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ABSTRACT
Huntington disease (HD) is a neurodegenerative disorder caused by expansion of a polyglutamine
tract within the huntingtin (HTT) protein, forming mutant HTT (mtHTT). HD patients suffer from
psychiatric, behavioral, cognitive, and motor abnormalities, with death typically occurring 15-20
years after symptom onset. Currently, there are no treatments able to slow disease progression or
delay onset. HD is a disease of aging. Despite the mtHTT protein being produced throughout life,
symptoms do not typically appear until adulthood. Furthermore, many cellular effects of normal
aging are also seen in HD, including altered intercellular communication and loss of proteostasis.
Recently, our lab found evidence that inducing age-like changes uncovers HD phenotypes, which
contribute to pathogenesis in neurons. This suggests that reversing the aging process could
counteract phenotypic development of HD. Thus, anti-aging could be effective for treatment of
HD. Our lab conducted an anti-aging preclinical trial in which aged HD mice were systematically
treated with plasma from young mice, known as young blood treatment. The goal of this trial was
to investigate if treatment could successfully delay disease onset or progression. The aim of my
project is to determine if treatment affected biological age and HD by analyzing the levels of
protein markers in these brains. Preliminary data validates that aging markers decrease with age
and shows that young blood treatment has varying success at rejuvenating protein levels. This
work contributes to the understanding of the relationship between biological age and HD
pathogenesis.
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INTRODUCTION
Huntington disease (HD) is an inherited disorder that leads to the progressive degeneration of
neurons in the brain and pronounced atrophy of the basal ganglia and cortex. HD is caused by
expansion of a CAG tract within exon 1 of the huntingtin (HTT) gene. The length of this CAG
tract has been found to negatively correlate with age-of-onset (Snell et al., 1993), however, this
can vary in individuals with the same repeat length. CAG repeat length alone only accounts for
around 50-70% of the variability in age-of-onset, with environmental and other genetic factors
accounting for the remainder (Gusella & MacDonald, 2009; Wexler et al., 2004). The CAG
expansion leads to the formation of the mutant HTT protein (mtHTT) with an expanded
polyglutamine tract (MacDonald et al., 1993). The mtHTT protein disrupts normal cellular
processes, such as transcription, energy metabolism, protein folding and degradation, as well as
synaptic activity (Labbadia & Morimoto, 2013). Disruptions in such important cellular processes
lead to the build-up of toxic events and the manifestation of disease symptoms, including chorea,
cognitive dysfunction, and poor mood regulation, with death typically occurring 15-20 years after
symptom onset (Ghosh & Tabrizi, 2018). Currently, there are no treatments able to delay onset or
slow disease progression.

Despite the mtHTT protein being expressed throughout life, symptoms do not typically appear
until adulthood (Ghosh & Tabrizi, 2018). Because of this, HD is considered a disease of aging.
Chronological age is defined as the amount of time that has passed since birth. Biological age, on
the other hand, considers the effect of aging on cells and tissues. While chronological age is just a
measure of time, biological age must be measured in other ways. Some methods of determining
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biological age include examining DNA methylation, telomere length, and protein concentration.
Although chronological age progresses at the same rate for each individual, the rate of biological
age progressions varies largely from person to person (Ahadi et al., 2020).
With aging, there are common features that appear in most organisms, especially amongst
mammals. These features include telomere attrition, mitochondrial dysfunction, epigenetic
alterations, and senescence (Figure 1) (López-Otín et al., 2013). Interestingly, most of these are
also features of HD (Machiela & Southwell, 2020).

Figure 1: The hallmarks of aging
The nine hallmarks of aging: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered
intracellular communication. (López-Otín et al., 2013)
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Mitochondrial dysfunction, a natural hallmark of the aging process, also occurs in HD, with studies
finding changes in mitochondrial complexes, altered cellular metabolism, and increased free
radical damage (Damiano et al., 2013; Seong et al., 2005; Tabrizi et al., 2000). Another shared
hallmark of aging and HD is telomere attrition as telomeres shorten with the aging process, and
HD leukocytes have been found to have significantly shorter telomeres than leukocytes from age
matched controls (Kota et al., 2015). Other shared characteristics between aging and HD include
epigenetic alterations and dysregulated nutrient sensing. By using DNA methylation as an
epigenetic clock, postmortem HD brains have been found to exhibit accelerated age, with HD
increasing biological age by approximately 3.2 years (Horvath et al., 2016). Further, analysis of
medical records has shown that HD individuals often experience hypermetabolism and weight loss
compared to normal controls (Sanberg et al., 1981). Additionally, there is evidence of increased
expression of senescence markers in the striata of HD mice, indicating an interaction between HD
and the cellular senescence that occurs with natural aging (Bigan et al., 2020).

To further understand the relationship of aging and HD, our lab recently investigated the effect of
inducing age-like changes in HD primary forebrain neurons. Progerin, a mutant protein that causes
the premature aging disease Hutchinson-Gilford Progeria Syndrome, was used to induce age-like
changes. Our lab found that progerin treatment induces age-like changes in primary neurons,
eliciting trends in markers that occur with the natural aging process (Figure 2). Control neurons
with induced biological age exhibited a trend toward decreased NMDAR1and dynamin 1, with a
significant reduction in lamin B. This demonstrates that progerin effectively induces age-like
changes, Further, HD neurons exhibit basal trends toward decreased levels of proteins known to
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decrease during the natural aging process. More specifically, without inducing age-like changes
HD neurons had trends toward decreased NMDAR1 and lamin B1, with a significant decrease in
dynamin 1. This further supports accelerated aging in HD.

