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Abstract
Recent work suggests that diabetes affects processing of peripheral, spinal and supraspinal signals
in the spinal cord. However, there is little evidence for spinal cord lesions that would account for
alterations in behavioral responses induced by experimental diabetes. Therefore, we assessed the
expression of proteins that might affect neuronal cytoskeletal stability and thus promote dendritic
and synaptic reorganization in diabetic rats. Expression of ILK, PINCH, PI3K, GSK-3β, tau, MAP2,
synaptophysin and drebrin in the lumbar spinal cord of non-diabetic and streptozotocin-diabetic rats
was assessed by western-blot analysis and immunocytochemistry after 8 and 20 weeks of diabetes.
The impact of diabetes on the proteins studied was duration-dependent with changes observed after
20 but not 8 weeks of diabetes. ILK and PINCH proteins levels were significantly decreased and
both colocalized to neurons and oligodendrocytes. PI3K protein levels were also significantly
decreased, while GSK-3β activity tended to be increased. Phosphorylation of tau and MAP2A/B
protein expression were significantly increased, and expression of synaptophysin and drebrin were
reduced in diabetic rats. Decreased ILK and PINCH as well as alterations of components of related
signaling pathways are associated with tau hyperphosphorylation, MAP2 overexpression and
reduction of synaptic proteins in the spinal cord of diabetic rats, suggesting that ILK and PINCH
contribute to stabilization of axonal and dendritic structures. However, these changes are not likely
the cause of altered behavioral responses in diabetic rats that occur after short-term diabetes, but may
contribute to structural changes occurring in long-term diabetes.
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1. Introduction
Neurological complications of both type 1 and type 2 diabetes mellitus affect up to 50% of
those afflicted with diabetes (Thomas PK, 1993) and are associated with a variety of factors,
the most important being poor glycemic control and duration of diabetes (Shaw et al., 2003).
Of those patients with diabetic neuropathy, 10-20% experience abnormal sensations (Boulton
et al., 1983; Partanen et al., 1995), including spontaneous pain, paresthesia, dysethesia,
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hyperalgesia and allodynia, which can have a severe impact on the quality of life (Ahroni et
al., 1994). Clinical observations and studies have not yet established the pathogenesis of painful
diabetic neuropathy, leading to the increased use of experimental animal models of diabetes
to investigate potential mechanisms. While animals are not well suited to study spontaneous
pain, they are appropriate models for investigating altered behavioral responses to thermal,
tactile and chemical stimuli, such as heat-induced hyper or hypoalgesia, touch-evoked
allodynia and formalin-induced hyperalgesia (Calcutt, 2002). These studies have established
the importance of both primary afferent activity and spinal sensitization as components of pain
states, and have generated interest in the spinal cord as a site processing pain-generated
peripheral, spinal and supraspinal signals.

Histological evidence of neuropathy, radiculopathy and myelopathy in diabetic patients has
been well documented (Mizisin AP, 2007). Moreover, MRI scans detect spinal cord atrophy
not only in subjects with clinically detectable diabetic polyneuropathy, but also in those with
sub-clinical diabetic polyneuropathy (Eaton et al., 2001; Selvarajah et al., 2006), consistent
with subtle and early occurring, diabetes-induced changes in spinal cord. In contrast to diabetic
patients, overt structural injury has, at best, been infrequently documented in the peripheral
neuraxis and spinal cord of diabetic rodents (Mizisin AP, 2007). While reduced perikaryal
volume of both sensory and motor neurons has been reported in streptozotocin-diabetic rats
(Sidenius and Jakobsen, 1980), there is no evidence of degenerative changes culminating in
neuronal loss in the dorsal root ganglia or spinal cord gray matter. Presently, there is little
support in the literature for spinal lesions that would account for the changes in behavioral
responses to thermal, tactile and chemical stimuli observed in experimental diabetes. However,
imaging of the spinal cord of streptozotocin-diabetic rats during sensory stimulation shows
decreased blood-oxygen-level-dependent fMRI activity compared to non-diabetic rats, which
may be indicative of changes in synapses between primary afferents and second-order neurons
(Malisza et al., 2009). Thus, in the spinal cord of diabetic rats, it is possible that there are
ultrastructural correlates to altered sensation in the form of dendritic and synaptic
reorganization or changes in the expression and distribution of synaptic proteins, as has been
reported in the hippocampus of streptozotocin-diabetic rats (Grillo et al., 2005; Magarinos and
McEwen, 2000). Changes in ultrastructure or protein expression may translate to alterations
in receptors or channels responsible for spinal sensitization (Mizisin et al, 2008) or disinhibition
(Jolivalt et al. 2008).

