
ful step toward discovering how this system 
serves so many aspects of learning. Such 
specific characterization has been limited 
largely to ablation studies in monkeys and 
rats. The  present findings indicate that 
functional neuroimaging can provide in- 
sights about specialization of mnemonic 
processes in the human medial temporal- 
lobe memory system. Such specializations 
are likely both to parallel, owing to shared 
evolutionary histories, and to differ from, 
owing to what is uniquely human, those 
found in monkeys and rats. 
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Trafficking of Matrix Collagens Through 
Bone-Resorbing Osteoclasts 

Stephen A. Nesbitt* and Michael A. Hot-ton 

An intracellular pathway for proteins liberated from mineralized matrix during resorption 
was identified in osteoclasts. Analysis by confocal microscopy of sites of active bone 
resorption showed that released matrix proteins, including degraded type I collagen, 
were endocytosed along the ruffled border within the resorption compartment and 
transcytosed through the osteoclast to the basolateral membrane. lntracellular trafficking 
of degraded collagen, as typified by the resorbing osteoclast, may provide the cell with 
a regulatory mechanism for the control of tissue degradation. 

Osteoclasts are multinucleate bone cells 
with the capacity to degrade the extracel- 
lular matrix of the skeleton by the process 
of bone resorption, thus participating in the 
homeostasis of bone and calcium (1). Oste- 
oclasts resorb mineralized tissues after a se- 
ries of cellular polarization events ( 2 ) .  Cy- 
toskeletal rearrangement creates an F- 
actin-rich structure, the tight seal, that en- 
closes a specialized secretory membrane, the 
ruffled border. Protons and proteases cross 

the ruffled border and degrade bone matrix 
through demineralization and proteolytic 
activity, with calcium and type I collagen 
fragments being liberated into a resorption 
compartment beneath the cell. These prod- 
ucts reach the extracellular space, where 
their levels correlate with bone resorption 
activity (3). 

It has been assumed that degraded bone 
matrix leaves the resorption site by leakage 
from under the osteoclast during cell migra- 
tion or is released e n  masse at the termina- 

Bone and Mineral Centre, Department of Medicine, Uni- tion of the resorption when the re- 
versity College London Medical school, University COI- sorption compartment is disassembled. Al- 
lege London, London WIN 8AA, UK. ternatively, an enclosed resorption site 
'To whom correspondence should be addressed. could be maintained if there were intracel- 
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lular pathways to transport degraded bone sessed in human osteoclasts [isolated from of resorption ( 6 )  by immunostaining and 
through the osteoclast to the extracellular giant cell tumors of bone (4)] in a culture confocal microscopy (7, 8). 
space, a process for which we provide three model of bone resorption that uses dentine Trafficking of matrix proteins through 
lines of evidence. Intracellular trafficking of substrate (S), and in osteoclasts resident in resorbing osteoclasts was identified with the 
mineralized matrix components was as- bone. Matrix proteins were localized at sites use of a labeled dentine substrate (Fig. 1). 

Fig. 1. (A to F) Trafficking of biotin- 
ylated dentine matrix proteins 
through resorbing osteoclasts. Hu- 
man osteoclasts were cultured on 
biotinylated dentine slices for 24 
hours (6, 7). The cells were fixed 
and permeablized before fluores- 
cent immunostaining and confocal 
microscopy (8). Sectional images 
(1 -pm sections) from the x-y plane 
(above view) are shown for a typical r resorbing osteoclast containing 
dentine matrix proteins (n = 51). 
The false colors of fluorescence 
represented are green (bone matrix 
proteins) and red (F-actin). Images 
are of sections taken at the follow- 
ing depths from the top of the os- 
teoclast: (A) at 4 pm (shows the top 
of cell); (B) and (C) at 10 pm (show- c 
ina the basolateral bodv of the cell): 
a&i (D), (E), and (F) at 26 pm (show: 
ing the cell at the dentine surface). The single fluorescent images show in (C), 
the spread cell periphery above the dentine surface; in (D), the ruffled border 
and location of the active resorption site that extended beneath the cell into 
the resorption pit (arrow, dense red F-actin arc structure); and in (E), a zone 
of liberated bone matrix proteins (small arrowheads) and loss of bone matrix 
to form the resorption pit (black). Double fluorescent images in (A) and (B) 
show the basolateral distributions of bone matrix proteins in the osteoclast 
(small arrowheads). Image (F) represents the images of (D) and (E) superim- 

posed and reveals that the liberated matrix proteins are present within the 
ruffled border. The direction of osteoclastic resorption [broad arrowhead in 
images (B) and (F)] is indicated by the track of resorption left behind the 
osteoclast (pit edge shown by small arrows). The resorption pit extended 20 
pm below the dentine surface through which the osteoclast maintained close 
contact with the resorbed surface of dentine [image (0). fine F-actin ring 
indicating the osteoclast periphery in the resorption pit]. Original magnifica- 
tion x600. 

