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ABSTRACT

EFFECTS OF BLOOD PLASMA TRANSFUSION FROM YOUNG MICE TO H-TAU
MICE MODELING ALZHEIMER’S DISEASE
Carlos Manuel Hernandez, Ph.D.
George Mason University, 2019
Dissertation Director: Dr. Jane M. Flinn

Aging is characterized by a decline in synaptic plasticity and cognitive functions.
This is intensified in Alzheimer’s disease by the buildup of plaques and tangles in the
brain. The tangles contain a stabilizing protein called tau, that detaches from a collapsing
neuron and clump together in the intracellular space, thus called tau tangles. There are
limited treatments for Alzheimer’s disease, therefore the exploration of new alternatives
is warranted. In a recent study, plasma was transfused from young mice to older
transgenic mice containing plaques, causing an improvement in new spatial learning and
memory tasks and an increase in proteins that support synaptic plasticity of neurons
(Middeldorp et al. 2016). Because mice with tau tangles in the brain were not included in
this design, we proposed to transfuse plasma from young wild-type mice to older
transgenic mice that can develop tangles expressing human tau (h-Tau, P301L/CaMKII),
followed by an examination of behavioral outcomes and tau pathology of the older mice.
Mice were given eight 150µl injections of either plasma or saline over a course of a
ix

week. Overall, h-Tau mice regardless of injection, performed poorly in Morris water
maze (MWM), built poorer nests, burrowed less, and had an irregular circadian rhythm
compared to wildtype mice regardless of injection. Although at the cellular level, h-Tau
mice injected with plasma had lesser expression of phosphorylated tau in the brain
compared to h-Tau mice injected with saline. Accordingly, h-Tau mice injected with
plasma had fewer tau tangles in the cortex, CA1 region of the hippocampus and smaller
tau tangles in the cortex compared to h-Tau injected with saline. Although young blood
plasma was not able to rescue behavioral impairments caused by tau tangles, it still
provides promising results which open the door to other future studies revolving young
blood plasma transfusions.
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CHAPTER ONE: INTRODUCTION

Alzheimer’s Disease
5.8 million are living with Alzheimer’s disease in the United States. 5.6 million of
those are 65 and older, and approximately 200,000 are under the age of 65 and living
with early onset. This number is projected to rise to 13.8 million by 2050. In 2018, the
lifetime cost for a patient was approximate $350,174.
Two major pathologies that characterize Alzheimer’s disease (AD) are amyloid-b
(Ab) plaques and neurofibrillary tangles (NFTs). Both impact the degeneration of cells
differently but interact together to cause behavioral and cognitive impairments. These
impairments include memory problems and circadian rhythm dysfunction.
Problems with spatial memory stem from damaged entorhinal and hippocampal
cortex, caused by the interruption of synaptic transmission from both plaques and tangles
(Zhu et al. 2017). Patients also have difficulty learning and remembering new
information. This is because information is not properly encoded or consolidated by the
entorhinal cortex or hippocampus (Weintraub et al. 2012), which are the primary brain
structures involved in episodic memory. Patients also have trouble remembering old
episodic memories as the disease progresses because of the extensive neuronal death in
the cortex and hippocampus. Semantic memory is also impaired, affecting general
knowledge, concepts, and naming objects. The impairment is caused by damage to the
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temporal, frontal, and parietal cortices responsible for associations (Hodges and
Patterson, 1995).
AD patients have disturbances in their sleep-wake cycles. They suffer from
fragmented sleep cycles, waking up in the night, and falling asleep during the day, and
less REM sleep. Along with circadian rhythm disruption, patients suffer sun-downing
syndrome in which they exhibit behavioral disturbances such as agitation, confusion, and
anxiety in the late evening (Khachiyants et al., 2011). Ab plaques has been shown to
disrupt circadian rhythms in AD. However the lack of a balanced circadian rhythm
exacerbates the progression of Ab plaques and NFTs (Homolak et al. 2018), creating a
feedback loop that aggravates the progression of the disease. Sleep is important,
especially for patients with AD, as Xie et al. (2013) has shown that Ab is cleared from
the system during sleep in mice. During sleep interstitial fluid (space between cells that
contains waste products, Ab, and tau) interchanges with cerebrospinal fluid (CSF) to
remove waste. Xie et al. (2013) showed that there was a 60% increase of interstitial fluid
and CSF exchange during sleep compared to being awake. Therefore sleep can have a
beneficial impact in AD.
Ab and NFTs are both implicated in the etiology of AD. Ab42 aggregates develop
due to mutations of the PSEN1 and PSEN2 genes, which causes b-secretase and gsecretase to incorrectly cleave APP. This results in the activation of microglia and
astrocytes, which leads to neuro-inflammation. Ab effects cells by targeting dendritic
spines, disrupting synaptic activity. Ab plaques begin in the neocortex, and then spread to
the hippocampus, entorhinal cortex, and amygdala. At the cellular level, soluble amyloid
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beta induces abnormal tau hyperphosphorylation by triggering neurons to accumulate an
excess of glutamate and calcium ions. It has been argued that NFTs, caused by abnormal
tau processes, are the driving force for AD, as it causes cognitive impairments, reduces
neurogenesis, and impedes synaptic activity (Furcila et al. 2018).

Neurofibrillary Tangles
In a healthy brain, tau proteins stabilize neuron microtubules. This allows for
neuronal connections to develop and to remain intact. However, it has been hypothesized
that tau proteins hyperphosphorylate due to Ab. The amyloid cascade hypothesis initiates
with the cleaving of β - and γ- secretase on APP, thus creating Aβ aggregations (J Doig
2018). The Aβ aggregations activate microglia and astrocytes, which leads to neuroinflammation. Neurons accumulate an excess of glutamate and calcium (J Doig 2018).
The excess of these ions responsible for synaptic transmission causes
hyperphosphorylation of microtubule associated protein tau (MAPT), in which they
acquire an abnormal amount of phosphate molecules such as serine/threonine. This
causes the tau protein to detach from the microtubule. The kinases involved in this
process include PKA, CaMKII, GSK-3β, cdk5. Since microtubules lose their stabilizing
MAPT, the neuron collapses, cells die, and synaptic activity terminates. The tau threads
that detached clump together, thus creating NFTs. They first accumulate in the entorhinal
cortex and then spread out to the hippocampus, and eventually to the neocortical regions
(Braak and Braak 1995). When NFTs develop in the hippocampus, pyramidal neurons
lose a significant number of dendritic spines (Furcila et al. 2018). As the population of
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dendritic spines diminishes, learning, memory, and overall cognition becomes impaired.
This is because dendrites of the pyramidal neuron are important for the chemical
mechanism behind learning and memory. The spine head of the dendrites contain
organelles responsible for synaptic signaling. The larger the spine head the more
presynaptic vesicles, postsynaptic receptors, and neurotransmitters are available for
synaptic activity.
Additionally, the thorny excrescences in the CA3 region of the hippocampus are
susceptible to damage caused by NFTs. The thorny excrescences are responsible for
connecting neocortical regions with the hippocampus (Andersen et al., 2007). This
implies that the decline in cognitive functioning may be due to the dampening of synaptic
signaling between the neocortical regions and the hippocampus, caused by tau
aggregation. To study the role of NFTs in the brain, mouse models have been genetically
engineered to develop tangles similar to those found in humans.

