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transferred onto the pre-cooled stage inside the vacuum 

chamber for further processing. 

samples were fractured at approximately -1100C. Some 

preparations were heated for 3 minutes to -95°C in order to 

sublimate superficial ice and reveal extracellular fibrous 

networks. 

After completed evaporation of platinum and carbon, which 

formed a replica on the specimen. the tissue was removed 

from the cold stage and carefully thawed in cooled 30,E 

glycerol solution. This procedure ensured gradual thawing 

which tends to minimise the stresses and resulting damage 

encountered when rapid thawing is involved. After equili-

bration to room temperature, the samples were transferred 

into distilled water followed by immersion in a 15i solution 

of a 50 - 50.ē mixture of nitric and sulphuric acids and left 

in it overnight. .ere-digested tissue was then removed from 

the acid mixtures and placed in hot nitric acid for up to 

thirty minutes. replicas were subsequently cleaned from acid 

residues by repeatedly dipping in fresh distilled water, from 

which they were picked up on thin bar grids without supporting 

films. Interpretation of replicas followed the directives 

given in previous publications (,tollnski and :~reathnach 1975) . 

Erie review published recently (Stolinski 1977) and submitted 

with this work may be consulted also with respect to the 

general problems encountered in freeze-fracture of tissue. 

Tleplioas were photographed on hodak 4489 out films and micro- 

graphs were printed directly from the negatives. In this 

way shadows on the replicas are represented by white areas. 
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[he direction of shadowing on the micrographs was indicated 

by encircled arrows. 

The nomenclature adopted for the identification of membrane 

fracture-faces followed basically that proposed by ©ranton 

et al.. (1975). Some minor modifications of this nomenclature 

as proposed by Stolinski.(1975)were also adopted. One 

additional modification of the nomenclature, adopted in this 

work, concerned the identification of membranes bounding 

the cytoplasmic vacuoles and inclusions. For this purpose 

"p" and "e"(in lower oase)was used in order to distinguish 

these fracture-faces from "P" and "E" (in upper oase) as adopted 

for cell membranes. 

Numerous stained 1 um Dross-sections of embryos were also 

examined under the light microscope, while thin sections of 

the same material were examined under the electron microscope. 

D. Preparation of tissue for investigating "Hieb" artifact  

Standard chicken embryos as well as L.eukosis virus free 

embryos (kindly provided by fr. H.A. Weiss) up to stage 20 

(Hamburger and Hamilton. 1951) were examined. Four unfixed 

chicken embryos were oryoprotected for h in a 10* solution 

by weight of glycerol in TC 199 medium, followed by another 

h permeation in 30% by weight glycerol (30* by weight is 

equivalent to 25.6,E by volume) also in TC 199 medium all at 

room temperature. Similar embryonic material was fixed for 

15 mina at room temperature in 1, 1.5 and 2% solutions of 

_glutaraldehyde (rAAS Lab) in 0.1 A phosphate buffer at pH 

7.4 and 313 m osm. (Osmolality applies only to 1.5:‘ routinely 
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used solutions), followed by cryoprotection with glycerol as 

for non-fixed material which was similarly buffered. Some of 

the material was also fixed in purified 1.51 solution of 

glutaraldehyde (El aids). The purity of this batch of fixative 

was checked on a speotro-photometer according to the method 

of Gillet and Gull (1972). In addition after glyoertnation 

some non-fixed embryos were fixed for +} h in a 1.5A solution 

of glutaraldehyde and further oryoprotected with 30► glycerol 

solution by weight, this in order to assess possible effects 

produced by the glycerination process. 

C. Scanning electron microscope preparation;  

After removal from the egg, the embryo was spread flat 

on filter paper, and fixed in this position as for freeze-

fracture preparations. Flattened fixed embryos were then 

dehydrated in graded acetone solutions and critically-point 

dried in liquid carbon dioxide. ome embryos were subsequently 

mounted on metal supports and shadowed with platinum and 

carbon. Others were covered with a thin layer of gold in 

a spattering apparatus. Some resin embedded embryos were also 

used for observation in the scanning electron microscope. 

For this purpose the resin was removed from tissue by the 

modified method of Steffens (1977). The block of resin with 

embedded tissue was first trimmed and then faced with a glass 

knife in an ultra-miorotome. Stained thick sections were 

examined at this stage under the light microscope. A slice 

of tissue was then sawn off from the block of resin and 

attached to a small glass cover slip. After partial removal 



of resin, tissue attached to cover slip was critically-point 

dried and coated with gold in a spatterirF apparatus. 



CHAPTER 	III 

RESULTS 



i:he first section of this chapter Is devoted to the 

description of an artifact observed during the course of 

the investigation and previously not recognized as such. 

It could have been misinterpreted as a morphological 

feature of embryonic cell membranes, and therefore, required 

to be dealt with at the outset. 

The rest of the chapter portrays various aspects of chick 

embryonic tissues from developmental stage 0 to 24, with 

particular emphasis on the structure and disposition of the 

specialised membrane contacts. 

~. 	"U EB" k a 	'ZI t: ~' UN 	
i 	ti 

A~f'ā ..~ r~s+.. ūt~ ., 	~_:~.,..k~ 	, t3i_.::~ i.~£i::~, G~. a:,.irjĪ:;.i4.i`_ jc.. 

CELL _ME1'61a E_  

IJuring the course of this study it became evident that 

an unusual feature observed on the freeze-fracture replicas 

required special attention over and above general course of 

the investigation. Omall round blebs were detected on the 

majority of investigated plasma me branes, and as this feature 

seems to affect solely embryonic cell membranes it became 

necessary to establish its significance. 

glutaraldehyde-fixed embryonic .^laterial presented on the 

majority of fracture faces of cell plasma membrane: various 

concentrations of blebs as shown on it •. 1, regardless of the 

strength of the fixative or the type of buffer solution. 

The blebs varied in 517c from 1)') Ūo 25O. nqn In ia;:3ct,cr. 

presenting as sli rht elevations on fracture face t:y j a "P° 

5' 



and ae indentatlone or, the :': " face (FiK 2). Some more 

extensive areas of 500 to t;OO in diameter blebs were also 

occasionally observed (Fig. 1) . All types of blebs on 

both fracture faces of type 	and "'>" were completely 

devoid of membrane-associated particles and presented 

a smooth curved surface. In order to eliminate the poe si-

bili.ty that the impurities. within the normal grade 

glutaraldehyde fixative, could be responsible for the effect, 

sone material was fixed in purified grade of the fixative. 

dowever, material fixed in '.is also exhibited the chara-

cteristic blebs (?ig. 3). Other membranes such as nuclear 

membranes, membranes of endoplasmic reticulum, and >>ol,i 

membranes, were observed to be free of blebs. 

:xtensively scanned fracture faces from the replicas of 

1ycerinated non-fixed elaterial, revealed a com elete absence 

of blebs or other similar structures, while various other 

features suoh as ne€ibrane associated particles (eA -e) and 

specialised contacts (not illustrated) were observed in 

their normal configuration (Fig. 4). Further, in order to 

inviceti.gate the possibility that the glycerol (used as 

a cryoprotectant) lay be responsible for the suppression 

of blebbtng phenomenon in non-fixed material, some samples 

were post-fixed in lutaraldehyde after glycerination. 

': owever. again the replicas revealed a large nuelber of 

blebs as shown on Fig. 5. To teat another suggested 

possibility. namely that the blebs; represent budding viruses, 

some Leucosis virus-free material j;as routinely processed. 

Again, numerous blebs were observed on the replicas of cell 
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membrane fracture faces (Fig. 6). 

As will be discussed at greater lenFth later, it was 

concluded that this effect is due to glutaraldehyde fixation, 

and is not a functionally significant feature of embryonic 

plasma membrane. 

2. 	GERM,jal, DISC 

several features  

L'he most noticeable features of the unincubated germinal 

disc cells were large nuclei ("Ags 7 and 8) while the cytoplasm 

was to a very large extent filled with nutrient droplets 

(is 	to 10 and 12 to 15). The cytoplasmic organelles of 

the cells were rather sparsely distributed and smaller when 

compared with those from later stages of development. 

Cisternae of the :3olgt apparatus and endoplasmic reticulum 

were occasionally observed among the numerous nutrient droplets 

(Fig. 9). :!itochondria appeared as small elongated cylinders 

not exceeding 0.2 nm in diameter (Figs 7, 6, 10 and 12). 

Ar unusual form of surface detail was found exclusively on 

the apical plasma membrane of the germinal dice cells 

(stae:e 0). It consisted of an irregular network of ridges 

of fairly uniform width and height (11s 10 and 11), which 

were covered by the normal complecient of membrane associated 

particles. The cytoplasm underlying the cell membrane 

10) in the Immediate vicinity of a ridge was found to 

be devoid of any specialised structural features. 

LIIIE1tntA2211ts 

The cytoplasm of cells in the unincubated germinal disc 
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tissue (stage 0) was populated mainly by two types of intra- 

cellular nutrient droplets. One type of droplet ras chara-

cteri Sed by a relatively srzooth spherical shape and is called 

here type "Al" (r'ig. 12) . The fracture faces of eerabranes 

bounding these droplets werefound to be populated to an equal 

extent by firer brare associated particles (Figs 12, 13 and 14). 

The interior of these droplets was mainly of a non-laminar 

horogeneous nature with an occasional inclusion of a smooth 

laminated structure (Pig. 12 and 15).  The other type of 

droplet called here type "t,2", was characterised by a more 

uneven surface sppearance, with membrane associated particles 

distributed similarly as on the Al"" 	type droplets (Fig. 12). 

imtlar features to those described later, in the section 

dealing with the neural tube cell membranes, as membrane 

fusion were also noticed on closely apposed intracellular 

nutrient droplets in the unincubated epiblast cells (Fig. 14). 

At the site of droplet apposition, distinct flat areas (?u) 

were observed, exhibiting smooth fracture faces which to 

a large extent were devoid of membrane associated particles 

(Fi.7. 14) . These characteristic areas were also found to be 

continuous with the two fracture faces of membranes bounding 

the individual droplets. In the same material, some droplets 

were elso observed to be mcr=ked , showing: direct continuity 

between their interiors (7tg. 15). 

aile hypoblast  

On the whole the cells of the hypoblast revealed similar 

features to the ones reported in previous paragraphs. 



One signifioant difference concerned thin long cell processes 

which were observed in abundance in the intercellular spaces 

(Fig. 16). Another observation concerned the scarcity of 

contacts on membrane fracture faces of these cells, where 

only occasionally a short strand of tight junction was 

observed (Fig. 16). 

Cell junctions 

Among the cells of unincubated germinal disc (stage 0) two 

types of junctions were observed. A simple type of junction 

which consisted of closely apposed smooth oval areas on 

fracture faces "L" and ff.?" as occasionally observed, on fracture 

faces of cell membranes (Fig. 17). this type of junctional 

area was found to be devoid of membrane associated particles. 

At the area of contact, a considerably thinned intercellular 

Liatortal, represented by a step of approximately F nit in 

height was observed, (gig. 17). 

The predominant type of cell contact observed on membrane 

fracture faces of the 7ermiral disc cells was the tight 

junction. tt frequently appeared as an i solatcc single loop 

or strand on the cell uenbrane fracture face (z Iz. 18) . 

The junction ...as characterised by linearly disposfd membrane 

associated particles arranged in ;F.roav'es on fracture face 

°'- 	('1 s. 13). and on elevations or rid,Tes on fracture face 

type 942'' (`i,tz. 19). .sore extensive networks of the junction 

r:hich were also neon on fracture feces of : ery final disc cell 

ne::)hranet3, were observeā. in groupings of three distinct 

are related featurer (r'i!:. 19). Area cdesignatcc =r". consisted 
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of n well developed network of joined short strands, which 

formed a wide belt on the fracture face of the membrane. 

Area "II" was characterised by single and longer strands of 

particles, disposed in the same general direction as the 

main network of junctions at "It'. On the area designated 

"III" small elevations with a normal complement of membrane 

associated particles was observed. again disposed in the sane 

general direction as the networks of junctions on areas 

"I" and "II". 

!ide extensive belts (Fig. 20) of tight junctions as seer. 

on area "I" (Fig. 19) were very commonly encountered among 

cells of the germinal disc. this junction was of the so 

called "evenly interconnected type" (hull and Staehelin, 1976) 

and was composed of irregularly shaped polygons. Finally, 

relatively long belts of tight junctions consisting of two 

to three parallel rows of particles with an occasional cross 

link were observed on the lateral surface close to the apical 

membrane of the dorsal side of the germinal disc (Fig. 21). 

Other types of junctions were absent from the membranes of 

germinal disc cells of the 18 specimens only very occasionally 

a small group of membrane associated particles which could 

be described as a small zap junction was encountered in 

association with networks of tight junctions (Fig. 22). 



3. ORGANS OF THE EMBRYO  

A. imbryonio epidermis  

General features  

Embryonic ectoderm develops at stage 8 to 10 into • two 

cell layered epidermis (Figs 23, 24 and 25) consisting of 

internal and external cell layers. 

The layers are separated by relatively large cell-free 

spaces through whioh cell extensions originating from internal 

layer reach to the external overlying layer. Scanning 

electron micrograph of these layers also revealed such spaces 

as shown on Pig. 24. 

The cells of the external layer (Figs 25 and 26) exhibited 

a large central nucleus, an extensive Golgi complex, numerous 

mitochondria and various nutrient droplets. The apical 

surface of the external layer of the epidermal cells as 

visualised with a scanning electron microscope was found to 

be covered with short mtorovilli, which were especially 

numerous at cell borders (Fig. 27). In addition on the same 

micrograph (Fig. 27) cilia were observed which appeared singly 

per every dell. 

nutrient droplets  

Some of the cells in both layers of the epidermis were 

found to contain a variety of nutrient droplets. However, 

no "Al" or "A2" droplets as observed in the earlier embryo 

(Fig. 12) were detectable. Instead, another types of droplets 

were observed. of a more complex nature and designated as 
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type "E" (Fig. 28). Some of them were presenting a distinctly 

laminar structure in their interiors and were designated as 

type "EL" (Fig. 29). "3"  type droplets, containing granules 

were found to be predominant in embryonic tissue of develop-

mental stage 5 to 10, while "IA.," type droplets were observed 

at later stages (10 - 14) , (Figs 29, 30 and 31) . It was 

noticeable also that some of the " L" type droplets were 

found not to be bound by a membrane as indicated by the 

presence of fracture faces with the usual complement of 

membrane associated particles (Fig. 30) . Instead, the outer-

most lamina in direct contact with the cytoplasm, appeared 

as a smooth particle free layer. Other droplets however, 

originating from material at similar developmental stage 

(10 - 14) exhibited a distinct outer membrane by displaying 

fracture faces with associated particles (Big. 32). 

Cell junctions  

Junctional networks consisting of parallel strands of tight 

junctions were observed on the lateral membrane and close 

to the apical membrane (Fig. 33), while the characteristic 

microvilli were observed facing the cell exterior as 

previously shown on a scanning micrograph (Fig. 27) . 

The surfaces of the cells, of the internal cell layer 

were found to bulge individually towards the embryo's interior. 

and were covered win randomly disposed microvilli on the 

basal cell surface (Fig. 34). The junctional complexes of 

the internal cell layer had a different appearance to the 

one detected near the outer surface (Fig. 35) . £he tight 



62 

junctions in this layer, composed of continuously cross 

lined strand, were much more sinuous in disposition than 

in those of the external layer. `,ear the tight junction 

belt, large well developed circular gap junctions were 

observed (Fig. 35) . Some of these junctions were observed 

to be in very close association with the tight junctions. 

Bee neural tube  

^eneral features  

Bee symmetrical folding of the embryonic neural plate 

results in the formation of the tube which extends throughout 

the long axis of the embryo. This process is illustrated 

in cross-sections on Figs 2 and 3 (Chapter II) where the 

neural folds were observed to be almost in contact. The 

final merging of the folds was also illustrated on Fig. 36 

where numerous long threads were observed to be attached to 

both sides of the approaching cell. layers. 

Freeze-fracture micrographs shown in this section illustrate 

nt higher magnification cell and me tbrane ultrastructure of 

the neural tube cells. ,'.T1phasis zeas placed on the development 

of cell contacts, elhose fete was followed up to the stage 

22 - 24. Finally the phenomenon of fusion observed among the 

neural tube cells was described in the concluding part of 

this section. 

doe cro . -fractured aspect of the entire embryo (stage 10-14) 

fractured in mid-trunk position was illustrated on "rig. 37. 

7ro,i this replica, ethich was supported on a narroll-bar metal 
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grid. not only the neural tube, but also the notochord 

and sonitic regions can be perceived. 

The neural tube was characterised by closely packed 

columnar cells some of which had a characteristic bottle 

shape (Fig. 38) . Cells up to stage 14 were observed to 

extend throughout the entire thickness of the organ as is 

also shown on Fig. 38. On the same micrograph the cross-

fractured doreal aspect of the neural tube and part of its 

lumen were illustrated. The lumen of the tube in this 

instance (stage 10 - 14), (Fig.38) was shown to be patent, 

while further down in the ventral direction, the inner 

walls of the neural tube at later stages were closely apposed 

(stage 18 - 20) , (Fig. 39) . F.ere, the narrow luminal eap 

separating the walls of the neural tube was found to be 

only 0.8 pm wide and completely filled with cell debris. 

i'vpical example of the neural tube cell showing longitu-

dinally fractured cell was observed on Fig. 40. The cell 

was characterised by an elongated nucleus positioned close 

to one side of the cell membrane, very long and numerous 

mitochondria, and networks of endoplasmic reticulum and Ciolgi 

complexes which were observed mainly at the apical region 

of the cell, that is the one directed towards the exterior 

of the tube. The part of the cell nearest to the lumen 

was found to be populated mostly by mitochondria. 'vainly 

cross-fractured aspects of the cells were illustrated on 

Figs 41 to 43. ;'irr,. 41 illustrates the presence of mito-

chondria in the cytoplasm of most of the cells. 2he fracture 



in this case revealed the material situated near the lumen 

of the neural tube (Fig. 41). On the rnicro.eraph of Fig. 42 

the region which was situated half way between the lumen 

and the exterior was observed. The apical region of the 

cells close to the tube exterior was illustrated on Fig. 43 

where an extensive Golgi apparatus and large vesicles tended 

to 1.redorainate. Finally on rig. 44 the disposition of cells 

near the exterior of the neural tube as observed on fracture 

face ";:;" was illustrated. to this region, of the outer 

extremity of the neural tube, the cells were observed to be 

joined by focal point junctions (Figs 44 and 45). 

;ell junctions  

The junctional systeme or complexes observed in the neural 

tube tissue were confined in early steeres (10 - 14) to tight 

and focal point junctions. The junctions were observed at 

the luminal border and neural tube outer limit respectively, 

forming belts or linear AtreregaW'ec. est steges 16 - 14 the 

junctional networks at the lumina' border consie.ed of 

4 to 6 parallel strands occasionally joined by n short cross 

strand (Figs 46  and 47). 	et stage 17 however the junctional 

networks were observed to be lens regular when compared with 

earlier stages and consi 'ted of only one or two parallel 

stre.nds which very often were  found to be incomplete and 

tereinr tech by particle agoregnte r (Fig. 48) . £,t stage 22 

of development the tight junction complexes observed at the 

enrl1er stages were not detected. .i'stead, very mall gap 

junction:: ''' ch "`ierc RF, in disposed it belts ,.7c re observed 

6 



near the lumen of the tube ( iris 49a and b) . 

