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Abstract 
 
 Parkinson’s disease (PD) is most commonly associated with dopaminergic neuronal 

loss in the substantia nigra (SN), but recent evidence suggests that concomitant loss of 

noradrenergic neurons in the locus coeruleus (LC) also heavily contributes to PD pathology 

and symptomology. The LC more specifically appears to influence PD progression and 

severity because neurodegeneration in the LC consistently precedes nigral loss in PD patients 

and because LC damage exacerbates neurotoxic effects of MPTP (a neurotoxin that 

preferentially targets and destroys dopaminergic neurons) at the SN. Establishing a viable PD 

animal model thus requires inclusion of both SN and LC brain regions. The primary goal of 

this study was to determine whether focal injection of 6-hydroxydopamine (6-OHDA), a 

neurotoxin to which noradrenergic cells are particularly susceptible, induces sufficient LC 

damage in mice to be comparable to the Parkinsonian brain (~ 50% loss). Extent of neuronal 

damage was determined by quantifying the LC density of two synthetic enzymes in the 

catecholamine synthesis pathway. Coupling this LC model with MPTP further allowed us to 

simulate PD disease progression and to observe the neuroprotective effects of the LC on the 

SN. We assayed for the norepinephrine transporter (NET), a synaptic signaling protein, in an 

attempt to characterize the mechanism of LC protective action (direct innervation versus 

diffuse neuromodulation). Among the 6-OHDA dosages (10, 12, and 14 µg) and drug 

incubation times (2 and 3 weeks) tested, we chose the 10 µg-3 week condition to serve as the 

experimental condition used with MPTP injections given its ability to induce significant LC 

damage without behavioral complications. Prior 6-OHDA injection exacerbated MPTP 

toxicity at the SN and thereby confirmed LC neuroprotective action at the SN, though NET 

data suggest an indirect mechanism. Given its effectiveness in mirroring Parkinsonian 

neurodegeneration and LC-SN interaction, a combined 6-OHDA/MPTP protocol may be 

considered an adequate model for recreating PD pathology and progression in mice.  
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Introduction 
 
 Parkinson’s disease (PD) is a severe and progressive neurodegenerative disorder that 

currently plagues approximately 1% of the world’s population. In the United Sates alone, this 

accounts for 500,000 to 1 million people, a number that is only expected to expand in future 

generations considering current trends and the aging baby boomer generation (Stern and 

Lees, 1982; for current trends see www.ninds.nih.gov/disorders/parkinsons_disease). A 

general lack of understanding concerning the cause of PD makes these statistics especially 

troubling. Recent evidence suggests that genetics account for 40% of the susceptibility to PD 

development, while environmental factors constitute the remaining 60% (Hamza and Payami, 

2010). However, few of these susceptibility genes have been identified in the human genome, 

and the relative uniformity of PD frequency worldwide does little to illuminate potential 

environmental triggers. Extreme cases of encephalitis, an acute inflammatory disease of the 

brain, can induce Parkinsonian symptomology, but its pathological profile differs immensely 

from that of traditional PD. Likewise, individuals administered tranquilizing drugs like 

haloperidol and chlorpromazine behave similarly to PD patients, but the effects are quite 

temporary (Stern and Lees, 1982). Thus, PD largely endures as a black box for the scientific 

community.  

What is known about PD comes primarily from clinical observation and autopsy 

reports following patient mortality. Studies suggest that typical diagnosis for PD is between 

the ages of 50 and 60, though 1 in 7 patients express early-onset symptoms in their 30s and 

40s (Stern and Lees, 1982). PD commonly culminates in death within a 10 to 20 year period 

following initial diagnosis (Purves et al., 2008). The classic symptom of PD is motor 

dysfunction, which includes resting tremors, muscle rigidity, bradykinesia, postural 

instabilities, and gait problems. Resting tremors present when the patient is not actively 

involved in voluntary movement and are characterized by involuntary stereotyped limb 
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movements. Most common is a “pill-rolling” tremor in which the hand continuously curls 

and relaxes as though rolling a small round object between the thumb and index finger (Stern 

and Lees, 1982). These hand tremors typically originate unilaterally and then move 

bilaterally as the disorder progresses (Hawkes et al., 2010). Stress and fatigue exacerbate 

tremor activity, while the initiation of voluntary movement and deep sleep mitigate or even 

silence tremors. Though less common, resting tremors may also present in the feet, jaw, lips, 

and head (Stern and Lees, 1982).  

PD patients not only lack motor control while at rest but also during activity given 

chronic muscle stiffness and a generalized poverty of motion termed bradykinesia. 

Bradykinesia is arguably the most disabling PD symptom because it delays the initiation, 

termination, and coordination of all voluntary movements and thereby makes balance 

immensely difficult to maintain. Without quick responsiveness to positional changes, the 

body fails to compensate for imbalance and becomes more susceptible to injury from falls. 

Thus, even simple activities like carrying a bag of groceries proves challenging given 

differential weight distribution between sides of the body. Bradykinesia also profoundly 

alters walking efficiency, first by delaying initiation of the leading step and subsequently by 

inhibiting normal leg mobility. The shuffling gait that results is further exacerbated by 

weakness in back extensor muscles, which manifests in spinal flexion and a forward-leaning 

posture. In addition to gross motor problems, most PD patients also express depressed fine 

motor acuity, especially in the hands and face. Handwriting, for example, reduces in size and 

legibility as the disorder progresses, and repetitive tasks like sewing become increasingly 

difficult. When patients lose facial expressiveness, they develop a mask-like expression, 

clinically termed a “reptilian face.” Dampened control of oral and lingual muscles can also 

result in drooling and slow, soft speech (Stern and Lees, 1982). While most PD patients 

express all or most of these motor symptoms at some point, the severity and time of 
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development varies immensely among individuals. Recent evidence, however, does support 

the influence of gender on PD susceptibility and symptom expression given that men are 

twice as likely to develop PD and tend to experience more muscle rigidity and less 

bradykinesia than women (Miller and Cronin-Golomb, 2010).  

