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Abstract

Cancer and its treatment are associated with neurotoxic side effects, including cognitive
dysfunction, altered functional connectivity in the brain and structural abnormalities in white
matter. There is evidence that cancer and its treatment can accelerate aging. Tau is a microtubule
associated protein that contributes to microtubule stability thereby playing a key role in neuronal
function. Clustering of tau is commonly observed in the aged brain and is related to cognitive
decline. We hypothesized that chemotherapy-induced cognitive impairment is associated with
accelerated development of tau clustering in the brain as a sign of accelerated aging.

We show for the first time that treatment of adult (7—8 month-old) male C57/BI6 mice with
cisplatin results in reduced cognitive function and a marked increase in the number of large
endogenous tau clusters in the hippocampus when assessed 4 months later. In contrast, we
detected only few small tau clusters in the hippocampus of age-matched 11-12 month-old control
mice. Astrocyte GFAP expression was increased in close vicinity to the tau clusters in cisplatin-
treated mice. We did not detect changes in the microglial marker IBA-1 in the brain of mice
treated with cisplatin. The accelerated formation of Tau-1 clusters in cisplatin-treated mice was
associated with a decrease in the levels of the post-synaptic marker PSD95 and of the presynaptic
marker synaptophysin in the hippocampus.

We demonstrate here for the first time that chemotherapy markedly accelerates development of
signs of tauopathy and loss of synaptic integrity in the hippocampus. These findings provide a
mechanistic link between chemotherapy cognitive decline and accelerated aging in cancer
survivors.
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INTRODUCTION:

More than 74% of the 15.5 million cancer survivors in the United States are 60 years old or
older (Miller et al., 2016). Various reports suggest that 35%—85% of patients treated for
cancer suffer from long term reductions in cognitive function, which include attention
deficits, decreased executive functioning and multitasking, and decreased memory function
(Ahles et al., 2008; Argyriou et al., 2011; Ferguson et al., 2007; Fung and Vaughn, 2011;
Kannarkat et al., 2007; Kesler et al., 2013). Neuroimaging data obtained in patients treated
for cancer indicate that cognitive deficits in patients treated for cancer are associated with
changes in the functional connectome and in structure of the white matter (Correa et al.,
2004; Simo et al., 2013). In at least a subset of cancer survivors, there is evidence for
accelerated biological aging (Henderson et al., 2014). Recently, a study by Carroll et al.
identified a relation between measures of biological aging and cognitive performance in
breast cancer survivors (Carroll et al., 2019). Moreover, functional neuroimaging studies
identified signs of accelerated aging of the brain in cancer survivors (Kesler et al., 2013,
2017). It remains to be determined whether the accelerated aging observed in patients is the
result of cancer and/or its treatment.

Aging increases neuronal vulnerability and is associated with buildup of damaged proteins
that perturb neuronal circuits. Tau proteins are a group of axonal microtubule-associated
proteins that contribute to neuronal health by regulating microtubule assembly, dynamic
behavior, spatial organization, and axonal transport of organelles (Drubin and Kirschner,
1986; Terwel et al., 2002). During aging, conformational changes and post-translational
modifications of tau protein, such as phosphorylation, result in dissociation of tau from
axonal microtubules (Buée et al., 2000; Dickson, 1999). These changes in tau lead to
missorting and clustering of the protein, a process known as age-related tauopathy
(Franzmeier et al., n.d.; Tseng et al., 2017; Zhou et al., 2017). Tauopathy is associated with
the synapse loss and neuroinflammation that occur during aging, and is exaggerated in
human AD patients and in animal models of the disease (Buée et al., 2000; Dickson, 1999;
Terwel et al., 2002; Tseng et al., 2017).

