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Collagen fibrils can exceed thousands of microns in length and are
therefore the longest, largest, and most size-pleomorphic protein
polymers in vertebrates; thus, knowing how cells transport col-
lagen fibrils is essential for a more complete understanding of
protein transport and its role in tissue morphogenesis. Here, we
identified newly formed collagen fibrils being transported at the
surface of embryonic tendon cells in vivo by using serial block face-
scanning electron microscopy of the cell-matrix interface. Newly
formed fibrils ranged in length from ∼1 to ∼30 μm. The shortest
(1–10 μm) occurred in intracellular fibricarriers; the longest (∼30
μm) occurred in plasma membrane fibripositors. Fibrils and fibri-
positors were reduced in numbers when collagen secretion was
blocked. ImmunoEM showed the absence of lysosomal-associated
membrane protein 2 on fibricarriers and fibripositors and there
was no effect of leupeptin on fibricarrier or fibripositor number
and size, suggesting that fibricarriers and fibripositors are not part
of a fibril degradation pathway. Blebbistatin decreased fibricarrier
number and increased fibripositor length; thus, nonmuscle myosin
II (NMII) powers the transport of these compartments. Inhibition of
dynamin-dependent endocytosis with dynasore blocked fibricar-
rier formation and caused accumulation of fibrils in fibripositors.
Data from fluid-phase HRP electron tomography showed that fibri-
carriers could originate at the plasma membrane. We propose that
NMII-powered transport of newly formed collagen fibrils at the
plasma membrane is fundamental to the development of collagen
fibril-rich tissues. A NMII-dependent cell-force model is presented as
the basis for the creation and dynamics of fibripositor structures.
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Cells have sophisticated mechanisms for transporting proteins
from one location to another, often within membrane-bound

vesicles that need to be of appropriate size and shape to ac-
commodate the cargo. Collagen is a special case and is used as
a model protein for studying protein transport; not only is col-
lagen the most abundant structural protein in vertebrates, but
it is too large to be accommodated within conventional trans-
port vesicles. Moreover, collagen molecules self-assemble into
structures of increasing size with each successive stage in the
secretory pathway. The transported cargo increases from ∼0.5
MDa in the endoplasmic reticulum (ER) to several teradaltons
(TDa) at the plasma membrane where the molecules are orga-
nized into fibrils. The motivation for our study was to build
a temporal, spatial, and directional road map of the movement
of membrane-bound collagen fibrils at the plasma membrane as
the basis for a complete understanding of how cells transport
collagen in the process of assembling a mechanically functional
extracellular matrix (ECM).
In brief, procollagen (the biosynthetic precursor of collagen) is

synthesized in the ER and is asymmetric and relatively large; triple
helical procollagen molecules are ∼1.5 nm diameter, ∼300 nm long,
and have mass of ∼450 kDa. Tubular-saccular carriers containing
procollagen arise from specialized ER domains (1, 2). TANGO1
recruits Sedlin and steers procollagen into COPII-dependent ER
exit sites (3, 4) before CUL3-KLHL12 ubiquitinates a pool of
sec31 molecules to drive procollagen transport from the ER to

the Golgi apparatus (reviewed by ref. 5). ER-to-Golgi carriers
join the Golgi stacks by fusing with cis cisternae and induce the
formation of intercisternal tubules. Procollagen traverses the
Golgi apparatus without leaving the cisternal lumen (6, 7).
Once through the Golgi apparatus, procollagen can travel in
pleomorphic Golgi-to-plasma membrane carriers (GPCs) that
can be 0.3–1.7 μm in length (8). Evidence from electron mi-
croscopy suggests that these carriers contain sheaves of pro-
collagen molecules stacked in zero register (9). Conversion of
procollagen to collagen culminates in the formation of elongated
fibrils that can be millimeters in length and are the primary
tensile element of diverse tissues (10–12). Different types of
collagen polymerize and form complexes with proteoglycans and
other glycoproteins to form the largest assembles in vertebrate
tissues (reviewed by ref. 13). The fibrils are deposited in em-
bryonic tissues where they are ∼30 nm in diameter and contain
∼350 collagen molecules in the cross-section (based on calcu-
lations by ref. 14); thus, the fibrils are ∼0.3 TDa/μm. Considering
that the first-formed fibrils are a few microns in length and grow
to several millimeters, the fibrils are the largest size range
structures transported by cells.
The fact that collagen fibrils in vivo are too narrow and too

densely packed to be resolved by light microscopy precludes real-
time studies of cell–fibril interactions in vivo. Thus, transmission
electron microscopy (TEM) has emerged as the method of choice
for in vivo fibril studies but is not without its challenges because
of the tortuosity and extreme lengths of the fibrils. Trelstad and
Hayashi, and later Birk and Trelstad, used serial section trans-
mission electron microscopy (ssTEM) to image the cell-matrix
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interface in embryonic tendon and were among the first to identify
collagen fibrils in plasma membrane recesses (15, 16). Using data
from an image stack of ∼14 μm depth (which is approximately
one-fourth the length of an embryonic tendon cell; ref. 15),
Trelstad and Hayashi proposed that the fibrils are formed by the
addition of subassemblies of collagen onto the ends of the fibrils
in plasma membrane recesses (15). In later studies, using image
stacks of depth ∼20 μm, Canty and coworkers described actin-
dependent slender projections (called fibripositors) that con-
tained deeper recesses in which collagen fibrils were located (17,
18). The number of sections that can be cut for ssTEM limits the
practicality of viewing entire cells and complete fibrils. However,
serial block face-scanning electron microscopy (SBF-SEM; ref.
19) has emerged as a practical alternative to ssTEM for studying
collagen fibril assembly in vivo (20).
The experiments described below used SBF-SEM to study how

cells transport collagen fibrils in vivo. We identified an abun-
dance of short newly formed fibrils associated with a variety of
plasma membrane morphologies and within intracellular fibri-
carriers; fibricarriers were identified that were larger than the
GPCs and fibril vesicles that have been described previously. We
show that collagen fibrils in fibricarriers and fibripositors de-
crease in abundance when procollagen secretion from the ER is
blocked by dimethyloxaloylglycine (DMOG), which is a potent
inhibitor of prolyl 4-hydroxylase (21). We show that fibricarriers
can originate at the plasma membrane and are transported into

fibricarriers powered by nonmuscle myosin II (NMII) in a process
that is blocked by dynasore inhibition of dynamin-dependent
endocytosis (22). We propose a unique transport pathway in
which new collagen fibrils assembling on the cell surface are
moved through the cell in a process powered by NMII.

