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transferred onto the pre-cooled stage inslde the vacuum
chamber for further processing,.

Samples were fractured at approximately -110°9C., 3ome
preparations were heated for 3 mirutes to =95°C in order to
gublimate superficial ice and revsal extracellular fibrous
networks.

After completed evaporation of platinum and carbon, whilch
formed a replica on the specimen, the tlssue was removed
from the cold staze and carefully thawed in cooled 305
glycerol solution. This procedure ensured zradusl thawlng
which tends to minimise the stresses and resulting danage
encountered when rapid thawing 1s involved. After equill-
bration to room temperature, the samples were transferred
into distilled water followed by immerslon in a 15% sclutlon
of & 50 - 504 mixture of nitrie and pulphuric aclilds and left
in it overnight. sre-digested tissue was then removed from
the acid mixtures and placed in hot nitric acid for up to
thirty ninutes. Heplicas were subsequently cleaned fron acid
residues by repeatedlyldipping in fresh distilled water, from
which they were pleked up on thin bar grids without supporting
fllnme. Interpretation of replicas followed the directives
ziven in previous publiecstions (3tolinski and sreathnach 1975).
fhe review published recently (Stolinski 1977) and submitted
with this work may be consulted also with respect to the
zeneral problems encountered in freeze-fracture of tissue.
Rleplicas were photographed on Kodak 4489 cut films and micro-
fraphs were printed dlrectly from the negatives. In this

way shadows on the replicas are reprecsented by white areas.
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e direction of shadowing on the nicrographs was indicated
by encircled arrows.

The nonenclature adopted for the identification of meabrane
fracture-faces followed baslocally that proposed by oranton
et al., (1975). GZome minor modifications of this nomenolature
as proposed by sStolinski, (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 case)was used in order to distinguish
these fracture-faces from "P" and “E" (in upper oase)as adopted
for cell menbranes.

Yumerous stained 1 um eross-sections of embryos were also
examined under the light mioroscope, while thin sections of

the sane naterial were examined under the electron mioroscope.

De eparation of tisgsue for inve

Standard chicken embryos as well as Leukosls virus free
endryos (kindly provided by Ir. H.A. Welss) up to stage 20
(Hamburger and Hamilton, 1951) were examined. Four unfixed
chicken embryos were oryoprotected for # h in a 10s solution
by weight of glycerol in IC 199 medium, followed by another
# h permeation in 30% by weight glycerol (304 by welght 1s
equivalent to 25.6% by vclume) also in TC 199 medium all at
room temperature. Similar enmbryonic material was fixed for
15 nins at room temperature in 1, 1.5 and 2% solutions of
glutaraldehyde ([AAb Lab) in 0.1 4 phosphate buffer at pi

7.4 an¢ 313 m osm. (Osmolality applies only to 1.5% routinely



used solutions), followed by cryoprotection with glycerol as
for non-flixed materlal which was similarly buffered. Some of
the naterial was also fixed in purified 1.5%t solution of
glutaraldehyde (E¥ alds). The purity of this batch of fixative
was checked on a spectro-photometer according to the method

of Gillet and Gull (1972). In addition after glycerination
some non-fixed embryos were fixed for ¢ h in a 1.5% solution

of zlutarsaldehyde and further oryoprotezted with 30% glycerol
solution by weight, thig in order to assess possible effects

produced by the glycerination process.

C. Soanning electron mioroscope preparations

After removal from the egg, the embryo was spread flat
on filter paper, and fixed in this position as for freesze-
fracture preparations. Flattened filxed embryos were then
dehydrated in graded acetone solutions and oritically-point
dried in liquid carbon dloxide. 5ome embryos were subsequently
mounted on metal supports and shadowed with platinum and
carbon. Others were ocovered with a thin layer of gold in
a spattering apparatus. Some resin embedded embryos were also
used for observation in the scanning electron mioroscope.
For this purpose the resin was removed from tissue by the
nmodified method of Steffens (1977). The block of resin with
enbedded tissue was first trimmed and then faced with a glass
knife in an ultra-miorotome. 3tained thick sections were
examined at this stage under the l1ight microscope. A slice
of tissue was then sawn off from the block of resin and

attached to a skall glass cover slip. After partial removal



of regin, tilssue attached to cover slip was c¢ritically-point

éried ané coated with gold in s spatterins apparatus,.
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ihe first gection of this chapter iz devoted Lo the
degeriptlion of an artifact observed during the coursze of
the investication and previously not recognlzed as such.
It cnuld have been nlsinterpreted ras a morphological
feature of embryonic cell membranes, and therefore, required
to be dealt with at the outset.

nhe rest of the chapter portrays various aspects of chick
enbryonlic tlgsues FTronm developmental staze O to 24, with
particular enphasis on the structure and disposition of the

speclallsed menbrane oontacts.

1. ARLTFACLUAL "DBLEZ® FORAZIONS OM wiisbfiutlc

CELL HMEMBRANES

mring the course of this study 1t became evident that
an unusual feature obgerved on the freeze-fracture replicas
rcquired special attention over ant above general course of
the investigatlon. Small round blebs were detectec on the
mejority of investligated plasma Mecbranes, and as thls feature
gcems to affect zolely embryonic cell nenbranes it becane
neceasary to estavliesh lts slanificance,

Glutareldehyde~{ixed erbryonic aaterial presented on the
najority of fracture faces of cell plasnag membranes various
corcentrations of blebs as shown on rle. 1, rezardless of the
strenpth of the fixative or the type of buffer ceolutior.

The blebs varicé irn clre from 134 to 250 nm iIn dlaincter,

prerenting as slitht elevations on fracture {faccs Lype "2



anc¢ ag indentationc or the "% face (Iiz. 2). Hone more
extensive areas of 5C0 to EQO nn diamneter blebs were also
occaaionaily obgerved (F'ig., 1). All types of blebs on
both fracture faceg of type #r" and “5% were conpletely
devold of membrane-assocclated particles and presented
a snuooth curved nmurface. 1In order to eliminate the possl-
bility that the impuritiles, within the normal arade
glutaraldehyde fixative, could be responsible for the effect,
sone naterial was fixed in purified grade of the ixative.
Jdowever, material fixed in :m1s also exhibited the charag-
cteriatic blebs (*iz. 3). Other nenbranes such a3 nuclear
membranes, nenbranes of endoplasmic reticulua, and Solsd
nenbranes, were obgerved to be free of blebs.

sxtensively scanned fracture faces {rom the replicas of
glycerinated¢ non-{ixed :aterial, revealed a counlete absence
of blebg or other similar structures, while varlous other
features such as membrane assoclated particles {.4r) and
gpecialised contactns (not 1llustrated) were obsesrved in
their nornal configuration (Fig. &). PFurther, in order to
investizate the possibility that the glyecerol (used as
a cryoprotectant) may De regponsible for the suppression
of blebbing phenomenon in non-fixed 'iaterlal, sone sanples
were post-fixed in zlutaraldehyde after glycerination.
liowaever, agaln the replicas revealed a large nuaber of
blebs as shown on Flg. 5. To test another sugzested
possibility, namely that the blebs represent budding viruses,
some Leucogis virus-free naterial wasz routinely processed.

Azain, nunerous blebs were observed on the repllcas of cell
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menbrane fracture faces (Fig., &).

As will be dlascussed at zrester length 1ster, 1t was
concluded that this effect is due to gluterasldehyde Tixation,
and lg not a functionally significant feature of embryonic

plasma membrane,

2. fHE  GERATNVAL  DISC

seneral featuresg

e moat noticeable femtures of the unincubated germinal
disc cells weare large nucleil (i"izs 7 and 8) while the cytoplasnm
was to a very larse extent fllled with nutrient droplets
(#vs / to 1u and 12 to 15). Ihe cytoplasmic orxkanelles of
the cells were rather sparsely distributed and smaller when
coupared with those from later stages of development.

Cisternae of the Jolgl apparatus and endoplasalc retlculum
were ocessionally observed among the nunerous nubrient droplets
(I'iz. 9). ittochondéria aprearec as smhall elonsated cylinders
not exceeding 0.2 nu in dlanebter {Fizs 7, O, 1lu and 12).

ar. unusual Toru of surface c¢etall was found excluslively on
the aplcal plasna membrane of the gerninal dlse cells

{gtare O0). It consisted of an irresular network of ridges

of fairly unifora width anc¢ helsht (Iixs 10 and 11), whieh
were covered by the norzaal conpleaent of membrane assoclated
purtlcles. (he cytoplasm underlylns the cell meuvrane

{(i'tz. 10) ir the lmmedliate vicinity of a ridge was founé to

be devoid of any speclaliged structural features.

