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ABSTRACT

Fatty acid binding proteins (FABPs) are a family of small proteins involved in fatty acid (FA) subcellular trafficking. In the adult
central nervous system, FABP7, one of the members of this family, is highly expressed in astrocytes and participates in lipid
metabolism, regulation of gene expression, and energy homeostasis. Reactive astrocytes in Alzheimer's disease and amyotrophic
lateral sclerosis animal models upregulate FABP7 expression. This upregulation may contribute to the pro-inflammatory pheno-
type that astrocytes display during neurodegeneration and is detrimental for co-cultured neurons. Here, we explore how FABP7
expression modulates astrocyte response to inflammatory stimuli. Our results showed that silencing FABP7 expression in astro-
cyte cultures before treatment with different inflammatory stimuli decreases the expression of a luciferase reporter expressed
under the control of NF-xB -response elements. Correspondingly, FABP7-silenced astrocytes display decreased nuclear trans-
location of the NF-xB-p65 subunit in response to these stimuli. Moreover, silencing FABP7 decreases the toxicity of stimulated
astrocytes toward co-cultured motor neurons. Similar results were obtained after silencing FABP7 in human astrocytes differ-
entiated from induced pluripotent stem cells. Finally, knockdown of astrocytic FABP7 expression in vivo reduces glial activation
in the cerebral cortex of mice after systemic bacterial lipopolysaccharide (LPS) administration. In addition, whole transcriptome
RNA sequencing analysis from the cerebral cortex of LPS-treated mice showed a differential inflammatory transcriptional pro-
file, with attenuation of NF-xB-dependent transcriptional response after FABP7 knockdown. Together, our results highlight the

potential of FABP7 as a target to modulate neuroinflammation in the central nervous system.

1 | Introduction

The connection between neuroinflammation and neurodegen-
eration remains difficult to define, but neuroinflammation has
long been associated with the progressive nature of neurodegen-
erative diseases (Ransohoff 2016). The innate immune response
of the central nervous system (CNS) involves a complex multicel-
lular reaction characterized by the presence of vascular changes
and infiltration of immune cells, together with activation of

resident glial cells and the production of immune and glial medi-
ators. Neuroinflammation occurs in response to different stim-
uli, including aging, infection, or neurodegenerative diseases
(DiSabato et al. 2016; Patani et al. 2023). Neuroinflammation in
diseases such as Alzheimer's Disease (AD), Parkinson's Disease,
and amyotrophic lateral sclerosis (ALS) involves a sharp phe-
notypic transformation of glial cells (Yang and Zhou 2019). For
astrocytes, this transformation most likely represents a con-
tinuum of potential phenotypes that affect neuronal function
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and survival in a disease-specific manner (Sofroniew 2020).
However, in chronic neurological diseases, persistent neuroin-
flammation appears to have an overall detrimental effect on
neuronal health.

The bacterial endotoxin lipopolysaccharide (LPS) is a known
trigger of inflammation. Systemic LPS injections have been
widely used to induce experimental neuroinflammation with-
out directly compromising CNS structures (da Silva et al. 2024;
Qin et al. 2007). Intraperitoneal LPS injections induce microg-
lia and astrocyte reactivity, as well as nuclear factor kappa B
(NF-xB) activation and pro-inflammatory cytokine expression
in the brain (Catorce and Gevorkian 2016). Systemic cytokine
production is likely the primer for microglia activation observed
with this treatment, which in turn leads to astrocyte activation
(Zamanian et al. 2012). However, astrocytes are not just passive
players in innate immunity, and bidirectional communication
between astrocytes and microglia is crucial to modulate neu-
roinflammation. This crosstalk occurs through several medi-
ators, including proinflammatory cytokines (IL-18, IL-6, and
TNFa), chemokines (CCL2, CCL5, CXCL10), secondary mes-
sengers (nitric oxide and prostaglandins), and reactive oxygen
species (DiSabato et al. 2016; Linnerbauer et al. 2020). Due to
the role of glial cells in CNS homeostasis, it is not surprising that
dysregulation of this crosstalk in response to damage or neuro-
degeneration may result in an environment that negatively af-
fects neuronal health.

Fatty acid binding proteins (FABPs) are key regulators of lipid
metabolism, energy homeostasis, and inflammation. They ex-
hibit high-affinity reversible binding to saturated and/or unsat-
urated long-chain fatty acids as well as other lipids (Storch and
Thumser 2010; Thumser et al. 2014). Many endogenous metab-
olites bound by the FABPs are activating ligands for peroxisome
proliferator-activated receptors (PPARs), and the expression
of FABPs modulates ligand-dependent PPAR-mediated tran-
scriptional regulation (Huang et al. 2002; Hughes et al. 2015;
Makowski et al. 2005; Mita et al. 2010; Tan et al. 2002; Wolfrum
et al. 2001). FABPs selectively cooperate with PPARs to reg-
ulate transcription (Kannan-Thulasiraman et al. 2010; Levi
et al. 2015; Tan et al. 2002; Wolfrum et al. 2001; Yu et al. 2014).
However, in certain scenarios, FABPs expression can limit the
activity of all three PPAR isotypes (Garin-Shkolnik et al. 2014;
Helledie et al. 2000; Makowski et al. 2005). FABP7, which ex-
pression largely becomes restricted to astrocytes and radial
glia-like cells in adulthood (Kurtz et al. 1994; Owada et al. 1996;
Yun et al. 2012), is upregulated in astrocytes from ALS and AD
animal models (Hamilton et al. 2024b; Killoy et al. 2020). In
samples from AD patients and AD animal models, astrocytes
surrounding amyloid plaques displayed increased FABP7 ex-
pression when compared to non-plaque-associated astrocytes
(Hamilton et al. 2024b).

