GLASS

HOLDER

KNIFE

KNIFE

HOLDER

FIG.3. Finished Ralph knife, made as explained in the text and as shown in Figs. 5 . 6 and 7, is shown as
mounted on a metal bar by heat-softeningcement. The metal bar is in turn mounted on a microtome knife
holder. The shape of the glass knife edge is shown in face and profile views.
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We have used three methods to apply the bending torque to breqk the glass strip in
creating Ralph knives. The first is the method originally used by Ralph some years
ago. The strip is grasped and struck sharply against the edge of a table in such a way
that the impact of the blow is received on the side opposite to the inscribed scar, with
the edge of the table making contact in a direction parallel to the scar and nearly
opposite to it. This method depends on the momentum of the distal end of the strip to
create the torque inducing the fracture, and if the strip is short, a hard blow is
necessary, and this is difficult to control accurately. T h e second method makes use of a
vise, the metal faces of which are cushioned with hardwood or aluminum. T h e glass
strip is inserted in the vise in company with three transverse ridges or fulcrums, which
can be segments of wooden applicator strips inserted between the vise jaws adjacent to
the glass and parallel to the incised diamond scar. One fulcrum is placed against the
glass strip parallel to the scar and on the other side of the glass from the scar and nearly
opposite it. T h e other fulcrums are inserted on the same side as the scar, parallel to it,
and located one on each side, separated from the scar by 2 cm or more. T h e vise is then
tightened, bending the glass against the central fulcrum until the glass breaks. T h e two
glass fragments are retrieved from the vise and the edge examined. T h e third method
uses a single fulcrum, which can be a wooden applicator stick about 2 mm in diameter
and longer than the width of the strip to be fractured. T h e fulcrum is placed on a table
and the scarred glass strip is laid on it with the scar uppermost and parallel to and
nearly above the fulcrum. A second wooden baton of smaller diameter than the fulcrum
is placed on the table surface near and parallel to the fulcrum, but under a part of the
glass strip on the opposite side of the scar. (Figs. 5, 6 , 7). Using both hands, each
end of the glass strip is then pressed down in such a way as to exert a bending moment at the fulcrum (see Figs. 6 and 7). T h e pressure is exerted until the glass breaks
transversely a t the scar, creating a sharp edge on its lower surface. The second
FIG.4. Examples of finished Ralph glass knives. (A) Ralph knife with edge which is too wide, thin and
weak for practical use. The fractured glass surface curves up several mm above the base of the fracture. ( B )
Ralph knife with a satisfactory edge. The edge projects about 1 mm above the flat break across the glass. ( C )
Ralph knife with too low an edge. (D)Ralph knife mounted with heat-softening cement on a steel bar. ( E ) A
steel bar with a patch of adherent heat-softening cement, ready to receive a Ralph knife upon softening the
cement with heat. (m Two unmounted Ralph knives.
FIGS.5, 6 and 7 show one procedure for making Ralph knives from strips of glass.
Fig. 5 shows a glass strip with a width equal to the length of the knife edge to be created. A transverse scar
(9has been made with a diamond p i n t . The glass strip is supported with the scar upward on a cylindrical
stick about 6 mm in diameter. A smaller wooden stick has been placed on the surface under the glass in the
position shown. This protects the future knife edge from damage after the glass is fractured. Fig. 6 shows the
manner of applying pressure on the glass, using the larger wooden cylinder as a fulcrum so as to produce a
bending moment on the glass in the region of the scar. The bending force is increased until the glass
fractures. Fig. 7 shows the fractured glass. The piece to the right has the knife edge to be used. It extends
transversely across the full width of the bottom surface of the glass. The knife is mounted as shown in Figs. 3
and 4.
FIG.8. Method of mounting sections on a slide. Each section, after cutting, is deposited on a clean water
surface at room temperature, where it is allowed to spread. A clean slide is dipped at a slant through the
surface of the water. T h e section is moved into place with a hair fastened to a small stick, or a small brush.
The slide is removed, the position of the section adjusted as desired, and the slide dried at 6O0-10O0C. No
albumen or other adhesive is used. Many sections can be mounted on one slide.
FIG.9. A blast of clean, inert dry gas is used to blow off excess stain and dry a section on a slide after
staining. The section is ready for mounting under a cover slip as soon as it is dry. With many staining
procedures, no rinse is necessary after removing slide from staining solution. il it is dried in this way.
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smalter baton prevents the newly created edge from impinging on the table top
and suffering damage.
T h e characteristics of a satisfactory Ralph knife can be recognized by brief visual
inspection and unsuitable ones discarded. The knife edge is made by the intersection of
two glass surfaces (see Figs. 3 and 4). One is the plane glass surface of the original glass
strip on the side opposite the scar. T h e other is a curved planar fracture surface which
starts at the scar made by the diamond point, extends part way nearly perpendicularly
across the strip and then curves so as to intersect the flat planar surface of the original
glass strip at a very sharp angle. This intersection constitutes the knife edge. If the
original plane surface of the glass strip has scratches or pits which intersect the edge,
imperfections are produced which may mar the sections cut with such a knife. Thus the
glass strip should be free of mars or scratches on the side opposite the inscribed scar in
the region where the knife is to appear. It is advantageous to have the flat portion of the
fracture surface extending most of the way across the thickness of the glass, curving up
only when it is close to the opposite side, making a knife edge which extends only a
millimeter or so in relief above the transverse flat part of the fracture. Since the width
of the glass strip determines the length of the knqe edge, one can say that the height of
the edge above the flat part of the fracture determines the width ofthe knife edge. It is
