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Abstract
In neurodegenerative diseases, including prion diseases, astrocytes adopt reactive phenotypes that persist 
throughout disease progression. While astrocyte reactivity may initially serve as a protective response to prion 
infection, it transitions into a neurotoxic phenotype that disrupts homeostatic functions and exacerbates disease 
pathology. The transcription factor Stat3 has been recognized as a master regulator of astrocyte reactivity in 
neurodegenerative diseases, yet its role in prion disease-associated astrocyte reactive phenotypes remains 
unexplored. The current study addresses this gap by investigating the effects of Stat3 deletion in reactive astrocytes 
isolated from prion-infected mice. We demonstrate that Stat3 deletion mitigates the reactive astrocyte phenotype 
and alleviates their synaptotoxic effects. Stat3-dependent activation of astrocytes was reproduced by co-culturing 
naïve astrocytes with reactive microglia isolated from prion-infected animals or exposing them to microglia-
conditioned media. A cytokine array profiling of 40 molecules revealed partially overlapping inflammatory 
signatures in reactive microglia and astrocytes, with IL-6 prominently upregulated in both cell types. Notably, IL-6 
treatment elevated phosphorylated Stat3 levels in naïve astrocytes and triggered astrocyte reactivity. These findings 
indicate that the synaptotoxic phenotype of astrocytes in prion diseases can be sustained by reactive microglia and 
self-reinforced in a cell-autonomous manner. Our work highlights the pivotal role of Stat3 signaling in astrocyte 
activation and suggests that Stat3 inhibition may suppress the reactive phenotype of astrocytes associated with 
prion diseases.
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Introduction
Astrocytes and microglia transitioning into reactive 
states are well-recognized hallmarks of neurodegen-
erative diseases such as Alzheimer’s (AD), Parkinson’s, 
and prion diseases [1, 2]. In recent years, there has been 
growing acknowledgment that reactive astrocytes play a 
complex and critical role in chronic neurodegeneration 
[3–6]. Nevertheless, their precise contribution to the 
pathogenesis of the neurodegenerative diseases and other 
neurological conditions remains a topic of active investi-
gation and debate (reviewed in [4, 7–9]).

Prion diseases, also known as Transmissible Spongi-
form Encephalopathies, constitute a group of invariably 
fatal neurodegenerative disorders affecting both humans 
and animals [10]. These diseases are uniformly lethal 
and currently have no effective therapeutic options [11]. 
Prion diseases are initiated by prions, or PrPSc, which are 
misfolded, aggregated forms of the cellular prion protein 
or PrPC, a sialoglycoprotein expressed in host tissues 
[12–16]. The pathogenesis involves prion replication and 
dissemination throughout the central nervous system 
(CNS), driven by the recruitment and conversion of host-
expressed PrPC into the misfolded PrPSc conformation 
[17].

In prion diseases, astrocytes adopt reactive phenotypes 
that persist throughout disease progression [18, 19]. 
Transcriptomic analyses reveal that astrocytes respond 
to prion infection earlier and more robustly than neurons 
[20–23]. Prion-infected mice exhibit widespread dys-
regulation of genes critical for astrocyte-specific homeo-
static functions, including those involved in blood brain 
barrier (BBB) integrity, transporter activity, myelination, 
energy metabolism, ion channel regulation, extracellular 
matrix organization, growth factor production, receptor 
signaling, and neuroprotection [19, 23]. Notably, genes 
essential for neuronal support, as well as synapse forma-
tion and maintenance, are markedly downregulated [19, 
23].

Gene expression profiling across animal groups chal-
lenged with various prion strains demonstrated a strong 
inverse correlation between the extent of astrocyte reac-
tivity and the incubation period to prion disease. This 
suggests that reactive astrocytes play a contributory role 
in disease progression [19]. Supporting this hypothesis, 
reactive astrocytes isolated from prion-infected animals 
were shown to exert harmful effects on primary neuronal 
cultures, reducing spine size and density and impairing 
neuronal growth and synaptic integrity [24]. Likewise, 
reactive astrocytes derived from prion-infected mice 
induced a disease-associated phenotype in endothelial 
cells from non-infected adult mice [25]. Furthermore, 
selective inhibition of PERK signaling, a key component 
of the unfolded protein response that is heightened in 
reactive astrocytes during prion infection, extended the 

incubation period to terminal disease [26]. In summary, 
while astrocyte reactivity may initially represent a physi-
ological response to prion infection, it transitions into a 
disease-associated state that disrupts homeostatic func-
tions and exacerbates disease pathology.

Cellular signaling mediated by Janus Kinase 2 (JAK2) 
and Signal Transducer and Activator of Transcription 
3 (Stat3) represents a key signal transduction pathway. 
Activation of the Stat3 transcription factor is widely rec-
ognized as a hallmark of astrocyte reactivity in neuro-
degenerative diseases, consistently documented across 
multiple species and brain regions [4]. Targeted inhibi-
tion of the Stat3 pathway in astrocytes has been dem-
onstrated to attenuate their activation or revert their 
reactive phenotype, resulting in improved outcomes in 
animal models of Alzheimer’s disease [27–29]. While 
Stat3 activation has also been observed in prion-infected 
animals [30], its precise role in shaping the astrocyte 
reactive phenotype in the context of prion diseases has 
never been explored.

To elucidate the role of Stat3 in astrocyte reactivity 
associated with prion diseases, we employed the Aldh1l1-
CreERT-Stat3-floxP mouse model. In this system, Cre 
recombinase fused to the estrogen receptor is expressed 
under the astrocyte-specific Aldh1l1 promoter, enabling 
the conditional knockout of Stat3 in astrocytes. Our find-
ings demonstrate that the Stat3 signaling pathway is piv-
otal for astrocyte activation in prion diseases and that the 
reactive phenotype of astrocytes can be markedly sup-
pressed by Stat3 deletion.

Materials and methods
Reagents and kits
Sodium bicarbonate, Poly-L-lysine (PLL), Poly-D-lysine 
(PDL), paraformaldehyde (PFA), bovine serum albumin 
(BSA), normal goat serum (NGS), tween 20, triton-X-100, 
CellLytic MT mammalian cell lysis buffer, protease 
inhibitor cocktail, laminin, ponceau S, dimethyl sulfox-
ide, methanol, hydrochloric acid and 4-hydroxytamoxi-
fen (Sigma, St. Louis, MO); Trypsin-EDTA, Dulbecco’s 
modified eagle medium: F12 (DMEM/F12), neurobasal 
medium, B27 supplement, N2 supplement, G5 supple-
ment, trypsin inhibitor, Hank’s balanced salt solution 
(HBSS), phosphate buffer saline (PBS), Dulbecco’s phos-
phate buffered saline (DPBS), glutamax, L-glutamine 
heparin, antibiotic-antimycotic, penicillin/streptomycin 
and protein ladder (Invitrogen, Carlsbad, CA); VECTA-
SHIELD mounting medium with DAPI (Vector Labo-
ratories Burlingame, CA); supersignal west pico PLUS 
Chemiluminescent Substrate (Thermo Scientific, Rock-
ford, IL), aurum Total RNA Mini Kit, SYBR Green and 
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Her-
cules, CA, CA). Recombinant mouse IL-6, proteome pro-
filer array- mouse cytokine array panel A (R&D Systems, 
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Minneapolis, MN); Bicinchoninicacid (BCA) protein 
assay kit, 70  μm nylon mesh filter, 0.22  μm filter, MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide), polyvinylidenefluoride (PVDF) membrane 
(Millipore, Temecula, CA); protease/phosphatase inhibi-
tor (Cell Signaling Technology, Danvers, MA).

Antibodies
Rabbit monoclonal antibody to Stat3 (#8768), phos-
pho-Stat3 (#9145) and GFAP (#12389) were from Cell 
Signaling Technology (Danvers, MA). Rabbit monoclo-
nal antibodies to synaptophysin (#ab32594), Drebrin 
(#ab11068), olig2 (#ab136253) and chicken monoclonal 
antibody to MAP2 (#ab4542) were from Abcam (Cam-
bridge, MA). Chicken polyclonal antibody to GFAP 
(#AB5541), mouse monoclonal antibodies to β-actin 
(#A5441), horseradish peroxidase (HRP) conjugated 
secondary anti-rabbit IgG (cat. A0545) and anti-mouse 
IgG (#A9044) were from Sigma-Aldrich (St. Louis, 
MO). Anti-ACSA-2 MicroBead Kit (#130-097-678) and 
CD11b MicroBeads (#130-049-601) was from Miltenyi 
Biotec (Bergisch Gladbach, Germany). Alexa Fluor 488 
goat anti-rabbit IgG, Alexa Fluor 488 goat anti-chicken 
IgG, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 
546 goat anti-rabbit IgG and Alexa Fluor 546 goat anti-
mouse IgG secondary antibodies were purchased from 
Invitrogen (Carlsbad, CA). Rabbit polyclonal antibody to 
complement C3 (#PA5-21349, Thermofisher Scientific, 
Waltham, MA); mouse monoclonal antibody to PSD-95 
(#75028020, Antibodies Incorporated, (Davis, CA); rab-
bit polyclonal antibody to Iba1 (#01919741, Wako, Rich-
mond, VA).