Most studies on chemotherapy-induced cognitive impairment have been done in patients
undergoing treatment for breast cancer (Deprez et al., 2011; Li et al., 2018). However, there
is accumulating evidence that patients treated with platinum-based compounds for solid
tumors including testicular, lung, bladder, and head and neck cancer also frequently develop
cognitive deficiencies and structural abnormalities in the brain (Amidi et al., 2017; Bromis et
al., 2017; Simo et al., 2015; Stouten-Kemperman et al., 2018). Preclinical studies have
shown that administration of chemotherapeutic agents, including cisplatin and doxorubicin
to mice increases expression of cellular senescence markers (Demaria et al., 2017). We and
others showed that treatment of young adult rats or mice with these chemotherapeutics
reduces their performance in cognitive function tasks and induces structural changes in the
brain (Cheng et al., 2017; Chiu et al., 2018, 2017; Lomeli et al., 2017; Ma et al., 2018;
Seigers et al., 2015; Zhou et al., 2016).

Here, we tested the hypothesis that treatment of mice that have fully reached adulthood, with
cisplatin accelerates brain aging as evidenced by development of signs of tauopathy and loss
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of synaptic integrity. We treated 7-8 month-old male mice (i.e. at 25-30% of their life span)
with cisplatin and assessed the development of Tau-1 clusters, levels of phosphorylated tau,
expression of the astrocyte marker GFAP and the microglial marker IBA-1, and of markers
of synaptic integrity 4 months later, when the mice were 11-12 months old. This time point
was selected because the first evidence for tau clustering in the brain of wild type mice is
detected at this age (Tseng et al., 2017).

MATERIALS AND METHODS:

Mice

Male C57BL/6J mice (Jackson Laboratory) of 7-8 months of age at start of the study were
used. All experiments were approved by the Institutional Animal Care and Use Committee
of The University of Texas MD Anderson Cancer Center in Houston, TX.

Chemotherapy administration

7-8 month old mice received cisplatin (Fresenius Kabi USA; cumulative dose 23 mg/kg;
equivalent to 70 mg/m? in humans http://www.fda.gov/downloads/drugs/
guidancecomplianceregulatoryinformation/guidances/ucm078932.pdf) or phosphate-
buffered saline (PBS). Cisplatin was administered intraperitoneally (i.p.) in 2 rounds of 5
daily doses of 2.3 mg/kg with 5 days of rest in between to prevent excessive body weight
loss(Chiu et al., 2017; Mao-Ying et al., 2014; Ta et al., 2009).

Immunohistochemistry

Behavior

Four months after cisplatin treatment, mice were perfused intracardially with ice-cold PBS
followed by 4% paraformaldehyde (PFA) in PBS. Brains were post-fixed in 4% PFA for 6
hours, cryoprotected in sucrose and frozen in optimal cutting temperature compound
(O.C.T., Sakura Finetek, Torrance, CA) and cut into 8 um in the coronal plane. Slides were
incubated with the following antibodies: mouse anti-Tau-1 (1:200, Millipore), mouse anti-
phospho-Tau (AT8) (1:100, Thermo Scientific), rabbit anti-GFAP (1:1000, Acris
Antibodies), rabbit anti-Iba-1 (1:500, Wako), rabbit anti-synaptophysin (1:1000, Millipore),
rabbit anti-PSD95 (1:1000, Abcam), followed by secondary antibody incubation in
Alexa-488 goat-anti-rabbit (1:1000, Invitrogen, Grand Island, NY) for synaptophysin,
Alexa-488 goat anti-mouse (1:500, Invitrogen, Grand Island, NY) for Tau-1 and AT8, and
Alexa-594 goat anti-rabbit (1:500, Invitrogen, Grand Island, NY) for GFAP, Iba-1, and
PSD95. As a negative control, primary antibody was omitted. Sections were visualized using
a Leica fluorescence microscope. The entire section was examined for signs of Tau-1
clustering and the number of clusters in the hippocampus was quantified. Expression of each
synaptic marker was quantified in the CA1 and dentate gyrus of the hippocampus using 3—4
sections that were cut 100 pm apart per mouse and 4-5 mice per group. The mean intensity
of fluorescence was calculated using ImageJ software.

