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Abstract
Clinical evidence has shown a correlation between Parkinson’s Disease (PD) and Type 2 Diabetes
(T2D), as abnormal glucose tolerance has been reported in >50% of PD patients. The development
of insulin resistance and the degeneration of nigrostriatal dopamine (DA) neurons are both mediated
by oxidative mechanisms, and oxidative stress is likely a mechanistic link between these pathologies.
Although glucose uptake in neuronal tissues is primarily non-insulin dependent, proteins involved
in insulin signaling, such as insulin receptor substrate 2 (IRS2) and glucose transporter 4 (GLUT4),
are present in the basal ganglia. The purpose of this study was to determine whether nigrostriatal DA
depletion affects measures of insulin resistance in the striatum. Six weeks after 6-hydroxydopamine
(6-OHDA) infusion into the medial forebrain bundle, rats were classified as having either partial
(20–65%) or severe (90–99%) striatal DA depletion. Increased IRS-2 serine phosphorylation, a
marker of insulin resistance, was observed in the DA depleted striatum. Additionally, severe
depletion resulted in decreased total IRS-2, indicating possible degradation of the protein. Decreased
phosphorylation of AKT and expression of the kinase glycogen synthase kinase-3 alpha (GSK3-α)
was also measured in the striatum of severely DA depleted animals. Finally, expression of heat shock
protein 25 (hsp25), which is protective against oxidative damage and can decrease stress kinase
activity, was decreased in the striatum of lesioned rats. Together, these results support the hypothesis
that nigrostriatal DA depletion impairs insulin signaling in the basal ganglia.
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I. Introduction
Parkinson’s disease (PD) is characterized by degeneration of dopaminergic neurons projecting
from the substantia nigra pars compacta (SNpc) to the striatum. This degeneration results in
decreased striatal dopamine (DA) content, aberrant neurotransmission throughout the basal
ganglia, and motor dysfunction. PD patients also exhibit autonomic and endocrine deficits,
such as glucose intolerance and diabetes (Barbeau and Pourcher, 1982; Boyd et al., 1971;
Lipman et al., 1974). Insulin resistance, often characterized by impaired insulin signal
transduction, diminished glucose uptake, and dysregulated energy metabolism, is frequently
preceded by glucose intolerance and can lead to the development of Type 2 Diabetes (T2D).

Clinical studies have revealed a high incidence of glucose intolerance (>50%) in PD (Sandyk,
1993). It has been shown that patients with PD exhibit increased autoimmune reactivity to
insulin (Wilhelm et al., 2007), and that PD patients with diabetes have increased PD disease
severity (Papapetropoulos et al., 2004). Co-morbidity of PD and T2D is also correlated with a
significant increase in the cost of care of affected individuals (Pressley et al., 2003).
Hyperglycemia has been suggested to decrease the effectiveness of levodopa (L-DOPA)
therapy and increase motor dyskinesias experienced by PD patients (Sandyk, 1993). Further,
L-DOPA therapy may exacerbate hyperinsulinemia and hyperglycemia in PD patients (Boyd
et al., 1971; Sirtori et al., 1972), possibly by diminishing peripheral glucose disposal in skeletal
muscle (Smith et al., 2004). An early marker for the development of peripheral glucose
intolerance may be insulin resistance in neural tissues. Hypothalamic parasympathetic nerves
affect insulin release by beta cells, while sympathetic nerves act directly on the liver to affect
hepatic glucose metabolism (reviewed in (Uyama et al., 2004)). Thus, it is important to
understand the mechanistic link between nigrostriatal DA depletion and CNS insulin signaling.

Studies indicate a role for insulin signaling in the basal ganglia. Insulin receptors co-localize
with neurons containing tyrosine hydroxylase in the SNpc (Figlewicz et al., 2003; Moroo et
al., 1994), and mRNA for insulin receptor is present in human SN (Takahashi et al., 1996).
Insulin receptor substrate 2 (IRS2) is also present in the CNS and functions to couple insulin
receptor activation to signaling via the IRS-PI3K pathway (Porte et al., 2005). Finally,
localization of the insulin-dependent glucose transporter GLUT4 to the brain, including basal
ganglia nuclei (El Messari et al., 1998), suggests an important role for insulin signaling in
neuronal function. Despite these findings and their clinical implications, preclinical studies
examining relationships between nigrostriatal DA depletion and insulin resistance in animal
models are lacking.