h-Tau Animal Models
AD mouse models for NFTs vary depending on the mutant human tau they
express. Some tau mouse models are better than others, both TauP301S and THY-Tau22
are not good candidates for this study. This is because their tauopathology is not ideal for
the type of behavioral experiments that are conducted, and their tauopathology is not as
extensive as other tau mouse models.
The TauP301S model with a C57BL/6xC3H background has a mix of both mouse
tau and human tau. For the TauP301S model to develop tangles it contains the mutant
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human microtubule associated protein tau (MAPT). The human mutant tau is expressed
5x more than the mouse tau, driving the neuropathology to be severe. The difference
between human tau and mouse tau is the length and number of peptides. Mouse tau is
shorter, and only has 17 peptide residues. Human tau is longer and has up to 28 residues
on the amino terminus of its primary structure. TauP301S develops NFTs at 8 months in
the hippocampus, amygdala, brainstem, spinal cord, and in neocortex. Because the NFT
development in the brainstem and spinal cord leads to motor deficits around 8 months,
this model is impractical for behavioral studies. This is because researchers will be
unable to interpret if behavioral impairments are a result of memory or motor deficits.
Similar models that develop tangles and also cause early motor deficits include JNPL3
and TauP301S.
The THY-Tau22 model with a C57BL/6xCBA background has a 4-5x higher
human tau than mouse tau, though the tau expression is much lower in the hippocampus.
This slight change in tau expression leads to moderate NFT development at 6-7 months.
Unlike the TauP301S model, there is no expression of tau in the cerebellum; therefore, no
motor deficits are observed. Impairment observed include spatial memory, social, and
context learning by 9 months.
The rTg4510 mouse model with typically a 129S6xFVB background strain
expresses mutant human tau 13x higher than mouse tau, which is much higher than the
other two models mentioned making it an ideal candidate for this study. This accelerates
the development of NFT in the brain. At 2.5 months pre-tangles and gliosis reactivity, by
GFAP detection, is observed. By 5.5 months NFTs are observed in the hippocampus.
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However, this also causes 43-60% neuronal loss in the hippocampus, which can further
impact memory and cognition. By 9.5 months dendritic spines diminish, further
impairing memory and cognition due to the shortage of presynaptic milieu. Because of
the higher expression of human tau, the rTg4510 model shows hyperactivity in open field
test at 2 months of age, spatial memory deficits by 4 months in Morris water maze
(MWM). Fortunately, motor impairments are not observed until 10 months of age. Thus
cognition and memory impairments observed in behavioral tests before 10 months of age
can be associated with tau pathology, rather than motor impairments. This model is ideal
because it has been widely studied in regard to behavioral tests, and tau pathology occurs
earlier than the most models. The disadvantage of this mouse model is that it requires a
tTA-CamK2a activator transgene. The rTg4510 model thus requires two types of
transgenic mice; the Tg(tetOMAPT*P301L)4510kha and the Tg(Camk2a-tTA)1Mmay.
The P301L mouse line encodes for mutant human microtubule-associated protein tau
(MAPT) and has the responder transgene, tetracycline-operon responsive element located
downstream on their cDNA; tetO (Ramsden et al., 2005; Spires et al., 2006). The
responsive element must be co-expressed with the activator transgene, tetO reading frame
located downstream of the Ca2+ -calmodulin kinase II promotor on their cDNA
(Ramsden et al., 2005; Spires et al., 2006). As a result, when the Camk2a promotor
activates the tetO responder they allow the expression of abnormal tau in the forebrain of
these mice. This is accomplished by breeding both mice lines together and providing
offspring with both transgenes.
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Parabiosis
Drug treatments for AD fail for multiple reasons; the molecular compound of the
drugs are inefficient and unstable, they typically only target one compound of AD such as
acetylcholinesterase or NMDA receptors, or have high molecular weight (AgatonovicKustrin et al. 2018). Drug treatments also fail because they are given too late. Patients are
usually given treatments when they begin to show symptoms of memory loss, when the
disease has already progressed in the brain. By the time they are given treatment there are
already plaques, tangles, and neuronal death. Since drugs have not been successful, novel
treatment techniques are warranted to fight off AD.
A novel technique known as parabiosis allows for the study of how circulating
blood factors (i.e. red and white blood cells, proteins, antibodies, etc.) in one mouse can
affect the overall health of the other mouse. Parabosis is a surgical method in which two
living organisms can be sutured together so they can share circulatory systems. To suture
two mice together an incision is made on the left flank of one mouse, and on the right
flank of another mouse. The incision is made deep enough that it cuts through the
peritoneal tissue in the abdomen, where it provides access to the vascular system. This
method is beneficial because both organisms share a singular system, allowing a
complete transfer of all circulating blood factors without any manipulations made to the
blood. Researchers can join two mice of similar age or strain, known as isochronic
parabiosis, which can serve as a control group. They can also join mice of different ages
or strains, known as heterochronic parabiosis, to experiment and study the effects.
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Katsimpardi et al. (2014) showed that through heterochronic parabiosis of aged
mice (15-20 months) with young mice (2 months), the aged mice’s cerebral vasculature
improved. Through the use of 3D-reconstructed angiograms, they were able to show that
the aged mice had an 87% increase in blood vessels and 21% blood vessel branching in
the hippocampus and cortex. At a cellular level, the aged mice had significant
proliferation of new neurons. At a behavioral level, the aged mice had significantly
improved olfaction. These findings indicate that aged mice can benefit from sharing a
circulatory system with a younger mouse. By improving blood vessels in the brain, the
brain may improve in functioning.
However, the downside is that surgery must be done correctly and aseptically, to
avoid complications and infections. Additionally, this is not a viable method for the
clinical population, as it may be unethical to do in human participants. An alternative
method to parabiosis is blood transfusion, instead of two organisms joined together for a
period of time, an organism can receive blood through a series of injections

Blood Transfusion
Blood transfusions is a common practice in the medical field, in which patients
receive blood from others through an IV. In rodent studies, blood can be transfused
through the tail vein. Due to the small size of rodents, they cannot be placed on an IV.
Instead they are given a series of small doses of blood injections, typically 100-250µl,
dependent on their weight and size.
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Villeda et al. (2011) injected plasma from aged mice (18-22 months) into young
mice (2-3 months) and lead to behavioral impairments in contextual fear recall and radial
arm water maze (RAWM). Impairments in contextual fear recall indicates damage to the
ventromedial prefrontal cortex, hippocampus, anterior insula, and parts of the cingulate
cortex (Maren et al. 2013). Young mice also expressed high levels of the chemokine
CCL11, a biomarker for inflammation, and also suffered a decrease in neurogenesis. To
observe the reverse reaction, Villeda et al. (2014) injected plasma from young mice to
aged mice and it restored the impairments seen in contextual fear recall and RAWM. At a
molecular level, young plasma increased the dendritic spine numbers of the dentate gyrus
in the aged mice. Villeda et al. (2014) also experimented with the plasma and discovered
that if one were to expose the plasma to high heat before injecting all the beneficial
effects are lost, which indicates that the potential ‘youthful’ factors are heat sensitive.
In a more recent experiment by Middeldorp et al (2016), an APP mouse model
was used to study the beneficial effects of blood plasma transfusions. The APP mouse
model had both London and Swedish mutation (mThy-1-hAPP751V1711, KM670/671NL; T41
line); the Swedish mutation intensifies Ab production by increasing b-secretase cleaving
of APP, while London having a Ab42/40 ratio mutation and being one of the first
mutations seen in early onset AD. The Ab42/40 ratio refers primarily to the mutation
increase of the Ab42 peptide (Muratore et al., 2014). These mice develop plaques at 3-6
months and amyloid deposits in the hippocampus at 5-7 months, causing learning and
memory deficits.
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To ensure plaques and deposits fully developed in the brain, Middeldorp et al
(2016) waited until the APP mice were 10-12 months to begin the plasma injection
regime. The experimental mice were injected twice a week for four weeks. Blood plasma
was taken from 2-3 month old mice. Results showed that APP mice given young plasma
exhibited higher freezing percentage in contextual fear recall compared to APP mice
given saline. Because the mice were able to remember the association of an aversive
stimulus to the environment, it implies that the plasma may have improved hippocampaldependent memory. APP mice given plasma also performed better than APP mice given
saline in Y-maze spontaneous alternations, as they performed significantly higher than
50% of chance of switching between arm entries. Similar to open field tests, Middeldorp
et al. (2016) used a smart-homecage system which tracks the mouse’s exploratory
behavior, distance traveled, or total activity counts, and found no differences between the
two treatment groups. This result indicates that plasma transfusion does not impact
locomotion.
Another characteristic of these APP mice is a decrease in phosphorylated
mitogen-active extracellular signal-regulated kinases (pERK/ERK). After young plasma
treatment, the levels of pERK/ERK are restored to wildtype mice levels, although it did
not reduce amyloid plaque buildup.
Levels of synaptophysin, a major synaptic vesicle protein as known as p38,
normally decreases in humans and in mice with age, affecting synaptic transmission. APP
mice have significantly low synaptophysin levels in the pre-synaptic terminal of the
dentate gyrus. However, young plasma was able to restore synaptophysin levels.
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Calbindin, a synaptic protein involved in calcium binding at the pre-synaptic terminal,
was also restored with young plasma. Restoration of these protein levels improves
synaptic plasticity and ultimately cognition. Since the results from this experiment are
promising for AD treatment, the full scope of AD pathology must be studied.

