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Absence of Apolipoprotein E is associated 
with exacerbation of prion pathology 
and promotes microglial neurodegenerative 
phenotype
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Abstract 

Prion diseases or prionoses are a group of rapidly progressing and invariably fatal neurodegenerative diseases. The 
pathogenesis of prionoses is associated with self-replication and connectomal spread of PrPSc, a disease specific con‑
former of the prion protein. Microglia undergo activation early in the course of prion pathogenesis and exert oppos‑
ing roles in PrPSc mediated neurodegeneration. While clearance of PrPSc and apoptotic neurons have disease-limiting 
effect, microglia-driven neuroinflammation bears deleterious consequences to neuronal networks. Apolipoprotein 
(apo) E is a lipid transporting protein with pleiotropic functions, which include controlling of the phagocytic and 
inflammatory characteristics of activated microglia in neurodegenerative diseases. Despite the significance of micro‑
glia in prion pathogenesis, the role of apoE in prionoses has not been established. We showed here that infection of 
wild type mice with 22L mouse adapted scrapie strain is associated with significant increase in the total brain apoE 
protein and mRNA levels and also with a conspicuous cell-type shift in the apoE expression. There is reduced expres‑
sion of apoE in activated astrocytes and marked upregulation of apoE expression by activated microglia. We also 
showed apoE ablation exaggerates PrPSc mediated neurodegeneration. Apoe−/− mice have shorter disease incuba‑
tion period, increased load of spongiform lesion, pronounced neuronal loss, and exaggerated astro and microgliosis. 
Astrocytes of Apoe−/− mice display salient upregulation of transcriptomic markers defining A1 neurotoxic astrocytes 
while microglia show upregulation of transcriptomic markers characteristic for microglial neurodegenerative pheno‑
type. There is impaired clearance of PrPSc and dying neurons by microglia in Apoe−/− mice along with increased level 
of proinflammatory cytokines. Our work indicates that apoE absence renders clearance of PrPSc and dying neurons by 
microglia inefficient, while the excess of neuronal debris promotes microglial neurodegenerative phenotype aggra‑
vating the vicious cycle of neuronal death and neuroinflammation.
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Introduction
Prion disease (or prionoses) are a group of fatal neu-
rodegenerative diseases affecting humans and cer-
tain mammalian species. Human prionoses include 
Creutzfeldt-Jakob disease (CJD), Gerstmann Sträussler 
Scheinker syndrome, fatal familial insomnia, variably 
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protease-sensitive prionopathy and kuru [33, 52, 63]. 
Despite relatively low incidence (1/106/year for sporadic 
CJD), universally fatal outcome, aggressive clinical course 
(e.g. median survival of 4–5 mos. in sporadic CJD), and 
absence of treatment make prionoses a devastating con-
dition. Notable examples of animal prionoses (reviewed 
in [1]) include scrapie in sheep and goats, bovine spongi-
form encephalopathy, chronic wasting disease in cervine 
species, and mouse adapted scrapie strains, which are 
established laboratory models for prionoses [6, 14, 56, 
59]. Like Alzheimer’s disease (AD), prionoses belong to 
neurodegenerative conformational disorders, where the 
pathogenesis is driven by the accumulation of β-sheet 
misfolded proteins, which triggers activation of astro-
cytes and microglia. PrPSc (Sc-scrapie) is a toxic, prote-
olysis-resistant, and oligomerization-prone conformer of 
the cellular prion protein (PrPC) typical to all prionoses. 
PrPSc replicates by binding to PrPC and altering PrPC’s 
α-helix-rich conformation into the likeness of its own, 
which is β-sheet-dominant [2, 62]. In infected neurons, 
PrPSc accumulates on the cell surface and within the 
endosomal system [37, 42, 59]. PrPSc also can be secreted 
into the neuropil, where it forms diffuse, immunodetect-
able deposits [14, 22]. Other neuropathological hallmarks 
of prionoses include spongiform changes reflecting loss 
of structural integrity of axons, vacuolar changes in neu-
ronal perikarya, and loss of neuronal bodies and syn-
apses [22, 63]. Microglia activation is an early event in 
prionoses predating occurrence of spongiform lesions. 
In prionoses, microglia display prominent inflamma-
tory phenotype and secrete numerous cytokines and 
chemokines, which exert toxic effect on neurons either 
directly or indirectly by recruiting A1 neurotoxic astro-
cytes [3, 10]. Conversely, clearance of PrPSc by micro-
glia, has been proposed as a disease-limiting mechanism 
though details of engagement, engulfment, and disposal 
of PrPSc by microglia remain unknown [12, 29, 30]. 
The net contribution of microglia proinflammatory vs. 
phagocytic effect to prion pathogenesis remains actively 
debated [3, 12].

Apolipoprotein (apo) E is a 34  kDa protein, which is 
primarily expressed by astrocytes and secreted as high-
density lipoprotein (HDL) like particles [18, 25, 40]. 
ApoE regulates brain lipid metabolism, synaptic plastic-
ity, and synaptic receptor expression [47]. This happens 
through the interaction of apoE/HDL particles with vari-
ous neuronal apoE receptors including the low-density 
lipoprotein receptor (LDLR) [15, 32, 44]. ApoE is nomi-
nally expressed by homeostatic or M0 microglia, but 
Apoe transcript becomes steeply upregulated in reactive 
microglia [36, 43, 45, 69]. High level of Apoe expression 
is a cardinal feature of the transcriptomic profile of dis-
ease associated microglia (DAM) [24, 43] and microglial 

neurodegenerative phenotype (MGnD) [45], which have 
been isolated from brains of AD transgenic (Tg) mouse 
models. DAM have been originally identified in APP Tg 
mice serving as a model of Aβ deposition, which repre-
sent the initial culprit of AD pathogenesis. Functional 
significance of DAM is viewed as protective and facilitat-
ing clearance of Aβ deposits, despite expression of several 
inflammatory cytokines [23, 24]. In contrast, MGnD is 
considered neurodegeneration-promoting due to salient 
upregulation of proinflammatory signaling [45]. This phe-
notype has been linked to more advanced stages of AD 
pathology associated with prominent neurodegeneration 
and intraneuronal accumulation of hyperphosphoryl-
ated tau and it also has been described in mouse models 
of experimental autoimmune encephalitis, and amyo-
trophic lateral sclerosis [45]. ApoE controls phagocytic 
and inflammatory characteristics of microglia in neu-
rodegenerative diseases. Lipidated, astrocyte expressed 
apoE has been proposed to act as an opsonin facilitating 
phagocytic function of activated microglia and clearance 
of cellular debris and misfolded proteins [61, 69, 80, 82]. 
Conversely, microglia expressed apoE has been suggested 
to facilitate MGnD maintenance and its pro-inflamma-
tory characteristics [9, 45]. ApoE is critically involved in 
the pathogenesis of AD where APOE genotype both con-
trols AD risk [20, 81] and symptomatic progression [19, 
21]. There is an eminent effect of the APOE ε4 allele on 
Aβ deposition [16, 39], which determines AD risk. The 
ε4 allele also promotes, inflammatory microglia activa-
tion, which contributes importantly to the degeneration 
of tau-bearing neurons downstream to Aβ accumula-
tion [70, 71, 79]. Despite close similarities between AD 
and prionoses, the role of apoE in the pathomechanism 
of prion diseases remains unexplored apart from a single 
study conducted 25  years ago, which primary quantita-
tive readout was the survival of Apoe−/− mice intracer-
ebrally inoculated with the Rocky Mountain Laboratory 
(RML) scrapie strain [74]. Regulatory effect of apoE in the 
activation characteristics of microglia, which play salient 
role in prion pathogenesis has not been explored. In this 
study we examined changes in the apoE expression in a 
murine model of prion disease and the effects of apoE 
absence on prion pathomechanisms. The overall effect of 
apoE in prionoses is disease-limiting as apoE facilitates 
microglia dependent clearance of PrPSc and degenerating 
neurons and attenuates neuroinflammation.

Materials and methods
Materials and reagents
All chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO) unless specifically stated. Sources 
of antibodies used for immunohistochemistry and West-
ern-blotting along with their working dilution are listed 
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in Tables 1, 2, 3. Polymerase chain reaction primers were 
synthesized to order by Sigma-Aldrich (Table 4).

Animals
All mouse care and experimental procedures were 
approved by Institutional Animal Care and Use 

Committees of the New York University Gross-
man School of Medicine. Apoe−/− mice (B6.129P2-
Apoetm1Unc/J Stock No: 002052; The Jackson 
Laboratories, Bar Harbor, ME) [60, 84] and genetic 
background-matching wild type (WT) mice (C57BL/6J 
Stock No: 000664) were bred in house. At the age of 8 

Table 1  List of primary antibodies used for immunohistochemistry

Antigen Abbreviation Host Dilution Source Catalog # (Clone)

Cluster of differentiation 68 CD68 Rat 1:250 Abcam Inc., Cambridge, MA Ab53444 (FA-11)

Cluster of differentiation 230 CD230 Mouse 1:200 BioLegend, San Diego, CA 808,001 (6D11)

Complement component 3 C3 Rat 1:200 Hycult Biotech, Uden, Netherlands HM1045 (11H9)

Glial fibrillary acidic protein GFAP Rabbit 1:2,000 Dako/Agilent Technologies, Santa Clara, CA Z0334

Ionized calcium adaptor protein 1 Iba1 Rabbit 1:1,000 Wako Chemicals Inc., Richmond, VA 019–19,741

Murine Apolipoprotein E apoE Mouse 1:100 gift of D.M. Holtzman, Washington University, 
St. Louis, MO [57]

(HJ6.3)

Neuronal nuclear protein NeuN Mouse 1:150 Sigma-Aldrich, St. Louis, MO MAB377 (A60)

Transmembrane protein 119 TMEM119 Rabbit 1:350 GeneTex, Irvine, CA GTX134087

Triggering receptor expressed on 
myeloid cells 2

TREM2 Sheep 1:150 R&D Systems, Minneapolis, MN AF1729

Table 2  List of secondary antibodies used for immunohistochemistry

Working dilution 1:500, except* diluted 1:400

Antigen Host Conjugate Source Catalog #

Anti-mouse IgG Goat Alexa 594 Jackson Immuno Research Labs, West Grove, 
PA

115–585-146

Anti-mouse IgG Goat Alexa 488 Jackson Immuno Research Labs 115–545-166

Anti-rabbit IgG Goat Alexa 488 Jackson Immuno Research Labs 111–545-144

Anti-rabbit IgG Goat Alexa 594 Jackson Immuno Research Labs 111–585-144

Anti-rabbit IgG Donkey Alexa 488 Jackson Immuno Research Labs 711–545-152

Anti-rabbit IgG Goat Biotin Vector Laboratories, Burlingame, CA BA-1000

Anti-rat IgG Goat Alexa 594 Jackson Immuno Research Labs 112–585-143

Anti-sheep IgG* Donkey Alexa 594 Invitrogen, Waltham, MA A-11016

Table 3  List of primary and secondary antibodies used for Western immunoblotting

Antigen Abbreviation Host Dilution Source Catalog # (Clone)

Beta-actin β-actin Mouse 1:10,000 Sigma-Aldrich, St. Louis, MO A2228 (AC-74)

Cluster of differentiation 230 CD230 Mouse 1:5,000 BioLegend, San Diego, CA 808,001 (6D11)

Glial fibrillary acidic protein GFAP Rabbit 1:15,000 Dako/Agilent Technologies Santa Clara, CA Z0334

Human apolipoprotein E ApoE Goat 1:7,000 Meridian Life Science Inc., Memphis, TN K74180B

Murine apolipoprotein E ApoE Mouse 1:5,000 Gift of D.M. Holtzman, Washington University 
St. Louis, MO [57]

(HJ6.3)

Goat IgG, HRP-linked secondary antibody Donkey 1:30,000 Santa Cruz Biotechnology Inc., Dallas, TX Sc-2020

Rabbit IgG F(ab’)2 specific, HRP-linked sec‑
ondary antibody

Donkey 1:30,000 GE Healthcare Bio-Science Corp., Pittsburgh, 
PA

NA9340

Mouse IgG F(ab’)2 specific, HRP-linked sec‑
ondary antibody

Donkey 1:30,000 GE Healthcare Bio-Science Corp., Pittsburgh, 
PA

NA9310
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to 10 weeks male and female mice (~ 50%:50% sex ratio) 
were intraperitoneally inoculated with a 100 μL of 22L 
infectious brain homogenate. The 10% (wt/vol) 22L brain 
homogenate was prepared according to our published 
protocols from mice killed in the terminal stage of prion 
disease [5, 6, 56, 59, 65]. Control mice were inoculated 
with 10% (wt/vol) normal brain homogenate (NBH) pre-
pared from healthy 8 – 10 week-old WT B6 mice. A sin-
gle batch of 22L and NBH inoculum was used throughout 
the entire study. Following the inoculation, animals were 
kept separated by sex in germ free vivarium under insti-
tutionally approved animal biosafety level 2 protocol. The 
mice were exposed to 12-h light/dark cycle and had free 
access to food and water. Mouse health was assessed bi-
weekly following standards of good husbandry practice 
[7]. Starting from the 10th week post inoculation (wpi) 
mice were tested once a week using the parallel bar cross-
ing test. This procedure has been validated previously by 
us and others for reliable detection of the early signs of 
prion disease [5, 35, 64, 65]. It involves assessment of the 
mouse’s competency to cross a series of parallel bars that 
are 3 mm in diameter and are placed 7 mm apart by an 
observer blinded to the animal experimental status. A 
mouse, which displays an impaired level of activity and/
or competency when attempting to cross the parallel bars 
for three weeks in a row is recognized as symptomatic 
and the first time it scores positively is in retrospect con-
sidered the day of disease onset. To detail the progres-
sion of clinical symptoms of the prion disease we also 
used the scrapie severity score, which is a 15-point scale 
assigning 0—3 points for each of the following features: 
arousal, hind-limb-weakness, body posture (kyphosis), 
gait-abnormalities, and body condition [11, 12, 73]. The 
scoring system for each feature is based on the follow-
ing criteria 0 = normal, 1 = subtle, 1.5 = mild, 2 = mod-
erate, 2.5 = advanced 3 = severe. 22L inoculated animals 
were killed either at 15 wpi when Apoe−/− and WT mice 
remain asymptomatic or at 23 wpi when both genotypes 
display overt symptoms of prion disease. NBH inoculated 
controls were killed at 23 wpi and they were neurologi-
cally asymptomatic. Mice were killed by an intraperito-
neal injection of Euthasol (500 μL/kg) (Virbac AH, Inc.; 
Westlake TX) and transcardially perfused with 10  mM 
phosphate-buffered saline (PBS) (pH 7.4) with addition 
of heparin (1,000 units/L). Immediately after the perfu-
sion brains were removed from the skulls. The olfactory 
bulbs and the cerebellum were cut off and the brains 
were divided along the longitudinal fissure into left and 
right hemispheres. The brain cortex and the hippocam-
pus were isolated from the left hemisphere and either 
used for RNA extraction or immediately flash frozen in 
a dry ice/methanol cooling bath, and stored at −  80 °C 
until further analyses. The right brain hemisphere was 

dissected in the frontal plane at approximately + 1  mm 
Bregma level. The rostral portion was fixed in 2% phos-
phate-buffered formalin and embedded in paraffin, while 
the larger posterior part was fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer [PB], pH 7.4 at 4 °C over 
7 days, and dehydrated in 2% dimethyl sulfoxide and 20% 
glycerol in 0.1 M PB, pH 7.4 at 4 °C.