PD motor symptoms appear to correlate most strongly with damage to dopaminergic 

neurons within a brain stem region called the substantia nigra pars compacta (SNc). As a key 

regulator of the basal ganglia loop system, the SNc heavily influences the planning and 

initiation of efferent motor signals that descend the spinal cord and mediate muscle 

contraction. The SNc serves as an integrating center for cortical input relayed from the 

caudate and putamen (collectively called the striatum) from cortical motor planning and 

sensory regions of the frontal and parietal lobes. Depending on the strength and timing of 

incoming signals, the SNc can choose to either inhibit or disinhibit motor signaling through 

the indirect or direct pathway, respectively. The indirect pathway is initiated when cortical 

input entering the SNc fails to initiate action potential firing and dopamine (DA) release. The 

overall result is tonic inhibition of neurons in the upper motor cortex and silencing of efferent 

motor signals to the spinal cord and muscles. This inhibitory indirect pathway is only 

antagonized when sufficiently prompted by the cortex. When cortical input exceeds threshold 

levels – when initiating voluntary movement for example – the SNc releases DA into the 

synaptic cleft, which primarily acts on two striatal dopamine receptors called D1 and D2. 

Both receptors are G-protein-coupled receptors that readily respond to DA binding yet differ 

immensely in their location and intracellular response. D2 striatal receptors effectively block 

the inhibitory indirect pathway by activating G-proteins that obstruct cAMP production. D1 

striatal receptors, on the other hand, activate G-proteins that stimulate cAMP production and 

thereby initiate the direct pathway, which further disinhibits the thalamus and upper motor 

neurons. Simultaneous activation of D1 and D2 receptors following SNc DA release 
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synergistically stimulates the excitatory direct pathway while dampening the inhibitory 

indirect pathway. These combined efforts reduce the overall inhibitory outflow of the basal 

ganglia to upper motor neurons, allowing motor signals from cortical efferent neurons that 

descend the spinal cord to freely stimulate muscle contractions. Because the prefrontal motor 

cortex is topographically organized according to body part, the SNc can activate specialized 

motor programs by selectively exciting cortical neurons responsible for particular muscle 

groups. This is especially important for proper coordination of antagonistic muscles like the 

bicep and tricep muscles in the arm. Arm flexion, for example, requires activation of the 

direct pathway for upper motor neurons responsible for bicep muscle contraction with 

concomitant activation of the indirect pathway for neurons modulating tricep muscle activity. 

It is this immense reliance on basal ganglia function that defines the severity of PD motor 

dysfunction following profound SNc neurodegeneration (Purves et al., 2008).   

Brain neuroplasticity allows PD patients to maintain remarkably normal motor 

function until amassing approximately 50% neuronal loss at the SNc (Hawkes et al., 2010). 

Presynaptic neurons in the SNc compensate for minor to intermediate levels of neuronal 

damage by upregulating DA synthesis and vesicle release and by endocytosing DA 

transporters, membrane proteins that modulate DA reuptake and recycling from the synaptic 

cleft. The combined effect of increased DA release and slow DA cleanup expands the 

likelihood of DA-receptor activation at the synapse and thereby strengthens the signaling 

efficiency of the dopaminergic system. Postsynaptic neurons also compensate by inserting 

additional DA receptors into the plasma membrane (Hornykiewicz, 1975). PD symptomology 

presents only when dopaminergic striatal neurons fail to functionally offset SNc damage. 

Bradykinesia surfaces due to insufficient SNc DA release and reception, resulting in reduced 

thalamic disinhibition and slowed activation of upper motor neurons (Purves et al., 2008). 

The cause of resting tremors is much less clear. However, it is possible that reduced SNc 
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signaling relaxes thalamic tonic inhibition, allowing oscillatory bursts of electrical activity to 

escape inhibition and prompt involuntary movements (Stern and Lees, 1982).  

The DA hypothesis for PD motor dysfunction has vast clinical support. Oral 

administration of L-dopa, the direct synthetic precursor to DA, effectively relieves patient 

bradykinesia and resting tremors by restoring normal DA concentrations. DA itself is not a 

viable treatment option given its inability to cross the blood-brain barrier (Devos et al., 

2010). Alternatively, drugs like reserpine that deplete striatal DA or block its release produce 

motor symptoms indistinguishable from those observed in PD patients (Marien et al., 2004). 

Simply understanding PD pathology, however, is insufficient and impractical unless this 

pathology can be recreated in an animal model to test therapeutic strategies with potential 

benefits for PD patients. One such model fell into the laps of researchers in the 1980s 

following a series of tragic circumstances with human substance abuse.  

In 1982, seven people injected themselves with a bad batch of a popular synthetic 

drug called MPPP (named after its chemical formula) that was heavily contaminated with 

MPTP (Langston and Palfreman, 1995). When injected, the MPTP circulated within the 

blood and readily entered the brain through the blood-brain barrier. Monoamine oxidase B 

transformed MPTP into the toxic metabolite MPP+, which preferentially entered 

dopaminergic neurons through facilitated diffusion with dopamine transporters. This MPP+ 

molecule blocked mitochondrial electron transport chain function, thereby activating 

intracellular apoptosis-inducing pathways and causing near-complete neuronal cell death at 

the SNc (Rommelfanger et al., 2004). As a result, these individuals experienced vastly 

accelerated Parkinsonism, expressing profound motor dysfunction within a few days and 

complete akinesia, or lack of voluntary movement, in about a week. Despite extreme physical 

immobility, these “frozen addicts” maintained full cognitive faculties, which made the 
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experience particularly tortuous but also highlighted the selective action of MPTP on the 

basal ganglia system (Langston and Palfreman, 1995).  

Because MPTP toxicity mirrored PD progression and symptomology in the “frozen 

addicts,” researchers proposed administering the drug to lab animals to serve as models for 

testing PD therapies. MPTP administration to primates recapitulated the brain pathology and 

symptomology observed in humans but exerted very little effect in mice (Langston and 

Palfreman, 1995). This species-specific response to MPTP suggested a more complex system 

governing susceptibility to SNc damage, presumably involving one or more brain regions 

outside the basal ganglia system. Clinical evidence supports this theory given that PD 

patients consistently present higher-than-normal behavioral problems even 10 to 20 years 

prior to the onset of motor symptoms. These behavioral complications include fatigue, 

depression, obesity, and disordered sleep habits like narcolepsy, REM sleep disorder, and 

excess daytime somnolence (Hawkes et al., 2010; Arnulf and Leu-Semenescu, 2009; Mouret, 

1975; Frisinia et al., 2009). Consistent a priori onset of behavioral dysfunction suggests that 

brain regions responsible for this symptomology may also play a role in the progression and 

severity of later SNc-related motor symptoms.  

