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Increased Monocyte Chemoattractant Protein-1 in Knee
Joints of Rats with Adjuvant-Induced Arthritis: In Vivo
Microdialysis
SHAO-HSIANG LIU, CHIH-SHUNG WONG, and DEH-MING CHANG

ABSTRACT. Objective. Imbalance of inflammatory and antiinflammatory cytokines plays a critical role in the
pathogenesis of rheumatoid arthritis (RA). Precise determination of these cytokines would lead to
better understanding of the progression of RA. 
Methods. We developed an in vivo microdialysis technique to directly monitor cytokine profiles in
knee joints of rats with adjuvant-induced arthritis (AIA). Microdialysates drained from knee joints
of rats with AIA and controls were collected and cytokine concentrations were measured by ELISA.
Pathological changes of the knee joints and the source of monocyte chemoattractant factor–1 (MCP-
1) secretion were also determined by histology and immunohistochemistry.
Results. MCP-1 expression in knee joints was significantly higher in AIA rats with erosive changes
in their ankles than in normal rats, while interleukin 6 (IL-6) levels were similar in both cases. IL-
1ß and interferon-γ were not detectable in the microdialysates. Increased synovial proliferation and
mononuclear inflammatory infiltrates were observed. Synovial cells and mononuclear inflammato-
ry cells expressed both MCP-1 and its receptor, CCR2.
Conclusion. Our results indicate that the in vivo microdialysis technique is capable of detecting
cytokines in the knee joints of rats. Increased expression of MCP-1 and CCR2 in knee joints of AIA
rats suggests a role for this cytokine in triggering the mechanisms involved in the pathogenesis of
knee joint after ankle erosion. (J Rheumatol 2005;32:2205–11)
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Rheumatoid arthritis (RA) mainly affects diarthrodial joints,
causing inflammation of the synovial tissue and adjacent
cartilage and underlying bone. Generally small joints are
affected before the larger ones. The imbalance of inflamma-
tory and antiinflammatory cytokines plays a critical role in
the pathogenesis of RA. Studies of the role of these
cytokines are faced with a number of difficulties; the most
important is to monitor cytokine dynamics in synovial tissue
analyses at different stages of disease progression.

In vivo microdialysis is a technique that detects in vivo
microenvironment mediator responses to physiological

stimulation or a pathological situation. Originally developed
for neuropharmacological research, this technique involves
the insertion of a microdialysis probe into the tissue of inter-
est1-4. Low molecular weight compounds diffuse through a
fiber at a constant rate from the extracellular fluid into a
physiological salt solution in the probe, and the fluid thus
collected, called a microdialysate, is analyzed. Although it
can be argued that the insertion of a microdialysis probe
may damage the microenvironment and thus confound the
subsequent analyses, the damage apparently is limited to a
few cell layers adjacent to the probe. To understand RA dis-
ease progression, developing a way to monitor small mole-
cules precisely, locally, and continuously in both the dis-
eased and normal joint microenvironment has become an
important technical goal.

Interleukin 1ß (IL-1ß) plays an important proinflamma-
tory role in RA5. IL-6 influences various adhesion mole-
cules and cytokines, and these mediators then may modulate
cartilage destruction6. IL-1ß and IL-6 can further induce
another important component, monocyte chemoattractant
factor-1 (MCP-1), which leads to monocyte infiltration in
RA7,8. The inflammation in RA is also associated with
enhanced Th1 cell activity, and a decreased Th2 cell activi-
ty. Th1 cell activity is defined by interferon-γ (IFN-γ) pro-
duction9. Since IL-1ß, IL-6, MCP-1, and IFN-γ are impor-
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tant mediators in RA, these mediators were monitored using
our in vivo microdialysis technique in this study.

