
previously reported observation that 
only five HRP-positive cells were visual- 
ized after the marker enzyme was inject- 
ed into a pain-sensitive structure, tooth 
pulp (17), supports this notion. Never- 
theless, limited numbers of HRP-posi- 
tive cells found in our studies may reflect 
differences between species (cat versus 
human), the relatively small area to 
which HRP was applied, the wide recep- 
tive fields from which trigeminal neurons 
project (16), or perhaps the uptake prop- 
erties of these nerve terminals. The pos- 
sibility that other cranial nerves convey 
sensory information from meningeal 
blood vessels also deserves consider- 
ation. By "painting" HRP mixed with a 
polymer directly onto the surface of the 
middle cerebral artery, uptake of the 
marker by perivascular nerve endings 
was assured. In this instance, uptake 
presumably occurred within myelinated 
and poorly myelinated neurons sur- 
rounding large cerebral arteries (18). 
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Freeze-Fracture Cytochemistry: Replicas of Critical 
Point-Dried Cells and Tissues After Fracture-Label 

Abstract. Applications of the new fracture-labeling techniques for the observation 
of cytochemical labels on platinum-carbon replicas are described. Frozen cells, 
embedded in a cross-linked protein matrix, and frozen tissues are fractured with a 
scalpel under liquid nitrogen, thawed, labeled, dehydrated by the critical point 
drying method, and replicated. This method allows direct, high-resolution, two- 
dimensional chemical and immunological characterization of the cellular mem- 
branes in situ, as well as detection of sites within cross-fractured cytoplasm and 
extracellular matrix. 

Face views of biological membranes 
are revealed in platinum-carbon replicas 
of freeze-fractured cells and tissues. The 
fracture process appears to split regions 
of the membrane having a bilayer organi- 
zation (1). The bilayer continuum of bio- 
logical membranes is interrupted by inte- 
gral membrane proteins that may span 
the membrane. In freeze-fracture repli- 
cas, these proteins, and possibly their 
tightly associated lipids, interrupt the 
smooth fracture plane of the bilayer and 
appear as membrane particles. Charac- 
terization of the chemistry and topology 
of components represented by the mem- 
brane particles is derived from studies of 
freeze-etched surface-labeled mem- 
branes (2) and of recombinants of mem- 
brane lipids and integral proteins (3). The 
generalization of the correspondence be- 
tween integral membrane proteins and 
membrane particles is therefore inferen- 
tial and largely based on the qualitative 
homogeneity of the freeze-fracture mor- 
phology of all biological membranes. 

The low temperature (below - 100°C) 
and high vacuum (below 2 x 
mmHg) at which the fracture faces are 
produced and replicated have limited the 
development of techniques for cyto- 
chemical characterization of the identity 
and distribution of fracture face compo- 
nents. We have developed methods that 
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permit the cytochemical labeling of 
freeze-fractured cells and tissues and ob- 
servation of the labels by thin-section 
electron microscopy (4). These thin-sec- 
tion fracture-labeling methods involve 
grinding (that is, multiple fracture) of 
frozen cells and tissues that are im- 
mersed in liquid nitrogen. The fractured 
specimens are thawed, labeled, and 
processed for thin sectioning. Initial ap- 
plication of this method to the labeling of 
freeze-fractured erythrocytes (4) showed 
that anionic and lectin binding sites can 
be labeled on the fracture faces. In par- 
ticular, concanavalin A binding sites, 
associated in human erythrocytes to the 
band 3 component-a membrane-tra- 
versing protein and the principal compo- 
nent of the membrane particles-are par- 
titioned during fracture in a manner simi- 
lar to that of the particles: about 75 
percent of the label is seen on the inner, 
protoplasmic face ( 3 ,  and the rest is 
associated with the exoplasmic face of 
the membrane. This signifies that surface 
residues and chemical groups associated 
with integral membrane-traversing pro- 
teins may be dragged during fracture 
from their sites at the outer surface 
across the frozen outer half of the mem- 
brane. In addition, the process of frac- 
ture appears to cause exposure of addi- 
tional chemical groups which in the in- 
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tact membrane might be sterically inac- Thin-section fracture-labeling permits 
cessible or chemically unreactive, or the distribution of the label to be related 
both (4). We have applied these thin- to the cellular and intracellular stmc- 
section fracture-labeling methods to in- tures beneath the plane of fracture. To 
tact cells and tissues to label the fracture provide information of the two-dimen- 
faces of plasma and intracellular mem- sional distribution of the label and to 
branes (6). relate the distribution of components to 

the conventional morphology of plati- 
num-carbon replicas of freeze-fractured 
specimens, we have developed replica 
techniques to examine critical point- 
dried specimens after they are fracture- 
labeled. 

