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Human T-cell leukemia virus type 1 (HTLV-1) is the
causative agent of not only adult T-cell leukemia but also
HTLV-1-associated myelopathy/tropical spastic parapa-
resis (HAM/TSP). Among the rat strains infected with
HTLV-1, chronic progressive myelopathy, named HAM
rat disease, occurs exclusively in WKAH rats. In the
present study, we found that HTLV-1 infection induces
interferon (IFN)-� production in the spinal cords of
HAM-resistant strains but not in those of WKAH rats.
Neurons were the major cells that produced IFN-� in
HTLV-1-infected, HAM-resistant strains. Administration
of IFN-� suppressed expression of pX, the gene criti-
cally involved in the onset of HAM rat disease, in an
HTLV-1-immortalized rat T-cell line, indicating that
IFN-� protects against the development of HAM rat dis-
ease. The inability of WKAH spinal cord neurons to
produce IFN-� after infection appeared to stem from
defects in signaling through the interleukin (IL)-12 re-
ceptor. Specifically, WKAH-derived spinal cord cells
were unable to up-regulate the IL-12 receptor �2 gene in
response to IL-12 stimulation. We suggest that the fail-
ure of spinal cord neurons to produce IFN-� through
the IL-12 pathway is involved in the development of
HAM rat disease. (Am J Pathol 2006, 169:189–199; DOI:
10.2353/ajpath.2006.051225)

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of adult T-cell leukemia (ATL)1,2 and so-called
HTLV-1-associated diseases such as HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP),3,4

HTLV-1 uveitis (HU),5 HTLV-1-associated arthropathy
(HAAP),6 T-cell alveolitis,7 Sjögren’s syndrome,8 polymy-

ositis,9 and infective dermatitis.10 Only a small proportion
(�5%) of HTLV-1-infected individuals develop ATL or
HTLV-1-associated diseases, whereas more than 95% of
carriers remain asymptomatic for life.11 Little is known
about the factors that govern susceptibility to diseases
caused by HTLV-1.

We previously established a rat model of HAM/TSP in
which chronic progressive myelopathy with paraparesis
of lower limbs occurred in WKAH rats 15 to 22 months
after HTLV-1 infection.12 Although the provirus was de-
tected in the systemic organs of all HTLV-1-infected
strains examined, myelopathy, hereafter referred to as
HAM rat disease, occurred exclusively in WKAH rats.
Histopathological alterations were limited to the thoracic
spinal cord in HAM rat disease. The most crucial finding
was apoptotic cell death of oligodendrocytes in the an-
terior and lateral funiculi of the upper thoracic cord, which
became manifest 7 months after inoculation with HTLV-
1.13 Subsequently, demyelination occurred with infiltra-
tion of activated macrophages, and at the end stage of
the disease, proliferation of astrocytes was observed in
the affected region.14 Interestingly, lymphocytic infiltra-
tion into the spinal cord, which is characteristic of human
HAM/TSP,15 was absent throughout the disease process
in the HAM rat model. Although the significance of this
finding is not clear, lymphocytic infiltration in human
HAM/TSP may represents a cellular response to tissue
damage.

The HTLV-1 provirus, which predominantly localizes in
microglia and macrophages, becomes detectable in the
spinal cord of both HAM-resistant and -susceptible rats 3
months after infection.16 Selective expression of the
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HTLV-1 pX gene peaks 7 months after infection, accom-
panied by an increase in tumor necrosis factor-� levels in
the spinal cord and down-regulation of the anti-apoptotic
bcl-2 gene in oligodendrocytes.17,18 Thus, we reasoned
that the most crucial molecular events occurred �7
months after HTLV-1 infection in our rat model.

The proinflammatory cytokine interferon (IFN)-�, se-
creted from activated T and NK cells, increases MHC
class I and II expression on a wide variety of cells and
then induces a Th1-type immune response. Until re-
cently, IFN-� had been considered a deleterious factor
for central nervous system (CNS) disorders such as mul-
tiple sclerosis and experimental autoimmune encephalo-
myelitis.19,20 However, several lines of evidence indicate
that, in some instances, IFN-� exerts protective effects
against CNS disorders. First, inactivation of the IFN-�
gene by gene knockout converts an otherwise experi-
mental autoimmune encephalomyelitis-resistant mouse
strain to experimental autoimmune encephalomyelitis-
susceptible.21 Second, a low level of IFN-� expression in
the CNS plays a protective role in cuprizone-induced
demyelination.22 Third, BALB/c mice treated with an anti-
IFN-� antibody become susceptible to measles virus en-
cephalitis, and viral clearance from the CNS is im-
paired.23 Fourth, treatment with IFN-� results in inhibition
of viral replication in primary cultured nerve cells infected
with measles virus.24 Fifth, IFN-� protects neurons from
apoptosis during destructive encephalitis induced by
herpes simplex virus type 1.25 In these reports,21–25 the
authors assumed that IFN-� was derived from mononu-
clear cells, including T and NK cells, infiltrating into the
CNS.

