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The chemotherapy agent
doxorubicin induces CNS
expression of Ascll, a regulator
of adult neurogenesis and
differentiation

Christi Anne S. Ng?, Morgan Pedus?, Madeline F. Lee!, Lawrence F. Kromer?,
Jeanne Mandelblatt? & G. William Rebeck***

Cancer-related cognitive impairment (CRCI) is a common side effect of cancer and its treatments.
Cancer chemotherapy has been associated with hippocampal dysfunction and memory impairment.
We investigated the effects of one chemotherapy agent, doxorubicin, on the transcription factor Ascll
and proliferation of stem cells in the brain. We used an inducible mouse model designed to express
TdTomato in Ascll-lineage cells. Five to six-month-old Ascl1-CreERT2:ROSA mice were treated
peripherally with a single dose of either doxorubicin (10 mg/kg) or DMSO control (n=9 per group,
n=4-5 per sex). We analyzed brains of mice that had been exposed to doxorubicin for 2 weeks and

had induced Ascl1 expression after the first week. We used immunostaining of neurogenesis stage
specific markers to evaluate the doxorubicin effects on neuronal differentiation in the dentate gyrus
of the hippocampus. Overall, doxorubicin significantly increased Ascl1 expression by 81% at this

time point. As measured by Ascl1 double stains with Sox2, GFAP, and NeuroD1, doxorubicin-treated
mice experienced an increase in Ascl1-mediated neural proliferation compared to control. A similar
significant increase in the number of Ascl1-expressing cells (by 146%) after doxorubicin treatment was
observed in the gray matter of the cerebral cortex. Thus, rather than leading to the loss of developing
neurons, we found that a single dose of doxorubicin increased their appearance and progression,
suggesting that hippocampal losses from chemotherapies may require greater and more sustained
damage.
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As rates of cancer survivorship improve, the number of patients burdened with long-term side effects of cancer
and its treatments continues to increase. Up to 75% of cancer survivors commonly report transient or long-term
symptoms of memory loss, slowed processing speed, impaired executive function, and attention difficulties,
most commonly after chemotherapy!~. Despite a growing body of literature, mechanisms underlying this
constellation of symptoms, known as cancer chemotherapy-related cognitive impairment (CRCI), remain
poorly defined*®.

In particular, both clinical and pre-clinical studies have linked CRCI-related memory loss with hippocampal
dysfunction and impaired neurogenesis®1°. Neurogenesis in the adult brain includes neural stem cells in the
dentate gyrus subgranular zone of the hippocampus differentiating into new neurons'’. Alterations in the adult
hippocampus, a vital structure for memory and learning, are strongly associated with cognitive dysfunction in
a broad array of neurological conditions'®-?°. Chemotherapy has been linked in a few pre-clinical studies with
a decline in neural progenitor cell proliferation and survival, along with behavioral deficits of hippocampal
mediated memory?!~%4.

However, the effects of the chemotherapeutic agent doxorubicin, commonly used to treat a range of tumors,
on neurogenic depletion have been inconsistent. Using a variety of markers, some studies have found no effects
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on cell proliferation or cell maturation after doxorubicin treatment!??>, Three studies found that multiple
treatments of doxorubicin impaired spatial memory and hippocampal memory processing in rodent models,
as well as reduced expression of doublecortin (DCX; a late neuronal marker) and 5-bromo-2’-deoxyuridine
incorporation into DNA (BrdU; for labeling of dividing cells)®?*?”. However, one study found that four weekly
doxorubicin treatments did not significantly affect BrdU labeling 1 week later?. Another found that a single dose
of doxorubicin did not impact DCX or Ki-67 (a marker of intermediate progenitor proliferation) expression
3 or 16 weeks post treatment!’. Investigating the detrimental stimuli affecting neural stem cell survival and
differentiation may require a more systematic assessment of the signaling pathways regulating neurogenic
lineages!®20-29,

Adulthood neurogenesis consists of a precise series of steps: proliferation, differentiation, maturation, and
migration!”. The neural stem cell populations in the dentate gyrus pass through multiple developmental stages
coordinated by the activity of transcription factor networks and signaling mechanisms*. Achaete-scute homolog
1 (Ascll), a proneural bHLH transcription factor, is a critical regulator of adult stem cell proliferation, neuronal
differentiation, and subtype specification®-3. Ascll is first expressed in activated intermediate progenitors then
down-regulated as neurons differentiate, balancing cell cycle re-entry and cell cycle progression®*23%, Ascll is
essential in normal neural cell reprogramming and differentiation; variable levels of Ascll can result in unequal
distributions of neuronal subtypes, as well as inappropriate differentiation and cell cycle exit**. However, the
effect of Ascll possibly mediating the effects of chemotherapy on brain functions has not been addressed.