Dendritic formation, induced by growth factors and neuronal activity, requires signaling
through phosphoinositide 3-kinase (PI3K) (Delcommenne et al., 1998), integrin-linked kinase
(ILK) and glycogen-synthase kinase 3β (GSK-3β) (Naska et al., 2006). ILK interacts with
transmembrane β1 and β3 integrin receptors through its COOH terminus, with the Particularly
Interesting New Cystine-Histine rich protein (PINCH) (Rearden, 1994) via its ankyrin-repeat
domain, and with phosphatidylinositol phosphates via the PH domain motif (Delcommenne et
al., 1998; Hannigan et al., 1996; Hannigan and Dedhar, 1997). ILK-PINCH interactions link
integrins and growth factors to intracellular signals that regulate actin assembly (Attwell et al.,
2003; Filipenko et al., 2005; Qian et al., 2005; Wu and Dedhar, 2001; Yamaji et al., 2004) and
ILK-GSK3 interactions promote inactivation of GSK3 and cytoskeletal stability (Naska et al.,
2006). Activators of PI3K and thus modulators of ILK activity include growth factors, such as
NGF and insulin, cytokines and extracellular matrix (Downward, 1998; King et al., 1997; Kok
et al., 2009). Given the insulin deficiency in type 1 diabetes, impaired signaling through ILK
and/or PINCH pathways might affect neuronal cytoskeletal stability and thus promote dendritic
and synaptic reorganization, possible correlates to the altered behavioral responses to thermal,
tactile and chemical stimuli observed in diabetic rodents. Therefore, we examined the
expression of ILK and PINCH, and related upstream (PI-3K) and downstream (GSK-3β)
signaling pathways, as well as markers of the neuronal cytoskeleton (tau and MAP2), and
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dendritic and synaptic organization (drebrin and synaptophysin) in the lumbar spinal cord of
non-diabetic and streptozotocin-diabetic rats.

2. Results
2.1. Animals

Eight and 20-week diabetic rats exhibited hyperglycemia 4 days after streptozotocin injection
and at sacrifice (8 weeks: non-diabetic: 152±6 mg/dl and diabetic: >600 mg/dl; 20 weeks: non-
diabetic: 112±20 mg/dl and diabetic: 480±19 mg/dl) and had significantly (p<0.05) lower body
weight than age-matched non-diabetic rats (8 weeks: non-diabetic: 261±3g and diabetic: 203
±8g; 20 weeks: non-diabetic: 284±6 g and diabetic: 224±10 g).

2.2. Actin levels in diabetic rat spinal cord
For western-blot analysis, the intensity of the bands corresponding to each protein of interest
was normalized against the intensity of the band corresponding to actin. However, because
actin is a structural protein that might be affected by diabetes, we confirmed that actin levels
were unchanged in 20-week diabetic and age-matched non-diabetic rat spinal cord by
normalizing the data to the intensity of the band corresponding to cyclophilin B, a protein
whose DRG mRNA is unaffected by diabetes (Dr. D. Tomlinson personal communication).
The ratio of actin/cyclophilin in spinal cord samples was 100±3.1% for non-diabetic and 99.9
±2.5% for diabetic rats.