We show here that IFN-� levels in the spinal cord are
significantly increased in HAM-resistant ACI and LEW
rats 7 months after HTLV-1 infection, whereas no such
increase occurs in HAM-susceptible WKAH rats. Infiltra-
tion of mononuclear cells was never seen in the CNS of
HTLV-1-infected rats, indicating that IFN-� was produced
by resident cells of the CNS. By confocal laser-scanning
microscopy, we identified IFN-�-producing cells in the
spinal cord of HAM-resistant rats as neurons. We suggest
that IFN-� produced by neurons in response to HTLV-1
infection has a protective role against the development of
myelopathy.

Materials and Methods

Rats and HTLV-1 Infection

Inbred ACI, LEW, and WKAH rats were obtained from the
Institute for Animal Experimentation, Hokkaido University
Graduate School of Medicine. HTLV-1 infection was
achieved as described.12 Briefly, HTLV-1-immortalized
MT-226 was injected into the peritoneal cavity of newborn
rats (1 � 107 cells/rat). All HTLV-1-infected rats were
maintained in the P3 room. At least three rats were used
in each experiment. All rats used in this study were anes-
thetized with sodium pentobarbital and then intravascu-
larly perfused with ice-cold saline. All animal experiments
were done in accordance with the Guide for Care and

Use of Laboratory Animals in Hokkaido University Grad-
uate School of Medicine.

Tissue Sampling for mRNA Extraction

After perfusion with ice-cold saline, the spinal cord, ce-
rebrum, and spleen were harvested, flash-frozen in liquid
nitrogen, and served as samples for mRNA extraction.
Microglia- and neuron-rich populations were prepared
from the spinal cord as follows: the harvested spinal cord
was dissected and then incubated in RPMI 1640 medium
(Sigma-Aldrich, St. Louis, MO) containing 0.25% collage-
nase (Worthington Biochemical Corp., Freehold, NJ) and
700 U DNase I (Takara, Otsu, Japan) for 30 minutes at
37°C. Microglia-rich populations were separated from the
solution by Percoll-gradient centrifugation as described
by Tomaru and colleagues17 and Jiang and col-
leagues.18 For separation of neuron-rich populations, my-
elin residues were removed from the solution by centrif-
ugation at 6 � g for 1 minute, and then neurons in the
supernatant were collected by centrifugation at 36 � g for
7 minutes. All samples were stored at �80°C until use.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) and Quantitative Real-Time
RT-PCR

Total RNAs were extracted using Isogen (Nippon Gene,
Tokyo, Japan) and purified using the RNeasy mini kit
(Qiagen, Alameda, CA). The purified total RNAs were
reverse-transcribed using the Super Script III first-strand
synthesis system for RT-PCR (Invitrogen, Carlsbad, CA).
Quantitative real-time RT-PCR was done with the cDNAs,
SYBR Green I dye (SYBR Green PCR Master Mix; Qia-
gen), and the primer set for IFN-� (sense: 5�-GATCCA-
GCACAAAGCTGTCA-3�, anti-sense: 5�-GACTCCTTT-
TCCGCTTCCTT-3�), interferon regulatory factor 1 (IRF-1)
(sense: 5�-TGAAGCTGCAACAGATGAGG-3�, anti-sense:
5�-AGCAAGTATCCCTTGCCATC-3�), IL-12p40 (sense:
5�-AGGTGCGTTCCTCGTAGAGA-3�, anti-sense: 5�-CC-
ATTTGCTGCATGATGAAT-3�), IL-12 receptor �1 (IL-
12R�1) (sense: 5�-AGGTGCAGATTTCCCGTTTA-3�,
anti-sense: 5�-CAGCCCTGTTTAAGCCAATG-3�), IL-12
receptor �2 (IL-12R�2) (sense: 5�-TGCCACCAATCCA-
CAAACTA-3�, anti-sense: 5�-CCTGCTTCCTAGCACCT-
TGT-3�), IL-23p19 (sense: 5�-CACCACTGGGAGACT-
CAACA-3�, anti-sense: 5�-AGGATCTTGGAACGGAGA-
AGA-3�), IL-23 receptor (IL-23R) (sense: 5�-TTGATG-
AATTGTGCCTCGTT-3�, anti-sense: 5�-GTCTGCGCTG-
GGATAGTTTC-3�), IL-27 (sense: 5�-ACTCTGCTTCCT-
CGCTACCA-3�, anti-sense: 5�-GGAGATCCAGCCTCA-
TTGC-3�), IL-27 receptor (IL-27R, WSX-1) (sense: 5�-
AGCCCAGGGATAAAGGTGAC-3�, anti-sense: 5�-AGA-
CGGGTCCAGTTGAGCTT-3�), or GAPDH (sense: 5�-
ATGGGAGTTGCTGTTGAAGTCA-3�, anti-sense: 5�-CC-
GAGGGCCCACTAAAGG-3�). PCR was performed in a
two-step reaction (95°C for 30 seconds, 60°C for 30
seconds) for 45 cycles after initial denaturation (95°C, 15
minutes), using the ABI Prism 7000 sequence detector
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system (Applied Biosystems, Foster City, CA). Relative
expression of target genes was analyzed using the
��CT-method.27 The amount of specific mRNA was
quantified at the point where the system detected uptake
in the exponential phase of PCR accumulation and nor-
malized to GAPDH mRNA levels.