“utrient droplets

he cytoplaam of cells in the unincubated germinal disc



tissue (stame 0) was popvlated malnly by two types of intra-

cellular nutrient déroplets. One type of droplet was chara-
cterized by a relatively smooth spherical shape and 1s called
here type "Al"™ (Fiz. 12). The fracture faces of membranes
tournding these droplets were found to be porulated to an equal
extent by menbrane agsoclated particlea (Flgs 12, 13 and 14).
The interlor of these droplets was mainly of a non-laminar
hononreneous nature with an occasional inclusion of a smooth
laminated structure (I'ix. 12 and 15). The other type of
droplet called here type *£2", was charsctericed by a nore
uneven surface appearance, with menbrane assoclated particles
¢lrtributed simllarly as on the “Al" type droplets (Fig. 12).
Zimilar features to those described later, in the section
fealine with the neural tube cell membranes, as membrane
furicn were also noticed on closely apposed Inftracellular
nutrient ¢roplets 1n the unincubsted epilblast cells (Fig. 14).
At the elte of droplet apposition, distinct flat areas (Fu)
were Obrerved, exhlblting suooth fracture faces which to
a large extent were devold of membrane assoclated particles
(Fiz., 14). The=e charscteristic areas were also found to be
continuous with the two fracture faces of membranes bounding
the individual droplets. In the ssme materlal, some droplets
were zlso obgerved to be mersed, showing dlrect continulty

between thetr interiors (Fiz. 15).

he hypoblast

Un the whole the cells of the hypoblast revealed similar

Teatures to the ones reported in previoug parazraphs.
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Cne signlficanrt difference concerned thin long cell processes
which were observec¢ 1in abundance in the intercellular spaces
(Flz. 16). Another observation concerned the scarcity of
contacts on nembrane fracture faces of these cells, where
only occasionally a short strand of tizht junction was

observed (Fig., 16).

Cell junctions

among the cells of urnincubgted germinal disc (stage 0) two
types of Junctlons were obgerved. & siuple type of Junetion
wnhleh conslsted of closely apposed smooth oval areas on
fracture faces "." and "o* as occaslionally observed on fracture
faces of cell membranes (Fig. 17). ihils type of Junctional
area was found to be devold of membrane assoclated particles.
At the ares of contact, a considerably thinned intercellular
naterial, repregsented by a step of approximately & nm in
helzht wag obaerved, (Fiz. 17).

ihe predoninant type of cell contact obaserved on membrane
Tracture [aces of the nermiral disc colls wan the tizht
Junetion. It freguently appearcd as an lsolatec single loop
or strand on the cell nenbrane frachure face (riz. 18).
e junction was characterised by linearly dleposed membrane
aspocliated particleg arransed in srccveg on fracture face
" (Cir. 10), and on elevations or ridmes on fracture face
type »:» {(i"lmg. 13). .ore extensive networks of the junction
vhileh were also ncer on fracture faces of zeruinal disc cell
nesbranecs, were observed in groupings of three diptinet

end related featurce (IMl«¢. 19). adrea deslanatcd "I", consisted
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of n well developed network of jolned short strands, which
formed a wide belt on the fracture face of the meubrane.
Area "I1i" was characterlsged by sinagle and lonzer strands of
particles, dlasposed in the sane general directlon as the
waln network of junctions at "I". {n the area deslignated
"I11* small elevations with a normal complement of membrane
agsoclated particles was observed, agaln dlsposed in the sane
Zeneral dlrection asz the networks of Jjunctlons on areas
*[% and "I1".

v1de extensive belts (Fig. 20) of tizht junctions as seen
on area *I" (iig. 19) were very commonly encountered among
cells of the germinal disc. Ihis junction was of the so
called "evenly interconnected type" (liull and 3taehelin, 1976)
andéd wae composed of lrregularly shaped polyzgons. Finally,
relatively long belts of tight junctions consistinz of two
to three parsllel rowz of partlcles with an occaszional cross
lirnk were observed or the lateral surface close to the apleal
membrane of the dorsal side of the germinal dise (Filg. 21).
Other types of junctlons were absent from the membranes of
germinal disc cells of the 18 epecimens only very occaslionally
a emall group of membrane assoclated particles which could
be deceribed as a small zap Junotion was encountered in

nasoclatior with retworke of tight junctlorns (Fiz, 22).



3. ORGANS OF THE EMBRYO

A. cmbryonie egldormls

General folturo!

Embryonic ectoderm develops at stage 8 to 10 into a two
cell layered epldermis (Figs 23, 24 and 25) consiasting of
internal and external cell layers.

The layers are separated by relatively larze cell-free
spaces through which cell extensions originating from internal
layer reach to the external overlying layer. 3canning
electron alcrograph of these layers also revealed such spaces
as shown on Fig. 24,

The cells of the external layer (Figs 25 and 26) exhibited
a larze central nucleus, an extensive Golgl complex, numerous
mitochondria and various nutrient droplets. The aplocal
surface of the external layer of the epidermal cells as
visualised with a socanning eleotron microsoope was found to
be covered with short mierovilli, which were especially
numerous at cell borders (Filgz. 27). 1In addition on the sane
microeraph (Fig. 27) cllia were observed which appeared singly

per every oell.

vutrient droplets
Some of the cells in both layers of the epidermis were

found to contain a VvVarlety of nutrient droplets. However,
no "Al® or "A2" droplets as observed in the earlier embryo
(F1g. 12) were deteoctable. Instead, another types of droplets

were observed, of a Mmore conplex nature and deslgnated as
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type "5" (Fig. 28). 3ome of them were presgenting a distinctly
laninar structure in their interlors and were designated as
type “BL" (Fig. 29)., v3" type déroplets, containing granules
were found to be predoninant in embryonic tiesue of develop-
mental staze 5 to 10, while "iL" type droplets were obaerved
at later stages (10 - 14), (Figs 29, 3C and 31). It wse
noticeable also that some of the "3L" type droplets were
found not to be bBound by s nembrane as indicated by the
presence of fracture facegs with the usual complement of
membrane assoclated particles {(Fiz. 30). Instead, the outer-
most lanina in direct contact with the cytoplasm, appeanrad

agz a smooth particle free layer. Other droplets however,
orizinating from naterial at similar developmental stase

(10 - 14) exhibited a dlstinct ocuter membrane by displayling

fracture faces with assoclated particles (Fig. 32).

Cell junctlone

Junctional networks consistinz of parallel strands of tight
junctiong were obgerved on the lateral membrane and close
to the apical menbrane (Fig. 33), while the characteristic
microvilli were obrerved facing the cell exterlor as
previously showm on a scanning nmicrograph (Fig. 27).

e surfaces of the cells, of the internal cell layer
wvere found to bulge individually towards the embryo's interlor,
and were covered with randomly disposed microvilli on the
basal cell surface {(I'iz. 34). The Jjunctional complexes of
the internal cell layer had a different appearance to the

ones detected near the outer surface (Fig. 35). Ihe tight



Junetions in thla layer, conposed of continuously cross
lined gtrands, were nuch more sinuons in disposlition than
irn thoge of the external layer. ‘ear the tight junection
belt, larre well developed circular gaep Junctions were
ohserved (Fix. 35). =2ome of thege junctions were observed

to be in very close asgoclation with the tight Jjunctions.

e he neural tube

Teneral Teatures

he aymmetrical folding of the ambryonic neural plate
regulte in the formation of the tube which extends throuzhout
the long axls of the embryo. ‘his process 1s 1llustrated
in eross-sectiona on Flas 2 and 3 (Chapter 1I) where the
neural folds were obgerved to be almost in contact. tThe
fingl merging of the folds was also illustrated on rFizg. 36
where numerousz long threads were observed to be atlached to
both sides of the approaching cell layere.

I'reeze~fracture =mlorographs shown in this section illustrate
a2t higher magnificatlon cell and membrane ultrastructure of
the neural tube cells. Inphasis was placed on the development
of cell contacts, “hose fate wes fnllowed up to the stage
22 -~ 24, Finally the phenomenon of fuslon observed among the
neursl tube cells was decceribed in the concluding part of
thls sectlon.

fhe cross-fractured agrect of the entire enbryo (stage 1C-14)
fractured in nid-trunk prnettion was Lllustrated on Flg. 37.

“rom this replics, which waa supported on a narrow-=bar metal



grid, not only the neural tube, but also the notochord
and sonltic resions can be perceived.

‘The neural tube vas characterised by closely packed
columnar cells some of which had a characteristic bottle
ghape (Fiz. 38). <Cells up to stace 14 were observed to
extend throuxghout the entire thickness of the organ as is
also shown or Fiz. 38. On the same nlerograph the cross-
fractured dorral aspect of the neural tube and part of its
lunen were 1llustrated. ‘e lumen of the tube in this
instance (staze 10 - 14), (Fig.38) was shown to be patent,
while further cdown in the ventral directlion, the inner
walls of the neural tube at later stages were closely apposed
(stage 1€ - 206), (Flg. 3%9). iere, the narrow luninel <ap
gseparating the walls of the neural tube was found to be
only 0.8 pm wide and completely filled with cell debris.

