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Methamphetamine (METH) is a psychostimulant abused around the world. Emerging
evidence indicates that METH causes brain damage. However, there are very few
reports on METH-induced demyelination. Thioredoxin-1 (Trx-1) is a redox regulating pro-
tein and plays the roles in protecting neurons from various stresses. However, whether
Trx-1 resists demyelination induced by METH has not been reported. In this study, we
found that METH-induced thin myelin sheaths in spinal cord, whereas Trx-1 overex-
pression transgenic (TG) mice restored the myelin sheaths thickness. The expressions
of myelin-associated glycoprotein, myelin basic protein, and cyclin-dependent kinase 5
were decreased by METH, whereas these alterations were blocked in Trx-1 TG mice. The
expressions of procaspase-12 and procaspase-3 were decreased by METH, the expres-
sion of calpain1 was increased by METH, whereas the alterations were suppressed in
Trx-1 TG mice. As same as, the expressions of the extracellular signal-regulated kinase,
nuclear factor kB, tumor necrosis factor-alpha, and interleukin-1beta were induced by
METH, which were suppressed in Trx-1 TG mice. These data suggest that Trx-1 may
play a critical role in resisting the METH-mediated demyelination in spinal cord through
regulating endoplasmic reticulum stress and inflammation pathways.

Keywords: methamphetamine, demyelination, thioredoxin-1, endoplasmic reticulum stress, inflammation,
spinal cord

INTRODUCTION

Methamphetamine (METH) is widely abused in the world and leads to increasing positive mood and
euphoria (1, 2). The brain is the primary focus of most studies discovering neural mechanisms on
addictive drugs (3). The inseparable part of the central nervous system (CNS), spinal cord results from
multiple pathologies due to its function of connecting the brain with the body. However, spinal cord

Abbreviations: CDKS5, cyclin-dependent kinase 5; CNS, central nervous system; CPP, conditioned place preference paradigm;
ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinase; IL-1p, interleukin-1beta; MAG, myelin-associated
glycoprotein; MAPK, mitogen-activated protein kinase; MBP, myelin basic protein; METH, methamphetamine; NF-xB, nuclear
factor kB; SCI, spinal cord injury; TG, transgenic; TNF-o, tumor necrosis factor-alpha; Trx-1, thioredoxin-1; W'T, wild type.
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injury (SCI) induced by addictive drugs attracts less attention.
It has been reported that opioid addiction affects myelination
(4). It is still unknown whether METH induces demyelination
in spinal cord.

Demyelination is one of the most important pathological
factors of SCI, and it is an acquired disorder in which normally
formed myelin degenerates after exposing axons to the extracel-
lular environment. Oxidative stress (5), inflammation (6), endo-
plasmic reticulum (ER) stress (7), ecotoxicity, and dysregulation
of metabolic processes are involved in SCI. After traumatic SCI,
ER stress exacerbates secondary injury, leads to expansion of
demyelination and reduction of remyelination resulting from
oligodendrocyte precursor cell apoptosis (4).

Thioredoxin-1 (Trx-1) is a redox regulating protein with
the redox-active cysteine residues in its active site sequence:
—Cys-Gly-Pro-Cys-. The cellular activity of Trx-1 is regulated
by its total expression, localization (nucleus or cytosol), protein—
protein interactions, and posttranslational modification (8). In
the extracellular environment, Trx-1 exhibits chemokine-like
activity (9) and in the cytoplasm scavenges reactive oxygen spe-
cies, radical and hydrogen peroxide, and activates transcriptional
factors. Trx-1 is involved in cell proliferation, apoptosis, and neu-
ron protection (10-12). Our study has shown that Trx-1 protects
PC12 cells from METH-induced toxicity (13). Trx-1 protects
neurons from damage by suppressing ER stress (14). However,
whether Trx-1 resists demyelination in spinal cord induced by
METH has not been reported.

In this study, we suppose that Trx-1 could resist demyelination
in spinal cord induced by METH. We examined myelin thickness
of spinal cord, the expressions of myelin-associated glycoprotein
(MAG), myelin basic protein (MBP), cyclin-dependent kinase 5
(CDK5), ER stress, and inflammatory factors. Our results suggest
that Trx-1 may play a role in resisting METH-induced demyelina-
tion in spinal cord.