Autopsy reports and brain imaging studies have identified the locus coeruleus (LC), a 

noradrenergic brain stem region, as the most likely culprit for abnormal prodromal behaviors 

in PD. This conclusion stems from the fact that the LC is the only region besides the 

dopaminergic nuclei that consistently sustains more than 70% damage in the Parkinsonian 

brain (Soldani and Fornai, 1999). The LC’s widespread influence on brain regions like the 

cerebral cortex, hippocampus, amygdala, and hypothalamus further explains the wide range 

of behavioral symptoms observed in PD patients (Marien et al., 2004; Dongen, 1981). The 

LC may even contribute to PD motor impairments like “freezing” and postural flexion 

through direct innervation of the cerebellum, a region known to regulate muscle tone and 
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coordination (Soldani and Fornai, 1999; Fornai et al., 2007). This is supported by the fact that 

knockout mice lacking dopamine β-hydroxylase (DBH), the enzyme required for 

norepinephrine (NE) synthesis and proper LC function, express profound motor impairments 

(Rommelfanger et al., 2007). Dopamine-specific therapeutics are also much less effective 

than L-dopa for alleviating tremors and bradykinesia, presumably because L-dopa supports 

noradrenergic activity in addition to dopaminergic activity (Hornykiewicz, 1975). 

Research also supports the LC’s proposed role as a neuromodulatory and 

neuroprotective agent for the dopaminergic system. Brain imaging studies demonstrate that 

LC deficiencies in the Parkinsonian brain accumulate long before the onset of SNc damage, 

suggesting that noradrenergic neuronal loss is required and perhaps expedites the onset of 

SNc neurodegeneration (Hawkes et al., 2010). The fact that dopamine agonists and 

antagonists fail to slow or accelerate normal rates of disease progression further highlights 

the noradrenergic system as the most probable regulator of PD development (Marien et al., 

2004). The most convincing evidence supporting the LC’s neuromodulatory function stems 

from experimental work combining LC lesioning with MPTP treatments in mice. While 

MPTP injections alone fail to recreate in mice the extreme SNc damage observed in the 

Parkinsonian brain, lesioning LC prior to injecting MPTP induces near-complete neuronal 

loss at the SNc (Rommelfanger and Weinshenker, 2007). LC lesions that follow MPTP 

injection do not exacerbate MPTP toxicity, which suggests that the LC does not influence the 

SNc directly but simply moderates its susceptibility to external damage (Srinivasan and 

Schmidt, 2003). These results imply that severe, early noradrenergic degeneration in PD 

negates normal LC protective action and thereby makes SNc neurons more susceptible to 

injury (Fornai et al., 2007; Soldani and Fornai, 1999).  
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Given the evident relationship between LC and SNc damage in PD, it is imperative 

that therapeutic animal models encompass both systems in a manner most consistent with PD 

pathology. To recapitulate the highly regulated and progressive nature of PD, a viable animal 

model requires successive focal lesions to LC then SNc. Though MPTP seems adequate for 

SNc-specific lesioning, LC lesioning techniques currently lack adequate precision. DBH 

knockout animals are commonly used to silence LC given that NE production is blocked 

completely in these animals (Rommelfanger et al., 2004). The problem with halting all DBH 

gene transcription is that NE deficiency and its effects are not localized to the LC and may 

have broader systemic consequences. The adrenal cortex, for example, produces and releases 

NE into the circulatory system as an endocrine hormone to regulate the body’s “fight or 

flight” response. Given the widespread influence of NE in the body, identifying the precise 

effects of LC-specific NE deficiency is impossible with DBH knockouts. These knockout 

animals are also inappropriate to model PD because, unlike Parkinson’s patients who 

demonstrate normal brain maturation before injury, DBH knockout brains must develop in 

the complete absence of NE. Because NE is one of the most influential and widespread 

neuromodulators in the brain, early deficiencies presumably trigger additional abnormalities 

not present in the Parkinsonian brain. The other common LC lesioning treatment is a 

systemic injection of N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4), a neurotoxin 

able to cross the blood-brain barrier and target noradrenergic neurons. Though DSP4 does 

reduce NE and NET content at the LC, it does not actually destroy LC neurons. Given 

systemic injection, DSP4 action is also not localized to LC but extends to all catecholamine 

systems reliant on noradrenergic function. Without adequate specificity and neuronal 

damage, DSP4 cannot be considered an adequate model for Parkinsonian LC pathology (Szot 

et al., 2010).   
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In an attempt to remedy the shortcomings of current LC models, we proposed 

stereotaxically injecting 6-hydroxydopamine (6-OHDA), a powerful neurotoxin that targets 

and destroys cells actively synthesizing dopamine or its derivatives, near the LC of mouse 

brains to selectively lesion the area. This technique has been relatively unexplored in the past 

because the LC is particularly challenging to locate experimentally in the mouse brain given 

its microscopic size. This study thus aimed to determine whether focal injection of 6-OHDA 

can selectively induce sufficient LC damage in mice to be comparable to the Parkinsonian 

brain. The target for 6-OHDA-treated LCs was 50% neuronal loss relative to control LCs 

because this benchmark approximates the minimum damage required for onset of PD 

symptomology. We used immunohistochemistry and in situ hybridization techniques to 

assess protein and mRNA content, respectively, for enzymes specific to NE synthesis 

(tyrosine hydroxylase (TH) and DBH) and to approximate the extent of LC lesioning. We 

then combined our 6-OHDA treatment protocol with MPTP injections to confirm that focal 

LC lesions increase the susceptibility of SNc neurons to MPTP toxicity as observed in 

previous studies (Bing et al., 1994). Assuming adequate depletion of LC neuronal content 

and elevated MPTP toxicity to SNc neurons, this protocol should provide a more 

comprehensive and accurate model system for PD pathology to better inform future PD 

research and therapeutic strategies. 

