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EP+

Figure 2. Gross appearance and radiographs of the hind paws of the same rat in the M+/E+
group on day 21. Following administration of MTX (0.125 mg/kg/week), electrical pulses were
applied to the left hind paw only (EP+) (A and C). Note the obvious difference in the degree of
swelling and joint damage between the left paw (EP+) and right paw (EP—) in gross appearance
(A and B), as well as on soft x-ray (C and D). See Figure 1 for definitions.

changes in terms of radiodensity, subchondral bone erosion,
periosteal reaction, and cartilage space were evaluated under
blinded conditions by 2 rheumatologists (KI and TK) and
graded on a 0-3 scale (where 0 = normal and 3 = severely
damaged).

Histologic sections. Both hind paws were harvested
from the animals for histopathologic examination. After the
removal of skin, bones in the hind paws were decalcified in a
neutral buffered 14% solution of EDTA/10% formalin, dehy-
drated in a graded ethanol series, embedded in paraffin,
sectioned sagittally into 4-um sections, and stained with hema-
toxylin and eosin or toluidine blue. Pathologic changes were
evaluated by 2 observers according to a previously reported
rating system (14), as follows: grade 0 = normal synovium,
cartilage, and bone; grade 1 = hypertrophic synovium with
cellular infiltration without pathologic change in bone and
cartilage; grade 2 = pannus formation and cartilage erosion in
addition to the hypertrophic synovium; grade 3 = additional
severe erosion of cartilage and subchondral bone; grade 4 =
loss of joint integrity and ankylosis.

In order to identify and count osteoclastic cells, sec-
tions were stained for tartrate-resistant acid phosphate
(TRAP) using a staining kit (Sigma-Aldrich, St. Louis, MO).
TRAP-positive multinucleated cells were counted in 11 se-
lected fields (8 fields in the distal tibia and 3 fields in the talus),
all at 100X magnification.

Statistical analysis. Body weight and hind paw thick-
ness were evaluated by repeated analysis of variance and
Fisher’s protected least significant difference test. Pairwise
comparisons were made using Wilcoxon’s signed rank tests

among groups. All statistical analyses were carried out using
StatView software version 5.0 (SAS Institute, Cary, NC).
P values less than or equal to 0.05 were considered signifi-
cant.

RESULTS

Effects of elecirochemotherapy on progression
of AIA. No significant difference in body weight was
noted between the 4 groups during the course of this
experiment (Figure 1A), indicating that low-dose MTX,
with or without electroporation, had little effect on the
systemic physical condition of the rats with AIA,

The thickness of the hind paws in all rats was

Table 1. Radiologic and histologic scores and osteoclast numbers in
rat ATA, 21 days after injection of adjuvant™®

Radiologic Histologic ~ Osteoclast

score score number
Group (n=8) (n=28) (n=135)

Right hind paw, EP-negative 3.8 = 4.5 25+12 776+10.2
Left hind paw, EP-positivet 1.8+22 1.3+£05 220*24

* Values are the mean = SD. AIA = adjuvant-induced arthritis; EP =
electroporation.
+ For all comparisons, P < 0.05 versus EP-negative.
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Figure 3. Histologic analysis of the ankle joints of the same rat in the
M-+/E+ group on day 21. A and B, Staining with hematoxylin and eosin
(H&E). C, D, E, and F, Staining with tartrate-resistant acid phosphate
(TRAP). G and H, Staining with toluidine blue (TB). The electroporation
procedure was applied to the left ankle joint only (EP+) (A, C, E, and G).
No inflammatory synovial tissue erosion into subchondral bone was
observed with application of electroporation (A) compared with MTX
only (B). Inflamed synovium infiltrated with lymphocytes was found to
contain abundant osteoclastic multinucleated celis on TRAP staining (D
and F). However, there was no difference in metachromasia of articular
cartilage in the left and right hind paws. E, Higher-magpnification view of
the boxed area in C. F, Higher-magnification view of the boxed area in D.
Bo = subchondral bone; Ca = cartilage; Pa = pannus; S = synovial tissue
(see Figure 1 for other definitions).

significantly and consistently increased from day 11 until
the end of the experiment. However, in the M+/E+
group, swelling of the left hind paw was significantly
suppressed on days 14, 18, and 21 (Figure 1B) when
compared with the 3 control groups (M+/E—, M—/E+,
and M—/E—). The gross appearance of the hind paws is
shown in Figures 2A and B. Thus, application of elec-
trical pulses appeared to prevent the hind paw joints
from progressing to advanced AIA. The degree of
swelling differed significantly between the left (clectri-
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cally treated [EP+]) and right (EP—) paws of the same
rat in the M+/E+ group (Figure 1C).