MATERIALS AND METHODS

Materials

Methamphetamine was obtained from Yunnan Province Public
Security Department and dissolved in sterile water. Anti-mouse
Trx-1 rabbit polyclonal antibody (14999-1-AP; 1:1,000) was
purchased from ProteinTech (Wuhan, China). The antibodies
MAG (sc-15324; 1:1,000), MBP (sc-376995; 1:1,000), pro-
caspase-12 (sc-5627, 1:1,000), calpainl (sc-13990; 1:1,000),
phosphorylation extracellular signal-regulated kinase (p-ERK,
sc-7383; 1:1,000), extracellular signal-regulated kinase (ERK,
sc-94; 1:1,000), and B-actin (sc-47778; 1:1,000) were purchased
from Santa Cruz Bio Technology (Santa Cruz, CA, USA). The
antibodies procaspase-3 (19677-1-AP, 1:2,000) and nuclear
factor kB (NF-kB) (10745-1-AP, 1:2,000) were purchased from
Proteintech Group (Proteintech Group, Inc., Wuhan, Hubei,
China). The antibody CDK5 (Ab-40773; 1:2,000) was purchased
from Abcam (Abcam plc, Cambridge, UK). qRT-PCR primers
[B-actin, interleukin-1beta (IL-1B), and tumor necrosis factor-
alpha (TNF-a)] were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China).

Animals

Male C57BL/6 mice (Chongging Medical University, China)
and human Trx-1 transgenic (TG) mice, 7-8 weeks of age,
were used in the experiments. The mice were housed in plastic
cages and maintained on a 12 h light-dark cycle and had free
access to food and water. C57BL/6 human TG mice were con-
structed by (Cyagen Biosciences Inc., Guangzhou, China). The
pronuclei of fertilized eggs from hyper ovulated C57BL/6 were
microinjected with hTrx-1 ¢cDNA construct. The presence of
Trx-1 also was confirmed by reverse transcription-PCR analy-
sis. Mice were divided into four groups, control group, METH
group, TG group, and TG + METH group (each group n =9).
All protocols and procedures are approved by the animal ethics
council of Kunming University of Science and Technology and
are in accordance with the National Institutes of Health Guide
to the Care and Use of Laboratory Animals and are approved by
the local Committee on Animal Use and Protection of Yunnan
province (No. LA2008305).

Drug Treatments

Mice (25-30 g) were administered with METH (2.5 mg/kg) and
saline solution by intraperitoneal injections (IP) for 8 days, METH
and saline injection interval for 24 h. Control group mice were
injected saline 8 days (Figure 1A). Mice were sacrificed after the
behavioral test, and the thoracic spinal cord was quickly dissected
out, frozen, and stored in a deep freezer at —80°C until the assays.

Conditioned Place Preference
The apparatus used for the place-conditioning task consisted of
two compartments: a black Plexiglas box and a white Plexiglas

A Pro-CPP Post-CPP
test (15min) test (15min)

I |

1 2 3 4 5 6 7 8 9 10 11 12
L R t

habituation

Saline Saline Saline Saline
METH METH METH TH
B 1560 n.s.
— U7 ftolal E= Saline
Q
2 EEl METH
E Fomee]
S 100.0- =
o o
& e
£ 50.07 =

0.0
METH(2.5mg/kg)  WT

FIGURE 1 | Effects of thioredoxin-1 (Trx-1) overexpression on
methamphetamine (METH)-induced conditioned place preference paradigm
(CPP). (A) Experimental schedule for measurement of METH-induced CPP in
mice. (B) Trx-1 attenuated METH-induced CPP. Values are means + SE
(N=9); P < 0.001.
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box (15 cm X 15 cm X 30 cm). To enable the mice to distinguish
easily the white box from the black one, the floors of the white and
black boxes were covered with mesh and frost plastic plexiglas,
respectively. Each box could be divided by a sliding door. The
experimental schedule for the conditioned place preference task is
shown in (Figure 1A). Mice were placed into the box and allowed
to move freely between the white and the black boxes for 15 min
once per day for 3 days (days 1-3) for the precondition. On day 3,
the time that the mouse spent in each box was measured as pre-
condition. On days 4, 6, 8, and 10, mice were treated with METH
and confined in either the white or the black box for 15 min. On
days 5, 7,9, and 11, mice were given saline and placed opposite to
the METH-conditioning box (black box) for 15 min. On day 12,
the post-conditioning test was performed without drug treatment,
and the time the mice spent in each box was measured for 15 min.

