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Abstract 

Alzheimer’s Disease is a common cause of dementia and memory loss in the elderly.  

Despite an abundance of research dedicated to the disease, the only types of drugs approved by 

the FDA for treatment merely lessen or slow the symptoms for several months.  The disease is 

genetically influenced, with the presence of APOE ε4 alleles being the largest genetic risk factor 

for late-onset Alzheimer’s.  The pathology of Alzheimer’s is largely characterized by the 

presence of amyloid-β plaques outside of neurons and intracellular tau tangles.  Recent research 

indicates tau tangles occur downstream of amyloid-β, suggesting that by preventing the buildup 

of amyloid-β, tangles may not develop.  Three Phenothiazines (a class of drug usually used as 

antipsychotics) methylene blue, thioridazine, and prochlorperazine were tested for anti-amyloid-

β properties using a transgenic Caenorhabditis elegan model which produces human amyloid-β.  

The GMC101 and CL4176 strains tested exhibit temperature-based paralysis due to amyloid-β 

production. Results were recorded as the percentage of non-paralyzed C. elegans at given time 

intervals from onset of temperature-based paralysis.  After three trials, two utilizing strain 

GMC101 and one utilizing CL4176, results from the control (distilled water), methylene blue, 

thioridazine, and prochlorperazine tests were inconsistent. 
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Introduction 

 Alzheimer’s, a neurodegenerative disease, is a common cause of dementia and memory 

loss in people over 65 years of age (Mayo Clinic Staff, 2016).  In the United States, one in three 

seniors die with Alzheimer’s and it is the sixth leading cause of death.  Additionally, 

Alzheimer’s is a very costly disease.  It is estimated that the cost of caring for an affected 

individual in the last five years of their life is $287,000, significantly higher than the cost of care 

for individuals with heart disease or cancer (Alzheimer's Association, 2017).  There are currently 

only two classes of drugs approved by the Food and Drug Administration (FDA) which provide 

palliative treatment for the disease (National Institute on Aging, 2016).  These two types of drugs 

are cholinesterase inhibitors (which lessen the dementia symptoms by decreasing the breakdown 

of acetylcholine, a neurotransmitter important for memory) and N-methyl D-aspartate 

antagonists (which prevent excitotoxicity, increasing mental function and decreasing disease 

symptoms) (National Institute on Aging, 2016).  Despite administration of these drugs, 

symptoms are only lessened, and disease progression is merely slowed for several months.  The 

purpose of this study was to examine the effects of a class of drugs known as phenothiazines on 

amyloid-β Alzheimer’s pathology using the transgenic strains of Caenorhabditis elegans, 

GMC101 and CL4176.  C. elegans (nematode worms) were chosen because they are relatively 

easy to work with and a model has been established using genetically engineered worm strains to 

screen drugs that modulate amyloid-β levels. 

 Despite the abundance of research that has been dedicated to this disease, Alzheimer’s 

pathology is not thoroughly understood.  The disease is genetically influenced, although there is 

no gene that guarantees the disease will or will not be expressed.   The largest genetic risk factor 

in the most common form of the disease, late-onset Familial Alzheimer’s, is the presence of 

specific alleles of the apolipoprotein E (APOE) gene on chromosome 19 (Alzheimer's Disease 
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Genetics Fact Sheet, 2015).  Alleles are alternate forms of a gene that code for specific traits.  

The allele APOE ε2 is uncommon and may decrease the chances of getting the disease, while 

APOE ε3 is the most common allele and is considered neutral for effecting Alzheimer’s 

expression (Alzheimer's Disease Genetics Fact Sheet, 2015).  Inheritance of the APOE ε4 allele 

of APOE has been shown to increase the risk of becoming affected with Alzheimer’s and 

increases chances of earlier onset of the disease (Alzheimer's Disease Genetics Fact Sheet, 

2015).  Additionally, having two APOE ε4 alleles, one on each chromosome 19, further 

increases the likelihood of developing the disease over individuals with only a single APOE ε4 

allele (Alzheimer's Disease Genetics Fact Sheet, 2015). 

Alzheimer’s Disease Pathology 

 Pathologically, Alzheimer’s symptoms are caused by progressive neuronal death.  The 

lesions predominate in areas of the cerebral cortex (specifically the entorhinal cortex) and 

hippocampus (Sheng M. et al., 2012). The cerebral cortex is the superficial layer of grey matter 

(neuronal cell bodies) covering the cerebrum while the hippocampus is a part of the limbic 

system engaged in the encoding of memory.  The cause of cell death is not completely 

understood, but two hypotheses, the amyloid cascade hypothesis and tau hypothesis, provide a 

possible pathophysiological model.   

According to the amyloid cascade hypothesis, amyloid precursor protein (APP) is cleaved 

to produce amyloid-b (Ab) peptides which aggregate into amyloid fibrils and are deposited as 

insoluble senile plaques outside of neurons (Reitz C., 2012).  This produces a cascade effect 

leading to neuronal dysfunction and death, and observed dementia symptoms (Reitz C., 2012).   

