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In the present work the time course of collagen-induced arthritis
and the effect of Sandimmune Neoral in this model of arthritis
were followed in the rat over an extended period of time (70 days)
using high resolution three-dimensional (3D) magnetic resonance
imaging (MRI). High resolution 3D gradient-echo (TR = 100 ms;
TE = 3.8 ms) images with a voxel size of 94 X 81 X 60 um® were
acquired from the hind paw of DA rats (n = 21) at various time
points after injection of type Il bovine collagen into the tail. Eleven
rats were treated with Neoral (15 mg/kg/day p.o. together with
vehicle) for 42 days starting at day 14 after collagen injection. The
remaining controls received vehicle. Pathomorphological changes
associated with the collagen-induced arthritic process, e.g., in-
crease of joint space and cartilage and bone erosion, could be
observed in vivo in the control group. In contrast, no changes in
the joint architecture were detected in Neoral-treated animals.
Indeed, Neoral showed strong anti-inflammatory effects and
marked protection against cartilage and bone destruction in this
model. Qualitative information derived from the MR images corre-
lated significantly with histological findings. © 1998 Academic Press
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic in-
flammatory disease characterized by synovia inflamma-
tion and progressive destruction of the articular cartilage
and tissue (1). Major efforts are currently being under-
taken to develop novel therapies with ‘‘disease control-
ling’’ properties. A prerequisite for development of such
drugs is the use of relevant animal models that mimic the
clinical features of the disease (2).

Due to its noninvasive character and its ability to distin-
guish between cartilaginous and bony tissues, MRI is an
interesting approach to studying the effects of drugs on the
articular structures during the disease process (3-5). For
instance, it has been shown recently that the arthritic process
induced in the rat by immunization with heterologous colla-
gen can be followed noninvasively in the hind paw with
high-resolution three-dimensional (3D) MRI techniques
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(6). Using this approach, distinct pathomorphological
changes associated with the collagen-induced arthritic pro-
cess (eg., increase of joint space, and cartilage and bone
erosion) can be anayzed in vivo (6).

There are severa pieces of evidence indicating that T-
cells play an important role in the pathogenesis of RA (7).
Cyclosporine (Sandimmune) is a T-cell inhibitor which has
been shown to be effective in the treatment of chronic refrac-
tory RA patients (8) and also in a number of anima models
of rheumatoid arthritis (9, 10). Sandimmune Neoral, which
is a microemulsion-based formulation, has been shown in
the clinic to have better pharmacokinetic and absortion char-
acteristics than Sandimmune (11).

In the present work we used high resolution 3D MRI
techniques to characterize the effects of Sandimmune Neoral
on the progression of heterologous type Il collagen-induced
arthritis (12, 13) in the hind paw of the DA rat. Additionaly,
histological analysis was performed to validate the results
obtained with MRI.

MATERIALS AND METHODS

Animals and treatment regime. Femae DA rats were
divided into two groups: (i) rats (n = 11, 151 + 2 g, 10
weeks old at the beginning of the study) treated with San-
dimmune Neora (15 mg/kg/day administered p.o.) for 42
days starting 14 days after immunization with type |1 bovine
collagen, and (ii) controls (n = 10, 153 = 2 g, 10 weeks
old at the beginning of the study) receiving vehicle (Neora
microemulsion) p.o. in a volume of 5 ml/kg. The dose of
Neoral was chosen from prior dose—response studies in this
model. Only responders to the immunization with collagen
were included in the study, i.e., only animals already show-
ing significant paw swelling on day 14 after collagen injec-
tion (72% of the immunized rats).

Immunization process. Bovine nasal septum type Il col-
lagen (Elastin Products Co., Owensville, Missouri) was dis-
solved in 0.1 M acetic acid at 4°C and this collagen solution
was emulsified with an equal volume of Freund’ sincomplete
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adjuvant (DIFCO Laboratories, Michigan, USA). All rats
were immunized intradermally around the base of the tail at
multiple sites with 400 ul (0.6 mg/rat) of the emulsion. An
analgesic, Temgesic (Reckit & Colman, Hull, England;
0.015 mg/animal ), was administered subcutaneously 20 min
prior to immunization.

