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Background: Diabetes induces cognitive deficits and cortical lesion.
Results:Diabetes with cognitive deficits caused formation of carbonylated reticulon3 aggregates and reticulon3-immunoreac-
tive dystrophic neurites.
Conclusion:Diabetes-induced central neuritic dystrophy was correlated with formation of oligomeric reticulon3 via oxidation.
Significance:Present findings concerning oxidative reticulon3 oligomers in formation of neuritic dystrophymay lead to explore
a new therapeutic strategy for preventing/reducing diabetic dementia.

Diabetes is a high risk factor to dementia. To investigate the
molecular mechanism of diabetic dementia, we induced type 2
diabetes in rats and examined potential changes in their cogni-
tive functions and the neural morphology of the brains. We
found that the diabetic rats with an impairment of spatial learn-
ing andmemory showed the occurrence of RTN3-immunoreac-
tive dystrophic neurites in the cortex. Biochemical examina-
tions revealed the increase of a high molecular weight form of
RTN3 (HW-RTN3) in diabetic brains. The corresponding
decrease ofmonomeric RTN3was correlatedwith the reduction
of its inhibitory effects on the activity of �-secretase (BACE1), a
key enzyme for generation of �-amyloid peptides. The results
from immunoprecipitation combined with protein carbonyl
detection showed that carbonylated RTN3 was significantly
higher in cortical tissues of diabetic rats compared with control
rats, indicating that diabetes-induced oxidative stress led to
RTN3 oxidative damage. In neuroblastoma SH-SY5Y cells, high
glucose and/or H2O2 treatment significantly increased the
amounts of carbonylated proteins and HW-RTN3, whereas
monomeric RTN3was reduced. Hence, we conclude that diabe-
tes-induced cognitive deficits and central neuritic dystrophy are
correlated with the formation of aggregated RTN3 via oxidative
stress. We provided the first evidence that oxidative damage
caused the formation of toxic RTN3 aggregates, which partici-
pated in the pathogenesis of central neuritic dystrophy in dia-
betic brain. Present findings may offer a new therapeutic strat-
egy to prevent or reduce diabetic dementia.

Alzheimer disease (AD)2 is the most common cause of
dementia, accounting for 60–80% of cases. Growing evidence
indicates that AD often occurs along with other dementias (1).
The pathological hallmarks of AD are the presence of substan-
tial numbers of neurofibrillary tangles due to accumulation of
abnormally hyperphosphorylated Tau (2) and senile plaques,
which are composed of �-amyloid (A�) aggregates (3, 4). A�
oligomers together with hyperphosphorylated Tau induce
neuronal toxicity and axonal degeneration, which cause neu-
ronal death via complex mechanisms (5, 6). Drugs currently
available for treating dementia and AD have only minimal
effects and do not impede disease progression significantly
(7). Clinically, the symptoms of dementia gradually develop
over many years or even decades. Therefore, the prevention
of AD development is an alternative strategy for reducing the
incidence of the disease. To delay the onset of symptoms,
potentially modifiable risk factors for AD and dementia must
be identified. ANational Institutes of Health review reported
that diabetes is one of the high risk factors for dementia and
AD (8).
The incidence of diabetes mellitus (DM) continues to

increase worldwide (9), and 90–95% of the diabetic cases are
non-insulin-dependent diabetes mellitus (type 2 diabetes). Epi-
demiological studies clearly demonstrate an association
between diabetes and dementia (10, 11). For example, diabetes
or impaired fasting glucose is present in �80% of AD patients
(12); memory loss or cognitive decline in diabetic patients may
be caused by vascular permeability and protein metabolism
dysfunctions (13). Using different animal models, several
groups have demonstrated that the activity of �-secretase
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(BACE1) and the A� content are increased in DM genetic
mouse brains (14) and type 2 diabetes rats (15). In addition,
hyperphosphorylated Tau is increased in type 2 diabetes rat
brains and negatively correlates with the changes in phospho-
rylated synaptophysin, a synaptic protein (16). Although other
studies have suggested that increased A� generation in post-
stroke brains is likely associated with increased stability of
BACE1 via activation of caspase-3 (17, 18) and/or dysfunction
of ubiquitin-mediated protein degradation (19), the molecular
mechanisms underlying AD-like pathogenesis in diabetic
brains remain unknown.
Reticulons (RTNs), a family of membrane-bound proteins

consisting of four members (20), are widely distributed
throughout the brain and play important roles in endocytosis
(21), exocytosis (22), cellular trafficking, and neurite outgrowth
(23). Elevated expression of RTNs in mouse and human brains
appears to cause dysfunction in axonal generation and synaptic
transmission (24, 25). Recent studies demonstrate that all four
RTNs negatively modulate BACE1 activity (26, 27). RTN3,
which ismainly expressed by neurons in the brain and co-local-
izes with BACE1 in neurons, is a potent BACE1 inhibitor (28).
Functional studies indicate that a normal increase in RTN
expression substantially reduces A� and overexpression of
RTN3 in transgenic mouse brain induces the formation of
RTN3 aggregates in neurites, causing neuritic dystrophy and
impairment of spatial learning and memory as well as synaptic
plasticity (29). Further studies demonstrate that preformed
RTN3 aggregates reduce dendritic spine density and synaptic
function in transgenic mouse brains (30). Therefore, RTNs are
emerging as critical factors in the pathogenesis of neurodegen-
erative diseases.
It has been well demonstrated that the advanced stages of