essential to have knife edges of narrow width, as wide ones-for example, knife edges
presenting 4 or 5 millimeters of width above the perpendicular fracture portion-are
so thin as to be weak and easily broken under stresses of cutting (Fig. 4). The width of
the knife edge can be varied by varying the pressure exerted by the diamond stylus on
the glass whilst inscribing the cross scar prior to fracture. Heavy pressures are
conducive to narrow, strong knife edges, while light pressures increase the probability
of wide, slender, weak edges. Uneven pressure along the length of the scar is conducive
to a fracture yielding a knife edge of uneven width along its length. Examples of knife
edges produced by small variations in technique are shown in Fig. 4.
W e select glass knives for suitability after fracture and break off excess glass so that
the edge is carried on a piece about 20 mm long on a side at right angles to the edge
(Fig. 4). This piece is mounted on a steel adapter which tits the steel knife holder of the
Sorvall JB-4 microtome. T h e adapters are steel strips with the approximate
proportions of very dull steel knives. We have several such steel adapter strips and
mount our glass knives on them with a heat-softening cement. We use “Pyseal” cement
(Fisher Scientific Co., catalog number C-228) which softens at about 15OoC and is
hard and firm at room temperature, forming a strong bond between glass and steel. We
place the steel strip adapter on a hot plate or warm it with a burner. While it is hot we
apply heat-softening cement sufficient to cover the area on which we plan to place the
glass knife. While the cement is still melted the knife is placed on the steel adapter, the
position of the glass knife adjusted to the proper one, and the assembly allowed to cool.
The cement hardens as it cools, fastening the glass knife securely to the holder. Since
Ralph knives are easy to make and since steel adapters are cheap, it is our practice to
have several mounted and unmounted knives on hand when sectioning. When a knife
becomes dull or nicked from sectioning, the adapter is removed from the microtome
knife holder, the cement is softened by heat, the damaged glass knife is removed and
discarded and a fresh one mounted for future use.
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In practice, when cutting ordinary soft tissue, single Ralph knife edges suffice for
fifty to a hundred and fifty sections, but if dense connective tissue or undecalcified bone
is being cut, glass knife edges become damaged before they have cut so many sections.
Ralph knives are much sharper than steel knives. Making them and changing them is
so easy and cheap that they may come to supplant steel knives altogether for many
microtome operations.
The longest Ralph knives we have made are 25 mm long and the largest blocks we
have cut are pig eyes about 19 mm wide. One can ask, suppose one wished to section a
whole human brain stem or human kidney embedded in plastic. Could a glass knife
long enough be made? We have not tried to make such long glass knives, but others
have, and have succeeded. T h e making of glass knives of high excellence was well
known to our neolithic ancestors, who flaked beautifully even blades up to 10 cm long
from natural volcanic glass (obsidian). Thus the manufacture of glass kniOes for
microtomy is a revival of a very ancient technology. The Aztecs made wooden swords
edged with long (10 cm) obsidian glass blades. Cortez, in his conquest of Mexico in
1522, encountered warriors armed with such weapons and reported that one stout
blow with a sword edged with volcanic glass could sever a Spaniard’s horse’s neck.
With this inspiring example before us, one can hope to develop glass blades long
enough and strong enough to section a brain embedded in plastic.
Sectioning. We use a dry glass knife with a Sorvall JB-4 or MT-2 microtome. The
former is capable of advancing the specimen holder automatically between cuts in
increments of 10 to 0.25 pn, and manually in larger increments. The MT-2
ultramicrotome is capable of smaller advance increments and will accommodate
conveniently our aluminum mounting studs in a s t k d a r d specimen holder and permits
sectioning of blocks small enough to be cut with a standard glass or diamond knife. T h e
newly marketed Sorvall JB-4 microtome is specially designed to provide sections for
the light microscope in the thickness range of interest here. Its specimen holder can
accommodate the largest blocks we have cut (about 19 mm in diameter), and its
standard steel knife holder can accommodate the Ralph type glass knives (Figs. 3 and
10). Blocks are mounted so that on each cutting stroke the knife cuts through 1 mm or
so of plastic before encountering the tissue itself. A slow cutting speed is used. As the
knife cuts into the block, the operator lifts the newly formed edge of the section from
the knife with brush or forceps and keeps light tension on it to reduce folding of the
section (see Fig. 10). If the section is nevertheless folded, the folds can sometimes be
loosened by warming the section with one’s breath. The section is spread promptly on
a clean water surface at room temperature. The section usually spreads flat on the
surface and is ready for mounting on a slide after a few minutes. If a section is dropped
unskillfully on the water surface, or if it is too badly folded, it may not spread
completely on the water surface, but may retain some folds. The larger the area of the
section, or the thinner it is, the more difficult it is to spread it without folds. We regard
folds involving only redundant plastic and sparing the tissue in the section as of little
consequence. Folds can often be pulled flat with brushes while the section is on the
water surface. If this fails, it is often possible to remove many folds by transferring
sections with folds to a glass microscope slide wet with water. In such a situation folds
can often be removed or pulled out by manipulating the section with forceps or
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FIG. 10. Glass knife of the Ralph type in use on a Sorvall JB-4 microtome. A block about 19 mm wide is
being CUI by a knife a b u t 26 mm long. As the knife cuts into the plastic at the bottom edge of the block, the
newly forming section is grasped with forceps and kept gently taut as the knife cuts the remainder of the
section. This reduces tendencies of sections to fold or crumple on the knife edge. After the section is
completely cut by the knife, it is placed on water and allowed to flatten, as shown in Fig. 8.