For our experiments, we used human 

Figs. 1 and 2. Critical point-dried rat pancreas after freeze-fracturing. Protoplasmic and exoplasmic fracture faces of zymogen granule (ZG, and 
ZG,) and of endoplasmic reticulum membranes (ER, and ER,). Scale bars, 0.2 pm. Figs. 3 to 5. Localization of WGA binding sites on the 
fractured faces of pancreatic acinar cells. Fractured tissue was treated with WGA and labeled with colloidal gold-ovomucoid complex (11). In 
Fig. 3, colloidal gold particles (arrowheads) are sparsely distributed over the exoplasmic face of zymogen granules (ZG,). In Fig. 4, colloidal gold 
particles are concentrated over the exoplasmic face of the lateral plasma membrane (PM,), sparse over the protoplasmic face (PMp), and virtually 
absent over fractured endoplasmic reticulum membranes (ER, and ER,). In Fig. 5, high magnification of a region from Fig. 4 shows the electron- 
opaque spherical colloidal gold granules and their shadows. The regular small step expected between the fracture faces of the lateral membranes 
of two adjacent cells is not evident; these faces are distinguished from each other by their different texture [see text and (4) for explanation]. Scale 
bars, 0.2 pm. Fig. 6. Localization of rat serum antigens on the fracture faces of a capillary within rat adenohypophysis parenchyma. 
Fractured tissue treated with antibody (IgG) to rat serum and labeled with colloidal gold-protein A complex (11). Colloidal gold granules are 
abundant over the plasma-containing, cross-fractured capillary lumen (c) and absent from the endothelial cell membrane faces (PM,). Scale bar, 
0.2 pm Figs. 7 and 8. Colloidal gold particles (arrowheads) locate WGA bound to the protoplasmic faces of the plasma membrane of a freeze- 
fractured leukocyte (PM,) (Fig. 7) and of a human erythrocyte (Fig. 8). Cells embedded in cross-linked bovine serum albumin gel (BSA). Scale 
bars, 0.2 pm. Fig. 9. Cationized fenitin molecules cover protoplasmic face of freeze-fractured human erythrocyte. Scale bar, 0.2 pm. 
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erythrocytes and leukocytes embedded 
in a cross-linked matrix of 30 percent 
bovine serum albumin (4, 6), as well as 
rat pancreas and adenohypophysis gland 
tissues. Erythrocytes and leukocytes 
were fixed in 0.5 to 1 percent glutaralde- 
hyde for 30 minutes, and the tissues were 
fixed in 1 to 3 percent glutaraldehyde for 
2 hours. Slices of gels and tissues were 
impregnated with 30 percent glycerol, 
frozen in Freon 22 (cooled by liquid 
nitrogen), and then immersed in liquid 
nitrogen and fractured with a scalpel. 
The fractured pieces were thawed in 30 
percent glycerol with 0.5 percent glutar- 
aldehyde, deglycerinated, and labeled. 
The tissue and gel fragments were then 
fixed in 1 percent Os04 for 30 minutes, 
dehydrated in ethanol, and subjected to 
critical point drying. Dried specimens 
were oriented on a specimen carrier and 
shadowed with a platinum-carbon gun. 
The replicas were floated and cleaned 
overnight in 5 percent sodium hypochlo- 
rite solution, rinsed in water, and collect- 
ed on Formvar-coated grids. 

The platinum-carbon replicas of these 
cells and tissues show that their original 
freeze-fractured appearance is retained 
to a remarkable degree. Cellular compo- 
nents as well as major ultrastructural 
elements are evident (Figs. 1 to 7). The 
degree of preservation of membrane 
faces depends on the quality of the phys- 
ical support underneath: protoplasmic 
faces (Figs. 2 to 7) with the exception of 
those of zymogen granules (Figs. 1 and 
3) are generally well preserved; exoplas- 
mic faces (Figs. 2, 4, 5, and 6) are, in 
general, less well preserved because the 
components of the exoplasmic space on 
which they rest are less compact and 
offer less opportunities for cross-linkage 
during fixation (4). Exceptions are, for 
instance, the exoplasmic faces of pancre- 
atic secretory granules, which are well 
preserved because they are backed by 
compacted secretory materials (Figs. 1 
and 3). Finer ultrastructural detail is ob- 
served: capillary fenestrae are clear (Fig. 
6) and so are nuclear pores and tight 
junctions (7). 

The fine structure of the protoplasmic 
faces of critical point-dried, fractured 
membranes (Figs. 7 and 8) is different 
from that of conventional freeze-frac- 
tured replicas. Membrane particles ob- 
served against a smooth background are 
replaced by rugous faces whose back- 
ground texture as well as ultrastructural 
features are characteristic of each mem- 
brane-compare the protoplasmic faces 
of erythrocytes (Fig. 8) and leukocytes 
(Fig. 7). This different ultrastructure ap- 
pears to result from reorganization of 

membrane components (mainly mem- 
brane lipids) upon thawing in an aqueous 
environment (4, 8). In consequence, the 
fracture faces observed in platinum-car- 
bon replicas of preparations that are 
freeze-fractured, thawed, and subjected 
to critical point drying are not strictly 
equivalent to conventional freeze-frac- 
tured faces. Thus, although the conven- 
tional nomenclature of freeze-fractured 
faces (5) is used here, interpretation of 
the results must take into account the 
possibility of reorganization of mem- 
brane components after membrane split- 
ting. 