Novel Object Place Recognition Test (NOPRT)—The novel object-place recognition
test (NOPRT), a validated test for recognition memory, relies on a rodent’s innate preference
for novelty. This test was performed as previously described (Chiu et al., 2017). Briefly,
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each animal is allowed to freely explore an area containing two identical objects for 5
minutes during the familiarization phase. After that, animals are returned to their home cage
for 30 minutes. Subsequently, mice are returned to the area, where one object is replaced by
a novel object of a different shape, and placed in a difference location and mice freely
explore for another 5 minutes. The exploration time for the familiar and new object during
the 5 minutes of the test phase was analyzed using EthoVision XT 10.1 video tracking
software (Noldus Information Technology., Leesburg, VVA). The discrimination index
measure calculated as (T Novel — T Familiar)/(T Novel + T Familiar) is used as an indicator
of memory function.

Puzzle Box Test—The puzzle box test exploits the preference of mice for the dark. Mice
are placed in a brightly lit arena (55 cm x 28 cm) connected to a dark area (15 cm x 28 cm)
by an underpass (4 cm x 2.5 cm). In the easy trials (trials 1-4), the underpass is open.
During intermediate trials (trials 5-7), mice the underpass is blocked by bedding and in the
difficult trials (trials 8-11), the underpass is covered by a lid. The time elapsed before
animal enters the dark compartment is recorded as a measure of executive function.

Statistical analysis

RESULTS:

Data are expressed as Mean + SEM. Statistical analyses were performed using two-way
ANOVA followed by Tukey test or using student t-test where appropriate in GraphPad Prism
7.01.

Cisplatin treatment induces cognitive impairment

To assess the effect of cisplatin on cognitive function, 7-8 months old male mice were
treated with cisplatin (cumulative dose 23 mg/kg) and performance in two different tasks of
cognitive function was examined 3—4 months later. In the NOPRT, cisplatin-treated mice did
not show a preference for novelty while control mice clearly preferred the novel object/place
(Figure 1A). These findings indicate a decrease in spatial and working memory in cisplatin-
treated mice. Total interaction times with the objects did not significantly differ between the
two groups (90.10 + 8.542 for PBS and 73.13 + 7.011 for Cisplatin; unpaired t-test p =
0.6152), indicating that deficits in spatial and working memory were not due to a difference
in motivation or interest in the objects.

To assess executive function, we used the puzzle box test in which mice escape from a light
to a dark compartment through an underpass that is first open, then blocked by bedding and
finally with a plug (see methods section for details). Control and cisplatin-treated mice both
readily escaped to the dark compartment during the easy (open underpass) and intermediate
(bedding in the underpass) trials, and there were no group differences. However, on the
difficult task, mice treated with cisplatin required significantly more time to escape than
control mice (Figure 1B), indicating reduced executive function.
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Cisplatin treatment induces tauopathy

To determine whether the cisplatin-induced decrease in performance in the cognitive tasks
were associated with signs of accelerated aging, we examined Tau-1 staining in brains
collected after completion of behavioral analyses, when the mice were 11-12 months old. In
control mice of this age, we detected few small clusters of Tau-1 in the hippocampus (Figure
1C, top row). This is consistent with a recent study showing endogenous mouse tau
clustering can be first detected in untreated wild type mice of 11-12 months, and is limited
to few and small clusters as compared to the appearance of abundant clusters at an age of 24
months (Tseng et al., 2017). Notably, cisplatin treatment at the age of 7-8 months strongly
increased the number of Tau-1 clusters in the hippocampus when analyzed at 11-12 months.
Moreover, the individual clusters were larger than the sparse clusters detected in the age-
matched control mice (Figure 1C, bottom row). The increase in the number and size of
Tau-1 clusters induced by cisplatin was limited to the hippocampus (Figure 1D). We did not
detect Tau-1 clusters in other brain regions, including the cortex, cerebellum or brainstem.
Interestingly, the accumulation of Tau-1 clusters in 11-12-month-old mice was not
associated with an increase in phospho-tau levels (Figure 1E); staining with the AT8
antibody to detect phospho-tau was similar in the brains of control and cisplatin-treated
mice. As a positive control we compared AT8 staining in brains of untreated young (3-
month-old mice) and old (11-12 months) mice. The results in Figure 1E demonstrate that we
clearly detected an age-related increase in phospho-tau when comparing the untreated young
and old mice.