diabetes usually result in sensory and autonomic neuropathy in
the peripheral nervous system and white matter lesions as well
as cortical and subcortical atrophy in the central nervous sys-
tem, which has been indicated by magnetic resonance image
(31). Because RTN3-mediated neuritic dystrophy is linked to
Alzheimer cognitive dysfunction, we therefore asked whether
RTN3-mediated neuritic dystrophy occurred in the frontal
parietal cortex of diabetic rats and whether its occurrence
would contribute to diabetic dementia. To address these ques-
tions, we used an induced type 2 diabetes rat model to observe
changes in cognitive function and neuronal morphology in dia-
betic brains. The results demonstrated that monomeric RTN3
and its interaction with BACE1 were decreased in diabetic rats
and that these changes were followed by an increase in A�
formation in the cortex. Furthermore, RTN3 aggregates
densely accumulated in neurites immunopositive for RTN3
oligomers but not the neuritic marker SMI32. Further studies
indicated that oxidative stress might cause the formation of
RTN3 oligomers and promote neuritic dystrophy in diabetic
brains. Behavioral tests further revealed cognitive deficits in
diabetic rats. Collectively, these results reveal a novelmolecular
mechanism of diabetic dementia and suggest a new therapeutic
strategy for preventing or reducing the development of demen-
tia in type 2 diabetes patients.

EXPERIMENTAL PROCEDURES

Diabetic Rat Model and Tissue Preparation—Adult male
Sprague-Dawley rats (200–220 g) from the Shanghai Experi-
mental Animal Center (Chinese Academy of Sciences, China)
were used. Animal experiments were carried out in accordance
with theNational Institutes of Health guide for the care and use
of laboratory animals.
Rats were divided into control and diabetic (DM) groups and

fed with commercially available normal pellet diet (NPD) (10%
calories as fat) or in-house prepared high fat diet (60% calories
as fat, and the diet composition included 425 g�kg�1 powdered
NPD, 310 g�kg�1 lard, 250 g�kg�1 casein, 10 g�kg�1 cholesterol,
DL-methionine, 1 g�kg�1 yeast powder, 1 g�kg�1 sodium chlo-
ride) for a period of 2 months based on previously published
protocols (15, 16). The high fat diet rats were injected intraperi-
toneally with streptozotocin (25 mg�kg�1, Alexis, Exeter, UK)
and then fed with their original diet for another month. Plasma
glucose, triglyceride, and cholesterol levels weremeasuredwith
a Hitachi Model 7600 Series Automatic Analyzer (Hitachi
High-Technologies Corp.). To analyze the insulin sensitivity of
rats, a simple intravenous insulin glucose tolerant test was per-
formed as previously described (32). Briefly, after rats were
anesthetized by intraperitoneal injection 10% chloral hydrate
(360mg�kg�1), two femoral blood vessels were exposed by inci-
sion through the skin in the inguinal area. These vessels were
cannulated with plastic fine cannulae, and then the intravenous
insulin glucose tolerant test was performed. The rats were sub-
sequently injected with glucose (0.7 g�kg�1) and insulin (0.175
units�kg�1) into the femoral vein. Blood samples were then
withdrawn from the femoral artery at �0 (before glucose), 2, 4,
6, 8, 10, 20, and 30 min after insulin injection for the glucose
estimation. The equivalent volume of sterile saline (0.9%) was
injected into femoral vein after each sampling to prevent the
changes in central compartmental blood volume. Insulin sensi-
tivity was determined by the glucose disappearance rate within
10 min, evident from the average slope K in the curve fitted by
log-linear regression over this period. Rats with blood glucose
higher than 18 mmol/liter were defined as diabetic animals.
Morris Water Maze Test—Rats were subjected to the Morris

water maze test to analyze cognitive function as previously
reported (15, 33). The Morris water maze test consisted of a
non-visible platform trial, a probe trial, and a visible platform
trial. Rats received the non-visible platform trial twice per day
(every morning and afternoon) for the first 5 days, a probe trial
on the 6th day, and a visible platform trial on the 7th day. The
swimming path and the escape latency (time to reach the plat-
form) were recorded in real time by video camera assisted with
Microcomputer Running Maze Software (Shanghai Jiliang
Software Technology Co., Ltd.). The mean escape latency, the
percentage of time spent in the right quadrant, and the velocity
(mm/s) were calculated and used for statistical analysis.
Immunohistochemical Staining—Animals were deeply anes-

thetized and quickly subjected to transcardial perfusion with
freshly prepared 0.9% saline solution followed by 4% parafor-
maldehyde in phosphate-buffer solution (0.1 M, pH 7.4, PBS).
Then coronal sections at a thickness of 30 �m were cut on a
freezing microtome (Jung Histocut, Model 820-II, Leica, Ger-
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many) at the bregma level from �2.30 to �3.30 mm. Brain
sections were probed with primary antibodies (rabbit poly-
clonal anti-BACE1 antibody B690, 1:1000 (Calbiochem) or
mouse monoclonal anti-A�x-42 antibody, 1:200 (Millipore) and
corresponding biotinylated secondary antibodies (1:200, Vec-
tor Laboratories) followed by avidin-biotin-peroxidase (1:200,
Vectastain Elite ABC kit, Vector Laboratories). Immunoreac-
tivity was visualized with 0.05% diaminobenzidine (Sigma) as
the chromogen.Negative controls received the same treatment,
except that primary antibodies were omitted, and showed no
specific staining.
Fluorescence Immunolabeling and Confocal Scanning—For