We used an Ascll reporter mouse line that allowed us to test this hypothesis. We exposed mice to a single
dose of the chemotherapeutic agent doxorubicin and followed the Ascll-expressing cells through several
stages of proliferation, differentiation, and morphological changes. We found that within 2 weeks of exposure
to doxorubicin, Ascll expression was induced, and cells containing markers of various stages of neural
differentiation were elevated. Over time, this dysregulation of neurogenesis related to Ascll expression may
deplete neural stem cells needed for continued regeneration of hippocampal neurons. Chemotherapy agents
such as doxorubicin could cause some aspects of CRCI through this chronic, Ascll-related effect to the neural
stem cells of the hippocampus.

Results

We treated female and male Ascll1-CreERT2:ROSA mice at 5-6 months of age with a single dose of 10 mg/kg
doxorubicin or DMSO vehicle. One week later, we induced Ascl1-TdTomato expression by four consecutive days
of tamoxifen injections. Two weeks after doxorubicin treatment, we euthanized mice and imaged Ascll-positive
cells through fluorescent immunostaining of TdTomato (Fig. 1A). As expected for this tamoxifen-inducible
mouse model*>3, TdTomato labeled cells of various morphologies throughout the brain. Cells were prominently
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Fig. 1. Distribution of Ascll-positive neurons in the mouse brain. (A) Experimental timeline of doxorubicin
treatment and tamoxifen induction. (B) Stitched image of a coronal brain section showing Ascl1-TdTomato
expression detected with the rabbit RFP antibody (red) with a DAPI counterstain (blue). (C) Representative
images of Ascll-TdTomato expression in subgranular zone neurogenic cells. (D) Schematic of morphological
maturation of hippocampal neurons and stage specific markers.
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found in the white matter and in the hippocampus (particularly the dentate gyrus); a more diffusely distributed
number of cells were present in the cerebral cortex, subcortical regions, and white matter (Fig. 1B).

Doxorubicin increases Ascll expression in the dentate gyrus

We initially focused on the dentate gyrus in our analysis of the effects of doxorubicin on TdTomato
immunoreactivity. As expected®!*>3¢, the TdTomato marker identified cells in the subgranular zone with a
variety of morphologies, including Type-1 cells with a bushy soma (Radial Glia-like Cells), Type 2 cells with
irregular shape, and maturing neurons with developing dendritic arbors (Fig. 1C,D). The pattern of TdTomato
staining was similar across sexes and treatment conditions (Fig. 2A). However, the amount of Ascll expression
was affected by treatment condition: doxorubicin treatment led to statistically significant increases in the
mean intensity of TdTomato expression by 81% (*p=0.041 t=2.225, df=16) and percent area coverage by 36%
(*p=0.02, t=2.573, df=16) (Fig. 2B,C). There was no significant sex difference in the increase in TdTomato
immunostaining after doxorubicin treatment between females (109%) and males (57%). A similar pattern of
the effect of doxorubicin was seen in an increase in the number of cells in the subgranular zone of the dentate
gyrus expressing Ascll-TdTomato (33%), but this difference did not reach statistical significance (p=0.074,
t=1.91, df=16). There was no statistically significant difference in the observed increase in tdTomoato-positive
cell numbers after doxorubicin exposure in females compared to males (Fig. 2D). These data demonstrate that
doxorubicin treatment induced higher levels of Ascll-neural proliferators in the dentate gyrus.

