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Abstract

Traumatic brain injury (TBI) causes persistent neurologic deficits. Current therapies,
predominantly focused upon cortical and hippocampal cellular survival, have limited benefit on
cognitive outcomes. Striatal damage is associated with deficits in executive function, learning, and
memory. Dopamine and cAMP regulated phosphoprotein 32 (DARPP-32) is expressed within
striatal medium spiny neurons and regulates striatal function. We found that controlled cortical
impact injury in rats produces a chronic decrease in DARPP-32 phosphorylation at threonine-34
and an increase in protein phosphatase-1 activity. There is no effect of injury on threonine-75
phosphorylation or on DARPP-32 protein. Amantadine, shown to be efficacious in treating post-
TBI cognitive deficits, given daily for two weeks is able to restore the loss of DARPP-32
phosphorylation and reduce protein phosphatase-1 activity. Amantadine also decreases the
phosphorylation of threonine-75 consistent with activity as a partial N-methyl-D-aspartate
(NMDA) receptor antagonist and partial dopamine agonist. These data demonstrate that targeting
the DARPP-32 signaling cascade represents a promising novel therapeutic approach in the
treatment of persistent deficits following a TBI.
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Introduction

Traumatic brain injury (TBI) causes persistent deficits in cognitive function. A complex
etiology makes the identification of therapeutic targets difficult in TBI (Kochanek, 1993;
DeKosky et al., 1998). Subcortical regions, the thalami and basal ganglia, represent novel
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areas for therapeutic targeting in TBI given their importance to functional deficits and
integration with other brain regions (Donnemiller et al., 2000; Vertes, 2006).

The basal ganglia are involved in executive function, emotional control, attention, and
memory and learning (Ridley et al., 2006; Baldo and Kelley, 2007). The striatum represents
the major entry into the basal ganglia. Striatal medium spiny neurons (MSN) receive
glutamate inputs from the cerebral cortex and dopamine (DA) innervation from the midbrain
(Pennartz and Kitai, 1991). The interaction of glutamate and DA within MSNs modulate the
plasticity of corticostriatal synapses (Calabresi et al., 2007).

In TBI there is an increase in glutamatergic release leading to excitotoxicity and oxidative
stress (Palmer et al., 1993). Alterations in glutamate receptor subunit composition and
expression contribute to persistent dysfunction in plasticity (Osteen et al., 2004).
Dysfunctions in DAergic signaling after TBI include increases in DA acutely (Massucci et
al., 2004; Kobori et al., 2006), alterations in dopamine transporter (DAT), chronic
reductions in evoked DA release (Wagner et al., 2005, 2009), and alterations in tyrosine
hydroxylase (Yan et al., 2007). Pharmacotherapies targeting glutamate and DA have clinical
(McAllister et al., 2004; Warden et al., 2006) and experimental (Kline et al., 2000; Dixon et
al., 1999) benefits in TBI. Striatal signaling has been proposed to be of particular interest in
persistent deficits in multiple cognitive modalities post TBI (Bales et al., 2009).

The dopamine and cAMP regulated phosphoprotein-32 (DARPP-32) is a cytoplasmic
phosphoprotein found in 95% of MSNs. Two phosphorylation sites, threonine-34 (Thr34)
and threonine-75 (Thr75), make DARPP-32 a bifunctional signal transduction molecule that
controls the activities of protein phosphatase-1 (PP-1) and protein kinase A (PKA)
(Greengard et al., 1999; Nishi et al., 2002; Valjent et al., 2005).

DA acting at D1 receptors promotes DARPP-32 phosphorylation at Thr34, leading to
inhibition of PP-1. Glutamate, through calcium (Ca?*) activation of protein phosphatase 2B
(PP-2B) and protein phosphatase 2A (PP-2A), decreases phosphorylation at Thr34. A
reduction in phosphorylation at Thr34 removes the inhibitory affect of DARPP-32 on PP-1
(Nairn et al., 2004; Svenningsson et al., 2004). The regulation of PP-1 and PKA by
DARPP-32 allows DA and glutamate to regulate cellular signaling and protein transcription
(Fienberg et al., 1998; Hakansson et al., 2004).