double staining of RTN3withNeuN, SMI32, or oligomers, free-
floating sections were incubated with rabbit polyclonal anti-
RTN3 antibody (R458, 1:1000) and then incubated with anti-
rabbit IgG-FITC (1:40, Santa Cruz Biotechnology). After
washing in PBS, sections were incubated withmousemonoclo-
nal anti-NeuN antibody (1:1000, Abcam), mouse monoclonal
anti-SMI32 antibody (1:1000, Abcam), mouse monoclo-
nal anti-AT8 antibody (1:60, Innogenetics), or rabbit monoclo-
nal antibody against oligomers (Invitrogen) and then incubated
with anti-mouse IgG-rhodamine (NeuN, SMI32, AT-8) or anti-
rabbit IgG-rhodamine (oligomer) (1:50, Roche Diagnostics).
Fluorescent signals were detected using a confocal laser scan-
ning microscope (TCS SP5, Leica).
Immunohistochemical Staining for 8-OxodG—The immuno-

staining were carried out based on a previous report (34).
Briefly, the sectionswere incubatedwith 100�g/mlRNase in 10
mM Tris buffer containing 1 mM EDTA, 400 mM NaCl (pH 7.5)
for 60 min at 37 °C and with 2 N HCl for 10 min at room tem-
perature and then neutralized with 50 mM Tris buffer for 5 min
at room temperature. The sections were blocked with 10% fetal
bovine serum in 10 mM Tris buffer (pH 7.5) for 60 min at 37 °C
and incubated with mouse anti-8-oxodG monoclone antibody
(1:1000, R&D system, Inc.) overnight at 4 °C. After washing, the
sections were incubated with biotinylated anti-mouse IgM
(1:200) for 60 min and with avidin-biotin-peroxidase (1:200,
Vectastain Elite ABC kit). Immunoreactivity was visualized
with 0.05% diaminobenzidine as the chromogen. Negative con-
trols received the same treatment, except that primary antibod-
ies were omitted and showed no specific staining.
RT-PCR—Total RNA was extracted using TRIzol reagent

(Invitrogen) according to the manufacturer’s instructions.
Total RNA (5�g) from cortex was used for RT-PCR. The prim-
ers were as follows: �-actin (accession number NM031144),
forward (gtcttcccctccatcgtggg) and reverse (tggctggggtgtt-
gaaggtc), resulting in a 306-bp product; RTN3 (accession num-
ber NM 080909.2), forward (ctggcagctttcagtgtt) and reverse
(aatgggaagactaagagcg), resulting in a 204-bpproduct. Reactions
were performed in a final volume of 25 �l with Taq polymerase
(5 units/�l, Tiangen Biotech, Beijing, China) for 30 cycles. Each
PCR product (20 �l) was electrophoresed on a 2% agarose gel
containing 0.5 �g/ml ethidium bromide, visualized using an
ultraviolet transilluminator (Image Master VDS, Bio-Rad) and
photographed.
A�40 andA�42Measurement—A�40 andA�42 were detected

by enzyme-linked immunosorbent assay (ELISA) using the
high sensitivity A�40 (KHB3481)- and A�42 (KHB3441)-spe-

cific ELISA kits (Invitrogen). Briefly, the samples of rat wet
brain were weighed and dissolved in cold 50 mM Tris/5 M gua-
nidine buffer (pH 8.0) to achieve the final concentration, 1
mg/�l. Then tissues were ground thoroughly, and homoge-
nates were mixed at room temperature for 4 h. Homogenates
were diluted 1:20 with cold reaction buffer containing 0.2
g�liter�1 KCl, 0.2 g�liter�1KH2PO4, 8.0 g�liter�1 NaCl, 1.15
g�liter�1 Na2HPO4, 5% BSA, 0.03% Tween 20, and 1� protease
inhibitor mixture (Complete Protease InhibitorMixture tablet,
RocheDiagnostics) then centrifuged at 16,000� g for 20min at
4 °C. Supernatants were collected, and protein concentrations
were determined by a BCA kit (Beyotime, Shanghai, China).
Then A�40 and A�42 levels were determined by comparison
with the respective standard curves following the manufactur-
er’s protocol.
Western Blot Analysis—Equal amounts of protein from cer-

ebral cortex tissue extracts or cell lysates were electrophoresed
on 12% sodiumdodecyl sulfate-PAGE gels and then transferred
to polyvinyl difluoride membranes. Anti-RTN3 antibody
(1:2000), anti-BACE1 antibody (1:1000), and anti-APP-C-ter-
minal antibody (1:2000, Sigma) were used to detect the levels of
these specific proteins. Horseradish peroxidase-conjugated
goat anti-rabbit/mouse IgGs (1:3000, Santa Cruz Biotechnol-
ogy) were used as secondary antibodies, and Western blotting
luminescent reagent was used to visualize peroxidase activity.
Normalization was carried out by stripping the blots and rep-
robing with a mouse monoclonal antibody to the �-isoform of
actin (1:10,000, Sigma). Optical densities of immunostained
bands were analyzed with an image processing and analysis
system (Image J 1.37 software, National Institutes of Health).
Immunoprecipitation and Western Blot Analysis—Tissue

extracts (200 �g of protein) were first incubated with 1 �l of
anti-BACE1 antibody, rabbit polyclonal anti-oligomer anti-
body (BIOSOURCE International, Inc.) or anti-RTN3 antibody
in 50mMTris buffer containing 1mMEDTA, 10%glycerol, 1�M