vplcal exanple of the neural tube cell showine longltu~
dinally fractured cell was observed on Filg. 4C. [he cell
was characterlsed by an elonzated nucleus positioned close
to one side of the cell membrane, very loni# and numerous
mitochondria, and networks of endoplasnmic retleculum and Golwl
comuplexes which were observed nainly at the aplcoal reglon
of the cell, that 1g the one directed towarde the exterlior
of the tube. The part of the cell nearest to the lumen
was found to be ponulated mostly by mitochondria. ‘“alrnly
cross-fractured aspects of the cells were lllustrated on
Fize 41 to 43. ¥ig. 41 illustrates the presence of mito-

chondria in the cytoplasm of noet of the cells. the fracture
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in thls case revealed the nmaterial situated near the lumen
of the neural tube (Fig. 41). On the microzraph of PFig, 42
the reglion which was sltuated hal? way between the lumen

and the exterior was observed. ihe aplical reglon of the
cells cloce to the tube exterior was 1llustrated on Flg. 43
where an extensive Uolgl apparatus and larxe vesicles tended
to predominate. [lnally on ¥ig. 4L the disposition of cells
near the exterior of the neural tube ag observed on fracture
face "&" was 1llustrated. In this reglon, of the outer
extrenity of the neural tube, the cells were observed to be

joined by foecal point junctions (FPigs L4 and L5),

cell jurctionsg

The Jjunctional syntems or comnlexes obgerved ir the neural
tube tirsue were confined in early stewes (10 - 14) to tight
and focal point jrnctions. e junctlions were observed at
the luminal border and reural tube outer 1imit recpectively,
forming belts or liresr sarrerstes. 4t steages 106 - 14 the
junctional networks at the luninal korder coneslstcd of
L te 6 parsllel strends occasionally Jjolned by a short cross
etrané (Flgs L6 arnd K7). At staze 17 however the junctional
retworks were observed to be less regular when cormpared with
earlter staomges and consisted of only ore or two parallel
atrends vhich very often were fourd to be inconplete and
terminated by porticle ageremeates (Flg. 48)., 4L ztage 22
of developmert the tisht junctlor cariplexcs observed at the
earlier stares were not detected. Instead, verv cmall xap

junctions —nlceh werc asaln dlsposed ln belts were observed



near the lumen of the tube (Figs 4%a and b).

Call menbrane features

A charscteristlie feature obzerved on neural tube cells
concerned the occurrence of nmembrane fracture faoces which
were counpletely free of membrane assoclated partleles
{(Flize 50, 51 and 52). this type of area wse found to be
acconpanled by linearly disposed rows of conlical protruslons
geparating the particle free areas [rom the ones wvhich were
normally populated by menbrane azscclated partlcles. In
addition, the linesr rows of protruslons were found te be
dlesposed approxlinately redlally, from the lumen towards the
outer surface of the orran. Ihe conplementary ncsbrane
fracture faces "P* showine conlcal indentstions and simllar
features to the ones orn FFlga 50 and 51 were slsc cbserved

(Fiz. 52).

gell membrane fusion

weural tube cell membranes obsgerved on freeze~fracture
replicas of fixecd chilck embryos at stages 10-11, 17«18 and
20«22 occanlionally exhibited flat fracture faces "fu®™ as shown
on ~iZs Shka, 5% and 56. On Flg. 54s apposition of two cell
membranes is shown where f{racture faceg type "i% and "i" were
obgerved to be separatedéd by a flat, particle free area marked
"fu", lembrane enclosed pockets of intercellular materisl
were observed on this mlcrokraph, to be gurrounded by fracture
face "Fu® and a step representing thlis intercellular umsterial.
It is clear thaet no intercellular material is present at the

areas marked “ru®., JThls aspect 1s further clarified on Flz. 55,
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where complete elimination of intercellular nmaterial was
observed at the approach to *"Fu® type areas. In addition,
a snooth transition, devold of sharp steps was observed to
1ink menmbrane fracture faces "P" and °E" with an intervening
area "Fu®, A characteristic feature of this area (Fu) was
gshown also on Fig. 56, where its larze expanse, surrounded
by fracture face "E", was geen to be almost completely
devold of nmembrane assoolated particles. ‘TIhe obgerved
smoothness of this fracture face, its direct trangition at
a constant angle, 1ts structural continuity with the
conventional fracture faces as well as the elinmination of
intercellular material leads to the oonclusion that areasz
"Fu® represent places of ocell membrane fusion as indlcated
on the diagram of Flg. 54b. 'This conclusion will be dealt
with further and in nore detall in the next chapter
(Discussion and Concluslons).

Partly related aspect to the one observed on previous
miorographes 1s lllustrated on Flg. 57a. Obsgervations were
made of long cell membrane extentions in the form of pockets
which contained intercellular material and were disposed
in the samne general plane as the apposed cell membranes.,
Yembrane fracture faces type "P" of the membranous extensions
were obgserved to be surrounded by a shallow step, representing
crogs-fractured membranes. This feature should be compared
with the one observed at the transition between fracture
faces "E" and "P" gnd face "Fu® on Figs 5bgand 55 where no
such steps were obgerved. It was evident also that the

fracture plane representing the material surrounding the
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membranous extentions was of sonventional rough type, associated
with non-organised material whish in this particular case was
identified as the ocytoplasm. This obgervation was further
substantiated by the broken fillament ends, undulations and
frecture stress-lines, commonly observed in non-organised
material of the cytoplasm. At lower magnification, larger
exranse of the previously desoribed phenomena were usually
observed in close proximity to the cell nuoleus (Fig. 58).

in addition to the presented material (stage 17 - 18),
micrographs exhibiting the characteristic flat greas (Fu)
were also observed on the replicas of neural tube tigsue at
developmental stages 10 = 11 and 2J <« 22, The frequenoy of
detection of the fusion phenomsnon at the ahove atages was
however, less than at stages 17 to 18 froa which the micrographs
were obtained. Complete absence of fusion phenomenon was also
noticeable in other investigated embryos at the same stages
of development.

Ce fhe no hord

jene feature

he notochord is a oylindrical rigid organ situated under-
neath the neural tube, which by sataze 10 extends almost
throughout the length of the embryo. Cross sectlons of the
notochord were shown at low magnifications on Pizs 2, 3, &
and 5 (Chapter II). On Fig. 60 the scanninz electron miocro-
scope image of the organ depicts a vaocuolated notochord,

surrounded by the cells of the sclerotome.



Celle of the notochord at the staze 10 to 14, as observed
on freeze-fracture replicas, wore predominantly wedge shaped
and founé to pogsess a large central nuocleus (Fig. 61). The
cytorlasm of these cells (stage 10 - 14) contained well
developad networks cof endoplasmic reticulum and round mito-
chondria. At later stamges of development among notochordsl
cells numerous large vacuoles were observed (Fig. 62). The
closely packed vacuoles were found to occupy substantiel
amount of space among the notochordal cells (Fig. 62). At
higher magnification the vscuoles were observed to be
geparated from the cytoplasm by smooth partiole-free fracture
faces (Fig. 63). It was also notliced that the interilor
nf the vacuoles wae not revealed by the freege~fracture
method as the fissure induced during the fracture tended to
follow invariably the vacuolar surface (Figs 62 and 63).

In comperison with some earllier stages, the cytoplasm of
the cells was found to contsin bundles of fine fibres, which
on replicas were represented by thelr broken ends protruding
above the zeneral pleane of the fracture face (Fig. 61).

The notochord shei.i: is represented on the replicas by
a broad belt of broken fibres (Figs. 64)e. The fibres are
observed to be much more dense near the cell surface and
extend outwardly for approximately 3.5 pme The sublimated
appearance of the notochordal sheath is shown on Fige 65
vhere in addition to the dense fibrous network, a
basal lamina lying very close to the cell membrane

becomers visible.



68

Junctions of the notochord are restricted to one
type only, that 1s, the gap junctions. HNot a single
instance of tight junction or a desmosome was reccrded,
The majority of gap ;unctions were detected on the cell
nembrone fracture faces situat=< close to the outer
surface of the notochord, At th: early stages ()0-14)
only very rarely, were the émall Junctions obszserved
(Fig. ©45)e At later stages groups of much larger
Junctions composed of randomly distributed junctional
particles were observed (Flge 67). it stage 17-18
two sizes of junctional particles were observed (Fig. 58).
Cne of normal size and the other of slightly larger size
and¢ more sparsely disttibuted, At stages 20=22 the
junctional particles were observed to be grouped in small
hexagonally arranged sub-arrays forming a larger junctional

complex (Fige 69)e

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 illustratecd on Fige 5 (Chapter II).
where the dermatome regions shows well organised densely packed

cells disposed in a layer, while the sclerotome is composed



69

of more loomely arranged cells.

A typlcal example of a sonmii: composed of densly packed
cells at the developmental stage 10 - 11 was obtalned with
the scanning electron nicroscope (I'ig. 70). It was very
noticeable from this micrograph that the spaces between
the sonite, ectoderm and the neural tudbe were occupled by
a dense network of fibres. This fibrous network was
visualised muoh more clearly on the scanning micrograph
when compared to other preparatory techniques.

On freeze<fracture replicas the sonite at stage 17 - 18
appeared as a columnar, radislly arranged cell group which
surrounded some loosely arranged ocells in the central somitile
region (Flg. 71). This type of configuration shown on
Fig. 71 portrays a najor part of the somite of the embryo
st stage 17 to 18. At higher magnification (Fig. 72) the
characteristic ocytoplasmic organelles, like falrly numerous
round mitochondria, various small and large vesicles were
observed in abundance.

At stage 22 - 24 within the general sonite region pino-
eytotic aoctivity was detected as shown on Figs 73 and 74,
The small oraters associated with the pinocytotic sctivity
were occasionally observed o be arranged in oircular
patterns (Fig. 74).

Yumerous tight junctions were detected on somitic cells.
The most common type (Fig. 75) showed the relatively short
1s0lated strands of the junction detscted on fracture face
"E® and "p*., Associatlions of tight junotions with other

types were also guite common. On Fig. 76 small clusters of



tizght junotions were detected whioh were found to terminate
on gap Junctions. In additlor ~ound or oval areas of the
desmosome=1ike junctlions which were surrounded by tizht
junctions were obgerved.