Cell ; embranc features  

A characteristic feature observed on neural tube cells 

concerned the occurrence of membrane fracture faces which 

were completely free of membrane associated particles 

(Five 50, 51  end 52). Phis type of area was found to be 

accompanied by linearly disposed rows of conical protrusions 

separating the particle free areas from the ones which were 

normally populated by membrane associated particles. In 

addition, the linear rows of protrusions were found to be 

disposed approximately radially. from the lumen towards the 

outer surface of the organ. The complementary membrane 

fracture feces "i"! showint; conical indentations and similar 

features to the ones on Figs 50  and 51 were also observed 

Wig. 52). 

Cell membrane  fusion  

:;sural tube cell membranes observed on freeze-fracture 

replicas of fixed chick embryos at stares 10-11, 17-18 and 

20-22 occasionally exhibited flat fracture faces '"Fun as shown 

on ;Figs 54a, 55 and 56. On Fig. 54a apposition of two cell 

membranes is shown where fracture faces type "2:" and 'E r" were 

observed to be separated by a flat, particle free area marked 

:iembrane enclosed pockets of intercellular material 

were observed on this micrograph, to be surrounded by fracture 

face "Fun and a step representing this intercellular material. 

It is clear that no intercellular material is present at the 

areas marked "Fu". This aspect is further clarified on 1,14:. 55. 
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where complete elimination of intercellular material was 

observed at the approach to "F'uN type areas. In addition, 

a smooth transition, devoid of sharp steps was observed to 

link membrane fracture faces "P" and 0E" with an intervening 

area "Fu". A characteristic feature of this area (Fu) was 

shown also on Fig. 56, where its large expanse. surrounded 

by fracture face "E", was seen to be almost completely 

devoid of membrane associated particles. The observed 

smoothness of this fracture face. its direct transition at 

a constant angle, its structural continuity with the 

conventional fracture faces as well as the elimination of 

intercellular material leads to the conclusion that areas 

"Fu" represent places of cell membrane fusion as indicated 

on the diagram of Fig. 54b. This conclusion will be dealt 

with further and in more detail in the next chapter 

(Discussion and Conclusions). 

Partly related aspect to the one observed on previous 

micrographs is illustrated on Fig. 57a. Observations were 

made of long cell membrane extentions in the form of pockets 

which contained intercellular material and were disposed 

in the same general plane as the apposed cell membranes. 

:'Membrane fracture faces type "P" of the membranous extensions 

were observed to be surrounded by a shallow step, representing 

cross-fractured membranes. This feature should be compared 

with the one observed at the transition between fracture 

faces "E" and "P" and face "Fu" on Figs 544and. 55 where no 

such steps were observed. It was evident also that the 

fracture plane representing the material surrounding the 



membranous extentions was of conventional rough type, associated 

with non-organised material whioh in this particular case was 

identified as the cytoplasm. This observation was further 

substantiated by the broken filament ends, undulations and 

fracture stress-lines, 000nly observed in non-organised 

material of the cytoplasm. At lower magnification, larger 

expanse of the previously described phenomena were usually 

observed in close proximity to the cell nucleus (Fig. 58). 

in addition to the presented material (stage 17 - 18), 

micrographs exhibiting the characteristic flat areas (Fu) 

were also observed on the replicas of neural tube tissue at 

developmental stages 10 - 11 and 23 - 22. The frequency of 

detection of the fusion phenomenon at the above stages was 

however. less than at stages 17 to 18 from which the micrographs 

were obtained. Complete absents* of fusion phenomenon was also 

noticeable in other investigated embryos at the same stages 

of development. 

C. Zhs notochord  

General features  

1%e notochord is a cylindrical rigid organ situated under-

neath the neural tube, which by stage 10 extends almost 

throughout the length of the embryo. Cross sections of the 

notochord were shown at low magnifications on FITS 2, 3, 4 

and 5  (Chapter II). On Fig. 60 the scanning electron micro-

scope image of the organ depicts a vacuolated notochord, 

surrounded by the cells of the solerotome. 
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Cells of the notochord at the stage 10 to 14, as observed 

on freeze-fracture replicas, wore predominantly wedge shaped 

and found to possess a large central nucleus (Fig. 61). The 

cytoplasm of these cells (stage 10 - 14) contained well 

developed networks of endoplasmic reticulum and round mito-

chondria. At later stages of development among notochordal 

cells numerous large vacuoles were observed (Fig. 62). The 

closely packed vacuoles were found to occupy substantial 

amount of space among the notochordal cells (Fig. 62) . At 

higher magnification the vacuoles were observed to be 

separated from the cytoplasm by smooth partiole-free fracture 

feces (Fig. 63). It was also noticed that the interior 

of the vacuoles was not revealed by the freeze-fracture 

method as the fissure induced during the fracture tended to 

follow invariably the vacuolar surface (Figs 62 and 63). 

In comparison with some earlier stages, the cytoplasm of 

the cells was found to contain bundles of fine fibres, which 

on replicas were represented by their broken ends protruding 

above the general plane of the fracture face (Fig. 62.). 

The notochord she, is represented on the replicas by 

a broad „belt of broken fibre: (Fig. 64) . The fibres are 

observed to be much more dense near the cell surface and 

extend outwardly for approximately 3.5 {mi. The sublimated 

appearance of the notochordal sheath is shown on Fig, 65, 

where in addition to the dense fibrous network, a 

basal lamina lying very close to the cell membrane 

becomes visible. 
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Junctions of the notochord are restricted to one 

type only, that is, the gap junctions. Not a single 

instance of tight junction or a desmosome was recorded. 

The majority of gap :,lx/ctions were detected on the cell 

membrane fracture faces situaat close to the outer 

surface of the notochord. At th early stages (J.''--14) 

only very rarely, were the small junctions observed 

(F`ig. 6), At later stages groups of much larger 

junctions composed of randomly distributed junctional 

particles were observed (Fig. 67). At stage 17..18 

two sizes of junctional particles were observed (Fig. G>a). 

One of normal size and the other of slightly larger size 

and more sparsely distributed. At stages 20-22 the 

junctional particles were observed to be grouped in small 

hexagonally arranged sub-arrays forming a larger junctional 

complex (Fig. 69). 

:iorni to s  

Genal features, 

The development and transformation of somites can be 

visualised from the micrographs included in the previous 

chapter (Figs 2 to 5). By stage 22 - 24 the somite develops 

into distinct regions illustrated on Fig. 5 (Chapter II). 

where the dermatome regions shows well organised densely packed 

cells disposed in a layer, while the sclerotome is composed 



of more loosely arranged cells. 

A typical example of a sor i t.i composed of densly packed 

cells at the developmental stage 10 - 11 was obtained with 

the scanning electron microscope (Fig. 70). It was very 

noticeable from this micrograph that the spaces between 

the somite, eotoderm and the neural tube were occupied by 

a dense network of fibres. This fibrous network was 

visualised much more olearly on the scanning micrograph 

when compared to other preparatory techniques. 

On freeze-fracture replicas the somite at stage 17 - 18 

appeared as a columnar, radially arranged cell group which 

surrounded some loosely arranged cells in the central somitie 

region (Fig. 71). This type of configuration shown on 

Fig. 71 portrays a major part of the somite of the embryo 

at stage 17 to 18. At higher magnification (Fig. 72) the 

characteristic cytoplasmic organelles, like fairly numerous 

round mitochondria, various small and large vesicles were 

observed in abundance. 

At stage 22 - 24 within the general somite region pine-

cytotie activity was detected as shown on Figs 73 and 74. 

The small craters associated with the pinooytotio activity 

were occasionally observed to be arranged in circular 

patterns (Fig. 74). 

Fumeroue tight junctions were detected on somitic cells. 

The most common type (Fig. 75) showed the relatively short 

isolated strands of the junction detected on fracture face 

NEW and "F". Associations of tight junctions with other 

types were also quite common. On Fig. 76 small clusters of 
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tight junctions were detected which were found to terminate 

on gap junctions. In addition ',sound or oval areas of the 

desmosome-like junctions which were surrounded by tight 

junctions were observed. 

However, the predominant junctional networks detected on 

somitie cells were of the dispersed. gap junction type 

(Figs 77 and 78a and b). Groups of junctional particles of 

this type were observed to occupy narrow parallel ridges. 
1 

which were lineary disposed over relatively large distances. 
A 

These narrow ridges were more reminiscent of the light 

junctional ridges which were observed for example on Fig. 75. 

On Fig. 77 this type of junctional network was found to 

occupy an outgrowth from the Dell in the form of an elongated 

cell process. 

Isolated gap junctions were also observed on somitic cell 

membranes. At stages 18 - 20 longitudinal arrays of randomly 

disposed junctional particles (Fig. 79) were occasionally 

observed, while at stage 22 - 24, more rounded hexagonally 

arranged particle arrays (Fig. 80) were more predominant. 

At earlier stages these types of junctions were conspicuously 

absent. 

On other parts of the somite, more dispersed gap junctional 

networks were noticed to be arranged on broad convoluted 

ridges (Fig. 81). These, ribbon shaped ridges of 30 nm 

uniform width were found to be devoid of all other particles 

except for the clusters of junctional particles. They were 

much broader than the usual tight junction ridges (rig. 75) 

and more reminiscent in their appearance to the "ru" type 
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areas described previously in this chapter. (section 6 

the neural tube). 

In association with the gap junctional networks oval or 

circular areas 000upied by elongated densely packed very 

small particles were detected (Fig. 81). Very similar 

features consisting of plaques with small elongated particles 

and gap junctions disposed on 30  nn wide ridges were also 

observed on various fragments of replicas which were too 

small however, to positively identify as belonging to the 

somite. However, their very similar association with gap 

junction clusters disposed again on top of flat ribbon shaped 

ridges (Fig. 82) "jade their identification with the type 

observed within the somite quite probable. Fig. 83 depicts 

these junctions on both "E" and "P" fracture faces showing 

rather striking difference in their surface area, as portrayed 

on complementary fracture faces. Mainly uniform size clusters 

of small gap jqnotions, disposed on ridges on fracture face 

"P" and similar size groups of pits, disposed in narrow 

valleys, were observed on fracture face °'i;". 

4. CULTUREL EMBRYONIC MATERIAL  

EVRIVED FROM T44 BXPCSLAS'T 

The phenomena of contact guidance and contact inhibition. 

studied in tissue culture of embryonic cells, are of special 

interest to the study of migratory cells within the embryo. 

Ihe appearance or absence of specialized contacts in such 

cell populations, could help. to explain their fate and 



behaviour observed within the embryo. 

Non-cultured hypoblast  
As already reported in Section 2 of this Chapter normal 

uncultured cells of the hypoblast did not reveal any sub-

stantial networks of junctions. Fracture faces of these 
cells (Fig. 84) did not exhibit junctions except for a rare 
occurrence of short tight junctions as shown on Fig. 16. 

cenersl features of tissue culture cells  
Isolated cells of the culture were aharsaterised by a long 

nucleus occupying a substantial part of the cell with lateral 
thin layers of cytoplasm (Figs 85 and 86). ;,Foet of the 

cytoplasts was observed to occupy apical end of the cell, 
where various cytoplasmic organelles like abundant small 
vesicles and some endoplasmic reticulum were observed 
(Figs 85 and 86). Long processes were also observed to emerge 

from these cells (Pigs 85 and86). and establishing contact 

with other cells in the immediate vicinity (Fig. 87). 

Cell contacts and membrane features, 

The junctional networks in tissue culture cells were 
restricted to isolated tight junctions strands. too gap 
junctions or desmosomen were observed on the replicas of 

membrane fracture faces. The tight junctions (Fig. 88) 

were observed in more loosely packed cell aggregates in the 
form of isolated and mostly single strands. In some more 
tightly packed cells the junction was observed to be composed 

of continuous strands with numerous cross-links (:ig. 91). 
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Among more dense cell populations, tight junctions in the 

form of two or three parallel --ows were observed as shown on 

Figs 92 and 93. In close association with isolated tight 

junction strands, raised flat areas (Figs 88. 89 and 90) 

were encountered on membrane fracture faces. Some of these 

areas (Pu) were covered to the same extent by -re-ibrane 

associated particles as the adjacent membrane fracture faces 

(Fig. 90) While others appeared almost completely devoid of 

particles (Fig. 89). Apart from the presence of particles, 

these types of areas showed a strong resemblance to the 

ones reported previously in the section dealing with germinal 

disc (Fig. 14) and neural tube (Figs 50 to 52). -',.ere fusion 

of membranes between nutrient droplets and within the neural 

tube cells was described. 
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DISCUSSION Ah1 COD,CLUSION8 



INTRODUCTITi 

The main technique employed in this investigation was 

the freeze-fracture replication technique, a major advantage 

of which is the information it is able to provide concerning 

the functional morphology of biological membranes. Like 

all techniques, especially newly introduced ones, it is 

essential that any artifacts associated with it should be 

recognized, and as far as possible controlled or eliminated 

in its application. Most of these artifacts have indeed 

been already identified (Stolinski and 3reathnach, 1975; 

Oroi and Perrelet, 1975; SStolineki, 1977) and can, with care, 

be avoided. An artifact, previously unidentified and relating 

apparently, exclusively to embryonic membranes emerged during 

the course of the present study. This was the occurrence of 

"blebs" on the plasma membrane of embryonic cells. 

1. M 4CT1AL "BLEB" FUR IATION 

A majority of investigators has opted for chemical 

fixation of tissue as a routine primary procedure for freeze-

fracture replication. In this way, oryoprotection of the 

sample, performed in order to prevent ioe crystal damage 

during subsequent freezing, can be conveniently carried out 

for long periods of time, or after an interval, without 

undue worry about the onset of autolytic changes. however, 

it has been established fairly convincingly that chemical 

fixation can introduce substantial changes in the appearance 

75 
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of membrane fracture faces, and this possibility must always 

be borne in mind when assessing results. (Dempsey et al., 

1973; Nermut and ward, 1974; r*rish, 1975: Breathnaoh et a3.., 

1976; Kelly and ahienvold. 1976). 

During freeze-fracture investigations of chemically fixed 

chick embryonic material (Bellaire et *1., 1975; Stolinski. 

1977; Breathnach and Stolinskt, 1977) it has been noticed 

that many fracture fades of cell membranes were covered by 

single, circular or oval-shaped 150 to 250 nm diameter bleb-

like elevations (Fig. 1). The surface of these blebs was 

always observed to be completely devoid of membrane associated 

particles (HAP) which were otherwise present in normal 

concentrations on the surrounding areas of the fracture face. 

Structures very similar in size and appearance were also 

reported by Gillies and Hatta (1974) in their chick embryos. 

and identified on replicas as budding i:ous sarcoma virus. 

i'hese authors did not specify in their report if their 

material was ehemioally fixed prior to rapid freezing, though 

it probably was. Similar blebs are also evident on micro-

graphs of Revel and frown (1975). However, in this instance 

again, the authors failed to specify their method for 

pre-treatment of tissue. Much larger diameter blisters on 

cell membranes of chemically fixed lymphocytes reported by 

McIntyre et al., (1975 ) as produced by the action of dimethyl 

sulphoxide (LI4S0), also bear some resemblance to the 

structures under discussion here. 

It is clear there is some uncertainty concerning the 

nature of these bleb-like struotures, and since they also 
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appear in the present material, in order to clarify their 

nature a comparative examination was made of routinely 

glutaraldehyde-fixed and non-chemically fixed material, 

and between Leukosis virus-infected and non-infected embryos. 

The blebs could have been produced during the fliation or 

cryoprotection of the embryonic material or It is :oseible 

that they could represent some normally oocurr's, phenomenon 

which accompanies development. 

The blebs are evident in material fixed with xlutaralde-

hyde but not in non-fixed glycerinated material. this could 

suggest that the action of glycerol suppresses their 

occurrence, or destroys them, in so tar as they might be 

considered "normal" features of the membrane. however. post-

fixation of glycerinated materiel led to extensive appearance 

of blebs, and this clearly indicated that the absence of 

blebs in the non-fixed material is not due to glycerination. 

It also pointed conclusively to the routinely employed 

fixation process as being primarily responsible for the 

phenomenon of blabbing. It is also certain that impurities 

in the glutaraldehyde fixative are not responsible for this 

effect. since it was equally present in material fixed with 

checked and guaranteed pure fixative. 

he suggest ion of Gillies and hatte (1974) . that membrane 

blebs may represent a budding virus, is no longer tenable 

in the light of the present findings, since numerous blebs 

were present on chemically fixed plasma membranes of embryos 

guaranteed to be virus-free. The finding of McIntyre et al.. 

(1974) that oryoproteetants may induce blabbing in the 
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lymphocyte cell membrane could have been explained as 

a product of combined action of i:; iā0 and fixatives.  īt may 

be pointed out that some blebbing of the cell wem brave was 

very briefly reported by the same authors to have occurred 

on fixed cells which were used as controls for their 

experiments. 

It is of rstgnifiaanoe end interest that plasma membranes 

of non-embryonic material routinely prepared for freeze-

fracture with chemical fixation, as well as intracellular 

membranes of embryonic material, do not exhibit this blebbing 

phenomenon. ::his could be interpreted as indicating a basic 

structural difference between the plasma membranes of cells 

of embryonic and fully developed material. Certa.lnly, in 

the embryonic situat ton there :gust be extensive and continuous 

addition of new substance to the plasma membrane, and it 

may be that fixation reveals sites of membrane accretion 

in the form of blebs. 

$he phenomenon of bleb formation might be further 

investigated by applying other fixatives, buffered at various 

pi; values and prepared at other than normal tonicity. It 

should also be of interest from the point of view of bleb 

formation to study cultures of cells undergoing eynchronised 

mitosis. 

:..ormal,ly. on replicas of apeeeecg cell membranes, two 

typrr; of fracture faces ` and ) are observed to be 
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separated by the Intercellular material In the form of 

a etep '11.b313 53a and b). 

In certain appositional eituations of the present material 

however, a very different appearance was encountered, where 

membrane fracture faces (-a and i) were observed to be separated 

by a third fracture face "i,un (lig. 54a). £he araphical 

analysis presentee on Fie. 54b helps in establiching the 

nature of the fracture face ni;u" and its relation to the 

eurroundire naterial. 2he cross-sectional preuentation of 

fracture-faces on Fig. 54b indicates that only complete 

fusion of the two apposed cell membranes can satisfactorily 

explain the observations. Complete elimination of the Inter-

cellular Taterial fro n the vicinity of fracture face "Al" 

is especially well illustrated on A.g. 55 where the step 

representing this material is terminated at the approach 

to the '1i,U" type face. 

Additional evidence which supports the existence of 

meabrane fusion may be deduced also from the observation 

that the fused membrane remains in direct structural 

continuity with normal unfused fracture faces and, therefore, 

the two involved cell membranes (Figs 54a and 55). .ehls 

observation was also supported by observed smooth transition 

from fracture face "E" or 	to the fused face 

Et !=cis also noticeable that at this transition boundary, 

the membranes tended to follow a fixed an6le of contact 

between the involved fracture faces (Fig. 55). 

It has been generally accepted that membrane associated 

particles may be regarded as the main protein constituent 
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of biological membranes (Vail et a1.. 1977). The absence 

of these part tc1es from the fused membrane face:: of the 

present :.ater1al (. le. 56) supports the findin.~,s and con-

clusions of Larson et al., (1977) , who have ,shown by labelling 

experiments that fused membrane areas of their ;..atertal 

are free of proteins. Also, according to them and dkhon 

et al. (1975) . removal of proteins or r eebrave ar ootated 

particles may be taken as a necessary prerequisite to the 

fusion process. it t s legitimate, therefore, to Assume 

that the observed fused membrane areas ehtoh are free of 

particles are also free of proteins: 

Orly one type of fused fracture taoe was detected on the 

replicas. It was concluded. therefore, that the complementary 

facee (!u), do not possess any noticeably different features 

but are equally similar. it is possible, therefore, to assume. 

that the fracture face "Pu" represents a split half of a pure 

lipid bi-layer, completely devoid of its protein component. 

