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ABSTRACT 

 
Traumatic brain injury (TBI) is a widespread problem in the United States affecting thousands of 
individuals annually.  Due to our lack of understanding of the mechanisms of TBI, medical 
management of the functional deficits in these patients is difficult.  In this study, injury induced 
deficits in striatal dopamine neurotransmission was studied using rats injured by controlled 
cortical impact.  We identified specific decrease in the levels of phosphorylated tyrosine 
hydroxylase (TH) measured by Western blots in the striatum and substantia nigra at 1 week 
following TBI, suggesting a decrease in TH activity.  A direct measurement of TH activity by an 
in-vivo TH activity assay showed a correlating deficit in the injured animals.  Striatal dopamine 
release evoked by potassium stimulus using microdialysis probes was decreased in injured 
animals compared to shams at 1 week.  These results suggest deficits in presynaptic dopamine 
synthesis and release.  To reverse these deficits, nicotine which was previously demonstrated to 
enhance striatal dopamine signaling, was administered for 1 week following injury.  Rats that 
were treated with nicotine showed recovery of dopamine release and TH activity deficits.   

 
We have previously identified that TBI induces deficits in phosphorylation of striatal posynaptic 
protein: dopamine and cAMP regulated phosphoprotein 32 (DARPP-32), an important regulator 
of striatal dopamine signaling.  To assess if nicotine treatment can also reverse this deficit in 
DARPP-32 phosphorylation at threonine 34 (pDARPP-32-T34), Western blot was used.  There 
was no enhancement of pDARPP-32-T34 levels by nicotine treatment compared to saline 
controls.  Also, phosphorylation levels of molecules downstream of pDARPP-32-T34: 
extracellular signal-regulated kinase (ERK) and cAMP response element-binding protein 
(CREB) were not affected by nicotine treatment.  Behavioral experiments testing motor function 
by Beam Balance Test and Beam Walking Test and cognitive function by Morris Water Maze 
test showed no benefits of nicotine treatment.  The molecular results in this study suggest that 
nicotine may lead to activativation of multiple receptor signaling pathways that have opposite 
modulation of pDARPP-32-T34.  This study gives us a better understanding of the complex 
signaling pathways of striatal dopamine neurotransmission in the setting of TBI. 
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PREFACE 

 

My work with Dr. Dixon began in the summer of 2006 when I arrived in Pittsburgh.  At the time 

I had just attained my undergraduate degree in Bioengineering with 2 years of part time research 

in immunology, and neuroscience was a novel subject for me.  Although I’ve invested much time 

in learning bioengineering and immunology, the curiosity of neuroscience was what drove me to 

switch fields.  I was a bit apprehensive to make the switch, but deep inside my mind I felt that 

understanding the mechanism of consciousness was my greatest desire that I’ve had for years.   

 

Five years have quickly passed since then, and I truly feel that the decision was correct.  Over the 

years Dr. Dixon has guided me and transformed me in various ways.  Grantsmanship, oral 

presentation skills, and scientific writing skills are key skills I have gained under Dr. Dixon’s 

guidance.  Also, with the help of the thesis committee, I have grown to think as a scientist.  

Scientific facts are something one can gain from reading a book, but the skills to critically 

analyze data and communicate thoughts to others are not something attainable without 

mentorship. 

 

Other members of my lab James Bales, Youming Li, Michelle Ma, Hong Yan, Sherman Culver, 

and Kristin McFarlane have taught me various techniques over the years.  I appreciate their 

dedication as well as their patience to tolerate my somewhat obsessive personality.  In particular, 

I will miss the presence of Dr. James William Bales, who introduced an ounce of sanity in my 

research endeavors during the last three years. 



 xii 

 

Lastly, I’d like to close this preface with words of wisdom I will borrow from my father and Zhu 

Chi, a great Chinese philosopher.  My father had quoted this philosopher in his final lecture as a 

retiring professor of Seoul National University, Korea.  The few memorable lines were: 

 

 “Do not say you will learn tomorrow what you must learn today.   

Do not say you will learn next year what you must learn this year. 

It is easy for a young boy to gain age, but it is difficult for him to gain knowledge.   

Therefore, do not take even one second lightly.” 

 

As time passes by and I gain more knowledge, I realize that it is inevitable that I gain age, but 

impossible to learn to the degree I desire.  Yet, I will pursue learning until the last day of my life.  

This is the scholarly spirit that my father has passed on to me and the ideals that I will live by. 
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1.   Introduction and Background 

 

1.1   Traumatic Brain Injury in the United States 

 

Traumatic brain injury (TBI) is a widespread problem in the United States, causing 1.5 

million cases of death or emergency care annually (Nolan S, 2005).  Approximately 5.3 million 

individuals live with varying degrees of disability resulting from TBI in the U.S., and 70,000 to 

90,000 (Consensus Conference, 1999) have substantial loss of functioning as a long term 

outcome.  TBI occurs at an incidence of 200 per 100,000 people per year, most commonly by 

motor vehicle accidents, falls, and violence (Shames J et al., 2007).  The majority of patients 

may recover rapidly, but a large proportion of moderate to severely injured patients sustain 

permanent cognitive, emotional, and physical deficits.  In addition, TBI can result in various 

devastating complications such as seizures, hydrocephalus, infections, and behavioral and 

functional deficits.  As a result, there is a tremendous cost of medical care for these individuals 

not only for the immediate management but also for the long term rehabilitation.  Moreover, the 

loss of potential human resources among these individuals is incalculable. 

 

Because the causes of TBI are varied, such as motor vehicle accident, falls, violence, and 

sports related injury, the mechanisms of injury are also diverse.  The current primary 

classification system for TBI is the Glasgow Coma Scale (GCS), which categorizes cases into 

mild, moderate, and severe injury.  However, these categories do not explain the mechanism of 

injury, and patients with the same GCS score may have very different pathophysiology ranging 

from epidural hematoma, subdural hematoma, subarachnoid hemorrhage, and diffuse axonal 
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injury (Saatman et al., 2008).  The heterogeneity of injury and difficulty of categorization and 

management is thus a major issue for researchers and clinicians who specialize in TBI. 

 

Although TBI is a heterogeneous disease of various pathophysiological mechanisms, 

almost all cases of TBI cause deficits in cognitive function.  The long lasting consequences of 

cognitive impairment are often underreported and the mechanisms are often unclear.  

Neuropsychological tests looking at various aspects of behavior such as social function, 

cognitive abilities, and psychiatric symptoms at 10-20 years after TBI show significant 

behavioral impairment at such chronic time points (Hoofien D et al., 2001).  Individuals who 

have suffered TBI in the past have high incidence of personality changes and psychiatric issues 

such as depression, hostility, anxiety disorders, and post traumatic stress disorder.  These 

individuals also have decreased information processing speed and lower intellectual functioning 

amounting to difficulty in learning and social interaction.  

 

The economic burden resulting from TBI is estimated to be around $10 billion 

(Consensus Conference, 1999) annually for emergent care and rehabilitation.  On average, the 

cost for medical management of a person with severe TBI is estimated to range from $600,000 to 

$1,875,000.  This figure is likely an underestimate not including calculated lost earnings or cost 

to social service systems.  Moreover, there is an even larger loss in the economic value of human 

potential from the decreased contribution of these individuals to society due to the impairments 

in intellectual and social functioning capacity—a point that is often overlooked. 
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1.2 Current treatments for TBI 

 

Current treatment strategies for severe TBI focus on the control of cerebral edema and 

raised intracranial pressure, performed by administration of osmotic agents such as mannitol or 

hypertonic saline and decompressive craniectomy (Meyer et al., 2010).  The principle strategy 

behind using osmotic agents is to withdraw water from cerebral tissue, thereby reducing brain 

volume and pressure.  Surgical interventions allow decompression, which provides room for the 

swollen injured brain to reduce intracranial pressure when medical management fails.  Also, 

surgical interventions are useful for evacation of intracranial mass lesions such as hematomas.  

Hyperventilation was commonly used in the past in order to rapidly reduce intracranial pressure.  

However, aggressive or prolonged hyperventilation may in fact worsen outcomes because it 

reduces vascular perfusion and depletes bicarbonate levels.  Thus, only moderate 

hyperventilation is currently used in the clinical setting while cerebral oxygenation is being 

closely monitored (Muizelaar et al., 1991; Ralph and Lowes, 2009).   

 

Pharmacological treatments are also used in various settings of TBI.  Sedatives and 

antiepileptic drugs such as phenytoin and benzodiazepenes are used to prevent post traumatic 

seizures (Losiniecki and Shutter, 2010).  Barbiturates also prevent seizures and are used for 

management of uncontrollable intracranial pressures by reducing cerebral metabolism and 

cerebral blood volume.  However, adverse effects such as hypotension, adrenal insufficiency, 

and bone marrow suppression have been reported, and there is conflicting evidence as to whether 

the above treatments are more effective than conventional strategies of reducing intracranial 

pressure such as the use of mannitol (Meyer et al., 2010) 



 4 

 

Corticosteroids were commonly used during the last decade in order to reduce post-

traumatic inflammation, which was believed to be one of the major mechanisms of secondary 

injury in TBI.  Although spinal cord injury studies have reported positive outcomes in motor and 

sensory function after corticosteroid treatment (Bracken et al., 1990, 1997), a large randomized 

trial of corticosteroids showed no beneficial effect and even increased the risk of death during  

the  2 weeks following TBI (Roberts et al., 2004). 

 

The use of hypothermia for therapeutic purposes in traumatic brain injury has gained 

much attention in the last decade.  It is believed to reduce inflammation and metabolic 

consumptions after injury.  In addition, it can attenuate excitoxic effects by attenuating glutamate 

release (Mueller-Burke et al., 2007) and alter the activity of matrix metalloproteinases thereby 

reducing blood-brain barrier permeability (Nagel et al., 2007).  A meta-analysis of eight studies 

(Peterson et al., 2008), however, showed no statistically significant effect on mortality or 

neurological outcome.  Prolonged hypothermia also has been associated with adverse effects 

such as sepsis, coagulopathy, and pneumonia.  Much research on hypothermia is now focused on 

the details of the protocol, as optimizing the duration and rate of cooling may result in positive 

outcome of the patients (De Deyne, 2010). 

  

In addition to these therapies, various pharmacological agents for TBI management have 

been attempted previously, ranging from cannabinoids, antioxidants, N-Methyl-D-aspartic acid 

(NMDA) receptor antagonists, and calcium channel blockers (Jain, 2008).  These agents were 

shown to be beneficial in animal models, but most clinical trials in humans found no efficacy.  In 
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a recent study comparing eleven pharmacological agents, only amantadine (a dopamine agonist 

and NMDA receptor antagonist) and CP-0127 (a bradykinin receptor antagonist) markedly 

improved behavioral and cognitive outcomes after TBI (Wheaton et al., 2009).  Pharmacological 

management of patients suffering from TBI is challenging due to the complexity of the 

mechanism of injury and heterogeneity of patients.  More research targeting specific mechanisms 

of injury or post injury deficits are needed for future development of pharmacological agents to 

treat TBI. 

 

 

1.3   Dopamine Deficits after TBI 

 

Changes in the dopamine system after TBI have been demonstrated in various studies in 

the past (Bales et al., 2009).  The pharmacological agents targeting the dopamine system can 

improve cognitive function in animals and humans after TBI.  Catecholamine agonist therapy has 

shown motor and cognitive improvement in both humans and animals (Phillips et al., 2003).  

Also, L-DOPA treatment which increases dopamine synthesis, enhances cognitive and motor 

function following TBI (Kraus and Maki, 1997; Koeda and Takeshita, 1998; .   

 

Methylphenidate (Kline et al., 1994, 2000) and D-amphetamine (Feeney et al., 1981; 

Sutton et al., 1989; Hovda et al., 1989; Hornstein et al., 1996), which increase synaptic dopamine 

levels by inhibiting dopamine transporter (DAT) function, enhance functional outcomes after 

experimental TBI.  Benefits in memory and attention (Evans et al., 1987), as well as increased 

information processing speeds were also previously reported (Willmott and Ponsford, 2009).  

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0140�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0110�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0110�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0090�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0060�
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Moreover, amphetamine can facilitate neuronal plasticity and regeneration (Ramic et al., 2006).  

Outside the striatum, these agents not only inhibit the function of DAT, but also norephinephrine 

transporters.  This leads to an increase in synaptic norepinephrine levels in the neocortex 

receiving input from the neurons in the locus ceruleus and reportedly contributing to cognitive 

benefit. 

 

Amantadine is an agent that was originally used as an antiviral agent for Influenza A.  Its 

function as a psychostimulant gained wide interest in its use in neuropsychiatric diseases over 

time.  In the central nervous system, amantadine primarily functions as a noncompetitive 

antagonist of the NMDA receptor and is believed to increase extracellular dopamine 

concentrations by inhibiting  reuptake and facilitating dopamine synthesis (Von Voightlander 

and Moore, 1971; Bak et al., 1972).  It also induces postsynaptic effects, possibly by increasing 

postsynaptic dopamine receptor activation or by altering their conformation (Gianutsos et al., 

1985; Beers et al., 2005).  Amantadine administration following TBI has been shown to induce 

dopamine release when infused into the striatum by microdialysis (Takahashi et al., 1996).  In 

both clinical data (Sawyer et al., 2008) and animal models of TBI (Dixon et al., 1999), 

amantadine was demonstrated to facilitate neurorecovery.  As mentioned previously in Section 

1.2, meta-analysis of recent clinical trials showed marked cognitive benefit for using amantadine 

in TBI. 

 

In addition, alterations in the levels of striatal dopamine and proteins that synthesize and 

transport dopamine after injury have been reported in neurochemical studies. Dopamine levels 

increase at acute time points in several regions such as the striatum, hypothalamus, and frontal 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0165�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0165�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0020�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0065�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0065�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0145�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0045�
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cortex (Massucci et al., 2004; McIntosh et al., 1994).  The metabolism of dopamine, measured 

by the ratio of the dopamine metabolite dihydroxyphenylacetic acid (DOPAC) to dopamine, was 

increased at 1 hour after injury in the striatum (Massucci et al., 2004).   

 

There have been only a few reports on the levels of striatal dopamine receptors after TBI.  

One study demonstrated no changes in D2 receptors, but decreased numbers of D1 receptors 

immediately after TBI followed by an increase at 24 hours (Henry et al., 1997).  However, at 14 

days following TBI, no changes in D2 receptors were reported (Wagner et al., 2005, 2009).  

These studies also showed that the levels of striatal DAT is decreased at 14 days after TBI and 

that electrically evoked dopamine release, asmeasured by fast scanning cyclic voltammetry, is 

also decreased at that time. 

 

 

1.4 Dopamine Signaling in the Striatum 

 

The major dopamine projections in the CNS arise from the midbrain regions of the 

ventral tegmental area and substantia nigra pars compacta.  The dopaminergic axons arising  

from the ventral tegmental area project to nucleus accumbens and form mesolimbic pathway, 

whereas the dopaminergic axons arising  from substantia nigra project to the dorsolateral 

striatum to form the nigrostriatal pathway.  Midbrain dopamine projections from ventral 

tegmental area also reach into cortical regions such as the prefrontal cortex. 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0125�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0130�
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The striatum functions as the major input structure of the basal ganglia, a subcortical 

structure that has an important role in cognitive, emotional, and movement control (Hauber, 

2010).  In the striatum, nigrostriatal axons synapse onto medium spiny neurons that synthesize γ-

Aminobutyric acid (GABA).  Because medium spiny neurons represent 95% of neurons in the 

striatum, striatal dopamine signaling is regulated mostly by activation of these GABA-ergic 

postsynaptic neurons.  Once medium spiny neurons receive inputs, two output pathways can be 

activated: 1. Direct pathway projecting to substantia nigra and globus pallidus pars interna, and 

2. Indirect pathway projecting to subthalamic nucleus and globus pallidus pars externa (Hauber, 

1998).  Activation of the direct pathway (also known as striatonigral pathway) facilitates 

movement, whereas activation of the indirect pathway (also known as striatopallidal pathway) 

inhibits movement.  The activation of direct and indirect pathways occurs by dopamine release 

from striatal dopamine terminals activating different subtypes of dopamine receptors: D1 and D2 

receptors, respectively. 

 

Dopamine receptors belong to the G protein-coupled receptor superfamily, and these 

receptors are located on dendrites and cell bodies of neurons as well as axons and nerve 

terminals.  Dopamine receptors are categorized into either D1-like or D2-like receptors, with D1-

like receptors consisting of D1 and D5 receptors and D2-like receptors consisting of D2, D3, and 

D4 receptors.   In the striatum, D1 and D2 receptors were identified in the cell body and dendrites 

of medium spiny neurons (Levey et al., 1993).  Activation of D1-like receptors leads to activation 

of adenylate cyclase, which increases synthesis of 3’-5’-cyclic adenosine monophosphate 

(cAMP).  In turn, cAMP activates a second messenger important in activation various functions 
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of medium spiny neurons: protein kinase A (PKA).  However, D2-like receptors reduce adenylate 

cyclase activation by coupling to Gi/Go proteins (Vizi and Lajtha, 2008).   