Fig. 2. (A to D) Traffick- 
ing of collagen in resorb- 
ing osteoclasts. Oste- 
oclasts were cultured on 
dentine for 24 hours (6, 
7) and processed for im- 
munostaining of colla- 
gen and confocal mi- 
croscow analvsis 18). 
sections (1 p,m-thickj i f  
two of 116 osteoclasts 
assessed for type I colla- 
gen localization are 
shown. (A) shows an x-y 
section (above view) tak- 
en at the bone surface, 
(B) shows an x-y section 
taken 4 pm above the 
bone surface through k=.  
the top of the osteoclast, 
and sections (C) and (lateral (D) show views) z-x for the b- cells in (A) and (B), respectively, taken through 

the center (broken lines denote the bone surface). The edge of the resorption 
pit is indicated by arrows; the tops of the resorbing osteoclasts are starred. 
Osteoclasts maintained close contact with the resorption face [arrows in (C) 
and (D)]. The direction of resorption (broad arrow) was indicated by the track 
left behind the osteoclast [pit edge is indicated by arrows in (A) to (D)]. Original 
magnification X600. (E) Localization of collagen in osteoclasts within osteo- 
clastoma tissue. Sections (10 pm thick) of osteoclastoma were immuno- 
stained and analyzed by confocal microscopy (8). Osteoclasts were identified 
by an antibody to the integrin qp, which is highly expressed in osteoclasts 
(22). A 1-pm x-y section at 5-pm tissue depth is shown. False colors of 

fluorescence are green for 4, on osteoclasts and red for type I collagen in 
the surrounding cells, and yellow reveals colocalization of collagen and a$, 
at the osteoclast surface. Most osteoclasts are not in contact with bone and 
represent cells in a nonresorbing state. These had not endocytosed collagen, 
even though large amounts of collagen were visible in the surrounding tissue. 
Original magnification x400. (F to H) Localization of collagen in osteoclasts in 
fetal bone. Collagen was identified in resorbing osteoclasts in frozen sections 
of human fetal bone. (F) is a nonconfocal phase image (osteoclast indicated 
by an arrow on bone trabeculum, open star). (G) and (H) are 1-p,m x-y 
sections at 5-pm tissue depth for qp3  (red) and type I collagen fragments 
(green). Original magnification x600. 
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Surface proteins in the dentine slices were 
biotinylated before osteoclast attachment 
and resorption and then detected with 
streptavidin-fluorescein (9). Resorption of 
matrix was seen as a loss of the surface biotin 
label and hence as an absence of specific 
staining (Fig. 1E). Many of the osteoclasts 
formed resorption tracks as they tunneled 
through the dentine and were identified at 
the end of the tracks by their characteristic 
F-actin staining pattern (Fig. 1, D and F). 
These ring- or arc-shaped structures are as- 
sociated with the resorption compartment 
(2), and in tunneling osteoclasts, they indi- 
cate the position of the tight seal and ruffled 
border, which appose the surface undergoing 

Fig. 3. (A to C) Trafficking of type I collagen frag- 
ments from dentine matrix through resorbing os- 
teoclasts. Human osteoclasts were cultured on 
biotinylated dentine and ~rocessed as in Fia. 1 
(6-8): computer-generated compression images 
are shown for a typical resorbing osteoclast con- 
taining type I collagen fragments endocytosed 
from the dentine matrix (n = 105). Forty 1 -pm x-y 
sections were taken through the resorption site 
and compressed into a single image and dis- 
played on a 30% incline. False colors of fluores- 
cence represented are green (biotinylated matrix 
proteins) and red (type I collagen fragments). The 
single fluorescent image in (A) shows the dentine 
matrix and resorption site (black), and the image in 
(B) indicates the localization of collagen fragments 
at the resorption site within two interconnected 
pits (the one on the right is indicated by an arrow). 
An osteoclast is located in the pit on the left (its 
spread cell periphery above the dentine surface is 
denoted by open arrows). Collagen fragments 
were observed in the pits and within the resorbing 
osteoclast. (C) is a superimposed image of (A) and 
(B) and shows that the type I collagen fragments 
are concentrated within the site of bone resorp- 
tion. Original magnification x600. 

resorption (Fig. IF). Matrix components lib- 
erated into the resorption compartment (Fig. 
1E) were detected within the ruffled border 
of the osteoclast (Fig. IF). Many (92%; n = 
51) of these osteoclasts had a distinct pattern 
of intracellular matrix proteins in which the 
proteins were localized within a cytoplasmic 
pool in the body (Fig. 1B) and toward the 
top of the osteoclast (Fig. 1A). These various 
staining patterns indicate that released ma- 
trix proteins were endocytosed along the 
ruffled border within the resorption pit and 
transcytosed through the osteoclast to the 
basolateral membrane facing the extracellu- 
lar space, away from the resorbing surface. 