brushes. When this fails, we have still been able to salvage valuable sections by
transferring them to absolute alcohol, where they are immersed and permitted to
imbibe the solvent. After allowing the section to become saturated with alcohol, it is
then spread once more on a clean water surface, where the surface tension forces
engendered by the dilution of alcohol in the tissue aids in eliminating folds.
Mounting Sections on Slides. We use glass microscope slides freshly cleaned in
ethanol and wiped dry, without any coating. T h e slide is inserted at a slant into the
water on which the section is floating. W e then bring the slide up to the surface under
the section, adjust the position and orientation of the section with a brush, and remove
the slide from the water with the section in position (see Fig. 8). T h e water is allowed
to dry on a hot plate at 60'-80°C. T h e section thereafter adheres to the slide and is
ready for staining. No treatment of the slide with Mayer's albumen or other adhesive is
necessary, nor do we use any step comparable to the deceration procedure customary
with paraffin sections. T h e G M A plastic is not removed from the embedded tissue at
any stage after embedding, except for trimming of excess plastic from the block prior to
sectioning.
Staining. In staining, we prefer to be guided by a simple general principle which
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governs all staining reactions carried out in a liquid environment. This principle is the
following: all staining procedures involve competition for stain molecules between
binding groups on polymers in the tissue on the one hand and one or more surrounding
liquids on the other. W e prefer procedures which require only one soIution, which
serves both as vehicle for the stain and as competitor for stain molecules, or
differentiator. After immersing the mounted sections in the stain solution for a time
sufficient to permit dye binding by the tissue polymers to come into equilibrium with
competition for the dye by the solvent (usually a few seconds to a few minutes) the slide
is removed and the excess stain solution is blown off with a quick blast of clean dry gas,
with or without an intervening rinse (Fig. 9). T h e section is then allowed to dry and is
ready for mounting under a cover slip in a suitable mounting resin. With this kind of
procedure, if the solution is properly constituted, overstaining is impossible and stained
sections ready for examination can be prepared very simply within a few minutes after
the section is mounted.
In preparing staining solutions, it is often possible to vary the competitive strength of
the solution by varying the stain concentrations, the p H of the solution, the ionic
strength, and the concentrations of organic solvent molecules such as ethanol or
acetone. We have found these variable parameters to be sufficient to permit simple,
rapid staining methods of great value in displaying structural and chemical
information in the tissues.
Lee’s methylene blue-basic fuchsin (see Appendix) conforms to these principles, and
we have increased the stain concentration and changed the p H in order to adapt
Nocht’s azure-eosin, as modified by Lillie (see Appendix), to this simple procedure.
In addition, we have found that most stains and histochemical procedures used on
paraffin sections can be applied successfully to G M A sections with little or no
modification. These include hematoxylin and eosin, Foot’s silver reticular fiber stain,
Kliiver’s iuxol fast biue stain for myelin and Nissl bodies, Masson’s silver reduction
method for argentaffin cells in the epithelium of the alimentary canal, the PAS and
Feulgen reactions, and Bowie’s stain for juxtaglomerular granules in the kidney. Notes
on several of the methods we have used and found satisfactory are cited in Appendix
11.
When examining sections with the light microscope, it is important to realize that
the thickness of the section influences greatly the apparent intensity of the stain in the
section. T h e amount of dye bound to a given volume of tissue depends on the density or
concentration or number of dye-binding sites within that volume. In general, the
thinner the section, the fewer are the dye-binding sites in a given area of section, as
viewed in the microscope. Thus a section of a given bit of tissue 0.5 pn thick can bind
only ‘/4 as much dye, under comparable conditions, as a section of equivalent area of
identical tissue 2 jun thick. By the light absorption laws of Beer-Lambert, if the 0.5 Mrn
section absorbs Yz the light energy of a given wavelength, and hence transmits %, a
section 2 pn thick and otherwise equivalent will absorb ‘36 of the light of the same
wavelength and transmit only % 6 , thus appearing to be more intensely stained.
This appearance, however, is an illusion, as the two sections have the same number
of dye-binding sites per unit volume, and hence stain to the same intensity if staining
conditions are equivalent. Yet the thicker section interposes four times as many dye
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molecules and transmits only g a s much light at the wavelengths of absorption as does
the thinner. Thus persons studying thin sections must accustom themselves to dealing
with weaker color effects than can be produced by thicker sections under comparable
conditions. There are compensating gains in resolution.
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DISCUSSION
The procedures we have described in this paper have, over the past four or five
years, been thoroughly tested and are now in routine use for the preparation of stained
sections for student slide boxes and for many research purposes. Examples of results
achieved are shown in Figures 11 to 23.
We see the following shortcomings as the principal drawbacks of the methods as
described here.
1. T h e distortion of the myelin, encountered in many of our preparations (see Fig.
14).
2. The long time (12-48 hours) now required for polymerization of the GMA
monomer during the embedding process. We use lower temperatures and longer
times (over 18 hours) for larger blocks (over 8 mm diameter) to reduce danger of
damage from bubble formation.
3. The appreciable risk of loss or damage to large blocks (1 cm or more in diameter)
from bubble formation during polymerization.
Sims’s (1974) recent report suggests that some of these difficultiesmay be overcome.
It is useful to compare step by step the complexity and the time required for our
GMA methods with those associated with routine paraffin embedding.
Fixation for GMA embedding presents no differences from fixation for paraffin
embedding. However, fixatives which distort tissue morphology, as do acid fixatives
and those involving alcohol or ordinary formalin, deny to the user many of the
advantages of GMA embedding. T h e experiences of electron microscopistshave amply
demonstrated that aqueous fixatives buffered close to neutrality create little tissue
distortion.
FIGS.11-16 are examples of plastic embedded sections after various stains.
T h e plastic used is G M A in all cases except that shown in Fig. 11, where the emhddant is an epoxy resin.
The lengths of the calibration bars represent 2.5 p.
FIG. 11. Half-micrometer Araldite section of mouse kidney fixed in Mizuhira and Futaesaku’s (1971)
tannic acid glutaraldehyde (pH 5.9) mixture for 24 hr followed by buffered 1 % osmium tetroxide (pH 6.8)
for 1 hr. Wyrick’s alcoholic silver nitrate stain (see Appendix). The conspicuous oval dark granules are
mitochondria of kidney tubule cells.