Cell membrane fusion has been reported to occur sponta-

neously among mam align cells groan ir tissue ce.lture 

(Lucy. 1975) . Artificially produced cell fusion as induced 

by fusogentc properties of viruses (Okada, 1958) and chemical 

sub stances (Lucy, 1975) led to numerous studten rhtch 

included among others some freeze-fracture replication work 

('3acht et al., 1973; Fnutt an. 1977) , 	n addition, it has 

been reported that cell fusion can he produced by micro-

surgery (Ūiacumacos, 1973) and by introduction of an excess 

of calcium tons into the preparation (Poste and elligon, 1973) . 

Specific mechanisms responsible for membrane fusion were 
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postulated by Lucy (1970). who proposed that the presence of 

large numbers of micellar structures may induce fusion of 

closely apposed membranes. Akhong et al., (1973) suggested. 

however that the increased fluidity of closely apposed 

membranes resulting from the removal of membraneous proteins 

from the involved sites, may lead to fusion, Cullis and Hope 

(1978) suggested also, that at the moment of fusion, pure 

lipid layers aoquire a hexagonal tubular form or the so called 

H II  phase. which actively promotes merger of apposed 

membranes. 

the search for morphological evidence of membrane fusion 

at the ultrastructural level was originally undertaken by 

Falade and Burns (1968), who studied thin sections of endo- 

helial cell membranes and underlying vesicles. Some evidence 

of fusion was deduced from cross-sectioned membranes which 

showed a pentalaminar structure. Recently, freeze-fracture 

studies of membrane fusion in organisms exhibiting active 

secretion processes were carried out in various laboratories 

(Chi et al.. 1976; Lawson et al., 1977; burwen and mat ir. 

1977). Tn addition, fusion processes were studied by 

Weiss et al., (1977) in gametic differentation of a protozoan 

by ::eutra and Schaeffer (1977) who investigated secretion 

of mucus in goblet cells, and by 3atir et al., (1973) 

who described mucooyst secretion in £etrahymena; secretion 

in pancreatic B cells was investigated by Orci et a1.. 

(1977 b). while fusion involved in acrosomal reactions 

in sperm was investigated by Friend et al., (1977) . 

Finally ?into da 3tiva and Noguiera (1977) , investigated 



fusion of specialised vesicles in a funeus. t of these 
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authors presented various stages of the membrane fusion 

process pictured as consecutive etatic events, leading to 

the eventual disintegration of the fused membranee. Various 

types of vesicles, attached by symmetrically disposed 

specialised membrane associated particles to the cell m mbrene. 

were presented, but the actual fused membrane was not clearly 

portrayed by any of these investigators. 'J?his was due 

probably to immediate disintegration of the fused embranes, 

and release of the vesicle content. which followed very 

queekzyafter the initial contact between membranee. 

In embryonic situations, actual fusion in of vesiclar 

membranes within growth cones of embryonic nerve cells, 

propaeated in tienue culture was reported by 3pooner et al., 

(1974), who observed on thin sections some arose...sectioned 

vesicles interconnected by continuous closely apposed or 

fused membranes. Also in embryonic tissue. Franchl and Mandl 

(1962), as well as Weakly (1966), reported cytoplasmic bridges 

in developing oocytes of rodents, but fusion of cell membranes 

was rot directly implicated. 

Zzteneive, irregularly shaped, and particle tree fused 

membrane fracture faces 'Full (Fig. 56), have not been 

deacribed by any previous investigators. 7:tee comoonly, 

small circular or oval areas with peripheral end oentral 

particles as for example demonstrated by itnto da :Alva 

and Noguiere (1977) were equated with the fused membranes. 

Also, unlike all other inveatigators the morpholcetcal 

evidence presented here involved fusion of cell membrenes. 
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were mostly confirmed here, and have been extended to the 
of 

studyAsuccessiVe stages of fully developed neural tube up 

to stage 22-24. 

At the external border of the neural tube, numerous focal 

point junctions were observed. These junctions, were not 

observed by Revel end Brown (1975) . who restricted their 

observation to the luminal border only, where di sinte Āratln,g 

or re-forming tight junctions were observed by them at 

stage 8. In the present material, however, (FLT. 46) 

well developed tight junction belts were observed at the luminal 

border up to stage 10 . 14, where continuous unbroken strands 

of junctions were seen. It is possible, therefore, that 

junctions observed by Revel and gown (1975) at stage 6 

and described as either "die ,integrating or re-forming 

were actually in the process of forming?. 

At the name luminal position clear disintegration of the 

junction was observed at stage 17 - 18, where eiecontinuous 

strands of tight junctions were seen to merge with small groups 

of ttrzp junction clusters (rig. 48) . At still later stage 

(22-24) tight junction strands had completely disappeared  

and ;croups of small gap junctions disposed in a belt were 

fa;and to predominate. It is possible that the observed 

disi.ytecr, tion of the tt ht junction networks reflects; 

Increased witot to activity of cells as well as creation of 

the new environment within the lumen of the neural tube 

when co spared with that of the folding neural plate. 

4 xtensively scanned neural tube msterIsl failed to reveel 
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gap junctions, except for those which were identified at 

the luminal border at stage 22-24. It appears, therefore. 

that the cells of the neural tube are the only ones which 

are completely devoid of large gap junctions, thus indicating 

specialisation of their cell membranes. 

Notochord  

Within the notochord, gap junctions which on the whole 

were of small size and not very numerous were observed at 

Waage 10-14 (Fig. 66) . At later stages, larger and numerous 

gap junctions were seen disposed mainly among the cells 

situated nearer to the external surface of the notochord 

(Fig. 67). At stages 17-18 at similar positions, very large 

gap junctions were observed which occasionally displayed 

larger than normal junctional particles spaced further apart 

then the standard ones. In addition at this stage, the 

first signs of hexagonal arrangement of normal junctional 

particles was observed. At the latest of the stages investi-
fiiv . 69 

gated (20-224 again very large gap junctions were observed 

composed of sub-arrays of very clearly, hexagonally arranged 

particles. The junctions were also surrounded by a narrow 

belt of randomly disposed junctional particles. 

This sequence of events, depicting continuous growth 

of the junction from stage 10-14 to 22-24, clearly illustrates 

their development. £'his development was not commented on 

by :revel and Eirown (1975)  at all, who reported large gap 

junctions at a single investigated stage 8. 



Tight ,junction, or deemosomes were not observed at any 

of the investigated stages in the notochord. 

e4m1t e 

At stage 10-14 nhort strands of tight junct t' ne were seen 

ar ong celle of the Roait ic tissue, to approxi.meeely the same 

extent vand with similar frequency to that seen in the tissue 

of the germinal dt c. 'he distribution of disrupted tight 

juectionss reflects possibly a highly mobile situation In 

the somite, where cells undergo active migration (eellairs. 

1971) . ';t subsequent steges gea (17-18) , d l srupt ee u ight junctions 

were again observed, but they tended to be accoyypanted by 

small clusters of gap junctions, in association with a desmo-

some like junction (Fig. 76). £his last junW r is chara-

cterised by randomly arranged particles which are muoh 

smaller than the average membrane aesoclated paetielee and 

ehtoh are observed on round or oval areas of a' nroximately 

c.2 liat  in diameter. 

sp junctions in the snz i.tc at near es 17 to .? 	ppear 

mostly in the dti rupted form. Lone arraYs of jeeo longi 

rhi©h were of various sizes were observed on oolitic cells 

(eigs 77. 78 end 79). ei:nilar dispersed rap  jurot ont were 

also observed by ` evo1 and brown (1975) it reGeee 3. 4 eelel 

the d i sper slon of the junctions in oelt e at stases 17 to 20 

may inc ic ,te general ce11, mobili;y and formation of only 

temporary contacts. ,t xnlf tcantly, at etage 22-24 laree 

well ā, veloped isolated eap jtsnct ion~ (i'14?.  3() st2 gest-,  

possibly a more stable condition. 
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AegardIng the desmonome-'like and the tight junctions. 

Hay (1968) demonstrated terminal barn, that is a junctional 

network at the lumen of the not ite at stage 11. On freeze-

fracture replicas at etage 10 to 14, stall snap ,junottons 

dtepoeefld on narrow ribbon like ridges were observed to.7ethar 

with the deesmmaaome-1 ike ,iunct ione3 (fig. 81) . later 

r4 aces (22-24) auch more numerous desmosome-like ,junctions 

in association with gap .iunoti.vne disposed on ribbon shaped 

ridges were very clearly demonstrated on the replicas 

(I iaas 82 sync! 83). 

It apaears that this junctional Pa.esooiation as observed 

on the replicas has not been reported previously. Especially 

the characteristic flat ribbon shaped ridges, eugge +t inp; 

very close membrane apposition (Pig. 82), indie c:ed a speoia-

lised junctional system which tends to appear as a non-

transitory permanent feature from stages 10-14 to 22-24. 

It is possible that the junctional network reported here, 

represents the terminal bnr as shorn by iiaey (1968) on thin 

sections. This could also be substantiated by =whe observation 

that the cienmosome-lake junottona appear away, or one side 

of they ribbon network. ;towever, further studies on so .it to 

tissue are necessary before this problem is ssH.Pfacloa:b1y 

solved, while here the new type of junction i t reporte6 as 

a preliminary f irtd in... 
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.issue culture  

:Aspersed tight junctions observed on cells of tissue  

culture suggest strongly that in small cell clusters no 

permanent or long term contacts are formed (Figs 88 and 90). 

However, the cells which appear to be rather more closely 

apposed display more advanced and permanent looking, highly 

interconnected junctional networks (Fig. 91). In very closely 

packed cells the structure of junctions changes again and is 

observed as parallel rows of junctional particles which do 

not tend to he interconnected. This last configuration 

reflects possibly the fact that the cells are grown on a flat 

substrate which influences the final shape of the junction. 

Cells of the hypoblast which tend to be much more dispersed 

within the embryo than in tissue culture revealed very few 

junctions, indicating that in tissue culture, completely 

new conditions must exist which tend to influence their 

format ion. 

Jtneral remarks on cell contacts  

of 
The predominant feature earlyXembryonic chick material 

up to stage 14, is the occurrence of either disrupted or 

newly formed junctional networks. In the germinal disc 

and the somite, fairly numerous short strands of tight 

junctions could have been produced as a result of cell mobi-

lity and only temporary attachments between cells. In the 

same tissue, permanent tight junctional networks were :costly 

represented by the lateral belts near the apical cell 
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membranes ,where long term cell attachments are known to 

exist. This was especially true of embryonic epicerNis, 

where short tight ht junctions on general cell membranes were 

not observed and where active cell migration does not exist. 

Similar considerations apply to the gap ,junctions observed 

in the somite up to stage 18. 2he longitudinally dispereaed 

junctional pattern. very strongly : uggeet a that the movement 

of cells, could have possibly influenced the d± etribution 

of junctional particles. 'This is especially seen a et ive 

from the observation of d!. srupt ed .d treat tonally arranged 

gap junctions of v€artoue sizes ere observed on membrane fracture 

faden. However, air the possibility, that a ntage in 

the assembly of the junction is observed count not be discounted. 

A fairly complete sequence of junctional p terns as observed 

at nucceaaive developmental stages, was seer at the luminal 

border of the neural tube. The observations sueeest that the 

eight junctional particles are possibly re-user' at these 

sates for the constriction of gap junctions. Very clone 

inter.. -rreat ionrehip between the two types of jurct ion's. strongly 

suget also that the disassembly of tight junmtlorn if 

followed in successive stages by re-use of the p rtiolcs for 

assembly of gap junctions. It is possible also that their 

actual disposition and function may be deterwlre by the 

external influence. 

sequential pattern of gap junction develovczent emerged 

from the observations of general cell membranes in notochord 

and to a similar extent In the somites. It concerned the 

gradual increase to the size of junctions which at earlier 
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stages (1C-14) were generally of small size, usually not 

exceeding 70 to 80 nm in diameter. āy stage 22-24. in both, 

the notochord and the somite, junctions with ctruceural 

features different to the ones seen earlier were observed. 

these junctions were on average of 500 nm diameter or 

larger and consisted of isolated hexagonally arranged 

sub-arrays of junctional particles. ': 'hts type of junctional 

configuration was not observed in the earlier s:a es at all, 

where only smaller junctions were randomly disposed particles 

were seen. 

In post-natal developed tissue, isolated round or oval 

gap junctions seldom exceed 700 nm diameter. Only in tissue 

like fully developed liver or pancreas. where .a.p junctions 

exist in the form of broad belts the width of ct:e junction 

el!7:y be of the order. of 1.3 µm (Larsen, 1977) . 

It is possible, therefore, that the large isolated gap 

junctions of 500 n'i diameter, as ob erved in the chick 

embryo at developmental stage 22-24. represent almost the 

maximum size whish is attained by that junction. rt may 

he concluded also, that In all probability the junction 

represents a permanent contact, functioning amon.„ cells 

,7t7hich ceased to mi crate and formed a definite oran. 
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INTRODUCTION 
In recent years, freeze-fracture replication has 

become firmly established as a valuable and 
useful technique amongst biologists investigating 
tissue ultrastructure. The popularity and im-
portance of this technique can be verified by 
reference to an increasing number of publica-
tions where the results of various researches are 
illustrated with micrographs of freeze-fracture 
replicas. In the preceding three years it has been 
found that, amongst some of the more popular 
journals concerned with ultrastructural research, 
authors of about one-third of the papers have 
utilized the technique. 

The main reasons for the adoption of the new 
technique either as a complete replacement of, 
or alongside more traditional methods, are as 
follows. First, the technique provides informa-
tion about the ultrastructure of tissues which a 
skilled electron microscopist can interpret in 
three dimensions. Secondly, information is 
obtained about the hydrated form of the speci-
mens which is an important and a unique aspect 
of the technique. In addition, the specimens are 
not subjected to the rigours of conventional 
processing methods which normally include 
treatment with various fixatives, dehydrating 
agents and embedding media. In total, therefore, 
the technique allows a glimpse of biological 
structure which may be very close to the actual 
living state of the tissue. This is especially true 
when biological membranes are considered, as 
a great wealth of unique information is pro-
vided in comparison to other methods of obser-
vation. Finally, the apparatus and the associ-
ated techniques have reached a sufficient state 
of simplification and understanding (Moor, 
1966, 1969, 1971; Weinstein and Someda, 1967; 
Koehler, 1968; Benedetti and Favard, 1973; 
Bullivant, 1973; Orci and Pcrrelet, 1975; 

Stolinski and Breathnach, 1975) as to be easily 
incorporated into any pertinent programme of 
research. 

Surprisingly the first application of the tech-
nique which is coming into prominence only 
now, can be traced back, almost 200 years to the 
person of John Hunter, the master experimenter 
who lived in the 18th century. Amongst various 
experiments performed by him, some involved a 
reasonably rapid freezing of live tissue which was 
subsequently fractured and examined (see 
Stolinski, 1975a). 

The usefulness of freezing as a means of 
fixation of tissues did not escape biologists in the 
19th century. Some of them (Altmann, 1890) 
performed pioneering experiments which even-
tually evolved into the now well-known method 
of freeze-drying. Also at the turn of that century, 
liquid air became readily available in large 
quantities. As a direct result of these develop-
ments, it became fashionable amongst some 
biologists with access to such fluids to freeze 
various unicellular organisms to extremely low 
temperatures. These experiments were done in 
order to suspend the life process and on thawing 
to test specimen viability (Brown and Escombe, 
1897). It may be said that the two independent 
lines of research, namely freezing for histo-
logical examination and the freezing of whole 
organisms, gave rise eventually to what at the 
present time is referred to as the science of 
cryobiology. 

While allowing for earlier work on the use of 
freezing, the emergence of the freeze-fracture 
replication technique in electron microscopy 
really stemmed from a convergence of two 
concepts. First, it frequently occurred to some 
electron microscopists who were especially 
skilled in shadowing and replication techniques 
(Wyckoff, 1949; Steere, 1957) that freezing 
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might provide a potentially better alternative 
to the other popular methods of tissue process- 
ing. At the same time, others were concerned 
with the view that by the use of various agents 
it might be possible to protect cells against 
damage resulting from storage at low tempera- 
tures. Such agents, in the form of non-toxic 
fluids could then be applied to the samples prior 
to freezing and consequently preserve the 
viability of the cells even after prolonged storage 
(Polge el al., 1949). This work led to the dis-
covery of the properties of glycerol as a cryo-
protectant. Hence, out of these two distinct 
themes there eventually emerged a method 
which allowed for a new and alternative por-
trayal of tissue ultrastructure in the electron 
microscope. This was the technique of freeze-
fracture replication. 

In the early 1950's many laboratories engaged 
in ultrastructural studies were investigating 
various freezing methods for tissue preservation. 
Out of these researches one outstanding experi-
ment (Steere, 1957) gave rise to the technique 
of freeze-fracture replication. With this new 
method, good quality replicas were produced in 
an apparatus where the frozen sample was 
fractured outside the vacuum chamber in a 
special cold box and only then transferred to the 
evaporator for replication. 

In the beginning of the 1960's a very impor-
tant development in the history of the technique 
took place. An instrument was constructed 
(Moor et al., 1961) which made it possible to 
produce replicas of the tissue within the vacuum 
chamber so that the production of high quality 
replicas of frozen tissue became a practical 
reality. This new technique allowed electron 
microscopists to observe tissues and unicellular 
organisms in a new guise but in a readily recog-
nisable form. Basically, the technique involved 
the following procedure. Small pieces of tissue of 
cell suspensions were permeated prior to freez-
ing with glycerol in order to prevent the forma-
tion of ice crystals on freezing. After rapid 
freezing, the sample was transferred to a vacuum 
evaporator with a specially designed cooled 
ultramicrotome, also housed inside the vacuum 
chamber. The frozen sample was subsequently 
chipped under high vacuum with a cooled 
microtome blade and the freshly revealed sur-
faces were replicated. When the replica was 
removed from the tissue and examined under the 
electron microscope it became obvious that the 
microscopist was no longer dealing with the  

familiar appearance seen in ultra-thin sections. 
It also became apparent that the fissure induced 
by the blade followed natural discontinuities 
and weaknesses in the tissue, which on closer 
examination were identified with biological 
membranes. Relatively large areas of this nature 
were observed, covered with numerous small 
particles which were randomly attached to the 
fracture faces (Moor and Miihlethaler, 1963; 
Moor, 1964; Branton and Moor, 1964). 

The technique caught the imagination of 
many electron microscopists who began to 
acquire commercial apparatus which was de-
veloped from the original apparatus (Moor, 
1965). Subsequently, others made efforts to 
construct various similar but non-commercial 
devices with which it also became possible to 
produce replicas from frozen and fractured 
material (Ceymayer, 1966; Bullivant and Ames, 
1966; McAlear and Kreutziger, 1967; Boere and 
Kreger, 1968; Steerc, 1969; Takeuchi and 
Hasegawa, 1973; Stolinski, 1975b). 