Experimental Study
The study used rTg4510 (h-Tau) at 8 months of age to ensure NFTs have
developed in the hippocampus and cortex. The experimental mice were injected with
plasma from young mice to study the effects. Experimental mice underwent behavioral
tests that assess daily living, hippocampal-dependent memory, and motor ability. These
behavioral tests include nesting, burrowing, wheel running based circadian rhythm
activity, Morris water maze, and open field. This was followed by biochemical assays of
brain tissue by analyzing protein expression and tangle development. With the use of
Western-blotting total tau, phosphorylated tau, and GFAP levels can be analyzed.
This study provides background information and evidence on the effects of
plasma transfusion. Not only does it provide knowledge of plasma transfusion in normal
mice, but it also provides knowledge on how it affects NFT development. Thus, the
results from this study provide useful information for human clinical trials.
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Hypothesis
Previous studies conducted in our lab have shown that older mice with h-Tau
have irregular circadian rhythms, build poor nests, are hyperactive, and have poorer
spatial memory. Since young plasma provided beneficial effects to mice modeling AD in
the Middeldorp et al study (2016), the following is hypothesized:
1) Plasma from young wildtype mice will ameliorate the effects of NFTs by
correcting the deficits seen in AD. Thus h-Tau mice given young plasma will
perform equally as well as wildtype mice in all behavioral tests.
2) Plasma will reduce the presence of proteins involved with tau and neuroinflammation in h-Tau mice, compared to control h-Tau groups receiving saline
injections.
3) Plasma is also expected to reduce the size or amount of NFTs in the hippocampus
and cortex in h-Tau mice.

Figure 1. Groups and number of animals group
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CHAPTER TWO: METHODS

Animal models
Experimental Animals
The h-tau mice (rTg4510) were either purchased from The Jackson Laboratory
(JAX) or bred in the Krasnow Institute Animal Facility (KIAF). The h-tau mouse requires
genes from both the Tg(tet0-MAPT*P301L)4510Kha breeder and the Tg(Camk2atTA)1Mmay. The MAPT P301L gene is the primary gene that expresses the human
Microtubule Associated Protein Tau (MAPT), which is created in the background strain
of the FVB mouse. The Camk2a-tTA is responsible for the activation of the MAPT gene,
thus if one of the two genes are absent the mouse will not develop tangles and therefore
not considered an h-tau mouse. The Camk2a-tTA mouse varies in background strain,
some of them are 129S6 or C57BL/6. For the mice bred in the KIAF, they are genotyped
by snipping the tip of the tail and sent to Transynetx for analysis. The mice used in the
control group are noncarrier/noncarrier for both genes. They were either purchased from
JAX or bred in the KIAF. Mice purchased from JAX arrived 1½ month after they were
born. Experimental animals will be aged to 8 months, to allow tangles to form in the
hippocampus.
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Figure 2. Number of animals purchased from the Jackson Laboratory versus animals bred in the Krasnow Institute
Animal Facility

Donor Animals
For this experiment, blood plasma must be collected from mice to be injected in
the experimental animals. Donor mice were FVB inbred mouse strain. These mice were
purchased from JAX. Mice were sacrificed between the age of 8-10 weeks for blood
collection. Total of 67 mice were used as donors for the experiment.
Housing
All animals are housed in the KIAF in room L025. Animal housing rooms are on
a 12 hour light/12 hour dark cycle. Temperature, humidity, and ventilation are monitored
daily by the KIAF husbandry staff. All cages include a running wheel and an igloo for
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enrichment, and to be consistent with previous studies conducted in our lab. Cages are
cleaned every other week, in which all animals are given clean cages, clean toys, and
fresh bedding. Food is provided ad libitum, and water is provided via lixit attached to the
cage rack water system (Edstrom). Littermates were housed together and by the type of
injection received; males and females in separate cages. If mice showed aggression, they
were separated to avoid fatality.
In-house breeding
One week before pairing, bedding from a male breeder cage is placed in the
female breeder cages, and bedding from female breeder cages is placed in the
corresponding male breeder cage. Two to three female breeder mice are placed into the
cage of one male mouse to create a breeding harem. After two weeks of pairing, females
are individually housed and monitored for pregnancy. Pups are weaned 21 days after
birth. Pups are given wet food for a week after being weaned to ensure growth and
survival.

Blood Plasma
Blood Collection
To collect blood from mice, syringes and collection tubes must be coated with
ethylenediaminetetraacetic acid (EDTA) to prevent the coagulation of blood during the
extraction process. A 1ml syringe with a 25G x 5/8” needle is filled with EDTA through
the needle, to ensure both inner components are coated. About 200µl will be retained in
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the syringe to ease the blood and to preserve the blood, the excess will be expelled
through the needle. The collection tube will also contain 200µl of EDTA.
The blood is collected using a terminal intracardiac bleed protocol. The donor mice are
initially anesthetized with 3-4% isoflurane admixed with 1-1.5 L/min O2 delivered by a
precision vaporizer into an induction chamber. Once deeply anesthetized, the mouse is
removed and a nose cone is placed on their heads. During the maintenance phase of 1.52% isoflurane admixed with 1-1.5 L/min O2. The needle is inserted into the mouse’s
heart. About 1-1.5ml of blood is expected to be drawn from the mouse. The blood in the
collection tubes are centrifuged at 1000g for 10 minutes at 4°C, to separate the blood
cells and plasma. The plasma is extracted, aliquoted, and stored in -80°C until further
use.
EDTA Removal
Prior to plasma administration, the EDTA must be removed. The 3.5 kDa SlideA-Lyzer Dialysis Cassettes (ThermoFisher Scientific) is used for this process. The
cassette is placed in phosphate-buffered saline (PBS), to hydrate the cassette membrane,
for 2 minutes. The plasma with EDTA is injected into the cassette and placed in PBS for
2 hours at 4°C to dialyze the EDTA. The cassette is then placed in fresh PBS for another
2 hours at 4°C, followed by an overnight dialyze at the same conditions. The free-EDTA
plasma is then collected from the cassette.
Administration
Mice either receive 150µl plasma or 0.9% saline, dependent on the experimental
group they are assigned. Mice are placed under a heat lamp to dilate and expose the tail
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vein. Once the visible, the mice are placed into a ventilated restraining device with easy
access to the tail. The tail is submerged in warm water to further dilate the tail vein. A
1cc syringe with a 27G x ½” needle will be used for the intravenous injection. Mice are
injected 8 times, and injections are spaced out by 48 hours. This allows for a total
transfusion of 1.2ml into their system.