DARPP-32 has been proposed as a therapeutic target in Parkinson's disease (PD)
(Coccurello et al., 2004). In addition to DA agonists, NMDA antagonists, such as
amantadine hydrochloride (AMH), are potential mediators of DARPP-32 signaling in PD
(Greenamyre and O'Brien, 1991).

This study represents the first to examine DARPP-32 phosphorylation in TBI. We
hypothesize that, given known alterations in glutamate and DA signaling post TBI, there
will be a decrease in the phosphorylation of DARPP-32 at Thr34, an increase in DARPP-32
at Thr75, and a subsequent increase in PP-1 activity within the striatum that persists
chronically. This study is also the first to examine the effect of AMH on DARPP-32
phosphorylation. We hypothesize that the administration of AMH following a TBI will
prevent the loss of DARPP-32 phosphorylation at Thr34 and the increase in PP-1 activity
due to AMHs activity as a partial NMDA antagonist.
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Materials and methods

Animals

Adult male Sprague-Dawley rats (N = 172) were used in the study. Rats (300-325 g) were
purchased from Hilltop Laboratories (Scottsdale, PA, USA) and housed in pairs under a
12:12 light/dark cycle. Rats were given food and water with ad libitum throughout the study.
All experiments were carried out in accordance with the University of Pittsburgh's
guidelines for the Care and Use of Laboratory Animals. All experiments were approved by
the Institutional Animal Care and Use Committee of the University of Pittsburgh.

Surgical procedures for TBl and drug regimen

On the day of surgery anesthesia was initiated with 4% isoflurane (IsoFlo; Abbott
Laboratories, North Chicago, IL, USA) and 2:1 N,O/O,. Rats were intubated and
maintained on 1.5-2% isofluorane during the surgical procedure. Following intubation, rats
were placed on a thermal blanket to regulate body temperature (37 °C) and the animals head
placed in a stereotaxic frame. An incision was made down the midline of the skull and the
soft tissues and periosteum deflected. A craniotomy was then performed over the right
parietal bone to expose the dura. Controlled cortical injury (CCI, Pittsburgh Precision
Instruments, Inc.) at a depth of 2.6 mm-2.8 mm at 4 m/s was carried out as previously
reported (Dixon et al., 1991; Yan et al., 2000). A total of 91 rats were injured, and the
remaining 97 rats were shams. Righting reflex (Dixon et al., 1991) was monitored in the
immediate postsurgical period to assess acute recovery.

AMH treated animals

Beginning one day post CCI or sham surgery animals received daily i.p. injections of AMH
(10 mg/kg; Sigma, St. Louis, MO) dissolved in physiological saline (n = 6) or saline alone (n
= 12). AMH was made fresh daily.

Tissue preparation, immunohistochemistry, and immunofluorescence staining

Animals (N = 3 in each group for each time point for a total N = 30) were given an overdose
of sodium pentobarbital (100 mg/kg; i.p), and perfused intra-aortically with 0.1 M
heparinized PBS in 4% PFA/0.1 M PBS. Brains were dissected, submerged in increasing
concentrations of sucrose, and stored at —80 °C. Brains were then sectioned at 35 um in a
cryostat, and free floating sections collected in tissue plate wells containing 0.1 M TBS (pH
7.5).

All immunohistochemical procedures and incubations were carried out with agitation with
the exception of the chromogen step. All treatment groups were stained together within each
immunohistochemical session. Sections were matched by region, rinsed 3 x 5 min in
washing buffer (0.1%Triton-X in 0.1 M TBS) and blocked in a mixture of 10% normal
donkey serum in washing buffer for 2 h at room temperature. Sections were then incubated
overnight at 4 °C in a primary rabbit antibody specific to DARPP-32 (1:1000; Cell
Signaling) diluted in washing buffer/5% normal donkey serum. Following incubation,
sections were then washed 3 x 8 min in washing buffer and endogenous peroxidase activity
was quenched with 0.3% H»O, in methanol for 10 min. Following 3 x 5 min washing in
washing buffer, sections were incubated for 2 h at RT in biotin conjugated goat anti-rabbit
secondary antibody (Jackson ImmunoResearch, PA) at 1:400 in 5% normal donkey serum in
washing buffer. Sections were then washed 3 x 5 min in washing buffer and incubated in
ABC reagent (company name here) for 30 min. Immunoreactivity (IR) was then visualized
using 0.01% 3’ 3’ diaminobenzidine (DAB) following 5 x 5 min washing in washing buffer.
The DAB reaction was terminated with dH,O and sections were rinsed in 0.1 M TBS,
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mounted onto slides, air dried and cover-slipped for light microscope analysis. All sections
within the reaction were exposed to each of the reagents for the same time period.