Animals
For conditional knockout of Stat3 in astrocytes, Aldh1l1-
CreERT-Stat3-floxP mouse model was used [31]. Hetero-
zygous (Aldh1l1-CreERT)+/−(Stat3-floxP)+/+ females and 
homozygous (Stat3-floxP)+/+ males that are CreERT-neg-
ative were used to produce (Aldh1l1-CreERT)+/−(Stat3-
floxP)+/+ and (Stat3-floxP)+/+ littermates. Seven to eight 
week-old Cre+/− and Cre−/− male and female mice were 
intraperitonealy inoculated with 200  µl volume of 1% 
22 L mouse-adapted prion strain in PBS under anesthe-
sia. Animals were scored for disease progression as previ-
ously described [32]. Mice were considered terminally ill 
upon a loss of 20% body weight. Mice were euthanized at 
the terminal stage, and their brains dissected out in dis-
section buffer.

Isolation and culturing of primary astrocytes
Astrocyte isolation and culturing were performed as 
previously described [33] using magnetic-activated cell 
sorting (MACS, Miltenyi Biotec). Briefly, cortical brain 
tissues were dissociated into single-cell suspensions using 

an Adult Brain Dissociation Kit (#130-107-677, Miltenyi 
Biotec) according to the manufacturer’s instructions. 
The brain were quickly harvested, and cortical tissue was 
dissected out (one brain per isolation) and kept in cold 
DPBS. Meninges were carefully removed. Cortical tissue 
was cut into small pieces and then transferred into gen-
tleMACS C tubes (#130-093-237, Miltenyi Biotec) that 
contained 1950 µL of enzyme mixture 1 solution and 
30 µL of enzyme mixture 2 solution. Tissue dissociation 
was performed in the C-tubes using the program 37C_
ABDK_01 (30 min) of the gentleMACS Octo Dissociator 
with Heaters (#130-096-427, Miltenyi Biotec), allowing 
for simultaneous enzymatic and mechanical disruption. 
The obtained dissociated cells were re-suspended in cold 
DPBS, filtered through 70  μm MACS SmartStrainer to 
remove non-dissociated tissue, and then centrifuged at 
1000 rpm for 10 min. The cell pellets were re-suspended 
in cold DPBS, and the cell suspension was subjected to 
debris and red blood cell removal. Then, the single-cell 
suspension was subjected to magnetic labeling using the 
Anti-ACSA-2 (astrocytes cell surface antigen-2) Micro-
Bead Kit (#130-097-678, Miltenyi Biotec) according to 
the manufacturer’s instructions. The cell suspension was 
blocked with 10µL of FcR blocking reagent at 4°C for 
10 min, then labeled with 15µL of Anti-ACSA-2 Micro-
Beads per 107 total cells via incubating for 15 min at 4°C 
in the dark. After labelling, the cells were washed with 
2 mL of AstroMACS separation buffer (#130–117–336, 
Miltenyi Biotec) and centrifuged at 1500  rpm for 5 min 
to remove excess beads. The obtained cell pellets were 
re-suspended in buffer and loaded onto an LS Column 
(#130-042-401, Miltenyi Biotec) that was placed in the 
magnetic field of a MACS magnetic cell separator (#130-
108-933). The column was washed with the 3mL of buf-
fer, allowing unlabelled, ACSA-2 negative cells to wash 
off the column. After the wash, the column was removed 
from the magnetic separator, and the astrocyte-enriched 
population was eluted using the same buffer. The ACSA-
2-positive cell fraction was collected, centrifuged and 
re-suspended in complete AstroMACS Medium (#130-
117-031, Miltenyi Biotec) supplemented with 50 U/ml 
penicillin/streptomycin, 0.25% L-glutamine (0.5 mM) 
and serum-free AstroMACS supplements. Cells were 
then seeded onto poly-L-lysine (PLL) and laminin-coated 
chamber slides or culture flasks at a plating density of 
3-4 × 104 per chamber slide or 7 × 105 per flask and grown 
in a humidified CO2 incubator at 37ºC with 5% CO2. The 
media was changed after one day of culturing to remove 
debris and unattached dead cells. Primary astrocytes 
were cultured in a serum-free medium for two to three 
weeks until 80% confluency. The purity of astrocyte cul-
tures was confirmed by co-immunostaining of GFAP 
with Iba1, Olig2 and NeuN.
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For experiments that use naive astrocytes, astrocytes 
were isolated from non-infected, 140-180- day old Cre+/− 
mice. In the experiment on IL-6 treatment, astrocytes 
isolated from adult Cre+/− mice were cultured with 100 
ng/ml recombinant mouse IL-6 for 72 h and analyzed.

Isolation and culturing of primary microglia
Primary microglia isolation and culturing were per-
formed as previously described [34] using MACS method 
(Miltenyi Biotec) with some modifications. Brain tis-
sues were enzymatically dissociated using the Adult 
Brain Dissociation Kit (#130-107-677, Miltenyi Biotec) 
according to the manufacturer’s instructions. Briefly, 
the cortical brain tissues were dissected, transferred 
into gentleMACS C tubes (#130-093-237, Miltenyi Bio-
tec) containing an enzyme mixture and incubated on a 
rotating gentleMACS Octo Dissociator (Miltenyi Biotec) 
for 30  min. The resulting cell suspension was then re-
suspended in cold DPBS, filtered through 70 μm MACS 
SmartStrainer for removing undissociated tissue, and 
centrifuged at 1000  rpm for 10  min. The obtained cell 
pellets were re-suspended in cold DPBS, the myelin and 
cell debris were removed using a debris removal solu-
tion, then erythrocytes were removed using a red blood 
cell removal solution. The single cell suspension obtained 
was subjected to magnetic labeling with an Anti-CD11b 
MicroBead (#130-049-601, Miltenyi Biotec) according 
to the manufacturer’s instructions. 15µL of Anti-CD11b 
MicroBeads was added to the cell suspension, mixed well 
and incubated for 15  min at 4°C in the dark. The cells 
were washed by adding 2 mL of a buffer (PBS + 0.5%BSA) 
and centrifuged at 1500  rpm for 5 min. The cell pellets 
were re-suspended in the buffer and loaded onto an LS 
Column, which was placed in the magnetic field of a 
MACS magnetic cell separator. After washing the column 
with the buffer, the column was removed from the mag-
netic separator, and the purified microglia (CD11b-posi-
tive) fraction was eluted by flushing the column with the 
buffer. The CD11b positive cell fraction was centrifuged 
and re-suspended in complete growth media (DMEM/
F12 containing 365  µg/mL l-glutamine, 1 mM sodium 
pyruvate; 1% heat-inactivated FBS; 100 U/mL penicillin 
and 100  µg/mL streptomycin). Then, cells were seeded 
onto PLL-coated chamber slides or culture flasks at a 
plating density of 3-4 × 104 per chamber slide or 7 × 105 
per flask and grown in a humidified CO2 incubator at 
37ºC with 5% CO2.

Preparation of 4-hydroxytamoxifen and cell treatment
4-hydroxytamoxifen (#H7904, Sigma-Aldrich) was 
first dissolved in cell culture grade ethanol and then 
diluted in PBS. In all experiments including the experi-
ments on neuron-astrocyte or microglia-astrocytes 
co-cultures, primary astrocyte were treated with 1µM 

4-hydroxytamoxifen (TAM) or PBS containing 0.02% 
ethanol (mock treatment) for 72 h.

Astrocytes-microglia co-cultures
Astrocytes and microglia were co-cultured as previ-
ously described [35, 36] with slight modifications. Briefly, 
ACSA-2-positive astrocytes were cultured in a humidi-
fied CO2 incubator at 37ºC with 5% CO2 for one week at 
a density of 3-4 × 104 per chamber slide or 3.5-4 × 105 per 
well plate. CD11b-positive microglia were applied on top 
of the astrocyte layer, co-cultured for one to two weeks, 
then co-cultures were treated with 4-hydroxytamoxifen 
for 72  h. The composition of astrocyte–microglia co-
cultures was confirmed using co-immunostaining with 
GFAP and Iba1.

Astrocytes-neuronal co-culture
Neuron-astrocyte co-cultures were prepared by plating 
neurons onto the astrocyte-feeder layer, as previously 
described [37]. Briefly, primary astrocytes were cultured 
on PDL, and laminin coated coverslips/chamber slides for 
one week. Then, cells were treated with cytosine arabino-
side (2.5 µM) for 24 h to arrest the growth of the dividing 
cells, followed by treatment with 4-hydroxytamoxifen or 
a mock solution prepared in fresh media for 72  h. One 
day prior to plating neuronal cells (9–10 day in vitro), the 
media in astrocyte cultures was replaced with the fresh 
co-culture media containing 50% astrocytic and 50% 
neuronal growth media. Then, a cell suspension of the 
primary mouse cortical neurons (#A15586, Thermofisher 
Scientific) was added at a density of 20,000 cells per well 
to the astrocytes and co-cultured in the 50%/50% media 
for another 10–12 days. Half of the culture medium was 
changed every second day.

