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The initial intention was to investigate the effect of
faluronidasé on growing connective tissue and to elucidate its
relationship to inhibition of connective tissue formation by
~adrenal corticosteroids. It has been shown that persistent
application of the enzyme to granulating tissue causes rapid
invasion of the surface exudate by fibroblasts and that the
normal formation of bundles of reticular tissue is impaired.
Inyestigation of the effects of a single application of
hyaluronidase and the relationship of these effects to simultaneous
corticosteroid application was not carried out as the histological
techniques being used in the investigation were unsatisfactory.

Investigation of these techniques, the background of which is
described, led to the adoption of newer ones. One of the technigues
adopted was that of using water soluble polyethylene glycol wax as
an embedding medium. It permits identification of lipids in serial -
sections énd reduces losses and distortion of tissue constituents
during embedding. While using this wax difficulties in sectioning
were encountered and investigation showed that these were caused by
high atmoépheric relative humidities causing absorption of water
by the very hygroscopic Wax;

In order to eliminate chemical loss or alteration, or physical.
change in the tissue, freeze-drying was adopted as a method of
preparation. Due to inadequate knowledge at that time of the probiems
involved the theory of tissue freeze-drying was entered into in some
detail and a new apparatus, based on the theoretical findings, was

designed and built.



Because of the lack of spzcificity of the histochemical

chnigues available for the identificaztion of hyaluronic acid

2ttempts were made to develope a new one. These attempts are
described. The fact that exposure of conventionally prepared sections
to sodium hydroxide, béfore'periodic acid oxidation, greatly enhances
the colour reaction obtained in certain tissues with the periodic
acid-Schiff technique, was noted. The investigation of this effect
is described and it is shown that formaiin appears to affect certain
substances, possibly by polymerizing them, so that they only react
weakly with this technique. The alkali reverses this formalin effect
s& that they readt strongly to the periodic acid-Schiff technique
again. The relationship between this formalin effect and the chemical
structure of the usbstances involved is discussed.

Thelconclusion reached is that hyaluronidase has a definite
effect on fibroblastic infiltration and fibre formation in growing
connective tissue but the relatioship of this function to the action

- of adrenocorticosteroids is not clear. In a histochemical study of
" this type it is essential to ensure that the substances involved in
the study, hyalurohic acid in this case, are not being lost during
preparation for microgcopic examination, and that there is available
a reliable technique for identifying them. As these two criteria
were not satisfied in this case freeze-drying and the use of poly-
ethylene glycol waxes were adopted in order that the first would be.
Investigation of the second has shown that although there is no
histochemical method for identification of hyaluronic acid available
it might be possible to develope one based on the alkaline decomposition

of its hexosamine content. Then it might be possible to return to a

[



accurate study of the inter-relationship of hyaluronidase and B3z

luronic acid function in fibroblastic activity.



"My business is to teach my aspirations to conform
themselves to fact, not to try to make facts
harmonise with my aspirations. Sit down before
fact as a little child, be prepared to give up
every preconceived notion, follow humbly Wherever

nature leads, or you will learn nothing."
~ Thomas Huxley.
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Preface.

The initial intention was to study the effect of
hyaluronidase on growino connective tissues (Chapter I).
By introducing the enzyme inito granulation tissue it was
hoped that some modification of hyaluronic acid product-
ion would occur and this would result in an altera.ion
in fibre formation. Experiments based on this plan are
described and it is shown that an efect is produced but
technical difriculties prevented conclusions being reached.
'These difficulties were concerined wiilh the opreservation and
identilication of hyaluronic acid and similar substances,
and it was felt that the conventiounal methods used were
inadequate. Therefore an entirely new approach using
different technique of preservatlion, embeddin; and staining
was planned. Chapteir II outlines the reasons ior using
these newer techniques.

One ol the difliculties encountered was in the uée of
water soluble polyethylene glycol wgxes as embedding media
in identifying hyaluronic acid like substances and a short
investigation into their use had to be carried out (Chapter
III). The conventional methods of fixation were hot
considered adequate for the preservation of the substances
of interest in the initial investigation and therefore I
decided to uze freeze-drying for preserving the tissues.

As is explained in the text I had to carry out a considerable

amount of personal research on the theory of tissue freeze-



drying, because at the time when the machine was planned
there was not available any concise treatment of the subject.
These theoretical and practical considerations are given in
Chapter IV.

As the techniques available Tor the identification of
hyaluronic acid in sections were considered to be inadequate
an attempt was masde to develop a new one. The use of an
alkaline ferricyanide method for this purpose is described
and the result, which showed that exposure to alkali has an
effect upon the periodic acid=Schiff staining intensity of
certain substances, are described in Chapter V.

In the last part of the thesis (Chapter VI I have
described the further investigation of the effect of alkali
on periodic acid~Schiff positive substances and shown the
relationship to formalin fixation. In it I have also made
some suggestions about the possibility of developing new
histochemical methods for saccharides.

The entire investigation has shown that although
hyaluronidase has an effect on growing connective tissue it
is not possible to determine the role played by hyaluronic
acid. It is hoped however that, Tollowing the lines of
investigation laid down here, some method of doing so may be
developed.

The work described entailed the preparation, examination
and reporiting of over two thousand histological sectionse.

Mogt of these are filed and are available for examination.



To produce photographs of the morphological and
histochemical variations shown in these sections would
be excessively expensive and time consuming, and would
be pointless where a negative reaction is shown. Thus
I have chosen only those microscopid illustrations which
demonstrate the main theme df any particular section of

the thesis.



(1)

EFFECT OF HYATLURONIDASE ON THE GROUND
SUBSTANCE OF CONNECTIVE TISSUE.
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(2)

(a) The structure and function of hyaluronic acid.

The ground substance of connecti%e tissue is believed
to have a gel-like structure. (Clark and Clark, 1l9lg,
1933; Laguesse, 1921; Bensley, 193La; McMasters and Parsons,
1939;) Hyaluronic acid is a simple acid mucopolysaccharide
found in that ground substance. (Meyer and Palmier, 1936;
Meyer and Chaffee, 1941; Meyer, 19L6; Day, 1947;) Its
structure was first suggested by Meyer and Palmier (1936)
and it is considered to be a protéin free polysaccharide
composed of glucuronic acid and N-acetylglucosamine in

equimolecular proportions. The formula given below is that

of Meyer and Fellig (1950);

cooH gulou

¥} NR.Ac.

Chondroitin sulphate which is often found in conjunction
with nysluronic acid is of very similar cornstruction (Meyer,
Odier and Siegrist, 1948).

Hyaluronic acid is thought to be produced by young
fibroblasts (Meyer, 19L6.) which secrete it into their
surrounding space along with a precursor of collagen and a
chondroitin sulphate. By local acidification in the
immediate neighbourhood of the cells the first fibres are

produced by the polysaccharide from the native soluble



(3)
collagen, which denature into the insoluble fibres, on the
surface of which lies a sheet of polysaccharides. With
égeing of the fibres, the polysaccharide layer becomes
thinner snd the hyalﬁronate is repiaced more and more by
chondroitin sulphate. Only in metabolically very active
connective tissue like that of skin, does hyaluronic acid
production continue in appreciable guantitiese.

Thus hyaluronic acid is seen to be part of the ground
substance of actively growimg'connective tissue and is also
found on the surface of immature collagen Tibres. It is
thus partially, perhaps incidentally, a 'spacer' lying between
fibres.

Hyaluronic acid however is not the only mucopolysaccharide
component of ground substance. According to Meyer and
Rapport (1951) there are five components. In addition to
hyaluronic acid there are three types of chondroitin sulvhate
and a hyaluronsulphate but of these only hyaluronic acid

and chondroitin sulphate-C are found in skin.

(b) The origin and function of hyaluronidase.

Hyaluronidase is the name given to g series of enzymes
of varying origin all of which can depolymerize hyaluronic
acid. This group of enzymes Was originally known as the
'spreading factor!' of Duran-Reynals (1928) because of its
ability to depolymerize the ground substance of connective
tissue and permit easy penetration of the tissue by fluids.

(Hobby et al, 19L41).



(L)

Hyaluronidase has been isolaced from testis (Duran-
Reynals, 1928; McLean, 1930), from skin (Claude and
Duran-Reynals, 193L; Meyer, Chaffee, Hobby and Dawson,

1941) from leech extract (Claude, 1939), from snake

venom (Chain and Duthie, 19L40; Fawilli, 1940), from bacteria
(Duran-Reynals, 1933; McLean, 1936;>Meyer, Dubos and

Smith, 1937; Meyer, Hobby, Chalffee and Dawson, 19L0;

McLean, Rogers and Williams, 19.3; and Crowley, 194l),

and from schistosoma (Levine, Garzoli, Kurtz and Killough,
1948 .) |

According to Meyer, Hobby, Chaffee and Dawson, (19L40)
testicular hyaluronidase affects sulphate-containing and
sulphate-free mucopolysaccharides while the bacterial
hyaluronidase affects particularly the latter. According
to them hyaluronidase acts on hyaluronic acid in two
different ways. It first causes a rapid depolymerization
and second a slow hydrolysis. Meyer (1947) has suggested
that two enzymes might be necessary for this action and
the differences between testicular and bacterial actions
might bé due to the relative mmounts of these two present in
the parent substance. This is supported by the work of
Hahn ( 1945), Rogers (19L46,1948), Madinavietia, Todd,
Bacharach and Chance (1940), Meyer (1950) and Dorfmann (1950).

The contamination of the earlier testical preparations
with other enzymes (Meyer and Linker, 1951} has now been

eliminated. M*Cullagh, Cassidy, Valentine, and Telksdorf



()
(1949) provide information on the stability and
gdtabilisation of testicular hyaluronidase.

The action of hyaluronidase is known to increase the
permeability of connective ltissues when the enzyme is
applied locally (Seifter, Baeder, and Dervinis, 1949;
Duran-Reynals, Bunting and Wagenen, 1950; Sprunt, 19.0)
and it has been suggested (see section (c¢)) that this
function is required to allow rapid penetration of cells

in actively growing tissue.

(e¢) The effect of hyaluronidase on growing connective

tissue.

Hyaluronidase is present in physiological resting askin
(Meyer and Chaffee, 1941; Meyer, 1947; Day, 19L7.) where
its function is probably to remove the hyaluronic acid from
the surface of newly formed collagen Libres and permit its
replacement by chondroitin sulphate-C. Bensley (1950)
hag shown that injection of hyaluronidase into resting
connective tissue causes a proliferation of fibroblasts.

In actively growing connective tissue its function is
probably to depolymerize the ground substance and permit
easy penetration and thus rapid growth of the organising
tissue by blood vessels and fibroblasts, in the early
stages. Its reduction in amount causes consolidation in
the later stages and permits the hyaluronic acid removal
from the surface of the new fibres.

Gersh and Catchpole (1949 ) have shown that fibroblasts
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centain granules which may be the precursors of the
ground substance of connective tissue. They state that
in rapidly growing tissues the ground substance changes
from a water insoluble to a water soluble compound and
the fibroblasts present are rich in granules. In
resting tissues they suggest that there is a constant
depolymerization and removal into the blaod stream, of part
of ghe ground substance, and this is replaced by secretion
from.fibroblasts. In very actively growing cohnective
tissues they suggest that this mechanism is increased.

It has been suggested (Duran-Reynals and Stewart,
1931; Boyland and McLean, 1935; and McCutcheon and Coman,
1947.) that hyaluronidase action plays a part in the rapidly
invasive action of certain tumours and this is supported
by the fact that water soluble alcohol insoluble mucopoly-
saccharides, similar to the breakdown products of ground
substance, are present in large amounts in the circulating

blood of patients having certain tumours. (Siebert et al,
1947; Winzler, Devor, Mehl and Smyth, 1948). In relation
to this(it has been noticed that the rapid passage of ‘
intravital dyes, into regions of inflammation and tumour
formation (Duran-Reynals, 1939; Menkin, 1940; Cope and
Marrow, 1943) may be an indication of depolymerization of
the ground substance (Gersh and Catchpole, 1949).

Because of this relationship between hyaluronidase

and rapid growth of tissues it was decided to study the

effect of putting hyaluronidase into actively growing
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connective tissue to sse il it caused more rapid growth.
It thus might produce more rapid hezling of wounds and
thus show that rapid formation of loose tissues produced
a less dense granulation tissue and thus a softer scar.

The term granulation tissue was originally applied to
the deep-red tissue of somewhat granular aspect, seen in
the floow of a healing ulcer. Such tissue is comparatively
cellular and very rich in young blood vessels, and the term
is now applied to any newly formed tissue with these
characters. The repair of a gap in the skin surface,
however,produced, or of a wound which has failed to unite
by primary union is affected by the growth of granulation
tissue from the deeper parts. In the floor of the wound
there is an active formation of new capillaries from the
pre-existing blood vessels in the manner already described,
and they grow upwards as vascular loops at right angles
to the surface; at their upper extremity they often have a
coiled arrangements. Along with them there grow a large
number of fibroblasts which are at first mainly arranged
parallel to the new capillaries. Active emigration of
leucocytes, chiefly polymorpho-nuclear, taﬁes place from the
new capillaries, especially in their upper part, and these
cells pass to the surface, where they pléy an important part
in checking the growth of bacteria, and thus in the healing
of the wound.