FIG. 12. Rat duodenum fixed in 4% buffered (pH 7.2) paraformaldehyde for 24 hr. Two-micrometer
section from tissue dehydrated in GMA monomer and embedded in GMA. Foot-Hortega “silver” stain for
reticular fibers.
FIG. 13. Mouse stomach fixed in Helly’s fluid for 20 hr. Two-micrometer section stained by
Masson-Fontana silver method; (P)Paneth cells, with secretion droplets, ( A ) argentafin cell with granules
stained by silver.
FIG. 14. Mouse pharynx fixed in Helly’s fluid for 20 hr. Two-micrometer section stained with toluidine
blue. Nerve fibers with distorted myelin, showing characteristic “neurokeratin” configuration of this
artifact.
FIGS. 15 and 16. Mousc pharynx fixed in buffcred (pH 7.2) 3% glutaraldehyde for 24 hr.
One-micrometer sections stained with Lee’s methylene blue-basic fuchsin. Nerves show myelin with little
distortion. Electron micrographs tell us that myelin, if undistorted, should appear in light microsrope
preparations as even bands encircling the axons. In t h e figures the myelin appears as even dark oval
bands, nearly devoid of structural features which can be resolved by the light microscope.
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Dehydration procedures are identical for G M A and paraffin embedding if alcohol,
acetone, Methyl Cellosolve, or similar organic solvents are used, except that complete
dehydration, as in absolute alcohol, is not necessary and one can take the specimen
directly from 95% alcohol to G M A monomer. If tissue is dehydrated directly in G M A
monomer, time is saved and the procedure is simplified, but cost is raised, as compared
with alcohol dehydration.
Clearing is not a part of the G M A procedure and is avoided entirely when
embedding in this resin, whereas it is necessary in paraffin embedding.
Infiltration is simpler with GMA, as it can be carried out at room temperature.
Embedding in G M A is no more complex than for paraffin, but, as now used
routinely in our laboratory, requires a longer time. T h e embedding procedure of Sims
(1974), however, requires less than an hour and may be preferable to our method.
Sectioning G M A blocks at 0.25 to 2 pn may be slightly more difficult than
sectioning paraffin blocks at 6-10 pn. GMA sections do not produce a ribbon, and
must be handled individually. They spread flat on water at room temperature. A warm
water bath is not necessary for GMA, as it is for spreading paraffin sections. Serial
sections can be cut and arranged in order on slides.
Mounting G M A sections on a slide is simpler than mounting paraffin sections. No
FIGS. 17-23 show tinctorial features of stained G M A sections after various fixation and staining
procedures.
FIG. 17. Rat pancreas fixed in Solcia and Sampietro’s ( 1 967) picric acid-glutaraldehyde-sodium acetate
fixative (pH 4.9) for 30 hr. One-micrometer section stained with Lee’s methylene blue-basic fuchsin (see
Appendix). The mitochondria show as red-stained rods and granules embedded in the blue-staining basal
portions of the pancreatic acinar cells. The apical portions of these cells are filled with zymogen secretion
granules, also staining red. This field is nearly free from distortion. Calibration bar, 5 w.
FIG.18. Mouse pancreas fixed in Mizuhira and Futaesaku’s (1971) tannic acid glutaraldehyde fixative
(pH 5.3) for 24 hr. Lee’s methylene blue-basic fuchsin stain, 2 pm section. An area chosen to show distortion
characterized by spheroidal defects attributed to gas formation during polymerization (see text, p. 79).
Calibration bar, 5 pm.
FIG. 19. Undecalcified mouse hyoid bone, Helly’s fixative, 20 hr. Toluidine blue 0 stain, 2 w section.
Low distortion is evidenced by osteocytes filling lacunae fully and sending cell processes into canaliculi.
Calibration bar, 2.5 p.
FIG. 20. Mouse trachea, 4% paraformaldehyde (pH 7.2) fixation for 18 hr. Lee’s methylene blue-basic
fuchsin stain. One-micrometer section. Several types of epithelial eeIls are displayed, some with cilia, others
with microvilli. Mitochondria show as delicate pink-staining crooked filaments. Calibration bar, 5 p.
FIG.21. Rat spleen. Fixation by perfusion with cacodylate buffered (pH 7.2) 1.2795 glutaraldehyde.
Two-micrometer section stained with azure-eosin, pH 5.2. Red cells have been caught by the fixative whilst
traversing splenic sinus walls. Note the erythrocyte at upper left with two lobes within the sinus and a
narrow isthmus or neck twice penetrating the sinus wall between endothelial cells. Calibration bar, 5 q.
FIG.22. Cat eye fixed in 3% glutaraldehyde buffered at pH 7.2 by phosphate buffer. Two-micrometer
section, stained with methylene blue-basic fuchsin. Parts of retina, choroid and sclera are seen. The retina, to
the right, shows portions of nuclei of photoreceptor cells, inner segments with basophilic patch, outer
segments, and pigment epithelium with melanin granules. A portion of the sclera appears at the extreme left.
Calibration bar, 2.5 pn.
FIG. 23. Mouse pharynxeal
. , _ cartilage and striated muscle. Three percent glutaraldehyde (pH 7.2)
fixation, 1 pm section; methylene blue-basic fuchsin stain. The mitochondria show clearly in the muscle cells
as rounded red granules between the myofibrils and near nuclei, with large accumulations just inside the
muscle cell membranes. T h e rounded clear areas in the chondrocytes are fat droplets from which the fat has
been removed by alcohol dehydration. Note that the chondrocytes fill the cartilage lacunae completely and
that there are very few voids or empty places in the specimen. Note how the connective tissue fills completely
the spaces between cells. Note also that mitochondria are well preserved by aldehyde fixation alone and that
dichromate or osmium tetroxide are not necessary for preservation of these organelles. Calibration bar, 5
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application of albumen to the slide is necessary. GMA sections adhere to the glass after
drying at 60°-800C.
Decerutzon is not a part of the GMA procedure, but is necessary in paraffin
technology.
Staining GMA sections can be much quicker and simpler than staining parafin
sections by hematoxylin and eosin or other usual histological stains, if one uses the
special procedures developed in this study for GMA sections. Most conventional
histological stains can also be used on GMA sections in a manner similar to their
application to paraffin sections.
Color fastness of stains. We note no difference in the rate of fading of stained
parafin sections as compared with that of stained GMA sections cut from blocks
polymerized from purified monomer by our methods. We can detect no fading of
stained GMA sections kept in the laboratory in closed boxes, except when removed for
study in the microscope, for two to four years. GMA slides stained with toluidine blue,
azure-eosin, and Lee’s methylene blue-basic fuchsin were exposed to sunlight daily in
an unshaded south-facing window for four months. They faded detectably when
compared to controls kept in the dark, but no more than one would expect stained
sections cut from paraffin to fade under the same exposure.
This comparison shows several advantages for the GMA method relative to
paraffin embedding in addition to the greatly improved fidelity and information
content offered by the GMA embedding method. We deem it probable that further
simplifications and improvements in hydrophylic acrylic ester embedding methods can
be achieved and that the inherent advantages of simplicity and superior results resident
in acrylic ester polymerizing embedding resins may lead them to replace paraffin
methods in most research and routine applications.

