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Abstract 

Pain and cognitive decline are characteristic features of patients with sickle cell disease (SCD). 

Pain arises from the failure of blood to flow freely through blood vessels, thus creating regions of severe 

ischemia, the lack of blood perfusion. Pain is both a physiological and psychological event. Reflexive 

pain response arises in the periphery, but pain is perceived in the brain. Thus changes in the brain can 

modify the experience of pain.  The cognitive impairments are also associated with ischemia, increased 

prevalence of stroke, and the degree of anemia in the patient – the direct result of hemolysis (bursting) 

of red blood cells in the blood vessels.  This hemolysis releases toxic iron containing molecules which 

then freely circulate in the blood. Iron is potent oxidative stressor and generates the longest lasting 

radical, the potent OH radical (OH∙). In fact, OH∙ is perhaps the only radical capable of permanently 

modifying the amino acid tyrosine via shuffling of the side chain.  Thus, proteins incorporating the 

modified amino acid may exhibit a change in function or altered interaction with binding partners. 

Importantly, tyrosine is the precursor to a host of neurotransmitters, including dopamine via the action 

of tyrosine hydroxylase (TH). Oxidized forms of tyrosine are no longer substrates for tyrosine 

hydroxylase, thus generation of dopamine is compromised. In this work, we discovered and quantified 

the presence of iron in the brains of mice with SCD and those without. We found significantly more 

iron deposited in the frontal lobe of the brain in the mice with SCD. Interrogation of L-DOPA, the 

precursor of dopamine, was also reduced. The amount of iron deposited was inversely proportional to 

the amount of L-DOPA detected in these SCD mice. Thus, these data suggest an overall decrease of 

dopamine in the brain. Emotion regulation, motor coordination, mood, cognition, learning and memory 

could all be affected. Furthermore, given the role of dopamine in addiction and reinforcement, our data 

suggest that patients with SCD are at a lower risk of addiction to pain medication – a primary 

consideration in the treatment of pain in this illness.  
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Introduction 

Sickle cell anemia is a genetic disease in which the body produces abnormally shaped 

red blood cells. A mutation in the β-chain of hemoglobin on chromosome 11 allows for the 

explosive polymerization of hemoglobin, thus distorting cell shape in to the characteristic 

sickle morphology, or shape, of the cells. Due to this abnormal shape, the cells are fragile and 

hemolyze more than red blood cells (RBCs) from unaffected individuals. The sickle cells also 

will become trapped in blood vessels, blocking blood flow. This causes a lot of pain in a 

person and can also cause organ failure. Even though sickle cell disease was discovered in 

1910, there is still a lot that is not understood.  

The effects of oxidative stress in the body, including the brain is not fully understood. 

Oxidative stress is an imbalance between the production of free radicals and the ability of the 

body to counteract or detoxify their harmful effects through neutralization by antioxidants 

(“Pubchem”, 2016). Radicals or free radicals are atoms with an unmatched pair of electrons. 

These are highly excitable molecules that attack and modify proteins by taking electrons from 

other molecules. If not properly controlled, free radicals can cause a great amount of damage 

to biological systems. The most dangerous radicals are derived from oxygen. An oxidizer is a 

highly reactive form of oxygen, and in the body assists in cell signaling and homeostasis. 

Refer to Figure 1 for a list of oxygen free radicals and their molecular structure. The body is 

able to handle, and needs a certain level of oxidizers for function, but an abundance of 

oxidizers causes harm. High levels of free radicals are known to cause heart and liver disease. 

There is also damage to many other organs and tissues that is established. The brain is 
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susceptible to oxidative stress, but protected from it via the blood-brain barrier. This barrier is 

compromised in patients with SCD. With age, even in otherwise healthy individuals, the 

barrier function declines and oxidative stress can cause nerve damage in the brain leading to 

Alzheimer’s and Parkinson’s Disease. With these many discoveries of oxidative stress, there 

are still not well understood effect on the body, including the brain. 

Iron is an essential mineral to the body. The major function of iron in the body is to 

transport oxygen in the hemoglobin of red blood cells. Iron is a transitional metal. This means 

that it can hold a stable oxidation state. Two oxidative species of iron are Ferric iron and 

Ferrous iron. Ferric is a more stable ion that carries three extra oxygen molecules. Ferrous ion 

is slightly less stable containing an extra two oxygen molecules. Ferric iron is reduced to 

ferrous iron in the body. Ferrous iron can then react with hydrogen peroxide in the body 

producing hydroxide and Hydroxyl ions. Under the conditions of oxidative stress the 

hydroxyl radical can attack the phenylalanine group on tyrosine. This in turn creates two 

regioisomers, Ortho- Tyrosine and Meta- Tyrosine. Meta- tyrosine is known to play a key 

role in diseases like Alzheimer’s and Parkinson’s Diseases. In SCD, hemolysis, or bursting, 

of red blood cells leads to an increase in circulating iron in the blood, which may cause 

tyrosine to be oxidized.   