The purpose of the current study was to test the hypothesis that nigrostriatal dopamine depletion
following unilateral 6-hydroxydopamine (6-OHDA) infusion would impair insulin signaling
in the basal ganglia. The unilateral 6-OHDA-treated rat is perhaps the most widely studied
preclinical model of PD, and the effects of this model on nigrostriatal DA are well documented
(Schober, 2004; Yuan et al., 2005). Because insulin resistance has been tied to a post-insulin
receptor defect in insulin signaling (Fink et al., 1983), in the current study we measured the
expression and activation of proteins involved in post-receptor insulin signaling, including
IRS2, AKT, JNK, GSK3-α/β, and Hsp25. To our knowledge, this study is the first to assess
brain insulin signaling in the 6-OHDA preclinical model of PD.

2. Results
2.1. Body weight

The Fisher 344 rats used in this experiment had an average initial body weight of 306.3 ± 8.3g.
All three groups gained weight over a period of 6 weeks post-lesion. On average, the percent
weight gain was 6.2% for sham lesioned rats, 4.9% for rats with partial DA depletion, and 5.5%
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for rats with severe DA depletion. The between-groups differences in weight gain were not
significant at 6 weeks post-lesion (p>0.05).

2.2. DA depletion
Values for DA and its metabolite dihydroxyphenylacetic acid (DOPAC) in the striatum of
animals in each group are given in Table 1. Striatal DA depletion following 6-OHDA ranged
from 20–99% (Figure 1). This range is consistent with previous studies using this protocol
(Hudson et al., 1993). As previous studies have done (Skitek et al., 1999), we assigned
individual rats to groups based on striatal DA depletion levels. Rats exhibiting partial DA
depletion (20–65%) were included in the “partial depletion” group (n=6). This group was
compared to rats with DA depletions of greater than 90% (n=8), the “severe depletion” group
(figure 1). The mean DA depletion for the partial depletion group was 37.6% ± 13.9, while the
mean DA depletion for the severe depletion group was 98% ± 2.7%.

2.3. Intraperitoneal glucose tolerance test (IPGTT)
An IPGTT was performed to determine if severe DA depletion affects peripheral glucose
tolerance six weeks post-lesion. An IPGTT was not performed on partially lesioned animals.
Both serum insulin levels (figure 2A) and blood glucose levels (figure 2B) were measured. A
multivariate repeated measures analysis showed no difference in either insulin or glucose levels
between groups over the course of the test. However, at one timepoint, (15 minutes), the
severely depleted group exhibited an increase in serum insulin that approaches significance
(p=0.06) that is reflected by a significant decrease in blood glucose (p=0.04). No differences
were observed between groups at any other timepoint.

2.4. Serine phosphorylation of IRS1 and IRS2
Six weeks post-lesion, rats exhibiting severe DA depletion showed a 69% increase in striatal
IRS2 serine phosphorylation (F=4.238, p=0.03) when compared to both sham lesioned controls
(figure 3A). IRS2 serine phosphorylation was also increased with partial DA depletion,
although this increase was not significant when compared to the control group. Serine
phosphorylation of IRS1 was not significantly different between sham lesion control rats and
rats in either lesion group (figure 4A).

2.5. IRS1 and IRS2 protein levels
Serine phosphorylation of IRS1 and IRS2 proteins can result in protein degradation (Kim et
al., 2005; Rui et al., 2001). Thus, we evaluated the three experimental groups for total IRS
protein content. As expected, the severe DA depletion group that exhibited increased serine
phosphorylation also displayed a 47% decrease in total IRS2 protein compared to sham
lesioned control rats and a 49% decrease when compared to partially depleted animals
(F=3.603, p=0.05) (figure 3B). IRS2 protein content was not significantly different between
the control group and rats exhibiting partial DA depletion. IRS1 total protein levels were not
significantly different between any groups (figure 4B).