THE FREEZE-FRACTURE TECHNIQUE 

Basic principles of the technique 
In order to put into perspective and clarify 

some of the following paragraphs, basic routine 
treatment of' tissue as processed for freeze-
fracture replication is shown diagrammatically 
in Fig. 1 and is summarized below. 

After appropriate isolation of the sample, a 
small portion, not larger than 8 to 10 nun cube 
is either chemically fixed or is impregnated 
(without prior fixation) with a cryoprotectant. 
Fixed samples also have to be protected with 
glycerol under similar conditions to the unfixed 
ones. A cryoprotected sample is subsequently 
loaded into a support or holder and is rapidly 
frozen in a cold bath. Afterwards, the specimen 
is mounted on the cold stage of an evaporator 
where on reaching sufficiently good vacuum 
conditions it is fractured by a variety of methods 
according to the apparatus employed. The 
sample may also at this stage be heated in order 
to sublimate superficial layers of frozen material 
(Fig. 2). This action is only required when solid 
surfaces such as the outer surfaces of membranes 
which are not affected by the sublimation 
process are to be revealed. 

Immediately after fracturing or when sublim-
ation has been completed, an electron dense 
shadowing material is evaporated at an angle 
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Fig. 1. Diagrammatic representation of the freeze-fracture replication procedure. (1) represents 
a cross-sectional view of a frozen cell fragment with a membrane (Me) separating two vesicles 
(V). (2) indicates the path of a fissure (F) induced in the frozen materials. (3) shows the top part 
of the tissue removed and the lower part ready for replication. (4) represents the replication pro-
cess where platinum and carbon (Pt-C) is evaporated first, at an angle to the general plane, 
followed by the evaporation of carbon (C). (5) represents a cross-sectional view of a clean replica 

after the tissue has been completely removed. 
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Fig. 2. Diagrammatic representation of freeze-fracturing followed by sublimation and replication. 
(1) represents a cross-sectional view of a frozen cell fragment with a membrane (Me) separating 
two vesicles (V). (2) depicts the fracturing process with the top part of tissue removed showing 
the fracture face (F). (3) represents the sublimation process which results in a lowering in places 
of the original level of the fracture face (F) to a new level (S). The dotted line represents the 
original level prior to sublimation. The sublimation process reveals the outer and inner aspects 
of membranes while the original fracture face (F) remains unaffected (sec also Fig. 12). (4) rep-
resents the replication process where platinum and carbon (Pt-C) is evaporated first at angle to 
the general plane followed by the evaporation of carbon (C). (5) represents a cross-sectional 

view of a clean replica after the tissue has been completely removed. 
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onto the freshly exposed surface. This is fol-
lowed by a further evaporation of a thicker layer 
of an electron transparent material in the form 
of carbon which strengthens and binds the entire 
replica. The sample is subsequently removed 
from the cold stage and allowed to thaw. Finally, 
the replica is separated from the sample by 
completely removing the original underlying 
organic material by the use of a suitable reagent, 
usually an acid or alkali. 

Freeze fracture terminology 
Until very recently, a wide array of different 

symbols and descriptions were used to refer to 
the membrane fracture faces revealed by freeze-
fracturing. Some workers simply adopted the 
first four letters of the alphabet while others used 
terms such as `internal' or `outer fracture face 
of the membrane', (IFF and OFF); others in 
turn described the fracture faces as concave or 
convex, which could only be applied to some 
perfectly spherical objects. In another nomen-
clature the spatial position of the fracture faces 
in relation to the surrounding material was 
used so that one was described as being exterior 
(Ext) and the other as interior (Int) according 
to whether the face was a plane directed towards 
the outside or inside of the material surrounded 
by the membrane. 

Recently, however, a new freeze-fracture 
terminology has been suggested by several 
workers from both sides of the Atlantic as well 
as from New Zealand (Branton et al., 1975). 
This new terminology proposes the adoption of 
two letters, namely P and E, for the purpose of 
identifying the membrane fracture faces. This 
type of nomenclature is based on a generally 
accepted assumption that on fracturing, a 
biological membrane splits internally into two 
halves. With this assumption in mind, the frac-
ture face representing that half of the membrane 
leaflet which remains attached to the external 
material is designated by the letter `E' (External) 
while the other fracture face representing the 
remainder of the membrane leaflet attached 
to the cytoplasm of the cell, is referred to by 
the letter `P' (Plasma; see Fig. 3). It is hoped 
that the general adoption of such a simple 
terminology will promote an easier exchange of 
information and possibly remove some of the 
ambiguities still prevalent in the literature. In 
the context of the new P and E nomenclature it 
is important to remember that such `spaces' as  

the lumen of the endoplasmic reticulum, the 
`space' between the two nuclear membranes, 
the ones bounded by the Golgi membranes and 
the `space' between the two limiting membranes 
of a mitochondrion are regarded as external to 
the material which is limited by a particular 
membrane. In addition, the membrane surfaces 
which are revealed by the sublimation process 
are indicated in the new terminology by the 
addition of the letter `s' which follows either P 
or E, thus identifying the outer and inner 
surfaces of a particular membrane (that is, Ps 
and Es). While adopting this new terminology 
it may be worth while to remember that P = A 
or Ext and E = B or Int in the old terminology. 

Beside basic terminology which helps to 
identify fracture faces on replicas, it is also of 
considerable importance to agree on other com-
monly used terms connected with freeze-fracture 
replication. A list of such terms is given below: 

Fracture face. The face revealed by the frac-
turing process. 

(a) Rough type. One that is associated with 
fractured but not organized material. 

(b) Fissure type. One that is associated with a 
discontinuity or a structural weakness within 
the frozen material as represented by biological 
membranes or other regular assembly of 
molecules. When such a face is identified as 
associated with a membrane it may be des-
cribed as type P or E as explained above. 

Sublimation. A physical process in which frozen 
material changes directly from the solid state 
into a vapour state with complete elimination 
of the intermediate liquid phase. This process 
can be used to reveal non-sublimable material 
which normally remains hidden. It may, for 
example, be used to reveal the outer or inner 
surface of a membrane which can then be 
identified as either a Ps or Es type of surface. 

Complementary faces. Membrane fracture faces 
observed usually at the apposition of two 
similar cells. In such a situation, a membrane 
fracture face of one type E or P is separated by 
intercullular material from another membrane 
fracture face type P or E belonging to the other 
cell. Such faces arc said to be complementary 
and theoretically should reconstitute an intact 
membrane. 
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PLASMA MEMBRANE 

NUCLEUS 
	 MITOCHONDRION 

ENDOPLASMIC RETICULUM o r GOLGI 

Fig. 3. Explanation of the P-E nomenclature devised to identify on replicas various faces and 
surfaces associated with biological membranes. 

Plasma membrane 

The cell membrane (Mc) is shown on the diagram with its hydrophobic interior denoted by a 
dotted line. P: the fracture face representing the membrane leaflet attached to the cytoplasm 
(Cp). E: the fracture face representing the membrane leaflet attached to the intercellular or 
external material (Ext). Ps: The inner surface of the membrane (Me) facing the cytoplasm (Cp) 
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Matched faces. Fracture faces of tissue, identi-
fied on separate replicas, which prior to fractur-
ing formed a continuity. 

Cryoprotectant. A non-toxic fluid in the form of 
a non-electrolyte, capable of permeating or 
surrounding the sample and which during rapid 
freezing, effectively prevents the formation of 
damaging ice crystals. 

Vitrification process. Theoretically, a process of 
solidification of liquids which is not accom-
panied by crystallization. In the context of the 
freeze-fracture process it is sometimes used to 
describe the state of a rapidly frozen material 
which does not exhibit visible ice crystals. 

It is worth mentioning at this stage that some 
workers still insist in continuing to use the rather 
unfortunate and misleading term `freeze-etching' 
to describe the whole process. `Freeze-fracturing' 
describes the technique accurately and it is 
noticeable that in the recent literature and at 
various Symposia, the name `freeze-fracturing' 
is becoming generally adopted. It should be 
remembered that `etching', which some authors 
regard as the sublimation process, does not 
necessarily form a part of the technique and 
that on the whole, the majority of replicas are 
produced without any sublimation (etching) 
taking place. Some confusion may also arise 
from the fact that when sublimation is routinely 
applied to a heavily glycerinated material, 
there is a loss of detail, especially on the rough 
fracture faces. However, this is not an etching 
process. 

The correct name of the technique un-
doubtedly is freeze-fracture replication, or cryo-
dēcapage, Gefrierfraktur, cryodecapaggio, crio-
fractura, to mention French, German, Italian, 
and Spanish descriptions of the technique. 

Permeation and fixation 
The preliminary treatment and handling of 

samples is of considerable importance if the 
structure of the tissue is to be accurately re-
vealed. After the sample has been obtained a 
small portion of approximately 8 to 10 mm cube 
may be fixed immediately in 2 to 3% buffered 
glutaraldehyde. After fixation has been com-
pleted, the material has to be transferred for 
1 to 2hr into a buffered 10% solution of the 
cryoprotectant (e.g. glycerol) and for a subse-
quent Ihr into a 25% solution of the same cryo-
protectant, all at 4°C. In this way, chemical 
fixation may effectively reduce artifacts associ-
ated with autolysis as well as eliminate changes 
associated with the lowering of the temperature 
which usually accompanies the removal of tissue 
from an organ. 

However, if artifacts associated with chemical 
fixation are to be avoided, it is necessary to 
permeate the tissue with the cryoprotectant of 
choice as rapidly as is practically feasible. As an 
additional safeguard it may also be useful to 
employ tissue culture solutions like TC199 to 
buffer the cryoprotectant. Under these condi-
tions, the nutrients which are present can 
effectively sustain tissue metabolism and via-
bility of the sample until the moment of rapid 
freezing. 

revealed by the sublimation process which lowered the fracture plane from F (original level) to 
S (level attained after sublimation). Es: Outer surface of the membrane (Me) facing the external 

material and revealed by a similar sublimation process. 

.Nuclear and mitochondrial membranes 
A reference system similar to the one adopted for the plasma membrane is used except that the 
suffix (o) and (in) identifies the actual membrane position. Hence: Ch, interior of the nucleus; 
Cp, cytoplasm; NP, nuclear pore; M, internal space of the mitochondrion. It should be noted 
that the space between the outer membrane (Me 0) and the inner one (Me In) is regarded as 

external. 

Endoplasmic reticulum and Golgi apparatus 
The reference system is the same as used for the cell membrane. The space enclosed by the 
membrane (Me) is regarded as external (Ext) which is either the cisternae or interior of the 

Golgi vesicles. Cp, cytoplasm. 
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In the final analysis, both the timing of the 
permeation process and the final concentration 
of the cryoprotectant should be governed by the 
absence of any evidence of ice crystal formation 
in the tissue as observed in the replicas. Provided 
that this is achieved, it is then justifiable to 
either reduce the time of permeation or to lower 
the final concentration of the cryoprotectant 
with the next sample. Such an overall reduction 
should hopefully improve matters by further 
minimizing any possible changes in the final 
appearance of the tissue. In practice it is usual 
to permeate, for example, small cubes of rodent 
liver at 4°C for 1 hr in a TC 199 solution with 
10% glycerol and for a further lhr in a 25% 
glycerol solution to obtain satisfactory results. 

The most commonly used cryoprotectant 
employed in the freeze-fracture technique is, 
without doubt, glycerol mainly because it is a 
fluid readily miscible with water as well as being 
a non-electrolyte of very low toxicity. It is 
usually applied to the sample in two steps by 
first permeating the tissue with a solution of 
reduced concentration in order to minimize the 
osmotic shock to the cells. In our laboratory 
for example, permeation with 10% solution by 
weight in a suitable buffer is followed after a 
period of 30min to lhr (depending on tissue) 
by a further I to 2hr permeation with 30% 
glycerol solution by weight. Some workers tend 
to use dimethyl sulphoxide (DMSO) for the 
purpose of cryoprotection. However, it is known 
to be toxic in high concentrations and may in-
troduce specific artifacts. DMSO may be used 
in concentrations of up to 25% by weight in a 
suitable buffer and permeation of tissue should 
not exceed 45min. It is sometimes desirable to 
apply cryoprotectants of the type that do not 
penetrate into the cell interior like glycerol and 
DMSO, but remain in the inter-cellular spaces. 
However, these types of cryoprotectants are only 
suitable for cell suspensions and are not effective 
in protecting bulk tissue as well as causing some 
cell shrinkage. Various concentrations of such 
non-penetrating cryoprotectants like PVP (poly-
vinylpyrrolidone), HES (hydroxy ethyl starch) 
and high molecular weight sugars have been 
used as reasonably effective cryoprotective 
agents. The properties of these as well as those 
of penetrating agents have been well docu-
mented by Mazur (1970) and Meryman (1 971) 
where the application of such chemicals is 
extensively discussed. 

In order to be able to assess changes which 

inevitably take place when a sample is pro-
cessed for freeze-fracturing, it is of considerable 
importance to be able to obtain a reference in 
the form of a minimally affected tissue. This 
comparison can be achieved in practice by using 
fresh tissue which is frozen immediately after it 
has been obtained (e.g. by biopsy) without any 
prior treatment (Heuser el al., 1975; Stolinski 
and Breathnach, 1976; Dempsey and Bullivant, 
1976). It can be stated with a considerable 
degree of certainty that tissue processed in 
this way should remain in the closest possible 
state to the normal living appearance. Un-
fortunately in such cases only an outer layer of 
tissue is preserved in a readily recognizable form 
while the interior of the sample is destroyed by 
ice crystals. Nevertheless the successful portrayal 
of even a small portion of tissue in a form which 
closely approximates to the natural appearance 
allows for a useful comparison to be made with 
other tissues which were chemically or otherwise 
treated. 

While experiments of the type described above 
can be used to establish optimum conditions for 
preparing the samples, they can, of course, also 
be used to study changes produced in the tissue 
by various cryoprotectants, the use of chemical 
fixatives and any changes in temperature which 
the tissue may be subjected to prior to rapid 
freezing. 

Finally, it should be exphasized that it is 
important in all treatments of the above type to 
rotate gently the specimen throughout the 
permeation process. When placed in a suitable 
tumbler mechanism, a constantly moving block 
of tissue effectively prevents the formation of 
stagnant layers in the surrounding solution thus 
substantially shortening the entire permeation 
process. 

Rapid free,zing 
The correct method of freezing the tissue 

remains a basic and very important step in the 
entire freeze-fracture technique. In this context, 
freezing may be regarded as a specific type of 
fixation arrived at by physical means. It should 
be emphasized here, that the main advantage of 
freezing over chemical fixation is that it leaves 
the tissues in a viable form. It follows, therefore, 
that the frozen tissue can be regarded as a 
dormant entity which on examination is more 
likely to reveal structures which are closer to the 
actual living state when compared to tissues 
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subjected to procedures normally used to pre-
pare ultra-thin sections. In the same context, it is 
worth remembering also that sone types of 
frozen tissues on thawing can be made to per-
form various complicated metabolic functions 
thus indicating minimal physiological damage 
(Smith, 1961; Mazur, 1970; Turner, 1970). 

From the point of view of portraying normal 
morphology, the most desirable method of 
freezing is one which preserves the cells and their 
organdies with the least changes or alterations. 
In addition, it is essential to carry out the freez-
ing process in a way which effectively prevents 
the formation of visible ice crystals, otherwise 
substantial damage to the cells may occur due 
to dehydration or mechanical effects as in the 
puncturing of membranes. 

In practice, it has been established that ade-
quately cryoprotected samples of 4 to 6mm cube 
can be frozen in liquid propane at — 180°C with 
results which greatly satisfy the requirements 
stated above. By freezing in liquid propane it is 
possible to achieve high rates of freezing which 
approach 1000°C per sec. This very high rate is 
feasible because of the fact that the cooling fluid 
employed does not tend to boil when in contact 
with the warmer sample. If boiling does take 
place, layers of gas or vapour, which very poorly 
conduct heat, greatly impede heat transfer, 
resulting in a slow freezing rate. In addition, for 
a correct freezing rate to be achieved, quick 
plunging of the sample into the freezing fluid 
must be executed. A swift passage through the 
layers of cold air and vapour present directly 
above the surfaces of cold fluid is therefore 
essential. If the rate of freezing is slow then 
undesirable effects occur in the form of shrinkage 
and ice crystal formation. 

An appropriately frozen sample can be trans-
ferred to the evaporation chamber where it 
should be securely mounted in order to achieve 
good thermal contact with an already cooled 
specimen stage. During the transfer of the 
sample it is important to prevent inadvertent 
damage by accidental warming which may 
readily occur when the sample is handled 
outside the cold environment. A partially 
thawed sample on mounting on the cold stage 
will freeze again but at a slow rate, thus again 
producing artifacts. 

Fracturing 
Provided that the conditions are judged to be 

favourable for the subsequent replication to be  

undertaken, part of the specimen has to be 
fractured by mechanical means to expose a 
completely fresh surface. During the actual 
parting of the frozen specimen, the plane of 
fracture follows the passage which offers the 
least resistance to the applied forces. In the case 
of biological membranes this plane follows 
membrane interiors (Branton, 1966) revealing 
relatively smooth fissure type faces. In addition, 
rougher fracture faces are produced in the 
non-organized frozen material disposed between 
membranes. 

On reaching sufficiently good vacuum con-
ditions, fracturing of the sample can be at-
tempted. In practice, it is very difficult to pump 
out all residual gases from the chamber and a 
significant amount of water vapour, which forms 
a major part of the remaining atmosphere, may 
create difficulty. Water vapour readily freezes 
on freshly exposed parts of the cold sample with 
a result that some artificial structures not unlike 
membrane-associated particles may be formed 
on fracture faces. In order to eliminate such 
unwanted phenomena the specimen undergoing 
fracture should, if at all possible, be surrounded 
by a liquid nitrogen cooled shroud acting as a 
local cryopump. Such a pump can very effici-
ently trap water vapour in the vicinity of the 
specimen creating local vacuum conditions 
which to a great extent eliminate contaminants 
and allow for the replicas to be formed on 
reasonably clean surfaces. 

Another factor which has to be taken into 
consideration is the temperature of the sample 
at the instant of fracturing. This temperature 
can be of significant importance in relation to 
contamination of the freshly revealed fracture 
faces. When the sample is very cold, that is 
below — 110°C, trapping of contaminants on 
exposed surfaces may readily take place. If, on 
the other hand, the temperature of the sample 
is kept in the vicinity of — 100°C the process of 
sublimation starts to produce undesirable 
effects in the form of grains on rough fracture 
faces. The correct temperature is between 
— 105°C and —110°C  where the sublimation 
process is insignificant, while a shroud main-
tained at a temperature significantly lower than 
the specimen effectively prevents contamination. 

The method of fracturing with a cold micro-
tome knife as carried out in most current 
commercial types of apparatus has the advan-
tage over other methods that the depth of 
successive sweeps of the knife while essentially 
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ploughing through the specimen can be con-
trolled. In this manner the desired part of the 
specimen can be exposed in a gradual way 
(Moor et al., 1961). It is inevitable, however, 
that successive sweeps of the blade, especially 
when passing repeatedly over areas that were 
exposed during previous sweeps, may become 
contaminated by ice fragments which remain 
attached to the edge of the blade (Stachclin 
and Bertaud, 1971). In reality, the microtome 
blade does not fracture but more precisely 
produces small conchoidal flakes over the entire 
area of the sample. In addition, the knife tends 
to rub the ice surface thus producing local 
heating by friction resulting in significant 
artifacts (Fig. 8). 