Histology, immunohistochemistry, and quantitative 
analyses
The paraffin embedded, rostral portion of the right hemi-
sphere was cut into 8-μm-thick coronal sections, which 
were stained with hematoxylin and eosin for quantitative 
analysis of the spongiform lesions. The load of spongi-
form lesions (% of cross-sectional surface area occupied 
by the lesions) was quantified in the M1 primary motor 
cortex. The quantification was done on digitized images 
of the M1 cortex taken at approximated Bregma lev-
els + 1.0  mm, + 1.2  mm, and + 1.4  mm with deviation 
not greater than ± 0.1  mm [31, 87]. Image analysis was 
performed using NIH ImageJ v1.53a software (Bethesda, 
MD) [68]. The spongiform lesions were negatively thres-
holded based on the optical density of surrounding brain 
parenchyma. Vessels, with threshold signal similar to 
those of spongiform lesions were identified by the pres-
ence of ependymal cells and manually edited out. The 
caudal portion of the right brain hemisphere was cut 
serially into coronal 40-μm-thick sections using a freez-
ing microtome (Leica Microsystems, Wetzlar, Germany). 
Serial sections were alternately collected into 10 series, 
which were kept in the cryoprotectant (30% sucrose, 
30% ethylene glycol in 0.1  M  PB, pH 7.4) at 4 °C until 
the immunohistochemistry. Randomly selected series of 
sections were immunostained against the following anti-
gens: (1) apoE and GFAP in combination, (2) apoE and 
Iba1 in combination, (3) PrP, (4) GFAP, (5) C3 and GFAP 
in combination, (6) Iba1 with 4’, 6’-diamidino-2-phenylin-
dole (DAPI), (7) CD68, (8) CD68 and Iba1 in combina-
tion, (9) TREM2 and Iba1 in combinations, (10) NeuN, 
and Iba1, and CD68 in combination, and (11) TMEM119. 
Prior to immunostaining the sections were incubated in 
10  mM sodium citrate and 0.05% Tween 20 (pH 6.0) at 
85 °C for 15 min to increase antigen availability [58]. For 
anti-PrP immunostaining the sections were additionally 
treated with 98% formic acid at room temperature for 
10 min. Non-specific antibody binding was blocked using 
a blocking solution consisting of 10% normal goat serum 
and 1% bovine serum albumin (BSA) in 10 mM PBS (pH 
7.4) with 0.3% Triton X-100. When the mouse primary 
antibody was used, 1μL of the mouse on mouse block-
ing reagent (Vector Laboratories; Burlingame, CA) was 
added to 1.5  mL of the blocking solution. For TREM2 
immunohistochemistry the specific blocking solution 
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consisted of 5% donkey serum in 10  mM PBS (pH 7.4) 
and 0.3% Triton X-100 [58]. For the protocols utilizing 
biotinylated secondary antibody the blocking was with 
5% BSA in 10 mM PBS (pH 7.4) and 0.3% Triton X-100 
followed by Avidin/Biotin Blocking Kit (Vector Labora-
tories). Detailed list of primary antibodies used in this 
study and their working dilutions is given in Table  1, 
while the choice of secondary antibodies in Table 2. For 
multiple antigen staining procedures a cocktail of pri-
mary and secondary antibodies was prepared. The sec-
tions were thoroughly washed with 10  mM PBS (pH 
7.4) and 0.1% Triton X-100 between each step of immu-
nohistochemistry procedure. Slides were coverslipped 
using Depex mounting medium (Thermo Fisher Scien-
tific, Waltham, MA). Additional series of sections were 
stained with cresyl violet to allow for cytoarchitectonic 
orientation and enumeration of neurons and with Fluoro 
Jade C (FJC) (Histo-Chem Inc., Jefferson, AR) an anionic 
florescent dye, with confirmed selective affinity toward 
degenerating neurons [18, 19].

Images of immunostained sections were digitized as 
previously described [57, 58] and used for quantitative 
analysis, which was carried out using NIH ImageJ v1.53a. 
The load of GFAP+ astrocytes, and Iba+ and CD68+ 
microglia was quantified in the lateral and the medial 
parts of the ventral posterior thalamic nucleus (VPN) 
and in the S1 primary somatosensory cortex, which in 
the extra-CNS transmitted prion model are affected 
sequentially. The load of TMEM119+ microglial cells 
was quantified in the S1 primary somatosensory cortex 
only. The load is defined as the percentage of a cross-
sectional area of the given anatomical structure covered 
by positively-thresholded objects and it was determined 
across the entire cross-sectional profile of the VPN or 
the S1 cortex to prevent sampling bias. Three VPN pro-
files (Bregma -1.4  mm, -1.7  mm, -2.0  mm) and three 
S1 profiles (Bregma 0  mm, -1.0  mm, -1.8  mm) were 
analyzed per each brain. Deviation from each pre-set 
Bregma plane was not greater than ± 0.2 mm. Load val-
ues obtained from three profiles were averaged for each 
brain. We also determined relative expression of C3, 
CD68, and TREM2 by indexing the C3 load to that of 
GFAP and the load of CD68 and TREM2 to that of Iba1 
in the S1 cortex. To analyze proliferation of microglial 
cells Iba1+/DAPI+ cells discernible within the entire opti-
cal depth of the section were enumerated in the layer V 
of the S1 cortex on microphotographs taken under × 40 
magnification. Their count was divided by the area of 
the layer V as it appears on the photograph to obtain a 
numerical density value. In similar way we enumerated 
the percentage of NeuN+ neurons directly associated 
with CD68+/Iba1+ microglia, numerical density of cresyl 
violet stained neurons, and FJC+ neurons in the layer V 

of the S1 cortex. In addition, we analyzed integrated den-
sity of anti-PrP immunostaining on three cross-sectional 
profiles throughout the S1 cortex.

Laser scanning confocal microscopy (LSCM) imaging 
and the apoE CTCF analysis
Randomly selected series of sections from NBH and 
22L inoculated WT mice, which were killed at 23 wpi, 
were double immunostained against apoE and GFAP 
and against apoE and Iba1 to perform cell-type specific 
analysis of the apoE protein expression in astrocytes 
and microglia, respectively. Z stacks of double immu-
nostained astrocytes and microglia in the layer V of 
the S1 cortex were taken under immersion oil, 63x, and 
1.4 N.A. objective and 2 × digital zoom using Zeiss LSM 
880 microscope and ZEN Black 2.3 SP1 acquisition soft-
ware v. 14.0.18.201 (Carl Zeiss AG; Oberkochen, Ger-
many). Z stacks of 0.5-μm-thick serial tomograms with 
25% overlap were acquired through the entire thickness 
of the cell. Images representing the biggest cross-section 
of an analyzed cell were extracted from confocal Z stacks 
and contrast enhanced. The corrected total cell fluores-
cence (CTCF) for the apoE signal within the GFAP+ and 
Iba+ astrocytes and microglia was analyzed using NIH 
ImageJ2 (Fiji) (Bethesda, MD) [66] following our previ-
ously published protocols [59], respectively. Additionally 
we used LSCM to detail expression of C3 in activated 
astrocytes and CD68 and TREM2 in activated micro-
glia. Z stack images of C3/GFAP double immunostained 
astrocytes and CD68/Iba1 and TREM2/Iba1 double 
immunostained microglia were taken in the layer V of 
the S1 cortex using LSCM equipment and conditions 
described above for the analysis of apoE in these cells.

Three-dimensional rendering of NeuN immunostained 
neurons opsonized by CD68+/Iba1+ microglia was done 
from Z stacks of 0.2-μm-thick serial tomograms with 
80% overlap, which were taken under immersion oil, 63x, 
and 1.4 N.A. objective and 2.5 × digital zoom. The three-
dimensional rendering was performed using Imaris v9.2 
imaging software (Bitplane AG, Zurich, Switzerland).

Quantitative western blot analysis of brain proteins
Samples of the brain cortex were removed from −  80 
°C storage and homogenized 1:10 (wt/vol) at 4 °C in a 
buffer consisting of 20 mM Tris–HCL (pH 7.4), 250 mM 
sucrose, 1  mM egtazic acid, 1  mM ethylenediamine-
tetraacetic acid and 10  μg/mL of a Complete Protease 
Inhibitor Cocktail (Roche Life Science, Indianapolis, IN). 
The homogenization was a three-step procedure, which 
included manual trituration in a pestle grinder, passing 
the triturated tissue through a 28-gauge needle, and final 
sonication. Cellular debris were cleared by 3-min. centrif-
ugation at 10,000 × g and 4 °C. Protein concentration in 
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the resulting supernatant was measured by bicinchoninic 
acid (BCA) method using Pierce™ BCA Protein Assay 
Kit (Thermo Fisher Scientific), according to the manu-
facturer provided manual. Aliquots of brain homogen-
ate containing either 20 μg of the total protein for apoE 
detection or 5 μg of the total protein for GFAP and total 
PrP detection were mixed with sample buffer containing 
β-mercaptoethanol, boiled for 5 min. and resolved using 
10% sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by electroblotting onto 
nitrocellulose membranes. The membranes were blocked 
overnight at 4 °C with 5% nonfat milk (or 5% soy milk for 
apoE) in 10  mM tris-buffered saline (pH 7.4) and 0.1% 
Tween 20 and then incubated with the primary antibod-
ies, which are listed along with their working dilutions in 
Table 3. The antigen–antibody complexes were detected 
using horseradish peroxidase (HRP) conjugated sheep 
anti-mouse or donkey anti-rabbit secondary antibodies 
detailed in Table 3 and visualized using SuperSignal West 
Pico PLUS Chemiluminescent Substrates (Thermo Fisher 
Scientific) by apposing the membranes to HyBlot CL® 
autoradiography film (Thomas Scientific, LLC, Swedes-
boro, NJ). Resulting autoradiograph were digitized into 
a 600 dpi TIFF files as previously described [6, 47, 65]. 
Equal protein load across the samples was verified by 
stripping the nitrocellulose membranes using Restore™ 
Western Blot Stripping Buffer (Thermo Fisher Scientific) 
and re-probing them against β-actin (Table 3) with HRP 
conjugated sheep anti-mouse as the secondary antibody.

To quantify the PrPSc level, aliquots of brain homogen-
ate containing 10 µg of total protein were digested with 
proteinase K (PK) (Roche Life Science) (1:10 enzyme to 
protein weight ratio [17, 18]) in 20 μL volume at 37 °C 
for 30  min. PK activity was stopped by adding 4 μL of 
100 mM phenylmethylsulfonyl fluoride. Digested samples 
were centrifuged for 45 min at 20,000 × g and 4 °C. The 
supernatant was discarded and the pellets were resus-
pended in 15  µl PBS and 15  µl sample buffer contain-
ing β-mercaptoethanol, boiled for 5 min, resolved using 
12.5% SDS-PAGE, and electroblotted onto nitrocellulose 
membranes, which were overnight blocked with 5% non-
fat milk at 4 °C. PK-resistant PrPSc was detected using 
anti-CD230 antibody (clone 6D11) [6, 65] (Table  3) fol-
lowed by HRP conjugated sheep anti-mouse secondary 
antibody.

Digitized autoradiographs were densitometrically ana-
lyzed using NIH ImageJ v1.53a. Levels of total PrP and 
PrPSc were quantified by measuring protein band opti-
cal densities corresponding to non-, mono- and digly-
cosylated PrP forms, level of GFAP by measuring optical 
densities of its 55 and 48 kDa bands, and levels apoE and 
β-actin by measuring optical densities of their single 
bands.

Analysis of PrPSc in apoE4 treated 22L/N2A cells
N2A line (line number CCL 131 [American Type Culture 
Collection; Manassas, VA]) was infected with the 22L 
strain as detailed in our previous publications [56, 59]. 
N2A/22L cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% heat 
inactivated FBS, penicillin (100 units/mL), and strep-
tomycin (100  µg/mL) and serially passaged. The fifth 
passage was treated with conditioned media prepared 
from immortalized astrocytes expressing natively lipi-
dated human apoE4 or those from Apoe−/− astrocytes 
[53]. Prior to harvesting the media, 80–85% confluent 
astrocytic culture was grown in DMEM/F-12 supple-
mented with 1  mM sodium pyruvate, N-2, and 3  mM 
of 25-hydroxycholesterol for 48  h. Production of apoE4 
lipidated complexes was confirmed by resolving media 
samples on native and SDS PAGE [53], (Additional file 1: 
Fig S4a, b) followed by western transfer and immunoblot-
ting with anti-human apoE antibody (Table 3). Astrocytic 
media were tenfold concentrated using Amicon Ultra 
centrifugal filter units (10 kDa MWCO) (MilliporeSigma, 
Burlington, MA), which were primed with 0.1 mg/ml of 
bovine serum albumin to prevent apoE sticking into the 
filter membranes. At the commencement of the experi-
ment N2A/22L cells were 60% confluent. Concentrated 
astrocytic media were mixed with N2A/22L growth 
media 1:9 vol/vol. N2A/22L cells were cultured for con-
tinuous 96  h. replacing the apoE containing medium 
every 12 h. At the completion of the experiment 95–98% 
confluent N2A/22L cells were lysed with the ice cold lysis 
buffer (50 mM Tris–HCL [pH 7.5], 150 mM NaCl, 0.5% 
triton X-100, 0.5% sodium deoxycholate, and Complete 
Protease Inhibitor Cocktail) and centrifuged for 3  min. 
at 10,000 × g to remove cell debris. Protein concentration 
in the resulting supernatant was determined using BCA 
assay. Aliquots containing 100  μg of total protein were 
titrated to achieve 1 μg: 1 μL protein concentration and 
subjected to PK digestion as previously described [56, 
59]. Samples of PK digested and non-digested N2A/22L 
cell lysates were subjected to SDS-PAGE, western trans-
fer, and PrP immunoblotting using anti-CD230 antibody 
(clone 6D11) [6, 65] (Table 3) as described above.

