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Abstract. Dental disease due to osteoclast (OC) overac-
tivity reaches epidemic proportions in older domestic cats
and has also been reported in wild cats. Feline odonto-
clastic resorptive lesions (FORL) involve extensive
resorption of the tooth, leaving it liable to root fracture
and subsequent loss. The etiopathogenesis of FORL re-
mains unclear. Here, we explore the hypothesis that
FORL is associated with hypoxia in the oral microenvi-
ronment, leading to increased OC activity. To investigate
this, we developed a method of generating OCs from cat
blood. Reducing O2 from 20% to 2% increased the mean
area of OC eightfold from 0.01 to 0.08 mm2. In hypoxic
cultures, very large OCs containing several hundred nu-
clei were evident (reaching a maximum size of�14 mm2).
Cultures exposed to 2% O2 exhibited an increase of �13-
fold in the area of bone slices covered by resorption
lacunae. In line with this finding, there was a significant
increase in cells differentiating under hypoxic conditions,
reflected in increased expression of cathepsin K and
proton pump enzymes. In conclusion, these results dem-
onstrate that oxygen tension is a major regulator of OC
formation in the cat. However, in this species, hypoxia
induces the formation of ‘‘giant’’ OCs, which can be so
large as to be visible with the naked eye and yet also ac-
tively resorb. This suggests that local hypoxia is likely to
play a key role in the pathogenesis of FORL and other
inflammatory conditions that are associated with bone
resorption in cats.
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Acidosis has been implicated in the pathogenesis of var-
ious metabolic diseases [1], and acid ingestion is known to
stimulate osteoclastic resorption, although the mecha-
nism(s) remains unclear. Arnett and colleagues [2�4]
have investigated the effects of small shifts in extracellular
pH on the differentiation and resorptive activity of rodent
osteoclasts in vitro. Similar responses are seen to hypoxia

[5], a situation that would also occur at sites of ‘‘inflam-
matory’’ bone or tooth destruction. In normal tissues,
interstitial oxygen partial pressure (pO2) is approximately
in the range 30�80 mm Hg (�4�10%). However, pO2

may be considerably lower in inflamed or infected tissues,
e.g., in the oral environment at sites of periodontitis,
caries, or abscesses [6]; in somediseased tissues, interstitial
O2 may be <1% [7]. Hypoxia is known to act as a stim-
ulator of the formation and activation of cells derived
frommarrow precursors, including cells of themonocyte-
macrophage lineage that are closely related to osteoclasts
[7�10]. Recent work has shown that hypoxia exerts an
impressive stimulatory action on osteoclast formation in
mouse marrow cultures over 7�14 days [5], and hypoxia
increased both osteoclast number and size, resulting in
large increases in resorption pit formation.

In the present study, we examined the effect of oxy-
gen tension on the in vitro development of feline osteo-
clasts and mineralized tissue resorption because a dental
disease involving osteoclast overactivity (feline odonto-
clastic resorption lesions, FORL) reaches epidemic
proportions in older domestic cats [11, 12]. FORL lead
to pain, destruction of the periodontal attachment, and
tooth loss [12�14]. A similar condition, multiple idio-
pathic root resorption (MIRR), occurs in humans; and
it has been suggested that FORL provides a valuable
model for the study of MIRR [15]. FORL involve
multiple teeth; initiate on the external surface of the
root, principally at the cementoenamel junction; and
extend to involve dentine and enamel. FORL rarely
involve the pulp, except in advanced stages of disease.
Histological studies have demonstrated the presence of
large numbers of osteoclasts on the external surface of
the tooth root at early stages of the disease, whereas few
osteoclasts are detected at advanced stages and during
the initiation of repair response [16].