Tau neurofibrillary tangles (NFTs) are a second hallmark of Alzheimer’s disease.  Tau is a 

microtubule associated protein (MAP), which functions to stabilize tubulin subunits in the 

microtubule assembly (Fuster-Matanzo A. et al., 2018).  Microtubules are a part of the 
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cytoskeleton and are involved in transport of intracellular components and cellular support.  The 

functions of tau are mediated by phosphorylation, the addition of phosphate groups to the 

protein.  In Alzheimer’s Disease, tau proteins become hyperphosphorylated which can cause 

disassembly of microtubules and aggregation of tau into insoluble tangles (Fuster-Matanzo A. et 

al., 2018).  While the connection between tau and amyloid-β is uncertain, recent studies indicate 

that toxic properties of amyloid-β require tau aggregation in order to cause neuronal death 

(Bloom G., 2014).  This evidence suggests that tau tangles form downstream of amyloid-β 

production (Bloom G., 2014).  Additionally, due to the self-propagating behavior of both 

diseased amyloid plaques and tau, intervention would theoretically be most beneficial before 

either plaques, tangles, or symptoms appear (Bloom G., 2014). 

The initial neuronal dysfunction, prior to cell death, involves predominantly axonal 

transmission and synaptic communication (Sheng M. et al., 2012) (Wang Z. et al., 2015).  Action 

potentials travel through the axon of one neuron, triggering the release of chemicals at the 

synaptic terminal, and transferring information to the dendrite of another neuron.  Prior to the 

formation of Ab plaques, extreme axonal swellings have been reported as a result of excess APP 

expression in a mouse model (Wang Z. et al., 2015).  These swellings accumulate abnormal 

amounts of organelles and other cellular components (Wang Z. et al., 2015).  In addition to the 

effect of APP on axons, both Ab and aggregated tau can decrease microtubule stability (Wang Z. 

et al., 2015).  Due to a neuron’s reliance on microtubules to transport cellular components and 

chemicals from the neuron body through the axon, disruption of microtubules greatly reduces 

axonal transmission capabilities (Wang Z. et al., 2015). 

  Synaptic dysfunction is theorized to occur due to increased levels of soluble Ab instead 

of Ab plaques (Sheng M. et al., 2012).  Ab peptides have been found to bind to synaptic 

terminals, hindering synaptic communication by blocking neurotransmitters, and altering both 
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pre and post synaptic structures (Morris G. et al, 2014).  These effects on neurite outgrowth and 

arborization (the spreading of new neuron projections) have been demonstrated in mice, though 

the correlation to humans remains unclear (Morris G. et al, 2014). 

Amyloid Cascade Hypothesis 

Due to the focus of this experiment being on drugs that target Ab, amyloid fibrils and the 

amyloid cascade hypothesis are described here in greater detail.  Amyloid fibrils are fibrillary 

(thin strand) structures composed of proteins that have folded into alternative conformations and 

can self-assemble (Ow S. et al, 2014).  Additionally, amyloid fibrils typically have a high 

percentage of b-pleated sheets in their secondary protein structure and have distinct tertiary and 

quaternary protein structure (Ow S. et al, 2014).  b-pleated sheets are a type of secondary 

structure in which peptide segments line up to produce a flat sheet structure.  Secondary protein 

structure refers to structures produced due to hydrogen bond interactions between atoms in the 

backbone of a peptide chain while tertiary structure is the complete three-dimensional shape of a 

protein, dictated by interactions between side chains of amino acids in the peptide chain.  

Quaternary structure describes protein structure incorporating multiple peptide chains.  Amyloid 

fibrils exhibit a distinct cross-b tertiary structure in which the b-pleated sheets are stacked in a 

parallel direction to the fibril axis and incorporate more cross-b peptides to form the quaternary 

structure of the fibril (Fitzpatrick A. et al., 2013) (Ow S. et al, 2014).  This structure is 

demonstrated in figure 1. 
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Figure 1. Cross-b structure showing b-sheets (blue) stacked parallel to the fibril axis held 
together by hydrogen bonding (dotted yellow lines) (Fitzpatrick A. et al., 2013) 

 
Amyloid fibrils are deposited in the extracellular matrix surrounding neurons to form plaques 

characteristic of Alzheimer’s Disease (Han S., 2017).  In addition to their role in the amyloid 

cascade hypothesis of Alzheimer’s Disease, amyloid fibrils also play roles in other diseases such 

as cardiac arrhythmia, rheumatoid arthritis and diabetes mellitus type II among others (Ow S. et 

al, 2014).  

The amyloid fibrils present in Alzheimer’s Disease are known as Ab fibrils, formed by 

Ab peptides which have been cleaved from APP molecules (Ow S. et al, 2014).  APP is a 

transmembrane protein expressed in most mammals (Ow S. et al, 2014).  Transmembrane 

proteins completely span the plasma membrane of an organism.  While the function of APP in 

neurons is undefined, recent research suggests it may play important roles in organism 

development (Ow S. et al, 2014).  APP can be cleaved at two different locations in its 

extracellular domain, the a-site or the b-site (Chen S. et al, 2013).  Cleavage at the a-site by the 

enzyme a-secretase produces peptides sAPPa and C83 while cleavage at the b-site by the 

enzyme b-secretase produce sAPPb and C99 (Chen S. et al, 2013) (Ow S. et al, 2014). The 

peptides sAPPa and sAPPb are released on the extracellular side of the plasma membrane while 

C83 and C99 remain attached to the membrane (Chen S. et al, 2013).   Following cleavage of 
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APP by either a or b-secretase, g-secretase acts on either C83 to produce P3 peptide or on C99 to 

produce Ab (Chen S. et al, 2013) (Ow S. et al, 2014).  The cleavage of both C83 and C99 into P3 

and Ab respectively leave APP intracellular domains (AICD) attached to the intracellular surface 

of neurons, the final remnants of the initial APP protein (Chen S. et al, 2013).  Ab peptides can 

then aggregate into Ab fibrils which are deposited into senile plaques.   