APPENDIX
I
Preporation of Glycol Methacrylate for Embedding
(based on procedure of Feder, 1967)
Summory

Commercial samples of glycol methacrylate contain an inhibitor (usually hydroquinone). This can be
removed by stirring the GMA with activated charcoal and filtering to remove the charcoal with absorbed
inhibitor. If the filtered GMA has a p H lower than 7 when tested with a glass electrode p H meter, we
assume it contains unesterified acrylic acid and pass it through a column loaded with a weakly basic, tertiary
amine anion exchange resin. If the pH is too high, acid is added (we use 0.1 N HCl, though acetic acid would
probably be satisfactory) to adjust the pH to the desired level. We regenerate our ion exchange resin with
ammonia and assume that if the pH of the effluent G M A is much above 7, the alkalinity can be attributed to
ammonia picked up from the column by the GMA. We reason that it is desirable to neutralize this with an
a d d that will form a volatile ammonium salt (as will HCI or acetic acid), which can be removed from the
section by heat during the drying process as the section is caused to adhere to the slide.
After removing inhibitor, G M A with a satisfactory p H is mixed with plasticizer and catalyst and used, or
stored as described later.
It is possible to polymerize GMA in the presence of inhibitor by adding larger amounts of catalysts than
called for below.
Chemicols and Sources