Quantitative analysis of cytokines
Mouse Inflammatory Cytokines Multi-Analyte ELISAr-
ray (Qiagen Sciences Inc., Germantown, MD) was used 
to compare levels of cytokines in the brain homogenate 
of 22L Apoe−/− and 22L WT mice killed at 23wpi. The 
assay detects 12 cytokines: IL-1α, IL-1β, IL-2, IL-4, IL-6, 
IL-10, IL-12, IL-17A, IFN-γ, TNF-α, G-CSF, and GM-
CSF. Samples containing equal volume of brain homoge-
nate, which was prepared analogously to that used for 
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Western blotting, were tenfold diluted in the sample 
buffer included with the kit. The assay was carried out 
following manufacturer provided manual. Optic densi-
ties (OD) of ELISA readouts were measured using the 
Epoch Microplate Spectrophotometer (BioTek Instru-
ments, Winooski, VT). Results were reported as the fold 
change of OD values in the 22L Apoe−/− mice relative 
to the average value in 22L WT mice. Subsequently, we 
quantified the level of IL-1β in NBH and 22L inoculated 
Apoe−/− and WT mice killed at 15 and 23 wpi using 
Mouse IL-1β ELISA Kit (R&D Systems, Minneapolis, 
MN). Samples of brain homogenate were tenfold diluted 
in 10  mM PBS (pH 7.4) containing 1% highly purified 
BSA (Fraction V, RIA and ELISA Grade; Millipore Corp., 
Billerica MA). The assay was carried out following manu-
facturer provided manual. Optic densities of ELISA read-
outs were converted to the actual concentrations of IL-1β 
based on the standard curve prepared from the standards 
included in the kit. The standard curve was generated 
using a nonlinear curve-fitting algorithm in GraphPad 
Prism v 8.4.3 (GraphPad Software, San Diego, CA). Final 
IL-1β concentration was reported in pg/mL considering 
sample dilution.

mRNA analysis by nanoStringTM nCounter®

Total RNA was extracted from the brain cortex immedi-
ately after the perfusion using RNeasy Mini Kit (Qiagen 
Sciences Inc.) and treated with 2 U of DNAse I (Qiagen 
Sciences Inc.). Purity and integrity of the isolated RNA 
was determined using 2100 Bioanalyzer (Agilent Tech-
nologies Inc., Santa Clara, CA) and its concentration was 
measured using NanoDrop™ 2000 spectrophotometer 
(Thermo Fisher Scientific). One hundred nanograms of 
total RNA was analyzed using the nCounter® Mouse Glial 
Profiling assay (NanoString Technologies, Inc., Seattle, 
WA), which covers 770 gene targets specific to glial cell 
biology, homeostasis, activation and neuroinflammatory 
pathways along with a set of 13 internal reference genes. 
nCounter chips were processed by the Genome Tech-
nology Center of the NYU Langone School of Medicine 
using the nCounter® MAX Analysis System (NanoString 
Technologies Inc.). Gene expression was analyzed using 

nSolver™ Analysis Software v4.0 (NanoString Technolo-
gies Inc.) following manufacturer provided manual and 
adjusted based on the expression level of the reference 
genes. Heatmaps of gene expression data along with hier-
archical cluster analysis were generate using the nSolver™ 
software for genes, which had a minimum of 25 counts 
per brain. Glial transcript was analyzed in NBH and 22L 
inoculated WT and Apoe−/− mice, which were killed at 
23 wpi. There were 3 mice per group except for NBH WT 
mice where there were 2 mice per group. Magnitude of 
change in Nanostring nCounter values in 22L WT and 
22L Apoe−/− mice also was analyzed as a fold difference 
relative to the average values of pooled NBH inoculated 
WT and Apoe−/− mice, as these two groups showed no 
statistically significant differences.

Quantitative Real Time PCR (qRT‑PCR) analysis
Five-hundred nanograms of RNA, extracted from the 
brain cortex as described above, were reverse transcribed 
into cDNA with the help of the iScript™ Advanced cDNA 
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). qRT-
PCR was performed using SYBR® Green JumpStart™ 
Taq ReadyMix™ on a CFX96™ Real-Time System (Bio-
Rad Laboratories). The sequences of primers for target 
genes and for Gapdh, which was used as the reference 
gene are given in Table  4. Amplification efficiency for 
each primer pair was checked by calculating the regres-
sion slope between the cDNA dilution log values and the 
averaged threshold cycle (CT) value obtained for each 
cDNA dilution. Expression of target genes C3, Gfap, 
P2ry12, Tmem119, and Trem2 was compared across the 
experimental groups by statistical analysis of ΔCT values 
[13]. Each ΔCT value represents a difference between the 
replicate CT values of a target gene and the replicate CT 
value for Gapdh, which were amplified in parallel for an 
individual animal. Reported in text fold-change in gene 
expression was calculated based on the 2−ΔΔCT principle 
[50].

Data analysis and statistical analysis
The length of prion disease incubation is defined as the 
number of days between the inoculation and occurrence 

Table 4  List of primers used for qRT-PCR

Gene Name Forward Primer Sequence (5′–3′) Reverse Primer Sequence (5′–3′)

C3 CGC​AAC​GAA​CAG​GTG​GAG​ATCA​ CTG​GAA​GTA​GCG​ATT​CTT​GGCG​

Gapdh AGG​TCG​GTG​TGA​ACG​GAT​TTG​ TGT​AGA​CCA​TGT​AGT​TGA​GGTCA​

Gfap GGC​GCT​CAA​TGC​TGG​CTT​CA TCT​GCC​TCC​AGC​CTC​AGG​TT

P2ry12 CAT​TGA​CCG​CTA​CCT​GAA​GACC​ GCC​TCC​TGT​TGG​TGA​GAA​TCATG​

Tmem119 CCT​TCA​CCC​AGA​GCT​GGT​TC GGC​TAC​ATC​CTC​CAG​GAA​GG

Trem2 CTA​CCA​GTG​TCA​GAG​TCT​CCGA​ CCT​CGA​AAC​TCG​ATG​ACT​CCTC​
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of the first clinical symptoms. It was analyzed using the 
Kaplan–Meier estimator and the differences between 
groups were compared using log–rank test. The scrapie 
severity score between 22L infected WT and Apoe−/− 
mice was compared using two-way analysis of variance 
(ANOVA). Data sets for various neuropathological and 
biochemical outcome measures and nanoStringTM 
nCounter® values were first assessed for normality using 
Shapiro–Wilk test. Differences across three or more data 
sets with normal distribution were compared by one-
way ANOVA followed by Holm-Sidak’s post hoc test. 
Differences between two data sets were compared using 
unpaired, two-tailed t-test with Welch’s correction. Sta-
tistical analysis was performed using GraphPad Prism v 
8.4.3 (GraphPad Software). All data in the manuscript 
are presented as the mean and the standard error of the 
mean (SEM).

Results
Prion infection increases brain apoE level and causes 
cell‑type shift in the apoE expression
We first compared the total brain apoE level and its 
expression by astrocytes and microglia in wild-type 
(WT) B6 mice, which were intraperitoneally inoculated 
with 22L mouse adapted scrapie strain or NBH. 22L 
inoculated B6 mice were killed at 15 and 23  week post 
inoculation (wpi), when animals remain neurologically 
asymptomatic or show overt clinical symptoms of prion 
disease, respectively. NBH controls were killed at 23 wpi 
and they were clinically asymptomatic. At 15 wpi the 
apoE protein level in the brain cortex of 22L inoculated 
mice is comparable to that of NBH inoculated controls; 
however, at 23 wpi 22L inoculated mice show 1.3-fold 
increase in the level of apoE protein (p < 0.001) and 1.6-
fold increase in the level of apoE mRNA (p < 0.05) rela-
tive to NBH controls, respectively (Fig.  1a–c). Cell-type 
specific determination of apoE expression was performed 
in the brain cortex by apoE CTCF analysis in apoE/
GFAP and apoE/Iba1 double immunostained astrocytes 
and microglia, respectively. It shows 0.74-fold decrease 
in the apoE signal in astrocytes (p < 0.0001) (Fig.  1d, 
e) and 24-fold increase in the apoE signal in micro-
glia (p < 0.0001) (Fig.  1f, g) in 22L mice relative to NBH 
controls.

Absence of apoE shortens prion disease incubation time 
and increases pathology burden
The length of the prion disease incubation period was 
determined by longitudinal locomotor behavioral test-
ing using the parallel bar crossing test [5, 64, 65]. Starting 
from 10 wpi all mice were tested weekly by an observer 
blinded to their genotype and the type of inoculum they 
received. Mice, which display gross motor incompetence 

for three weeks in a row are considered symptomatic and 
the first day they score positively is considered in retro-
spect the disease onset. Kaplan-Meyer estimator was 
used to analyze differences in the prion incubation time 
across the animal groups. 22L inoculated Apoe−/− mice 
have 20  days shorter median incubation time than 22L 
inoculated WT mice (p < 0.0001) (Fig. 2a). No neurologi-
cal symptoms were identified in either NBH inoculated 
WT or Apoe−/− mice by 23 wpi. To assure the effect of 
apoE absence on the prion incubation time is not strain 
specific we also inoculated mice with the ME7 strain and 
likewise noticed statistically significant difference in the 
median disease incubation period between ME7 WT 
mice and ME7 Apoe−/− mice, which was 26 days shorter 
in the latter group (p < 0.0001) (Additional file 1: Fig. S1). 
Separate cohorts of 22L inoculated WT and Apoe−/− 
mice also were subjected to longitudinal assessment of 
the Total Scrapie Score, which gives a quantitative meas-
ure of disease progression and severity. The individual 
components of the Scrapie Score were assessed from 12 
wpi onward by two independent examiners who were 
blinded to the animal genotype (Additional file  1: Fig. 
S2a-e). As shown in Fig.  2b in 22L Apoe−/− mice the 
symptoms occur earlier and their course is more aggres-
sive (p < 0.0001). At 23 wpi when mice are killed the Total 
Scrapie Score in 22L Apoe−/− mice is by 4.1 points higher 
than that in 22L WT mice.

Detailed neuropathological analysis was carried out 
in symptomatic animals killed at 23 wpi. In 22L inocu-
lated Apoe−/− mice the load of spongiform lesions in the 
M1 primary motor cortex is 1.5-fold higher (p < 0.0001) 
(Fig. 2c, d) and the integrated density of immunostained 
PrP deposits in the brain cortex is 1.7-fold higher 
(p < 0.0001) (Fig. 2e–g) relative to those in 22L inoculated 
WT mice. PrP deposition shows a particular predilec-
tion to the layer V of the neocortex (Fig. 2e, Additional 
file  1: Fig. S3), the thalamus (Additional file  1: Fig. S3), 
the entorhinal cortex, the globus pallidus, and the amyg-
dala (not shown). In affected structures, PrP forms con-
spicuous clusters (Additional file 1: Fig. S3), which tend 
to merge covering the entire cross-sectional area of the 
structure. There are no anatomical differences in the PrP 
distribution between 22L WT and 22L Apoe−/− mice. The 
main dissimilarity is that in the former group the inten-
sity of anti-PrP immunostaining is more pronounced and 
the PrP clusters appear more conspicuous (Additional 
file 1: Fig. S3).

In parallel, we determined changes in the total PrP 
protein level and that of PK-resistant PrPSc in the 
brain cortex homogenate at 23 wpi by quantitative 
WB densitometry. Total PrP level is 1.1-fold increased 
(p < 0.05) (Fig.  3a, b) and PK-resistant PrPSc level is 1.4-
fold increased (p < 0.05) (Fig.  3c, d) in 22L inoculated 
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Fig. 1  Prion infection of B6 WT mice is associated with upregulation of brain apoE level and cell-type shift in the apoE expression. a Shown is 
immunoblot analysis of the apoE protein level in the brain cortex of B6 mice inoculated with NBH or 22L mouse adapted scrapie strain at 15 and 23 
wpi with β-actin as the loading control. b Densitometric quantification of apoE protein band optical densities (OD). Values represent fold change 
relative to those in the NBH group (n = 8–10 mice per group). c Shown is analysis of Apoe mRNA in the brain cortex. Values represent fold change 
relative to those in the NBH group (n = 3 mice per group). 22L inoculated mice show significant increase both in apoE protein and Apoe RNA level 
at 23 wpi. d and f Representative LSCM images of astrocytes and microglia double immunostained for apoE and GFAP or Iba1 from NBH and 22L 
inoculated B6 mice at 23 wpi, respectively. e and g Quantification of apoE CTCF in double immunostained astrocytes and microglia, respectively; 
revealing reduced apoE expression in astrocytes and increased apoE expression in microglia in 22L mice. Values are expressed relative to those in 
NBH group (n = 65–75 cells per group). b p < 0.0001 (ANOVA); ***p < 0.001 (Holm’s-Sidak’s post hoc test). c, e, and g *p < 0.05, and ****p < 0.0001 
(two-tailed t-test with Welch’s correction). Scale bar: 5 μm in d and f. All numerical values represent mean + SEM
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Apoe−/− mice relative to 22L inoculated WT animals, 
respectively. To determine whether apoE may directly 
affect PrPSc replication we treated 22L infected N2A 
cells with natively lipidated apoE complexes derived 
from astrocytes expressing human apoE4 or with control 

media from Apoe−/− astrocytes (Additional file  1: Fig. 
S4a, b). This supplementary experiment showed no 
apparent effect of apoE presence or absence on the total 
cellular PrP level or the level of PrPSc in PrPSc replicating 
N2A/22L cells (Additional file 1: Fig. S4c, d).

Fig. 2  Apoe−/− mice have shorter incubation time and exaggerated prion pathology. a Kaplan–Meier estimator of the incubation time in 22L 
and NBH inoculated WT and Apoe−/− mice. The x-axis denotes days post inoculation (dpi) while the y-axis a percent of animals, which remain 
asymptomatic from the initial count of 29 22L inoculated WT mice, 23 22L inoculated Apoe−/− mice and 22–23 NBH inoculated WT and Apoe−/− 
mice each. b Shown is the Total Scrapie Score longitudinally assessed in 22L inoculated WT and Apoe−/− mice from 12 wpi. Values represent 
mean ± SEM from 11 to 12 mice per group. c Representative microphotographs of the M1 motor cortex (Bregma + 1.5 mm) stained with 
hematoxylin and eosin to show differences in the load of spongiform pathology. d Quantification of the spongiform lesion burden in the M1 cortex 
representing mean values + SEM from 6 to 7 mice per group. e Microphotographs of the S1 somatosensory cortex (Bregma + 0.0 mm) in 22L WT 
mice (23 wpi) stained with cresyl violet for cytoarchitectonic orientation or immunostained against PrP to assess distribution of PrP deposition, 
which shows preponderance for accumulation in the layer V. f Representative microphotographs of anti-PrP immunostaining in the S1 cortex in 
various animal groups and g Integrated density (ID) quantification of the anti-PrP signal in the S1 cortex. Shown are means + SEM from 5 to 7 mice 
per group. a p < 0.0001 denotes the significance between 22L Apoe−/− and WT groups. Differences between 22L Apoe−/− and NBH Apoe−/− and 
between 22L WT and NBH WT groups are not shown in the graph but they also are significant at p < 0.0001 (Log-Rank test). The difference between 
NBH WT and NBH Apoe−/− is not statistically significant. b p < 0.0001 (2-way ANOVA). d, g p < 0.0001 (ANOVA); ****p < 0.0001 (Holm’s-Sidak’s post hoc 
test). Scale bars: 30 μm in c, 350 μm (upper panel) and 40 μm (lower panel) in e, and 100 μm in f 
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Lack of apoE promotes astrogliosis and the induction of A1 
neurotoxic phenotype
Astrogliosis and upregulation of GFAP level are hall-
marks of prion pathology. We quantified the load of reac-
tive astrocytes (defined as the % of cross-sectional area 
with GFAP+ immunostaining) in the ventral posterior 
thalamic nucleus (VPN) and in the S1 primary soma-
tosensory cortex, as the thalamus and the brain cortex 
are affected in sequential order in the intraperitoneal 
prion inoculation model. In 22L Apoe−/− mice, astroglio-
sis occurs earlier and it is more robust compared to 22L 
WT mice. At 15 wpi both 22L WT and 22L Apoe−/− mice 

show significant increase in the GFAP+ load in the VPN 
compared to their genotype-matched NBH controls 
(Fig. 4a, b) but only 22L Apoe−/− mice show significantly 
elevated GFAP+ load in the S1 cortex (Fig. 4c, d). At 23 
wpi both 22L WT and 22L Apoe−/− mice have signifi-
cantly increased GFAP+ load in the VPN and in the S1 
cortex over their NBH controls. At either time point 
the GFAP+ load in 22L Apoe−/− mice is higher than 
that in 22L WT mice. At 15 wpi it is 3.2-fold higher in 
the VPN (p < 0.0001) and 8.4-fold higher in the S1 cortex 
(p < 0.0001) relative to 22L WT mice, while at 23 wpi it is 
1.2-fold (p < 0.0001) and 1.7-fold (p < 0.0001) higher in the 
respective structures. Consistently, there are changes in 
the level of GFAP protein in the brain cortex revealed by 
quantitative WB. At 15 wpi only 22L Apoe−/− mice show 
significant increase in the GFAP protein level, while at 
23 wpi it is significantly increased both in 22L WT and 
22L Apoe−/− mice relative to their NBH controls, (Fig. 4e, 
f ). At 15 wpi and 23 wpi the GFAP level in 22L Apoe−/− 
mice is twofold (p < 0.001) and 1.7-fold (p < 0.0001) higher 
relative to that in 22L WT mice, respectively. Commen-
surate changes in the Gfap mRNA level across the experi-
mental groups additionally were confirmed by qRT-PCR 
(Fig. 4g). There are no significant differences in the GFAP 
load in the VPN and in the S1 cortex and in the level of 
GFAP protein or in the Gfap mRNA level between NBH 
inoculated Apoe−/− and WT mice (Fig. 4a–g).