FABP7 up-regulation in mouse primary astrocytes as well as
in human induced pluripotent stem cells (iPSCs)-derived as-
trocytes induces a pro-inflammatory phenotype that is detri-
mental to co-cultured neuronal cells (Hamilton et al. 2024b;
Killoy et al. 2020). FABP7 over-expression in non-transgenic
astrocytes stimulates the expression of a reporter under the
control of an NF-xB-driven promoter, as well as the expression
of pro-inflammatory genes known to be regulated by NF-xB

(e.g., Cxcl10, Nos2, among others) (Hamilton et al. 2024b; Killoy
et al. 2020). Moreover, FABP7 over-expression leads to an in-
crease in NF-xB occupancy in the promoters of Cxcl10 and Nos2
genes (Killoy et al. 2020), suggesting that FABP7 up-regulation
directly promotes an NF-xB-driven pro-inflammatory response
in astrocytes. Overall, while the exact mechanisms by which
changes in FABP7 expression may contribute to neuroinflam-
mation remain to be elucidated, the evidence so far indicates
that FABP7 expression levels markedly alter the biology of as-
trocytes, as well as the way these cells interact with neighbor-
ing cells.

While FABP7 upregulation seems to favor the acquisition of a
pro-inflammatory phenotype, decreasing FABP7 expression
in primary astrocyte cultures isolated from symptomatic ALS
mouse models reduces the expression of inflammatory markers
(Killoy et al. 2020). In this study, we explored whether FABP7
expression plays a role in regulating the response of astrocytes
to known inflammatory stimuli. In addition, we evaluated the
therapeutic potential of knocking down FABP7 expression to
modulate neuroinflammation in a well-established experimen-
tal mouse model of endotoxemia. Together, our results highlight
the potential of FABP7 as a target to modulate neuroinflamma-
tion in the central nervous system.

2 | Materials and Methods
2.1 | Reagents

All chemicals and reagents were from Sigma-Aldrich unless
otherwise specified. Culture media and supplements were from
ThermoFisher Scientific unless otherwise specified. Primer se-
quences for real-time PCR analysis were previously described
(Killoy et al. 2020) and were obtained from Integrated DNA
Technologies.

2.2 | Astrocyte Cultures
and Astrocyte-Motor Neuron Co-Cultures

Primary mouse astrocyte cultures were prepared from 1-day-old
pups according to the procedure of Saneto and De Vellis (Saneto
and de Vellis 1987). When confluent, cultures were shaken for
48h at 250rpm at 37°C, followed by a 48 h treatment with 10uM
cytosine arabinoside. Forty-eight hours after cytosine removal,
cells were re-plated at a density of 2 x 10*cells/cm?. Experiments
were performed when cultures reached confluency.

The iPSC line was obtained from the NINDS Human Cell and
Data Repository (iPSC ID# FA0000011, control). iPSCs were
differentiated into induced NPCs using an embryoid body for-
mation protocol in the presence of SMAD signaling inhibitors
(STEMdiff SMADi Media, Stemcell). Induction was confirmed
by an increase in MAP2, PAX6, and NESTIN gene expression
and a concurrent decrease in SOX2, OCT3, and NANOG expres-
sion. Induced NPCs were cultured for 3weeks in astrocyte dif-
ferentiation media (STEMdiff Astrocyte Differentiation Media,
Stemcell), followed by 3weeks in astrocyte maturation media
(STEMdiff Astrocyte Maturation Media, Stemcell). Astrocyte
differentiation was confirmed by assessing GFAP, SI00B, and
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ALDHILI gene expression, as previously shown (Hamilton
et al. 2024b). Following differentiation, induced astrocytes were
cultured in DMEM-F12 supplemented with 10% FBS and 0.3%
N2 supplement.

Motor neuron cultures were prepared from 12.5-embryonic-day
mouse spinal cords, as previously described (Harlan et al. 2016).
For co-culture experiments, motor neurons were plated on pri-
mary astrocyte monolayers at a density of 300 cells/cm? and
maintained for 72h in L15 medium supplemented with 0.63 mg/
mL bicarbonate, 5ug/mL insulin, 0.1mg/mL conalbumin,
0.1 mM putrescine, 30nM sodium selenite, 20nM progesterone,
20mM glucose, 1001U/mL penicillin, 100 ug/mL streptomycin,
and 2% horse serum. Motor neurons in co-cultures with mouse
primary astrocytes were identified by immunostaining against
BIII Tubulin (Millipore, 05-559) and survival was determined
by counting all cells displaying intact neurites longer than 4
cell bodies in diameter. Counts were performed over an area of
0.90cm? in 24-well plates. Neurite length and neurite branch-
ing were determined using the Neurotrack analysis software
module on an Incucyte S3 instrument (Sartorius). Co-cultures
involving iPSCs-derived astrocytes and embryonic motor neu-
rons were performed as previously described (Killoy et al. 2022).

2.3 | Viral Vectors and Cell Treatments

An adenovirus (Ad) expressing a miR-30-based Fabp7
shRNA embedded within the 3" UTR of a Gfp open read-
ing frame under the control of the mouse Gfap promoter
was used. The mouse Fabp7 target sequence used was:
5" TGTGTTACTCCAAGCAATTC-3. The same expression cas-
sette was used to generate AAV of the PHP.eB serotype. To si-
lence Fabp7 in human induced-astrocytes, an Ad expressing an
shRNA under a U6 promoter was used. The human Fabp7 target
sequence used was: 5-GTGACCAAACCAACGGTAATT-3. All
viral vectors were produced by VectorBuilder. Confluent cul-
tures were transduced at a multiplicity of infection (MOTI) of 25,
7 days prior to stimuli treatments. With this MOI we observed a
59.4% + 8.2 transduction efficiency as determined by the num-
ber of GFP+ cells after immunostaining. On the seventh day,
astrocytes were treated with LPS (1ug/mL, E. coli 055:B5,
Sigma), TNFa (50ng/mL, ThermoFisher) or a combination of
IL1a (3ng/mL, Sigma), TNFa (30ng/mL) and Clq (400ng/mL,
Sigma). Twenty-four hours later, astrocytes were harvested and
analyzed or used for co-cultures. To analyze NF-xB nuclear
translocation, cultures were analyzed 2h after treatment with
the different inflammatory stimuli.