1. Glycol methamylate; also called 6 or 2-hydroxyethyl methacrylate (here abbreviated as GMA).
GMA of low acid content has been obtained from Hanung Associates, 803 North 33rd Street, Camden,
N.J. 08105, U.S.A. Several lots from this source arrived with a p H near seven and have been used without
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further ion exchange treatment. We have also used G M A from the following sources: Rohm and Haas CO.,
Independence Mall, West, Philadelphia, Pennsylvania 19105, U S A . and Polysciences, Inc., Paul Valley
Industrial Park, Warrington, Pa. 18976, U S A . Material provided by these two mmpanies has been
sufficiently acid to warrant ion exchange treatment.
2. Weakly basic, tertiary aminc anion exchange resin with high porosity. We have used a preparation
sold under the commercial name Amberlyst A-21, marketed by the Mallinckrodt Chemical Works, St.
Louis, Mo. 63160, U.S.A., Cat. No. 3414. The name Amberlyst is trademarked by the Rohm and Haas
Company. W e presume that anion exchange resins with similar properties made by other manufacturers
would be satisfactory. Dowex-4, provided by the Dow Chemical Company, Midland, Michigan, 48640,
U.S.A. i s probably nearly equivalent.
3. Methanol, anhydrous (absolute).
4. Ethanol 95%.
5. Absorbent carbon or charcoal, often called “activated” or “decolorizing.” We have used a preparation
marketed under the name Nuchar C-l90N by Fisher Scientific Company, Chemical Manufacturing
Division, Fair Lawn, New Jersey 07410, U.S.A. Other preparations are marketed under the names Norit,
Darco, etc., and would probably be satisfactory.
6. Polyethylene glycol 400 (a plasticizer). We have used preparations marketed by Fisher Scientific
Company, by Ruger Chemical Go., Inc., Irvington-on-Hudson, New York, and, under the name Carbowax
400, by Electron Microscopy Sciences, Box 251, Fort Washington, Pennsylvania 19034, U.S.A.
7. 2,2’-Azobis[2-methylpropionitrilel (a catalyst, which we call “azobis,” for short). Sold by Fisher
Scientific Co., Cat. No. 5400; also listed in Eastman Organic Chemicals, Cat. 46, Cat. No. 6400. We store
the catalyst at 4°C.
Treatment wzfh Actiuated Carbon. Stock G M A at room temperature is stirred for one hour with carbon,
4 g carbon to each 100 ml GMA. The slurry is then filtered through two sheets of Whatman No. 1 filter
paper in a Buchner funnel by vacuum. If the slurry is poured slowly onto the e p t e r of the filter paper disc
and allowed to spread evenly towards the circumference, carbon does not enter the filtrate. T h e slurrying and
filtration is repeated. The two treatments with carbon lead to 20 to 40% loss of GMA. T h e pH is then
measured. If close to neutrality, the material is ready for addition of catalyst and plasticizer.
Remoual ofAcid Impurities. If the pH is below the desired level, the material is passed through a column
packed with a porous, weakly basic anion exchange resin. T h e resin we have used (Amberlyst A-21) is
moistened with water and should be kept moist during storage. We remove the water by stirring the resin
with anhydrous methanol for 15 min, using 2 volumes of methanol to each volume of moist resin. The resin
is allowed to settle and the spent methanol decanted off. The process is repeated for a total of six cycles, after
which the slurry is vacuum filtered through filter paper in a Buchner funnel and the remaining methanol
evaporated off in a ventilated oven at 60°C. T h e resin is then slurried with G M A monomer which has k n
purified. The resin is allowed to stand in the G M A for an hour, during which time the resin
swells and air bubbles are liberated. This slurry is used to charge the ion exchange column, for which we use
a glass tube 1.3 m long and 34 mm in diameter. The outflow glass tube is capped with gauze to retain the
resin, and is held in the lower end of the column by a secured rubber stopper. A suitable outflow regulator is
needed. W e use a plastic tube which can be compressed by a screw clamp. A flask is arranged to receive the
outflow and the column is filled with the resin, which has been soaked in GMA, up to 10 or 15 cm of the top.
Inflow of G M A is regulated so that its level does not fall below the top of the resin column. T h e outflow is
adjusted to a rate of 20-30 drops per minute. The pH of the emuent is measured from time to time. If the pH
falls below the desired value, the rate of flow is slowed. If this is insufficient to yield G M A of the desired pH,
the resin in the column is deemed to be exhausted and to require regeneration before further use.
If the purified GMA is to be stored for a while, oxygen is bubbled through the monomer for a few minutes
and the resin is stored at 4°C in dark bottles incompletely filled.
Ion exchange resin is recovered from the column by allowing the G M A to drain out. There is risk of
polymerization with loss of resin, tube and GMA if the column is allowed to stand with G M A monomer in
it. T h e resin is washed six times with ethanol and then six times with deionized water. T h e resin is then
regenerated by covering with 5% aqueous ammonium hydroxide solution for 15 min and then washing six
times with deionized water. The regenerated resin is stored moist with water or as a slurry in methanol.
Embedding M a t u r e . We prefer to use C M A which, after purification, has a pH above 7.5. T h e
embedding mixture is prepared as follows:
Purified GMA
Plasticizer: Polyethylene glycol 400
Catalyst: 2-2’-Azobis[2-methylpropionitrile]
(“Azobis”)

