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ABSTRACT

Three distinct antiprocollagen preparations were characterized and used in
immunocytochemical staining of chick embryo corneal and tendon cells. The
several ferritin-conjugated antibody preparations permitted similar location of
procollagen in the cisternae of the rough endoplasmic reticulum and in Golgi
elements in both cell types. The ability to demonstrate and interpret specific ferritin
staining was dependent on the extent of membrane breakage in each of these
organelles, coupled with adequate retention of cell morphology. Corneal fibro-
blasts appeared to suffer more extensive intracellular membrane damage under
controlled conditions of homogenization than tendon fibroblasts, facilitating the
identification of procollagen in Golgi vacuoles of these cells. None of the labeled
material appeared to be cytoplasmic in origin since ferritin was observed in the
cytoplasm only in the vicinity of Golgi elements that were extensively broken. This
study extends previous immunological evidence for the presence of procollagen in
the Golgi complex and calls attention to the problems to be encountered in locating
the antigen in small Golgi vesicles and lamellae.

The intracellular transport of the secretory pro-
tein, procollagen, and the role of the Golgi appara-
tus in this function have been the subject of much
discussion and study (3, 5, 11, 12, 24, 26-28, 34).
Procollagen is unusual insofar as it is secreted by
several distinct cell types. In fact, morphological
differences in the extent and character of the Golgi
apparatus among collagen-secreting cells may be
part of the basis for the different interpretations
regarding the mode(s) of intracellular transport
and secretion of this protein (12, 34).

The question of whether passage of procollagen
through the Golgi apparatus is obligatory in
connective tissue cells was first approached by
electron microscope autoradiography using
[*H]proline; the large Golgi vacuoles of chon-
drocytes were readily labeled (25), and location in
the Golgi zone of fibroblasts was also observed
(27). However, quantitative electron microscope
autoradiographic studies gave conflicting results as
to the amount of proline-rich protein passing from
endoplasmic reticulum into the Golgi vacuoles of
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several cell types (12, 27, 28, 34) and suggested
that two intracellular pathways might exist for
collagen transport (27, 28).

Recent advances in immunocytochemical stain-
ing have provided valuable information regarding
the intracellular location of cell proteins (15, 17,
23). To be successful, these techniques require
preservation of antigenicity of intracellular pro-
teins, accessibility of these proteins to ferritin-con-
jugated antibody, and retention of cell ultrastruc-
ture during experimental manipulation. In one
method (15, 20), the tissue was embedded in
albumin and sections (approximately 600 A) ex-
posed to antibody, whereas in the other (23),
prefixed, broken cells were exposed to antibody
before embedding by routine methods. In both,
affinity-purified, ferritin-conjugated antibody pro-
vided a specific marker for antigen location.

In a study of the intracellular location of
procollagen in chick embryo tendon cells, using
essentially the method of Kraehenbuhl and Jamie-
son (15) we found (unpublished results) that al-
bumin embedding and ferritin-conjugated anti-
body staining of thin sections of these cells resulted
in a high degree of nonspecific staining even with
affinity-purified antibody. Better results have been
obtained by routine embedding in epoxy resin after
controlled homogenization of lightly fixed cells,
and incubation of cell fragments containing mor-
phologically recognizable but broken organelles
with ferritin-conjugated antibody (23, 24). In the
chick embryo tendon cell, Olsen and Prockop and
coworkers showed that procollagen (24) and also
proline hydroxylase (23) were located within the
cisternae of the rough endoplasmic reticulum.
Specific labeling of large Golgi vacuoles by anti-
procollagen was observed, especially after colchi-
cine treatment to increase their number (24), but
labeled Golgi images in the cell fragments were
relatively infrequent due, presumably, to limita-
tion of entry of ferritin into Golgi elements (see
Discussion).