2.3. PINCH and ILK in diabetic rat spinal cord
PINCH 38kDa and PINCH 70kDa are both present in rat lumbar spinal cord and their protein
levels were significantly reduced by 42% (p<0.001) and 45% (p<0.001), respectively, in spinal
cord from 20-week diabetic rats, compared to that from non-diabetic rats (Fig. 1A). No
significant changes of PINCH 38kDa and PINCH 70kDa protein levels were observed in
lumbar spinal cord from 8-week diabetic rats (data not shown). Similarly, ILK protein levels
were significantly decreased by 19% (p<0.01) in 20-week diabetic rat lumbar spinal cord
compared to the control cord (Fig. 1B), whereas in 8-week diabetic rats, ILK protein levels
were unchanged (data not shown).

Immunocolocalization studies showed that PINCH immunoreactivity is present in neurons
throughout gray matter (Fig. 2A-C) and in oligodendrocytes throughout white matter (Fig. 2D-
F), but not in astrocytes and microglia (data not shown). Double immunostaining revealed co-
localization of ILK and PINCH in neurons throughout gray matter (Fig. 3A-C) and
oligodendrocytes throughout white matter (Fig. 3D-F).

2.4. PI3K/GSK3 signaling pathway in diabetic rat spinal cord
Although there were no changes after 8 weeks of diabetes (data not shown), PI3K protein levels
were significantly reduced by 21% (p<0.005) in 20-week diabetic rat lumbar spinal cord,
compared to non-diabetic spinal cord (Fig. 4A). Phosphorylation of GSK3β, a downstream
element of the PI3K pathway, was reduced by 10% (p=0.054) at the serine 9 inactivating site.
Reduced phosphorylation of GSK3β represents increased activity of this kinase, as confirmed
by the 16% (p=0.053) increase of GSK3β phosphorylation at the tyrosine 216 activating site
(Fig. 4B), while total GSK3 protein levels were unchanged.

2.5. Microtubule-associated proteins in diabetic rat spinal cord
In lumbar spinal cord from 20-week diabetic rats, western-blot analysis of tau showed a 55%
increase (p<0.05) of its phosphorylation at threonine 231, a site phosphorylated by GSK3,
compared to cord from non-diabetic rats (Fig. 5A). A 3-fold increase (p<0.05) in Microtubule-
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Associated Protein 2A/B (MAP2A/B) expression was also observed in lumbar spinal cord from
20-week diabetic rats, compared to that from non-diabetic rats (Fig. 5B), whereas in 8-week
diabetic rats, MAP 2A/B protein levels were undetectable in both non-diabetic and diabetic rat
spinal cord homogenates (data not shown). MAP 2C/D proteins were detectable after 8 and 20
weeks of diabetes but expression levels were not different between non-diabetic and diabetic
rats at both time points (data not shown).

2.6. Synaptic proteins in diabetic rat spinal cord
Compared to non-diabetic rats, the presynaptic protein, synaptophysin, was significantly
(p<0.05) reduced by 31% in 20-week diabetic rat lumbar spinal cord (Fig. 6A). A 17%
reduction (p=0.060) in drebrin, a postsynaptic dendritic spine protein, was also observed in
lumbar spinal cord from 20-week diabetic rats, compared to non-diabetic rats (Fig. 6B).
Synaptophysin and drebrin protein levels were similar in non-diabetic and 8-week diabetic rat
spinal cord (data not shown).

