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Biology and pathology of the temporomandibular joint:
Is there an animal model to study this affliction?
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Introduction

Temporomandibular joint disorders (TMJD) are character-
ized by joint degeneration and facial pain. Most often this leads
to a significant amount of disability'®. Histological as well as
arthroscopic studies have documented that, at the early stages
of the disorders, the tissues of the joint undergo a change
resembling osteoarthritis. At very late stages, the joint can
become inflamed and the synovitis and bone erosion can
resemble an inflammatory arthritis’. Unfortunately, at the
present time there are no good models that can be used for the
analysis of this type of joint destruction in TMJ arthridities.
The discussion in this report describes the features and pathol-
ogy of TMJ disorders and puts forward a potential model that
may be amenable for investigation of novel treatments.

TMJ tissues and regulators

Five main tissue types are involved in the normal and
pathobiological function of the TMJ. They are articular car-
tilage, the temporomandibular joint disc, synovial tissue,
bone and neurological innervations. All of these tissue sys-
tems are affected to some degree by pro-inflammatory
cytokines. The recognized key cytokines (and enzyme sys-
tems) are TNFa L-1, IL-6 and cyclooxygenase-2. TNFa is a
critical modulator of tissue function and is believed to be one
of the most important members of the inflammatory cas-
cade. It would be a critical target in ameliorating the pro-
gressive degeneration of joint tissues. IL-1 is a ubiquitous
regulator of both connective tissue matrix degradation and
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bone turnover especially through mechanisms involving
matrix metalloproteinases®®. Thus, evaluation of this
cytokine should provide a substantial amount of information
on the fate of structural tissues within the joint. IL-6 plays a
key role in bone resorption. Elevated levels of this inter-
leukin stimulate osteoclastogenesis as well as bone resorp-
tion activity. IL-6 is especially important at sites of inflam-
mation™'’. Quantitation of the levels of this cytokine will
provide information on the mechanism of condylar bone
resorption. Cyclooxygenase-2 catalyzes the formation of
prostaglandins at sites of tissue destruction and inflamma-
tion. It is a key regulator of osteoblast activity and is involved
in bone repair and the response of tissues to pathological
challenges such as inflammation and cancer''2. This enzyme
has never been evaluated in TMJ disorders and could pro-
vide important clues as to the progression of the diseases.
Matrix metalloproteinases 3, 9 and 13 are pivotal regula-
tors of collagen destruction in cartilage and bone. MMPs 3
and 9 have been shown to be the most important regulated
enzymes of cartilage and connective tissue in pathologies
ranging from arthritis to cancer"’, MMP13 is a newly dis-
covered matrix metalloproteinase that is emerging as an
important mediator of cartilage and bone development.

A mouse model for TMJ arthritis

All of the tissues described above are available for analy-
sis in the TNFa transgenic mouse, a potential small animal
model for the study of joint arthridities.

Over the last two decades several different animal models
of arthritis have been developed, including adjuvant arthri-
tis, streptococcal cell-wall arthritis, and antigen-induced
arthritis. These models are very informative; however, due to
their complexities, the precise mechanism of disease is still
unknown. For the purposes of TMJ disorders, the human
TNFa transgenic mouse (hTNFa-Tg) may be an ideal
model. George Kollias’ laboratory made this simple animal
model of arthritis by generating mice with a human TNFa
transgene in which the AU rich 3’ untranslated region (UT)
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region (which shortens mRNA half life) was replaced by the
stable B globin 3’ UT, resulting in a chronic low level over
expression of TNFo®. This transgene engenders a multi-
joint arthritis in the animal. We have recently shown that
one of the involved joints is the TMJ. The fact that anti-
TNFo therapy prevents development of the disease in the
knee suggest a primary role of TNFa in the genesis of the
disease. However, it has never been shown that this type of
therapy would be effective in the jaw joint.

Macroscopic pathology in this animal model includes
swelling of joints at six to eight weeks of age. At 10 weeks of
age, some mice begin to suffer loss of movement in their hind
legs. Between 10 and 12 weeks the animals progress rapidly
toward immobility characterized by synovial hypertrophy, bone
resorption and articular cartilage degradation. Joint subluxa-
tion can occur after 16 weeks. Progressive weight loss after 12
weeks is a common feature in these mice. The histopathology
of the TMJ in this animal indicates that by 12 weeks there is
evidence of chondrocyte cloning, bone resorption, cytokine
and MMP expression and synovial hypertrophy®.

