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Abstract
The neuropsychological symptoms of chemotherapy treatment remain a major challenge with their
prevention hampered by insu�cient understanding of pathophysiology. While long term neuroimmune
changes have been identi�ed as a hallmark feature shared by neurological symptoms, the exact timeline
of mechanistic events preceding and driving neuroin�ammation remain unclear. We therefore aimed to
longitudinally characterise the neuroimmunological changes following systemic 5-�uorouracil (5-FU) to
gain insight into the timeline of events preceding the well-documented chronic neuroin�ammation seen
following chemotherapy. Eighteen female C57Bl/6 mice received a single intraperitoneal dose of 5-FU
and groups were killed at days 1 and 2 (acute timepoint), days 4 and 8 (subacute timepoint) as well as
days 16 and 32 (chronic timepoint). A further six mice were used to control for the effect of ageing and
stress, with tissues collected on day 1 and day 32. Levels of neurogenesis were determined through
immuno�uorescent staining of doublecortin (DCX). The activation of microglia and astrocytes were
assessed using immuno�uorescence staining of ionised calcium binding adaptor molecular-1 (Iba1) and
glial �brillary acidic protein (GFAP) respectively. 5-FU treatment caused signi�cant decreases to DCX
staining (p=0.0030) as well as increases in microglial activation in the prefrontal cortex (p=0.0256), CA3
region (p=0.0283) and dentate gyrus (p=0.0052) of the hippocampus at acute timepoints. Whereas
astrocytic reactivity was observed across multiple brain regions at subacute and chronic timepoints. This
study has identi�ed acute objective neuroin�ammatory changes suggesting that the role of early
intervention should be explored to prevent the development of neuropsychological de�cits following
chemotherapy.

1. Introduction
Even in the era of novel therapies, chemotherapy remains the cornerstone of successful anti-cancer
treatment for the majority of patients. Despite improvements in clinical e�cacy, its use remains
associated with severe side effects due to non-selective cytotoxicity that impacts nearly all body systems,
including the central nervous system (CNS) [1]. The neuropsychological complications of chemotherapy
encompass a constellation of neurological de�cits that include typical cognitive impairments affecting
memory, executive function, processing speeds and learning [2–4], in addition to psychological elements
such as depression/anxiety, fear of recurrence and personality changes [5, 6]. These complications are
particularly burdensome due to the chronicity of symptoms which persist long after treatment cessation,
ultimately limiting employment prospects and severely impacting quality of life [7]. With cancer
management increasingly being focussed on survivorship, there is now a heightened attention on
minimising late treatment effects, with neuropsychological symptoms consistently identi�ed as an unmet
area of need by cancer survivors [8].

Increasing evidence of neuropsychological symptom clusters has been observed in individuals treated
with chemotherapy, suggestive of shared aetiological mechanisms [9, 10]. Despite this, studies have
failed to investigate the timeline of pathological events initiated by chemotherapy, which may be
common to the global development of neuropsychological symptom clusters. Neuroimmune changes
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have been identi�ed as a hallmark feature shared by these symptoms [11], suggesting that
chemotherapy-induced neuroin�ammation plays an important role in the pathophysiology of numerous
neurological symptoms. Notably, chronic neuroin�ammation has been strongly implicated in other
clinical settings such as neurodegeneration and depression as well as fear and anxiety-based disorders
[12–14]. While chronic neuroin�ammation induced by chemotherapy treatment presents as a convincing
mechanistic candidate, the exact timeline of potential mechanistic events occurring in the acute,
subacute and/or chronic setting following chemotherapy, and their relationship with chronic
neuroin�ammation, remain unclear.

Microglia and astrocytes, key innate immune cells within the CNS [15], play a role in chemotherapy-
induced neuroin�ammation, with their activation seen following the systemic administration of
chemotherapy drugs [16]. However, this role has largely been established through cross-sectional
preclinical studies which often focus on one outcome measure, analysed at one timepoint after
chemotherapy. As such, the relationship between microglia and astrocytes following chemotherapy,
including whether the chronic neuroin�ammatory response is driven by one or both, remains to be
de�ned. Furthermore, the cross-sectional design employed by preclinical studies has prevented
investigation into the events preceding glial cell activation. This is particularly important to understand as
gliosis most commonly occurs in response to a stress stimulus. Consequently, there is likely to be a
triggering event responsible for glial activation followed by subsequent neuroin�ammation.