2.4 | Real-Time PCR and Western Blot Analysis

RNA extraction, RNA retrotranscription, real-time PCR and
western blot analysis were performed as previously described
(Harlan et al. 2019). Membranes were incubated overnight with
one of the following antibodies: FABP7 (ThermoFisher, PAS5-
24949), ACTIN (Sigma, A5441), TUBULIN (Sigma, T6199), NF-
xB p65 antibody (Cell Signaling, 8242) or H3 (Cell Signaling,
4499). Image acquisition was performed in a chemiluminescent
western blot scanner (Li-Cor). Quantifications were performed
using the Image Studio Software (Li-Cor).

2.5 | NF-xB Reporter Assay

Adenovirus expressing a firefly luciferase gene under the con-
trol of a synthetic promoter that contains direct repeats of the
NF-xB binding site (Ad-NFkb-Luc) or a Renilla luciferase under
a constitutive promoter (Ad-pRL-Luc) was obtained from Vector
Biolabs. Transductions of astrocytes and luciferase assays were
performed as previously described (Killoy et al. 2020).

2.6 | Animal Treatments

Experiments were performed in C57BL/6J mice (Strain
#:000664; The Jackson Laboratory). At 21 days, mice received
5% 103 vg/kg of an AAV-PHP.eB-Gfap-GFP-shFABP7 or control
AAV-PHP.eB-Gfap-GFP-shScr vector. Four months later, sys-
temic inflammation was induced with consecutive LPS injec-
tions (1 mg/kg, E. coli 055:B5, Sigma) for 3weeks (one injection
per week). Tissue harvesting was performed at the same time
of day for all animals in this study. All animal procedures were
carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
NIH. The Animal Care and Use Committee of UW-Madison
approved the animal protocol pertinent to the experiments re-
ported in this work.

2.7 | Immunofluorescence

Antigen retrieval and staining in paraffin embedded tissues
was performed as previously described (Harlan et al. 2020).
Mouse brain sections were stained with anti-GFAP (Novus,
NBP2-29415), anti-GFAP (ThermoScientific, PA5-18598),
anti-IBA1 (FUJIFILM, 013-27691) or anti-GFP (Proteintech,
66002-1) antibodies. Nuclei were counterstained with DAPI
(4,6-Diamidino-2-phenylindole dihydrochloride). Co-
immunostaining images of GFAP and IBA1 were captured using
a Nikon A1R-Si+ confocal microscope. The same cortical area
was chosen for analysis in all mice and experimental conditions.
We obtained sequential 20 wm sagittal brain sections starting at
the medial line, and the same section number from each ani-
mal was processed for staining. The shape of the hippocampal
formation was used to confirm the same sagittal plane was ana-
lyzed for each animal. Following staining, 60X images covering
an area of 0.15mm? were acquired in layer 2/3 of the cerebral
cortex located above the hippocampal formation, using the den-
tate gyrus as an initial reference. For GFAP and IBA1 quantifi-
cation, images were acquired with identical settings at a z-stack
step size of 0.5um. Fluorescence intensity quantification was
performed using the National Institute of Health Fiji (Image J)
software. UsingFiji software, we obtained the maximum inten-
sity projection of 20 Z-stack images. After subtracting the back-
ground, we applied the threshold tool to create a binary mask
to identify GFAP+ areas. Finally, we measured the area frac-
tion to establish the percentage of the image covered by GFAP
staining. All images were processed with the same settings. The
area occupied by the signal was calculated as a percentage of the
total area analyzed. The same procedure was applied for IBA1
maximum intensity projection images. Microglia cell soma size
analysis was performed in the maximum intensity projection
images. Boundaries of the microglia cell body were delimited

1629



manually excluding the projections. All microglia cell bodies
were added to the region of interest manager, and their area
was determined. Immunostaining in cell culture experiments
was performed as previously described (Hamilton et al. 2024a),
using the following antibodies: p65 NF-xB (Cell Signaling, 8242)
and B-III tubulin (Sigma-Aldrich, T8578). Nuclei were counter-
stained with DAPI.

2.8 | RNA Sequencing (RNA-seq) and Data
Analysis

Total RNA was isolated from cortical tissue using TRI Reagent
according to the manufacturer's instructions. Quality control,
RNA library preparations, sequencing reactions, and initial data
analysis (trimming, mapping, and differential gene expression)
were performed by Azenta Life Sciences. Comparison of gene ex-
pression levels between groups was performed as previously de-
scribed (Hamilton et al. 2024b). The RNA-seq data was deposited
in NCBI's Gene Expression Omnibus (GEO; accession number
GSE279612). Transcription factor-target interaction search was
performed in the TRRUST v2 database (Han et al. 2018).

2.9 | Statistical Analysis

Groups of 3-7 animals were used for biochemical analysis and
data from each animal were plotted as individual points in the
graphs. Unless otherwise noted, cell culture experiments were
repeated in at least three independent primary culture prepa-
rations with at least 2 technical replicates per treatment group,
and values from each independent experimental replicate are
plotted as individual points. All data are reported as mean + SD.
Comparisons between two groups were performed with an un-
paired t-test. Multiple group comparisons were performed by
one-way ANOVA with Tukey's post-test. When comparing the
effect of combinations of treatments, two-way ANOVA was used
followed by Tukey's post-test. Differences were declared statis-
tically significant if p<0.05. All statistical computations were
performed using Prism 9.0 (GraphPad Software).