However, the predominant junctional networks detected on
psomitic cells were of the dlgpersed gap junction type
{(Figs 77 and 78a and b). Groups of junctlonal particles of
this type were observed to occupy narrow parallel ridges,
which were llneaé? disposed over relatively lerge distances.
These narrow ridées were more reminiscent of the Right
junetional ridges which were observed for example on Filg. 75.
On Pig, 77 this type of junctional network was found to
ocoupy an outgrowth from the cell in the form of an elongated
cell process.

Isolated gap junotions were also observed on somitic cell
menbranen. At stages 18 - 20 lonzlitudinal arrays of randomly
digposed junotional particles (Fig. 79) were occasionally
obgerved, while at stage 22 - 24, more rounded hexagonally
arranged particle arrays (Fig. 80) were more predominant.

At earlier stages these typeg of Junctions were consplcuously
absgent,

On other parts of the somite, more dispersed gap Junctional
networks were noticed to be arranged on broad convoluted
ridges (Fig. Bl). These, ribbon shaped ridges of 30 nm
uniform width were found to be devoild of all other particles
except for the olusters of junotional particles. They were
much broader than the usual tight junction ridges (Fig. 75)

and nore reminlscent in thelr appearance to the "iFu" type



areas described previously in thils chapter. (3ection &
the neural tube).

In association with the gap Junctional networks oval or
clroular areas ocoupled by elongated densely paoked very
snall particles were detected (Fig. 81). Very similar
features consisting of plaques with small elongated particles
and gap junctions digposed on 30 nn wide ridges were also
obzerved on various fragments of replicas which were too
small however, to positively identify as belonging to the
somite.' However, thely very similar assooclation wlth gap
Junction clusters disposed agaln on top of flat ribbon shaped
ridges (Flg. B82) made thelr identificatlon with iLhe type
observed within the somite quite probable. lg. 83 deploets
these Jjunctions on both "E" and "pP* fracture faces showing
rather striking difference in their surfaoe area, as portrayed
on complementary fracture faces. :lalnly uniform slze clusters
of small gap unctions, disposed on rldges on fracture face
"E% and simllar size groups of pits, disposed in narrow

valleys, were observed on fracture face L%,

b, CULTUREL EMBRYONIC MATERIAL
CERIVED FROM g HYP0B Fy

The phenomena of contact guldance and contact 1lnhibltlon,
studied in tissue culture of embryonioc cells, are of special
interest to the study of migratory cells within the embryo.
The appearance or absence of speclalized contacts in such

cell populatione, could help to explain thelir fate end
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behaviour observed within the embryo.
=cultured blast
As already reported in sSeotion 2 of this Chapter normal
uncul tured ocells of the hypoblast did not reveal any sub-
stantial networks of Jjunotions. Fracture faces of these
cells (Fig. 84) did not exhibit junctions except for a rare

ooccurrence of short tight junctiona as shown on Flig. 16.

General features of tissue culture cells

Isolated cells of the culture were characterised by a long
nucleus occupying a substantial part of the cell with lateral
thin layers of oytoplasm (Figs B5 and 86). iost of the
cytoplasm was obgerved to cocupy aplcal end of the cell,
where various cytoplasmic organelles like abundant small
vegicles and some endoplasgmic reticulum were observed
(Figs 85 and 86). Long procegses were also observed to emerge
from these cc'ls (Wigs 85 and86), ard establishing contact

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

Cell contacts and membrane f{eatures

The junctional networks in tissue culture cells were
restricted to isolated tight junctions strands. Hro gap
Junctions or desmogomes were observed on the replioas of
membrane fracture faces. The tight Jjunetions (iigz. 88)
were observed in more loosgely packed cell aggregates in the
form of 1solated and mostly single strands. In some nore
tightly packed cells the junction was observed to be composed

of continuous strande with numerous cross-links (Fig. Gl).
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stmong more dense cell populations, tight junctions in the
form of two or three parallel —~nwg were obgserved as shown on

Figs 92 and 93. In clome asscclatlon with isolated tilght
junotion atrands, ralsed flat areas (Figs 88, B89 and 90)
were encountered on membrane fracture faces. 3Jone of these
ereas (Fu) were covered to the game extent by menbrane
assoclated particles as the adjacent membrane fracture faces
{(Firg. 90) while others appeared almost completely devold of
particles (Fig. 89). Apart from the presence of particles,
therge types of areas showed a strong resemdblance to the

ones reported previously in the section dealing wlth germinal
disc (Fig. 14) and neural tube (Figzs 50 to 52), here fusion
of membranes between nutrient droplets and wlthin the neural

tube cells was described.
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INTRODUCTION

The main technique employed in this investigation was
the freeze-fracture repllication technique, a najor advantage
of which is the information it 1s able to provide concerning
the functional morphology of blological membranes. Like
all techniques, especlally newly introduced ones, 1t is
egsentlal that any artifacte assoclated with 1t should be
recognized, and as far as possible controlled or eliminated
in itz applioation. Yost of these artifsots have indeed
been already identified (Stolinskl and Ereathnach, 1975;
Crel and Perrelet, 1975; Stolinski, 1977) and can, with care,
be avolded. 4An artifaoct, previously unidentified and relating
apparently, exclusively to embryonic membranes emerged during
the course of the present study. Ilhis was the occurrence of

"blebs? on the plasma membrane of embryonic cells.

1. ARTIFACTUAL "BLEB® FORMATION

A majority of investigators has opted for chemlcal
fixation of tissue as a routine primary procedure for freeze-
fracture replioation. In thir way, oryoprotection of the
sample, performed in order to prevent ice orystal damage
during subsequent freegzing, can be convenlently carried out
for long periods of time, or after an interval, without
undue worry about the onset of autolytic changes. ilowever,
it has been establighed fairly convincingly that chemical

fixation can introduce substantial changes in the appearance
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of membrane fraoture faces, and this possibility nuat always
be borne in aind when sassessinzg results. (Leumpsey et al.,
1973; YNermut and wWard, 1974; rarish, 1975; Zreathnach et al.,
1976; kKelly and shienvold, 1976).

Iuring freeze-fracture investizations of chemleslly filxed
ohick embryonic material (Besllailrs et al., 1975; stollnski,
1977: Ereathnach and Stolinski, 1977) it has been noticed
that many fracture faceg of cell menbranes were covered by
single, circular or oval-shaped 150 to 250 nm digmeter bleb-
like elevationes (Fig. 1l). 7The surface of these blebes was
always obgserved to be completely devold of membrane assoccliated
particles (iiAF) whioch were otherwise present 1n normal
concentrations on the surrounding areas of the fracture face,
structures very simller in silze and appearance were also
reported by Zillies and Hatta (1574) in thelr chlck embryos,
end ldentified on replicas as budding Hous Jarcoma virus,
ihese authors did not apecify in their report if their
naterial was chemically fixed prior to rapid freezing, though
it probably was. 3Similar bleba are also evident on mloro-
graphs of Revel and srown (1975). Howaver, in this instance
again, the authors falled to specify their method for
pre-treatanent of tissue. jiuch larger diameter blisters on
cell membranes of chemically fixed lymphooytes reported by
MoeIntyre et al., (1975 ) as produced by the actlon of dimethyl
sulphoxide (L!iS0), also bear some resemblance to the
structures under dlscussion here.

It 18 clear there 1s some uncertainty concerning the

nature of these bleb-like structures, and since they also
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appear in the present aaterial, in order to clarify thelr
nature a comparative examination was made of routinely
glutaraldehyde-rixed and non-chemically fixed naterial,

eand between lLeukosis virus-infeocted and non-infected embryos.
The blebs ocould have been produced during the fixation or
cryoprotection of the embryonic material or {f 15 _ossibdle
that they could represent some normally ooccurr: - phenonenon
which acconpanies development.

The bdlebe are evident in material fixed with slutaralde-
hyde but not in non-fixed alycerinate¢ material. Thig could
suzzest that the action of glycerol suppregses thelr
occurrence, or deastroys then, in so far as they night bde
considered "normal” features of the memdbrane. iHowever, post-
fixation of xlycerinated materiel led to extensive appearance
of blebs, and this clearly indicated that the absence of
blebs 1n the non-fixed material is not due to zlycerination.
It aleso pointed oconolusively to the routinely employed
fixation process as being primarily responsible for the
phenomenon of blebbing. It 1s also certain that impurities
in the slutaraldehyde fixative are not responsitble for this
effect, since it was equally present in material fixed with
checked anéd guaranteed pure fixatlive.

fhe suggestion of Glllles and hHatta (1974), that membrane
blebs may represent a budding virus, is no lonzer tenable
in the light of the presgent findings, since numerous blebs
were present on chemically fixed plasma meabranes of exbryos

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

(1974) that oryoprotectants Ray induce blebbing in the



/8

lynphocyte cell membrane could have been explalired as

a product of coubined sction of LH3ZD and flxecives. It may
be polinted ocut that some blebbing of the cell nembrane was
very briefly reported by the same authors to have ocourred
on fixed cells whlch were used as oonbrole for Gheir
experinenta.