Activation of glial cells can occur secondary to direct cytotoxic injury [6, 17], as seen in other organs
systems and cell populations exposed to chemotherapy [18]. However, this mechanism remains
controversial, as most chemotherapeutic drugs are not capable of crossing the highly restrictive blood
brain barrier (BBB). Further, direct cytotoxic effects are di�cult to rationalise given the propensity of
chemotherapeutic drugs to induce cytotoxic injury to rapidly dividing cell populations, and the relatively
low turnover rate of most CNS cells. While these strongly held beliefs have challenged our understanding
of the aetiology of neuropsychological symptoms, it is important to consider that: i) some
chemotherapeutic drugs, particularly those with low molecular weights (e.g. 5-�uorouracil), are capable of
crossing the BBB, ii) BBB hyperpermeability has been reported after chemotherapy, increasing
paracellular transport [19], and iii) there are subpopulations of cells in the brain that are in fact highly
proliferative.

Preclinical studies have shown certain chemotherapy drugs signi�cantly reduce the number of actively
proliferating neurons and immature neurons within the dentate gyrus of the hippocampus, a key site of
adult neurogenesis [20–22], providing critical insight into the damaging effect of chemotherapy on
proliferating neurons. Mechanistically, this direct cytotoxic injury may be su�cient to induce oxidative
stress and resulting in�ammation, which, with repeated doses of chemotherapy, would create sustained
and chronic neuroin�ammation. However, since analyses were only performed in the chronic setting
following treatment, it is di�cult to solely attribute causality to direct cytotoxicity when the prolonged
stress and systemic in�ammation commonly associated with chemotherapy may also contribute to
impaired neurogenesis over such a sustained period of time [23–25]. We therefore aimed to longitudinally
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characterise the neuroimmunological changes of 5-�uorouracil (5-FU) treatment in order to gain insight
into the timeline of events preceding the well-documented chronic neuroin�ammation seen following
chemotherapy. Speci�cally, we hypothesised that acute changes to neurogenesis would precede glial cell
activation following administration of 5-FU.

2. Star Methods
This study was reported using the STAR methods for structured, transparent and accessible reporting as
well as the ARRIVE guidelines for the accurate and reproducible reporting of animal research.

2.1. Experimental Model Details

2.1.1. Ethical statement and animal husbandry
The study was approved by the Animal Ethics Committee of the South Australian Health and Medical
Research Institute (SAHMRI, #SAM20-034) and complied with the National Health and Research Council
(Australia) Code of Practice for Animal Care in Research and Training (2014). All experiments were
conducted on female C57Bl/6 mice, obtained from the SAHMRI Bioresources Facility, aged 13 weeks at
arrival and 14 weeks following 7 days of habituation prior to study commencement. Mice were group-
housed (maximum of 5 animals/cage) in individually ventilated cages, under speci�c pathogen-free
conditions at the SAHMRI Bioresources Facility (Adelaide, SA, Australia). They were housed under a 12-
hour light-dark cycle (lights on at 7:00 a.m.), at a constant temperature of 20-23˚C and humidity
maintained between 45-75%, with ad libitum access to water and a standard chow diet (Teklad Global
Diet #2918, Envigo). Sawdust and crinkle bedding, along with a toilet roll for enrichment, were provided in
all cages. To encourage normal feeding behaviour following treatment, all mice were provided with
soaked chow (standard chow softened with water to ease mastication) in a petri dish, on the cage �oor.
Mice were weighed daily and in the case of weight loss greater than 10% (an expected treatment-related
toxicity), they were provided with peanut butter (Bega Peanut Butter, Smooth) and DietGel 31M (Clear
H2O; 72-08-5022) in a petri dish, on the cage �oor as well as a heat mat to prevent hypothermia.

2.1.2. Study design
Mice were treated with a single 400 mg/kg dose of 5-FU (Sigma Aldrich; F6627-10G), reconstituted at 10
mg/mL in sterile saline, via intraperitoneal injection (day 0). Following treatment, mice were randomly
allocated into 6 experimental groups (N=3/group), with tissues collected from each group at days 1 and 2
(acute timepoints), 4 and 8 (subacute timepoints) as well as 16 and 32 (chronic timepoints). A further 6
mice, who did not receive 5-FU, were used to control for the effect of ageing and stress due to repeated
handling on outcome measures, with tissues being collected from N=3 mice on day 1 and N=3 mice on
day 32 of the study (see supplementary Fig. 1).

2.1.3. Tissue collection
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All animals were anesthetised via inhalation iso�urane (2% in 1 L/min; Provet) and administered with 0.1
mL of sodium pentobarbitone (325g/mL, Lyppard) intraperitoneally before transcardial perfusion with 20
mL of sterile saline (Vital Medical Supplies). The brains were dissected, with the left hemisphere snap
frozen in liquid nitrogen and stored at -80˚C and the right hemisphere post-�xed in 10% formalin
(Southern Cross Science) for 24 hours prior to processing. The primary outcome measures for this study
comprised of validated markers of neuroin�ammation, neurogenesis and apoptosis. All analyses were
performed blinded.