3 | Results

To examine the effect of silencing FABP7 in astrocytes ex-
posed to different inflammatory stimuli, we transduced these
cells with an adenovirus (Ad) coding for a miR-30-based short
hairpin (sh) RNA targeting FABP7 mRNA (shFabp7). This
shFabp7 was embedded within the 3-UTR of an expression cas-
sette that encodes GFP protein under the control of the mouse
Gfap promoter (Figure 1A). An identical construct expressing
a scramble non-silencing shRNA (shScr) was used as a control.
shFABP7 treatment decreased FABP7 expression in cortical
astrocytes to approximately 40% when compared to scramble
controls (Figure 1B-D), without causing morphological changes
as reflected by GFAP immunostaining (Figure 1E). We then
compared the magnitude of NF-xB-driven transcriptional ac-
tivation induced by proinflammatory stimuli in Ad-shScr and
Ad-shFabp7 transduced astrocytes. Twenty four hours after
treatment with LPS (Figure 1F), TNFa (Figure 1G), or a cock-
tail containing IL1a, TNFa and Clq (Figure 1H), a significant

increase in NF-xB-driven transcriptional activity is observed
in scramble control cultures. However, decreasing FABP7 ex-
pression prior to the treatments significantly decreased NF-xB
activation (Figure 1F-H, shFabp7). The decrease observed in
NF-xB-driven transcriptional activation in FABP7-silenced cul-
tures correlates with a significant reduction in NF-xB-p65 nu-
clear translocation in those cultures (Figure 2A-F). Subcellular
fractionation and western blot analysis confirmed a decrease
of NF-xB-p65 levels in the nuclear fraction of LPS stimulated
astrocytes after silencing FABP7, when compared to scramble
controls (Figure 2G,H).

Astrocytes promote the survival of co-cultured motor neurons
but can be activated by exposure to LPS and cytokines to in-
duce cell death (Cassina et al. 2002; Liddelow et al. 2017). The
gene program and subsequently phenotypic changes down-
stream of NF-xB activation in astrocytes may contribute to this
observation. To examine whether the decrease in inflammatory
response conferred by silencing FABP7 in activated astrocytes
affects the way these cells interact with neighboring neurons,
we tested the survival of motor neurons co-cultured with
FABP7-silenced astrocyte cultures treated with different in-
flammatory stimuli. Silencing FABP7 does not alter the number
of motor neurons attached to the astrocyte monolayer in control
conditions (Figure 3A-C, shScr-control vs. shFabp7-control).
Inflammatory stimuli-activated astrocytes induced about 25%—
30% motor neuron loss, while silencing FABP7 in astrocytes
before activation reverted motor neuron loss in co-cultures
(Figure 3A-C). Moreover, motor neurons co-cultured with ac-
tivated Ad-shFabp7-transduced astrocytes display increased
neurite length and complexity, variables generally associated
with neuronal health (Figure 3D-F), suggesting that silencing
FABP7 may prevent deleterious effects of activated astrocytes
while preserving neurotrophic functions.

To investigate if FABP7 downregulation has a similar effect in
human iPSCs-derived astrocytes obtained from a healthy con-
trol subject (i-astrocytes), we analyzed NF-xB transcriptional
activation following FABP7 silencing. We used an adenovirus
expressing a short hairpin RNA (shRNA) specific for human
Fabp?7 or a scramble non-silencing control under a U6 promoter.
Western blot analysis confirmed an approximately 40% de-
crease in FABP7 expression 8days following viral transduction
(Figure 4A,B). Treatment with TNFa induced expression from
an NF-xB-driven promoter in control i-astrocyte cultures. On
the other hand, silencing FABP7 in i-astrocytes significantly
reduced NF-xB transcriptional activation (Figure 4C) and NF-
xB-p65 nuclear translocation (Figure 4D). Moreover, silencing
FABP7 before TNFa treatment decreased the toxicity of these
cells toward co-cultured motor neurons (Figure 4E).

Using a viral-mediated strategy that confers long-
lasting astrocyte-specific FABP7 downregulation in vivo
(Figure 5A,F), we tested the effect of modulating FABP7 ex-
pression during neuroinflammation. At 21days of age, mice
received a retro-orbital injection of an AAV-PHPeB vector that
codes for an embedded non-silencing scramble (AAV-PHP.eB-
Gfap-GFP-shScr) or a Fabp7-specific ShRNA (AAV-PHP.eB-
Gfap-GFP-shFABP7) under the control of a Gfap promoter.
In agreement with previous observations that found no mac-
roscopic abnormalities in embryonic and adult brains from
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FIGURE 1 | Decreasing FABP7 expression reduces NF-xB-driven transcriptional activity in astrocytes. Confluent mouse primary cortical as-
trocyte cultures were transduced with an adenovirus (Ad) expressing a short hairpin RNA (shRNA) specific for Fabp7 (shFabp7) or a scramble
non-silencing control shRNA (shScr) for 7days. (A) Design of the shFabp7 construct expressing a miR-30-based Fabp7 shRNA embedded within the
3'UTR of an expression cassette that encodes GFP protein under the control of the mouse Gfap promoter. (B) Representative Western blot analysis
image of FABP7 expression in Ad-shScr and Ad-shFabp7 transduced astrocytes. (C) Quantification of FABP7 protein levels by Western blot analysis.
FABP7 expression was quantified, normalized by Actin levels, and expressed as a percentage of Ad-shScr samples (mean+S.D.). (D) Fabp7 mRNA
levels were determined by real-time PCR and corrected by Actin mRNA levels. Data are expressed as a percentage of Ad-shScr samples (mean + S.D.).
(E) Representative images of astrocyte cultures transduced with Ad-shScr (top) and Ad-shFabp7 (bottom). Astrocyte cultures were immunostained
for GFAP (red). Nuclei were counterstained with DAPI (blue). Scale bar: 25um. (F-H) Four days after Ad-shScr and Ad-shFabp7 transduction, as-
trocytes were co-transduced with a firefly luciferase construct under the control of a minimal promoter with tandem NF-xB response elements, and
a Renilla luciferase construct under a constitutive promoter. On day 7, treatment with inflammatory stimuli was performed. Relative luminescence
produced by firefly luciferase expressed under the NF-xB-driven promoter was measured 24 h after treatment with vehicle (PBS; control), LPS (1 ug/
mL) (F); TNFa (50ng/mL) (G); or a cocktail containing (ITC) IL1a (3ng/mL), TNFa (30ng/mL), and Clq (400ng/mL) (H). Relative firefly luciferase
luminescence was corrected by Renilla luciferase luminescence and expressed as a percentage of Ad-shScr-vehicle treated (control) cells. For F-H,
data points represent the value obtained from individual technical replicates from at least three independent primary cultures preparations. Data are