Emzyme-Linked Immunosorbent Assay (ELISA)

ELISA for rat IFN-� was performed using a kit (BioSource,
Camarillo, CA). In brief, after perfusion with ice-cold sa-
line, harvested spinal cords were homogenized with 1 ml
of phosphate-buffered saline (PBS) containing 10 �g/ml
aprotinin, 1 �g/ml leupeptin, and 1 �g/ml phenylmethyl
sulfonyl fluoride. Duplicate samples (100 �l) of spinal
cord homogenates were subjected to ELISA according to
the manufacturer’s instructions. The detection limit of the
kit was 13 pg/ml.

Primary Culture of Rat Spinal Cord Cells

Saline-perfused spinal cords were obtained from rats 7
months after HTLV-1 infection and from age-matched
control rats. Harvested spinal cords were dissected and
digested as described above. Cell suspensions were
centrifuged, and then the pellet was resuspended in 30%
Percoll (Amersham Biosciences, Uppsala, Sweden) di-
luted with Hanks’ balanced salt solution (Invitrogen,
Carlsbad, CA). The cell suspension was laid gently on
80% Percoll solution. The gradient solution was centri-
fuged at 1800 � g for 40 minutes. Cells in the 30% Percoll
layer were dissociated, washed, and then plated
sparsely on poly-L-lysine-coated dishes in Dulbecco’s
modified Eagle’s medium/Ham’s F12 medium (Invitro-
gen) supplemented with 10% fetal calf serum and 50
ng/ml of nerve growth factor 2.5S (Invitrogen) at 37°C in
an atmosphere of 5% CO2.

Recombinant Cytokines

Recombinant rat IFN-� was purchased from PeproTech
EC (London, UK). Recombinant mouse interleukin (IL)-
12, previously shown to function in rats,28 was purchased
from R&D Systems (Minneapolis, MN).

Immunofluorescent Staining

Cells cultured on poly-L-lysine/laminin-coated glasses for
5 days were fixed with 4% paraformaldehyde for 15 min-
utes. For intracellular staining, cells were treated with
PBS containing 0.1% Triton-X and 0.05% bovine serum
albumin for 4 minutes and then fixed with ice-cold 70%
methanol for 4 minutes. Nonspecific binding was blocked
with PBT (0.05% Tween-20/0.1% bovine serum albumin
in PBS) containing 0.1% goat serum for 10 minutes. Pri-
mary antibodies used were mouse monoclonal anti-rat
IFN-� (DB1; PBL Biomedical Laboratories, Piscataway,
NJ), mouse monoclonal anti-rat CD68 (ED-1; Serotec,
Oxford, UK), rabbit polyclonal anti-neurofilament (NF)

150-kd molecule (AB1981; Chemicon International, Te-
mecula, CA), and rabbit polyclonal anti-glial fibrillary
acidic protein (GFAP) (Dakocytomation, Glostrup, Den-
mark). For double staining, cells were labeled with DB1
and AB1981, DB1 and anti-GFAP, or ED-1 and AB1981
followed by labeling with Alexa Fluor 488-conjugated
goat polyclonal antibody to mouse IgG and Alexa Fluor
568-conjugated goat polyclonal antibody to rabbit IgG.
Confocal images were acquired with a laser-scanning
microscope (MRC-1024; Bio-Rad Laboratories, Hercules,
CA).

Effects of IFN-� on HTLV-1 Gene Expression

LEW-S1,12 an HTLV-1-immortalized rat T-cell line, was
incubated with 100 or 1000 U/ml recombinant rat IFN-�
for 3 hours, and the relative expression of the HTLV-1 pX
gene to the structural gag gene was calculated using the
quantitative real-time RT-PCR method. Primer sets used
were 5�-ATCCCGTGGAGACTCCTCAA-3� (sense) and
5�-CCAAACACGTAGACTGGGTATCC-3� (anti-sense) for
pX and 5�-CCAATGCAAACAAAGAATGC-3� (sense) and
5�-AGCCCGCAACATATCTCCTA-3� (anti-sense) for gag.

Sequencing of the 5�-Flanking Region of the
Rat IL-12R�2 Gene

Genomic DNA was extracted from the tails of ACI, LEW,
and WKAH rats using the DNeasy tissue kit (Qiagen). The
5�-flanking region of the IL-12R�2 gene (1.8 kb) was
amplified by nested PCR (outer primers, 5�-ACCACA-
CCTCTTGCCATTTT-3� and 5�-CGAATCGGAGTACACT-
GCTG-3�; inner primers, 5�-CCCAGAGGCACTTTAAG-
CA-3� and 5�-ACCGATGGACAATGGGTATC-3�). After
gel electrophoresis, the PCR products were purified with
Freeze ’N Squeeze DNA gel extraction spin columns
(Bio-Rad Laboratories) and subjected to direct sequenc-
ing with the CEQ 2000XL DNA analysis system (Beck-
man-Coulter, Fullerton, CA). Sequences were aligned
using the online ClustalW service (http://www.ddbj.nig.
ac.jp/search/clustalw-j.html) and potential binding sites of
transcription factors were identified using the Transfec
database (http://motif.genome.jp/).