In human erythrocytes, cationized fer- 
ritin (9) binds to both protoplasmic and 
exoplasmic faces, as seen in thin sec- 
tions of fracture-labeled preparations (4). 
We show now that cationized ferritin 
molecules can also be identified as a 
dense cover of globular 13-nm entities on 
the protoplasmic faces of the critical 
point-dried, freeze-fractured erythro- 
cytes (Fig. 9). Cationized ferritin binds, 
at least in part, to anionic sites revealed 
by the fracture process (4). Because 
cationized ferritin at pH 4.0 or colloidal 
iron cannot identify the chemical nature 
of the anionic groups, we used wheat 
germ agglutinin (WGA) to label possible 
sialic acid residues on the fracture faces 
(10). In addition, since platinum casts of 
ferritin molecules can be difficult to re- 
solve against the rugous texture of the 
critical point-dried fracture faces, we 
used electron-opaque colloidal gold con- 
jugates (11) as a less ambiguous marker. 
Colloidal gold particles resisted sodium 
hypochlorite digestion of the tissue dur- 
ing cleaning of the replica and remained 
trapped in the platinum-carbon cast. In 
replicas, each colloidal gold granule is 
observed as a 20-nm circular black gran- 
ule accompanied by the shadow it casts 
onto the fracture face (Figs. 3, 5, 7, and 
8). 

Colloidal gold labeling of WGA bind- 
ing sites (10) was achieved by incubation 
of the freeze-fractured, thawed speci- 
mens with the lectin (0.25 mglml for 30 
minutes at 37OC), followed by washing 
and incubation in the presence of WGA- 
binding, ovomucoid-coated colloidal 
gold (3 hours at room temperature; over- 
night at 4°C). Preliminary experiments 
showed that, in the absence of WGA, 
ovomucoid-coated colloidal gold failed 
to bind to the fractured specimens. Con- 
trols consisted of fractured specimens 
incubated with WGA in the presence of 
0.4M N-acetyl-D-glucosamine, rinsed, 
and labeled with ovomucoid-coated col- 
loidal gold. 

In erythrocyte membranes, most of 

the colloidal gold label is associated with 
the exoplasmic half of the fractured 
membrane, with about 10 to 20 percent 
of the label dispersed over the protoplas- 
mic face (Fig. 8). In leukocytes also, 
most of the label is observed on the 
exoplasmic face, and the amount of label 
on the protoplasmic face is variable. In 
tissues, the differences in the labeling of 
protoplasmic and exoplasmic faces are 
clearest on fractured lateral plasma 
membranes, since the two faces can be 
seen adjacent to each other in a single 
fractured area (Figs. 4 and 5). Within the 
cell, colloidal gold-ovomucoid conju- 
gates do not label the membranes of 
fractured endoplasmic reticulum (Fig. 4) 
and nuclear envelopes (7). The exoplas- 
mic faces of pancreatic secretory gran- 
ules are sparsely labeled [arrowheads in 
Fig. 3 (ZG,)] in contrast to the virtual 
absence of label on the protoplasmic 
faces. 

Labeling of the protoplasmic face of 
erythrocyte membranes by WGA-ovo- 
mucoid-coated colloidal gold shows that 
a proportion of the oligosaccharides orig- 
inally exposed at the outer surface and 
associated with the transmembrane pro- 
tein glycophorin (12) can be dragged, 
during freeze-fracture, across the outer 
half of the membrane to partition with 
the inner, protoplasmic, half. In human 
leukocytes, variable WGA labeling of 
the protoplasmic face indicates the pres- 
ence of variable proportions of integral 
membrane components with similar be- 
havior. The presence of surface marker 
on exoplasmic faces of fracture-labeled 
membranes is difficult to interpret. It 
may be a result of reorganization of 
membrane components upon thawing 
(discussed above) or a result of attach- 
ment of the label, through defects on the 
thawed fracture face, to components at 
the outer membrane surface. These 
problems are aggravated because the ex- 
oplasmic half of fractured membranes is 
poorly stabilized against the gels or inter- 
stitial spaces. 