Behavioral Tests
Nesting
The nesting is an assessment of an animal’s activity of daily living, because nests
are important for heat conservation, reproduction, and shelter. Impairments in nest
building are a result of brain lesions, drug administration, and genetic mutations (Deacon,
2006). Nesting is used as a measure of animal wellbeing following transfusion. The
nesting test follows the protocol in (Neely et al. 2019). Mice are removed from housing
cages and immediately placed in to individual testing cages. Mouse cages are filled with
enough corncob bedding such that the entire cage bottom is covered. Corncob bedding
ensures that the animal constructs a nest out of the provided shredded paper instead of the
bedding. The researcher fills the cage with corncob bedding and weighs shredded paper
initially to ensure consistency among cages. Each cage is provided with 3.5g of shredded
paper. Nests are observed at 2 hours and 12 hours. The 2 hour time point observation is
conducted before the room lights turn off, and the 12 hour time point observation is
conducted the following morning when the room lights turn back on. The researcher
takes pictures of the nests at 2 hours and at 12 hours. The pictures are rated by a ‘blind’
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researcher on a scale from 1-3. A score of 1 indicates that the shredded paper is
untouched and remains scattered, a score of 3 indicates the mouse has built a nest with all
the shredded paper. Mice are left in the cages during the 2 hour observation, but are
removed after the picture of the nest is taken at the 12 hour observation and placed back
into their housing cages.
Burrowing
A common behavior in rodents is to create a shelter to hide from predators and
store food (Deacon, 2006). The burrowing task is a quick assessment for activities of
daily living. It allows researchers to observe the effects of hippocampal lesions. Similar
to the nesting protocol, Mice are removed from housing cages and immediately placed in
to individual testing cage. This paradigm starts three hours before the lights off cycle so
that an initial assessment of burrowing can be made an hour before lights go out in the
facility. A hollow tube with one end closed is filled with 250 grams of peashingles (small
rocks) and weighed after a mouse has interacted with it for 2 hours and is weighed again
the following morning (12 hours). Mice are left in the individual testing cage during the 2
hour observation, but removed after the 12 hour observation and placed back into their
housing cage. In order to perform the burrowing assay, besides the tube with peashingles,
food, and water via a glass bottle, no additional enrichment items will be placed in the
cage. This is to ensure accurate data is obtained from burrowing behavior.
Circadian Rhythm
To assess circadian rhythm in mice, wheel-based running activity is utilized.
Circadian rhythms is assessed through the use of Actiview Biological Rhythm Analysis

18

software (Minimitter Co.). Mice are placed into individual cages equipped with running
wheels and their activity is continuously monitored for 9 days (216 hours) to assess
activity levels through different periods of the day. Cages also include food and water.
Each wheel is hooked up to a computer that monitors rotations/minute. The testing rooms
is maintained on a 12 hour light/12 hour dark cycle consistent with colony conditions,
and monitored daily by researcher and husbandry staff. The animals are singly housed for
this assay to correctly evaluate each individual animal’s activity. The ClockLab software
records the onset of activity, time when mice being running on the wheel, and total
activity, how much time they spend running on the wheel. By analyzing onset of activity,
researchers are able to determine if the mice are ‘waking up’ at abnormal hours; indictive
of brain lesions or damage. Researchers are also able to analyze total activity in the 24hour period across the 7 days, as done in Boggs et al. (2017). In which they were able to
show that the AD mouse model, APP/E4, had higher activity during the late dark phases
compared to wild-type, indicating that AD mice exhibit sun-downing syndrome seen in
AD patients.
Open Field
The open field test is a measure of exploratory behavior and general activity and
is commonly used as a “control” assay for other behavioral tests that involve activity (e.g.
freezing, motor coordination). The open field test is performed in order to identify any
motor deficits or changes in anxiety by measuring the ratio of time spent in an inner
portion of the arena versus time spent in the outer portion. Animals are gently placed in
the apparatus. Distance traveled and speed is recorded over a 5-minute period using the
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TopScan software. The containers are thoroughly cleaned with quatricide to clean
equipment and reduce olfactory cues between animals. Animals perform a single, 5minute open field trial.
Morris Water Maze
To observe spatial learning and memory, mice are tested in Morris water maze.
To be consistent with previous studies in this lab, the following protocol is used as
published (Craven et al., 2018; Flinn et al., 2014) Testing takes place over 8 consecutive
days with 3 trials per day, except for days 7 and 8 which will only consist of 1 and 2
trials, respectively. One at a time, each mouse is placed in the metal tub facing a specific
visual cue. The submerged escape platform is in a fixed location for the trials. However,
the mice start at different locations so they must rely on the spatial cues around the pool
to recall the platform location. The animal is given 60 seconds to find the hidden
platform. Distance traveled, latency to find the platform, and time spent in the target
quadrant is measured. In addition, thigmotaxis is measured to assess anxiety. The more
time spent near the walls of the pool is indicative of higher anxiety levels.
At the end of 60 seconds, if the mouse fails to find the platform, the animal is
gently guided to the platform where it remains for 10 seconds before being removed.
Upon completion of the trial, the animal is dried with a towel and placed under a heating
lamp for 45 seconds before beginning the next trial. Once the animal completes all 3
trials, it is done for the day. On days 2, 4, and 6, a probe trial is conducted on the third
trial. The probe trial involves the platform being lowered into the pool so that the animal
is unable to locate it. Mice are given 60 seconds before the platform is raised and they are
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guided to it. The purpose of the probe trial is to measure the amount of time the animal
spends searching in the target quadrant where the platform is located. The more time
spent in the target quadrant suggests that the animal remembers where the location of the
platform. Day 7 consists of only 1 trial which is a probe trial. Day 8 consists of 2 trials
using a visual platform to ensure there are no visual abnormalities.

Biochemical Assays
Western Blot Analyses for Protein Expression
After brain tissue is extracted, they are homogenized on ice. The right hemisphere
(n = 6 for each of the four groups) aree placed in 1mL of RIPA buffer on ice with Halt
Protease and Phosphatase Inhibitor Cocktail (ThermoScientific) at the recommended
concentration of 1µL/mL. Samples are homogenized and subsequently centrifuged at
14,000RPM for twenty minutes at 4℃ and aliquoted. The BCA assay is run to determine
protein concentrations. Sample absorbances and protein concentrations are read using a
spectrophotometer. Samples loaded are prepared using 40µg of protein, 2.5µL NuPAGE
sample reducing agent, 6.25µL LDS sample buffer, and PBS for a final concentration of
25µL. Samples are placed in a 90℃ water bath for ten minutes and loaded into NuPAGE
4-12% Bis-Tris gels in MOPS running buffer. SeeBlue Plus2 protein ladder is used to
visualize molecular weight (ThermoScientific). The gel is run at 120V for approximately
two hours and then transferred using the iBlot 2 Transfer System with mini nitrocellulose
transfer stacks (Novex). The blot is washed with PBST for 3 minutes and then blocked in
5% milk for 30 minutes with agitation. Membranes are incubated with primary antibodies
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at 4℃ in 2.5% milk block. These primary antibodies include hyperphosphorylated tau,
total tau, and GFAP. After primary antibody incubation, membranes are washed with
PBST 3 times for 10 minutes each and placed in 2.5% milk block for 30 minutes.
Membranes subsequently incubated with HRP conjugated secondary antibody and
washed with PBST 3 times for 10 minutes each. West pico chemiluminescent substrate
(SuperSignal) is used for 6 minutes and blots are subsequently imaged with an exposure
time of 10 seconds, decreasing with each subsequent image. Images will be semiquantified using ImageJ (NIH).
The antibody used for total tau is Tau5 monoclonal. The antibody used for
hyperphosphorylated tau is Ser396. This isoform has been shown to express heavily in
the CA1 region of the hippocampus (Furcila et al. 2018). Analyzing the presence of this
protein provides information on learning and memory deficient caused by tau
aggregation. GFAP, Glial fibrillary acidic protein, is a marker for astrogliosis; an
increased response of astrocytes due to neuronal death caused by various factors such as
neurodegenerative disorder (Sonfroniew, 2014). In AD mouse model 3xTgAD, there was
an increase in GFAP expression with western blot (Oddo et al., 2003).
Thioflavin-S for Tau Tangle Staining
Fresh frozen brain tissue (n = 4 per condition) is sliced at 16µm using a Leica
CM3050S cryostat. Coronal cuts prefrontal and hippocampal sections are mounted onto
slides and post-fixed using a 4% PFA solution for 8 minutes. Slides are washed with PBS
and placed into a .25% potassium permanganate solution for 4 minutes followed by a 1%
sodium borohydride solution for 4 minutes as per a modified Thioflavin-S method (Sun
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et al., 2003). Slides are washed with distilled water and placed into .05% Thioflavin-S in
50% ethanol for 8 minutes. Differentiation in two washes of 80% ethanol are performed
followed by 3 washes of distilled water. Finally, slides are incubated in 10x PBS for 30
minutes at 4℃ and imaged using a FITC cube. Magnification is set to 20x, green levels
will be set to 1.26, and exposure time will be consistent for all images. ImageJ software
(NIH) is used to overlay images in order to intensify the tau tangles for visualization
purposes. Tangles are subsequently counted, using the Image J software.