Generating an animal model that encompasses and supports the LC-SNc relationship 

is an important first step, but understanding the mechanism by which the LC confers 

neuroprotection on the SNc is equally important. Thus, in addition to TH and DBH 

expression, we also analyzed the density of norepinephrine transporters (NETs) at the SNc of 

animals administered 14 µg of 6-OHDA (10 and 12 µg not tested) and sacrificed two weeks 

following surgery. This allowed us to observe potential changes in noradrenergic terminals at 
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the SNc resulting from LC lesioning and thereby assess the mechanism of LC protective 

action. Given their role in NE reuptake and recycling at the synaptic cleft, NETs are typically 

localized to synaptic contacts (Rommelfanger et al., 2004). Thus, reduced NET density at the 

SNc following LC lesioning should signify direct innervation by the LC, while no change 

suggests involvement of more diffuse neuromodulatory pathways connecting the LC and 

SNc. In particular, we compared NET density between the SNc and prefrontal cortex, an area 

with extensive LC innervation, in an attempt to clarify the LC-SNc relationship and to better 

infer how LC neuronal loss in PD impacts widespread brain function. 

In general, this report provides preliminary data in support of utilizing combined 6-

OHDA/MPTP injections to model PD pathology in mice and to inform future therapeutic 

strategies. Given the vast complexity and crossover between dopaminergic and noradrenergic 

systems, the supplementary NET data presented here are insufficient to conclusively define 

the Parkinsonian LC-SNc relationship and simply serve as a framework to prompt further 

investigation using our proposed 6-OHDA/MPTP treatment protocol.  

 

Experimental Procedures 
 
Animals 

Male mice were purchased from Charles River (Wilmington, MA, USA). At the time 

of the procedure, these mice averaged 1 month old and 26-30 grams in weight. They were 

housed in standard cages with a 12-hour light/dark cycle during the entire process, and food 

and water were available ad libitum. All animal procedures followed the Animal Care 

Committee at the VA Puget Sound Health Care System, Seattle, WA, NIH guidelines.  
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Stereotaxic Surgery to Administer 6-OHDA  

Isoflurane gas administered through a nose cone served as the anesthetic when 

mounting the animal on the stereotaxic frame and during the surgical procedure. To prevent 

corneal drying, mouse eyes were periodically covered with a lubricating gel. A warm heating 

pad placed underneath the mouse ensured maintenance of an optimal and stable body 

temperature throughout the procedure. Once properly mounted, the animal received an 

intraperitoneal injection of ceftriaxone, an antibiotic, and a subcutaneous injection of 

carprofen, an analgesic. The dosage for both drugs was 0.01 ml/gram body weight. The 

animal’s scalp was sliced and separated just enough to expose the major skull landmarks, 

bregma (rostral) and lambda (caudal). A size 75 Metal Removal Carbide drill bit was used to 

drill two holes 5.4 mm posterior to bregma and 0.9 mm to each side of the middle suture line. 

When possible, we stopped drilling just short of the base of the skull bone and finished the 

hole by punching through the final layer with a dull 26.5 gauge needle. This minimized 

potential damage to the dura mater and brain tissue underneath. A pump-controlled Hamilton 

syringe was then loaded with a 10, 12, or 14 µg/µl solution of 6-hydroxydopamine (6-

OHDA) and inserted 3.35 mm below the brain surface. After one minute, the needle was 

raised to -3.25 mm to initiate a 10-minute and 1-µl injection of 6-OHDA solution. The needle 

remained at -3.25 mm for four minutes following the injection before being slowly raised and 

removed from the brain. This procedure was repeated on the left side with an injection of 

ascorbic acid (AA) to establish a within-brain control. A subcutaneous injection of Ringers 

solution (2 mL) following the procedure hydrated and provided essential electrolytes to aid in 

post-surgical recovery. Two additional injections of carprofen given approximately five 

hours apart helped to minimize pain and discomfort from the surgery. 
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Tissue Preparation 

 Animals were sacrificed 2 weeks following stereotaxic surgery. The brain tissue was 

frozen and sliced using a cryostat into 18 µm sections and placed on Superfrost Plus slides. 

Slides were divided into three sets to analyze TH and DBH binding at the LC and to analyze 

NET binding at the SN and prefrontal cortex for each animal. 

 

In situ Hybridization for TH and DBH 

As described previously by Szot et al. (2010), preparing the tissue for in situ 

hybridization involved immersing slides in cold 4% paraformaldehyde (5 min), cold PBS (2 

min), triethanolamine (rinse), acetic anhydride (10 min), and SSC (2X rinse). The tissue was 

then dehydrated with ethanol (70, 95, and 100% for 2 min each), immersed in chloroform (5 

min), and rehydrated (100 then 95% ethanol for 2 min each). The TH oligonucleotide probe 

used was a 48 base probe corresponding to nucleotides 1351 to 1398 in mouse TH mRNA. 

The DBH oligonucleotide probe included three oligonucleotides complementary to 

nucleotides 454 to 505, 994 to 1045, and 1414 to 1465 in rat DBH mRNA. The hybridization 

solution for TH and DBH included about 2 pm of each oligonucleotide probe per mL and was 

administered in a volume of 0.055 mL per slide. A combination of 33P dATP and terminal 

deoxyribonucleotidyl transferase was used to label the 3’ end of the probe before the addition 

of 5X tailing buffer, yeast tRNA, and TED solution. The DBH probe solution was boiled for 

3 minutes before the hybridization buffer was added. The TH solution did not require 

heating. Once covered with the probe-hybridization mix and with silanized coverslips, the 

slides were incubated overnight inside trays sealed with aluminum foil. The TH probe was 

washed at 58 °C before slides were apposed to film for 1 day. The DBH probe was washed at 

50 °C before slides were apposed to film for 2-3 days.  
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Immunohistochemistry for TH 

All procedures for labeling TH-containing LC neurons were derived from the 

Vectastain Elite ABC kit from Vector Laboratories (Burlingame, CA, USA). The tissue was 

fixed with 4 % paraformaldehyde and washed with ETOH/Ac, Triton-X-100, and H2O2/PBS 

(quenches peroxidase activity), with PBS washes in between. Each slide was then incubated 

for 30 minutes in 300 µl of blocking serum (goat serum, BSA, Triton-X-100, and PBS). After 

a PBS washing, each slide was covered with 300 µl of primary antibody (diluent and TH 

antibody) and allowed to incubate overnight at 4 °C. The next day, slides were washed with 

PBS and blocking serum and subsequently immersed for 1 hour in the secondary antibody 

(biotinylated goat anti-rabbit, 300 µl/slide). Each slide then incubated in 300 µl of avidin DH 

and biotinylated horseradish peroxidase H (A + B HPR) for 1 hour and in 370 µl of DAB 

stain with H2O2 for 10 minutes (with PBS washes in between). The slides were then rinsed 

with deionized water, dehydrated with ethanol, washed in xylene, and covered with 

coverslips. Neuronal content at LC was determined by counting TH-labeled neurons.  