Statistical Analysis

Data were analyzed with either Student’s t-test or re-
peated measures analysis of variance, appropriately. P
values less than 0.05 were considered to be significant.

Results

HTLV-1 Infection Induces IFN-� Production in
the Spinal Cord of HAM-Resistant but Not
HAM-Susceptible Rats

In view of the fact that IFN-� exerts protective effects
against CNS disease,21–25 we compared the expres-
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sion levels of IFN-� mRNA between HAM-susceptible
and -resistant rats 7 months after inoculation with
HTLV-1 (Figure 1). Expression of IFN-� was quantified
by real-time RT-PCR in the spinal cord, cerebrum, and
spleen. We used tissue samples obtained 7 months
after infection because our previous work indicated
that critical molecular events leading to the develop-
ment of HAM rat disease occurred at this time
period.17,18,29

The expression of IFN-� in the spinal cord, an organ
affected in HAM rat disease, was significantly elevated
in HAM-resistant ACI and LEW rats compared with
age-matched, uninfected controls, whereas the ex-
pression levels of IFN-� in the spinal cord of HAM-
susceptible WKAH rats were almost the same as those
in uninfected controls (Figure 1A, left). The expression
of IFN-� in the cerebrum, an organ never affected in
HAM rat disease, was remarkably increased in infected
rats regardless of whether they were HAM-resistant or
-susceptible (Figure 1A, right). In spleen cells, the
mRNA level of IFN-� did not change by infection; how-
ever, even in the absence of infection, IFN-� was ex-
pressed more abundantly than in the cerebrum of in-
fected rats (data not shown). Increased expression of
IFN-� mRNA was not evident in the spinal cord of
HAM-resistant rats 3 months after infection, when the
provirus was barely detected (data not shown).

To evaluate expression of IFN-� at the protein level, spi-
nal cords were harvested from infected and age-matched
uninfected rats and the tissue extracts subjected to assay
using an ELISA kit. Consistent with the results obtained at
the mRNA level, the amount of IFN-� proteins in the spinal
cord was increased in HAM-resistant ACI and LEW rats but
not in HAM-susceptible WKAH rats when measured 7
months after HTLV-1 infection (Figure 1B).

We next examined expression of the IRF-1 gene. IRF-1
is known as a downstream molecule induced by IFN-�.30

Like IFN-�, expression of IRF-1 was significantly in-
creased in the spinal cord of ACI and LEW rats 7 months
after infection, whereas no such increase was seen in the
spinal cord of WKAH rats (Figure 1C). Thus, collective
evidence clearly indicated that IFN-� was induced by
HTLV-1 infection only in the spinal cords of HAM-resistant
strains.

IFN-� Suppresses pX Gene Expression in
Cultured HTLV-1-Immortalized Rat Cells

IFN-� was recently shown to have a negative regulatory
role against HTLV-1 gene expression.31 To examine
whether IFN-� can suppress expression of the pX
gene, previously shown to play a critical role in the

Figure 2. The HTLV-1-immortalized rat T-cell line, LEW-S1, was incu-
bated with 100 or 1000 U/ml of recombinant rat IFN-� for 3 hours, and
then expression of the pX gene was quantified using the real-time RT-PCR
method. Results of experiments done in triplicate were evaluated as
relative expression levels to the structural gag gene. Data are represented
as mean � SD values of experiments done independently three times.
***P � 0.0001.

Figure 1. A: The amount of IFN-� mRNA in the spinal cord and cerebrum was quantified by real-time RT-PCR. Samples were obtained from rats 7 months after HTLV-1
infection (black columns) and from age-matched uninfected controls (white columns). Results of experiments done in triplicate were evaluated as relative expression
levels to the GAPDH gene. Data are represented as mean � SD values of experiments done independently three times. Representative photos of gel electrophoresis of
RT-PCR products are shown beneath the graph. B: The amount of IFN-� protein in the spinal cord was quantified using the ELISA kit. Samples were obtained from rats
7 months after HTLV-1 infection and from age-matched uninfected controls. Data are represented as mean � SD values of experiments done independently three times.
C: The amount of IRF-1 mRNA in the spinal cord was quantified by real-time RT-PCR. Samples were obtained from rats 7 months after HTLV-1 infection (black columns)
and from age-matched uninfected controls (white columns). Results of experiments done in triplicate were evaluated as relative expression levels to the GAPDH gene.
Data are represented as mean � SD values of experiments done independently three times. Representative photos of gel electrophoresis of RT-PCR products are shown
beneath the graph. In each group of all experiments, at least three rats were used. *P � 0.05.
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onset of HAM rat disease,17,18 we treated the HTLV-1-
immortalized rat T-cell line LEW-S112 with IFN-� for 3
hours in vitro and then monitored expression of the pX
gene by real-time RT-PCR (Figure 2). Expression of the
pX gene relative to that of the structural gag gene was
decreased in response to IFN-� in a dose-dependent

manner. These results suggest that IFN-� is likely to
protect against the development of HAM rat disease by
down-regulating pX gene expression. Thus, WKAH rats
presumably develop HAM rat disease because their
spinal cord cells cannot produce IFN-� in response to
HTLV-1 infection.