Figure 3. Behavioral Schedule for study
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Figure 4. Disease progression in h-Tau mouse model
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CHAPTER THREE: RESULTS

Morris Water Maze
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Figure 5. MWM time to platform for days 1-7
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To assess latency to reach platform a 2x2x7 repeated measures ANOVA was
conducted. A significant main effect of genotype (F(1,54) = 41.470, p < 0.001, partial
eta2 = 0.434) showed that Tau mice (𝑥# =39.071± 2.004) had a significantly longer latency
to reach the platform compared to wildtype mice (𝑥#=20.776± 2.014; p = 0.001),
regardless of injection. A significant within-subjects effect of day (F(1,54) = 18.239, p <
0.001, partial eta2 = 0.252) showed that latency to reach the platform was faster on day
seven (𝑥# =27.457± 2.780) than day one (𝑥# =39.699± 1.713). Another significant withinsubjects effect of day (F(1,54) = 6.078, p = 0.017, partial eta2 = 0.101) showed that
latency to reach the platform was faster on day seven (𝑥#=27.457± 2.780) than day five
(𝑥# =24.069±2.134). There was neither a main effect of injection (F(1,54) = .429, p =
0.515, partial eta2 = 0.008) nor an interaction between genotype and injection (F(1,54) =
2.469, p = 0.122, partial eta2 = 0.044).
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Figure 6. MWM time to platform for days 2-7

When day 1 was removed from the analysis, and a 2x2x6 repeated measures ANOVA
showed a trending interaction between genotype and injection (F(1,54) = 3.975, p =
0.051, partial eta2 = 0.069). Indicating that Tau mice given plasma (𝑥# =40.976± 2.991)
had a longer latency to reach the platform than wildtype mice given saline (𝑥# =21.697±
2.896), wildtype mice given plasma (𝑥# =16.196± 3.213), and tau mice given saline
(𝑥# =34.308± 3.096). The “removal” of day 1 data point can be justified because on the
first day the mice do not know what they are doing in the pool and what to do to escape.
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Figure 7. MWM percent time in quadrant

To assess percent of time spent in the target quadrant a 2x2x4 repeated measures
ANOVA was conducted. A significant main effect of genotype (F(1,54) = 5.861, p =

28

0.019, partial eta2 = 0.098) showed that Tau mice (𝑥# =23.515± 0.964) spent significantly
less time in the target quadrant than wildtype mice (𝑥# =26.824± 0.969), regardless of
injection. There was neither a main effect of injection (F(1,54) = 0.175, p = 0.677, partial
eta2 = 0.003) nor an interaction between genotype and injection (F(1,54) = 0.001, p =
0.970, partial eta2 > 0.001).

Platform Crosses
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Figure 8. MWM platform crosses

To assess platform crosses during probe trials a 2x2x4 repeated measures
ANOVA was conducted. A significant main effect of genotype (F(1,54) = 25.834, p <
0.001, partial eta2 = 0.324) showed that Tau mice (𝑥# =1.249± 0.302) had significantly
fewer platform crosses compared to wildtype mice (𝑥# =3.427± 0.304), regardless of
injection. A significant within-subjects effect of day (F(1,54) = 7.429, p = 0.009, partial
eta2 = 0.121) showed that there were more platform crosses on day seven (𝑥# =2.690±
0.257) compared to day two (𝑥# =1.805± 0.212). There was neither a main effect of
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injection (F(1,54) = 0.000, p = 0.986, partial eta2 = 0.000) nor interaction between
genotype and injection (F(1,54) = 0.976, p = 0.327, partial eta2 = 0.018).
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Figure 9. MWM Thigmotaxicity
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To assay thigmotaxicity repeated measures ANOVA was conducted. A significant
main effect of genotype (F(1,54) = 33.473, p < 0.001, partial eta2 = 0.383) showed that
Tau mice (𝑥# =45.042± 3.705) spent significantly more time on the outer 10% of the pool
compared to wildtype mice (𝑥# =14.656± 3.723). A significant within-subjects effect of
day (F(1,54) = 13.804, p < 0.001, partial eta2 = 0.204) showed that there was less time
spent on the outer 10% of the pool on day seven (𝑥# =24.155± 2.567) than day two
(𝑥# =35.338± 3.285). Another significant within-subjects effect of day (F(1,54) = 7.807, p
= 0.007, partial eta2 = 0.126) showed that there was less time spent of the outer 10% of
the pool on day seven (𝑥#=24.155± 2.567) compared to day six (𝑥# =32.396± 3.755).
There was neither a main effect of injection (F(1,54) = 1.743, p = 0.192, partial eta2 =
0.031) nor an interaction between genotype and injection (F(1,54) = 1.543, p = 0.220,
partial eta2 = 0.028).
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Figure 10. Open field test. Percent time in surrounding area
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To assess percent of time spent in the surrounding areas of the open field a 2x2
ANOVA was conducted. A significant main effect of genotype (F(1,54) = 6.339, p =
0.015, partial eta2 = 0.105) showed that Tau mice (𝑥# =91.464± 1.817) spent significantly
more time in the surrounding areas compared to wildtype mice (𝑥# =84.979± 1.825),
regardless of injection. There was neither a main effect of injection (F(1,54) = 0.102, p =
0.750, partial eta2 = 0.002) nor an interaction between genotype and injection (F(1,54) =
2.547, p = 0.116, partial eta2 = 0.045).
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Figure 11. Open field test. Distance traveled in test

To assess distance traveled in the open field a 2x2 ANOVA was conducted. A
significant main effect of genotype (F(1,54) = 4.083, p = 0.048, partial eta2 = 0.070)
showed that Tau mice (𝑥# =16832± 1069.848) travel significantly further compared to
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wildtype mice (𝑥# =13768.102± 1074.979). There was neither a main effect of injection
(F(1,54) = 0.44, p = 0.834, partial eta2 = 0.001) nor an interaction between genotype and
injection (F(1,54) = .844, p = 0.362, partial eta2 = 0.015).
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Figure 12. Open field test. Velocity during test
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To assess velocity in the open field a 2x2 ANOVA was conducted. There was no
significance in either main of effect of genotype (F(1,54) = 1.662, p = 0.203, partial eta2
= 0.030), main effect of injection (F(1,54) = .388, p = 0.536, partial eta2 = 0.007), nor an
interaction between genotype and injection (F(1,54) = .098, p = 0.755, partial eta2 =
0.002).
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Figure 13. Nesting assay. Observation at 2 hour and 12 hour