 

6-OHDA and MPTP Combined Treatments 

 Each experimental animal received a focal injection of 10 µg 6-OHDA at the LC and 

a systemic MPTP injection 3 days later. Animals were sacrificed 3 weeks following the 

initial 6-OHDA treatment, and brains were sliced into 18 µm sections with the cryostat. 

Immunohistochemistry assays for the TH protein were performed on tissue slices containing 

nigral cells to identify TH-positive neurons and quantitate neuronal damage resulting from 

combined 6-OHDA and MPTP toxicity. Though the SNc was our primary focus, effects of 

MPTP were extended to the entire substantia nigra (SN) region because the SNc is too small 

to accurately pinpoint in experimental assays. The relative effectiveness of this combined 

treatment was assessed using 3 controls. Systemic saline injection served as the negative 



 15 

control for systemic MPTP administration. Focal 6-OHDA injection at the LC combined with 

systemic saline injection assured that 6-OHDA alone does not damage SN neurons. Animals 

administered systemic MPTP injections without prior 6-OHDA treatment at the LC served as 

the final control and were further utilized to confirm enhanced MPTP toxicity with prior LC 

damage. Counting the number of TH-positive neurons at the SN approximated the neuronal 

impact for each of the 4 conditions. This work with MPTP was completed by the Szot lab in 

the fall immediately following my summer 2010 internship at the Veterans Administration 

Medical Center (Seattle, WA, USA)     

 

Receptor Binding for NET  

3H-nisoxetine was used to label and quantitate norepinephrine transporter (NET) 

binding. As previously described by Szot et al. (2010), frozen slides were placed on a slide 

warmer until dry (about 10 minutes), and each slide was covered with 600 µl of incubation 

buffer (~3 nM 3H-nosoxetine in 50 nM Tris buffer with 300 nM NaCl and 5 mM KCl, pH 

7.7) over a 10-minute period. The slides were incubated for 2 hours at room temperature 

while covered. Two 2-minute washings in cold Tris buffer (50 mM, pH 7.4) and a quick dip 

in cold distilled water removed the remaining buffer and salts, and a cold stream of air dried 

the slides. Dry slides were apposed to Biomax MR film for 2 months to highlight receptor 

binding at the SN and prefrontal cortex. 

 

Data Analysis 

Assuming that darkness of Biomax MR film directly correlates to binding strength, 

optical density (OD) readings acquired by the MicroComputer Imaging Device (MCID) 

system were utilized to approximate the relative density of TH and DBH mRNA at the LC. 

The binding intensity of each LC sample was approximated by averaging three OD readings 
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and subtracting the non-specific background density. Extent of drug-induced neuronal 

damage was quantitated by calculating percent control for each 6-OHDA dosage. Because 

AA-treated and non-surgery control LCs did not differ significantly (as determined by 

student’s t-tests) for TH or DBH, these two control types were grouped together to serve as 

one collective control for each assay. The mean value (Xc) of each control pool served as the 

benchmark for calculating relative LC loss with 6-OHDA treatment, as represented by the 

following equation: % control = ((Ei/Xc)*100)/n (Ei = individual experimental value, n = 

sample size). Experiments including assays run at different time points required separate Xc 

calculations in order to standardize experimental values and properly compile them into one 

collective percent control. Statistical significance between experimental and control regions 

was assessed using student’s t-tests (with unequal variance; two-tailed) and taken at P<0.05.  

Data compilation and analysis for the remaining experiments of this study roughly 

paralleled that for the TH and DBH in situ assays, though there are a few noteworthy 

differences. TH immunohistochemistry assays were consistent with in situ assays in that 

percent control was calculated using combined AA-treated and non-surgery controls and that 

student’s t-tests (with unequal variance; two-tailed) determined statistical significance with P 

<0.05. However, neuronal content at LC was determined by counting TH-labeled neurons 

instead of film OD, so each LC sample generated only one representative value, and 

background noise was immaterial. For the individual and combined MPTP treatments, 

percent control (with combined AA-treated and non-surgery controls) was used to assess 

relative loss of TH-expressing SN neurons, though accurate comparison of the four different 

treatment conditions required a two-way ANOVA with a post hoc Tukey test (statistical 

significance at P<0.05). Data gathering and analysis for NET exactly mirrored that for TH 

and DBH mRNA given that binding density was assessed using OD (with the MCID system) 

in both cases. The brain regions and chemical targets evaluated served as the only difference 
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between the two assays. Statistical and graphical analyses were completed in Microsoft 

Excel, and statistical values for all experiments except those involving MPTP (property of 

Szot lab) are reported in summary Tables 1 and 2.  

 

Results 

TH and DBH Assays Following 6-OHDA Injection at LC 

The goal in performing TH and DBH mRNA and protein assays at the LC was to 

determine whether a focal injection of 6-OHDA can recreate Parkinsonian LC damage 

(~50%) in a mouse model. In our surgery animals, the right LC served as the experimental 

condition with injections of 10, 12, or 14 µg 6-hydroxydopamine (6-OHDA), while the left 

LC injected with ascorbic acid (AA) served as the within-brain control. Non-surgery animals 

controlled for nonspecific effects of the surgical procedure. To confirm right LC damage, we 

quantified LC protein and mRNA loss for two major enzymes in the catecholamine synthesis 

pathway responsible for dopamine (DA), norepinephrine (NE), and epinephrine production. 

Tyrosine hydroxylase (TH) was the primary enzyme analyzed because it is the rate-limiting 

enzyme for the synthetic pathway and is thus produced in very titrated, regulated amounts by 

neurons that use catecholamines as chemical messengers.  Given this relationship, the amount 

of TH represented at the LC should directly correlate with the number of neurons present. We 

also examined dopamine β-hydroxylase (DBH), the enzyme directly responsible for NE 

synthesis, which is more specific to noradrenergic neurons and directly reflects NE 

production.   