Na3VO4, 10 mM NaF, and a protease inhibitor mixture for 12 h
at 4 °C and then with protein-A beads for 2 h. The reactions
were centrifuged at 10,000 rpm to obtain the immunoprecipi-
tates, whichwere analyzed byWestern blottingwith anti-RTN3
(1:2000) or anti-BACE1 (1:1000) antibodies as described above.
Cell Culture and Treatment—The human neuroblastoma

SH-SY5Y cell line was cultured in 6-well plates with Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 15%
(v/v) fetal bovine serum (Invitrogen) at 37 °C in a humidified 5%
CO2 atmosphere. Once cells reached 80–90% confluence, the
cultures were incubated in medium containing 300 �M H2O2,
500 �M H2O2, 25 mM glucose, 300 �M H2O2 � 25 mM glucose,
or 500 �M H2O2 � 25 mM glucose for 1 h, then harvested for
RTN3 and protein carbonyl detection. Cells were cultured with
medium containing 0.5% DMSO (vehicle) as a control.
ProteinCarbonylDetection—Protein carbonyl adduct forma-

tion was used to identify oxidized proteins as previously
described (35). Briefly, cortical lysates (20 �g of protein) or cell
lysates (40 �g of protein) were first reacted with 10 mmol of
2,4-dinitrophenylhydrazine (DNPH) in 2 N HCl for 20 min to
enable adduct formation by the dinitrophenyl (DNP) group and
then the reaction was quenched by using 1 M Tris solution. The
samples containing protein carbonyls/DNP-modified proteins
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were analyzed by Western blotting with goat anti-DNP anti-
body (1:2000, Abcam). For analyzing carbonylated RTN3, total
proteins from the carbonylated samples were immunoprecipi-
tated with anti-DNP, purified with protein-A beads, and ana-
lyzed by Western blotting with anti-RTN3 antibody.
Data Quantification and Statistical Analysis—Optical den-

sities of immunoblot and PCR bands were determined using
Image J software. Densitometric quantification of HW-RTN3/
RTN3 and RTN3mRNA was normalized to �-actin. All cells
with positive staining in immunochemistry detection were
counted in the fields of view and were repeated in four sections
for each group. The significance of difference between control
and DM groups was analyzed by unpaired two-tailed Student’s
t-tests, and multiple groups statistical differences in SH-SY5Y
experiment were determined using one-way analysis of vari-
ance followed by Least Significant Difference tests. All values
are presented as the means � S.E. p � 0.05 was considered
statistically significant.

RESULTS

Impairment of Cognitive Behavior in Diabetic Rats—To ver-
ify the establishment of the diabetic model, we measured body
weight, total levels of cholesterol, triglyceride, and glucose in
the blood plasma and detected insulin sensitivity by glucose
tolerant test. Our results indicated that the rats in the DM
group exhibited a significant increase in body weight as well as
significantly higher levels of cholesterol, triglyceride, and glu-
cose compared with the control group, whereas brain weight

did not change (Fig. 1, A–C). Furthermore, glucose disappear-
ance rates (k value) were significantly reduced in the diabetic
rats compared with that in the controls (Fig. 1D), confirming
that the diabetic rats were insulin-resistant.
To test whether the above changes would affect cognitive

function in rats, we performed Morris water maze tests. We
observed that diabetic rats took a longer time to find the plat-
form on training days 4 and 5 compared with the control rats in
the non-visible trials (Fig. 2A). In the probe trials, diabetic rats
spent less time in the target quadrant compared with control
rats (Fig. 2C), and these differences were statistically significant
(Fig. 2D). Furthermore, no difference in swim speed was
observed in the visible trials (Fig. 2B). These results indicate the
impairment of spatial learning andmemory in the diabetic rats.
Characteristics of RTN3 Protein Expression in Diabetic

Brains—To determine the molecular linkage underlying the
impairment of cognitive function in diabetic rats, we set out to
examine the changes in RTN3, a protein known to negatively
modulate BACE1 activity. RT-PCR andWestern blotting were
used to determine the changes in RTN3 mRNA and protein
expression in rat brains. Consistent with previous reports (29,
36), we detected several forms of RTN3 in rat brains within
molecular masses of �24 kDa (monomeric RTN3 (mono-
RTN3 or RTN3)) and 175 kDa (high molecular mass RTN3
(HW-RTN3)) (Fig. 3A). Interestingly, we found that mono-
RTN3 was significantly reduced in DM rats compared with the
controls (Fig. 3B). In contrast, HW-RTN3 levels were increased
in the cortex of DM brains compared with controls. However,
there was no obvious difference in the expression of RTN3
mRNA between DM and control rats (Fig. 3, C and D).

FIGURE 1. Changes of body weight, biochemical parameters, and insulin
sensitivity in diabetic rats. Body weight, plasma glucose (PGL), plasma total
cholesterol (PTC), and plasma triglyceride (PTG), brain weight, and insulin sen-
sitivity were determined in diabetic rats. Compared with control (Ctrl, n � 10)
rats, DM (n � 15) rats showed time-dependent increases in body weight
within 3 months (A) and increased in glucose, cholesterol, and triglyceride (C)
but showed no changes in brain weight (B). An intravenous insulin glucose
tolerance test was performed to calculate the k value based on the glucose
disappearance rate within 10 min by the average slope. These results dem-
onstrated that the k value decreased in DM rats (D, n � 5/group), indicating
reduced insulin sensitivity in the diabetic rats. Data are shown as the mean �
S.E. * represents p � 0.05 versus the controls.