3. Discussion
Here we have examined the impact of diabetes on the expression of ILK, PINCH, components
of signaling pathways involved in regulating neuronal cytoskeletal stability (PI-3K and
GSK-3β), and markers of the neuronal cytoskeleton (tau and MAP2) as well as dendritic and
synaptic organization (synaptophysin and drebrin) in the spinal cord. PINCH and ILK were
colocalized in neurons and oligodendrocytes of lumbar spinal cord, consistent with previous
studies where ILK immunoreactivity was demonstrated in neuronal cell bodies and dendrites
(Mills et al., 2003), and in oligodendrocytes in white matter tracts (Chun et al., 2003). While
diabetes did not alter the cellular distribution of PINCH and ILK in the lumbar spinal cord,
expression of these proteins was significantly reduced in insulin-deficient diabetic rats, as we
have shown previously for other proteins, such as the potassium-chloride transporter KCC2
(Jolivalt et al., 2008b). The impact of diabetes on the proteins studied was duration dependent
with changes in protein expression observed only after 20 weeks of hyperglycemia, suggesting
these changes are not likely to account for altered behavioral responses to thermal, tactile and
chemical stimuli that appear after 4-8 weeks of diabetes. Several studies have suggested that
streptozotocin diabetes induces presynaptic and postsynaptic neuronal modifications in rat
hippocampus (Biessels et al., 1998; Grillo et al., 2005; Magarinos et al., 1997; Magarinos and
McEwen, 2000; Magarinos et al., 2001), which may be indicative of ongoing changes in
synaptic plasticity. Our current study documents changes in dendritic (MAP2, drebrin) and
synaptic (synaptophysin) proteins in the spinal cord of streptozotocin-diabetic rats, indicating
possible diabetes-induced alterations in spinal cord plasticity.

The basis for the diabetes-induced reduction in ILK and PINCH observed here in the lumbar
spinal cord is unknown, although altered neurotrophic support and/or oxidative stress may be
involved. Growth factor support, in particular insulin, is deficient in type 1 diabetes (Sima,
2003) and might lead, via a reduced stimulation of the PI3K pathway, to reduced ILK activity
(Attwell et al., 2003; Delcommenne et al., 1998; Mills et al., 2003). Attenuated PI-3K pathway
activity is not only reduced in diabetic spinal cord, but also in the vagus nerve and vagus afferent
neurons in 16-week diabetic rats (Cai et al., 2003) as well as in the brain of diabetic mice,
where reductions result from impaired insulin signaling via the insulin receptor pathway
(Jolivalt et al., 2008a). Increased oxidative stress plays also an important role in diabetic
neuropathy (Pop-Busui et al., 2006). As oxidative stress impacts ILK expression in neuronal
cells after ischemia (Saito et al., 2006), the oxidative stress associated with diabetes may also
contribute to a reduction of ILK in the spinal cord of diabetic rats observed in this study.

Although ILK (Chun et al., 2003; Pereira et al., 2009) and integrins (Baron et al., 2005; Relvas
et al., 2001) are essential for myelin formation during development, a function for ILK and
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integrin related to myelination in adult nerve has not been evaluated. While autopsy studies of
diabetic patients reveal demyelination in white matter of the spinal cord (Deng et al., 2002;
Reske-Nielsen and Lundbaek, 1968; Slager and Webb, 1973; Slager, 1978), demyelination in
the cord is not a feature of experimental diabetes (Mizisin AP, 2007), prompting us to focus
on other downstream pathways as well as markers of the neuronal cytoskeleton, and dendritic
and synaptic organization. Among several other targets, GSK3 is a downstream effector of
ILK. A reduced level of ILK in diabetic rat spinal cord may lead to a reduced inactivating
phosphorylation of GSK3, resulting in its activation. Active GSK3 phosphorylates, among
other proteins, the microtubule-associated protein, tau, resulting in its impaired capacity to
bind to axonal microtubules ((Hong et al., 1997; Hong and Lee, 1997). Consistent with a
reduced ILK expression and with our findings in the brain of STZ-diabetic mice (Jolivalt et
al., 2008a), GSK3 activity tends to be increased and tau phosphorylation is increased in 20-
week diabetic rat lumbar spinal cord. Our data are supported by in vitro studies showing
increased GSK3 activity leading to tau hyperphosphorylation after inhibition of ILK in
neuronal cells (Mills et al., 2003) or in a dominant-negative ILK neuroblastoma cell line (Ishii
et al., 2003).