Electron Microscopy

For ultrastructural analyses, mice were perfused with 4% para-
formaldehyde, 2% glutaraldehyde in 0.1 M cacodylate buffer, pH
7.4 (Electron Microscopy Sciences). Thoracic spinal cords were
post-fixed in 1% OsO.. Samples were dehydrated through graded
ethanol, stained en bloc with uranyl acetate, and embedded in
a Poly/Bed812 resin (Polysciences Inc., Warrington, PA, USA).
Thin (1 pm) sections were stained with toluidine blue, and
ultrathin (0.1 pm) sections from matching areas of experimen-
tal and control tissue blocks were cut and visualized using an
electron microscope (JEOL1200CX) at 80 kV. Between 100 and
400 axons were measured per genotype from matched regions of
the thoracic spinal cord. For g-ratios, non-overlapping digitized
images of fiber cross-sections from dorsal roots were obtained
and analyzed using image pro plus software. g-Ratios were cal-
culated by dividing the axon diameter by the total fiber diameter.
g-Ratios were determined exclusively in the dorsal root due to
their mix of small- and large-caliber axons.

Western Blot

Protein lysates were prepared by using the solubilizing solution
[20 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM
EDTA, 1 mM PMSE 1 mM EGTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM Na;VO,, 1 mM B-glycerolphosphate,
and 1 mg/ml leupeptin]. Protein concentration was determined
using Bio-Rad protein assay reagent (Hercules, CA, USA). An
equal quantity of proteins was separated by 12 or 15% SDS-PAGE
and transferred to a PVDF membrane (Millipore Corporation,
Billerica, MA, USA). The membrane was soaked in 10% skim milk
(in PBS, pH 7.2, containing 0.1% Tween-20) overnight at 4°C, then
incubated with primary antibodies followed by peroxidase-conju-
gated anti-mouse or anti-rabbit IgG (KPL, Inc., Gaithersburg, MD,
USA). The epitope was visualized by an ECL Western blot detection
kit (Millipore Corporation, Billerica, MA, USA). Densitometry
analysis was performed by using Image] software.

RNA Extraction and Quantitative
PCR Analysis

Total RNA was extracted from 0.1 g spinal cord tissue by using
a Trizol reagent kit (CWBIO Corporation, Beijing, China) and

converted to cDNA by using the Revert Aid TM First Strand
cDNA Synthesis Kit (Fermentas, Walldorf Baden, Germany). The
product was analyzed by using a Prism 7300 Sequence Detection
System (Applied Biosystems, Foster, CA, USA). The following
primer pairs were selected for real-time polymerase chain reac-
tion: gene expression was calculated relative to the housekeep-
ing gene mouse B-actin F: 5-CAG TTC GCC ATG GAT GAC
GAT-3', R: 5'-ATC TGG GTC ATC TTT TCA CGG TTG-3;
mouse TNF-a F: 5'-GCC TAT GTC TCA GCCTCT TCT C-3/,R:
5'-TGG GAA CTT CTC ATC CCT TTG G-3'; and mouse IL-1f
F: 5'-TGC CAC CTT TTG ACA GTG ATG-3’, R: 5'-TGA TGT
GCT GCT GCG AGA TT-3".

Statistical Analysis

Data were expressed as mean =+ SD values. Statistical analysis
was performed using GraphPad Prism 5 software. The two-way
ANOVA followed by a post hoc multiple comparison test was
used to compare control and treatment groups. P values of less
than 0.05 were considered statistically significant. All blots are
representative of experiments that were performed at least more
than 6.