Results
Visualization of Entire Collagen Fibrils in Fibripositors and Fibricarriers.
Fourteen-day-old chicken embryonic tendon was prepared for
SBF-SEM by using 3View as described (20), and image analysis
was performed by using IMOD (23). Fig. 1A shows a 3D recon-
struction of a typical cell that is elongated along the long axis of
the tendon and is surrounded by an ECM containing densely
packed 30-nm-diameter collagen fibrils (Fig. 1B). The z range
used in the experiment was sufficient to track complete collagen
fibrils at the cell-matrix interface in plasma membrane recesses
(Fig. 1C).
Fig. 2 A and B show data from two further cells. Examples of

fibrils with one tip in the ECM (the distal tip) and the other tip in
fibripositors (the proximal tip) are highlighted blue and green.
Approximately two-thirds of the number of fibripositors ob-
served had a finger-like protrusion of the plasma membrane. We
called these structures “protruding fibripositors.” The remainder
of the fibripositors had the characteristic slender invagination of
the plasma membrane without the finger-like protrusion. We
called these “recessed fibripositors.” The fibril highlighted in

Fig. 1. Visualization of entire collagen fibrils at the cell-matrix interface by 3View SBF-SEM. SBF-SEM analysis of 14-d embryonic chick tendon with
dimensions 30 μm × 30 μm × 100 μm (x, y, and z, respectively, with the z axis parallel to the long axis of the tendon) achieved by making 1,000 × 100 nm-thick
cuts. The images were used for image analysis in IMOD. (A) Three-dimensional reconstruction of a single cell (outlined in orange) showing collagen fibrils
(yellow) closely associated with the plasma membrane. An EM image is shown superimposed on the reconstruction. (B) Selected areas from cuts 413, 561, 663,
816, and 977. Orange, the plasma membrane of the cell. (C) Higher magnification views of cuts 561 and 816. Orange, the plasma membrane of the cell; yellow
circles, collagen fibrils in cytoplasmic compartments.
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green (Fig. 2A) is representative of a fibril with its proximal tip
within a protruding fibripositor and its distal tip in the ECM. The
fibril highlighted in blue has its distal tip in the ECM and its
proximal tip within a recessed fibripositor (shown schematically
in Fig. 2C). Movie S1 is a movie showing a recessed fibripositor
and a protruding fibripositor. Fig. 2B shows a collagen fibril
enclosed within a fibricarrier. Fibricarriers accounted for ∼5% of
fibril-containing compartments (i.e., fibricarriers + recessed
fibripositors + protruding fibripositors). The fibril in the fibri-
carrier is highlighted purple in the 3D reconstruction and 3View

images. The 3View images of a fibricarrier are shown in Movie
S2. The lengths of fibrils in the different compartments were as
follows: fibricarriers (5.7 ± 1.4 μm), recessed fibripositors (14.9 ±
1.7 μm), and protruding fibripositors (31.2 ± 2.9 μm; Fig. 2D).
Fibrils leaving the cell through recessed fibripositors were com-
monly seen to run along the external surface of the cell before
either terminating in a fibril tip or tracking away from the cell
surface and entering a bundle of fibrils. Conversely, fibrils leaving
the cell in protruding fibripositors were positioned with the end
of the membrane protrusion within a fibril bundle. This differ-
ence in fibril positioning is demonstrated in Fig. 2A in which the
recessed fibripositor fibril runs along the surface of the cell (blue
fibril), whereas the protruding fibripositor projects directly into
the matrix (green fibril). The length of the finger-like component
of protruding fibripositors ranged from <1–25.7 μm. It is note-
worthy that even at this early stage of development [embryonic
day (E) 14 in the chick], some fibrils in the ECM were too long to
be enclosed in a typical 100-μm z-depth volume. Therefore,
a length estimate was made by using the method described
(20). The estimated matrix fibril length was 587 ± 86 μm and,
therefore, much longer than those found in either recessed or
protruding fibripositors.

No Evidence of Collagen Fibril Degradation in Fibricarriers. In-
tracellular vacuoles containing collagen fibrils have been de-
scribed in periodontal ligament, some of which contain a
densely stained material between the fibril and the vacuole
membrane (24–27). Blocking lysosomal enzymes in periodontal
ligament resulted in accumulation of intracellular vacuolar
fibrils (28, 29), suggesting that collagen fibrils could be de-
graded in lysosomal compartments.
To explore the possibly that fibricarriers could be part of