MR methods. Measurements were carried out with a
Bruker Biospec 47/40 system operating a 47 T and
equipped with an actively shielded gradient set capable of
generating gradient strengths up to 180 mT/m in 100 ms.
The operational software of the MR system was UXNMR
running on an ASPECT X32 computer. High resolution 3D
images were acquired using the gradient-echo technique. A
home-built resonator with a sample space of dimensions 13
X 5 X 20 mm?® was used for excitation and detection (6).
Acquisition parameters were the following: field of view 12
X 5.2 X 15.4 mm3, matrix size 128 X 64 x 256, and sweep
width 50 kHz. The resulting voxel size of the images was
94 x 81 x 60 um®. The repetition time was set to 100 ms
and the echo time to 3.8 ms. Rectangular excitation pulses of
200 us duration were applied. Two averages were recorded,
resulting in a total measurement time of 54.6 min for each
3D data set.

Animals were imaged at the following time points after
immunization: day 14 (11 treated, 10 controls), day 32 (11
treated, 10 controls), day 40 (10 treated, 8 controls), day
55 (8 treated, 8 controls), day 63 (6 treated, 6 controls),
and day 70 (4 treated, 4 controls). During the MRI investiga-
tions the rats were anaesthetized with 1.5—2% isoflurane
(Abbott, Cham, Switzerland) in amixture of oxygen/nitrous
oxide (1:2) administered via a face mask and positioned on
an animal support made of plexiglass. The position of the
right hind paw within the home-built resonator was verified
with two-dimensional scout views[ spin—echo sequence (TR
= 500 ms/TE = 19 ms), measurement time 1 min] prior
to the 3D acquisition.

Assessment of paw swelling and joint gap volume.  Swell-
ing was assessed by measuring the external thickness of the
hind paws in the region of the metatarsals using a microcali-
per. The volumes of the metatarsophalangea (MTP) and
the proximal interphalangeal (1TP) joint gaps of toe Il were
assessed by an observer unaware of the treatment from the
3D images using the procedure described in detail in (6).
For each 3D data set, the volume was determined by adding
the areas corresponding to the joint gap in slices covering
the proximal ITP and the MTP joints, and multiplying by the
effective dice thickness. Areas were assessed using standard
software from the equipment. In the delineation of the region
of interest (ROI) covering the gap of a joint in a typica
dlice the lateral limits were chosen tangentially to the two
bones, while the upper and lower limits of the ROl were
provided by the bones themselves. The ROI was redefined
for each individual dlice.
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FIG. 1. MRI scores, described in Materials and Methods.

MRI scores. Joints displayed on MR images (Fig. 1)
were scored as follows. 0, norma joint; 1, normal bone
structure, but an increase of the joint space can be noticed,;
2, dlight bone erosion on one side of the joint; 3, extensive
bone erosion on one side, and slight bone erosion on the
other side of the joint; 4, extensive bone erosion on both
sides of the joint, with loss of the joint architecture. The
score given to each joint is an average for several dlices of
the 3D MRI data set covering the joint.

Histology procedures. At autopsy, the whole right hind
paw was removed and fixed in phosphate-buffered forma-
lin. After decalcification and embedding in paraffin, three
sections were prepared along the sagittal direction from
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FIG. 2. Histology scores, described in Materials and Methods.

each selected joint. In case more joints per toe or paw
were investigated, this sectioning at three levels was done
for thewholetoe or paw. Sections were stained with hema-
toxylin and eosin. Autopsy was performed on the same

day as the last MR measurement at various time points
during the study to allow a comparison between MRI and
histology at different stages of the progression of the ar-
thritic process. The time points for sacrificing the animals
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FIG. 3.

were chosen based on a previous study concerning the
same model, where we showed that a significant increase
of the interphalangeal joint space could already be ob-
served at day 30 following collagen administration (6).
Animals were killed immediately after the MR measure-
ment on day 32 (1 treated, 2 controls), 40 (2 treated),
55 (2 treated, 2 controls), 63 (2 treated, 2 controls), and
70 (4 treated, 4 controls) after immunization.