expressed as a percentage of shScr control cells (n =3-4, mean+S.D.). ***p <0.0001, **p <0.01.

Fabp7 knockout mice (Owada et al. 2006), no gross effect on
brain development was observed due to viral-mediated FABP7
silencing. At 4 months of age, animals were injected with LPS
(Img/kg) once a week for 3 consecutive weeks and harvested
24h after the last injection. Intraperitoneal LPS injections
triggered glial reactivity as reflected by GFAP and IBA1 ex-
pression in scramble-control animals (Figures 5 and 6), while
decreasing FABP7 expression attenuates glial reactivity. In
control conditions, silencing FABP7 does not cause statistically
significant transcriptional changes in Gfap, Ibal, and Cxcl10
expression at 4 months of age (Figure 5B-D, control-shScr vs.
control-shFabp7). On the other hand, GFAP expression and im-
munoreactivity were significantly downregulated in the cere-
bral cortex of animals that received the Fabp7-specific ShRNA
prior to the LPS challenge (Figure 5B,E,G and Figure 6A,B).
In addition, Cxcl10 mRNA expression was also reduced in
this group (Figure 5D). While we did not observe a decrease
in Ibal mRNA expression in shFABP7-LPS-treated animals
(Figure 5C), IBA1 protein expression and immunoreactivity
are significantly decreased in the cerebral cortex of these mice
(Figures 5H,I and 6A,C). While microglia morphology can-
not be interpreted as a synonymous with microglia function,

changes in microglia morphology are linked to the response
of these cells to an ongoing neuroinflammatory environment
(Norden et al. 2016; Perry et al. 2010); and differential changes
in body size and branching likely reflect differential physio-
logical states of these cells. Microglia soma size, process thick-
ness, and NFxB-p65 staining in these cells were decreased in
the cerebral cortex of shFabp7-LPS-treated mice when com-
pared to the shScr-LPS control group (Figure 7).

RNA sequencing analysis comparing differential gene ex-
pression in the cerebral cortex of AAV-shScr-LPS and AAV-
shFABP7-LPS treated mice identified a total of 406 differentially
expressed genes (DEG) with at least a 1.5-fold change in expres-
sion and p adjusted <0.05 (131 upregulated and 275 downregu-
lated, Table S1). Among the downregulated DEG found, Fabp?,
Gfap, and Cxcll0 mRNA downregulation were confirmed by
real-time PCR (Figure 5A,B,D). Enrichment analysis using
TRRUST v2 (Han et al. 2018) identified NFxbl and Rela as the
top two transcription factors potentially involved in the regula-
tion of the DEG found in our samples (Figure 8A). It is worth not-
ing that the most abundant form of NF-xB is the complex formed
by these two sub-units. A heatmap representing the normalized
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FIGURE 2 | Decreasing FABP7 expression reduces NF-xB nuclear translocation in astrocytes. Confluent mouse primary cortical astrocyte
cultures were transduced with the adenovirus (Ad) vectors described in Figure 1A, expressing a short hairpin RNA (shRNA) specific for Fabp7
(shFabp7) or a scramble non-silencing control shRNA (shScr). After 7days, astrocytes were treated for 2h with LPS (1 ug/mL) (A), TNFa (50ng/mL)
(B); or a cocktail (ITC) containing IL1a (3ng/mL), TNFa (30ng/mL), and C1q (400ng/mL) (C). (A-C) Representative images of NF-xB p65 immunos-
taining (red) in Ad-shScr (top panels) and Ad-shFabp7 (bottom panels) transduced astrocyte cultures. Nuclei were counterstained with DAPI (blue).
Scale bar: 50 um. (D) Quantification of NF-xB p65 positive nuclei in Ad-shScr and Ad-shFabp7 transduced astrocytes treated as described above with
LPS. Data is expressed as a percentage of NF-xB p65 positive nuclei over total nuclei. Each data point represents the percentage of positive nuclei
per image analyzed (mean=+S.D.). The average total number of nuclei per image was 331+ 57 for control-shScr; 397 = 61 for LPS-shScr; 372 +26 for
control-shFabp7; and 321 + 46 for LPS-shFabp7. (E) Quantification of NF-xB p65 positive nuclei in Ad-shScr and Ad-shFabp7 transduced astrocytes
treated as described above with TNFa. Data is expressed as a percentage of NF-xB p65 positive nuclei over total nuclei. Each data point represents the
percentage of positive nuclei per image analyzed (mean + S.D.). The average total number of nuclei per image was 422 + 60 for control-shScr; 401 + 52
for TNFa-shScr; 352+ 54 for control-shFabp7; and 400+ 68 for TNFa-shFabp7. (F) Quantification of NF-xB p65 positive nuclei in Ad-shScr and
Ad-shFabp7 transduced astrocytes treated as described above with the ITC cocktail. Data is expressed as a percentage of NF-xB p65 positive nuclei
over total nuclei. Each data point represents the percentage of positive nuclei per image analyzed (mean+S.D.). The average total number of nuclei
per image was 164 + 23 for control-shScr; 154 +43 for ITC-shScr; 147+ 16 for control-shFabp7; and 149 +48 for TNFa-shFabp7. (G) Representative
Western blot analysis of NF-xB p65 expression levels in nuclear extracts from Ad-shFabp7 and Ad-shScr transduced astrocytes 2h after LPS (1 pg/
mL) stimulation. (H) Quantification of NF-xB p65 nuclear protein levels shown in (G). NF-xB p65 expression was quantified, normalized by H3 lev-
els, and expressed as a percentage of shScr control samples (mean +S.D.). Each data point corresponds to the value obtained from individual techni-
cal replicates from three independent experiments performed in duplicate. ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05.