a fibril degradation pathway, we first carefully examined the ul-
tramicroscopic appearance of fibricarriers. Electron-dense fibri-
carriers were not observed in embryonic tendon; all fibricarriers
were electron lucent. Furthermore, fibricarriers containing de-
graded fibril aggregates were absent. The absence of these
morphological structures reduces the likelihood that fibrils in
fibricarriers are degraded. To explore this hypothesis further, we
performed immunoEM on E15.5 mouse-tail tendon for lyso-
somal-associated membrane protein 2 (LAMP2), a marker of
lysosomes and late endosomes (30). As shown in Fig. 3A, LAMP2
is abundant in multivesicular compartments typical of late endo-
somes but absent from fibripositors and fibricarriers. Next, we
incubated living tendon with leupeptin and used SBF-SEM to
quantitate the occurrence of fibricarriers. To test the efficacy of
leupeptin to inhibit lysosomal proteases, control experiments
were carried out in which we incubated tendon fibroblasts
with fluorescently labeled epidermal growth factor (EGF) in the
presence and absence of leupeptin, using methods described
(31). EGF was readily taken up by fibroblasts (Fig. 3B, Top). In
control cells, after 60-min incubation, the EGF was degraded,
with no fluorescently labeled EGF visible (Fig. 3B, Middle). In
contrast, no EGF degradation occurred in the presence of
leupeptin (remaining fluorescent labeled EGF in Fig. 3B, Bot-
tom). Having demonstrated the efficacy of leupeptin in tendon
fibroblasts, we incubated embryonic tendon in leupeptin. If
fibricarriers were part of a lysosomal degradation pathway,
treatment with leupeptin would be expected to increase their
numbers. However, we found no significant effect of prolonged
leupeptin treatment (48 h) on the frequency of fibricarriers or of
fibripositors (Fig. 3C).

Fibripositors Contain Newly Formed Collagen Fibrils. Tracking of
fibrils closely associated with the cell membrane revealed that
complete, short-length collagen fibrils occurred on the surface of
cells and in fibripositors (Fig. S1 and Movie S3). Furthermore,
fibripositor structures contain shorter fibrils than those in the

Fig. 2. Quantitative length measurements of collagen fibrils in vivo. SBF-SEM
volume of 14-d embryonic chick tendon with dimensions 30 μm × 30 μm ×
100 μm (x, y, and z, respectively) achieved by making 1,000 × 100 nm-thick
cuts. The images were used for image analysis in IMOD. (A) Part of a 3D
reconstruction of a cell between cuts 739 and 953, equivalent to 21.4 μm
along the long axis of the cell. EM images show selected areas of the cell-
matrix interface. A collagen fibril (green) is shown with one tip at the base
of the plasma membrane recess and the other extending through a pro-
truding fibripositor with the other tip in the ECM (green line in the re-
construction and green circle in the 3View images). Also shown is a collagen
fibril with a tip within a plasma membrane recess and exiting the cell
through a recessed fibripositor (blue). This dataset is shown in Movie S1. (B)
Three-dimensional reconstruction of another cell showing a collagen fibril
entirely contained within a membrane-bound cytoplasmic fibricarrier (pur-
ple). Selected cuts containing the fibricarrier are also shown with the fibri-
carrier circled in purple (520, 516, 460, and 450). This dataset in shown in
Movie S2. (C) Schematic representation of the cell-matrix interface, illus-
trating the three membrane-fibril structures identified (FC, fibricarriers; PF,
protruding fibripositors; RF, recessed fibripositors). Color scheme remains
the same as in A and B. (D) Quantitation of the lengths of fibrils in fibri-
carriers, recessed fibripositors, protruding fibripositors, and in the ECM. *,
significant difference in fibril length (P ≤ 0.05).
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ECM. These data suggested that fibripositors might be a site of
fibril assembly. Therefore, in the next experiment, we incubated
tendons with the prolyl 4-hydroxylase inhibitor DMOG (21) for
48 h to block collagen export from the ER (Fig. 4A) and ex-
amined the cells in situ by SBF-SEM (Fig. 4B). The results
showed that DMOG reduced the number of short fibrils and
fibril-containing compartments (fibricarriers and fibripositors).
In particular, the number of protruding fibripositors was reduced
from ∼6 per cell in DMSO control samples to ∼1 per cell in
DMOG-treated samples (Fig. 4 B and C). Thus, blocking colla-
gen secretion reduced the number of fibripositors.
Next, we incubated tendons with GM6001 (a broad-spectrum

inhibitor of matrix metalloproteinases; MMPs) and used SBF-
SEM to identify short fibrils. In contrast to results with DMOG,
GM6001 did not prevent the occurrence of short fibrils at the cell
surface in fibripositors (representative cell reconstruction in Fig.
S2A). Zymography showed that GM6001 was active under the
conditions used (Fig. S2B).

Fibricarriers Can Be Formed at the Plasma Membrane. We used so-
lution-phase horseradish peroxidase (HRP) according to the
schematic shown in Fig. 5A to investigate if fibricarriers can be
formed at the plasma membrane in a process analogous to en-

docytosis. We subsequently stained with diaminobenzidine (DAB)
and osmium, embedded the samples for TEM, performed electron
tomography on 63 300-nm–thick serial sections, and stacked the
tomograms (Fig. 5 B–D) to generate a combined 3D volume of z
depth 18.9 μm. Examination of the stacked tomogram showed the
presence of both electron dense (HRP containing) and electron
lucent (not containing HRP) fibricarriers: 15 of 25 fibricarriers
were electron dense, whereas 10 were electron lucent.

NMII Powers the Transport of Newly Formed Fibrils at Fibripositors.
Meshel et al. showed that cultured fibroblasts use NMII to power
the contraction of lamellipodia attached to collagen fibrils,
thereby causing the cell to move (32). To test the hypothesis that
NMII might power the pulling on fibrils at fibripositors, we used
blebbistatin in a 3D tendon-like cell-culture system that suc-
cessfully recapitulates key aspects of embryonic tendon de-
velopment (33, 34). We show here that when tension is released
in the tendon-like constructs by removal of an anchor post, the
constructs contract to approximately one-fifth of their original
length (compare Fig. 6A, Left and Center). However, when the
constructs are incubated with blebbistatin no contraction oc-
curred (compare Fig. 6A, Left and Right). Experiments with
embryonic tendon cells in 2D demonstrated that inhibition of
NMII resulted in disruption of normal membrane dynamics, with
more protrusive activity resulting in longer filopodia, as reported
(35) (Fig. 6B). SBF-SEM analysis of tendon-like constructs
treated with blebbistatin more than doubled the length of the
protrusive part of the fibripositor (Fig. 6C) and reduced numbers
of protruding fibripositors and fibricarriers (Fig. 6 D and E).
Three-dimensional reconstructions are shown in Fig. 6E. A sche-
matic representation of the effect of NMII inhibition—fewer,
longer protrusive fibripositors, and fewer fibricarriers—is shown
in Fig. 6F.
In further experiments, we showed that inhibiting dynamin