2.6. Downstream insulin signaling affects
Protein kinase B (AKT) is a major mediator of insulin signaling that functions downstream of
IRS proteins (van der Heide et al., 2006). AKT is activated by phosphorylation in response to
insulin, and AKT phosphorylation can be used to gauge insulin sensitivity. We observed a 59%
decrease in AKT phosphorylation in severely depleted rats compared to sham lesioned controls,
(figure 5A) which was statistically significant (H=6.224, p=0.04). No significant difference in
AKT phosphorylation was observed between partially depleted rats and sham lesioned
controls.
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2.7. Measures of cellular stress
Activation of stress kinases, such as c-Jun N-terminal kinase (JNK) or glycogen synthase kinase
3 (GSK3) in response to a 6-OHDA lesion could contribute to the observed increase in serine
phosphorylation in lesioned rats. Lesioned rats exhibiting high levels of DA depletion showed
a non-significant increase in JNK phosphorylation six weeks post-lesion (figure 5B).
Phosphorylation of GSK3-α and GSK3-β isoforms was also examined. Decreased GSK3
phosphorylation indicates increased kinase activity (Henriksen et al., 2003). A non-significant
decrease in GSK3-α and GSK3-β phosphorylation was observed in both partial and severe
depletion groups (figure 6A and 6C). However, a significant decrease in GSK3-α protein
expression (H=6.353, p=0.04) was observed in rats exhibiting both partial and severe DA
depletion (Figure 6B). GSK3-β expression was not statistically different between either
depletion group and control rats (figure 6D). Both depletion groups showed a significant
decrease (H=8.894, p=0.02) in Hsp25 expression. Hsp25 was decreased by 43% in severely
depleted rats and 59% in partially depleted animals compared with control rats (figure 7).

3. Discussion
We report here effects on insulin signaling pathways in the basal ganglia following nigrostriatal
DA depletion. Signs of impaired insulin signaling in the basal ganglia in rats with severe DA
depletion included increased serine phosphorylation of IRS2, decreased IRS2 protein content,
and decreased AKT phosphorylation. Decreased GSK3-α and Hsp25 expression were also
observed in this group. Animals in the partial depletion group exhibited decreased GSK3-α
and Hsp25 expression without a significant effect on IRS2 phosphorylation or expression or
AKT phosphorylation. Additionally, a non-significant increase in JNK activation was observed
with severe DA depletion, and a non-significant increase in GSK3-α and GSK3-β activation
was observed in both depletion groups. At six weeks, no difference in peripheral glucose or
insulin levels existed between severely depleted rats and controls over the course of an IPGTT,
indicating that a dysfunction in brain insulin signaling may precede changes in peripheral
glucose tolerance.

The mechanisms and pathways involved in insulin signal transduction are similar for the
periphery and the brain (Reagan, 2005). Insulin signaling requires interactions between IRS
proteins and insulin receptor, and these interactions are mediated by the phosphorylation of
IRS proteins on tyrosine residues (White, 1998). This process also allows for the binding of
effector proteins. Although four IRS isoforms exist, IRS3 and IRS4 are thought to play only
minor roles in insulin signaling (Sykiotis and Papavassiliou, 2001) and were not measured in
the current study. Conversely, IRS1 and IRS2 are expressed in most tissues and modulate the
majority of the insulin signaling in the body (White, 2002). IRS1 is most important in skeletal
muscle signaling (Sykiotis and Papavassiliou, 2001), where it has been extensively
characterized. Studies have shown IRS2 likely plays a more prominent signaling role in tissues
such as liver, pancreas, and brain (Dong et al., 2006; Lin et al., 2004; Taguchi et al., 2007),
where its role has been most thoroughly characterized in the hypothalamus (Morton et al.,
2007; Pardini et al., 2006; Porte et al., 2005). IRS2 employs an additional interaction with the
insulin receptor via its kinase regulatory loop binding domain, allowing discernment between
IRS1 and IRS2 signals (Sawka-Verhelle et al., 1997). Serine phosphorylation of IRS1 and IRS2
impairs IRS interaction with the insulin receptor and decreases the ability of these proteins to
propagate the insulin signal by undergoing tyrosine phosphorylation (Aguirre et al., 2002; Paz
et al., 1997). Our observation of a DA depletion-related increase in IRS2 serine
phosphorylation, with little change in serine phosphorylation of IRS1 between either lesion
group and sham lesion controls, implicates IRS2 in neural insulin resistance in parkinsonism.