Another method of fracturing involves the 
forceful opening of hinged sample containers 
which on parting reveal two fractured surfaces 
(Steere, 1969). This method, which is relatively 
simple, produces rather rough surfaces for subse-
quent replication. It can also make freezing of 
the sample rather inefficient due to the relatively 
large size of the sample container. Still another 
method of tissue fracturing utilizes a cleaver 
mechanism for inducing a fracture in a pre-
determined part of the specimen (Stolinski, 
1975b). In this method, the cleaver comes into 
contact only with the outer edges of the specimen 
leaving most of the surface untouched. With this 
method, reasonably flat fracture faces are pro-
duced in a desired part of the specimen. The 
exact location of the fracture plane is achieved 
by prealigning a chosen part of tissue prior to 
freezing in a cylindrical holder. Another useful 
property of the cleaver mechanism, which is 
maintained at low temperature, is that it can be 
used as a shutter which effectively shields 
freshly fractured specimens. 

The main advantage of the last two methods 
described above where a microtome is not used, 
is the possibility of producing a replica very 
quickly after the fracturing process is completed 
thus minimizing the possibility of contamination. 

With other methods of fracturing, the sample 
is cleaved with a sharp blade outside the 
vacuum chamber while it is immersed under 
liquid nitrogen (Bullivant and Ames, 1966). 
With this procedure, the technically rather 
difficult operation of fracturing the sample 
while inside the vacuum chamber is effectively 
obviated, making, in effect, the entire process 
much simpler. The main disadvantage of this 
method, however, is that it involves a prolonged  

and cumbersome pumping of large amounts of 
liquid nitrogen from the interior of the vacuum 
chamber. This is caused by the necessity of 
transferring a substantial volume of liquid 
nitrogen, in which the already fractured sample 
is submerged, into the vacuum chamber. After 
the nitrogen has been completely pumped out, 
some contamination of the already revealed 
fractured sample may occur, especially when it 
becomes exposed for a substantial length of time 
to the residual atmosphere inside the vacuum 
chamber. Nevertheless, with care, very good 
replicas can be produced with this type of 
apparatus (Bullivant, 1974). This simple and 
pioneering method helps to illustrate that in 
order to produce good replicas, an expensive 
and sophisticated apparatus is not essential. 

Replication 
Ideally it would be of considerable advantage 

if it was possible to examine the surface of 
freeze-fractured specimens, using a bulk speci-
men, at the resolution obtainable with a trans-
mission electron microscope. Unfortunately, 
bulk specimens of this type cannot be examined 
in a transmission microscope while the resolu-
tion of scanning microscopes, which are 
eminently suitable for studying solid objects and 
obtaining three-dimensional information, is still 
much too low to resolve the fine details which are 
present. Fortunately, the merits of the trans-
mission electron microscope can be exploited 
by making thin facsimiles of the exposed surface 
of the frozen specimens using the replication tech-
nique. The samt technique also makes it possible 
to obtain information in three dimensions. 

The replica is formed by shadowing the 
sample with an electron dense metal at an angle 
to the general plane of the object. By this means 
very fine detail indeed can be brought into 
relief. The shadowing film on its own, however, 
is not sufficiently uniform or strong to sustain 
further manipulation. It is essential, therefore, 
to bind all the isolated patches of shadowing 
material with another film which in this case 
must be electron transparent, relatively struc-
tureless and yet strong enough to maintain the 
integrity of the replica. For this purpose, 
carbon is particularly suitable. 

The well-established method of shadowing 
with platinum and a trace amount of carbon 
(Bradely, 1958; Moor, 1959) retains its popu-
larity and seems to be favoured by many micro-
scopists involved in the replication of biological 
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materials. The production of thin films of 
platinum and carbon is achieved by operating a 
carbon arc or an electron gun. In the first case, 
incorporation of some platinum wire on the 
carbon electrodes is sufficient to melt and evap-
orate platinum from a bead facing the specimen 
(Stolinski and Breathnach, 1975). In the second 
case, a stream of electrons is focused onto a spot 
on a carbon substrate which on bombardment 
with electrons sufficiently raises its temperature 
to release either pure carbon or platinum carbon 
as the case may be. 

The two main disadvantages associated with 
the evaporation of materials from a very hot 
source are first, the release of vapours, gases and 
volatile materials from the electrodes just 
before the actual evaporation of the shadowing 
material takes place and secondly, simultan-
eous production of large amounts of heat in the 
form of radiation. Unless specific precautions 
are taken, the material released from the hot 
source together with the accompanying heat 
may profoundly affect the freshly exposed frac-
ture face of the sample. 

However, the amount of material released 
from the hot source can be substantially reduced 
by a thorough outgassing of the entire electrodes 
system by heating it in vacuum to the tempera-
ture just below that at which evaporation of the 
platinum—carbon occurs. Hopefully by this 
means most of the potential contaminants can 
be removed from the electrodes prior to fractur-
ing of the sample. The second effect, which is 
manifested during the process of excessive heat 
radiation, can also be substantially reduced by 
the use of a shutter installed in front of the 
evaporation source and by placing the source at 
least 15cm from the specimen. The shutter 
should occlude the fractured sample from the 
hot source until actual evaporation of the 
platinum carbon commences. In this way, the 
amount of radiated heat that does reach the 
specimen is further reduced by the stream of 
evaporated particles present between the source 
and the specimen. The shutter can be closed as 
soon as a sufficient amount of the shadowing 
material has been deposited and the evaporation 
may then be terminated. 

Occasionally details on the replica are seen to 
be rather fuzzy, lacking sharpness and definition. 
In such a case small particles with round halos 
are generally present. This type of image is 
invariably caused by the evaporation of an in-
correct mixture of platinum and carbon, with  

too large a proportion of the latter (Fig. 4). The 
correct mixture is one which makes it possible 
to produce a film which is very electron dense 
(and thereby with a high proportion of plati-
num) so as to produce a recognizable image, and 
yet sufficiently thin so as not to obscure finer 
details present in the replica. The optimum 
thickness should be arrived at gradually by 
continuously assessing the quality of the replica 
image when a resolution of about 2nm should 
be obtained. One of the best guides in such an 
assessment is the ability to clearly demonstrate 
gap junction pits on the membrane fracture face 
(Fig. 5) where the rim of the pit facing the beam 
should be seen as a dark crescent with its concave 
side facing the beam. When the film is too thick, 
the gap junction pits may be completely ob-
scured while the particles associated with the 
junction lack their normal appearance. 

Where flat surfaces are concerned, the angle 
of evaporation is usually chosen to be 45°. In 
that case, a convenient guide to the height of the 
shadowed objects is easily obtained from the 
length of the shadows, which are then equal to 
their height. However, it is inevitable that 
where freeze-fractured material is concerned, 
the fracture plane may be inclined at angles 
which vary considerably from the flat, over the 
entire surface. It is, therefore, of considerable 
advantage to evaporate shadowing material at 
an angle which is greater than the usual 45°. 
The convenience of easy estimation of heights is 
lost in this case anyway because of the fracture 
plane modulations, while by evaporating, for 
example at 55°, a much larger proportion of the 
fractured tissue receives the shadowing film. In 
this way the amount of useful information is 
extended over a proportionally larger area 
while at the same time producing a slightly 
stronger replica. 

Thawing and removal of the tissue 
It is inevitable that replicas formed on frac-

tured surfaces become very strongly attached to 
the surface of the object that is replicated. It is 
important, therefore, that the sample, whatever 
its nature, should be prevented from under-
going changes in dimensions during subsequent 
manipulation, otherwise the adhering replica 
which lacks elasticity and cannot be deformed, 
will be destroyed by fragmentation. It is 
advisable, therefore, to avoid stresses, and 
preferably to thaw the frozen sample slowly in 
the same solution in which it was immersed prior 
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Fig. 4. Replica of a perineurial cell membrane. Note the indistinct appearance of the membrane 
associated particles (P) due to a high proportion of carbon in the shadowing material. (The 
encircled arrow here and in following micrographs indicates the direction of shadowing.) 

x 95,000. 

Fig. 5. Replica of a gap junction on the cell membrane 
fracture face from an early chick embryo. Note the 
accumulation of shadowing material on the inner 
rim of the pits (Pi) away from the direction of 
shadowing while the particles (P) accumulate the 
shadowing material on the front edge towards the 
direction of shadowing. x 260,000. 

to rapid freezing. The removal of tissue should 
then be commenced in a solution which does 
not produce any noticeable shrinkage of the 
tissue. In our laboratory a mixture of 10% 
nitric and 10% sulphuric acids or a weak solu-
tion of caustic soda (approximately 5 to 10%) 
is used for that purpose. Depending on the type 
of tissue this initial treatment is carried out 
overnight or longer. After this the sample may 
be transferred to a strong acid (about 50%) or 
alkaline solution (about 20%) which is then 
heated to a temperature of 60°C. Provided that 
there is no evidence that the replica is likely to 
be damaged (e.g. due to shrinkage of the tissue 
which causes the replica to fragment) the sample 
is subsequently transferred to a concentrated 
solution and heated again for a prolonged length 
of time until all the tissue disappears. When 
there are signs of damage, the process must be 
carried out more gradually, that is, by using 
weaker solutions over a longer period of time. 
In the last stages of the process a transfer from 
acid to alkali with a wash in distilled water in 
between, tends to facilitate the final removal of 
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the organic material. Finally, a test fragment 
of the replica should be washed repeatedly in 
distilled water and examined in the electron 
microscope. The above prolonged procedure 
applies to unfixed tissues such as skin and peri-
pheral nerve and all fixed tissues which are also 
difficult to remove. Soft, unfixed tissues and cell 
suspensions are much easier to digest, and it is 
found that clean replicas can be recovered from 
them in a few hours. Otherwise the same pro-
cedure as for difficult tissues is applied except 
for reducing the time factor. 

Mounting of replicas on supports 
In order to recover very large fragments of 

the replica, the method devised by Steere (1957) 
may be utilized where frozen tissue with an 
already formed replica is reinforced with liquid 
methacrylate outside the vacuum chamber 
while it is still in the frozen state. After poly-
merization of the methacrylate, which sticks to 
the replica, the removal of tissue is carried out. 
The methacrylate is finally dissolved before the 
replica is examined in the microscope. 

If the replica is picked up on specimen grids 
of the usual type (i.e. 200-300 mesh), much 
useful information is likely to be lost due to the 
relatively large size of the grid bars. One way to 
overcome this problem is to use grids with a 
large open area covered by a support film, e.g. 
of formvar. However, it is difficult to avoid 
trapping some unwanted material between the 
support film and the replica which can, of 
course, spoil the overall quality of the image. 
A much less tedious and practical solution is to 
use grids with relatively fine bars and a large 
useable area. In particular the hexagonal type 
grids, with bars only about 5p.m wide, as 
supplied by Gilder Grids Ltd., 23, Macfarlane 
Road, London W12 7JY (type REP 50 or 30), 
are especially useful for this purpose (see Fig. 6). 

Photography 
Some workers have adopted the procedure of 

reversing the image in order to produce dark 
shadows similar to that obtained when illumin-
ating a specimen with bright light. However, 
this can be very misleading and confusing so 
that it has become common practice to adopt 

Fig. 6. Replica supported on a copper grid with narrow bars approximately 5p.m in width ar-
ranged in the form of hexagons (Gilder Grid, Type REP 50). This type of supporting grid makes 
it possible to obtain the maximum amount of information without the use of a supporting film. 

x 240. 
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the more conventional approach of printing to 
obtain a positive image of the replica. In this 
way a direct analogy can be made with objects 
sprayed with black paint where the sprayer is 
held at an angle to the plane of the painted 
(shadowed) object. It is helpful also to arrange 
micrographs in such a way that the direction 
of shadowing (which should be indicated by an 
encircled arrow) is from below, or as if the 
shadowing material was evaporated up and 
away from the observer. This last procedure 
helps considerably in the interpretation of the 
topography of the replica, that is in deciding 
what is up or down, as well as making it much 
easier to compare micrographs with similar 
features. 

It is well known that replicas present the 
microscopist with a very contrasty image. This 
fact almost reverses the problems associated with 
the recording of images from ultra-thin sections 
where contrast has to be enhanced by various 
means. With replicas, every effort should be 
made to reduce contrast and to record the 
image without loss of detail. This can be 
achieved by using soft negatives and special 
developers as well as low contrast photographic 
paper for final printing, all of which help con-
siderably in this respect. In addition, it may be 
necessary to apply higher accelerating voltages 
when recording the image in the microscope 
thus creating conditions that also tend to 
overcome high contrast. 

ARTIFACTS 
Freeze-fracture replication, just as any other 

technique used to portray tissues in the electron 
microscope, is endowed with its own set of 
specific artifacts. The first group of artifacts 
associated with the technique is linked with the 
preliminary treatment of tissue, up to and 
excluding the effects which accompany rapid 
freezing of the sample. To be able to recognize 
and document such artifacts it is necessary first 
of all to study material which was minimally 
interfered with, and only then to draw con-
clusions from the comparisons between affected 
samples and others that were minimally treated. 
Fortunately freeze-fracture methodology is suffi-
ciently flexible to allow observation of tissue in 
a state which is very close indeed to its normal 
state in vivo (Heuser et al., 1975; Dempsey and 
Bullivant, 1976; Stolinski and Breathnach, 
1976). When the results obtained from this  

method are compared with ones where full 
cryoprotection, for example, was applied the 
possibility of arriving at useful comparisons 
becomes quite practical. In addition, the effects 
produced by chemical fixation or prolonged 
cooling of the sample can be investigated using 
the same method. 

The freezing process itself, which is inherent 
to the method and therefore unavoidable, must 
also be taken into consideration. Provided that 
obvious artifacts associated with the freezing 
process, like ice crystal formation, are prevented 
by using the correct freezing rate and adequate 
cryoprotection, one effect of considerable im-
portance, namely volume alterations which 
accompany freezing of solution, should be 
considered (Lusena and Cook, 1957). This 
effect is bound to produce some specific artifacts 
which as yet have not been systematically 
studied or documented. Prolonged permeation 
of unfixed samples with cryoprotectants may 
result in the onset of necrosis or autolytic 
changes which may manifest themselves on 
replicas (McIntyre et al., 1974). "In addition, if 
such permeation is carried out at reduced 
temperatures in order to delay necrotic changes, 
some additional changes resulting from cooling 
may be produced. 

Another set of important artifacts concerns 
the fracturing process. At this stage of processing, 
considerable forces are applied to the frozen 
solid which may produce some stretching of cell 
components (Fig. 7). It is also frequently ob-
served that the fracturing devices tend to rub 
locally the frozen specimen instead of parting it. 
At such places, heat is produced by friction 
between the ice and metal blade resulting in 
melting of the frozen medium. Such rubbed 
areas are completely devoid of useful information 
while the adjacent ones that were correctly 
fractured appear heavily contaminated (Fig. 8). 

During the very critical time when a fresh 
surface is exposed by fracture and before the 
replica is formed, the newly exposed clean areas 
tend to attract molecules from the residual 
atmosphere. Two types of contaminating vap-
ours must be taken into account at this stage, the 
water vapour deposition and, if present, the 
deposition of oil vapour originating from the 
diffusion pump. At a vacuum of 10-s torr, one 
monolayer of water may be formed on freshly 
exposed surfaces approximately every 4 sec. It 
is of considerable importance, therefore, to 
reduce this phenomenon and also to be able to 
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account for it when, for example, it is found that 
the membrane associated particles are rather 
large or indistinct and that pits associated with 
gap junctions are obscured. Shrouding of the 
fractured specimen with a cold shield, which 
creates good local vacuum conditions around 
the specimen, is of considerable help in reducing 
this external contamination. 

The shadowing of the exposed surfaces which 
is attained by the evaporation of metal from a 
very hot source may produce visible damage on 
the fractured tissue. An almost `melted' appear-
ance of the tissue points to the problem and 
indicates that excessive amounts of heat in the 
form of radiation reached the fractured surface 
before actual evaporation of the metal occurred. 

The presence of binding material in the form 
of electron transparent carbon usually does not 
introduce artifacts. It is important, however, 
to be able to recognize this film when it does 
become visible. It manifests itself when a layer 

Fig. 7. Replica of a bacterial storage granule (G) of carbon is viewed edge on, on structures which 
showing substantial deformation produced during are vertically disposed to the electron beam 
fracturing. 	106,000. 	 (Fig. 9) . 

Fig. 8. Replica of cells from chick embryonic tissue showing on the left typical damage observed 
when the edge of the fracturing device comes into contact with the frozen tissue. The nucleus 
with pores (NP) on the right of the micrographs as well as the cytoplasm (Cp) on the left ap-

pear to be contaminated by material originating from the scraped area. > 31,000. 
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Fig. 9. Replica of cell organelles exhibiiin;; regions where carbon (C) appears as a broad dense 
line, but only when viewed vertically. >; 56,000. 

Lastly, inadequate cleaning of the replica may 
result in some organic material being left 
attached to the replica. However, such struc-
tures are usually easy to recognize and may be 
removed by repeated treatment with hot nitric 
acid. 

In general, it can be argued that the very fact 
that one is not observing the actual sample 
but only its representation in the form of a 
replica constitutes a major drawback of the 
technique. Nevertheless, it should be remem-
bered that a replica when produced under 
favourable circumstances remains in direct 
contact with the investigated object, thus reason-
ably faithfully portraying its real structures. In 
fact this re-representation is an advantage to the 
electron microscopist because a replica which 
is composed of platinum and carbon suffers 
much less damage from the electron beam than 
an ultra-thin section of organic tissue or a 
biological specimen placed on a carbon support 
film. 

On the whole, as far as it is possible to 
ascertain from current literature, replicas ob-
tained by the freeze-fracture technique provide 
a reasonably faithful reproduction of cell mor-
phology without any obvious adverse changes 
being directly visible. As such, the technique is  

not only useful but provides a more realistic 
approach to the study of the finer structures of 
cells than can be obtained with most other 
methods. 

OTHER DEVELOPMENTS 

Freezing without cryoprotection 
Very rapid freezing of the sample which 

results in almost complete vitrification of water, 
may be achieved with the method of spray 
freezing. The method employs a spray of very 
fine droplets, containing cells or other small 
fragments, directed into a container filled with 
liquid propane at — 190°C (Bachmann and 
Schmitt-Fumian, 1973). Subsequently, the liquid 
propane is evaporated and replaced by an 
appropriate binding medium for further routine 
handling. One of the main drawbacks of the 
method is that it cannot be used to process 
tissue in bulk; however, as far as isolated cells 
or bacteria are concerned, the method remains 
as a very promising proposition. 

If only the superficial layers at a sample are 
to be examined, very rapid freezing, without the 
use of a cryoprotectant, can be employed 
provided there are no obvious signs of ice 
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crystal damage in the first instance. In such cases, 
and while there may be no evidence of distortion 
by ice crystals after sublimation (Stolinski and 
Romano, 1976; Stolinski and Breathnach, 
1977), fracturing will reveal a considerable 
amount of damage in the interior of the tissue 
due to large ice crystals while the outer layers, 
several microns in thickness, will present a 
recognizable morphology (Heuser e1 al., 1975; 
Stolinski and Breathnach, 1976). 

The sublimation process 
The sublimation technique or freeze-drying 

in conjunction with metal shadowing, was 
employed for the visualization of various 
biological objects long before freeze-fracturing 
became established (Wyckoff, 1949). 

Hall (1950), investigated the process in 
greater detail but it was in the 1970's that the 
procedure, as applied to the freeze-fracture 
technique, was fully analysed (Davy and Bran-
ton, 1970). 