Vv
The growth of the Xascular tissue is directed to filling

up the gap, and when this process has gone on for some time,
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the fibroblasts in the deeper vart arvange themselves aove
or less parallel to the surface, that is, at right angles to
the vessels, and collagen fibrils appear between them.
As they mature they contract markedly and the.eby reduce
the surface area of the wound which has to be epithelialised.
When the gap has been sufficiently filled up, the cells of
the epithelium at the margin begin to proliferate and grow
over the young vascular tissue. When the young tissue has
been covered by epithelium, the growth of blood vessds comes
to an end,'and a process of obliteration of the new vessels,
or devascularisation, sets in. This is accompanied by the
formation of abundant collagen fibres which gradually
become orientated along the lines of stress, and ultimately
the tissue becomes dense and fibrous, and is comparatively

avascular. This forms the 'white' scar tissue.

(d) Materials and Methods.

(i) Production of wounds. Standard wounds were
produced in the necks of black and white rats using the
method of Hutcheson (19.3). This entailed making a small
incision into the skin and subcutaneous tissues in the
midline of the navpe of the neck and inserting a small
sterile cup of celluloid-~like plastic into the wound. These
cups, produced by the Viscose development company, are of a
standard size. They were prepared as Jdescribed by Hutcheson.
' Thevaére plﬁgged with cotton wool and held in place in the

wound by stitches on either side, which also help to close
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the wound, With practice the cups can be ingerted
easlily and Tirmly and after the rats have recovered from
the anaesthetic, given to them during the operation, they
cannot remove thom because of the position of the wound.
Eventually, if no mishap occurs, the cups will be pushed
out of the wound by the granulating tissue. Strict aseptic
conditions must be obgerved as infection, apart from any
general effect, will introduce a source of hyaluronidase

locally which will invalidate the experiment.

(ii) 1Insertion of hyaluronidase. This method of standard
wound. production was originally designed to permit study of
the effect of various chemotherapeutic agents on granulating
tissue. These agents were applied by dropping a solution
of them into the cotton wool plug in the centre of the cup
and letting them diffuse through the semipermeable wall.

In this case the large molecular weight {unknown but high)
would prevent the diffusion and thus an alternative had to
be used. The method chosen was very slow intradermal

injection of the solution at a definite position in the

wound area.

(iii) Hyaluronidase used. Hyalase (Benger) a testicular
extract of hyaluronidase, was used. 500 units of this
preparation were injected into the wound area as described.

Control solutions were prepared by heating active solutions

at 800¢. for 20 minutes.
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(iv) Method of carrying through the experiment. Ten
male black and white rats of approximately the same size
and age were weighed before the experiment started and
then each was reweighed again before being killed. (Table 1.)
All of them were operated upon as described above and one
half received hyaluronidase and the other half received
inactivated hyaluronidase. The injections were given
immediately after the operation and every two days there-
after except on the day on which the animal was killed.
A rat, from each series, was killed and the wound area
dissected out for examination every second day after khe
operation. Thus a series of practically identically
produced wounds, varying in age, by two day intervals
from 2 to 10 days 0ld was obtained.
| A second series was carried out with sixteen male
black and white rats of the same age and size (table.2.)
These were injected each day and one from each series was
/killed each day. Thus a series of treated and controlled
wounds was obtained varying, by 1 day intervals, from 1 -~
10 days old.

Wounds were examined each day for infection.
The.rats were kept in individual cages and were fed with

a stock diet.

(v) Histological methods used. As tough granulating

tissue was being used the wounds were fixed in 12% neutral
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formalin and carried through by a phenol and methyl
benzoate method (Appendix.l.) in order to prevent undue
hardening of the tissue.
The following staining techniques were used

(Appendix.2.)

Haemalum and Eosin.

Mallory.

Weigert's elastica.

Gordon and Sweet's reticulum.

Periodic acid-Schiff.

Toluidin blue.
Sections from each block at various levels in the block
were carried through these methods and were dehydrated in

ethanol, cleared in xylol and mounted in D.P.X.

(e) Results.

| Depending on the age of the wound being examined
and irrespective of its treatment there were differences in
the amount of granulation tissue formed. This variation
corresponded fo the normal process of granulation described
above. With the Weigert, Periodic s acid-Scuiff and
Toluidin blue methods no difference could be detected between
the wounds treated with active hyaluronidase and the controls.
In the Haemalum and Eosin, Mallory, and Reticulum methods
there did appear to be a difference.

The treated wounds showed a tendency for the
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advancing granulation tissue margin to have an infiltrating
appearance. The fibroblasts instead of advancing in a
compact line, as in the control wounds, appeared to send
out 'scouts' into the surface serous exudate which was
being organised. (figs. 1 -~ L).

In the reticulum series there wereobvious
differences between the two types of older wounds. In
the control series the reticulum assumed a more compact
arrahgement and the individual bﬁndles appeared thicker and
| seemed to be composed of numerous smaller fibres lying side
by side. Treated wounds had a very diffuse form of
reticulum which appeared to consist of an irregular
arrangement of fragmented individual fibres. (figse. 5 - 8).

The illustrations are characteristic of different
stages in both series. There is apparent fibroblastic
invasiveness in the early stages and a lack of consolidatioﬁ

of reticulum in the late stages of the treated wounds.

(f) Discussion.

The relationship between hyaluronic acid and
hyaluronidase,has already been discussed and it has been
stated that injection of hyaluronidase into resting
connective tissue causes a proliferation of the fibroblasts
present (Bensley, 1950). - Gersh and Catchpole (1949)
discuss the variation in the organisation of ground

substance in relation to fibrodhstic activity and show

that there is an interdependance.
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Now it is known (Baker and Whittaker, 19L49;
Baker, Ingle, Li, and Evans, 1948; Ragan, Howes, Plotz,
Meyer, and Blunt, 1949; Castor and Baker, 1950; Baker
and Whittaker, 1950; Opsahl, White and Duran-Reynals,

1950; Pirani, 1951.) that adrenal cortical steriods have
an ihhibitory effect on the formation of connective tissue
and stop iwnvasion of the tissue by fibroblasts. It is
also known (Dayton, 1951) that cortisone has a retarding
effect upon chondroitin sulphate synthesis and that adrenal
corticosteroids reduce capillary permeability. (Menkin,
1940; Seifter et al, 1949; Opsahl et al, 1950.)

Thus the overall effect of corticosteroids is to
reduce the production of new connective tissue. Benditt,
Schiller, Wong and Dorfman, (1950) suggest that adreno-
corticosteroids produce this effect indirectly by acting
through an intermediate.

Now hyaluronidase is inhibited in vivo by
adrenocoricosteroids (Seifter et al, 1949; Shuman and
Finestone, 1950; Opsahl et al, 1950; Benditt et al, 1950).
Thus it is possible that adrenocorticoids may be responsible
for delay in wound healing under conditions of shock where
there is always an excess of circulating adrenocorticoids,
(Selye, 1947), because of their depressant effect on
formationvof new connective tissue. They may be producing

this effect by inhibition of hyaluronidase (Seifter et al,

1949) which normally loosens ground substance, jipcreases
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capillary permeability and causes fibroblastic proliferation,
all of which produce a loose actively growing type of
connective tissue.

By giving hyaluronidase to the rats in this
experiment it was hoped that the connective tissue
depressant effect of the adrenocorticolds, released during
the stress produced during and after the operation, would
be overcome. This would then cause more fibroblastic
proliferation, loosen ground substance, and increase capillary
permeability and produce more rapid healing with a looser
more pliable scar..

The experiment shows that there iz a more diffuse
and widespread infiltration of fibroblasts into the serous
exudate being organised and that the reticulin formed in the
granulaﬁion tissue is of a finer and looser type. This
latter effect may be due to the persistent injections
causing a continued fibroblastic stimulation thus preventing
consolidation, because the fibres were not allowed to mature,

The experiment was inconclusive however for the
followipg reasons.

(é) Physiological.

It would be necessary to study the effect of a single
injection immediately after wound formation, since this
might produce iritial fibroblastic infiltration and then
permit quicker consolidation. The guestion of the different

hyaluronidase having different effects would also reguire to

I
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be investigated, and the relationshin betiveen them and
local and parenteral administration of adrenocorticoids
would also have to be clarified.
(b) Technical.

It was hoped that the P.A.S. and toluidin blue
techniques would give some information regarding variations
in hyaluronic acid and chondroitin sulphate in the ground
substance produced by the experiment., Very little
reaction was observed in the ground substance at any time
with these techniqﬁes and it was decided that this lack
of reaction may have been due to

(i) 1loss of these materials during fixation and
subseguent methods.
(ii) lack of sensitivity of the methods used.
Consequently it was decided that if any useful
information was to be gleaned about the behaviour of these
substances in connective tissues reliable techniques would
havé to be found and usede. Thus the theory and technique
of histochemical idefitification of tissue polysaccharides
and of tissue preparation was entered into in some detail
and the results of that investigation are reported in the
rest of this thesis. The use of these new methods
entailed a departure from conventional histology and I have

outlined the Jjustification of this in part II of the thesise.
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II.

HISTORICAL INTRODUCTION TO DYNAMIC HISTOLOGY.
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Although the magnifying proserties of lenses
have been known since the times of the ancient Egyptians
it was not until Borellus of Pisa, in 1656, made some
observations on pus corpuscles, that any form of microscope
was use’ in examining the tissues of higher animals .
Further observations on blood corpuscles were made by Swammer-
damm ( 1658), and on the circulation and the minute structure
of many tissues by Malpighi (1686). Leeuwenhoek (167.)
made many observations on microstructure and is probably
the best known of early microscopists.

The observations of these early investigators
were concerned with function and one is constantly struck,
in reading their reports, with the dynamic approach to
morphology adopted by then and their immediate successorse.
Qameron (1952) presents and excellent review of early
microscopy and histology and in it he outlines the work of
these first investigalrs and shows how their living approach
led first to the formulation of the cell theory and then
to the classification of the tissues and organs. This
classification produced the science of morphological hitology
and it is to Schwann (1847) and Virchow (1860) that we owe
a debt for this work.

Leeuwenhoek was the first person actually to stain
tissue when he described, in 171lL, the colouring of muscle

fibres with saffron. Vieussens (1684) and Magnol (1709)
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had used coloured injections to outline vessels but this
cannot really be considered staining. Lewis (1942) has
produced an excellent account of all the early stalning
methods and perusal of it will show how this first method
led to the development of staining with natural dyes such
as madder (Belchier, 1736), pernambuco wood ( Riechel, 1798),
carmine (Gleichen, 1778) and logwood (Knight, 1803).

It was also noted at this time that only dead
tissues would stain and that alum could be used as a
mordant to improve staining (Cotta, 1806). Thus the
relationship between fixation and good staining was egstablish-
ed,

During this time and in the ensuing years many
natural dyes were used in identifying and classifying
structures but the real era of morphological histology was
not embarked upon until anilin dyes were introduced as
stéins.

Shortly after Perkin isolated 'mauve', Bencke
introduced *'lilac anilin', which was probavly the same dye,
as a hiltological stain in 1856, Other dyes such as
rosanilin, paris blue, and anilin (Waldeyer, 1863), fuchsin
(Onimus, 1865), parme (Frey, 1868), daylia (Zupinger, 1874)
and subsequently many others were introduced. Conn (19Q8)
reviews the literature extensively and has placed the

introduction and development of the use of these synthetic
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dyes in their propar perspective.

Interesting publications were those of Cornil (1875)

on metachromasis, Schwartsz (1867) on double staining,

Ehrlich (1879) on the difference between acid and basic

dyes, and Van Gieson (1889) on trinle staining. The
development of these and many oth-r techniques of a gimilar
nature led to the appearance of a large number o) publications
on morphological observations.

While these investigations into the use of gtains
were progressing Walther Flemming (1882) was carrying out his
regearches into the effect of fixatives on structure and
staining reactions. Baker (1945) in his excellent book on
cytological technigue reviews some of this earlier work which
led to the appearance of the large number of fixative now in
use. Among these are the investigations of ischer (1897,
1899 ) which pointed out the great variation in appeararce
~that could be produced by the use of different fixatives. /

Combined investigations using the different fixatives
and stains available led to the apprecation of artefact
formation as distinct from true structure in the tissues and
a wast literature on morphological histology appeared.

While these morphological techniques were
appearing in large numbers a smaller but egually important
number of publications on gspecific techniques were arpearing.
It is acknowledged (Baker, 1943, 1945; Pearse, 1953) that

Raspail can be considered the founler of histochemistry.
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He used, in microscopic studics on flowers (182ba, 1825D,
1829), the iodine reaction for sgtarch first described by
Colin and de Claubery (181L4) and used by Caventou (1826)
in microscopic studies. He a’'so used the Xanthoproteic
test for protein (1829) the furfural test for carbohydrate
(1829), microincineration and tissue pH testing techniques.
His brilliant example was Iollowed slowly but persistently
by a small band of histochemists. The line of thoupht and
investigation in these early times may be Lollowed in the
publications of Meischer (1874), ¥rey (1874), Lehmann ( 1851)
and Bunge (1887). The early histochemical techniques
outlined in these publications showed that at least some
histologists were interested in the chemical structure of
tissues and their physiological relationship to one another.
The relatively small number of these publications was
swamped however by the large number of morphological reports
which were important in classifying the tissues and
permitting the differentiation of the various abnormalities.