Previous studies have suggested that oste- 
oclasts can endocvtose protein ( 10, 1 1 ). To . .  . 

investigate osteoclast eidocytosis of matrix 
collagen, we probed the resorption cultures 
with an antibody to native type I collagen 
(Fig. 2, A to D). Intracellular localization of 
collaeen in osteoclasts indicated that endocv- 
tosisif collagen from the extracellular dei- 
tine matrix was occurring because osteoclasts 
do not synthesize type I collagen (12). Con- 
focal microscopy was used to generate images 
of 1-p,m sections through the resorption cul- 
tures in both horizontal (x-y plane, above 
view in Fig. 2, A and B) and vertical planes 
(2-x plane, lateral view in Fig. 2, C and D). 
Type I collagen was located along the un- 
resorbed bone surface and in the resorption 
pit. Collagen was seen only in the exposed 
regions of the pit where it had proceeded in a 
lateral direction and thus left a trail of resorp- 
tion behind the osteoclast (Fig. 2D). Collagen 
was not detected throughout the dentine slice 
because it is impervious to antibody below a 
depth of 5 pm, a depth comparable with that 
achieved by biotinylation. Endocytosis of 
bone matrix collagens was identified in 97% 

of resorbing osteoclasts (n = 116). Generally, 
endocytosed collagen was localized through- 
out the cytoplasm of the osteoclast, with an 
additional focus toward the basolateral mem- 
brane, which faced the extracellular space 
(Fig. 2D). The pattern of intracellular colla- 
gen was comparable with that obtained for 
the biotinylated dentine matrix proteins (Fig. 
1) and indicated that endocytosis and trans- 
cytosis of dentine matrix collagen was occur- 
ring through the osteoclast during resorption. 

The trafficking of bone matrix proteins 
and collagens appeared to be initiated dur- 
ing the bone resorption process. These pro- 
teins were not detected in nonresorbine " 
osteoclasts when examined in short-term 
cultures (1 3). nor in cultures where bone 
resorption w& inhibited (14); nor were they 
detected in vivo in osteoclastoma tissue 
that had been separated from bone matrix 
and had no endogenous resorptive activity 
(Fig. 2E). However, intracellular collagen 
was detected in osteoclasts in contact with 
bone surfaces from human fetal tissue, 
which were exhibiting active trabecular re- 
sorption (Fig. 2, F to H) (15). 

Bone collagens are extensively degraded 
by the action of collagenolytic enzymes dur- 
ing resorption (1 6). The resultant release of 
type I collagen fragments into the extracel- 
lular space and subsequent detection in 
plasma and urine provide a clinical mea- 
surement of bone resorption (17). The lo- 
calization of collagen was assessed further in 
the human resomtion cultures with anti- 
bodies that specifically recognize degraded 
collagen (18), and in resorbing rabbit oste- 
oclasts (1 3). Degraded collagen was specific 
for the resorption site (Figs. 3 and 4). Os- 
teoclastic resorption was assessed on biotin- 
ylated dentine substrates, which aided the 

Fig. 4. (A to C) Cell surface localization of type I collagen fragments and biotinylated dentine matrix 
proteins in resorbing osteoclasts. Osteoclasts were cultured on unlabeled and biotinylated dentine for 
24 hours and processed as in Fig. 1 (6-8). Lateral views are shown for 1 -p,m z-x sections taken through 
sites of resorption (n = 105). (A) and (B) show the localization of type I collagen fragments, (C) shows the 
localization of biotinylated matrix proteins, and (B) and (C) are nonpermeablized and show sites on the 
external surface of the osteoclast. Pits [arrows in (A) to (C)] extended below the dentine surface 
[indicated in (A) and (B) by horizontal broken lines; open arrows in (C) show the surface biotin label]. The 
tops of resorbing osteoclasts are starred. The cell membrane of osteoclasts are outlined in (B) and (C) 
by curved broken lines. Below the dentine surface osteoclasts are in close contact with the resorption 
site (curved broken line with arrows). Above the dentine surface, type I collagen fragments formed a 
basolateral "cap" at the cell surface in 80% of actively resorbing osteoclasts [image (B)]. Similar 
structures were seen with biotinylated bone matrix proteins in 15% of resorbing osteoclasts [image'(C)]. 
Collagen fragments were absent from the unresorbed surfaces [horizontal broken lines in (A) and (B)l. 
collagen fragments were also seen in resorbing osteoclasts with a focus in the basolateral aspect [image 
(A)]. The direction of osteoclastic resorption [broad arrow in (A)] was indicated by the track of resorption . .- 