FIGURE 2. Diabetic rats showed impaired performance in water maze
tests. A, in non-visible trials, diabetic rats took longer to find the platform on
training days 4 and 5 compared with control (Ctrl) rats. B, in visible platform
trials, rats showed similar motor function in the control and diabetic groups. C
and D, in probe trials, typical swimming patterns were recorded on training
day 6 in both the control and diabetic rats (C), and the results showed that
diabetic rats spent significantly less time in the target quadrant (D). All values
are reported as the means � S.E. (n � 8 and 9 for control and diabetic group,
respectively). * represents p � 0.05 compared with the controls.
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Further immunostaining results showed that RTN3-posi-
tive (RTN3�) staining was evenly distributed in the soma of
pyramidal neurons in the cerebral cortex of the brains in the
control rats (Fig. 3, E and F). Noticeably, in DM rats, RTN3�

staining was not restrictively distributed in the soma of neu-
rons. Rather, it also formed high density spots in the neurites
of the prefrontal and parietal cortical regions (Fig. 3, G and
H).

Reduced Mono-RTN3 Interactions with BACE1 and
Increased BACE1Activity inDiabetic Brains—Itwas previously
reported thatmonomeric RTN3 inhibits the proteolytic activity
of BACE1, a key enzyme for A� generation (28, 36). Therefore,
we examined the interaction of RTN3 with BACE1 in DM rats.
We found that BACE1� neuronswere similarly present in con-
trol and DM rat brains (Fig. 4A), and the levels of BACE1 pro-
tein appeared to be similar in both groups (Fig. 4, B and C).
Coimmunoprecipitation using anti-BACE1 antibody showed

FIGURE 3. Diabetes induced changes in RTN3 protein expression in rat
brains. A, tissue extracts from cortex in control and diabetic brains were ana-
lyzed by Western blotting with antibody R458 to the RTN3 C terminus. Bands
near 24 kDa and above 175 kDa, respectively, demonstrated the presence of
RTN3 and HW-RTN3 proteins (n � 4 in each group). B, HW-RTN3 proteins were
increased, whereas monomeric RTN3 proteins were reduced in the cortex of
diabetic rats compared with controls. C and D, RTN3 mRNA was detected by
RT-PCR analysis (C) and showed no significant changes in the cortex (D)
between control and diabetic brains (n � 3 in each group). Data are repre-
sented as the mean � S.E. * represents p � 0.05 compared with the controls.
E–H, shown is immunofluorescence staining of RTN3 in the parietal cerebral
cortex of control (E and F) and diabetic rats (G and H). Photographs F and H are
magnified images corresponding to the squares labeled with f and h in pho-
tos E and F, respectively.

FIGURE 4. Diabetic rats showed reduced interaction of RTN3 with BACE1
in rat brain. A, BACE1-immunostained cells were present in the pyramidal
neurons of the parietal cerebral cortex in control (Ctrl) and diabetic (DM) rats.
Bar � 100 �m. B and C, tissue lysates extracted from cortex were used to
examine BACE1 levels by Western blotting. The results show that the levels of
BACE1 expression in the cortex were not significantly different between con-
trol and diabetic rats. D and E, enriched total tissue extract from control and
diabetic rat brains (200 �g) were immunoprecipitated (IP) with a limited
amount of anti-BACE1 antibody (1 �l) and then examined by Western blot-
ting with anti-RTN3 (R458) antibody. The results show that BACE1-RTN3-bind-
ing proteins, but not BACE1 protein, were reduced in diabetic cortex. F and G,
in the reversed immunoprecipitation assay, tissue lysates (200 �g) were
immunoprecipitated with R458 antibody (1 �l) and examined by BACE1 anti-
body. The results show that BACE1-RTN3 binding proteins, but not RTN3 pro-
tein, were reduced in the diabetic cortex. IHC in D and F, IgG heavy Chain. Data
are shown graphically as the mean � S.E. (n � 4 per group). * represents p �
0.05 compared with the controls.
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that RTN3 could directly bind to BACE1, but complexes of
RTN3 with BACE1 were reduced in diabetic brains (Fig. 4, D
and E). When we performed a reverse coimmunoprecipitation
by pulling down protein complexes with anti-RTN3 antibody
andused anti-BACE1 antibody forWestern blotting,we further
confirmed a reduced binding of BACE1 and RTN3 in diabetic
rat brains (Fig. 4, F and G).

Based on published knowledge, RTN3 negatively regulates
BACE1 enzyme activity through its binding to BACE1 (36). In
this study we therefore asked if the activity of BACE1 was
increased after the reduction of BACE1-RTN3 complexes in
diabetic brains. It is well known that APP is cleaved by �-secre-
tase and �-secretase to generate APP-C99 and APP-C83, and
changes in these fragment levels are associated with either of
these two enzymes. We found that APP-C99 was significantly
increased in diabetic brains, whereas changes in APP levels
were less obvious (Fig. 5, A–D), suggesting that BACE1 activity
in diabetic brains was relatively increased compared with the
controls.
We also performed immunostaining and ELISA to examine