Despite it being a disease of significant veterinary
importance, the etiopathogenesis of FORL, like MIRR
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in humans, remains unknown. Many factors have been
implicated, such as food texture, mechanical stress, die-
tary deficiencies, excessive vitamin A intake, periodontal
disease, structural features of the cementoenamel junc-
tion, and viral disease [16, 17]. However, none of these
has been definitively proven to be the direct cause of
tooth resorption; moreover, compared with other spe-
cies, little is known about the biology of osteoclasts in the
cat, contributing to the frustration in managing this
disease. What is known is that FORL is associated with
inflammation, and recently we showed increased mRNA
expression of the inflammatory cytokines interleukin-1b
and interleukin-6 in teeth affected with advanced FORL
[18]. Because sites of inflammation in the mouth are
likely to be hypoxic and hypoxia has striking effects on
murine osteoclasts, we hypothesized that inflammatory
change in the oral cavity of cats (e.g., as a consequence of
viral or bacteriological challenge) could lead to the
development of ‘‘acidic, hypoxic’’ conditions in the oral
cavity and that these microenvironmental conditions
would induce active tooth resorption and thus contribute
to the pathogenesis of FORL.

For this study, we used a method we had previously
established to generate feline osteoclasts from blood
mononuclear cells stimulated by macrophage colony-
stimulating factor (M-CSF) and receptor activator of
nuclear factor jB ligand (RANKL) [19]. The osteoclasts
arising in these cultures show all the hallmarks of gen-
uine osteoclasts isolated directly from bone: pivotally,
they are multinucleated, express tartrate-resistant acid
phosphatase (TRAP) and F-actin rings, and resorb bone
[such phenotypic characteristics are shown for feline
osteoclasts in 19 and reviewed in 20]. Under hypoxic
conditions, we found that gigantic osteoclasts developed
in large numbers from feline peripheral blood mono-
cytes and that these were impressively active in bone
resorption. We conclude that these innate characteristics
could account for the unique pathology of FORL in the
absence of other causative factors and for the apparent
rarity of this disease in other species such as humans.

Materials and Methods

Cat Peripheral Blood Mononuclear Cells

Peripheral blood was obtained from healthy adult cats, aged
2 years (Waltham Centre for Pet Nutrition, Waltham, UK).
Ten milliliters of blood, obtained by jugular puncture, were
heparinized (200 lL/10 mL of blood; PUMP-HEP, Leo Labs,
Bucks, UK) and transported on wet ice. Peripheral blood
mononuclear cells (PBMCs) were isolated by density centri-
fugation over Ficoll Hypaque (density 1.077; Amersham
Pharmacia Biotech, Little Chalfont, UK) for 30 minutes at
1,460 · g at room temperature. Mononuclear cells were
collected and washed twice in a-minimum essential medium
(a-MEM; Sigma-Aldrich, Gillingham, UK) by centrifugation
at 1,000 · g for 10 minutes.

Generation of Cat Osteoclasts from Peripheral Blood

Osteoclasts were generated from feline PBMCs using methods
developed for human osteoclasts [21�23] and described pre-
viously [19]. Isolated PBMCs were resuspended in a-MEM
supplemented with 10% heat-inactivated fetal bovine serum
(Sera Laboratories, Crawley, UK), 2 mM L-glutamine, 100 IU
benzyl penicillin/mL, and 100 mg streptomycin/mL (GIBCO
BRL, Paisley, UK) and plated (2 · 105) on bovine bone slices
(day 1) in 96-well plates in a final volume of 200 lL. Cultures
were maintained for the first 4 days in culture medium and
M-CSF (25 ng/mL; kindly provided by Genetics Institute,
Boston, MA) at 37�C in 5% CO2/95% air and fed twice weekly.
On day 4, 90% of the medium was removed and replaced with
fresh medium containing additional soluble RANKL (30 ng/
mL; kindly provided by Amgen, Thousand Oaks, CA); sub-
sequently, cultures were fed twice weekly with both growth
factors after demidepletion of medium and terminated after
14 days.