Doxorubicin affects other measures of neurogenesis in the dentate gyrus
To characterize the stage-specific changes in Ascll-lineage cells observed in Fig. 2, we co-immunostained with
morphological markers of different stages of adult neurogenesis: Sox2, NeuroD1, and GFAP.

Sox2 is expressed early in neural stem cell proliferation and persists through both type-1 and type-2 progenitor
cells of the dentate gyrus granule layer'>*>. We observed Sox2-positive cells throughout the hippocampus
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Fig. 2. Doxorubicin induction of Ascll-expression in the dentate gyrus. (A) Representative stitched images of
the dentate gyrus from doxorubicin and control treated male and female mice. Dentate gyri were analyzed for
Ascll-TdTomato (red) (B) mean intensity, (C) percent area coverage, and (D) TdTomato-positive cell counts.
Unpaired T-tests and Two-way ANOVAs were used to assess outcomes from doxorubicin and sex. Bar graphs
represent the mean +/- SEM, n=4-5 animals per group, ~4 slices per brain, ~ 3 images at 20X magnification
per slice (magnification bar =100 um).
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(Fig. 3A), most numerous in the dentate gyrus subgranular zone, but also in many neurons throughout the
hippocampus (Fig. 3C,D). Doxorubicin significantly increased Sox2 immunoreactivity (percent area coverage)
in the dentate gyrus across both sexes (Fig. 3E; *p=0.048, t=2.144, df=16). There were no differences in Sox2
mean intensity nor cell numbers in the area around the subgranular zone (data not shown). There were no
differences observed in the effects of doxorubicin treatment on Sox2-positive cell numbers in female mice
(27%) compared to male mice (21%). In the subgranular zone, Sox2 immunoreactivity co-localized with the cell
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Fig. 3. Doxorubicin induction of Sox2 expression in the dentate gyrus. (A) Representative 10X composite
images of TdTomato (red), Sox2 (green), and DAPI (blue) from control and doxorubicin treated mice. (B)
Cropped image (boxed area) illustrating quantification based on number of colocalized cells (yellow). (C)
Example of 10X grayscale images of Sox2 channel and thresholding performed for percent area analysis within
the dentate gyrus ROI (yellow outline) in control and doxorubicin treated brains. (D) Quantification of percent
area coverage of Sox2 channel and (E) counts of colocalized cells per 10,000 um? Unpaired T-tests and Two-
way ANOVAs used to assess outcomes from doxorubicin and sex. Bar graphs represent the mean +/- SEM,
n=4-5 animals per group, ~4 slices per brain, 1 image at 10X magnification per slice.
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bodies of TdTomato-positive cells (Fig. 3B). In counts of Sox2 positive cells that co-localized with TdTomato,
we observed a non-significant increase of 120% with doxorubicin treatment (vs. controls) overall (Fig. 3F,
p=0.06, t=2.023, df=16). There were no differences in the doxorubicin-stimulated increase in Sox2-TdTomato
colocalized cell counts between female mice (180%) and male mice (76%). Thus, doxorubicin increased Sox2
expression overall and in Ascll-lineage neural progenitors of the dentate gyrus.