RESULTS

The Conditioned Place Preference
Was Induced by METH

Associative learning between contextual cues and the reward-
ing effects of abused substances can result in CPP, a behavior
observed in rodents (15). In this study, we determined
METH-induced rewarding effect by using CPP in control
group mice. The experimental schedule was described in
Figure 1A. The result showed that the CPP was blocked in
TG mice (Figure 1B). Two-way ANOVA showed a significant
mice X drug interaction (Fi 5 = 22.59, P < 0.001) and sig-
nificant influence of drug (F1,20 = 34.07, P < 0.001) and mice
(F1, 20 = 26.00, P < 0.001). Bonferroni post hoc test revealed
significant difference between the control and METH group
(P < 0.001), but no significant difference in TG mice and TG
mice + METH group (P > 0.05).

Overexpression of Trx-1 Blocked Trx-1

Decrease Induced by METH in Spinal Cord
To investigate whether Trx-1 is regulated by METH in spinal
cord, the expression of Trx-1 was examined after METH treat-
ment by Western blot. The expression of Trx-1 was decreased
by METH, which was restored in TG mice (Figure 2). Two-
way ANOVA showed a significant mice X drug interaction
(F1,20 = 6.36, P < 0.05) and significant influence of drug (F,,
20 = 13.93, P < 0.01) and mice (Fi,» = 1, P < 0.001). Bonferroni
post hoc test revealed significant difference between the control
and METH group (P < 0.001), but no significant difference in TG
group and TG + METH group by METH (P > 0.05). The post hoc
test also revealed significant difference between the TG group and
control group (P < 0.001).
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FIGURE 2 | Overexpression of thioredoxin-1 (Trx-1) prevented decrease of
Trx-1 induced by methamphetamine (METH) in spinal cord. Values are
means + SE (N = 6); **P < 0.001.

Overexpression of Trx-1 Restored
Decrease of Myelin Thickness

Induced by METH in Spinal Cord

To determine the effect of METH on myelin thickness, the tho-
racic spinal cord section was examined by electron microscopy.
The result showed that myelin sheaths of axons were decreased
by METH, which were restored in TG mice (Figure 3A).
A significant increase in the g-ratio indicates very thin myelin
sheaths in METH mice, which was inhibited in Trx-1 TG mice
by METH (Figure 3B). Two-way ANOVA showed a significant
mice X drug interaction (F,» = 9.31, P < 0.01) and significant
difference of drug (Fi,20=10.29, P < 0.01) and mice (Fy 2= 33.37,
P < 0.001). Bonferroni post hoc test revealed significant differ-
ence between the control and METH group (P < 0.001), but no
significant difference between TG mice and TG + METH mice
(P> 0.05). The post hoc test also revealed significant difference
between the TG and control mice (P < 0.001). Morphometric
quantification of average myelin thickness confirmed a relative
reduction of myelin thickness treated by METH compared with
control mice. However, the decrease of myelin thickness was
blocked in TG mice (Figure 3C). Two-way ANOVA showed a
significant mice X drug interaction (F;, 5 = 12.11, P < 0.001)
and significant influence of drug (F; » = 19.35, P < 0.001)
and mice (F1, 2 = 62.04, P < 0.001). Bonferroni post hoc test
revealed significant difference between the control and METH
group (P < 0.001), but no significant difference between TG
mice and TG + METH mice (P > 0.05). The post hoc test also
revealed significant difference between the TG and control mice
(P<0.01).

Overexpression of Trx-1 Restored the
Expressions of Myelin Proteins

Induced by METH in Spinal Cord

MAG and MBP are mainly located in myelin, which play
the important role in axon-myelin integrity (8, 9). Then,
we examined MAG expression of spinal cord after METH

administration. The results showed that the MAG expres-
sion was decreased by METH, which was restored in TG
mice (Figure 4A). Two-way ANOVA showed a significant
mice X drug interaction (Fi,» = 10.08, P < 0.01) and significant
difference of drug (Fi,2 = 4.52, P < 0.05) and mice (Fy,2 = 3.65,
P < 0.001). Bonferroni post hoc test revealed significant differ-
ence between the control and METH group (P < 0.01), but no
significant difference between TG mice and TG + METH mice
(P> 0.05). The post hoc test also revealed significant difference
between the TG and control mice (P < 0.01). The expression
of MBP was decreased by METH, which was restored in TG
mice (Figure 4B). Two-way ANOVA showed a significant
mice X drug interaction (Fy 2 = 22.01, P < 0.001) and sig-
nificant difference of drug (F, 2 = 13.68, P < 0.01) and mice
(F1,20 = 185.76, P < 0.001). Bonferroni post hoc test revealed
significant difference between the control and METH group
in wild-type (WT) mice (P < 0.001), but no significant differ-
ence between TG mice and TG + METH mice (P > 0.05). The
post hoc test also revealed significant difference between the TG
and control mice (P < 0.001).