with dynasore resulted in marked disorganization of fibricarriers
and fibripositors (Fig. 7). In control samples, single fibrils are
seen within the internal part of protrusive fibripositors and in
recessed fibripositors (Fig. 7A, Upper), whereas in dynasore-
treated tendon, multiple fibrils are seen in these compartments
(Fig. 7A, Lower). Three-dimensional reconstruction revealed
that these compartments were morphologically abnormal and
disorganized, some looping inside the cell (Fig. 7B and Movie S4).
Quantification revealed that the length of the protrusive part of
fibripositors was not affected by treatment with dynasore (Fig. 7C).
However, the length of the internal part of protrusive fibriposi-
tors and of recessed fibripositors was significantly increased (Fig.
7D). Furthermore, similar to the finding in blebbistatin-treated
tendon, dynasore reduced the number of fibricarriers (Fig. 7E).
The finding of long, looped plasma membrane recesses and the
absence of fibricarriers (shown schematically in Fig. 7F) sug-
gested that internalization of collagen fibrils within fibricarriers
(powered by NMII) is an endocytic-like process.

Actin Clustering at Collagen Fibril Interaction Sites in Fibripositors.
Previous observations that fibripositors are disassembled after
treatment with cytochalasin B (18) prompted analysis of our new
datasets for evidence of fibrils being grasped within fibripositors.
Longitudinal sections of fibripositors showed the presence of cor-
rugations of the lumen in which the fibril is pinched at ∼10 loca-
tions along the length of the fibripositor (Fig. 8A). TEM analysis
identified increased abundance of intracellular fine filaments, con-
sistent with F-actin, at pinch points (Fig. 8C). Three-dimensional
reconstructions showed that the pinch points occurred at regular
intervals along recessed and protruding fibripositors (Fig. 8D and
Movie S5).

Fig. 3. Cytoplasmic fibrils are not degraded by lysosomal proteases. (A)
ImmunoEM on cryosections of embryonic mouse tail by using an anti-LAMP2
antibody localized LAMP2 to endosome structures in the cytoplasm but not
to collagen fibril-containing compartments (arrow). (B) Endocytic uptake of
fluorescent-labeled EGFR after 30-min incubation revealed loss of fluores-
cence in the presence, but not the absence, of leupeptin. (C) Quantitation of
fibril-containing compartments after treatment with leupeptin. Treatment
with leupeptin (48 h) did not affect the proportion of fibrils in recessed or
protruding fibripositors or the total number of intracellular fibrils. †P > 0.05.
(Scale bars: A, 1 μm; B, 5 μm.)
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Discussion
We have determined the shape, size, and 3D organization of
fibripositors and fibricarriers, which contain new collagen fibrils,
at the plasma membrane and in the cytoplasm in vivo. It is
possible to obtain a spatial map of the origin, location, and size
of these compartments that contain fibrils of particular length
ranges: Fibrils increased in length in the order of fibricarriers
(1–10 μm), recessed fibripositors (5–30 μm), and protruding fibri-
positors (5–40 μm), with the longest occurring in the ECM (100–
600 μm). The steady increase in fibril length suggested that these
compartments are part of a common fibril-transport pathway. The
inhibition of procollagen synthesis, NMII, and dynamin in con-
junction with SBF-SEM 3D reconstruction (20) has indicated the
direction of fibril transport.
At first sight, the range of fibril lengths in the different com-

partments could be interpreted to fit either a degradation or
assembly pathway. If degradation is occurring, it could be rea-
soned that ECM fibrils are progressively reduced in length until
the shortest fibrils are contained within fibricarriers. Conversely,
fibrils in fibricarriers could grow to become fibrils in recessed
fibripositors, then protruding fibripositors, and then released to
the ECM. To distinguish between these two possibilities, we used
leupeptin to inhibit lysosomal degradation, immunoEM to locate
the endosomal marker LAMP2, and DMOG to inhibit pro-
collagen secretion. Studies of periodontal ligament in postnatal
mice showed that inhibiting lysosomal function using leupeptin
resulted in an increase in vacuolar fibrils (29). Further studies

showed that blocking collagen synthesis or disrupting microtu-
bule polymerization (which inhibits collagen secretion; ref. 18)
had no effect on the numbers of fibril-containing vacuoles (28).
The conclusion from these studies was that collagen fibrils could
be segregated from the matrix and degraded within lysosomal
compartments. The results here showed that fibricarriers and
fibripositors lack LAMP2 staining and are unaffected by leupeptin.
Furthermore, their numbers decrease and there is an absence of
short fibrils at the plasma membrane in the presence of DMOG.
Thus, in the absence of procollagen molecules passing through the
secretory pathway, no new fibrils assembled at the cell surface and
the number of fibripositors was reduced. We also considered the
possibility that short fibrils at the cell surface could be formed by
cleavage of preexisting fibrils. Experiments with an MMP inhibitor
suggested that active MMPs capable of cleaving collagen mole-
cules are not required for the formation of short fibrils. These
experiments showed that fibricarriers and fibripositors contain
new collagen fibrils and that the fibrils are not being degraded.
To test if fibricarriers could be formed by internalization of

collagen fibrils, we incubated tendon tissue with solution phase
HRP. After incubation, a significant proportion of fibricarriers
contained a dark precipitate, suggesting that they formed through
an endocytic process. It is possible that HRP could be delivered
to fibricarriers by pinocytosis of HRP-containing fluid from the
ECM and subsequent fusion of the vesicle with fibricarriers.
However, the surfaces of fibricarriers were smooth and lacked ev-
idence of overt fusion with other compartments. Non-HRP–stained