Two hTNFa transgenic mouse lines are in use. They are
the 3647 and the 147 lines. The 3647 line is described above.
This mouse contains one copy of the transgene and develops
a milder, graded form of arthritis>. The mice live for more
than one year. In the 197 line, which contains 5 copies of the
transgene, the arthritis is more severe with an accelerated
onset between 3-5 weeks. The progression of TMJ arthritis
in the 3647 line is more similar to the human disease. The
staging for different cellular pathologies is more discrete and
the inflammation is less severe.

We recognize that the initiating event for TMJ arthritis in
the 3647 mouse line is not the same as most variants of
human TMJ disorders. However, the cartilage, disc, bone and
synovial destruction in this model does match what occurs in
the human. If the goal in experimental studies is to better
understand the cell behavior in the key structural tissues
relating to their destruction, then the initiating arthritic stim-
ulus may be less relevant. That is, articular cloning, MMP
activity, osteoclast formation, cytokine production, pain, etc.
are manifestations in the tissues that are temporally down-
stream of the initiating arthritic event. Experiments to char-
acterize these effects and determine if they can be halted or
reversed will provide valuable information. In fact, if any
novel therapeutic protocols are successful, it will be in the
face of a continued chronic stimulus for the arthritis. Thus, it
could be argued that they may be effective in patients that
have progressed past the early onset of TMJ disorders.

Jaw strength, pain and the TMJ

Patients presenting with orofacial pain from TMJ disorders
have been characterized as having decreased bite and chewing
forces and limited jaw opening. For example, reduced grip
strength®, sustained jaw closing pain* and reduced bite
strength® have all been reported in patients with muscle pain.
The reduction in muscle force exertion associated with myal-
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gia has been suggested to be due to reduced activity of agonist
muscles and increased activity of antagonist muscles®?. Keil
et al.*® have demonstrated that forelimb grip force reduction
is a behavioral index of hyperalgesia in the carrageenan model
of muscle hyperalgesia. This would translate to reduction of
bite force and an increase in antagonist muscle activity in the
orofacial region. Previously performed experiments in
humans’** have shown this. Hoshino™ has also demonstrated
that compared to controls, patients with TMD demonstrate
decreased bite force (201 and 223 mV for the masseter mus-
cles respectively in asymptomatic volunteers and 128 and 153
mV for symptomatic patients). Balkhi” demonstrated that
chewing force was decreased in patients with pain (113 and
102 mV for deliberate right and left side chewing of gum mas-
seter muscles respectively in asymptomatic volunteers and 85
and 83 mV for symptomatic patients). Musgrave et al.*
demonstrated that there was increased jaw muscle activity of
antagonists during jaw opening.

Jaw and biting strength has never been investigated in an
animal model of TMJ arthritis. Given that TMJ pain corre-
lates with a decrease in bite strength it may be possible to
utilize both mechanical testing and histological identification
of pain tracks as an endpoint for TMJ disorder therapy. We
have preliminary data to show that it is possible to measure
the jaw closure strength in both wild type and TNFa trans-
genic mice. This type of measurement was devised to meas-
ure jaw strength in New Zealand white rabbits as part of a
continuing investigation on the activation of small diameter
unmyelinated and thinly myelinated nociceptive afferent
fibers™. The early data for the mouse model indicate that the
transgenic animals do, indeed, demonstrate a decrease in
biting strength likely due to pain or joint destruction associ-
ated with the degeneration of the joint.

Therapeutic strategies to halting the progres-
sion of TM] arthritis

With an animal model that progresses through different
stages of tissue destruction and is also amenable to mechan-
ical joint testing, the possibility for therapeutic interventions
becomes real. Thus, our goal over the past few years has
been to show that anti-TNFa therapy will prevent the down-
stream pathology in the TMJ mouse model. As this type of
therapy has been shown to be effective with histological eval-
uations, we anticipate a positive result from our trial. In
addition, to these "proof-of-principle" studies it should also
be possible to determine if anti-TNFa therapy can i) reverse
some of the joint destruction, ii) down regulate pain, iii)
increase biting strength and iv) be effective if administered
intra-articularly, intramuscularly and/or systemically.