Cell viability assay
To assess the viability of astrocytes, an MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) assay was performed per manufac-
turer protocol. Briefly, primary astrocytes were seeded 
in PLL-coated 96-well culture plates at a density of 
1 × 104/0.32cm2 in triplicates, then grown until 70–80% 
confluency and were treated with mock solution or TAM 
for up to 72 h. The culture medium was cautiously aspi-
rated, then MTT was added and incubated at 37  °C for 
4 h in a 5% CO2 incubator. After adding 100 µl per well of 
detergent reagent, the plate was kept for 2 h in the dark 
at room temperature, then absorbance was measured at 
570  nm using a Microplate reader (Tecan, infinite 200 
PRO, Switzerland).

Preparation of conditioned media
To obtain astrocyte- or microglia-conditioned media, pri-
mary astrocytes or microglia were plated at a cell density 
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of 7 × 105 per culture flask and cultured in a humidified 
CO2 incubator at 37ºC as described above. After 70–80% 
confluency (2–3 weeks), media was collected and cen-
trifuged at 1000 rpm for 5 min to remove cellular debris 
and used immediately.

Protein extraction and Western blotting
Primary astrocytes, astrocytes-microglia co-culture and 
astrocytes-neuronal co-culture cells were washed with 
the PBS and homogenized using cell lysis buffer con-
taining a protease inhibitor cocktail. The lysates were 
centrifuged (4 °C, 20000 g) for 30 min. The protein con-
centration of each sample was determined using BCA 
assay, as per the manufacturer’s instruction. Protein 
samples for blotting were prepared with 1X SDS sample 
loading buffer, and denatured at 85oC for 15 min. Equal 
amounts of protein (20 µg) along with a pre-stained pro-
tein ladder were then loaded onto 10-12% tris-glycine 
polyacrylamide gel and run in 1X MES SDS running buf-
fer solution at 100 V for 1-2 h. Proteins were transferred 
onto the PVDF membrane at 16 V for 60 min. Blots were 
washed with TBST (Tris buffer [10mM Tris, pH 8.0, 
150mM NaCl and 0.01% Tween 20]) and then blocked 
with 5% non-fat milk for 2 h at room temperature. Mem-
branes were then washed thrice with TBST and probed 
overnight with GFAP (1:3000), STAT3 (1:2000), p-STAT3 
(1:2000), complement C-3 (1:2000), PSD-95 (1:2000), 
Synaptophysin (1:2000) and β-actin (1:10,000) antibod-
ies. Membranes were washed three times with TBST 
and then blots were incubated with HRP-conjugated 
secondary antibodies for 1.3–2  h. Protein bands on the 
blots were visualized on an iBright 1500 imaging system 
(Thermofischer Scientific, MA) using Supersignal West 
pico Maximum Sensitivity Substrate. Protein levels were 
quantified via densitometry using Bio-Rad Quantity One 
image analysis software (Bio-Rad, Hercules, CA) and nor-
malized relative to the corresponding levels of β-actin.

Immunocytochemistry
Cells cultured in chamber slides or coverslips were fixed 
in 4% paraformaldehyde for 15  min at room tempera-
ture, washed with PBS followed by permeabilization in 
methanol for 30 min, then again washed with PBS. Cells 
were blocked with blocking serum (3% BSA + 1% NGS 
in PBS) for 2  h and then incubated with primary anti-
bodies at the following dilution: GFAP (1:500), STAT3 
(1:1000), p-STAT3 (1:1000), complement C-3 (1:500), 
MAP2 (1:1000), PSD95 (1:500), Synaptophysin (1:1000) 
and Drebrin (1:1000) overnight at 4oC. Cells were 
washed with PBS buffer containing 0.1% TWEEN-20, 
then incubated with a cocktail of secondary antibodies 
(Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 546 
goat anti-mouse IgG, Alexa Fluor 488 goat anti-rabbit 
IgG, Alexa Fluor 546 goat anti-rabbit IgG, Alexa Fluor 

488 goat anti-chicken and Alexa Fluor 647 goat anti-
mouse IgG conjugate, all at 1:500 dilution) for 2 h. Cells 
were then washed with PBS and mounted in VECTA-
SHIELD mounting medium with DAPI (Vector Labora-
tories, Burlingame, CA). Photomicrographic images of 
the cells were captured using an inverted Nikon Eclipse 
TE2000-U microscope (Nikon Instech Co. Ltd., Kawa-
saki, Kanagawa, Japan) or Leica confocal microscope 
SP8 (Leica Microsystems Inc., Buffalo Grove, IL), and 
the NIS-Elements microscope imaging software (Nikon 
Instech Co.) or Leica LAS X software (Leica Microsys-
tems Inc.). Fluorescence integrated intensity was quanti-
fied using Image-J 1.42q software (National Institutes of 
Health, Bethesda, MD).

RT-qPCR
70–80% confluence astrocyte, astrocyte-microglia or 
neuronal cells cultured on 6-well culture plates (3.0 × 105 
cells) were washed with PBS, then total RNA was iso-
lated using the Aurum Mini Kit (Bio Rad, Hercules, CA) 
according to manufacturer’s instruction. The quantity 
and purity of mRNA were determined using the Nano-
Drop ND-1000 (Thermofisher Scientific, Waltham, MA). 
Complementary DNA (cDNA) synthesis was performed 
using the iScript cDNA Synthesis Kit as described else-
where. The cDNA was amplified with a CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad, Hercules, 
CA) using SsoAdvanced Universal SYBR Green Super-
mix. The PCR protocol consisted of incubation at 95  °C 
for 2 min followed by 40 amplification cycles at 95 °C for 
5 s and 60  °C for 30 s. Optimum primer pairs for genes 
of interest and housekeeping gene, glyceraldehydes 
3-phosphate dehydrogenase (Gapdh) were designed 
using Primer Express version 2.0.0 and PrimerQuest Tool 
(Table 1). The ΔCt for each RNA sample was calculated 
by subtracting the mean Ct of the housekeeping gene, 
Gapdh from the mean Ct of the gene of interest and then 
relative mRNA gene expression was calculated using the 
2−ΔΔCt method as described elsewhere.

Proteome profiler mouse cytokine array
Inflammatory proteins and peptides were quantified 
using the Proteome Profiler Mouse Cytokine Array Kit, 
Panel A (#ARY006, R&D Systems) per manufacturer’s 
instructions. In brief, the reconstituted mouse cytokine 
detection antibody cocktail was mixed with the condi-
tioned media, then added onto the membranes precoated 
with capture antibodies and incubated overnight at 4 °C 
on a shaker. Following three washes with wash buffer, the 
membranes were incubated with Streptavidin-HRP for 
30  min at room temperature. After an additional three 
washes with wash buffer, 1 mL of Chemi Reagent Mix 
was applied to the membranes for 1  min. The immu-
noblotted cytokines were visualized using the iBright 
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1500 imaging system (Thermofischer scientific, MA) and 
quantified using the Quantity One Image Lab software 
(Bio-Rad).

Analysis of astrocytes morphology
For identifying the area, perimeter and number of pro-
cesses in astrocytes, images of non-overlapping GFAP-
positive astrocytes were taken using an inverted Nikon 
Eclipse TE2000-U microscope and analyzed using ImageJ 
software. Images of 5 random fields of view were selected 
per well of chamber slides and approximately 15 to 20 
images per chamber slide per one experimental condition 
were taken. After background subtraction and threshold 
adjusting, 5–6 non-overlapping cells per field of view 
were analyzed.

Synaptic puncta quantification
Synapse quantification was calculated using custom-
written plugin, Puncta Analyzer as described before [38]. 
Briefly, cells in co-cultured neurons were fixed in 4% PFA 
and co-immunostained for synaptophysin (SYP), PSD-
95 and MAP2. Confocal images were taken using a Leica 
confocal microscope SP8 (Leica Microsystems Inc.), 63X 
oil-immersion objective lens at 1024 × 1024 pixel resolu-
tion 2X zoom and zoom factor 1.5 corresponding to a 
voxel dimension 0.13  μm × 0.13  μm × 0.32  μm in X, Y, 
and Z planes. Cell bodies were centred in the field of view 
and Z-stack dimensions were set manually by tracking 

MAP2-positive neurons including dendrites and soma. 
Synapses were quantified by analyzing co-localization 
of SYP and PSD-95 puncta using a custom based plug-
in Puncta Analyzer in ImageJ. Background was removed 
separately from the red and green channels using the roll-
ing ball background subtraction algorithm, then thresh-
olding was performed for detecting discrete puncta, and 
puncta were identified in red and green channels using 
the Puncta Analyzer plugin. Co-localized puncta were 
counted as a synapse.

Dendritic spine analysis
Cells in co-cultured neurons were fixed in 4% PFA and 
co-immunostained for Drebrin and MAP2. Confocal 
images were taken using a Leica confocal microscope 
SP8. Images were analyzed using Imaris software (Bit-
plane, Zurich, Switzerland). Dendritic spine densities 
were calculated by quantifying the number of spines per 
10 μm length of dendritic segments.