Fig. 4. Protruding and recessed fibripositors contain newly synthesized collagen fibrils. Pulse–chase analysis of embryonic tendon demonstrated that pro-
collagen processing and secretion was prevented by DMOG and reduced the numbers of fibripositors and fibricarriers. (A) Proteins were sequentially
extracted in neutral salt buffer (S1) and buffer containing Nonidet P-40 (N), and the 14C-labeled proteins were analyzed by SDS/PAGE and autoradiography.
The identity of polypeptide chains of procollagen, pC-collagen, and collagen are indicated. (B) Visualization of the cell-matrix interface by SBF-SEM before
and after treatment with DMOG for 48 h. Fewer fibrils occurred in fibricarriers (purple), protruding (green), and recessed (blue) fibripositors. (Scale bar: 2 μm.)
(C) Quantitation of the frequency of fibril-containing compartments before and after inhibition of procollagen secretion by DMOG. *P ≤ 0.05.
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fibricarriers could occur because they had formed before the 4-h
incubation period and remained internal to the cell during the
time course of the experiment. Nevertheless, the presence of

osmophilic stained fibricarriers is good evidence that they formed
at the plasma membrane and pinched off from the membrane
during the HRP-incubation period.
Transport of fibricarriers and fibripositors is expected to re-

quire a cytoskeletal scaffold and a source of energy. Plasma
membrane protrusive structures such as lamellipodia, micro-
spikes, and pseudopodia possess an actin cytoskeleton for scaf-
folding support. Similarly, fibripositors are actin-dependent
protrusions as shown by their disappearance in the presence
of cytochalasin B (18). Notably, nocodozole had no affect on
fibripositor or fibricarrier structure (18). We showed here using
TEM that clouds of fine filaments are present at focal points of
contact between the internal membrane of the fibripositor and
the luminal collagen fibril. The location of actin filaments in
pinch points would explain why cytochalasin B is effective in
releasing collagen fibrils from the surface of cells, resulting in the
collapse of fibripositors (18).
The formation of fibricarriers at the plasma membrane implies

that a pulling force is exerted on the fibril tip. Also, the fact
that fibrils in fibripositors are straight is indirect evidence that
fibril tips are pulled. In subsequent experiments, we investigated
if NMII was responsible for transporting fibricarriers and fibri-
positors. Blebbistatin was highly effective in inhibiting the con-
traction of a 3D tendon-like construct. The range in length of the
membrane projection of protruding fibripositors (from 1 to
25 μm) suggests a growth process in which membrane is pushed
(or pulled) out and retracted. SBF-SEM analyses showed that
blebbistatin led to the significant increase in fibripositor mean
length (from ∼6 μm to ∼17 μm). Presumably the mean length of
the fibripositor is a consequence of NMII-powered inward
pulling on the fibripositor and an opposing tissue tension that
acts to pull the fibril off the plasma membrane; the pinch points
increase stress transfer from the fibril to the plasma membrane
and vice versa. The data indicate that NMII is critically involved
in the creation and dynamics of fibripositor structures; the ex-
ertion of force on fibripositors indicates that these structures are
a mechanical interface between the cell and the ECM. Differ-
ences were also found in the position of fibrils in protruding
and recessed fibripositors: Protruding fibripositor fibrils often
project into the matrix, whereas recessed fibripositor fibrils
often sit on the plasma membrane. This difference might in-
dicate differences in forces exerted on fibrils in recessed and
protruding fibripositors.
Fig. 9 shows a model of a regulatory system that is consistent

with data from our laboratory and others. The model shows
the following: Initial collagen fibril nucleation can occur at the
plasma membrane, fibril formation occurs by accretion of col-
lagen molecules (10, 36) or collagen aggregates (9), subsequent
fibripositor formation around individual fibrils is then driven by
cellular forces acting on the fibril and depends on the degree of
attachment of these fibrils to the cell (via pinch points) and the
ECM, and the length of the finger-like portion of the protruding
fibripositor is the result of opposing forces of NMII and tissue
tension. The finding that fibricarriers can contain fluid-phase
HRP and are removed by blebbistatin, dynasore, and DMOG
suggests that these fibril-containing compartments can originate
at the plasma membrane. Work by others has identified pro-
collagen-containing GPCs en route from the Golgi apparatus to
the plasma membrane (8). Therefore, as indicated in Fig. 9, it is
possible that fibricarriers could be a type of GPC and might cycle
between the plasma membrane and the cytoplasm. Alternatively,
fibricarriers might be formed by the inclusion of short early fibrils
that are not anchored in the ECM. Consequently, NMII-powered
pulling on the fibril would not be counteracted by tissue tension.
Importantly, these two schemes are not mutually exclusive, in
either case, the short fibril would be encapsulated in a fibri-
carrier. Internalization of short, nonanchored fibrils to generate
fibricarriers may thus be an incidental process in the formation of