Anti-TNFa therapy

As the mouse model develops arthritis due to a sustained
level of TNFa, anti-TNFa therapy is likely to be effective.



However, on a broader note anti-TNFa therapy is based on
the hypothesis that TNFa is at the apex of the pro-inflam-
matory cascade that ultimately precipitates joint destruction
and synovial inflammation in most arthritic conditions.
While this view is shared by a large number of investiga-
tors™* based on experimental data implicating TNFa in the
induction of cytokines, adhesion molecules, MMPs, oxyge-
nases and osteoclasts, many remained skeptical about the
dominance of TNFa and the potential of anti-TNFa thera-
py. However, the clinical evidence over the last 4 years sup-
ports the view that TNFa is the dominant cytokine in most
forms of arthritis and that anti-TNFo therapy dramatically
lessens joint pain and swelling and retards bone loss.
Multiple placebo controlled, double-blinded, muticenter
phase III clinical trails have been performed with two FDA
approved anti-TNFa biologics; the soluble p75 TNFa recep-
tor-Fc fusion protein, etanercept (Enbrel®)”*® and the
humanized anti-TNFa monoclonal antibody, infliximab
(Remicade™)*. These studies showed that ~70% of
patients, who were refractory to two or more DMARDs,
(disease modifying arthritis drugs) improved physically,
functionally and radiographically. Many of these patients
have a sustained remission on these drugs.

Gene therapy for arthritis

Gene therapy was initially devised to correct genetic dis-
eases. As the field advanced, researchers developed additional
applications including treatments for cancer, arteriosclerosis,
CNS disorders, and AIDS*. Work on gene therapy for arthri-
tis started in the late 1980s", based on the rationale that there
was no method to deliver novel therapeutic proteins to the
intra-articular site of disease. However, work by Evans et al.
has provided evidence that gene therapy might be possible*’.
Their primary model has been transducing synovial fibrob-
lasts to express the IL-1R antagonist protein (IRAP)***.
Using an ex vivo gene therapy approach, they were able to
suppress antigen-induced arthritis in rabbits, in terms of
chondroprotective effects*. Based on their experience, they
performed a clinical trial to assess the safety, feasibility, and
efficacy of IRAP ex vivo gene therapy for human RA®.
While these ground breaking studies are extremely useful as
a proof of principle and guidelines for future human gene
therapy studies, the results of the trial indicated that ex vivo
gene therapy for human arthritis is too expensive in time,
cost and labor to be a practical therapy.

Over the last four years gene therapy for arthritis has
become a very popular area of investigation. However, based
on the limitations of ex vivo gene therapy, which we have
experienced ourselves*, many laboratories have been focus-
ing their efforts on in vivo gene therapy approaches using a
variety of vectors. These include recombinant; naked DNA,
retroviruses, adenoviruses, herpes viruses and adeno-associ-
ated viruses (rAAV)*. We were the first group to evaluate
the use of rAAV for arthritis gene therapy back in 1996,
based largely on our view that human in vivo gene therapy
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for arthritis demands: i) a high transduction efficiency that
can only be met by viral vectors; ii) a vector that can be deliv-
ered at high titer (i.e., 1013/ml); and iii) a vector that does
not elicit a dominant/dangerous host immune response.
Subsequently we were able to demonstrate that rAAV vec-
tors are very efficient at transducing joint cells in vivo (syn-
oviocytes, articular chondrocytes and meniscal cells), as
have others*. Simultaneously, gene therapy investigators in
other fields have also made very important findings regard-
ing the utility of rAAV vectors.