Statistics
Statistical analyses were performed with GraphPad 
PRISM software (GraphPad software, Inc., MA). Com-
parisons between two groups of independent samples 
were made with two-tailed, unpaired Student t-tests. 
Comparisons between multiple groups were made with 
one-way Anova with Bonferroni multiple comparisons 
test.

Results
Tamoxifen treatment diminishes Stat3 and phosphorylated 
Stat3 (p-Stat3) levels in reactive astrocytes isolated from 
prion-infected mice
To isolate astrocytes, we utilized heterozygous (Aldh1l1-
CreERT)+/−-(Stat3-floxP)+/+ mice (designated as Cre+/−) 
as the experimental group and homozygous (Aldh1l1-
CreERT)−/−-(Stat3-floxP)+/+ mice (designated as Cre−/−) 
as the negative control. Treatment with 4-hydroxytamox-
ifen (TAM) is expected to selectively knock out Stat3 in 
astrocytes derived from Cre+/− mice but not Cre−/− mice. 
Both groups were infected with the mouse-adapted 
prion strain 22L via intraperitoneal injection and eutha-
nized at the terminal stage of the disease (140–160 days 
post-inoculation).

Primary cortical astrocytes were acutely isolated using 
anti-ACSA-2 microbeads through Magnetic Activated 
Cell Sorting (MACS) and subsequently cultured in a 
serum-free medium. A pilot study evaluating TAM tox-
icity revealed that a concentration of 1 µM had a minor 
impact on astrocyte viability (Figure S1), while effec-
tively reducing Stat3 expression (Fig.  1A). Additionally, 
using astrocytes from adult non-infected Cre+/− and 
Cre−/− mice, we found that TAM treatment did not alter 
astrocyte morphology, as assessed by cell area, perimeter, 

Table 1  Primer sequences for qRT-PCR
Primer Accession number Sequence
Lcn2 NM_008491.1 F 5′- CCCCATCTCTGCTCACTGTC–3’

R 5′- TTTTTCTGGACCGCATTG-3’
Serpina3n NM_009252.2 F 5′- GCAACACCCTGGAAGAGATT-3’

R 5′- CTGGGTCTGTTTCCTCACATAG-3’
Steap4 NM_054098.3 F 5′- CCCGAATCGTGTCTTTCCTATAA-3’

R 5′- CCTCGATAGAGCTGCAGAATG-3’
Cxcl10 NM_021274.2 F 5′- AGTAACTGCCGAAGCAAGAA-3’

R 5′- GCACCTCCACATAGCTTACA-3’
Serping1 NM_009776.3 F 5′- TGATGGCGCCTTTCTTCTAC-3’

R 5′- CCACCTTGGCCTTCAAAGTA-3’
S100a10 NM_009112.2 F 5′- GGGCTTCCAGAGCTTTCTATC-3’

R 5′- CTCCAGTTGGCCTACTTCTTC-3’
syp NM_009305.2 F 5′- CAAGGCTACGGCCAACAG-3’

R 5′- GTCTTCGTGGGCTTCACTG-3’
Syn2 NM_001111015.1 F 5′- CCAATCACCGAGAGATGCTTAC-3’

R 5′- CAATGTCCTGGAAGTCGTAGTG-3’
Dlg4 NM_007864.3 F 5′- CGCTACCAAGATGAAGACACG-3’

R 5′- CAATCACAGGGGGAGAATTG-3’
Thbs2 NM_011581.3 F 5′- GAACCAACCCTTCGGTGTT-3’

R 5′- TGGATTCTCTGGCTCACACA-3’
Stat3 NM_213659.3 F 5′- GTGTCAGATCACATGGGCTAAA-3

F 5′- CTCAGCACCTTCACCGTTATT-3
Gapdh NM_001289726.1 F 5′- AACAGCAACTCCCACTCTTC-3’

R 5′- CCTGTTGCTGTAGCCGTATT-3’
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and process number (Figure S2A, B). In homeostatic 
astrocytes, Stat3 is expressed at low levels, and its basal 
expression remained unchanged upon TAM treatment in 
both Cre+/− and Cre−/− astrocytes (Figure S2A, B). Based 
on these findings, the optimized protocol involved a sin-
gle 1 µM TAM treatment of astrocytes in cultures.

In agreement with our previous findings on reac-
tive astrocytes derived from 22L-infected C57Bl/6J 
mice [24], astrocytes isolated from 22L-infected Cre+/− 
(22L-Cre+/−) and Cre−/− (22L-Cre−/−) mice exhibited 
hypertrophic morphology (Fig.  1A-D). However, TAM 
treatment attenuated this hypertrophic morphology, a 
hallmark of reactive astrocytes, in 22L-Cre+/− astrocytes 
but not in 22L-Cre−/− astrocytes (Fig.  1A-D). Quantita-
tive analysis of cell area, perimeter, and process num-
ber confirmed that TAM reversed the hypertrophic 
morphology in 22L-Cre+/− astrocytes, while 22L-Cre−/− 
astrocytes remained unaffected (Fig.  1A-D). Immunos-
taining revealed significantly reduced levels of Stat3 and 
its active phosphorylated form, p-Stat3, in TAM-treated 
22L-Cre+/− astrocytes compared to their mock-treated 
counterparts (Fig. 1A, B). As anticipated, TAM treatment 
did not alter Stat3 or p-Stat3 levels in 22L-Cre−/− astro-
cytes (Fig. 1C, D).

RT-qPCR and Western blot analyses further confirmed 
a marked reduction in Stat3 expression at both mRNA 
and protein levels in TAM-treated 22L-Cre+/− astrocytes 
relative to mock-treated controls (Fig.  1E, F). Similarly, 
TAM treatment led to a decrease in p-Stat3 levels in 22L-
Cre+/− astrocytes (Fig. 1G). In contrast, Stat3 and p-Stat3 
levels remained elevated in TAM-treated 22L-Cre−/− 
astrocytes (Fig. 1E-G). In summary, Stat3 knockout was 
confined to astrocytes from Cre+/− mice, confirming the 
specificity of TAM-induced recombination. While treat-
ment effectively reduced Stat3 and p-Stat3 levels, the 
knockout efficiency was less than 100%.

Stat3 deletion mitigates reactive phenotype of astrocytes
In prion diseases, astrocytes are known to adopt a reac-
tive C3+ phenotype, characterized by the upregulation of 

PAN-specific markers Lcn2, Serpina3n, Steap4, Cxcl10, 
alongside A1- and A2-specific markers Serping1 and 
S100a10, respectively [20, 39, 40]. Therefore next, we 
investigated whether Stat3 deletion mitigates this reac-
tive phenotype. Treatment of 22L-Cre+/− astrocytes with 
TAM resulted in a marked reduction in the mRNA and 
protein levels of Glial fibrillary acidic protein (GFAP) 
and C3, compared to mock-treated controls (Fig. 2A, B). 
Furthermore, the expression levels of Lcn2, Serpina3n, 
Steap4, Cxcl10 and Serping1, which are indicative of 
astrocyte reactivity, were significantly decreased in TAM-
treated 22L-Cre+/− astrocytes relative to mock-treated 
cells (Fig.  2C). Conversely, 22L-Cre−/− astrocytes exhib-
ited no response to TAM treatment, as evidenced by 
unchanged mRNA and protein levels of GFAP and C3, as 
well as consistent expression of astrocyte reactivity mark-
ers (Fig. 2A, B, D). Immunostaining confirmed that cel-
lular C3 levels were significantly reduced in TAM-treated 
22L-Cre+/− astrocytes, whereas TAM treatment had no 
effect on C3 levels in 22L-Cre−/− astrocytes (Fig. 2E, F). 
In summary, Stat3 depletion effectively reversed the C3+ 
reactive phenotype of astrocytes isolated from prion-
infected mice.

Stat3 deficiency partially alleviates the synaptotoxic 
effects of reactive astrocytes isolated from prion-infected 
animals
Previously, we demonstrated that reactive astrocytes 
from prion-infected mice exerted deleterious effects on 
neurons, including a reduction in dendritic spine density 
and a loss of synaptic integrity [24]. To assess whether 
these detrimental effects could be mitigated by revers-
ing astrocyte reactivity, 22L-Cre+/− astrocytes pretreated 
with TAM were co-cultured with primary neurons.