expression counts for the transcripts potentially regulated by 4 | Discussion

these two transcription factors is shown in Figure 8B. Most of

these genes were downregulated in the cortex of shFabp7-LPS Neuroinflammation could actively contribute to neurodegener-
treated mice, suggesting that decreasing FABP7 also attenuates ation and a better understanding of the role of the different CNS
NF-xB-mediated signaling in vivo. cell types involved in this process may lead to the development
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FIGURE3 | Legend on next page.

of therapeutic strategies. We have previously shown that de- (Killoy et al. 2020). Since the nature and context of the trigger-
creasing FABP7 expression reduces the expression of inflamma- ing stimuli likely affect the response of astrocytes, it was im-
tory markers in astrocytes isolated from an ALS mouse model portant to explore if a similar mechanism could be relevant in
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FIGURE 3 | Knockdown of FABP7 expression in activated astrocytes confers protection to co-cultured motor neurons. Confluent mouse prima-
ry cortical astrocyte cultures were transduced with an adenovirus (Ad) expressing a short hairpin RNA (shRNA) specific for Fabp7 (shFabp7) or
a scramble non-silencing control sShRNA (shScr) for 7days. On day 7, astrocytes were treated with vehicle (PBS; control), LPS (1 ug/mL) (A), TNFa
(50ng/mL) (B); or a cocktail (ITC) containing IL1a (3ng/mL), TNFa (30ng/mL), and Clq (400ng/mL) (C). Twenty-four hours later purified embry-
onic motor neurons (MN) were plated on top of the astrocyte monolayer. MN survival was determined 72h later. (A-C) Percentage of MN survival in
co-cultures with Ad-shScr or Ad-shFabp7 transduced astrocytes and treated with pro-inflammatory stimuli as indicated above. Data are expressed
as a percentage of Ad-shScr vehicle treated (control) cultures. Data were obtained from at least 3—-4 independent co-culture experiments, 2-3 repli-
cates per co-culture. (n=3-4, mean+S.D.). (D, E) MN neurite length (D) and branching (E) in co-cultures performed as indicated above. Data are
expressed as a percentage of Ad-shScr vehicle treated (control) cultures (n=3-4, mean+S.D.). (F) Representative images of SIII-Tubulin immunos-
taining (cyan) in co-cultures treated as indicated above. Scale bar: 200 um. ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05.
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FIGURE 4 | Knockdown of FABP7 expression reduces NF-xB activation in human iPSC-derived astrocytes (iAs) and confers protection to co-
cultured motor neurons. Confluent iAs cultures were transduced with an adenovirus (Ad) expressing a short hairpin RNA (shRNA) specific for
human Fabp7 (shFabp7) or a scramble non-silencing control shRNA (shScr) for 7days. On day 7, cultures were treated with vehicle (PBS; control) or
TNFa (50ng/mL) and FABP7 levels were analyzed by western blot 24 h later. (A) Representative Western blot analysis image of FABP7 expression in
Ad-shScr and Ad-shFabp7 transduced iAS. (B) Quantification of FABP7 protein levels by Western blot analysis. FABP7 expression was quantified
and normalized by a-TUBULIN levels. Data are expressed as a percentage of Ad-shScr vehicle treated (control) cultures (two independent experi-
ments performed in triplicate, mean+S.D.). Each data point corresponds to a replicate. (C) Confluent iAs cultures were transduced with Ad-shScr
and Ad-shFabp7. Four days after Ad-shScr and Ad-shFabp7 transduction, astrocytes were co-transduced with a firefly luciferase construct under
the control of a NF-xB-driven promoter, and a Renilla luciferase construct under a constitutive promoter. On day 7, cultures were treated with vehi-
cle (PBS; control) or TNFa (50ng/mL). Relative luminescence produced by firefly luciferase was measured 24h after treatment with TNFo (50ng/
mL) in Ad-shScr or Ad-shFabp7 transduced iAs cultures. Relative firefly luciferase luminescence was corrected by Renilla luciferase luminescence
and expressed as a percentage Ad-shScr-vehicle treated (control) cells (data points represent the data obtained from individual wells, mean+S.D.).
(D) Quantification of NF-xB p65 immunostained positive nuclei in Ad-shScr and Ad-shFabp7 transduced iAs cultures treated with vehicle (PBS;
control) or TNFa (50ng/mL) for 2h. Each data point represents the percentage of NF-kB p65 positive nuclei over total nuclei per image analyzed
(mean=+S.D.). The average total number of nuclei per image was 743 + 75 for control-shScr; 708 + 25 for TNFa-shScr; 716 + 72 for control-shFabp7;
and 777 £+ 86 for TNFa-shFabp?7. (E) Percentage of motor neuron (MN) survival in co-cultures with Ad-shScr or Ad-shFabp7 transduced iAs treated
with pro-inflammatory stimuli as indicated above. MN survival was determined after 72h in co-culture. Data are expressed as a percentage of Ad-
shScr vehicle treated (control) cultures. Data were obtained from two independent co-culture experiments, with at least 2 technical replicates per
treatment group (mean +S.D.). ***¥p <0.0001, ***p <0.001.
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FIGURE 5 | Knockdown of FABP7 expression reduces GFAP levels in a mouse model of neuroinflammation. 21-days-old mice received a retro-
orbital venous sinus injection of a control AAV-PHP.eB-Gfap-GFP-shScr (shScr) or AAV-PHP.eB-Gfap-GFP-shFABP7 (shFabp7) vector (5x10'3 vg/
kg). Four months later, systemic inflammation was induced by consecutive LPS (1 mg/kg) injections for 3weeks (one injection per week). Control
animals received vehicle injections (saline). Analysis was performed 24 h after the last injection. (A-D) Fabp7, Gfap, Ibal and Cxcl10 mRNA expres-
sion from brain cortical samples in AAV-shScr and AAV-shFabp7 injected mice. mRNA levels were determined by real-time PCR and corrected by
Rplp0 mRNA levels. No statistically significant differences in Rplp0 mRNA expression were observed across all treatment groups. (E) Representative
Western blot analysis of FABP7 and GFAP expression from cortical brain samples from animals treated as above. (F, G) Quantification of FABP7 and
GFAP protein levels by Western blot analysis. (H) Representative Western blot analysis of IBA1 expression from cortical brain samples from animals
treated as above. (I) Quantification of FABP7 and GFAP protein levels by Western blot analysis. FABP7, GFAP and IBA1 expression was quantified,
normalized by TUBULIN levels. Data are expressed as a percentage of AAV-shScr vehicle treated (control) mice (n=3-4 for mRNA, n=4-7 for pro-