It s of siznificance and interest vhal plesap membranes
of non-enbryonic materlal routinely prepared for freeze~
fracture with chemical fixation, as well as intracellular
nenbranes of embryonic meteriasl, d¢ not exhibiti thig blebbing
phenomaencn. {his could be interpreted as indleating a basle
structural difference between the plasum menbranes of cells
of embryonic and fully developed nabertial. Certalnly, in
the smbryonic situablion there must be extensive ané continuous
adéitlon of new substance to the plasna meadbrane, and 1t
may be that fixatlon reveals sites of menbrane acocoretion
in the form of blebs.

the phenonenon of bleb formatlon mifsht be further
inveatigated by applying cother fluastivesn, bulfered at various
pii values and presoared at othar than normal tontelty. 1t
should alsgo be of interest from the point of view of bleb
fornation €o astudy cultures of cells underzoling synchronised

mitosis,

2o MERBRANE FJUSIoH

“ormally, on replicas of appoaed gell nembranes, Lwo

Lypen of fracture faceg (. and ) are observed Lo be
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separated by tne intercellular material in the foram of
a sbep {(iigs 53a ard b).

In certain appositionsl sltumtions of the prosent maberlsl
however, = very different gppearance wag encouniered, where
nembrane freacture faces (i and i) were observed to be geparated
by & third fracture fece “ru* (Fig. 5ba). {he sraphlcal
enalyels presentec on ['le. 54b helps in establichling the
nature of the fracture face *ifu® and iis relatlicn to the
aurroundéirg naterial. ‘he crogs-sectional precentation of
fracbure~faces on Flg. 540 indicates that only complete
fugion of the two apposed cell membranes can ssbisfacborily
explain the observations, <Couplete elinlpation of the inter-
celluler raberial frow the vieinity of fracture face “iu®
is especielly well 1llustrated on Jig. 55 where the glep
representing this naberial 1o Germinated at the appreach
to the “su® type face.

Adcditional evidence whioh supporis the existance ol

manbrane fuzgleorn nmey be ¢educed also from Lhe ovservatlon
that the fugsed membrane renalns in direet structural
continuity with normal unfused fraciure faces and, CGherelore,
the two involved cell menbranes (Flgs 54a and 55). ahis
obgervation was also supported by observed smoolh transition
fron fracture face *:% or "p® Lo the fused face “ru”.
It was also noblceable that et thisg transitlon bouncary,
the nmenbrenes btended Lo follow a filzed angle of convact
between Lhe involved fractura.faces (FiZe 55},

it has been generally accepted thal menbrane assoclated

rerticles may be regarded as bthe mailn probeln constituent
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of biolozicel nenbranes (Vall et 2l., 1977). <The abaence

of thege particles from the Tugsed nembrane lfaces of the
preaent ngterial (Flg. 56) supports the findinsg nnd oon-
glusions of Lawson et al., {(1977), who have shown by labelling
experinents Lbhat fused membrane areaz of thelr aterisl

are free of protelns. Also, ascording Lo then and Akhong

et al. (1975), removal of proteins or meabrane assoclabed

artiocles may be Laken ag s necessary prerequisliie to the

ke

Tfusion process. Tt is legitimate, therefore, o agsume
that the obgerved fused menbrans areas which are [free of
particlen are also free of proteins.

Only one type of fused fracture face was detcected on the
replicas. It was concluded, therefore, thst the complenentary
facss (Fu), 0o not possess any notloeagbly Alfferent features
but are equally similar. It is possible, therofore, to assunme,
that the fracture face *"/fu" represents a gplit half of a pure
1ipid bl-=layar, completely cdevold of 1ts protein component.

Cell membrane fusion has been reported to occur sponta-
neously anons namzmalian cells grown in tlasue cvliture
{Luey, 1975). Artificlally produced cell fusion as induced
py fusogzenic proverties of viruses {Okade, 1958) and chemleal
substances {Lucy, 1975) led to numerous sbudies rhich
inclinded among others gome freeze-fracture replicatlon work
(iathi et el., 19773 Enubton, 1977), In addltion, it has
heen reported that ¢ell fuslion can be produced by micro-
surzery (Dlacumacos, 1973) and by intraduction of an excess
of calciunm ions into the preparation (Foate and 211ison, 1973).

Specific mechanisme responslible for membrsne fuslon were
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postulated by Luey (1970), who proposed that the presence of
large numbers of micellar structures may induce fusion of
closely apposed meabranes. Akhong et al., (1973) suzzested,
however that the increased fluldity of olosely apposed
membranes resulting from the removal of membraneous proteins
from the involved sites, may lead to fuslon, Cullls and liope
(1978) suzgested also, that at the moment of fuslon, pure
1ipid layers acquire a hexazonal tubular form or the so called
H T1 phase, which actively promotes merger of apposed
nembranes.

e search for morphological evidence of menbrane fusion
at the ultrastructural level was originally uncertaken by
Falade and Burns (1968), who atudied thin sections of endo-
thelial cell membranes and underlying veslicles. Jome evidence
of fusion was deduced from cross-sectloned membranes which
showed a pentalaminar structure. 3Hecently, freeze-fracture
studiern of membrane fusion in orsanisms exhibiting active
seoret lon processges were carried out in varlious laboratories
(Chl et al., 1975; Lawson et al., 19773 burwen end satir,
1977). In addition, fusion processes were stucdled by
velss et al., (1977) in zametic differentation of a protozoan
by seutra and Schaeffer (1977) who investigated gecretlon
of mucus in goblet cells, and by 3atir et al., (1973)

who degoribed mucooyst secretion in letrahymena; secretion

in pancreatic 5 cells was investizated by Orel et al.,
{1977 b), while fusion involved in acrosomal reactlions
in sperm was investigated by Friend et al., {(1377).

Pnally 2into da #11va and Nogulera (1977), investigaled
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fusion of speclalised vesicles in a Tunzus. ‘ost of these
authors presented various stages of the menbrane Tuslon
process pletured as consecutive stable events, leading to

the aventual disintegration of the fusged menbranes. Varilous
types of veslolss, atiached by syametrleally disposed
speclalised menbrane assoclated particles o Lho oell nenbrane,
were pregented, bud the actua)l fused menbrane was not c¢learly
portrayed by any of thase investizators. 7Thils waes due
probably to immedlabe disinteagration of the fused zenmbranes,
and release of the veslecle content, which followed vary
qutsikly after the inttlal contact bebireen membranes.

In embryonic situations, actual Fusion in of veslelar
menbranes within growth cones of enbryonic nerve cells,
propassatad in Glsaue culture was reporied by ipconer et al.,
(1974), who observed on thin gections sone croszs-cectloned
vegicleg interconnected by continuous closely apposed or
fuged membranes. ilso in enbryonic fissue, rFranchl and Fandl
(1962), az well as Weakly (1966), reported cyboplasmic bridges
in developinz oocybes of rodents, but fuslen of cell membranes
wag not direotly ilaplicsted.

rztenesive, irrezularly shsped, and particle free fused
metbrane fracture faceg "rfu™ {(Filg. 56), have not baen
dencribed by sny previous investigators. Iore comaonly,
smgll circular or oval areas with peripheral snd oentral
particles as for example demonstrabed by I'into da 3ilva
and tosulera {1977) were eguated with the fused menbranes.
Also, vnlike all other investigators the norpholzzlcal

avidence presented here involved fuslon of cell mendranes,
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vere moatly confirmed here, and have been extended o Ghe
stud;x;uccesslve sbages of fully developed neural tube up
to stage 22-24,

AL the external border of the neural tube, nunerous focal
point junctlonsg were cbgerved., These junecbtlons, were not
observed by level and 3rown (1975)., who restricted their
obsarvation to the luninal border only, where {isintezrating
or re-<forming tight junctions were observed by them at
stage 8. In the present materlal, however, (Iiz. 46)
well developed tizht junetlon belts were obgerved gt the luminal
border up to stage 10 - 14, where conbinuous unbroken =trands
of junctions were seen. 1IU la possidle, therefore, that
juncblions obgerved by 3Zevel and Srown (1975) at stage ©
and described as elther "dis_integrabing or re-forminz™
were acbually in the process of forming.

4t the same lumninal position clear disintegration of the
junction wae obgerved at stage L7 - 18, where digcontinuous
strands of tight junctiong were seen to merge with gmall groups
of tep junctlon clusters (Flg. 4B). At £t1ll later stage
(22-24) tight junctileon strande haé completely dilsappesred
ant groupeg of small zap junctions disposed in g belt were
foun¢ to predominete. It ig possible that the cbrerved
disintegrabion of the tisht juncticn networks reflects
‘nereased mltofio activity of cells eg well as ecresbtion of
the new anvironznenrt within the lunen of the neurgl tube
when coupared with that of the folding neural plate.

ixbensilvely scanned neural tube matertial failled Lo reveel



gap Junotilons, except for those which were identifled at

the luminal border at stage 22-24, It appears, therefore,
that the cells of the neural tube are the only onea which
are completely devoid of large gap Jjunctilons, thus indlcabing

speclalisation of their cell membranes.
Not ochord

Within the notochord, szap junctlons which on the whole
were of gmall silze and not vary numerous were obgerved at
stage 10-14 (Flg. 66). At later stages, larger and numerous
gap junctionz 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 Junctlions were obgerved which occasionally displayed
larger than normal Junctional particles spaced further apart
then the standard ones. 1In addition at thls stage, the
first aigﬁs of hexaugonal arrangenent of normal junotional
particles wag_observed. At the latest of the stages investi-
gated (zo-zszifgaxn very large zap junctions were obgerved
compozed of sub-arraye of very clearly, hexagonally arranged
particleg. The Jjunctione were also surrounded by a narrow
belt of randonly disposed junctional particles.