MATERIALS AND METHODS
Construction of the microdialysis probe. The intraarticular microdialysis
probe was constructed using two 2-inch polyethylene (PE-5) tubes (0.008
inch inner diameter, 0.014 inch outer diameter), 2 polycarbonate tubes (194
µm outer diameter, 102 µm inner diameter; 1 cm long), and a hollow cupro-

phan fiber (dialysis fiber/membrane; 1.5 cm long, 300 µm outer diameter,
200 µm inner diameter, 50 kDa molecular weight cutoff; DM-22, Eicom
Co., Kyoto, Japan). A Nichrome-Formvar wire (0.0026 inch diameter, 4.8
inch long; A-M Systems Inc., Everret, WA, USA) was passed through the
2 PE-5 tubes, 2 polycarbonate tubes, and the cuprophan fiber. The 1 cm
polycarbonate tube was covered halfway by a sleeve of PE-5 tube joined by
a sleeve of the cuprophan fiber. The active dialysis region, about 0.5 cm
long, was in the middle (Figure 1). Thin-layer epoxy glue was used to con-
nect all parts of the dialysis probe. The probe was connected to a PE-10
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Figure 1. The microdialysis probe. The active region (0.5 cm) of the probe for joint space fluid dialysis is shown.
One end of the probe was connected to a syringe pump. Ringer’s solution perfusate was pumped through the
device (left to right in the illustration); dialysate was collected directly into microtubes.

Figure 3. Radiographs of normal
rat knee joint show location of
the needle passed through the
joint space. The microdialysis
probe was inserted through the
needle into the knee joint (lower
panel); the needle was removed,
leaving the active region of the
probe inside the joint.
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catheter (~30 cm) at one end, sealed to an external silastic tube connected
to a syringe pump (CMA-100, CMA/Microdialysis Inc., Solna, Sweden)
with silicone sealant. The cytokine expression pattern and profile in syn-
ovial fluid from rats with adjuvant-induced arthritis (AIA) were measured
using this probe.

In vitro microdialysis assay. Relative recovery rate (R) was defined as the
concentration (Cp) of a given substance in the microdialysis perfusate com-
pared with its concentration (Cd) in the dialysate. Then the relative recov-
ery rate was calculated as: R(%) = Cd/Cp.

During in vitro measurements, the recovery rate of the dialysis probe
was determined at a perfusion rate of l µl/min. Glucose, a low molecular
weight molecule, was added into the saline solution (10 mM). Then the glu-
cose concentration in the dialysate was measured using a complete blood
glucose monitoring system (Johnson & Johnson Co., Milpitas, CA, USA).
IL-1ß R&D Systems, (Minneapolis, MN, USA), a high molecular weight
molecule, was also diluted in saline solution (500 pg/ml) and its concentra-
tion in the dialysate was measured by ELISA.

Induction of arthritis. Male Lewis rats (250–300 g) were immunized at
the base of the tail with 1 mg Mycobacterium tuberculosis H37 RA
(Difco, Detroit, MI, USA) in 0.1 ml of mineral oil on Day 0. Paw
swelling was usually observed by Day 10–12, peak swelling by Day
14–16, and chronic inflammation thereafter. After 20–22 days, the ankle
joint started to undergo bone erosion. Before starting microdialysis
measurement, we determined that the rats were in the ankle erosion stage
by observing clinical patterns and histological assessment. The paw
thickness and knee joint width were measured with a caliper. After 35
days of induced arthritis, every arthritic rat had a swollen and irre-
versibly deformed ankle and was then subjected to the microdialysis
experiment and histology.

Animal preparation and in vivo microdialysis procedure. The handling and
use of rats for experimental purposes in this study conformed to the
Guiding Principles in the Care and Use of Animals as approved by the
Council of the American Physiology Society and by the National Defense
Medical Center Animal Care and Use Committee. Rats were anesthetized
by urethane (120 mg per 100 g rat body weight). The rat was placed on a
heating blanket to maintain a core body temperature during anesthesia. The
hindlimbs were then held in a partially fixed position and the microdialysis
probes were inserted. The knee of each healthy control and AIA rat was
shaved and disinfected with betadine solution before implanting with a
probe. A 23-gauge needle was passed through the joint capsule lateral to the
patellar ligament; the microdialysis probe was inserted from one end to the
other through the needle into the knee joint, then the needle was removed.
The microdialysis probe and silastic tube were connected by a PE-10
catheter as described. The end of the external silastic tube was connected to
the syringe pump for perfusion. The sample was collected for 4 hours at the
other end of each probe.