Figure 3. Spinal cord cells were isolated from HTLV-1-infected rats and from age-
matched uninfected rats. Infected rats were sacrificed 7 months after inoculation with
HTLV-1. A: Phase-contrast photos of cultured cells. B: Cells cultured on poly-L-lysine/
laminin-coated glasses for 5 days were fixed and then used for double-immunofluo-
rescent staining for NF (a marker for neurons) and ED-1 (a marker for microglia). The
proportion of each cell population in the culture was calculated. C and D: Spinal cord
cells derived from uninfected (C) and HTLV-1-infected rats (D) were stained for NF
(red) and IFN-� (green). Arrowheads indicate the expression of IFN-� in synapses. E:
Ratios of IFN-�� cells in neurons (NF� cells) and astrocytes (GFAP� cells) in the spinal
cord. Cells were isolated from the spinal cord of rats 7 months after HTLV-1 infection
(black columns) and from age-matched uninfected controls (white columns). After
double staining for IFN-� and NF, or IFN-� and GFAP, 100 cells were counted in three
independent high-power views, respectively, under a fluorescence microscope. In
each group, at least three rats were used. Results are represented as mean � SD values
of experiments done independently three times. **P � 0.001. Original magnifications:
�200 (A); �620 (C, D).
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Cells that Produce IFN-� in the Spinal Cord of
HTLV-1-Infected HAM-Resistant Rats Are
Neurons

To identify IFN-�-producing cells, we established pri-
mary cultures of rat spinal cord cells from both LEW
and WKAH strains (Figure 3A). These cells were ob-
served under a confocal laser-scanning microscope
after immunofluorescent double staining for NF and
ED-1. The cultured cells prepared from both strains,
infected and uninfected, contained a nearly equivalent
proportion of NF� neurons, ED-1� microglia, and other
glial cells (Figure 3B), thus ensuring that the samples
subjected to comparison were not substantially differ-
ent in terms of cell populations.

We stained the cells with antibodies for NF and
IFN-�, or for GFAP and IFN-�, and focused our analysis
on neurons and astrocytes because they are known to
express IFN-� in the CNS.32–34 Weak expression of
IFN-� was seen in the perinuclear cytoplasm of NF�

neurons derived from uninfected LEW and WKAH rats
(Figure 3C). The neurons obtained from LEW rats in-
fected with HTLV-1 showed intense immunoreactivity
to IFN-� not only in the perinuclear cytoplasm but also
in the dendrites, whereas HTLV-1 infection did not
cause any significant alteration in the staining pattern
or morphology in the neurons of WKAH rats as com-
pared with those of uninfected control rats (Figure 3D).
Neurite outgrowth was markedly induced by HTLV-1
infection in LEW but not WKAH rats. IFN-� treatment is
known to induce differentiation of neurons and an out-
growth of dendrites.35 Thus, the morphological alter-
ations seen in Figure 3, C and D, are consistent with
the observation that HTLV-1 infection induced IFN-�
expression in the spinal cord of HAM-resistant but not
HAM-susceptible rats (Figure 1). We presume that
IFN-� produced by neurons of LEW rats acts in an
autocrine and/or paracrine manner and promotes their
differentiation and neurite outgrowth. Interestingly,

IFN-� induced in the neurons of HTLV-1-infected LEW
rats appeared to accumulate in synaptic junctions (Fig-
ure 3D, arrowheads). This is in line with the observation
that the receptors for IFN-� are expressed at synapses
in the superficial dorsal horn and lateral spinal nucle-
us36 and suggests that IFN-� produced in neurons
might function as a neurotransmitter in the CNS. On the
other hand, the expression of IFN-� in GFAP� astro-
cytes was weak regardless of whether they originated
from infected or uninfected animals or from HAM-sus-
ceptible or -resistant strains (data not shown). Quanti-
tative analysis based on cell counting confirmed that
neurons rather than astrocytes were the major IFN-�-
producing cells in the spinal cord of infected rats
(Figure 3E).

Spinal Cord Cells of HAM-Susceptible Rats Do
Not Produce IFN-� in Response to IL-12

Certain infections induce production of IL-12, which in
turn promotes production of IFN-�.37 Our RT-PCR exper-
iments showed that HTLV-1 infection induced expression
of IL-12p40 mRNA in the cerebrum of both HAM-resistant
and -susceptible strains (Figure 4A, right). Induction of
IL-12p40 was not obvious when the whole spinal cord
samples were subjected to analysis (Figure 4A, left);
however, when they were fractionated into microglia- and
neuron-rich populations, we could clearly see elevated
expression of IL-12p40 in the former, but not in the latter,
populations (Figure 4B). These findings are consistent
with our previous observation that the HTLV-1 provirus
was localized to microglia and macrophages.16 Basal
IL-12p40 mRNA levels in the microglia-rich population
were lower in WKAH than in ACI rats. However, in both
strains, HTLV-1 infection almost doubled the expression
levels of IL-12p40 in microglia-rich populations (Figure
4B). We thus reasoned that the failure of WKAH spinal
cord cells to produce IFN-� is unlikely to be caused by
defective induction of IL-12.