We detected an increase in glial fibrillary acidic protein (GFAP) staining in close proximity
to the Tau-1 clusters, as compared to areas that do not contain Tau-1 clusters (Figure 2AB,
D). The GFAP staining was most pronounced in the areas immediately surrounding the large
Tau-1 clusters in the cisplatin-treated mice. However, we did not detect co-localization of
GFAP and Tau-1, indicating that the clusters are not in the astrocytes themselves (Figure
2B). There was no evidence for increases in Iba-1 or changes in the morphology of the
microglia in the cisplatin-treated mice as compared to aged matched control mice (Figure
2C).

Formation of Tau-1 clusters interferes with synapse function and can contribute to loss of
synapses. Therefore, we compared expression of the pre- and post-synaptic markers
synaptophysin and PSD95 in the dentate gyrus and CA1 of the hippocampus (Figure 3A-B).
Cisplatin-treated mice showed a clear decrease in both synaptophysin and PSD95 in the DG
and in the CA1 areas of the hippocampus (Figure 3C).

DISCUSSION:

Patients treated for cancer show signs of advanced aging (Armstrong et al., 2014; Henderson
etal., 2014; Kesler et al., 2017), which can be due to cancer and its treatment. We aimed at
determining whether the chemotherapeutic cisplatin results in development of signs of
accelerated aging in the mouse brain. Our results demonstrate that treatment of adult male
mice with cisplatin markedly accelerates brain aging as evidenced by extensive development
of endogenous mouse tau clusters in the hippocampus at the age of 11-12 months. In
contrast, only very few small tau clusters were detected in the hippocampus of age-matched
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control mice. The accelerated development of tauopathy in cisplatin-treated mice was
associated with increased GFAP expression, indicating local astrocyte activation, and with
loss of synaptic integrity in the hippocampus. The cisplatin-induced reduction in cognitive
function is similar in male and female mice (Chiu et al., 2018), but it remains to be
determined whether cisplatin also induces signs of tauopathy in female mice.

Most mouse studies on tauopathy rely on transgenic mice overexpressing human tau. To our
knowledge there is only one study in which age-related changes in the distribution of
endogenous mouse tau accumulation in wild type mice has been examined (Tseng et al.,
2017). Consistent with our findings, very few and only small clusters of Tau-1 were detected
by Tseng et al. at an age of 11 months. Further aging was associated with a stark increase in
the number and size of the clusters, with abundant and large clusters towards the end of the
2-2.5 year life span of the mouse. We show here for the first time that cisplatin treatment
markedly accelerates the development of Tau-1 clusters in the murine brain, with abundant
and large clusters in the brain already by the age of 11-12 months. Notably, the specific
localization of Tau-1 clusters in the hippocampus of cisplatin-treated 11-month old mice is
similar to the localization that has been reported in 19-27-month old control mice (Tseng et
al., 2017). The Tau-1 clusters in the brain of cisplatin-treated mice did not co-label with the
AT8 antibody that detects phosphorylated tau, consistent with the previous report that AT8
staining was negative in neuritic tau beads in the brain of aged mice (Tseng et al., 2017). We
did detect an age-dependent increase in phospho-tau expression from 12 week old untreated
mice compared to 11-12 month old untreated mice. Taken together, our data indicates that
although we detect age-related changes in phospho-tau levels in mice, the cisplatin-induced
Tau-1 clusters do not contain phospho-tau. Recently, we have shown that cisplatin treatment
induces an increase in phospho-tau (without detectable Tau-1 clusters) at 3—4 weeks after
administration of cisplatin in younger (8—-10 week-old) mice (Ma et al., 2018). It remains to
be determined whether the increase in phospho-tau in mice treated with cisplatin precedes
the formation of the Tau-1 clusters or is an independent phenomenon. The accelerated
development of tau clusters in the hippocampus may be part of a more maladaptive aging
profile in the brain of cisplatin-treated mice. In summary, at an age (11-12 months) when
endogenous mouse Tau-1 clusters are barely detectable in control mice, mice treated with
cisplatin have developed Tau-1 clusters that are similar to those in aged (19-27 month old)
control mice with respect to localization, morphology, abundance, and lack of co labeling
with phospho-tau. Therefore, we propose that the cisplatin-induced increase in Tau-1
clustering in the brain is a sign of accelerated aging. Our current work focuses on the
question whether the presence of a tumor enhances the expression of Tau-1 clusters.