To gain insight into the profile of astrocyte activation 
we analyzed expression of the complement component 3 
(C3) protein, which is a histological marker of A1 (neu-
rotoxic) astrocyte phenotype [38, 49]. A robust expres-
sion of C3 protein in cortical astrocytes already is seen 
in 22L Apoe−/− mice at 15 wpi but not in 22L WT mice 
(Additional file 1: Fig. S5). At 23 wpi cortical astrocytes 
both in 22L Apoe−/− and 22L WT mice highly express 
C3 protein, yet the C3/GFAP ratio is 1.5-fold higher in 
22L Apoe−/− mice relative to 22L WT mice (p < 0.0001) 
(Fig.  4, h, i). Also at 23 wpi C3 expression calculated 
from qRT-PCR data is 7.4-fold higher in 22L Apoe−/− 
mice than that in 22L WT mice (p < 0.0001) (Fig. 4j). C3+ 

Fig. 3  Apoe−/− mice accumulate more PrPSc. a and c Immunoblot 
analysis of the total PrP protein and that of proteinase K (PK) resistant 
PrPSc in the brain cortex in B6 WT and Apoe−/− (e−/−) lines, respectively. 
Also included are β-actin as the loading control in a and PK digestion 
control (last lane) in c. b and d Densitometric quantification of total 
PrP and PrPSc protein band optical densities (OD). Values represent 
mean + SEM from 8 to 10 mice per group. b p < 0.0001 (ANOVA); 
*p < 0.05, and ****p < 0.0001 (Holm’s-Sidak’s post hoc test). d *p < 0.05 
(two-tailed t-test with Welch’s correction)

Fig. 4  Aggravation of astrogliosis in prion infected Apoe−/− mice. a and c Shown are representative microphotographs of coronal cross-sections 
through the VPN thalamic nucleus and the S1 primary somatosensory cortex immunostained against GFAP from indicated animal groups, 
respectively. b and d Quantitative analysis of GFAP+ load in the VPN and the S1 cortex, respectively (n = 8–12 mice/group). e Immunoblot analysis 
of GFAP protein level in the brain cortex with β-actin as the loading control and f densitometric quantification of GFAP protein band optical 
densities (OD) (n = 7–12 mice/group). g Analysis of Gfap mRNA level. The qRT-PCR results are presented as the ΔCT values (n = 3–11 mice/group). 
In Apoe−/− mice astrogliosis appears earlier in the course of prion pathology and it is more pronounced than in WT mice. h Representative LSCM 
images of C3/GFAP double immunostained astrocytes in 22L WT and 22L Apoe−/− mice at 23 wpi. i Quantitative analysis of C3/GFAP ratio in the S1 
cortex (n = 8–11 mice/group). j Analysis of C3 mRNA level. The qRT-PCR results represent the ΔCT values (n = 3–11 mice/group). There is a marked 
upregulation of C3 expression during prion infection, which is significantly greater in Apoe−/− mice. b, d, f, g, i, and j p < 0.0001 (ANOVA); *p < 0.05. 
**p < 0.01, ***p < 0.001, and ****p < 0.0001 (Holm’s-Sidak’s post hoc test). All numerical values represent mean + SEM. Scale bars: 50 μm in a, 100 μm 
in c, and 10 μm in h 

(See figure on next page.)
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astrocytes are undetectable in NBH inoculated WT and 
Apoe−/− mice (Additional file 1: Fig. S5).

Transcriptomic profile of astrocytes was character-
ized using the nanoStringTM nCounter® technology 

in animals killed at 23 wpi. Hierarchical cluster analysis 
of astrocytic transcript shows strong clustering of 22L 
Apoe−/− animals and their separation from other experi-
mental groups both for PAN-reactive and A1-reactive 

Fig. 4  (See legend on previous page.)
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Fig. 5  Analysis of astrocytic activation marker expression demonstrates aggravation of A1 astrocyte phenotype in prion infected Apoe−/− mice. 
Shown are transcript heatmaps of nanoStringTM nCounter® expression data from NBH and 22L inoculated WT and Apoe−/− mice, which were killed 
at 23 wpi. Reactive astrocyte specific transcripts are split into a PAN–specific, b A1–specific, and c A2 -specific cassettes. Hierarchical cluster analysis 
shows strong separation of 22L Apoe−/− mice from other experimental groups both for PAN- and A1- specific cassettes. The 22L WT mouse cluster 
separates from NBH inoculated WT and Apoe−/− mice within the PAN-reactive cassette but not within A1- specific cassette. No clustering within 
experimental groups is seen for A2 -specific cassette markers. d Fold change of nanoStringTM nCounter® values for PAN- A1-, and A2-reactive 
astrocyte markers in 22L WT and 22L Apoe−/− mice (n = 3 mice/group) relative to those in averaged NBH controls (n = 5 mice/group) at 23 wpi. 
d p < 0.01 to p < 0.0001 (ANOVA) analyzed separately for each gene from the PAN–and A1-reactive cassettes; *p < 0.05 **p < 0.01 ***p < 0.001, and 
****p < 0.0001 22L Apoe−/− or 22L WT vs averaged NBH controls; ♦p < 0.05, ♦♦p < 0.01, ♦♦♦p < 0.001, and ♦♦♦♦p < 0.0001 22L Apoe−/− vs 22L WT 
(Holm’s-Sidak’s post hoc test following significant ANOVA). ANOVA for any of A2-specific cassette gene was not significant. All numerical values 
represent mean + SEM
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cassettes, while 22L WT mice cluster together and 
separate from other groups only for the PAN-reactive 
but not for the A1-reactive cassette (Fig.  5a, b). Direct 
comparison of the nCounter® values shows signifi-
cant upregulation of the following PAN-reactive mark-
ers in 22L Apoe−/− mice relative to the averaged NBH 
controls: Aldh1l1 (2.7-fold, p < 0.001), Gfap (29.0-fold, 
p < 0.0001), Serpina3n (16.4-fold, p < 0.01), and Vim (6.8-
fold, p < 0.05) (Fig.  5d). In 22L WT mice a significant 
increase concerns only Aldh1l1 (1.6-fold, p < 0.05), and 
Gfap (5.8-fold, p < 0.05). Numerous A1 markers also are 
significantly elevated in 22L Apoe−/− mice relative to the 
averaged NBH controls: Fbln5 (2.8-fold, p < 0.01), Ggta1 
(3.7-fold, p < 0.001), H2-D1 (8.0-fold, p < 0.001), H2-T23 
(3.7-fold, p < 0.0001), Psmb8 (6.6-fold, p < 0.0001), Ser-
ping1 (3.4-fold, p < 0.001) and Srgn (2.9-fold, p < 0.05) 
(Fig. 5d). Likewise, modest upregulation of these markers 
is observed in 22L WT mice but reaches statistical sig-
nificance only for H2-T23 (1.3-fold, p < 0.01), and Psmb8 
(2.1-fold, p < 0.05). In direct comparison of nCounter® 
values between 22L Apoe−/− and 22L WT mice, there is a 
statistical post-hoc significance for all PAN- and A1-reac-
tive markers with the former group showing numerical 
advantage (Fig.  5d). A2-reactive cassette markers dem-
onstrate no specific clustering at group level (Fig. 5c) or 
statistically significant increase in either 22L WT or 22L 
Apoe−/− group relative to the averaged NBH controls 
(Fig. 5d).

Absence of apoE exaggerates microglia activation 
and their MGnD transition
Parallel to astrogliosis we analyzed activation of micro-
glia at 15 wpi and 23 wpi. We quantified the load of 
Iba1+ and CD68+ cells in the VPN and in the S1 cortex 
as general and phagocytic microglia activation markers, 
respectively [57]. Similarly, to the extent of GFAP+ astro-
cytosis, at 15 wpi both 22L WT and 22L Apoe−/− mice 
show significantly increased Iba1+ load in the VPN com-
pared to their genotype-matched NBH controls (Fig. 6a, 
b) but only 22L Apoe−/− mice show significantly elevated 
Iba1+ load in the S1 cortex (Fig.  6c, d). At 23 wpi both 
22L WT and 22L Apoe−/− mice show significantly higher 

Iba1+ load in the VPN and the S1 cortex over their NBH 
controls (Fig.  6a–d; Additional file  1: Fig. S6). At either 
time point, the Iba1+ load in 22L Apoe−/− mice is higher 
relative to that in 22L WT mice. At 15 wpi it is 1.6-fold 
higher in the VPN (p < 0.0001) and 1.5-fold higher in the 
S1 cortex (p < 0.0001), while at 23 wpi 1.5-fold higher in 
the VPN (p < 0.0001) and 2.1-fold higher in the S1 cortex 
(p < 0.0001). In addition to the Iba1+ load, we enumerated 
density of Iba1+ microglial cells in the layer V of the S1 
cortex, which shows the greatest microglia proliferation, 
consistently with the patterns of PrP deposition (Addi-
tional file 1: Fig. S6). In 22L Apoe−/− mice the numerical 
density of microglia in the layer V is 1.5-fold higher at 15 
wpi (p < 0.0001) and 1.7-fold higher at 23 wpi (p < 0.0001) 
relative to those in 22L WT mice, respectively (Fig. 6e, f ).

CD68+ load shows significant increase in the VPN and 
in the S1 cortex already at 15 wpi both in 22L WT and 
22L Apoe−/− mice compared to their genotype-matched 
NBH controls (Fig.  6g–j). However, unlike Iba1+ load, 
there is no significant difference in the numerical values 
of the CD68+ load between 22L WT and 22L Apoe−/− 
mice at 15 wpi. At 23 wpi the CD68+ load in both groups 
increases further, but in 22L Apoe−/− mice represents 0.8-
fold (p < 0.0001) and 0.7-fold (p < 0.0001) of those in 22L 
WT mice in the VPN and in the S1 cortex, respectively. 
These observations suggest considerably lower phago-
cytic activity of microglia in 22L Apoe−/− mice relative to 
their overall activation compared to 22L WT mice. There 
is no significant difference in the Iba1+ load, numerical 
density of Iba1+ microglia, and CD68+ load in the VPN 
and in the S1 cortex between NBH inoculated WT and 
Apoe−/− mice (Fig. 6a–j; Additional file 1: Fig S6).

Microglia specific transcripts split into MGnD—spe-
cific, and M0 (Homeostatic)—specific cassettes was 
characterized in animals killed at 23 wpi using the 
nanoStringTM nCounter® technology. Hierarchical clus-
ter analysis of MGnD specific cassette shows clustering 
at individual group level (NBH WT, NBH Apoe−/−, 22L 
WT, and 22L Apoe−/−) and distinct separation of the 22L 
Apoe−/− animals from other groups (Fig. 7a). Direct com-
parison of the nCounter® values reveals robust increase 

Fig. 6  Exaggerated microglia activation in prion infected Apoe−/− mice. a and c Representative microphotographs of coronal cross-sections 
through the VPN thalamic nucleus and the S1 primary somatosensory cortex immunostained against Iba1 from indicated animal groups, 
respectively. b and d Quantitative analysis of Iba1+ load in the VPN and the S1 cortex, respectively (n = 8–12 mice/group). e Representative 
microphotographs of Iba1/DAPI double stained microglia in the layer V of the S1 cortex. f Enumeration of Iba1+/DAPI+ microglia in the layer V 
of the S1 cortex (n = 6–8 mice/group). g and i Representative microphotographs of coronal cross-sections through the VPN and the S1 cortex 
immunostained against CD68 from indicated animal groups, respectively. h and j Quantitative analysis of CD68+ load in the VPN and the S1 cortex, 
respectively (n = 8–12 mice/group). While the Iba1+ load and the number of microglia increases earlier in the course of prion infection and is more 
robust in 22L Apoe−/− mice compared to 22L WT mice, the CD68+ load is comparable between the genotypes at 15 wpi, while at 23 wpi it is lower 
in 22L Apoe−/− mice compared to 22L WT mice. b, d, f, h, j p < 0.0001 (ANOVA); **p < 0.01, ***p < 0.001, and ****p < 0.0001 (Holm’s-Sidak’s post hoc 
test). All numerical values represent mean + SEM. Scale bars: 50 μm in a, e, and g, and 100 μm in c and i 

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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Fig. 7  Prion infected Apoe−/− mice feature marked upregulation of MGnD and M0 transcriptomic profiles. Shown are transcript heatmaps of 
nanoStringTM nCounter® expression data from NBH and 22L inoculated WT and Apoe−/− mice, which were killed at 23 wpi. Microglia specific 
transcripts are split into a MGnD–specific, and b M0 (Homeostatic)—specific cassettes. Hierarchical cluster analysis shows salient separation of 22L 
Apoe−/− mice from other experimental groups both for MGnD- and M0- specific cassettes, while 22L WT mice separate from NBH inoculated WT 
and Apoe−/− mice within the MGnD-specific cassette but not within M0- specific cassette. c Fold change of nanoStringTM nCounter® values for 
MGnD and selected homeostatic (M0) microglia markers in 22L WT and 22L Apoe−/− mice (n = 3 mice/group) relative to those in averaged NBH 
controls (n = 5 mice/group). c p < 0.05 to p < 0.0001 (ANOVA) analyzed for each gene separately; *p < 0.05 **p < 0.01 ***p < 0.001, and ****p < 0.0001 
22L Apoe−/− or 22L WT vs averaged NBH WT and NBH Apoe−/−; ♦p < 0.05, ♦♦p < 0.01, ♦♦♦p < 0.001, and ♦♦♦♦p < 0.0001 22L Apoe−/− vs 22L WT 
(Holm’s-Sidak’s post hoc test following significant ANOVA). Data in c represent mean + SEM
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of MGnD markers in 22L Apoe−/− mice relative to the 
averaged NBH controls: Aif1 (3.1-fold, p < 0.0001), Axl 
(2.7-fold, p < 0.001), Bhlhe41 (1.5-fold, p < 0.001), Cd9 
(3.6-fold, p < 0.01), Clec7a (5.5-fold, p < 0.001), Csf1 (2.5-
fold, p < 0.001), Cst7 (43.6-fold, p < 0.0001), Ctsb (1.9-fold, 
p < 0.01), Ctsd (4.8-fold, p < 0.01), Ctsl (2.8-fold, p < 0.05), 
Ctss (7.5-fold, p < 0.01), Gpnmb (3.2-fold, p < 0.01), Lag3 

(15.8-fold, p < 0.01), Lyz2 (6.5-fold, p < 0.05), Trem2 (7.5-
fold, p < 0.05), and Tyrobp (6.2-fold, p < 0.01) (Fig.  7c). 
In 22L WT mice the increase in some of MGnD mark-
ers also is observed but it is more modest compared to 
the degree of their upregulation in 22L Apoe−/− mice. 
Statistically significant differences relative to the pooled 
NBH controls are noted for Apoe (1.6-fold, p < 0.05), 