Mann's 'Physiological Histology* (1902) and
Macallum's 'lMethoden und Ergebnisse der Mikrochemie! (1908)
with their details of the methods then in usze, were two of
the few publications on histochemical technigues to appear
for many years. Those of Parat (1927), Patzelt (1928),
Klein (1929), Hartwig (1929), Chamont and Mason (1930),
Romeis (1932), Policard and Okkels (1932) and Linderstrom—

Lang (1936) listed momt of the specific techniques which
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had appeared in the previous thirty years, but no great
amount of work on histochemical technigques was carried
out until Lison published his 'Histochemic Animalet in
1936. This book had a profound effect and marked the
beginning of an era of notable advance in the science of
histochemistry. From then until the present day a 1arge~
number of investigations have been cérried out on this
subject and there are now available some excellent
reference books (Glick, 1949. Danielli, 1953.) and text-
books (Gomori, 1952. Pearse, 1953.)

The development of these techniques during the
past twenty years showed that people Weré not just
interested in what the morphology of a tissue looked like.
They wanted to know of what it was built. There was also
an awareness that histological studies were of little
value unless they were correlated with the wvarious cyclic
physiological changes that occur in all organisms. = Thus
many of these studies were concerned with the influence of
these changes on the result obtained with one or more
techniques.

It was also appreciated that if important
‘conclusions were to be drawn from tissue studies then
fixation artefacts, of morphological and chemical nature,
should be reduced to a minimum. Thus freeze-drying
(Gersh, 1932) Waé developed to eliminate these artefacts.

The problems of diffusion or non-reaction of tissues
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components before and after fixation were investipgated and
Danielli (1953) has presented a valuable monogravh on the
subject.

While these histochemical techniques were being
developed many other related methods appeared. Tissue
cultureing methods became widespread and resulted in many
interesting morphological and biochemical observations.
Phase microscopy (Zernicke, 19 ) proved invaluable in
gualitative studies of living and fixed specimens, and the
ultra-violet absorption technique of Caspersson ( 1940)
introduced a quantitative method for identifying nucleic
acid and its precuréors in intact cells. Visible light
absofption methods were introduced by Stowell (l9u2), who
used a spectrophotometric method for measuring the amount
of nucleic acid in feulgen stained tissue, and Engsitromm
(1946) re-introduced, in a more accurate and useful form
the technigue of X-ray absorption spectrophotometrye.
Autoradiography is by no means a new technique but it has
become increasingly important in the past decade because
of increasing availability of radio-active elements. We
thus have available a method of accurately identifying the
position df a fair nunber of elements in tissuese.

All of these methods give a reasonable amount of
guantitative data regarding the distribution of certain
types of substarnces in cells. Wlhen used in comparing

living and dead cells they provide some interesting
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information regardi.y cyclic physiolozical variations,
and losses during different types of fixation. The
introduction of interference microscopy (Davies and Wilkins,
1952) as a quantitative method in histology opens up an
entirely new field of rescarch of this type.

Thus it avnpears that there is a return to the
dynsmic approach to histology (Bourne, 1953). Specific
methods, with adeguate controls, are being used. FMixation
artefacts are being reduced, and attempts are being made to
correlate microscopic identification of substaices in tissue
with physiological and biochemical data.

The development of electron microscofy during
this time has again caused the pendulum to swing towards
the side of morphology, but the problems of fixation,
diffusion, etc., are tremendously increased in this technigue
and conclusions as to physiological significance must be
guarded.

In order to understand these varied technigues a
research student must be part chemist, part physicist, and
part histologist. Without a histological training there
is no foundation of knowledge on which interpretation of
results may rest and new theories be built. It is the
correlation of findings in these various fields and the
elimination of errors, that were previously cornsidered
inevitable, that is the task of :he histologist today ani

thus an unrivalled opportunity of carrying out interesting
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and valuable research is offered.
In this thesis I hope to show how I have
attempted to follow this plan in applying histological,

physiological, biochemical and biophysical techniques

to solve a particular problem.
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III.
USE OF WATER SOLUBLE WAX IN THE IDENTIFICATION

OF HYALURONIC ACID-LIKE SUBSTANCES.
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(a) GClassification of P.A.S. positive substances.

As described in chapter one, one of the methods
used for identifying hyaluronic acid in tissue sections is
the period acid-Schiff method of McManua (1946). This
technique (Lillie, 1947; Hotchkiss, 1948; McManus, 1948.)
is really a Malaprade reaction. (Lillie, 195@). It
identifies .CHOH.CHOH.,CHOH.CHNHpes and .CHOH. CHNHR.
groups in polysaccharides, muconolysaccharides, mucoproteins,
glycoproteins, and glycolipids by production of aldehydes,
through periodic acid oxidation, which colourize the Schiff
aldehyde reagent. - (See Section Va) for discussion of the
significance of this techrigue.)

(b) Identification of zlycolipids.

If these substances are to be identified in a
tissue it is necessary to use a method of preparation for
microscopy which will not effect the lipid content of that
tissue. Using frozen sections would permit this if only
the P.A.S. method was used. H@Wever, some of the other
staining methods being used, e.g. Weigert's elastica, preclude
this. There would also he the added difficulty of obtaining
serial frozen sections. An alternative is to use one of
the newer water soluble waxes which permit fixation of the
tissue in an aqueous solvent and transfer of it to the wax
without subjection to dehydration and clearing. Because

of the elimination of the use of alcohol and chloroform,
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or other dehydrating and clearing agents, which are fat
solvents, one can obtain a tissue, still containing its
lipids, embedded in wax. This tissue block can then be
serially sectioned in the normal way and any of the
staining techniques applicable to paraffin sections used.
There is some disagreement as to the efficacy of lipid
preservation in water soluble wax sections (Firminger,
1950a and 1950b; Gersh, 1952; Rinehart and Abul-Haj, 19515,
Hack, 1951) and Miles and Linder (1953) state that although
the 1lipid seems to be well retained in the tissue with their
technique its staining reactivity seems to have undergone

some change.

(c¢) Review of the use of water soluble waxes.

According to Carsten (19u7) 'Polyethylene glycols,
are particularly suitable embedding agents because of their
chemical inertness, noncorrosive nature, good thermai
stability, high -&queous solubility,'high molecular weight
and low hygroséopicity. With increasing molecular ﬁeight
the aqueous solubility and the hygroscopicity decrease and
the melting point rises.! They were introduced by Richards,
Anderson and Hance (1942) as embedding media and since then
have been used by Carsten (1947), Blank (1949), Blank and
M'Carthy (1950), Berlin and Brines (1951), Firminger ( 1950a
and b), Van Horme and Zopf (1951), McLane (1951); Rinehart

and Abul-Haj (195la), Hack (1951), Gersh (1952) and
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Wade (1952).

The polyethylene glycol ester waxes, which are
not so water soluble, have been used by Orton and Post
(1932), Cutler (1935), and Steedman (1945, 1947, 19L49).
They were introduced as an alternative to paraffin wax
for routine preparations and thelr main advantages are
that they produce less shrinkape during the preparation of
the block and less compression of the section during cutting.
They do not assist in the preservation of lipids.

The mode of action of the polyethylene glycols
is that they infiltrate the wet tissue and progressively
replace the water in it. The hygroscopic nature of the
waxes permits this and it is sometimes referred 30 as a
dehydration (Rinehart and Kbul-Haj, 195la; Van Horme and
Zopf, 1951) although it caunot really be cousidered so
(Miles and Linder, 1953). Dependiug on which particular
wax is used the individual stens in the embedding technique
vary. In most cases the initial steps are usually carried
out at room tempersture with low melting point waxes, or
mixtures of wax and water, and the penultimate and finsgl
changes carried out at around 37°C. so that when the block
cools the wax solidifies. Because the greater part of the
technique is carried out at low temperaturcs, and because
of the elimination of dehydrating and clearing agents, there
is a minimum of ghrinkare and hardening of the tissue.

(¥iles and Linder, 1953.) as compared with paraffin blocks.
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(Patten and Philpott, 1921; Baker, 1945; Bolles Lee, 19L6;
Brain, 1949.) A further advantage in the use of the wax is
a possible diminution of diffusion, loss or chemical
alteration of tiésue constituents normally caused by
dehydrating and clearing agents and prolonged incubation

in wax at higher temperatures. (Stafford and Atkinson, 1948;

Firminger, 1950a and b; Mclane, 1951; Miles and Linder, 1983.)

(d) Description of their use.

The method used was essentially that of Blank
and McCarthy (1950) except that their mixture of 'CarbOWéX'
4000. (4 parts), and 'Carbowax' 1500. (1 part), was reolaced
by an identical mixture of 'Hydrowax'. This was the only
polyethylene glycol of the same molecular weight available
in the country at that time. | ( Polyethylene glycol "900"
and Nonex 6B are now used.) (

The tissue being prepared was fixed in 10%
neutral formalin or any other aqueous fixative, until
fixétion was presumed to be complete. It was then removed
and washed in running tap water for several hours. After
Washing, the tissue, suitably trimmed, was transferred to
the molten mixture of wax and was agitated occasionally
to assist mixing of wax and water. At least two changes of
the waX, kept molten in a 37°C. oven, are desirable in an
infiltration period of 1-3 hours. This period of time is

sufficient for most tissues. Carsten (l9u?) and Van Horme
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and Zopf (1951) have recommended the use of wetting agents
to permit easier embedding, but I have not found them
necessary.

After infiltration the specimen is transferred
to an L-mould or paper box and fresh molten wax is added
to form a block. The block in its container, is transferred
to a cool dry place, such as a refrigerator, and allowed to
harden for five to ten minutes. Contact with ice or water
must be avoided because of the solubility of the wax.
{No difficulty was encountered with the crystal formation
in the wax discussed by Hardkarni, Meyers and Zopf, (1949).

The hardened block is trimmed and fastened to a
microtome specimen holder. During cutting the block and
knife must not be chilled lest condensation interferes with
the very hygroscopic sections. Numerous methods of mounting
and flattening polyethylene glycol wax sections have already
been described by the various investigators already mentioned.
" In this case it was found that the best method for mounting
sections was to produce a very fine film of water, preferably
with a spreading agent added, on a slide and to mount the
sections on this cold slide and then dry them in a 37°C.
oven., This method was found to be the least difficult and
was accepted as routine practice.

While cutting these blocks, it was found, not
infreguently, that it was impossible to cut satisfactory

sections. It was found that they either crumpled up as a
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homogeneous ridge on the edge bf the knife or else
disintegrated to a flat watery sludge on the broad part of
the blade. As this only occurred on some occasions and not
on others the cause of the wvariation was sought. It seemed
not improbable that high‘humidity mignht lead to absorption
of water by the surface of such blocks making cutting and
subsequent manipulation of the sections impossible. Thus
the following procedure was planned to elucidate the

problem.

(e) Investigation into the difficulty of handling

polyethylene glvcol sections.

Tissues were prepared as described above. Sections
were alwa s cut from bhlocks prepared from the same tissues
carried through at the same time by identical processes.

The same knife was used throughout, being assiduously

clegned and stropped before and after each attempt to cut
sections. A Unicam flat cutting rocker microtome was used.
The blocks were sectioned in a windowless room sealed off from
all outside contact except for one closely fitting door of
refrigerator type. This door opened into a small anteroom
separated by a small door from the corridor of a centrally
heated building. The room contained a large electric fan
which circulated the air through several baffles. Temperature
was controlled by a 25 amp. electric heating element.

All estimations of temperature and of relative



(32)

humidity were made on an electrically driven Asmann
aspirating hygrometer.

The humidity of the room atmosphere was varied
by pumping water into it through a spray atomizer of the
'Flit gun' type. WWhen required, the humidity was lowered
by exposing large amounts of anhydrous calcium chloride to
the air in the room. Although these methods could not
provide absolute saturation or complete dryness of the air,
the range of humidity could be varied from 30% to 90%.

While cutting the sections, care was taken not to
breathe onn the blocks in order to avoid any local rise in
temperature or humidity. Sections were cut at 1Op, 7p, and
Lp and it was noted on each occasion whether they would
(a) cut and (b) ribbon. The least sign of cutting as single
sections, or of ribboning in strips of four or more sections,
was accepted as cutting or ribboning. In other words a
'perfecﬁ' section or ribbon was not necessarily required to
demonstrate cutting ability under these conditions. Attempts
were made to section the tissues at five separate levels of
temperature, 17-18°C., 19-20°C., 20.5-21.5°C., 22-23°C.,
and 24-25°C. At each separate level of'temperature the
relative humidity was made to vary from 35% to 90%. There
were thus three variables, and at leést four attempts,
usually more, were made at each thickness for each level of

temperature at suitable intervals throughout the range of

humidity.
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If a nunber of blocks werc made beforehand in
preparation for cutting in the specially prepared room
these had to be stored in a desiccator. If the blocks
were stored in the usual small cardboard boxes they were
often covered with a film of water vwhich prevented cutting
for*some depth into the block. It was found, moreover,
that blocks not stored in a desiccator gained welght. Ir
these blocks were then put in a desiccator for some timé
and then reweighed it was found that they had lost the weight
which they had gained. Blocks stored in a desicecator did
not gain weight. If the blocks are covered with a film
of paraffin wax by dipping them into the molten wax on a
thread, they will be protected from this absorption of
water.

’(f) Results .

Table 3 contains the entire list of temperatures
and relative humidities at which cutting experiments were
carried out. After each temperature and humidity range
a plus indicates cutting and ribboning, a plus-minus
cutting only, and a minus neither cutting nor ribboning.
The variation at diffsrent thicknesses are also shown in
this table. Fig. 9 contains a graphical representation
of the results. There is a curve for each thickness at
which cutting was attempted& i.e. Lp, 7p, and 10p. The

curves are drawn through the means of the upper and lower
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points represented by the tips of the vertical arrows in
the graph.,. At any one temverature, at relative humidities
less than the values. indicated by the ti@ of the lower arrow,
ribboning and sectioning were both satisfactory. The tip
of the upper arrow indicates‘the degree of humidity above
which both ribboning and sectioning inevitably failed. At
intermediate values, indicated by the interval between the
two arrow heads, results vere erratic, but as the humidity
increased there was progressive deterioration. Ribboning
first became doubtful and ultimately ceased, and then
sectioning failed altogether.