For double labeling, sections (N = 4 in each group for each timepoint for a total N = 40)
were incubated with primary antibody (Cell Signaling; p-DARPP-32-Thr34 1:50) in 10%
normal donkey serum in washing buffer with mouse anti-NeuN (1:2000) at 4 °C for 16-24
h. Alexa fluorescent dyes (488, 594) conjugated to goat anti-rabbit or donkey anti-mouse
secondaries, respectively, were used for double labeling of p-DARPP-32-Thr34 and NeuN.
At least 3 sections of brain tissue through the striatum were processed for each experiment.
Control experiments omitting primary antibodies were run in parallel to confirm antibody
specificity. Images were captured using a confocal microscope (LSM 510; Zeiss, Jena,
Germany).

Western blot analysis

Animals (N = 6 in each timepoint for each group for a total N = 60 for DARPP-32 and p-
DARPP-32 timecourse analysis; N = 6 for each group for a total of N = 18 for amantadine
hydrochloride studies). After deeply anesthetized with pentobarbital (Nembutal, 80-100 mg/
kg; Abbott Laboratories, North Chicago, IL), animals were decapitated and the brains
quickly removed and chilled on ice. Tissue from the striatum was excised and frozen in
liquid nitrogen. Tissue was stored at —70 °C until used for analysis. Striatal tissue was
homogenized in 400 pl of lysis buffer containing 0.1 M NaCl, 0.01 M Tris—ClI (pH 7.6),
0.001 M EDTA (pH 8.0), 1 ug/ml aprotinin, 100 pg/ml phenylmethylsulfonyl fluoride
(PMSF) and phosphatase inhibitor cocktail 1 (Sigma, St. Louis, MO) was added to samples
used for western blot. Protein concentrations were determined using a BCA protein Assay
Kit (PIERCE, Rockford, IL). Samples containing 20-100 pg of protein were subjected to
SDS-polyacrylamide gel electrophoresis through a 10% acrylamide gel, and after were
transferred to nitrocellulose membranes. Membranes were blocked with 5% bovine serum
albumin (Sigma, St. Louis, MO) in tris-buffered saline (TBS-T). Following block
membranes were washed 3 x 10 min in TBS-T and immunolabeled with antibodies
(1:10,000 DARPP-32; 1:2000 p-DARPP-32-Thr34; 1:2000 p-DARPP-32-Thr75; Cell
Signaling, Danvers, MA) in 5% BSA in TBST for 18-24 h. Following primary incubation
membranes were washed 3 x 10 min in TBS-T and incubated for 2 h in by goat anti-rabbit
immunoglobulin G conjugated to peroxidase (1:5,000; PIERCE, Rockford, IL). Proteins
were visualized with a chemiluminescence detection system (SuperSignal, PIERCE,
Rockford, IL). To assure equal loading, all membranes were striped and re-blotted with
rabbit anti-actin antibody (1:20,000, Sigma, St. Louis, MO). Blots were exposed to
autoradiographic X-ray film for 10 s to 2 min and bands were semi-quantified using ImageJ
(NIH, USA) software. Values are given as a ratio (percentage change) of optical density of
injured samples versus sham control within individual blots. All optical densities were
normalized to B-actin prior to analysis.

Data are expressed as the group means * standard error (S.E.) of the mean. Statistical
evaluations were performed according to ANOVA followed by Scheffé test as a post hoc
comparison. A significance level of p < 0.05 was used for all tests.