 

Dopamine neurotransmission in the striatum has a significant role in brain function such 

as voluntary movement (Korchounov, 2008).  Dopamine receptors D1 and D2 influence long-

term potentiation and long-term depression, important mechanisms of synaptic plasticity in 

motor skill learning (Vizi and Lajtha, 2008).  Striatal dopaminergic signaling also plays a major 

role in spatial learning and memory (Mura A and Feldon J, 2003): rats that had bilateral lesions 

of nigrostrial dopaminergic system had profound deficits in acquisition task of Morris water 

maze.  These findings indicate the importance of the striatal dopamine system in both memory 

and motor function. 

 

 

1.5 Downstream signaling: DARPP-32, ERK, CREB 

 

When dopamine release activates receptors on medium spiny neurons, adenylate cyclase 

is activated and increase in PKA activity subsequently leads to phosphorylation of a 

phosphoprotein dopamine and cyclic adenosine 3’,5’-monophosphate-regulated phosphoprotein, 

32kDa (DARPP-32).  The protein DARPP-32 is present in 97% of medium spiny neurons 

(Matamales et al., 2009) and is involved in virtually all of dopamine mediated events ranging in 

biochemical, electrophysiological, and transcriptional events (Greengard et al., 1999; 

Svenningsson et al., 2004).  It has a central role in regulating neuronal excitability and induction 
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of long-term depression (LTD) and long-term potentiation (LTP), which form synaptic plasticity 

and serve as the basis of learning and memory (Calabresi et al., 2000). 

 

 

 

Figure 1.  Striatal dopamine signaling in medium spiny neurons.  Dopamine activation of 

D1 receptors activates PKA signaling pathway and activation of D2 receptors inhibits PKA 

signaling pathway.  Activation of PKA leads to phosphorylation of T34 site of DARPP-32, 

which then inhibits PP-1.  D1 and D2 receptors are depicted in the same neuron for conceptual 
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simplicity; most striatal medium spiny neurons express only D1-like receptors or D2-like 

receptors, and not both. 

 

DARPP-32 is present in both striatonigral neurons of the direct pathway activated by D1 

receptors and striatopallidal neurons of the indirect pathway activated by D2 receptors.  As 

previously mentioned, D1 receptor activation by dopamine is followed by an increase in activity 

of adenylate cyclase (Fig. 1).  This further leads to activation of PKA, which phosphorylates 

DARPP-32 in one of its two major phosphorylation sites: threonine-34 (T34).  This would in turn 

cause strong inhibition of protein phosphatase 1 (PP-1), which has numerous substrates, such as 

neurotransmitter receptors, ion channels, and other phosphatases.  Inhibition of PP-1 will activate 

transcription factors such as cAMP response element binding protein (CREB) via extracellular 

regulated kinase (ERK) pathway. This in turn would induce activation of genes important for 

synaptic plasticity.  

 

Activation of D2 receptor by dopamine will inhibit adenylate cyclase as well as cause 

phospholipase C and protein phosphatase 2B (PP-2B) activation (Nishi et al., 1997).  Since PP-

2B is a strong phosphatase that can dephosphorylate DARPP-32 phosphorylated at T34 

(pDARPP-32-T34), this will lift the inhibition on PP-1.  Thus, depending on the activation of D1 

or D2 receptors, there is a differential regulation in the activity of DARPP-32.  This is in 

agreement with previous electrophysiological and gene transcriptional data that demonstrate 

dopamine’s stimulatory effect via D1 receptors and inhibitory effect via D2 receptors (Gerfen et 

al., 1990; Robertson et al., 1990; West et al., 2002). 
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Figure 2. Western blot time course of striatal DARPP-32 (a) and pDARPP-32-T34 (b).  

From 6 hours to 4 weeks, there is no change in protein levels of DARPP-32 (a), but there is a 

decrease in p-DARPP-32-T34 (b) in the injured animals’ striata that are both ipsilateral and 

contralateral to the side of injury. (SC = sham contralateral, IC = injured contralateral, SI = sham 

ipsilateral, II = injured ipsilateral, *p≤0.05)  Figure from (Bales, 2010). 

 

Data previously generated by other members of the Dixon  laboratory have shown that 

TBI decreases the levels of pDARPP-32-T34 from 6 hours to 4 weeks after injury in rats (Fig. 

2).  Although phosphorylation of DARPP-32 is altered, there is no alteration in total DARPP-32 

protein levels.  Since pDARPP-32-T34 has an inhibitory effect on PP-1 activity, the decrease in 

pDARPP-32-T34 may cause an increase in PP-1 activity.  In accord with these data, the activity 

of striatal PP-1 increases at 1 day and 2 weeks post injury (Bales, 2010).  In addition, other 

previous data showed that intraperitoneal injection of PP-2B inhibitor FK506 after TBI can 
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reverse this deficit in pDARPP-32-T34 (Fig. 3).  Thus, there is a major role of PP-2B in reducing 

pDARPP-32-T34 following TBI. 

 

Another major regulation site for activity of DARPP-32 is threonine-75 (T75).  

Phosphorylation of T75 by cyclin dependent kinase 5 (cdk5) causes DARPP-32 to function as an 

inhibitor to PKA. This in turn will prevent T34 phosphorylation.  Thus, DARPP-32 acts either as 

an inhibitor of PKA or PP-1 depending on the phosphorylation of T34 or T75.  This differential 

function of DARPP-32 depending on the phosphorylation of two sites makes it a bifunctional 

signaling molecule. 
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Figure 3.   FK506 treatment following TBI.  Animals were injected with single dose of 

FK506 (2 mg/kg, suspended in 0.9% saline) 5 minutes after injury.  Western blots of pDARPP-

32-T34 demonstrated full reversal of TBI induced deficit with FK506 treatment. (*p≤0.05 

compared to sham ipsilateral vehicle).  Figure from (Bales, 2010). 

 

Downstream of DARPP-32 is the extracellular signal-regulated kinase (ERK), which has 

a major role in learning and memory.  ERK is activated by phosphorylation, leading to its 

subsequent phosphorylation of CREB.  Although ERK activation can occur downstream of 

DARPP-32, PKA can also directly activate ERK, as shown in (Fig. 1).  The importance of ERK 

in learning and memory is evidenced by its necessity in LTP induction and behavioral tests for 

learning and memory. 

 

The role of ERK in learning and memory was most extensively investigated in the 

hippocampus in the past.  In hippocampal slices, LTP-inducing high frequency stimulation 

activates ERK (English and Sweatt, 1996). Inhibition of the ERK cascade (English and Sweatt, 

1997; Impey et al, 1998) attenuates LTP formed by this high frequency stimulus.  Behaviorally, 

rats subjected to fear conditioning tasks, a form of associative learning, had increased levels of 

phosphorylated ERK (Atkins et al., 1998).  Pharmacological inhibition of MEK, the kinase 

upstream of ERK, also inhibited the ERK cascade and abolished fear conditioning.  This study 

also showed inhibition of LTP induction when MEK inhibitor was applied.  Rats subjected to 

spatial learning in Morris Water Maze also show increased phosphorylated ERK immediately 

after training (Blum et al., 1999).  Moreover, infusion of a MEK inhibitor decreased long term 

spatial learning in these animals, again verifying the importance of ERK in memory formation.  
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Similarly, treatment of mice with SL327, a MEK inhibitor inhibited cocaine induced locomotion 

(Valjent et al., 2005). 

 

The role of ERK in striatal learning has also been demonstrated in the past by 

electrophysiological and  behavioral studies.  The formation of LTP by in vivo electrical 

stimulus of cortico-striatal circuit (Carpier and Deniau, 1997) induces ERK activation (Sgambato 

et al., 1998) and immediate early genes such as c-fos, zif268, MAP Kinase phosphatase-1.  

Activation of ERK leads to activation of downstream transcription factors such as CREB and 

Elk-1, which induce immediate early gene transcription (Deng and Karin, 1994).  In rodent 

behavioral studies, molecular changes in the striatum followed several forms of learning such as 

associations between action and outcome and motor tasks.  Increases in phosphorylation of 

striatal ERK and c-fos occurred when mice were subject to motor skill learning using 

accelerating rotarod task (Bureau et al., 2010).  Injection of inhibitors of ERK signaling such as 

PD98059 or SCH237 inhibited motor skill learning, demonstrating the importance of ERK 

signaling in memory involving the striatum.  Similarly, ERK phosphorylation (Shiftlett et al., 

2008) as well as the activation of transcription factor CREB by phosphorylation (Shiftlett et al., 

2009) in the nucleus accumbens increases after training to produce associations between an 

auditory tone and food. 
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1.6 TBI and dysregulation of α-synuclein 

 

Alpha-synuclein (α-syn) is a soluble protein found in presynaptic terminals of various 

parts of the brain.  It is believed to play a particularly important role in synucleinopathies such as 

Parkinson’s Disease, dementia with Lewy bodies, and multiple system atrophy, though the exact 

mechanism has not been demonstrated thus far.  Past studies have shown that α-syn may inhibit 

activity of tyrosine hydroxylase (TH) (Perez et al., 2002) and aromatic amino acid decarboxylase 

(AADC) (Tehranian et al., 2006), enzymes responsible for dopamine synthesis, by direct 

physical interaction as demonstrated by immunoprecipitation.  Thus, disruptions in α-syn levels 

by its increased expression or aggregation can cause dysregulation of dopamine biosynthesis.  

Also, α-syn has been shown to inhibit DAT function by trafficking DAT away from plasma 

membrane into the cytoplasm (Wersinger et al., 2003, 2004).  Overall, pathologic processes that 

lead to loss of α-syn equilibrium then can lead to dysregulation of both biosynthesis and 

transport of dopamine.  Studies on α-syn knock out mice show nigrostriatal dopaminergic 

deficits in terms of its release, tissue content, and amphetamine- induced locomotion (Abeliovich 

et al., 2000), supporting the idea that α-syn is an important protein in the modulation of 

dopamine activity. 

 

In a previous study that I have performed, α-syn levels in the striatum of TBI rats were 

shown to be drastically elevated compared to the levels in sham rats at 1 week post injury (Fig. 

4).   By 4 weeks, the levels of α-syn in injured animals were reduced to levels comparable to 

those seen in sham animals.  Because α-syn can modulate the activity of dopamine regulating 

proteins, this temporary upregulation of α-syn protein may be related to dopamine dysregulation.  
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Increased levels of α-syn may inhibit the activity of TH and AADC, decreasing dopamine 

synthesis and possibly contributing to deficits in striatal dopamine neurotransmission previously 

explained in sections 1.4 and 1.5. 

 

   
 

Figure 4.  α-syn levels in striatum measured by Western blot.   There is a drastic 

upregulation of striatal α-syn levels at 1 week post TBI.  By 4 weeks, the increases are reversed. 

(* = p≤0.05) 

 

Although the level of α-syn is increased in the injured animals at 1 week, the tissue level 

of dopamine in injured animals at 1 week is not different from those of sham animals (Massucci 

et al., 2004).  However, α-syn increase may still inhibit dopamine synthesis, decreasing 

potassium stimulus evoked dopamine release which will be shown in Chapter 2.  In addition, the 

recovery of potassium stimulus evoked dopamine release in the injured striatum at 4 weeks will 

be shown, correlating with the return of α-syn to sham levels.  However, whether this α-syn 

increase occurs specifically in dopamine terminals or other regions of the striatum has not been 
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demonstrated.  This is a question left for future studies using immunohistochemistry 

experiments. 

 

 

1.7 The Effects of Nicotine and Nicotinic Agonists: Behavioral Aspect 

 

Nicotine is a major neurostimulant that enhances cognitive function in both humans and 

animal models (Poorthuis et al., 2009).  Activation of nicotinic acetylcholine receptors (nAChRs) 

affects cholinergic signaling and other neurotransmitter systems that interact with the cholinergic 

system such as dopamine, leading to improvements in learning, memory, and attention.  Acute 

injection of nicotine improved rats’ performance on 16-arm radial maze, a measure of working 

memory (Levin et al., 1997).  Similarly, synthetic nAChR agonists such as 

dimethylaminoethanol (Levin et al., 1995), AR-R17779 (Levin et al., 1999), ABT-418 (Decker 

et al., 1994), and TC-1734 (Gatto et al., 2004) were all shown to improve working memory.  

Even with chronic nicotine infusion, this benefit in memory function was not diminished, and the 

benefits persisted even up to 4 weeks after withdrawal (Levin et al., 1990, 1992).  As chronic 

treatment would be necessary in managing neurodegenerative diseases or acute brain injuries, 

this property was clinically valuable.    

 

Nicotine and nAChR agonists have been shown to improve not only working memory, 

but also attention in more recent studies.  These experiments tested the rats’ abilities to pay 

attention to visual signals then to make correct choices by pressing on the levers that correlated 

with the signals, and demonstrated a benefit of nicotine and nAChR agonist (Rezvani et al., 
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2002; Rezvani and Levin, 2003; McGaughy et al., 1999).  In a similar attention test known as the 

five-choice serial reaction time task, a nicotine agonist SIB-1553A improved performance of rats 

as well as monkeys (Terry et al., 2002). 

 

Nicotine treatment also improves symptoms in several human diseases characterized by 

cognitive deficits.  In Alzheimer’s Disease, nicotine skin patch or intravenous delivery improves 

memory function (Newhouse et al., 1999; Parks et al., 1996) and learning (Wilson et al., 1995).  

In addition, nicotine application by skin patch (White and Levin, 1999) or subcutaneous injection 

(Jones et al., 1992) improved attention in Alzheimer’s Disease patients.  Similarly, in patients 

with Schizophrenia, cigarette smoking was shown to improve auditory gating (Adler et al., 

1993).  Schizophrenia patients have decreased nAChR in the hippocampus (Freedman et al., 

1995) and self-medication is a prevalent among them.  These findings support the notion of 

cognitive benefit of nicotine administration for Schizophrenia. 

 

Application of nicotine or nAChR agonists in the setting of acute brain injury improves 

cognitive function.  In rats with cortical lesion induced by electrical current, nicotine injection 

either pre or post injury resulted in improvement of memory and cognitive function (Brown et 

al., 2000).  These rats had better performance in the Morris Water Maze than the vehicle treated 

group for both the acquisition (learning test) and probe (memory test) trials, demonstrating 

improvement in both learning and memory.  In the setting of TBI, dietary supplementation of 

choline, which specifically activates α7 nAChRs, improved Morris Water Maze performance, 

and increases the levels of α7 nAChRs and tissue survival (Guseva et al., 2008).  Similarly, 
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intermittent injection of nicotine treatment for 11 days after TBI also improved acquisition and 

retention of spatial memory (Verbois et al., 2003a). 

 

Post TBI injection of cytidine-5’-diphosphate-choline (CDP-choline), a compound 

closely related to choline, also result in improvement of Morris Water Maze performance (Dixon 

et al., 1997).  CDP-choline treatment has also been shown to improve outcomes following stroke 

in clinical trials (Clark, 2009) and reduce memory problems and cognitive dysfunction in elderly 

patients with Alzheimer’s Disease (Conant et al., 2004).  However, it is not clear if these 

beneficial effects of CDP-choline treatment were due to increased choline to activate nAChRs or 

increased acetylcholine to activate all acetylcholine receptors.  Treatments using other specific 

agonists for nAChRs also induce cognitive benefit.  An agonist for nAChRs, AR-R1779 

increases social recognition memory in rats (Van Kampen et al., 2004) and nAChR agonist GTS-

21 improves learning and memory in aged rats (Young et al., 2007).  Also AZD0328, a nAChR 

agonist, was shown to improve learning and attentional process in rats (Sydserff et al., 2009). 

 

 

1.8  The Effects of Nicotine and Nicotinic Agonists: Nicotinic Receptors 

 

Nicotinic acetylcholine receptors are ligand-gated ion channel receptors that increase 

cellular permeability to Na+ and Ca2+ when activated.  As pentameric structures, there are 5 types 

of α subunits and 3 types of β subunits that nAChRs can be composed of.  The majority of 

striatal nAChRs are α4 and β2 containing nAChRs (α4β2), and this subtype is also most 

commonly found in dopaminergic terminals (Wonnacott et al., 2000).  Depending on the 
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composition of these receptors, they can have different sensitivities to nicotine (Salminen et al., 

2007) and firing patterns (Meyer et al., 2008).  Another prevalent nAChR is the α7 receptor 

expressed at glutamateric terminals (Salminen et al., 2004; Grady et al., 1992).  Since medium 

spiny neurons receive their major inputs from both glutamate and dopamine terminals, nicotine 

activates striatal signaling by both glutamate and dopamine (Fig. 5).  

 

 

 

Figure 5.  Simplified diagram of nicotine’s effect on striatal neurotransmitter release.  