To assess nest building a 2x2x2 ANOVA was conducted. Variables consisted of:
genotype, injection, and hour of observation. Between-subjects effects showed there was
a main effect of genotype (F(1,54) = 19.459, p < 0.001, partial eta2 = 0.265). Pairwise
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comparison revealed that wildtype (𝑥#=3.677, SE=.185) built significantly better nests
than Tau mice (𝑥#=2.527, SE=.184, p < 0.001). There was not a main effect of injection
(F(1,54) = .158, p = .693, partial eta2 = 0.003) nor an interaction effect (F(1,54) = .363, p
= .549, partial eta2 = 0.007). Within-subjects effects showed that there was main effect of
hour of observation (F(1,54) = 25.480, p < .001, partial eta2 = 0.321). Pairwise
comparison revealed on average mice built better nests at 12 hour (𝑥# =3.513, SE=.149)
than at 2 hour (𝑥# =2.692, SE=.158).
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Figure 14. Burrowing assay. Observation at 2 hour and 12 hour
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To assess burrowing a 2x2x2 ANOVA was conducted. Variables consisted of
genotype, injection, and hour of observation. Between-subjects effects showed there was
a significant main effect of genotype (F(1,54) = 41.171, p < 0.001, partial eta2 = 0.433).
Pairwise comparison revealed that wildtype mice (𝑥# =154.978, SE=10.587) burrowed
significantly more than Tau mice (𝑥# =59.141, SE=10.536, p<.001). There was not a main
effect of injection (F(1,54) = .980, p = .327, partial eta2 = 0.018) nor an interaction effect
(F(1,54) = .474, p = .494, partial eta2 = 0.009). Within-subjects effects showed there was
a main effect of hour of observation (F(1,54) = 79.806, p <.001, partial eta2 = 0.596).
Pairwise comparison revealed that on average mice burrowed significantly less at 2 hours
(𝑥# =61.673, SE=9.172) than at 12 hours (𝑥# =152.446± 8.890, p<.001).
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Figure 15. The 24 hour total activity of Circadian Rhythm test

To assess circadian rhythm by wheel-based running activity a 2x2x24 ANOVA
was conducted. There was no main effect of genotype (F(1,48) = 0.028, p = 0.869, partial
eta2 = 0.001). There was no main effect of injection (F(1,48) = 0.613, p = 0.438, partial
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eta2 = 0.013). There was no interaction between genotype and injection (F(1,48) = 0.289,
p = 0.593, partial eta2 = 0.006).

Total Activity 9pm-10pm
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Figure 16. Total activity of circadian rhythm from 9-11pm

To assess circadian rhythm by wheel-based running activity a 2x2x2 ANOVA
was conducted. A significant main effect of genotype (F(1,48) = 4.475, p = 0.040, partial
eta2 = 0.085) showed that Tau mice (𝑥# =1171.823± 123.674) had lower total activity than
wildtype mice (𝑥# =1550.440± 129.372) during the two hour interval of 9pm and 10pm.
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There was neither a main effect of injection (F(1,48) = .331, p = 0.568, partial eta2 =
0.007) nor interaction between genotype and injection (F(1,48) = 0.057, p = 0.813, partial
eta2 = 0.001).
Thioflavin Stain
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Figure 17. Thioflavin-S tau stain of various brain regions of Tau mice injected
with either plasma or saline
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Figure 18. Thioflavin-S tau stain. Count of tau tangles in Tau mice

To assess number of tau tangles in the brain a 2x5 MANOVA was conducted.
There was a significant main effect between injection and the cortex area (F(1,8) = 6.669,
p = 0.032, partial eta2 = 0.455). Pairwise comparison revealed that mice injected with
plasma (𝑥# =109.844, SE=18.584) had fewer tangles in the cortex compared to mice
injected with saline (177.717, SE=18.584). There was a significant main effect between
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injection and the CA1 region of the hippocampus (F(1,8) = 5.717, p = 0.044, partial eta2
= 0.417). Pairwise comparison revealed that mice injected with plasma (𝑥#=24.067,
SE=6.723) had fewer tangles in the CA1 region compared to mice injected with saline
(𝑥# =46.800, SE=6.723).
Tangle Size

Figure 19. Thioflavin-S tau stain. Size of tangles in Tau mice
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To assess the size of tau tangles in the brain a 2x5 MANOVA was conducted.
There was a significant main effect between injection and cortex area (F(1,8) = 26.214, p
= 0.001, partial eta2 = 0.766). Pairwise comparison revealed that mice injected with
plasma (𝑥# =1230.047, SE=74.378) had smaller tangles in the cortex compared to mice
injected with saline (𝑥# =1768.597, SE=74.378).

Western Blot
GFAP
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Figure 20. Western blot images and graph of GFAP analysis
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To assess GFAP expression in the brain a 2x2 ANOVA was conducted. There
was a main effect of genotype (F(1,12) = 10.100, p = 0.005, partial eta2 = 0.336). There
was no main effect of injection (F(1,12) = .014 p = 0.906, partial eta2 = 0.001). There was
no interaction effect between genotype and injection (F(1,12) = 1.551, p = 0.227, partial
eta2 = 0.072).
All three GFAP bands were also analyzed separately, a 2x2 ANOVA was
conducted for each isoform.
GFAP-a
There was a main effect of genotype (F(1,12) = 13.587, p = 0.001, partial eta2 =
0.405). There was no main effect of injection (F(1,12) = .040 p = 0.843, partial eta2 =
0.002). There was no interaction effect between genotype and injection (F(1,12) = .637, p
= 0.434, partial eta2 = 0.031).
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GFAP-DEx7
There was a main effect of genotype (F(1,12) = 11.399, p = 0.003, partial eta2 =
0.363). There was no main effect of injection (F(1,12) = .134 p = 0.718, partial eta2 =
0.007). There was no interaction effect between genotype and injection (F(1,12) = .138, p
= 0.714, partial eta2 = 0.007).
GFAP-D164
There was a main effect of genotype (F(1,12) = 11.112, p = 0.003, partial eta2 =
0.357). There was no main effect of injection (F(1,12) = .257 p = 0.618, partial eta2 =
0.013). There was no interaction effect between genotype and injection (F(1,12) = .257, p
= 0.618, partial eta2 = 0.013).

Tau5
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To assess total tau expression in the brain a 2x2 ANOVA was conducted. There
was a main effect of genotype (F(1,12) = 230.677, p < 0.001, partial eta2 = 0.920). There
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was no main effect of injection (F(1,12) = .437, p = 0.516, partial eta2 = 0.021). There
was no interaction effect between genotype and injection (F(1,12) = .126, p = 0.727,
partial eta2 = 0.006).

pSer396
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Figure 22. Western blot image and graph of pSer396 analysis

To assess phosphorylated tau expression in the brain a 2x2 ANOVA was
conducted. There was a main effect of genotype (F(1,12) = 22.300, p < 0.001, partial eta2
= 0.527). There was no main effect of injection (F(1,12) = 2.987, p = 0.099, partial eta2 =
0.130). There was an interaction effect between genotype and injection (F(1,12) = 4.483,
p = 0.047, partial eta2 = 0.183). Pairwise comparison revealed that tau mice given plasma
(𝑥# =0.719, SE=0.225) had less phosphorylated tau expression compared to tau mice given
saline (𝑥# =1.584, SE=.225).
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CHAPTER FOUR: DISCUSSION