Growth Factor Manipulation

The growth factor concentrations used under ‘‘standard’’
culture conditions were found by prior experimentation [19].
Cultures were performed at ambient oxygen concentration in
the absence of all growth factors or with the addition of M-
CSF (concentration range 25�100 ng/mL) and RANKL
(concentration range 30�120 ng/mL) to arrive at minimum
factor doses for use in the study.

Induction of Hypoxia

The procedure reported by Arnett et al. [5] was followed. The
oxygen tension of the cultures was varied from ambient
(nominal 20% oxygen) to either 12% or 2% for the specified
culture period and replenished at each medium change (med-
ium pH was not altered by addition of extra acid or alkali) by
transferring the dentine slices to 25 cm2 flasks with polyeth-
ylene plug-seal caps (Falcon, Becton Dickinson, Oxford, UK)
containing 8 mL of the same medium (eight discs per flask).
The flasks were then flushed for 2 minutes with gas mixtures
containing 5% CO2 and 20%, 12%, or 2% O2 (balance N2) via a
21-gauge needle inserted through the loosened polyethylene
cap. The cap was then tightened and the needle hub closed
with a Luer plug. The sealed flasks were incubated at 37�C in a
standard incubator containing 5% CO2/95% atmospheric air
and regassed daily. Culture medium pH, pCO2, and pO2 were
monitored at each medium change and at the end of experi-
ments using blood gas analyzers (ABL 330 and ABL 705;
Radiometer, Copenhagen, Denmark). pO2 was also monitored
using a fluorescence-based oxygen probe (FOXY; Ocean
Optics, Duiven, The Netherlands) as very low O2 levels are
beyond the measurement range of clinical blood gas analyzers.
The pH at the termination of the experiments did not differ
from control values of �7.2.

Immunocytochemistry

For confocal microscopy (Leica TCS NT, Heidelberg, Ger-
many), osteoclasts on bone slices were fixed for 5 minutes in a
50:50 mixture of a-MEM with fixation buffer (3.5% parafor-
maldehyde and 2% sucrose in phosphate-buffered saline [PBS,
Sigma-Aldrich]), washed in PBS, and placed in ice-cold per-
meabilization buffer (20 mM 4-[2-hydroxyethyl]-1-piperazinee-
thanesulfonic acid [HEPES], 300 mM sucrose, 50 mM NaCl, 3
mMMgCl2, 0.5%Triton X-100, and 0.5% sodium azide in PBS)
for a further 5minutes [24]. For staining of the osteoclast proton
pumpadenosine triphosphatase (ATPase), cells were fixed in ice-
cold methanol for 5 minutes. Osteoclasts were then incubated in
tetrarhodamine isothiocyanate (TRITC)-phalloidin conjugate
(Molecular Probes, Eugene, OR; 5 U/mL) in PBS to identify
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resorbing osteoclasts by their characteristic F-actin ‘‘ring’’
structure [24]. Cell markers were identified using monoclonal
antibodies: 23C6 for the human integrin avb3 vitronectin
receptor (VNR) [24, 25], cathepsin K (gift of SmithKline
Beecham, Philadelphia, PA), matrix metalloproteinase 9
(MMP-9) (Chemicon, Temecula, CA), TRAP (gift of S. A.
Nesbitt, University College London, UK), and proton pump
(gift of S. A. Nesbitt). The secondary antibody was fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse immuno-
globulin G (IgG; Dako, Ely, UK). Osteoclasts were defined as
cells expressing the VNR and F-actin rings [24]. Confocal
micrographs shown are merged through-focus images for a
stack of xy images (as in Fig. 1). Twenty osteoclasts were
examined on each bone slice, and the intensity of staining was
evaluated in arbitrary units (pixel intensity per unit area under
standardized conditions as in Horton et al. [26], Table 1).

TRAP Staining

Experiments were terminated by fixing the discs in 2% glu-
taraldehyde, followed by staining for 35 minutes to demon-
strate TRAP (Sigma-Aldrich Kit 387-A).