If we consider the curve for sections cut at p it
will be seen that in the 24-25°C. range, the sections first
ceased to ribbon at a relative humidity of LO% and that no
sections were obtained at or above 56%'relative humiditye.

At 19-20°C. there was g maximum permissible relative
humidity of 55% for successful ribboning. In the 17-18°C.
range it will be seen that there are no points for the 10p
curve; This is so because the blocks continued to section
and ribbon even at the highest humidity obtained. In all
cases it will be seen that, as the temperature drops, the
maximum permissible relative humidity for obtaining ribbons
and sections rises. It will also be seen that, as the
thickness of the sections diminishes, the highest permissible

relative humidity for a given temperature drops.
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(g) Conclusions.

This area of the country has a temperate
climate and high relative humidity. Thus not infrequently,
conditions gre present which prevent the use of polyethylene
glycol waxes. This will be realised if it is remembered
that even when sections and ribbons were obtained, they
were, for the purposes of the experiment, not nécessarily
of the highest quality. To be sure of good histological
results, the relative humidity should be well below the
values indicated by the tips of the lower arrows. A
convenient way of eliminating the influence of relative
humidity is to whigk in a room with a temperature of 18°C.
or less when the humidity can be allowed to reach a
reasonably high value before impairing the guality of the
sections.

Incidentally, the trick, belowed of technicians,
of breathing on the block and knife while cutting tissue
embedded in paraffin, is absolutely disastrous with this
WaXe The double action of raising the temperature and
the relative humidity causes the sections to dissolve
into a greasy sludge.

The deleterious effect of increased temperature,
when the relative humidity is stable, may be partially offset
by using a higher percentage of hard wax. There are

limits to which this can be carried as the addition of even
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a small amount of hard wax to the mixture makes the
block too brittle for sectioning.
Preliminary checking of the temperature and
relative humidity will help to avoid a lot of futile
effort and offhand condemnation of polyethylene glycol

wax as an embedding medium.
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Iv
USE OF FREEZE~-DRYING TO ELIMINATE ARTEFACTS IN THE

IDENTIFICATION OF PERIODIC ACID-SCHIFF POSITIVE
| . SUBSTANCES. -
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(a) Disadvantages of using conventional fixation in the

study of tissue chemistry.
Fixation is an attempt to preserve the tissue

in as close a condition as possible to the living state,

and present it for microscopic examination. As has been
stated in chapter one numerous fixatives have been uged in
histology in the past because it was found that different
structures were pregsented in better or worse condition
depending on the fixative used. Grosgs morphological
distortions, are produced in the tissues by all fixatives
‘and it is some of the factors poverning these changes that
are now going to be discussed.

The main disadvantages in conventional fixation
are
(i) Loss of materials.

(ii) Chemicel alteration of materials.

(iii) Alteration of physical relationships.
These will now be considered in detail.
(i) It has been known for many years that certajn fixatives
will retain certain structures and substances in a tissue
in g better state of prescrvation than others. For example
glycogen has for some time been congidered very soluble in
water and may be dissolved out by agueous firatives.
Conseguently an acetic acid=-formali n~alcohol mixture has
always been recommended for glycogen fization. Similarly

alcoholic fizatives will remove lipids and certain watery
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fixatives will remove certain mucins.

| In this . respect it has been stated that certain
fixatives which do not appear to fix certain minute
structures may not be guilty of this fault but merely may
not have distorted an invisible 1iving area so that it is
visible as a dead area. i.e. producing an artefact that is
accepted as a structure. This will be discussed later
under 'alteration in physical relationships'.

The actual loss of materials from tissues during
fixation has been studied quantitatively and Sylven (1952)
has shown that there is a very high percentage loss of
substances from tissue blocks during fixation and these
extracted substances can be igsolated from the fixative
used. He states that during conventional processes of
fixation, embedding, mordanting and staining there may be a
total loss of mass of L0-60% of the tissue being prepared.
Engstrom and Glick (1950) using their X-ray absorption
technigue have shown that there is a similar loss of mass
of 10-30% from gastric mucosa cells during formalin fixation
as compared with freeze~drying.

Qualitative observations on the loss of material
from conventionally prepared tissues as compared with
frozen-dried ones may be found in the publications of Bensley
and Gersh (1933, a, b and c¢) Gersh, (1932), Hoerr,.(1936),
Julen, Snellman, and Sylven (1950), and Sylven (1950, 1951).
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(ii) That fixation produces chemical alterations in the
tissue has been known for many years (Mamn, 1902.). The
complexity of these alterations is so great however that
very few details of the mode of alteration, in relation to
the type of fixative used and the chemicals present, are
known. The investigatiouns of Tellyesniczky (1898, 1902,
1905), Hardy (1899), Fischer (1899), Marn (1902), and
Berg (1903), showed that this was 80 and in later years
Strangeways and Corti (1927), Gersh (1932), Bensley and
Gersh (1933 a, b and ¢), Hoerr (1936), and Pischinger (1937)
reinvestigated these problems and produced more definite
information.,

Knowledge of these effects iz very incomplete but
some useful guides to possible reactions taking place between
tigsue and fixative are available in the work of Cain (1949),

Caspersonn (1950), Wolman and Greco (1952), and Pearse (1953).

(iii) One of the alterations in physical relationship which
occurs during fixation is shrinksge and it is usually
accepted as inevitable unless certain swelling agents e.g.
acetic acid. are addel to counteract the effect, but even
these are not very effective. Berg (1908), Berthold (1882),
Sjobring (1900), Sjovall (1906), Carleton {1922), Patten and
and Pnilpott (1922), Tarkhan {1931) and Young {1935) have all
shown that shrinkage occurs depending to a certain extent on

the fixative and tissue used. The shrinkage produced by
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fPixation mugt not be confused with that produced by
dehydration and embedding which haa already been discussed.

Diffusion of substances from one point to another
within a tissue during fixation and subsequent techniques is
an artefact which has become increasingly important in
connection with the use of specific methods in studying
dynamic processes. Tellyesniczky (1936), Underhill (193%2),
Medawar ( 1941), Danielli (1953), Gomori (1952) and Pearse
(1953) warn against it and suggest means of reducing the effect.

It is of little use identifying a substance in a tizsue 1T
it is not in the position that it normally oeccupies in the
living animal. |

Prey-Wyssling (1948), has shown in a very lucid
manner that some microscopic morphologzy may be fure fixation
artefact and some may be due merely to an exaggeratior, on a
microscopic level, of an amicroscopic structure., e.z. the
striation of collagen fibres.

To decide what iz true morphology and vhat is
artefact can reslly only be accomplished by examining tissues
or cells in the living state and this is now possible using
the newer forms of microscopy. Thus an object can be exgmined
alive and then again after fization and the morphological
states compared.

It is inevitable however that, no matter how perfeet
- the fizxation and excellent the specimen adppears to be

microscopically, there will be alierations of molecular or
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micellar relationships that are synonomous with fixation
and death of the tissue.

It was in attempting to reduce these various
factors to a minimum that freeze-drying was introduced
and, as the possible loss of hyaluronic acid and chondroitin
sulphate from the tissues used in this investigation was
importamt, it wés decided to use freeze-drying to prepare

the tissues for examination.
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When I first started to build the apparatus
about to be déscribed the publications of Malmstrom (1951),
Gersh (1952) and Pearse (1953) had not yet appeared and
there was not available in concise form the wealth of
theoretical data presented by them. I gleaned what
information I could from the publications available, and
from ﬁextbooks of kinetic theory, but my knowledge of the
problems involved was not at all clear in my mind until I
started corresponding with Dr. Knud Max Moller of the
Carlsberg Laborgtorium Denmark. His lucid explanation, in
the course of this correspondence, of the basic theory -
involved helped me considerably in formulating my own ideas
of the subject, and I would here like to express my appreciatién

to him. .
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(b) History of freeze drying.

Altmarnn (1890) was the first person to use freeze-
drying for the preservation of tissues and his method,
inefficient though it was, was used by Mamn (1902) and
perhaps by others.

It was not however until Gersh (1932) introduced
his freeze-drying apparatus that the method became a
practical proposition. His lead was followed by others
(Scott, 1933; Goodspeed and Uber, 193L; Hoerr, 1936; Scott
and Williams, 1936; Packer and Scott, 1942; Gersh, 1948;
Wang and Grossman, 1949; Glick, 1949; Mendelow and Hamilton,
1950; Jennings, 1951; Stowell, 1951; Malmstrom and Glick,
1952; Pearse, 1953; Moller, 1953; and Andrew and Hale, 1953,
195L.)

Theze various designs differed in many wayse and the

details of them will be considered in a later chapter.

(e) Theory of freeze~drying.

Although the earlier types of apparatus produced
good fixation and drying the theory of the subject remained
confused in the minds of biologista for many years. Preez e~
drying of intact tissues iz not guite so gimple as frecze-
drying of solutions or suspensions as practised in biochemical
and industrial bulk preservation. A tigsue is a much more
complex system than s solution or suspension and as such must

be treated by much more complicated processes. Although
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these earlier methods were succesful they were very
Acomplicated or deficient in some respect and the times
required for drying were unnecessarily long. If the
basic theoretical principles are understood a comparatively
simple apparatus can be designed and built which will dry
tissues in a very short period of time.

The object of freeze-drying is to fix the material
as yuickly as possible after the death of the animal and to
keep it fixed until dehydrated, with the miniﬁum of removal
or alteration of its constituents.

(i) Principle. 1If a fissﬁe, or any substance, is frozen in
order to fix it, ice will vapourise off, at room temperature,
until eventually all water is lost. In the process of
losing ice by vapourisation the tissue will heat up, the ice
will melt and the tissue will no longer be frozen. Thus the
tissue must be kept frozen in order to keep it fixed. When
the tissue is frozen the rate of water loss from vapourisation
of ice, at atmospheric pressure, is negligible and in order
to increase the rate of loss the pressure must be lowered.
Most solutions when frozen and subjected to a vacuum will
rémain frozen because of their very high heat loss from rapid
sublimation of the ice at that lowered pressure, as long as
the water vapour produced is removed from that environmental
vacuum. Thus once frozen and subjected to a vacuum, from
which the water vapour is continuously removed, they will

remain frozen until dry, when they will heat up to room
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temperature. Tissues however have a very low rate of
sublimation and a fairly high heat gain from their
environment and thus if frozen and placed in a vacuum free
from water vapour they will not stay frozen but will heat
up to. the environmental temperature. Thus they must be kept
frozen by placing them in a very cold environment.
(ii) Temperature of the tissue. If the tissue is to be
kept frozen until dried what then is the best temperature
at which to keep it?% Altmann’(1890) used -20° to -30° C.
and since then various figures have been suggested. This
difference of opinion as to the best temperature for
preservation while drying (Gersh, 1932; Scott, 1933; Packer
and Scott, 1942) centres round the argument about the eutectic
point of tissue mixtures.

When a mixture of two ligquids is cooled one of the
components will freeze out first-and will, in so doing,
concentrate the other component. When this happens the
freezing point is lowered and if cooling is continued the
temperature is eventually reached where both components freeze
out simultaneously and the whole mass then solidifies without
a further fall in temperature. This is the eutectic point.
The presence of various salts in solution modifies ;gh eutectic
point. As tissues congist of very complex salt solutions
Whosebeutectic points cannot be accurately determined

this discussion as to the exact temperature is rather

irrelevant but it will be seen that the lower the temperature
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the better chance there is of good preservation. The
temperature of the tissue is alzo important in relation
to the degree of vacuum used and #Will again be discussed
under that heading. Theoretically according to the
possible eutectic point of tissue it should be dried at
-50°C but no harm seems to be produced by drying at -%0°C.
If the tissue was not kept at or below the eutectic point
while drying then the separation of salts might cause a
highly localised diffusion artefact within the cells.

When the tissues are kept frozen and under a
vacuum they will only lose water if the water vapour pressure
of their ice is greater than the water vapour pressure of
their environment. i.e. if the vacuum is kept relatively free
of water vapour. Now the water vapour in a vacuum call be
reduced by two methods, (a) by chemical desiccants or (b)

by condensation in a cold wall trape.

(iii) Water vapour removal. The two methods of desiccation
mentioned above can be applied in two different ways and it
is that that I shz2ll discuss now.
If any vacuum system is used it must be continuously
evacuated by a pump in order to remove all the gases,
absorbed on the surfaces of the system and being produce”
by the tissue, vwhich are freed and tend to destroy the
/vacuum. This continuous pumpirng and release of gases

causes 'streaming' towards the pump and if water vapour is
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to be reﬁoved by a chemical desiccant or a cold trap they
can be introduced into the system at amy point between
the tissue gnd the pump.4 If this method of drying is to
be used two criteria must be satisfied 1f the system is
going to be at all efficient.

Firstly the swept volume, i.e. the volume of gas
removed from a system in a given time, of the pump must be
sufficiently high to remove all the gas produced in the system
in that time. According to Packer and Scott (1942) 1 sq.cm.
of ice at a temperature of -60° C. amd at a pressure of 10"6mm
of mercury will give off 1,600 litres per second. This
figure is for ice and that for tissge will be lower, according
to @ersh (1952), but even though it is the volume of gas to be
cleared in a given time will be very large. To cope with
this very large volume a mercury or oil diffusion pump
backed by a mechanical pump will have to be used thereby
introducing a costly and complicated apparatus.