Histology scores. The relevant joint was identified in
each of the three sections. The presence of subsynovia in-
flammation, destruction of articular cartilage, and general
destruction of the joint with pannus formation and bone
erosion were scored on ascale 0—4 (Fig. 2): 0, no abnormal-
ities, normal joint feature; 1, margina destruction of carti-
lage only and dight inflammation in the articular tissue; 2,
extensive inflammation and moderate cartilage destruction
with dlight bone erosion, usually on one side of the joint
only; 3, extensive inflammation and significant destruction
of both cartilage and bone; 4, amost complete cartilage
destruction, with no intact cartilage left; almost complete
loss of the general joint architecture with extensive pannus
formation and bone erosion; extensive inflammation in the
articular tissue, mainly by mononuclear cells (lymphocytes,
plasma cells, macrophages) often accompanied by polymor-
phonuclear granulocytes. The score given to each joint is an
average for the three histological sections through that joint.

Satigtical analysis. The nonparametric Spearman rank
coefficient of correlation (rs), corrected for ties, was calcu-
lated for the histology and MRI scores. A Student’s t-test
with independent samples and separate variances was used
for the evaluation of significance of effects on paw swelling
and joint volumes. A Mann—Whitney nonparametric test
was applied to verify if the MRI scores from the treated and
the control animals differed significantly.
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Development of paw swelling (A) and of the rats’ weight (B) during the study.

RESULTS

Effect of Sandimmune Neoral on paw inflammation.  Swell-
ing of the paw peaked around 20 days after immunization
with collagen in the vehicle-treated animals (controls) and
gradualy receded over the next 30 days to baseline (Fig.
3A). Neora treatment was started 14 days after immuniza-
tion, when significant inflammation had already developed,
and continued until day 56. Treatment resulted in a marked
and complete inhibition of swelling and the animals gained
significantly more weight compared to the control group
during the treatment period (Figs. 3A, 3B). After treatment
was stopped both groups attained a similar weight within 10
days.

Effect of Sandimmune Neoral on joint architecture. Fig-
ure 4 presents MR images with a dice thickness of 81 um
extracted from 3D data sets acquired from two animals at
several time points after immunization. Images in Fig. 4
(left) correspond to a control animal, while images in Fig.
4 (right) are from a Neoral-treated rat. The contrast/noise
ratio between bone marrow in the metatarsal bone and sur-
rounding muscle tissue was on the order of 14. Note the
good anatomical definition of the joints, a consequence of
the high spatial resolution attained (voxel size 94 x 81 X
60 um = 4.6 x 10° um®). Furthermore, partial volume
artefacts were minimal because of the small dlice thickness
(81 pum). For the control animal, the joint gap had grown
considerably between 26 and 40 days after immunization
due to the growth of the synovium and the partial erosion of
cartilage, as revedled by an edge-sensitive filter (procedure
described in Ref. 6). At a later stage, around 60 days after
immuni zation, the cartilage and the bone itself were severely
eroded by the arthritic process, as already described pre-
viously (6). In contrast, the joint structure of the Neoral-
treated rat remained intact (Fig. 4, right).
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FIG. 4. Time course of the proximal ITP joint architecture for a control
(left) and a Neoral-treated rat (right). Images (effective dlice thickness:
81 pm; in-plane resolution: 94 x 60 um?) were extracted from 3D data
sets acquired at the time points (in days relative to the immunization with
type Il bovine collagen) specified on the Ieft side of the figure.