2.2. Method Detail

2.2.1. RNA extraction and real time polymerase chain
reaction
RNA was extracted from the frontal cortex of the left hemisphere using the NuceloSpin RNA mini kit for
RNA puri�cation (Macherey-Nagel; 740984.250) as per the manufacturer’s instructions. Brie�y, frozen
samples were homogenised, at room temperature, in 350µL of lysis buffer (Macherey-Nagel; 740984.250)
using the Qiagen TissueLyser LT (Qiagen) for 5 minutes at 50 Hz. Following a series of �ltration, DNA-
digestion and washing steps, highly puri�ed RNA was eluted in RNase-free H2O and stored at -80˚C. Using
a Nanodrop 100 spectrophotometer (Thermo Scienti�c), RNA yield and purity was determined. 1 µg of
RNA from each sample was then reverse transcribed, as per the manufacturers’ instructions, using the
iScriptTM cDNA Synthesis Kit (BioRad; 1706891). RT-PCR was then performed using the Rotor-Gene 3000
(Corbett Research) to determine the level of expression of multiple genes of interest (Table 1). 10 µL
ampli�cation mixes comprised of 1 µL of cDNA (prediluted to 100 ng/µL), 5 µL of QuantiTect SYBR green
assay reagents (Qiagen; 204143), 3 µL of RNase-free H2O and 0.5 µL of both the forward and reverse
primers for the gene of interest (prediluted to 50 pmol/µL). Primer sequences are detailed in Table 1.
Thermal cycling conditions included an initial denaturing step at 95˚C for 10 minutes, followed by 40
cycles of denaturation at 95˚C for 15 seconds and annealing at 60˚C for 40 seconds. All samples were
run in triplicate and cycle threshold (ct) values were calculated by the RotorGene 6 analysis software. The
expression level for each gene of interest was calculated relative to the housekeeper gene β-actin using
the Δct method, a variation of the Livak method [26].
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Table 1
RT-PCR primer speci�cations

Target Sequence 5’-3’ Tm (˚C)

BCL2 F: TAC CGT CGT GAC TTC GCA GAG 67.6; 70.2

R: GGC AGG CTG AGC AGG GTC TT

BDNF F: TGC AGG GGC ATA GAC AAA AGG 68.1; 68.3

R: CTT ATG AAT CGC CAG CCA ATT CTC

TIMP-1 F: GGC ATC TGG CAT CCT CTT GT 66.5; 65.6

R: CGC TGG TAT AAG GTG GTC TCG

IL-6R F: TGA ATG ATG ACC CCA GGC AC 57.5; 57.6

R: ACA CCC ATC CGC TCT CTA CT

MMP-2 F: CTG ATA ACC TGG ATG CCG TCG 68.7; 67.6

R: CTG GTG TGC AGC GAT GAA GAT

MMP-9 F: CGC TCA TGT ACC CGC TGT AT 64.9; 65.9

R: CCG TGG GAG GTA TAG TGG GA

Β-actin F: CTC TTC CAG CCT TCC TTC CT 56.4; 57.9

R: AGC ACT GTG TTG GCG TAC AG

*Designed by PrimerBlast, analysed using NetPrimer software and synthesised by Sigma

2.2.2. Immuno�uorescence
Formalin-�xed tissue was processed and embedded into para�n wax. Using a rotary microtome (Leica;
RM2235) 5 µM sagittal sections of the brain were cut and then mounted onto glass slides (Flex Plus
Detection System, Dako; #K8020). Immuno�uorescent analysis was performed for doublecortin (DCX), a
protein expressed by neuronal precursor cells within the dentate gyrus of the hippocampus and
commonly utilised as a marker of neurogenesis, as well as neuroin�ammatory markers glial �brillary
acidic protein (GFAP) and ionised calcium-binding adaptor protein-1 (Iba1), indicators of astrocytic
reactivity and microglial activation respectively. Staining was performed using an automated system
(AutostainerPlus, Dako; #AS480). Brie�y, sections were dewaxed using xylene and rehydrated in graded
ethanol (100%, 90% and 70% v/v) before being subjected to heat-mediated antigen retrieval using the
antigen retrieval buffers (Table 2) and the Dako PTLINK pre-treatment module (Dako; #PT101). Antigen
retrieval buffers were preheated to 65˚C before immersion of slides. Buffer temperature was then brought
to 97˚C for 20 minutes and cooled to 65˚C before removal of the slides. Following antigen retrieval, slides
were placed in the Dako AutostainerPlus (Dako; #AS480) and stained using the manufacturers guidelines
and the reagents (Table 2). All slides were counter-stained using the tertiary nuclei stain DAPI (4’, 6-
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diamidino-2-phenylindole, Sigma; D8417) at 1 µg/mL and cover slipped in aqueous mounting medium
(Fluoroshield, Sigma; F6182). Negative controls were stained without a primary antibody. Slides were
digitally scanned (Axio Scan.Z1, ZEISS) and assessed using the Zeiss Zen Blue 3.1 program. DCX
staining was assessed in two regions of the dentate gyrus, the apex and granule cell layer, and an
average calculated per animal. Iba1 and GFAP staining was assessed in the hippocampus (CA1, CA3 and
dentate gyrus), prefrontal cortex, midbrain and hypothalamus. For staining within the CA1 and CA3 region
of the hippocampus, an average value was obtained for CA1a and CA1b as well as CA3a and CA3c
respectively. All staining was quanti�ed using Fiji software (ImageJ) to determine the percent area of
positive staining.