The demonstration that ILK-GSK3 pathway is central to the regulation of dendrite formation
(Naska et al., 2006) prompted us to study dendritic and synaptic proteins in the spinal cord of
diabetic rats. Complementary to tau's role in neuronal plasticity, high molecular weight MAP2
(MAP2A/B) promotes assembly and stability of microtubules in dendrites (Caceres et al.,
1983; Matus, 1988; Matus, 1994). As in rat hippocampus (Grillo et al., 2005), MAP2 protein
expression is significantly increased in lumbar spinal cord of diabetic rats, consistent with an
increased expression of genes related to cytoskeletal organization and biogenesis, and
microtubule-based processes in diabetic rat DRG (Price et al., 2006). Similar to the plastic
reorganization that takes place in the hippocampus of diabetic rats (Grillo et al., 2005), the
increased expression of MAP2 may be indicative of an early phase of dendritic retraction, or
defective organization of the cytoskeleton in the spinal cord of diabetic rats. In addition to their
related sequences, MAP2 can be sequestered by hyperphosphorylated tau, as shown in
Alzheimer's disease (Alonso et al., 1997), and thus detached from microtubules. Sequestration
of MAP2 may contribute to increased microtubule dynamics and thereby induce aberrant
remodeling of dendrites, as suggested by the reduced complexity of the apical dendritic
arborization in the hippocampus of streptozotocin-diabetic rats (Magarinos et al., 2001) and
as described in the brain in early Alzheimer's disease (Arendt, 2001).

Changes in neuroplasticity in diabetic rat lumbar spinal cord are also supported by a reduction
of drebrin protein levels, which may contribute to destabilization of the cytoskeleton, as this
protein is involved in the control of actin dynamics (Hayashi et al., 1996; Shirao and Obata,
1985). Synaptophysin protein levels, a marker of synaptic integrity, are decreased in lumbar
spinal cord from 20-week diabetic rats, as in the brain of genetically aged diabetic rats (Li et
al., 2007) and diabetic mice displaying cognitive deficits (Francis et al., 2008). In contrast,
synaptophysin mRNA levels are significantly increased in early diabetes in the brain and DRG
of rats (Grillo et al., 2005; Price et al., 2006). This difference disappeared after 8 weeks of
diabetes (Price et al., 2006), suggesting an early compensatory increase in synaptophysin
protein levels followed by a failure to compensate that, with the changes in other protein levels
demonstrated in this study, may lead to a loss of synapse integrity in the diabetic rat spinal
cord.

In summary, reduction of ILK and PINCH protein levels in diabetic spinal cord may lead to
tau hyperphosphorylation, MAP2 overexpression, and reduction of synaptic proteins,
suggesting a role for ILK-PINCH in the stabilization of axonal and dendritic structures.
Presently it is not clear if these changes in protein expression precede, are co-incident with or
are a consequence of alterations in synaptic ultrastrastructure. Further studies using insulin

Jiang et al. Page 5

Brain Res. Author manuscript; available in PMC 2011 May 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment and inhibitors of the signaling pathways explored here are clearly warranted.
Nevertheless, altered expression of the proteins studied after 20 weeks of diabetes is not likely
to account for the abnormal behavioral responses to thermal, tactile and chemical stimuli that
appear after 4 to 8 weeks of diabetes. Finally, insulin-deficient diabetes may impair neuronal
plasticity at the spinal cord level by precipitating long-term structural alterations in patients
with well-established diabetes.

4. Experimental procedures
4.1. Animals

The study was performed using adult female Sprague-Dawley rats (Harlan Industries, San
Diego, CA). Animals were housed 2-3 per cage with free access to food and water, and
maintained in a vivarium approved by the American Association for the Accreditation of
Laboratory Animal Care. The study was carried out according to protocol approved by the
Institutional Animal Care and Use Committee of the University of California, San Diego in
accordance with the National Institutes for Health guide, ‘Principles of Laboratory Animal
Care, 1985 revised version’.