The dialysis system was perfused with Ringer’s solution, consisting of
123 mM NaCl, 3 mM KCl, 26 mM NaHCO3, 2 mM MgSO4, 2 mM CaCl,
and 10 mM dextrose, pH 7.4. The microdialysis probe was initially flushed
for 30 min with Ringer’s solution at a perfusion flow rate of 1 µl/min.
Samples (microdialysates) were then collected in polypropylene tubes kept
on ice and frozen at –80°C until assayed.

Determination of cytokines and chemokines. The frozen stocks of the
microdialysate were thawed to room temperature before analysis.
Cytokines and chemokines were detected using the ELISA method. All
ELISA systems were purchased commercially (IL-1ß and IFN-γ from R&D
Systems, Minneapolis, MN, USA; IL-6 and MCP-1 from Endogen,
Rockford, IL, USA) and performed following the protocol from the manu-
facturer. According to the manufacturers’ information, the ELISA range is
38–1500 pg/ml and the sensitivity is < 5 pg/ml.

Histological and radiological assessment of rat joints. Rats were sacrificed
by CO2 narcosis. Ankles were injected intraarticularly with 20 µl of 10%
neutral buffered formalin and then removed, skinned, and fixed for 24 h in
buffered formalin. Before paraffin embedding, the joints were decalcified

in 10% EDTA for 1 day. Sections (5 µm thick) were stained with hema-
toxylin and eosin; all joints were radiographed.

Immunohistochemical analysis. Localization of MCP-1 and CCR2 was
examined immunohistochemically by the avidin–biotin–peroxidase com-
plex method, using a Vectastain ABC kit (Vector, Burlingame, CA, USA).
Paraffin sections were placed on coated slides, deparaffinized, and washed
in phosphate buffered saline (PBS). After inactivation of endogenous per-
oxidase with 0.5% citrate acid in PBS for 10 min, sections were preincu-
bated with normal horse serum for 1 h. Then the sections were incubated
with primary goat anti-rat MCP-1 (SC-1785) or goat anti-rat CCR2 anti-
bodies (SC-7935; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1
h, washed with PBS, and incubated with biotinylated anti-goat IgG (Vector)
for 1 h. After washing, sections were reacted with a Vectastain ABC
reagent. The sections were reacted with AEC (Vector) in PBS and counter-
stained with hematoxylin.

Data analysis. Data were analyzed using Student’s t test. P values < 0.05
were considered significant.

RESULTS
Microdialysis probe and technique pretest. As the first group
to detect cytokines in synovial fluid using this microdialysis
technique, we had to demonstrate that our microdialysis
probe and method (Figure 1) was functional and appropri-
ate. The relative recovery of glucose was found to be
approximately 42% (Figure 2A), and the relative recovery
of IL-1ß was found to be approximately 17% (Figure 2B).
The results suggested that the performance of our micro-
dialysis technique was applicable and relative recovery
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Figure 2. In vitro microdialysis assay. (A) Relative recovery rate (%) of
glucose (molecular weight 180 Da) as a function of dialysis time. (B)
Relative recovery rate (%) of IL-1ß (molecular weight 17 kDa). Perfusion
rate was 1 µl/min (probes n = 6 per group).
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measurements were consistent. However, the relative recov-
ery rate was somewhat lower with higher molecular weight
molecules.

Clinical patterns in AIA rats. Gross observations were car-
ried out on every ankle and knee joint of controls and AIA
rats. The paw thicknesses of control and AIA rats were 6.025
± 0.33 mm versus 10.413 ± 1.08 mm, respectively (p <
0.05); the knee joint width was 9.466 ± 0.256 mm without a
statistically significant difference between the 2 groups. The
radiographs confirmed that arthritic rats were in the ankle
erosion stage; however, the knee joints in both AIA rats and
controls were radiologically normal (data not shown).