Figure 4. A: Expression of the IL-12p40 gene in the spinal cord and cerebrum. Samples were obtained from rats 7 months after HTLV-1 infection and from
age-matched uninfected controls. Experiments were repeated independently at least three times. Representative photos of gel electrophoresis of RT-PCR products
are shown. B: The amount of IL-12p40 mRNA in microglia- or neuron-rich populations prepared from the spinal cord was quantified by real-time RT-PCR. Samples
were obtained from rats 7 months after HTLV-1 infection (black columns) and from age-matched uninfected controls (white columns). Data (relative
expression levels to the GAPDH gene) are represented as mean � SE values obtained from experiments performed in triplicate and repeated three times. In each
group, at least three rats were used. **P � 0.001.
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We then tested the possibility that the inability of
WKAH rats to produce IFN-� in their spinal cords is
caused by defective response to IL-12. To this end,
primary culture cells from the spinal cord of uninfected
rats were treated with IL-12 in vitro, and then expres-
sion of IFN-� was examined. By exposure to IL-12 for
18 hours, expression levels of IFN-� were markedly
increased in tissue-cultured spinal cord cells from
HAM-resistant ACI and LEW rats, whereas no alteration
was seen in the cells from HAM-susceptible WKAH rats
(Figure 5A).

We confirmed by immunofluorescent staining that
treatment with IL-12 induced IFN-� only in the neurons of
HAM-resistant rats (Figure 5B). IL-12 also induced neu-
rite outgrowth in neurons prepared from LEW rats, pre-
sumably through the actions of IFN-�. By contrast, similar
treatment did not induce neurite outgrowth in WKAH rats.
Thus, the unresponsiveness of WKAH-derived neurons to
IL-12 in vitro closely mirrored the inability of WKAH-de-
rived neurons to produce IFN-� and undergo neurite
outgrowth in response to HTLV-1 infection (Figures 1
and 3).

Spinal Cord Cells from HAM-Susceptible Rats
Do Not Show Elevated IL-12R�2 Expression in
Response to IL-12

To understand why WKAH neurons do not respond to
IL-12, we examined expression of IL-12 receptors
in tissue-cultured spinal cord cells obtained from HAM-
resistant and -susceptible strains. IL-12 receptors
are composed of �1 and �2 subunits.38 Although
IL-12R�1 is expressed constitutively, expression of
IL-12R�2 is up-regulated by IL-12. Expression levels
of IL-12R�1 mRNA were not altered by IL-12 treatment
in HAM-resistant or -susceptible strains (Figure 5C,
left). By contrast, treatment with IL-12 markedly in-
creased IL-12R�2 mRNA in spinal cord cells from ACI
and LEW but not from WKAH rats (Figure 5C, right).
These results indicate that the absence of IFN-� pro-

duction in the spinal cord of WKAH rats results from the
inability of the IL-12R�2 gene to respond to IL-12
signals.

Figure 5. A: The amount of IFN-� mRNA in the cells isolated from the spinal cord of uninfected rats was quantified by real-time RT-PCR. Samples were obtained
from the cells after treatment with recombinant IL-12 (100 ng/ml) for 18 hours (black columns). Results of experiments done in triplicate and repeated three
times were evaluated as mean � SE values of the fold increase to the data without IL-12 treatment (white columns). *P � 0.05. B: Cells isolated from the spinal
cord of uninfected rats were cultured on poly-L-lysine/laminin-coated glasses. After incubation with recombinant IL-12 (100 ng/ml) for 5 days, immunofluorescent
double staining was performed using anti-IFN-� (green) and anti-NF (red) antibodies. Representative merged images are shown. Experiments were performed
independently three times. C: The amount of IL-12R�1 and IL-12R�2 mRNAs in the cells isolated from the spinal cord of uninfected rats was quantified by real-time
RT-PCR. Samples were obtained from the cells after treatment with recombinant IL-12 (100 ng/ml) for 18 hours (black columns). Results of experiments done
in triplicate and repeated three times were evaluated as mean � SE values of the fold increase to the data without IL-12 treatment (white columns). *P � 0.05.
For all experiments, at least three rats were used in each group. Original magnifications, �620 (B).