4.2. Induction of diabetes
All procedures have been described in detail elsewhere (Calcutt, 2004). Briefly, insulin-
deficient diabetes was induced following an overnight fast by a single intra-peritoneal injection
(50 mg/kg dissolved in 0.9% sterile saline) of streptozotocin (Sigma, St. Louis. MO, USA).
Hyperglycemia (>15 mmol/l or >270 mg/dl) was confirmed 4 days after streptozotocin
injection and at the end of the study using a strip-operated reflectance meter in a blood sample
obtained by tail prick. All streptozotocin-treated rats exhibited blood glucose levels higher than
270 mg/dl on these two occasions. Animals were observed daily and weighed regularly during
the 8- or 20-week study period. The 8-week time point was chosen to represent an early stage
of diabetes where tactile allodynia and formalin hyperalgesia are present, while the 20-week
time-point was chosen to represent a more chronic diabetes where all these behaviors, including
thermal hypoalgesia, are well-established.

4.3. Western blotting
After 8 or 20 weeks of diabetes, rats were sacrificed by decapitation under isoflurane anesthesia.
Spinal cords were obtained by hydraulic extrusion with saline and the lumbar enlargements
were homogenized in buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 0.5% Triton X, 1 mM
EDTA, protease inhibitor cocktail), centrifuged (13 000 ×g, 4°C) and stored in aliquots at -80°
C. Lumbar spinal cord was chosen because sensory afferents innervating the hindlimbs and
feet synapse in the lumbar dorsal horn. Protein concentration was assessed using the
bicinchoninic acid method (BCA protein assay kit, Pierce, Rockford, IL, USA). Five to 20 μg
of the clear extract was prepared in Laemmli LDS sample buffer (Invitrogen, Carlsbad, CA,
USA). A fraction of the crude homogenate was boiled for 5 minutes under detergent-free
conditions and insoluble material removed from the heat-stable supernatant by centrifugation
for 30 minutes. Heat-stable supernatants (5μg protein) were prepared with an equal volume of
Laemmli SDS sample buffer for western-blotting of tau. Proteins were then separated on 4-12%
Bis-Tris gels (Novex, Invitrogen, Carlsbad, CA, USA) and immunoblotted on nitrocellulose.
Membranes were incubated with antibodies to ILK, PINCH, PI-3K, phosphorylated GSK3 α/
β, phosphorylated GSK3 α/β activating site, GSK3 α/β, phosphorylated tau and Tau-5, MAP2,
synaptophysin, drebrin, cyclophilin B, or actin (Table 1), followed by incubation with
horseradish peroxidase-linked anti-rabbit or anti-mouse secondary antibody (1:10 000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA).
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Blots were developed using an enhanced-chemiluminescence western-blot protocol
(Amersham Pharmacia Biotech, Little Chalfont, UK). For sequential analysis of western-blot
membranes, previously bound antibodies were removed with stripping buffer (0.2-mol/l
glycine, pH 2.5, 0.05% Tween 20). Quantification of immunoreactivity was performed by
densitometric scanning using Quantity One software (BioRad, San Diego, CA, USA). For each
animal, band intensities were normalized by calculating the ratio of the intensity of the band
corresponding to the protein of interest to the density of the band corresponding to actin. To
allow grouping of samples run on different gels, actin-normalized densitometric measures of
band density for each animal were expressed as a percentage of the group mean of all samples
from control rats present on the same gel.