The sublimation process in conjunction with 
freeze-fracture may be usefully applied to the 
study of some specific structures attached to 
biological membranes. In such cases, the 
frozen solution surrounding the structural 
components is converted directly into vapour 
resulting in the gradual uncovering of structures 
which are not affected by the sublimation 
process. The rate and extent at which structures 
are revealed, depends primarily on the tempera-
ture of the specimen and concentration of the 
cryoprotectant (Moor, 1971, 1973; Staehelin 
and Bertaud, 1971). In general, it is recom-
mended to carry out the procedure at high 
vacuum approaching 10-7  torr and to sublimate 
specimens at —100°C for up to 5min. 

The above type of procedure has been used 
with considerable success to identify labels, in 
the form of ferritin or haemocyanin, attached to 
immunoglobulins and in turn to study their 
relationship with components of cell membrane 
exteriors (Pinto da Silva and Branton, 1970; 
Tillack and Marcheri, 1970; Tillack et al., 1972). 
In this work the sublimation process was in-
variably preceded by fracturing, resulting in 
only a limited exposure of membrane exteriors. 
This was mainly due to the predominance of 
fissure type membrane faces on the replicas. 
However, a correlation between groupings of 
labelled molecules with the distribution of 
membrane associated particles was successfully 
achieved (Tillack et al., 1972). 

Prolonged freeze-drying of cells (Karnovsky 
et al., 1972; Smith and Revel, 1972) can also 
be used for the purpose of demonstrating 
specifically attached labels. However, extensive 
freeze-drying may possibly damage or remove 
labels and on the whole the replicas tend to be 
of poor quality when compared to the ones 
obtained after routine freeze-fracture. 

Another method where the quality of replicas 
was substantially improved involved rapid 
freezing with minimal or no cryoprotection and 
sublimation without prior fracturing. On the 
removal of the external thin layers of frozen 
material, various molecules without labels 
were observed on extensive areas of flattened 
cell membranes (Stolinski and Romano, 1976) 
as well as the fine structure of collagen fibres 
(Fig. 10), see also Stolinski and Breathnach, 
1977). 

Matched fracture faces 
In order to compare matched fracture faces 

it is necessary to successfully recover replicas 
of two separate surfaces which originated from 
a continuum (Fig. 11). The main advantage in 
being able to do this (as compared with the 
study of micrographs of unmatched faces) is that 
it becomes possible to reconstruct the three-
dimensional form of the component of the intact 
membrane. This type of exercise can be success-
fully applied to a number of different structures 
observed in various configurations on fissure 
type fracture faces associated with biological 
membranes. The nature and spatial location of 
various particles associated with membranes can 
be attempted, while the overall structure of cell 
contacts and various fenestrae may be visualized 
with precision in three dimensions to a far 
better extent than from a single non-matched 
replica. Another application of the technique 
is in the study of artifacts such as arise due to the 
stretching of tissue components or contamina-
tion of fracture faces with external material. 
In such instances, imperfections can be readily 
visualized on a pair of matched replicas where 
they appear as unmatched objects. 

The technique presents some considerable 
difficulties and the ability to identify matched 
fragments necessitates the acquisition of con- 
siderable patience and skills. In practice, three 
main difficulties must be overcome when 
matched fracturing is undertaken. Firstly, a 
co-ordinate system on a special folded grid 
which is common to both replicas should be 
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Fig. 10. Replica of surface sublimated rat tail tendon exhibiting the fine banding structure of 
teased collagen fibres which are neither fixed nor cryoprotected. 85,000. 

1'ig. 1 I. Matched replicas of human erythrocyte showing fracture faces types P and E. Hb, hemo- 
globin. x 21,000. 

employed in order to aid the subsequent search 
for matched features. Secondly, the type of 
apparatus employed for fracturing should be 
one in which there is an appropriate mechanism 
for retaining individual grids on two separated 

parts of the mechanism. Thirdly, the system of 
co-ordinates on the grids to which the replicas 
are attached should withstand prolonged treat-
ment with acids or alkalis when removing the 
attached tissue. Over the past few years, a 
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number of devices have been designed which 
partly meet with the above requirements. The 
first, designed by Steere and Moseley (1969), 
consisted of a hinged sample holder which would 
be operated under vacuum. The device, how-
ever, does not include any co-ordinate systems 
to aid the search for matched objects. Chalcroft 
and Bullivant (1970) devised a system whereby 
the fracturing of the tissue was performed out-
side the vacuum chamber while the replication 
was carried out subsequently in a module des-
cribed earlier by Bullivant and Ames (1966). 
Hess and Blair (1972) managed to incorporate 
finder grids in their device where vaseline was 
used to aid correct separation of the two grids. 
A simple device, which incorporated purpose 
designed finder grids, was constructed in our 
laboratory (Stolinski and Breathnach, 1975). 
Several other devices have also been con-
structed for incorporation into existing freeze-
fracture replicators (Wehrli et al., 1970; Moor, 
1971; Veltri and McAlear, 1971; Sleytr and 
Umrath, 197.1). 

Rotary shadowing 
Recently a technically very difficult experi-

ment has been carried out whereby a freeze-
fracture sample was shadowed uniformly from 
all directions. This was achieved by means of a 
special rotating device fitted to the specimen 
stage (Margaritis el al., 1977). This type of 
evaporation produced a decoration type effect 
which revealed, for example, some symmetry in 
the structure of membrane associated particles. 

INTERPRETATION AND TYPICAL 
APPLICATIONS 

From the very early days when the first 
replicas of fractured tissue became available, 
the completely new presentation of ultrastruc-
ture required a good measure of interpretive 
work. Among many outstanding problems, the 
identification of the exact position of the fissure 
produced in the biological membrane during 
the process of fracture became of considerable 
importance. Some early interpretations identi-
fied the fracture faces with the outer and inner 
membrane surfaces. This view, however, was 
not verified. Subsequently, Branton (1966, 
1969) gave a much more satisfactory explana-
tion of the position of the fissure within the 
hydrophobic interior of the membrane. His 
view was further substantiated by experiments  

involving sublimation where the true outer 
surface of the membrane was demonstrated side 
by side with the fractured face with the two 
faces separated from each other by a uniform 
shallow step (Fig. 12). Some very interesting 
experiments were also performed which utilized 
the splitting property of biological membranes. 
It became possible, for example, to investigate 
individual membrane halves which after frac-
turing were examined to determine the distri-
bution of cholesterol in the separated membrane 
leaflets (Fisher, 1976). In general, it may be 
concluded that the possibility of viewing face-on 
such a thin structure as a biological membrane 
in the form of four distinct faces separated by 
only one-half of the membrane thickness, makes 
the technique potentially a very powerful 
method in membrane structure analysis. 

The technique from the very beginning 
yielded some unexpected results when small 
globular particles of 8nm dia. were reported on 
membrane fracture faces. These type of particles, 
named `membrane associated particles' (MAP) 
were eventually identified as a real component 
of biological membranes, representing in all 
probability their protein constituent (Fig. 13). 
Some convincing evidence about the identity 
of MAP's has also been obtained from investiga-
tions involving artificial membranes. By intro-
ducing hydrophobic proteins into liposomes, 
which normally appear smooth on replicas, 
particles very similar in appearance to MAP's 
were demonstrated on protein-treated mem-
branes (Vail el al., 1974). 

The frequency of distribution of such particles 
was studied extensively by Branton (1969) and 
very soon it became apparent that this distri-
bution was asymmetrical. In unfixed tissues, 
fracture face type P was found to be populated 
to a greater extent than type E (Someda and 
Weinstein, 1967). In turn, mobility and removal 
of particles under the action of enzymes 
(Branton, 1971), changes of pH (Pinto da Silva, 
1972), temperature (Wunderlich el al., 1974) 
and action of fixatives (Breathnach et al., 1976), 
were extensively investigated in many labor-
atories. The distribution and patterns of MAP's 
were studied with computer assisted analysis by 
Mehlhorn and Packer (1976). In this way, 
valuable new information relating to membrane 
properties which previously could only be 
studied with difficulty, became readily available. 

Another related field of study to which the 
technique was applied in earnest, involved the 
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study of cellular contacts. Vast amounts of new 
information emerged thereby greatly extending 
knowledge of the structure, formation and dis-
tribution of cell contacts. A number of compre-
hensive reviews relating directly to this subject 
reflects the importance of this application 
(see for example, McNutt and Weinstein, 1973; 
Staehelin, 1974). In addition, structural studies 
on gap junctions were conducted in parallel with 
biochemical investigations (Goodenough and 
Gilula, 1974; Decker, 1976). The structure of 
desmosomes in skin (Breathnach et al., 1972, 
1973; Kelly and Shienvold, 1976), which 
tended to be rather neglected in the review 
articles, were also investigated by this tech-
nique. The overall application of the technique 
to investigative dermatology has been critically 
assessed by Breathnach (1973). 

In an extensive study based entirely on the 
use of the freeze-fracture technique, a consider-
able amount of new information has been 
obtained recently about the fine structure of the 
central and peripheral nervous system, thereby 
further endorsing the value of this type of 
approach (Sandri et al., 1977; see also Fig. 14). 
Small fenestrae, such as nuclear pores (Fig. 15) 
and endothelial pores (Fig. 16), which can be  

very conveniently revealed face-on in replicas 
have also been extensively studied by this 
technique and clear indications obtained about 
both their size and distribution (Friderici, 
1968; Severs and Jordan, 1975). 

Phenomena associated with membrane fusion, 
be it during the exocytosis of cellular vesicles 
(Satir, 1975; Weiss et al., 1977) or when the 
fusion of two cell membranes is suspected 
(Stolinski, 1977) have also been conveniently 
studied with the technique. 

Besides the examples of some of the more 
obvious applications of the technique outlined 
above, all other tissues from the animal and 
plant kingdom may be investigated giving a 
fresh and new outlook on cell ultrastructure 
which previously was only available by the use 
of ultra-thin sections. 

FUTURE PROSPECTS 
The new developments in the technique point 

to a real possibility that in future investigations, 
routine processing of the samples may com-
pletely forego cryoprotection. Combined with 
improvements in methods for the rapid freezing 
of tissue, the technique may eventually allow for 
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Fig. 15. Replica showing fracture faces of the cell membrane of an endothelia I cell from guinea-pig 
choroid. Note numerous fenestrae on fracture faces type E and P. Cp, cytoplasm; L, Lumen. 

x 140,000. 

Fig. 16. Replica of a cell with a prominent nucleus from an early chick embryo. Numerous 
nuclear pores are observed on fracture faces E o and P in. Cp, cytoplasm, P and E, fracture faces 

of the cell membrane. x 22,000. 



Freeze-fracture Replication in Biology: A Review 	 109 

observations of replicas of relatively undamaged 
tissue, thus possibly portraying even closer the 
actual living state. The application of modern 
vacuum techniques and efficient pressure moni-
toring, should also play an important part in 
improving the quality of replicas. Such de-
velopments, in addition to improvements in 
methods employed for the evaporation of 
shadowing materials, may eventually enhance 
the resolution of the technique beyond the 
present limits of 2nm. 

More frequent applications of a sublimation 
technique, without previous fracturing as applied 
to the study of cell exteriors, may also be foreseen. 
With this variation of the technique much 
clearer observations of the external features of 
cells and molecules attached to membranes may 
be achieved. 

On the whole, the fact that the freeze-fracture 
technique combined with sublimation offers 
unprecedented precision for an effective visual-
ization of the structure of biological membranes 
and its specialized contacts, makes the entire 
technique especially important in this type of 
investigation. 

Finally, if one may be allowed a prediction 
into future operation of a laboratory involved in 
ultrastructural studies, one may perhaps en-
visage some microscopist freezing extremely 
rapidly a biological sample, mounting it inside 
an electron microscope on a built-in cold stage, 
fracturing or sublimating surface layers (all 
functions performed inside the microscope) and 
observing within minutes tissue samples at a 
resolution which may then be better than 1 rim. 
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INTRODUCTION 

Recognition of processing artifacts, and their elimination as far as possible, is a 
basic requisite for acceptance of any new ultrastructural technique. With the freeze—
fracture replication technique, certain procedures, namely, infiltration of tissues 
with cryoprotectants, processing at low temperature (0-4 °C), and chemical fixation, 
have been introduced to eliminate major sources of artifact such as ice crystalliza-
tion within tissues, and autolysis. However, recent reports suggest that these pro-
cedures themselves may be responsible for introducing artifacts, notably, the 
aggregation or redistribution of intramembranous particles (McIntyre, Gilula & 
Karnovsky, 1974; Wunderlich, Wallach, Speth Sc. Fischer, 1974). A major difficulty 
in assessing the precise effect of an individual procedure or agent lies in establishing 
a base line picture of `normality', i.e. a picture of membrane fracture faces from 
material which has been rapidly frozen at physiological temperature without cryo-
protection or chemical fixation. Such a picture for unicellular organisms and single 
cells of higher animals may be obtained by using spray freezing methods (Plattner, 
Schmitt-Fumian & Bachmann, 1973), but such methods are not applicable to 
organized tissues. Riehle (1968) concluded on theoretical grounds that in the case of 
rapidly frozen, non-cryoprotected, bulk tissue, an outer crust of 2-3 pm thickness 
should be free of ice crystals. His argument suggested it might be worth while sub-
mitting freshly removed pieces of organized tissues to rapid freezing without cryo-
protection or chemical fixation, in the hope that some areas free of damage might be 
replicated following freeze—fracture. Success would provide a picture of membrane 
fracture faces unaltered by either ice crystallization, cryoprotectants, chemical 
fixatives, or autolysis, for comparison with faces of membranes allegedly altered 
during conventional processing. It would also provide a basis of reference for experi-
mental investigation of the effects of agents on tissues, as revealed by the freeze—
fracture technique. 

MATERIALS AND METHODS 

Small pieces of liver and pancreas were removed from freshly-killed rats, and, 
without chemical fixation or cryoprotection, were immediately loaded into thin-
walled stainless steel tubes of 1.5 mm diameter, to be rapidly frozen in liquid propane 
at — 180 °C. Part of each sample was left protruding by about 0.5 mm above the rim 
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of the tubular holder in order to allow for subsequent fracturing, which was per-
formed in a module incorporating a cleaver mechanism mounted in a cold stage 
(Stolinski, 1975). Surfaces revealed by fracturing were then replicated with platinum-
carbon, and the replicas, following separation from the tissue by concentrated nitric 
acid, were washed in distilled water, mounted on copper grids, and examined in a 
Philips EM 300 electron microscope. 

Micrographs of similar material, fixed and unfixed, which had been infiltrated 
with glycerol for cryoprotection prior to freeze—fracture, were available for com-
parison (Breathnach, Stolinski & Gross, 1972). 

In order to minimize repetition during the following account of results, a brief 
summary of membrane features revealed by freeze—fracture of conventionally 
processed material is appropriate here. As the fracture encounters frozen membranes 
(plasma, nuclear, or those enveloping organelles) it may either go straight across 
them (cross-fracture) or enter their interior and run parallel with them for variable 
distances, thereby exposing extensive areas en face. These membrane fracture faces 
represent internal or `split' faces of membranes, and membrane associated particles 
appearing on them constitute internal structural components (Branton, 1971; 
McNutt & Weinstein, 1973). If one considers any biological membrane, and bears in 
mind that the plane of fracture lies within it, then it is clear that the fracture will 
reveal two faces, one directed towards the material external to the membrane 
(Ext or `A' face), and another directed towards the material internal to, or enveloped 
by the membrane (hit or `B' face). Where a number of similar organelles are present 
in a tissue, both types of face, each from a different organelle, are frequently seen 
on the same replica and these are referred to as complementary faces. At apposi-
tions of plasma membranes both types of face, one for each cell membrane, are seen 
separated by a step representing intercellular material. These latter fracture faces 
exhibit specific features at the sites of specialized contacts (McNutt & Weinstein, 
1973; Staehelin, 1974). The tight junction is revealed as a ridge or row of particles on 
the Ext (`A') face, and a complementary groove, with or without particles, on the 
Int (`B') face. At gap junctions, the Ext (`A') face exhibits closely-packed 8-9 nm 
particles, and the Int (`B') face a series of closely spaced pits; particles and pits are 
frequently hexagonally arranged. 

RESULTS 

In replicas of both liver and pancreas there was a narrow peripheral zone of tissue 
within which no evidence of ice crystallization was observed (Fig. 1). This zone 
was in marked contrast to remaining zones, within which normal ultrastructural 

Fig. I. Replica of cell from peripheral area of block of rat liver which was rapidly frozen 
without prior chemical fixation or infiltration with cryoprotectant. There is no visible ice crys-
tallization in cytoplasm (Cy) or nucleoplasm (Nup); Nunr, nuclear membrane; mit, mitochondria. 
x 36000. In this and all succeeding micrographs the direction of platinum shadowing is indicated 
by arrow at bottom left. 
Fig. 2. Replica of cell located in more central area of block from which Fig. I was taken. Normal 
ultrastructure is destroyed by presence of ice crystals (er). Cy, cytoplasm; Num, nuclear mem-
brane; Nup, nucleoplasm. x 36000. 
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Fig. 5. Replica showing gap junction in pancreatic tissue which was rapidly frozen without 
fixation or cryoprotection. pa, gap-junction particles; pi, gap junction pits on Int face of 
plasma membrane. x 205000. 

morphology was almost completely destroyed by the presence of numerous ice crystals 
(Fig. 2). In areas free of ice damage, plasma membranes, nuclei, and the usual 
cytoplasmic organelles were readily identifiable and exhibited the following features: 

Plasma membrane 
Complementary Ext and Int fracture faces of apposed plasma membranes carried 

particles of similar size and prominence to those of the membrane-associated par-
ticles of conventionally processed material, and they were likewise more numerous 
on the Ext face (Figs. 3 and 4). In addition, both faces exhibited less prominent 

Fig. 3. Replica showing complementary fracture faces (Ext, Int) of apposed plasma membranes 
of pancreatic cells rapidly frozen without fixation or cryoprotection. Note absence of ice crystals 
in secretion within duct (Du). Membrane-associated particles (map) are more numerous on the 
Ext face, and less prominent particles (lpp) are present on both faces; pi, gap junction pits; 
tjp, rows of tight junction particles on Int face: vi, villi projecting into duct lumen; St, step con-
taining intercellular material. x 108000. 
Fig. 4. Replica showing complementary fracture faces (Ext, Int) of apposed plasma membranes 
of pancreatic cells rapidly frozen without fixation or cryoprotection. In the centre of the field 
are areas of both membranes devoid of the prominent membrane-associated particles which are 
evident elsewhere, though less prominent particles are present; Si, intercellular step. From a 
region immediately adjacent to a gap junction. x 161000. 

18 ANA I22 
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particles, and these were particularly evident in regions close to gap junctions where 
the more prominent particles were completely absent (Fig. 4). 

Tight junctions fractured in such a manner that particles remained almost entirely 
attached to the Int face (Fig. 3). The characteristic pits and particles on the appro-
priate faces were present at gap junctions and showed evidence of hexagonal 
arrangement (Fig. 5). In general, the pits were less clearly defined, or more shallow, 
than in material infiltrated with glycerol. 

Nuclear membranes 
Four fracture faces associated with the nuclear envelope may be seen in replicas, 

viz. complementary pairs for the outer and inner membranes. The Ext fracture faces 
of both membranes, when compared (Figs. 6 and 7), exhibited a disparity in particle 
numbers similar to that seen in fixed and unfixed glycerinated material, i.e. more 
particles on the inner membrane, and this difference was reflected on the corre-
sponding Jut faces. Prominent and less prominent particles were present. A notable 
feature of the Ext face of the outer nuclear membrane, in some instances, was the 
occurrence of extensive areas completely devoid of particles (Fig. 8), and similar 
smaller areas were also seen on the Ext face of the inner membrane. These particle-
free areas were not associated with aggregation or mosaic patterning of particles on 
immediately adjacent areas. 