This sequence of events, depleling continuous growth
of the junction fronm stage 10-1& to 22-24, clearly 1lluatrates
their development. [hlsg development was not commented on
by Hevel and Srown (1975) at all, who reported large gap

Junctions at a single investigZated stage E.



2ght junobionz or deanopomes were not observed at any

of the invesabtizated stazes in the notocohord.

Ho0mite

At stawe 10-1l ahort strands of tizht juncticons were secn
anong cells of the gonitic tiasue, to approxinsielvy the same
éxtent and with gimiler frequency to Chat seen in the tissue
of the gerninal dige. [he diatribution of disrunted ticht
Junetions reflects poesibly a highly mobille sitnatior in
the sonite, where cells undergo active miagration (sellalrs,
1971)., it subsgsequent astaxges (17-18), disrupted tLisht junotions
were afaln observed, bul they tended to te acconpeniled by
#nall clusters of xap Jurnctions, in association with a degmo-
gone like junction {(Fig. 76). fhis last juncticrn isg chars-
cterinsed by randomly erranged particles whiloh are wmuch
amaller than CLhe average membrane associated partinles and
wnioh gre obgserved on round or oval areas of annroximately
0.2 umin dismeter,

Gap lunctlons in the zonite at stazes 17 to 20 appeey
rnoebly in The disrupted form. Lons srrays of junccionz
vhioh were of various sizes were cbserved on goniiic cells
{(Flees 77. 78 and 79). zimilar disperged zap junctions were
aleo observed by Revel and Evown (1375) at stnue O, dasin
the dlgpersicn of the junctions in belts abt stages 17 vo 20
ey indlcate xeneral oell mobllivy and formatlion of only
temporary conbacisz. Slanificently, at stawe 22-24 larve
well aeveloped 1lsolated aap junctlons (filz. 80) suuzerd

poesglbly a more stable condition.



Regarding the degnosone~like and the tight junctions,
Hay {(1968) dewonstrated terminal bars, that is s junctional
network at the lumen of the pomiite gt gbtaze 1l. On freegea
fracture replicas at etage 10 to 14, snall gap junctbions
disposed on narrow ribbon llke ridses were observed tozether
with the destorome~like junctions (rFig. 81l). Al laber
stares (22-24) much more numerous deemosore-llike junstione
in gasocintion with gap Junoetlions dlaposed on ribhon shaped
ridzes were very clearly demonatrated on the renlicas
(Fizs 82 and 83).

obsarved

@
&

It apnears that $thiz junctional assosiatlion a
on the replicas has not heen reported previousiy. #specially
the characteriatic fleat ribbon shaned rideges, surgeeting
very alose meambrane apposition (Fig. 82), indicaved a specla-
lired jJjuncticnal system which tends £0 appear a3 a none
trensltory permarent feature from stazes 10-14 to 22-24,
it is possible that the junctional network reporied here,
represents Che terninel ber as shown by day (1%68) on thin
recbiona.  Thie could also be substantiasbed by che cobgervatlon
that bhe desmosome~like junctiong appear aluwgys on one side
of the ribbon network. owsver, further studlies on somitie
tisgue pre necegssary hefore this problem is ratieCactorily
r0lved, while here the new type of Jjunctlon i reported as

o prelininary finding.



ilggue culiture

fAgperged tight junetionz obgerved on cells of tlssue
culture suggest strongly that in small cell clusters no
pernanent or long term contacts are formed (Flzs 88 and 90).
tlowever, the cells which appear Lo bs rather more closely
apposed display more advanced and permanent looking, highly
interconnected junctional networks (Fiz. 91). In very closely
packed cellsg the structure of junctions changes azaln and 1s
obgerved asz parallel rows of Junctional particles which do
not tend to he Interconnected. This last conflzuration
refleots possibly the fact that the cells are grown on a flat
gubstrate which influences the final shape of the junction.

Cells of the hypoblast which ternd to be much more dispersed
within the embryo than in tissue culture revealed very few
Junctions, indicating that in tlssue culture, coapletely
new oconditions must exigt which tend to influence thelir

fornmation.

Jeneral remaris on cell contacts

£
Di

The predominant feature,earlykembryonlc chick material
up to stage 14, is the ooccurrence of either dlsrupted or
newly formed junctional networks. In the gzerminal diec
ané the sonite, falrly numerous short strands of tight
Junctions could have been produced as a regult of cell mobl-
1ity and only temporary attachment s between cells. In the
same tissue, perngnent tight Junetionsl networks were mostly

represented by the lateral belts near the apleal cell
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membranes, where long term cell atitachments sare known Go
axist. ihis was eapaeclally Lrue of embryonic eptdermis,
zhere short tight junctions on meneral cell nenbranes were
not observed and where acbtbive cell migration does not extst.
Similar considerations apply Lo the gap juncilons observed
in the somite up to stape 18. The longitudinally dispereged
junctional pattern, very strongly suggeste bthat the movement
of cells, could have poeslibly influenced the distribution
of junctional particles. This is especlally suggestive
{ron the obgervation of disrupted,directionally arransed
zap Junctions of varlous sizes are observed on nembrane fracture
faocen. However, arain the possibility, that a =mizge in
the assembly of the Jjunction 18 observed must not be discounted.
A Tairly complete sequence of junctional pstlierns as observed
at puccesslve developmental stages, was seen al {he luninel
btorder of the neural tube. Ihe observations guscest that the
tight Juneotional particles are poegeibly re-used al thege
sites for the conztriction of zap junotione. Very close
inter~-relationshln between the two Lypes of Jurctions, abrongly
gugieat also that the dleassenbly of tighi junctions iF
Tollowed in succeasive siages by ro-use of the particles for
segenbly of wap juncbions. T¢ 13 poasible also that Their
actual disposition and function mey be deternined by Lhe
exbernal influences.
4 sequential pattern of gap Junction development ewrsrged
frron the observations of zenerel cell nmenbranes in notochord
and 50 & similar extent in the gonites. 16 concerned Lhe

graduel increase in the size of Junctions which at earliler
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stages {(1C-14) were zenerally of small size, usually not
exceeding 70 to 80 nm in diameter. Ly stage 22-24, in both,
the notochord and the somite, junctions with mtructural
features different to the ones seen earlier werc obgerved,
Jhese junctions were on average of 500 nm dlameter or

larcer and consgisted of isolated hexagonally arranzed
sub-arrays of jurctional partieles. <T(hisg type of junctional
configuration was not observed in the earller siases at all,
where only smaller junctlons were randomly dispoged particles
were seen.

In posb-natal develarsd tlgsue, 1solated round or oval
zap junctions seldom exceed 700 nm dlameter. Only in tigsue
like fully develeoped liver or pancreas, where :ap junctions
exist in the form of broed belts the width of {he Jjunction
mey be of the order of 1.3 um (Larsen, 1977).

It is possible, therefore, that the large 1lsolated zap
Sunctions of 500 nu diameter, as obssrved in the chick
embryn ab developnental stage 22-24, represent almogt the
maxinun size whiech 1z attalned by Hhat Junctlon. It may
he oconcluded algo, that in all probablility the junctilon
represants a permanent contact, functionling amon. cells

which ceased to n1tzraete and forned gz definite oruan.
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Freeze-fracture replication in biological research: Development,
current practice and future prospects
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INTRODUCTION

In recent years, frecze-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 incrcasing number of publica-
tions where the results of various researches arc
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 thc 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 Perrelet, 1975;
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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 freczing 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 pioncering 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, namcly 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 eells 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 afier prolonged storage
(Polge et al., 1949). This work led to the dis-
covery of the properties of glyeerol as a cryo-
protectant. Henee, out of these two distinct
themes there eventually emerged a method
whieh allowed for a new and alternative por-
trayal of tissue ultrastructure in the electron
microscope. This was the technique of freeze-
fracture repheation.

In the early 1950°s many laboratories engaged
in ultrastructural studies were investigating
various [reezing 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
speeial 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
organismsin a new guise but in a readily recog-
nisable form. Basically, the teehnique involved
the following procedure. Small picces 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
ultramtcrotome, 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 scetions.
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 biologieal
membranes. Relatively large areas of this nature
were observed, covered with numerous small
particles whieh were randomly attached to the
fraeture faces (Moor and Miihlethaler, 1963;
Moor, 1964; Branton and Moor, 1964).

The technique caught the imagination of
many clectron microscopists who Dbegan to
acquire commercial apparatus which was de-
veloped from the original apparatus (Moor,
1965). Subsequently, others made eflorts to
eonstruct various similar but non-conunercial
devices with whieh it also became possible o
produece replicas from frozen and fractured
material (Geymayer, 1966 ; Bullivant and Ames,
1966; McAlear and Kreutziger, 1967 ; Boere and
Kreger, 1968; Steere, 1969; Takeuchi and
Hasegawa, 1973; Stolinski, 1975D).

THE FREEZE-FRACTURE TECHNIQUE

Basic principles of the technique

In order to put into perspective and clarify
some of the following paragraphs, basic routine
trcatment of tissue as processed for freeze-
fracture replication is shown diagrammatically
mn Fig. I and is suimmarized below.