We utilized percent control to standardize, quantitate, and compare neuronal damage 

at the LC for each 6-OHDA dosage (10,12, and 14 µg) and for each TH and DBH assay. TH 

mRNA and protein both expressed statistical significance (P<0.05) between control and 
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experimental LCs for all three dosages tested, and the relative loss of TH expression 

(determined by percent control) for both assays consistently fell near or below our 50% target 

range (Table 1, Fig. 1). This both confirmed the efficacy of the injection protocol and 

highlighted concomitant loss in mRNA and protein following 6-OHDA treatments. The DBH 

mRNA assay showed similar significance between experimental and control LCs at the 12 

and 14 µg 6-OHDA concentrations but not in the 10-µg animals. While the drug-treated LCs 

of these animals did, on average, express greater than 60% loss relative to control, the high 

variability (expressed by a large SE) and low sample size within this group made this value 

insignificant (Table 1, Fig. 1). This result was problematic because animals administered the 

higher dosages often expressed severe behavioral symptoms (leaned to one side, neglected 

self-cleaning, etc.) and, therefore, had to be sacrificed prematurely and excluded from the 

study. The 10 µg 6-OHDA dosage did not produce abnormal behaviors, which would have 

made this the ideal dosage for an animal model had we observed a significant decline in DBH 

mRNA expression at the LC. With the anticipation that longer exposure to 6-OHDA might 

further reduce DBH expression, we tried injecting another set of mice with 10 µg 6-OHDA 

and waiting an additional week (3 weeks total) to sacrifice the animals and process the brain 

tissue. The drug-treated LCs for these animals exhibited less than half the density of TH 

mRNA and protein and DBH mRNA expressed in control LCs, a result that was statistically 

significant for all 3 assays (Table 1, Fig. 2). These data confirmed the 10 µg-3 week 

condition as an adequate model for LC lesioning and for coupling with MPTP treatments.   

 

6-OHDA and MPTP Combined Treatment 

Coupling the 6-OHDA protocol with MPTP injections served to recreate PD 

progression by demonstrating exaggerated SN loss following early noradrenergic damage at 

the LC. We mimicked PD disease development by administering focal injections of 10 µg 6-  
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OHDA at the LC and subsequent systemic MPTP injections after 3 days. Control animals 

administered systemic saline injections with and without prior 6-OHDA LC injections 

controlled for non-specific effects of 6-OHDA on SN neuronal content. A comparison of TH 

density for SNs exposed to MPTP alone and those subjected to the 6-OHDA/MPTP 

combined treatment provided a quantitative measure of MPTP toxicity with and without prior  

LC damage. Individual MPTP injections also served to rule out non-specific effects of MPTP 

at the LC to further confirm that any pronounced SN neurodegeneration resulted from the 

combination of 6-OHDA and MPTP injections, not one working in isolation.   

SN content for animals given systemic saline and focal 6-OHDA injections did not 

differ significantly from animals with isolated saline injections, which confirmed the efficacy 

and selectivity of the 6-OHDA injection protocol to LC. Both controls averaged 

approximately 45 nigral neurons, which served as the benchmark for calculating relative 

nigral loss resulting from individual and combined MPTP treatments. Exposure to MPTP 

alone significantly reduced the density of TH-positive neurons at the SN (with no significant 

effects at the LC), but not enough to be comparable to the PD brain (nigral loss < 35% 

compared to saline controls). Selectively injecting 6-OHDA at the LC prior to MPTP 

administration roughly doubled MPTP toxicity at the SN and induced nearly 70% neuronal 

loss, a value that far surpasses the benchmark for PD pathology (Fig. 3). Though this 

suggests neuroprotective action of the LC on the SN, the mechanism is unclear without 

cellular analyses at the receptor level.  

 

NET Assays: A Look into the LC-SN Relationship 

Given the vital role norepinephrine transporters (NETs) play in noradrenergic 

signaling and their localization to synaptic contacts, changes in NET density following LC 

lesioning should reflect the extent of LC innervation at the SN. We performed NET in situ 
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Figure 3. TH protein expression at the SN for combined 6-OHDA and MPTP treatments. 
Animals tested with the combined treatment (rightmost bar) received a focal 6-OHDA injection 
at the LC 3 days prior to a systemic MPTP injection. These mice were sacrificed 3 weeks 
following the first 6-OHDA injection. TH immunohistochemistry assays were utilized to 
quantitate the number of TH-expressing neurons and thereby approximate the neuronal content 
of the SN. Extent of neuronal damage was determined by comparing the 6-OHDA/MPTP 
combined treatment with 3 control conditions (first 3 bars). Systemic saline injections (white 
bar) served as the negative control, and combined systemic saline and focal 6-OHDA LC 
injections (diagonally shaded bar) controlled for non-specific effects of 6-OHDA on the SN. 
Isolated MPTP injections (black bar) served as a comparison to the 6-OHDA/MPTP combined 
treatment to confirm that prior LC damage exacerbates MPTP toxicity at the SN. Lines at the 
top of the figure denote a significant difference between the conditions indicated (p-
value<0.05). The 6-OHDA/MPTP combined treatment showed a significant reduction in SN 
neuronal content as compared to the isolated MPTP injections and the saline control. MPTP 
alone demonstrated significant SN damage compared to its negative control though it was not as 
dramatic the 6-OHDA/MPTP combined treatment. Focal injection of 6-OHDA at the LC prior 
to systemic saline injection did not significantly alter SN neuronal content, which suggests that 
6-OHDA remains localized to the LC following injection. Figure courtesy of Szot Lab, Veterans 
Administration Medical Center, Seattle, WA, USA. 
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assays at the SN and prefrontal cortex, a region known to receive extensive innervation from 

the LC, in order to test the prediction that reduced NET density following LC lesioning 

signifies direct LC innervation, while no change indicates a lack of direct contact. Animals 

chosen for this portion of the experiment were those unilaterally injected with 14 µg 6-

OHDA and presented earlier in the first group of TH and DBH analyses (2 week condition). 

The 2-month exposure time for the oligonucleotide utilized with the in situ film limited NET 

analysis to this one experimental group. As anticipated, LC lesioning dramatically reduced 

NET content (by roughly 75%) at the prefrontal cortex. The SN also demonstrated slightly 

dampened NET expression for drug-treated brains (roughly 33% less than control), though 

quantitative values were insignificant and reflected less than half the effect observed at the 

prefrontal cortex (Table 2, Fig. 4). This suggests that the LC does not confer neuroprotection 

on the SN through direct synaptic contact, but through more diffuse neuromodulatory 

pathways. However, the high cross-affinity between DA and NE receptors makes this result 

alone relatively inconclusive.   