The development of the MTP and the proximal ITP joint
gap volumes of toe Il is presented in Fig. 5. A gradua and
dramatic increase of the joint gap volume began to occur
about a month after immunization for the control rats. At
this stage the external gross swelling of the metatarsal region
of the paw had receded (see Fig. 3A). The change in ITP
joint volume was more severe (>300% increase) than that
of the MTP joints (40% increase). The increase in gap vol-
ume of both joints was completetely inhibited by Neoral.

The MRI and histology scores of different toes aso
showed this progressive and marked destruction of the joints
in the control group and the protective effect of the Neoral
treatment (Fig. 6). For the control group, a marked destruc-
tion of ITP joints was observed (about 80% of proximal
ITP joints scored =3), while MTP joints were affected less
severely (about 76% of joints scored <1). In contrast, all
MTP joints and more than 84% of proximal ITP joints of
Neoral-treated rats received scores =1. The nonparametric
Spearman rank coefficient of correlation between the MRI
and the histology scores, corrected for ties, was of 0.93 for
the controls (p < 0.01). The time courses of the MRI scores
for toe | areillustrated in Fig. 7.

DISCUSSION

A prerequisite for drug development is the establishment
of relevant animal models that mimic the pathological pro-
cess occurring in humans. The model of arthritis used in this
work features several characteristics of the human disease
(2,12, 13). Analysis of the morphological changes consti-
tutes an important aspect of model characterization. Because
of the progressive nature of the disease process, it is essentia
to monitor changes in the skeletal structures over time. Ide-
ally, the effects of the disease process on the skeletal struc-
tures should be followed noninvasively with good spatia
resolution and repetitive measurements performed on the
same animal. The voxel size of the paw images, 94 X 81 X
60 um?, was enough to characterize the progression of the
collagen-induced arthritic process in the rat paw in vivo. A
key factor in the quality of the images was the use of an
optimized radiofrequency probe. The resonator had a very
homogeneous radiof requency distribution, which was partic-
ularly advantageous for 3D acquisitions. Additionally, it
simplified the positioning of the paw.

It has been reported previously that the administration of
contrast agents (3, 14) or the application of saturation trans-
fer and fat-suppressed T;-weighted sequences (4, 5) could
improve the characterization of the cartilage and of the sy-
novium in the interphalangea joints. In the present study,
we avoided the application of contrast agents for practical
reasons. Furthermore, fat suppression did not significantly
improve the characterization of cartilage in the paw joints.

We consider the 3D imaging modality essential for the
kind of applications envisaged here because of (i) easy posi-
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FIG. 5. Development of the joint gap volume of MTP and proximal ITP joints of toe Il after immunization with 0.6 mg/rat type |1 bovine collagen

for control and Neoral-treated rats.

tioning of imaging dlices by postprocessing and (ii) less
pronounced partial volume effects than in corresponding
high-resolution 2D images (15) dueto the significant smaller
dlice thickness (81 vs 400 um). These properties of 3D
imaging improve the interpretation and comparison of im-
ages acquired in different measurement sessions. Further-
more, the total duration of a 3D examination, about 1 h, is
acceptable when examining alarger number of animals. The
additional possibility of deriving quantitative information
from the 3D data sets, e.g., assessment of the volume of the
joint gap as shown in Fig. 5, also allows better characteriza-
tion of the arthritic process in the course of drug testing.
MR images of the immunized and untreated rats showed
distinct pathomorphological changes in the joint structures.
Compared to the images acquired prior to immunization, the
joint gap began to increase significantly between 26 and 40
days after immunization (Figs. 4 and 5). Furthermore, a
partial disruption of cartilage could aready be observed in
some of the joints at these time points by applying an edge-
sensitive filter to the acquired images as described in (6).
Around 60 days after immunization the images revealed se-
vere destruction of cartilage and erosion of bony structures
(Fig. 4). The anatomical changes observed by MRI in the
proximal I TP and MTP joints were preceded by gross swell-
ing of the paws in the metatarsal region, which peaked
around day 20 after immunization, in accordance with results
from the literature (12). MRI is therefore an important tool

in following the chronic joint-destructive stage of the dis-
ease. Interesting to note is the fact that the ITP joints were
affected more severely and earlier by the arthritic process
than the MTP joints (see Figs. 5-7).