95 g
5g

0.4 g

Care is taken to warm cold G M A and catalyst to room temperature before opening the container, thus

STAIN TECHNOLOGY

94

1-ing
watm accumulation. The ingredients are added to the GMA whilst stirring. Care must be
e x m i d when handling the catalyst, as azobis reacts violently with water, and tiny, p p p i n g explosions
my w u r when adding azobis to the GMA, perhaps as a result of water in the resin monomer. The p H
usually falls somewhat after adding the catalyst, so that it is helpful to start with GMA with a p H higher
than that finally desired. One can adjust p H after adding the catalyst by mixing two catalyzed G M A
mixtures of varying pH. The embedding mixture is filtered through two layers of filter paper before use or
storage.
If the catalyzed mixture is to be stored, oxygen is bubbled through it for a few minutes and the container
c l o d so as to retain a volume of oxygen<nriched air over the mixture equal to YZ to ‘/3 the volume of the
GMA in the container. Failure to leave catalyzed GMA exposed to oxygen increases risk of loss through
polymerization before use.
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I1
Notes on Starns Used Successfully on Plastic Secttons

New Sfatns
1. Lee’s methylene blue-basic fuchsin stain for G M A sections.
The method stains Epon sections, but less intensely than it does GMA sections.
We regard this as our most useful general histological stain. Though excellent for revealing structure, we
do not attribute chemical significance to the binding of dyes when this stain is used. From this point of view,
the stain differs from Nocht’s azure-eosin. Yet the methylene blue does appear to be useful for displaying
sites of nucleic acids such as Nissl bodirs, ergastoplasm, etc.
Stock solutions: 4 x IO-’M methylene blue (C.I. Basic Blue 9; C.I. No. 52015)-0.128 g methylene
blue in 100 ml deionized water.
4 x lo-’ M basic fuchsin (C.I. Basic Red 9; C.I. No. 42500)-0.1296
g basic fuchsin in 100 ml
deionized water.
0.2 M phosphate buffer, p H 7.2-8.
Staining solution:
4 x lo-* M Methylene blue

4 x

M Basic fuchsin
0.2 M Phosphate buffer
Ethanol (95% or absolute)

12 ml
12 ml
21 ml
15 ml

The staining solution is filtered after mixing, and is useful for four or five days.
Staining procedure. Slides bearing sections are immersed in the solution until equilibrium is attained,
usually in 10 or 15 seconds. Longer staining times make no difference in staining intensity. The slides are
removed from the staining solution, dipped briefly into deionized water and blown dry with a blast of clean
inert gas. After drying, the slides are mounted under a cover slip.
From time to time we have found deposits of elongated, needle-like blue crystals on the slide after
staining. We have learned that these deposits can be avoided if the slide is gently agitated in the solution
during the staining procedure. This can be accomplished by gently rocking the container with staining
solution and slides in a mechanical shaker set at low speed and amplitude. Our routine use of this stain is on
sations 0.5 to 2 pn thick, within which range it is satisfactory.
This method is much simpler and quicker than the methylene blue-hasic fuchsin stains of Aparicio and
Marsden (1969) and of Huber, Parker and Odland (1968).
This stain gives satisfying differentiation of cell types in the anterior pituitary and displays well many of
the endocrine cells in the intestinal and stomach epithelium. It displays C-cells of the thyroid and clearly
differentiates between smooth muscle and collagen when used on GMA sections. Elastic fibers stand forth in
good contrast, and mitochondria are clearly revealed (see Figs. 17 and 23). Juxtaglomerular granules in
kidney are bright red with this stain.
2. Wyrick’s silver stain for osmium fixed tissue (either G M A or Epon embedded). Solution: AgNO,
saturated solution in 95% ethanol at room temperature; 5 g silver nitrate is sufficient to saturate 100 ml of
ethanol. The solution is filtered and warmed to 60°C before use.
Slides bearing sections are immersed in the alcoholic silver nitrate solution at 60°C for 20-60 min. The
intensity of the stain increases with time of immersion. Slides are removed when the desired stain intensity is
achieved. Slides are washed at once in several rinses of 100% (absolute) ethanol. Residual ethanol is then
blown off with a blast of dry inert gas. Sections are then mounted under a cover slip.
This method is simpler than that of Marinozzi (1961), who used ammoniacal silver solutions. Like
Marinozzi’s, it appears to depend on silver reduction at sites of osmium binding. It is a sharp, definitive
stain, giving good contrast to mitochondria, chromatin, and many cellular features (see Fig. 11). Strict
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attention to cleanliness of glassware and of slides is important for success with this stain. T h e alcoholic silver
nitrate is a clear solution. It can be rendered cloudy by dirty glassware.
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Established Stains