Figure 2: Progerin treatment induces age-like changes in primary neurons.
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Primary forebrain neurons from humanized Hu97/18 HD model mice and Hu18/18 control mice were matured in
culture and treated with nuclear GFP (nGFP) control or GFP-progerin to induce age-like changes. Control neurons
with induced biological age exhibited a trend toward decreased NMDAR1 (A) and dynamin 1 (B), with a significant
reduction in lamin B1 (C), demonstrating that progerin effectively induces age-like changes. Compared to control
neurons, HD neurons exhibited trends toward decreased NMDAR1 and lamin B1 and a significant reduction in
dynamin 1 in basal conditions, supporting accelerated aging in HD and providing further evidence that anti-aging
treatment may be useful in delaying disease progression. 2-way ANOVA and Bonferonni post hoc tests were used.
*Difference between indicated bars, *p < 0.05. Error bars ± SEM. (Adapted from Machiela et al., 2020).

Our lab also found evidence that inducing age-like changes in HD neurons enhances HD
phenotypes, increasing DNA damage only in HD neurons (Figure 3A). Progerin-treated HD
neurons exhibited a strong trend toward increased DNA damage which was heightened when
induced aging was combined with oxidative stress. However, this trend was not observed in control
neurons. This suggests that aging is linked to an HD-specific increase in DNA damage. Further,
inducing age-like changes increased stress-induced cell death in HD neurons (Figure 3B)
(Machiela et al., 2020). Interestingly, inducing age-like changes resulted in increased cell death
only in HD cells also undergoing oxidative stress. Additionally, age-like changes were found to
increase misfolding of mtHTT (Figure 3C). This accumulation of misfolded mtHTT is commonly
seen in HD brain (DiFiglia et al., 1997) and suggests that age can affect the oligomerization and
aggregation state of mtHTT. This indicates an interaction between HD, age, and disease
pathogenesis.
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Figure 3: Age-like changes enhances HD phenotypes in neurons.
Primary forebrain Hu97/18 neurons and Hu18/18 control neurons were matured in culture to day 21 and treated with
nGFP control, GFP-progerin, nGFP and H2O2, or GFP-progerin and H2O2. (A) 8-Oxo-2’-deoxyguanosine (8-OxodG), a marker of DNA oxidation was used to assess oxidative DNA damage in HD primary neurons. Progerin-treated
HD neurons exhibited a strong trend toward increased DNA damage which was heightened when induced aging was
combined with oxidative stress. This suggests that aging is linked to increased DNA damage in HD neurons. (B)
Released/total lactate dehydrogenase was used to assess cell death in these neurons. Interestingly, accelerating age
resulted in increased cell death only in HD cells also undergoing oxidative stress, providing another link between
aging and HD pathogenesis. (C) EM48, an anti-HTT antibody that only binds oligomeric or aggregated mtHTT, was
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used to assess mtHTT folding. Untreated embryonic HD neurons completely lack EM48 immunoreactivity. This
means that these neurons only contained mtHTT in a soluble or monomeric form. However, after inducing age-like
changes, EM48 immunoreactivity was observed. This suggests that aging can affect the folding and solubility of the
mtHTT protein and provides another link between age and HD. 2-way ANOVA and Bonferonni post hoc tests were
used. *Difference between indicated bars, *p < 0.05, **p < 0.01, ****p < 0.0001. Error bars ± SEM. (Adapted from
Machiela et al., 2020)

These findings provide evidence that biological aging contributes to neuronal HD pathogenesis.
This suggests that counteracting the aging process could be useful for slowing the development or
onset of HD, and that anti-aging may be an effective treatment for the disease.

To investigate the use of anti-aging treatment for HD, our lab has conducted an anti-aging
preclinical trial in which aged HD mice were treated with young blood treatment. Young blood
treatment refers to systematic administration of plasma collected from young mice. Previous
studies have shown that young blood treatment rejuvenates synaptic plasticity, improves cognitive
function, and reverses age-related changes in aged mice (Villeda et al., 2014). Furthermore, young
blood has been found to enhance cognitive function, reduce site-specific tau phosphorylation, and
decrease levels of amyloid plaques in Alzheimer’s disease model mice (Zhao et al., 2020). Our
anti-aging preclinical trial was conducted in aged Q175FDN HD or wild-type (WT)
littermate mice. The Q175FDN mouse is a knock-in model of HD, in which exon 1 of the human
HTT gene is inserted into the mouse homolog. This model was chosen because it is an adult-onset
model that exhibits earlier onset and more robust HD-like phenotypes than any other full-length
HTT HD model (Southwell et al., 2016).
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Mice were injected intravenously with one of 3 treatments: saline, WT young blood, or HET young
blood. Injections were administered 3 times a week from 6 to 12 months of age (Figure 4).
The treatment starting point was chosen because this is the age at which these mice begin to
develop measurable motor deficits. This benchmark was used as clinical onset of HD is determined
by the onset of motor symptoms. The treatment end point was chosen to be 12 months of age since
Q175FDN heterozygous (HET) mice are known to exhibit robust HD-like phenotypes and
advanced neuropathology at this time point (Southwell et al., 2016). At 12 months of age, and
cortical and striatal tissue was isolated. Through treating both WT and HET mice with the young
blood treatment and using both WT and HET young blood, the effect of genotype on the anti-aging
treatment can be determined. The results of this trial will contribute to the understanding of
the relationship between aging and HD pathogenesis.

Figure 4: Youngblood anti-aging trial design in Q175FDN HD model mice.
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To evaluate the effect of anti-aging, a young blood preclinical trial was performed in Q175FDN model mice, including
the assessment of behavior through motor, psychiatric, and cognitive tests. Above is a timeline showing the treatment
administration, behavioral tests, and tissue collection time points.