GFAP expressing cells in the subgranular zone of the dentate gyrus mark the glial-to-neuron conversion
of stem cells’’. GFAP immunostaining identified astrocyte-like cells throughout the hippocampus, but also
identified a population of subgranular zone cells with one main, apical process that extends through the dentate
gyrus (Fig. 4A,B). We first quantified the total number of cells co-expressing GFAP and TdTomato in the
subgranular zone of the dentate gyrus to assess the effects of doxorubicin (Fig. 4A,D). Doxorubicin treated mice
had a two-fold increase in the total number of colocalized cells compared to control mice (*p=0.01, t=2.922,
df=16). There were no statistically significant differences in measures of doxorubicin increases based on sex
(150% in females and 66% in males), perhaps due to the relatively small numbers of mice per sex*°. Next, we
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Fig. 4. Doxorubicin increases the number of GFAP-positive/Ascl1-positive cells in the dentate gyrus. (A)
Representative 10X composite image of TdTomato (red), GFAP (green), and colocalization (yellow) from
control and doxorubicin treated brains. (B) Example of 20X grayscale image of GFAP channel used for mean
intensity analysis within the dentate gyrus ROI (yellow outline) of control and doxorubicin treated mice. (C)
Cropped images (boxed areas) of colocalized cell types. (D) Quantification of total number of colocalized cells
and (E) cells with colocalized processes per 10,000 um? and (F) mean intensity of GFAP within the dentate
gyrus. Unpaired T-tests and Two-way ANOVAs used to assess outcomes from doxorubicin and sex. Bar graphs
represent the mean +/- SEM, n=4-5 animals per group, ~ 4 slices per brain, ~ 3 images at 20X magnification
per slice.
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assessed the quantity of Ascll-TdTomato cells colocalizing with GFAP in a single cell process extending from the
cell body (Fig. 4B,E). This approach allowed us to characterize the chemotherapeutic response of Ascll-lineage
radial glial progenitors (type-1 progenitors) separate from the role of Ascll in glial cell development. In the
dentate gyrus granule layer, the number of cells with colocalized TdTomato-positive/ GFAP-positive processes
significantly increased by 120% with doxorubicin treatment in both sexes combined (*p=0.029, t=2.320, df = 16).
Similar to the findings with all TdTomato-positive/GFAP-positive cells, there were non-significant increases in
females (250%) as well as males (50%). When we included all GFAP cells in the dentate gyrus, which included
mature astrocytes, there were no differences in GFAP mean intensity after doxorubicin treatment (Fig. 4C,F).
The presence of these astrocytes limited our ability to accurately count which cells were developing neurons and
which were differentiated astrocytes; therefore, we did not analyze the effects of doxorubicin on GFAP-positive
cell numbers or total GFAP expression in the analyzed regions. Together, our results suggest that doxorubicin
promotes an Ascll-mediated increase of GFAP intermediate progenitors in the subgranular zone.

NeuroD1 is first expressed in late type-2 cells and persists into postmitotic immature neurons, and thus is
a marker of more mature developing neurons®®. We quantified the number of NeuroD1 cells that co-localized
with TdTomato. We found that doxorubicin treatment was associated with a trend towards a significant increase
in the number of NeuroD1 and TdTomato co-expressing cells by 61% compared to control (Fig. 5A,C; p=0.052,
F114=4.495). In doxorubicin-treated females, although there were over 2 times the number of NeuroD1-
TdTomato cells in doxorubicin-treated females compared to controls (*p=0.035), there was overall not a
significant difference between sexes. Total coverage of the dentate gyrus by NeuroD1 immunoreactivity was not
affected by doxorubicin treatment (Fig. 5B,D).

Doxorubicin increased Ascll expression in the cortex

Next, we assessed Ascll-TdTomato immunoreactivity in the cortex, based on the distribution of Ascll-
TdTomato seen there (Fig. 1). While adult neurogenesis occurs in the granule layer of the dentate gyrus, Ascll
is a differentiation control factor expressed in other brain cells as well*®. Thus, we measured the quantity of
TdTomato-positive cells in the cortex to evaluate whether the upregulation of Ascll-lineage cells was specific
to hippocampal neuronal subtypes or occurred throughout the brain. Doxorubicin treatment increased Ascll-
TdTomato staining in the cortex (Fig. 6A,B). The cortical staining was in cells with neuronal morphologies
(Fig. 6C,E). Asin Fig. 1, there was also strong staining in the white matter; these cells displayed glial morphologies
(Fig. 6D). Quantification of the number of cells demonstrated increased numbers of Ascll-TdTomato positive
cells by 150% compared to controls across both sexes (Fig. 6F; *p=0.008, t=3.004, df=16). The quantity of
positive cells almost tripled with doxorubicin treatment in female mice compared to control females (Fig. 6G;
*p=0.02). Thus, doxorubicin treatment was associated with higher levels of cortical Ascll-lineage cells compared
to control, and thus may have effects on non-dividing neurons as well.

Discussion

Cancer chemotherapy has been linked to hippocampal changes through brain imaging and through the learning
and memory problems among cancer survivors. These observations raise the possibility that developing neurons
in the hippocampus are particularly susceptible to chemotherapy-related damage. In this current preclinical
study, we found that a single doxorubicin treatment increased Ascll expression in the hippocampus and the
cortex 2 weeks after treatment, with consistent findings in each stage of hippocampal neurogenesis (as defined
by Sox2, GFAP, and NeuroD1 markers). Thus, rather than leading to the loss of developing neurons of the adult
dentate gyrus, we found that, at early times of exposure, doxorubicin increased their progression.