Table 2
Reagents utilised for immuno�uorescence staining

Marker Antigen retrieval
buffer

Blocking
reagent

Primary
antibody

Secondary antibody

DCX Citrate buffer, pH
6.0 (1% v/v citric
acid, 1% v/v
trisodium citrate,
0.3% v/v tween 20
in distilled H2O).

Normal
horse
serum
(10% v/v,
Sigma;
H0146) in
distilled
H2O.

Rabbit-anti-
doublecortin
(Abcam;
ab18723) at
1/250 in NHS
(5% v/v, Sigma;
H0146).

Alexa �uor, donkey-anti-rabbit 568
(0.8mg/mL, Life Technologies;
A10042) in BSA (1% v/v, Sigma;
A604), foetal bovine serum (FBS
2% v/v, Bovogen Biologicals; SFBS-
F) in 1x PBS.

Iba1 EDTA buffer, pH
9.0 (0.121% w/v
Tris, 0.037% w/v
EDTA, 0.03% v/v
tween 20 in
distilled H2O).

Bovine
serum
albumin
(BSA 5%
v/v, Sigma;
A604) in
distilled
H2O.

Rabbit-anti-
Iba1 (FUJIFILM
Wako; 019-
19741) at
1/200 in BSA
(1% v/v, Sigma;
A604)

Alexa �uor, goat-anti-rabbit 488
(1/1000, Invitrogen; A11034) in
BSA (1% v/v, Sigma; A604), in 1x
PBS.

GFAP Citrate buffer, pH
6.0 (1% v/v citric
acid, 1% v/v
trisodium citrate,
0.03% v/v tween
20 in distilled
H2O).

Normal
horse
serum
(NHS 10%
v/v, Sigma;
H0146) in
distilled
H2O.

Rabbit-anti-
GFAP (Abcam;
ab7260) at
1/250 in NHS
(5% v/v, Sigma;
H1270).

Alexa �uor, donkey-anti-rabbit 568
(0.8mg/mL, Life Technologies;
A10042) in BSA (1% v/v, Sigma;
A604), foetal bovine serum (FBS
2% v/v, Bovogen Biologicals; SFBS-
F) in 1x PBS.

2.3. Quanti�cation and statistical analysis
All data were analysed using GraphPad Prism version 9.0. Normality was assessed using a Shapiro-Wilk
test. Following con�rmation of normality, statistical signi�cance between groups was identi�ed with a
two-way analysis of variance (ANOVA) and appropriate post hoc tests for multiple comparisons or a
student’s T-test. A Pearson’s correlation coe�cient was used to identify a statistical association between
primary outcome measures which were graphed using a simple linear regression. A p value of < 0.05 was
considered statistically signi�cant.
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3. Results

3.1. 5-FU signi�cantly increases TIMP-1 expression at
subacute timepoints and IL-6R expression at chronic
timepoints
The expression of key neuroin�ammatory genes of interest, including tissue inhibitor of
metalloproteinase 1 (TIMP-1; Fig. 1A), matrix metalloproteinase 9 (MMP-9; Fig. 1B), MMP-2 (Fig. 1C),
interleukin-6 receptor (IL-6R; Fig. 1D), B-cell lymphoma 2 (BCL2; Fig. 1E) and brain derived neurotrophic
factor (BDNF; Fig. 1E) were assessed using RT-PCR. 5-FU treatment caused a signi�cant increase to
TIMP-1 expression, which regulates the proteolytic activity of MMPs, at the subacute timepoint when
compared to controls (Fig. 1A; p=0.031). While there was no signi�cant change to MMP-9 and MMP-2
expression following 5-FU (Fig. 1B & C respectively), TIMP-1 positively correlated with the combined
expression of MMP-2 and MMP-9 (R2= 0.192, p=0.037; data not shown). Suggesting the increase in
TIMP-1 expression may be a compensatory mechanism to account for the increased expression of
combined MMPs and thus increased proteolytic activity within the CNS.

IL-6 is a pleiotropic cytokine which can have pro- or anti-in�ammatory effects depending on the signalling
pathway activated through binding to the membrane bound or soluble form of the IL-6R [27]. When bound
to the soluble IL6R, IL-6 is capable of activating glycoprotein130 (gp130) to mediate its pro-in�ammatory
action [28]. Accordingly, the expression of IL-6R was quanti�ed to investigate the impact of 5-FU on IL-6
signalling. 5-FU treatment caused a signi�cant increase in IL-6R expression at chronic timepoints when
compared to controls (Fig. 1D; p=0.033), highlighting the potential for the involvement of IL-6 signalling in
central neurotoxicity.