As expected, neurons co-cultured with 22L-Cre+/− 
astrocytes exhibited a significant reduction in the 
colocalization of pre- and postsynaptic proteins, synap-
tophysin (SYP) and PSD95, respectively, compared to 
neurons grown with control Cre+/− astrocytes (Fig.  3A). 
Additionally, the expression of pre-synaptic genes (Syp, 

(See figure on previous page.)
Fig. 1  Tamoxifen treatment reduces the levels of Stat3 and p-Stat3 in reactive astrocytes isolated from prion-infected mice. Primary astrocytes were 
treated with TAM or mock solution for 72 h and analyzed. A, B. Upper panels: immunofluorescence microscopy images of 22L-Cre+/−astrocytes co-immu-
nostained for GFAP and Stat3 (A) or p-Stat3 (B) along with DAPI. Lower panels: quantification of integrated fluorescence intensity for Stat3 (A) and p-Stat3 
(B), and morphometric analyses of cell area, perimeter and process number in 22L-Cre+/− astrocytes. C, D. Upper panel: immunofluorescence microscopy 
images of 22L-Cre−/− astrocytes co-immunostained for GFAP and Stat3 (C) or p-Stat3 (D) along with DAPI. Lower panels: quantification of integrated fluo-
rescence intensity for Stat3 (C) or p-Stat3 (D), and morphometric analyses of cell area, perimeter and process number in 22L-Cre−/− astrocytes. Images are 
representatives of three cultures originating from independent animals per experimental group. For Stat3 or p-Stat3 intensity, n = 10–12 random fields 
with 6–7 cells per field of view from N = 3 independent cultures, each prepared from an individual animal, per group. For morphology analysis, n = 80–100 
cells from N = 3 independent cultures, each prepared from an individual animal, per group. In A-D SuperPlots: colors represent independent experiments; 
dots represent in individual fields of view or cells; average values for each experiment are shown as large circles; statistical analyses were performed based 
on the number of independent experiments; black lines mark means. E. Analysis of expression of Stat3 in 22L-Cre+/− and 22L-Cre−/− astrocytes normalized 
by the expression levels in mock-treated 22L-Cre+/− or 22L-Cre−/− astrocytes using qRT-PCR. F, G. Representative Western blots and densitometric analysis 
of Stat3 (F) and p-Stat3 (G) expression in 22L-Cre+/− and 22L-Cre−/− astrocytes normalized per expression of β-actin. For E-G, N = 3 independent cultures, 
each prepared from an individual animal, per group. For A-G, data represent means ± SE, ***p < 0.001, **p < 0.01, and ‘ns’ non-significant by two-tailed, 
unpaired t-test, n = 3 independent experiments. Scale bar = 50 μm
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Syn2) and the post-synaptic gene Dlg4 (encoding Discs 
Large Homolog 4, also known as PSD95) was signifi-
cantly downregulated in neuronal co-cultures with 22L-
Cre+/− astrocytes compared to co-cultures with control 
astrocytes (Fig.  3B). Consistent with these findings, 
Western blot analysis revealed substantially lower levels 
of synaptophysin and PSD95 proteins in neuronal co-
cultures with 22L-Cre+/− astrocytes (Figs.  3C, D). Fur-
thermore, spine density was reduced in neurons grown 
with 22L-Cre+/− astrocytes relative to control co-cultures 
(Fig.  3E). However, astrocyte-specific deletion of Stat3 
partially restored colocalization of pre- and postsynaptic 
proteins, improved dendritic spine density, elevated the 
expression of Syp, Syn2, Dlg4 and Thbs2 genes and syn-
aptophysin and PSD95 protein levels in neuronal - astro-
cyte co-cultures (Figs. 3A–E).

To determine whether the limited recovery was due to 
incomplete Stat3 deletion, we compared Stat3 expres-
sion levels in TAM-treated 22L-Cre+/− astrocytes, mock-
treated 22L-Cre+/− astrocytes, and astrocytes from adult, 
non-infected Cre+/− mice. As expected, TAM treatment 
significantly reduced Stat3 expression in 22L-Cre+/− 
astrocytes relative to mock-treated astrocytes. However, 
Stat3 expression in TAM-treated astrocytes remained 
elevated compared to that in non-infected control astro-
cytes (Fig.  3F). These findings suggest that the limited 
recovery observed is likely due to the partial efficiency of 
Stat3 deletion.

Astrocyte-specific Stat3 deletion reverses reactive 
microglia-induced astrocyte reactivity
Reactive microglia from prion-infected mice have pre-
viously been shown to induce a reactive phenotype in 
astrocytes isolated from non-infected mice [24]. To 
investigate whether microglia-induced astrocyte reactiv-
ity is mediated via a Stat3-dependent pathway, reactive 
microglia were acutely isolated from 22L-infected mice 
using CD11b microbeads (referred to hereafter as 22L 
microglia) and co-cultured with astrocytes isolated from 
adult, non-infected Cre+/− mice (Fig.  4A). Co-culturing 
with 22L microglia significantly elevated the cellular 
levels of Stat3 and its phosphorylated form p-Stat3, in 
astrocytes compared to Cre+/− astrocytes cultured with-
out reactive microglia (Fig.  4A, E). In parallel with the 
increased Stat3 and p-Stat3 levels, Cre+/− astrocytes co-
cultured with 22L microglia exhibited hypertrophic mor-
phology, characterized by increased cell area, perimeter, 
and process number (Fig. 4A, E).

Treatment with TAM effectively reversed the upregula-
tion of Stat3 and p-Stat3 in Cre+/− astrocytes co-cultured 
with 22L microglia (Fig.  4A, E). Western blot analysis 
confirmed significantly lower levels of Stat3 and p-Stat3 
in TAM-treated Cre+/− astrocytes co-cultured with 22L 
microglia compared to mock-treated counterparts under 

the same co-culture conditions (Fig. 4B, F). Importantly, 
partial loss of Stat3 and the concurrent depletion of 
p-Stat3 reversed, to a large extent, the astrocyte reactive 
phenotype characterized by hypertrophic morphology 
(Fig.  4A, E). Furthermore, Stat3 and p-Stat3 deficiency 
reversed the upregulation of astrocyte reactivity mark-
ers, including GFAP, as quantified by Western blotting, 
and Lcn2, Serpina3n, Steap4, Cxcl10 and Serping1, as 
assessed by RT-qPCR (Fig.  4C, D). In summary, Stat3 
deletion in astrocytes and the subsequent depletion of its 
activated form p-Stat3 reversed the phenotypic transition 
of astrocytes to a pro-inflammatory, reactive state.

Microglia-secreted factors are responsible for Stat3-
dependent astrocyte reactivity
To assess whether Stat3-dependent astrocyte reactivity 
is induced by factors secreted by microglia, we evalu-
ated the effects of medium conditioned by 22L reactive 
microglia (22L MCM) on astrocytes isolated from adult 
non-infected Cre+/− mice. Cre+/− astrocytes treated with 
22L MCM showed a significant upregulation of both cel-
lular Stat3 and p-Stat3 compared to those cultured with-
out 22L MCM (Fig. 5A, D). Similar to Cre+/− astrocytes 
co-cultured with 22L microglia, exposure to 22L MCM 
induced hypertrophic morphology in Cre+/− astrocytes, 
characterized by increased cell area, cell perimeter, and a 
greater number of processes (Fig. 5A, D).

Tamoxifen treatment largely prevented the upregula-
tion of Stat3 and p-Stat3 in Cre+/− astrocytes cultured 
with 22L MCM (Fig. 5A, D). Western blot analysis con-
firmed significantly lower levels of Stat3 and p-Stat3 in 
tamoxifen-treated versus mock-treated Cre+/− astrocytes 
(Fig. 5B, E). The loss of Stat3 and corresponding depletion 
of p-Stat3 largely prevented the phenotypic transition to 
a hypertrophic morphology (Fig.  5A, D). Furthermore, 
the loss of Stat3/p-Stat3 signaling prevented the upreg-
ulation of reactive astrocyte markers Lcn2, Serpina3n, 
Steap4, Cxcl10 and Serping1 in Cre+/− astrocytes cultured 
with 22L MCM (Fig.  5C). These findings demonstrate 
that factors secreted by reactive microglia drive Stat3-
mediated astrocyte reactivity.

Both reactive microglia and astrocytes in prion-infected 
animals secrete pro-inflammatory factors including IL-6
Previous studies have reported the upregulation of mul-
tiple genes associated with pro-inflammatory phenotypes 
in reactive microglia and astrocytes in the context of 
prion diseases [19–21, 23, 41]. However, upregulation of 
inflammatory molecules at the protein level has not been 
documented. To identify inflammatory proteins and pep-
tides, a mouse cytokine array that profiles 40 molecules 
was applied to reactive microglia and astrocytes acutely 
isolated from 22L-infected mice (Figure S3).
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In the culture media from reactive microglia, we 
observed a significant upregulation of pro-inflamma-
tory cytokines IL-1α, IL-1β, and TNF-α, as well as pro-
inflammatory chemokines CCL3, CCL5, and CXCL10 
(Fig. 6A, C; Table 2). Additionally, the anti-inflammatory 
cytokine IL-1ra (interleukin-1 receptor antagonist) was 
upregulated, alongside a downregulation of ICAM-1 
(intercellular adhesion molecule 1) (Fig. 6A, C). Among 
the molecules secreted by reactive astrocytes, cytokine 
IL-12 and chemokines CCL4, CCL12, and CXCL12 were 
significantly upregulated, while TIMP-1 (tissue inhibi-
tor of metalloproteinase-1), a glycoprotein involved in 
neuroprotection [42, 43], was downregulated (Fig. 6B, C; 
Table 2).

Notably, both reactive microglia and astrocytes exhib-
ited elevated levels of the pro-inflammatory cytokine 
IL-6 and chemokines CCL2 and CXCL1 (Fig.  6C, D). 
These findings suggest that both reactive microglia and 
astrocytes contribute to the upregulation of overlapping 
subsets of secreted inflammatory molecules (Fig.  6D). 
Among the factors strongly upregulated by both cell 
types, IL-6 stands out as a key molecule known to acti-
vate the JAK2/Stat3 signaling pathway [44–46].