In order to study the role of the Golgi apparatus
in the intracellular transport of procollagen in
more detail, we have applied ferritin-labeled anti-
bodies to fragments of corneal fibroblasts. The
corneal fibroblast of the 14-day chick embryo is
particularly well suited for a study of this type,
because the Golgi vacuoles are large (13) and the
cells are engaged in no significant synthetic activity
other than that involved in matrix production and

normal turnover of intracellular proteins (cell
division having ceased). Results obtained with
chick tendon fibroblasts by use of antibodies to
three different preparations or derivatives of pro-
collagen are presented for comparison.

MATERIALS AND METHODS
Preparation of Antigens and Antibodies

Procollagen was extracted and purified from embry-
onic chick cranial bone by a modification of the method
of Monson and Bornstein (21). The protein was further
purified by chromatography on DEAE cellulose at 4°C
(30) with an equilibration buffer of 0.1 M Tris-HCI, pH
7.5, containing 2 M urea, and a linear salt gradient from
0 to 0.3 M NaCl over a total volume of 600 ml. This
procollagen (procollagen B),' mixed with complete
Freund’s adjuvant, was used to raise antibodies in rabbits
(antiprocollagen B).

Antibodies to purified pro-al chain, obtained from
acid-extracted chick cranial bone procollagen (32), were
prepared as described previously (33). IgG was purified
from antipro-al sera by DEAE cellulose chromatogra-
phy (10), concentrated by ultrafiltration on a PM 30
membrane (Amicon Corp., Lexington, Mass.), and equil-
ibrated with 0.2 M sodium borate, 0.15 M NaCl, pH 8.0.
This +vy-globulin preparation recognized both pro-al
chains and intact cranial bone procollagen as determined
by radicimmunoassays.

Affinity purification of antipro-al and antiprocolla-
gen B antibodies was achieved by use of a procollagen
immunoadsorbant. 7 mg of procollagen, purified by
DEAE cellulose chromatography, were linked to 5 ml of
CNBr-activated Sepharose 4B (6) with a coupling effi-
ciency of 90%. DEAE-cellulose-purified IgG, containing
antipro-a! antibodies, was adsorbed to procollagen-
Sepharose equilibrated with 0.2 M sodium borate, 0.15
M NaCl, pH 8.0, and specific antibodies were eluted with
3 M NaSCN in 0.1 M sodium phosphate, pH 6.0.

Procollagen T, secreted into the incubation medium of
freshly isolated chick tendon fibroblasts, was partially
purified by precipitation with (NH,),SO, and extracted
with acetic acid as described previously (7). Antisera to
tendon fibroblast procollagen (antiprocollagen T) were
then prepared in rabbits (7). Affinity purification of
antiprocollagen T was achieved by using an immunoad-
sorbant containing a collagenase-resistant disulfide-
bonded fragment (T3) which was derived from procolla-
gen T (23). Specific antibodies (anti-T3) were eluted from
the immunoadsorbant with 3 M NaSCN in 001 M
sodium phosphate, pH 6.0.

! Procollagen extracted from cranial bone is referred to
as procollagen B, and that from tendon fibroblasts as
procollagen T.
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Conjugation of Antibodies to Ferritin

Affinity-purified antibodies (anti-T3) isolated from
antisera against procollagen T, and affinity-purified
antibodies (antipro-al) against pro-al chains of acid-
extracted chick cranial bone procollagen were conjugated
to ferritin with glutaraldehyde (23, 24). Ferritin-labeled
antibodies, tagged with ['**I]iodine (18) tc monitor
recovery, were isolated by chromatography on 6% aga-
rose (23, 24). The ferritin-antibody conjugates were then
concentrated by ultrafiltration to about 1 mg ferritin and
0.3 mg of antibody per ml in 0.1 M Tris-HCI buffer, pH
7.5, and used for labeling of cell fragments.

Sheep antirabbit IgG (Fab'), was prepared by pepsin
digestion (9) and purified by affinity chromatography on
a rabbit IgG-Sepharose column. Purified (Fab'), labeled
with [**]]iodine was coupled to ferritin as described
above and the ferritin conjugate purified by chromatog-
raphy on a column of 4% agarose equilibrated with0.1 M
Tris-HCl, pH 7.5.