Protein phosphatase-1 activity assay

Animals (N = 6 in each timepoint for each group for a total N = 24; N = 18 for amantadine
hydrochloride PP-1 study). Striatal tissue was prepared following the same protocol as used
for western blots, with the exception of the use of the phosphatase inhibitor cocktail in the
lysis buffer. The following protocol utilized a modified PP-2A activity assay kit (Millipore,
Temecula, CA) (Supplemental Fig. 1). 100 pg of protein, determined via BCA assay, was
added to an Eppendorf tube with 25 pl of agarose A/G beads and 6 pl of anti-PP-16 rabbit
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antibody (Millipore, Temecula, CA). Following overnight incubation in 4 °C and 3 min spin
down at 10,000 g, beads were washed 3 times with ice cold TBS and once with Ser/Thr
phosphopeptide buffer. Beads were spun down in between each wash for 1 min in 4 °C.
Following the final wash, 30 pl of phosphopeptide and 20 pl of Ser/Thr phosphopeptide
buffer was added to the Eppendorf tube. The Eppendorf tube was then incubated for 10 min
in a water bath at 30 °C. 25 pl of supernatant was placed in a 96 well plate (in duplicates)
and malachite green detection assay was utilized to visualize free phosphates. The plate was
read on a plate-reader at 650 nm. A standard curve was calculated and the level of
phosphatase activity is reported in picomoles of phosphate released per 25 ul of supernatant.
Negative controls (antibody omitted and rabbit DARPP-32 antibody, Cell signaling) showed
no reaction in malachite detection, with phosphate levels comparable to background (lysis
buffer alone). 10 ul of TBS and 10 pl of 2% loading buffer were then added to the
Eppendorf. The Eppendorf tube was then heated to 95 °C for 5 min and western blots were
run to determine the relative amount of PP-1 protein in each tube. Furthermore, given the
homology between PP-2A and PP-1, western blots were run to verify that the PP-1 antibody
did not pull down PP-2A (Supplemental Fig. 1). Final values are normalized to western data
to ensure equal protein for each sample.

Data are expressed as the group means + S.E.M. Statistical evaluations were performed
according to ANOVA. A significance level of p < 0.05 was used for all tests.

Traumatic brain injury causes a specific decrease in the phosphorylation of DARPP-32 at
threonine-34 within the striatum

Following a TBI there is an acute decrease in DA tissue levels and chronic increase (Huger
and Patrick, 1979; Dunn-Meynell et al., 1994; Mclintosh et al., 1994; Massucci et al., 2004).
Alterations in DA have been shown to affect the phosphorylation state of DARPP-32 in
MSNs (Halpain et al., 1990; Nishi et al., 2002). We therefore examined whether, following a
TBI, there was a change in DARPP-32 phosphorylation state at the Thr34 and Thr75
phosphorylation sites (Fig. 1). TBI caused an acute decrease in the phosphorylation of
DARPP-32 at Thr34 (p-DARPP-32-Thr34) as assessed utilizing western blots (Fig. 1D).
This decrease in p-DARPP-32-Thr34 persisted through all timepoints examined in both the
ipislateral and contralateral, relevant to injury, striatum (Fig. 1D). The decrease in p-
DARPP-32-Thr34 was not due to changes in DARPP-32 expression (Fig. 1B). Furthermore,
this was a site specific alteration that was not accompanied by any change in the
phosphorylation state of the Thr75 site (p-DARPP-32-Thr75) (Fig. 1C), indicating that the
loss of p-DARPP-32-Thr34 was not due to non-specific increases in phosphatase activity
upon DARPP-32. To assess the regionality of this alteration we also examined the frontal
cortex. Examination of the frontal cortex demonstrated decreases in p-DARPP-32-Thr34 at
1 week and 2 weeks post injury, however the decrease in p-DARPP-32-Thr34 was only
identified in the ipsilateral cortex, relative to injury, did not appear acutely, and did not
persist past 2 weeks. No alterations in DARPP-32 protein expression or p-DARPP-32-Thr75
were appreciated in the frontal cortex (data not shown).