Tyrosine is one of 22 amino acids, and is essential for the production of 

neurotransmitters in the brain. A neurotransmitter is a chemical message used to signal the 

brain. Tyrosine is involved in the production of epinephrine, norepinephrine, and dopamine 
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(Fig.2). This study is mainly concerned with the neurotransmitter dopamine. Dopamine is 

responsible for sending signals to other nerves involved in coordinated motion of muscle, it 

aids in the perception of pain, and functions in the “reward” motivated area of the brain. 

Dopaminergic cells in the brain are responsible for the creation and release of dopamine. 

Inside the cells, the enzyme tyrosine hydroxylase will convert tyrosine to L-DOPA (Fig. 3). 

L-DOPA is a modified amino acid that is the precursor for dopamine. When tyrosine is 

oxidized two abnormal tyrosine isomers ortho-tyrosine or meta-tyrosine will be created. The 

abnormal tyrosine isomers can’t be converted into L-DOPA.  

Given the compromised blood brain barrier in SCD, and the increase of iron in the 

blood, we investigated the brains of mice with SCD for iron deposition and impaired 

dopamine production (Fig 4). In this work, we quantified the amount of iron deposition in the 

brains of mice with SCD and those without, and found significantly more iron deposited in 

the frontal lobe of the brain in the mice with SCD. An Examination of L-DOPA levels, the 

precursor of dopamine, suggested that dopamine generation was compromised (Tab.1). 

Furthermore, the amount of iron deposited was inversely proportional to the amount of L-

DOPA detected in these SCD mice. Overall the data suggests that there is a reduction in 

dopamine levels. Thus emotion, motor coordination, mood, cognition, learning and memory 

could all be affected. Importantly for patients with SCD, the potential for addiction could be 

impaired. 
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Materials and Methods 

Subjects for Oxidative Stress Study: 

Male Townes transgenic mice (6–8 week old) were purchased from Jackson 

Laboratory for use as needed. Mice were given 4 additional weeks to recover from transport 

during which time they were provided with food and water ad libitum and were maintained in 

the Augusta University animal facility. Mice were maintained in a standard barrier room 

using a 12 h light/dark schedule, at temperature of approximately 22°C. All experiments used 

4 animals per group. The phenotype of each mouse was verified via cellulose-acetate 

hemoglobin electrophoresis after sacrifice. All mice expressed only human hemoglobin S, 

were anemic, demonstrated brisk reticulocytosis, and exhibited irreversible sickled RBCs on 

blood smears. 

Brain Extraction: 

Mice were terminally anesthetized and entire brain collected and flash frozen at -80C 

or fixed by immersion in 4% paraformaldehyde and embedded in paraffin, for microtome 

slicing and mounting on glass slides for histology determination and detection of iron. 

Prussian Blue Staining on mice brain tissue: 

In this experiment, the sliced brains of 3 AA mice (Healthy, non mutated hemoglobin 

is termed HbA or just A. Persons/ mice expressing only HbA are referred to as AA.), 3 young 

SCD mice, and 3 old SCD mice were stained with Prussian Blue,- a standard immuno-

histochemical technique to detect iron deposition on prepared tissue slides. The protein is 

split off by the hydrochloric acid, allowing the potassium ferrocyanide to combine with the 

ferric iron. This produces a blue color in the tissue where iron was deposited (refer to Fig.4). 

Each interrogation of iron was conducted in specimens from corresponding to different areas 

of the brain. Staining for Prussian Blue was scored by blinded observers. This technique 
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involves the observer not having the knowledge of the subject they were scoring, which 

eliminates the potential for bias. 

Brain Lysate Preparation: 

Frozen whole brains were immediately thawed in 2 mg/ml collagenase to degrade 

collagen, a major structural protein of the brain, followed by mechanical dissociation. Once 

mechanical dissociation was complete the dissociated mice brain was incubated at 37°c for at 

least 2 hours with periodic trituration to enhance dissociation. After the 2 hours of incubation 

and dissociation, the samples were placed into a centrifuge for 15 minutes at a speed of 400 

rpm. Centrifuged supernatant was collected and frozen for batch analysis.   

L-Dopa Measurement:  

L-Dopa was measured via colorometric ELISA (NOVUS BIOLogicals) as per 

manufacturer's directions. (Catalog # MBS9343615) ELISA, Enzyme- linked immunosorbent 

assay, is a test that uses antibodies along with a color change to identify a substance. This 

study used a mice brain tissue specific L-DOPA ELISA kits to quantify LDOPA levels in the 

samples. The samples for this included 3 AA mice, 3 young SCD mice, and 3 old SCD mice. 

Statistical considerations: 

There were three statistical elements for consideration to validate the results. 

Dunnett’s test was used along with variance analysis to conclude the differences between 

categories of mice. The relationship between Prussian blue staining and L-Dopa was 

determined using non-parametric Spearman regression. If the P values were less than 0.05 it 

was considered to be significant.  
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Results 

2.1 Prussian Blue Staining shows iron deposition in SCD mice brain 

Prussian blue is a histochemical stain that turns blue in the presence of iron. The AA 

mice displayed a Prussian Blue score (amount of blue detected) of 0.17, whereas the young 

SCD mice had a Prussian Blue score of 1.4. The old SCD mice had a Prussian Blue score of 

4.0. According to the quantitative analysis of the Prussian Blue, our data reflects a significant 

increase of iron deposition in the brains of SCD mice in comparison to the AA mice group. 