Sandimmune Neoral showed a strong anti-inflammatory
effect (Fig. 3A) and a clear joint protective effect (Figs. 4
and 5) in the present study. There was no increase in volume
of the joint gaps in Neoral-treated animals, in contrast to the
control group, where the increase in joint gap volume was
substantial (Fig. 5). In addition, al the MTP joints and 84%
of the proximal ITP joints analyzed for animals in the Neo-
ral-treated group received low scores (=1). In contrast, for
the control group 76% of the MTP joints and only 16% of
the proximal ITP joints received low scores (=1), while
80% of the proximal ITP joints received high scores (=3).
Qualitative information derived from the MR data sets corre-
lated significantly with the histologic findings (nonparamet-
ric Spearman rank coefficient of correlation, corrected for
ties, of 0.93, p < 0.01, for controls).

The effectiveness of cyclosporine in experimental models
of joint inflammation and articular damage has been docu-
mented (9, 10, 16). It is also effective in disease modifica-
tion of chronic refractory RA patients (8). Thus, the results
obtained in the present study confirm and extend the pre-
viously reported effects of cyclosporine in animal models of
arthritis since (i) data collection occurred in vivo and (ii) a
microemulsion-based formulation of cyclosporine was
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Percentual distribution of the MRI and histology scores assigned to (a) MTP joints and (b) ITP joints of Neoral-treated rats (24 joints, 11

animals) and of control rats (24 joints, 10 animals). Percentile values are indicated above the respective bars.

tested. As regards its mechanism of action cyclosporine is
a potent immunomodulatory agent and its magjor action is
inhibition of the production of cytokines involved in T-cell
activation (17). Thereis also evidence for direct or indirect
effects of cyclosporine on other cells of the immune system
and bone and connective tissue (18) that, together with T
cells, play an important role in the articular joint destruction
in animal models of arthritis and in RA.

There is some controversy in the literature concerning the
degree of osteopenia after treating norma rats with
cyclosporine. Administration of 15 mg/kg of cyclosporine
for a4-week period has been reported to produce an average
reduction of 57% in tibia trabecular volume (19). Other
studies have shown that such an effect could only be pro-
duced by administering toxic doses of the compound. Bertol-
ini et al. have reported that treatment of young growing

rats with 25 mg/kg cyclosporine decreased trabecular and
cortical bone thickness by only 13% and 21% (p < 0.02),
respectively (20). These results agree with a study by del
Pozo et al. (21), who found that in female Wistar rats, 7
weeks of age and average weight of 176 g receiving daily
15 mg/kg cyclosporine orally for 30 days, tota skeletal
mineral content was not modified, whereas tibial trabecular
volume was lowered by only 16.3% (p < 0.02). However,
no report is available concerning trabecular losses in the
joints of the paw of the rat. The resolution of the imagesin
the present study is not sufficient to allow a quantification
of the trabecular structure.

Another useful technique for osteoarthritis studies on ani-
mals, especially on the chronic phase, is peripheral Quantita
tive Computed Tomography (pQCT) (22). This technique
isapplied routinely in preclinical studiesto monitor changes
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FIG. 7. Time course of the average scores for the MTP and proximal ITP joints of toe I, derived from MR images acquired at severa time points

during the study.

in bone mass and density of the rat tibia. However, it pro-
vides a resolution of only 0.2 X 0.2 mm? in vivo at a slice
thickness of 1 mm, thus being of limited use for the present
application on the paw of the rat. A further limitation of
pQCT is the fact that soft-tissue changes, like synovia en-
hancement and edema formation, as well as cartilage losses,
cannot be followed.
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