The goal of my project is to determine the effect of anti-aging treatment on the aging process and
disease progression by analyzing the levels of age-related and HD-related markers in the brain. To
assess this trial, it is necessary to evaluate how these markers change with the natural aging
process, so aging markers were also compared in young and old naïve mice. The results of this
study could provide further insight into the role of aging in HD and the potential use of anti-aging
treatment to delay the onset or slow progression of disease.
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METHODOLOGY
Mice and Housing
Q175FND mice were housed in a clean facility on a 12 hour light/dark cycle with free access to
food and water. Procedures were performed following the approval of the University of Central
Florida institutional animal care and use committee (17-22, 2020-41). An N of 3 mice per group
were assessed.

Naïve Mouse Tissue Collection
Naïve mice were anesthetized with 250 mg/kg Avertin (2,2,2-Tribromoethanol, Sigma) by
intraperitoneal injection. Brains were removed, placed on ice, and microdissected by region to
isolate cortical and striatal tissue. Tissue was snap frozen to preserve proteins and stored at -80oC
until use.

Tissue Preparation
One hemisphere of frozen cortical or striatal tissue was homogenized in 600 ul or 125 ul,
respectively, of lysis buffer 17 (R&D Systems) using a mechanical homogenizer. Samples were
incubated on ice for 10-15 minutes to allow for cell lysis. Samples were sonicated at 25
Hz for 5 s to disrupt cell membranes and then centrifuged at 14,000 x g for 15 minutes at 4 oC to
remove debris. The supernatant was collected in aliquots, snap frozen, and stored at -80oC until
use. Protein was extracted from naïve striatal tissues using TRIzol (Invitrogen) according to the
manufacturer’s instructions. Both hemispheres of striata were homogenized in 700 ul of TRIzol
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reagent using a mechanical homogenizer. This was followed by sonication at 25 Hz for 5s. Due to
high fat content, sample lysates were centrifuged at 12,000 x g for 5 minutes at 4 oC and the cleared
supernatant was transferred to a new tube. Protein extraction was completed following the
manufacturer’s instructions. An additional sonication step at 25 Hz for 5s was added to further
solubilize the protein prior to the final centrifugation step. The supernatant was collected, snap
frozen, and stored at -80oC until use. The DC assay was used to quantify total protein concentration
of cortical and striatal lysates.

Protein Markers
Biological age was assessed by looking at proteins known to change with the natural aging process.
Such proteins are known as markers of age. In this study, lamin B1, N-methyl-D-aspartate receptor
subunit 1 (NMDAR1), and dynamin 1 were used as markers of age. To investigate the effect of
young blood treatment on disease-related markers, I am also analyzing protein markers known to
change with HD, including brain-derived neurotrophic factor (BDNF), dopamine and cAMP
regulated phosphoprotein 32 kDa (DARPP-32), and the HTT protein.

Protein Quantification
The concentration of the age or HD-related markers lamin B1, NMDAR1, dynamin 1, DARPP-32
and the HTT protein were quantified using Western blot. Total protein lysate (30 g for lamin B1,
NMDAR1, dynamin 1, and HTT and 20 g for DARPP-32) was separated on precast NuPage 38% tris-Acetate gels (Invitrogen) at 80 V for 15-25 min until the dye front entered the resolving
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gel. Then, the voltage was set to 120 V until the 25 kDa marker reached the bottom of the gel.
Proteins were transferred to 0.45 m nitrocellulose membranes for 90 minutes at 25 V. Membranes
were blocked in 5% skim milk powder in PBS for 30 min at room temperature. Membranes were
incubated

at

4 oC overnight

with

primary

B1 (1:1000, Abcam 16048), rabbit anti-NMDAR1 (1:1000,

antibodies:

rabbit anti-lamin

Abcam ab109182),

rabbit anti-

dynamin1 (1:1000, Abcam ab108458), rabbit anti-DARPP-32 (1:1000, Abcam ab40801)
and mouse anti-HTT (1:1000, Millipore MAB2166). For lamin B1 and NMDAR1, rabbit anticalnexin (1:5000, Sigma C4731) was used as a loading control. Mouse anti-β-tubulin (1:5000,
Abcam ab131025) was used as a loading control for dynamin 1 and HTT in naïve mice. Rabbit
anti-non-muscle myosin type IIA (1:1000, Abcam ab138498) was used as a loading control for
HTT in treated mice. Membranes were incubated with IR dye 800CW goat anti-mouse (1:10,000,
Abcam, ab216772) and AlexaFluor 680 goat anti-rabbit (1:10,000, Invitrogen, A21076) secondary
antibodies for 1 hour at room temperature and visualized using the LiCor Odyssey Imaging system.
Densitometry was performed to quantify the optical density of protein bands, which was
normalized to the loading control values for each lane. Relative protein quantities were normalized
to the mean values for WT mice treated with saline for treated mice and to WT 3 month old mice
for naïve mice. The concentration of cortical and striatal BDNF was determined using the R&D
Systems

Total

BDNF

Quantikine enzyme-linked immunosorbent

assay

(ELISA) kit (DBNT00) according to the manufacturer’s instructions. Twenty g of total protein
was loaded into each well and samples were assessed in triplicate. One 96-well ELISA plate was
used to compare naïve mice and another was used for the treated mice. Absorbance at 450 nm with
background subtraction at 560 nm was used to quantify BDNF by comparison to a standard curve.
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Analysis
Prism 9 (GraphPad) was used for statistical analysis. Data with 2 independent variables was
analyzed by 2-Way-ANOVA for age and genotype in naïve mice or genotype and treatment for
treated mice. Pairwise comparisons were made using Sidak’s multiple comparison post-hoc test.
For data with 1 independent variable conducted in only 1 genotype, an unpaired student’s t test
was used for comparison of the 2 ages for naïve mice, while 1-way ANOVA was used for
comparison of the 3 treatment groups for treated mice. Alpha values of less than 0.05 were
considered significant.
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RESULTS
Aging markers decline with age in naïve mice
Levels of aging markers in naïve 3 month old and 12 month old mice were investigated with
Western blot analysis in order to observe how these proteins change with age. Lamin B1 is the
primary nuclear lamin protein in neurons (Camps et al., 2015), and it is essential for the
maintenance of the nuclear lamina structure. Loss of lamin B1 has been found to be a marker of
cellular senescence; a mechanism of tumor suppression linked to the aging process (Freund et al.,
2012). Therefore, as biological age increases, lamin B1 levels decrease. The lamin B1 Western
blot validated that lamin B1 decreases with the natural aging process in Q175FDN cortical tissue
regardless of genotype (Figure 5, 2-Way-ANOVA: age p<0.0001, genotype p=0.5623, interaction
p=0.0548). Post hoc analysis revealed a significant reduction in lamin B1 protein in both genotypes
(Sidak’s multiple comparison test: WT p<0.0001, HET p=0.0028).