The two most common forms of Ab found in senile plaques are Ab1-42 and Ab1-40 (Siegel 

G. et al, 2017).  Ab1-42 and Ab1-40 are alternative forms of Ab with the subscripts denoting the 

number of amino acids included in the specific peptide (e.g. Ab1-40 is missing the final two 

amino acids present in Ab1-42).  While the P3 peptides formed by the cleavage of C83 are 

incapable of forming amyloid fibrils and are not present in senile plaques, they have been found 

to accumulate in diffuse plaques in various brain regions of Alzheimer’s patients (Siegel G. et al, 

2017).  However, the pathological significance of P3, if any, is not well understood (Siegel G. et 

al, 2017).  Cleavage of APP by b-secretase leads to the production of amyloid fibrils and is thus 

termed the amyloidogenic pathway, while cleavage by a-secretase does not produce amyloid 

fibrils and is termed the non-amyloidogenic pathway.  These APP processing pathways are 

illustrated in figure 2 below. 
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Figure 2. Amyloidogenic and non-amyloidogenic pathways of APP processing  
(Chen S. et al, 2013) 
 
Phenothiazines 

 Phenothiazines are a class of drug which possess antiemetic, antipsychotic, 

antihistaminic, and anticholinergic properties (National Center for Biotechnology Information, 

n.d.).  Antiemetics act against nausea and vomiting, antipsychotics reduce psychotic effects such 

as hallucinations, anxiety, and delusions, antihistaminic drugs block histamine receptors to 

reduce allergic responses, while anticholinergic drugs block the neurotransmitter acetylcholine.  

Of these properties, antipsychotic and anticholinergic effects are the most relevant to 

Alzheimer’s Disease.  Antipsychotics can be used to treat some extreme Alzheimer’s symptoms, 

such as hallucinations or aggression (Treatments For Behavioral Symptoms, n.d.).  However, 

caution is required as antipsychotics typically increase risk of stroke in older adults (Treatments 

For Behavioral Symptoms, n.d.).  Cholinesterase inhibitors are commonly prescribed to patients 

with mild to moderate Alzheimer’s and are used to inhibit the enzyme acetylcholinesterase, 

which is responsible for breaking down the neurotransmitter acetylcholine in neural synapses 

(National Institute on Aging, 2016).  Acetylcholine is a common neurotransmitter important for 

memory and thinking, and by limiting its breakdown using cholinesterase inhibitors, Alzheimer’s 
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dementia symptoms can be reduced for a short period of time (National Institute on Aging, 

2016).  Thus, anticholinergic drugs, which decrease acetylcholine, may have a negative effect on 

Alzheimer’s patients.  

 While their role, if any, in removing Ab from the brain (either free Ab peptides or 

plaques) is unclear, the phenothiazine methylthioninium chloride (methylene blue) has been 

studied for both anti-Ab and anti-tau properties.  A study found that methylene blue treatment in 

a transgenic Alzheimer’s mouse model significantly reduced Aβ plaques in the hippocampus and 

adjacent cortical regions of the brain (Paban V. et al., 2014).  This plaque reduction occurs 

regardless of the amount of Aβ present, indicating methylene blue could be beneficial as either a 

therapeutic or preventative treatment.  Additionally, a purified form of methylene blue 

(TRx0237) is being studied for anti-tau properties and has recently been used in clinical trials 

(Cummings J., 2016).  It is for these reasons that this class of drug has been selected for this 

experiment. 

Phenothiazines are characterized by their three-ring structure, containing a central hexane 

with an amine and thioether surrounded by two aromatic rings.  The basic structure of a 

phenothiazine is shown in figure 3 below.  

 

Figure 3. 2D structure of a phenothiazine (National Center for Biotechnology Information, n.d.) 

 In this study, three different phenothiazines are being examined: methylene blue, 

thioridazine, and prochlorperazine.  While research examining the use of methylene blue as an 
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Alzheimer’s treatment has been studied, there is limited research examining the effects of 

thioridazine and prochlorperazine on Alzheimer’s disease. 

Caenorhabditis elegans Alzheimer’s Disease Model 

 C. elegans have been genetically engineered to produce Ab, making them a suitable 

model for anti-Ab drug screening.  C. elegans are very small worms in the phylum Nematoda, 

ranging from 0.25mm in length as larvae to 1mm as adults (Corsi A.K. et al, 2015).   This size 

allows for many worms to grow on a single petri dish, while the worms are also easy to view 

under a dissecting microscope.  The worms eat Escherichia coli OP50 and maintenance is 

relatively easy compared with other model organisms such as mice.  C. elegans are primarily 

hermaphroditic, possessing both male and female sexual organs, allowing them to reproduce 

independently.  They have a short life cycle, transitioning from egg to reproducing adult in three 

days, and can live for several weeks (depending on their specific strain) (Corsi A.K. et al, 2015).  

Adult C. elegans have a predetermined number of somatic cells (959 in hermaphrodites), which 

has allowed the nematode’s anatomy and complex nervous system to be thoroughly mapped.  C. 

elegans are genetically relatable to humans, with 40% of human genes associated with diseases 

having orthologs (genes from different species which have a similar function and evolutionary 

relationship) in the nematode genome (Corsi A.K. et al, 2015).  Additionally, using worm 

models in studies lessens the ethical concerns that can be related with harming higher-level 

organisms.  As a result of these characteristics, C. elegans are very useful as model organisms.  