Secondly there must be sufficient cheamical desiccant
or sufficient area of cold trap available to absorb all the
water produced by the system.

If both of these criteria are satisfied then a
'streaming' system of water vapour removal will be gquite
efficient.

If the chemical desiccant or the cold wall trap is

placed close to the tiszue being dried then the efficiency
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of the system does not depend on the swept volume of the
pump.but will depend on the mean free path of the water
molecules leaving the ice of the tissue.

The mean free path of any gas 1s an estimate of
the average distance that two or more molecules of that gas
will travel, at a ﬁarticular pressure, before they will
collide and thus be arrested in their movement. If the mean
free path is greater than the diatance from the tissue to
the desiccator then the rate of movement of water from tissue
to desiccator will be high. The mean free path is dependant
on the vacuum: The lower the pressure the greatcr the mean
free path. The approximate mean free path of water molecules
at a pressure of 10~2mm Hg. is 5 mm, at 1072 mm Hg., 50 mm
and at 10'6 mm Hg., 800cm. Thus depending on the degree of
vacuum used thé tissue can be closer or further from the
. desiceator as long as the distance from the tissue to the
desiccator is less than the mean free path available.

If there is sufficient desiccant available and it
lies close enough to the tissue then this provides a very
efficient and rapnid method of removing water fr-m the
environment of the tissue.

(iv) Desiccator reguirements. The efficiency of any
desiccant depends on the water vapour pressure at its surface.

The water vapour pressure of ice at ~50°C. is 0.3

mm Hg. At -80°C it is around 4 % 104 mm Hg. and



(20) |

at _19500 it is around 7 z 10~24 mm Hg. Thus we see that
as the temperature of an ice surface drops =0 also does
the water vapour pressure at its surface. If the tissue is
held at a temperature higher than that of the wall of a cold
trap it will have a higher vapour pressure and water will
move out of the tissue environment and will condense on the
wall of the cold trap. This will reduce the surface pressure
at the tissue and more water will then move out, and the
process will be repeated.

revious considerations have shown that the tissue
may be held at any temperature between -30°C. and ~-80° C.
or lower without it coming to any harm. It is obvious,
from the above argument, that the higher the temperature of
the tissue the greater will be the water vapour pressure at
its surface. Thus if the tiszue is held at around -3006.
and the cold wall of the vapour trap is kept at ~80°C. or
less then there will be an appreciable gradient of vapour
pressure from the tissue to the cold wall and water will move
out. There is no great advantage in using a temperature
below -80° C. for cooling the vapour trap as the relative
differences in vapour pressure between ~80° C. and ~l95© c.
is only the difference between 0.000L and 0.000000000000000
00000003 mm Hg. which is really an infinitesimal amount,
In addition the use of a very cold refrigerarnt, such as

liguid nitrogen, to produce a temperature of ~195° anywhere
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near the tissue, as required in an efficient system, means
that a far greater amount of energy must be put into the
tissue to keep it around —3000. where it will have an
appreciable vapour pressure, than if the environmental
temperature was only -78°C.  Malmstrom (1951) considers
the reduction of partial pressure offered by liguid nitrogen
worthwhile but Moller (1952) agrees with the above statement.

When phosphorus pentoxide is used as a desiccant ’
it is relatively efficient when dry because of its low
vapour pressure ( 107“mm Hg.), but it rapidly becomes
saturated with water and loses its efficiency and must be
replaced.
(v) Vacuum requirements. If a dehgdrating system is
dependant on 'streaming' then the vacuum reguirements of
the pump are a high swept volume and a pressure low enough
to permit rapid release of water from the ice in the tissue.
If dehydration is dependant on the mean free path then only
a sufficiently low pressure, independant of swept volume,
is required.

The degree of pressune: required‘to permit
rapid movement of watsr out of a tissue is governed by the
practical possibilities more than by the theoretical ones
but it is very convenient that these two do not differ
greatly.

The most efficient pressure is governed by the

fact that the rate of loss of water vapour from a surface
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into a perfect vacuum, according to kinetic theory is

given by
3
M \" . 0,
= sec. T
m = 4P (:m' RT\) grams [ om”[sec

where m is the mass in grams, M the gram molecular weight,

R the gas constant, T the absolute temperature, P the
saturated vapour pressure in dynes per cm. and £ a constant.
If vapour is present above an ice surface at a préssure

of Pv the resultant loss of ice is given by

m = 163 L o —_f:v grom[ cmfmin. oo @
where A represents the fraction of vapour molecules

which recondense on the ice surface and both P, and the
saturated vapour pressure PS are measured in mm bf mercury.
For a water surface & is approximately 0.0l but its value
for ice is unknown. If P, is 292 microns (its value at
-3000.) then nothing significant is gained by having P_
less than one micron, for their diffe?ences would not be
appreciably increased eveﬁ though Pv were equal to zefo.

At this pressure (1lp : 10~3 mm Hg.) which can be obtained
with an ordinary rotary pump the mean free path of a water

molecule is over 5 cm and the swept volume is dependant on

the pump capacity.
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Thus irrespective of the type of dehydrating
system used, as long as it is designed to conform with
the requirements stated previously, a pressure of less
than 10-3mm Hg. is not required if Pv is kept lower than
P_.. Malmstrom (1951) sets this minimum practical pressure
P, at :LO“5 mn Hg. and in discussing equation (2) shows that
the rate of evaporation rapidly increases with rising
temperature (T) and that a rapid rise occurs above ~10°¢C.
Thus the tissue should be held slightly above this temperature,
which has previously been shown to be suitabls in other
respects.

Theoretically there is a slight improvement in
efficiency if a very high vacuum (10-6mm Hg.) system is
used but there is no practical advantage. This is s0 because
the main resistance to rapid dehydration is produced by the
tissue itself. According to Gersh (1952) when tissue is
frozen, ice separates out. In so doing, the cytopnlasm is
deformed and peculiar ice-crystal compartments are formed
which give a honeycomb effect. The wall of the compartments
is not continuous but is interrupted by a series of sub-
microscopic apertures. The net transfer of water vapour
through the gpertures depends on the difference in its density
on both sides of each compartment wall. As there is no
net transfer in directions parallel to the ice-vapour interface,
one must consider that drying takes place through a series of

long, tortous tubes, perpendicular to the ice-vapour interface
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and separated iknto compartments of porous menbranes.

This series of long microtubes should offer a considerable
resistance to the diffusion of water vapour, a rezlstance

which in fact exceeds that of the rest of the vacuum line

under ordinary conditions.

Dr.Gersh presents the expression

2 -
X + P"Qx = P‘ (t|“ci) o ‘

o

where ry is the resistance to diffusion due to the apparatus,
X is the thickness of the dry shell of the tissue, r, is

the resistance to diffusion due to the tissue, pg 1s the
pressure of saturated vapour at the temperature of the
interface and t4 ~ t, is the time of drying. By actual
experiments he showed that r, was approzimately L.b x 10 mm
Hg./hr/gm/cm. That is the registance to diffusion caused
by a shell of dried tissue 1 cm thick was about 100,000

times thst of the rest of the apparatus. A shell of dried
tissue 1 mm tnick would have a resistarnce to diffusion of
about 10,000 times thzt of the rest of the apparatus. These
estimates applied when a vscuum oF gbout lﬂégmm Hg. wias

being used. Witn a lower vacuum, the relative resistsice

to diffusion of the reszt of the apparatus will increase.,

For example gt a customary oressure of loﬂimm.ﬁg. the
resistance of the shell of dried tissue to diffusion would

be approximately L ti es that of the rest of the apparatus.
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- Thus there appears to bo no advantage in using a vacuum
lower than lO"Bmm Hgoe

Malmstrom (1951) in considering Knudsen's
equationﬁl)

¢ B
m = i(ﬂ.’h’l"\) ’f" (P.“P;L) s @

3\ RT L

where r is the radius of the tubing through which the gas .
flows L is the length of path from sample to trap, Py is

the actual pressure in the gystem, Po is the partial pressure
at the trap and when r is small compared to the mean free
path available, for exzample 3 cm, states that if psis assumed
to be éo gmall that it can be neglected, as considered above,
and L is smzller than r, then the diameter of the tubing

(2r) used is a very important factor in governing the drying
time of the tissue. He states that it 18 sn undoubted
advantage to have ag large a radius ag possible as long ss
the pumping speed is g:0d ensugh to produce the reguired
vacuum at this radius, and this dggree of vacuum makes I

smaller thaﬁ .

(a) Previous designs.
Altmann introiuced freeze-drying in 1890 and the

(1) Internationzl eritical tables. Vol III p.385.
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essence of his technique was that he froze the tissue and
kept it at ~-20° C. in vacuo over sulphuric acid until it
was dry. This method was advosated by Mann (1902) who dried
the tissue at -30°C.

The method was re-investigated by Gersh in 1932 and
put on a more practical basis. His apparatud depended on
the production of a very high vacuum and large swept volume,
produced by a diffusion and a mechanical pump, and dehydration
was carried out by streaming over a phosphorus pentoxide trap
placed séme considerable distance from the tissue. The tissue
was held in a tube immersed in a refrigerant at -MOOC.V The
complicated glass tubing system was long and narrow, thus
increasing the resistance to diffusion, and the high wvacuum
used was obviously inseparable from the high swept volume
recuired in such a system. The drying time was very long.

The apparatus used by Scott /1933) for microcincinerat-
ion studies was essentially that of Gersh and no further
details were given. Goodspeed and Uber (193L) improved on
this type of apparatus by producing a much simpler and
inexpensive type which depended on dehydration by absorption
onto the phosphorus pentoxide covered walls of the tube in which
the tissue was lying. The tissue tube was immersed in a
refrigerator, at between =32 and -22%. The tubing was short
and the vacuum (10"3 mm Hg.irgfoduced by a mechanical pump
only. The distance from tissue to desiccant was within the

mean free path available in the system as the authors stated.
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The drying time was said to be 1 - 2 weeks. This appeared
to be a reasonably efficient system.

Hoerr (1936) produced a rather confused argument about
various details of freeze-drying and mentioned only certain
points about his own apparatus. It reguired one mechanical
and three diffusion pumps to produce a vacuum of 10"6 mm Hg.
in a tubing system of unknown dimensions. He used
phosphorus pentoxide, placed some distance from the tissue,
as a desiccant and stated that it required to be changed
several times during a run. He also used a cold wall trap
some distance from the tissue and stated that solid carbon
dioxide was a poor desiccant in the trap but liquid air

was good. He held the tissue at -33°C. and took 2-3 days
to dry it. He makes no mention of a temperature regulator
or the type of refrigerant used.

Scott and Williams (1936) produced the apparatus
which has become th%-model for many other unpublished types.
It was basically simple and depended on the production of
a vacuum of 10~ mm Hg. by a mechanical pump. The tissue
was held in the centre of a heater so that the distance
from the tissue to the wall of the tube in which it was
lying was less than the mean free path available. Thus
the tissue dried by sublimation to the wall of the tube
which was cooled to -78°C. by a mixture of solid carbon

dioxide and alcohol. There was however no provision for
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preventing water, not trapped‘by the cold wall from
diffusing into, and then perhaps back from the general
tubing system. This would cause increased drying time
because of inefficient vapour trapping and unless a
phosphorus pentoxide trap was placed between the tissue
holder and the pump might cause damage to the pump. The
temperature of the tissue depended on the energy production
in the heater which was regulated by an alcohol—mercuty
thermostate. No means of measuring the vacuum was found
necessafy or desirable. This appeared to be a well
considered practical attempt to design an efficient system.
Packer and Scott (19L2) produced a very complicated
apparatus which reguired a mechanical and two diffusion pumps
to produce a Wacuum of 1070 1m Hg. The temperature
regulating mechanism, which was a gas expansion chamber
lying around the tube in which the tissue lay, was complicated
and drying depended on streaming over phosphorus pentoxide
placed some distance from the tissue. It was open to the
same objections as that of Gersh. They made an attempt to
determine when the tissue was dry by measuring the pressure
gradient along the tubing while water vapour was still
coming off the tissue. This was done by using two ionization
guages inserted at different ends of the tubing. These
gave different readings until water vapour stopped coming
off when the readings egualised. This device was complicated,

expensive and of doubtful efficiency. This apparatus
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is also described by Hoerr and Scott (19L47).

Gersh produced a new apparatus in 1948. It
required a mechanical and a vapour pump to produce a vacuum
of 10"6 mm Hg. in a very long narrow tubing system. The
tissue tube was immersed in a refrigerator at the required
temperature and drying depended on streaming over phosphorus
pentoxide which lay at some distance from the tissue. The
pressure was measured with a icLeod guage. This appears to
be mérely a slight modification of his original design.

In 149 Vang and Grossman produced a very simple
apparatus that was a combination of the Goodspeed and Uber
and the Hoerr types. It reguired a mechanical and
diffusion pump to provide a vacuum of 10~6 mm Hge. The
tubing was short and drying was dependant partially on
sublimation to the ciiomical desiccant lying very close to
the tissue and partly on streaming to a cold trap was
placed some distance away. The temperature of the tissue
was controlled by changing the refrigerant in which the
tissue tube wzs immersed. It was normglly held at -3100.
The vacuum was measured by a high freguency spark coil.