Radiologic evaluation of bones and joints. Radio-
logic analysis revealed that the hind paw joints were
severely damaged in the M—/E—, M—/E+, and M+/E—
groups at 21 days after injection of the adjuvant. There-
fore, at a dose of 0.125 mg/kg body weight, MTX did not
prevent the joint damage (Figure 2D) or local swelling
(Figure 2B) caused by progression of arthritis. In con-
trast, the radiologic damage score was significantly lower.
in the electrically treated left (EP+) hind paws in the
M+/E+ group (Figures 2A and C and Table 1).

Histologic analyses. In the M+/E+ group, the
histologic scores were significantly lower in the left hind
paws (EP+) than in the right hind paws (EP—) (Figures
3A and B and Table 1). Inflamed synovial tissues with
abundant lymphocytes were observed to erode into
subchondral bone (Figure 3B). In sections of these
joints, the population of TRAP-positive multinucleated
osteoclastic cells was significantly lower in the bones of
the left hind paw (EP+) than in those of the right hind
paw (EP—) (Figures 3C, D, E, and F and Table 1).
Toluidine blue staining revealed no degenerative changes
of cartilage tissue, including irregularity of articular sur-
face, disorganization of tidemark, and alternation of meta-
chromasia, in either hind paw (Figures 3G and H).

DISCUSSION

These results indicate positive effects of pulsed
electrical stimulation for attenuating arthritis by enhancing
the antiarthritic effect of MTX. We believe that this is
attributable to micropores created by the electrical pulses
in the cytoplasmic membranes of cells in the synovium or
other inflamed cells. The subsequent passive influx of
MTX into the cells would attenuate the inflammatory
responses that led to the AIA, although this study did not
provide direct evidence of MTX influx. In this preliminary
study, we could not identify the cells targeted by electro-
chemotherapy, and MTX-negative synovial cells, inflam-
matory cells, or both, may be targets for the drug.

The effects of electrical fields on living cells have
been investigated since the 1960s, and high-voltage electri-
cal pulses have been reported to generate transient and
reversible pores in cell membranes. This phenomenon has
been termed electroporation and is currently used to
transfer genes or drugs into cells (6). Electrochemotherapy
involves electroporation with drugs, and this methodology
is used for the treatment of malignant tumors (5-9). The
use of electrochemotherapy to introduce anticancer drugs
into malignant tumors has been reported, e.g., bleomycin
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for melanoma, basal cell carcinoma, Kaposi’s sarcoma,
squamous cell carcinoma (6), or chondrosarcoma (15).
However, electrochemotherapy with MTX for the treat-
ment of RA has not been reported, although the less-
permeable character of MTX and its use as a DMARD in
RA would make it an ideal candidate for this approach.
Because the effect of pulsed electrical stimulation is ex-
pected only at the local site, this method might be appli-
cable for an isolated joint with arthritis that is refractory to
systemic chemotherapy or in the early stages of RA involv-
ing a limited number of joints without significant joint-
destructive changes.

Clinical application of this therapy should not affect
normal tissues. Using TUNEL staining, we did not ob-
served any difference in the number of apoptotic cells
between the M+/E+ and M+/E— groups (data not
shown). We also confirmed in the pilot study that electrical
pulses, used under the same conditions as those used in this
experiment, did not influence the normal tissues of inbred
9-week-old male Lewis rats. In this pilot study, no inflam-
matory reactions were observed on histologic examination
of the area treated with the electrical pulses, suggesting
that electroporation under these conditions did not cause
any damage to normal tissue, including cartilage, bone,
muscle, and blood vessels (results not shown). However,
the clinical application of electrochemotherapy requires
turther study, including the dose of MTX and the para-
meters of the electrical pulses.

This experimental study is limited in 2 key areas.
First, electrochemotherapy was not applied to joints with
established arthritis, and the effect of electrochemo-
therapy was estimated based on the progression of
arthritis. This differs from the clinical situation, in which,
as indicated previously (10,11), the inflammatory phase
in this AIA model is self-limiting. Therefore, the efficacy
of electrochemotherapy for the treatment of established
chronic arthritis is difficult to determine in this model.
Second, optimization of the application of pulsed elec-
trical current may not be sufficient to obtain maximum
delivery of MTX into cells and to achieve maximal
antiinflammatory effect in RA. The conditions that
enable the efficacy of electrical stimulation in electro-
chemotherapy may be quite different from the condi-

tions used in the clinical treatment of malignancies that
were reference sources for the present study. The po-
tential value of electrochemotherapy for the treatment
of RA has been illustrated by these studies, and further
work is required to optimize electrochemotherapy to
control disease in joints with RA refractory to treatment.
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