Neuroinflammation is another prominent feature of the aging brain (Ownby, 2010). Several
lines of research suggest an interplay between neuroinflammatory responses such as gliosis
and tau pathology in neurodegenerative disorders including AD (Cook et al., 2015;
Verkhratsky et al., 2010). In mouse models of AD, accumulation of activated microglia and
astrocytes in affected brain areas has been shown, and the severity of inflammation
correlates with neuronal death and the rate of disease progression (Gonzalez-Reyes et al.,
2017; Millington et al., 2014). After cisplatin treatment in the younger 10-12 weeks old
mice, we never observed changes in GFAP or IBA-1 expression or in cytokine production in
the brain (Chiu et al., 2017; Zhou et al., 2016). However, in older 7-8 month old mice,
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cisplatin treatment increased GFAP expression, but only within the regions that display
Tau-1 clustering. While we detected an increase in GFAP expression within close vicinity to
the Tau-1 clusters, there was no evidence of co-localization, which is in line with the notion
that we are dealing with axonal Tau-1 beading. It remains to be determined whether the local
increase in GFAP expression in the brain of cisplatin treated mice is associated with
increased secretion of pro-inflammatory factors. Such a neuroinflammatory response could
contribute to tauopathy and to loss of synaptic integrity and persistence of cognitive
dysfunction in these aged mice (Chun et al., 2018; Colombo and Farina, 2016).

We recently demonstrated that cisplatin-induced cognitive impairment in young adult mice
is caused by damage to mitochondria without inducing signs of apoptosis (Chiu et al., 2017,
Maj et al., 2017). We proposed that this mitochondrial damage is initiated by cisplatin
entering the brain, because we detect a rapid increase in mitochondrial p53 in brain
mitochondria following a single dose of cisplatin. Moreover, protecting the mitochondria by
co-administration of the small compound pifithrin-y, which prevents the early cisplatin-
induced accumulation of p53 at brain mitochondria, prevented both the downstream
reduction in mitochondrial bioenergetics and cognitive function (Chiu et al., 2017). This is
interesting in the context of the present study, because there is evidence that mitochondrial
stress can promote abnormal distribution of Tau-1 (Escobar-Khondiker et al., 2007;
Greenwood et al., 2007; Melov et al., 2007; Takeuchi et al., 2005). Conversely, tauopathy
has been suggested as a driver of mitochondrial dysfunction as well. Moreover, aggregation
of tau leads to disassembly of microtubules thereby impairing axonal mitochondrial and
protein transport (Eckert et al., 2014; Kopeikina et al., 2011; Reddy, 2011). In support of this
model, we showed that inhibition of HDACS, which is known to restore axonal transport,
reverses the increase in phospho-tau in the brain of mice treated with cisplatin (Ma et al.,
2018). HDACS inhibition also normalized mitochondrial function in synaptosomes of
cisplatin-treated mice (Ma et al., 2018). The latter would indicate that de-acetylation of tau
could play a role in the post-translational modification of tau ultimately resulting in Tau-1
clustering (Esteves et al., 2018). Mitochondrial dysfunction also leads to the production of
oxygen radicals which could be another driver of tau pathology (Alam and Sharma, 2019).
Future studies should examine whether the early disturbance of neuronal bioenergetics
(shortly after cisplatin treatment), drives the accelerated tau clustering we describe here in
mice treated during the adult phase of their life.