 

Discussion 

Studies suggest that noradrenergic neuronal loss at the LC precedes and perhaps 

expedites the dopaminergic nigral loss that manifests in Parkinsonian motor disturbances. 

This both identifies the LC as a potential determinant of PD progression and motor 

dysfunction and highlights the neuroprotective role of the LC on the SN. Despite the 

LC’s evident role in PD pathology, the inadequate specificity of current LC models 

hinders inclusion of the noradrenergic system in a working PD animal model. The 

primary aim of this study was to develop a LC lesioning protocol capable of inducing 

noradrenergic damage comparable to the Parkinsonian brain (~50% loss). Focal  
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Figure 4. NET density of SN and prefrontal cortex following LC lesion. Animals were 
unilaterally injected with 14 µg of 6-OHDA at the LC and sacrificed 2 weeks following the 
surgery. Optical density (OD) of in situ films at the prefrontal cortex and substantia nigra (SN) 
approximated the NET density for these brain regions. Ascorbic acid-treated and non-surgery 
controls did not differ significantly, so these two controls were pooled together to serve as one 
collective control when analyzing each brain region. As indicated by the *, NET content 
decreased dramatically at the prefrontal cortex following LC lesioning as compared to its 
control. The SN showed no significant difference in NET density between experimental and 
control conditions. Error bars represent one SE away from the mean.  



 25 

injections of 6-hydroxydopamine (6-OHDA), a neurotoxin to which noradrenergic cells 

are particularly susceptible, served to selectively target and eliminate LC neurons. 

Coupling this LC model with MPTP treatments served to recreate PD development and 

pathology and to elucidate the LC-SN relationship in an attempt to establish a comprehensive 

PD animal model appropriate for testing therapeutic strategies.  

Focal injection of 6-OHDA reduced neuron density at the LC and exacerbated the 

neurotoxic effects of MPTP at the SN. Among all the experimental conditions tested, the 10 

µg 6-OHDA dosage and 3 week incubation time best maximized neuronal loss at the LC (as 

determined by TH and DBH mRNA and protein assays) without negatively altering animal 

behavior. This balance between experimental efficacy and animal welfare secured the 10 µg-

3 week condition as the optimal LC lesioning model for this study. Coupling this novel LC 

model with the pre-existing SN model (MPTP) demonstrated that lesioning the LC 3 days 

prior to MPTP administration intensifies the neurotoxic effects of MPTP on the SN (as 

determined by TH protein assays). This finding indicates that the LC serves a neuroprotective 

role within the dopaminergic system, which is negated by damage to noradrenergic neurons. 

In addition to highlighting the LC’s protective influence on the SN, the combined 6-

OHDA/MPTP treatment also reflects the sequential LC-SN damage observed in the 

Parkinsonian brain. Greater than 50% loss at both the LC and SN further suggests that our 6-

OHDA/MPTP protocol may be considered an adequate model for recreating PD progression 

in mice given its consistency with clinical observation (Hawkes et al., 2010; Soldani and 

Fornai, 1999). While these preliminary data support use of our 6-OHDA/MPTP protocol for 

PD studies, two areas warrant further discussion: 1) how valid is the 6-OHDA/MPTP model 

in representing the complete Parkinsonian profile and 2) what is the mechanism of LC 

neuroprotective action on the SN?   
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Validity of 6-OHDA/MPTP Protocol as a Useful PD Model  

Our novel LC lesioning protocol with 6-OHDA appears to rectify the non-specific 

effects associated with existing DBH knockout and DSP4 models, as demonstrated by a 

dramatic and localized reduction in TH and DBH content at the LC following 6-OHDA 

injection. Though stereotaxic injection facilitates focal LC lesioning, the invasiveness of the 

surgery is problematic. Given its location in the brain stem, accessing the LC requires 

partially damaging numerous cortical and midbrain regions. While the consequences of this 

physical damage are unclear, the potential for uncontrolled inflammatory triggers like 

microglial activation is evident. These effects, however, may be minimized with smaller-

diameter needles or micropipettes. The LC also borders the fourth ventricle, so improper 

needle placement has the potential for non-specific 6-OHDA release into the cerebrospinal 

fluid that bathes the brain. Rapid diffusion and dilution of the 6-OHDA neurotoxin within 

this fluid would negate the specificity and concentration required for focal LC lesioning. 

Though stereotaxic injection is arguably the most effective protocol for selectively destroying 

LC neurons, the time and precision required for optimizing the procedure may compromise 

its utility as a large-scale model for testing potential PD therapies.   

Though our combined 6-OHDA/MPTP model seems to recapitulate PD neuronal loss 

and disease progression, we have yet to demonstrate that it recreates the cytological 

pathologies and symptomologies commonly associated with PD. Lewy bodies (LBs) are the 

hallmark cytological feature of PD given their high abundance in the LC, SN, and subcortical 

regions of the Parkinsonian brain. Characterized by their 8-30 µm diameter center and pale 

peripheral halo, LBs are classified as intracytoplasmic neuronal conglomerations of 

neurofibrillary proteins (like α-synuclein), ubiquitin, and other cellular elements. These 

spherical masses displace cellular components, thereby compromising neuron function and 

potentiating mass LC and SN loss in the Parkinsonian brain (Litvan, 2005). Mechanisms 
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targeting the production of α-synuclein, the primary component of LB aggregations, may be 

the best strategy for incorporating LB pathology into our LC-SN mouse model. Studies show 

that mutations in genes coding for the α-synuclein protein predispose humans to PD 

development, which suggests that mice with these mutations may recreate LB pathology and 

may be useful in combination with LC and SN lesioning (Greggio et al., 2011).  

The lack of grossly observable bradykinesia and tremor activity following LC-SN 

lesioning makes our 6-OHDA/MPTP protocol potentially problematic as a comprehensive 

PD model. However, the current literature does suggest that Parkinsonian motor and 

behavioral symptomology may be detectable and exploitable with more sensitive quantitative 

tests. Though Rommelfanger et al. (2007) observed motor deficits in their MPTP-treated and 

DBH knockout mice, detection was limited to rigorous skill tests like beam traversals, 

automated gait analyses, and stride length measurements. This suggests that mice 

administered the combined 6-OHDA/MPTP treatment in this study may have experienced 

slight motor impairments, though undetectable without standardized motor testing. The 

behavioral and postural problems observed in our animals injected with the higher 6-OHDA 

dosages (12 and 14 µg) further suggest that altering 6-OHDA and MPTP dosage may 

effectively recreate Parkinsonian symptomology for future behavioral and motor PD studies.   