Nicotine in the striatum activates α7 receptors on glutamate terminals and α4β2 receptors on 

dopamine terminals.  Thus, both neurotransmitters are released to activate the medium spiny 

neurons when nicotine is administered. 
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One of the molecular findings after chronic nicotine or nicotinic agonist treatment is the 

upregulation of nAChR.  In vitro, chronic nicotine treatment of SH-SY5Y cells upregulates the 

expression of α7 and α3 nAChR (Peng et al., 1997).  This upregulation by nAChR can also occur 

in vivo in rats treated with nicotine for 7 days post TBI using osmotic minipumps (Verbois et al., 

2003b).  Moreover, the TBI induced deficits in nAChR expression are attenuated with choline 

treatment (Guseva et al., 2008).  Delivering nicotine by intraperitoneal injection also increased 

the number of nAChRs (Verbois et al., 2003a).  

 

 

1.9 The Effects of Nicotine and Nicotinic Agonists: Striatal Dopamine  

 

Nicotine treatment has been previously shown to induce upregulation of the levels of 

tyrosine hydroxylase (TH).  The contribution of intracellular Ca2+ in TH synthesis was shown by 

a study where blockade of L-type Ca2+ channel prevented c-fos and TH mRNA upregulation 

after nicotinic receptor activation (Craviso et al., 1995).  These studies demonstrated that 

nicotine increases intracellular Ca2+ and that TH gene expression was Ca2+ dependent.  Previous 

studies also show that dopamine release in the striatum can be enhanced by nicotine (Marshall 

DL et al., 1997; Rahman SJ et al., 2003) or nAChR agonist treatment (Sydserff et al., 2009). 

 

Activation of nAChRs by nicotine administration in striatal slices leads to either decrease 

or increase of pDARPP-32-T34 in a dose dependent manner (Hamada et al., 2004).  At a lower 

dose of nicotine (1μM) in mouse neostriatal slices, there was a decrease in pDARPP-32-T34, 
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which is blocked by pretreatment with D2 receptor antagonist raclopride.  However, at a higher 

dose of nicotine (100μM), there was an increase in pDARPP-32-T34, which is blocked by 

pretreatment with D1 receptor antagonist SCH23390.  Thus, this study supports the idea that low 

concentrations of nicotine induce D2 receptor dependent decreases in pDARPP-32-T34, and high 

concentration nicotine induces D1 receptor dependent increase in pDARPP-32-T34.  This dose 

dependence of nicotine is possible since α7 receptors and α4β2 receptors have different affinities 

for nicotine.  Since α4β2 receptors have much higher binding affinity (Ki = 0.6-10 nM) than α7 

receptors (Ki = 400-15,000 nM), low dose nicotine will activate mostly α4β2 receptors, and thus 

affect dopaminergic terminals.  This will stimulate low level dopamine release onto the medium 

spiny neurons and activate D2 receptors, which have a higher affinity for dopamine.  However, 

high dose nicotine will activate both α7 and α4β2 receptors.  The activation of α7 receptors may 

lead to release of glutamate from the glutamatergic terminals synapsing on to dopaminergic 

terminals, causing a more robust release of dopamine.  At higher levels of dopamine release, 

primarily D1 receptors are activated.  Thus, nicotine concentration will determine which of the 

dopamine receptors become activated and whether pDARPP-32-T34 levels increase or decrease. 

 

Aside from enhancing striatal dopamine signaling, nicotine has been demonstrated to 

have neuroprotective function in the setting of nigrostriatal injury and Parkinson’s disease.  

Epidemiological studies showed that nicotine administration has a protective effect in the 

dopaminergic system.  The incidence of Parkinson’s disease in cigarette smokers is 

approximately one-half of that of age-matched non smokers (Quik and Kulak, 2002).   In 

parkinsonian animals, nicotine is neuroprotective against degeneration of the nigrostriatal 

system, and in patients with Parkinson’s disease, nicotine attenuates dyskinesia (Quik M et al., 
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2009; Huang LZ et al., 2009, Parain K et al., 2003).  In animals treated with nicotine, 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced nigrostriatal dopaminergic neuronal loss 

was greatly reduced (Janson et al., 1988b, Maggio et al., 1998, Parain et al., 2003).  Nicotine 

administration also reduced the loss of striatal dopamine after hemitransection of nigrostriatal 

fibers (Janson et al., 1988a; Janson et al., 1991).  In a rat model of Parkinson’s disease by 

rotenone, nicotine attenuates motor deficits and dopamine neuronal cell loss in substantia nigra 

(Takeuchi et al., 2009).  Nicotine treatment also prevented striatal dopamine loss, increased 

dopamine turnover, and dopamine terminal loss induced by 6-hydroxydopamine (Costa et al., 

2001; Ryan et al., 2001).  Thus, the beneficial effect of nicotine in the setting of striatonigral 

injury has drawn much interest in its possible use as a therapy. 

 

 

1.10 Aims 

 

Various studies in the past using pharmacological agents that affect the dopamine system 

have been found  to hasten functional recovery following TBI in both humans and animals.  

Moreover, proteins that regulate dopamine synthesis, release, and transport are altered following 

TBI at different time points.  Because dopamine signaling has a major role in both motor and 

cognitive function, this study investigated the specific mechanisms of striatal dopamine deficit 

and the possibility of reversing this deficit by a pharmacological agent, nicotine.  This study was 

conducted in four phases to answer the major hypothesis:  TBI induces deficits in striatal 

dopamine synthesis and release, which impairs postsynaptic signaling, factors that can be 

reversed by treatment with nicotine. 
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To answer the major hypothesis, 4 specific aims were followed throughout this study: 

• Aim 1 (Chapter 2): Determine if there are deficits in striatal TH activity and dopamine 

release after TBI. 

• Aim 2 (Chapter 3): Determine if TH activity and dopamine release deficits after TBI are 

restored by nicotine treatment. 

• Aim 3 (Chapter 4): Determine if enhancing TH activity and dopamine release can reverse 

the deficits in DARPP-32 activation and its downstream molecules.  

• Aim 4 (Chapter 4): Determine if enhancing striatal dopamine signaling by nicotine 

treatment results in cognitive and motor improvement in rats.  
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2. Alterations in Tyrosine Hydroxylase and Dopamine Release After TBI 

 

2.1 Introduction 

 

Tyrosine hydroxylase is a rate-limiting synthesis enzyme for the catecholamines such as 

dopamine and norepinephrine.  Though TH is responsible for synthesis of both catecholamines, 

striatal tissue contains very small levels of norepinephrine.  Thus, striatal TH represents the 

presence of dopaminergic fibers (Hokfelt et al., 1977; Anden et al., 1964).  Tyrosine hydroxylase 

is responsible for the conversion of amino acid tyrosine, which is transported across the blood-

brain barrier, into L-DOPA inside catecholaminergic neurons.  Subsequently, L-DOPA is 

converted into dopamine by the enzyme AADC.  Since the activity level of AADC is much 

greater than that of TH, L-DOPA is instantaneously converted into dopamine upon synthesis by 

TH (Vizi and Lajtha, 2008).  Due to its rate-limiting activity in dopamine synthesis, TH is one of 

the most commonly monitored enzymes for studying dopaminergic neuron’s function. 

 

Tyrosine hydroxylase regulates catecholamine biosynthesis either by phosphorylation or 

transcription.  Phosphorylation changes the activity levels of TH immediately, but transcriptional 

regulation to change the protein levels of TH increases the capacity for catecholamine synthesis 

in the long term.  There are four commonly reported sites of phosphorylation in TH:  serine 

residues 8, 19, 31, and 40.  Each site has a specific major kinase that regulates its 

phosphorylation: serine 19 is regulated by Ca2+/calmodulin-dependent protein kinase II 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0075�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-51C9K0N-2&_user=9649437&_coverDate=01%2F19%2F2011&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000006998&_version=1&_urlVersion=0&_userid=9649437&md5=aef7b64f6067059069438c86898bece4&searchtype=a#bb0010�
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(Campbell et al., 1986), serine 31 is regulated by ERK1/2 (Haycock et al., 1992), and serine 40 is 

regulated by protein kinase A (PKA) (Haycock and Haycock, 1991).   

 

Increased activity of TH has previously been associated with phosphorylation of TH at 

the serine 40 (pser40TH), and direct activation does not occur by phosphorylation of  serine 19 

(pser19TH) (Lindgren et al., 2000), (Harada et al., 1996), although the binding of 14-3-3 proteins 

to pser19TH enhances pser40TH phosphorylation and TH activity (Kleppe et al, 2001; 

Bobrovskaya et al. 2004).  Phosphorylation of serine 40 leads to an increase in TH affinity to 

tetrahydrobiopterin, a cofactor required for L-DOPA synthesis, causing increased TH activity 

(Dunkley et al., 2004).  Also, phosphorylation of TH leads to changes in its interaction with 

dopamine: dopamine binds to unphosphorylated TH and inhibits its activity (Daubner et al., 

1992), (Gordon et al., 2008).  However, when phosphorylation at serine 40 occurs, 

catecholamine is released  from TH.  This relieves dopamine’s inhibitory feedback on TH, 

increasing the activity of TH.  The activity of TH is also complicated by the possible interactions 

between phosphorylation sites: serine 19 phosphorylation may alter the conformation of TH such 

that serine 40 phosphorylation occurs at an increased rate (Dunkley et al., 2004).  Thus, a better 

understanding of TH activity can be gained by investigation of both pser19TH and pser40TH.   

 

The experiments in this chapter focused on Aim 1: Determine if there are deficits in 

striatal TH activity and dopamine release after TBI.  The alteration in dopamine synthesis was 

first studied by assessing TH levels and TH activity.  To investigate both short term and long 

term changes in dopamine synthesis, total TH levels and phosphorylated TH levels were studied.  

Striatal TH, pser40TH, and pser19TH levels were monitored by Western blot at 1 day, 1 week, 



 28 

and 4 weeks after injury.  Then, it was followed up using an in-vivo TH activity.  A PKA activity 

assay was also used to associate its role in modulating pser40TH levels.  In addition, potassium 

stimulus-evoked dopamine release was assessed using a combination of microdialysis and high 

performance liquid chromatography (HPLC). 

 

 

2.2 Materials and Methods 

 

2.2.1   Animals 

 

One hundred and three male Sprague-Dawley rats (Harlan Laboratories) weighing 280-

350 grams were used for this study.  All experiments were performed according to the guidelines 

for Care and Use of Laboratory Animals set by the University of Pittsburgh.  The Institutional 

Animal Care and Use Committee approved all the experiments in this study.  Animals were 

housed in 12 h light/dark cycle with food and water given ad libitum. 

   

2.2.2   Surgery 

 

Animals were injured by the controlled cortical impact (CCI) device as previously 

described (Dixon et al., 1991).  The rats were first anesthetized using 5% isoflurane in 2:1 ratio 

of nitrous oxide: oxygen and endotracheally intubated.  After intubation, animals were mounted 

on a stereotaxic frame and secured by incisor bar and ear bars.  Mechanical ventilation 

maintained anesthesia with 2% isoflurane in 2:1 N2O/O2  while the animals were prepared for 
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surgical exposure of the skull.  The head was shaved then cleaned using povidone-iodine.  After 

a midline incision exposed the skull from bregma to lambda, a retractor was placed to expose the 

skull.  Then, parasagittal craniectomy was made with the center of craniectomy at (AP: +4.0 mm, 

L: +2.8 mm), making a window large enough for 6mm tip of the CCI device.  For injured 

groups, 2.6-3.2 mm deformation depth (severe injury) at 4 m/s was given while sham groups 

received only craniectomy.  After the impact, the incision site was closed with silk sutures and 

animals were taken off the anesthesia.  Animal recovery was monitored until tail pinch and 

righting reflex returned.  After recovery, the animals were returned to the home cages in the 

animal facility. 

 

2.2.3   Western blot 

 

Rats were anesthetized using sodium pentobarbital (100 mg/kg) and sacrificed by 

decapitation at 1 day, 1 week, or 4 weeks after surgery (n=6 for each group).  Brains were 

dissected on a chilled ice plate and striata and substantia nigra ipsilateral and contralateral to the 

injury were frozen in liquid nitrogen and stored at -70˚C until preparation.  Tissues were 

prepared by sonicating in a lysis buffer (0.1 M NaCl, 0.01 M Tris-HCl (pH 7.6), 0.001 M EDTA 

(pH 8.0), 1 μg/ml phenylmethylsulfonyl fluoride, Phosphatase Inhibitor Cocktails 1 and 2 (1:100, 

Sigma, St. Louis, MO), Protease Inhibitor Cocktail (Complete Mini, Roche Applied Science, 

Mannheim, Germany)).  The sonicated tissues were centrifuged at 13,000 х g for 30 min and 

supernatants were used for Western blot.  Using a BCA protein assay kit (Pierce, Rockford, IL), 

samples containing 40 μg of protein were electrophoresed on 10% SDS-polyacrylamide gels, 

transferred to polyvinylidene fluoride membranes, and blocked by 5% bovine serum albumin 



 30 

(BSA) (Sigma, St. Louis, MO) in 0.05 M TBS with 0.05% Tween-20 (TBST) for 1 h.   The 

membranes were incubated with anti-TH (1:10,000, Millipore) anti-pser19TH (1:1,000, 

Millipore), or anti-pser40TH (1:1,000, Millipore) overnight, then washed with TBST and 

incubated for 1 hour at room temperature with anti-mouse or anti-rabbit immunoglobulin G 

conjugated to peroxidase (1:20,000, Pierce).  Membranes were treated for chemiluminescence 

(Western Lighting, Perkins Elmer, Boston, MA) and TH, pser19TH, and pser40TH signals were 

visualized by exposing the membranes to autoradiographic X-ray film from 10s to 1 min.  

Afterwards, membranes were stripped using 100 mM glycine pH 2.3 at 55˚C for 1 hour, 

incubated with anti-β-actin monoclonal antibody (1:10,000, Sigma-Aldrich) for 1 hour, then 

incubated with anti-mouse immunoglobulin G conjugated to peroxidase.  The same steps were 

taken as described above to visualize β-actin.  To measure the optical density of Western blots, 

Scion Image PC software (Frederick, MD) was used.  Optical densities of TH, pser19TH, and 

pser40TH were normalized by β-actin of each blot, and the values displayed are given as a 

percentage compared to sham tissue levels for each respective side.   

 

2.2.4   PKA Activity Assay 

 

The activity level of PKA was measured using a commercially available kit (Promega, 

Madison, WI).  Briefly, the ipsilateral tissue homogenates used for Western blots were 

suspended in PepTag PKA 5x reaction buffer, Peptag A1 peptide, and PKA activator 5x 

solutions.  These mixtures were incubated at room temperature for 30 minutes.  The reaction was 

stopped by placing the mixture in boiling water for 10 minutes.  Glycerol (30%, 1 μL) was added 

to the mixture, and samples were loaded onto 0.8% agarose/Tris-HCl gel.  The gels were run at 
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100 V until separation of phosphorylated and unphosphorylated samples became apparent.  The 

gels were then scanned using Kodak Image Station 440CF.  The optical densities of the 

phosphorylated product from the PKA reaction were then normalized to total protein level in 

each sample using NIH Image J software.  PKA activity levels were reported with respect to 

sham striatal PKA activity levels. 

 

2.2.5   In-vivo TH Activity Assay 

 

As described in (Urbanavicius et al., 2007), in vivo TH activity was assessed by 

quantifying L-DOPA accumulation in striatal tissue after inhibiting AADC with 3-

hydroxybenzylhydrazine (NSD-1015) (Sigma, St. Louis, MO).  Thirty minutes before sacrifice, 

rats were intraperitoneally injected with NSD-1015 (100 mg/kg, suspended in 0.9% saline).  

Ipsilateral striata were dissected out, immediately frozen in liquid nitrogen, and stored at -70˚C 

until neurochemical analysis.  On the day of analysis, the tissues were weighed and sonicated in 

0.2 M HClO2 at 0.2 mg/μL concentration.  The samples were then centrifuged at 13,000 х g for 

30 min and supernatants were used to quantify L-DOPA levels by HPLC. 

 

2.2.6   Microdialysis 

 

Artificial cerebrospinal fluid (ACSF) containing 126.5 mM NaCl, 2.4 mM KCl, 1.1 mM 

CaCl2, 0.83 mM MgCl2, 27.5 mM NaHCO3, and 0.5 mM KH2PO4 was used for this experiment.  

The microdialysis probe (SciPro, Sanborn, NY) with the following specification (membrane 

length: 3mm, diameter: 0.6mm, permeability cut-off: 35kDA) was implanted 1 hour before the 
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experiment for the long duration stimulus experiment.  In the short duration stimulus experiment, 

the microdialysis probe was implanted one day before the microdialysis experiment.  The probe 

was implanted into the striatum (AP: +0.0 mm, L: +2.8 mm, DV: -4.0 mm, reference point: 

bregma) and secured with dental cement.   The animals were then disconnected from the 

anesthesia apparatus and placed in a Plexiglas chamber as previously described (Dixon et al., 

1997).  Microdialysates were collected in awake, freely moving animals.  Overnight, ACSF was 

continuously perfused at 0.2 μl/min.  On the day of the experiment, flow rate was adjusted to 2.0 

μl/min for 1 hour then samples were collected every 20 minutes into a tube containing 5 μL of 

0.3 M HClO2.  Samples were immediately analyzed by HPLC.   At 60 minutes (4th collection 

time), ACSF was switched to a high potassium ACSF solution.  For short duration stimulus, 

potassium challenge (80 mM K+) was stopped and ACSF was infused forty minutes after 

beginning of stimulus (6th collection time).  For long duration stimulus, potassium challenge (100 

mM K+) continued for 180 minutes.  After microdialysis, the rats were sacrificed and the 

locations of the probes were verified.  For data analysis, micromolar concentrations of dopamine 

and dopamine metabolites are reported. 