Overexpression of Trx-1 Restored the
Expression of CDKS5 Inhibited by

METH in Spinal Cord

CDK5 plays a role in oligodendrocyte development and
myelination. So, we examined the expression of CDK5 in
spinal cord after METH treatment. The results showed that
the CDKS5 expression was decreased by METH, which was
restored in TG mice (Figure 4C). Two-way ANOVA showed
a significant mice X drug interaction (Fy, 5 = 32.45, P < 0.001)
and significant difference of drug (Fi » = 15.79, P < 0.001)
and mice (Fy, 2 = 294.26, P < 0.001). Bonferroni post hoc test
revealed significant difference between the control and METH
group in WT mice (P < 0.001), but no significant difference in
TG mice and TG + METH mice (P > 0.05). The post hoc test
also revealed significant difference between the TG and control
mice (P < 0.001).

Overexpression of Trx-1 Inhibited METH-
Induced Demyelination through Regulating

ER-Mediated Apoptosis in Spinal Cord

Caspase-12 is specific for ER stress-induced apoptosis (10),
caspase-3 is the downstream of caspase-12. Thus, we examined
the expressions of procaspase-12 and procaspase-3. The results
showed that the expression of procaspase-12 was decreased by
METH, which was restored in TG mice (Figure 5A). Two-way
ANOVA showed a significant mice X drug interaction (F;
20 =4.57, P < 0.05) and significant influence of drug (Fy,» = 6.77,
P < 0.05) and mice (Fy,2 = 63.19, P < 0.001). Bonferroni post hoc
test revealed significant difference between the control and
METH group in WT mice (P < 0.01), but no significant differ-
ence between TG mice and TG mice by METH (P > 0.05). The
post hoc test also revealed significant difference between the TG
and control mice (P < 0.01). The expression of procaspase-3 was
decreased by METH, which was restored in TG mice (Figure 5B).
Two-way ANOVA showed a significant mice X drug interaction
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FIGURE 3 | Overexpression of thioredoxin-1 (Trx-1) prevented decrease of myelin thickness induced by methamphetamine (METH) in spinal cord. (A) EM images
show overexpression of Trx-1 prevented decrease of myelin thickness induced by METH in spinal cord average myelin thickness: control mice 0.147 + 0.007; METH
mice 0.082 + 0.008; TG mice 0.183 + 0.004; and TG mice by METH 0.179 + 0.008. (B) A significant increase in the g-ratio in mice by METH. Overexpression of
Trx-1 suppressed increase of g-ratio by METH in spinal cord. (C) Overexpression of Trx-1 prevented decrease of myelin thickness induced by METH in spinal cord.
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(F1,20 = 9.52, P < 0.01) and significant difference of drug (F;,
20 = 6.74, P < 0.05) and mice (F,,» = 4.62, P < 0.05). Bonferroni
post hoc test revealed significant difference between the control
and METH group (P <0.01), but no significant difference between
TG mice and TG + METH mice (P > 0.05). The expression of
calpainl in TG mice was significantly higher than in control mice,
and Trx-1 overexpression inhibited the further increase of cal-
painl induced by METH (Figure 5C). Two-way ANOVA showed
a significant mice X drug interaction (Fi,2 = 24.33, P < 0.001)
and significant difference of drug (Fi » = 30.30, P < 0.001) and
mice (Fi,20 = 6.42, P < 0.05). Bonferroni post hoc test revealed
significant difference between the control and METH group

(P < 0.001), but no significant difference between TG mice and
TG + METH mice (P > 0.05).