the number of A��-stained cells and the contents of A� in rat
brains, respectively. Consistent with the elevated BACE1 activ-
ity, we indeed observed increased A�� stained cells in cortical
neurons of diabetic brains (Fig. 5,E and F) as well as the levels of
A�40 and A�42 in diabetic cortical tissues of rats (Fig. 5G).
Formation of RTN3 Aggregates and RTN3-associated Dystro-

phic Neurites in DM Brains—Results from double immune-
fluorescence further indicated that RTN3� and NeuN� dou-
ble-labeled signals were evenly distributed in neural cell bodies
in control rats, but RTN3� single-labeled signals formed higher
density spots in the neurites in DM rat cortex (Fig. 3, G and H,
and Fig. 6, A and B). In diabetic brains, positive staining of
SMI32, a specific axonal marker protein, was reduced com-
pared with controls. It should be noted that RTN3 did not co-
stain with SMI32 (Fig. 6, C and D), suggesting that the neurites

with RTN3� high density spots are devoid of normal axonal
proteins and represent a dystrophic pathology.
Previous study suggested that RTN3� high density spots

contain RTN3 aggregates (29). Results from our immuno-
staining and immunoprecipitation experiments showed that
most RTN3� spots in neurites co-stained with an oligomer
antibody (Fig. 6, E and F). Moreover, HW-RTN3 protein was
precipitated with anti-oligomer antibody in the cortex of DM
brains (Fig. 6G), indicating that DM induced an increase of
RTN3 oligomers.
Accumulation of Oxidatively Damaged DNA and Protein in

Diabetic Brains—To explore the mechanism underlying the
formation of RTN3� spots in neurites, we hypothesized that
oxidative stress might contribute to RTN3 oligomerization. By
performing various biochemical assays, we detected an increase
of 8-oxo-dG� immunoreactive cells in rat brains (Fig. 7A). The
number of 8-oxo-dG� cells was 52.3 � 9.6 cells/mm2 in the
control group and 105.8 � 14.5 cells/mm2 in the DM group,
suggesting increased oxidative damage of DNA in diabetic
brains. This observation prompted us to study whether pro-
teins, particularly RTN3, were oxidatively damaged in diabetic
brains. Free carbonyl side groups are considered to be an indi-
cator of oxidatively damaged proteins. Protein carbonyls react
with DNPH to form DNP, which can be detected with anti-
DNP antibody.DNPH-reacted sampleswere analyzed byWest-
ern blotting with anti-DNP antibody, and we found that the
numbers and densities of DNP-modified protein bands were
increased in diabetic brains (Fig. 7,B andC). These data suggest
that diabetes increases the amounts of oxidatively damaged
proteins in the brain.
Next, we investigated if RTN3 proteins were oxidatively

damaged in diabetic brains. An anti-DNP antibody was used to
immunoprecipitate total carbonyl-containing proteins, and
anti-RTN3 antibody was used to detect RTN3 carbonyls on
Western blots. Interestingly, we found that monomeric RTN3
was precipitated with anti-DNP antibody in diabetic brains but
not in control brains (Fig. 7, D, Ctrl�DNPH and DM�DNPH
lanes, and E). Further studies indicated that aggregated RTN3
became monomeric after derivatization with DNPH in acidic
conditions because treatment with or without hydrochloride
solution enabled detection of mono-RTN3 only or both mono-
RTN3 and HW-RTN3 bands, respectively (Fig. 7D, third and
fourth lanes). This phenomenon indicated that RTN3 aggre-
gates were not stable in this experimental condition, whichmay
explain why RTN3 precipitated with anti-DNP antibody was
mostly monomeric. This result also indicates that diabetes
induces oxidative damage of RTN3 in the brain.
RTN3 Aggregation in SH-SY5Y Cells under Oxidative Stress—

To confirm if oxidative stress or high glucose induced RTN3
aggregation in neurons, we further investigated the changes in
RTN3 expression and protein carbonyls in cultured human
neuroblastoma SH-SY5Y cells after treatment with different
concentrations ofH2O2 or/and glucose. Interestingly, we found
that glucose (25 mM) and/or H2O2 (300 or 500 �M) could sig-
nificantly increase the formation of oxidatively damaged pro-
teins because the numbers and densities of DNP-modified pro-
tein bands were significantly increased compared with controls
(Fig. 8, A and B). Under these experimental conditions, we also

FIGURE 5. Diabetes induced A� generation via increased BACE1 activity
in rat brain. A, Western blots revealed bands for full-length APP (FL-APP),
APP-C99, BACE1-cleaved APP product, and APP-C83, an �-secretase cleaved
product, in the cortex of control (Ctrl) and diabetic (DM) rats. Ratios of densi-
tometry over actin were calculated and are represented graphically for FL-
APP (B), APP-C99 (C), and APP-C83 (D) in the cortex. E, photos show A� immu-
nopositive stained (A��) cells in the cortex of control and diabetic rat brains.
Bar � 100 �m. Diabetes significantly increased the number of A�� cells in
cortical neurons (F) and the amounts of A�40 and 42 in cortical tissues (G). All
values are reported as the means � S.E. (n � 5 per group). * represents p �
0.05 compared with the controls.
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found thatH2O2 and/or high glucose treatment increasedHW-
RTN3 and reduced mono-RTN3 (Fig. 8, C and D). These data
were comparable with the results from the in vivo study as
described above. Therefore, these results suggest that oxidative
damage may induce RTN3 aggregation in diabetic brains.