Radioimmunoassays

Direct binding immunoassays were performed by a
modification of the assay described by von der Mark et
al. (33). Antisera were absorbed with an excess of
unlabeled chick a1 and a2 chains before addition of the
labeled antigen. With higher volumes of rabbit antisera,
0.5 ml of sheep antirabbit IgG serum was used to insure
complete precipitation of the antigen-antibody complex.
The assay was run at room temperature, and heat
denaturation of test antigens was carefully avoided.

Preparation of Corneal and Tendon
Fibroblasts

Corneas from eight dozen 14-day chick embryos were
suspended in 10 ml of Dulbecco-Vogt medium containing
glutamine and equilibrated under 5% CO,, 95% 0, at
37°C. To the suspension were added 11 mg pure collagen-
ase (Worthington CLSPA, Worthington Biochemical
Corp., Freehold, N. J.}, 20 mg crude collagenase (Worth-
ington CLS), 1.1 ml 2.5% trypsin (Grand Island Biologi-
cal Co., Grand Island, N. Y.), and 5 U chondroitinase
ABC (Miles Laboratories, Inc., Kankakee, Ill.), and
incubation was continued for 90 min, at which time the
stromas had largely disintegrated. The cell suspension
was passed through a nylon net and centrifuged at 600
g for 6 min. The resulting pellet was washed twice with 5
ml 10% fetal calf serum in phosphate-buffered saline, pH
7.4. Cells were resuspended in the same solution and
counted.

Tendon fibroblasts from 17-day chick embryos were
isolated by incubation of tendons from 60 embryos with
trypsin and purified bacterial collagenase as described
(8), except that Dulbecco-Vogt medium with glutamine
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was used instead of minimum essential medium. The cells
were washed with 10% fetal calf serum as above.

Suspensions of either corneal or tendon fibroblasts
were pelleted, resuspended in “NCI” medium (Grand
Island Biological Co.) with 10% fetal calf serum, and
incubated under 0,-CO, at 37°C for 3 h. Cells were
pelleted and washed twice with 2 ml phosphate-buffered
saline, pH 7.4, and then fixed with 1% formaldehyde in
0.06 M sodium phosphate buffer, pH 7.5, containing 0.14
M sucrose for 3 h on ice. Cells were centrifuged at 600 g
for 3 min, washed twice with 2 ml of 0.1 M sodium
phosphate, pH 7.5, and left overnight at 4°C in the same
buffer. The cells were then fragmented by homogeniza-
tion with a motor-driven glass-Teflon tissue homogenizer
(Tri-R model S63C, Tri-R Instruments, Inc., Santa
Monica, Calif.) at a setting of 5. The homogenate was
chilled on ice every 10 strokes. Homogenization was
continued in this manner until half of the cells appeared
damaged in the light microscope (60 strokes for corneal
fibroblasts, 100 strokes for tendon cells).

The suspension of cell fragments was centrifuged at
20,000 g for 10 min at 4°C, and incubated for 24 h at 4°C
with 0.2 ml of ferritin-conjugated antibody. The corneal
fibroblast fragments were labeled by a direct method
employing ferritin-conjugated anti-T3. Tendon fibro-
blasts were treated either with a direct method or with an
indirect method employing unlabeled antibody in the first
step and ferritin-conjugated sheep (Fab'); directed
against rabbit IgG as the second-step reagent. For the
first step, either antiprocollagen B, anti-T3, or antipro-
al antibodies were used.

Control fragments (tendon cells) were incubated with
similar concentrations of ferritin-conjugated nonimmune
rabbit IgG; one pellet was subsequently washed with
buffer, one was not. The frequency of ferritin images in
both controls was very low.