In addition to inhibiting tyrosine phosphorylation, serine phosphorylation of IRS1 and IRS2
can target these proteins for degradation (Kim et al., 2005; Pederson et al., 2001), providing
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another mechanism by which insulin signaling can be modified. It has been suggested that
IRS1 ubiquitin ligase may associate with a serine kinase which acts on IRS1 (Zhande et al.,
2002), and that a partial explanation for decreased insulin signaling in response to serine
phosphorylation is proteasome mediated degradation of IRS proteins (Rui et al., 2001; Rui et
al., 2002). Our finding of a significant decline in total IRS2 protein in rats with severe DA
depletion, but not partial DA depletion, is consistent with increased serine phosphorylation in
severely depleted rats. Because IRS2 degradation occurs only with severe and chronic IRS2
serine phosphorylation, it is likely that the non-significant increase in IRS2 serine
phosphorylation in the partial depletion group was not sufficient to trigger significant IRS2
degradation. The fact that we observed no difference in total IRS1 protein between lesion and
sham lesion groups is consistent with our negative findings regarding expression and activity
of IRS1 following DA depletion.

A major mediator of insulin signaling that functions downstream of IRS proteins is AKT (van
der Heide et al., 2006). AKT phosphorylation occurs in response to insulin and can be used to
gauge insulin sensitivity. AKT activity promotes translocation of the glucose transporter
GLUT4 to the plasma membrane (Wang et al., 1999), which allows glucose uptake, and AKT
activation is tied to cellular survival (van der Heide et al., 2006). Basal AKT activity also
influences DAT expression on the plasma membrane (Garcia et al., 2005). Because of the
multifaceted roles of AKT, we analyzed AKT activation in the striatum of 6-OHDA lesioned
animals. AKT phosphorylation was significantly decreased in severely depleted rats when
compared to sham lesioned controls, indicating a defect in signaling. No significant difference
was observed between partially depleted rats and controls.

To investigate a mechanism for increased IRS2 serine phosphorylation, we analyzed two well
characterized stress kinases: c-Jun N-terminal kinase (JNK) and glycogen synthase kinase 3
(GSK3). JNK is activated via phosphorylation in response to cellular stress (Bloch-Damti and
Bashan, 2005). Specifically, active JNK may contribute to serine phosphorylation of IRS
proteins and inhibit insulin signaling (Aguirre et al., 2002; Werner et al., 2004; Zick, 2005).
The JNK pathway has also been linked to PD (Peng and Andersen, 2003). JNK contributes to
apoptosis of dopaminergic neurons in response to paraquat and rotenone, two neurotoxins used
in animal models of PD (Klintworth et al., 2007). Conversely, inhibiting JNK activation
facilitates survival of dopaminergic neurons in a 6-OHDA animal model of PD (Rawal et al.,
2007). Thus, JNK plays a role in both modulation of insulin signaling and PD pathogenesis.
Our data reveal a non-significant increase in active (phosphorylated) JNK in the striatum of
severely lesioned rats six weeks post-lesion.

GSK3 is classically known for its role in inhibiting glycogen synthesis by phosphorylating
glycogen synthase under basal conditions. Insulin stimulation causes GSK3 phosphorylation,
inactivating its kinase activity and allowing glycogen synthesis to occur (Lee and Kim,
2007). However, GSK3 activity has also been suggested to contribute to serine phosphorylation
of both IRS1 and IRS2 (Liberman et al., 2008; Sharfi and Eldar-Finkelman, 2008) in rodent
models. Two isoforms of GSK3 exist, GSK3-α and GSK3-β. Using Western blot analysis, we
measured the phosphorylation levels of both isoforms. A non-significant increase in GSK3-α
and GSK3-β activation (decreased phosphorylation) was observed in both depletion groups.
GSK3-α expression was significantly decreased in both groups, although no difference in
GSK3-β expression was observed. GSK3-β is highly expressed in the central nervous system,
where it localizes to neurons (Leroy and Brion, 1999). A previous study reported that 6-OHDA
treatment inhibits GSK3-β phosphorylation in a human dopaminergic neuroblastoma cell line
and induces GSK3-β dephosphorylation in two additional cell lines (Chen et al., 2004),
activating its kinase activity. The role of GSK3-α in the brain has not been as clearly defined
but likely exhibits some redundant actions of GSK3-β. GSK inhibition is associated with
activation of neuronal survival pathways (Garcia-Segura et al., 2007), and stimulation of
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glucose transport (Henriksen et al., 2003), and both isoforms have been implicated in tau
phosphorylation in Alzheimer’s disease (Baum et al., 1996).