Assessment of Osteoclast Numbers and Spread Area

The number of osteoclasts attached to the dentine substrate
was determined after staining for TRAP by taking pictures of
bone slices using a JVC (Tokyo, Japan) color video camera,
with the images analyzed using Leica QWin software to give
cell number; mean, maximum, and total cell area; and percent
bone surface covered by osteoclasts.

Assessment of Osteoclastic Resorption

Devitalized cortical bovine bone slices (4 · 5 · 0.1 mm,
20 mm2) [19] were used as substrate for osteoclastic bone
resorption. After counting and assessing the area of osteoclasts

attached to the substrate, as above, cells were removed by
rubbing on filter paper or by treatment with Trisol and rub-
bing on filter paper. Resorption lacunae were visualized by
biotin-conjugated wheat germ agglutinin (WGA) lectin stain-
ing (Vector Laboratories, Burlingame, CA) after reaction with
TRITC-streptavidin (Sigma-Aldrich). Fluorescent images were
captured using a Leica fluorescence microscope and analyzed
using Leica QWin software, as for the TRAP-stained cultures,
producing values for resorption pit ‘‘area’’ assessed as ‘‘mean
pixel intensity per unit area.’’

Statistical Analysis

Data for osteoclast numbers and size and bone resorption are
shown from one of three replicate experiments where values
under each experimental condition tested represent data ob-
tained from at least four bone slices. The results were analyzed
using one-way analysis of variance, where significance was ac-
cepted at P < 0.05. Results are displayed as mean ± standard
deviation. Control conditions, 20% oxygen and medium pH of
�7.2, were used as baseline for statistical comparisons.

Results

General Characterization of Osteoclasts Generated from Feline
PBMCs

PBMCs were cultured with M-CSF (25 ng/mL) and
RANKL (30 ng/mL) and examined over a culture per-
iod of 7�14 days. Culture medium pH at the end of
culturing remained at �7.2 (as in the murine system [5]).
As in our earlier work [19], cells with osteoclastic mor-
phology appeared from day 7. This coincided with the
appearance of the first TRAP-positive polykaryons and

Fig. 1. Effect of changing oxygen content to
2% in day 1�14 cultures on the expression
of an osteoclast marker protein; changes in
fluorescence assessed by
immunocytochemistry and confocal
microscopy. Immunostaining for cathepsin
K in normoxic (A) and 2% oxygen-treated
(B) osteoclasts; arrows in B mark nuclei and
arrowheads, the location of multiple F-actin
rings. Cells show typical changes in levels of
cathepsin K as used for the analyses
summarized in Table 1; cells of similar size
were selected for illustrative purposes and
solely for scaling of the figure. Scale
bars = 20 lm.

Table 1. Quantification of marker proteins in osteoclasts (as mean pixel intensity/mm2 cell area in arbitrary units) in cultures
exposed to 20% (normoxic) or 2% oxygen

Mean pixel intensity/mm2

Marker 20% Oxygen 2% Oxygen Change in mean pixel intensity Significance

VNR 214,857 ± 64,840 316,270 ± 123,636 +47% NS
TRAP 100,711 ± 12,827 164,167 ± 5,037 +63% P = 0.002
Proton pump 476,695 ± 77,127 967,280 ± 162,053 +103% P = 0.035
Cathepsin K 606,687 ± 118,104 1,136,662 ± 253,530 +87% P = 0.035
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small resorption lacunae, identified in bone slices by
phase microscopy or WGA lectin staining for peroxi-
dase-WGA (as in Fig. 4A).

By 14 days of culture [19], the cells were multinucle-
ated, had F-actin rings (Fig. 1B), and expressed high
levels of TRAP (Fig. 2C-E), the avb3 VNR, and the
osteoclast enzyme cathepsin K (Fig. 1A,B and Table 1).
The myeloid antigen CD18 and the megakaryocyte/
platelet integrin CD41 were absent (data not shown, as
[19]). Control cultures contained approximately 500
osteoclasts/20 mm2 bone slice, and these resorbed bone:
they formed 4,620 ± 2,242 lacunae/20 mm2 bone slice
and resorbed 6.1% ± 2.75% of the bone surface, with a
mean pit area of 8.59 ± 3.46 lm2.