Our model is that an early effect of chemotherapy in the CNS is induction of expression of the Ascll
transcription factor. Ascll is necessary for cellular development and differentiation® but requires the presence
of other stimuli to drive increased neurogenesis and gliogenesis*’. We observed doxorubicin-induced expression
of Ascll not only in the dentate gyrus subgranular zone, but also in cortical cells!!, particularly in the white
matter, where this expression is important from oligogenesis*2>. Doxorubicin has a limited ability to cross the
blood brain barrier and thus these effects are likely the result of indirect actions, such as induction of peripheral
inflammation?’. We hypothesize that after repeated or more intense peripheral damages from chemotherapeutic
agents, further stimulation of Ascll-related pathways may drive its effects on stem cell differentiation; over
time, this proliferation may lead to exhaustion of the stem cells, accounting for loss of hippocampal volume in
CRCI*#5,

The downstream neurotoxic action of chemotherapeutic agents with low blood brain barrier permeability is
poorly understood?!:?24¢, Doxorubicin effects on hippocampal neurogenesis have been inconsistent, with some
studies indicating neurogenic depletion and others showing no changes after doxorubicin treatment®1%26-28,
These discrepancies may be due to differences in study design, methods for visualizing neurogenesis, or
variability in the doxorubicin blood-brain barrier permeability*"*2. Our study provides an in-depth examination
of the early stages in the cascade affecting neural stem cell proliferation. In proliferating cells of the adult
hippocampus, Ascll is responsible for balancing the cells that are maintained as progenitors with those that
undergo differentiation; these cells are identifiable as activated Type 1 and Type 2a neural progenitors®">.

In the Ascll-CreERT2:ROSA model, tamoxifen administration elicits the TdTomato labeling in Ascll
expressing cells, with persistent TdTomato labeling of Ascll lineage cells up to 180 days post treatment®®:47.
For proliferation to begin, quiescent radial glial-like cells (early Type 1 cells) require Ascll for activation and
specification of neuron fate, as identifiable by double labeling of TdTomato with GFAP?!. As the TdTomato-
positive cells proliferate, both Typel and Type 2a/2b can be identified by co-labeling with Sox2. Our analysis
of TdTomato double labeling with Sox2 or GFAP indicated that doxorubicin not only upregulated Ascll-
lineage cells overall, but also upregulated the specification of Type 1 cells and the proliferation of intermediate
progenitors. While we observed an upregulation of Sox2 independent of Ascll, GFAP expression alone was not
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Fig. 5. Doxorubicin increases NeuroD1-Ascl1 cells in the dentate gyrus of female mice. (A) Representative
20X composite images of TdTomato (red), NeuroD1 (green), and colocalization (yellow) in doxorubicin or
control treated female mice. (B) Example of 20X grayscale images of NeuroD1 channel and thresholding
performed for percent area analysis within the dentate gyrus ROI (yellow outline) of control and doxorubicin
treated brains. (C) Quantification of counts of colocalized cells per 10,000 um? and (D) percent area coverage
of NeuroD1 within the dentate gyrus. Unpaired T-tests and Two-way ANOVAs used to assess outcomes from
doxorubicin and sex. Bar graphs represent the mean +/- SEM, n=4-5 animals per group, ~ 4 slices per brain,
~ 3 images at 20x magnification per slice.

affected by doxorubicin. These results suggest the upregulation was specific to the initiation of proliferation and
neuronal subtype specification, while astrocytic activity was unchanged.