The fibroblast fragments, after incubation in immune
or nonimmune ferritin-conjugated IgG, were washed
twice with 5 ml 0.1 M sodium phosphate, pH 7.5, fixed
on ice for 1 h with 3% glutaraldehyde in 0.06 M
phosphate buffer containing 0.14 M sucrose, and os-
micated with 1% osmium tetroxide in 0.06 M sodium
phosphate buffer, pH 7.5, containing 0.16 M sucrose, on
ice for 1 h. The fragments were rinsed thoroughly in
normal saline, stained en bloc with 0.5% uranyl acetate in
distilled water for 30 min, and embedded in Araldite.
Sections were viewed unstained or stained with lead
citrate or alkaline bismuth subnitrate.

RESULTS

Specificity of Antisera

When fragments from corneal cells were incu-
bated with anti-T3 or tendon fibroblast fragments
were incubated with either anti-T3, antiprocolla-
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gen B, or antipro-al, the labeling of the endoplas-
mic reticulum and the Golgi complex were essen-
tially the same. Differences in specificities of the
antibodies were observed in immunoassays (see
Below), but in view of the difficulty inherent in
establishing quantitative differences by electron
microscopy and the overlapping specificities of the
antibody preparations, the similar reactivity of
these preparations, as judged by electron micros-
copy, is not surprising.

The specificity of the antisera used in this study
was compared in a series of direct binding im-
munoassays (Figs. 1-4). When cranial bone pro-
collagen (procollagen B) was used as an antigen,
several of the antisera (antiprocollagen B, anti-
procollagen T, and antipro-al) were effective in
combining with the antigen (Fig. 1). Affinity-puri-

Antigen: Procollagen B

Antiprocollogen B

Antiprocoliagen T

Antipro-a |

Percent/ [procollagen bound
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Rabbit antiserum,

Ficure 1. Titration curves using [*H]procollagen B
as test antigen.' Antisera used were: A——A, anti-
procollagen B (1:10 dilution); A——A, antiprocollagen
T (1:5 dilution); @——@®, antipro-al (1:5 dilution);
B—A, anti-T3 (1:5 dilution). The assay was per-
formed by adding the appropriate volume of diluted
antiserum to 0.1 ml of a buffer containing 0.15 M NaCl,
0.1 M Tris-HCl, pH 7.5, 0.01% sodium azide, 1%
ovalbumin, and 10 ug each of purified chick al and a2
chains. After incubation for 1 h at room temperature,
test antigen (4,000-6,000 cpm dissolved in the above
buffer) was added and incubation continued for an
additional hour. Sheep antirabbit IgG serum (0.2-0.5 ml)
was then added and precipitation allowed to occur
overnight at 4°C. The precipitate was then centrifuged,
washed once with 2 ml of 0.15 M NaCl, and counted in
10 ml of Aquasol. All assays were performed in duplicate
and controls using nonimmune rabbit serum were per-
formed to determine the extent of nonspecific precipita-
tion of test antigens.

Antigen : Procollagen T
\OOW

90
Ant-T3

80+
Annprocoiiagen T
70A
60+

Antipro-a |

/ ’ercen,’/ e, /p/oco//agen bound
&
?

50 0o 150
Rabbit antiserum, el

200

FiGure 2. Titration curves using ['*C]procollagen T
as test antigen.' Antisera used were: A—A, antiprocol-
lagen B (1:25 dilution); A——A, antiprocollagen T
(1:50 dilution): @——@, antipro-al (1:10 dilution);
B—8, anti-T3 (1:5 dilution). See legend to Fig. | for
additional details.

fied antibodies to a collagenase-produced deriva-
tive of procollagen T (anti-T3) were less effective
as immunoprecipitants. This was not due to a
lower concentration of IgG in the anti-T3 prepara-
tions, since anti-T3 antibodies at the same dilution
effectively recognized tendon procollagen (Fig. 2).
Thus, the specificity of anti-T3 preparations is
restricted to determinants which are well repre-
sented on procollagen T but are not so prevalent on
procollagen B. Conversely, antipro-al sera recog-
nized procollagen B to a greater extent than
procollagen T (Figs. 1, 2). These results were
confirmed when pro-al and T3 were used as
antigens (Figs. 3, 4). Antiprocollagen T antiserum,
and the subset of antibodies present in the anti-T3
preparation, were not so effective as antiprocolla-
gen B or antipro-al in combining with the pro-al
chain (Fig. 3), whereas the T3 antigen contained no
antigenic determinants capable of recognition by
antipro-al serum (Fig. 4).