Figure 5: Cortical lamin B1 decreases with age in naïve WT and Q175FDN HET mice.
Western blot of cortical lysates from naïve 3 month old and 12 month old mice was used to investigate how levels of
lamin B1 change during the natural aging process. (A) Image and (B) Quantification demonstrating that lamin B1
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decreases with age in both genotypes (2-Way-ANOVA: age p<0.0001, genotype p=0.5623, interaction p=0.0548.
Sidak’s multiple comparison post hoc test: WT p<0.0001, HET p=0.0028). N=3, *=Difference between indicated bars,
**= p<0.01, ****= p<0.0001. Error bars ± SEM.

NMDAR1 is a subtype of a receptor for glutamate, the chief excitatory neurotransmitter of the
brain. NMDAR1 is involved in memory consolidation, long-term potentiation, and learning (Bliss
& Lomo, 1973; Meunier et al., 1993). Studies have shown that NMDAR1 also decreases with the
natural aging process (Gazzaley et al., 1996). Western blot analysis in naïve 3 month old and 12
month old cortical tissue revealed a significant effect of age (Figure 6, 2-Way-ANOVA: age
p=0.0201, genotype p=0.2083, interaction p=0.3887). Post-hoc analysis revealed a strong trend
toward age-related reduction of NMDAR1 in HET mice (Sidak’s multiple comparison test: WT
p=0.3584, HET p=0.0540), though this failed to reach significance, likely due to small sample
size.
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Figure 6: Cortical NMDAR1 may decrease with age in naïve Q175FDN HET mice.
Western blot of cortical lysates from naïve 3 month old and 12 month old mice was used to investigate how levels of
NMDAR1 change during the natural aging process. (A) Image and (B) Quantification demonstrating an overall agerelated reduction of NMDAR1 (2-Way-ANOVA: age p=0.0201, genotype p=0.2083, interaction p=0.3887) that failed
to reach significance for either genotype by post hoc analysis (Sidak’s multiple comparison post-hoc test: WT
p=0.3584 WT mice, HET p=0.0540). N=3. Error bars ± SEM.

Dynamin 1 is a synaptic protein with a primary role of facilitating receptor-mediated endocytosis
in neurons (Hinshaw, 2000). Protein levels of dynamin 1 decrease with aging, with levels being
significantly lower in aged mice (Yoo et al., 2016). For dynamin 1, Western blot analysis validated
that the marker decreases with age in Q175FDN cortical tissue (Figure 7, 2-Way-ANOVA: age
p=0.0039, genotype p=0.8428, interaction p=0.5444.). Post hoc analysis revealed a trend toward
age-related reduction of dynamin 1 in WT mice and a significant decrease in HET mice (Figure
7B, Sidak’s multiple comparison test: WT p=0.087, HET p=0.0223).

Figure 7: Cortical dynamin 1 decreases with age in naïve WT and Q175FDN HET mice.
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Western blot of cortical lysates from naïve 3 month old and 12 month old mice was used to investigate how levels of
dynamin 1 change during the natural aging process. (A) Image and (B) Quantification demonstrating that dynamin 1
decreases with age in naïve mice. (2-Way-ANOVA: age p=0.0039, genotype p=0.8428, interaction p=0.5444). Post
hoc analysis revealed that Naïve 12 month old HET mice have significantly lower levels of dynamin 1 mice compared
to naïve 3 month old HET mice, while this age-related change failed to reach significance in WT mice (Sidak’s
multiple comparison post-hoc test: p=0.087 for WT mice, p=0.0223 for HET mice, p=0.8150 for 3mo, p=0.9470 for
12mo).. N=3, *=Difference between indicated bars, *= p<0.05. Error bars ± SEM.

Hdh and mtHTT decline with age in naïve mice
The HTT protein is expressed ubiquitously throughout life, although levels have been shown to
decline with age (Franich et al., 2018). Because of this, we are interested in investigating the
potential effect of young blood anti-aging treatment on brain HTT protein level.
Western blot was used to investigate how levels of the mouse HTT homolog (Hdh) and mtHTT
change with age in Q175FDN cortical tissue (Figure 8). Analysis showed that Hdh is significantly
lower in HET mice compared to WT mice (Figure 8B, 2-Way-ANOVA: age p=0.0008, genotype
p=0.0007, interaction p=0.1095). This is expected as HET mice have one Hdh allele and WT mice
have 2 alleles, therefore HET mice should have ~50% less Hdh. Post hoc analysis confirmed this
genotypic effect, with HET mice having significantly less Hdh compared to WT mice of the same
age (Sidak’s multiple comparison test: 3mo p=0.0028, 12mo p=0.0419). Further, a significant agerelated reduction in Hdh in WT mice, and a strong trend toward age-related reduction of Hdh in
HET that did not reach statistical significance was observed (Sidak’s multiple comparison test:
WT p=0.0033, HET p=0.052). In HET mice with the HD mutation present, levels of cortical
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mtHTT were measured. Quantification revealed that there was a significant decrease in mtHTT
with age (Figure 8C, Unpaired t test: p=0.0009).