Citing work done on hemophilia as an example of the sys-
temic-secreted gene therapy, breakthrough advances
include: i) a direct muscle injection protocol has been devel-
oped that routinely delivers between 0.1-80 ug of gene prod-
uct per ml of plasma***; ii) the demonstration that a single
rAAV injection results in stable, long-term (>6 months)
gene expression in immune competent mice” and dogs™,
and LacZ expression for more than 1.5 years™; iii) the
demonstration that all five AAV serotypes can be used as
vectors, which permits multiple gene deliveries™; and, iv)
human gene therapy trials have shown that there is no evi-
dence of toxicity, germline transmission of vector sequences,
or formation of inhibitory antibodies against the target gene
product™’. In studies of gene therapy for arthritis in animal
models, several labs have demonstrated the efficacy of
rAAV vectors expressing soluble target gene products
including: TNFR:Fc”, IL-4°*"" and IRAP®. This has led us
to propose that rAAV is the best vector for in vivo muscu-
loskeletal gene therapy

Delivery of gene therapeutic agents and Enbrel®

We have been able to demonstrate that rAAYV vectors can
efficiently transduce multiple cell types in the joint (i.e., syn-
ovium, chondrocytes, meniscal cells)”, however, efficiency
did not approach 100% of the cells. Based on this finding
and the remarkable clinical success of systemic anti-TNFa
therapy, it is critical to evaluate both intra-articular, intra-
muscular and systemic protocols for anti-TNFa therapy in
TM]J disorders. As we have previously shown, both intra-
articular (local) and intramuscular (systemic) administration
of the TNF receptor Fc fusion protein (TNFR:Fc gene ther-
apy) leads to similar circulating levels of the protein®.
Whether one route of administration is more effective than
the other for TMJ arthritis remains to be evaluated.

Summary of pertinent points

1) The field of TMJ arthritis research has at its disposal a
transgenic animal that develops a spontaneous arthritis
in the TMJ that in its early stages displays articular
chondrocyte cloning, MMP and cytokine expression in
the disc cells and chondrocytes and indications of sub-
chondral bone erosion. In its later stages the synovial
layers hypertrophy and extensive destruction of carti-
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2)

3)

4)

5)

lage, disc and bone can be observed. The staging of
these different events is well defined in time.

All of the histological tools necessary to characterize
cell function in articular cartilage, disc, synovium, bone
and neurological tissues are available.

Biomechanical testing on small animal jaw joints is fea-
sible.

A molecular target with a high chance of success has
been identified (i.e., TNFa) that, when blocked, should
inhibit the arthritic process.

Delivery vectors for gene therapy are available and have
been shown to work in other mouse models.

Therefore, all that remains is to perform the experiments.

References

10.

11.

398

Clark GT. Diagnosis and treatment of painful temporo-
mandibular disorders. Dent Clin North Am 1987;
31:645-674.

Clark GT, Mulligan R. A review of the prevalence of
temporomandibular joint dysfunction. Gerodontology
1984; 3:232-236.

Bonacci CE, Syrop SB, Gold N, Israel H. Temporo-
mandibular/facial pain. N Y State Dent J 1992; 58:30-33.
De Bont LGM, Boering G, Liem RSB, Eulderink F,
Westesson PL. Osteoarthritis and internal derangement
of the temporomandibular joint: a light microscope and
scanning electron microscope study. J Oral Maxillofac
Surg 1986; 44:634-643.

Kacena MA, Merrel GA, Konda SR, Wilson KM, Xi Y,
Horowitz MC. Inflammation and bony changes at the
temporomandibular joint. Cells Tissues Organs 2001;
169:257-264.

van den Berg WB. Uncoupling of inflammatory and
destructive mechanisms in arthritis. Semin Arthritis
Rheum 2001; 30(5 Suppl.2):7-16.

Abramson SB, Amin A. Blocking the effects of IL-1 in
rheumatoid arthritis protects bone and cartilage.
Rheumatology 2002; 41:972-980.

Vincenti MP, Brinckerhoff CE. Transcriptional regula-
tion of collagenase (MMP-1, MMP-13) genes in arthri-
tis: integration of complex signaling pathways for the
recruitment of gene-specific transcription factors.
Arthritis Res 2002; 4:157-164.

Masi L, Brandi ML. Physiopathological basis of bone
turnover. Q J Nucl Med 2001; 45:2-6.

Greenfield EM, Bi Y, Miyauchi A. Regulation of osteo-
clast activity. Life Sci 1999; 65:1087-1102.