DISCUSSION

In the present study we used a high fat diet combined with a
single low dose injection of streptozotocin to induce type 2
diabetes with cognitive deficiency in rats, as demonstrated by
blood tests (Fig. 1) and learning andmemory-associated behav-
ioral tests (Fig. 2). With this animal model, we revealed that
diabetes reduced both the expression of monomeric RTN3 and
the inhibitory effect of RTN3 on the activity of BACE1, thus
leading to an increase in A� generation. Furthermore, diabetes
induced RTN3 oxidative damage and oligomer formation,
thereby inducing neuritic dystrophy in the brain. Taken
together, diabetes-induced RTN3 changes may accelerate cen-
tral neuritic dystrophy and further cause dysfunction of synap-
tic transmission and behavioral deficiency.
RTNs regulate neurite growth and synaptic plasticity in nor-

mal brain (37). Among them, RTN3 has been recognized as the
most important RTN protein involved in the pathogenesis of
neurodegenerative diseases. Interestingly, we found that RTN3

participates in the induction of neuronal pathology in diabetic
rat brains because diabetes reduced the levels of monomeric
RTN3 and increased the formation of oligomeric RTN3 (Figs. 3
and 6), which are associated with neurodegeneration and neu-
rological dysfunction (29, 30). In fact, mono-RTN3 endoge-
nously inhibits BACE1 enzyme activity via complex formation
between RTN3 and BACE1 (30, 36). Therefore, mono-RTN3
reduction will theoretically cause an increase in BACE1 activity
andA� generation.We found a decrease in the amounts of both
RTN3 monomer and RTN3-BACE1 complexes (Fig. 4) and an
increase in both the formation of APP-C99, a BACE1 cleavage
product, and A� in diabetic brains (Fig. 5). Thus, these results
suggest that diabetes stimulates BACE1 activity and A� gener-
ation in the brain at least partly via reduction of RTN3 mono-
mer and its binding to BACE1.
Previous studies have demonstrated that RTN3 overproduc-

tion in the brain causes accumulation of RTN3-containing
aggregates in dystrophic neurites, named as RTN3 immunore-
active dystrophy neurites (RIDNs) (29). In this present studywe
detected increased formation of RTN3 aggregates (HW-RTN3)
in diabetic brains (Fig. 3). Moreover, HW-RTN3 could be pre-
cipitated by oligomer antibody and co-localized with oligomer
in neurons (Fig. 6, E–G). Furthermore, we found neuritic dys-

FIGURE 6. Diabetes triggered the formation of RTN3 oligomer aggregates and neuritic dystrophy in rat brain. Double fluorescent immunostaining of
RTN3 with NeuN (A and B), SMI32 (C and D), or oligomer (E and F) in the parietal cerebral cortex of control (A, C, and E) and diabetic rats (B, D, and F). The bar �
100 �m in photos A–D, and the bar � 50 �m in photos (E and F). The images show that RTN3-positive (RTN3�) staining was evenly distributed in neuronal cell
bodies in control rats and co-localized with the neuronal marker, NeuN (A). RTN3� neurites in diabetic rats did not stain with NeuN (B) and SMI32 (D) but were
co-stained by oligomer (F). G, tissue extracts (200 �g of protein) from the cortex were first precipitated (IP) with oligomer antibody (1 �l) and then detected on
Western blots (IB) with RTN3 antibody. An arrowhead in G indicates IgG light chain (ILC). The results showed that HW-RTN3 was present in diabetic rat brains
(input) and could be precipitated by anti-oligomer antibody in diabetic brains tissues (DM) but not in control tissues (Ctrl).
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trophy in diabetic brains, similar to those defined as RIDNs.
Evidence for this includes: 1) immunostaining for SMI32, an
axonal marker, was significantly decreased in diabetic brains,
indicating that axonal degeneration was apparent 2) RTN3 is
normally distributed evenly in neuronal cell bodies and neu-

rites, but in diabetic brains RTN3 became aggregated in neuri-
tis, and 3) SMI32 protein was mainly expressed in neuronal cell
bodies or in neurites without RTN3 aggregates. However,
SMI32 staining was no longer observed in the neurites with
RTN3 aggregates, showing the typical morphology of RIDNs
(Fig. 6). These results demonstrated that neuritic dystrophy
occurred in diabetic brains and was potentially mediated by
endogenous oligomeric RTN3. Taken together, the reduction
of RTN3monomer and increase in RTN3 oligomer may syner-
gistically induce neurotoxicity and neuritic dystrophy in dia-
betic brains.
Next, we studied the mechanisms underlying the changes in

RTN3 expression in diabetic brains. The reduction of RTN3
monomer did not appear to be caused by abnormal transcrip-
tion because RTN3 mRNA expression was similar in both dia-
betic and control rats (Fig. 3). Although the exactmechanism is
unknown, our biochemical results demonstrate that a reduc-
tion of mono-RTN3 is associated with abnormal posttransla-
tional processing. It has been reported that oxidative protein
damage facilitates the formation of protein oligomers (38, 39),
which can further inhibit protein degradation via the protea-
some-mediated proteolytic pathway (40–42). In the present
study, extensive oxidative damage of DNA and proteins in dia-
betic brainswas observed by significantly increased 8-oxo-dG, a
marker of oxidatively damaged DNA (43), and carbonylated
proteins, major products of ROS-mediated oxidation reactions
on proteins (42, 44, 45), respectively (Fig. 7B). Additionally,