 

2.2.7   Neurochemical analysis 

 

Neurochemical measurements were made by HPLC with CoulArray Detector using two 

four-channel analytical cells (ESA, Chelmsford, MA, USA).  Eight coulometric electrodes with 

potentials from -120 to +300 mV in 60 mV increments were used, and a C18 column was used to 

separate the analytes.  Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic 

acid (HVA) were monitored in the microdialysates (Sigma, St. Louis, MO).  For TH activity 
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assay, L-DOPA was monitored by analyzing its levels from striatal homogenates using HPLC.  

Baseline values of dopamine below the linear range of detection were recorded as 0 μM.   

 

2.2.8   Statistical analysis 

 

The normalized TH activity levels and optical densities of TH, pser19TH, and pser40TH 

were analyzed by using unpaired Student’s T test to compare each group’s sham ipsilateral side 

to injured ipsilateral side and sham contralateral side to injured contralateral side.  Microdialysis 

data for DOPAC and HVA were analyzed using repeated measures ANOVA.  For potassium 

evoked dopamine release, the peak values were used to compare the sham injured and CCI 

injured animals.  Statistical analysis for microdialysis data was performed using a Mann-

Whitney U test.  All statistical calculations were performed by using PASW Statistics 19 (SPSS 

Inc., Chicago, IL) software. 

 

 

2.3    Results 

 

2.3.1  Total TH Levels in Striatum and Substantia Nigra After TBI: 

 

Striatal levels of TH did not show significant changes at any of the time points for both 

ipsilateral and contralateral sides (Fig. 6).  However, there was a decrease in TH levels in the 

ipsilateral injured substantia nigra compared to sham substantia nigra at 1 week after injury 

(ipsilateral sham: 100.0±10.6%, ipsilateral injured:72.6±8.7%, p≤0.05). 
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For pser19TH levels, no statistically significant differences were found at any of the time 

points in striatal tissues (Fig. 7).  For substantia nigra, no difference between sham and injured 

groups were found for the 1 day time point.  However, substantia nigra showed a significant 

decrease at 1 week (ipsilateral sham: 100.0±11.6%, ipsilateral Injured: 62.7±3.6%, p≤0.05), 

similar to the pattern of TH deficit specific to substantia nigra at 1 week (Fig. 6).  This deficit is 

reversed by 4 weeks, with no significant differences seen in both ipsilateral and contralateral 

sides.   
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Figure 6.  Western blot measurement of TH protein levels were analyzed for the striatum 

(a-c) and substantia nigra (d-f).  The striatal protein levels of TH at 1 day, 1 week, and 4 weeks 

showed no significant changes in injured groups compared to sham groups for ipsilateral and 

contralateral sides.  There was a significant decrease in TH in ipsilateral injured substantia nigra 

at 1 week after TBI, but not at 1 day and 4 weeks.  Ipsi=ipsilateral, Contra=contralateral, 

Inj=injured, *p≤0.05. 
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Figure 7. Western blot measurement of levels of pser19TH in the striatum (a-c) and 

substantia nigra (d-f).  The only significant decrease was found in ipsilateral injured substantia 

nigra compared to sham substantia nigra at 1 week post injury.  This TBI induced deficit is 

transient as there is recovery of pser19TH at 4 week time point. Ipsi=ipsilateral, 

Contra=contralateral, Inj=injured, *p≤0.05. 
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Figure 8.  Western blot data showing pser40TH levels in the striatum (a-c) and substantia 

nigra (d-f).  At 1 week, significant decreases in pser40TH levels were seen in the injured striatum 

(b) and substantia nigra (e).  Ipsi=ipsilateral, Contra=contralateral, Inj=injured, *p≤0.05. 

 

For pser40TH levels (Fig. 8), there were no alterations at 1 day.  At 1 week, pser40TH of 

ipsilateral injured striatum showed a significant decrease (ipsilateral sham: 100 ± 8.5 %, 

ipsilateral injured: 73.9 ± 7.3%, p≤0.05).  By 4 weeks, t his difference was no longer significant.  

Similarly, ipsilateral substantia nigra showed decreased pser40TH levels at 1 week (ipsilateral 
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sham: 100.0±10.3%, ipsilateral injured: 71.6±8.8%, p≤0.05).  Contralateral side also showed a 

similar decrease (contralateral sham: 100.0±10.3%, contralateral injured: 71.6±8.8%, p≤0.05).   

 

2.3.2   Timecourse of TH Activity Assay 

 

After Inhibition of AADC activity by NSD-1015 injection, L-DOPA accumulation in 

striatal tissue was detected by HPLC.  The accumulation of L-DOPA was used to assess TH 

activity level.  At 1 day after CCI (Fig. 9a), there is a no statistically significant change in TH 

activity (sham: 100.0 ± 9.7 %, injured: 138.0 ± 17.9 %).  At 1 week after CCI (Fig. 9b), TH 

activity was decreased significantly in the CCI injured animals compared to sham animals.  

(sham: 100.0 ± 10.6%, injured: 62.1 ± 8.2%, p≤0.05).  The activity levels of TH remains 

decreased up to 4 weeks (sham: 100.0 ± 5.2%, injured: 68.8 ± 6.2%, p≤0.05), (Fig. 9c). 

 

 

 

Figure 9.  TH activity assay.  The results of in-vivo TH activity assay at 1 day (a), 1 

week (b), and 4 weeks (c) after injury are shown.  Each group’s striatal DOPA levels are 

displayed ± SEM (n=6).  At 1 day after injury, there is a trend but no statistically significant 
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increase in TH activity of CCI injured rats compared to sham rats.  At 1 week and 4 weeks after 

injury, there is a decrease in TH activity in injured rats compared to sham rats (p≤0.05). *p≤0.05.  

 

2.3.3   Timecourse of PKA activity assay 

 

The ipsilateral activity levels of PKA in the striatum after TBI was determined at 1 day, 1 

week, and 4 weeks (Fig. 10).  There was no significant difference between sham and injured 

striatum at 1 day (sham: 100.0 ± 5.9 %, injured: 110.0 ± 5.2 %). At 1 week, there is decreased 

PKA activity in injured rats (sham: 100.0 ± 4.2 %, injured: 87.8 ± 2.8%).  This decrease was 

reversed by 4 weeks, and no significant changes were shown in injured rats compared to sham 

rats (sham: 100.0 ± 3.2%, injured: 102.3 ± 6.0%). 

 

 
 

Figure 10.  PKA activity assay for striatal tissue.  PKA activity levels at 1 day (a), 1 

week (b), and 4 weeks (c) after injury are normalized by sham striatal PKA activity.  There were 

no significant differences between injured and sham rats at 1 day and 4 weeks.  However, 1 week 

time point showed significant decrease in injured PKA activity levels compared to shams. 

*p≤0.05. 
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2.3.4   Microdialysis: Long Duration Potassium Stimulus 

 

Striatal dopamine release and extracellular dopamine metabolite levels at 1 week time 

point was first studied to characterize injury induced dopamine dysregulation.  Microdialysis was 

used in conjunction with high performance liquid chromatography (HPLC).  One hour after 

implantation of the microdialysis probe, the experiment began.  A K+ stimulus of 100 mM was 

given for 180 minutes.  Maximal dopamine release was achieved at 40 minutes after stimulus 

application (Fig. 11).  However, no statistically significant difference was found between sham 

and injured animals (sham: 0.268 ± 0.039 μM, injured: 0.276 ± 0.058 μM).  Also, analysis of 

DOPAC and HVA levels showed no significant differences between sham and injured groups. 

      

 
 

Figure 11.  Long duration stimulus at 1 week.  Animals were compared for their 

response to 180 minute long 100mM K+ stimulus after sham or CCI injury.  There were no 

significant differences between the two groups for dopamine (a), DOPAC (b), and HVA (c).  

Black bar represents duration of K+ stimulus. 
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2.3.5   Microdialysis: Short Duration Potassium Stimulus 

 

In the second attempt to characterize the dopamine release, the protocol was refined to 

implant the probe the day before the experiment in order to reduce the effects of acute injury by 

probe placement.  On the day of the experiment, 80mM K+ stimulus was given for 40 minutes to 

induce dopamine release. 

 

 
 

Figure 12.  Potassium stimulated dopamine release.  The levels of dopamine in 

microdialysates were quantified by HPLC at 1 day (a), 1 week (b), and 4 weeks (c).  Potassium 

stimulus duration is labeled as a line between 4th and 5th collection times.  There is no significant 

alteration at 1 day between CCI injured rats (n=8) and sham injured rats (n=8).  At 1 week, there 

is a statistically significant decrease in peak dopamine levels of CCI injured rats (n=10) 

compared to sham injured rats (n=10).  By 4 weeks, there is no difference between CCI injured 

(n=7) and sham rats (n=7).  *p≤0.05. 

 

At 1 day after CCI (Fig. 12a), the peak dopamine levels of injured striata after 80 mM 

potassium stimulus were not statistically different from the peak dopamine levels of sham striata 

(sham: 0.105 ± 0.032 μM, injured: 0.153 ± 0.056 μM).  At 1 week after CCI (Fig. 12b), the peak 
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dopamine levels of injured striata showed a statistically significant decrease compared to that of 

sham striata (sham: 0.127 ± 0.027 μM, injured: 0.067 ± 0.015 μM, p≤0.05).  By 4 weeks after 

CCI, there are no significant differences between the sham and injured groups for peak dopamine 

levels (sham: 0.191 ± 0.017 μM, injured: 0.151 ± 0.024 μM) (Fig. 12c).   

 

 
 

Figure 13.  DOPAC measured by microdialysis.  The levels of dopamine metabolite 

DOPAC are quantified by HPLC at 1 day (a), 1 week (b), and 4 weeks (c) after injury.  There 

were no significant differences between CCI injured rats and sham rats at any time point. 

 

There were no significant differences between sham and injured striatal levels of DOPAC 

(Fig. 13a) and HVA (Fig. 14a) as compared by repeated measures ANOVA at 1 day.  These 

dopamine metabolites also showed no significant differences between sham and injured animals 

at 1 week (Fig. 13b, 13c) or 4 weeks after injury (Fig. 13c, 14c). 
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Figure 14.  HVA measured by microdialysis.  The levels of dopamine metabolite HVA 

are quantified by HPLC at 1 day (a), 1 week (b), and 4 weeks (c) after injury.  Repeated 

measures ANOVA found no significant differences between sham and injured groups at any of 

the 3 time points. 

 

 

2.4 Discussion 

 

In this chapter, we demonstrated for the first time a deficit in striatal TH activity 1 week 

(subacute) and 4 weeks (chronic) after TBI in rats as indicated by decreased tissue levels of L-

DOPA.  There was decreased pser40TH in the injured striatum at 1 week but not at 4 weeks.  

Neither pser19TH nor TH levels in striatum were altered by injury at any of the time points.  

However, substantia nigra content of pser40TH, pser19TH, and TH levels were all decreased in 

injured animals at 1 week.  Since TH is a rate limiting enzyme in dopamine synthesis, the 

decrease in its activity suggests a dopamine synthesis deficit.  However, a previous report of 

striatal dopamine content after TBI demonstrates no significant change at 1 week or 4 weeks 

after injury (Massucci et al., 2004).  Dopamine levels depend on both synthesis and degradation.  

Therefore, activities of monoamine oxidase and catechol-O-methyl transferase may be decreased 
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at these time points, reducing the degradation of dopamine.  Future studies are needed to 

elucidate TBI induced alterations of various synthesis and metabolizing enzymes for dopamine.  

The Western blot results of striatal pser40TH suggest decreased activity of TH, since the level of 

pser40TH correlates with enzymatic TH activity (Lindgren et al., 2000; Harada et al., 1996; 

Waymire et al., 1988).  However, the level of striatal pser19TH showed no significant decrease.  

Because a decrease in pser40TH level is consistent with a decreased activity of TH, these  data 

suggest that there is TH activity deficit in injured animals at 1 week time point.   

 

The role of pser40TH in TH activity levels are also supported by dopamine autoreceptor 

studies.  Activation of autoreceptors at dopamine terminals reduces TH phosphorylation and 

dopamine synthesis (Wolf and Roth, 1990).  Specifically pser40TH is reduced, but not pser19TH 

or pser31TH (Lindgren et al., 2001), indicating that pser40TH is responsible for TH activity.  

Also, some studies show that TH activity does not correlate with the level of pser19TH (Jedynak 

et al., 2002), but a stronger correlation with pser40TH levels (Sutherland et al., 1993).  However, 

pser19TH levels may induce conformational change in TH such that phosphorylation at serine 40 

site increases (Bevilaqua et al., 2001; Dunkley et al., 2004).  Thus, pser19TH levels may 

contribute indirectly to TH activity levels.  The current Western blot data shows decrease in TH, 

pser19TH, and pser40TH levels in substantia nigra after injury.  Collectively, these results 

suggest the possibility of dopamine synthesis deficit in nigrostriatal neurons. 

 

In this study, decreased activity of PKA is demonstrated at 1 week after TBI.  However at 

1 day and 4 weeks, there are no significant changes.  Because PKA is a major regulator of the 

serine 40 phosphorylation of TH, the activity level of PKA is in agreement with pser40TH levels 
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at 1 day, 1 week, and 4 weeks after injury.  Deficits in PKA activity at 1 week after injury may 

cause decreased TH phosphorylation, which could then reduce TH activity.  It should also be 

noted that other kinases such as protein kinase C and protein kinase G may also regulate 

pser40TH levels (Dunkley et al., 2004), although less extensively characterized than PKA’s 

effect is on pser40TH.  At 4 weeks, there is a recovery of PKA activity and pser40TH levels in 

injured striatum, but TH activity deficits are still present (Fig. 9c).  This suggests that the TH 

activity assay may be more sensitive to detecting injury induced changes compared to 

phosphorylation of TH by Western blotting. 

 

A decrease in PKA activity has been previously reported in the parietal cortex and 

hippocampus at acute time points (15 minutes to 48 hours) using a fluid percussion injury model 

(Atkins et al., 2007).  In contrast, pser40TH level and PKA activity in our study does not 

decrease at 1 day after injury.  However, this study and our current study are not directly 

comparable due to the differences in brain regions studied (hippocampus and cortex vs. striatum) 

and injury models (fluid percussion vs. CCI).  The directionality of PKA activity change may 

depend strongly on each of these factors. 

 

Dopamine release induced by potassium stimulation has been used to compare 

differences in young and aged rats (Shui et al., 1998; Stanford et al., 2000) and different dietary 

treatments (Agut et al., 2000; Wang et al., 2005).  Consistent with these previous studies, 

potassium stimulation induces dopamine release and decreases extracellular DOPAC and HVA 

concentrations in our current data.  Dopamine release is not significantly altered at 1 day after 

injury but shows a decrease at 1 week after CCI injury compared to sham injured animals.  These 
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data are in agreement with a previous study showing differences in dopamine release evoked by 

electrical stimulation of the medial forebrain bundle 2 weeks after CCI injury compared to naïve 

animals.  In that study, dopamine levels were detected by fast scanning cyclic voltammetry, and 

injured animals have reduced dopamine release compared to sham animals (Wagner et al., 2005).  

By 4 weeks, there is a recovery of dopamine release in the injured animals in the current study. 

 

Potassium stimulated dopamine release depends on newly synthesized dopamine, since 

depletion of vesicular stores of dopamine using reserpine does not alter the potassium evoked 

dopamine release (Fairbrother et al., 1990).  Thus, our microdialysis data showing decrease in 

dopamine release associated with a dopamine synthesis deficit at 1 week is consistent with a 

decrease in TH activity shown by in vivo activity assay and pser40TH Western blot results. 

 

A high intensity stimulus was applied for the microdialysis experiment in section 2.3.4: 

100mM K+ stimulus for 3 hours.  Since high potassium concentration and long duration of 

stimulus would drive the striatal dopamine synthesis and release to the maximum capacity, this 

experiment was attempted to maximize the differences between sham and injured groups.  The 

dopamine release levels gradually decreases throughout the duration of the stimulus, similar to 

the previous microdialysis experiment using multiple K+ stimulus showing gradual decrease in 

dopamine release with each stimulus (Dluzen et al., 1991; Kematani et al., 1995).  This decrease 

occurs due to depletion of the dopamine stores.  However, the high intensity potassium stimulus 

did not show any difference between sham and injured groups.   
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The protocol for potassium evoked dopamine release was changed because there was a 

concern that acute injury to the brain tissue upon implantation may be a confounding variable 

that reduced the difference in dopamine release between the two groups.  Because microdialysis 

probe implantation is damaging to the brain tissue, sufficient time is necessary for the dopamine 

system to recover before starting the experiment (Shui et al., 1998).  It was previously 

demonstrated that dopamine release on the day of the probe implantation or the day after 

implantation had different responses to tetrodotoxin sensitivity, an indicator of damage for brain 

tissue (Westerink and De Vries, 1988).   