Due to the ineffective treatments currently available on the market for
Alzheimer’s disease, alternative treatments should be explored. This study observed the
behavioral and pathological effects of young blood plasma transfusions in aged h-Tau
mice modeling Alzheimer’s disease. Previous study using an APP mouse model for AD
found that injecting older APP mice improved behavior, decreased MAPK/ERK levels,
and restored synaptophysin and calbindin levels (Middeldorp et al. 2016). Researchers
only tested contextual recall memory using fear conditioning and spontaneous alterations
using Y-maze for behavioral testing. Although MAPK/ERK levels, which are associated
with AD mechanism, and proteins associated with presynaptic transmission were
restored, young blood plasma transfusions did not reduce amyloid plaque build-up. This
indicates that even though young blood transfusion had some beneficial effects on aged
APP mice, it did not fully treat the AD pathology in the brain.
At 4 months, the h-Tau mouse develops spatial memory impairments in MWM
(Ramsden et al. 2005). The results from the current study support this, as seen with h-Tau
mice having a longer latency to reach the platform, lower percent time in target quadrant,
and fewer platform crosses, compared to the wildtype mice. Tau mice performed poorly
in this task because of the damage to the hippocampus and entorhinal cortex (Vorhees
and Williams 2014) caused by the tau tangles. The wildtype mice that received plasma
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had similar results compared to wildtype mice that received saline, suggesting that the
plasma did not negatively affect their spatial memory. The wildtype plasma mice did not
perform significantly better the wildtype saline because they had both reached their
optimal speed and mental agility. Thigmotaxicity was also assessed in MWM. Longer
time spent in the outer 10% of the pool is correlated with anxiety. As hypothesized, the hTau mice spent a longer amount of time in the outer 10% of the pool compared to
wildtype mice. This is consistent with previous findings which have shown that tau
pathology can lead to increases in anxiety.
The open field tested the locomotion of the mice and levels of anxiety. The h-Tau
spent longer time in the surrounding area, similar to the thigmotaxicity test in MWM,
compared to the wildtype mice. The h-Tau mouse is known to be anxious (Craven et al.
2018)., which is supported by the results from MWM and open field test in the current
study. The h-Tau mice were also expected to travel more in the open field test, as
previous results have shown that they are hyperactive compared to wildtype mice
(Craven et al. 2018). There was no significant difference in speed.
Two forms of activities of daily living (ADL) were tested in the mice. In AD
patients, the capacity to carry out activities of daily living decline as the disease
progresses (Opara 2012).
Examples of daily living include making the bed, doing laundry, and getting dressed. The
first ADL test was the nesting assay, in which there was a significant main effect of
genotype. The wildtype mice built better nests than the h-Tau mice, which is consistent
with what has been observed in AD patients. However, the wildtype plasma group

57

appeared to build better nests compared to the wildtype saline group, especially at the
two-hour observation, although this effect was not significant. The second ADL test
conducted was burrowing. There was a significant effect of genotype demonstrating that
h-Tau burrowed less than wildtype mice. This is consistent with previous studies with the
h-Tau mice (Craven et al. 2018). Hippocampal damage has been shown to lead to poor
nest building and performance in burrowing (Jirkof 2014). This may be because the
hippocampus is important for spatial memory and orientation, and these functions are
important executing ADL tasks.
AD patients suffer from disturbed circadian rhythm, in which their sleep-wake
cycles are irregular (Musiek et al. 2015). AD mouse models have shown similar circadian
rhythm disturbances (Boggs et al. 2017; Craven et al. 2018). In the current study h-Tau
mice were less active during the onset of activity compared to wildtype mice.
Specifically, between the hours of 9pm and 10pm when mice typically wake up and start
to become more active, the h-Tau mice were less active. This supports the notion that
NFTs affect circadian rhythm (Homolak et al. 2018). This is because the suprachiasmatic
nucleus, important for circadian rhythm because of the secretion of melatonin, is
damaged by tau tangles (Homolak et al. 2018). Unfortunately, some of the h-Tau mice
died during the circadian rhythm test. It was observed that the h-Tau mice that died were
actively running on the wheel for 24 hours before dying. It could be that their circadian
rhythm was disturbed to the point that they did not sleep, leading to physical exhaustion
and eventually death.
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A

B

Figure 23. A. Number of animals per group at start of experiment. B. Final number of animals per
group.