4.4. Immunocytochemistry
Non-diabetic and diabetic rats were anesthetised by an intraperitoneal injection (2 ml/kg) of a
cocktail containing pentobarbital (12.5mg/ml) and diazepam (1.25mg/ml) in sterile saline.
While deeply anesthetized, cardiac perfusion was performed using 50 ml of 0.9% saline,
followed by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) (pH
7.4). Immediately after the perfusion, lumbar spinal cord was dissected and post-fixed in 4%
paraformaldehyde at 4°C for 3 hours, cryoprotected by immersion in 0.1 M PBS (pH 7.4)
containing 30% sucrose for 48 hours at 4°C, embedded in OCT medium, and stored at -20°C.

To minimize effects resulting from variability in stain intensity, non-diabetic and diabetic
tissues were stained side-by-side at the same time. Floating 14-μm-thick sections of spinal
cords were immunostained prior to mounting on superfrost slides. The presence and cellular
distribution of PINCH and ILK in non-diabetic and diabetic animals was compared using
immunofluorescence. After washing with 0.05 M Tris buffer solution (TBS) (pH 7.6), sections
were blocked with 10% normal goat serum (NGS) containing 0.3% Triton-X. Thereafter,
sections were incubated with primary antibodies to ILK and PINCH (Table 1) diluted in a
medium containing 5% NGS and 0.3% Triton-X overnight at 4°C. Sections were then incubated
with goat anti-mouse Alexa-594 (1:500; Molecular Probes, Eugene, OR, USA) or goat anti-
rabbit Alexa-488 (1:500; Molecular Probes, Eugene, OR, USA) for 2 hours. All sections were
mounted in anti-fade mounting medium (Molecular Probes), cover-slipped and examined using
fluorescence microscopy (Olympus BX41).

To identify the ILK- and PINCH-immunoreactive cell types in spinal cord, double
immunofluorescent labeling was performed with antibodies against NeuN, GFAP, APC-Ab7
and CD11b, markers of neurons, astrocytes, oligodendrocytes, and microglia, respectively
(Table 1). Double immunofluorescent labeling was also performed to identify the co-
expression of ILK and PINCH (Table 1). After overnight incubation with ILK antibodies at 4°
C, sections were next incubated with goat anti-mouse Alexa-594 (1:500; Molecular Probes,
Eugene, OR) for 2 hours. Sections were then incubated with the PINCH antibody overnight at
4°C, followed by incubation with goat anti-rabbit Alexa-488 (1:500; Molecular Probes).

4.5. Statistical analysis
Data are expressed as group mean ± SEM and differences between non-diabetic and diabetic
groups were analyzed by two-tailed, unpaired t-tests.
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ILK integrin-linked kinase