Fig. 8  Attenuated microglial phagocytic in prion infected Apoe−/− mice. a and c Representative LSCM images of CD68/Iba1 and TREM2/Iba1 
double immunostained microglia in the S1 cortex of 22L inoculated WT and Apoe−/− mice at 23 wpi, respectively. b, d Quantitative analysis of CD68/
Iba1 and TREM2/Iba1 ratio in the S1 cortex, respectively; and e enumeration of % TREM2+ microglia in the layer V of the S1 cortex in indicated 
animal groups (n = 8–12 mice/group in b and n = 6–7 mice/group in d and e). f Analysis of Trem2 mRNA level. The qRT-PCR results are presented 
as the ΔCT values (n = 3–11 mice/group). Microglia in 22L Apoe−/− mice feature attenuated expression of CD68 and TREM2 protein, which are 
microglial phagocytic activation markers compared to 22L WT mice, despite upregulation of CD68 and Trem2 transcript. b and f p < 0.0001 (ANOVA); 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (Holm’s-Sidak’s post hoc test). d and e **p < 0.01, and ****p < 0.0001 (two-tailed t-test with 
Welch’s correction). Values in b, d, e, and f represent mean + SEM. Scale bar: 10 μm in a and c 
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Aif1 (1.5-fold, p < 0.05), Csf1 (1.6-fold, p < 0.05), and 
Cst7 (8.0-fold, p < 0.05) (Fig.  7c). In direct comparison 
of the nCounter® values between 22L Apoe−/− and 22L 
WT mice, there is a statistical post-hoc significance 
for all MGnD markers with the former group show-
ing numerical advantage, except for Apoe, which is not 
expressed by 22L Apoe−/− mice (Fig.  7c). Hierarchical 
cluster analysis of M0 specific cassette shows cluster-
ing within NBH WT and 22L Apoe−/− groups with sali-
ent separation of the 22L Apoe−/− animals from other 
experimental groups (Fig. 7b). Direct comparison of the 
nCounter® values shows significantly increased expres-
sion of several gene markers typical for M0 homeostatic 
microglia in 22L Apoe−/− mice relative to the averaged 
NBH controls: Csf1r (3.7-fold, p < 0.001), Gpr34 (2.8-
fold, p < 0.001), Hexb (4.2-fold, p < 0.001), Jun (1.4-fold, 
p < 0.01), Olfml3 (3.9-fold, p < 0.0001), P2ry12 (1.9-fold, 
p < 0.001), and Tmem119 (3.7-fold, p < 0.001) (Fig. 7c). In 
contrast, in 22L WT mice only Olfml3 expression is sig-
nificantly increased (1.7-fold, p < 0.01) (Fig. 7c), however 
other M0 markers show no significant repression. Values 
in the parentheses both for 22L Apoe−/− and 22L WT 
mice denote fold change and statistical significance rela-
tive to the averaged NBH controls. In direct comparison 
of the nCounter® values between 22L Apoe−/− and 22L 
WT mice, there is a statistical post-hoc significance for 
all M0 markers with the former group showing numeri-
cal advantage (Fig.  7c). Significant upregulation of the 
P2ry12 and Tmem119 transcript in 22L Apoe−/− mice at 
23 wpi relative to NBH Apoe−/− and 22L WT mice was 
independently confirmed by qRT-PCR (Additional file 1: 
Fig. S7a, b). Likewise the load of TMEM119+ microglia 
in the S1 cortex in 22L Apoe−/− mice is 1.4-fold higher 
(p < 0.0001) than that in 22L WT mice at 23 wpi (Addi-
tional file 1: Fig. S7c, d). 22L infected mice of both geno-
types feature significant increase in the TMEM119+ load 
compared to their genotype matched NBH controls. NBH 

Apoe−/− mice also shows modestly higher TMEM119+ 
load compared to NBH WT mice.

In prion infected mice lacking apoE activated microglia 
show impaired phagocytic activity
We analyzed several aspects of microglial phagocyto-
sis including quantification of the CD68 and TREM2 
expression in the context of their Iba1 expression in the 
S1 cortex. 22L Apoe−/− mice show significant reduc-
tion in the CD68:Iba1 ratio relative to 22L WT mice—
0.6-fold change (p < 0.05) at 15 wpi and 0.3-fold change 
(p < 0.0001) at 23 wpi (Fig. 8a, b; Additional file 1: Fig. S8). 
The TREM2:Iba1 ratio also is reduced in 22L Apoe−/− 
mice—0.4-fold change relative to 22L WT animals at 23 
wpi (p < 0.01) (Fig.  8c, d; Additional file  1: Fig. S9). We 
also enumerated TREM2+ microglia in the layer V of 
the S1 cortex at 23 wpi. In 22L Apoe−/− mice 20.0 ± 1.1% 
of microglia are TREM2+ while in 22L WT mice 
67.2 ± 1.9% show immunodetectable TREM2 expression 
(3.4-fold difference, p < 0.0001) (Fig. 8e; Additional file 1: 
Fig. S9). Though there is reduction in the expression of 
CD68 and TREM2 protein by microglia, both CD68 and 
Trem2 transcripts are significantly upregulated in 22L 
Apoe−/− mice relative to 22L WT animals (Figs.  7c, 8f, 
and 9f ). Expression of CD68 in NBH inoculated mice 
is very low (CD68:Iba1 ratio ~ 0.03) and shows no sig-
nificant differences between WT and Apoe−/− animals 
(Fig.  8b, Additional file  1: Fig. S8), while expression of 
TREM2 is not detectable by immunohistochemistry 
in NBH inoculated mice of either genotype (Additional 
file  1: Fig. S9). In addition, we enumerated neurons, 
which are opsonized by phagocytically activated micro-
glia, defined as being CD68+, and used this count as a 
surrogate marker of microglia neuronophagy. There is 
2.2-times more neurons opsonized by microglia in 22L 
WT mice than in 22L Apoe−/− mice in the layer V of the 
S1 cortex at 23 wpi (Fig.  9a, b) (p < 0.0001). Qualitative 

(See figure on next page.)
Fig. 9  Impairment of microglia neuronophagy in prion infected Apoe−/− mice. a Representative epifluorescent microphotographs of the S1 
somatosensory cortex triple immunostained against NeuN neuronal marker and CD68 and Iba1 microglia markers in mice from indicated 
experimental groups at 23 wpi. b Enumeration of neurons opsonized by CD68+/Iba1+ microglia in the layer V of the S1 cortex (n = 6–7 mice/
group). There is apparent reduction in the number of neurons coming in close contact with CD68+/Iba1+ microglia in 22L Apoe−/− mice compared 
to 22L WT mice. c Representative LSCM images of NeuN/Iba1/CD68 triple immunostained sections and d 3-D reconstructions of LCSM stacks 
detailing neuronal opsonization by phagocytically activated (CD68+) microglia. In the right panel intracellular CD68 staining (white) is visualized 
by rendering Iba1 mask transparent. 3-D reconstructions of LCSM stacks details close enveloping of NeuN+ neurons by CD68+/Iba1+ microglia 
in in 22L WT mice and evidence for reduction in close neuronal/microglia contacts in 22L Apoe−/− mice. e Shown are transcripts heatmaps of 
nanoStringTM nCounter® expression data for efferocytosis and endosomal/lysosomal pathways related genes in NBH and 22L inoculated WT 
and Apoe−/− mice at 23 wpi. Individual 22L inoculated WT and Apoe−/− mice but not NBH inoculated controls, cluster at group level. Clustering 
analysis shows clear separation of 22L Apoe−/− animals from other groups. f Fold change of nanoStringTM nCounter® values for efferocytosis 
and phagocytosis markers in 22L WT and 22L Apoe−/− mice (n = 3 mice/group) relative to those in averaged NBH controls (n = 5 mice/group). b 
****p < 0.0001 (two-tailed t-test with Welch’s correction). f p < 0.05 to p < 0.0001 (ANOVA) analyzed for each gene separately; *p < 0.05 **p < 0.01 
***p < 0.001, and ****p < 0.0001 22L Apoe−/− or 22L WT vs. NBH; ♦p < 0.05, ♦♦p < 0.01, and ♦♦♦p < 0.001 22L Apoe−/− vs. 22L WT (Holm’s-Sidak’s post 
hoc test following significant ANOVA). Data in b and f represent mean + SEM. Scale bars: 30 μm in a, 10 μm in c, and 5 μm in d 
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differences in the opsonization between the genotypes 
were further explored using LSCM imaging. It shows that 
in 22L WT mice opsonizing microglia tightly envelop 
neurons and feature high level of CD68 expression, while 

in 22L Apoe−/− mice microglia/neuronal associations are 
loose while CD68 expression remains low (Fig. 9c, d). No 
close neuronal/microglia contacts are observed in NBH 
inoculated WT and Apoe−/− controls (Fig. 9a, b).

Fig. 9  (See legend on previous page.)
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Fig. 10  Apoe−/− mice show aggravated inflammatory response to prion pathology. a Shown is quantitative analysis of multiple inflammatory 
cytokines in the brain cortex homogenate comparing 22L Apoe−/− and 22L WT groups at 23 wpi. Values represent fold change in 22L Apoe−/− mice 
relative to those in 22L WT mice (n = 5–7 mice/ group). b Quantitative analysis of IL-1β concertation in the brain cortex using ELISA in indicated 
animal groups (n = 5–8 mice/group). c Shown are transcripts heatmaps of nanoStringTM nCounter® expression data for chemokines and cytokine 
receptor genes from NBH and 22L inoculated WT and Apoe−/− mice at 23 wpi. Clustering analysis shows strong separation of 22L Apoe−/− mice from 
other groups. d Fold change of nanoStringTM nCounter® values for chemokines and cytokine receptors in 22L WT and 22L Apoe−/− mice (n = 3 
mice/group) relative to those in averaged NBH controls (n = 5 mice/group). a *p < 0.05, **p < 0.01, ****p < 0.0001 22L Apoe−/− vs 22L WT (two-tailed 
t-test with Welch’s correction). b p < 0.0001 (ANOVA); ****p < 0.0001 (Holm’s-Sidak’s post hoc test). d p < 0.05 to p < 0.0001 (ANOVA) analyzed for each 
gene separately; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 22L Apoe−/− or 22L WT vs NBH; ♦p < 0.05, ♦♦p < 0.01, and ♦♦♦♦p < 0.001 22L 
Apoe−/− vs. 22L WT (Holm’s-Sidak’s post hoc test following significant ANOVA). Values in a, b, and d represent group mean + SEM
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Hierarchical cluster analysis of the nanoStringTM 
nCounter® gene expression data for the genes involved 
in the efferocytosis related signaling [28] and those 
involved in the endo/lysosomal pathway shows clear 
clustering within 22L WT and 22L Apoe−/− groups and 
salient separation of 22L Apoe−/− mice from all other 
animals (Fig.  9e). Direct analysis of the nCounter® val-
ues shows a significant upregulation in the group of “find 
me/eat me” signaling genes in 22L Apoe−/− mice, which 
change relative to the averaged NBH controls is denoted 
along with the p value in the parentheses: Axl (2.7-fold, 
p < 0.001), Cx3cr1 (3.2-fold, p < 0.001), Mertk (2.6-fold, 
p < 0.001), P2ry6 (2.1-fold, p < 0.001), P2ry12 (1.9-fold, 
p < 0.001), and Stab1 (2.1-fold, p < 0.0001) (Fig.  9e, f ). 
Inversely, expression of the Cd47 gene relaying “do not 
eat me” signal is significantly repressed in 22L Apoe−/− 
mice—0.85-fold change, relative to the NBH control 
(p < 0.05). In 22L WT mice expression of all “find me/eat 
me” signaling genes is modestly elevated but apart from 
Stab1 (1.8-fold change relative to the NBH; p < 0.0001) 

it is not statistically significant (Fig. 9e, f ). 22L WT mice 
also show reduction in Cd47 expression (0.9-fold change 
relative to the NBH) which does not reach statistical sig-
nificance. Differences in the expression of all “find me/
eat me” genes between 22L Apoe−/− and 22L WT groups 
are statistically significant with the former group show-
ing greater degree of change (Fig. 9f ). Expression of Cd47 
does not significantly differ between 22L inoculated WT 
and Apoe−/− mice.

We also used the nanoStringTM nCounter® analy-
sis to determine differences in the expression of genes 
involved in the endo/lysosomal pathway. In 22L Apoe−/− 
mice there is a significant upregulation, denoted as a 
change relative to the averaged NBH controls, of lyso-
somal hydrolases Ctsb (1.9-fold, p < 0.01), Ctsd (4.8-
fold, p < 0.01), and Ctsf (1.3-fold, p < 0.05) and lysosomal 
transport and metabolism markers CD68 (2.9-fold, 
p < 0.01), Lamp1 (1.6-fold, p < 0.01), and Lamp2 (1.7-fold, 
p < 0.0001). In contrast expression of the genes encod-
ing proteins responsible for lysosomal acidification 

Fig. 11  Apoe−/− mice show aggravated neuronal loss and degeneration during prion infection. a and c Representative microphotographs of 
S1 cortex layer V neurons stained with cresyl violet and FJC from indicated animal groups, respectively. b and d Analysis of numerical density of 
cresyl violet and FJC stained neurons in the same area (n = 10–11 mice/group in b and n = 6–8 mice/group in d). 22L Apoe−/− mice show greater 
neuronal loss and higher number of degenerating (FJC+) neurons compared to 22L WT mice. b and d p < 0.0001 (ANOVA); **p < 0.01, ***p < 0.001, 
and ****p < 0.0001 (Holm’s-Sidak’s post hoc test). Values in b and d represent mean + SEM. Scale bar: 30 μm in a and c 
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(Atp6v0d1, Atp6v1a, Atp6v1b2, and Atp6v1h) is mod-
estly reduced relative to the averaged NBH controls 
(0.76 – 0.92-fold change range) reaching statistical sig-
nificance for Atp6v1a (p < 0.05) and Atp6v1h (p < 0.01) 
(Fig.  9e, f ). In 22L WT mice lysosomal hydrolases and 
lysosomal transport and metabolism markers are only 
modestly upregulated relative to the NBH controls. The 
statistical significance is reached only for CD68 (2.0-fold, 
p < 0.05) and Lamp2 (1.2-fold change, p < 0.05). In direct 
comparison of the lysosomal hydrolases and the lyso-
somal transport and metabolism markers between 22L 
Apoe−/− and 22L WT mice there is a statistical signifi-
cance for all the genes with the former genotype showing 
greater degree of increase relative to the NBH controls 
(Fig. 9f ). In contrast to 22L Apoe−/− mice, the lysosomal 
acidification markers in 22L WT mice are either com-
parable to or higher than those in the averaged NBH 
controls (Atp6v1b2; 1.13-fold change, p < 0.05). In direct 
comparison between the 22L Apoe−/− and WT groups, 
there is a statistical significance for all lysosomal acidi-
fication markers but Atp6v1a due to the opposite direc-
tion of change from the NBH control (Fig.  9f ). This 
altered gene expression pattern indicates upregulation of 
neuronal/microglia signaling underlying neuronophagy 
or efferocytosis during prion pathogenesis, along with 
consistent increase in lysosomal hydrolases and lysoso-
mal transport and metabolism markers with all changes 
enhanced in the absence of apoE. However, 22L Apoe−/− 
mice also show oppositional reduction in the expres-
sion of lysosomal acidification markers, which suggests 
that absence of apoE renders lysosomal degradation 
inefficient.