Nuclear pores were clearly evident (Fig. 6) and the intermembranous step appeared 
shallower than in material infiltrated with glycerol. 

Cytoplasmic organelles 
Cross-fractured lamellar membranes of rough endoplasmic reticulum were 

frequently seen in both liver and pancreas, and when revealed en face (Fig. 9) the 
fracture faces exhibited pores of the type described by Orci, Perrelet & Libe (1972). 
Particle density appeared to be about the same on Ext and Lit faces (Fig. 10). 

Two types of mitochondrial fracture faces were encountered. One (Ext), directed 
towards the exterior of the organelle (Fig. I I), exhibited particles and smooth, plaque-
like areas separated by a step. This type of face is frequently encountered in fixed and 
glycerinated material and probably represents overlying fracture faces of the inner 
and outer limiting membranes respectively. The other type of fracture face was 
directed towards the interior of the organelle and exhibited more or less uniformly 

Fig. 6. Replica showing nucleus of liver cell rapidly frozen without fixation or cryoprotection. 
Note again absence of any evidence of ice crystals in nucleoplasm (Nup); Exti, Exto, fracture 
faces of, respectively, inner and outer nuclear membrane directed towards the exterior; 
po, nuclear pores. x 54000. 
Fig. 7. Replica showing nucleus of liver cell rapidly frozen without fixation or cryoprotection. 
Note fewer particles present on fracture face of outer nuclear membrane (Exto) as compared 
with similarly directed face of inner membrane (Exti). Cy, cytoplasm; Nup, nucleoplasm. 
x 110000. 
Fig. 8. Replica showing smooth areas devoid of particles of any type on externally directed 
fracture face of outer nuclear membrane (Exto) of liver cell rapidly frozen without fixation or 
cryoprotection. Prominent and less prominent particles are present on the similarly directed 
face of the inner nuclear membrane (Exti). x 148500. 

18-z 
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arranged particles (Fig. 12). It represented a fracture face of the outer mitochondrial 
membrane directed towards the interior of the organelle. As may be seen from the 
figures, no aggregation or mosaic patterning of particles was evident on membrane 
fracture faces associated with any cytoplasmic organelle. 

DISCUSSION 

It may be agreed, on the grounds of minimal preparational interference, that the 
present micrographs should present a truer picture of the ultrastructure of the tissues 
concerned than those derived from routinely processed material. As such, they can 
provide a base line for identifying artifacts associated with autolytic changes, chemi-
cal fixatives, and cryoprotectants. Here, discussion will be confined to the actual 
similarities and differences observed between the present replicas and replicas derived 
from conventionally processed material, without going into the question of identify-
ing individual causes of specific artifacts. Experiments at present in progress are 
concerned with this matter, and results will be dealt with in a future publication. In 
this general connexion it may be as well to emphasize that the picture presented here 
of tissues is not necessarily perfectly life-like' in all respects, since they have been 
subjected to rapid freezing, and this in itself may give rise to changes which would 
not necessarily be detectable, owing to limitations in the observational techniques 
available. However, any such changes should be common to the two situations in 
question here, and therefore should not affect the comparison being made. 

It is clear from the micrographs and description of results that the general picture 
of the tissues examined here is essentially similar to that of conventionally processed 
material as widely reported in the literature (cf. Orci, Matter & Rouiller, 1971; Orci 
et al. 1972). Cellular components are all identifiable and bear similar relationships to 
one another. Such differences as there are relate mainly to the detailed appearance 
of membranes. With the present replicas, fracture faces of plasma membranes are 
seen to carry, in addition to the usual prominent membrane-associated particles, an 
additional population of less prominent particles, more or less equally distributed 
between the fracture faces Err (`A') and Int (13'). Whereas the former particles 
appear to lie on the material forming the general plane of the fracture face, the less 
prominent particles apparently lie within this material, which is generally regarded 
also as belonging to the membrane. It would appear, therefore, that there may be an 
additional particulate structural component of plasma membrane which is not 

Fig. 9. Replica showing fracture faces of stacked lamellar membranes of rough endoplasmic 
reticulum of pancreatic cell rapidly frozen without fixation or cryoprotection. Note presence of 
pores (po). x 43200. 

Fig. 10. Fracture faces (Ext, Mt) of lamellar membranes of cisternae of rough endoplasmic 
reticulum of liver cell rapidly frozen without fixation or cryoprotection. Particle numbers are 
practically the same on both faces. ti, lipid droplet; hr, lumen of cisterna; mit, mitochondrion. 
x 80000. 

Fig. 11. Replica showing Ext type fracture face of mitochondrion from liver cell rapidly frozen 
without fixation or cryoprotection. x 84000. 

Fig. 12. Int type fracture faces of outer mitochondrial membranes from liver cell rapidly frozen 
without fixation or cryoprotection. x 84000. 
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easily demonstrable in fixed and glycerinated material. A similar extra population 
of less prominent particles was seen on some fracture faces of nuclear membrane 
(Fig. 8). 

The occurrence on membrane fracture faces of smooth areas devoid of conven-
tional membrane-associated particles, is generally regarded as an artifact of those 
processing procedures which were intentionally avoided in the present instance 
(McIntyre et al. 1974; Wunderlich et al. 1974). Accordingly, the presence of particle-
free areas on both plasma and nuclear membranes observed here is somewhat 
puzzling. In the case of the plasma membrane these areas were invariably in the 
immediate neighbourhood of gap junctions, but exhibited the less prominent 
particles referred to above. With the nuclear membrane, no particles of any type were 
apparent within the smooth areas. Smooth areas allegedly due to artifact are often, 
though not invariably (Wunderlich et al. 1974), associated with a local increase in 
number or aggregation of particles in adjacent particle-containing areas. No such 
aggregation was observed here. It is clear that this problem of the occurrence of 
particle-free areas on membrane fracture faces is more complicated than it appears. 
The phenomenon seems to affect different membranes of different tissues under 
different circumstances. Thus, in the present instance, plasma and nuclear membranes 
exhibit the feature (without particle aggregation) but membranes of cytoplasmic 
organelles — mitochondria, rough endoplasmic reticulum — do not. With similar 
material infiltrated with glycerol but not chemically fixed (Breathnach et al. 1972) 
smooth areas and particle aggregation are seen on faces of nuclear membranes and 
membranes of endoplasmic reticulum, but not of plasma membranes; plasma mem-
branes of unfixed, glycerinated lymphocytes, however, do exhibit smooth areas and 
particle aggregation (McIntyre et al. 1974). 

Fixation with glutaraldehyde is known to affect the cleaving behaviour of junc-
tional plasma membrane (McNutt & Weinstein, 1973; Staehelin, 1974), and there-
fore it is of interest to note the appearance of the tight and gap junctions observed 
here. The tight junction always fractured so as to present a row of particles — not 
ridges as in fixed material — on the Int face and a corresponding groove on the Ext 
face. The essentially particulate nature of this type of junction is therefore con-
firmed. The appearance of the gap junction was essentially similar to that previously 
described, and it is interesting to be able to state that the hexagonal arrangement of 
pits and particles is not a result either of chemical fixation or infiltration with cryo-
protectant at non-physiological temperatures. 

Considering the small volume of undamaged tissue present in the specimens, and 
its location at the extreme periphery of the blocks, it may seem unusually fortunate 
that it was successfully identified in the replicas. To some extent this was due to a 
particular design feature of the freeze—fracture module employed (Stolinski, 1975). 
With this apparatus the entire area of the specimen, even its peripheral portions, is 
available for replication, as the device which induces the fracture does not come into 
contact with the surface revealed. Further refinements in rapid freezing techniques 
might lead to larger volumes of undamaged tissue being available for replication. 
However, cryoprotection of organized tissues must remain a standard procedure for 
the foreseeable future: the limited success without such protection demonstrated in 
the present study does not justify a general abandoning of cryoprotection. 
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SUMMARY 

Fresh pieces of rat liver and pancreas were rapidly frozen without prior chemical 
fixation or cryoprotection, and replicated following freeze—fracture. Replicas re-
vealed small peripheral areas free of ice crystals or damage and, within such areas, 
general ultrastructural morphology was essentially similar to that seen in conven-
tionally processed material. On fracture faces of plasma and nuclear membranes a 
population of less prominent particles in addition to conventional membrane-
associated particles was seen, and smooth areas devoid of particles of any type were 
seen on some nuclear membranes These smooth areas did not appear to be similar 
to smooth areas allegedly arising as artifacts of conventional processing. Tight 
junctions and gap junctions appeared as they do in cryoprotected specimens. 

The results provide a base-line for assessing the possible effects of processing steps 
or agents on the ultrastructure of organized tissues as revealed in freeze—fracture 
replicas. 

This study was supported by grants to one author (A.S.B.) from the Wellcome 
Trust and the Medical Research Council. 
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SUMMARY 

Collagen fibrils from various rapidly frozen mammalian tissues were examined by the 
technique of straightforward freeze-fracture, freeze-fracture followed by sublimation and 
surface sublimation technique. Fixed and non-fixed specimens cryoprotected either with 
glycerol or dimethylsulphoxidc (DMSO), as well as non-cryoprotected ones, were examined. 

Fibrils were observed either with a banded pattern or as helically twisted strands, and in 
some cases as a combination of both arrangements. Minimally processed fibrils presented a 
clearcut banded appearance, while the helical pattern seemed to be associated with the 
presence of the cryoprotectant, glycerol and DMSO. It is concluded that the banded appearance 
is in all probability a normal feature of the collagen fibrils in vivo, and that the helical pattern 
is an abnormal feature resulting from various pretreatments of tissue. 

INTRODUCTION 

The suggestion that the collagen fibril may have an underlying helical structure 
began to appear in the literature some years ago (Wyckoff, 1949;  Reed, Wood & 
Beech, 1956; Hall, Lloyd, Saxl & Happey, 1958), but it is only recently that clearcut 
supporting evidence of a morphological nature has been reported. Szirmai, van 
Raamsdonk & Galavazi (197o) applied the freeze-etch replication technique to 
tendon, cornea, cartilage, and aorta, and described a twisted appearance of fibrils 
which they believed to be derived from a sheet of material coating them. Shortly 
afterwards, Bouteille & Pease (1971) examined fresh unfixed collagen prepared by 
a technique of ' inert dehydration', and demonstrated what they concluded was 
a helical organization of unit filaments within individual fibrils. The twisted appear-
ance of collagen in replicas was subsequently confirmed by Breathnach (1973) and 
by Rayns (1973) in skin and beef heart respectively. All of the above authors made 
some reference to the more characteristic cross-banding of the fibrils seen in thin 
sections of routinely prepared material and to the effects of fixation, but their 
observations were in general incomplete, and at times contradictory. For example, 
Breathnach (1973)  reported that the helical arrangement was most conspicuous in 
replicas of unfixed, fractured non-sublimated material, and that cross-banding became 
evident only following sublimation. Rayns (1974),  on the contrary, found the helical 

* Correspondence: C. Stolinski, Department of Anatomy, St Mary's Hospital Medical 
School, London W2 IPG. 
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arrangement to be more clearly evident in unfixed, fractured and sublimated material. 
Szirmai et al. (1970) and Breathnach (1973) tentatively concluded that helically 
arranged material lay on the surface of the fibrils, whereas Rayns (1974.) thought 
his evidence suggested a superficial position of transversely oriented material. In 
view of these different results and opinions it seemed desirable to make a further 
examination of the cleavage properties and appearances of collagen in particular 
circumstances. 

MATERIALS AND METHODS 

Observations were made on collagen fibrils in connective tissue of rat cheek, rat liver, and 
tail tendon. Individual specimens were processed as follows: 

(r) Blocks of tail tendon were fixed in buffered 2 % glutaraldehyde dehydrated and bulk 
stained with phosphotungstic acid (PTA) in graded ethanols, embedded in Araldite, and 
thin sections were cut with a diamond knife. 

(2) Tail tendon, teased in T.C. 199 medium, was rapidly frozen without previous chemical 
fixation or cryoprotection, and submitted to surface sublimation. 

(3) Chemically fixed (2 % glutaraldehyde) tail tendon, teased in distilled water was rapidly 
frozen, without cryoprotection, and submitted to surface sublimation. 

(4) Fixed (2 % glutaraldehyde) and unfixed specimens of cheek connective tissue were cryo-
protected with glycerol (to % for 1 h, followed by 25 °%, for 1 h), rapidly frozen, fractured, 
and replicated without sublimation. 

(5) Fixed and unfixed specimens of cheek connective tissue were cryoprotected with D1\'ISO 
(10 °-) for 1 h, followed by 25 % for 1 h) rapidly frozen, fractured, sublimated, and replicated. 

(6) Specimens of human peripheral nerve were rapidly frozen without either prior fixation or 
cryoprotection, and fractured and replicated. Similar fixed and unfixed material cryopro-
tected with glycerol was also fractured and replicated. 

This range of procedures would, it was expected, allow more clearcut assessment than 
previously of the effects of individual processing steps on the appearance of the helical pattern 
and cross-banding of frozen collagen fibrils. Surface sublimation in vacuum for 3 min at 
— 86 `C, and replication without previous fracturing of the tail tendon material was performed 
according to a technique previously applied to erythrocytes (Stolinski & Romano, 1976). All 
specimens were rapidly frozen in liquid propane, and transferred to a freeze-fracture apparatus 
(Stolinski, 1975) for fracturing, surface sublimation and replication. 

In addition to the above, many replicas of human foetal and fully developed skin, unfixed, 
but cryoprotected with glycerol, were available. 

In this account the term `fibril' is assigned to a single collagen strand, the diameter of which 
may vary. The term ` filament' is reserved for any longitudinally disposed subcomponent of 
the above structure. 

Fig. 1. PTA-stained thin section of rat tail tendon, exhibiting characteristic banding 
of collagen fibrils. x 89000. 
Fig. 2. Replica of unfixed, rapidly frozen, and surface-sublimated rat tail tendon, 
showing stepped banding of collagen fibrils. Encircled arrow on this and succeeding 
micrographs indicates the direction of shadowing. x 89000. 
Fig. 3. Replica of glutaraldehyde fixed, rapidly frozen and surface sublimated rat 
tail tendon, showing stepped banding similar to that seen in Fig. 2. Some material 
is observed superficial to the collagen fibrils, possibly as a result of fixation. x 89000. 



Collagen fibril structure 	 327 



328 	 C. Stolinski and A. S. Breathnach 

RESULTS 

Thin sections 
The appearance of collagen fibrils in stained thin sections (Fig. i) is sufficiently 

well known as to require little comment here. All that need be said is that the major 
periodicity — 53 nm — was found to be about i7 % less than the 64 nm frequently 
quoted for untreated or reconstituted fibrils. This commonly encountered difference 

niampoppilir .. 	.‘ 

Fig. 4. Photograph of a model of helical fibrils and their imprints, shadowed with 
black paint. The model assists in explaining the concept of handedness of helices. 
From the direction of shadowing and accumulation of paint it is possible to ascertain 
which are fibrils (f), and which are their imprints (i). Note that individual twisted 
strands (equivalent to filaments in collagen fibrils) are arranged in a right-handed 
helix while their imprints are left-handed. 

is presumably due to shrinkage or other alteration associated with chemical fixa-
tion and dehydration during processing. In sections of conventionally processed 
normal material, there is no evidence of the helical arrangement observed by 
Bouteille & Pease (1971) in their material prepared by a technique of inert dehydra-
tion. 

Surface sublimation of tendon 
The great majority of the fibrils of unfixed non-cryoprotected tail tendon submitted 

only to surface sublimation (Fig. z) exhibited a very clearcut, banded appearance 
with a major periodicity estimated as 64-65 nm. Replicas of glutaraldehyde-fixed 
non-cryoprotected tail tendon (Fig. 3) are essentially similar to those of unfixed 
fibrils. The banded pattern was clearly evident though overlain in places by additional 
material. Periodicity was estimated as 66-69 nm. 
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Material cryoprotected with glycerol, fractured and replicated without sublimation 
In this type of material the helical arrangement is best seen, and banding is hardly 

ever apparent. Helices of different `handedness' in relation to the axis of the fibres 
are clearly evident, right-handed in one half of the field (f) and left-handed in the 
other half (i) (Fig. 5). By considering the direction of shadowing, it is clear that 
elements exhibiting a right-hand twist are fibrils, and those with a left-hand one 
are imprints of fibrils pulled out of the matrix or filamentous material left in the 
resulting groove following fracture. For the explanation of helix handedness consult 
Fig. 4. 

It can be readily ascertained that when a replica or negative with a helix is projected 
on to a screen, the handedness of such a helix can be changed from left to right 
type by reversing the illuminated objects. It is essential therefore to place the replica 
in the microscope in a way that would result in a correct non-reversed projection of 
the helix as it actually exists in the tissue. This can be achieved by establishing 
first, on which side of the replica the tissue was present when the replica was formed, 
and secondly by placing the replica in a specimen holder (grid holder) with the 
side which was not in contact with the tissue facing the source of illumination. In 
this way the true handedness of the helix can be established from its projected image 
as viewed on the fluorescent screen of the microscope. After recording such an 
image on a negative, a very similar principle for viewing the image applies as in 
the case of a replica. This time, however, the negative should be illuminated with 
emulsion uppermost, that is the side of the negative which in the microscope 
was facing the beam and in the enlarger facing the light source. By applying this 
method a correct record of the handedness of the helix is produced on the final 
print. By these means it has been possible to establish that the handedness of 
the helix on collagen fibrils is to the right, which confirms the findings of Rayns 
(1974). 

Tangentially fractured collagen fibrils are revealed on Fig. 6 with their interior 
showing a helical arrangement of filaments. Cross-fractured collagen (Fig. 7) is 
revealed with some fibres fractured just above (a) or below (b) the general surface 
of the fracture plane. In the case of fibres fractured just below the general fracture 
plane a clear ridged outline of the edge of the fibril is observed. Such outlines of 
fibrils represent a well preserved cross-sectional profile of the entire fibril and show 
clearly the arrangement of individual imprints of filaments in the surrounding 
amorphous material. 

In fixed cryoprotected material fractured fibrils show a weakly banded appearance 
(Fig. 8) while a helical arrangement is also evident on imprints presented in Fig. 9. 

Cryoprotected material fractured and sublimated 
Unfixed, cryoprotected, fractured and sublimated fibrils exhibit a less clearly 

defined helical array and some evidence of banding of deeper-lying material (Fig. ro). 
Non-fractured fibrils revealed by sublimation exhibit neither helical array nor 
banded pattern, but a generally `fluffy' appearance (Fig. ro) of material superficial 
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Fig. 5. Replica of unfixed, glycerinated and freeze-fractured rat cheek connective 
tissue showing helically arranged collagen fibrils. Individual filaments arranged in 
a right-handed helix are observed on fibrils (f), while filament imprints (i) exhibit 
a left-handed helical arrangement (see also Fig. 4). x '16 000.  
Fig. 6. Replica of unfixed, glycerinated and freeze-fractured rabbit peripheral nerve, 
showing helically arranged collagen fibrils of the epineurium. On tangentially fractured 
fibrils (t) the internal arrangement of filaments is revealed, showing a similar helical 
arrangement to that observed on the fibril exterior (f). x 97000. 
Fig. 7. Replica of same material as in Fig. 6 showing cross-fractured fibrils. A ridged 
outline of the edge of the fibril is visible on fibrils fractured just below (b) the general 
fracture plane. a, fibrils fractured just above the general fracture plane. x 96000. 