 

In the current study, there was a significant difference between sham and injured groups 

in the short duration experiment, demonstrating that this recovery time is important for 

distinguishing TBI induced effects in dopamine release.  In addition, the stimulus was adjusted to 

a shortened duration like the previous studies (Shui et al., 1998; Stanford et al., 2000; Agut et al., 

2000; Wang et al., 2005) in order to compare the results to these studies.  The dialysate levels of 

dopamine and dopamine metabolites followed the same pattern of release as reported in these 

studies, with the dopamine levels increasing and metabolite levels decreasing upon potassium 

stimulus. 

 

The results of this chapter indicate that there are decreased striatal TH activity and 

dopamine release at a subacute time point (1 week) after TBI.  These may be important 

contributors to downstream deficits in postsynaptic mediators of dopamine signaling such as 

pDARPP-32-T34, leading to functional deficits after TBI.  In the following chapter, experiments 

using nicotine to improve presynaptic dopamine neurotransmission will be described. 
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3. The Effects of Nicotine on Presynaptic Dopamine Signaling After TBI 

 

3.1  Introduction 

 

In the previous chapter, the presynaptic deficits in nigrostriatal dopamine signaling have 

been identified to be 1) decreased nigrostriatal TH phosphorylation and activity, and 2) 

decreased striatal dopamine release.  Other members of the Dixon laboratory have previously 

demonstrated postsynaptic deficits in pDARPP32-T34 and increased PP-1 activity in striatum at 

2 weeks after TBI as discussed in Chapter 1.  The goal this study at this point was to further 

examine the role of dopamine synthesis and release deficit contributing to postsynaptic dopamine 

signaling deficits after TBI by using a pharmacological intervention that normally enhances 

dopamine signaling.  

 

Nicotine’s effect on the dopamine system has been demonstrated in the past studies.  

Experiments using both striatal slices (Wonnacott et al., 2000) and synaptosomes (Grady et al., 

1992) showed nicotine to induce dopamine release.  Nicotinic receptors’ presence in presynaptic 

locations with diversity in subunit composition has been demonstrated (Wonnacott, 1997).  

Different subtypes of nicotinic receptors are present in dopaminergic terminals compared to 

nondopaminergic terminals, possibly causing different pharmacological characteristics (Zoli et 

al., 2002).  As ligand-gated ion channels, nicotinic receptor activation leads to Na+ influx and 

neuronal depolarization.  This depolarization will then lead to activation of voltage gated Ca2+ 

channels and eventually induce dopamine release into the synapse (Grady et al., 2007).   
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Nicotine treatment also increases TH activity and TH levels in vivo as well as in vitro 

(Carr et al., 1989; Sabban et al., 2002; Hiremagalur et al., 1993).  Even in the setting of chemical 

insult to the nigrostriatal neurons by 6-hydroxydopamine, dopamine levels (Costa et al., 2001) 

and TH activity (Urbanavicius et al., 2007) were protected by nicotine treatment.  In addition, 

chronic nicotine injections have been demonstrated to enhance nicotine induced dopamine 

release in the striatum (Marshall et al., 1997) and VTA (Rahman et al., 2003) as measured by 

microdialysis.    

 

In this chapter, the effect of nicotine treatment on striatal presynaptic dopamine signaling 

was assessed.  The experiments focused on achieving Aim 2: Determine if TH activity and 

dopamine release deficits after TBI are restored by nicotine treatment.  Rats underwent 

nicotine treatment following injury in order to reverse TBI induced deficits in TH 

phosphorylation and activity, as well as dopamine release.   

 

 

3.2 Materials and Methods 

 

3.2.1 Animals 

 

One hundred and thirteen Sprague-Dawley rats (Harlan Laboratories) weighing 280-350g 

were used in this study under the guidelines set by the Institutional Animal Care and Use 

Committee of University of Pittsburgh.  Animals were housed in 12-h light/dark cycle with food 
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and water given ad libitum.  Animals were grouped into 4 conditions: Sham Saline, Injured 

Saline, Sham Nicotine, and Injured Nicotine.  Each group had n = 6-7 (TH activity assay), n = 5-

6 (microdialysis), and n=6-7 (Western blot). 

 

3.2.2 Surgery and Drug Administration 

 

Animals assigned to injury groups received TBI using the controlled cortical impact 

(CCI) device as previously described (Dixon et al., 1991).  Briefly, animals were first 

anesthetized using 5% isoflurane.  Intubation was performed, and animals were mounted on a 

stereotaxic frame.  Anesthesia was maintained using 2% isoflurane in 2:1 N2O/O2 and 

parasagittal craniectomy was performed to expose the brain to allow access for the impactor tip 

of CCI device.  TBI was induced at 4 m/s and 2.6 mm deformation (severe injury).  After injury, 

the surgical area was closed by silk sutures and animal recovery was monitored by watching for 

tail pinch and righting reflexes.  Sham injured animals underwent craniectomy only and no CCI.  

After the surgery and postoperative recovery, animals were returned to the housing facility. 

 

Rats were intraperitoneally injected with either 0.9% saline or nicotine (2.0 mg/kg, 

suspended in 0.9% saline) starting 24 hours after surgery.  The injection schedule continued 

twice daily for 7 days.  At the end of the 7 days, animals were sacrificed and striata were 

dissected out and immediately frozen in liquid nitrogen.   
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3.2.3 Microdialysis, TH Activity Assay, Western Blot 

 

All procedures were the same as those described in Chapter 2.  In addition, microdialysis 

data for dopamine was analyzed by calculating the area under the curve for the dopamine peaks 

after potassium stimulus. 

 

 

3.3 Results 

 

3.3.1.  Dose Determination 

 

Since the major regulator of dopamine signaling in medium spiny neurons is DARPP-32, 

the phosphorylation of striatal DARPP-32 was evaluated as the major outcome of nicotine 

induced enhancement of dopamine signaling.  The preliminary experiment to decide the optimal 

dose began by using previously reported doses of nicotine that increased striatal TH activity 

(Carr et al., 1989), dopamine release using microdialysis (Bednar et al., 2004), (Marshall et al., 

1997), and improvement in locomotor activity (Ksir et al., 1987; Ksir et al., 1985) and spatial 

memory (Verbois et al., 2003) ranging from 0.1-0.5 mg/kg.  
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Figure 15.  Nicotine at 0.3 mg/kg (a) and 1 mg/kg (b) were intraperitoneally injected into 

rats for 7 days, twice daily.  There were significant decreases in the level of pDARPP-32-T34 for 

injured animals that were treated with saline or nicotine. (* p≤0.05 compared to Injured Saline 

group) 

 

This preliminary experiment using either 0.3 mg/kg dose or 1.0 mg/kg dose showed a 

minor improvement in the level of striatal pDARPP-32-T34 at a higher dose of 1.0 mg/kg.  

Although the Injured Nicotine group was not significantly different from the Injured Saline 

group at either concentration, there was a modest trend of increased pDARPP-32-T34.  Based on 

these data, and previously reported studies showing increased pDARPP-32-T34 levels in striatal 

slice culture only when high nicotine concentration was applied (100μM) (Hamada et al., 2004), 
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nicotine at 3.0 mg/kg was used for one animal.  However, this dose induced temporary changes 

in the respiratory pattern of the animal lasting minutes.  Due to the fact that high dose of nicotine 

can affect neuromuscular junctions, possibly affecting respiratory muscles of rats, the test dose 

had to be lowered below 3.0 mg/kg.  A dose of 2.0 mg/kg was tested, and no respiratory pattern 

changes were noted in the animals with 2.0 mg/kg nicotine injection.  In the following 

experiments using nicotine injection, 2.0 mg/kg dose was used. 

 

3.3.2 Microdialysis Analysis of Dopamine and Dopamine Metabolites 

 

Dopamine levels in the microdialysates were analyzed by two different methods: by peak 

dopamine levels and dopamine area under the curve.  Peak dopamine levels showed significant 

between-group differences (F3,17=4.372; p≤0.05).  The Inju red Saline group had a significant 

decrease in dopamine release compared to the Sham Saline group, confirming the findings 

shown in Chapter 2.  Nicotine treatment in the Sham Nicotine group induced no significant 

change from Sham Saline.  Also, the Injured Nicotine group showed no significant difference in 

peak dopamine levels compared to the Sham Saline group, demonstrating nicotine’s effect in 

increasing striatal dopamine release.   
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Figure 16.  Microdialysis for dopamine.  High potassium ACSF was infused for 40 

minutes (represented by a black line).  Injured Saline group had decreased peak dopamine 

release compared to Sham Saline group (a), (b).  The dopamine area under the curve showed the 

same result, with Injured Saline group having significantly decreased value compared to Sham 

Saline group (c).  (Inj = Injured, Sal = Saline, Nic = Nicotine ,* p≤0.05 compared to Injured 

Saline group) 
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Dopamine area under the curve was analyzed for each of the four groups to assess for 

differences in dopamine levels over the entire duration of the potassium stimulus.  There were 

overall significant differences among the groups (F3,17=4.241; p≤0.05).  The Injured Saline group 

had significantly lower dopamine area under the curve compared to the Sham Saline group 

(p≤0.05).  However, the Injured Nicotine group was not significantly different from the Sham 

Saline group, similar to the dopamine peak level comparisons. 

 

Microdialysis of dopamine metabolites showed no significant changeamong the four 

groups (DOPAC: F3,17=0.824, p>0.05; HVA: F3,16=0.316, p>0.05).  Thus, nicotine reverses the 

dopamine deficit induced by TBI but induces no effect on extracellular dopamine metabolite 

levels. 

 

 
 

Figure 17.  Microdialysis for dopamine metabolites.  High potassium ACSF infusion 

induced transient decreases in DOPAC (a) and HVA (b) levels in microdialysates.  When the 

stimulus was stopped, the levels of metabolites returned to baseline.  Repeated measures 

ANOVA found no significant between group differences for both DOPAC and HVA.  (Inj = 

Injured, Sal = Saline, Nic = Nicotine) 
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3.3.3 Striatal TH Activity After Nicotine Treatment 

 

 

Figure 18.  TH activity assay.  DOPA accumulation in striatal tissue after injection of 

NSD-1015 was monitored using HPLC.  Injured Saline group had significant decrease in TH 

activity level compared to Sham Saline group, and Injured Nicotine had statistically significant 

increase compared to Injured Saline group. (* p≤0.05) 

 

The between group statistics showed significant differences in TH activity among the 

four groups (F3,23=14.360, p≤0.05).  The TH activity level of Injured Saline group was decreased 

compared to Sham Saline group (p≤0.05).  With nicotine treatment, injury induced deficit in TH 
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activity was reversed: Injured Nicotine group had significantly higher TH activity levels 

compared to Injured Saline group (p≤0.05). 

 

3.3.4 Tyrosine Hydroxylase Protein and Phosphorylation Levels 

 

 
 

Figure 19.  Western blots of TH, pser40TH, and pser19TH.  There was no significant 

effect of nicotine in the levels of TH or its phosphorylation at 1 week after injury. 

 

The protein levels of TH in Sham Nicotine group had an increased trend compared to the 

rest of the groups, but there was no statistically significant differences among the four groups 

(F3,20=3.068; p>0.05).  Similarly, there were no significant between group differences for 

pser19TH (F3,21=0.740; p>0.05) and pser40TH (F3,16=1.329; p>0.05). 
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3.4 Discussion 

 

In this chapter, it was demonstrated that nicotine treatment following TBI induces 

recovery of TH activity and dopamine release as measured by microdialysis.  However, 

phosphorylation of TH at both serine 19 and serine 40 was not altered, this apparent discrepancy 

may be due to the fact that the in-vivo activity assay is a more sensitive measure of TBI effects 

on dopamine compared to TH phosphoryaltion as measured by Western blots.  This difference 

will be explained in more detail below.  Overall, the current nicotine regimen following TBI 

appeared to improve presynaptic dopamine signaling: synthesis and release. 

 

The peak dopamine levels showed that nicotine treatment induces recovery of dopamine 

release in severly CCI injured animals, and that nicotine treatment of sham animals does not 

significantly change potassium evoked dopamine release as compared to saline treated sham 

animals.  Also, nicotine treatment induced partial recovery of dopamine release measured by 

dopamine peak and dopamine area under the curve.  This recovery was not large enough to show 

a significant difference in the Injured Nicotine group when compared to the Injured Saline group, 

but there was no statistically significant difference between Injured Nicotine and Sham Saline 

groups.  The graph showing the time course of dopamine release (Fig. 16a) demonstrates this 

partial recovery: although maximum dopamine level for the Injured Nicotine group was close to 

that of Sham Saline group at 40 minutes after potassium stimulus began, the delay in dopamine 

release can be seen at 20 minutes in the Injured Nicotine group (0.063±0.012μM), which shows 

much lower dopamine release compared to the Sham Saline group (0.186±0.036μM) 
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(F3,17=13.163 p≤0.05).  Thus, despite the improvement in peak dopamine release by nicotine, 

there is still a partial temporal delay in dopamine release as a result of injury. 

 

 Past studies showed increased nicotine evoked striatal dopamine release in nicotine 

treated animals (Marshall et al, 1997).  Unlike our current experiment utilizing potassium 

stimulus, the authors in this study infused nicotine by the microdialysis probes to stimulate 

dopamine release.  Our current study showed for the first time that potassium evoked dopamine 

release in nicotine treated animals and the effect of nicotine treatment in the setting of TBI. 

Potassium evoked release was used in the current study since it has been well characterized by 

previous microdialysis studies (Stanford et al., 2000; Agut et al., 2000; Shui et al., 1998; 

Gerhardt and Maloney, 1998).  In addition, potassium stimulus has been used to stimulate 

dopamine release in striatal slices (Delanoy et al., 1982) and synaptosomal preparations (Bowyer 

et al., 1987).  Unlike nicotine evoked dopamine release, which will specifically activate synapses 

via nAChRs, potassium evoked dopamine release occurs by activating neurons in the vicinity of 

the probe by depolarization.  Various terminals in the striatum are activated by depolarization of 

acting by constitutively open potassium channels (Stone, 1995), which may include not just 

dopaminergic terminals but also glutamatergic, cholinergic, and GABAeric interneurons.  Thus, 

it provides a general functional assessment of striatal dopaminergic terminals. 

 

In addition to increased striatal dopamine release, in-vivo TH activity assay showed 

decreased activity in the Injured Saline group compared to Sham Saline group, and a reversal of 

this deficit was noted in the Injured Nicotine group (Fig. 18).  Since TH activity and 

phosphorylation decreases after injury as shown in Chapter 2, nicotine treatment was aimed to 
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reverse this loss.  Past studies report that nicotine increases TH phosphorylation in situ 

(Haycock, 1991; Haycock et al., 1993) and upregulates TH transcription (Osterhout et al., 2005).  

In vitro cell culture studies also showed nicotinic receptor activation increasing TH 

phosphorylation, activity, and protein levels (Bobrovskaya et al., 2007; Craviso et al., 1992; 

Sabban and Gueorguiev, 2002).   

 

There are several suggested mechanisms of TH activation by nicotine treatment.  

Regulation of TH activity levels by intracellular Ca2+ has been previously reported (Bustos et al., 

1980).  Since tyrosine hydroxylase is mainly phosphorylated by CaMKII at serine 19 (Dunkley 

et al., 2004), increased intracellular Ca2+ can lead to CaMKII activation, which will subsequently 

lead to pser19TH increase.  Increased pser19TH may then induce a priming effect on TH 

conformational, allowing phosphorylation at serine 40 to occur at an increased rate.  In addition, 

Ca2+ activation of CaMKII can lead to activation of specific subtypes of adenylate cyclase 

(Wong et al., 1999), which can further contribute to pser40TH increase.   

 

Nicotine has also been demonstrated to induce PKC activation (Tang et al., 1997), which 

can phosphorylate TH and induce activation.  Increase in pser40TH was dependent on protein 

kinase C (PKC) 24 hours after nicotine stimulus, whereas other kinases may contribute to 

pser40TH levels at earlier times (Bobrovskaya et al., 2007).  Thus, PKC and CAMKII activation 

may be the major contributors of increased TH activity by nicotine treatment.  This reversal of 

TH activity deficit can then contribute to increased dopamine release when striatum is stimulated 

by potassium, since potassium evoked dopamine release depends on newly synthesized 

dopamine (Fairbrother et al., 1990) 
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Figure 20.  Dopamine regulation and TH activity assay.  Under physiological settings, 

AADC converts DOPA to dopamine, and dopamine release in the synapse reduces TH activity 

by the inhibitiory action of D2 autoreceptors (a).  NSD-1015 inhibits AADC, inducing 

accumulation of DOPA which can be quantified to correlate with TH activity (b).  However, 

dopamine synthesis is subsequently inhibited and inhibitory effect of D2 receptors on TH activity 

will also be decreased.  Thus, TH activity may be higher than baseline TH activity when NSD-

1015 is applied (Fig. 18). 