Absence of apoE aggravates inflammatory response 
associated with prion pathology
Increased brain level of inflammatory markers is an 
inherent feature of prion pathology. We used Mouse 
Inflammatory Cytokines Multi-Analyte ELISArray to 
compare the levels of inflammatory cytokines in the brain 
cortex homogenate between 22L WT and 22L Apoe−/− 
mice killed at 23 wpi. Figure  10a depicts cytokine level 
in the brain cortex of 22L Apoe−/− mice relative to those 
in 22L WT mice. There is significant increase in key pro-
inflammatory cytokines IL-1α, IL-1β, IL-17A, IFN-γ, and 
TNF-α, which ranges from 1.1-fold to 1.4-fold (Fig. 10a). 
In addition, we detailed the level of IL-1β, which is a 
prime pro-inflammatory cytokine, in the brain cortex 
across all experimental groups (Fig. 10b). In mice killed 
at 15 wpi IL-1β level in 22L WT and 22L Apoe−/− mice is 
comparable to those in genotype-matched NBH controls, 
while in mice killed at 23 wpi the IL-1β level is signifi-
cantly increased both in 22L WT and 22L Apoe−/− mice 

relative to the NBH controls (p < 0.0001). In 22L Apoe−/− 
mice the IL-1β level is 1.4-fold higher relative to 22L WT 
mice (p < 0.0001).

Hierarchical cluster analysis of the nanoStringTM 
nCounter® gene expression data for the inflammatory 
response genes shows clear clustering of 22L Apoe−/− 
animals and their salient separation from all other 
groups (Fig. 10c). Direct comparison of the nCounter® 
values between 22L Apoe−/− mice and the averaged 
NBH controls shows a robust increase in the expres-
sion of genes encoding components of the C1 and the 
C4 complement complexes C1qa (8.2-fold, p < 0.01), 
C1qb (9.0-fold, p < 0.001), C1qc (8.3-fold, p < 0.01), 
C4a/b (15.9-fold, p < 0.0001), Complement Component 
3a Receptor 1 (C3ar1) (7.3-fold, p < 0.05), Ccl12 (10.1-
fold, p < 0.0001), Colony Stimulating Factor 3 Receptor 
(Csf3r) (3.2-fold, p < 0.01), Il18 (1.4-fold, p < 0.05), and 
Toll-like receptors Tlr2 (5.2-fold, p < 0.05), Tlr3 (2.4-
fold, p < 0.001), and Tlr4 (2.5-fold, p < 0.05) (Fig. 10d). In 
22L WT mice upregulation of these genes is more mod-
est and significant only for C4a/b (3.5-fold, p < 0.05), 
and Tlr3 (1.6-fold, p < 0.05). The fold change and sta-
tistical significance in the parentheses denotes the dif-
ference relative to the averaged NBH controls. In direct 
comparison between 22L Apoe−/− and 22L WT groups 
significant difference is noted for the expression of all 
the genes but Il18 with the former group always show-
ing greater degree of increase relative to the NBH con-
trols (Fig. 10d).

Prion induced neuronal loss and degeneration are 
aggravated by the lack of apoE
We enumerated pyramidal neurons in the layer V of 
the S1 cortex at 23 wpi and determined neuronal loss 
in the course of prion disease in 22L Apoe−/− mice is 
nearly twice higher than that in 22L WT mice. In 22L 
Apoe−/− mice there is 22% reduction in neuronal den-
sity (p < 0.0001), while in 22L WT mice the reduction 
is 13% (p < 0.0001) relative to their genotype-matched 
NBH control groups respectively (Fig. 11a, b). Of note, 
NBH inoculated Apoe−/− mice have 5% reduced density 
of the layer V neurons compared to NBH inoculated 
WT mice (p < 0.01) (Fig.  11a, b). We also used stain-
ing with FJC, an anionic florescent dye, which selec-
tively labels degenerating neurons [27, 67]. At 23 wpi 
22L Apoe−/− mice shows 2.6-times more FJC+ neu-
rons in the layer V of the S1 cortex than 22L WT mice 
(p < 0.0001) which represents a higher rate of neuronal 
demise and degeneration in the former group (Fig. 11c, 
d). FJC staining of neurons in NBH Apoe−/− and WT 
control groups was negligible.
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Discussion
Though prionoses share numerous aspects of pathogene-
sis with AD, where APOE genotype controls both the dis-
ease risk [20, 81] and the rate of symptoms progression 
[17, 21, 71, 75], the role of apoE in the pathomechanisms 
of prionoses remains unestablished. Our work shows 
that the total brain level of the apoE protein and that of 
Apoe transcript increases significantly in prion infected 
mice what is consistent with previous reports [13, 74]. 
We also found prion infection is associated with cell-type 
specific shift in the apoE production. Expression of apoE 
by activated astrocytes is downregulated, whereas apoE 
production by microglia is increased and thus responsi-
ble for the upregulation of the total brain apoE level what 
may have pathology-modulating consequences. There 
likely are structural and functional differences between 
astrocyte and microglia derived apoE particles. Whilst 
astrocyte secrete apoE in the form of HDL like particles, 
microglia feature limited expression of the ATP binding 
cassette subfamily A member 1, which transfers lipids 
upon apoE. Thus limited lipidation of microglia derived 
apoE particles has been postulated (reviewed in [19]). It 
also has been hypothesized that apoE secreted by astro-
cyte and that secreted by microglia may differentially 
regulate characteristics and function of activated micro-
glia in neurodegeneration. Lipidated apoE may act as an 
opsonin facilitating efferocytosis of demising neurons 
and clearance of cellular remnants promoting phago-
cytic characteristics of microglia [61, 69, 80, 82]. Steep 
increase in the Apoe transcript level is an inherent fea-
ture of microglia activation and it was demonstrated in 
MGnD microglia isolated from brains of Tg mice repre-
senting AD and other neurodegenerative diseases [45]. 
MGnD microglia have been considered neurodegenera-
tion promoting and the expression of apoE has been pro-
posed to facilitate molecular signature of this phenotype 
through induction of specific transcription factors and 
the induction of the expression of miR-155 [9, 45]. Along 
these concepts both reduction of the apoE expression by 
reactive astrocytes and upregulation of the apoE expres-
sion in activated microglia we observed in 22L WT mice 
can be considered disease promoting.

To elucidate the net effect of apoE in the prion patho-
genesis we prion inoculated Apoe−/− mice. There is a 
single research study utilizing the Apoe−/− mouse model, 
which was published 25  years ago by Tatzelt et  al., and 
explored a hypothesis of apoE being a conformational 
chaperone of PrPSc and a catalyst of the PrPC → PrPSc 
conversion [74]. The main quantitative readout of this 
study was the survival of Apoe−/− mice intracerebrally 
inoculated with the RML strain, which was found indis-
tinguishable from that of WT mice, and refuted the ini-
tial hypothesis explored by this study. Detailed prion 

pathology including astrocyte and microglia reaction 
was only superficially explored and was not presented 
in the form of quantitative metrics. We reexamined here 
the role of apoE in prion pathogenesis and contrary to 
this past report found that absence of apoE modestly, 
yet statistically significantly shortens incubation time of 
Apoe−/− mice inoculated with the two distinct mouse 
adapted scrapie strains 22L and ME7. Unlike the work 
of Tatzelt et  al. we did not inoculate the mice intracer-
ebrally but selected the intraperitoneal inoculation route 
allowing for more protracted incubation time and the 
ascending involvement of the CNS, which we used to 
our advantage by examining prion related changes in the 
diencephalon and in the prosencephalon at different time 
points following the inoculation. Also instead of test-
ing for behavioral metrics defying the end stage of prion 
disease (or survival) we focused on the earliest behavio-
ral symptoms determining neuroinvasion. It is likely the 
combination of these three factors: prion strain selection, 
inoculation route, and use of early vs. endstage behavioral 
metrics, allowed us to demonstrate previously unappreci-
ated effect of the Apoe−/− on the accelerated occurrence 
of clinical symptoms of the disease. Though one cannot 
rule out the effect of Apoe−/− on the efficiency of neu-
roinvasion, on the other hand there is no data to suggest 
an effect of Apoe−/− on the PrPC level outside the CNS. 
We also experimentally examined the effect of apoE on 
PrPSc replication and found no differences in the total 
PrP level and that of PrPSc between N2a/22L cells cul-
tured in presence of natively lipidated apoE4 particles 
and those grown in control conditioned media from 
Apoe−/− astrocytes. Quantification of prion pathology 
in Apoe−/− mice showed significantly increased load of 
spongiform changes, modestly increased PrPSc level and 
marked upregulation of astro and microgliosis. Increased 
GFAP load was associated with upregulated expression of 
C3 protein and numerous transcriptomic markers typi-
cal of A1 neurotoxic astrocyte phenotype. The C3+ A1 
neurotoxic astrocytes are induced by the cytokine com-
bination consisting of TNFα, IL-1α, and C1qa, which 
is secreted by activated microglia [49]. This astrocytic 
phenotype contributes importantly to neurodegenera-
tion and neuronal demise in various neurodegenerative 
diseases including prionoses [38, 48, 83]. More impor-
tantly, absence of apoE is directly associated with earlier 
and more pronounced activation of microglia, which 
display reduced phagocytic characteristics, upregula-
tion of MGnD profile markers, and increased secretion 
of inflammatory cytokines. As the PrPSc spread follows 
the connectomal pattern, in the intraperitoneal prion 
inoculation model the thalamus is affected prior to the 
brain cortex owing it to the ascending PrPSc spread along 
the sensory spinal cord pathways. At 15 wpi, activation 
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of microglia in 22L Apoe−/− mice is detectable both in 
the thalamus and in the somatosensory cortex, while in 
the 22L WT mice only in the thalamus, where it is sig-
nificantly lower than that in Apoe−/− mice. Prion infected 
Apoe−/− mice show both significantly increased Iba1 load 
and the number of microglial cells compared to 22L WT 
mice. Strikingly, microglia in 22L Apoe−/− mice display 
attenuated phagocytic characteristics including reduced 
expression of CD68 and TREM2 proteins. They also 
have reduced number of neurons opsonized by activated, 
CD68+ microglia despite greater number of degenerat-
ing neurons revealed by FJC staining. Transcriptomic 
analysis using nanoStringTM nCounter® technology 
reveals upregulation of genes involved in “find me/eat 
me” signaling pathway and suppression of Cd47 expres-
sion, which mediates “don’t eat me” signal in neuronal/
microglia cross talk. This was observed both in 22L WT 
and Apoe−/− mice, but it was more pronounced in the 
absence of apoE. Consistently, we find an upregulation 
of lysosomal hydrolase genes and lysosomal transport 
and metabolism markers. However, expression of genes 
expressing lysosomal acidification machinery is reduced 
in 22L Apoe−/− mice but not in 22L WT mice indicat-
ing impaired lysosomal degradation in the absence of 
apoE. Interestingly, though CD68 and Trem2 transcript is 
increased in 22L Apoe−/− mice, the expression of CD68 
and TREM2 proteins by 22L Apoe−/− microglia is sig-
nificantly reduced as shown by direct microglia immu-
nocytochemistry. Taken together these data indicate 
that aggravation of PrPSc mediated neurodegeneration in 
Apoe−/− mice sends stronger signal prompting microglia 
to clean up degenerating neurons yet despite their hyper-
activation, in the absence of apoE microglia fail to engage 
in effective phagocytosis and lysosomal degradation of 
neuronal remnants and PrPSc. This finding supports an 
essential role of apoE in promoting phagocytic character-
istics and function of activated microglia.

TREM2 plays an important role in microglia activation 
and phagocytosis. Dysfunctional variants of TREM2 has 
been identified as a major generic risk factor for sporadic 
AD [72]. Marked upregulation of TREM2 also is a feature 
of prion pathology as shown by our work consistently 
with previous studies [86]. Furthermore, highly increased 
CSF level of soluble TREM2 has been found in several 
human prionoses and proposed as a biomarker for these 
entities [26]. Soluble TREM2 has been recognized for its 
pro-inflammatory and microglia activation properties 
[85]. Effects of Trem2−/− on prion pathology has been 
previously studied and it was found that TREM2 ablation 
attenuates prion-induced microglia activation, yet pro-
duces no effect on the actual survival time [86]. In this 
study we found apoE ablation upregulates Trem2 tran-
script compared to WT mice infected with 22L strain, yet 

expression of TREM2 protein by microglia in Apoe−/− 
mice is inversely down-regulated. A plausible explana-
tion of this phenomenon may be that in the absence of 
lipidated apoE, which is a potent TREM2 binding target 
[82], surface expressed TREM2 is excessively cleaved, 
producing soluble TREM2, which has neuroinflamma-
tion enhancing effect.

The transcriptomic analysis also reveals upregula-
tion of MGnD transcriptomic markers in prion infected 
mice. The MGnD has been associated with chronic 
neurodegenerative diseases and it is considered to be 
neurodegeneration promoting [61, 69]. It features an 
unique transcriptomic profile characterized by upregu-
lation of genes related to phagocytosis, inflammation, 
and lipid metabolism including Aif1, Apoe, Axl, Bhlhe41, 
Cd9, Clec7a, Csf1, Cst7, Ctsb, Ctsd, Ctsl, Ctss, Gpnmb, 
Lag3, Lyz2, Trem2, and Tyrobp and the repression of the 
M0 (homeostatic) phenotype defining genes [9, 36, 45]. 
The MGnD can be induced in WT mice by injection of 
the apoptotic cells into the brain and their subsequent 
phagocytosis by homeostatic microglia [45]. MGnD 
induction and maintenance has been proposed to spe-
cifically depend upon expression of Trem2 and Apoe and 
activation of the TREM2 signaling pathways [45, 69, 76]. 
Microglia in Trem2−/− mice were shown not to transit to 
the MGnD, while lack of Apoe expression reduces neuro-
degeneration of the facial nerve nucleus following the VII 
nerve axotomy [36, 41, 45]. It has been proposed micro-
glia expressed apoE upregulates several transcription fac-
tors and through these factors and miR-155 promotes 
the MGnD cassette specific transcript and represses the 
M0 phenotype defying genes [9, 45]. Consistent with 
this concept, microglia in 22L WT mice, show upregu-
lation of MGnD specific transcript including Trem2 and 
Apoe. In 22L Apoe−/− mice lack of apoE does not prevent 
transition of homeostatic microglia to the MGnD, and 
even MGnD transcriptional markers reach significantly 
higher levels than those in 22L WT mice. However, this 
observation does not contradict the notion that in reac-
tive microglia expression of apoE promotes the MGnD 
transcriptomic characteristics. ApoE still likely facilitates 
MGnD transition but lack of its expression can be over-
come by high amount of neuronal debris derived from 
neurons degenerating en masse and in particular within 
a limited time frame.

Homeostatic microglia remain under the control of 
TGF-β signaling [8] and show a specific transcriptomic 
profile characterized by the expression of Csf1r, Gpr34, 
Hexb, Jun, Olfml3, P2ry12, and Tmem119 [9, 36, 45]. 
Repression of the genes defining homeostatic micro-
glia occurs during their transition to the MGnD and it 
is linked to the inverse upregulation of Trem2 and Apoe 
transcripts as shown in elegant transcriptomic studies 
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performed on primary microglia isolates [45]. In 22L 
Apoe−/− mice microglia feature a significant upregula-
tion rather than downregulation of Csf1r, Gpr34, Hexb, 
Jun, Olfml3, P2ry12, and Tmem119 transcripts as shown 
by the nanoStringTM nCounter® analysis with the subse-
quent confirmation of upregulated P2ry12 and Tmem119 
transcript by qRT-PCR and TMEM119 protein by immu-
nohistochemistry. These findings are consistent with the 
previously discussed notion that in MGnD apoE regu-
lates several transcription factors and through these fac-
tors and miR-155 represses the homeostatic phenotype 
defying genes [9, 45]. We also found that in 22L WT 
mice expression of homeostatic microglia markers is not 
repressed but instead shows no significant differences 
when compared against NBH inoculated controls, with 
the exception of Olfml3, which is modestly increased. 
There are reports to indicate prion pathogenesis may be 
associated with disease-specific changes to homeostatic 
marker expression, which additionally may vary between 
stages of the disease. Hartmann et  al. showed signifi-
cant upregulation of anti-TMEM119 immunostaining in 
RML infected mice during the preclinical disease, while 
anti-P2RY12 immunostaining remained comparable to 
that of control animals [38]. Muth et  al. showed that in 
fact anti-P2RY12 immunostaining in microglia becomes 
downregulated once the RML induced disease is allowed 
to progress [54]. However Carroll et  al. who analyzed 
Tmem119 and P2ry12 transcripts at multiple time points 
in RML inoculated mice reported no consistent and sig-
nificant changes. In CJD subjects, anti-TMEM119 immu-
nostaining was found to be downregulated relatively to 
that in rapidly progressing AD, and CJD cases with con-
comitant Aβ pathology [46].