330  
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Fig. 8. Replica of fixed, glycerinated and freeze-fractured rat cheek connective tissue 
showing imprints of banded collagen fibrils (cf. Fig. 5). x 94000. 
Fig. 9. Replica of the same material as in Fig. 8 showing helically arranged imprints 
of collagen fibrils. x 98000. 

to the helix, and the fibrils from fixed material present an essentially similar 
appearance. 

Rapidly frozen but otherwise unprocessed material 
Fibrils and imprints of this material are presented in Fig. 11 A, B. It is noticeable 

that on both banding is evident while a helical pattern is absent. 
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Fig. Io. Replica of rat cheek connective tissue unfixed, treated with DMSO, freeze-
fractured and sublimated, showing fractured fibrils (f) exhibiting both banding 
and helical arrangement. The sublimation process reveals `fluffy' material (fl) external 
to the fibrils. x 11300o.  
Fig. r I A, B. Replica of unfixed, non-cryoprotected, rapidly frozen and freeze-fractured 
human peripheral nerve showing banded epineurial collagen fibrils (A) and imprints 
(B). x I20000. 

DISCUSSION 

This study has shown, that with variations in processing techniques, collagen 
fibrils may show either a pure helical or a banded pattern, or both. 

Banding is most clearly and predominantly demonstrated in the case of non-
cryoprotected, rapidly-frozen and sublimated collagen fibrils (Figs. 2, 3). The fact 
that both fixed and unfixed fibrils examined with the same technique show basically 
an identical banded pattern, strongly indicates that any material that is removed by 
the sublimation process is unlikely to be of a structural nature but more probably 
an aqueous suspension surrounding the fibrils. In the case of rapidly frozen and 
subsequently fractured tissue, where glycerination was avoided, a banded pattern 
also emerged, while a helical arrangement was not evident. It may therefore be 
concluded that the portrayal of collagen using these methods is very close to its 
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normal condition in living tissue, as of all techniques employed they involved minimal 
processing of the tissue. 

The very clear helical appearance of collagen fibrils as seen especially well on 
replicas of glycerinated and unfixed material closely resembles findings reported by 
Bouteille & Pease (1971) on thin sections. As with their material, similar individual 
filaments are clearly demonstrated in a helical arrangement and are also seen to 
pervade the entire thickness of the fibre. 

It is of particular significance that the present processing of collagen and the 
`inert dehydration' method of Boutille & Pease (1971) show substantial parallels in 
treatment of tissue. In each case, unfixed tissue was dehydrated with chemically 
closely related substances, in one case with glycerol and in the other with ethylene 
glycol, both of which are aliphatic alcohols soluble in water. In view of this it seems 
reasonable to suggest that the processing itself may be responsible for the rearrange-
ment of the structure of fibrils from a normal one which is uniform and banded to 
a loosely twisted helical array. This conclusion is further supported by the obser-
vations of Zwillenberg, Laszt & Zwillenberg (1971) and Fjolstad & Helle (1974), 
who reported an abnormal aspect of collagen structure of helical nature, produced 
as a result of pathological conditions in vivo. 

With glutaraldehyde-fixed material, agreement with the findings of Bouteille & 
Pease (1971) and Rayns (1974) is also achieved. In all cases banding predominates, 
while the helical appearance does not occur very frequently. It is possible, however, 
that helices which are observed on some micrographs presented here and by Rayns 
(1974) may result from too slow or inadequate fixation of tissue. In general, how-
ever, the majority of fibrils observed after fixation exhibited very clear banding, 
confirming again that stepped banding is probably a normal feature of collagen. 

Unfixed material permeated with DMSO, subsequently fractured and finally 
sublimated, shows banding and helical arrangement almost to the same degree 
indicating that DMSO induces some change in collagen fibril structure. On the 
fractured part of the collagen, helically arranged filaments and banding are observed, 
while the part of the fibre revealed by the sublimation process only, has a different 
aspect, in the form of an external coat of finer filamentous material which surrounds 
the entire fibril. This filamentous coat is in all probability produced by the action 
of DMSO on the intact fibre and may therefore consist of individual disengaged 
filaments. In fixed material treated with DMSO, a similar appearance of fine external 
filamentous structure is also observed, confirming that it is indeed an effect produced 
by DMSO. Such a filamentous structure appears only in the material treated with 
DMSO and not in samples processed by other methods employed here. 

The tendency of collagen fibrils to become helically arranged on treatment with 
glycerol or DMSO and under pathological conditions may indicate that some under-
lying structural helical arrangement not normally evident is present in the native 
fibrils. In view of this it can be concluded that the stepped type of banding shown 
in Fig. z is the predominant feature of normal collagen. 

In the light of the present results and conclusions, it becomes of importance to 
perform further experiments in order to clarify the nature of the reaction of aliphatic 
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alcohols with collagen. This clarification could possibly be achieved by attempting 
to induce helices in collagen fibrils of different tissues under various experimental 
conditions, thus further elucidating the actual structure of native collagen. 
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A freeze-fracture replication apparatus 
for biological specimens* 

by C. STOLINSKI, Department of Biophysics, St. Mary's Hospital Medical School, 
University of London, London, W2 1PG 

SUMMARY 
A freeze-fracture apparatus of original design has been constructed which can 

be fitted onto a standard vacuum evaporator unit. In it, cell suspensions and 
organized tissue may be processed by inserting a sample into a cylindrical holder. 
By leaving a small part of the tissue protruding from the holder, pre-selected and 
aligned portions of the specimen can subsequently be revealed by fracture under 
vacuum. After rapid freezing, the specimen remains firmly attached to the inner 
wall of the sample holder, preventing its possible loss during fracturing. A 
mechanism, in the form of a double-sided converging wedge, which is operated 
from outside the vacuum chamber, is used to produce a fracture in the specimen. 
The device gently induces a fracture in the desired part of the tissue and lifts the 
protruding part of the specimen out of the way. In this way, reasonably flat 
fracture faces are produced for subsequent replication. As the fracturing mechan-
ism comes into contact only with the outer edges of the specimen, damage and 
contamination liable to occur when the entire specimen is traversed by a blade, is 
avoided. In addition the specimen stage is surrounded by a cold metal shroud 
which acts as an efficient trap for contaminants. In this way, favourable vacuum 
conditions are produced in the vicinity of the specimen. Such effective enclosing 
of the specimen also facilitates controlled sublimation of the sample. 

INTRODUCTION 
Since the advent of the freeze-fracture technique (Steere, 1957), microscopists 

have been given a chance to avoid some of the pitfalls which are inevitable with 
conventional methods, as it has become possible to observe in the electron micro-
scope faithful replicas of non-fixed tissues which are in a dormant and still viable 
state. 

On the following pages an apparatus which can be attached to a standard 
vacuum coating unit is described. It has been in continuous use for the past three 
years producing numerous replicas from various specimens. The decision to 
construct a freeze-fracture apparatus was initiated in the Department of Anatomy 
of the Medical School as a result of a need to examine human skin with a new 
technique. This tough tissue presented specific design problems which in the end 

* Presented in part at `International symposium on freeze-etching', University of Kent, 
Canterbury, 4 July 1973. 
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turned out to be of benefit in the overall usefulness and performance of the whole 
assembly. Initially, it also became evident that the use of precision microtomes, as 
advocated by Moor et al. (1961) or specially sharpened blades (Koehler, 1968) 
which are easily damaged by hard ice are not essential and indeed have some 
inherent disadvantages (Staehelin & Bertaud, 1971). 

MATERIALS AND METHODS 

Design features of apparatus 
The freeze-fracture assembly was constructed inside a 23 cm high, and 31 cm 

diameter nickel plated mild steel collar (Fig. 1). To maintain low temperature of 
the specimen a conventional liquid nitrogen cooling system was fitted on the side 
of the collar. 

The port for a rotary drive to the fracturing device has been placed opposite 
to, and 25 mm higher than the liquid nitrogen feed-through (Fig. 1). A screw 
thread machined on the end of the rotary drive shaft engages inside the vacuum 
chamber a Teflon block which can be moved linearly along the axis of the shaft 
(Fig. 2). 

Fig. 1. Drawing of a section (a) and plan (b) of the freeze-fracture 
apparatus. 

236 



Meniscus 

mm—..-1 

Holes to facilitate 
transfer 

Slot 

Sample holder 
bay 

One turn 
screw thread 

~10 

 

Solid 

=0.5 mm 

Fluid 

Freeze fracture apparatus 

2 

• 1 

Fig. 2. The specimen stage, showing partly withdrawn cleaver mechan-
ism (1). On the right of the photograph a threaded screw (2) of the 
rotary drive shaft is seen engaged in a teflon block (3) which in turn 
is attached to the cleaver (1). The stage (4) is covered by a closely fitting 
shroud (5). 

A holder as shown in Fig. 3 was devised for the specimen. It is of sufficiently 
small mass not to lower appreciably the rate of cooling required for correct 
freezing of the specimen. For the purpose of safe handling of the frozen specimen, 
an intermediate holder in the form of a relatively large specimen chuck (Fig. 3) 
was devised. This, when cooled in liquid nitrogen (Fig. 7) can be loaded with the 
specimen and subsequently firmly secured on the specimen stage. In this way 
good thermal contact is produced between the specimen stage and chuck, while 
the specimen holder with its close fit in the chuck bay achieves the same purpose. 

Sample 	 Sample 
	

Chuck 
holder 	 augment 

O 

4 -
mm 

3r 

1.5 mm 

Fig. 3. Drawing of the specimen holder and chuck, illustrating the 
specimen alignment. 
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Fig. 5. Drawing showing construction of the cleaver. 

The top of the specimen stage (Fig. 4) was designed to accommodate the speci­
men chuck, and a free moving cleaver attached to the Teflon block fitted in turn 
on the rotary drive. The whole stage is co\·ered with a close fitting metal shroud, 
in order to effectively shield the specimen. 

The cleaver (Fig. 5) designed for the purpose of fracturing the specimen was 
made from two parts, which incorporated collimating channels and two fracture 
inducing wedges. As the cleaver moves, the effective distance between the wedge 
shaped edges decreases as is explained on Fig. 6. At a given point [(2) on Fig. 6], 
the wedges make contact with the protruding specimen and then induce a fracture 
while at the same time lifting the upper part of the specimen out of the way. 
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Fig. 6. Explanation of the operation of the cleaver. Encircled numbers 
show the relative positions of the specimen with respect to the moving 
cleaver. Operation of the cleaver may be summed up in the following 
way: The specimen which is mounted in the chuck is loaded first of all 
through the opening in the cleaver (position 1) onto the stage. After 
evacuating the chamber, the rotary drive is operated, thus advancing 
the cleaver wedges towards the specimen. In this way the two wedges 
induce a fracture in the frozen specimen (see also Fig. iiia) and sweep 
the upper fractured part of the specimen out of the way (position 2). 
Next the two channels in the upper part of the cleaver (Part A, Fig. 5) 
are lined up with the fractured specimen (position 3) so that the sample 
faces individual arcs thus enabling formation of the replica. Finally by 
operating again the rotary drive, the cleaver is moved out of the way in 
order to completely expose the specimen (position 4) and remove it 
from the stage. 

The close fit of the cleaver with the channel in the specimen stage ensures an 
efficient heat transfer especially at atmospheric pressure (during loading of the 
specimen) as well as smooth and precise movement of the whole assembly. For 
the purpose of loading the specimen on to the stage, a large hole was machined 
in the cleaver (Fig. 5), through which the chuck with the specimen can be secured 
in the specimen stage. 

Two carbon arcs (Bradley, 1959; Moor, 1959) covered with shades were 
mounted on a scaffolding above and at 45' to the plane of the fractured specimen, 
positioned along the axis of the stage (Fig. 1). The two heater elements which are 
firmly mounted in the specimen stage under the chuck bay (Fig. 4) are capable of 
delivering 10 W. The elements are connected to a variable mains transformer in 
order to supply heat and control temperature. A platinum resistance thermometer 
(Fig. 4) connected to a digital indicator, is used to monitor the temperature of the 
specimen. Two partially shaded white porcelain slabs, facing individual arcs 
were used for monitoring thickness of the evaporated films. 

Overall method of operation 
In the following section a step by step description of the whole procedure for 

producing a replica using the above apparatus is given. 
The technique of rapid freezing of samples adopted in the present procedure 

follows the recommendations of Moor (1969). Blocks of tissue, after permeation 
with a cryoprotectant, are trimmed to approximately 1 x 1 x 2 mm and are then 
loaded and aligned in cylindrical metal holders in such a way that approximately 
0.5 mm of the tissue protrudes above the top of the specimen holder (Fig. 3). 
Tissue in the holder is then plunged into liquified propane (at approx. —180'C) 
initially cooled with liquid nitrogen (Fig. 7i). 

In the case of fluids or suspensions, a frozen meniscus (Fig. 3) above the top of 
the specimen holder is adequate to produce a subsequent fracture of the specimen. 
The meniscus formed on the bottom part of the cylindrical holder can be mech- 
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Fig. 7. Outline of the procedure. Schematic outline of the procedure 
illustrating in stages sample manipulation from rapid freezing (i), 
loading (ii), fracturing (iiia) and sublimation (iiib) to the formation of 
the replica (iv) and digestion of tissue (v). 

anically removed prior to loading into the chuck. The frozen sample is then 
loaded under liquid nitrogen into the specimen chuck (Fig. Iii) and the assembly 
transferred into the vacuum chamber. 

After placing the frozen sample in the pre-cooled stage, the chamber is sealed 
and a vacuum in the vicinity of 10 -6  Tarr is obtained. If sublimation of the material 
is not planned the fracturing is carried out around —160'C. This is achieved by 
rotating a handle mounted outside the vacuum chamber and thus advancing the 
cleaver mechanism towards the sample. The sample is fractured with the cleaver 
by inducing a crack at the level coincident with the top plane of the chuck 
and at the same time sweeping the upper part of the fractured sample out 
of the way (Fig. 7iiia). During loading of the chuck, the cleaver in very close 
contact with the stage attains the temperature of the stage and then retains 
it under vacuum conditions. Fracturing is carried out therefore with two 
sharp edges which are at a temperature well below the effective sublimation 
temperature of ice (-100:C). The main advantage of this arrangement for 
fracturing the sample is that the tissue can be accurately positioned in the tubular 
holder so as to induce the fracture from both sides of the specimen in a preselected 
place. During fracturing, the cleaver comes into contact only with the outer edges 
of the specimen and leaves its central area untouched. In this way for example some 
tissues which are formed of flat layers or tubes, can be effectively cross fractured 
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Fig. 8. Replica of stratum corneum of human epidermis which is one 
of the most difficult tissues to process. Me, cell membrane exhibiting 
desmosomes, Cy, cytoplasm. x 17,100 (bar represents 1 gm). (On this 
and succeeding micrographs, encircled arrow indicates direction of 
shadowing. 

Fig. 9. Replica of a gap junction region from a rodent hepatic cell 
membrane. Numerous randomly disposed pits (Pi) of approximately 
4 nm diameter are clearly visible on the micrograph. P, membrane 
associated particles, Int, membrane fracture face directed towards the 
interior of the cell. x 280,000 (bar represents 50 nm). 

r 
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Fig. 10. Replica of myelin sheath from a rodent brain showing con-
centrically aligned cross-fractured layers with sub-divisions indicated 
with arrows. The observed periodicity is of the order of 3 nm. x 246,000 
(bar represents 50 nm). 

Fig. 11. Micrograph of human erythrocyte, cryoprotected, with 20°„ 
buffered DMSO solution and sublimated for 3 min at — l00 C. Su, 
surface revealed by sublimation. Ext., membrane face directed towards 
the exterior of the cell and revealed by fracturing. As, typical asperities 
which are formed during the sublimation process. P, large particles on 
outer membrane surface. x 81,000 (bar represents 0.1 µm). 

and replicated. Also, as the frozen specimen adheres very strongly to the inner walls 
of the holder, its possible loss during fracturing is effectively prevented. 

When fracture with sublimation of the revealed surfaces is planned, the speci-
men stage is first of all cooled to at least — 180'C. This ensures that under vacuum, 
when the heat transfer is much slower than under atmospheric pressure, the 
cleaver temperature during the subsequent warming up of the stage remains well 
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below that of the specimen, and does not interfere with the sublimation process. 
On approaching the predetermined temperature (usually in the vicinity of 
—100'C) the heat input is lowered until no further temperature drift is noticed. 
The sample is fractured at this stage and left exposed in vacuum for 30-60 s in 
order to sublime the superficial layers. The heater is then switched off, which 
results in lowering of the temperature and termination of the sublimation process. 
The replication can then be carried out. After completed evaporation, by admitting 
nitrogen gas into the vacuum chamber, the specimen chuck with fractured sample 
and the formed replica may be removed. 

The next stage in the procedure involves the separation of the replica from the 
underlying tissue. The most difficult to separate are tissues such as skin (Fig. 8) 
containing collagen or keratin (Breathnach et al., 1973). Often at this stage the 
replicas are irrecoverably damaged. In general, tissue is thawed slowly while 
still in its holder in a bath of fluid in which it was originally kept prior to freezing. 
With difficult tissues fixation at this stage may be employed, which helps to 
stabilize it and prevent formation of local stresses that may destroy the replica. 
After fixation, the tissue with replica is washed in distilled water and placed in 
50° nitric acid. If fat is present in the tissue, it may also be placed in caustic soda 
solution. Finally, after most of the tissue disappears, the replica should be heated 
in concentrated nitric acid for 20 min at 60`C. After three washes in distilled 
water, the replica may finally be placed on an uncoated grid for examination in the 
electron microscope. 

DISCUSSION 

The present apparatus has been developed to a stage where fracturing and 
replication are performed with a high degree of reliability. The design of the 
cleaver and the specimen stage which incorporates an effective shrouding and 
collimating system, minimizes contamination and ensures reasonable resolution 
on the replicas. Such results are feasible mainly because the sample is fractured 
with the cleaver mechanism which does not touch the central parts of the sample 
area at all. Simultaneously, the freshly exposed fracture plane of the sample 
remains well protected by the top part of the cleaver immediately prior to replica-
tion. 

This method compares favourably with systems where the entire specimen is 
repeatedly traversed by a blade. In such cases, due to inevitable friction between 
the knife and the frozen sample, damage and contamination of the specimen are 
produced. It should also be realized that the quality of such sharp blades very 
quickly deteriorates after initial contact with the hard ice. The edges of the cleaver 
however, are not easily damaged and can be used repeatedly. It is also found that 
the fracture planes produced by the cleaver are flatter than those achieved with a 
hinge type device. This is especially true in the case of very tough tissues. 

For example, with the present apparatus very small pits associated with a gap 
junction, which in the presence of contaminants may be completely obscured, 
are clearly demonstrated on the replica of Fig. 9. Similarly, on the micrograph 
of Fig. 10 subdivisions of approximately 3 nm which are observed in the myelin 
sheath, illustrate the attainment of a reasonable degree of resolution. 

With the sublimation method, using the described procedures, observation 
of an additional membrane surface (Su) is possible (Fig. 11). In addition, matched 
replicas, which are of considerable help in the interpretation of images can also 
be produced. 
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Finally it may be emphasized, that reliable production of good quality replicas 

is routinely achieved with an apparatus, constructed entirely with local workshop 
resources and at a very reasonable cost. 
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