Visual analysis of DARPP-32 phosphorylation following traumatic brain injury

Utilizing DAB immunohistochemistry of free-floating rat striatal slices we confirmed that
there was no difference in DARPP-32 expression within the MSNs in sham versus injury
(Fig. 2) Furthermore, immuno-fluorescence co-localization visually confirmed the decreases
in p-DARPP-32-Thr34 identified by western blot analysis (Fig. 3) within the striatum and
qualitatively showed decreases in both the cell soma and surrounding neuropil (Fig. 3).
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Protein phosphatase-1 activity is increased following traumatic brain injury

The phosphorylation state of DARPP-32 directly regulates protein phosphatase-1 (PP-1)
activity (Hemmings and Greengard, 1986). Increases in p-DARPP-32-Thr34 lead to a
decrease in PP-1 activity while decreases in p-DARPP-32-Thr34 lead to an increase in PP-1
activity (Hemmings et al., 1990). Given the decrease in p-DARPP-32-Thr34 seen following
injury we analyzed PP-1 activity utilizing a modified protein phosphatase 2A activity assay
(Millipore) to determine the effect of decreased p-DARPP-32-Thr34 on PP-1 activity
following TBI (Fig. 4). There was a significant increase in PP-1 activity in injured ipsilateral
striatum compared to sham at both 1 day and 2 weeks following injury (Fig. 4). At 1 day
following injury there was also a significant increase in PP-1 activity in the contralateral
injured striatum compared to sham that was not seen at 2 weeks post injury (Fig. 4).
Increases in PP-1 activity are consistent with the loss of p-DARPP-32-Thr34 seen following
TBI indicating that decreases in p-DARPP-32-Thr34 after TBI are part of a persistent
dysfunction in intracellular signaling cascades.

Chronic amantadine treatment post traumatic brain injury attenuates the alteration in the
striatal DARPP-32 signaling cascade

Clinically AMH has shown benefit in both Parkinson's disease (Brenner et al., 1989) and
TBI (Kraus et al., 2005). AMH has also shown beneficial effects in the CCI model of TBI
(Dixon et al., 1999), showing an improvement in Morris water maze following 2 weeks of
treatment. However, it remains unclear what the exact mechanisms of AMH benefit in TBI
is. Given AMH's effects on DA and glutamate DARPP-32 represents a potential signaling
molecule for AMH action. We therefore analyzed the effect of AMH on DARPP-32
following TBI (Fig. 5). 2 weeks of AMH given daily (10 mg/kg i.p.), as described
previously (Dixon et al., 1999), demonstrated an increase in p-DARPP-32-Thr34 over the
level in sham animals in both the ipsilateral and contralateral striatum (Fig. 5B). There was
also a significant reduction in p-DARPP-32-Thr75 with chronic AMH treatment compared
to both sham and injured striatum (Fig. 5C). This is consistent with the proposed
mechanisms of AMH activity as both a partial DAergic agonist and partial NMDA receptor
antagonist. In particular, partial inhibition of NMDA receptors should reduce Ca?* signaling
within the MSN thus leading to an increase in DARPP-32 phosphorylation at Thr34 while
leading to a decrease in DARPP-32 phosphorylation at Thr75. To determine whether the
attenuation of p-DARPP-32-Thr34 decreases was functionally significant the effect of daily
AMH treatment for 2 weeks post injury on PP-1 activity was assessed. Rats treated with
AMH daily (10 mg/kg i.p.) for 2 weeks showed significantly reduced PP-1 activity
compared to animals receiving vehicle (saline injection) (Fig. 5D). There was no effect of
AMH treatment on DARPP-32 protein expression.

Discussion

Multiple lines of evidence have previously implicated DA as an important player in
persistent cognitive dysfunction following TBI (Bales et al., 2009). Animal studies have
consistently demonstrated benefits in post-TBI cognitive tasks including learning and
memory following the administration of DAergic agonists (Dixon et al., 1999; Kline et al.,
2004; Wagner et al., 2005). Striatal dysfunction contributes to executive function, memory,
and learning difficulties in a number of disorders including Parkinson's disease (Sawamoto
et al., 2007), Huntington's disease (Peinemann et al., 2005), and schizophrenia (Merims and
Freedman, 2008; Koch et al., 2008). DARPP-32 has been implicated in each of these
disorders (Hakansson, et al., 2004; Lang et al., 2007).