Effect of Hypoxia on Osteoclast Differentiation

An approximate 38% decrease in the number of osteo-
clasts was found if cultures were exposed to hypoxic
conditions throughout a 14-day period (2% oxygen, P<
0.0001; Fig. 2A); a less dramatic effect was seen at 12%

oxygen (P < 0.003). A concurrent increase in osteoclast
area was observed, and this was especially marked in
cultures performed at 2% oxygen (Fig. 2B): the mean
osteoclast area was �0.01 mm2 at 20% oxygen, whereas
an approximately eightfold increase was observed in cells
cultured for 14 days in 2% O2 (�0.08 mm2). Osteoclast
fusion induced by hypoxia produced osteoclasts with a
maximum cell area of 14 mm2 and diameter of �2 mm
(significant differences vs. normoxia, data not shown).
This effect is illustrated in Figure 2C-E. Osteoclasts un-
der 2% oxygen conditions were generally larger, some
extremely so (Fig. 2C,D), or developed into extensive
syncytia visible to the naked eye (Fig. 2E).

Osteoclast numbers were not significantly altered if
grown under normoxic conditions for the first 10 days
and then switched to either 12% or 2% oxygen for the
final 4 days, at which stage they were fully ‘‘mature’’
(Fig. 3A). A slight but significant increase in osteoclast
area was seen after culture of 11�14 days at 2% oxygen
(Fig. 3B), and although the maximum size of osteoclasts
under these conditions increased threefold, these were

Fig. 2. (A) Number of TRAP-
positive osteoclasts per bone
slice (20 mm2 area) in cultures
exposed to 20%, 12%, and 2%
oxygen from days 1 to 14. (B)
Mean area of single
osteoclasts in cultures exposed
to 20%, 12%, and 2% oxygen
from days 1 to 14, **P <
0.003, ***P < 0.0001. (C-E)
Low-power charge-coupled
device images showing
examples of the effect of
reducing culture oxygen
content from 20% (C) to 2%
(D, E) on the appearance of
large TRAP-positive
osteoclasts (D) or extensive
syncytia (E) against a
background of smaller TRAP-
positive osteoclasts (as shown
in C). Scale bars = 1 mm.
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still only one-third of the size of those produced in
cultures exposed to hypoxia for a full 14 days.

Stimulation of Bone Resorption by Hypoxia

WGA lectin staining and quantification of fluorescence
(Fig. 4A) were used to evaluate bone resorption. Hy-
poxia significantly stimulated bone resorption after
exposure of culture of 1�14 days (Fig. 4B) and 11�14
days (Fig. 4C) to both 12% and 2% oxygen. Under
normoxic conditions, osteoclasts resorbed �6.1% (1�14
days) and �5.5% (11�14 days) of the surface of bone
slices; this increased�13- and�7.5-fold (P<0.0001 and
P<0.0001) upon exposure to 2% oxygen during culture.
Similar results were observed for resorption pit number
(4,620 ± 2,242 to 10,190 ± 2,989 per 20 mm2 at 2%
oxygen for 14 days, P < 0.0001, and 3,669 ± 1,766 to
10,800 ± 2,174/mm2 at 2% oxygen for 11�14days, P <
0.0001; significant differences for both 12% and 2%
oxygen for both culture periods; data not shown). Mean
pit area increased 1.6-fold (8.59�13.72 lm2) in cultures
exposed to 2% oxygen for 1�14 days.

Induction of Cathepsin K and Proton Pump in Osteoclasts by
Hypoxia

Expression of cathepsin K, proton pump, TRAP, and
VNRwas analyzed in osteoclasts generated from PBMCs

in 2% oxygen by immunostaining and confocal micros-
copy after 14 days of culture (Fig. 1, Table 1). VNR levels
were not significantly altered by hypoxia, whereas two
enzymes characteristic of osteoclast functional activation
were greatly increased in linewith the observed increase in
bone resorption, cathepsin K by 87% (Fig. 1) and proton
pump by 103% (both P = 0.035). TRAP enzyme levels
were also increased (63%, P = 0.002).