Immunocytochemistry

Both corneal and tendon fibroblasts have a well-
developed rough endoplasmic reticulum, with
closely packed interconnected cisternae, often in
parallel array. Corneal fibroblasts with plasma
membranes broken by the partial homogenization
usually show labeling of a few cisternae of endo-
plasmic reticulum by antibody to procoilagen. In
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some cases, all of the cisternae in a plane of section
are labeled (endoplasmic reticulum, Fig. 5). For
the antibody to penetrate the lumen of the cisterna
and bind to procollagen, the membrane of the
reticulum must be broken at some point (e.g.,
small arrow, Fig. 5), allowing diffusion of ferritin-
conjugated antibody into the reticulum. Visible
binding sites are uniformly distributed over regions
of moderately dense material located within the
cisternae (Figs. 5 and 6).

The distribution of antibody within the cisternae
of the rough endoplasmic reticulum is similar in
tendon and corneal fibroblasts (Figs. 5-8). More-
over, in tendon fibroblasts each of the three
antibody preparations examined binds to intracis-
ternal contents in similar fashion. Each of the
ferritin-labeled antibody preparations labels the
contents of the nuclear envelope {pc, Fig. 5
circular inset, Fig. 5), provided that the outer
perinuclear membrane is broken.

We examined unstained sections in order to
judge the extent of ferritin localization over the
nucleus or cytoplasm (Fig. 5). Such background
was negligible and when present was correlated
with the presence of extensive breaks in the
endoplasmic reticulum or Golgi elements. When
breaks in Golgi elements were particularly exten-
sive, the released stained procollagen over nearby
organelles might lead to the appearance of an
association that is not meaningful. When back-
ground cytoplasmic staining was entirely absent,
no organelle membrane breaks were visible, even
though the plasmalemma was broken. The speci-
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FiGure 3. Titration curves using [*Hlpro-a! as test
antigen. Antisera used were: A——4A, antiprocollagen B
(1:5 dilution); A——A, antiprocoliagen T (1:5 dilution);
®——@, antipro-al (1:5 dilution), B——M, anti-T3
(1:10 dilution). See legend to Fig. 1 for additional details.
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FiGURE 4. Titration curves using [PHJT3 as test anti-
gen. Antisera used were: A A ,antiprocollagen B (1:25
dilution); A——A, antiprocollagen T (1:5 dilution);
@——@, antipro-al (1:5 dilution); H——M, anti-T3
(1:10 dilution). See legend to Fig. | for additional details.

ficity of the binding of antibody to procollagen was
verified by controls employing nonspecific anti-
body (ferritin-conjugated rabbit IgG). Little or no
ferritin was seen in these preparations, whether cell
pellets were washed after exposure to antibody or
not.

The Golgi complexes are well developed in
both cell types, and contain numerous vesicles
(from 25 to 175 nm in diameter) and flattened
lamellae. Large vacuoles (200-300 nm in diameter)
appear more common in the corneal fibroblast, a
cell that produces more glycosaminoglycans than
the tendon fibroblast (4, 13).

It was possible in sections of both corneal and
tendon fibroblasts to find Golgi regions containing
ferritin-conjugated antibody to procollagen re-
gardless of which of the three antibody prepara-
tions was used. The homogenization technique,
however, produced a distribution of organelle
breakage so that penetrable Golgi vesicles and
vacuoles were observed less frequently than pene-
trable cisternae of endoplasmic reticulum, and
usually only in cells in which both organelles were
extensively broken.