After appropriate isolation of the sample, a
small portion, not larger than 8 o 10 mm cube
is either chemically fixed or is impregnated
(without prior fixation) with a cryoproteetant.
Fixed samples also have to be proteeted 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. Afierwards, 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 1o 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 complctely 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 gencral plane followed by the evaporation of carbon (C). (5) represents a cross-sectional

view of a clean replica after the tissuc 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 ef al., 1975).
This new terminology proposes the adoption of
two letters, namely P and F, 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 assumiption 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 genecral adoption of such a simple
terminology will promote an easter 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
additon 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 Extand 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. Onc 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 membranc 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
fracturc 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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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 membranc leaflet attached to the eytoplasm
(Cp). E: the fracture face representing the membrane Icaflet attached to the intercellular or
cxternal material (Ext). Ps: The inner surface of the membrane (Me) facing the cytoplasm (Cp)
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Malched 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 permecating or
surrounding the sample and which during rapid
freczing, cffectively prevents the formation of
damaging ice crystals.

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

Tt is worth mentioning at this stage that some
workers still insist in continuing to use the rather
unfortunate and misleading term ‘frecze-ctching’
to describe the whole process. ‘Freeze-fracturing’
deseribes the technique accurately and it s
noticcable that in the recent literature and at
various Symposia, the name ‘freeze-fracturing’
is becoming gencrally adopted. It should be
remembered that ‘etching’, which some authors
regard as the sublimation process, docs not
nccessarily form a part of the technique and
that on the whole, the majority of replicas are
produced without any sublimation (ctching)
taking place. Some confusion may also arise
from the fact that when sublimation is routinely
applied to a hcavily 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-
décapage, Gefrierfraktur, cryodccapaggio, crio-
fractura, to mention French, German, Italian,
and Spanish deseriptions of the technique.

Permeation and fixation

The preliminary treatment and handling of
samples is of considerable importanee if the
structurc 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
glutaraldchyde. After fixation has been com-
pleted, the material has to be transferred for
I to 2hr into a buffered 109, solution of the
cryoprotectant (c.g. glycerol) and for a subsec-
quent lhr into a 259 solution of the same cryo-
protectant, all at 4°C. In this way, chemical
fixation may cflectively 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 chemiceal
fixation are to be avoided, it is ncecessary 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
cmploy tissuc culture solutions like TCI199 to
buffer the eryoprotectant. Under these condi-
tions, the nutrients which arc present can
clleetively sustain tissue mectabolism and via-
hility of the sample until the moment of rapid
freczing.

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 1o the onc adopted for the plasma membranc is used except that the
suffix (o) and (in) identifies the actual membrane position. Hence: Ch, interior of the nucleus;
Cp, cytoplasmi; NP, nuclear pore; M, internal space of the mitochondrion. It should be noted
that the space between the outer membrane (Me O) and the inner one (Me In) is regarded as
external.

Endoplasmic reticulum and Golgi apparatus
The veference 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 thc
permeation process and the final concentration
of the eryoproteetant 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 coneentration of the cryoprotectant
with the next sample. Such an overall reduction
should hopefully improve matters by further
minimizing any possible changes in the final
appearanee of the tissue. In practiee it is usual
to permeate, for example, small cubes of rodent
liver at 4°C for lhr in a TG 199 solution with
109, glyeerol and for a further lhr in a 25%,
glyccrol solution to obtain satisfactory results.

The most commonly used cryoprotectant
employed in the freeze-fracture teehnique is,
without doubt, glycerol mainly beeausc it is a
fluid readily miscible with water as well as being
a non-clectrolyte of very low toxicity, It is
usually applied to the sample in two steps by

first permeating the tissue with a solution of

reduecd concentration in order to minimize the
osmotic shoek to the cclls. In our laboratory
for example, permeation with 109, 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 dimcthyl sulphoxide (DMSO) for the
purpose of eryoproteetion. However, it is known
to be toxic in high coneentrations and may in-
troduec specifie artifacts, DMSO may be used
in concentrations of up to 25%, by wcight in a
suitable buffer and permeation of tissue should
not exeeed 45min. It is somctimes desirable to
apply cryoprotectants of the type that do not
penetrate into the ccll interior like glyeerol and
DMSO, but remain in the inter-cellular spaecs.
However, these types of eryoprotectants arc only
suitable for eell suspensions and are not effeetive
in proteeting bulk tissue as well as eausing somc
cell shrinkage. Various concentrations of sueh
non-penetrating cryoproteetants like PVP (poly-
vinylpyrrolidone), HES (hydroxy ethyl stareh)
and high moleeular weight sugars have been
used as reasonably effective eryoprotective
agents, The properties of these as well as those
of penctrating agents have been wcll doeu-
mented by Mazur (1970) and Meryman (1971)
where the application of sueh chemieals is
extensively diseussed.

In order 10 be able to assess changes which

inevitably take place when a sample is pro-
cessed for freeze-fracturing, it is of eonsiderable
importanee to be able to obtain a refercnce in
the form of a minimally affected tissue. This
comparison can be achieved in praetiee by using
fresh tissue which is frozen immediately after it
has been obtained (e.g. by biopsy) without any
prior treatment (Heuser ef al., 1975; Stolinski
and Breathnach, 1976; Dempsey and Bullivant,
1976). It can be stated with a eonsiderablc
degree of ecertainty that tissue processed in
this way should remain in the elosest possible
state to the normal living appearance. Un-
fortunately in sueh cases only an outcr layer of
tissuc is preserved in a rcadily recognizable form
while the interior of the sample is destroyed by
ice erystals. Nevertheless the suceessful portrayal
of even a small portion of tissue in a form which
closely approximates to the natural appearanee
allows for a useful eomparison to be made with
other tissues which were ehemieally or otherwise
trcated.

While experiments of the type deseribed above
can be used to establish optimum conditions for
preparing the samples, they can, of eourse, also
be used to study ehanges produecd in the tissue
by various cryoprotcetants, the use of ehemieal
fixatives and any changes in temperature whieh
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 speeimen throughout the
permeation proeess. When placed in a suitable
tumbler meehanism, a constantly moving bloeck
of tissue effectively prevents the formation of
stagnant layers in the surrounding solution thus
substantially shortcning the cntirc permeation
process.

Rapid freezing

The eorrect method of freczing the tissuc
remains a basie and very important step in the
entire freeze-fracture technique. In this context,
freezing may be regarded as a specifie type of
fixation arrived at by physical means. It should
be emphasized herc, that the main advantage of
frcezing over chemical fixation is that it lcaves
thc tissues in a viable form. It follows, therefore,
that the frozen tissue ean be rcgarded as a
dormant entity whiech on cxamination is morc
likely to reveal struetures which arc eloser to the
actual living statc when eomparcd 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 some 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
organelles with the least changes or alterations.
In addition, it is essential to carry out the freez-
ing process in a way which ecffectively 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 scc. 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 freczing 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 cvaporation 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 climinate 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 iinportance in relation to
contamination of the freshly revealed fracture
faces. When the sample is very cold, that is
below — 10°C, trapping of contaminants on
cxposed 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 ean be con-
trolted. In this manner the desired part of the
specimen can be exposed in a gradual way
(Moor e 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 iec fragments which remain
attached to the edge of the blade (Stachelin
and Bertaud, 1971). In reality, the microtome
blade does not fracture but more preeiscly
produces small conehoidal flakes over the entire
area of the sample. In addition, the knife tends
to rub the ice surface thus produecing local
heating by friction resulting in significant
artifacts (Fig. 8).

Another method of fracturing involves the
forecful 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 freczing of
the sample rather inefficient due to the relatively
large size of the sample container. Still another
method of tissuc fracturing utilizes a cleaver
mechanism for inducing a fracture in a pre-
determined part of the speeimen (Stolinski,
1975b). In this method, the eleaver eomes 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 planc is achieved
by preahgnmg a chosen part of tissue prior to
freezing in a cylindrical holder. Another uscful
property of the cleaver mechanism, which is
maintained at low temperature, is that it ean be
used as a shutter which cflectively 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
quiekly 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 technieally rather
difficult operation of fracturing the sample
while inside the vacuum chamber is effectively
obviated, making, in ecffect, 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. Afier
the nitrogen has been completely pumped out,
some contamination of the already revealed
fractured sample may oecur, cspecially when it
beeomes exposed for a substantial length of time
to the residual atmosphere inside the vaeuum
chamber. Nevertheless, with care, very good
replicas can be produced with this type of
apparatus (Bullivant, 1974). This simple and
pioncering method helps to illustrate that in
order to produce good replicas, an expensive
and sophistieated apparatus is not essential.

Replication

Ideally it would be of considerable advantage
if it was possible to examine the surface of
frecze-fractured specimens, using a bulk speei-
men, at the resolution obtainable with a trans-
mission clectron microsecope.  Unfortunately,
bulk specimens of this type cannot be examined
in a transmission microscope while the resolu-
tion of seanning microscopes, which are
eminently suitable for studying solid objeets and
obtaining three-diinensional information, is still
much too low to resolve the fine details which arc
present. Fortunately, the merits of the trans-
mission cleetron microscope can be cxploited
by making thin facsimiles of the exposed surface
of the frozen speeimens using the replieation tech-
nique. The same technique also makes it possible
to obtain information in three dimensions.