Fig. 5. Fibricarriers can be generated by out-to-in fibril transport. (A)
Schematic representation of the HRP experiment. Orange dots represent
HRP molecules. Brown-colored compartments represent compartments that
are positive for electron-dense stain. (B) A virtual slice through a 3D EM
tomogram of 13-d chicken embryonic metatarsal tendon that had been in-
cubated with HRP solution for 4 h before fixation. Internal fibrils containing
an electron-dense precipitate are seen (open arrowhead) together with in-
ternal fibrils with no precipitate (closed arrowhead). (C) Three-dimensional
reconstruction from 65 serial section tomograms. Fibricarriers containing
electron dense precipitate are shown in red, fibricarriers with no stain are
purple. HRP-stained fibrils found within protruding and recessed fibriposi-
tors are shown in yellow, and unstained fibrils in recessed and protruding
fibripositors are green. (D) Three-dimensional reconstruction of the stacked
serial section tomogram dataset showing a cell membrane (light blue),
nucleus (purple), and fibripositor-associated fibrils (yellow) and fibrils in
fibricarriers (red). Note: Protruding and recessed fibripositors are not dif-
ferentiated in the serial tomogram reconstruction because the relatively
shallow sample volume (20 μm) precluded their characterization. (Scale bars:
B, 500 nm; C, 2 μm; D, 5 μm.)
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tensioned collagen fibrils. The transport of fibrils from the cell
surface into fibricarriers requires membrane scission, as shown
when dynasore resulted in the absence of fibricarriers, the deepening
of recessed fibripositors, and the concomitant appearance of
looped fibrils in deep recesses.
In conclusion, we propose that dynamic transport of new

collagen fibrils occurs at the plasma membrane and that this
process is driven by NMII. In this scheme, fibripositors are spe-
cialized sites of fibril assembly and fibril transport. The fibripositors
form an extended mechanical interface between the cytoskeleton
and extracellular collagen fibrils. This interface serves to transmit
cell-derived tensioning force to the tissue, which is critical in
maintaining fibril alignment. In addition, external loads are

transmitted back to the cell via fibripositors to provide me-
chanical feedback during the development of the tissue.

Materials and Methods
Chicken Embryonic Tendon Experiments. Whole chick legs were dissected to
expose metatarsal tendons and incubated in DMEM/nutrient mixture F-12
containing 100 units/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine,
200 mM L-ascorbic acid 2-phosphate, supplemented with 25 μM blebbistatin
(48 h), 10 μM dynasore (48 h), 1 mM DMOG (48 h), 300 μM leupeptin (48 h),
or 0.1% (vol/vol) DMSO. Reagents were purchased from Sigma. Samples
were then fixed and processed for EM. The activity of leupeptin to prevent
lysosome catheptic enzyme activity was investigated by incubating embry-
onic chick tendon cells with leupeptin for 2 h, then adding normal media
supplemented with leupeptin and fluorescent EGFR (Invitrogen) for 15 min

Fig. 6. NMII is required for fibricarrier formation and normal fibripositor membrane dynamics. (A) Addition of blebbistatin to tendon-like constructs pre-
vented cell-induced shortening when the constructs were unpinned. Arrow (black) shows the tendon-like construct. (B) Protrusive membrane dynamics (such
as filopodia formation) are disrupted by blebbistatin. (Upper Right) Nonblebbistatin DMSO control. (Lower Right) Cell in the presence of blebbistatin. Ar-
rowhead shows filopodia. *P ≤ 0.05. (C) Analysis of 3D EM data showed that the membrane protrusion of protrusive fibripositors is longer when NMII is
inhibited in embryonic tendon. Bars show the length of the membrane protrusion (*P ≤ 0.05). (D) The proportion of intracellular fibrils in protrusive fibri-
positors is decreased when NMII is inhibited with blebbistatin for 4 h. Blebbistatin also reduced the proportion of internal fibrils found in fibricarriers. (E)
Three-dimensional reconstructions of tendon treated with blebbistatin demonstrate increased numbers of recessed fibripositors (blue) and reduced the
numbers of protruding fibripositors (green) with fewer fibricarriers (purple). (F) Schematic representation of the effect of NMII inhibition, showing longer
fibripositors and fewer fibricarriers. *P ≤ 0.05. (Scale bars: 5 μm.)
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(as described in ref. 37). Cells were washed, incubated in EGFR-free media
for a further 30 min, then fixed in 4% (wt/vol) paraformaldehyde and ex-
amined by fluorescence microscopy. The inhibition of endocytosis by dyna-
sore was tested by incubation of embryonic chick tendon cells with 25 μg/mL
fluorescent transferrin receptor (Tfr488; Invitrogen) for 30 min at 37°C to
internalize fluorescent markers. Cells were washed in PBS then incubated
with an acid-salt wash buffer (0.2 M HAc and 0.5 M NaCl) for 10 min at 4 °C
to strip surface-bound fluorescent marker, followed by PBS wash, and fixed in
4% (wt/vol) paraformaldehyde for 10 min. Internalized fluorescent markers
were analyzed by fluorescent light microscopy. Images were collected on an
Olympus BX51 upright microscope by using a 60× objective and captured by
using a Coolsnap ES camera (Photometrics) through MetaVue Software (Mo-
lecular Devices). Specific band-pass filter sets for DAPI, FITC, and Texas red
were used to prevent bleed through from one channel to the next.

Serial Block Face-Scanning EM. Sample Preparation. Samples were prepared as
described (20). In brief, metatarsal tendons from embryonic chicks were