 Specifically, C. elegans, are excellent model organisms for studying Alzheimer’s disease 

and other age-related neurodegenerative diseases due to the aforementioned complex nervous 

system, short life cycle, and disease orthologs.  Some orthologs present in C. elegans that are 

related to human Alzheimer’s Disease include apl-1 (an APP related gene), ptl-1 (a tau 

homolog), and sel-12 and hop-1 which are related to γ-secretase (Alexander A.G. et al, 2014).  
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The apl-1 gene produces the protein APL-1 which is very similar to human APP protein, having 

two extracellular domains with 46% and 49% amino acid similarity to APP and a transmembrane 

and cytosolic domain with 71% amino acid similarity to APP (Alexander A.G. et al, 2014).  

Despite this, wild type C. elegans lack both the extracellular subunit responsible for producing 

Aβ, and β-secretase responsible for cleaving Aβ and are thus unable to produce Aβ peptide or 

amyloid plaques (Alexander A.G. et al, 2014).   

However, transgenic strains have been produced which can exhibit human Aβ1-42 in 

neurons or muscles for drug screens or other experiments (Alexander A.G. et al, 2014).  Some 

drugs screened using this model have been compared to screens using mice models and results 

were consistent across organisms (Alexander A.G. et al, 2014).  The two transgenic strains being 

used in this experiment, GMC101 and CL4176, both express Ab in muscles.  In these transgenic 

C. elegans, a muscle specific promoter/enhancer initiates expression of Aβ from human cDNA 

clones (Link C.D., 1995).  A promoter/enhancer is a DNA region that promotes the expression of 

a specific gene.  cDNA is DNA that has been reverse transcribed from mRNA.   C. elegans in 

their final larval stage (L4) or young adult stage expressing Aβ in muscle cells exhibit 

temperature dependent paralysis between 20°C and 25°C (Alexander A.G. et al, 2014).  Because 

of this, molecules that modulate Aβ can be studied based on their effect on paralysis (Alexander 

A.G. et al, 2014).  Theoretically, chemicals that reduce Ab levels will decrease the level of 

paralysis expressed by the worms.  By counting the number of paralyzed and non-paralyzed 

worms at set time intervals following a temperature upshift to 20°C-25°C, a graph of the 

percentage of worms not paralyzed vs. time can be produced to compare worms treated with a 

certain drug to untreated worms.  Figure 4 shows an example of this graph. 
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Figure 4. Example of a percent not paralyzed vs time graph comparing worms treated with 
caffeine to untreated worms (Dostal V. et al, 2010) 
 

This graph demonstrates that caffeine was capable of inhibiting the onset of paralysis for several 

hours.  Based on this, it is assumed that caffeine was able to decrease the level of Ab in the C. 

elegan muscles. 

Procedure 

 A protocol designed by Dostal and Link for studying amyloid-β toxicity in transgenic C. 

elegans was used as the basis of the following procedure (Dostal V. et al, 2010). 

Preparation of Plates 

Living E. coli OP50 plate cultures obtained from Carolina Biological were subcultured in 

tryptic soy broth (TSB) and incubated at 37°C.   Nematode growth medium (NGM) from 

Carolina Biological was heated until liquid and 5 ml were pipetted into small petri dishes.  The 

NGM plates were allowed to cool upside-down (so water condensation would not collect on the 

media) for one day.  50 µl of the E. coli OP50 in TSB was transferred to the center of each plate 

using a micropipette and the E. coli was spread out by rotating the plate.  It was ensured that no 

E. coli OP50 reached the edges of the plates as worms could crawl up the sides of the plates and 

desiccate.  These plates “seeded” with E. coli OP50 were incubated for one day at room 

temperature so that the bacterial lawn (the area of the plate covered by bacteria) could grow.  
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Following this day of incubation, seeded plates can typically last for 2-3 weeks in sealed petri 

dishes (Stiernagle T., 2006).  However, due to older plates drying out, for paralysis experiments 

(such as this one) it is recommended to pour plates 3-4 days prior to beginning the experiment 

(Dostal V. et al, 2010). 

Subculturing 

The experiment was performed on three strains of C. elegan obtained from the 

Caenorhabditis Genetics Center (CGC) at the University of Minnesota.  Transgenic GMC101 

and CL4176 C. elegans were used as test strains while N2 (ancestral wild type) C. elegans were 

used as a control strain.  Due to strains delivered from the CGC arriving starved, the worms were 

immediately subcultured upon delivery.  The worms were subcultured using the “chunking 

method” of worm transfer.  In the chunking method, a square of the NGM containing the worms 

(approximately 0.5cm2 in area) is cut out using a sterile scalpel and transferred to the bacterial 

lawn of a fresh plate (Stiernagle T., 2006).  Once the strains were subcultured, they were stored 

in a 16°C refrigerator because higher temperatures begin paralysis induction in the GMC101 and 

CL4176 C. elegans. 