No means of embedding the tissue within the apparatus was
provided.

Mendelow and Hamilton (1950) produced the first
'cold finger' type of apparatus which consisted of a large

flask with the tissue in it, immersed in a freezing bath
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at around =40°C. This was subjected to a vacuum of 0.2
X lO'“mm Hg. with a mechanical and a diffusion pump. A
smaller flask (cold finger), containing ligquid nitrogen
at ~195°C., projected into this larger flask, close to
the tissue and the water gublimed from the tissue to this
cold wall. This it did rapidly because the distance from
cold wall to tissue was much less than the mesn free path
available. The apparatus had no mesns of estimating
temperature or vacuuwan but was very gimple, cheap and efficient
and utilised the authors' knowledge oFf the principles
involved. Jemnings (1951) has deseribed an avparatus which
is very similar to that of Wang and Grossman despite his
reference toc the more efficient one of Mendelow and Hamilton.
The method of Stowell (1951) utilised very short
wide bore tubing with the tissue suzpended on a heater
hanging in the dehydrating tube. This tube was immersed
in a refrigerant at -7800. or less. The water wvapour from
the tissue, held by the heater at around ~4O%C., was prevented
from escaping into the rest of the tubing by an overlapving
vane deflector. The vacuum of 10'6 mm Hge. was produced
by a mechanical and g diffus’on pumpe. The tissue was
dehydrated by sublimation to the cold wall of the tissue tube,
which was a shorter distance from the tissue than the mesn
free path available. The temperature of the heater, and

thus the tissue, was varied by a rheostzt. There was no
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provision for vacuum testing. The drying time was very
short and embedding could be carried out in situ. It was
an excellent design and the author obviously understood the
principles involved.

Glick (1949) refers to the apparatus of Scott and
Williams and gives no further detailse.

Malmstrom and Glick (1952) have constructed a
freeze~drying apparatus based on the theoretical considerations
presented by Ma lms trom (1951). In the first model that they
describe the vapour trap is situated in a tube other than that
in which the tissue lies but it is still within the mean
free path available. Their second model is very similar to
those of Pearse (1953) which are based on the 'cold finger!
type of apparatus, and their third model is a combination
of the first two. The tissue in all three models is held
in a tube immersed in a refrigerant at the desired temperature,
-60o C. in this case. The apparatus operates at a vacuum
of 10~ mm Hg. produced by an oil diffusion and a mechanical
pump. An ionization guage is used to estimate the degree
of vacuum. The dryving times quoted are very short and it
is obvious that the authors have used their very full theoretical
knowledge to produce a very efficient type of apparatus.

Pearse (1953) considers the principles of freeze-
drying and reviews several types including one commercial

model based on the design of Scott and Williams. He also
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includes some detalls of his own modificatious of the 'eold
finger' type of apparatus. Theze designs use the prineiple
introduced by Mendelow and Hamllton but are simpler to build
and operate and huve much smaller dimensions.

I have myself used a further modification of the
'cold finger'! type, that was made avallable to me by Dr. L.G¢.E.
Bell, King's College, Londor. It was extremely siupls and
consisted of a large flask, with the tissue lylng in the
bottom, which was subjected to a vacuum of 10”3 mm He. with
a mechanical pump. A slipghtly smaller flask projects into
it, as a 'cold finger', and lies very close t0 the tissus
where it presents a Tluted surface to the vapour to make
available as large a condensing srea as possible. (fig.27).
The tissue can be warmed to room temperature or higher, as in
any freeze~dryiug system where the tissue lies on the cutside
wall of a flask, by removing the refrigerant and heating the
flask. The tissue can ve anbedded by melting the wax in the
side tube shown and tilting it so that the wax runs doin
over the tissue. The apparatus appesrs to work guicte well
although no extended investigatiors were carried out with it.

¥Moller {1953) has constructed sn apparatus very
similar to that of Stowell and appears t@ be well pleased

with the resulis préducea by it.
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Summary of the reguirements for tissue freeze~-drving,

The tissue must be kept frozen and its temperature
must be below that of its possible euctectic point to prevent
artefact formation, but higher than —uOOC. in order to give
a high rate of vapour loss. The desiccant used should have
a vapour pressure lower than that of the tissue at the
temperature used and must be closer to the tissue than the
mean free path, of water molecules, available so that water
vapour will rapidly sublime from the tissue to the desiccant.
The vacﬁum must be sufficiently high to present as large a
mean free path as possible but need not be higher than 10—3
mm Hg. as the resistance to diffusion of water through frozen
tissue at higher vacua is much greater than the relative
resistance in any part of the apparatus. The vacuum tubing
should be as short and as wide as possible and the diameter
used only restricted to the mean free path reguirements in
the region of the tissue.

It should be possible to heat the tissue to room
ﬁemperature or to embed it without altering the vacuum
characteristics of its environment. A means of estimating

the degree of vacuum in the apparatus should be provided. -
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(e) Present desipgn.

(i) Aims. When the system about to be described was
desigued certain facts were borne in mind. The first of
these was cost. Although some of the previous designs
were efficient they were expensive to build and to run. In
the present design I feel that both of these objections have
been overcome. The entire anparatus cost well under one
hundred pounds and the only running costs are the price of
the small amounts of alcohol, solid carbon dioxide and electricity
used.
If a very high vacuum is reguired a mercury or oil
diffusion pump, and the concomitant comnections to them,
must be used. This produces a complicated and costly apparatus
and moreover it has been shown above that there is no practical
advantage in using a pressure lower than lO_3 mm Hg. as long
as the vacuum system is designed to conform to that pressure.
Thus it was decided that only a mechanical pump would be used.
As has been mentioned in the last section various
devices have been used in the past as regulators controlling
the temperature of the tissue. These, which will be discussed
in detail under the design of the present regulator, are all
open to objections thus a new system of temperature control
using a 'thermistor!, was introduced.
If results in tissue preservation are to be easily

reproduced then the drying process must be easily and accurately

!
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regulated, so that any temperature or time factor can be
easily reproduced. The regulatér provided should be
completely avtomatic thus dispensing with any need to
supervise its operation. This I hope has been achieved
in this design.

Above all, the apoaratus should be simple to build
and to use. The simpler an apparatus is to build the casier
it is t0 maintsin and repair and thus the cheaper it is to

run.

(ii) Design of vacuum system. As a mechanical pump
producing a vacuum of 10"3 mm Hg. was being used the tubing
system and vapour trap had to be designed to make full use
of that pressure.

The apparatus is very similar to that of Stowell
{1951) but varies from it in the following ways. The pump
is an Edwards Speedivac 2320 two stage rotary pump which has
a swept volume of 20 Litres/min. and produces the vacuum
required.

The pump is connected to what was originally an
all pyrex glass system. The tubing is built in four parts.
(fig.10.) The first part comnnects the pump to a Dreschel's
bottle containing phosphorus pentoxide. This is a moisture
trap to preveni contamination of the oil of the pump with

water vapour when it is rwming open to the atmosvhere
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during testing, and starting and stopping, procedures.

The third part comnects this bottle to the chamber containing
the tissue holder and vapour trap. All of the joints in
this original system are B.2L. ground glass joints. The
pump connection is also of this type although being glass

to metzal.

This type of four part system with standard inter-
changeable joints was chosen so that initial costs would be
low and any broken part could be easily and cheaply replaced.
It also facilitates leak finding as will be described later.
Before use all joints are ground in with Jjewellers rouge and
then put together aiter having been thoroughly washed and
thinly smeared with silicons grease.

The tubing system was kept as short and as wide as
was compatible with the use of B.2L4 jointse If bigger joints
had Ween used the dimensions of the first vapour trap designed
Would have been 00 large for the mean free path gvailable.
The diameter was only rigidly controlled in the wvapour trap
as will be described later. The overall length of the
tubing is 60 cm. and the narrowest diameter is 3 cm.

An ordinary ground glass stopcock, on a-short
narrow sidegrm of the third part of the tubing, was provided
as an air inlet in the original system.

In the later system the third part was replaced

by a metal section which was connected to the Dreschel's
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bottle by a B.24. ground glass-metal conical joint and to
the vapour trap by a flat surfaced glass-metal joint with

a rubber seal. (fig.10.) The details of this metal section
will be considered under the vapour trap.

The pump is rubber mounted in the base of the
machine and the tubing system is held in place by a t'Lablox!
arrangement of stands. When subjected to a wvacuum the
clamps are loosened slightly to let the joints take up and
then are retightened. This system has been found to
completely eliminate any possibility of fractures due ﬁo
vibrations which tend to occur in a relatively rigid glass
tubing.

Glass was chosen for tubing as it is easily worked
'and it permits leaks to be traced and the vacﬁum to be
tested by a very simple means (see notes on operation). The
ability to see if the phosphorus pentoxide is being contam-

inated is also at times an advantage.

(iii) Design of vapour trap. As a mechanical pump
producing a vacuum for 107 mm Hg. was being used the vapour
trap was designed with a shape and dimensions to take full
advantage of this.

A cold wgll vapour trap similar to that of Stowell
(1951 was chosen. It has the advantages that
(a) The rate of condensation on a cold wall trap

gives a very much higher rate of water removal than that
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produced by a chemical desiccant as has been discussed
before. |

(b) A trap lying very close to the tissue permits a
very much greater rate of water removal than one lying some
distance from it as has been shown above. .

(e) It is more efficient than the cold finger type
of cold wall trap because the condensing surface lies all
around the tissue instead of Jjust above it.

(38) The coolant used for the vapour trap is also used
as the refrigerant for the tissue at both functions take
place in the same tube.

(e) It is simple to construct and handle. Chemical
desiccants are messy to handle and often reguire replacing
during a rune.

The dimensions of the first trap designed were
governed by the size‘of the B.2L. joints used and were
4 em. x 15 em. The vane deflector rfitted into the neck of
the conical joint (fig.ll). This deflector consists of
three superimposed overlapping metal plates each shaped as
a quadrant of a circle. Any gas which passes up the tubing
from the wvapour trap mﬁst follow a relatively tortous path
between these plates and, as they are very cold vwhen the
machine is running, any water molecules will condense on
their surface. Thus all water is kept in the vapour trap

and yet the efficiency of the vacuum system is unimpaired
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by throttling. The vane trap is mounted on a hollow metal
stem which hangs in the centre of the tubing. The tissue
holder with underlying heater is held at the bottom of this
stem 5 cm. above the bottom of the vapour trap. The
thermistor lies in the centre of the hollow stem with its
sensitive tip projecﬁing from the bottom in order to contact
the tissue. The wire connections to the thermistor and
heater also lie in the stem.

A short side arm of the tubing system arises just
above the wvapour trap. This is filled by a removable
vulcanised rubver plug pierced by the comnections to the
heater and thermistor. (fig.ll).

This vapour trap produced reasonably satisfactory
results but the narrowness of the conical joint at its lower
end limited the size of heater and tissue holder which could
be lowered‘inﬁo the vapour trap and so an alternative system
was designed. It was here that the advantage of usingl
interchangeable glass joints became obvious.

This newer system is shown in fig. 10. It consists
of a metal section carrying the »lug, with the heater and
thermistor connections, and an air inlet. It repiaées the
third and fourth glass sections of the original system and
is connected to the Dreschel's bottle by a ground glass-
metal joint. It is connected to the vapour trap by a flat

machined metal surface with a lip at the edge, which is
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separated from the flat machined glass lip of the upper

end of the vapour trap by a very thin, non-porous, pliable,
but gtiff, rubber gasket. The vapour trap is held tight

on this surface by atmogpheric pressure as soon as the

vacuum ig formed. The success of an air tight seal at this
point depends on perfect machining of both the glass and
metal surfaces and a very fastidious choice, noting the points
mentioned above, of rubber gasket. The vapour trap is a
straight tube 20 cm. long and L cm. diameter.

Some considerable trouble was encountered in both
designs in finding a vacuum tight method of introducing
electrical connections into the vacuum system. A glass
*pinch! is the obvious choice but ites permanerncy is g
drawback if a changs of parts is required. After experiment-
ing with several devices the following tyne was found
foolproof.

A vulcanite plug is machined to fit exactly a
conical joint of either glass or metal, which is introauced
into the wall of the tubing near the vapour trap. dFour
holes are bored in this plug and tapped to take four long
L B.A. brass screws. <The internsl comnections are fastened
to these screws and then the plug is fitted. Thies is best
done by heating the conical hole with a small bunsen,
running a film of molten beeswax and resin around the plug,

and then pushing the plug into the cone while the rest of
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the vacuum system is closed and the pump is running. While
the plug is being pushed home the receiving cone should be
heated to keep the resin and beeswax soft. Some more of
this mixture should then be run over the uppér surface of
the plug around the projecting ends of the screws. This
will give an abgolutely vacuum tight seal. It is very
important that neither the vulcanite or the resig and
beeswax be overheated. If they are they will be carbonised
and will become conductors and will short circuit the
electrical system.

The dimensions of both traps described produce
a distance between the centre of the tissue holder and the
cold wall of the trap which is smaller than the measn free

path (5 em.) produced by the vacuum used.

(iv) Temperature regulator. Various types of
temperature regulator have been employed in previous designs
and they are all open to certain objections.

If a tissue is put in a constant temperature
chamber (Gersh, 1932; Scott, 1933; Goodspeed and Uber, 193L;
Hoerr; 1936; Packer and Scoit, 1942; Gepsh, 1948; Wang and
Grossman, 1949; Mendelow and Hamilton 1950; Jemnings, 1951;
Malmstrom and Glick, 1952; Pearse, 1953.) its temperature
stabilises at that level in a very short time and remains
there., Its surface may be cooled to a certain degree by

the water loss, and thus slow the drying process, but it is
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certain that all of the tissue is at least as cold as the
chamber in which it lies.