Upregulation of neuroinflammatory markers is typi-
cal of prion pathology [3]. Absence of apoE aggravates 
the neuroinflammatory cascade as shown by examining 
brain level of cytokines and expression of genes involved 
in innate immunity response including those for com-
plement cascade proteins and toll-like receptors. Previ-
ous studies have suggested that in prion pathogenesis 
inflammatory cytokines exert their deleterious effect in 
concert rather than singularly drive the pathogenesis as 
transgenic mice lacking the expression of single cytokines 
show no change in the disease incubation period 
(reviewed in [3]). In contrast the absence of apoE results 
in upregulation of multiple cytokines, and leads to aggra-
vation of prion related pathology.

The net contribution of microglia to prion pathogen-
esis is actively debated considering their opposing proin-
flammatory and phagocytic effects [3]. While clearance 
of PrPSc has been proposed to have a disease-limiting 
effect [12, 29, 30], microglia-driven neuroinflammation 
is deleterious to neurons [3, 10]. Conflicting outcomes 

of ablating microglia population in prion infected mice 
using a CSF1R inhibitor have been reported. While 
the initial study indicated attenuation of inflammatory 
markers and modestly prolonged survival [34], a more 
comprehensive recent study showed opposite results 
including shortening of the disease incubation period 
and increased PrPSc load supporting the view that phago-
cytic function of microglia in prionoses prevails over its 
proinflammatory effect [12]. We show here that in the 
absence of apoE prion microglia have diminished phago-
cytic capacity and enhanced pro-inflammatory char-
acteristics resulting in dramatic aggravation of prion 
pathology including the higher number of degenerating 
neurons. Thus our work indicates the overall effect of 
apoE in prion pathogenesis is protective and contributes 
to the notion that microglia effectively attenuate the dis-
ease progression by timely phagocytosis of demising neu-
rons and PrPSc, which level in Apoe−/− mice is increased 
(Fig.  12a, b). In the absence of apoE microglia fail to 
engage degenerating neurons, while neuronal remnants 
promote their MGnD characteristics. The MGnD micro-
glia become toxic to neurons both directly through secre-
tion of a number of inflammatory cytokines or indirectly 
through induction of A1 neurotoxic astrocytes. Upregu-
lated inflammatory cascade in turn promotes neuronal 
degeneration and increases the number of dying neu-
rons, which removal is impaired. Thus, we propose global 
Apoe−/− exacerbates prion pathology by propagating the 
vicious cycle of neuronal death and neuroinflammation 
(Fig. 12c). Our findings further suggests that upregulation 
of astrocytic apoE expression and or its lipidation can be 
of therapeutic benefit in prion disease through enhancing 
phagocytic characteristics of activated microglia and pro-
moting clearance of neuronal debris and PrPSc. Likewise, 
selective suppression of the apoE expression in microglia 
may attenuate their acquisition of the MGnD character-
istics and also ameliorate the pathogenesis through sup-
pressing the neuroinflammatory response.

Clearance of PrPSc by microglia, has been proposed 
as a disease-limiting mechanism in prionoses, how-
ever details of engagement, engulfment, and disposal 
of PrPSc by microglia are unknown [12, 29, 30]. It also 
remains unexplored whether apoE is directly involved 
in the clearance of PrPSc by forming apoE/PrPSc com-
plexes and facilitating their uptake by microglia as it 
is involved in AD pathogenesis by forming complexes 
with Aβ within the parenchymal plaques [77]. Further 
biochemical analyses focused on isolating apoE/PrPSc 
complexes from prion infected brains can shed light 
on this issue. Generation of Cre-Lox mice allowing for 
cell specific conditional Apoe knock out also can dis-
tinguish whether PrPSc interacting apoE is astrocyte 
or microglia derived. Though increased PrPSc level has 
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been reported following ablating microglia population 
in prion infected mice using a CSF1R inhibitor [12] 
as well as in our study in Apoe−/− mice, one needs to 
be however mindful that this effect may equally result 
from phagocytosis of PrPSc replicating neurons rather 

than from direct engagement of PrPSc deposited in the 
neuropil.

Unlike the Apoe gene in mouse, in humans, the APOE 
gene shows allelic diversity [55, 81]. The APOE genotype 
is recognized as the strongest determinant of risk for 

Fig. 12  Schematic summary of hypotheses. a Under physiological conditions astrocytes secrete apoE/HDL particles, which are cleared by several 
receptors including the low-density lipoprotein receptor (LDLR). Homeostatic microglia surveil brain parenchyma and do not express apoE. b 
Replication of PrPSc within neurons is the initial culprit of prion pathogenesis and initiates neurodegeneration associated with early astrocyte and 
microglia activation. Activated microglia remove dying neurons and clear PrPSc. ApoE/HDL secreted by astrocytes promote microglia phagocytosis 
by activating microglia TREM2 receptor pathway and by opsonization of degenerating neurons. Activated microglia also express lipid poor apoE, 
which more likely promotes their inflammatory phenotype rather than phagocytosis. c Absence of apoE renders clearance of PrPSc and removal 
of dying neurons by microglia ineffective. Neuronal remnants promote MGnD activation (i). MGnD microglia secrete a number of inflammatory 
cytokines including IL1α, TNF-α, and C1qa, which promote A1 neurotoxic astrocytes (ii) and are directly toxic to neurons (iii). Upregulated 
inflammatory cascade in turn promotes neuronal degeneration and increases the number of dying neurons, which removal is impaired. Thus 
global Apoe−/− exacerbates prion pathology by propagating the vicious cycle of neuronal death and neuroinflammation. Our data also indicate 
homeostatic microglia transition to the MGnD even if they do not express apoE
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sporadic, late-onset AD. Possession of a single and double 
ε4 allele increases AD risk ~ 3 and ~ 15-fold relative to ε3/
ε3 homozygotes, which is the most common APOE geno-
type, respectively [20, 55, 81]. The APOE ε2 allele attenu-
ates the disease risk but only in the absence of the ε4 allele. 
Encoded by respective APOE alleles the apoE isoforms dif-
ferentially affect Aβ clearance and deposition regulating 
AD risk [39, 51]. They also control inflammatory proper-
ties of activated microglia, which aggravate tau-mediated 
neuronal degeneration occurring downstream to Aβ dep-
osition [70, 71]. Despite similarities between AD and pri-
onoses the effect of APOE genotype in prion diseases has 
been only minimally explored. There is a study to suggest 
that APOE ε4 carriers have nearly twofold increased risk of 
sporadic CJD [4]. However, the effect of apoE isoforms on 
the pathomechanism of prionoses has not been studied. 
Our findings, which implicate the effect of apoE in micro-
glia mediated neurodegeneration justifies exploitation of 
the link between the APOE genotype and prion pathol-
ogy. Given growing understanding of the regulatory role of 
apoE on microglia activation and characteristics in neuro-
degenerative disease and regulatory effect of human apoE 
isoforms on innate immune response [69, 71, 78] there is 
a strong premise to carry such studies in humans and in 
mice with targeted replacement of the murine Apoe gene 
for human APOE alleles [47].

Conclusions
Our work demonstrates that absence of apoE impairs 
phagocytic clearance of neuronal remnants and PrPSc 
by microglia while aggravates microglia inflammatory 
response toward neurons, what has disease promoting 
consequences for the prion pathogenesis.

Abbreviations
Aβ: β-Amyloid; apoE: Apolipoprotein E; Apoe: ApoE gene (murine); APOE: ApoE 
gene (human); APP: Amyloid precursor protein gene (human); B6: C57BL/6 
mouse strain; CD68: Cluster of differentiation 68; CD230: Cluster of differentia‑
tion 230 (a.k.a PrP); CSF: Cerebrospinal fluid; C3: Complement component 
3; DAM: Disease associated microglia; DAPI: 4’, 6’-Diamidino-2-phenylindole; 
GFAP: Glial fibrillary acidic protein; HDL: High-density lipoprotein; Iba1: Ionized 
calcium binding adaptor molecule; LDLR: Low-density lipoprotein receptor; 
LSCM: Laser scanning confocal microscopy; M1: Primary motor cortex; MGnD: 
Microglial neurodegenerative phenotype; NBH: Normal brain homogen‑
ate; NeuN: Neuronal nuclear protein; PrP: Prion protein; PrPSc: Scrapieform 
conformer of prion protein; S1: Primary somatosensory cortex; SEM: Standard 
error; TREM2: Triggering Receptor Expressed in Myeloid cells 2; wpi: Weeks 
post inoculation; VPN: Ventroposterior thalamic nucleus; WT: Wild type.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40478-​021-​01261-z.

Additional file 1. Figure S1 Infection of Apoe-/- mice with ME7 mouse 
adapted scrapie strain causes significant shortening of the prion disease 

incubation period. Figure S2 22L infected Apoe-/- mice show faster pro‑
gression of prion disease symptoms compared to 22L WT mice. Figure S3 
PrP deposition has predilection to the thalamus and to the layer V of the 
neocortex and is more prominent in 22L Apoe-/- mice. Figure S4 ApoE 
does not alter total PrP or PrPSc level in N2A/22L cells. Figure S5 Prion 
related expression of C3 by astrocytes is upregulated in the absence of 
apoE. Figure S6 Activation of microglia in the course of prion pathogene‑
sis shows predilection to the thalamus and to the layer V of the neocortex 
and is more prominent in 22L Apoe-/- mice. Figure S7 Apoe-/- is associ‑
ated with upregulation of P2RY12 and TMEM119 homeostatic microglia 
markers. Figure S8 Expression of CD68 is reduced in Apoe-/- mice in the 
course of prion pathogenesis. Figure S9 Microglia in 22L Apoe-/- mice 
have reduced TREM2 expression.

Acknowledgements
The authors would like to thank Dr. D. M. Holtzman from Washington Univer‑
sity School of Medicine (St. Louis, MO) for sharing HJ6.3 monoclonal antibody 
against murine apoE and immortalized ε4/ε4 and Apoe-/- astrocytic lines. We 
also would like to acknowledge the staff of NYU Langone’s Microscopy Labo‑
ratory (RRID: SCR_017934) and NYU Langone’s Genome Technology Center 
(RRID: SCR_017929) for their assistance with LSCM imaging and processing of 
NanoString nCounter® chips, respectively.

Authors’ contributions
J.E.P. and M.J.S. conceived of the project and designed the experiments. J.E.P., 
A.M.L., L.A.F., J.R.D., and M.M.A. conducted the research. J.E.P., A.M.L., and M.J.S. 
analyzed the data and designed figures. M.J.S. wrote the manuscript. All authors 
have read and approved the final version of the manuscript.

Funding
This work was supported by grants from the National Institute on Aging R01 
AG031221 (M.J.S.), R01 AG053990 (M.J.S.), and R01 AG067478 (M.J.S.).

Availability of data and materials
Raw images and datasets that support the findings of this study are available 
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All mouse care and experimental procedures were approved by Institutional 
Animal Care and Use Committees of the New York University Grossman School 
of Medicine.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Neurology, New York University Grossman School of Medicine, 
550 First Avenue, Science Building, Room 10‑07, New York, NY 10016, USA. 
2 Department of Psychiatry, New York University Grossman School of Medi‑
cine, New York, NY 10016, USA. 3 Department of Biochemistry and Molecular 
Pharmacology, New York University Grossman School of Medicine, New York, 
NY 10016, USA. 

Received: 19 July 2021   Accepted: 8 September 2021

References
	1.	 Aguilar-Calvo P, Garcia C, Espinosa JC, Andreoletti O, Torres JM (2015) Prion 

and prion-like diseases in animals. Virus Res 207:82–93. https://​doi.​org/​10.​
1016/j.​virus​res.​2014.​11.​026

	2.	 Aguzzi A, Lakkaraju AK (2016) Cell biology of prions and prionoids: a status 
report. Trends Cell Biol 26:40–51. https://​doi.​org/​10.​1016/j.​tcb.​2015.​08.​007

https://doi.org/10.1186/s40478-021-01261-z
https://doi.org/10.1186/s40478-021-01261-z
https://doi.org/10.1016/j.virusres.2014.11.026
https://doi.org/10.1016/j.virusres.2014.11.026
https://doi.org/10.1016/j.tcb.2015.08.007


Page 28 of 30Pankiewicz et al. acta neuropathol commun           (2021) 9:157 

	3.	 Aguzzi A, Zhu C (2017) Microglia in prion diseases. J Clin Invest 127:3230–
3239. https://​doi.​org/​10.​1172/​JCI90​605

	4.	 Amouyel P, Vidal O, Launay JM, Laplanche JL (1994) The Apolipoprotein E 
alleles as major susceptibility factors for Creutzfeldt-Jakob disease. Lancet 
344:1315–1318

	5.	 Asuni AA, Guridi M, Sanchez S, Sadowski MJ (2015) Antioxidant peroxire‑
doxin 6 protein rescues toxicity due to oxidative stress and cellular hypoxia 
in vitro, and attenuates prion-related pathology in vivo. Neurochem Int 
90:152–216. https://​doi.​org/​10.​1016/j.​neuint.​2015.​08.​006

	6.	 Asuni AA, Pankiewicz JE, Sadowski MJ (2013) Differential molecular chap‑
erone response associated with various mouse adapted scrapie strains. 
Neurosci Lett 538:26–31

	7.	 Burkholder T, Foltz C, Karlsson E, Linton CG, Smith JM (2012) Health evalu‑
ation of experimental laboratory mice. Curr Protoc Mouse Biol 2:145–165. 
https://​doi.​org/​10.​1002/​97804​70942​390.​mo110​217

	8.	 Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G 
et al (2014) Identification of a unique TGF-beta-dependent molecular and 
functional signature in microglia. Nat Neurosci 17:131–143. https://​doi.​org/​
10.​1038/​nn.​3599

	9.	 Butovsky O, Weiner HL (2018) Microglial signatures and their role in health 
and disease. Nat Rev Neurosci 19:622–635. https://​doi.​org/​10.​1038/​
s41583-​018-​0057-5

	10.	 Carroll JA, Chesebro B (2019) Neuroinflammation, microglia, and cell-
association during prion disease. Viruses. https://​doi.​org/​10.​3390/​v1101​
0065

	11.	 Carroll JA, Race B, Phillips K, Striebel JF, Chesebro B (2017) Statins are inef‑
fective at reducing neuroinflammation or prolonging survival in scrapie-
infected mice. J Gen Virol J Gen Virol 98:2190–2199. https://​doi.​org/​10.​
1099/​jgv.0.​000876