We showed that a CCI model of TBI induces a decrease in the phosphorylation of
DARPP-32 at Thr34 within striatal MSN that occurs acutely and persists for all examined
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timepoints. The decrease in phosphorylation at Thr34 is not due to downregulation or loss of
DARPP-32 protein (Fig. 1), nor is it indicative of non-specific dephosphorylation of
DARPP-32 as indicated by the lack of change in Thr75 phosphorylation (Fig. 1). While loss
of Thr34 phosphorylation is primarily observed in the striatum, it does become apparent in
the FC at later timepoints indicating that the affect of TBI on the phosphorylation state of
DARPP-32 is ubiquitous, with the striatum being the most profoundly affected.

We had predicted that a decrease in the phosphorylation state of DARPP-32 at Thr34 would
be coupled with an increase in phosphorylation at Thr75. TBI is associated with increased
glutamate signaling acutely (Dekosky et al., 1998; Palmer et al., 1993), and deficits in DA
signaling chronically (Wagner et al., 2005, 2009). DARPP-32 phosphorylation is dictated by
glutamatergic and DAergic alterations (Fernandez et al., 2006; Valjent et al., 2005).
Increased glutamate typically leads to decreased Thr34 phosphorylation and increased Thr75
phosphorylation through its effects on Ca2* influx (Fernandez et al., 2006). DA, acting on
the D1 receptor, causes the opposite response in the DARPP-32 system compared to
glutamate (Bateup et al., 2008, Bertran-Gonzalez et al., 2008). A decrease in p-DARPP-32-
Thr34 is consistent with an increase in glutamate acutely and a chronic decrease in DA.
However, we did not see an increase in p-DARPP-32-Thr75 as would also be predicted.
This is likely a consequence of alterations in multiple signaling systems affected by a TBI
including GABAergic and adrenergic signaling pathways. Assessing the contributions of
these separate systems is an important goal for future research.

The loss of p-DARPP-32-Thr34 seen with western blot analysis (Fig. 1) appears to be due to
losses in phosphorylation throughout the striatal architecture. Visual analysis of confocal co-
localization of p-DARPP-Thr34 with NeuN shows that there is a decrease in p-DARPP-32-
Thr34 in both the cell soma and throughout the neuropil (Fig. 3). The loss in p-DARPP-32-
Thr34 immunostaining does not appear to be due to a loss in DARPP-32 neurons (Fig. 2).
Future analysis of cellular compartments including nuclear and cytoplasmic fractions will
need to be done to quantitatively confirm that the alteration in DARPP-32 phosphorylation
is not localized to a particular cellular compartment.

Consistent with the alteration in DARPP-32 phosphorylation there is a significant increase
in PP-1 activity at examined timepoints (Fig. 4), indicating that the loss of Thr34
phosphorylation is associated with an alteration in relevant downstream DARPP-32
signaling. Increased PP-1 activity leads to a decrease in p-CREB and subsequent reduction
in nuclear transcription of numerous proteins including neurotrophic factors and cell
survival signals (Genoux et al., 2002; Choe et al., 2004). Furthermore, PP-1 activity is
important to the regulation of glutamatergic signaling and synaptic plasticity (Centonze, et
al., 2001; Kopnisky et al., 2003). Our data indicates that though contralateral effects on
DARPP-32 phosphorylation persist until chronic timepoints (Fig. 1D), the increase in PP-1
activity recovers at later timepoints in contralateral tissue (Fig. 4). There are a number of
potential explanations for this including changes in kinase activity. In particular, alterations
in protein kinase A activity upstream may be able to alter PP-1 signaling in a relatively
intact contralateral striatum compared to the ipsilateral striatum. Initial analysis of protein
kinase A activity in the CCI model suggests that at chronic timepoints there is an increase in
activity that is not seen acutely (data not shown). Furthermore, evoked DA release in the
ipsilateral striatum, post TBI, is chronically impaired when compared to the contralateral
striatum (Wagner et al., 2005).