IL-6 induces astrocyte reactivity in a Stat3-dependent 
manner
To investigate the role of IL-6 in astrocyte activation, cel-
lular levels of Stat3, p-Stat3, GFAP, and C3 were analyzed 
in astrocytes isolated from adult, non-infected Cre+/− 
mice and treated with recombinant IL-6 using Western 
blotting. Stat3, p-Stat3, GFAP, and C3 levels were signifi-
cantly elevated in IL-6-treated astrocytes compared to 
mock-treated controls (Fig. 7A). Furthermore, IL-6 treat-
ment increased the expression of the markers associated 
with astrocyte reactivity in prion disease Lcn2, Serpi-
na3n, Steap4, Cxcl10, Serping1, and S100a10 (Fig.  7B). 
Notably, pretreatment of Cre+/− astrocytes with tamoxi-
fen attenuated IL-6-induced astrocyte reactivity. This 
attenuation was evidenced by reduced cellular levels of 
Stat3, p-Stat3, GFAP, and C3, as well as decreased expres-
sion of Lcn2, Serpina3n, Steap4, Cxcl10, Serping1, and 
S100a10 (Fig.  7A, B). In summary, exposure of normal 

astrocytes to IL-6 alone is sufficient to induce astrocyte 
reactivity via a Stat3-dependent mechanism.

Discussion
In a healthy brain, astrocytes play essential physiologi-
cal roles tailored to specific neuronal subpopulations 
and brain regions [47–49]. Under normal conditions, 
astrocytes demonstrate distinct regional homeostatic 
identities, adapting to the unique demands of their local 
environment [19]. Notably, seven developmentally pre-
determined astrocyte subtypes have been identified 
in different regions of the mouse brain [50]. However, 
in neurodegenerative conditions, including prion dis-
eases, astrocytes adopt reactive phenotypes that persist 
throughout disease progression [1, 2, 18, 21–23].

In chronic neurodegenerative diseases such as prion 
diseases, astrocyte reactivity initially arises as a physi-
ological response to an altered brain environment. How-
ever, prolonged exposure to prion infection leads to the 
emergence of a disease-associated astrocytic phenotype, 
which disrupts their homeostatic functions. Transcrip-
tomic analyses of prion-infected animals have revealed 
widespread disturbances in astrocyte-specific genes 
involved in diverse functions, including BBB regulation, 
transporters, myelination, energy metabolism, extracel-
lular matrix remodeling, growth factor signaling, and 
neuroprotection [19, 23]. Notably, genes critical for syn-
apse formation and maintenance, such as Nrxn1, Nlgn1, 
Cdh10, Gpc4, and Gpc5, were markedly downregulated, 
reflecting a loss of neuronal support functions [19]. In 
contrast, the strong upregulation of C3, a gene associated 
with a neurotoxic astrocyte phenotype, was consistently 
observed in reactive astrocytes in prion diseases [24, 
26, 40, 51, 52]. Interestingly, C3 upregulation has been 
identified as a universal marker of neurotoxic astrocytes 
across multiple neurological conditions, underscoring its 
relevance to astrocyte-mediated neurotoxicity [53–56]. 
In prion diseases, reactive astrocytes exhibited gene sig-
nature shared across various prion strains [19].

Functionally, reactive astrocytes isolated from prion-
infected animals exerted detrimental effects on primary 
neuronal cultures, including reduced dendritic spine size 

(See figure on previous page.)
Fig. 2  Stat3 deletion mitigates the reactive phenotype of astrocytes isolated from prion-infected mice. Primary astrocytes were treated with TAM or mock 
solution for 72 h and analyzed. A, B. Left panels: analysis of GFAP (A) and C3 (B) gene expression in 22L-Cre+/− and 22L-Cre−/− astrocytes using qRT-PCR. 
Right panels: representative Western blots and densitometric analysis of GFAP (A) and C3 (B) expression normalized per expression of β-actin in 22L-Cre+/− 
and 22L-Cre−/− astrocytes. C, D. Analysis of expression of genes associated with astrocyte reactivity in 22L-Cre+/− (C) and 22L-Cre−/− (D) astrocytes. The 
expression levels in TAM-treated astrocytes were normalized relative to those in mock-treated astrocytes. In A-D, N = 3 independent cultures, each pre-
pared from an individual animal, per group. Data represent means ± SE, ***p < 0.001, **p < 0.01, *p < 0.05 and ‘ns’ is non-significant by two-tailed, unpaired 
t-test. E, F. Left panels: immunofluorescence microscopy images of 22L-Cre+/− (E) and 22L-Cre−/−(F) astrocytes co-immunostained for GFAP and C3 along 
with DAPI. Right panels: quantification of the C3-positive area within GFAP-positive 22L-Cre+/− (E) and 22L-Cre−/−(F) astrocytes. Images are representatives 
of three cultures originating from independent animals. n = 13 random fields with 8–10 cells per field of view from N = 3 independent cultures, each pre-
pared from an individual animal, per group. In E and F SuperPlots: colors represent independent experiments; dots represent in individual fields of view; 
average values for each experiment are shown as large circles; statistical analyses were performed based on the number of independent experiments; 
black lines mark means, ***p < 0.001, ‘ns’ is non-significant by two-tailed, unpaired t-test. Scale bar = 50 µm
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and density, impaired neuronal growth, and compro-
mised synapse integrity [24]. Additionally, these reac-
tive astrocytes induced a disease-associated phenotype 
in endothelial cells, impairing BBB integrity [25]. These 
changes included the disintegration of tight and adhe-
rens junctions and reduced trans-endothelial electrical 
resistance [25]. In prion-infected mice, astrocytic endfeet 
retraction from blood vessels and loss of BBB integrity 
were observed even before clinical disease onset, high-
lighting their early involvement in disease pathogenesis 
[19, 25].

Whether astrocytic reactive phenotypes can be effec-
tively reversed in vivo has been a topic of ongoing debate. 
Previous studies on optic nerve injury, induced by brief 
elevations in ocular pressure, demonstrated that astro-
cyte reactivity can be fully resolved upon removal of the 
insult [57]. However, in the context of more severe inju-
ries, such as spinal cord trauma that results in glial scar 
formation composed of reactive astrocytes, these pheno-
typic changes were traditionally considered irreversible. 
Interestingly, recent research has revealed that reactive 
astrocytes isolated from injured spinal cords can reverse 
their phenotype when transplanted into a naïve spinal 
cord [58].

The current study demonstrates that the Stat3 pathway 
is critical for activating astrocytes in prion diseases and 
that their reactive phenotype can be reversed by delet-
ing Stat3. Reversing astrocyte reactivity mitigated their 
synaptotoxic effects. These results align well with recent 
studies showing that blocking IL-6 signaling prevents 
astrocyte-induced neuronal death in an induced pluripo-
tent stem cell (iPSC)-based model of Parkinson’s disease 
[59].

To investigate the mechanism underlying astrocyte 
activation, reactive microglia from prion-infected mice 
were co-cultured with normal astrocytes. These experi-
ments revealed that astrocyte activation by reactive 
microglia is mediated through the Stat3 pathway. More-
over, Stat3-dependent activation of astrocytes was reca-
pitulated using media conditioned by reactive microglia, 

suggesting that microglia-derived soluble factors drive 
astrocyte reactivity. Inflammatory protein and peptide 
profiling demonstrated that in the reactive states, microg-
lia and astrocytes upregulated two partially overlapping 
subsets of secreted inflammatory molecules. Among 
these, IL-6, a cytokine known to activate the JAK2/Stat3 
pathway [44–46], was prominently upregulated in both 
reactive microglia and astrocytes. Notably, exposure of 
normal astrocytes to IL-6 alone was sufficient to upregu-
late p-Stat3 and induce the C3-positive reactive pheno-
type. Our findings that IL-6 is secreted by both reactive 
microglia and astrocytes suggest that astrocyte reactiv-
ity can be induced or sustained not only with the help of 
reactive microglia but also by reactive astrocytes in a self-
reinforcing, cell-autonomous manner.

Previous studies have shown that neurotoxic astro-
cyte reactivity is driven by reactive microglia through 
the secretion of IL-1α, TNF-α, and C1q [54]. However, 
in prion-infected triple knockout mice (Il1α−/−, TNFα−/−, 
and C1q−/−), only modest changes in the reactive astro-
cyte phenotype were observed [40]. Unexpectedly, dis-
ease progression was accelerated in these knockout mice 
compared to prion-infected controls, challenging the 
presumed role of IL-1α/TNF-α/C1q signaling in driving 
neurotoxic astrocyte activation in prion diseases [40]. 
Our findings suggest that an alternative, IL-6-dependent 
pathway may contribute to astrocyte activation in prion 
disease.