Mouse fatality was also due to aggression from cagemates. Wildtype mice that were
housed with their littermates showed aggression as they aged, many of them had to be
removed from the cage and separately housed. Unfortunately, some of them were not
separated in time, and were found dead in their cage.
The results from the current study showed that plasma injections did not
significantly improve behavior, however, worth noting, plasma injections also did not
significantly worsen behavior. It most cases wildtype mice given saline and plasma had
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similar behavioral outcomes. These results indicate that the plasma injections did not
deteriorate the behavior or health of the mice, demonstrating that the plasma was safe to
use on the mice. If the plasma injected was not safe, due to any of the blood handling
protocols, the mice would have died at an alarming rate or suffered behavioral
impairments observed through the various tests.
After the mice completed all behavioral tests they were humanly euthanized by
isoflurane and their brains were studied for tau tangles and specific protein expressions.
Thioflavin-S was used to stain for NFTs in the brain. Both the number and size of tangles
were analyzed in the cortex, prefrontal cortex, and various sections of the hippocampus.
The h-Tau mice injected with plasma had significantly less tangles in the cortex and CA1
region of the hippocampus, compared to wildtype mice. Additionally, h-Tau mice
injected with plasma had significantly smaller tangles in the cortex, compared to wildtype
mice. Although there was a reduction in the number and size of tangles, this did not
alleviate the behavioral symptoms. This may be because even though comparatively there
were less tangles in the plasma injected mice, there was still an abundance of NFTs in the
brain. Seemingly, there was enough NFTs to cause sufficient behavioral impairments.
The fact that the hippocampus, especially the CA1 region, had tangles it was enough to
cause memory impairments. This is because the hippocampus is relatively small and
vulnerable when compared to rest of the cortex. If plasma was given earlier it could have
possibly prevented the formation of numerous tangles, and consequently lead to better
behavioral test performance.
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Western blots allowed for the assessment of the protein expression of GFAP,
phosphorylated tau, and total tau. As expected, wildtype mice regardless of injection had
little to no expression of total or phosphorylated tau. This is because wildtype mice do
not express abnormal tau, as they do not have the h-tau and promoter genes. Furthermore,
GFAP, a protein that is associated with an increase in neuronal death (Sofroniew 2014),
was lower in wildtype mice compared to h-tau mice, as expected. GFAP (Glial Fibrillary
Acidic Protein) expression is increased as the presence of astrocytes increases in response
to neuronal death in the brain. GFAP was expected to be higher in Tau mice because of
the neuronal death caused by the formation of tangles. Although GFAP has multiple
isoforms, which are detected at different molecular weights in western blots. In the
current study a total of three isoforms were detected, two bands in wildtype mice and
three bands were found in Tau mice. GFAP-a, has a molecular weight of 55kD, GFAPDEx7 has molecular weight of 48kD, and GFAP-D164 has a molecular weight of about
40kD. GFAP-a is the primary isoform abundantly found in mouse brain, both in wildtype
and transgenic. In AD mouse models has been shown to increase in expression in cortex
and hippocampus with age (Kamphuis et al. 2012). GFAP-DEx7 is an unestablished
isoform in mouse brains, the transcription expression are relatively low and require more
research (Kamphuis et al. 2012). GFAP-D164 has been identified in pyramidal neurons of
the hippocampus Alzheimer’s patients (Hol et al. 2003). This explains why in the western
blot images it is only seen in Tau mice, since these mice carry the gene for this GFAP
isoform to be expressed in the brain. Therefore higher expression of GFAP-D164 is
associated with behavioral deficits caused by tau tangles in the brain.
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Total tau in h-Tau mice injected with saline or plasma was not significantly
different, which may because plasma was not able to clear out NFTs in the brain.
However, phosphorylated tau was significantly lower in h-Tau mice given plasma,
compared those injected with saline. This may be because plasma was able to prevent the
formation of new NFTs in the brain, which may explain the reduction of NFTs observed
in the thioflavin-S tau stain.
In the behavioral tests the h-Tau mice, regardless of injection, were expected to
perform worse than the wildtype mice. This is because of the tangle accumulation which
leads to memory and other behavioral impairments. The mice were 8 months of age when
tested and scarified. By this time point NFTs have developed in the hippocampus, 4360% of neuronal loss in the hippocampus is present, and dendritic spines have begun to
diminish. Additionally, as expected, the h-Tau mice displayed spatial memory
impairments in MWM, but not motor deficits. Motor deficits observed in open field do
not become apparent until 10 months of age. If behavioral testing began at 10 months of
age, we would not be able to differentiate if the behavior effects were due to the NFTs or
the plasma injections. Thus the 8-month time point was ideal for this study and animal
model.
The lack of interaction effect may be due to multiple reasons. For one, the
injections may have been given too late. The mice were given serial plasma injections at
7-8 months, when the brain was littered with NFTs in the hippocampus and cortex. At
that age, the NFTs are severely affecting the behavior of the mice. The rationale for
giving injections at an older age was to assess whether blood plasma transfusions could
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function as a treatment after the progression of the disease rather than a form of
preventative care. It is possible that if the plasma injections were given before 7 months,
they would have had a more significant effect in behavior due to less NFTs in the brain.
By giving the plasma earlier it may have provided protection to the remaining neurons in
the brain. Because as previously mentioned, 60% of CA1 neurons have already been lost
by 5 months of age, therefore by 7 months the percentage of neuronal loss is probably
closer to 80%.
Secondly, the rejuvenating blood plasma factors in the young blood plasma may
have not been as abundant in the donors as expected. Not all blood plasma has a
consistent number of blood factors, such as GDF3 (Jaeger et al. 2016), essential for
repairing the damage caused by the disease. Thus future studies should screen the protein
contents in the plasma in order to quantify the presence of specific protein known to be
involved in neurogenesis or neuroprotection.
Thirdly, the behavioral test may have been given too soon after the injections.
There may have been significant differences in behavior if the mice were left alone for a
longer period of time before behavioral tests commenced. The plasma factors may have
not had enough time to carry out their benefits. It’s possible that a week was too short of
a time for changes to occur at a cellular level. Maybe if there was a month between
injections and behavioral tests the mice would have performed better in the behavioral
test.
Interestingly, the results from the Middeldorp et al. (2016) study showed that
plasma decreased proteins involved in APP and improved memory, but the amyloid
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plaque load did not decrease. The current study showed that plasma decreased a protein
involved in tau tangle development, phosphorylated tau at serine 396, and decreased
levels of NFTs, but did not improve memory or behavior. This implies that the plasma
contents do not combat plaques and tangles in the same manner. Middeldorp et al. (2016)
suggested that plasma targeted and reduced genes involved with g-secretase, one of the
secretases that incorrectly cleave APP, such as g-secretase activating protein (GSAP) and
synaptic lipid raft adaptor protein (PAG1). They also concluded that plasma reduced
activation of the ERK pathway, a signaling pathway associated with AD and
neurodegeneration. Tau mice, specifically the rtg4510 mouse model, does not have ERK
genes or genes involved with g-secretase because they do not develop amyloid plaques.
Therefore we can assume that young plasma does not affect tau and amyloid pathology
equally. Plasma does not appear to target every gene equally, the young blood plasma
factors may have an affinity for specific genes and proteins. Plasma may affect genes
involved with tau tangle pathology, but more researcher is required to analyze the
difference in gene expression in the tau mice given plasma or saline. Although, it would
be interesting to see how young plasma would affect tau pathology in an AD mouse
model with both amyloid and tau pathology. We would then be able to observe how
plasma restores the ERK and other signal pathways involved in APP and amyloid, and
then observe how it affects tau pathology downstream.
Another aspect to consider is why the contents in plasma may reduce NFTs but
not Ab plaques. This may be due to the insolubility of a large portion of Ab plaques and
their resistance to protease digestion (Masters and Selkoe 2012). Although NFTs are
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mainly soluble, they are more toxic. When normal tau becomes abnormal it becomes
soluble and undergoes hyperphosphorylation, and changes in both localization and
conformation are seen (Kopeikina et al. 2012). At this point, tau becomes highly toxic
because it induces a spike in calcium accumulation that leads to loss of dendritic spines
and neuronal death (Spires et al. 2006). Tau’s insolubility allows it to spread throughout
the brain by infecting nearby neurons and transmitting its abnormal pathology (Kopeikina
et al. 2012). Soluble tau oligomers are toxic to the point that when it is injected into
wildtype mice it induces neurodegeneration (Lasagna-Reeves et al. 2011). The high
toxicity of tau indicates that it can have a lasting effect on behavior and cognition.
Studies have shown that high accumulation of NFTs in the hippocampus and cortex, not
Ab plaques, is associated with neuronal death, synaptic protein deficiency, and overall
cognitive decline in AD (Giannakopoulos et al. 2003; Kopeikina et al. 2012). The
findings from the Middeldorp et al. (2016) study and the current study support this
notion. By injecting plasma to APP mice it does improve memory because NFTs are not
present. If NFTs were present, as they were in the current study, memory would not
improve. Even by injecting h-Tau mice with plasma, and observing fewer tangles
compared to the saline group, it is very unlikely that it would restore cognition.
Occasionally, treatments in animal studies do not translate well in human clinical
trials, because of the biological mechanism that differs in both organisms. However, few
clinical trials with blood plasma transfusions have been conducted in humans in order to
observe if it can reverse the effects of a disease. A study conducted at Stanford
University, sponsored by Alkahest, researched the effects of blood transfusions from 18-
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30 year old donors to patients with mild to moderate AD. Even though there was a slight
improvement in activities of daily living from the transfusions, many of the results were
not statistically significant (Sha et al. 2019). The study discussed that the lack of
statistical significance may be due to the low sample size. Another potential reason is that
the plasma does not always contain the blood factors that are beneficial for AD patients.
This may lead to young plasma being screened and analyzed for particular proteins
associated with reverse aging benefits before injecting into older patients.
Alkahest, a biotech company researching plasma transfusion for AD patients, has
been studying the overall safety of plasma transfusion in AD patients along with specific
signaling proteins within young blood plasma and fractioned plasma. One study found
that GDF3 (Growth Differentiation Factor-3) levels are decreased in the overall cortex of
AD patients. In healthy mice, GDF3 is highly expressed in the dentate gyrus, which is a
neurogenic region in the brain. Exposing adult mice to GDF3 lead to significant
proliferation of neural progenitor cell (Jaeger et al. 2016). A second study showed that
fractioned plasma with a higher percentage of specific blood factors not specified lead to
significantly higher cell survival and neurogenesis in the dentate gyrus of aged mice
compared to young plasma, aged plasma, and saline (Castro et al. 2017).
The FDA released a press statement earlier this year with concerns of young
blood plasma being utilized as a form of treatment for aging and AD. They do not want
patients seeking this novel technique that has not gone through proper FDA approval
procedures. Their main concern is that thus far clinical trials have no convincing evidence
of effectiveness, because of the inconsistent results from these studies. Furthermore, none

66

of the studies have identified the appropriate dosage for the treatment of AD or any other
type of disease. Many of the studies report high dosage of plasma transfusions, which the
FDA warns could cause TRALI (Transfusion Related Acute Lung Injury), TACO
(Transfusion Associated Circulatory Overload), or allergic/anaphylactic transfusion
reaction. The FDA also warns that it will take regulatory and enforcement actions against
companies that take advantage of patients seeking this type of illegitimate treatment. One
of these companies was Ambrosia, which was charging $12,000 for two liters of blood
from 16-25 year old donors, as part of their clinical trial. Ambrosia claimed they were
getting great results from the blood transfusions, but did not disclose their data to the
public.
This study provides novel findings about the interaction between young plasma
injections and NFTs in the brain. However, there is still more that needs to be understood
about the mechanism behind blood plasma transfusion for the treatment of AD. Future
studies should research the effects of injecting AD mice at a younger age and observing if
it prevents the progression of AD. It is possible that plasma transfusion may be more
effective if used as a preventative measure rather than a treatment. However, AD patients
should still heed the warning from the FDA before deciding to use young blood plasma
as a treatment.
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