In vivo microdialysis. Originally, we designed the micro-
dialysis probe technique to detect cytokines in ankle joints
of AIA rats. Since the ankle joint was in a state of ankylosis,
we could not enter the ankle joint. Instead, the knee joint
synovial fluid was assayed first. We positioned the needle
and located our microdialysis probe with the aid of radi-
ographic monitoring (Figure 3) for clear visualization in the
knee joint space and to confirm the probe did not perturb
other tissues. Further, after collection of microdialysates, we
sacrificed the rats and dissected the knee joint to determine
that the microdialysis probe was at the correct location and
was still functional.

As the microdialysis probe could potentially be obstruct-
ed by matrix components, cellular debris, and tissue mucus,
we assayed MCP-1 concentrations in samples withdrawn at
serial timepoints from normal Lewis rats (Figure 4). We
found no significant differences in MCP-1 concentrations at
4 h and 8 h of dialysis time (140.9 ± 26.5 vs 147.2 ± 26.6
pg/ml, respectively; n = 6). Thus the microdialysis probe
was not significantly obstructed, and its function was stable
for at least 8 h.

Cytokine expression in knee joints of AIA rats in chronic
inflammation stage. Comparison of in vivo cytokine patterns
in knee joints of normal and arthritic rats revealed a differ-
ence in MCP-1 concentrations: 151 ± 50 pg/ml versus 250 ±
76 pg/ml, respectively (p < 0.01; n = 6), whereas there was

no difference in IL-6 concentrations: control 84 ± 42 pg/ml
versus AIA 84 ± 44 pg/ml (n = 6; Figure 5). Both IL-1ß and
IFN-γ were not detectable. On the basis of our findings, tis-
sue changes that occurred in grossly normal knee joints of
AIA rats after 35 days of inflammation were evaluated.
Surprisingly, histological staining of normal and AIA rat
knee joints revealed both cell proliferation and mononuclear
inflammatory infiltrates in the synovial tissue of AIA rats
(data not shown). Further, immunohistochemistry analysis
was performed to determine which cells expressed MCP-1
and its receptor, CCR2; the findings demonstrated that
MCP-1 and CCR2 expression on synovial cells and
mononuclear cells was significantly higher in AIA rats than
in normal rats (Figure 6).

DISCUSSION
Although AIA is a well established model to study inflam-
matory arthritis in rats, it is difficult to study the dynamic
biochemical changes in synovial fluid. The in vivo micro-
dialysis technique, involving insertion of a probe into the
knee joint of rats, provided a way to continuously monitor
local cytokines from synovial fluid.

Development of the microdialysis probe design and its
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Figure 4. Levels of MCP-1 in knee joints of normal rats (n = 6).
Microdialysates were collected for 4 and 8 hours after probe insertion and
were analyzed by ELISA.

Figure 5. Cytokine microdialysate samples were collected for 4 hours and
measured by ELISA. MCP-1 (A) but not IL-6 (B) secretion differed in knee
joints between normal and AIA rats with erosive ankle disease (*p < 0.01;
n = 6).
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adaptation for use in the specific joint space was difficult;
and our technique has its limitations. The first was the cali-
bration and assessment of relative recovery rates in vitro and
in vivo in cytokine dialysis. Although the dialysis membrane
had a characteristic 50 kDa molecular weight cutoff, the in
vitro microdialysis recovery of IL-1ß was low. This low
recovery might have caused underestimation of the level of
cytokine expression, or even caused an artifact especially in
in vivo microdialysis.

The small volume of microdialysate was the second lim-
itation in our experiment. The ELISA system needed suffi-

cient sample volume to determine the concentration of
cytokine, so that it required more time for sample collection.
Third, the rats were anesthetized during the entire micro-
dialysis period, which is not optimal condition for a contin-
uously performed study. Further, because of the invasive
design of this procedure, we had to exclude the possibility
that cytokine secretion was induced by the procedure itself.
Fourth, although insertion of the probe resulted in minimal
local trauma, the resulting mild inflammation and contami-
nation from fluids such as blood might have affected the
dialysate. However, technical limitations such as subtle vari-
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A B