While Ascll expression is typically down regulated as neurogenesis proceeds, the Cre recombinase model
allows for lineage tracing of cells that had expressed Ascll during the tamoxifen treatment, and the TdTomato
marker persists beyond Ascll expression. Thus, our analysis of NeuroD1 co-labeling with TdTomato permitted
characterization of the cells transitioning into Type 3 cells and immature granule neurons®>. We again observed
an upregulation of TdTomato double labeled cells (although the total number of NeuroD1 cells was unchanged).
Consistent with our other results, doxorubicin increased the NeuroD1 marker of neural survival and maturation
in the cells that had earlier expressed Ascll. Thus, doxorubicin promoted the appearance and development of
dentate gyrus stem cells within 1-2 weeks after exposure. These early changes indicate that there are disruptions
to hippocampal homeostasis at early stages of exposure to chemotherapy agents.

We found that the significant increase in Ascll intensity in the dentate gyrus was paired with a (non-significant)
increase in the number of Ascll-positive cells. These data are consistent with an increase in Ascll expression in
developing neural cells but also an increase in their number. Previous research has associated chemotherapeutics
with depletion of neurogenesis and proliferation markers?%. Since overexpression of Ascll correlates with a loss
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Fig. 6. Doxorubicin increases Ascll-TdTomato expression in the cortex. (A) Representative 10X images of the
cerebral cortex region analyzed in a control mouse and (B) is a doxorubicin-treated mouse (Magnification bar
=100 pm). (C-D) 20X images of Ascll-TdTomato-positive cells (Magnification bar =50 pm). (E) 40X images
of Ascll-TdTomato-positive cells (Magnification bar =12 pum). (F-G) Quantification based on number of
TdTomato-positive cells. Unpaired T-tests and Two-way ANOVAs used to assess outcomes from doxorubicin
and sex. Bar graphs represent the mean +/- SEM, n=4-5 animals per group, ~ 4 slices per brain, ~ 3 images at
10x magnification per slice.
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of self-renewing capacity in neural cells*, heightened Ascll levels, in concert with other factors, may drive
cell cycle exit and premature exhaustion of the available quiescent stem cells**~*°. Thus, our data suggest that
doxorubicin induced Ascll upregulation could contribute to long-term hippocampal dysfunction in CRCI.

While our study prioritized characterization of Ascll-mediated neural stem cell proliferation of the
subgranular zone, it is noteworthy that Ascll is key factor in coordinating gliogenesis, regulating cell cycle
re-entry and exit, and driving cell fate reprogramming’!:3*3>4349_ There are several conditions that lead to
the increased proliferation and development of CNS brain stem cells. Increases to adult neurogenesis and
oligodendrogenesis occur from neural stem cell populations as a response to CNS injuries, including ischemia®
and experimental autoimmune encephalomyelitis®'. Increases to adult neurogenesis also occur in the olfactory
epithelium as a result of acute inflammation®%. Conversely, intense or prolonged inflammation impairs
the generation of new CNS cells®?, such as in models of lipopolysaccharide exposure®*>, chronic intestinal
inflammation®, and diabetes®”. Doxorubicin increases peripheral inflammation®® and brain inflammation®>,
The effects of inflammation on neural stem cell proliferation are partially mediated by growth factors such as
brain-derived growth factor and regulation of the transcription factors studied in our work>*¢!. Consistent with
the possibility of bidirectional modulation of neural stem cell proliferation by inflammatory processes, in vitro
administration of TNF-a either induced neurogenesis®? or apoptosis®?, depending on exposure conditions. Thus,
the level and timing of neuroinflammation in response to chemotherapy agent may be critical factors in the
difference between acutely inducing or chronically inhibiting Ascll throughout the brain and in cell stems®?.

Ascll is associated in cancer studies with cell proliferation and pathogenesis®**>-%”. Ascll hyperactivity
has been correlated with conferring drug resistance in cancer cells, including doxorubicin resistance in breast
cancer®®%:% While we did not investigate cancer-Ascll dynamics, these observations suggest that cancer and
chemotherapy treatment may induce a peripheral upregulation of Ascll with downstream effects on hippocampal
dysfunction.