 

Contrary to the in-vivo TH activity data, Western blots showed no change in pser19TH 

and pser40TH levels in injured animals treated with nicotine (Fig. 19).  Also, despite an 

increased trend in TH levels in Sham Nicotine group, no change in protein levels were found.  

One possible reason for the lack of nicotine’s effect on acute changes in TH phosphorylation 

may be due to the activation of NMDA receptors.  Activation of nAChR at glutamate terminals 

can lead to glutamate release, which can then activate NMDA receptors on dopamine terminals.  

Striatal slice studies have shown that activation of NMDA receptors inhibit forskolin activated 
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TH activity and pser40TH increase (Lindgren et al., 2000).  Similarly, NMDA receptor 

activation in rat striatal synaptosomes also inhibited dopamine synthesis (Chowdhury and 

Fillenz, 1991; Desce et al., 1994) in a Ca2+ dependent manner. 

 

The discrepancy between our TH activity and Western blot data suggests that the TH 

assay may be a more sensitive measure of nicotine induced changes.  In the setting of TH activity 

assay, NSD-1015 is intraperitoneally injected into rats 30 minutes before tissue collection.  Since 

NSD-1015 inhibits AADC activity, DOPA accumulates and dopamine synthesis is inhibited.  

Dopamine depletion may occur and this may lead to reduced activation of presynaptic dopamine 

autoreceptors and consequently reduce inhibition of TH activity (Fig. 20).  Therefore in the 

setting of NSD-1015 injections, all four groups analyzed in Section 3.2.3 may have increased TH 

activity compared to baseline activity levels.  However, the striatal tissues from all four groups 

used for Western blotting may equally be subject to reduced TH activity as explained.  It is 

possible that only under increased TH activity levels as in the setting of TH activity assay, 

differences between sham and injured groups become apparent. 

 

A dose determination study initially used 0.3 mg/kg and 1.0 mg/kg doses, which did not 

achieve significant improvement in the levels of striatal pDARPP-32T34 after injury.  A higher 

dose at 2.0 mg/kg nicotine was used since previous reported studies showed increased pDARPP-

32T34 levels in striatal slices and improvement of motor function in behavioral studies with 

higher nicotine doses. 
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When low concentration of nicotine of 1.0 μM was applied to striatal slices, pDARPP-

32T34 levels decreased (Hamada et al., 2004).  This effect was abolished by treatment with 

dopamine D2 receptor antagonist raclopride.  When a higher concentration of nicotine at 100 μM 

was applied, pDARPP-32T34 level increased.  This effect was prevented by pretreatment using 

D1 receptor antagonist SCH23390.  Thus the authors of this study concluded that nicotine at 1.0 

μM activates D2 receptors, but nicotine at 100 μM activates D1 receptors.  This may occur by low 

concentration of nicotine inducing a low level of dopamine release, which is sufficient to activate 

D2 receptors since they have higher affinity for dopamine.  However, nicotine at high 

concentrations can induce higher levels of dopamine release, which will predominantly activate 

D1 receptor signaling. 

 

Also, when a range of nicotine was used in experiments testing locomotor activity (0.2 - 

5.0 mg/kg/hr) (Marks et al., 1983) and motor function (0.01 – 0.3 mg/kg/day) (Ksir et al., 1987), 

improved function was seen when animals were treated with higher doses of nicotine compared 

to lower doses.  These previous findings indicate that molecular changes and behavioral 

responses were dependent on the dose of nicotine given to animals. 

 

In this chapter, rats were treated with nicotine for 1 week after injury.  Nicotine treatment 

was shown to reverse TBI induced deficits in striatal dopamine release and TH activity.  Thus, 

presynaptic dopamine synthesis and release in striatum can be recovered by nicotine treatment 

after injury.  The preliminary data in Chapter 1 showed deficits in pDARPP-32-T34 levels after 

TBI, as well as PP-1 activity, which may be in part due to upstream dopamine release deficit.  

Thus, nicotine’s improvement of presynaptic dopamine signaling may also reverse postsynaptic 
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deficits in DARPP-32 signaling.  The next chapter will further investigate the effects of nicotine 

on downstream dopamine signaling after TBI.   
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4. The effects of nicotine on postsynaptic dopamine signaling and behavior after TBI 

 

4.1 Introduction 

 

Striatal postsynaptic dopamine terminals are regulated by various receptors, kinases, and 

second messenger proteins.  The key regulators that were monitored in this chapter are: PKA, 

DARPP-32, ERK, and CREB, all implicated in the functions of learning and memory.  As 

explained in Chapter 1: Introduction, dopamine release from the terminals of nigrostriatal 

neurons will activate dopamine receptors.  Activation of D1 receptors will lead to increased PKA 

activity, which will increase pDARPP-32-T34 levels.  The activity of PP-1 is regulated by 

pDARPP-32-T34, which functions as its inhibitor.  Inhibition of PP-1 activity will induce 

increased phosphorylation of ERK, which will eventually lead to an increase in the 

phosphorylation of CREB. 

 

Previous chapters showed decreases in TH activity and dopamine release after TBI, 

which may subsequently reduce the activation of D1 receptors and contribute to decreased 

pDARPP-32-T34 levels.  Also, the effect of TBI on presynaptic dopamine synthesis and release 

was reversed by nicotine treatment for 1 week after TBI.  In this chapter, the effect of nicotine on 

reversing the postsynaptic deficits in striatal dopamine signaling as measured by changes in 

DARPP-32 phosphorylation was investigated.  Previous studies in striatal slices have shown that 

nicotine can modulate pDARPP-32-T34 levels in vitro in a D1 or D2 receptor dependent manner 

(Hamada et al., 2004, 2005).  Whether D1 or D2 receptors were activated depended on the dose 

of nicotine applied, which controlled the amount of dopamine release.  Thus in this chapter, the 
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animals were treated with nicotine, and striatal tissues were analyzed for the activation of 

DARPP-32, ERK, and CREB.  Furthermore, the activity of PKA was monitored to understand 

the possible causes of pDARPP-32-T34 changes.  In addition, phosphorylation of DARPP-32 at 

another site threonine 75 (pDARPP-32-T75) was monitored, since pDARPP-32-T75 can inhibit 

PKA activity. 

 

Nicotine’s effect on striatal dopamine signaling also affects various behavioral measures.  

Animal studies have shown that rats with striatal lesions have spatial memory deficits (Block et 

al., 1993; Devan et al., 1999) and motor deficits (Erinoff et al., 1979; Ungerstedt 1971).  Such 

deficits were also characterized in animal models of traumatic brain injury (Smith et al., 1991; 

Dixon et al., 1999).  Previous experiments using the Morris Water Maze showed improved 

memory acquisition and retention after nicotine treatment in both physiological states (Riekkinen 

and Riekkinen, 1997; Socci et al., 1995) as well as in the setting of brain injury (Yamada et al., 

2010; Sharifzadeh et al., 2005; Brown et al., 2000).  Moreover, repeated nicotine treatments 

increase locomotor activity in rats (Smith et al., 2010) and transgenic mice expressing 

hypersensitive nAChRs show increased ambulatory behavior (Drenan et al., 2010).  Thus, 

behavioral experiments in the literature substantiate the possibility of functional improvement by 

nicotine treatment in the setting of TBI. 

 

These previous findings collectively suggest that nicotine treatment of rodents enhances 

dopamine release, DARPP-32 signaling, and result in functional improvement in behavior.  The 

activity of DARPP-32 has a key role in striatal function, and ERK and CREB are implicated in 
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functions of synaptic plasticity and memory.  Thus, nicotine induced enhancement of dopamine 

signaling after TBI may lead to recovery of both learning and motor deficits.   

 

The experiments in this chapter focused on Aim 3: Determine if enhancing TH activity 

and dopamine release by nicotine treatment can reverse the deficits in DARPP-32 activation 

and its downstream molecules, and Aim 4: Determine if enhancing striatal dopamine 

signaling by nicotine treatment results in cognitive and motor improvement in rats.  After 

molecular changes of striatum were monitored, the behavioral effect of nicotine was monitored 

by testing animals using a combination of motor and cognitive assessments. 

 

 

4.2 Materials and Methods 

 

4.2.1 Animals 

 

Eighty Sprague-Dawley rats (Harlan Laboratories) weighing 280-350g were used 

following the guidelines of the Institutional Animal Care and Use Committee of University of 

Pittsburgh.  The same feeding and housing conditions were provided for the animals as described 

in previous chapters.  Animals were grouped into 4 conditions: Sham Saline, Injured Saline, 

Sham Nicotine, and Injured Nicotine.  Each group had n = 8-10 (motor and spatial memory test) 

or n = 5-7 (Western blot and PKA activity assay). 
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4.2.2 Western Blot 

 

All procedures were identical to those described in Chapter 2.  The antibodies for 

pDARPP-32-T34, pDARPP-32-T75, pCREB, and pERK were from (Cell Signaling, Boston, 

MA). 

 

4.2.3 Surgery and Drug Administration 

 

Animals were injured using the CCI device or sham injured as described in previous 

chapters.  For Western blot and PKA activity assay, nicotine injection schedule was also 

identical to the ones described in Chapter 3: 0.9% saline or 2mg/kg nicotine injection twice daily 

for 7 days, since this regimen was able to reverse deficits in TH activity and dopamine release.  

However, animals used for motor and spatial memory tests were treated with saline or nicotine 

until 21 days post injury, at which point they were sacrificed.  During the interval days (days 6-

13) between motor testing (days 1-5) and cognitive testing (days 14-20), animals were injected 

with saline or nicotine once daily. 

 

For the initial motor testing reported in Chapter 4.3.4, nicotine injection schedule 

consisted of evening injection around 7:00 pm and morning injection at 8:00 am.  When the 

animals were tested by Beam Balance and Beam Walking Tests, the time of injection was at least 

5 hours after the last injection.  Regarding the fact that nicotine’s half life in the rat brain is 50 

minutes (Sastry et al., 1995; Ghosheh et al., 1999), 5 hours was considered sufficient time to 

avoid acute effects of nicotine treatment. 
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For the additional behavioral testing reported in Chapter 4.3.5 consisting of motor testing 

(days 1-5) and cognitive testing (days 14-20), injections were performed at 7:00 pm and 1 hour 

prior to testing.  The goal of injecting the animals 1 hour before testing was to have active effects 

of nicotine in the brain while the animals were being tested. 

 

4.2.4 Motor Test 

 

On post injury days 1-5, the motor function of animals were tested using beam-balance 

and beam-walking test, as previously described (Dixon et al., 1987; Singleton et al., 2010).  

Briefly, the animals were placed on a 1.5 cm wide beam and their duration of balance was 

recorded for up to 60 seconds 3 times daily.  The beam balance latency was assessed before the 

injury (preassessment), and for 5 days following the injury.  For beam walking test, the animals 

were trained the day before surgery to escape brightness and noise by traversing a wooden beam 

(2.5 х100cm) into a dark goal box placed at the opposite end.  On the wooden beam, there were 

four pegs between the starting location and goal box to challenge motor function as the rats 

moved from one end to the other. 

 

Like the beam balance test, animals were preassessed before the injury, and their 

performances were also recorded on post operative days 1-5.  The time taken for the animals to 

traverse the beam was recorded 4 times daily.  If the animals took longer than 60 minutes or fell, 

they were guided back to the goal box manually.  Once after reaching a goal box, animals 

remained there for 30 seconds before the next session.  The beam walking score was given by the 
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following criteria: reaching the goal box = 5 points, reaching the zone between goal box and 4th 

peg = 4 points, reaching the zone between 4th and 3rd peg = 3 points, reaching the zone between 

3rd and 2nd peg = 2 points, reaching to zone between 2nd and 1st peg = 1 point, unable to pass the 

1st peg = 0 point.  Beam-balance latency, beam-walking latency, and beam-walking score for 

each day were the mean values of all the sessions each day. 

 

4.2.5 Cognitive Test 

 

Rats were subjected to cognitive function tests beginning on postoperative day 14 for 5 

consecutive days (days 14-18).  The Morris Water Maze pool is 180 cm in diameter and 60 cm in 

depth.  Water level was 28cm deep, and a clear plastic platform of 26 cm in height was placed in 

one of the quadrants below the surface of the water.  Visual cues were displayed on the walls 

outside the pool for spatial guidance.  The position of the platform was constant throughout the 

experiment at a Southwest quadrant.  The animals were placed in the pool in one of the four 

directions randomly selected (east, west, north, and south).  They were allowed to swim in the 

pool until they found the platform, at which point the latency was recorded.  For the animals that 

did not find the platform in 120 seconds, they were manually guided to the platform and 120 

seconds were recorded as the latency.  After the animals located the platform or were guided to 

it, they were left to stand on the platform for 30 seconds before they were moved to a 30˚C 

incubator to rest between trials for 4 minutes.  Each day, a total of four trials were performed for 

each animal, and the mean latency was recorded.  On day 19, the probe trial was performed.  The 

platform was removed from the pool and the duration of swimming in the quadrant where the 

platform was previously present was recorded.  Visible platform tests were also performed for 



 71 

days 19 and 20 to monitor the contributions of factors other than spatial memory, such as motor 

performance, motivation, and visual acuity.  For this test, the platform was raised 2.0 cm above 

the water surface, and the latency until platform was found recorded.  Only the latency to find 

the visible platform on day 20 is reported, since latency data from day 19 is considered variable 

from the past experiences of the laboratory.  A video analysis system (Any-maze, Stoelting Co., 

Wood Dale, IL) was used to record each animal’s swim speed and distance traveled. 

 

4.2.6 Statistical Analysis 

 

One way ANOVA was used to test between group differences for PKA activity assay and 

all the Western blot data using PASW software.  Motor testing (Beam Balance Duration, Beam 

Walking Latency, Beam Walking Score) as well as cognitive test (Morris Water Maze) were 

analyzed using repeated measures ANOVA.  For all statistical tests, post hoc analysis was 

performed using Tukey’s Test once between group significance was found.  For all statistical 

tests, a p-value of ≤ 0.05 was considered significant. The PKA activity levels and optical 

densities of Western blots were reported as percentage of Sham Saline group mean ± standard 

error of the mean.  Behavioral test data were reported as latency (sec), score, or % time in 

quadrant ± standard error of the mean. 
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4.3 Results 

 

4.3.1  Phosphorylation of DARPP-32 

 

The level of pDARPP-32-T34 showed significant differences between the groups 

(F3,16=8.816; p≤0.001), with Injured Saline (44.2±9.4%) and Injured Nicotine (31.9±7.3%) 

groups having significantly lower levels compared to Sham Saline group (p≤0.05).  This follows 

the previous results from the Dixon laboratory showing reducted pDARPP-32-t34 levels after 

injury, but also shows that nicotine did not reverse this loss.  When pDARPP-32-T75 levels were 

monitored, no significant between groups difference was found (F3,21=2.171; p>0.05).  However, 

a modest decrease without statistical significance was noted in the Injured Nicotine group . 
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Figure 21. Western blot data for the effects of nicotine treatment on phosphorylation of 

DARPP-32.  Two phosphorylation sites were monitored using Western blot: pDARPP-32-T34 

(a) and pDARPP-32-T75 (b).  There were significant decreases in Injured Saline and Injured 

Nicotine groups compared to Sham Saline group for pDARPP-32-T34, but no changes were seen 

for pDARPP-32-T75. 

 

4.3.2  Striatal PKA Activity After Nicotine or Saline Treatment 

 

When PKA activity assay was performed for the four groups, a significant group effect 

was found (F3,21=4.869; p≤0.01).  Nicotine treatment did not increase PKA activity in any of the 

groups compared to the saline treated groups.  Instead, there was a decrease in PKA activity of 

Injured Nicotine group compared to Sham Saline group (100.0±2.4% and 88.3±1.5% 

respectively; p≤0.01).  No statistically significant differences were found between any other 

groups. 

 



 74 

 
 

Figure 22. PKA activity assay.  Injured groups consistently showed decreased trend, 

although only the Injured Nicotine group was significantly different from Sham Saline group.  (* 

p≤0.05) 

 

4.3.3   The effects of nicotine on phosphorylation of ERK and CREB 

 

Western blots showed no statistically significant differences among the four groups for 

the level of pERK (F3,20=1.557; p>0.05).  Similarly, there were no between groups differences 

for pCREB (F3,20=2.823; p>0.05).  There were no effects of injury or nicotine on 

phosphorylation of these proteins.  Although Sham Nicotine group showed a trend of increased 

pCREB, this was not statistically significant. 
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Figure 23.  Western blots of pERK2 (a) and pCREB (b).  No significant changes were 

induced by either injury or nicotine treatment for pERK2 and pCREB. 