Figure 8: Cortical Hdh and mtHTT levels decline with age in in naïve WT and Q175FDN
HET mice.
Western blot of cortical lysates from naïve 3 month old and 12 month old mice was used to investigate how levels of
Hdh and mtHTT change during the natural aging process (A) Image and (B) Quantification demonstrating an agerelated decline of Hdh in naïve WT and Q175FDN HET mice and a significant effect of genotype (2-Way-ANOVA:
age p=0.0008, genotype p=0.0007, interaction p=0.1095. Sidak’s multiple comparison post-hoc test: WT p=0.0033,
HET p=0.0521, 3mo p=0.0028, 12mo p=0.0419). (C) Quantification demonstrating an age-related decline in mtHTT
protein levels in HET mice (Unpaired t test: p=0.0009). N=3, *=Difference between indicated bars, *p<0.05, **=
p<0.01, ***= p<0.001. Error bars ± SEM.
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BDNF declines with age in naïve mice
Neurotrophic factors are molecules that help support the survival, growth, and differentiation of
neurons. BDNF production occurs in the cortex and is delivered to the striatum by cortical
projection neurons (Park, 2018). However, this process is disrupted in HD, contributing to the
death of striatal medium spiny neurons (Zuccato & Cattaneo, 2007). BDNF levels are lower in the
brains of individuals with HD, specifically in the striatum, the region most vulnerable to the disease
(Ferrer et al., 2000). A BDNF ELISA was used to investigate how BDNF levels change with the
aging process in Q175FDN cortical and striatal tissue. However, the striatal ELISA test failed
likely due to the different lysis procedure used for these samples. Therefore, striatal ELISA results
have been excluded. Quantification of the cortical ELISA showed age-related reduction in cortical
BDNF regardless of genotype (Figure 9, 2-Way-ANOVA: age p=0.0013, genotype p=0.7578,
interaction p=0.4496), though this effect only reached post hoc significance in HD mice (Sidak’s
multiple comparison test: WT p=0.0631, HET p=0.0122).
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Figure 9: Cortical BDNF declines with age in naïve WT and Q175FDN HET mice.
ELISA of cortical lysates from naïve 3 month old and 12 month old mice was used to investigate how levels of BDNF
change during the natural aging process. Quantification demonstrated an age-related reduction in cortical BDNF
regardless of genotype (2-Way-ANOVA: age p=0.0013, genotype p=0.7578, interaction p=0.4496). By post hoc
analysis, there was a trend toward reduction in cortical BDNF in WT mice, and a significant reduction in HET mice
(Sidak’s multiple comparison post-hoc test: WT p=0.0631, HET p=0.0122). N=3, *=Difference between indicated
bars, *= p<0.05. Error bars ± SEM.

Striatal DARPP-32 declines with age in naïve mice
DARPP-32 is a signaling molecule expressed in healthy medium spiny neurons (Ivkovic &
Ehrlich, 1999), which are the striatal neuronal population most susceptible to cell death in HD. As
HD progresses, DARPP-32 levels decrease, which occurs along with neuronal dysfunction (Bibb
et al., 2000; van Dellen et al., 2000). Western blot showed that there was a significant effect of age
on DARPP-32 in Q175FDN striatal tissue (Figure 10, 2-Way-ANOVA: age p=0.02674, genotype
p=0.1157, interaction p=0.4028), though this failed to reach significance for either genotype by
post hoc analysis (Sidak’s multiple comparison test: WT p=0.3283, HET, p=0.9720), likely due to
the high variation observed. Further, there may be a genotype-related reduction in striatal DARPP32 levels in HET mice, though this also did not reach significance in post hoc analysis (Sidak’s
multiple comparison test: 3mo p=0.1865, 12mo p=0.7981).
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Figure 10: Striatal DARPP-32 levels decline with age.
Western blot of striatal lysates from naïve 3 month old and 12 month old mice was used to investigate how levels of
DARPP-32 change during the natural aging process. (A) Image and (B) Quantification demonstrating that striatal
DARPP-32 declines with age and potentially with genotype (2-Way-ANOVA: age p=0.02674, genotype p=0.1157,
interaction p=0.4028. Sidak’s multiple comparison post-hoc test: WT p=0.3283, HET p=0.9720, 3mo p=0.1865, 12mo
p=0.7981). N=3. Error bars ± SEM.

Anti-aging treatment has varying levels of success at rejuvenating protein levels
Western blot analysis of aging markers was used to investigate the effect of treatment on biological
age. Western blot of lamin B1 in treated mice showed no significant effect of treatment on lamin
B1 levels was observed, however there was a strong trend toward a genotypic effect. (Figure 11,
2-Way-ANOVA: treatment p=0.3568, genotype p=0.0588, interaction p=0.4637). Post hoc
analysis showed that there was no significant effect of treatment on lamin B1 levels in WT mice
(Sidak’s multiple comparison test: saline v WT p=0.8697, saline v HET p=0.2654). Similarly,
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there was no significant effect of treatment on lamin B1 levels in HET mice (Sidak’s multiple
comparison test: saline v WT p=0.4592, saline v HET p=0.9943).

Figure 11: Lamin B1 levels were not significantly affected by young blood treatment.
Western blot of cortical lysates from 12 month old mice treated with saline, WT young blood, or HET young blood
were used to investigate how levels of lamin B1 were affected by treatment. (A) Images and (B) Quantification
demonstrating that lamin B1 levels were not significantly affect by young blood treatment (2-Way-ANOVA: treatment
p=0.3568, genotype p=0.0588, interaction p=0.4637). Post hoc analysis showed no significant effects of treatment in
WT mice (Sidak’s multiple comparison test: saline v WT p=0.8697, saline v HET p=0.2654). Treatment effects on
HET mice also did not reach significance (Sidak’s multiple comparison test: saline v WT p=0.4592, saline v HET
p=0.9943). N=3. Error bars ± SEM.