Although B-cell lymphoma 2 (BCL2) and brain derived neurotrophic factor (BDNF) have established roles
in protecting neurogenesis through anti-apoptotic and trophic actions respectively [29, 30], neither were
found to be altered by 5-FU treatment (Fig. 1E & F).

3.2. 5-FU markedly reduces neurogenesis at acute
timepoints following treatment
To investigate the possibility of direct neurotoxicity, the impact of 5-FU on neurogenesis was assessed
using DCX, a speci�c marker of newly formed neurons within the dentate gyrus, a key site of
hippocampal neurogenesis. 5-FU treatment signi�cantly decreased positive DCX staining within the
dentate gyrus at chronic timepoints compared to controls (Fig. 2A & B; p=0.034). Clear clustering of day 1
and day 32 controls was observed, with the means of day 1 and day 32 controls being determined as
signi�cantly different by a student’s T-test (p=0.008). As such, a sub-analysis was performed between day
1 controls (N=3) and the percent area of positive DCX stain seen at acute timepoints. This revealed that a
signi�cant decrease in DCX staining was present between time matched control and treated animals
(Fig. 2C; p=0.003), highlighting that 5-FU decreases neurogenesis in the acute setting following treatment.
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Given the role of BCL2 and BDNF in neurogenesis, the relationship between the expression of these two
factors and DCX was investigated. A strong positive correlation was observed between BCL2 and DCX
expression (Fig. 2D; R2=0.422, p=0.0006). However, no correlation between DCX and BDNF expression
was established.

3.3 5-FU induced acute microglial activation in brain regions
associated with cognition
The activation of microglia, which are known as �rst responders within the CNS and often initiate
neuroin�ammation when exposed to pathological stimuli [31], was assessed by determining the percent
area of positive Iba1 stain (Fig. 3A) in the prefrontal cortex (Fig. 3B), hypothalamus (Fig. 3C) and
midbrain (Fig. 3D), as well as the CA3 (Fig. 3E), CA1 (Fig. 3F) and dentate gyrus (Fig. 3G) regions of the
hippocampus. Following 5-FU treatment, the expression of Iba1 signi�cantly increased at acute
timepoints in the prefrontal cortex (Fig. 3B; p=0.026), as well as the CA3 region (Fig. 3E; p=0.028) and
dentate gyrus (Fig. 3G; p=0.005) of the hippocampus when compared to controls, all of which are brain
regions critical to cognitive function. Iba1 expression levels then decreased across subacute and chronic
timepoints, with levels close to what was seen in controls observed in the chronic setting. This trend of
microglial activation was re�ected in the hypothalamus (Fig. 3C), midbrain (Fig. 3D) and CA1 region of
the hippocampus (Fig. 3F), however results were not signi�cantly different from those of controls.

3.4. 5-FU induced global astrocyte reactivity, with most
activation seen at chronic timepoints
The reactivity of astrocytes, key supportive cells within the CNS that play a role in immune signalling, was
assessed using GFAP (Fig. 4A) in the prefrontal cortex (Fig. 4B), hypothalamus (Fig. 4C) and midbrain
(Fig. 4D) as well as the CA3 (Fig. 4E), CA1 (Fig. 4F) and dentate gyrus (Fig. 4G) regions of the
hippocampus. Following 5-FU, the expression of GFAP signi�cantly increased across multiple brain
regions and at varying timepoints post-treatment when compared to controls. Speci�cally, in the
prefrontal cortex, levels of GFAP expression were highest at the subacute timepoint (Fig. 4B; p<0.0001).
This was re�ected in the CA3 region of the hippocampus (Fig. 4E; p=0.048). All other regions displayed
varying levels of GFAP expression within the acute and subacute setting, with highest levels of expression
seen at chronic timepoints when compared to controls. Speci�cally, these regions included the
hypothalamus (Fig. 4C; p=0.0003) and midbrain (Fig. 4D; p=0.005) as well as the CA1 region (Fig. 4F;
p=0.0003) and dentate gyrus (Fig. 4G; p<0.0001) of the hippocampus.