Figure 6. The 5�-flanking region of the rat IL-12R�2 gene. The genomic
DNA was extracted from the tail of HAM-susceptible (WKAH) and HAM-
resistant (ACI, LEW) rats, and then the 5�-flanking region of the IL-12R�2
gene was amplified by nested PCR. The PCR products were purified and
subjected to direct sequencing. Shaded sequences represent potential SP-1
or GATA-3 binding sites. �1 represents a tentatively assigned transcription
start site deduced from the data available for the mouse IL-12R�2 gene.
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The 5�-Flanking Region of the Rat IL-12R�2
Gene Is Polymorphic

To examine whether the defect is in the IL-12R�2 gene
itself, we compared its 5�-flanking sequence between
HAM-resistant and -susceptible strains. Although HAM-
resistant ACI and LEW rats had an identical sequence,
the sequence of HAM-susceptible WKAH rats differed
from that of ACI and LEW rats by 5 bp in the region
spanning �1079 to �1 (Figure 6). We focused our anal-
ysis on SP-1 and GATA-3 binding sites because expres-
sion of the IL-12R�2 gene has been shown to be regu-
lated positively and negatively by SP-1 and GATA-3
transcription factors, respectively.39,40 None of the 5-bp
substitutions affects potential SP-1 binding sites; how-
ever, the substitution from A to C at nucleotide position
�239 generates an additional potential GATA-3 binding
site in the WKAH sequence. As a result, there are three
potential GATA-3 binding sites in WKAH, whereas ACI
and LEW have only two such sites. Because GATA-3 is
known to repress IL-12R�2 gene expression strongly,40

the single nucleotide polymorphism at nucleotide posi-
tion �239 may be related to the defective induction of
IL-12R�2 transcription in WKAH rats.

In HAM-Susceptible Rats, HTLV-1 Infection
Elevates mRNA Expression of IL-23, IL-27, and
Their Receptors in the Cerebrum but Not in the
Spinal Cord

In line with the in vitro studies, HTLV-1 infection did not
induce IL-12R�2 mRNA in the spinal cord or the cere-
brum in WKAH rats (Figure 7). By contrast, HTLV-1 infec-
tion elevated IL-12R�2 mRNA in both the spinal cord and
cerebrum in HAM-resistant ACI and LEW rats. In WKAH
rats, defective induction of IL-12R�2 mRNA was ob-
served not only in the spinal cord, but also in the cere-
brum (Figure 7). This raised the question of why IFN-�
was induced in the cerebrum of WKAH rats 7 months
after HTLV-1 infection (Figure 1A). To answer this ques-
tion, we focused our analysis on IL-23 and IL-27 because
these cytokines are known to induce IFN-�.41 IL-23 is
composed of p19 and p40 subunits,42 and the p40 sub-
unit is shared by IL-12. IL-23 receptors are made up of
IL-12R�1 and the specific subunit, IL-23R. Expression
levels of IL-23p19, IL-12R�1, IL-23R, IL-27, and IL-27R
(WSX-1) genes were significantly increased in the cere-
brum but not in the spinal cord of WKAH rats 7 months
after HTLV-1 infection (Figure 8). These observations in-
dicate that IFN-� was induced in the cerebrum of WKAH
rats through the IL-23 and/or IL-27 pathways.

Discussion

In the present study, we have demonstrated that expres-
sion of the proinflammatory cytokine IFN-� is significantly
elevated in the spinal cord of HAM-resistant rats 7
months after HTLV-1 infection (Figure 1). The increased
expression of IFN-� in the spinal cord was seen only in
HAM-resistant strains. Importantly, we found that IFN-�
could suppress expression of the pX gene in vitro (Figure
2), the gene previously shown to be critically involved in
the development of myelopathy in WKAH rats.17,18 Thus,
combined evidence argues strongly that IFN-� prevents
the development of myelopathy by down-regulating pX
gene expression in the spinal cord. However, there may
be other mechanisms through which IFN-� exerts protec-
tive effects against HAM rat disease. For example, IFN-�
is known to protect cord blood mononuclear cells from
HTLV-1 infection when they are co-cultured with an

Figure 7. The amount of IL-12R�2 mRNA in the spinal cord and cerebrum
was quantified by real-time RT-PCR. Samples were obtained from rats 7
months after HTLV-1 infection (black columns) and from age-matched
uninfected controls (white columns). Results of experiments performed in
triplicate were evaluated as relative expression levels to the GAPDH gene.
For each strain, the expression level of IL-12R�2 mRNA in the cerebrum of
uninfected control rats was set as 1. Relative expression levels (mean � SD
values) were determined from the experiments done independently three
times. In each group, at least three rats were used. *P � 0.05.

Figure 8. The amounts of IL-23p19, IL-12R�1, IL-23R, IL-27, and IL-27R (WSX-1) mRNAs in the spinal cord and cerebrum were quantified by real-time RT-PCR.
Samples were obtained from WKAH rats 7 months after HTLV-1 infection (black columns) and from age-matched uninfected controls (white columns). In each
group, at least three rats were used. Results of experiments done in triplicate were evaluated as relative expression levels to the GAPDH gene. Data from
experiments done independently three times are represented as the fold increase (mean � SD values) to the data without infection (white columns). *P � 0.05.
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HTLV-1-immortalized T-cell line MT-2, without altering the
provirus load in the culture.31 Thus, IFN-� may protect
against the development of myelopathy through multiple
mechanisms.