Labeled antibody was more commonly observed
in the large vacuoles of corneal and tendon fibro-
blasts than in the smaller vacuoles and vesicles,
presumably because it is” easier to break the
membranes of the larger elements without com-
pletely dispersing their contents (Figs. 8, 9). The
contents of these large vacuoles tend to have
moderate electron density (Figs. 8, 9). Whereas the
cisternal space of the endoplasmic reticulum is
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more or less uniformly labeled (er, Fig. 8), large
vacuoles often have antibody staining only on the
periphery of their dense contents (v5, Fig. 8).
However, in the corneal fibroblast preparations,
penetration of antibody into both the central and
peripheral portions of large vacuoles was also ob-
served.

The difficulties in disrupting membranes of the
Golgi apparatus to permit entry of labeled anti-
body resuit in a variable amount of antibody
within vesicles and vacuoles. To obtain good
labeling in the smaller vacuoles and vesicles of the
Golgi apparatus, it is necessary to severely damage
the cell by homogenization. Thus, it is not surpris-
ing that electron-dense contents disappear com-
pletely from some profiles, that some Golgi zones
disintegrate to form myelin figures, and that
antibody-binding materials are found outside the
vesicles and vacuoles. In Golgi zones that are not
sufficiently fragmented to permit labeling of the
contents of the vacuoles, there is no background
staining, even though both the plasmalemma and
the endoplasmic reticulum may be extensively
broken in such cells.

It was difficult to detect antigen in Golgi
lamellae; however, occasional membrane breaks
(x, Fig. 10) may represent points of entrance of
antibody to a lamella and adjoining dilated Golgi
cisternae (see also Fig. 5, lower right). The amount
of staining in disintegrated Golgi zones suggests
that the intact organelle is relatively rich in
procollagen.

DISCUSSION
Specificity of Antisera

It is now clear that the pro-al chain obtained

from acid-extracted cranial bone procollagen rep-
resents a truncated precursor chain (21). Cleavage
of disulfide-bonded regions occurs, presumably
catalyzed by acid proteases released during ho-
mogenization of bone. Antibodies to pro-al are
therefore directed to determinants on a restricted
region of the precursor chain, determinants which
may be lacking or not readily available in T3 (Fig.
4). Similarly, the procollagen T antigen used for
preparation of antiprocollagen T and anti-T3
preparations was degraded to a greater extent than
procollagen B (unpublished results). Thus a differ-
ent spectrum of antibodies might be expected in
response to the two antigens, and only a fraction of
antiprocollagen B antibodies would be expected to
combine with the T3 peptide fragment of procolla-
gen.

Comparative studies of antibody specificity were
performed in the hope that differences in specific-
ity might be exploited in the intracellular location
of procollagen. Thus, if structural modification in
procollagen leading to intermediate forms oc-
curred during transcellular movement, different
antibody preparations, labeled with ferritin, might
preferentially stain different subcellular compart-
ments or organelles. Despite the significant quanti-
tative differences in specificity of the several
antibody preparations used (Figs. 1-4), such differ-
ences were in fact not observed in tendon fibro-
blasts. In view of the inherent difficulty in estab-
lishing quantitative differences by electron micros-
copy and the overlapping specificities of the anti-
body preparations, the similar reactivity of these
preparations is perhaps not surprising. Other ex-
periments (2, 16, 29) strongly suggest that the
conversion of procollagen to collagen occurs extra-
cellularly.

FIGURE 5.