3.5. Astrocyte activation correlates with the
neuroin�ammatory markers IL-6R, MMP-2 and TIMP1
The relationship between the activation of glia cells and the expression of neuroin�ammatory markers IL-
6R, MMP-9, MMP-2 and TIMP-1 was investigated following 5-FU treatment. The activation of astrocytes
in the hypothalamus, re�ected by GFAP expression, shared a positive correlation with the expression of IL-
6R (Fig. 5A; R2=0.213, p=0.023), MMP-2 in the prefrontal cortex (Fig. 5B; R2=0.373, p=0.003), and TIMP-1
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in both the prefrontal cortex and CA3 region of the hippocampus (Fig. 5C; R2=272, p=0.013, & D;
R2=0.174, p=0.042). There were no signi�cant correlations observed between the expression of GFAP and
neuroin�ammatory markers in the CA1 region and dentate gyrus of the hippocampus as well as the
midbrain (Supplementary Table 1). Furthermore, no signi�cant correlations were observed between
microglial activation, re�ected by Iba1 expression, and neuroin�ammatory markers within any brain
region investigated (Supplementary Table 2).

3.6. Astrocyte activation shares a negative correlation with
neurogenesis following 5-FU
The relationship between the activation of glial cells and neurogenesis, re�ective of neuroin�ammatory
and neurodegenerative processes respectively, was investigated by assessing the correlation between the
expression of Iba1 and GFAP with both DCX and BCL2 expression following 5-FU. A signi�cant negative
correlation was observed between the expression of GFAP and both DCX and BCL2 within the CA1 region
(Fig. 6A; R2=0.199, p=0.029 & B; R2=0.225, p=0.019) and the dentate gyrus (Fig. 6C; R2=0.201, p=0.028 &
D; R2=0.223, p=0.020) of the hippocampus, as well as the midbrain (Fig. 6E; R2=0.166, p=0.048 & F;
R2=0.221, p=0.021) and hippocampus (Fig. 6G; R2=0.283, p=0.008 & H; R2=0.243, p=0.014). No
signi�cant correlation was established between the expression of GFAP and both DCX and BCL2 in the
prefrontal cortex and CA3 region of the hippocampus (data not shown). Furthermore, no signi�cant
correlations were established between the expression of Iba1 and both DCX and BCL2 in any brain
regions.

4. Discussion
The neuropsychological symptoms related to chemotherapy treatment remain a major, unresolved
challenge with prevention hampered by insu�cient understanding of their pathophysiology. Long-term
neuroimmune changes have been identi�ed as a hallmark feature shared by these symptoms [11],
although, the exact timeline of mechanistic events preceding neuroin�ammation, and the relationship
between different glial cells driving this neuroin�ammatory response, remain unclear. Here we provide a
longitudinal study of region-speci�c, neuroimmune changes occurring in response to systemically
administered 5-FU, and position impaired neurogenesis along with microglial activation as key initiating
events in the resulting neuroin�ammatory sequelae, perpetuated by astrocytic reactivity. We have shown
for the �rst time in vivo that, after 5-FU, impaired neurogenesis may be related to reduced BCL2
expression and, following the acute activation of microglia, MMP activity and IL-6 signalling share a clear
relationship with astrocyte reactivity (Fig. 7). These data underscore the acute origins of chronic
neuropsychological symptoms highlighting the importance of neuroprotective strategies in acute
supportive care.

We have shown that DCX staining was signi�cantly reduced within 24 and 48 hours of systemic
administration of 5-FU, establishing that newly born neuronal progenitor cells have been targeted,
suggestive of direct cytotoxicity. To con�rm whether there is active cell death occurring, additional
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markers of apoptosis and autophagy could be investigated in future studies. This supports the
hypothesis that the inhibition of adult hippocampal neurogenesis by chemotherapy drives the
development of the neuropsychological symptoms associated with these treatments [32]. Furthermore,
activation of microglia, but not astrocytes, was seen at acute timepoints following 5-FU. Our observation
indicates that chemotherapy agents act directly on microglia, driving and initiating a neuroin�ammatory
response consistent with the �ndings of a sophisticated in vitro experiment that demonstrated signi�cant
reactivity of microglial, but not astrocyte, cell cultures when exposed to the chemotherapy agent
methotrexate [33]. Instead, the treatment of astrocytes with conditioned media from methotrexate-
exposed microglia initiated broad astrocytic reactivity, establishing that microglia may respond directly to
chemotherapeutics, but astrocytes require reactive microglia to drive their activation [33]. In the current
study, increased Iba1 staining was observed at acute timepoints, and a global increase to GFAP staining
was seen at subacute and chronic timepoints and is to the best of our knowledge, the �rst to con�rm the
in vivo temporal relationship between glial cell activation, following chemotherapy treatment. These
�ndings, along with the observed decrease in levels of DCX following 5-FU, support the possibility of 5-FU
acting directly within the CNS to initiate the neuroimmune changes seen at acute timepoints following
treatment.