MAP2 microtubule-associated protein 2

PINCH Particularly Interesting New Cystine-Histine rich protein

PI3K phosphoinositide 3-kinase
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Fig. 1.
Protein levels of PINCH and ILK in lumbar spinal cord of non-diabetic control (C) and 20-
week diabetic (D) rats. A: Intensity of bands corresponding to PINCH 70kDa normalized to
the intensity of bands corresponding to actin. B: Intensity of bands corresponding to ILK
normalized to the intensity of bands corresponding to actin. Data are represented as mean +
SEM, n=6, **p<0.01, ***p<0.001 using unpaired, two-tailed t-test.
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Fig. 2.
Immunoreactivity of PINCH in lumbar spinal cord. PINCH is coexpressed with NeuN in dorsal
horn gray matter (A, B, C) and with APC in white matter (D, E, F), localizing PINCH in spinal
cord to neurons and oligodendrocytes. Bar = 40μm. Inset in A: low-power view of the dorsal
horn immunostained for PINCH, with the approximate location of higher-power images
delimited by the white square.
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Fig. 3.
Immunoreactivity of ILK in lumbar spinal cord. ILK is present in dorsal horn gray matter (A)
and in white matter (D). Similarly, PINCH immunoreactivity is present in dorsal horn gray
matter (B) and in white matter (E). Note the coexpression of ILK and PINCH in both gray
matter (C) and white matter (F). Bar = 40μm. Inset in A: low-power view of the dorsal horn
immunostained for ILK, with the approximate location of higher-power images delimited by
the white square.
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Fig. 4.
Protein levels of PI3K and phosphorylation levels of GSK3 in lumbar spinal cord of non-
diabetic control (C) and 20-week diabetic (D) rats. A: Intensity of bands corresponding to PI3K
normalized to the intensity of bands corresponding to actin. B: Intensity of bands corresponding
to phosphorylated GSK3 at ser9 (inactivating site) and at Tyr 216 (activating site) normalized
to the intensity of bands corresponding to total GSK3. Bands corresponding to total GSK3
were normalized to bands corresponding to actin. Data are represented as mean + SEM, n=6,
**p<0.01 using unpaired, two-tailed t-test.
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Fig. 5.
Phosphorylation levels of tau and protein level of MAP2A/B in lumbar spinal cord of non-
diabetic control (C) and 20-week diabetic (D) groups. A: Intensity of bands corresponding to
phosphorylated tau (threonine 231) normalized to the intensity of bands corresponding to total
tau. B: Intensity of bands corresponding to MAP2A/B normalized to the intensity of bands
corresponding to actin. Data are represented as mean + SEM, n=6, *p<0.05 using unpaired,
two-tailed t-test.
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Fig. 6.
Protein levels of synaptophysin and drebrin in lumbar spinal cord of non-diabetic control (C)
and 20-week diabetic (D) groups. A: Intensity of bands corresponding to synaptophysin
normalized to the intensity of bands corresponding to actin. B: Intensity of bands corresponding
to drebrin normalized to the intensity of bands corresponding to actin. Data are represented as
mean + SEM, n=6, *p<0.05 using unpaired, two-tailed t-test.
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Table 1

Primary antibodies used for western blotting and immunocytochemistry.

Antibody Dilution Protein/Marker Source

Western blotting

 Anti-ILK (rabbit polyclonal) 1:1000 ILK Upstate, Temecula, CA

 Anti-PI-3K (rabbit polyclonal) 1:5000 PI-3K p85 subunit Upstate, Temecula, CA

 Anti-phosphorylated GSK3 α/β 1:1000 GSK3 α/β phospho Ser21/Ser9 Cell Signaling Technology, Beverly,
MA

 Anti-phosphorylated GSK3 α/β activating site 1:1000 GSK3 α/β activating site phospho
Tyr279/Tyr216

Abcam Inc., Cambridge, MA

 Anti-phosphorylated tau/Tau-5 1:3000 Tau/tau-5 phosph Thr231 Biosource, Camarillo, CA

 Anti-GSK3 α/β 1:10000 GSK3 α/β Upstate, Temecula, CA

 Anti-MAP2 1:500 MAP2 Cell Signaling Technology, Beverly,
MA

 Anti-Synaptophysin 1:10000 Synaptic organization Chemicon International, Temecula,
CA

 Anti-Drebrin 1:1000 Dendrite organization Abcam Inc., Cambridge, MA

 Anti-Actin 1:2000 Actin Sigma, St. Louis, MO

 Anti-Cyclophilin 1:5000 Cyclophilin Abcam Inc., Cambridge, MA

Immunocytochemistry

 Anti-ILK (mouse monoclonal) 1:10 ILK Upstate, Temecula, CA

 Anti-PINCH (rabbit polyclonal) 1:500 PINCH Ann Rearden

 Anti-NeuN (rat monoclonal MAB377) 1:2000 Neurons Chemicon International, Temecula,
CA

 Anti-GFAP (mouse monoclonal MAB360) 1:2000 Astrocytes Chemicon International, Temecula,
CA

 Anti-APC-Ab7 (OP80) 1:500 Oligodendrocytes Calbiochem, San Diego, CA

 Anti-CD11b (ARS1122) 1:50 Microglia Biosource, Camarillo, CA
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