The CNS including the spinal cord has been consid-
ered as an absolute immunologically privileged site be-
cause of multiple anatomical and biochemical barriers
known as blood-brain barriers. However, throughout the
past decade, this view has been challenged by a number
of observations showing that resident cells of the CNS
produce cytokines and that such cytokines affect both
proliferation and differentiation of cells in the CNS even
under physiological conditions.43 In the 1990s, it was
suggested that endogenous IFN-� exists in the CNS.44

Endogenous IFN-� was detected in the CNS of mice
infected with Theiler’s virus,45 and Kiefer and col-
leagues46 showed that IFN-� was produced by rat neu-
rons. Because there was no inflammatory cell infiltration
in the CNS of HTLV-1-infected rats, our present study
makes a strong case for the production of cytokines by
CNS-resident cells. Neurons are not the sole source of
IFN-� in the CNS. Astrocytes in primary culture are known
to produce and release IFN-� after the mechanical and
ischemic injuries.47 It is also known that cultured rat as-
trocytes secrete IFN-� in response to tumor necrosis
factor-� in a dose-dependent manner.48 We therefore
asked which population of cells produced IFN-� in the
CNS of HTLV-1-infected, HAM-resistant rats. The obser-
vation made under a confocal microscope provided con-
vincing evidence that neurons were the major cells that
produced IFN-� in our rat model of myelopathy (Figure 3).
This is the first report demonstrating that HTLV-1 infection
induces production of IFN-� by neurons.

To understand why HTLV-1 infection failed to induce
production of neuronal IFN-� in the spinal cord of WKAH
rats (Figures 1 and 3), we initially turned our attention to
IL-12, an innate cytokine induced early during certain
viral infections and a potent stimulator of IFN-�.37 This
cytokine is secreted mainly from microglia in the CNS,49

and in HTLV-1-infected rats, the provirus is predomi-
nantly localized in microglia and macrophages.16 We
therefore assumed that infected microglia and/or macro-
phages in the CNS were the most likely source of IL-12.
Consistent with this assumption, we detected IL-12p40
mRNA in microglia-rich populations (Figure 4B). To ex-
amine whether poor induction of IL-12 after infection is
responsible for the failure of WKAH rats to produce IFN-�
in their spinal cord neurons, we compared induction ki-
netics of IL-12p40 mRNA between HAM-resistant and
-susceptible strains (Figure 4B). In both ACI and WKAH
strains, HTLV-1 infection elevated the amount of IL-12p40
mRNA almost twofold in the microglia-rich population.
Thus, the ability to produce IL-12 in response to infection
is apparently not impaired in WKAH rats.

We then examined the possibility that WKAH rats might
have a defect in its ability to respond to IL-12. To this end,
cultured spinal cord cells from uninfected rats were
treated with IL-12 in vitro, and then expression of IFN-�
was evaluated by real-time RT-PCR and by immunofluo-
rescent staining (Figure 5). These experiments showed
that IFN-� induction by IL-12 occurs only in neurons

obtained from the spinal cords of HAM-resistant strains
(Figure 5), indicating that signaling through the IL-12
receptor is defective in WKAH.

To examine whether the defect lies in the IL-12R�2
gene itself, we compared its 5�-flanking sequence be-
tween HAM-resistant and -susceptible strains. The two
HAM-resistant strains, ACI and LEW, had an identical
sequence; however, the sequence of WKAH rats differed
from that of ACI and LEW by 5 bp (Figure 6). Interestingly,
the A to C substitution at nucleotide position �239 gen-
erates an additional potential GATA-3 binding site in
WKAH rats. Although the mechanism regulating the ex-
pression of the IL-12R�2 gene is only poorly understood,
GATA-3 is known to repress its expression strongly.40

Thus, the single nucleotide polymorphism at nucleotide
position �239 may be involved in the defective induction
of the IL-12R�2 gene in WKAH rats. However, functional
studies are required to understand whether this polymor-
phism is biologically significant.

In WKAH rats, HTLV-1 infection did not up-regulate
IL-12R�2 gene expression in the cerebrum (Figure 7).
This observation was initially puzzling because the cere-
brum of WKAH rats was able to produce IFN-� in re-
sponse to HTLV-1 infection (Figure 1A). A solution to this
apparent paradox came from the fact that production of
IFN-� is regulated not only by IL-12 but also by IL-23 and
IL-27.41 We observed that HTLV-1 infection increased the
amount of mRNA for IL-23, IL-27, and their receptors in
the cerebrum but not in the spinal cord of WKAH rats
(Figure 8). Thus, alternative pathways of IFN-� induction
are active in the cerebrum of WKAH rats. We suggest that
induction of IFN-� via IL-12-independent pathways ex-
plains at least in part why the cerebrum is never affected
in HAM rat disease.

In conclusion, this study is the first to indicate that
neuronal IFN-� protects the CNS from tissue damage
caused by HTLV-1 infection. Although IL-12R�2 is a
prime candidate for the gene that controls susceptibility
to HAM rat disease, genes involved in the regulation of
IL-12R�2 are also potential candidates. We envision that
IL-12/IL-12 receptor-mediated, neuronal IFN-� responses
are also critically involved in the pathogenesis of human
HAM/TSP. Hence, the dissection of the molecular mech-
anisms leading to the development of HAM rat disease
should help us understand the factors that govern sus-
ceptibility to human HAM/TSP.
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