fixed in situ by using 2% (wt/vol) glutaraldehyde (Agar Scientific) in 0.1 M
cacodylate buffer (pH 7.2), en-bloc stained in 1% (wt/vol) osmium tetroxide,
1.5% (wt/vol) potassium ferrocyanide in 0.1 M cacodylate buffer, followed
by 1% (wt/vol) tannic acid in 0.1 M cacodylate buffer (pH 7.2). After washing,
more osmium was added by staining in 1% (wt/vol) osmium tetroxide in
0.1 M cacodylate buffer (pH 7.2). The final staining step involved soaking in
1% (wt/vol) uranyl acetate. Samples were dehydrated in ethanol and infil-
trated in Araldite resin (CY212; Agar Scientific).
SBF-SEM. Resin-embedded samples (150 in total during the study) were sectioned
byusing aGatan 3Viewmicrotomewithin an FEIQuanta 250 scanningmicroscope
as described (20). For these experiments, a 41 μm × 41 μm field of view was
chosen and imaged by using a 4096 × 4096 scan, which gave an approximate
pixel size of 10 nm. The section thickness was set to 100 nm in the Z (cutting)
direction. Typically, Z volumes datasets comprised 1,000 images (100 μm z depth).
Image analysis. The IMOD suite of image analysis software was used to build
image stacks, reduce imaging noise, and build 3D reconstructions (23). Fibrils
were tracked from their cell-associated tip along the length of the fibril to
determine their subcellular localization. Estimates of the length of ECM
fibrils were made by tracing individual collagen fibrils (n = 500) over 100
serial images, as described (20). The lengths of fibripositors and fibricarriers
were calculated by tracing the complete fibril from its tip in the intracellular
recess to its tip in the ECM (n = 50 protruding fibripositors, 50 recessed
fibripositors, and 50 fibricarriers from two independent samples). The
number of fibripositors (recessed, protruding) and fibricarriers per cell was
calculated from IMOD reconstructions of a minimum of four cells for each
experimental condition from two independent tendon samples (eight cells
in total for DMOG, leupeptin, and DMSO). Each cell was entirely contained
within the reconstructed volume. The effect of blebbistatin and dynasore
on the length of the membrane protrusion part of protrusive fibripositors was

Fig. 7. Inhibition of dynamin reduces the number of fibricarriers. (A) SBF-
SEM images of embryonic chick tendon treated with dynasore demonstrated
the appearance of intracellular fibril compartments containing increased
numbers of fibrils (marked with a closed arrowhead). Open arrowheads
mark recesses containing single fibrils seen in tendon not treated with
dynasore. (B) Investigation of this finding in 3D demonstrated that the in-
creased numbers of fibrils seen in 2D cross-sections were the result of in-
ternal looping of fibril compartments that were doubled back numerous
times. Two different fibrils are shown [in a protruding fibripositor (green)
and recessed fibripositor (blue)] illustrating this looping. The cell membrane
is colored red. (C) There was no difference in the length of the membrane
protrusion of protrusive fibripositors. †P ≥ 0.05. (D) Lengths of internal fibril-
containing compartments (recessed fibripositors and the internal part of
protruding fibripositors) were significantly increased in dynasore-treated
tendon cells. *P ≤ 0.05. (E) No fibricarriers were identified in the 142 fibril
compartments studied in 3D in dynasore-treated tissue. In contrast, 20
fibricarriers were identified in 161 fibril compartments studied in untreated
tissue. (F) Schematic showing looped internal fibril recesses and reduced
number of fibricarriers after dynasore treatment. (Scale bars: A, 500 nm; B
Left, 5 μm; B Right, 2 μm.)

Fig. 8. Pinch points within fibripositors. (A) Longitudinal section through an
embryonic tendon fibripositor showing a localized constriction of the lumen
(arrow). (B) Transmission electron micrograph of an interpinch-point lumen
(electron lucent) containing a collagen fibril in transverse section. (C) Trans-
mission electron micrograph of a “pinch point” in transverse section. The image
shows a collagen fibril surrounded by a tightly constricted lumen and a cloud
of dense fibrous filaments (arrowhead) in the cytosol. (D) Three-dimensional
reconstruction of an embryonic tendon cell showing fibrils in protruding
fibripositors (green), recessed fibripositors (blue), and fibricarriers (purple).
The locations of increased stain density indicative of pinch points are shown
as white spheres. (Scale bars: A, 500 nm; B and C, 100 nm; D, 2 μm.)
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calculated from 3D reconstructions (n = 50 measured for control and blebbis-
tatin-treated tendon). In blebbistatin experiments, the proportion of fibrils
found in fibripositors and fibricarriers was summed for two independent
samples (two DMSO and two blebbistatin). The number of fibrils analyzed was
246 (DMSO control) and 234 (blebbistatin-treated samples). To confirm action
of MMP inhibitors, aliquots of medium conditioned by embryonic chick tendon
cells were analyzed by gelatin zymography in 0.1% gelatin-10% acrylamide
gels (38). Aliquots of appropriately diluted media were loaded without re-
duction on gels at 10 μL. After electrophoresis, gels were washed with 2.5%
Triton X-100 to remove SDS and renature the MMP-2 species in the gels. Then
the gels were incubated in the developing buffer overnight to induce gelatin
lysis by renaturedMMP-2. MMP-2 standards were obtained from ProteaImmun.

Immunoelectron Microscopy. Samples for immunolabeling were fixed in 4%
formaldehyde in 0.1 M phosphate buffer (pH 7.2), embedded in 12% gelatin

(wt/vol), and infiltrated with 20% polyvinylpyrrolidon (wt/vol) and 1.6 M
sucrose. The samples were frozen in liquid nitrogen, and ultrathin 70-nm
sections were cut at −120 °C with a Leica UC6/FC6 cryoultramicrotome.
Sections were retrieved with methylcellulose/sucrose (1%/1.15 M) and put
on carbon/formvar-coated nickel grids. The sections were blocked with 1%
(wt/vol) BSA and 0.15 M glycine in 0.1 M phosphate buffer (pH 7.2), and
labeled with primary antibodies against LAMP2 (ABR, PA1-655, dilution 1:10)
and protein A gold conjugates (10 nm). The grids were embedded in 1.8%
(wt/vol) methylcellulose with 0.5% (wt/vol) uranyl acetate and examined in
a Tecnai 12 BioTwin electron microscope.