Paralysis Assay 

Once the paralysis assay was prepared, the three strains were transferred to freshly seeded 

petri dishes.  Worms of the three strains were transferred using the chunking method so that each 

strain was cultured on four fresh plates (for a total of 12 plates).  The plates were then kept at 

16°C for a two-day waiting period to allow the worms to grow.  Following this waiting period, 

the chemicals were added.  They were administered to the center of the bacterial lawn on each 

plate and spread over the lawn using a glass rod.  For each strain, one plate was treated with 50µl 

of distilled water, the second was treated with 50µl of 25µM methylene blue, the third was 

treated with 50µl of 25µM thioridazine, and the fourth was treated with 50µl of 25µM 
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prochlorperazine.  These doses can be visualized in table 1 below.  A 25µM concentration was 

chosen because most drug tests studying C. elegans use a concentration range of 25µM-100µM.  

However, several similar Ab C. elegan experiments used concentrations as low as 1.0µM.  Thus, 

25µM concentrations were chosen as a mid-point.  Ideally, the experiment would be repeated 

using a range of concentrations. 

Table 1. Chemicals concentrations administered to each plate 
Plate Number Strain GMC101 Strain CL4176 Strain N2 

1 50 µl of 
Distilled Water 

50 µl of 
Distilled Water 

50 µl of 
Distilled Water 

2 50 µl of 25µM 
Methylene Blue 

solution 

50 µl of 25µM 
Methylene Blue 

solution 

50 µl of 25µM 
Methylene Blue 

solution 
3 50 µl of 25µM 

Thioridazine 
solution 

50 µl of 25µM 
Thioridazine 

solution 

50 µl of 25µM 
Thioridazine 

solution 
4 50 µl of 25µM 

Prochlorperazine 
solution 

50 µl of 25µM 
Prochlorperazine 

solution 

50 µl of 25µM 
Prochlorperazine 

solution 
  

Following treatment, all plates were incubated at 25°C for 18-20 hours.  After this period, 

transgenic worms (strains GMC101 and CL4176) were scored for paralysis in approximately 

two-hour intervals, while the N2 wild type worms were only scored daily (exact times are listed 

in tables 2-9 of the results).  Both non-paralyzed and paralyzed worms were counted.   Due to the 

large quantity of worms per plate, worms were counted within counting squares 1cm2 in area 

which were drawn directly in the center of the bacterial lawn on the underside of each plate.  

These squares were then further subdivided into four 0.5cm2 squares (as in figure 5), for ease of 

counting. 
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Figure 5. Counting square with a total area of 1cm2 drawn at the center of the bacterial lawn on 
each petri dish 

 
For consistency, worms within any of the squares, worms on the inside lines, and worms 

partially within the outside lines (of the large square) were counted.  However, worms 

completely on the outside lines or on the outside of the square were not counted.  Also, as 

paralysis onset in CL4176 and GMC101 worms is also effected by worm age, only worms that 

appeared to be in the L4 or young adult stage of development were counted.  While accurately 

determining the difference between larval stages and adult worms is difficult, counts were 

consistent throughout testing so that any age-related decrease of expressed paralysis should be 

consistent throughout all counted plates.   Additionally, C. elegan paralysis is progressive, 

ending with the head, so worms able to move their heads but unable to perform a complete body 

movement upon prodding were counted as paralyzed. 

 Counts were continued for several days until the majority of the transgenic C. elegans 

became paralyzed.  For each plate at all counting times, the percentage of worms not paralyzed 

was calculated (by dividing the number of not paralyzed worms counted by the total number of 

worms counted and multiplying by 100).  Percent not paralyzed vs time since temperature 

upshift graphs were produced for each strain using Microsoft Excel.  Additionally, due to the 

majority of the GMC101 worms becoming paralyzed over the night following the first counts, 

the experiment was repeated using just the GMC101 strain of worms.  Because of this, results 

pertaining to the initial GMC101 tests are referred to as the “primary GMC101 results” while the 

data from the repeated GMC101 tests are referred to as the “secondary GMC101 results”. 
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Results 

Tables 2-9 contain all quantitative count data recorded during the primary GMC101 and 

secondary GMC101 tests, the CL4176 test, and the N2 (wild type) test.  The percent of worms 

not paralyzed are plotted against the time since the temperature upshift to 25°C for each strain in 

figures 6-9.  It should be noted that “paralyzed” counts include dead worms as well as worms 

paralyzed due to Ab.  In addition to this quantitative data, it was noted that both strain GMC101 

and CL4176 C. elegans were significantly more active prior to temperature upshift.  Despite 

significant paralysis not occurring in most tests until 25-30 hours after temperature upshift, worm 

activity was noticeably reduced at 18-20 hours following upshift, with most worms remaining 

motionless until prodded.  However, the C. elegans on the plate containing prochlorperazine in 

the primary GMC101 test remained very active compared to all other GMC101 and CL4176 

trials. 

Primary GMC101 Data 

Table 2. Strain GMC101 C. elegans count data for worms exposed to distilled water or 
methylene blue 

Time since 
temperature 

upshift (hours) 

Distilled water 25µM Methylene blue 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

1.2 31 0 100. 32 0 100. 
19.9 32 0 100. 35 0 100. 
21.9 43 0 100. 40 0 100. 
23.9 39 0 100. 35 1 97.2 
25.4 39 1 97.5 30 0 100. 
27.4 25 1 96.2 24 0 100. 
29.4 16 10 61.5 20 4 83.3 
41.4 1 20 4.76 4 13 23.5 
43.4 2 17 10.5 2 10 16.7 
45.7 2 18 10.0 4 13 23.5 
51.4 1 21 4.55 2 12 14.3 
64.2 0 24 0.00 3 11 21.4 
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Table 3. Strain GMC101 C. elegans count data for worms exposed to thioridazine or 
prochlorperazine 