Electron micrograph of a section of a corneal fibroblast fragment from a formaldehyde-fixed,

homogenized pellet treated with ferritin-labeled anti-T3 and washed to remove unbound antibody. The
mechanical shear this cell received removed only part of the plasmalemma, so the cell remained intact even
though most of the membranes of its Golgi vacuoles, Golgi cisternae, and endoplasmic reticulum were
broken sufficiently (as at the arrow) to admit antibody. Ferritin molecules (electron-dense core, 45 A) are
visible within the endoplasmic reticulum and perinuclear cisterna (pc), in the cytoplasm where complete
breakage of cisternae or vacuoles has occurred, and in most Golgi vacuoles (v) visible here. The
plasmalemma is bare. A uranium precipitate, but no ferritin, can be detected in the nucleus. Unstained
section (en bloc uranyl acetate). x 60,000. Square inset.: the Golgi vacuoles that appear empty (vac) seem to
have lost their moderately electron-dense content. One (e) has only partially lost its content (arrow) into the
adjacent cytoplasm. x 60,000. Circular inset: the perinuclear cisterna in a tendon fibroblast labeled with
antipro-al shows the same labeling pattern as that in the corneal fibroblast. np, nuclear pore; nu, nucleus.
X 90,000. The bar is equivalent to 0.1 um in all electron micrographs.
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FIGURE 6. Higher magnification electron micrograph showing to better advantage the endoplasmic
reticulum of a corneal fibroblast treated with anti-T3 antibody. Breaks in the membrane of the endoplasmic
reticulum have permitted antibody to enter and move through the reticulum, labeling large numbers of
intact cisternae that presumably are connected to one another. Cisternae b and ¢ are lower in label density
than cisterna a. At the upper left, there appears a single cisternal membrane which retains label (arrow) on
its original inner side. Label is not present on the ribosomal side (#). In the lower middle, the ribosomal side
(r) may again be compared with the intracisternal side (m) of the reticulum. Stained with alkaline bismuth

subnitrate to enhance density of ferritin. x 115,000.

The Golgi Apparatus

The importance of the Golgi apparatus in the
intracellular packaging, transport, and metabo-
lism of secretory proteins is well recognized in
several exocrine glands (14, 22). Its importance has
been the subject of debate in the case of procolla-
gen, since there is not always an obvious system of
condensed secretory granules present, and since
there have been indications from autoradiography
that, in fibroblasts at least, transport through the
Golgi apparatus would have to be rapid to account
for the relatively small proportion of [*H]proline-
labeled product found in this organelie (27, 28).
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Our results demonstrate that procollagen is
found within all the secretory vacuoles of the Golgi
complex of corneal fibroblasts during the time of
greatest synthetic activity by these cells. The fact
that labeling of the Golgi elements of tendon
fibroblasts is less extensive (24) appears to be
directly related to the ability of the antibody to
penetrate the Golgi. The specificity of this tech-
nique offers an advantage over previous autoradio-
graphic results; however, the limitations of the
antibody technique make negative results (19)
difficult to interpret.

When mechanical forces are applied to the cell
during homogenization, each cell compartment
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FIGURE 7. The intracisternal contents of tendon fibroblasts labeled with antipro-a1 are shown to good
advantage in this electron micrograph of a section stained with lead citrate. The reticulum is sectioned
obliquely at obl. Extracellular debris (deb) may be labeled, probably due to the presence of antigen extruded
from damaged cells. m, mitochondrion; nu, nucleus; lip, lipid with uranium precipitates from en bloc
staining. X 90,000. The inset shows the area in the rectangle at high magnification. x 230,000.
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FIGURE 8.

apparently responds according to its own shape
and mechanical stability. Thus, the extended cis-
ternae of the endoplasmic reticulum appear to
break rather easily (23, 24), allowing entry by
diffusion of the ferritin-conjugated antibody and
resulting in a high frequency of images of well-
preserved portions of cisternae (remote from the

The Golgi vacuoles (v) of tendon fibroblasts labeled with antibody (antipro-al in this case)
when the bounding membranes are broken. Many vacuoles (v 7-7) are labeled in this micrograph.
Electron-dense contents may be completely (vac) or partially (v 1) lost. Arrows indicate breaks in Golgi
vacuoles. nu, nucleus; dc, dilated cisterna. x 70,000. The inset shows a secretory granule, at higher
magnification, from another fibroblast in the same preparation. Lead citrate stain. x 140,000.

breakage point) containing large concentrations of
antibody.