Zhang X, Schwarz EM, Young DA, Puzas JE, Rosier
RN, O’Keefe RJ. Cyclooxygenase-2 regulates mes-

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

enchymal cell differentiation into the osteoblast lineage
and is critically involved in bone repair. J Clin Invest
2002; 109:1405-1415.

Mungo DV, Zhang X, O’Keefe RJ, Rosier RN, Puzas
JE, Schwarz EM. COX-1 and COX-2 expression in
osteoid osteomas. J Orthop Res 2002; 20:159-162.

Wu W. Mwale F. Tchetina E. Kojima T. Yasuda T.
Poole AR. Cartilage matrix resorption in skeletogene-
sis. Novartis Found Symp 2001; 232:158-166; discussion
166-170.

Dew G, Murphy G, Stanton H, Vallon R, Angel P,
Reynolds JJ, Hembry RM. Localization of matrix met-
alloproteinases and TIMP-2 in resorbing mouse bone.
Cell Tissue Res 2000; 299:385-394.

Giraudon P. Thomasset N. Bernard A. Verrier B. Belin
MF. Induction of MMP9 (92 kDa gelatinase) activity
and expression of tissue inhibitor of metalloproteinase-
2 mRNA (TIMP-2) in primitive neuroectodermal cells
infected with retrovirus HTLV-1. Eur J Neurosci 1995;
7:841-848.

Twining SS, Kirschner SE. Mahnke L.A, Frank DW.
Effect of Pseudomonas aeruginosa elastase, alkaline
protease, and exotoxin A on corneal proteinases and
proteins. Invest Ophthalmol Vis Sci 1993; 34:2699-2712.
Baylis HA, Megson A, Hall R. Infection with Theileria
annulata induces expression of matrix metallopro-
teinase 9 and transcription factor AP-1 in bovine leuco-
cytes. Mol Biochem Parasitol 1995; 69:211-222.

Hyuga S, Nishikawa Y, Sakata K, Tanaka H, Yamagata
S, Sugita K, Saga S, Matsuyama M, Shimizu S. Auto-
crine factor enhancing the secretion of M(r) 95,000
gelatinase (matrix metalloproteinase 9) in serum-free
medium conditioned with murine metastatic colon car-
cinoma cells. Cancer Res 1994; 54:3611-3616.

Sato H, Seike M. Regulatory mechanism of 92 kDa type
IV collagenase gene expression which is associated with
invasiveness of tumor cells. Oncogene 1993; 8:395-405.
Keffer J, Prokert L, Cazlaris H, Georgopoulos S,
Karlaris E, Kioussis D, Kollias G. Transgenic mice
expressing human tumour necrosis factor: a predictive
genetic model of arthritis. EMBO J 1991; 10:4025-4031.
Puzas JE, Landeau JM, Tallents R, Albright JA,
Schwarz EM, Landesberg RL. Degradative pathways in
tissues of the temporomandibular joint: the use of in
vitro and in vivo models to characterize matrix metallo-
proteinase and cytokine activity. Cells Tissues Organs
2001; 169:248-256.

Li P, Schwarz, EM. The TNF-a Transgenic Mouse
Model of Inflammatory Arthritis. Springer Seminars in
Immunopathology; 2003 (In press).

Maini RN, Elliott MJ, Brennan FM, Williams RO, Chu
CQ, Paleolog E, Charles PJ, Taylor PC, Feldmann M.
Monoclonal anti-TNFa antibody as a probe of patho-
genesis and therapy of rheumatoid disease. Immunol
Rev 1995; 144:195-223.

Jow RW, Clark GT. Endurance and recovery from a



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

sustained isometric contraction of human jaw elevating
muscles. Arch Oral Biol 1989; 34:857-862.

Molin C. Vertical isometric muscle forces of the
mandible. A comparative study of subjects with and
without manifest mandibular pain dysfunction syn-
drome. Acta Odontol Scand 1972; 30:485-499.

Stohler CS, Yamada Y, Ash MM. Antagonistic muscle
stiffness and associated reflex behavior in the pain dys-
function state. Helv Odontol Acta 1985; 29:13-20.
Stohler CS, Ashton-Miller JA, Carlson DS. The effects
of pain from the mandibular joint and muscles on mas-
ticatory motor behavior in man. Arch Oral Biol 1988;
33:175-182.