Time since 
temperature 

upshift (hours) 

 25µM Thioridazine 25µM Prochlorperazine 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

1.2 14 0 100. 38 0 100. 
19.9 32 0 100. 39 0 100. 
21.9 33 0 100. 42 0 100. 
23.9 28 0 100. 40 0 100. 
25.4 23 0 100. 46 0 100. 
27.4 27 0 100. 36 0 100. 
29.4 19 5 79.2 24 0 100. 
41.4 4 10 28.6 19 0 100. 
43.4 4 11 26.7 21 4 84.0 
45.7 3 13 18.8 22 1 95.7 
51.4 3 19 13.6 16 4 80.0 
64.2 0 17 0.00 13 18 41.9 

 

 
Figure 6. Percent not paralyzed vs. time for strain GMC101 C. elegans exposed to distilled 
water, 25µM methylene blue, 25µM thioridazine, or 25µM prochlorperazine 
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 Based upon this data in tables 2-3 and figure 6, the GMC101 C. elegans treated with only 

distilled water became paralyzed most quickly, followed by the worms treated with methylene 

blue and thioridazine.  The worms treated with prochlorperazine began showing signs of 

paralysis initiation far later than any of the worms treated with the other chemicals.  Significant 

paralysis did not begin until 45.7-51.4 hours following temperature upshift.  This is 

approximately 20 hours later than paralysis began in the control worms treated with distilled 

water which started showing signs of paralysis 27.4-29.4 hours following temperature upshift.  

Based on this data alone, prochlorperazine appears to greatly decrease Ab while methylene blue 

and thioridazine appear to slightly decrease Ab compared to the control group. 

 Worms were expected to begin expressing paralysis 18-20 hours following temperature 

upshift, however, paralysis did not begin until 27.4-29.4 hours following temperature upshift.  It 

was planned to have the 18-20 hours following upshift to begin in the morning so that data could 

be recorded throughout the day until all worms were paralyzed.  Due to paralysis beginning so 

much later than expected, a large number of data points between 30-40 hours after temperature 

upshift, in which the majority of paralysis occurred, were missed as the time frame occurred 

during the night.  The secondary GMC101 experiment was set up so that this missed timeframe 

could be recorded. 
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Secondary GMC101 Data 

Table 4. Strain GMC101 C. elegans secondary count data for worms exposed to distilled water 
or methylene blue 

Time since 
temperature 

upshift (hours) 

Distilled water 25µM Methylene blue 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

26 13 0 100. 12 0 100. 
28.5 9 1 90.0 15 0 100. 
30.5 9 2 81.8 13 1 92.9 
32.5 10 2 83.3 12 3 80.0 
35.5 10 2 83.3 12 7 63.2 
54 11 9 55.0 7 7 50.0 

78.8 17 9 65.4 17 12 58.6 
 

Table 5. Strain GMC101 C. elegans secondary count data for worms exposed to thioridazine or 
prochlorperazine 

Time since 
temperature 

upshift (hours) 

25µM Thioridazine 25µM Prochlorperazine 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

26 9 0 100. 12 1 92.3 
28.5 8 0 100. 11 1 91.7 
30.5 7 4 63.6 12 9 57.1 
32.5 5 6 45.5 9 11 45.0 
35.5 9 5 64.3 14 10 583 
54 14 10 58.3 24 11 68.6 

78.8 4 8 33.3 11 13 45.8 
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Figure 7. Secondary test, percent not paralyzed vs. time for strain GMC101 C. elegans exposed 
to distilled water, 25µM methylene blue, 25µM thioridazine, or 25µM prochlorperazine 
 
 Based upon the data in table 4-5 and figure 7, worms treated with both thioridazine and 

prochlorperazine became paralyzed at a much higher rate than the control worms at around 28.5-

32.5 hours after temperature upshift.  Worms exposed to methylene blue initiated paralysis 2.5 

hours later than the control worms.  However, at 32.5 hours after upshift, the percentage of non- 

paralyzed control worms began to plateau while the percent of non-paralyzed worms exposed to 

methylene blue continued to fall.  Though data was recorded through 78.8 hours following 

temperature upshift, the percentage of not paralyzed worms never reached zero for any of the 

trials.  By examining this data, thioridazine and prochlorperazine appear to increase Ab levels 

compared to the control, while methylene blue initially appeared to decrease Ab but appeared to 

increase Ab levels after 32.5 hours following temperature upshift. 
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CL4176 Data 

Table 6. Strain CL4176 C. elegans count data for worms exposed to distilled water or methylene 
blue 

Time since 
temperature 

upshift (hours) 

Distilled water 25µM Methylene blue 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

1 66 0 100. 24 3 88.9 
18 22 3 88.0 51 5 91.1 

19.7 31 2 93.9 40 3 93.0 
21.7 33 0 100. 36 4 90.0 
23.7 33 3 91.7 32 5 86.5 
25.2 28 1 96.6 28 5 84.8 
27.2 29 6 82.9 30 4 88.2 
29.2 31 3 91.2 30 2 93.8 
43.7 21 8 72.4 13 6 68.4 
51.7 19 7 73.1 8 6 57.1 
65.5 16 16 50.0 3 7 30.0 

 

Table 7. Strain CL4176 C. elegans count data for worms exposed to thioridazine or 
prochlorperazine 