1. Alkaline toluidine hlue (methylene blue, thionin, or any of the azures would probably be as
satisfactory).
Toluidine blue buffered at high p H (between 10 and 12) by carbonate or borate has been advocated as a
stain for epoxy resin sections by Trump, Smuckler and Benditt (1961). We find this stain useful for GMA
sections as well. Though the information revealed by the stain is less than after use of Lee’s methylene
blue-basic fuchsin or Nocht’s azure-eosin (see below), the simplicity and rapidity of the staining procedure
and the stability of the solutions lend the method convenience. We have used 0.1 % toludine hlue in borateor
in carbonate buffers at pH between 11 .and 12 and have stained successfully in jars at room temperature for a
minute or two, or on a slide on a hot plate at 6Oo-8O0C for a few seconds. We usually rinse briefly in water
or in alcohol to remove background stain, blow excess fluid off with a blast of clear inert gas, and mount under a cover slip.
~.
2. Nocht’s buffered azure-eosin, as modified by Lillie (see Conn, Darrow and Emmel 1 9 6 0 , ~ 45);
suitable for GMA sections, but not for epoxy material.
W e regard this stain a s a reliable way to label acid and basic groups available in the tissue at the p H of
the stain, in accordance with principles set forth by Singer (1952). The stain behaves as if the dye molecules
are bound only by ionic (salt) linkages. The solution competes successfully with the tissue for
hydrogen-bonded dye molecules. Azure binds to tissue acid (anionic) groups. Fasin binds to tissue basic
(cationic) groups. Thus, for this stain, the tissue acts as a mixed ion exchange resin, and reveals by virtue of
the bound dye molecules the localization of acid and basic groups. Where such groups are sparse, the
staining is weak. Often the color appears to be pale in thin sections (1 pm thick or less). Since this reflects the
density of acid and basic dye-binding sites per unit area of the section, the intensity of color, whether pale or
not, still conveys chemical information.
In using this stain, we adjust the pH to that desired for displaying acidic or basic dye-binding sites of
interest, most commonly p H 5.2 or 4.8. We use a more concentrated solution of dye than recommended by
Lillie, adding 8 ml of 0.1% azure A and 8 ml of 0.1 % eosin B to the other ingredients, and varying the citric
acid added to adjust to the desired pH. We find the stain reaches equilibrium with tissue sections in 45 min
to an hour. Longer staining times make no difference in staining intensity. W e remove the slide directly from
the stain, blow off excess stain (without rinsing) using a blast of clean dry gas, dry the section and mount
under a cover slip.
W e find the stock staining solution to be stable for two years or more. We remove small portions as
needed. In Coplin jars the solution remains usable for about a week.
3. Bowie’s stain (see Preece 1965, p. 225). We have used this without modification, with somewhat
erratic results, but with gratifying success in some trials. T h e juxtaglomerular granules of the kidney are
displayed in striking contrast. The sections tended to loosen on the slide during dichromate treatment, but
can be reaffixed by rinsing thoroughly in deionized water, flattening the section, and heating the slide to
80°C for a few minutes. This stain gives good displays of mitochondria and elastic tissue.
4. Foot’s modification of Hortega’s silver carbonate method for reticulum (see Preece 1965, p. 162). We
have had consistent success with this method on GMA sections (see Fig. 12). The sections tend to detach
from the slide, but can be reaffixed by rinsing, flattening and heating, as cited above for Bowie’s stain.
5. Hematoxylin and eosin: We have succeeded with a variety of hematoxylins, including Harris’s,
Weigert’s (as modified by Lillie), Regaud’s, Heidenhain’s, etc., followed by eosin or phloxine-eosin mixtures
heated to 60%
Although hematoxylin and eosin is suitable for G M A sections, we see no advantages over Nocht’s
azure-eosin or Lee’s methylene blue-basic fuchsin. The latter stains are simpler, cheaper, more uniform and
reveal more information.
6. Kliiver and Barrera’s luxol fast blue-crystal violet stain (see Conn, Darrow and Emmel 1960, p. 11 9).
This stain has been consistently satisfactory with G M A sections, displaying Nissl bodies and myelin to good
advantage.
7. Use of Schiffs reagent on G M A sections. We have repeatedly carried out Feulgen and PAS stains
successfully on G M A sections. In accordance with the suggestions of Dernalsy and Callebaut (1 967),we have
used a water rinse rather than a sulfurous bleach after immersing the sections in Schiff’s reagent.
We have found some confusion arising from Schiff-positive material (presumably aldehydes) present
naturally in some tissues, and not engendered by the HCI hydrolysis or the periodate oxidation. There are
such naturally occurring aldehydes in many plant cells and in vertebrate collagenous connective tissue. T o
avoid confusion from these aldehydes, we use chlorous acid as a blocking agent for aldehydes prior to
hydrolysis or oxidation, as recommended by Rappay and van Duijn (1965). These aldehydes can be
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demonstrated in fresh, unfixed connective tissue by Schiffs reagent without fixation or embedding, and
clearly are not a result of aldehyde fixation or plastic embedding.
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