Discussion

Relatively little research has been carried out on oste-
oclasts and the regulation of bone resorption in the cat
even though diseases involving increased bone resorp-
tion are a significant cause of morbidity and mortality
in this species [27]. These include metabolic bone dis-
ease [28, 29], neoplasia [30], arthritis [27], disuse oste-
openia, non-union fractures [31], and FORL [11�14,
16, 17]. Early studies [32�36] investigated cat osteo-
clasts in situ or disaggregated directly from bone, and
they were shown to express TRAP and avb3 integrin
and to resorb bone. Recently [19], we demonstrated
that the multinucleated cells produced by culture of
feline PBMCs in the presence of M-CSF and RANKL,
conditions inductive of osteoclast differentiation in
other species, were genuine osteoclasts; they expressed
TRAP, resorbed bone, and had high levels of avb3 and
of the proteolytic enzymes cathepsin K and MMP-9.
Bone resorption by feline osteoclasts was inhibited by
two drugs in clinical use for bone disease, calcitonin
and amino-bisphosphonate [19]. Cells with an identical
phenotype were observed to form in vitro in the present
study, confirming our earlier results. Under basal
conditions, cultured feline osteoclasts were observed to
be larger than human PMBC-derived osteoclasts, un-
less human cells were stimulated by transforming
growth factor b (TGF-b) [37]. This is consistent with
histological studies [38, 39] that have also shown feline
osteoclasts to be significantly larger than those from
other species. For example, murine osteoclasts isolated
from neonatal mouse bone or grown in vitro frequently
have fewer than five nuclei, while those from cats often
have more than 100 nuclei. In humans, osteoclasts with
a high number of nuclei are seen in Paget’s disease and
in familial expansile osteolysis (a condition that is also
associated with early tooth loss) [40], although whether
this is related to local hypoxia has yet to be deter-
mined. The effects of hypoxia on feline osteoclast size
are also dramatic; the largest osteoclasts induced under
hypoxic culture conditions had a maximum cell area of
approximately 14 mm2, a diameter of 2 mm, and often
several hundred nuclei; i.e., they were visible to the
naked eye (Fig. 2). These osteoclasts were also func-
tionally highly active, containing multiple actin rings
(Fig. 1B illustrates a ‘‘small’’ multinucleated osteoclast

Fig. 3. (A) Number of TRAP-positive osteoclasts per bone
slice (20 mm2 area) in cultures exposed to 20%, 12%, and 2%
oxygen from days 11 to 14. (B) Mean area of single osteoclasts
in cultures exposed to 20%, 12%, and 2% oxygen from days 11
to 14 (mm2). *P = 0.036.
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with several F-actin rings); and they frequently re-
sorbed the entire surface of bone slices (mean area
resorbed after 14 days in 2% O2 �80%, Fig. 4). The
effects of hypoxia on bone resorption were most sig-
nificant in differentiating osteoclasts exposed to hy-
poxia for all 14 days of culture compared to mature
osteoclasts exposed to only 4 days of hypoxic condi-
tions (days 11�14). The activity of culture-derived
mature osteoclasts is also stimulated by extracellular
acidification (unpublished observations and [41]). In
vivo, the enhanced acid production in hypoxic tissues is
likely to be compounded by the reduced vascular per-
fusion responsible for the hypoxia, resulting in complex
local pH and pO2 gradients. Thus, the effects of
hypoxia and acidosis are closely linked, causing min-
eralized tissue destruction by recruiting and then
stimulating osteoclasts. Normal extracellular pH in
bone or in the tooth environment has not been mea-
sured, but it is likely to be somewhat less than blood

pH; e.g., in normal skin, interstitial pH has been
measured at �7.1 [42], which approximates the half-
maximal activation pH of dissociated rodent osteo-
clasts [2, 3, 5]. In our studies, hypoxia was not asso-
ciated with acidosis, pH values of control, 12% and 2%
oxygen cultures being identical (as in the mouse [5]).