Time since 
temperature 

upshift (hours) 

25µM Thioridazine 25µM Prochlorperazine 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

1 52 3 94.5 50 2 96.2 
18 33 0 100. 18 2 90.0 

19.7 29 0 100. 28 0 100. 
21.7 20 1 95.2 30 1 96.8 
23.7 26 1 96.3 34 3 91.9 
25.2 21 2 91.3 30 1 96.8 
27.2 28 2 93.3 23 1 95.8 
29.2 25 1 96.2 22 3 88.0 
43.7 17 7 70.8 19 6 76.0 
51.7 19 6 76.0 15 9 62.5 
65.5 7 18 28.0 10 8 55.6 
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Figure 8. Percent not paralyzed vs. time for strain CL4176 C. elegans exposed to distilled water, 
25µM methylene blue, 25µM thioridazine, or 25µM prochlorperazine 
 
 Based upon the data in tables 6-7 and figure 8, there appears to be little significant 

difference between the four tests.  From 19.7-25.2 hours after temperature upshift, the worms 

exposed to methylene blue appear to have a lower percentage of non-paralyzed worms than the 

other tests.  However, the data from control, thioridazine, and prochlorperazine groups appear 

very similar until 43.7 hours after upshift.  Despite these observations, data is very similar among 

all four trials, with none of the groups going below 80% not paralyzed within the 18-29.2 hour 

window following temperature upshift.  This was the window in which the majority of paralysis 

was expected to occur. 
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N2 (Wild Type) Data 

Table 8. Strain N2 C. elegans count data for worms exposed to distilled water or methylene blue 
Time since 
temperature 

upshift (hours) 

Distilled water 25µM Methylene blue 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

23.5 21 0 100. 15 0 100. 
47.5 46 3 93.9 59 0 100. 
72 20 15 57.1 20 17 54.1 

 
Table 9. Strain N2 C. elegans count data for worms exposed to thioridazine or prochlorperazine 
Time since 
temperature 

upshift (hours) 

25µM Thioridazine 25µM Prochlorperazine 
Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

Number not 
paralyzed 

Number 
Paralyzed 

Percent not 
paralyzed 

23.5 17 1 94.4 20 0 100. 
47.5 39 0 100. 31 0 100. 
72 15 11 57.7 25 19 56.8 

 

 
Figure 9. Percent not paralyzed vs. time for strain N2 C. elegans exposed to distilled water, 
25µM methylene blue, 25µM thioridazine, or 25µM prochlorperazine 
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 The data from tables 8-9 and figure 9 was recorded in order to test the effects of the 

chemicals on wild type C. elegans to determine if the chemicals induce any negative effects.  As 

seen in figure 9, the data recorded for all four groups is nearly identical.  Between 47.5-72 hours 

after temperature upshift, the percentage of “non-paralyzed” worms in all groups began to 

decrease.  As N2 worms are wildtype and should not become paralyzed due to a temperature 

upshift, this curve is likely showing the death of older C. elegans. 

Discussion and Conclusions 

Unfortunately, results from the control, methylene blue, thioridazine, and 

prochlorperazine groups were not consistent throughout the primary and secondary GMC101 

trials or the CL4176 trial.  In the primary GMC101 trial, prochlorperazine appeared to greatly 

reduce Ab levels, while both methylene blue and thioridazine appeared to slightly decrease Ab 

levels when compared with the control group.  However, in the secondary GMC101 trial, both 

prochlorperazine and thioridazine appeared to increase Ab levels, while methylene blue initially 

appeared to decrease Ab levels to a point, but then increase the Ab levels compared to the 

control group.  Finally, results from the CL4176 trial appeared to show no significant difference 

between groups with all tests fluctuating between 80%-100% of the worms being non-paralyzed.  

Additionally, the N2 data shows the worms beginning to die between 47.5-72 hours following 

temperature upshift.  This graph section is mirrored by the worms treated with prochlorperazine 

in the primary GMC101 test (figure 6), which appeared to greatly decrease Ab levels.  

Significant paralysis did not initiate in that trial until 45.7 hours following temperature upshift.  

This indicates that the apparent paralysis beginning at 45.7 hours was likely the worms 

beginning to die and not Ab induced paralysis. 

Ideally, standard error of mean error bars would have been calculated to demonstrate the 

statistical significance of the data sets, however, this was foregone for two reasons: a very 
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limited number of runs were performed (two using strain GMC101 and one using strain CL4176) 

and results between runs were inconsistent.  These inconsistencies could be due to a variety of 

procedural errors or assumptions made in the experimental model. 

Experimental Errors 

 As mentioned, paralysis was expected to initiate around 18-20 hours following 

temperature upshift.  It was then expected that strain GMC101 would be completely paralyzed 

within 48 hours of temperature upshift to 25°C, while strain CL4176 was expected to be 

completely paralyzed within 28 hours of temperature upshift to 28°C (Dostal V. et al, 2010) 

(McColl G. et al, 2012).  While the control worms and worms exposed to methylene blue and 

thioridazine in the primary GMC101 test (figure 6) were nearly completely paralyzed by 48 

hours, the prochlorperazine group remained mostly non-paralyzed until 51.4-64.2 hours after 

upshift.  The worms in the secondary GMC101 test (figure 7) also remained mostly not 

paralyzed until after 48 hours.  The worm groups in the CL4176 test were all above 80% not 

paralyzed past 28 hours of temperature upshift, in which time they should have all become 

paralyzed.  Significant deviations from the expected time frames likely indicate an unexpected 

change in environmental conditions or that the transgenes became spontaneously deleted (a rare 

scenario) (Dostal V. et al, 2010).  A possible environmental change may have occurred if the 

temperature in the 25°C incubator fluctuated throughout the temperature upshift period.  