The findings of this study are consistent with previ-
ous research on other neurodegenerative diseases, high-
lighting the role of the JAK2/Stat3 pathway in astrocyte 
activation. In the APP/PS1dE9 mouse model of Alzheim-
er’s disease, inhibition of the JAK2/Stat3 pathway via 
viral vectors was shown to reduce amyloid deposition, 
improve spatial learning, and restore synaptic deficits 
[28]. Similarly, conditional deletion of Stat3 in astrocytes 
in APP/PS1dE9 mice led to a decreased pro-inflam-
matory cytokine response, reduced Aβ plaque burden, 
lowered dystrophic neurite burden, and alleviated mem-
ory decline [29]. In contrast, the astrocytic JAK2/Stat3 

(See figure on previous page.)
Fig. 3  Stat3 deletion alleviates the synaptotoxic effects of reactive astrocytes from prion-infected mice. Cre+/−, 22L-Cre+/−, and TAM-pretreated 22L-Cre+/− 
astrocytes were co-cultured with primary cortical neurons for 10–12 days. 24 h prior of coculturing with neurons, the culture media containing TAM in as-
trocyte cultures was replaced with the fresh co-culture media without TAM, as described in Methtods. (A) Left panels: fluorescence microscopy images of 
cortical neurons co-cultured with Cre+/−, 22L-Cre+/− or TAM-pretreated 22L-Cre+/− astrocytes and co-immunostained for MAP2 and pre- and post-synaptic 
markers synaptophysin (SYP) and PSD95, respectively. Arrows indicate puncta of co-localized SYP and PSD95. Right panel: quantification of co-localized 
puncta per field of view in co-cultures. N = 23 random fields of view with 1–2 neurons per field of vies from N = 3 independent cultures. (B) Analysis of ex-
pression of Syp, Syn2, Dlg4 and Thbs2 genes in neurons co-cultured with astrocytes using qRT-PCR. C, D. Representative Western blots and densitometric 
analysis of SYP (C) and PSD-95 (D) expression normalized per expression of β-actin in co-cultures. E. Left panels: fluorescence microscopy images of corti-
cal neuronal cells co-cultured with Cre+/−, 22L-Cre+/− and TAM-pretreated 22L-Cre+/− astrocytes co-immunostained for spine marker Drebrin and MAP2. 
Right panel: quantification of spine density in co-cultures. In E, 30–40 neurons for each experimental condition. In A and E SuperPlots: colors represent 
independent experiments; dots represent in individual fields of view or neurons; average values for each experiment are shown as large circles; statistical 
analyses were performed based on the number of independent experiments; black lines mark means. F. Representative Western blots and densitometric 
analysis of Stat3 expression astrocytes from adult, non-infected Cre+/− mice, TAM-treated 22L-Cre+/− astrocytes and mock-treated 22L-Cre+/− astrocytes 
normalized per expression of β-actin. In A-F, Data represent means ± SE, *p < 0.05, **p < 0.01, ***p < 0.001, by one-way ANOVA with Bonferroni post-hoc 
test, N = 3 independent culture experiments per group, each prepared from an individual animal, per group. Scale bars = 25 μm (A) and 10 μm (E)
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pathway appears to play a protective role in Huntington’s 
disease. Activation of this pathway in astrocytes in mouse 
models of Huntington’s disease reduced the aggregation 
of mutant Huntingtin in neurons and mitigated neuronal 
defects [60]. Collectively, these findings indicate that the 
JAK2/Stat3-modulated reactive astrocyte phenotype may 
have disease-specific effects, yielding protective or detri-
mental outcomes depending on the context of the neuro-
degenerative condition.

Recent studies have highlighted the intricate crosstalk 
between microglia and astrocytes, revealing a complex 
interplay mediated through multiple signaling pathways 
[61, 62]. The reactive states of these glial cells appear 
to be interdependent, but whether reactive microg-
lia directly induce reactive phenotypes in astrocytes 
remains an open question. Our previous and current 
studies demonstrated that reactive microglia isolated 
from prion-infected mice can drive astrocyte reactivity 
(23). Intriguingly, microglia depletion in prion-infected 
mice resulted in an exacerbated C3-positive reactive 
phenotype in astrocytes, which accelerated disease pro-
gression [52, 63–65]. Collectively, these findings suggest 
that astrocytes can be activated through both microg-
lia-dependent and independent mechanisms. Further-
more, in the absence of microglia, astrocytes may exhibit 
heightened proinflammatory reactivity, potentially com-
pensating for the loss of reactive microglia.

This study demonstrates that reactive astrocytes asso-
ciated with prion disease upregulate the secretion of 
several cytokines, including IL-6, IL-12, CCL2, CCL4, 
CCL12, CXCL1, and CXCL12. Notably, most of these 
cytokines, specifically CCL2, CCL4, CCL12, CXCL1, 
and CXCL12, are linked to pro-inflammatory responses. 
These cytokines play critical roles in recruiting myeloid 
cells from the periphery, enhancing BBB permeability, 
and mediating crosstalk between astrocytes and microg-
lia, ultimately leading to the activation of pro-inflamma-
tory microglia. Chronic neuroinflammation driven by 
pro-inflammatory cytokines is well-documented to have 

adverse effects [66, 67]. In addition to the upregulation 
of pro-inflammatory cytokines, reactive astrocytes asso-
ciated with prion disease downregulate TIMP-1 secre-
tion, indicating a loss of essential homeostatic functions. 
TIMP-1 has been shown to play a neuroprotective role 
by inhibiting neuronal apoptosis [42, 43]. In AD mouse 
models, TIMP-1 protected neurons from Aβ toxicity, 
restored synaptic plasticity, increased dendritic spine 
size, and ameliorated Aβ-induced cognitive dysfunction 
[43, 68]. Interestingly, IL-12 exhibits context-depen-
dent effects that vary across the disease model. In AD 
mouse models, IL-12 contributes to a pro-inflammatory 
response, exacerbating Aβ plaque pathology. Conversely, 
in experimental autoimmune encephalomyelitis, IL-12 
induces an anti-inflammatory response, promoting 
neuroprotective adaptations within the CNS [69, 70]. It 
remains unclear whether the upregulation of the above 
cytokines in prion diseases arises from the same or differ-
ent subpopulations of reactive astrocytes.

IL-6 is a pleiotropic cytokine that can exert opposing 
effects within the CNS, functioning as either anti-inflam-
matory and neuroprotective or pro-inflammatory and 
neurotoxic [71, 72]. Notably, upregulation of IL-6 has 
been observed in various neurological disorders associ-
ated with neuroinflammation, including Alzheimer’s dis-
ease, Parkinson’s disease, and multiple sclerosis [73–77]. 
IL-6 signaling is mediated through both membrane-
bound and soluble forms of the IL-6 receptor (IL-6R), 
enabling it to target multiple CNS cell types in a context-
dependent manner [78]. The pro-inflammatory pathway 
associated with neurodegeneration involves IL-6 binding 
to the soluble form of IL-6R, which triggers responses 
in distal cells via a mechanism known as trans-signaling 
[78]. This trans-signaling is recognized as the predomi-
nant mechanism underlying the pathogenic, pro-inflam-
matory effects of IL-6 in the CNS, as it targets cells that 
do not express membrane-bound IL-6R [79]. Overex-
pression of IL-6 under the GFAP promoter in mice has 

(See figure on previous page.)
Fig. 4  Astrocyte-specific deletion of Stat3 reverses microglia-induced astrocyte reactivity. Astrocyte − 22L microglia co-cultures were treated with TAM 
or mock solution for 72 h and analyzed A. Left panels: immunofluorescence microscopy images of Cre+/− astrocytes co-cultured with 22L microglia and 
co-immunostained for GFAP and Stat3 along with DAPI. Cre+/− astrocytes cultured in the absence of microglia are presented as reference. Right panels: 
quantification of integrated fluorescence intensity of Stat3, and morphometric analyses of cell area, perimeter and process number of astrocytes. B, C. 
Representative Western blots and densitometric analysis of Stat3 (B) and GFAP (C) expression normalized per expression of β-actin. D. Analysis of expres-
sion of genes associated with astrocyte reactivity in Cre+/− astrocytes co-cultured with 22L microglia using qRT-PCR. E. Left panels: immunofluorescence 
microscopy images of Cre+/− astrocytes co-cultured with 22L microglia and co-immunostained for GFAP and p-Stat3 along with DAPI. Cre+/− astrocytes 
cultured in the absence of microglia are presented as reference. Right panels: quantification of integrated fluorescence intensity of p-Stat3 and morpho-
metric analyses of cell area, perimeter and process number of astrocytes. F. Representative Western blots and densitometric analysis of p-Stat3 expression 
normalized per expression of β-actin. In A and E, images are representatives of three cultures originating from individual animals; for Stat3 and p-Stat3 
intensity, n = 10 random fields with 5–7 cells per field from N = 3 independent cultures per group; for morphology analysis, n = 80–100 cells from N = 3 in-
dependent cultures per group. In SuperPlots: colors represent independent experiments; dots represent in individual fields of view or cells; average values 
for each experiment are shown as large circles; statistical analyses were performed based on the number of independent experiments; black lines mark 
means. In B-D and F, N = 3 independent cultures, each prepared from an individual animal, per group. In A-F, data represent means ± SE, ***p < 0.001, 
**p < 0.01,*p < 0.05, ‘ns’ is non-significant by one-way ANOVA with Bonferroni multiple comparisons test (in A and E) and by two-tailed, unpaired t-test (in 
B-D and F). Scale bars = 50 µm
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Fig. 5 (See legend on next page.)
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been shown to induce neurological disease characterized 
by neurodegeneration and reactive astrogliosis [80].