One limitation to our analysis of PP-1 activity was the use of only one PP-1 isoform, PP-13.
While the PP-13, also known as PP-1p, isoform is expressed within the rat brain (Shima et
al., 1993), there are multiple isoforms which demonstrate significant striatal expression (da
Cruz e Silva et al., 1995). However antibodies directed against multiple isoforms of PP-1
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were unable to pull down PP-1 exclusively without also binding PP-2a. Furthermore,
antibodies against PP-1(a and y), while being specific for PP-1 did not show any activity in
our assay even under baseline conditions. To our knowledge there is no research
demonstrating differences in isoform activity within the striatum relevant to DARPP-32
signaling and examination of their structure shows nearly identical catalytic domains
(Andreassen et al., 1998). However, there may be specific alterations in isoform activity that
we cannot account for given our examination.

DARPP-32 acts as a signal transduction molecule with that responds to multiple
neurotransmitter systems. DA, glutamate, acetylcholine, and calcium signaling all play a
role in modulating DARPP-32 within the striatum (Hamada et al., 2005; Valjent et al., 2005;
Ahn et al., 2007). Following TBI there are well documented increases in glutamate release
and calcium influx that occur almost immediately following injury and contribute to
persistent cellular dysfunction (Hovda et al., 1990; Shapira et al., 1989; Fineman et al.,
1993).

However, a number of possible mechanisms exist that could explain the alteration in
DARPP-32 signaling including specific changes in neurotransmitter systems, such as a
decrease in DA signaling or increases in glutamatergic release. It is also possible that
neurotransmitter independent intracellular events such as calcium release or changes in
phosphatase and kinase activity can contribute to this alteration. Given the complexities of
TBI, the identification of acute and persistent DARPP-32 alterations after TBI is most likely
indicative of multiple ongoing disease processes. Treatments aimed at molecular targets that
are integrative, such as DARPP-32, may allow for therapeutic interventions that target
multiple mechanisms of cognitive dysfunction following a TBI.

We have shown that AMH hydrochloride, a partial NMDA antagonist with
catecholaminergic effects, can effectively restore sham levels of p-DARPP-32-Thr34 in
injured animals (Fig. 5). AMH improves cognitive function in CCI injured animals (Dixon
et al., 1999). The exact mechanism of AMH's action following a TBI is unclear. Here we
demonstrate that chronically (Fig. 5B) AMH is able to prevent the loss of p-DARPP-32-
Thr34 following a TBI. Furthermore, the increase in p-DARPP-32-Thr34 over vehicle
treated animals, with 2 weeks of (10 mg/kg i.p.) AMH corresponds with significantly less
PP-1 activity compared to injury (Fig. 5D). Chronic AMH treatment also showed
significantly less p-DARPP-32-Thr75, compared to vehicle treated sham and injured
animals (Fig. 5C). There is no effect of AMH treatment on DARPP-32 protein levels. Our
results suggest that the effect of AMH on striatal signaling post TBI is most likely a
combination of DAergic effects and NMDA antagonism. A shift of p-DARPP-32 towards
Thr34 phosphorylation and concurrent decrease in Thr75 phosphorylation is consistent with
reduced Ca2* signaling due to NMDA antagonism and activation of adenylyl cyclase via
DA receptor D1 (Valjent et al., 2005; Nishi et al., 2002). We have demonstrated that
reversing the TBI induced p-DARPP-32-Thr34 decrease is associated with a reversal of the
increase in PP-1 activity. However, we cannot be certain that AMH benefits when given
post TBI are acting through DARPP-32. Future experiments examining DARPP-32
knockout animals will need to be done to verify that the alterations in DARPP-32 signaling
seen with AMH treatment after a TBI lead to functionally relevant outcomes.