Our current findings indicate that the chemotherapeutic cisplatin accelerates development of
age-related tauopathy, identifying chemotherapy as one of the possible causes for the
accelerated aging in cancer patients. Further studies should include additional
chemotherapeutics and also investigate ways to prevent the development of tauopathy after
chemotherapy in order to mitigate accelerated brain aging in patients treated for cancer.
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Highlights:
. Cisplatin treatment of adult wild type mice markedly accelerates development
of tau pathology
. Cisplatin-induced tau clusters are accompanied by astrocyte activation
. Cisplatin induces loss of synaptic integrity in the hippocampus and cognitive

deficits
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Figure 1. Reduced performance in cognitive tasks and accelerated development of Tau-1 clusters
in response to cisplatin.

Male mice were treated with cisplatin or saline at an age of 7-8 months and cognitive
function was tested 3.5 months later. A. Performance in the NOPRT; data represents
discrimination index calculated as (Time Novel — Time Familiar) / (Time Novel + Time
Familiar). Results are expressed as mean + SEM; 7= 8 mice per group; **p < 0.01. B.
Performance in the puzzle box testing 3 levels of difficulty: easy (open underpass; trials 1—
4), intermediate (bedding in the underpass; trials 5-7), and difficult (underpass closed by
plug; trials 8-9). Time to escape into the dark compartment is recorded. Results are
expressed as mean £ SEM; 7= 8 mice/group; * p< 0.05; ****p < 0.0001. C. Four months
after the last cisplatin injection, brains of 11-12 month old mice were collected and slices
from control (top row) and cisplatin (bottom row) treated mice were stained with a Tau-1
antibody. Representative examples of Tau-1 clustering in 3 different mice from each
treatment group and a larger magnification of the clusters in one mouse per group are
presented. D. Quantification of the number of clusters per hippocampus for control and
cisplatin-treated mice. Results are expressed as mean + SEM; 7= 5 mice per group; * p<
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0.05. E. Representative examples of phospho-tau immunofluorescence using the AT8
antibody in young control mice and in 11 month-old control and cisplatin-treated mice F.
Representative images of staining controls on sections incubated with secondary antibodies
without the addition of primary antibodies.
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Figure 2. Accelerated development of tau clusters in cisplatin treated mice is associated with
increased GFAP expression.

(A and B): Brains of control and cisplatin treated mice were co-stained for Tau-1 and GFAP.
Representative examples of GFAP staining in an area of minimal Tau-1 clusters in control
mice (A) and overt Tau-1 pathology in cisplatin treated mice (B). (Top row; 40x objective;
Bottom row; 63x objective). The higher magnification demonstrates that there is no overlap
between Tau-1 clusters and GFAP. C. GFAP staining in areas without Tau-1 clusters (left
and middle panel) and control staining with secondary antibodies only (right). C. Double
immunofluorescence analysis of Tau-1 and Iba-1 in brain of control (top) and cisplatin-
treated (bottom) mice in areas of Tau-1 clusters. D. GFAP (top) and Iba-1 (bottom)
expression in brain areas without Tau-1 clusters in control (left) and cisplatintreated mice
(middle) and control with secondary antibodies only (right).
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Figure 3. Cisplatin- induces loss of synaptic integrity in the hippocampus.
Brains from control and cisplatin-treated mice were stained for markers of synaptic integrity:

Expression of (A) pre-synaptic marker synaptophysin and (B) the post-synaptic marker
PSD95 in the dentate gyrus and CA1 regions of the hippocampus C. Quantification of the
mean fluorescence intensity of synaptophysin and PSD95 immunostaining. Results are
expressed as mean = SEM; 7= "5 mice for each treatment; *p < 0.05; ***p < 0.001.
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