In the present study, Stat3-dependent astrocyte activa-
tion was shown to rely on secreted IL-6. Previously, we 
demonstrated that PrPSc directly upregulates IL-6 secre-
tion by microglia [81]. Additionally, our prior work estab-
lished that IL-6 contributes to pathological changes in 
endothelial cells and compromises BBB integrity in prion 
diseases [25]. Here, we observed that IL-6 was signifi-
cantly upregulated not only in reactive microglia but also 
in reactive astrocytes isolated from prion-infected mice. 
These findings suggest that, once activated, the reactive 
state of astrocytes may no longer depend on non-cell-
autonomous stimuli from other cell types. Future studies 
could explore whether suppressing IL-6 delays disease 
progression and ameliorates clinical symptoms in prion 
diseases.

The primary limitation of the present study is that the 
effects of Stat3 downregulation were assessed only in 
primary astrocytes isolated from prion-infected mice or 
in astrocytes co-cultured with neurons, but not in vivo. 
Whether Stat3 downregulation can mitigate disease pro-
gression in prion-infected animals remains under inves-
tigation. Approaches based on primary cultures, while 
informative, do not capture the complex intercellular 
interactions present within the intact brain and fail to 
reflect the inherent complexity of disease mechanisms. 
Relying solely on in vitro models makes it difficult to 
predict how the strong proinflammatory environment 
and progressive elevation of PrPSc levels during disease 
development might influence the effects of Stat3 down-
regulation on astrocyte reactivity. Additionally, potential 
compensatory mechanisms involving redundant path-
ways, such as those mediated by Stat1 and Stat2, may fur-
ther modulate the outcomes observed.

Targeting the reactive state of astrocytes in vivo pres-
ents several challenges. First, the reactive phenotype 
of astrocytes, as well as their functional roles, likely 
evolves with disease progression. Identifying the opti-
mal time window for suppressing astrocyte reactivity is 

therefore crucial. Second, astrocyte reactivity exhibits 
pronounced heterogeneity across disorders [9, 82]. Given 
that astrocytes are known to display region-specific het-
erogeneity and region-specific responses to prions [19, 
83], achieving desirable manipulation of their reactive 
phenotype across the entire brain may be particularly 
challenging. Third, the dynamics of prion invasion and 
disease progression, both of which vary by brain region, 
are influenced by the prion strain or specific subtype of 
Creutzfeldt–Jakob disease. Consequently, astrocytes in 
affected regions may be at different stages of activation or 
display distinct reactive phenotypes. Fourth, the interplay 
between microglia and astrocytes further complicates 
efforts to modulate astrocyte reactivity. Altering the reac-
tive state of one cell type is likely to influence the other, 
and the nature of microglia-astrocyte interactions may 
shift as the disease progresses, posing additional chal-
lenges. Finally, the potential upregulation of alternative 
signaling pathways, such as those mediated by Stat1 and/
or Stat2, may serve as compensatory mechanisms. Since 
Stat1 and Stat2 are expressed in astrocytes and contribute 
to their activation in response to CNS infections or injury 
[84, 85], their upregulation could counteract efforts to 
suppress astrocyte reactivity via Stat3 downregulation, 
and must be accounted for in therapeutic approaches.

(See figure on previous page.)
Fig. 5  Stat3-mediated astrocyte reactivity is induced by microglia-secreted factors. Astrocyte were cultured in the presence of 22L MCM and TAM or 
mock solution for 72  h and analyzed A. Left panels: immunofluorescence microscopy images of Cre+/− astrocytes co-immunostained for GFAP and 
Stat3 along with DAPI. Cre+/− astrocytes cultured in the absence of 22L MCM are presented as reference. Right panels: quantification of integrated fluo-
rescence intensity of Stat3, and morphometric analyses of cell area, perimeter and process number of astrocytes. B. Representative Western blot and 
densitometric analysis of Stat3 expression normalized per expression of β-actin. C. Analysis of expression of genes associated with astrocyte reactivity 
in Cre+/− astrocytes cultured in the presence of 22L MCM using qRT-PCR. D. Left panels: immunofluorescence microscopy images of Cre+/− astrocytes 
co-immunostained for GFAP and p-Stat3 along with DAPI. Right panels: quantification of integrated fluorescence intensity of p-Stat3 and morphometric 
analyses of cell area, perimeter and process number. E. Representative Western blots and densitometric analysis of p-Stat3 expression normalized per 
expression of β-actin. In A and D, images are representatives of N = 3 cultures originating from individual animals; for Stat3 and p-Stat3intensity, n = 10 ran-
dom fields with 5–6 cells per field from N = 3 independent cultures originating from individual animals; for morphology analysis, n = 70–80 cells from N = 3 
independent cultures, originating from individual animals. In SuperPlots: colors represent independent experiments; dots represent in individual fields 
of view or cells; average values for each experiment are shown as large circles; statistical analyses were performed based on the number of independent 
experiments; black lines mark means. In B, C and E, N = 3 independent cultures, originating from individual animals. In A-E, data represent means ± SE, 
**p < 0.01, *p < 0.05, ‘ns’ is non-significant by one-way ANOVA with Bonferroni multiple comparisons test (in A and D) and by two-tailed, unpaired t-test 
(in B, C and E). Scale bars = 50 µm
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Fig. 6  Reactive microglia and astrocytes secrete pro-inflammatory factors. Analysis of media conditioned by reactive microglia and astrocytes isolated 
from 22L-Cre+/− and non-infected, adult Cre+/− mice using cytokine/chemokine profiling array. A, B. Representative array images of mouse cytokines in 
media conditioned by reactive microglia (A) and astrocytes (B). C. Quantification cytokines secreted by microglia and astrocytes from 22L-Cre+/− and 
Cre+/− animals. D. Venn diagram illustrating an overlap in secreted molecules between reactive astrocytes and microglia. Factors upregulated or down-
regulated in reactive versus homeostatic states are shown using bold and thin fonts, respectively. Data represent mean ± SE, ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05 and ‘ns’ is non-significant by two-tailed, unpaired t-test, N = 3 independent experiments, where conditioned media were obtained 
from three independent cultures, each originating from an individual animal
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TAM	� 4-hydroxytamoxifen
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Table 2  List of factors, secretion of which is up- or dawn-
regulated in reactive States of microglia and astrocytes
Protein Density

Microglia Astrocytes

normal reactive normal reactive
ICAM-1 4033 ± 88* 1005 ± 80 1009 ± 5.5 993 ± 58
IL-1a 105 ± 6 4133 ± 145 105 ± 4.4 301 ± 57
IL-1b 200 ± 5.8 2533 ± 260 107 ± 4.7 205 ± 3.8
IL-1ra 103 ± 6.7 3900 ± 295 96 ± 7.2 169 ± 11
IL-6 140 ± 5.4 3511 ± 119 120 ± 2.9 3121 ± 104
IL-12 105 ± 5.8 155 ± 7.6 103 ± 5.8 2047 ± 33
IL-16 3033 ± 202 1993 ± 121 201 ± 15 305 ± 15
CXCL10 121 ± 2.6 1507 ± 57 130 ± 5.8 153 ± 6.1
CXCL12 136 ± 6.0 317 ± 11.9 110 ± 6.2 2200 ± 57
CXCL1 1026 ± 17 4512 ± 261 113 ± 21 2133 ± 88
CCL2 139 ± 5.9 3834 ± 88 135 ± 7.6 1932 ± 33
CCL3 151 ± 10 3153 ± 129 141 ± 4.5 210 ± 11
CCL5 140 ± 5.8 4241 ± 83 121 ± 7.3 216 ± 3.2
CCL12 111 ± 3.7 190 ± 5.6 111 ± 8.7 2217 ± 124
CCL4 210 ± 5.7 234 ± 8.6 131 ± 6.0 1099 ± 57
TNF-a 153 ± 5.5 2111 ± 57 116 ± 2.9 213 ± 2.6
TIMP-1 1007 ± 8.8 1196 ± 98 1003 ± 54 613 ± 40
* Bold font used for secreted factors that were found to be up- or downregulated 
in reactive states relative to homeostatic states with high statistical significance

Fig. 7  IL-6 induces astrocyte reactivity in a Stat3-dependent manner. Astrocytes were isolated from non-infected, adult Cre+/− mice, treated with IL-6, IL-6 
and TAM or mock solution for 72 h and analyzed. (A) Representative Western blots and densitometric analysis of Stat3, p-Stat3, GFAP, and C3 expression 
normalized per expression of β-actin. (B) Analysis of expression of genes associated with astrocyte reactivity. Expression levels were normalized relative 
to the expression of the respective gene in mock-treated astrocytes. Data represent mean ± SE, ***p < 0.001, **p < 0.01, *p < 0.05, by one-way ANOVA with 
Bonferroni multiple comparisons post-hoc test, N = 3 independent astrocyte cultures per group, each originating from an individual animal
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