Not only does it show an increase of mice with SCD, but amongst the SCD mice the older 

mice show a higher score than the younger mice (Tab 1) 

2.2 ELISA Detection for L-DOPA  

The AA mice had an average of 49 pg/µg of brain tissue of L-Dopa. The young SCD 

mice had an average of 20 pg/µg. The old SCD mice had an average of 10 pg/µg. The data 

reflects a significant decrease of L-DOPA levels in young SCD mice when compared to AA 

mice. Amongst the SCD mice L-DOPA levels were lower in old SCD when compared to 

young SCD mice consistent with the age related decline in the blood brain barrier.  

The amount of iron deposited was inversely proportional to the amount of L-DOPA 

detected in these SCD mice. These data suggest an overall decrease of dopamine in the brain 

(Tab 2).  

Discussion 

Along with dopamine levels, quality of life and addiction are two concerns relative to 

L-DOPA levels in the brain.  According to a study “Health related quality of life in sickle cell 

patients: The PiSCES project”, SCD patients experience a low quality of life in comparison to 

other chronic diseases. SCD patients scored significantly worse than national norms on all 

subscales except mental health. (Aisiku et al,. 2005) Our data of low L-DOPA levels can 
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potentially give the biological understanding to the social effect of SCD. L-DOPA levels have 

a direct association with dopamine production. Dopamine is the body’s main contribution to 

reward-motivated behavior, and it affects a person’s mood, movement, behavior, and 

cognition. Ultimately, when a person with SCD is in a significant amount of pain, even with 

pain medication potentially increased, low levels of dopamine will cause an interruption of the 

pleasure response in the brain. If levels of dopamine are significantly lowered it poses less of 

a concern of addiction in SCD patients. Little is known on the topic, but further research is 

needed to explore behavior patterns in SCD to associate the pleasure response, pain relief, and 

addiction in SCD. 

 In the study “Disease severity and slower psychomotor speed in adults with sickle cell 

disease”, another topic of concern is addressed. Stroke is an obvious risk factor for brain 

damage, because it destroys parts of the brain from ischemia (lack of blood flow). Anemia 

creates a *global* oxygen deficit in the brain, slowing function. “Psychomotor slowing in SCD 

differs in relationship to genotype; this difference appears unrelated to history of stroke or 

severity of anemia and other risk factor examined cross- sectionally.” (Jorgensen et al., 2017) 

Since the two obvious risk factors of stroke and anemia are not responsible for psychomotor 

slowing in SCD, there must be another reason. These data may reflect that reason. The 

deposition of iron fragments found in the frontal cortex of SCD mice, and its potential oxidative 

stress effects are findings that could be associated with psychomotor slowing in SCD. Increased 

oxidative stress, could cause decreased dopamine and neurotransmitter content. Based on the 

data we believe there is a strong association between the discovery of iron fragments in the 

brain and the negative effects of psychomotor slowing in SCD. Further research is needed to 

understand other potential biological factors effecting dopamine. This will create a stronger 

correlation between the data. 
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Conclusion 

In this work, we quantified the amount of iron deposition in the brains of mice with 

SCD and those without, and found significantly more iron deposited in the frontal lobe of the 

brain in the mice with SCD.  An Examination of L-DOPA levels, the precursor of dopamine, 

suggested that dopamine generation was compromised.  Furthermore, the amount of iron 

deposited was inversely proportional to the amount of L-DOPA detected in these SCD mice. 

These data suggest an overall decrease of dopamine in the brain. Thus emotion, motor 

coordination, mood, cognition, learning and memory could all be affected. Importantly for 

patients with SCD, the potential for addiction could be impaired. 
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Tables and Figures with Figure legends:     
Tab. 1 
 

Tab. 2 
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Tab.1: Bar graph displaying the 

average measurement of L-DOPA 

levels for subjects tested. The pg/µg 

protein was calculated from a 

standard curve generated by reading 

the known amounts of L-DOPA. 

Tab. 2: Plot of the data collected from 

the Prussian Blue Score and quantified 

L-DOPA levels.  The yellow plots 

represent the AA group, the blue plots 

represents the young SCD mice, and the 

red plots represent the older SCD mice. 

This graph shows the inversely 

proportionate relationship between 

Prussian Blue scores and LDOPA 

levels. 
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Fig.1 

 

 

Fig.2 

 

 

 

Fig. 3 

 

 

 

 

 

 

  

Fig. 1: Image of oxygen and the 

different reactive oxygen species. 

 

Fig. 3- The structural formation of 

L-DOPA from tyrosine. 

Fig. 2: The structural formation of 

Dopamine from tyrosine. 
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Fig.4: The Prussian Blue stain on 

(a) young SCD mice brain  and 

(b) old SCD mice brain 

(a) (b) 

Fig. 4 