FIGURE 7. Diabetes induced an increase in oxidative DNA and protein
damage in rat brain. A, immunostaining for 8-oxo-dG, a marker of oxidative
DNA damage, revealed positive cell staining (8-oxo-dG�) in both control (Ctrl)
and diabetic (DM) brains. Bar � 100 �m. B and C, rat brain extracts were
derivatized with 10 mM DNPH in 2 N HCl and detected with an antibody
against DNP on Western blots to identify protein carbonyls. Western blotting
(IB; B) shows a statistically significant increase in the number and density of
protein carbonyls in DM brain (C). D and E, extracts from rat brains were immu-
noprecipitated (IP) with DNP antibody after DNPH derivatization and then
probed with anti-RTN3 antibody to detect RTN3 carbonyls (first and second
lanes). The results showed that the mono-RTN3 band could be detected in
diabetic brain tissues after immunoprecipitation with DNP antibody, indicat-
ing that diabetes induced the formation of RTN3 carbonyls in brain. RTN3
carbonyls were significantly increased in diabetic brains compared with con-
trols. Treatment of extracts from diabetic brains with vehicle or 2 N HCl
revealed that HW-RTN3 bands could be detected in the control sample (third
lane) but not in the acid-treated sample (fourth lane), suggesting that HW-
RTN3 aggregates were unstable in acidic conditions and dissociated to
mono-RTN3. All values are reported as the means � S.E. (n � 6 per group). *
represents p � 0.05 compared with the controls.

FIGURE 8. High glucose induced the formation of protein carbonyls and
RTN3 aggregates in SH-SY5Y cells. Images representing the detection of
protein carbonyls (A) and RTN3 (C) by Western blotting of the extracts from
SH-SY5Y cells after 1 h of treatment with 300 �M H2O2, 500 �M H2O2, 25 mM

glucose, 300 �M H2O2 � 25 mM glucose, 500 �M H2O2 � 25 mM glucose or
0.5% DMSO. Statistical data of B and D indicated that H2O2 and/or 25 mM

glucose treatment induced significant increases in the amount of protein
carbonyls (DNP) and HW-RTN3 and a decrease in monomeric RTN3 in
SH-SY5Y cells. All values are reported as the means � S.E. (n � 3–5 per group).
* and # represent p � 0.05 versus the control and DMSO, respectively.
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severe oxidative damage of RTN3was indicated by the presence
of carbonylated RTN3 in diabetic brains (Fig. 7D). We treated
the SH-SY5Y neuronal cell line with high glucose and/or
H2O2 treatment to mimic high glucose and oxidative stress
(46–48). Interestingly, we found that such stress conditions
mimicked the effects observed in diabetic brains, i.e.
increased formation of protein carbonyls and HW-RTN3, as
well as a reduction of mono-RTN3 (Fig. 8). Both the in vivo
and in vitro studies demonstrated for the first time that dia-
betes causes the formation of RTN3 aggregates via oxidative
damage in the brain.
The normal morphology of neuronal dendrites and axons is

fundamentally important to the development of neural plastic-
ity, which is critical for maintaining cognitive functions (49).
Here, we observed cognitive deficits in diabetic rats (Fig. 2).
Although the exact mechanism underlying diabetes-induced
cognitive deficits is still unclear, our findings suggest that RTN3
aggregates form in diabetic brain and cause neuritic dystrophy
as indicated by RIDNs, which interrupts axonal and synaptic
transmission. Moreover, A� processing was increased in dia-
betic brains via reduction of mono-RTN3 inhibitory effects on
the activity of BACE1 enzyme. SolubleA� toxicity induces neu-
ronal death via very complex mechanisms (50), including oxi-
dative stress (51, 52). As mentioned above, oxidative stress
induced RTN3 oxidative damage, which stimulated the forma-
tion of RTN3 aggregates and neuritic dystrophy and subse-
quently cognitive deficits. Therefore, diabetes-induced RTN3
oxidative damage may cause a vicious cycle that potentially
accelerates neurodegeneration and cognitive dysfunction.
In the present study we also noticed that the increase of

HW-RTN3- and RIDN-positive neurons could be readily
detected in the cerebral cortex, but was significantly less in the
hippocampus in this animal model (data not shown). This phe-
nomenon might be related to the stages of neuropathogenesis
in the brains after suffering diabetic dementia. PET scanning
showed thatA�deposits aremainly detected around themedial
temporal and parietal cortical regions at the early stage of AD
patients and spread globally to the other brain regions, includ-
ing entire cortical and subcortical regions as well as brain
stem, in the final stage of the disease (53). Moreover, func-
tional magnetic resonance image data also demonstrate that
task deactivation reduction and atrophy occur in the parietal
cortical regions of the patients with mild cognitive impair-
ment (54). Therefore, it is likely that progression of RIDNs
formation in the different brain regions occurs at different
stages of diabetic dementia. Future studies in this area might
help us to find targets to prevent diabetic patients from onset
of dementia.
In conclusion, the present study revealed that diabetes

induces neuritic dystrophy in the brain of rats with cognitive
deficits via protein oxidative damage. RTN3 formed aggre-
gates/oligomers due to oxidative damage, which reduced its
inhibitory effect on BACE1 activity and caused A�-mediated
toxicity that led to neuronal death or neuritic dystrophy. The
present findings provide the first evidence for the occurrence of
RTN3 immunoreactive neuritic dystrophy in diabetic brains.
Our molecular mechanistic study suggests that preventing oxi-

dative damage will protect against neuritic dystrophy and
reduce the risk of dementia for diabetic patients.
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