Previous studies have shown Hsp25 (the rodent form of human Hsp27) to be protective against
oxidative stress (Escobedo et al., 2004). Specifically, Hsp25 protects against damage to
mitochondrial complex I (Downs et al., 1999), which is damaged in PD (Beal, 2003). In
addition to its protective role against oxidative damage, Hsp25 has been shown to bind the
stress kinase inhibitor of kappa kinase beta (IkKβ), decreasing its activity (Park et al., 2003).
Because IkKβ is another stress kinase that is suggested to contribute to serine phosphorylation
of IRS proteins and is linked to insulin resistance (Bloch-Damti et al., 2006; Gupte et al.,
2008), a decrease in Hsp25 expression could be also linked to IRS serine phosphorylation. We
observed a decrease in the expression of Hsp25 in rats exhibiting both partial and full DA
depletion. This could indicate increased vulnerability to oxidative stress, even in the absence
of altered phosphorylation levels. Because the pool from which activated Hsp25 can be drawn
is decreased, it is possible that the Hsp response upon exposure to stress conditions will be
impaired, resulting in cellular and mitochondrial damage.

When given an IPGTT, severely depleted rats exhibited a nearly significant increase in serum
insulin levels and a significant drop in blood glucose levels 15 minutes post-bolus compared
to controls. Chronic hyperglycemia is often preceded by increased metabolic demand for
insulin and compensation by beta cells to produce more insulin. This state of hyperinsulinemia
typically precedes glucose intolerance (Smiley and Umpierrez, 2007). The changes we observe
at 15 minutes post-bolus may indicate that changes in peripheral glucose tolerance are
beginning to occur six weeks post-lesion. However, severely depleted rats are not glucose
intolerant, as glucose and insulin levels are not different between groups at any other timepoint
or over the course of the test. It is thus possible that changes in brain insulin signaling precede
peripheral glucose intolerance.

Our statistical analyses revealed no effect of striatal hemisphere on any protein measures
addressed here. Although we did not measure diffusion, it is highly unlikely that unilaterally
administered 6-OHDA diffused into the contralateral hemisphere. Our findings therefore
suggest that the between-groups differences in expression and activation of proteins involved
in insulin signaling in this experiment are due to DA depletion rather than direct effects from
the toxin. It has been shown that the contralateral striatum is affected by a unilateral 6-OHDA
lesion even when DA projections to the contralateral striatum remain intact (Cadet et al.,
1991; Lawler et al., 1995; Nikolaus et al., 2003). The effects of unilateral DA depletion are
thus not necessarily restricted to the lesioned hemisphere, and the bilateral effects that we
observe here warrant further investigation. Furthermore, 6-OHDA induced oxidative stress has
been shown to return to pre-lesion levels within 7 days after administration (Sanchez-Iglesias
et al., 2007). It is therefore also unlikely that a sufficient level of residual oxidative stress
persists from 6-OHDA administration to affect these measures 6 weeks post-lesion.

Overall, our results demonstrate a bilateral increase in measures of striatal insulin resistance
in rats exhibiting severe DA depletion, with some effects in animals with partial depletion.
These novel findings suggest a direct effect of nigrostriatal DA depletion on insulin signaling
in the basal ganglia. Although we cannot completely rule out a general neurotoxic effect of 6-
OHDA on insulin signaling, several factors argue against this alternative hypothesis. The first
two are that 6-OHDA is highly selective for catecholamines such as DA (Schober, 2004), and
that DA terminals comprise less than 5% of striatal tissue content (Bennett and Wilson,
2000), where the measures of insulin resistance were made. Furthermore, measures of insulin
resistance exhibited a “dose-dependent” effect, with the severely DA-depleted group exhibiting
greater effects than the partially depleted group. These findings nevertheless warrant
investigation of insulin signaling in other brain areas and in other preclinical models of PD.
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Because the hypothalamus provides a direct connection to peripheral metabolism, future
studies of whether this region is affected in the 6-OHDA model are also warranted. The extent
of brain insulin resistance beyond basal ganglia nuclei could shed more light on the question
of how PD can be a risk factor for peripheral glucose intolerance.