Additionally, worm propagation at temperatures above 16°C will select for the rare worms that 

have undergone spontaneous transgene deletion (Dostal V. et al, 2010).  It is possible that during 

experiment preparations the temperature increased above 16°C in the refrigerator storing the C. 

elegans, causing some populations to become overrun with worms that had deleted the Ab 

transgene. 
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 While these potential errors may have caused some of the inconsistencies observed in the 

results, a large error in the procedure was the lack of age synchronization.  Age synchronization 

is the process of synchronizing the age of all C. elegans being tested.  In order to perform age 

synchronization, individual gravid (egg laying) adults must be temporarily transferred to each 

petri dish to lay eggs.  After eggs have been laid, the adult C. elegans must be removed from the 

petri dishes.  This procedure was attempted, however due to the difficulty of worm picking (the 

process of picking up individual worms) this worm transfer method was aborted.  In order to 

perform the age-synchronous procedure, 10-12 gravid adults would need to be transferred to 

each of 12 plates.  Two hours after transfer and after eggs had been laid, the worms would need 

to be removed.  However, after several days of practice, worms could only be transferred at a 

rate of several per hour.  Thus, age synchronization was not performed, and worms were instead 

transferred using the chunking method. 

 This procedural change led to several errors.  As mentioned, both GMC101 and CL4176 

worms only become paralyzed during their final larval stage (L4) and young adult stage of life.  

If the age synchronization procedure was performed, all worms would be in the proper stage of 

life during testing.  However, using the chunking method, worms were in all different stages of 

life.  Because of this, worms were only counted if they appeared to be in the L4 and young adult 

stages.  This was difficult and likely caused the data to be inaccurate due to some counts 

including worms in wrong stages.  This is likely one of the reasons most of the worm groups 

never became completely paralyzed. 

 Another consequence of the lack of age synchronization was the large quantity of worms 

present in each plate.  Ideally, each plate would contain around 50 age synchronous worms and 

all worms would be counted.  However, because worms were transferred by chunking, each plate 

contained thousands of worms in all stages of life.  It was for this reason that a counting square 
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was used in the procedure.  Despite this, by examining the data in tables 2-9, it can be seen that 

the number of worms counted between data points varies drastically.  This is likely due to worms 

crawling in and out of the counting square or due to counting error because of the large quantity 

of worms.  Additionally, in some trials (figure 7 for example) the percentage of not paralyzed 

worms increased as time increased.  This is a result of counting error as the paralysis is 

theoretically irreversible (Dostal V. et al, 2010). 

Comparison to Other Studies  

 As discussed earlier, methylene blue has been shown to significantly reduce Ab build up 

in the hippocampus and surrounding cortical regions of a mouse model (Paban V. et al., 2014).  

Additionally, methylene blue decreased Alzheimer’s related cognitive impairment in several 

social, learning, and exploring tasks (Paban V. et al., 2014).  While methylene blue may be 

beneficial as an Alzheimer’s treatment, a different experiment studying thioridazine in an 

Alzheimer’s rat model found that thioridazine impaired peroxisomal b-oxidation activity (the 

breakdown of fatty acids) (Shi R. et al., 2012).  This peroxisomal b-oxidation impairment 

correlated with increased expression of APP and b-secretase, resulting in the production of 

higher levels of Ab (Shi R. et al., 2012).  In the C. elegan Alzheimer’s model used in this 

experiment, Ab generation results from the expression of a transgene, and not the cleavage of 

APP by b-secretase.  As such, if significant thioridazine results had been recorded from this 

experiment, the results may not have reflected a similar result as was demonstrated in the rat 

model.  Finally, no research was found examining the effect of prochlorperazine on Ab. 

Future Research 

Ideally, this experiment would be repeated using the age synchronization technique in 

order to generate consistent results concerning the effects of the phenothiazines on the C. elegan 
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Ab model.  The results from the thioridazine tests could then be compared to the study 

demonstrating peroxisomal b-oxidation impairment and increased Ab levels in a rat model.  Due 

to the lack of APP and b-secretase in C. elegans, which have increased expression in the rat 

model, results could be different between the two models.  This demonstrates a flaw in this C. 

elegan Ab model.  As the Ab is expressed from a transgene and not naturally from APP and b-

secretase, only drugs that directly modulate Ab levels can be studied using this model.  Thus, 

chemicals that effect processes upstream of Ab, such as APP cleavage by b-secretase, cannot be 

studied in this model.  Because of this, it would be interesting to further study the similarities and 

differences between this C. elegan model and other more complex Ab models such as in mice or 

rats.  The C. elegan model has the potential to screen a large quantity of different drugs in a 

fairly short period of time if the procedure is streamlined.  However, the usefulness of doing so 

would be limited if results are not consistent with other Ab models. 

An additional potential future research project could continue studying the effects of 

phenothiazines on Alzheimer’s pathology.  Their effects on Ab could be studied in a different 

animal model, or their effects on NFT or neuronal dysfunction could be examined.  Due to the 

lack of disease modifying Alzheimer’s treatments currently available, it is important to continue 

examining different chemicals for potential disease modifying effects. 
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