NMDAR1 levels in treated cortices were analyzed by Western blot (Figure 12). Quantification
revealed that there was a significant effect of genotype and treatment on NMDAR1(Figure 12B,
2-Way-ANOVA: treatment p=0.0338, genotype p<0.0001, interaction p=0.0710. Post hoc analysis
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revealed a significant effect of genotype with HET mice having significantly lower levels of
NMDAR1 compared to WT mice of the same treatment groups (Figure 12B, saline p=0.06, WT
p=0.0013, HET p=0.0001). Furthermore, there was a significant rejuvenation of NMDAR1 levels
in HET-treated WT mice (Sidak’s multiple comparison test: saline v WT p=0.2537, saline v HET
p=0.0043). However, there was no significant effect of treatment observed in HET mice (Sidak’s
multiple comparison test: saline v WT p=0.7981, saline v HET p=0.9637).

Figure 12: NMDAR1 levels were significantly increased by young blood treatment.
Western blot of cortical lysates from 12 month old mice treated with saline, WT young blood, or HET young blood
were used to investigate how levels of NMDAR1 were affected by treatment. A) Images and (B) Quantification
demonstrating that NDMAR1 levels differed with genotype and treatment (2-Way-ANOVA: treatment p=0.0338,
genotype p<0.0001, interaction p=0.0710). This was also seen in Post hoc analysis of WT and HET mice (Sidak’s
multiple comparison test: saline p=0.06, WT p=0.0013, HET p=0.0001). This showed that HET mice had significantly
lower levels of NMDAR1 compared to WT mice. Further, NMDAR levels were significantly increased in HET-treated
WT mice (Sidak’s multiple comparison test for WT mice: saline v WT p=0.2537, saline v HET p=0.0043; Sidak’s
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multiple comparison test: saline v WT p=0.7981, saline v HET p=0.9637). N=3, *=Difference between indicated
bars, **p < 0.01, ****p < 0.0001. Error bars ± SEM.

Western blot analysis of Dynamin 1 levels in treated mice revealed that levels were not
significantly affected by genotype or treatment (Figure 13, 2-Way-ANOVA: treatment p=0.1058,
genotype p=0.1323, interaction p=0.3386). Post hoc analysis revealed no significant effects in WT
mice (Sidak’s multiple comparison test: saline v WT p=0.9783, saline v HET p=0.1722). This was
also seen in HET mice (Sidak’s multiple comparison test: saline v WT p=0.2424, saline v HET
p=0.2532).

Figure 13: Dynamin 1 levels were not significantly affected by young blood treatment.
Western blot of cortical lysates from 12 month old mice treated with saline, WT young blood, or HET young blood
were used to investigate how levels of dynamin 1 were affected by treatment. A) Images and (B) Quantification
demonstrating that dynamin 1 levels were not significantly affected by genotype or young blood treatment (2-WayANOVA: treatment p=0.1058, genotype p=0.1323, interaction p=0.3386). Post hoc analysis revealed no significant
effects of treatment in WT mice (Sidak’s multiple comparison test: saline v WT p=0.9783, saline v HET p=0.1722).
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This was also seen in HET mice (Sidak’s multiple comparison test: saline v WT p=0.2424, saline v HET p=0.2532).
N=3. Error bars ± SEM.