 

4.3.4 Motor Testing Without Acute Nicotine Dose 

 

Nicotine (2.0 mg/kg) or saline injections took place at least 5 hours prior to the test and 

second injections took place approximately 5 hours after the test to avoid acute effects of the 

drugs.  Two tests were used to assess motor function in the animals at 1 week post injury: Beam 

Balance Test (Fig. 24a) and Beam Walking Test (Fig. 24b,c).  The Beam Walking Test 

measures 2 parameters: latency to cross the beam (Fig. 24b) and farthest distance traveled on the 

beam (Fig. 24c) thus a total of 3 parameters are displayed for the motor testing.  In all three 

measures of motor function, significant differences between groups were found by repeated 
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measures ANOVA: Beam Balance Duration (F2,18=3.998, p≤0.05), Beam Walking Latency 

(F2,18=40.648, p≤0.001), and Beam Walking Score (F 2,18=21.441, p≤0.001).  Post hoc analysis 

showed significant motor deficits for all three measures in Injured Saline and Injured Nicotine 

groups from Sham Saline group, but there were no significant differences between Injured Saline 

and Injured Nicotine groups.  Thus, there was no benefit of nicotine on motor function. 
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Figure 24.  Motor function test with nicotine or saline injection 5 hours prior.  Beam 

Balance Test (a), Beam Walking Duration (b), and Beam Walking Score (c) showed significant 

between groups difference.  (Inj = Injured, Sal = Saline, Nic = Nicotine ,* p≤0.05 compared to 

Sham Saline group) 

 

4.3.5   Motor testing with acute nicotine dose 

 

After finding no improvement in Injured Nicotine group, the injection regimen was 

changed to test the animals while nicotine was still active in the brain.  Nicotine’s half life is 

reported as approximately 50 minutes (Sastry et al., 1995; Ghosheh et al., 1999).  The animals 

were previously observed to be hyperactive and have increased locomotor function up to 30 

minutes after injection, so motor testing at a time point that had no acute effects yet without 

complete metabolism of nicotine was sought.  Thus the injection schedule took place 1 hour prior 

to testing each animal.  When motor testing was completed, second daily injections were 

performed approximately 5 hours after the test.   
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Figure 25. Motor testing with nicotine or saline injection 1 hour prior to experiment.  

Injured Saline and Injured Nicotine groups were both significantly different from Sham Saline, 
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and there was no difference between Injured Saline and Injured Nicotine groups. (Inj = Injured, 

Sal = Saline, Nic = Nicotine ,* p≤0.05 compared to Sham Saline group) 

 

Statistically significant between-groups differences were noted for Beam Balance Test 

(F3,35=47.527, p≤0.001), Beam Walking Latency (F 2,18=643.03, p≤0.001), and Beam Walking 

Score (F2,18=453.87, p≤0.001).  Simil ar to the prior motor test, Injured Saline and Injured 

Nicotine groups showed significantly lower duration on the Beam Balance Test and higher 

latency on Beam Walking Test, as well as shorter distance traveled on Beam Walking Score 

(p≤0.001 for all motor tests).  The Injured Nicotine group showed no improvement of motor 

function compared to Injured Saline group in all three measures. 

 

4.3.6   The Effects of Nicotine on Cognitive Function After TBI 

 

The data for cognitive function of animals were similar to that of motor function tests.  

There were significant between groups differences (F3,32=63.110, p≤0.001), with Injured Saline 

and Injured Nicotine groups having significantly higher platform finding latency than Sham 

Saline group (p≤0.001).  No significant  differences were found between Injured Saline and 

Injured Nicotine groups, showing that nicotine does not improve cognitive function after TBI. 
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Figure 26.  Morris Water Maze data.  The animals in Injured Saline and Injured Nicotine 

groups showed significantly higher latency for finding the platform compared to Sham Saline 

group.  There was no difference between Injured Saline and Injured Nicotine groups (Inj = 

Injured, Sal = Saline, Nic = Nicotine ,* p≤0.05 compared to Sham Saline group) 

 

There were significant between group differences for the time spent in target quadrant in 

the probe phase of the experiment (F3,32=6.81, p≤0.01) (Fig. 27a).  Specifically, Injured Saline 

and Injured Nicotine groups spent less time compared to Sham Saline group in the quadrant that 

previously had the platform.  There was no significant difference between Injured Saline and 

Injured Nicotine groups.  Swim speed did not differ among the groups (F3,32=0.375, p>0.05) 

during the probe phase of the experiment (Fig. 27b).  The groups showed significant differences 

in latency for finding visible platform (F3,32=10.342, p≤0.001) (Fig. 27c). 

 



 81 

 
 

Figure 27.  Assessments from probe and visible platform phases.  On days 19 and 20, the 

animals were subject to probe phase of the experiment (a) and visible platform phase (c), 

respectively.  The swim speed data were from probe phase of the experiment (b). 

 

 

4.4.   Discussion 

 

The aim of nicotine treatment was to reverse dopamine signaling deficits after TBI.  It 

was originally hypothesized that pDARPP-32-T34 deficits following injury were in part due to 

dopamine synthesis and release deficits upstream.  Nicotine increases dopamine release in the 

striatum, and activation of D1 receptors on medium spiny neurons can lead to activation of PKA 

which phosphorylates DARPP-32 to form pDARPP-32T34 (Svenningsson et al., 1998).  By 

nicotine treatment increasing dopamine synthesis and release, I had hypothesized that it would 

reverse the pDARPP-32-T34 deficit.  However, the results in this chapter show no benefit of 
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nicotine treatment (Fig. 21a).  The goal of the rest of chapter was to clarify the reason for this 

lack of nicotine’s effect on DARPP-32, by monitoring the activity of molecules upstream and 

downstream to DARPP-32. 

 

Because phosphorylation of DARPP-32 at threonine 34 site is regulated by PKA, the 

activity of PKA was monitored for the four treatment groups to further understand the lack of 

nicotine’s effect.  If nicotine induced increased dopamine signaling by activation of D1 receptors, 

PKA activity would be increased, leading to increased pDARPP-32-T34.  However, the result for 

the PKA activity assay showed a significant decrease in the activity of PKA for Injured Nicotine 

group compared to Sham Saline group, showing that nicotine treatment in fact worsened the 

injury induced deficit on the activity level of PKA (Fig. 22). 

 

In Chapter 2, the activity levels of PKA was interpreted in the context of presynaptic 

dopamine synthesis: it’s ability to phosphorylate serine 40 site of TH and thereby activating it.  

However, the majority of striatal PKA content is either glial or from medium spiny neurons 

postsynaptic to dopamine terminals since they compose about 90% of striatal neurons.  In this 

context, PKA activity will be dependent on glutamate and dopamine receptor activation on 

medium spiny neurons.  Nicotine in striatum induces both glutamate and dopamine release, 

which leads to a complex sequence of events involving multiple signaling cascades which can 

both activate or inhibit PKA (Nishi et al., 2005; Shiftlet and Balleine, 2011).   

 

Depending on the phosphorylation state, DARPP-32 can function as a bidirectional signal 

transduction molecule (Fig. 29).  When DARPP-32 is phosphorylated at threonine 75 site 
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(pDARPP-32-T75), it functions as an inhibitor of PKA, indirectly reducing pDARPP-32-T34 

and modulating PP-1 inhibition (Bibb et al., 1999).  The levels of pDARPP-32-T75 is dependent 

on the activity of cyclin depedent kinase (cdk5), which is activated by metabotropic glutamate 

receptors (mGluR) (Liu et al., 2001).  Thus, one possible reason for the lack pDARPP-32T34 

increase after nicotine treatment was the opposing effects of glutamate receptors and D1 

receptors in medium spiny neurons.  Since nicotine can also activate glutamate release by 

activating nAChRs on glutamateric terminals synapsing on to medium spiny neurons, mGluR 

can be activated, subsequently increasing pDARPP-32-T75 levels.  This may explain the 

inhibition of PKA activity and reduction of pDARPP-32-T34 levels noted.  However, the result 

in (Fig. 21b) showed no increase in pDARPP-32-T75 levels in Injured Nicotine group.  In fact, 

there was a modest decrease in pDARPP-32T-75 although no statistically significant difference 

was found.  Thus, the decreased PKA activity in Injured Nicotine group could not be explained 

by nicotine’s possible effect on pDARPP-32-T75 levels by mGluR activation. 

 

A likely reason for the decrease in PKA activity was the activity of D2 receptors (Fig. 

28).  The activation of D2 receptors leads to inhibition of adenylate cyclase via G-protein coupled 

process (Huff, 1996; Stoof and Kebabian, 1981) as well as possible activation of PP-2B, which 

can dephosphorylate pDARPP-32-T34 (Nishi et al., 1997).  Subsequently, decreased PKA 

activity and pDARPP-32-T34 levels can occur.  It is possible that the level of dopamine release 

induced by the current nicotine treatment regimen was not high enough to activate D1 receptors 

mainly.  Low level of dopamine release by nicotine at 1.0 μM in the striatum may activate 

mainly D2 receptors, which are fewer but have higher affinity (Hamada et al., 2004).  Only the 
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high nicotine concentration at 100 μM  induced higher dopamine release which activated mainly 

D1 receptors. 

 

 
 

Figure 28.  Simplified conceptual diagram of pathways modulating pDARPP-32-T34 

levels.  Activation of D1 receptors will induce pDARPP-32-T34 increase, whereas activation of 

D2 receptors and NMDA receptors will induce pDARPP-32-T34 decrease.  The activation of 

these two receptors may take place in separate neurons, but they are depicted here in the same 

cell for easy conceptual understanding. 

 

Previous reports of nicotine metabolism show relatively low levels of nicotine in the 

brain after injection.  When 0.8 mg/kg dose was injected subcutaneously, brain nicotine 
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concentration reached the maximum value of approximately 2000 pmol/g tissue (Ghosheh et al., 

1999).  When 3.0 mg/kg dose was applied by series of 10 injections, a maximum value of 

approximately 2500 pmol/g tissue was reached (Ghosheh et al., 2001).  Since these doses are 

close to the dose used in the current experiment (2.0 mg/kg), it can be assumed that the 

maximum value of approximately 2500pmol/g tissue occurred with this dose.  It is not clear how 

these nicotine tissue concentrations compare to the concentration of nicotine in striatal slice 

culture.  However, even after grossly underestimating brain tissue density to be 1.0 g/ml (density 

of water), the nicotine concentration will calculate out to be 2.0 μM.  The actual concentration of 

nicotine in striatal synapses will likely be lower, since the brain tissue density is higher than 1.0 

g/ml.  But it can be rationalized that the 2.0 mg/kg injection of nicotine will induce local striatal 

nicotine concentration closer to 1.0 μM rather than 100 μM levels, resulting in activating D2 

receptors primarily.  A weakness in this current regimen is that only one dose was used.  In order 

to provide a more comprehensive understanding of nicotine’s effects on striatal dopamine 

signaling, the experiments presented in this chapter and Chapter 3 could be repeated using 

multiple doses.  Moreover, different delivery methods such as using an osmotic pump (Verbois 

et al., 2003b) could be tested for optimal nicotine administration in future studies. 

  

The levels of pDARPP-32-T75 is not only regulated by mGluR activation, but also 

indirectly regulated by PKA (Nishi et al., 2000).  When PKA is activated, it can activate PP-2A, 

which will reduce pDARPP-32-T75 levels by dephosphorylation.  Thus, pDARPP-32-T5 and 

PKA have mutually inhibitory roles.  The current results show that neither pDARPP-32-T75 nor 

PKA activity were dominant, since both were decreased in the Injured Nicotine groups.  The 

roles of other kinases and phosphatases need to be considered to better understand these data.  
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The decreased trend of pDARPP-32-T75 and pDARPP-32-T34 in the Injured Nicotine 

group may be due to increased PP-2A and PP-2B activity, respectively.  Glutamate release 

induced by nicotine can activate NMDA receptors on medium spiny neurons, inducing Ca2+ 

influx and activation of PP-2A and PP-2B.  The activation of NMDA receptors have been shown 

to reduce pDARPP-32-T34 levels by possibly activating protein phosphatase PP-2B (King et al., 

1984; Halpain et al., 1990).  In the setting of TBI, PP-2B has an important role in regulating 

pDARPP-32-T34 levels.  Previous experiments in the Dixon laboratory have shown that TBI 

induced decreases in pDARPP-32-T34 can be reversed by FK506, a PP-2B inhibitor (Chapter 1). 
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Figure 29.  Glutamate and dopamine interaction in medium spiny neurons.  The activity 

of DARPP-32 is regulated by phosphorylation at threonine 75 and threonine 34, by complex 

interactions of glutamate and dopamine signaling.  Also, ERK is dually modulated by glutamate 

and dopamine signaling. 

 

The high intracellular Ca2+ can also reduce PKA levels, since striatum is enriched with a 

subtype of adenylate cyclase that is inhibited by Ca2+: type V calcium-inhibitable adenylate 

cyclase (Cooper et al., 1994, 1995).  Also, calcium-dependent phosphodiesterase is prevalent in 

striatal tissue (Polli and Kincaid, 1994).  These phosphodiesterases can be activated upon 

increased intracellular Ca2+, decreasing the levels of cAMP thereby reducing PKA activity.  Thus 

influx of Ca2+ via NMDA receptor activation can lead to secondary decreases in PKA activity 

levels. 

 

To further monitor postsynaptic striatal dopamine signaling, Western blots were 

performed for 2 molecules downstream of pDARPP-32T34: pERK, and pCREB, due to their 

important roles in learning and memory.  Similar to the lack of nicotine’s effect on pDARPP-32-

T34 levels, no changes were noted for pERK and pCREB.  The activation of ERK occurs by 

several upstream regulators, making it as complicated as DARPP-32 activation.  It has been 

explained in Chapter 1 that activation of D1 receptors and the following pDARPP-32-T34 

increase can lead to increased pERK levels.  In fact, ERK is modulated also by glutamate and its 

function is known as an integrator of both glutamate and dopamine signals, which can serve to 

increase or decrease ERK phosphorylation.   
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Glutamate release can activate NMDA receptors of medium spiny neurons, which will 

activate Ras/Raf pathway, leading to activation of MAPK kinase (MEK), which phosphorylates 

ERK (Shiftlet and Balleine, 2011).  However, this activation of ERK is transient since Ca2+ 

influx by NMDA receptor leads to PP-2B activation, which dephosphorylates and activates 

striatal enriched phosphatase (STEP) (Paul et al., 2003).  This activation of STEP then leads to 

dephosphorylation of ERK (Shiftlet and Balleine, 2011).  Also, D2 receptor activation can induce 

decreased pDARPP-32-T34, which will reduce the activation of ERK.  Thus, the lack of 

nicotine’s effect on pERK levels and downstream pCREB may be due to these opposing effects 

of upstream signaling pathways.   

 

The performance of rats on Beam Balance Test and Beam Walking Test can be attributed 

to different functional measures of motor skill, whereas the Morris Water Maze tests both the 

learning and retention of spatial memory.  Beam Balance Test showed both Injured Saline and 

Injured Nicotine groups to have a decreased motor performance compared to Sham Saline and 

Sham Nicotine groups.  Post hoc analysis revealed no improvement in Injured Nicotine group 

compared to Injured Saline group for Beam Walking Score and Beam Walking Latency.  In fact, 

the Beam Balance Duration for Injured Nicotine group at each of the days were lower compared 

to Injured Saline group (Fig. 25a), but there was no significant difference (p=0.067).  Thus, 

nicotine treatment did not benefit, and may even have possibly worsened performance Beam 

Balance Test in the setting of TBI.  This result is in agreement with the molecular data: PKA, 

pDARPP32-T34, pERK, and pCREB which showed no improvement by nicotine treatment. 
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Cognitive testing by the Morris Water Maze also showed lack of benefit by nicotine 

treatment in injured animals.  There was no effect of nicotine for learning of platform location 

during the acquisition phase (days 14-19).  Also, retention of memory, tested during probe phase 

(day 20) showed no benefit of nicotine treatment.  The swim speed test showed no difference 

among the four groups, showing that the motor deficit of the injured animals was not the cause of 

higher latency to find the platform.  The data for visible platform phase (day 21) showed 

significant deficit in latency to find platform among Injured Saline group and Injured Nicotine 

group even when it was visible.  This showed that not only spatial memory, but also other 

cognitive functions such as motivation, attention, and visual recognition may have been damaged 

in injured animals and nicotine did not improve this deficit.  Similar to the motor testing, the 

cognitive behavioral data are in agreement with the lack of benefits by nicotine treatment in 

molecular experiments. 

 

Postsynaptic dopamine signaling in the striatum is regulated by complex interaction of 

multiple pathways by both glutamate and dopamine release activating various receptors and 

downstream mediators.  Although the current nicotine treatment regimen was able to induce 

recovery of TH activity and increased dopamine release as demonstrated in Chapter 3, no 

postsynaptic signaling deficits were reversed at the dose of nicotine used in these studies.  As 

described in this section, this may be due to a combination of factors: 1. nicotine inducing 

primarily D2 receptor dominant signaling, 2. Influx of Ca2+ via NMDA receptor activating PP-

2A and PP-2B, and 3.  The opposing effects of glutamate and dopamine signaling on ERK 

phosphorylation.  In addition, both cognitive and motor deficits following TBI were not reversed 

by nicotine treatment, correlating with the deficits in postsynaptic dopamine signaling. 
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5. General Discussions 

 

5.1 Further Insights into Nicotine Treatment and TBI 

 

The previous chapters demonstrated that nicotine treatment enhanced TH activity and 

dopamine release after TBI but did not improve pDARPP-32-T34 signaling and behavioral 

deficits.  In each chapter’s conclusion section, the possible causes of the current data were 

discussed and related to the previous studies in the literature.  However, there are certain 

additional issues that were not discussed in these chapters due to the lack of direct relevance to 

the data.  Nevertheless, these issues are important to review in order to better understand the 

complexity of events that we are investigating.  In this chapter, these additional issues will be 

explored for a potentially deeper understanding of TBI and the effects of nicotine treatment. 