Stohler CS. Temporomandibular disorders and related
pain conditions. In: Sessle BJ, Bryant PS, Dionne RA
(eds) Progress in Pain Research and Management
Elsevier, Amsterdam; 1995:3-30.

Lund JP, Stohler CS. Effect of pain on muscular activi-
ty in temporomandibular disorders and related condi-
tions. In: Stohler CS, Carlson DS (eds) Biological and
Psychological Aspects of Orofacial Pain, Cranio-
mandibular Growth Series. University of Michigan,
Ann Arbor; 1994:75-91.

Kehl LJ, Trempea TM, Hargreaves KM. A new animal
model for assessing mechanisms and management of
muscle hyperalgesia. Pain 2000; 85:333-343.

Lund JP, Stohler CS. Effect of pain on muscular activi-
ty in temporomandibular disorders and related condi-
tions. In: Stohler CS, Carlson DS (eds) Biological and
Psychological Aspects of Orofacial Pain, Cranio-
mandibular Growth Series. Ann Arbor, University of
Michigan; 1994:75-91

Hoshio T. Senior Thesis, Division of Orthodontics,
Eastman Department of Dentistry, University of
Rochester School of Medicine and Dentistry. Rochester,
New York.

Balkhi KM, Tallents RH, Hutta J, Murphy W, Proskin
H. Electromyographic evaluation of the reproducibility
of the activity of the anterior temporalis and masseter
with deliberate unilateral chewing. J Orofac Pain 1993;
7:89-97.

Musgrave MT, Tallents RH, Westesson PL, Katzberg
WR, Murphy WC. An electromyographic evaluation of
the open and close cycle in subjects with and without
TM]J disorders. (in preparation).

Kyrkanides S, Tallents RH, Macher DJ, Olschowka JA,
Stevens SY. Temporomandibular joint nociception:
effects of capsaicin on substance P-like immunoreactiv-
ity in the rabbit brain stem. J Orofac Pain 2002; 16:229-
235.

Feldmann M, Brennan FM, Maini RN. Rheumatoid
arthritis. Cell 1996; 85:307-310.

Moreland LW, Baumgartner SW, Schiff MH, Tindall
EA, Fleischmann RM, Weaver AL, Ettlinger RE,
Cohen S, Koopman WIJ, Mohler K, Widmer MB,
Blosch CM. Treatment of rheumatoid arthritis with a

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

J.E. Puzas: TM] arthritis in a mouse model

recombinant human tumor necrosis factor receptor
(p75)-Fc fusion protein. N Engl J Med 1997; 337:141-
147.

Bathon JM, Martin RW, Fleischmann RM, Tesser JR,
Schiff MH, Keystone EC, Genovese MC, Wasko MC,
Moreland LW, Weaver AL, Markenson J, Finck BK. A
comparison of etanercept and methotrexate in patients
with early rheumatoid arthritis. N Engl J Med 2000;
343:1586-1593.

Verma IM, Somia N. Gene therapy — promises, prob-
lems and prospects. Nature 1997; 389:239-242.
Bandara G, Robbins PD, Georgescu HI, Mueller GM,
Glorioso JC, Evans CH. Gene transfer to synoviocytes:
prospects for gene treatment of arthritis. DNA Cell Biol
1992; 11:227-231.

Evans CH, Robbins PD. Getting genes into human syn-
ovium. J Rheumatol 1997; 24:2061-2063.

Evans CH, Robbins PD. The interleukin-1 receptor
antagonist and its delivery by gene transfer. Receptor
1994; 4:9-15.

Evans CH, Robbins PD. Progress toward the treatment
of arthritis by gene therapy. Ann Med 1995; 27:543-546.
Otani K, Nita I, Macaulay W, Georgescu HI, Robbins
PD, Evans CH. Suppression of antigen-induced arthri-
tis in rabbits by ex vivo gene therapy. J Immunol 1996;
156:3558-3562.

Evans CH, Ghivizzani SC, Kang R, Muzzonigro T,
Wasko MC, Herndon JH, Robbins PD. Gene therapy
for rheumatic diseases. Arthritis Rheum 1999; 42:1-16.
Goater JJ, O’Keefe RJ, Rosier RN, Puzas JE, Schwarz
EM. Efficacy of ex vivo OPG gene therapy in preventing
wear debris-induced osteolysis. J Orthop Res 2002;
20:169-173.