tein, mean+S.D.).

a model of systemic inflammation. Here we show that FABP7
expression levels regulate the response of astrocytes to inflam-
matory stimuli and affect their crosstalk with other cell types
during neuroinflammatory processes.

Using a FABP7 specific sShRNA expressed under the con-
trol of a Gfap promoter, we demonstrated that in response to
different inflammatory stimuli, knockdown of FABP7 ex-
pression reduces NF-xB-dependent transcriptional activity
in astrocytes and reverts the toxicity of these activated cells
toward co-cultured neurons. Whether astrocytes directly re-
spond to LPS through the TLR4 receptor remains contested,

with reports showing that astrocytes in culture and in vivo
express TLR4 (Gorina et al. 2011; Shen et al. 2016; Zamanian
et al. 2012; Zhang et al. 2014), while others indicate that astro-
cytes depend on microglia to respond to TLR4 ligands such as
LPS (Chen et al. 2015; Holm et al. 2012). We cannot rule out
that the presence of minimal contaminating microglia in our
primary cultures (less than 1%) may be mediating the response
of astrocytes to LPS. Regardless of whether it is LPS or a fac-
tor released by microglia in response to LPS, the decrease in
NF-xB-mediated activation observed in these cultures after si-
lencing FABP7 is restricted to the astrocyte compartment, since
the Gfap promoter drives the expression of the Fabp7-shRNA.
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FIGURE 6 | Knockdown of FABP7 expression reduces glial activation in a mouse model of neuroinflammation. Tissue sections from animals

treated as in Figure 7 were use for histological analysis. (A) Representative images showing GFAP (green) and IBA1 (red) co-immunostaining in the
cerebral cortex of AAV-shScr and AAV-shFabp7 injected mice treated with vehicle (control) or LPS. Nuclei were counterstained with DAPI (blue).
Scale bar: 20um. (B, C) Quantification of the area occupied by GFAP (B) or IBA1 (C) positive cells in the cerebral cortex of AAV-shScr or AAV-
shFABP7 injected mice treated with vehicle or LPS. At least 3 images per animal were analyzed, n =8 animals/genotype for control groups and n=4
animals/genotype for LPS groups; data are expressed as mean + SD. ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05.

Accordingly, silencing FABP7 also dampens NF-xB activation
induced by treatment with TNFa or a cocktail of cytokines that
has been proposed to mediate microglia-dependent astrocyte
activation (IL-1a, TNFa, and C1q) (Liddelow et al. 2017). Thus,
independently of whether the inflammatory stimulus is being
directly sensed by astrocytes or involves a crosstalk with mi-
croglia, the downregulation of FABP7 expression in astrocytes
attenuates the inflammatory response and reverts the acquired
neurotoxic phenotype.

While the data supports a similar tempering effect of decreas-
ing FABP7 expression in the activation of NF-xB signaling in
mouse primary astrocytes and human iPSC-derived astrocytes,
the upstream events leading to this observation remain to be
established. In malignant glioma cells, FABP7 plays a key role
in the delivery of arachidonic acid (AA) to the endoplasmic re-
ticulum for metabolism by COX-2 (Elsherbiny et al. 2013; Mita
et al. 2010). Enhanced metabolism of AA by COXs generates
2-series prostaglandins (PGs) that have been shown to be more
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FIGURE 7 | Knockdown of FABP7 expression in astrocytes alters microglia response to LPS-induced neuroinflammation. (A) Representative
images showing IBA1 and NF-xB p65 immunostaining in the cerebral cortex of control A AV-PHP.eB-Gfap-GFP-shScr or AAV-PHP.eB-Gfap-GFP-
shFABP7 vector injected mice and treated with vehicle (saline; control) or LPS, as indicated in Figure 5. Nuclei were counterstained with DAPI
(cyan). Scale bar: 20 um. Images for each individual channel are shown in Figure S1. (B) Microglia soma size (excluding projection) determined in
maximum intensity projection images from the cortex of the animals treated as above. (C) Microglia process thickness size determined in maximum
intensity projection images from the cortex of the animals treated as above. (D) NF-xB p65 immunostaining quantification in IBA1+ cells form the
cortex of the animals treated as above. Data are expressed as mean = SD. Individual glia size and quantification was performed in at least 3 images

per animal, n =4 animals/genotype; ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05.