The presence of cytotoxic injury implies 5-FU has the capacity to access the brain to induce damage.
Unlike many other chemotherapy drugs, 5-FU has a small molecular weight and therefore is capable of
crossing the BBB [34]. However, despite 5-FU being routinely utilised for the treatment of CNS
malignancies, its e�cacy is somewhat limited by the agent’s high polarity [35]. As such, the concentration
of 5-FU that truly accesses the brain and the capacity for this dose to induce neurotoxicity remains
unclear. A further consideration in the ability of 5-FU to induce direct cytotoxicity is its short half-life of
only 8 to 20 minutes in vivo, and its rapid catabolism in the liver [36]. As such, identifying the presence
and distribution of 5-FU within the brain, using emerging techniques such as spatial metabolomics with
mass spectrometry imaging, which provides greater sensitivity to low yield, small molecules compared to
traditional techniques [37], is critical to understanding the role of direct cytotoxicity in the neuroimmune
changes occurring post 5-FU treatment, as well as its distribution among critical brain regions such as the
hippocampus.

While it is plausible that 5-FU enters the CNS to directly damage newly born neuronal progenitor cells and
activate microglia, other triggers cannot be ignored, particularly given that we used only a single dose of
5-FU. In�ammatory processes are documented to induce neurodegeneration and cell death, with
neuroin�ammation being a hallmark feature shared by numerous neurodegenerative disorders [38].
Importantly, intense peripheral in�ammation and the generation of associated danger signals (e.g.
DAMP’s, PAMP’s and MAMP’s) are commonly induced by a range of chemotherapy agents. These
in�ammatory responses are triggered by cytotoxic injury of chemotherapy drugs against tumor cells and
the collateral damage they cause to healthy tissue, in particular the highly proliferative intestinal mucosa
[18]. For example, gastrointestinal mucositis and breakdown of the mucosal barrier, permits translocation
of gut-derived in�ammatory mediators and bacterial endotoxins such as lipopolysaccharide (LPS), into
systemic circulation where they are able to impact BBB integrity [39]. Apoptosis within the intestinal
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mucosa and resulting peaks in peripheral endotoxin levels have been observed at 6 and 24 hours
following chemotherapy treatment respectively in mice. In that same study, damage to BBB integrity was
identi�ed at 24, 48 and 72 hours post treatment, highlighting a clear time course of events facilitating
peripheral to central communication [19]. With increases to BBB permeability and the movement of
peripheral in�ammatory mediators into the CNS, it is possible that these peripherally-derived mediators
act to induce the acute damage to neuronal progenitor cells and activation of microglia seen following 5-
FU treatment, or may work in conjunction with 5-FU to induce neuronal cell death [39–41].

After the transient increase to microglial activation observed at acute timepoints following 5-FU, the
downstream neuroin�ammatory response characterised in our study involved increases to TIMP-1 and
associated MMP expression as well as IL-6R, with long term astrocyte reactivity. A compensatory
increase to TIMP-1 expression, re�ective of increases to the overall levels of MMPs present within the
CNS, is seen in astrocytes when exposed to conditioned media from activated microglial cell cultures [42].
We identi�ed a positive correlation between TIMP-1 expression and astrocyte activation within the
prefrontal cortex and CA3 region of the hippocampus, with peaks in expression and activation observed
at subacute timepoints. Given that microglia are known to produce MMPs [43], it is likely that the acute
activation of microglia induces increased TIMP-1 expression, to compensate for increased MMP activity.
In the chronic setting following 5-FU treatment, TIMP-1 expression returned to levels similar to those seen
at baseline. However, IL-6R expression peaked in the chronic setting and this was positively correlated
with the level of astrocyte activation observed in the hypothalamus. Trans signalling via the IL-6R is
critical in mediating the pro-in�ammatory action of IL-6 [28] and as such IL-6 signalling may underlie the
chronic activation of astrocytes and resulting neuroin�ammation following 5-FU. Therefore, our data
imply that acute microglial activation and resulting MMP activity are initiating factors in downstream
astrocyte activation and TIMP-1 expression within the subacute setting and IL-6 signalling as a critical
mediator perpetuating chronic astrocyte reactivity following 5-FU.

Our evidence suggests that chronic neuropsychological symptoms have acute cytotoxic origins. This new
knowledge challenges the current management guidelines which are fundamentally reactive. In addition
to being variably implemented, neuropsychological symptoms are largely rehabilitated through group
training, which entails repetitive completion of tasks posing a mental challenge, as well as psychological
intervention and pharmacotherapy when symptoms develop [44]. If our data are indeed translatable to
humans, we suggest that ongoing work should be focussed on protecting the brain in the acute phases of
chemotherapy treatment by either reinforcing the BBB or mitigating peripheral signals that drive
neurological changes.