If the tissue is kept at a certain temperature
level by a heater, lying in a much colder environment,
(Scott and Williams, 1936; Stowell, 1951; Moller, 1953;
Andrew and Hale, 1953,1954.) then there is fhe danger that
if the heat is applied to only part of the tissue as is
dlways the case, then that part may be heated above the
critical level of diffusion artefact formation while the
free surface of the tissue is very much colder. In the
design of Scott and Williams the heater surrounds the
tissue and partially prevents this. One way of preventing
this artefact formation is to make the temperature regulaﬁor
react to the temperature of the heater but then the surface
of the tissue lying away from the heater will be much colder
than the hegted surféce and water logs will be very slow.

If the tissue temperature is held above that of
its immediate environment by a heater then it can be controlled
by one of the following devices.

If a bimetallic strip is used as a thermostat it is
not particularly efficient because of its large size, its
ligbility to contamination with ice formation or carelessly
handled embedding wax, and the fact that it must be fastened
to the tissue holder some distance away from the tissue.

It thus reacts to the temperature of the holder and not to

that of the tissue. The bimetallic strip is usually coupled
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directly to the heater and is fully automatic but operates
at only one temperature. This method is used in the Hdwards
commercial tissue freeze~dryer which appears to be based
on the design of Scott and Williams.

Another method of temperature regulation utilises
a thermocouple which estimates the temperature of the tissue
environment. This temperature can then be varied by altering
the input to the heater. (Stowell, 1951; Moller, 1953)
Again as the thermocouple is fastened to the holder, it does
not really react to the temperature of the tissue. An
additional objection to it is that it reguires a lot of
supervision, as‘there are temperature changes within the
system as the tissue dries, and the mechanism is not automatic.
It can however be controlled over a wide range.

If an alcohol-mercury expension thermostat is
used (Scott and Williams, 1936) the reaction is again to.
the holder and not to the tissue and in addition, although
fully automatic, it only overates for one temperature without
complicated adjustments which cannot be made during a run.

| Hone of these mechanisms reacts to the temperature

of'the tigsue itself vut only to that of the immediate
environment. In this design I hope that I have overcome
this difficulty.

The ideal system would be to have the tissue heated
uniformly throughout and have a regulator reacting to the

temperature at the surface and, by rule of thumb investigation,
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find at what maximum surface temperature the system would
operate without artefact formation occuring in the centre.
If the tissue could be heated by short radio
waves and if the temperature regulator could be of a |
sufficiently different dielectric constant from the tissue
s0 as not to react directly to the frequency used, but to
react to the temperature of the tissue then we would have
an ideal system. This would be especially so if the heating
plates, focussed on the tissue, lay on the outside wall of the
cold tube and thus there was 1o confining apparatus Lying
around the tissue slowing its rate éf water loss. (Fig.l2.)
In this present design a thermistor is used which
comes into direct contact ﬁith the tissues and reacts to
their'¢emperature. The other advantages that it possesses
as a temperature regulator in a freeze-drying apparatus are
(a) It is small ( external dimensions of glass are
L mm. by 70 mm)

(b) It is very sensitive. (Andrew and Hale, 1954)

(¢) It is robust.

(d) The temperature sensitive tip is secaled in glass
and is thus protected from contamination by ice,
wax or tissue which might adhere to it and alter
its sehsitivity.

(e) It can be handled easily and is readily brought

into contact with the tissue.
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(£) It provides a fully automatic means of regulating
the temperature,

(g) It produces, in a suitable circuit, a much greater
change in output woltage for a given temperature
change than would a thermocouple.

(h) Its tip has a very low thermal capacity and thus
does not store heat which might raise ﬁhe tissue
temperature.

It has the disédvantage that some power must be dissipated
in it, with consequent raising of its temperature above that
of its surroundings, but this power can be very small.

A thermistor is an electrical resistor having a
high negative temperature coefficient of resistance. The
resistance R decreases with increasing (absolute) temperature

T according to the relationship

R=&€"P(‘>//T) -0

where a and b are constants. In a suitable circuit it -
becomes increasingly sensitive to temperature changes as

the operating temperature is Pfeduced. This is so partly
because the temperature coefficient (—b/Tz) becomes numerically
greater as the temperature falls. Another reason is that,
since the thermistor resistance increases with decreasing
temperature, the permissible applied voltage for a given

power dissipation also increases, and provided the output of
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the thermistor circuit is applied to a high-impedance load
such as a tube grid,.the variatioh in output voltage for a
given change ih temperature are greater at lower levels.
(Andrew and Hale, 1954).

Since constructing the apparatus, Mr.A.Andrew,
who designed the electronic circuit for this regulator, and
myself have been informed by the makers of the thermistors
that the thermistor type F 1512/300 is not considered to be
the most suitable for use at sub-zero temperatures. For
use in this range they have developed type F.2200, which has
a mich lower resistance than type ¥ 1512/300 and also a
smaller temperature-coefficient, at any given temperature.
Because of these properties use of the type I 2200 thermistor
simplifies the design of a circuit for use over a wide range }
of temperature, and we could have devised a circuit with
less complex switching than that shown here in our final
circuit (fig. 14.) had we used a type F 2200. On the other
hand the sensitivity, in output-voltage change per degree
centrigade, would have been much lower, and more'amplification
would héve been reguired. | )

Fig. 13. shows a practical circuit giving regulation
to a temperature in the range -15° ¢. to -28° C., depending on -
the setting of potentiometer Pq. It has been found that

after subjecting tissues to temperatures in the range of

)
~45%g o —2g0 C., we frequently reguired to raise their
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temperature to =15 ©¢C., the rapidity bf the change being
unimportant, and then to raise it gradually from -15° G.

to 15° G. Figure 14 shows the complete circuit of the
regulator, which is designed to facilitate this procedure.

A 12 position rotary switch is incorporated. In one
position of the switch the circuit is effectively that of
fig. 13. and the temperature may be regulated to any value
between -45° C. and -28° G. by adjustment of Py. This
position is referred to as position O. The other positions
are numbered from 1-11l. In position 1. the regulator controls
the temperature to -15° ¢. and in position 11 to 15° G.

The intermediate positions give approximately 3 O temperature
steps within this range. (For further details in the design

of the circuit see Andrew and Hale, 195L),

(v) General layout. The entire mechanism is built into
a box-shaped 'Dexion' framework trolley covered in on all
sides except one. ( figs. 15 and 16.) The pump and the wooden
base for the clamp system are rubber mounted and the tubing
is supported by a 'Lablox' system of rods and clampse. The
Dewar flask containing the freezing mixture slides up and down,
around the vapour trap, on the 'Lablox' rods and can be held
in any position by two small clamps. An ordinary domestic
wide mouthed 'Thermos! is used. The tenperature regulator
mechanism is housed in the top left hand corner of the trolley

(fig.17.) and immediately below it is the switch for the Tesla
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coil which hangs beside the tubing. The transformer for
the heater circuit is mounted just below this immediately
beside the junction box for the @ivision of the power supply.
Slots at the top of the box frame and the open bottom permit
adequate cooling of the pump when it is running for a long
time, thereby preventing undue consumption of the coolant

in the Dewar flask. A perspex panel slides across the front

of the box when required.

(f) Description of use.

Freeze-drying of tissues for histochemical examination
is an exacting technique and demands constant attention to
detail if a good result is to be obtained. The following
detailed scheme of operation appears complicated at first
sight but repitition of it soon resolves any difficulties.

It is wise to plan and adhere to a definite technique so that
any results obtained are easily reproducible. Reproducibility
is the essence of success in any technique.

The liquid hitrogen, for freezing the tissue, must
be ordered at least a day before it is required as it takes
some considerable time to £ill the double thermos in which
it is transported.

Before starting to use the apparatus see that it is
switched off at the mains.

(1) Fill the vapour trap thermos half-full with methyl
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alcohol and add one or two lumps of solid carbon dioxide
and leave the mixture until it reaches equilibrium at about
-78o C. This may take an hour. The bottom of the thermos
must not be obstructed by lumps of solid carbon dioxide or
else the vapour trap cannot be properly immersed. Over-
filling of the thermos will cause snilling whén it is raised
around the vapour trap. Place the glass tube of the wvazonour
trap in this mixture until it reaches eguilibrium tempersture.

(ii) While this is hapvening renew the pvhosphorus pentoxide,
or other desiccant, in the Dreschel's bottle and grease any
joints that may be dry. (Ordinary grease will vapourise
at high vacua and must not be used. Silicone grease is
the most suitable for this purpose.)

(iii) Chill the isopentane container and tissue
agitator (fig.1l8.) in the other thermos, filled to the brim
with liquid nitrogen. (This substance is safe to work with.
Tip it out of its containervrapidly. Wear thick gloves
to prevent ice burns from the spluttering liguid.) After
the isopentane containsr is properly chilled fill it with
isopentane. (This substance is highly inflammable and under
NO circumstances must it be used with liguid air with wnich |
it forms a highly explosive mixture.) Isopentane is used
because it only freezes at extremely low temperatures and
has a very rapid heat loss. When tissue are plunged into
it it does not bubble and produce a gas envelope around the

warm tissue, which might slow their cooling. Leave the
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container in the liguid nitrogen until the isopentane starts
to solidify.

(iv) Lift the container out of the thermos just before
the animal is killed so that the isopentane warms until it
is liquid again. Its temperature will still be below -150° C.

(v) Kill the animal and rapidly remove the reguired
tissues cutting them into slices up to 5 mm thick.

(vi)' Plunge the slices into the container in the special
agitator and swirl it round rapidly. Replace the container
in the liquid nitrogen until the isopentane solidifies.

(vii) Remove the container and chill the entire tissue
holder of the apparatus with liguid nitrogen by lifting the
thermos up to it.

(viii) Rapidly transfer the tissues from the, by now,
liquid isopentane to the chilled tissue holder and see that
the top of the thermistor is lying againsf the tissues. A1l .
of this manipulation must be carried out with chilled forceps,
to prevent undue heating of the tissue.

(ix) Put on the meains switch and start the pump.

(x) Connect the chilled tube of the vapour trap to the
rest of the system and close the air inlet. Slide up the
thermos containing the freezing mixture until the cold trap
touches the bottom.

(xi) Add solis carbon dioxide to the thermos until the

Vapour trap is completely immersed.
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(xii) Check the vacuum with the tesla coil and if

&

necessary tighten vp any joints.

(xiii) Turn the temperature control to its lowest
reading and switch to controlled.

(ziv) Put on the electronic circuit switch when the mains
pilot will lignt and a few minutes lzter the heater pilot will
zo on IP the tissue is at a low enough temperature. Tne lag
is caused by the heating of the vzlves in the circuit. It
the heater pilot does not zo on at this time dut cnly iFf the
temperature regulator is turned to g nigher level taen it
means that the tissue has hested to that level and must be
rejected and the vhole process repeated from the veglmning.

(xv) Slacken all clasps on the glassware so that the
joints draw up tight.

(xvi) The machine on an average reguires to be run Jor

L8 hours, if it contains 3 blocks of size 5 x 15 x 15 mm., in
order to completely dry tie Tissue. During thais tize the
thermos must te kepst tooped wp with solid carbon dioxide.
The level in this thermos will drop less guickly if the ratio
of alcohol to 3@2 is kept high.

At the end of 2L hours the tempsrature control
knob No.1. (fig.17.) should be gradually turned up to the
upper limit. This should be done over a period of eight

hours. It should be left overnight in that position.  Fext

morning switeh control knob 2o.2 to the first positicn and
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and leave it there Tor an hour. Thereafter turn this knob
one place every twenty minutes until it reaches the highest
position i.e. at - 15° ¢. Leave it there for twenty'minutes
or more.

If embedding in vacuo is reguired either of two
procedures are possible. First the tissue can, in the
initial stages, be placed on the top of some solid paraffin
waXx in the embedding pane. This wax must previously have
been degassed by melting it under a high vacuum or else vhen
it is melted during embedding the gas coming out of it will
bubble violently and throw the tissue out ané ruing the
entire processe. With the second method a small blob of wax
cail be pressed onto a part of the side of the tissue holder
slightly above the emnbedding pan in which the tissue is lying.
When this melts during embedding it runs down into the pan in
a very thin film and loses its gas from this layer, without
any violent bubbling.

To embed by either of these methods turn the heater
switch to free until the tissue is seen to be covered with
waXe

(xvii) Tighten all clamps on the glassware, and switch
Off the electronic circuit when the mains and heater pilots
will go out.

(xviii) Remove the thermos filled with the freezing

mixture then open the air inlet and remove the vapour trap,
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carefully, wearing thick gloves. Delay in removing the
tissue after the thermos has been lowered away will cause
water to move from the now warm vapour trap to the tissues.

(xix) Remove the tissues and switch off at the mains.

It is imperative that no time should be wasted at
any stage in the initial preparation or parts may not remain
cold enough for efficient working.

Vacuum testing, and tracing leaks, is carried out with
a tesla coil which is a device producing a high voltage spark
when earthed. At low degrees of pressure this spark produces
fluoresence in the vacuum due to the ionisation of the gases
present. The ﬁblour of this fluoresence changes from purple,
through »ink, to a very pale grey-blue as the pressure drops.
At 10"3 mm Hg. or lower the fluoreserce ceases. This provides
a cheap and easy method of vacuum testing within the range
1 mm. - 10™2 mm Hg.