proinflammatory than the 3-series PGs generated by docosahex-
aenoic acid (DHA) metabolism (Bagga et al. 2003). Interestingly,
2-series PGs have been shown to play an important role in the
crosstalk between microglia and astrocytes in models of systemic
LPS administration (Johansson et al. 2013). Since the affinity of
FABP7 for DHA is higher than the affinity for AA (Balendiran
et al. 2000), changes in FABP7 expression could alter the balance
of PGs production in astrocytes. A decrease in FABP7 expres-
sion is expected to lower the production of all PGs. In addition,
at lower levels of FABP7 expression, DHA metabolism would be
favored, and therefore the ratio between 3-series:2-series PGs is
expected to be higher. In addition, Kagawa et al. demonstrated
that LPS-dependent TLR4 recruitment into lipid rafts, as well as
the production of TNFa, was significantly decreased in FABP7
knockout astrocytes (Kagawa et al. 2015). Thus, changes in
FABP7 expression may alter transmembrane receptor recruit-
ment into lipid rafts and dampen their activation through its ef-
fect on membrane fluidity, interfering with receptor clustering.

Partial or complete ablation of astrocytic NF-xB signaling in
different models of neuroinflammation improves pathological
outcomes and has been linked to decreased levels of cytokine
production and glial activation (Linnerbauer et al. 2020; Ouali
Alami et al. 2018). While there appears to be minimal LPS
blood-brain barrier penetration (Banks and Robinson 2010),
systemic LPS administration induces an inflammatory response

that likely involves microglial response to systemic cytokines
and subsequent astrocyte activation (Zamanian et al. 2012). Our
data show that silencing astrocytic FABP7 in a model of mild
chronic inflammation decreases glial activation and NF-xB-
mediated transcriptional activity. Microglial cell response to
LPS inflammation involves morphological alterations indicative
of an activated state. While FABP7 is mainly expressed by as-
trocytes in the adult CNS and the shRNA expression is driven
by a Gfap promoter, in shFabp7-LPS-treated animals, microglial
cells display evidence of lower activation, including decreased
soma size and NF-xB-p65 staining. Bidirectional communica-
tion between astrocytes and microglia is crucial to modulating
neuroinflammation, and our data suggest that silencing astro-
cytic FABP7 may not only restrain astrocyte response but may
also influence microglia-astrocyte crosstalk.

Multiple studies have linked LPS-induced neuroinflam-
mation to a harmful astrocytic phenotype associated with
marked transcriptional profile changes (Hasel et al. 2021;
Liddelow et al. 2017; Zamanian et al. 2012). Hasel et al. (Hasel
et al. 2021) described several subtypes of neuroinflammatory
astrocytes with defined transcriptomic profiles. Although our
transcriptomics data do not have cell-type resolution, 34 of
the genes displaying differential expression in our study are
represented in the cluster-specific LPS-responsive genes de-
scribed by these authors. More importantly, 25 of them were
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Knockdown of FABP7 expression reduces NF-xB-mediated transcriptional activity in a mouse model of neuroinflammation. RNA

sequencing analysis was performed in RNA isolated from the cerebral cortex of AAV-PHP.eB-Gfap-GFP-shFABP7 or control AAV-PHP.eB-Gfap-
GFP-shScr vector injected mice and treated with LPS as indicated in Figure 5. Identified transcripts with a p Adj<0.05 and at least a 1.5-fold change
in expression were included in the subsequent analysis. (A) Over-represented Transcription Factors (TF) identified using TRRUST v2 search of
candidate key regulators of differentially expressed protein-coding transcripts. Statistical significance was established at Benjamini-Hochberg false
discovery rate (FDR) <0.05. (B) Heatmap of normalized log2 expression counts for the transcripts corresponding to the top two TF identified in (A).

All transcripts have a pAdj <0.05.

downregulated in shFabp7-LPS mice when compared with
shScr-LPS treated mice. These include Serpina3n, Fcgr2b,
Ifitm3, C4b, and Gfap; transcripts present in all astrocytic clus-
ters previously described by Hasel et al. (Hasel et al. 2021) and
significantly downregulated in our data set (Figure S2). These
data indicate that silencing FABP7 in the context of an inflam-
matory stimulus decreases transcriptional changes linked to
neuroinflammation.

FABP7 expression is specifically upregulated by reactive as-
trocytes in multiple pathological conditions, including trauma
and neurodegenerative diseases (Hamilton et al. 2024b; Killoy
et al. 2020; Kipp et al. 2011; Rui et al. 2019; Sharifi et al. 2011;
Teunissen et al. 2011; White et al. 2010). Our previously pub-
lished data (Hamilton et al. 2024b; Killoy et al. 2020) and the
data presented here show that increased FABP7 expression in

astrocytes favors the development of a proinflammatory phe-
notype, while downregulation of FABP7 reduces the response
of astrocytes to inflammatory stimuli. As a more complete
understanding of the mechanism governing this observation
develops, strategies targeting specific FABP7-dependent path-
ways may represent promising therapeutic targets to modulate
neuroinflammation.
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