While we rigorously assessed the impact of chemotherapy on Ascll expression, there are several limitations
to consider. Our study prioritized the effects of a single dose of doxorubicin 14 days after treatment in order
to assess the short-term alterations; we did not investigate the alterations at other time points or after multi-
dose regimens. While results suggested that doxorubicin upregulation of Ascll and neural proliferation markers
may be greater in female than male mice, the numbers per sex per group (4-5) limited the power for those
comparisons. As CRCI symptoms are commonly observed in breast cancer survivors, further investigation of
sex effects would be important”®7!,

In conclusion, doxorubicin robustly increased Ascll expression across the hippocampus and the cerebral
cortex. In the dentate gyrus subgranular zone, increases were seen in all subsequent stages of neural stem cell
proliferation, demonstrating effects of doxorubicin not only on the exiting of stem cells from quiescence but also
on their subsequent development. Chronically, alterations to neural stem cells may contribute to early neural
alterations that produce neurogenic depletion, and the cognitive dysfunction as seen in long term effects of
CRCI. The strength of these responses also demonstrates that Ascll is a good marker of early changes due to
peripheral damage caused by doxorubicin; measures of Ascll (such as these Ascl1-CreERT2:ROSA mice) would
be simple assays for testing the usefulness of agents protective against brain changes relevant to CRCL

Methods

The experiments performed were performed in accordance with the guidelines and regulations of Public Health
Service Policy on Humane Care and Use of Laboratory Animals, and comply with guidelines set forth in the
Guide for the Care and Use of Laboratory Animals. They were approved by the Georgetown University Institutional
Animal Care and Use Committee. All methods are reported in accordance with ARRIVE guidelines.

Ascl1-CreERT2 mice: doxorubicin and tamoxifen treatment

We used Ascl1-CreERT2 mice (generated by OZgene Pty Ltd, Australia) crossed with TdTomato ROSA reporter
mice (B6.Cg-Gt(ROSA)26Sor™mI4(CAG-tdTomato)Hze[T; strain #007914 obtained from Jackson Labs, Bar Harbor,
ME). Both mouse lines were on a C57BL/6 background. In the presence of tamoxifen, the TdTomato fluorescent
marker is expressed in conjunction with the Ascll promoter. Persistent TdTomato labeling of Ascll lineage cells
remains up to 180 days post treatment’®*’, allowing the evaluation of Ascll expression levels from the time of
tamoxifen administration.

Five to six-month old Ascl1-CreERT2:ROSA mice were randomly chosen for treatment with either 10 mg/
kg doxorubicin or DMSO control (n=9 per group, n=4-5 per sex, average weights: 31.0 g for control group
and 31.3 for treatment group). Doxorubicin hydrochloride (Sigma) was prepared in ultrapure DMSO; 30 ul of a
20mM solution was diluted to 500 ul in sterile phosphate-buffered saline and administered via intraperitoneal
injection (IP). One week later both treatment groups received IP injections of tamoxifen for four consecutive
days”?. Tamoxifen was dissolved in heated corn oil at 20 mg/mL and delivered at a dose of 60 mg/kg/day. Two
weeks after the doxorubicin injection (4 days after the last tamoxifen treatment), mice were euthanized by
CO, inhalation and perfused with phosphate-buffered saline (Fig. 1A). At euthanasia, the doxorubicin- and
tamoxifen-treated mice had lost more weight than the control mice treated only with tamoxifen, as expected
(11.8% versus 6.5%). Brains were collected, fixed in 4% Formalin/ 4% sucrose, and transitioned through a
sucrose gradient. Fixed brains were flash frozen and sliced coronally at 30 um for immunohistochemistry.

Immunohistochemistry

For blocking, sections were washed with Tris-buffered saline (TBS) and blocked in TBS plus 0.3% Triton X
(TBS-X) with either bovine serum albumin, donkey serum, or normal goat serum, depending on the antibody
used (Supplemental Table 1). The TdTomato expression from the Ascll promoter was visualized using anti-red
fluorescent protein (RFP) antibodies in all immunostains. The anti-RFP antibody was used in conjunction with
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antibodies for different stages of neurognenesis: Sox2, NeuroD1, or GFAP. Antibodies were incubated on tissue
sections overnight at 4 °C. Sections were incubated with secondary antibodies for cell visualization, then cell
nuclei identified with DAPI (1:10,000 dilution). The sources of antibodies used are described in Supplemental
Table 2.