Though our 6-OHDA/MPTP mouse model does not recreate the PD profile in its 

entirety (no gross motor dysfunction or cytological pathology), it is arguably the most 

comprehensive and precise PD model currently available given its isolated inclusion of both 

LC and SN brain regions. Our 6-OHDA/MPTP protocol was especially unique in that it 

selectively reduced dopaminergic and noradrenergic neuronal content by 50% and 

demonstrated increased MPTP toxicity at the SN following LC lesioning, thereby 

representing PD pathology and development, respectively, in a single model system. Long-

term studies are required to decisively substantiate this model, but the preliminary data 



 28 

presented in this study suggest that 6-OHDA/MPTP combined injections currently stand as 

the paramount vector for PD modeling. 

 

Mechanism of LC Neuroprotection at the SN     

Successful recreation of PD pathology and symptomology is crucial for establishing a 

therapeutic animal model, but understanding the mechanisms involved in disease initiation 

and potentiation is equally valuable. The primary finding gleaned from the combined 6-

OHDA/MPTP injections highlights the LC’s role as a neuromodulatory and neuroprotective 

agent for the SN, but the means of activity is unclear. The fact that NET density in this study 

remained unchanged at the SN following LC lesioning suggests that the LC does not confer 

neuroprotection against MPTP through direct innervation at the SN but through alternative 

neuromodulatory pathways. This is consistent with anatomical studies examining 

noradrenergic connectivity with tracer injections, which demonstrate a “unique immunity” to 

LC innervation at the SN (Marien et al., 2004; Soldani and Fornai, 2004).   

Excluding the possibility of direct innervation, researchers have proposed a number 

of mechanisms responsible for the LC’s defense mechanisms against MPTP toxicity at the 

SN. One possibility is that the LC acts as a buffer system by sequestering MPP+ away from 

SN neurons (Soldani and Fornai, 1999). If this is true, blocking norepinephrine transporters 

(NETs), membrane proteins responsible for cellular uptake of NE, should exacerbate MPTP 

toxicity by enhancing SN contact with MPP+. Experimental studies, however, observe the 

opposite effect. Knockout animals lacking NETs demonstrate even less MPTP-associated SN 

damage than wild type mice. This result may be explained by NET’s function in removing 

NE from the synaptic cleft and recycling it back into the presynaptic neuron. When NETs are 

blocked, NE reuptake is inhibited, and extracellular NE concentrations rise in the brain. Thus, 

extracellular NE itself may confer MPTP resistance at the SN in these NET knockout mice. 
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NE has been shown to possess antioxidant properties and to regulate the expression of 

inflammatory genes, the production of nitric oxide, and the synthesis of co-transmitters at the 

LC. Though not studied specifically, it is possible that one or many of these properties define 

the neuroprotective effect of NE (Rommelfanger et al., 2004). Further study with our 6-

OHDA/MPTP model examining inflammatory and oxidative stress at the SN prior to and 

following MPTP injection may better inform the role of NE in mediating LC-SN interactions.  

Studies do suggest that the LC and SN are intrinsically tied due to the considerable 

cross-affinity between DA and NE receptors given that DA is the direct synthetic precursor to 

NE in the catecholamine synthesis pathway (Fornai et al., 2007; Rommelfanger and 

Weinshenker, 2007). This overlap may help coordinate LC and SN activity and further 

facilitate NE neuroprotective action at the SN. Parallel DA and NE expression also suggests 

that NETs at the SN may be more involved with DA processing than NE processing and may 

not be affected by LC lesioning. For this reason, the significance of our finding that SN NET 

density is unaltered by LC damage is relatively inconclusive when considering the nature of 

the LC-SN relationship. Monitoring the unique signaling profiles of LC and SN neurons 

before and after LC lesioning may provide an alternative and more informative test for 

investigating SN functional changes resulting from LC injury. These electrophysiology 

experiments with 6-OHDA/MPTP-treated mice will be initiated in Spring 2011 in the Knight 

lab at Whitman College (Walla Walla, WA, USA). 

While the mechanism may be unclear, the results from this study do firmly support 

the LC’s role as a neuroprotective agent for the SN and as a potential determinant for PD 

progression. This relationship holds numerous implications for the prevention and detection 

of PD in clinical patients. Assuming that LC loss precedes SN damage, the ideal would be to 

detect PD early enough to slow degeneration of protective noradrenergic neurons and thereby 

mitigate or even halt the onset of later SN-associated motor symptoms. However, the 
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limitations of existing diagnostic imaging systems make recognizing early brain damage 

unfeasible given the LC’s miniscule size. The wide range of behavioral symptoms associated 

with noradrenergic dysfunction and their overlap with other age-related disorders like 

Alzheimer’s disease makes early clinical PD diagnosis impossible. The fact that 6-OHDA 

injections in this study reduced LC neuroprotective efficacy in as little as 3 days prior to 

MPTP exposure further suggests that the window between the onset of LC degeneration and 

SN injury is relatively short. A more reasonable diagnostic target might be in the early stages 

of dopaminergic loss when noradrenergic neurons still maintain some neuroprotective 

efficiency and motor symptomology is detectable through fine motor tests but is not yet 

recognized by the patient. One of the most promising tests for early PD motor dysfunction is 

for eye movement control. According to van Koningsbruggen et al. (2009), Parkinson’s 

patients express impaired occulomotor reflexes as compared to healthy controls, which 

suggests that eye tests may be used for preliminary PD screening within the elderly 

population. Assuming early diagnosis is feasible – a strong possibility given the LC’s 

influence on the cerebellum – the next challenge would be to establish a protocol for 

noradrenergic and dopaminergic rescue in the PD brain. Developing and testing potential PD 

treatments requires more informative research regarding PD initiation and Lewy body 

pathology, but the success of our combined 6-OHDA/MPTP model in simulating PD disease 

progression makes it a potential model system in which to pursue these future therapeutic 

studies.  
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