 

5.1.1 Nicotine Receptor Desensitization 

 

Nicotine receptors are present on the soma, presynaptic area, and postsynaptic area.  

Although agonist application can lead to nAChRs activation, they are then easily desensitized 

(Wang and Sun, 2005).  Different subtypes of receptors also exhibit differences in their 

vulnerability to desensitization: α7 receptors have more rapid desensitization compared to non-

α7 receptors, and different mechanisms of desensitization occur with different concentrations of 

nAChR agonists applied (McGehee and Role, 1995; Quick and Lester, 2002).  With high level of 
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agonists ranging from micromolar to millimolar concentrations, a phenomenon known as 

classical desensitization can occur, where receptors are activated but desensitized within 

milliseconds following activation (Giniatullin et al., 2005).  Then, sensitivity will recover once 

the agonist is cleared.  In the current experiments, the local concentration of nicotine at striatal 

dopamine synapse was estimated to be in the order of μM in Chapter 3.  If desensitization of 

nAChRs occurred in the synapse, this could be a postulated to be the mechanism by which 

nicotine administration in the current project failed to enhance postsynaptic dopamine signaling 

via DARPP-32.  However, the current nicotine regimen was still able to reverse dopamine 

release and TH activity deficits. 

  

Resting tonic firing of midbrain dopamine neurons in awake, freely moving rats occurs at 

2-5 Hz, whereas action potentials will drive up the firing rate to 15-100 Hz (Hyland et al., 2002).  

Experiments with mouse striatal slices show that nicotine desensitization induces decreases in 

dopamine release under tonic firing of the neuron that is lower than in control rats.  However, 

higher frequency stimuli with bursts of action potentials induces increased levels of dopamine 

release (Exley et al., 2008).  Thus, by desensitization of nAChR, nicotine paradoxically enhances 

dopamine release in neurons undergoing phasic bursts of action potentials (Rice and Cragg, 

2004).  Even in animals chronically treated with nicotine, this enhancement of dopamine release 

occurs (Perez et al., 2008). 

 

A possible mechanism behind this increased dopamine release despite desensitization is 

by differential action of nicotine on α7 and α4β2 receptors in midbrain neurons.  In the VTA and 

substantia nigra, GABAeric neurons express α4β2 receptors and glutamatergic neurons express 
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α7 receptors.  Since α4β2 receptors are more prone to nicotine desensitization (α4β2 receptors 

IC50: ~1-60 nM, α7 receptor IC50: ~0.5-7 µM), nicotine treatment may reduce inhibitory effects 

of GABAergic interneurons on dopaminergic neurons projecting to the striatum (Dani and Zhou, 

2001; Wooltorton et al., 2003).  However, glutamate release onto dopaminergic neurons and 

subsequent activation may not be affected by desensitization due to α7 receptors being less prone 

to desensitization.  Thus, desensitization would not attenuate dopamine release but in fact may 

enhance dopamine release. 

 

5.1.2 Nicotine’s Effects on Other Neurotransmitters 

 

Although this study focused on the effects of nicotine treatment on striatal dopamine 

neurotransmission, nicotine can in fact affect various other neurotransmitter systems in different 

regions of the brain as well as the periphery.  Systemically, nicotine activates the sympathetic 

system by inducing the release of epinephrine and norepinephrine from the adrenal medulla, 

increasing heart rate and arterial blood pressure (Haas and Kuber, 1997).  However, earlier 

studies looking at rats treated with chronic nicotine administration for 4 weeks showed no effect 

on growth rate and water intake of (Bhagat, 1970).  There were no changes in the norepinephrine 

content of the brain, although the turnover rate was increased.  Chronic treatment has been 

shown to have no effect on body temperature but reduces heart rates (Marks et al., 1983).  These 

findings suggest that acute nicotine administration affects physiological parameters, but chronic 

treatment leads to tolerance development. 
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Since administration of pharmacological agents by intraperitoneal injection will affect all 

areas of the brain, nicotine will affect not just striatal dopamine and glutamate release as 

previously described but also other neurotransmitter systems.  Nicotine modulates the release of 

neurotransmitters in the hippocampus such as norepinephrine and acetylcholine, contributing to 

functions such as spatial memory and attention.  Norepinephrine release occurs by activation of 

nAChR on terminals projecting from the locus ceruleus to the hippocampus and acetylcholine 

release occurs by activation of nAChR autoreceptors on terminals projecting from the medial 

septum to the hippocampus (Wonnacott, 1997).  A synaptosomal study showed that 

norepinephrine release from hippocampal synaptosomes was 40-fold less sensitive to nicotine 

than dopamine release from striatal synaptosomes, possibly due to different composition of 

nAChR subtypes (Clarke and Reuben, 1996).  In this study, the EC50 of nicotine induced 

dopamine release in striatal synaptosomes was 0.16 μM, whereas the EC50 of nicotine induced 

norepinephrine in hippocampal synaptosomes was 6.5 μM.  Another study showed that the EC50 

of nicotine induced acetylcholine release in hippocampal synpatosomes was 0.9 μM (Wilkie et 

al., 1996).  Thus, the previous studies showing behavioral benefits of nicotine after injury is 

attributed to not only nicotine’s effects on striatal dopamine signaling, but also to a combination 

of effects on various regions of the brain and multiple neurotransmitter signaling. 

 

Nicotinic receptors are also present in the prefrontal cortex, as demonstrated by an 

autoradiography using radiolabeled nicotine binding (Clarke et al., 1985).  Since prefrontal 

cortex has important roles in cognitive functions such as working memory, planning, and 

attention (Hahn et al., 2003), nicotine’s effect in this region may explain how it improves 

cognitive function.  Also, nicotine has been demonstrated to induce dopamine release in 



 94 

prefrontal cortex when administered locally (Marshall et al., 1997) or systemically (Nisell et al., 

1996).  Thus, cognitive enhancement of nicotine in previous TBI study (Verbois et al., 2003) as 

well as other modes of brain injury (Yamada et al., 2010; Sharifzadeh et al., 2005; Brown et al., 

2000) may be due to a combination of effects on prefrontal cortex, hippocampus, striatum, as 

well as other regions.  If the current study showed cognitive benefit of nicotine treatment, the 

next goal would have been to study nicotine’s effect on dopamine, norepinephrine, glutamate, 

and acetylcholine neurotransmission in hippocampus and frontal cortex.  The current findings 

further demonstrate that neurorecovery following TBI by a pharmacological management is 

challenging due to the involvement of multiple neurotransmitter systems and complexity of 

injury.  

 

5.1.3 The effects of nicotine on dopamine transporters 

 

Synaptic levels of dopamine are not only regulated by release but also by uptake.  

Dopamine transporter (DAT) is a membrane protein that provides the primary mechanism of 

dopamine clearance from the synapse.  It functions as a symporter that co-transports two Na+ and 

one Cl- ion down the concentration gradient along with dopamine.  Previously, other drugs that 

induce dopamine release such as cocaine and amphetamines have been reported to alter the 

surface expression of DAT (Daws et al., 2002; Kahlig et al., 2006).  In the nucleus accumbens, in 

vivo voltammetry was used to show that nicotine increases dopamine clearance (Hart and Ksir, 

1996).  Another study using the same method showed that nicotine induced faster dopamine 

clearance in the dorsal striatum as well as prefrontal cortex (Middleton et al., 2004).  Striatal 

synaptosome experiments showed that nicotine treatment increases dopamine uptake, but surface 
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expression of striatal DAT using subcellular fractionation and Western blots showed no changes 

(Middleton et al., 2007).  Since the level of DAT was not altered but the activity has increased 

with nicotine treatment, the authors proposed that phosphorylation levels of DAT may be 

changed by a kinase or a phosphatase, altering its activity.  Another molecule that modulates 

DAT is α-syn, a small chaperone like protein that binds to DAT to inhibit its activity. 

The current study reported TH activity deficits after TBI and showed that nicotine 

treatment can reverse this.  Also, dopamine release deficits occur after TBI, and nicotine 

improves dopamine release.  If nicotine reduces DAT activity, striatal extracellular dopamine 

could increase.  However, previous studies have shown that nicotine does not reduce DAT 

activity but in fact may increase it.  Since dopamine levels are increased with nicotine 

administration in previous studies using microdialysis in striatum (Marshall et al., 1997) and 

VTA (Rahman et al., 2003), the effect of nicotine on dopamine release overcomes the opposing 

effect increasing DAT activity. 

  

5.1.4 The Role of ERK in TBI 

 

Aside from its role in memory and learning, ERK is also an important mediator of 

differentiation, proliferation, and apoptosis at acute time points following TBI (Neary, 2005).  

The levels of pERK were previously reported to be increased in pericontusional cortex as early 

as 5 minutes after TBI, returning to baseline values by 6 hours (Otani et al., 2002).  Another 

report showed increased pERK levels in the cortex, subcortical white matter, thalamus, and 

hippocampus ranging from 2 hours to 72 hours post injury (Raghupathi et al., 2003).  Although 

TBI induced activation of ERK has a major role in apoptosis, it also has a major role in neuronal 
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plasticity.  Inhibition of pERK upregulation acutely after TBI is detrimental to behavioral 

outcome after TBI (Dash et al., 2002).  Application of PD98059 by intracerebroventribular 

injection 20 minutes prior to injury inhibited this upregulation of pERK but also induced 

worsening motor performance and spatial memory.  The fact that this increase in pERK was 

specific to neurons rather than astroglia (Mori et al., 2002; Dash et al., 2002) also supports the 

possibility that pERK contributes to neurogenesis and neuronal plasticity after injury, especially 

in TBI. 

 

The effects of ERK activity at chronic time points following TBI have not been 

commonly reported.  At 2-8 weeks after TBI, hippocampal levels of pERK and pCREB upon 

glutamate or potassium activation were reduced (Atkins et al., 2009).  The chronic hypofunction 

of ERK after TBI demonstrated by this study may be a contributing factor for functional deficits 

after injury.  These studies indicate that ERK activity is upregulated at acute time points but 

downregulated at chronic time points following TBI.   

 

In the current study, no changes in pERK were seen in the striatum after injury.  The time 

point used in the current study is 1 week, which is neither an acute nor a chronic time point.    

The acute increase in pERK is possibly decreased to the baseline at this point, since both 

experiments by Raghupathi et al. and Otani et al., showed reversal of injury induced pERK 

upregulation by 6 hours and 72 hours, respectively. 

 

The experimental settings in the current study were different from the setting of Atkins et 

al., in which a hippocampal slice was stimulated by glutamate or potassium.  Without glutamate 
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or potassium stimulus, basal pERK and pCREB levels were not different between sham and 

injured animals in this study.  However, when the stimulus was applied, injured animals 

displayed deficits in upregulation of pERK and pCREB.  The striatal tissue that is assessed in the 

current study was dissected from animals without glutamate or potassium stimulation.  This may 

explain why no differences were seen among the four groups for pERK and pCREB in Western 

blot data. 

 

5.1.5  Limitations of the Study and Future Suggestions 

 

One of the weaknesses of this study is the usage of only one nicotine regimen.  A full 

dose-response study for behavior has not been performed.  Since nicotine at different dose can 

have different effects on DARPP-32 phosphorylation (Hamada et al., 2004) as well as behavior 

(Ksir et al., 1987), a dose-response study may add insight into optimal treatment dose of nicotine 

for recovery from TBI induced deficits.  Also, the effects of once daily or twice daily injection 

were not compared.  The previous study using nicotine in the setting of TBI (Verbois et al., 

2003) utilized twice daily injection regimen, whereas other studies assessing the effects on 

nicotine on cognitive enhancement (Riekkinen and Riekkinen, 1997) and dopamine release 

(Rahman et al., 2003; Marshall et al., 1997) utilized once daily injection regimen.   

 

Moreover, only intraperitoneal administration of nicotine was performed, and no 

experiment was performed using subcutaneous injection or delivery by osmotic pump.  The 

current dose and delivery method was based on the same regimen that enhanced dopamine 

release and TH activity in Chapter 3.  Thus, the regimen was not optimized to yield behavioral 
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benefit.  Currently, it is not clear which regimen, dose, and delivery of nicotine is optimal for 

enhancing dopamine signaling and functional outcome after TBI.  This limitation can be 

overcome by additional experiments thoroughly characterizing the effects of each method of 

nicotine administration. 

 

Another possible limitation is the lack of characterization of different injury severities.  In 

our current study, only severe injury was performed at a velocity of 4 m/s and injury depth: 2.6 

mm.  However, previously reported studies using the CCI technique used lower values: velocity: 

2.32 m/s, depth: 2 mm (Moro et al., 2011), velocity: 3.5 m/s, depth: 1.5 mm (Verbois et al., 

2003), velocity: 1.5 m/s, depth: 2 mm (Nishibe et al., 2010).  Also, compared to the Verbois’ 

article from 2003 as well as other behavioral experimental data from our lab, the Injured Saline 

group’s motor and cognitive deficits are more pronounced.   

 

In Chapter 4, the performance of Injured Saline group on Beam Walking Latency and 

Beam Walking Score showed no signs of recovery until the last two days of the testing.  The 

final Latency and Score values were very small improvements compared to first day following 

injury.  It is possible that the severity of injury was too high, and that nicotine is not effective in 

the setting of severe injury.  Lowering the injury severity may show benefits of nicotine 

treatment in motor and cognitive function. 

 

Although we have seen enhancement of TH activity and dopamine release after nicotine 

administration, this did not enhance DARPP-32 phosphorylation.  It is not clear if TBI induced 

deficits in DARPP-32 phosphorylation is reversible or not by increasing dopamine release.  In 
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order to investigate this, chronic dopamine receptor agonist treatment should be performed 

following injury in rats.  The study should use delivery method and dose optimized by a pilot 

study.  If dopamine agonist treatment can reverse DARPP-32 phosphorylation deficit, then 

multiple agents that enhance dopamine signaling that are currently used in clinical practice such 

as methylphenidate and amphetamine can then be tested to reverse DARPP-32 phosphorylation 

deficit. 

 

As shown in Chapter 1, our lab has previously shown that FK-506 administration 

reverses TBI induced deficits in DARPP-32 phosphorylation.  Thus, combined treatment of 

nicotine and FK-506 may be able to increase DARPP-32 phosphorylation even further.  Another 

strategy is to use nicotine in conjunction with D2 receptor antagonist.  This will reduce the 

possible inhibition of cAMP and PKA signaling pathway induced by D2 receptor activation.  As 

striatal dopamine signaling is a complex phenomena involving multiple kinase cascades, 

combined drug administration may have added benefit. 

 

An additional study that can help us gain a deeper understanding of striatal dopamine 

signaling is an experiment using DARPP-32 knockout mice.  Other than nicotine, dopamine 

signal enhancing agents such as amphetamine (Evans et al., 1987), methylphenidate (Wagnet et 

al., 2009), and L-DOPA (Koeda and Takeshita, 1998; Kraus and Maki, 1997) induce functional 

benefit in the setting of TBI.  A direct experiment to test if DARPP-32 signaling has an 

important role in this functional benefit is to administer nicotine or other dopamine enhancing 

agent to DARPP-32 knockout mice following TBI.  If the deficit in pDARPP-32-T34 is an 
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important contributor to functional deficits following TBI, the functional benefits induced by 

these agents will not be seen in DARPP-32 knockout mice. 

 

5.2 Summary and Conclusion 

 

After identification of specific parameters of deficit in striatal dopamine signaling 

following TBI, this project pursued a possible therapeutic regimen using nicotine with the 

intention of enhancing dopamine synthesis and release.  The presynaptic deficits in dopamine 

signaling such as TH activity and dopamine release are recovered by nicotine treatment.  

However, activity of downstream signaling molecules such as PKA, DARPP-32, ERK, and 

CREB show no significant changes in activation after nicotine treatment, at least at the time 

points that we evaluated. In agreement with this, the behavioral data showed no benefit of 

nicotine treatment.  Thus, the data in this study suggest that: Traumatic brain injury induces 

striatal dopamine synthesis and release deficit, and a post injury nicotine treatment that was 

sufficient to induce recovery of striatal presynaptic dopamine signaling was not sufficient to 

induce striatal postsynaptic dopamine signaling or behavioral recovery.   

 

Although the original hope of this project was to identify the therapeutic potential for 

nicotine after TBI, the current data show the complexity of dopamine neurotransmission in the 

striatum. The knowledge gained from this study can be applied to devising more sophisticated 

pharmacological treatments following TBI in future studies, using a combination of agents such 

as calcineurin inhibitors and/or glutamate and dopamine receptor antagonists/agonists. 
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