Imaging and analysis

Fluorescent imaging was performed with a Zeiss Axio Imager 2 microscope at 10X or 20X magnification. All
immunostains were visualized using Alexa Flour secondary antibodies, with the excitation of anti-RFP captured
at 594 nm wavelengths (red) and all other antibodies at 488 nm (green). Blinded analysis with Image] was
performed in all immunostains. For hippocampal analyses, approximately 4 slices were analyzed for each mouse
brain. Within each section, regions of interest (ROIs) were drawn around the area of the dentate gyrus using the
DAPI channel (460 nm) to define its area between 100,000 and 150,000 m?. All subsequent measurements were
normalized to the exact dentate gyrus area, following a conversion scale of 2.90 pixels/micron for 10X images
and 5.80 pixels/micron for 20X images.

For Ascll-TdTomato measures, approximately three 20X images per slice were collected at approximately
60 millisecond (ms) exposure times to capture the entire dentate gyrus area. The ROIs of the dentate gyrus
were then superimposed onto the TdTomato (RFP-positive) images and the number of TdTomato cells was
manually counted in a blinded manner using the Image] point tool. Only RFP-positive cells along the dentate
gyrus subgranular zone were counted. Cells lacking a clear cell body and neuronal cells out of the subgranular
zone were excluded from the count. Mean intensity was measured, controlling for background intensity by
subtracting the average of three mean intensity recordings. After thresholding, the percent area coverage of RFP-
positive cells was measured.

For the Sox2 (green) and RFP (red) co-stains, the dentate gyrus ROIs were drawn and superimposed over
10X composite images of Sox2 captured at 700ms exposure times and RFP at 180ms (one image per brain
slice). Within the granule cell layer of the dentate gyrus, colocalization of the green and red cells were manually
counted using the ImageJ point tool. Colocalization was characterized by bright fluorescent yellow color in the
cell bodies, indicating expression of Sox2 within the RFP-positive cells. Any overlapping cells or cells lacking a
clear cell body were excluded from the count. Thresholding was performed to measure percent area coverage of
Sox2 expression alone. The ROIs were then superimposed on the Sox2 channel and percent area coverage was
recorded. In addition, the total number of all cells expressing Sox2 were counted from the same images in the
region of the hippocampus that contained the RFP-positive cells.

For the NeuroD1 (green) and RFP (red) co-stains, the same protocol was used on approximately three 20X
images per slice with NeuroD1 captured at 650ms exposure times and RFP at 60ms. The number of yellow
colocalized cells was quantified. The NeuroD1 channel was thresholded and percent area coverage of NeuroD1
expression within the dentate gyrus was recorded.

For GFAP and RFP co-stains, ROIs of the dentate gyrus were again drawn and superimposed over 20X
composite images of GFAP (green) captured at 600ms exposure times and RFP (red) captured at 100ms. The
total number of cells with yellow colocalization was manually counted within the dentate gyrus. In contrast to
other cell counts, cells with colocalized processes were separately counted to assess the radial glial cells (Type
1 progenitors). Type 1 progenitors were characterized by bright fluorescent yellow color in a single cell process
extending from the cell body. Cells with colocalization in the cell body alone, lacking yellow cell processes, were
excluded from the analysis. Mean intensity of GFAP expression in the dentate gyrus was measured, controlling
for background intensity by subtracting the average of three mean intensity recordings.

For the cerebral cortex, TdTomato expression was assessed using the average of three 10X images per slice.
ROIs were drawn to measure the entire depth of the neocortex dorsal to the hippocampus, excluding all non-
cortical areas. RFP-positive cells were manually counted. The density of cells per cortical area were calculated. A
Zeiss LSM 880 confocal microscope was used for the collection of representative 10X, 20X and 40X images.

All statistical analysis was performed with GraphPad Prism 10. Two-way ANOVAS with Sidak’s multiple
comparison test and unpaired T-tests were used to assess outcome measures from doxorubicin treatment and
sex of 9 treated and 9 untreated mice. Brain samples from all mice were included in the analyses. After initial
analyses, groups were split between males (# =5) and females (n=4). All results were calculated per area assessed.
Results of cell counts were reported as cells per 10,000 um?

Data availability

The data generated in this study are available upon request from the corresponding author.
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