4. Materials and methods
4.1 Animals

Twenty male 4 month old Fisher 344 rats were obtained from National Institutes on Aging
colonies (Harlan). Rats were housed two per cage, maintained on a 12 hour light/dark cycle,
and provided food and water ad libitum. Protocols for animal use were approved by the
University of Kansas Medical Center Institutional Animal Care and Use Committee and
adhered to the Guide for the Care and Use of Laboratory Animals (National Research Council,
1996).

4.2 Materials
Antibodies against phospho-SAPK/JNK(T183/Y185), total SAPK/JNK, phospho-AKT, total
AKT, and phospho-GSKα/β (Ser21/9) were obtained from Cell Signaling (Beverly, MA). Anti-
phospho-Hsp 25 and anti-Hsp 25 were purchased from Stressgen (Victoria, BC, Canada). Anti-
phospho-Ser307-IRS-1 and total GSK3-α/β were obtained from Upstate (Lake Placid, NY),
while total IRS-1 was purchased from BD Biosciences (Franklin Lakes, NJ). Antibodies against
phospho-Ser731-IRS-2 (corresponding to rat phospho-Ser233) and Actin were obtained from
Abcam (Cambridge, MA). Goat-anti-rabbit HRP-conjugated secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Goat anti-mouse HRP-
conjugated secondary antibodies were obtained from Bio-Rad (Hercules, CA). Chemicals used
in HPLC-EC (DA, DOPAC, DHBA) were obtained from Sigma-Aldrich (St. Louis, MO).
Enhanced chemiluminescence reagents were purchased from Amersham (Little Chalfont,
Buckinghamshire, UK).

4.3. 6-OHDA Infusion
The 6-OHDA lesion procedure was based on previously published studies (e.g. Enna et al.,
2006). Rats were anesthetized with Nembutal (50mg/mL) at 1mL/kg body weight prior to
surgery and placed into a stereotaxic frame. Rats in the lesion group (n=14) were infused with
4uL of 6-OHDA in 0.9% NaCl with 0.02% ascorbate into the right medial forebrain bundle
(stereotaxic coordinates with respect to bregma: M/L 1.3, A/P −4.4, and D/V −7.8) at a dose
of 2.25mg/mL. The infusion rate was 0.25uL/minute over a period of 16 minutes, a flow rate
that will limit local tissue damage. The cannula was withdrawn 1 minute after infusion was
completed. Identical surgical procedure was followed for rats receiving a sham lesion (n=6),
except that sham rats received saline (0.9% NaCl with 0.02% ascorbate) instead of 6-OHDA.
Rats were allowed to recover for six weeks post-surgery. The six-week timepoint is a somewhat
arbitrary timepoint that was chosen to ensure that the oxidative stress and apoptotic and
neurodegenerative processes in the nigrostriatal pathway following 6-OHDA administration
were completed.

4.4. Intraperitoneal glucose tolerance test (IPGTT)
An IPGTT was performed 48 hours before animals were sacrificed. Animals were fasted
overnight (12 hours) prior to the IPGTT. A 60% glucose bolus of D-(+)-Glucose (Sigma) in
saline was administered intraperitoneally at t=0. A glucometer (AccuCheck Active) was used
to analyze glucose levels in tail blood at timepoints 0,15, 30, 60, 90, and 120 minutes following
glucose administration. Tail blood samples (~400µL) were taken at each timepoint and allowed
to clot on ice for 30 minutes before being centrifuged at 3,000 × g for 1 hour. Serum was
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immediately extracted and aliquoted into fresh tubes. Serum insulin was measured using an
Insulin (rat) EIA kit (Alpco Diagnostics). Rats were anesthetized with Nembutal (50mg/mL)
at 1mL/Kg body weight 45 minutes prior to the IPGTT.

4.5. HPLC-EC analysis of Dopamine Content
The HPLC-EC system consisted of a Coulochem III electrochemical detector (ESA), Model
5011A high-sensitivity analytical coulometric cell (ESA), LC-10AS single plunger pump
(Shimadzu), and 3µm CAPCELL PAK reversed phase C-18 column (Shiseido). The
composition of citrate acetate mobile phase (pH 4) was as follows: octane sulfonic acid (0.0738
g/L), ethylenediaminetetraacetic acid (0.05 g/L), sodium acetate trihydrate (13.8 g/L), citric
acid (14 g/L), triethylamine (0.01%), and methanol (4%). Mobile phase was made using filtered
water from a Milli-Q purification system (Millipore) and the solution was subsequently filtered
through a 0.2µm nylon membrane filter (Whatman).