Hdh and mtHTT levels were not significantly affected by young blood treatment
For Hdh and mtHTT, Western blot analysis was used to determine the effect of anti-aging
treatment (Figure 14). There was no significant effect of treatment on Hdh, however, the expected
effect of genotype was seen (Figure 14B, 2-Way-ANOVA: treatment p=0.5416, genotype
p<0.0001, interaction p=0.5416). Post hoc analysis showed that HET mice have significantly
lower levels of Hdh compared to WT mice, as expected (Sidak’s multiple comparison post-hoc
test: saline p p=0.0057, WT p=0.0160, HET p=0.0542). There was no effect of treatment for WT
mice (Sidak’s multiple comparison test: saline v WT p=0.9089, for saline HET p=0.9967). There
was also no significant effect in HET mice (Sidak’s multiple comparison post-hoc test: saline v
WT p=0.6018, saline v HET p=0.4187). Western blot of mtHTT protein in HET mice showed that
there was no significant effect of treatment on mtHTT (Figure 14C, 1-Way-ANOVA: p=0.4850.
Sidak’s multiple comparison post-hoc test: saline v WT p=0.8147, saline v HET p=0.7947).
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Figure 14: Hdh and mtHTT levels were not significantly affected by young blood treatment.
Western blot of cortical lysates from 12 month old mice treated with saline, WT young blood, or HET young blood
were used to investigate how levels of Hdh and mtHTT were affected by treatment. (A) Images and (B) Quantification
demonstrating that there was no significant effect of treatment on Hdh, however an expected significant genotypic
effect is seen (2-Way-ANOVA: treatment p=0.5416, genotype p<0.0001, interaction p=0.5416). HET mice have the
expected significantly lower levels of Hdh (Sidak’s multiple comparison post-hoc test: saline p=0.0057, WT p=0.0160
HET p=0.0542). Post hoc analysis did not reveal a significant effect of treatment in either genotype (Sidak’s multiple
comparison post-hoc test for WT mice: saline v WT p=0.9089, saline v HET p=0.9967. For HET mice: saline v WT
p=0.6018, saline v HET p=0.4187). (C) Quantification demonstrating that there is no significant effect of treatment
on mtHTT levels in HET mice (1-Way-ANOVA: p=0.4850. Sidak’s multiple comparison post-hoc test: saline v WT
p=0.8147, saline v HET p=0.7947). N=3, *=Difference between indicated bars, *p<0.05, **p < 0.01. Error bars ±
SEM.
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An ELISA was used to investigate the effect of young blood treatment on cortical and striatal
BDNF levels. In cortical tissue, there was no significant effect of young blood treatment on BDNF
levels (Figure 15A, 2-way-ANOVA: treatment p=0.7287, genotype=0.7834, interaction
p=0.8760). Post hoc analysis showed no significant effects of treatment in WT mice (Sidak’s
multiple comparison test: saline v WT p=0.9057, saline v HET p=0.8836). Similarly, there were
no significant effects of treatment in HET mice (Sidak’s multiple comparison test: saline v WT
p=0.8539, saline v HET p=0.7992). In striatal tissue, there was also no significant effect of young
blood treatment on BDNF levels (Figure 15B, 2-Way-ANOVA: treatment p=0.2610, genotype
p=0.2116, interaction p=0.9865). Post hoc analysis showed no significant effects of treatment in
WT mice (Sidak’s multiple comparison test: saline v WT p=0.6700, saline v HET p=0.8816) There
were also no significant effects in HET mice (Sidak’s multiple comparison test: saline v WT
p=0.8110, saline v HET p=0.8225).
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Figure 15: BDNF levels were not significantly affected by young blood treatment.
ELISA of cortical and striatal lysates from 12 month old mice treated with saline, WT young blood, or HET young
blood were used to investigate how levels of BDNF were affected by treatment. (A) Quantification of cortical
ELISA demonstrating that BDNF levels were not significantly affected by genotype or young blood treatment (2way-ANOVA: treatment p=0.7287, genotype=0.7834, interaction p=0.8760). Post hoc analysis showed no
significant effect of treatment in WT mice (Sidak’s multiple comparison post-hoc test: saline v WT p=0.9057, saline
v HET p=0.8836). This was also seen in HET mice (Sidak’s multiple comparison post-hoc test: saline v WT
p=0.8539, saline v HET p=0.7992). (B) Quantification of striatal ELISA demonstrating that BDNF levels were not
significantly affected by genotype or treatment 2-Way-ANOVA: treatment p=0.2610, genotype p=0.2116,
interaction p=0.9865). Post hoc analysis showed no significant effects of treatment in WT mice (Sidak’s multiple
comparison test: saline v WT p=0.6700, saline v HET p=0.8816) There were also no significant effects in HET mice
(Sidak’s multiple comparison test: saline v WT p=0.8110, saline v HET p=0.8225). N=3. Error bars ± SEM.

For striatal DARPP-32, Western blot analysis was used to determine the effect of anti-aging
treatment. There was a significant effect of genotype, however no significant effect of young
blood treatment observed on DARPP-32 levels (Figure 16, 2-Way-ANOVA: treatment
p=0.2091, genotype: p=0.0036 interaction p=0.2091). Post hoc analysis showed that compared to
WT mice, HET-treated HET mice had significantly lower levels of DARPP-32 (Sidak’s multiple
comparison test: saline p=0.7773, WT p=0.0747, HET p=0.0451). There were no significant
effects of treatment in WT mice (Sidak’s multiple comparison test: saline v WT p=0.9434, saline
v HET p=0.9636). Similarly, there were no significant effects of treatment in HET mice (Sidak’s
multiple comparison test: saline v WT p=0.1311, saline v HET p=0.0901)
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Figure 16: DARPP-32 levels were not significantly affected by treatment.
Western blot of striatal lysates from 12 month old mice treated with saline, WT young blood, or HET young blood
were used to investigate how levels of DARPP-32 were affected by treatment. A) Images and (B) Quantification
demonstrating that DARPP-32 levels were significantly affected by genotype, however levels were not significantly
affected by young blood treatment. (2-Way-ANOVA: treatment p=0.1760, genotype: p=0.0272, interaction
p=0.3078). Post hoc analysis showed that compared to WT mice, HET-treated HET mice had significantly lower
levels of DARPP-32 (Sidak’s multiple comparison test: saline p=0.7773, WT p=0.0747, HET p=0.0451). There was
no significant effects of treatment in WT mice (Sidak’s multiple comparison test: saline v WT p=0.9465, saline v HET
p=0.9656). Similarly, there were no significant effects of treatment in HET mice (Sidak’s multiple comparison test:
saline v WT p=0.1034, saline v HET p=0.0684). N=3. Error bars ± SEM.
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DISCUSSION
In this study, we investigate anti-aging treatment and its effect on biological age and disease
progression in HD model mice. HD is a disease of aging, exhibiting premature hallmarks of aging
(Machiela & Southwell, 2020), A previous study of our lab found that inducing age-like changes
in HD neurons enhances HD phenotypes, further indicating an interaction between aging and HD.
Taken together, this suggests that anti-aging treatment could be used to delay HD onset and/or
progression. To investigate the use of anti-aging treatment for HD, our lab has conducted an antiaging preclinical trial in which aged HD mice were treated with young blood treatment. I am
assessing the effects of this treatment on biological age and disease by looking at levels of protein
markers in the brain.
In the past, studies have found that lamin B1, NMDAR1, and dynamin 1 decrease with age and
serve as markers of the aging process (Freund et al., 2012; Gazzaley et al., 1996; Yoo et al., 2016).
Similarly, we validated that these markers decreased with age in naïve Q175FDN and WT mice.
This validates the relationship of these proteins with the natural aging process and confirms their
use as aging markers to assess young blood anti-aging treatment. Markers in young blood treated
mice were investigated to determine the effect of treatment, and varying levels of success were
observed.
There was no significant effect of treatment on lamin B1 levels in treated mice. However, there
was a trend toward decreased lamin B1 in HET mice. In naïve mice, there was a significant
decrease in lamin B1 in HET mice, which is supported by previous work by our lab that showed a
significant reduction of lamin B1 levels in Hu97/18 primary neurons (Machiela et al., 2020).There
was no significant genotypic effect observed on dynamin 1 levels in treated mice. This was also
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seen in naive mice. These findings differ from previous work by our lab that showed a trend toward
decreased dynamin in Hu97/18 primary neurons. Further, there were significantly lower levels of
NMDAR1 in HET mice compared to WT mice with the same treatment. In naïve mice, a trend
toward decreased NMDAR1 in HET mice was observed, however this did not reach significance.
This trend is also supported by previous findings by our lab that showed a trend of decreased
NMDAR1 levels in Hu97/18 primary neurons (Machiela et al., 2020). These findings suggest that
using a larger sample size of mice could reveal a genotypic effect. NMDAR1 levels were also
found to be significantly higher in WT mice treated with HET young blood compared to salinetreated controls. This indicates that the HET young blood treatment was successful at
counteracting the trend of NMDAR1 decreasing with age, but only for WT mice. HET mice did
not show this increase in NMDAR1 with treatment. Although unexpected, this rejuvenation with
HET young blood treatment could be a result of the young mice conferring abilities to better
tolerate HD. Since HET young blood was collected from young mice with HD, there could be
mechanisms in place to counteract aspects of disease such as accelerated aging. This lack of
increase in HET mice could be due to disease progression rendering these mice more resistant to
treatment effects. A larger sample size of mice could be used to further validate these findings.
Although the treatment was not successful at rejuvenating the other protein markers, it would be
interesting to determine if there are effects of treatment observed at the mRNA level.