If the vacuum fails to reach the usual level it is
due either to poor pumping or to a leak in the system.

The easiest way to find a small leak in the system
is to dismantle all the parts of the tubing except the first
rart and to ocerlude the open end of the tube with a piece of
thick flat rubber, start the pump and test with the tesla coil.
If the part is air tight then the correct flupresence seguence
is seen. This proceaure is repeated after replacing the

various parts successively (fig.l9.) until the part which
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introduces a leak is found. When this part is found the
leak can easily be detected by rumning a few drops of
alcohol over the surfaces of that part vwvhile using the tesla
coil. Where the alcohol vapour is sucked in through a

leak it gives a white streaming cloud.

(g) Conclusion.

The apparatus has proved entirely satisfactory in
operation and is being used for preparation of specimens
for histochemical examination in this depart. Once the
technique is learned the machine can be handled very easily
and will produce good results even if left in the hands of
a comparatively untrained person. It is extremely robust
and in two years of running has only reguired the replacement
of one very small part.

Thae histological preservation produced by it is
very good and ice crystals artéfact and cracking, of the
type shown in fig. 22 is not commonly encountered. Figs.

20 and 21 show tissue prepared in the machine and it will
be seen from these photographs that morphologzically they
- leave nothing to be desired.

If very small pieces of tissue (3mm. x 5mm. x Smm.)
are individually placed in the machine they can be dried in
about eight or ten hours depending on the tissue used, but

normally several slightly larger pieces are inserted at
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_the one time and the machine is run for L8 hours. There
ig very little difference in cost between running for short
and long periods as most of the money involw}ed is in the
ligquid nitrogen used for the initial freezing and in the

alcobol in the thermos.
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v

INVESTIGATION INTO THE POSSIBILITY OF DEVELOPING

A NEW HISTOCHEMICAL TESHNIQ‘QE FOR HYALURONIC

ACID.
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Hyaluronic acid has already been shown to be
one of the constituents of ground substance of connective
-tissue. As such it is often considered to be one of the
class of substances loosely described as 'mucins' . In
this case it is usually referred to as a connective tissue
mucin. Other examples of these substarces are the ground
substance of cartilage, sarcolemma, basement membranes,
colloid of endocrine glands, and the mucuc of epithelia.
Histochemically they are related and the basis of this
relationship is the presence of a carbohydrate found either
as a separate entity or in combingtion with protein or
lipid.

Many different histochemical technigues have been
introduced for the identification of the varied members
of this group of substances. Some of them are specific
and some are not: At the present moment it is not possible
to differentiate all the members of the group histochemically.

I shall now consider these methods in detail
to show in which respect they are deficient.

(a) Lack of specificity of histochemical technigues for

identifying polysaccharides containing substances.

(i) The periodic acid-Schiff (P.A.S.) technigue. This
method was introduced as a morphological method for epithelial
mucuc by McManus (1946). Lillie (1947) and Hotchkiss (1948),

whos e unpublished work on the technique antedated that of
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McManus, realised its histochemical significance and
applied it to identifying a number of polysaccharide
containing substances in the tissues. McManus ( 1948a)
continued to use it as a histological method for some time
but later stated that if could be used in histochemistry.
(1948b).

It is really a Malaprade reaction (Malaprade,

1934) and identifies .CHOH.CHOH., .CHOH.CHNH and

2°%?
.CHOH.CHNHR. groups (Nicolet and Shinn, 1939; Lillié, 1920)
in polysaccharides, mucopolysaccharides, mucoprotein,
glycoprotein, glycolipid, and certain other substances,

by production of aldehydes, through periodic acid oxidation,
which colourize the Schiff aldehyde reagent. Pearse (1953)
states that 'compounds in which the glycol groups are
substituted do not' give the reaction and Gomori (1952)
states that if either the OH or NH2 groups are substituted
10 feaction will occur. For the sake of completeness, I
have accepted the possibility that substituted groups might
react. These five substances mentioned by name all contain

a hexose sugar of some type which is split by the periodic

acid to produce aldehydes in the following manner

W, oM (s, 0M
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The mode of action of the colour production in 1eucofuchsin
is not all clear but it ﬁay be of the following type.

The dye.used in preparing leucofuchsin is basic fuchsin
which is a mixture of rosanilin, pararosanilin and magenta
II. All of these are slight variations on the tri-amino
tri-phenyl methane structure common to the rosanilin series
of dyes. These dyes, in common with all chromophores,
have unsatisfied affinities for hydrogen and are thus easily
reducible and can be made to lose their colour. The
double bond in the gquinoid structure, found in the gbove
mentioned dyes, may be broken and hydrogen atoms become
attached to valencies thus freed and thus as the guinoid
structure is los the dye becomes a colourless compound

called leucofuchsin.
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In preparing the reagent the basic fuchsin is
reduced through the action of sulphite. It is not known
exactly how this occurs but it is thought that the sulphite
radical in some way enters into the composition of the
leucofuchéin, Aldehydes produce colour In this compound
by what is thought to be an addition followed by a
condensation (Wieland and Scheuing, 1921)
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Since the guinoid structure is restored to the
compounc it becomes coloured. In early preparations of
leucofuchsin it was found that a brownish colour remained
(Scanlin and Melin; 1937.) but Coleman ( 1038) showed that
this could be removed by agitating the solution with carbon.
Although most batches of basic fuchsin are now free from
the contaminant wnich appeared to be produbirg this brown
colour it is important to ascertain that only the best dye
preparations are used.

As it is not known in what way the sulphite plays
a part in letting the aldehyde colourise the leucofuchsin
it is not safe to atbtempt to draw any conclusions from the
different tints of recolourisation produced under differeﬂt
conditions. (Lison, 1932; Gomori, 1952; and Pearse, 1953.)

| It has been suggested (Wieland and Scheuing,
1921; Lison, 1932 and 1936; Stedman and Stedman, 1943 a and
b, 1944) that many substances other than aldehydes can produce
colour in Schiff's solution but Glegg, Clermont and Leblond
(1952) have shown that in relation to the P.A.S. technigue,
this is not so.

The coldured substance produced is a new compound
and not just re-oxidised fuchsin.

The great value of periodic acid as an oxidant Tfor
these hexose sugars is that the aldehydes which it produces

are not further oxidised by it and thus are all available
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for colour production. This is not true of other reagents
which are sometimes used to oxidise C-C bonds e.ge.
potassium permanganate, chromic aéid, and hydrogen peraxide.
Carbonyl groups are said to be oxidised to carboxyl groups
and thus will not give a colour reaction With the Schiff's
solution ( Pearse, 1953). It has been claimed by Lohtka
(1952) that depending on the time of exposure to the acid
used it may be‘possible to differentiate between cis and
trans glycols, but this has not been shown in histological
sections. Danielli (1953) has suggested that these cis
and trans glycols may be differentiated by blocking of
the former by acetonyl or borate compounds.
Hotehkiss ( 1948) claims that positive results
are only produced if the following criteria are satisfied:=-
(a) The substance must contain one of the groupings
listed above.
(b) It must not have diffused dﬁring fixation.
(e) It must not produce an oxidation product which
is diffusable.
(a) It must be present in sufficient concentration
tolgive a detectable final colour.
These last three criteria are common to any
specific technique but it is useful to remind oneself of
the necessity to observe them in this one.

The main representatives of the hexose sugar
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containing substances in mammals are (Meyer, 1945;

Pearse, 1953) :-

Polysaccharides ~ glycogen
Mucopolysaccharides v - neutral - part of gastric mucin,
Blood group substances.
- acid (simplé)‘— hyaluronic acid.
(complex) = mucin, heparin,
chondroitin sulphate.
Mucoproteins ‘ - submaxillary mucoid, serum mucoid,
seroglycoid, pituitary
gonadotrophins, chorionic gonado-

trophins, fractions of pituitary

secretion.
b
Glycoproteins: - serum albumin and glovulin.
Gkycolipids -~ cerobrosides (kerasin and

phrenasin).

Although it is accepted that these substances are
the ones most likely to produce a positive reaction in tissues
certain other theoretically possible positives must be borne
in mind. Periodic acid will give a positive reaction in
vitro with amino substituted alcohols such as those of serine,
threonine, and hydroxylysine (Nicolet and Shinn, 1939, 1941;
McManus, 1948B.) but they will not do so when the glycol |

groups are substituted, as when these amino acids are combined
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in the polypeptide chains of proteins. (Pearse, 1903).

It has been suggested that certain unsaturated
lipids and phospho»iipids will give a positive reaction
with peoriodic acid technique. Hack (1949) has shown that
kerasiny phrenasin, phosphatidylethanol-amine (kephalin)
and phosphatidylcholine ( lecithin), acetal and inositol
phogphatides and ganglioside will give a positive reaction
in vitro. According to Malaprade (193L) periodic acid will
oxidise polyalcohols at the terminal .CHOH. groups in the
chain to form aldehydes which will react with the leucofuchsin
of the Schiff's solution. Inositol derivatives might react
but inositol itself has no terminal group of this type and
is converted into formic acid (PBearse, 1953). Wolman (1950)
using preparations of cerebrosides, sphingomyelin, lecithin-
kephalin mixture and saturated and unsaturated fatty acids,
decided that unsaturatsd lipids stained and so also did
sphihgomyelin whether they contained carbohydrate or not.

It has been suggested (Jeanloz, 1950) that the
presence of unsubstituted 1,2.glycol groups did not necessarily
infer a positive reaction since substances such as celloboise
gave a negative reaction, but this has been contradictgd by
MeManus and Hoch~Ligeti (1952).

A distinct possibility is that pentose sugars with
unsubstituted glycol groupings might give a positive reaction.

It is known (Pearse, 1953) that adenosine->-phosphoric acid
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and adenosine triphosphate, in which the 1,2.glycol of D{-)
ribose is free, give a positive result in vitro and in the
position where they would be expected to be found in sections.
Thus we see thatvit is a possibility that a large
numﬁer of widely differing substances might give a positive
reaction with the P.A.S. technique, as long as they contain
vicinal -OH or -0H and -NH2 groups, and perhaps ~OH and

-NHR groups.

(ii) Metachromasia. A metachromatic reaction is seen when
there is staining of a tissue component éo that the absorption
spectrum of the resulting tissue-dye complex differs
sufficiently from that of the original dyg, and from its
ordinary tissue complexes, to give a marked contrast in
colours.

It may be produced by a wide variety of dyes but
those of the thiazin series are usuallyemployed. The reaction
was first observed by Cornil in 1875 and since then it has
been used extensively in morphological studies. In more
recent years the method has been used extensively in
higstochemical studies.

The first suggestion regarding its interpretation
Wwas that of Michaelis (1902) who thought that the different
colour reaction with different substances might be due to
formation of tautomers of the dye with these substances.

Each tautomer possessing a different absorption spectrum
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(Holmes, 1926). More recent work suggests that it might
be due to polymer Fformation in the presence of certain
chemical groups. (Kelly and Miller, 1935; Bank and
Bungenberg de Jong, 1939; Hempelmann, 1940; Michaelis

and Granick, 1945; Michaelisk 1947; Landswmeer, 1951;
Massart, Coussens and 3ilver, 1951.)

The substances which produce this polymerisation,
at least as far as they are found in histological sections,
are thought to be polysaccharides containing uronic acids in
addition to sﬁlphate groups (Lisomn, 1935), or polymeric
metaphosphate groups (Bank and Bungenberg de Jong, 1939;
Michaelis and Granick, 1945; Michaelis, 1947).

According to the techniqﬁe used the degree of
metachromasia varies (Bensley, 193L; Feyrter, 1936; Bienwald,
1939; Herland, 1943; Hess and Hollander, 19h7), and orie
must be guarded in drawing conclusions as to specificity
when alcoholic dehydration of the section is used prior
to examiration (Michaelis, 1947). Sylven (1950) goes as
far as to say that it is only safe to draw conclusions
regarding positive and negative reactions when the section
is examined in water. When examined in water gamma (red)
metachromasia is probably due to sulphate esters; these are
relatively alcohol resistant. Less alcohol resistant
metachromasia and beta ( violet) metachromasia can be caused

by highly polymerized carbohydrate or phosphate containing
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compounds, i.e. gamma metachromasia is thought to identify
gcid mucopolysaccharides and beta metachromasia is taken
to indicate polymerized compounds containing carboxyl or
phosphoryl groupings (Pearse, 1953). Sylven and Malmgren
(1952) state that metachromasia 'cannot be used to distinguish
between different polyelectrolytes.!

Tucleic acids according to some authors (Wislocki,
Bunting and Dempsey, 1947; Pearse, 1983.) will stain
metachromaticelly in paraffin sections but according to
Michaelis (1947) they will only stain in an undehydrated
state. The relationship between alcoholic dehydration
and metachromasia remains a very confused question that
has not yet been answered satisfactorily. It is considered
in some detail by Pearse (1953).

The relationshin between metachromasia and the
P.A.S. technique is an interesting one and it will later

be discussed in detail.

(iii) Dialysed iron method. This method which Was
introduced by C.W.Hale in 1946 depends on the combination
of dialysed iron with the sulphate groups of mucopolysaccharides
or with the uronic groups of hyaluronic acid where this
occurs in its non-sulphated form, after suitable fixation.
(This question of sulphated and non-sulphated forms oOT
hyaluronic acid has already been considered in section one

of this thesis.) The combined iron is demonstrated after




















































































































































































































































































































































