Six weeks post-lesion, rats were sacrificed and brains were removed. Bilateral striatum samples
were dissected, weighed, and frozen on dry ice to be processed for HPLC-EC and Western blot
analysis. Striatal sections were processed for HPLC through sonication in burnt, filtered citrate
acetate mobile phase with 50uL DHBA (0.1mM) added to each sample. Following sonication,
tubes were centrifuged in a Hermle Z400K refrigerated centrifuge (Midwest Scientific) for 10
minutes at 12,000 × g at 4°C. Supernatants were extracted and placed into Microcon Ultracel
YM-10 centrifugal filter devices (Amicon), and centrifuged at 12,000 × g for 1 hour at 4°C.
Eluent was collected and used for HPLC analyses. DA depletion values were obtained from
HPLC measures by dividing the DA content of the striatum on the lesioned (right) side by the
DA content of the striatum on the non-lesioned (left) side of the brain. Rats receiving a lesion
were further divided into two groups (partial and severe DA depletion) based upon DA
depletion levels.

4.6. Western Immunoblotting
Protein samples were processed as previously described (Geiger et al., 2007; Gupte et al.,
2008). Frozen striatum samples to be processed for protein analysis were diluted 10× in cell
extraction buffer (Invitrogen) with protease inhibitor cocktail (500µL, Invitrogen), sodium
flouride (200mM), sodium orthovanodate (200mM) and phenylmethanesulphonylfluoride
(200mM) added. Tissue was homogenized using a hand homogenizer, and samples were placed
on ice for 1 hour with intermittent vortexing to allow protein extraction to occur. Samples were
centrifuged at 3,000 ×g at 4°C for 20 minutes. Supernatants were extracted and placed into
fresh tubes.

A Bradford assay was performed to determine sample protein concentrations. Samples were
analyzed in triplicate using working strength Bradford reagent, diluted 5x from Bradford dye
concentrate (BioRad) with filtered distilled water. Based upon protein concentrations, samples
were diluted with HES buffer (20mM HEPES, 1mM EDTA, 250M Sucrose, pH 7.4) and
reducing sample buffer (0.3M Tris-HCL, 5% SDS, 50% glycerol, 100mM dithiothreitol,
Thermo Scientific) to obtain samples of constant concentration for analysis using SDS-PAGE.
Due to the large molecular weight of the IRS proteins, samples analyzed for IRS1 and IRS2
phosphorylation and expression were run on 7.5% gels. When examining all other proteins of
interest, samples were run on 10% gels.

For SDS-PAGE, the largest number of samples were run on the same gel as possible. After
SDS-PAGE, samples were transferred to nitrocellulose membranes. Due to the high molecular
weight of IRS2, gels to analyze IRS2 total protein and serine phosphorylation were transferred
for 90 minutes at 400mA. All other proteins were transferred for 60 minutes at 200mA.
Nitrocellulose membranes were blocked in 5% nonfat dry milk for 1 hour and incubated with
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primary antibody diluted 1:1000 in 1% milk overnight at 4°C. Secondary antibody
corresponding to the host primary antibody of interest was used at a dilution of 1:10,000 in 1%
milk for 1 hour at room temperature. Upon exposure, films were scanned at high resolution to
obtain digital images. Densitometry analyses were performed using Image J software. Images
were normalized for background and repeated densitometry measurements were averaged for
each band of interest. All bands of interest shown in figures are taken from the same gel. For
analysis of results, phosphorylated protein levels were normalized to total protein levels, while
total protein expression was normalized to the loading control actin.