Cortical Hdh was found to decline with age. There was also a genotypic effect, with HET mice
having lower levels of Hdh compared to WT mice. This is due to HET mice only having one Hdh
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allele whereas WT mice have two alleles. Hdh was not significantly affected by young blood
treatment. The mtHTT protein was found to decrease significantly with age. This is expected as
levels of mtHTT have been found to decrease with the natural aging process (Franich et al., 2018).
However, this decline in mtHTT with age could be a result of a greater proportion of the protein
being in an aggregate form, which would make mtHTT less accessible for immunoassay-based
quantification at later ages. A filter retardation assay to quantify insoluble mtHTT could be
performed in these brain lysates to investigate whether this observed decrease is related to aging
or protein aggregation. Cortical mtHTT was not significantly affected by young blood treatment.
Previous studies have found that decreased BDNF levels are associated with age (Erickson et al.,
2010; Lommatzsch et al., 2005). Studies have also found that BDNF levels are lower in the brains
of individuals with HD, specifically in regions most vulnerable to the disease (Ferrer et al., 2000).
Similarly, we found that cortical BDNF levels decreased with age in both WT and HET naïve
mice. This indicates a relationship between BDNF and the aging process. We were not able to
determine how levels of striatal BDNF change with natural aging due to the TRIzol lysis protocol
interfering with ELISA results. Cortical and striatal BDNF levels were not significantly affected
by young blood treatment. This differs from the previous studies demonstrating that striatal BDNF
is reduced with HD (Ferrer et al., 2000). These differences could be a result of inaccurate
recapitulation of disease in the Q175FDN mouse model or a result of ELISA quantification errors.
These results also differ from the hypothesis that young blood treatment could counteract the trend
of decreasing BDNF with age and disease progression. Further analysis should be done to
determine the effect of treatment at the mRNA level.
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In striatal tissue, DARPP-32 levels have been shown to decline with HD progression, indicating a
loss of healthy medium spiny neurons (Bibb et al., 2000; van Dellen et al., 2000). In this study,
Western blot analysis showed that DARPP-32 levels decreased with age and may decrease with
genotype. Post hoc analysis did not reach significance due to variation of sample bands in the
Western blot which affect quantification, however there was a mean 16.26% reduction in 12 month
old HD mice striatum compared to WT mice of the same age. These findings are similar to previous
work with the Q175FDN mouse model that showed a significant reduction of DARPP-32
immunoreactivity in HD mouse striatum at 12 months of age (Southwell et al., 2016). DARPP-32
levels were not significantly affected by young blood treatment. However, A larger sample size
should be used to investigate these findings and minimize variation. Cortical and striatal tissue that
has already been collected from a larger sample of mice will be used in order to continue analysis
of the trends observed in this study.
Differences in the genotypic effect on protein markers in naïve and treated mice could be a result
of different storage conditions for the naïve and treated samples. Treated samples were collected
in 2018 and remained frozen at -80oC for over 2 years, resulting in noticeable protein degradation
over time. Naïve mice were collected in 2021 and remained frozen for less than 6 months before
Western blots were performed. This contrast in collection and storage could play a role in the
differences in genotypic effects observed in naïve and saline-treated WT mice.
Overall, treatment had varying levels of success at rejuvenating protein markers of age.
Interestingly, the cases of successful rejuvenation were seen in WT mice only. This suggests that
the HD brain may be more resistant to anti-aging compared to healthy brains. This indicates the
complex nature of the relationship between HD and the aging process. Further, there was no
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observable success at counteracting trends in HD markers that are typically seen with disease,
though considering that rejuvenation was not successful in these animals, it does not rule out a
potential benefit of anti-aging in HD brain. These findings contribute to the understanding of the
relationship between biological age and HD pathogenesis and suggests that further work should
be done to investigate the use of anti-aging treatment for HD. To further investigate the effect of
anti-aging treatment on age and disease progression, analysis could be expanded to encapsulate a
wider scope of protein markers of age and HD. Additionally, further analysis could be done to
better understand the effect of anti-aging treatment on various other cellular processes, such as
DNA damage or apoptosis. It would also be interesting to determine if changes in protein levels
are related to decreased production or increased protein degradation by examining effects observed
at the mRNA level. Future studies such as these could provide a deeper understanding into the
effectiveness of anti-aging as a treatment for HD.
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