Overexpression of Trx-1 Inhibited p-ERK
Induced by METH in Spinal Cord

The mitogen-activated protein kinase (MAPK) signaling
pathway, ERK-c-Jun N-terminal kinase (JNK)-p38 MAPKs,
is involved in the regulation of pro-inflammatory cytokines
(16). Studies have confirmed that ERK can be activated by
METH (17, 18). We investigated whether ERK and p-ERK
were induced by METH in spinal cord, as we expected, the
activity of p-ERK was increased after METH treatment,
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whereas the activity of ERK was not further increased in Trx-1 (F1,20 = 71.20, P < 0.001). Bonferroni post hoc test revealed
TG mice (Figure 6A). Two-way ANOVA showed a significant  significant difference between the control and METH group
mice X drug interaction (F, 5 = 29.36, P < 0.001) and sig- (P < 0.001), but no significant difference between TG mice
nificant influence of drug (Fy, » = 28.48, P < 0.001) and mice and TG + METH mice (P > 0.05).
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Overexpression of Trx-1 Suppressed the
METH-Induced Inflammation
in Spinal Cord

The inflammation is usually involved in demyelination (19). So,
we further examined that whether the expressions of NF-kB,
IL-1B, and TNF-a were induced by METH in spinal cord. Our
result showed that the expression of NF-kB was increased by
METH, which was suppressed in TG mice (Figure 6B). Two-
way ANOVA showed a significant mice X drug interaction
(F1,20 = 35.16, P < 0.001) and significant difference of drug
(F1, 20 = 38.78, P < 0.001) and mice (Fy, 2 = 4.51, P < 0.05).
Bonferroni post hoc test revealed significant difference between
the control and METH group (P < 0.001), but no significant dif-
ference between TG mice and TG + METH mice (P > 0.05). The
results also showed that the mRNA level of IL-1p was increased
by METH, which was inhibited in TG mice (Figure 6C).
Two-way ANOVA showed a significant mice X drug interac-
tion (F),2 = 5.76, P < 0.05) and significant difference of drug
(Fi.» = 8.70, P < 0.01) and mice (F. » = 5.90, P < 0.05).
Bonferroni post hoc test revealed significant difference between
the control and METH group (P < 0.01), but no significant
difference between TG mice and TG + METH mice (P > 0.05).
The mRNA level of TNF-a was increased by METH, which was
suppressed in TG mice (Figure 6D). Two-way ANOVA showed
a significant mice X drug interaction (Fi, » = 24.85, P < 0.001)
and significant difference of drug (Fi, 2 = 23.08, P < 0.001) and
mice (F,2 = 26.32, P < 0.001). Bonferroni post hoc test revealed
significant difference between the control and METH group
(P < 0.001), but no significant difference between TG mice and
TG + METH mice (P > 0.05).

DISCUSSION

In this study, we found that myelin thickness was decreased,
expressions of MAG, MBP and CDK5 were decreased after
METH treatment, these alterations were suppressed in TG mice.
The declined expressions of procaspase-12 and procaspase-3 in
spinal cord after METH treatment were blocked in TG mice,
and the elevated expressions of calpainl and NF-kB, the levels of
IL-1p and TNF-a mRNA in spinal cord after METH treatment
were inhibited in TG mice.

Conditioned place preference paradigm is a model for assess-
ing rewarding effect. Our previous study certified that Trx-1
overexpression occluded the CPP expression induced by METH.
There was no significant change in locomotor activity between
control group and METH group after METH treatment (20).
So, we concluded that METH did not cause acute movement
disorder from SCI in mice.

The demyelination appears the decrease of myelin thickness
and decrease expressions of MAG and MBP. Thus, we exam-
ined the myelin thickness after METH treatment. Our result
confirmed that the diameter of axon which was wrapped by
myelin was significantly thinner in METH group than in control
(Figures 3A-C) by the quantification for myelin thickness of
g-ratio analysis. Myelin is important for axon maintenance and
function, demyelination results in damage or loss of the myelin

sheath around axons (21). Our results showed that METH treat-
ment induced demyelination in spinal cord, whereas overexpres-
sion of Trx-1 prevented decrease of myelin thickness induced by
METH in spinal cord. Thus, Trx-1 may protect spinal cord from
demyelination induced by METH treatment.