HRP Tracer Experiment and Electron Tomography. Embryonic chick metatarsal
tendon was incubated in culture medium containing L-ascorbic acid sup-
plemented with 1 mg/mL HRP (Sigma) for 4 h. Tissue was fixed in 2% glu-
taraldehyde, DAB-hydrogen peroxide solution was added for 30 min at 4°C
in a light-free environment, and then prepared for TEM by using a standard
en-bloc osmium and uranyl acetate stain. Samples were prepared for elec-
tron microscopy and serial section reconstruction as described (17). Semithick
(300 nm) serial sections were collected on formvar-coated copper slot grids.
The serial sections were imaged in an FEI Polara 300 kV transmission electron
microscope by using SerialEM (39). Within SerialEM, a macro was written to
move to a specified grid position, find the eucentric height, then collect
single-axis tomograms (±60° every 2°, 4k × 4k binning 1) at low magnifica-
tion (∼5 nm pixel size) to generate a tomogram for each section on the grid.
Tomograms were generated in IMOD by using the patch-tracking algorithm
(23). Each tomogram was compressed in Z by a factor of 6 to reduce the total
file size, which gave the final reconstruction an approximate voxel size of
5 nm × 5 nm × 30 nm, which is comparable to standard serial section recon-
structions. The tomograms were crudely aligned by using tools in the IMOD
suite, and the volume was examined and modeled by using IMOD. For some
images, the models were exported as VRML files and imported into Amira,
where they were realigned to a binned dataset.

Pulse–Chase Analysis of Procollagen Processing and Secretion. Embryonic chick
metatarsal tendon (preincubated with 1 mM DMOG or 0.1% DMSO for 1 h)
was subjected to [14C]-proline labeling as described (18, 40). Reagents were
obtained from Invitrogen or Sigma unless stated otherwise. Pulse–chase
experiments were performed at 37 °C in DMEM/nutrient mixture F-12 con-
taining 100 units/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine,
200 mM L-ascorbic acid 2-phosphate, and 400 mM β-aminopropionitrile.
Pulse–chase experiments were performed at 37 °C; tendons were pre-
equilibrated for 30 min, labeled for 10 min with 2.5 μCi/mL [14C]-proline (GE
Healthcare), and then transferred to unlabeled medium for 15 min to 3 h.
Pulse–chase was stopped by transferring the tendons to 25 mM EDTA and
50 mM Tris·HCl (pH 7.5) at 4 °C. Tendons subjected to pulse–chase analysis
in 100-μL aliquots of supplemented medium were then extracted in 100-μL
aliquots of salt extraction buffer (1 M NaCl, 25 mM EDTA, and 50 mM
Tris·HCl at pH 7.5) containing protease inhibitors and supplemented as re-
quired with Nonidet P-40 detergent (1%, vol/vol). A concentrated stock
solution of protease inhibitors was made by using EDTA-free protease in-
hibitor mixture tablets (Roche Applied Science). Tendons were extracted in
four changes of salt extraction buffer [overnight (S1), 6 h (S2), overnight
(S3), and 6 h (S4)] and overnight in salt extraction buffer containing Nonidet
P-40. Extracts were analyzed by using 4% precast SDS-polyacrylamide gels
(Novex) under reducing conditions. The gels were fixed for 40 min by using
two changes of methanol (10%, vol/vol) and acetic acid (10%, vol/vol) and
dried under vacuum. The gels were exposed to a BAS-MS phosphorimaging
plate (Fujifilm), which was processed by using an FLA3000 phosphoimager
(Fujifilm). Protein extracts were examined by standard Western blot proce-
dures and optimal antibody dilutions determined empirically. Anti–β-actin
antibodies were obtained from Sigma (mouse monoclonal AC-15 A5441).

Tendon-Construct Formation. Tendon constructs were assembled as described
(33, 34). Constructs were incubated with 25 μM blebbistatin for 30 min be-
fore release. Contraction of tendon constructs was observed over ∼15 min.

Live-Cell Imaging of Tendon Cells. Embryonic tendon cells were treated with
either 0.1% DMSO, or 25 μM blebbistatin and imaged by using an AS MDW
live-cell imaging system (Leica) with a 20×/0.5 HC Plan Fluotar objective.
Point visiting was used to allow multiple positions to be imaged within the
same time-course, and cells were maintained at 37 °C and 5% CO2. Cells were
incubated for 1 h before imaging. Images were collected every 10 s for 10 min
by using a Cascade II EM CCD camera for ultrasensitive imaging (Photometrics).
The still images were converted into a movie file by using ImageJ (NIH
freeware; http://rsb.info.nih.gov/nih-image). Three samples treated with
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Fig. 9. Model of collagen fibril nucleation and transport. Schematic rep-
resents the processes of collagen fibril nucleation and movement between
the experimentally-observed compartments. The transportation process is
driven primarily by NMII-generated forces. The cell membrane is brown, the
cytosol is yellow, and the extracellular matrix is white. Fibrils in protruding
fibripositors are green, those in recessed fibripositors are blue, and those in
fibricarriers are purple. Collagen fibrils are formed at the cell surface by
nucleation of collagen (step 1). Newly formed fibrils are pulled into a
membrane recess by NMII (step 2). Fibrils continue to grow by molecular
accretion, and tension is continually exerted on these fibrils by NMII. Long
fibrils contained in protruding fibripositors are positioned in the matrix,
whereas short fibrils remain in recessed fibripositors (step 3). Fragmented or
unanchored fibrils may be totally internalized in a process requiring NMII
and dynamin, forming fibricarriers. Fibrils inside fibricarriers may grow by
secretion of collagen from the Golgi/TGN apparatus (step 4). Fibricarriers
secrete their fibril cargo back into the ECM (step 5). We propose that the
tension exerted on matrix-anchored fibrils in fibripositors by NMII-generated
cell force is important in generating an aligned tissue that is tensioned.
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blebbistatin, and three treated with DMSO were analyzed. Maximum filopo-
dia length was measured by using ImageJ (100 measurements per sample).

Statistical Analysis. Statistical analyses were performed by using SPSS version
14. Differences in fibripositor and filopodia length and number of fibripo-

sitors and fibricarriers per cell were examined by using Student’s t test.
Significance was set at P < 0.05. Data are presented as mean ± SEM.
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