The replica is formed by shadowing the
sample with an clectron dense metal at an angle
to the general planc 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, thercfore,
to bind all the isolated patches of shadowing
material with another film which in this case
must be clectron transparent, relatively struc-
turcless 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 eclectrodes 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 relcased 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 tempcra-
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 suffictent 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
Jjunction 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 lissue

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.)
% 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 109,
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 509%,) 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 5um wide, as
supplied by Gilder Grids Ltd., 23, Macfarlane
Road, London WI2 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 5um 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 vive (Heuser et al., 1975; Dempsey and
Bullivant, 1976; Stolinski and Breathnach,
1976). When the results obtained from this
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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 (Mclntyre ef 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 1078 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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Fig. 7. Replica of a bacterial slorage granule
showing substantial deformation produced during
fracturing. - 106,000.

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
of carbon is viewed edge on, on structures which
are vertically disposed to the electron beam

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

pear to be contaminated by material originating from the scraped area.
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Fig. 9. Replica of cell organelles exhibiting regions where carbon (C) appears as a broad dense

line, but only when viewed vertically.

Lastly, inadequate cleaning of the replica may
result in some organic material being left
attached to thc rcplica. However, such struc-
tures arc usually easy to recognize and may be
removed by repeated treatment with het 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 rcmem-
bered that a replica when produced under
favourable circumstances rcmains 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
clectron 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 placcd on a carbon support
film.

On the whole, as far as it is possible to
ascertain from currcnt 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

56,000.

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 bc achieved with the method of spray
freczing. The method employs a spray of very
finc droplets, containing cells or other small
fragments, directed into a containcr filted with
liquid propane at —190°C (Bachmann and
Schmitt-Fumian, 1973). Subsequently, the liquid
propane is cvaporated and rcplaced by an
appropriate binding medium for further routine
handling. Onc of the main drawbacks of the
method is that it cannot be uscd 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 samplc arc
to be examined, very rapid freezing, without the
use of a cryoprotectant, can be employed
provided thecre are no obvious signs of icc
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crystal damage in the first instance. Insuch 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 et 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 1077 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).
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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), sec also Stolinski and Breathnach,
1977).

Maiched 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 fenestrac 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.

cmployed 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

Fig. 11, Matched replicas of human erythrocyte showing (racture faces types P and E. Hb, hemo-
globin. x21,000.

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, 1974).

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 et 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
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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 et 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, maobility and removal
of particles under the action of enzymes
(Branton, 1971), changes of pH (Pinto da Silva,
1972), temperature (Wunderlich ¢ al., 1974)
and aetion of fixatives (Breathnach et al., 1976),
were extensively investigated in many labor-
atories. The distnbution 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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Fig. 12. Replica of a freeze-fractured and sublimated human erythrocyte. The fracture face (P)
revealed by fracturing is seen to be separated by a step (St) from the outer surface of the mem-
brane (Es) x 89,000,

Fig. 15, l'ypical appearance of membrane associated particles (MA  sobserved on the fracture
face (P) of a human erythrocyte. x 107,
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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 ef 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
asscssed 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; sec also Fig. 14).
Small fenestrae, such as nuclear pores (Fig. 15)
and cndothelial pores (Fig. 16), which can be
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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 ef 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

Fig. 14. Myelin as observed on a replica from a peripheral nerve of o ralibii

L
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Fig. 15. Replica showing fracture faces of the cell membrane of an endotheclial 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 0 and P in. Cp, cytoplasm, P and E, fracture faces
of the cell membrane. x22,000.
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observations of replicas of relatively undamaged
tissue, thus possibly portraying cven 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 cvaporation 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 asapplied
to the study of eell 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 achicved.

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 cntire
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 somc microscopist freezing extremely
rapidly a biological sample, mounting it inside
an clectron 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 1nm.
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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 (Mclntyre, Gilula &
Karnovsky, 1974; Wunderlich, Wallach, Speth & 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 #m 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 -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 clectron 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 (/uz 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 Inr (‘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. 1. 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); Num, nuclear membrane; muit, mitochondria.
% 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. 1 was taken. Normal
ultrastructure is destroyed by presence of ice crystals (¢r). Cy, cytoplasm; Num, nuclear mem-
brane; Nup, nuclcoplasm. 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 /nr face of
plasma membrane. x 205000.

morphology was almost completely destroyed by the presence of numerousice 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 Exr 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, Inr) 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 (/pp) are present on both faces; pi, gap junction pits;
tjp, rows of tight-junction particles on /nt face: vi, villi projecting into duct lumen; S, 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; St, 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 Zar 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 /nt faces. Prominent and less prominent particles were present. A notable
feature of the Exr 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.

Crtoplasmic 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 Exr and Intr faces (Fig. 10).

Two types of mitochondrial fracture faces were encountered. One (Ext), directed
towards the exterior of the organelle (Fig. 11), 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 (£x70) 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 (Exfo) 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 148 500.
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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 Ext (‘A’) and Int (‘B’). Whereas the former particles
appear to lie on the material forming the general planc 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, fnt) 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. /i, lipid droplet; /i, 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 membranc
(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
(Mclntyre ef al. 1974; Wunderlich er 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 nuclcar membranes
exhibit the feature (without particle aggregation) but membranes of cytoplasmic
organelles — mitochondria, rough endoplasmic rcticulum —do not. With similar
material infiltrated with glycerol but not chemically fixed (Breathnach er 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 (Mclntyre 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 Ins 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 i1s 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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SURFACE SUBLIMATION OF FROZEN
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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 dimethylsulphoxide (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. Ninimally 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 /n zivo, 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 (Wyckofl, 1949; Reed, Wood &
Keech, 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 (1970) applied the freeze-ctch replication technique to
tendon, cornea, cartilage, and aorta, and described a twisted appearance of fibrils
which they belicved to be derived from a sheet of material coating them. Shortly
afterwards, Bouteille & Peasc (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 routincly 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 Wz 1PG.
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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 propertics 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:

(1) Blocks of tail tendon were fixed in buffered 2 95 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% glutaraldeliyde) and unfixed specimens of cheek connective tissue were cryo-
protected with glycerol (109, for 1 h, followed by 259 for 1 h), rapidly frozen, fractured,
and replicated without sublimation.

(5) Fixed and unfixed specimens of cheek connective tissue were cryoprotected with DMSO
(109, for 1 h, followed by 259 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 frecze-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 8gooo.

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 8gooo.

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 obscerved superficial to the collagen fibrils, possibly as a result of fixation. x 89 ooo.
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RESULTS
Thin sections

The appearance of collagen fibrils in stained thin sections (Fig. 1) 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 179, less than the 64 nm frequently
quoted for untreated or reconstituted fibrils. This commonly encountered difference

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 (Z). 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 processec
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 submittec
only to surface sublimation (Fig. 2) exhibited a very clearcut, banded appearance
with a major periodicity estimated as 64-65 nm. Replicas of glutaraldehyde-fixec
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. g.

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. 10).
Non-fractured fibrils revealed by sublimation exhibit neither helical array nor
banded pattern, but a generally ‘fluffy’ appearance (Fig. 10) 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 ({) exhibit
a left-handed helical arrangement (see also Fig. 4). x 1160c0.

Fig. 6. Replica of unfixed, glycerinated and freeze-fractured rabbit peripheral nerve,
showing helically arranged collagen fibrils of the epineurium. On tangentially fractured
fibrils (¢) the internal arrangement of filaments is revealed, showing a similar helical
arrangement to that observed on the fibril exterior (f). x 9700c0.

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 (5) the general
fracture plane. a, fibrils fractured just above the general fracture plane. x 9600o0.
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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. 114, B. It is noticeable

that on both banding is evident while a helical pattern is absent.
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Fig. 10. 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 (/1) external
to the fibrils. x 113000.

Fig. 114, B. Replica of unfixed, non-cryoprotected, rapidly frozen and freeze-fractured
human peripheral nerve showing banded epineurial collagen fibrils (a) and imprints
(B). X 120000,

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 (Iigs. 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 anc
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 (1¢71) show substantial parallels in
trecatment of tissue. In cach 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 DMSOQ, 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. 2 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

22 cLL 23
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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
vears 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 er al. (1961) or specially sharpened blades (Koehler, 1968)
which are easily damaged by hard ice are not essential and indeed have some
inherent disadvantages (Stachelin & 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).
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Fig. 1. Drawing of a section (a) and plan (b) of the freeze-fracture

apparatus.
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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 artached 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 berween the specimen stage and chuck, while
the specimen holder with its close fit in the chuck bay achieves the same purpose.
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Fig. 3. Drawing of the specimen holder and chuck, illustrating the
specimen alignment.
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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 covered with a close fitting metal shroud,
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Fig. 4. Drawing of the specimen stage.
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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

Fig. 5. Drawing showing construction of the cleaver.

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 fracrured 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 connccted 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 (i), 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. 7ii) 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 ¢ Torr 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 ym). (On this
and succeeding micrographs, encircled arrow indicates direction of
shadowing.
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Fig. 9. Replica of a gap junction region from a rodent hcpatic 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).
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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).

=
o e

buffered DMSO solution and sublimated for 3 min at —100°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 pm).

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 30-60s 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 ez 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
509, 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 dees 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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