C D
Figure 6. Immunohistochemical localization of MCP-1 and CCR2. Representative samples are shown of knee joint synovial tissue from a normal rat (A and
B) and an AIA rat with erosive ankle arthritis (C and D). Sections were stained with AEC in PBS and counterstained with hematoxylin. There is immunore-
activity for MCP-1 (red color) in the normal joint cartilage and synovium (A). The diseased synovium shows positive immunoreactivity for MCP-1 (C) and
CCR2 (D) (all original magnifications ×200).
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ations in dialysis tubes and low recovery volumes could also
have affected our results. Because of the dialysis limit, it
would seem that small-size chemokines ought to dialyze
into the dialysate more easily. We should therefore have
detected more chemokines such as IL-8 or macrophage
inflammatory protein, if they were present.

In inflammatory synovium, a complex network of
cytokines regulates the pathogenesis of arthritis at different
stages of disease progression. Although we may not observe
these subtle changes clinically, cytokine expression is prob-
ably regulated during the course of the disease. It is also not
clear why rats with AIA manifested bone erosions at the
ankle but not at the knee, considering that both human dis-
ease (RA) and AIA in this model are systemic autoimmune
diseases. Our results suggest that the knee joint may repre-
sent inflammation at the very beginning stage.

In our results, quantities of MCP-1 and IL-6 were detect-
ed in the microdialysates of both normal and arthritic rats;
nevertheless these might be overestimated. A previous study
had indicated that IL-6 and its soluble receptor might
orchestrate the switch from an acute neutrophilic infiltrate to
a chronic mononuclear cell population via MCP-1 upregula-
tion during peritoneal inflammation10, and this was consis-
tent with arthritic joints11. We identified that MCP-1 was
expressed at higher concentrations in rat knee joints at the
late stages of AIA. Our results may corroborate those
obtained by another group, which reported increased MCP-
1 levels in ankle homogenates of AIA rats6. The expression
of MCP-1 and its receptor was upregulated, which may
indicate that many leukocytes were chemotactic to knee
joint and enter an inflammation. The inability to detect IL-
1ß and IFN-γ may indicate the real profiles of these
cytokines in the late phase of AIA6.

Investigators have reported methods to detect small mol-
ecules. For example, Miller, et al1 used an in vitro superfu-
sion method to detect IL-6 secretion in human synovial
membrane. Lawand, et al3 used an in vivo microdialysis
method to detect excitatory amino acids in knee synovial
perfusate by means of a Carnegie Medicine CMA/20 probe;
Sjogren, et al4 used an in vivo technique to determine IL-6
in human dermis. Those reports described cytokine dynam-
ics and provided useful methods to study pathogenesis. In
vivo microdialysis techniques have also been used in some
diseases or animal models including amyotrophic lateral
sclerosis12, moya moya disease13, McArdle’s disease14,
Huntington’s disease15, Parkinson’s disease16, Alzheimer
disease17, and ischemic neuronal damage18. These reports
suggest the in vivo microdialysis technique has extensive
applications and therefore we would adapt this technique for
use in research in RA.

Although AIA in rats is a well established model to study
inflammatory arthritis, it is difficult to study the dynamic
biochemical change taking place in synovial fluid. We know
that many chemokines/cytokines are involved in the patho-

genesis of RA, yet it is difficult to observe point changes in
the inflammatory cascade. The in vivo microdialysis tech-
nique provides a way to carry forward those experiments
investigating inflammation, which may lead to timely treat-
ment with antiinflammatory cytokines.

Using in vivo microdialysis, we observed that MCP-1
exists in non-erosive knee joints of AIA rats, which had ero-
sive changes in the ankle joints. Our findings suggest that
MCP-1 might play a role in the early stage of progressive
arthritis, and that the in vivo microdialysis technique could
be adapted in research RA. At present, therapy for bone ero-
sion in RA is still challenging19,20 because there is no spe-
cific target to treat. Although we have no data to correlate
disease severity with MCP-1, our results suggest that the
animal model of knee joint erosion might be used to inves-
tigate the role of MCP-1 using in vivo microdialysis and that
MCP-1 might be a target molecule for treatment of RA.
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