Fracture-labeling can also be used to 
locate tissue antigens. For these experi- 
ments we coated colloidal gold with pro- 
tein A (13), a molecule that binds to the 
Fc fragment of immunoglobulin G (IgG). 
We treated freeze-fractured rat adenohy- 
pophysis, a tissue particularly rich in 
capillaries, with goat antibodies (IgG 
fraction) to rat serum and then with 
colloidal gold-protein A. As expected, 
the label was confined to the lumen of 
cross-fractured capillary vessels (Fig. 6); 
none was observed on the fractured 
membranes of the endothelial cell and 
very few within the cytoplasm. 



Our results show that cytochemical 
methods can be used to label the faces 
produced by freeze-fracturing of cells 
and tissues. They confirm our view that 
important surface groups of biological 
membranes (those with WGA and con- 
canavalin A binding sites) may partition, 
during fracture, with the protoplasmic 
half of the membrane (4). We believe 
that these groups are part of integral 
membrane-transversing proteins that are 
dragged from the outer surface across 
the exoplasmic half of the membrane. In 
addition, splitting of the bilayer mem- 
brane continuum renders accessible for 
cytochemical labeling other groups asso- 
ciated at the outer surface with compo- 
nents that, upon fracture, partition with 
the exoplasmic half: lipid molecules of 
the outer half of the bilayer, peripheral 
membrane proteins at the outer surface, 
and putative integral proteins associated 
with the exoplasmic half. In conse- 
quence, fracture-labeling in its two forms 
(thin section and critical point drying) 
appears to provide a method for the 
identification of surface sites (including 
antigens and receptors) associated with 
transmembrane molecules or oligomeric 
complexes, as well as for the structural 
and cytochemical dissection of plasma 
and intracellular membranes. 
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Serum Albumin Beads: An Injectable, Biodegradable 
System for the Sustained Release of Drugs 

Abstract. Biologically active compounds were entrapped in cross-linked serum 
albumin microbeads. Injection of these drug-impregnated beads into rabbits pro- 
duced no adverse immunological reactions. Sustained release (20 days) of progester- 
one was demonstrated in vivo. 

The formulation of a device for con- 
trolled release of biologically active sub- 
stances has been the goal of many re- 
searchers ( I ) .  For injectable prepara- 
tions, it is advantageous to use for the 
matrix a material that can be assimilated. 
The matrix should not produce adverse 
immunological reactions, and the matrix 
material should be readily available and 
relatively inexpensive. Albumin is such a 
material; its concentration in the serum 
of higher mammals is high, 40 to 50 
mglml, and it can be prepared from out- 
dated blood by well-known fractionation 
methods (2). Injectable beads prepared 
from albumin under mild conditions 
should yield a nonimmunogenic, biode- 
gradable device for drug delivery. Since 
native serum albumin binds many drugs 
strongly (3), this binding would in itself 
retard drug release from an injection site 
until the albumin is degraded by proteo- 
lytic enzymes. We used albumin beads 
prepared by chemical cross-linking of 
the protein as a device for the controlled 

Fig. 1. A scanning electron micrograph of a 
norgestrel-serum albumin bead. The rough 
surface of the bead may be due to loosely 
adsorbed steroid or to abrasion of the polymer 
during stirring. 

release of progesterone in rabbits; there 
was no adverse immunological response 
(4, 5). 

Progesterone (10 mg) was suspended 
in 0.8 ml of sodium phosphate buffer (1 
mM, pH 7.5) containing sodium dodecyl 
sulfate (0.1 percent). Bovine serum albu- 
min (200 mg) was then dissolved in the 
suspension and kept at 4OC. Polymeriza- 
tion was initiated by the addition of 0.2 
ml of glutaraldehyde, making the final 
concentration 1 percent. The system was 
rapidly mixed, pipetted into 100 ml of an 
oil phase (corn oil and petroleum ether, 
1:4 by volume), and stirred at room 
temperature. A water-in-oil emulsion 
formed. Although cross-linking of the 
protein in the emulsified droplets is com- 
plete in 10 minutes, the reaction mixture 
was stirred continuously for 1 hour be- 
fore the oil phase was decanted. The 
resulting beads were washed three times 
with petroleum ether and dried in a vacu- 
um desiccator. The size of the beads 
depends on the speed of stirring; the 
procedure outlined above consistently 
yielded beads with diameters of 100 to 
200 wm (Fig. 1). Light microscopy at 100 
times magnification revealed symmetri- 
cal beads with hormone crystals embed- 
ded in the matrix. The beads retained 
drug even after extensive washing with 
aqueous buffer solutions to get rid of 
excess reagents, as proved by release 
experiments in vitro. Drug content per 
milligram of beads can be controlled by 
varying the drug concentration in the 
reaction mixture. Beads with steroid 
concentrations of 5 to 30 percent were 
prepared in this manner. 

For experiments in vivo, beads were 
prepared as described above, except that 
progesterone was entrapped in a matrix 
of serum albumin from rabbits. The ste- 
roid content was 20 percent of the bead 
weight. To facilitate the injection pro- 
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