left behind the osteoclast. Original magnification x600. 
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identification of the resorption sites and C). The basolateral "capn was absent matrix proteins, and type I collagen fragments. 0s-  

through surface loss of the biotin label (Fig. from 15 to 20% of resorbing osteoclasts that ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ " , " ~ , " / , " T e ~ ~ I ; O o ~ ~ ~ ~ , " ~  
3A). An  estimated 90% of type I collagen had intracellular trafficking of degraded oclasts were identified by thelr characteristic F-actin 
fragment immunostaining was within the bone matrix proteins and collagens. This structure by using phallo~d~n-rhodamine conjugate (5 

resorption sites (Fig. 3, B and C,  x-y tilted suggests that endocytosed and transcytosed 
~ ~ ~ ~ s $ ' ~ U ~ C ~ ~ ~ , " , " ~ ~ ~ $ . ~ " , " ~ ~ ~ ~  Y2ri''; 

above view images, and Fig. 4A, 7-x lateral degraded bone matrix collagens are released Hepes, 300 mM sucrose, 50 mM NaCI, 3 mM M~CI,, 
view image). Intracellular localization in into the adjacent extracellular suace from 0.5% Triton X-100 (Pierce and Warner, Chester, UK), 

the osteoclast was comparable with that this region df resorbing osteoclasts. and 0.5% sodium azide, in PBS at p~ 7.01. Biotinyl- 
ated matrix proteins were probed with streptavidin- seen for type I collagen (Fig. 2). Degraded The ruffled border in a resorbing osteo- fluorescein pg/ml, Vector Laboratories, UK), 

collagen lined the resorption pit. Addition- clast has been described as functionally Rabbit polyclonal antibodies to native type I collagen 
ally, collagen degradation was detected at a equivalent to that of a secondary lysosome, were usedat a 1/50dilution (AB7495 Chemicon' UQ 

with fluorescein isothiocyanate (FITC)-conjugated low level on the dentine surface surround- being responsible for degradation of bone swine antibody to rabbit at a dilution jDako- 
ing the periphery of resorption pits, under matrix within the confines of the resorption patts, Denmark). Mouse monoclonal antibody (MAB 
the cytoplasmic skirt of the osteoclast (Fig. compartment (21). Intracellular trafficking A7)' specific for degraded type I collagen, was pro- 

vided by M. Bonde. Antibody MAB A7 was used at 3B). Thus, collagen degradation appears to of products resulting from tissue degrada- lo pg,ml with FITC-conjugated goat antibody to 
be contained w'ithin the site of osteoclastic tion may provide cells with a mechanism mouseat a 1/20 dilution (Dakopatts, Denmark). Con- 
bone resorption and so provides evidence that enables them to monitor and hence focal microscopy was done as reported [P, Lakka- 

korpi, M. H. Helfrich, M. A. Horton, H. K. Vaananen, that the resorption compartment functions control proteolytic activity; for the osteo- 
J,  CellSci, 104, 663 (1993)1 using the LeicaTCS NT 

as an enclosed structure. clast this in turn would regulate the bone and ~io- ad MRC 600 or I 020 systems. NO specific 
During bone resorption, the osteoclast resorption process itself. Pharmacological staining was seen if primary antibodies were omitted 

maintains its ruffled border in close contact intervention into this intracellular traffick- 
~ ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

with the bone resorption surface (1 9), dhich ing pathway for degraded extracellular ma- fluorescence given by immunogiobulin G ( I ~ G ) - ~ ~ ~ -  
suggests that, as the degradedbone matrix is trix proteins may ~rovide  an approach to ative controls. Fluorescent images were sequentially 

liberated, it is continually cleared from these regulate tissue breakdown in disease. collected in I -pm steps through osteoclasts for FITC 
and tetramethylrhodamine isothiocyanate fluoro- 

enclosed resorption sites. Thus, continual chromes at 488- and 568-nm emission wavelengths, 
trafficking of the excavated bone matrix REFERENCES AND NOTES respectively. The images were analyzed with Voxel 

through the resorbing osteoclast to the ex- View (Vital Images, Fairfield, IA) and Iris Indigo 
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