Our study is the �rst to longitudinally characterise the neuroimmune changes occurring post 5-FU
treatment, however it has some limitations. Notably, we did not undertake behavioural phenotyping in
these animals as the main aim of this study was to investigate the timeline of molecular events
preceding the chronic neuroin�ammation seen following chemotherapy. While this neuroin�ammatory
response is proposed to underlie the neuropsychological side effects of chemotherapy treatment, the
inclusion of behavioural analyses probing cognitive and psychological function would have introduced



Page 13/20

signi�cant confounding factors without providing additional data relevant to our fundamental research
question. As established by Mandillo et al. stress related to the repetitive handling required by a battery of
behavioural assessments, is the primary confounding variable affecting reliability and reproducibility of
these tests [45, 46]. Given that stress can drive the development of neuronal damage, including both
neuroin�ammation and de�cits in neurogenesis [23, 47], the inclusion of behavioural analyses and the
resulting stress introduced by repeated handling may have masked the true effects of 5-FU on the
outcome measures reported in this study. A further limitation is that all transcriptomic analyses were
performed using the frontal cortex of the brain and as such no conclusions can be made regarding
regional changes in the expression of the genes investigated. These analyses could, however, provide
further clari�cation to the physiological changes occurring in critical brain regions, such as the
hippocampus, following chemotherapy and thus is an avenue for future research to build on the time
course of neurological events de�ned by the current study.

5. Conclusions And Future Directions
The neuropsychological de�cits associated with chemotherapy treatment remain a priority concern in the
�eld of supportive oncology. This study has, for the �rst time, described the longitudinal timeline of
neuroimmune events present following 5-FU treatment and identi�ed impaired neurogenesis and acute
activation of microglia as probably initiating factors underlying downstream neuroin�ammation,
sustained by astrocyte reactivity. These �ndings highlight the temporal dynamics of neurotoxicity and
neuroin�ammation and that signi�cant and persistent neuroimmune changes can occur within the brain
following a single dose of systemically administered chemotherapy. This strongly suggests that
protecting the brain within the acute phases of treatment may be critical to preventing
neuropsychological symptom development and warrants further research to identify modi�able triggers
of acute neurotoxicity. We suggest that this preclinical model is well suited to enable continued
investigations of this mechanism and test new neuroprotective interventions.
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Figure 1

Expression of (A) TIMP-1, (B) MMP-9, (C) MMP-2, (D) IL-6R, (E) BCL2 and (F) BDNF, quanti�ed using the
ΔCT method, at acute, subacute and chronic timepoints following 5-FU. All data is presented as mean ±
SEM, ● represent day 1 controls; ○ represent day 32 controls.

Figure 2

Representative images from the dentate gyrus of control and treated animals at chronic timepoints show
that 5-FU decreased DCX expression (red; nuclei, DAPI blue, scale bar 50μm) (A). Quanti�cation of the
percent area stain is presented for DCX in the dentate gyrus (B). Sub-analysis of day 1 controls and acute
timepoints show a signi�cant decrease in DCX expression (C). DCX expression shares a positive
correlation with BCL2 (D) but not BDNF (E) expression following 5-FU. All data is presented as mean ±
SEM, ● represent day 1 controls; ○ represent day 32 controls.  

Figure 3

Representative images from the apex of the dentate gyrus of control and treated animals at the acute
timepoint show that 5-FU increased Iba1 expression (green; nuclei, DAPI blue, scale bar 50μm) (A).
Quanti�cation of the percent area stain is presented for the prefrontal cortex (B), hypothalamus (C) and
midbrain (D) as well as the CA3 (E), CA1 (F) and dentate gyrus (G) regions of the hippocampus. All data
is presented as mean ± SEM, ● represent day 1 controls; ○ represent day 32 controls.  

Figure 4

Representative images from control and treated animals at the chronic timepoint show that 5-FU
increased GFAP expression (red; nuclei, DAPI blue, scale bar 50μm) (A). Quanti�cation of the percent area
stain is presented for the prefrontal cortex (B), hypothalamus (C) and midbrain (D) as well as the CA3 (E),
CA1 (F) and dentate gyrus (G) regions of the hippocampus. All data is presented as mean ± SEM ●
represent day 1 controls; ○ represent day 32 controls.  
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Figure 5

Pearson’s correlation established that the expression of GFAP, but not Iba1, positively correlates with IL-6R
expression in the hypothalamus (A), MMP-2 expression in the prefrontal cortex (B) and TIMP-1 expression
in both the prefrontal cortex (C) and CA3 region of the hippocampus (D). 

Figure 6

Pearson’s correlation established that the expression of DCX and BCL2 negatively correlates with the
expression of GFAP, but not Iba1, in the CA1 region (A,B) and dentate gyrus (C, D) of the hippocampus as
well as the midbrain (E, F) and hypothalamus (G, H). 
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Figure 7

Diagrammatic representation of the neuroimmune changes observed following 5-FU treatment. From
baseline expression levels, DCX and associated BCL2 expression decreased at acute timepoints and
maintained this level of expression over subacute and chronic timepoints. Microglial activation increased
at acute timepoints but returned to what was seen at baseline in the chronic setting. TIMP-1 and
associated MMP expression was highest at subacute timepoints. Astrocyte activation and associated IL-
6R expression, were highest in the chronic setting. 
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