MAG is known to enrich the periaxonal layers of the myelin
sheath, thus it is myelin-specific proteins (22). MBP is essential
for the compaction and stability of specific oligodendrocyte
membranes that concentrically wrapped around neurons in
multilamellar arrangements, forming the myelin sheath (23). Our
results showed that MAG and MBP expressions were decreased
by METH in group mice, suggesting that METH treatment
induces demyelination in spinal cord. Interestingly, the expres-
sions of MAG and MBP in TG mice were significantly higher
than in control mice. Thus, the decreased expressions of MAG
and MBP were restored in TG mice (Figures 4A,B). Thus, our
results suggest that the increased expressions of MAG and MBP
in TG mice may protect spinal cord from demyelination induced
by METH treatment.

Multiple signals influence the rate and extent of CNS
myelination. CDKS5 is a serine/threonine kinase with significant
homology to cell cycle related CDKs. Recently, oligodendrocyte
development and myelination have been shown to be influenced
by CDK5 (24-26). Localized pharmacological inhibition of
CDKS5 activity resulted in reduced remyelination. Conditional
deletion of CDKS5 from oligl+ cells resulted in reduced expres-
sion of MBP (25). We found that the expression of CDK5 was
decreased by METH, and the expression of CDK5 was restored
in TG mice (Figure 4C). Previous studies have revealed that
CDKS5 is functionally important to timely myelin repair (26)
and remyelination occurs after demyelinating events (27).
Interestingly, the expression of CDK5 was significantly higher
in TG mice than in control mice. Thus, our result suggests that
the restored expression of CDKS5 in TG mice may play a role in
resisting demyelination in spinal cord.

The caspases are cysteine proteases involved in mediating both
acute and chronic neuronal cell death (28). The procaspase-12
is localized on the cytoplasmic side of ER and proteolytically
activated by excess ER stress and catalyzed by calpainl (29). ER
stress-induced apoptosis has been reported to be mediated by
the activation of caspase-12 (10). Caspase-12 deficient mice are
resistant to ER stress-induced apoptosis (30). It has been reported
ER stress is involved in demyelination (31). The calpain plays a
vital role in spinal cord neurodegenerative processes (32, 33).
METH induces neurotoxicity through increasing calpain (34).
Calpain inhibitor attenuates ER stress-induced cell death in
spinal cord (35). MAG is also known as a calpain substrate (36).
Calpain-mediated downregulation of MAG has been found in
demyelinating diseases, such as multiple sclerosis. Trx-1 resisted
neurotoxicity by METH (37). We also certified that Trx-1 sup-
pressed ER stress in Parkinson disease. We found that METH
decreased the expressions of procaspase-12 and procaspase-3 and
increased the expression of calpainl, whereas overexpression of
Trx-1 suppressed these alterations induced by METH treatment
(Figures 5A-C). These results suggest that Trx-1 may resist
demyelination induced by METH through inhibiting ER stress/
calpainl pathway.
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Growing body of evidence suggests that the signaling
pathways in the ER stress and inflammation are intercon-
nected through various mechanisms, including activation of
the transcription factor NF-kB. NF-kB is a transcription fac-
tor and is activated by the outside stimulation, then induces
related gene transcription. MAPK cascade acts as an important
intracellular mediator of responses closely related to cell
growth and differentiation, stress, survival, and cell death
(38). The cascade is made up of ERK, JNK, and p38 MAPK.
It has been reported that inflammatory factors are induced by
ERK (39). METH exposure significantly increases the activity
of ERK (40, 41). Several lines of evidence have shown that
ERK activation might activate NF-xB (42, 43). Inactivation
of both ERK1/2 and NF-kB pathways inhibits the level of
TNF-a (44) and inflammation (45, 46). Overproduction
of TNF-a and IL-1f results in the injury in spinal cord and
finally causes demyelination (47). Agents attenuating TNF-a
and/or IL-1p expressions may prevent demyelinating in spinal
cord (48). In addition to its antioxidative effects, Trx-1 is known
as an anti-inflammatory molecule. Trx-1 resists inflammatory
effects induced by METH in spleen (49). Our result also showed
that the expressions of NF-xB, IL-1f, and TNF-a, as well as
p-ERKlevel were increased by METH in spinal cord, which were
suppressed by Trx-1 overexpression (Figures 6A-D). Thus, our
results suggest that Trx-1 may attenuate inflammation induced
by METH through blocking ERK/NF-kB signaling pathway.
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