Goater J, Muller R, Kollias G, Firestein GS, Sanz I,
O’Keefe RJ, Schwarz EM. Empirical advantages of
adeno-associated viral vectors in vivo gene therapy for
arthritis. J Rheumatol 2000; 27:983-989.

Pan RY, Xiao X, Chen SL, LiJ, Lin LC, Wang HJ, Tsao
YP. Disease-inducible transgene expression from a
recombinant adeno-associated virus vector in a rat
arthritis model. J Virol 1999; 73:3410-3417.

Herzog RW, Hagstrom JN, Kung SH, Tai SJ, Wilson
JM, Fisher KJ, High KA. Stable gene transfer and
expression of human blood coagulation factor IX after
intramuscular injection of recombinant adeno-associat-
ed virus. Proc Natl Acad Sci USA 1997; 94:5804-5809.
Chao H, Liu Y, Rabinowitz J, Li C, Samulski RJ, Walsh
CE. Several log increase in therapeutic transgene deliv-
ery by distinct adeno-associated viral serotype vectors.
Mol Ther 2000; 2:619-623.

Wang L, Nichols TC, Read MS, Bellinger DA, Verma
IM. Sustained expression of therapeutic level of factor
IX in hemophilia B dogs by AAV-mediated gene thera-
py in liver. Mol Ther 2000; 1:154-158.

Xiao X, Li J, Samulski RJ. Efficient long-term gene
transfer into muscle tissue of immunocompetent mice

399



J.E. Puzas: TMJ arthritis in a mouse model

53.

54.

55.

56.

400

by adeno-associated virus vector. J Virol 1996; 70:8098-
8108.

Fabb SA, Dickson JG. Technology evaluation: AAV
factor IX gene therapy, Avigen Inc. Curr Opin Mol
Ther 2000; 2:601-606.

Kay MA, Manno CS, Ragni MV, Larson PJ, Couto LB,
McClelland A, Glader B, Chew AJ, Tai SJ, Herzog RW,
Arruda V, Johnson F, Scallan C, Skarsgard E, Flake
AW, High KA. Evidence for gene transfer and expres-
sion of factor IX in haemophilia B patients treated with
an AAV vector. Nat Genet 2000; 24:257-261.

Zhang HG, Xie J, Yang P, Wang Y, Xu L, Liu D, Hsu
HC, Zhou T, Edwards CK, Mountz JD. Adeno-associ-
ated virus production of soluble tumor necrosis factor
receptor neutralizes tumor necrosis factor alpha and
reduces arthritis. Hum Gene Ther 2000; 11:2431-2442.
Cottard V, Mulleman D, Bouille P, Mezzina M,
Boissier MC, Bessis N. Adeno-associated virus-mediat-
ed delivery of IL-4 prevents collagen-induced arthritis.

57.

38.

59.

60.

Gene Ther 2000; 7:1930-1939.

Watanabe S, Imagawa T, Boivin GP, Gao G, Wilson
JM, Hirsch R. Adeno-associated virus mediates long-
term gene transfer and delivery of chondroprotective
IL-4 to murine synovium. Mol Ther 2000; 2:147-152.
Pan RY, Chen SL, Xiao X, Liu DW, Peng HJ, and Tsao
YP. Therapy prevention of arthritis by recombinant
adeno-associated virus vector with delivery of inter-
leukin-1 receptor antagonist. Arthritis Rheum 2000;
43:289-297.

Goater J, Muller R, Kollias G, Firestein GS, Sanz I,
O’Keefe RJ, Schwarz EM. Empirical advantages of
adeno associated viral vectors in vivo gene therapy for
arthritis. J Rheumatol 2000; 27:983-989.
Ulrich-Vinther M, Carmody EE, Goater JJ, Seballe P,
O’Keefe RJ, Schwarz EM. Recombinant adeno-associ-
ated virus mediated osteoprotegerin gene therapy
inhibits wear debris-induced osteolysis. J Bone Joint
Surg 2003; (in press).