The Golgi apparatus, consisting of smaller cis-
ternae and vesicles, presents fewer opportunities
for breakage. The Golgi elements require more
force for disruption, as evidenced by the fact that
fragmented Golgi vacuoles and vesicles are usually
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found in cells where the endoplasmic reticulum is
also largely fragmented. On the other hand, when
Golgi vacuoles are broken, their empty mem-
branes tend to form myelin figures. Since the
homogenization produces a distribution between
heavily damaged and intact, unlabeled Golgi com-
plexes it is possible to find intermediate images
that demonstrate both recognizable ultrastructure

and penetration of ferritin-conjugated antibody.
Thus, only recognizable Golgi regions containing
antibody can be considered meaningful.

Of the recognizable Golgi elements that con-
tained antibody, the large vacuoles were the best
preserved, and in tendon fibroblasts their contents
were condensed and tended to remain intact al-
though their bounding membranes were damaged.

FIGURE 9. Antiprocollagen B labels Golgi vacuoles and vesicles (v) and endoplasmic reticulum (er) in the
same manner as do other antiprocollagens. Vacuole | contains a secretory granule similar to the one shown
in Fig. 8, inset. Two large vesicles (v2, v3) and dilated cisternae (dc) are labeled. Vacuole 4 may be either a
tangential section of a large vacuole or a transition size between vi and v2. An empty vacuole appears at
vac. In the upper right, the membrane of the reticulum has been damaged and reappears in part as a myelin
figure (my) after releasing its contents. Lead citrate stain. x 70,000,

FIGURE 10. The Golgi zone of a corneal fibroblast treated with anti-T3 illustrated here contains only a few
ferritin-labeled antibodies in a dilated cisterna. Negative results are difficult to interpret because of the
necessity of breaking membranes to aliow the antibody to enter each individual Golgi element. Breaks in
the membrane may allow the contents of a vacuole or cisterna to leak out, so that the cavity seems lacking
in electron density (vac). However, the small arrow points to ferritin particles in a lamella; a membrane flaw
that may account for this labeling is located at x. er, endoplasmic reticulum. Lead citrate stain. x 90,000.
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Thus, it seems reasonable to refer to these 200-nm
diameter units as secretory vacuoles or granules. It
is possible that they represent the compartment in
which procollagen is transported to the cell surface
(11, 12, 24, 26). It is not possible either with this
technique or with autoradiography to rule out
direct transport of some procollagen from the
endoplasmic reticulum to the exterior via small
vesicles (27). The antibody-labeled small vesicles
observed in well-fragmented Golgi zones, however,
may have been transporting procollagen to the
Golgi zone.

Neither the corneal nor the tendon fibroblast
contains the dense oblong secretory granules ob-
served in corneal epithelium (12, 13, 31) and in
odontoblasts (34). It could be argued that the
oblong “condensation” granules formed and were
discharged so rapidly that they were not observed
by our method. However, it seems more likely that
different kinds of collagen-secreting cells produce
different types of secretory granules, depending on
the nature of the noncollagenous products also
secreted by these cells. In well-fragmented Golgi
zones, we observed antibody labeling of essentially
the whole organelle, including the rounded “pro-
collagen granules™ alluded to above. We should
have seen the cigar-shaped ‘“secretory granules™
(31) if they were present, even in small numbers.

The immunocytochemical method used here has
the advantage of specificity, but lacks the ability to
provide quantitative (or kinetic) data. Thus it is
not possible with this technique to determine
whether all or only part of the collagen secreted by
the cells utilizes the Golgi complex. Characteristics
of the method also make negative results inconclu-
sive. The method’s greatest potential lies in the
identification of proteins synthesized, secreted, or
taken up by a given cell, and the distribution of
these protein antigens within the cell.
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