Further studies will be needed to determine the
mechanism by which the exaggerated effects of hypoxia
upon feline osteoclast formation and function are
mediated. Hypoxia may stimulate the expansion of the
CD34/CD14-expressing precursor pool in bone marrow
[43], but it could also increase osteoclast size by regu-
lating fusion of osteoclast precursors since it is known
to regulate trophoblast fusion [44, 45]. Intracellularly,
the stimulatory action of hypoxia may be mediated by
prolyl hydroxylases and hypoxia-induced factor (HIF).
Cells sense oxygen using a family of oxygen-dependent
enzymes that hydroxylate a proline residue on HIF, a
constitutively produced transcription factor that medi-

Fig. 4. Percentage of bone slice resorbed
(A) shows examples of WGA lectin-stained
bone surfaces at different oxygen content) in
cultures exposed to 20%, 12%, and 2%
oxygen from days 1 to 14 (B) and 11 to 14
(C). Scale bars = 1 mm. **P = 0.014,
***P < 0.0001.
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ates cellular responses to hypoxia, with proline
hydroxylation in the presence of oxygen targeting HIF
for intracellular destruction thence preventing its action
[46, 47]. There are also a number of strong candidates
for paracrine or autocrine mediators of the effect of
hypoxia in the cat. Hypoxia-stimulated resorption in
calvaria is dependent on prostaglandin synthesis [5], as
is observed with acidosis [4], and prostaglandins stim-
ulate osteoclast formation [21]. Hypoxia stimulates
purine nucleotide release from endothelial cells [48],
and Arnett et al. [49�51] have shown that ATP and
adenosine diphosphate (ADP) are powerful osteolytic
agents, acting through purinergic (P2) receptors on
bone cells; this mechanism could account for some of
the resorptive action of hypoxia in intact bone, but it
remains to be investigated whether nucleotide release
from other cell types in bone might also be enhanced
by low pO2. Hypoxia has also been shown to activate
nuclear factor jB in a variety of tissues, including
CD14-positive cells which contribute to the osteoclast
precursor population [52, 53]. Finally, one of the major
effects of hypoxia on cells is to stimulate the produc-
tion of potent angiogenic factors such as vascular
endothelial growth factor (VEGF), tumor necrosis
factor-a, and fibroblast growth factor [7]; these factors
are also stimulators of the formation and/or function
of osteoclasts in other species [54�56]. It is already well
documented that hypoxia increases VEGF production
by osteoblasts [57�59], and VEGF production by hu-
man peripheral blood-derived macrophages is also
strongly upregulated by hypoxia [7]. Similarly, insulin-
like growth factor I and TGF-b, produced by osteo-
blasts in response to low oxygen, are also stimulators
of osteoclast formation [37, 60�63].

Some or all of these potential mechanisms could
contribute locally active exogenous factors to the path-
ogenesis of FORL and to the general propensity of cat
osteoclast precursors to develop into particularly large
mature cells with especially high resorptive activity.
Expression of these cytokines and growth factors in the
feline oral microenvironment now needs to be investi-
gated in normal and diseased animals suffering from
FORL. Alternatively, there may be inherent, possibly
genetic, differences in the domestic cat that result in a
substantially different osteoclast response to environ-
mental factors compared to that observed in other spe-
cies. That is, the cat may react in a qualitatively or
quantitatively different manner, whether this be in terms
of an exaggerated osteoclast number and/or size, degree
of activation (and hence resorption), growth factor
sensitivity, or a response at a different range of pH or
oxygen tension. We suggest that these innate charac-
teristics could account for the unique pathology of
FORL and for the apparent rarity of this disease in
other species, including humans.
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