4.7. Statistical analysis
Two-way analysis of variance (ANOVA) with striatal hemisphere and experimental group as
factors was used to analyze differences in protein expression and activation between sham,
partial, and severe lesion groups. No protein expression or activation differences between
lesioned and non-lesioned hemispheres were observed for any measure analyzed, so
measurements from the left and right striatal hemisphere were averaged to obtain one data
point for each animal. ANOVA was used to analyze IRS2 serine phosphorylation and
expression, and when appropriate this was followed by a post hoc comparison using the least-
significant difference test. Low tissue weights of several animals from the partial depletion
group resulted in a lower partial lesion group n-value (N=3) for other proteins analyzed. To
account for this, we used nonparametric statistics (Kruskal-Wallis One-Way Analysis of
Variance) to analyze measures other than phosphorylated and total IRS2. Multivariate repeated
measures analysis was used to compare insulin and glucose levels over the course of an IPGTT,
and an unpaired Student’s t-test was used to analyze differences between groups at individual
time points during the IPGTT. For all analyses, statistical significance was set at P≤0.05.
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Figure 1. DA depletion levels for partially and severely depleted rats
DA content in the right (lesioned) striatum was divided by DA levels in left (nonlesioned)
striatum to obtain a percent depletion for each lesioned rat. The average depletion level for rats
with partial DA depletion was 37.6% ± 13.9, while rats in the severe DA depletion group
exhibited a mean depletion of 98% ± 2.7%.
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Figure 2. Intraperitoneal glucose tolerance test (IPGTT)
After an overnight (12 hour) fast, an intraperitoneal injection of 60% glucose was administered
at 2g glucose/kg body weight. Insulin (A) and glucose (B) were measured in tail blood at six
time points: 0,15,45,60, 90, and 120 minutes after the glucose bolus (injection at t=0). Fifteen
minutes following the bolus, an increase in insulin that approaches significance (p=0.06) is
reflected by a significant decrease in glucose (p=0.04). However, neither insulin nor glucose
levels were significantly different between groups over the course of the test or at any other
timepoint, indicating that severely depleted rats were not glucose intolerant six weeks
postlesion. *P≤0.05.
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Figure 3. Effect of 6-OHDA lesion on IRS2 activation and protein content
Homogenized striatal lysates were analyzed by Western blot for pIRS2 (A), normalized to total
IRS2, and total IRS2 (B), normalized to actin. There was a DA depletion-related increase in
pIRS2, while total IRS2 was diminished in the severe lesion group. Values are means ± SE for
6–8 samples per group. *P≤0.05.

Morris et al. Page 15

Brain Res. Author manuscript; available in PMC 2009 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Protein expression and phosphorylation of IRS1
Homogenized striatal lysates were analyzed by Western blot for pIRS1 (A), normalized to total
IRS1, and total IRS1 (B), normalized to actin. There was no significant difference between
phosphorylated IRS1 or total IRS1 protein between any groups tested. Values are means ± SE
for 3–8 samples per group.
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Figure 5. Activation of AKT and JNK
Homogenized striatal lysates were analyzed by Western blot for pAKT (A), normalized to total
AKT, and pJNK (B), normalized to total JNK. pAKT was significantly decreased with a severe
lesion when compared to sham lesion controls. Severely depleted rats also exhibited a non-
significant increase in JNK phosphorylation. Values are means ± SE for 3–8 samples per group.
*P≤0.05.
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Figure 6. Activation of GSK3 isoforms in response to DA depletion
Homogenized striatal lysates were analyzed by Western blot for pGSK3-α (A), normalized to
total GSK3-α, GSK3-α (B), normalized to actin, pGSK3-β (C), normalized to total GSK3-β,
and total GSK3-β (D), normalized to actin. Total GSK3-α was decreased significantly in both
the partial and severe lesion groups. Although pGSK3-α, pGSK3-β, and total GSK3-β were
decreased in the lesioned groups, these effects did not reach significance. Values are means ±
SE for 3–8 samples per group. *P≤0.05.

Morris et al. Page 18

Brain Res. Author manuscript; available in PMC 2009 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Expression of Hsp25 in response to a 6-OHDA lesion
Homogenized striatal lysates were analyzed for Hsp25 normalized to actin. Hsp25 was
decreased significantly in both the partial and the severe lesion groups when compared to sham
lesioned controls. Values are means ± SE for 3–8 samples per group. *P≤0.05.
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Table 1
Mean (+/− S.E.M.) striatal DA and DOPAC values for experimental groups

DOPAC (ng/g) DA (ng/g)

Left Striatum Right Striatum Left Striatum Right Striatum

Sham 1357.8 ± 130.3 1343.8 ± 117.4 4964.4 ± 383.4 4108.3 ± 584.3

Partial 1965.4 ± 419.4 2825.9 ± 597.2 4659.6 ±1057.0 2891.9 ± 693.8

Severe 1558.3 ± 169.9 85.3 ± 54.5 6852.8 ± 2450.9 210.4 ± 124.8
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