Conclusion

This study provides the first evidence of a TBI induced alteration in DARPP-32 signaling in
the striatum of injured animals. The data presented indicate that the decrease in p-
DARPP-32-Thr34 following TBI is associated with a functionally relevant alteration in
downstream PP-1 activity and is relatively striatal specific. AMH, associated with
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improvements in cognitive and motor performance when given following a TBI, reduces the
loss of p-DARPP-32-Thr34 seen with injury and leads to a decrease in PP-1 activity
compared to untreated injured animals. The present results further implicate persistent
striatal cellular dysfunction following TBI. This study is the first to provide an initial
analysis of the feasibility of targeting DARPP-32 striatal dysfunction with clinically relevant
therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Timecourse of TBI effect on DARPP-32 protein expression and phosphorylation state in rat
striatum (N = 6 per group at each timepoint). A, representative western blot timecourse of
DARPP-32, p-DARPP-32-Thr75, and p-DARPP-32-Thr34 protein expression. B, optical
density of DARPP-32 showing no change in DARPP-32 protein expression at any examined
timepoint post TBI. C, optical density of p-DARPP-32-T75 showing no significant change
in p-DARPP-32-T75 following TBI. D, optical density of p-DARPP-32-Thr34 showing a
significant reduction in p-DARPP-32-T34 in the striatum ipsilateral to injury at all
timepoints examined and in the striatum contralateral to injury at 1 day-4 weeks post injury.
**|nset image: control western with p-DARPP-32-Thr34 antibody demonstrating a single
band on rat striatal tissue. *p < 0.05 normalized to B-actin and compared to sham; ANOVA.
Data represented as a percentage of sham following normalization to p-actin + S.E.M.
Abbreviations: SC = sham contralateral to injury; IC = injured contralateral; SI = sham
ipisilateral to injury; Il = injured ipsilateral; S = sham; I = injured.
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IpsitOL Striatum

Fig. 2.

Timecourse of TBI effect on DARPP-32 DAB immunoreactivity in rat striatum (N = 3 per
group at each timepoint; boxes indicate area of higher power view shown below).
Representative sections of rat striatum at 1 day and 2 weeks post injury showing no effect of
TBI on DARPP-32 expression in either the DLStr or Nacc. Abbreviations: Ipsi = ipsilateral
to injury; DL = dorsolateral; NAcc = nucleus accumbens.
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Fig. 3.

Representative microscopic photos (N = 4 per group) of double-labeled immunofluorescent
staining for p-DARPP-32-Thr34 (red, Alexa Fluor 594), and neuronal marker NeuN (green,
Alexa 488) visually illustrates that TBI causes a decreased expression of p-DARPP-32-
Thr34 in the ipsilateral dorsolateral striatum compared to the sham controls in rats. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4.

Analysis of protein phosphatase-1 (PP-1) activity in homogenized rat striatum. There is a
significant increase in PP-1 activity in both the contralateral (N = 6/group; p < 0.01;
ANOVA) and ipsilateral (N = 6/group; p < 0.01; ANOVA) striatum compared to sham at 1
day post injury. By 2 weeks post injury there remains a significant increase in PP-1 activity
in the ipsilateral (N = 6/group; p < 0.01; ANOVA) striatum compared to sham. Increases in
PP-1 activity are consistent with decreases in p-DARPP-32-T34. Data represents means +
S.E.M.
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Fig. 5.

Analysis of AMH effects on DARPP-32 signaling post TBI. A, representative western blot
of ipsilateral striatum following 2 weeks of 10 mg/kg i.p. AMH on p-DARPP-32-Thr34, p-
DARPP-32-Thr75, and B-actin control. B, C, optical density of p-DARPP-32-Thr34 and p-
DARPP-32-Thr75. (N = 6/group; p < 0.01 following normalization to -actin compared to
TBI with vehicle; ANOVA). Data represented as a percentage of sham following
normalization to B-actin £ S.E.M. D, Effect of chronic AMH (10 mg/kg i.p. daily) on striatal
PP-1 activity. Consistent with higher p-DARPP-32-Thr34 levels, following chronic AMH
administration there is a relative reduction in PP-1 activity compared to TBI with vehicle. (N
= 6/group; p < 0.01; ANOVA). Data represents means + standard deviation. Abbreviations:
AMH = amantadine hydrochloride, DARPP-32 = dopamine and cCAMP regulated
phosphoprotein 32; TBI = traumatic brain injury.
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