	12.	 Carroll JA, Race B, Williams K, Striebel J, Chesebro B (2018) Microglia are 
critical in host defense against prion disease. J Virol. https://​doi.​org/​10.​
1128/​JVI.​00549-​18

	13.	 Carroll JA, Race B, Williams K, Striebel J, Chesebro B (2020) RNA-seq and net‑
work analysis reveal unique glial gene expression signatures during prion 
infection. Mol Brain 13:71. https://​doi.​org/​10.​1186/​s13041-​020-​00610-8

	14.	 Carroll JA, Striebel JF, Rangel A, Woods T, Phillips K, Peterson KE et al (2016) 
Prion strain differences in accumulation of PrPSc on neurons and glia are 
associated with similar expression profiles of neuroinflammatory genes: 
comparison of three prion strains. PLoS Pathog 12:e1005551. https://​doi.​
org/​10.​1371/​journ​al.​ppat.​10055​51

	15.	 Castellano JM, Deane R, Gottesdiener AJ, Verghese PB, Stewart FR, West T 
et al (2012) Low-density lipoprotein receptor overexpression enhances the 
rate of brain-to-blood Abeta clearance in a mouse model of beta-amyloi‑
dosis. Proc Natl Acad Sci USA 109:15502–15507

	16.	 Castellano JM, Kim J, Stewart FR, Jiang H, DeMattos RB, Patterson BW 
et al (2011) Human apoE isoforms differentially regulate brain amyloid-β 
peptide clearance. SciTranslMed 3:89ra57

	17.	 Chen XR, Shao Y, Sadowski MJ, Alzheimer’s Disease Neuroimaging I (2021) 
Segmented linear mixed model analysis reveals association of the APOEvar‑
epsilon4 allele with faster rate of Alzheimer’s disease dementia progression. 
J Alzheimers Dis 82:921–937. https://​doi.​org/​10.​3233/​JAD-​210434

	18.	 Chen Y, Durakoglugil MS, Xian X, Herz J (2010) ApoE4 reduces glutamate 
receptor function and synaptic plasticity by selectively impairing ApoE 
receptor recycling. Proc Natl Acad Sci USA 107:12011–12016. https://​doi.​
org/​10.​1073/​pnas.​09149​84107

	19.	 Chen Y, Strickland MR, Soranno A, Holtzman DM (2021) Apolipoprotein E: 
structural insights and links to Alzheimer disease pathogenesis. Neuron 
109:205–221. https://​doi.​org/​10.​1016/j.​neuron.​2020.​10.​008

	20.	 Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small 
GW et al (1993) Gene dose of Apolipoprotein E type 4 allele and the risk of 
Alzheimer’s disease in late onset families. Science 261:921–923

	21.	 Cosentino S, Scarmeas N, Helzner E, Glymour MM, Brandt J, Albert M et al 
(2008) APOE epsilon 4 allele predicts faster cognitive decline in mild Alz‑
heimer disease. Neurology 70:1842–1849. https://​doi.​org/​10.​1212/​01.​wnl.​
00003​04038.​37421.​cc

	22.	 DeArmond SJ, Kretzschmar H, Prusiner SB (2002) Prion diseases. In: Graham 
DI, Lantos P (eds) Greenfield’s neuropathology, 7th edn. Arnold, London, pp 
273–324

	23.	 Deczkowska A, Amit I, Schwartz M (2018) Microglial immune check‑
point mechanisms. Nat Neurosci 21:779–786. https://​doi.​org/​10.​1038/​
s41593-​018-​0145-x

	24.	 Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit I 
(2018) Disease-associated microglia: a universal immune sensor of neuro‑
degeneration. Cell 173:1073–1081. https://​doi.​org/​10.​1016/j.​cell.​2018.​05.​
003

	25.	 Di Battista AM, Heinsinger NM, Rebeck GW (2016) Alzheimer’s disease 
genetic risk factor APOE-epsilon4 also affects normal brain function. Curr 
Alzheimer Res 13:1200–1207. https://​doi.​org/​10.​2174/​15672​05013​66616​
04011​15127

	26.	 Diaz-Lucena D, Kruse N, Thune K, Schmitz M, Villar-Pique A, da Cunha 
JEG et al (2021) TREM2 expression in the brain and biological fluids in 
prion diseases. Acta Neuropathol 141:841–859. https://​doi.​org/​10.​1007/​
s00401-​021-​02296-1

	27.	 Ehara A, Ueda S (2009) Application of Fluoro-Jade C in acute and chronic 
neurodegeneration models: utilities and staining differences. Acta Histo‑
chem Cytochem 42:171–179. https://​doi.​org/​10.​1267/​ahc.​09018

	28.	 Elliott MR, Koster KM, Murphy PS (2017) Efferocytosis signaling in the regu‑
lation of macrophage inflammatory responses. J Immunol 198:1387–1394. 
https://​doi.​org/​10.​4049/​jimmu​nol.​16015​20

	29.	 Falsig J, Aguzzi A (2008) The prion organotypic slice culture assay–POSCA. 
Nat Protoc 3:555–562. https://​doi.​org/​10.​1038/​nprot.​2008.​13

	30.	 Falsig J, Julius C, Margalith I, Schwarz P, Heppner FL, Aguzzi A (2008) A 
versatile prion replication assay in organotypic brain slices. Nat Neurosci 
11:109–117. https://​doi.​org/​10.​1038/​nn2028

	31.	 Franklin KBJ, Paxinos G (2008) The mouse brain in stereotaxic coordinates, 
compact, 3rd edn. Academic Press, Cambridge

	32.	 Fryer JD, DeMattos RB, McCormick LM, O’Dell MA, Spinner ML, Bales KR et al 
(2005) The low density lipoprotein receptor regulates the level of central 
nervous system human and murine Apolipoprotein E but does not modify 
amyloid plaque pathology in PDAPP mice. J BiolChem 280:25754–25759

	33.	 Geschwind MD (2015) Prion Dis Continuum (MinneapMinn) 21:1612–1638. 
https://​doi.​org/​10.​1212/​CON.​00000​00000​000251

	34.	 Gomez-Nicola D, Fransen NL, Suzzi S, Perry VH (2013) Regulation of 
microglial proliferation during chronic neurodegeneration. J Neurosci 
33:2481–2493. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​4440-​12.​2013

	35.	 Goni F, Knudsen E, Schreiber F, Scholtzova H, Pankiewicz J, Carp R et al 
(2005) Mucosal vaccination delays or prevents prion infection via an oral 
route. Neuroscience 133:413–421

	36.	 Gotzl JK, Brendel M, Werner G, Parhizkar S, Sebastian Monasor L et al (2019) 
Opposite microglial activation stages upon loss of PGRN or TREM2 result in 
reduced cerebral glucose metabolism. EMBO Mol Med. https://​doi.​org/​10.​
15252/​emmm.​20180​9711

	37.	 Harris DA (1999) Cellular biology of prion diseases. Clin Microbiol Rev 
12:429–444

	38.	 Hartmann K, Sepulveda-Falla D, Rose IVL, Madore C, Muth C, Matschke J 
et al (2019) Complement 3(+)-astrocytes are highly abundant in prion 
diseases, but their abolishment led to an accelerated disease course and 
early dysregulation of microglia. Acta Neuropathol Commun 7:83. https://​
doi.​org/​10.​1186/​s40478-​019-​0735-1

	39.	 Hashimoto T, Serrano-Pozo A, Hori Y, Adams KW, Takeda S, Banerji AO 
et al (2012) Apolipoprotein E, especially Apolipoprotein E4, increases the 
oligomerization of amyloid beta peptide. J Neurosci 32:15181–15192

	40.	 Holtzman DM, Herz J, Bu G (2012) Apolipoprotein E and Apolipoprotein E 
receptors: normal biology and roles in Alzheimer disease. Cold Spring Harb 
Perspect Med 2:a006312

	41.	 Jay TR, Miller CM, Cheng PJ, Graham LC, Bemiller S, Broihier ML et al (2015) 
TREM2 deficiency eliminates TREM2+ inflammatory macrophages and 
ameliorates pathology in Alzheimer’s disease mouse models. J Exp Med 
212:287–295. https://​doi.​org/​10.​1084/​jem.​20142​322

	42.	 Jeffrey M, McGovern G, Siso S, Gonzalez L (2011) Cellular and sub-cellular 
pathology of animal prion diseases: relationship between morphological 
changes, accumulation of abnormal prion protein and clinical disease. Acta 
Neuropathol 121:113–134. https://​doi.​org/​10.​1007/​s00401-​010-​0700-3

	43.	 Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R, 
Ulland TK et al (2017) A unique microglia type associated with restricting 
development of Alzheimer’s disease. Cell 169(1276–1290):e1217. https://​
doi.​org/​10.​1016/j.​cell.​2017.​05.​018

	44.	 Kim J, Castellano JM, Jiang H, Basak JM, Parsadanian M, Pham V et al (2009) 
Overexpression of low-density lipoprotein receptor in the brain markedly 
inhibits amyloid deposition and increases extracellular A beta clearance. 
Neuron 64:632–644

https://doi.org/10.1172/JCI90605
https://doi.org/10.1016/j.neuint.2015.08.006
https://doi.org/10.1002/9780470942390.mo110217
https://doi.org/10.1038/nn.3599
https://doi.org/10.1038/nn.3599
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.3390/v11010065
https://doi.org/10.3390/v11010065
https://doi.org/10.1099/jgv.0.000876
https://doi.org/10.1099/jgv.0.000876
https://doi.org/10.1128/JVI.00549-18
https://doi.org/10.1128/JVI.00549-18
https://doi.org/10.1186/s13041-020-00610-8
https://doi.org/10.1371/journal.ppat.1005551
https://doi.org/10.1371/journal.ppat.1005551
https://doi.org/10.3233/JAD-210434
https://doi.org/10.1073/pnas.0914984107
https://doi.org/10.1073/pnas.0914984107
https://doi.org/10.1016/j.neuron.2020.10.008
https://doi.org/10.1212/01.wnl.0000304038.37421.cc
https://doi.org/10.1212/01.wnl.0000304038.37421.cc
https://doi.org/10.1038/s41593-018-0145-x
https://doi.org/10.1038/s41593-018-0145-x
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.2174/1567205013666160401115127
https://doi.org/10.2174/1567205013666160401115127
https://doi.org/10.1007/s00401-021-02296-1
https://doi.org/10.1007/s00401-021-02296-1
https://doi.org/10.1267/ahc.09018
https://doi.org/10.4049/jimmunol.1601520
https://doi.org/10.1038/nprot.2008.13
https://doi.org/10.1038/nn2028
https://doi.org/10.1212/CON.0000000000000251
https://doi.org/10.1523/JNEUROSCI.4440-12.2013
https://doi.org/10.15252/emmm.201809711
https://doi.org/10.15252/emmm.201809711
https://doi.org/10.1186/s40478-019-0735-1
https://doi.org/10.1186/s40478-019-0735-1
https://doi.org/10.1084/jem.20142322
https://doi.org/10.1007/s00401-010-0700-3
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018


Page 29 of 30Pankiewicz et al. acta neuropathol commun           (2021) 9:157 	

	45.	 Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, Beckers 
L, O’Loughlin E, Xu Y, Fanek Z et al (2017) The TREM2-APOE pathway drives 
the transcriptional phenotype of dysfunctional microglia in neurodegen‑
erative diseases. Immunity 47(566–581):e569. https://​doi.​org/​10.​1016/j.​
immuni.​2017.​08.​008

	46.	 Krbot K, Hermann P, Skoric MK, Zerr I, Sepulveda-Falla D, Goebel S 
et al (2018) Distinct microglia profile in Creutzfeldt-Jakob disease and 
Alzheimer’s disease is independent of disease kinetics. Neuropathology 
38:591–600. https://​doi.​org/​10.​1111/​neup.​12517

	47.	 Kuszczyk MA, Sanchez S, Pankiewicz J, Kim J, Duszczyk M, Guridi M et al 
(2013) Blocking the interaction between Apolipoprotein E and abeta 
reduces intraneuronal accumulation of abeta and inhibits synaptic degen‑
eration. Am J Pathol 182:1750–1768

	48.	 Liddelow SA, Barres BA (2017) Reactive astrocytes: production, function, 
and therapeutic potential. Immunity 46:957–967. https://​doi.​org/​10.​1016/j.​
immuni.​2017.​06.​006

	49.	 Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L 
et al (2017) Neurotoxic reactive astrocytes are induced by activated micro‑
glia. Nature 541:481–487. https://​doi.​org/​10.​1038/​natur​e21029

	50.	 Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. 
Methods 25:402–408. https://​doi.​org/​10.​1006/​meth.​2001.​1262

	51.	 Ma J, Yee A, Brewer HB Jr, Das S, Potter H (1994) Amyloid-associated pro‑
teins alpha 1-antichymotrypsin and Apolipoprotein E promote assembly of 
Alzheimer beta-protein into filaments. Nature 372:92–94

	52.	 Mackenzie G, Will R (2017) Creutzfeldt-Jakob disease: recent developments. 
F100Research 6:2053. https://​doi.​org/​10.​12688/​f1000​resea​rch.​12681.1

	53.	 Morikawa M, Fryer JD, Sullivan PM, Christopher EA, Wahrle SE, DeMattos RB 
et al (2005) Production and characterization of astrocyte-derived human 
Apolipoprotein E isoforms from immortalized astrocytes and their interac‑
tions with amyloid-beta. Neurobiol Dis 19:66–76

	54.	 Muth C, Schrock K, Madore C, Hartmann K, Fanek Z, Butovsky O et al (2017) 
Activation of microglia by retroviral infection correlates with transient clear‑
ance of prions from the brain but does not change incubation time. Brain 
Pathol 27:590–602. https://​doi.​org/​10.​1111/​bpa.​12441

	55.	 Ordovas JM, Litwack-Klein L, Wilson PW, Schaefer MM, Schaefer EJ (1987) 
Apolipoprotein E isoform phenotyping methodology and population 
frequency with identification of apoE1 and apoE5 isoforms. J Lipid Res 
28:371–380

	56.	 Pankiewicz J, Prelli F, Sy MS, Kascsak RJ, Kascsak RB, Spinner DS et al (2006) 
Clearance and prevention of prion infection in cell culture by anti-PrP 
antibodies. Eur J Neurosci 23:2635–2647

	57.	 Pankiewicz JE, Baquero-Buitrago J, Sanchez S, Lopez-Contreras J, Kim J, 
Sullivan PM et al (2017) APOE genotype differentially modulates effects of 
Anti-A beta, passive immunization in APP transgenic mice. Mol Neurode‑
gener 12:12. https://​doi.​org/​10.​1186/​s13024-​017-​0156-1

	58.	 Pankiewicz JE, Diaz JR, Marta-Ariza M, Lizinczyk AM, Franco LA, Sadowski 
MJ (2020) Peroxiredoxin 6 mediates protective function of astrocytes in 
Abeta proteostasis. Mol Neurodegener 15:50. https://​doi.​org/​10.​1186/​
s13024-​020-​00401-8

	59.	 Pankiewicz JE, Sanchez S, Kirshenbaum K, Kascsak RB, Kascsak RJ, Sadowski 
MJ (2019) Anti-prion protein antibody 6D11 restores cellular proteostasis 
of prion protein through disrupting recycling propagation of PrP(Sc) and 
targeting PrP(Sc) for lysosomal degradation. Mol Neurobiol 56:2073–2091. 
https://​doi.​org/​10.​1007/​s12035-​018-​1208-4

	60.	 Piedrahita JA, Zhang SH, Hagaman JR, Oliver PM, Maeda N (1992) Genera‑
tion of mice carrying a mutant Apolipoprotein E gene inactivated by gene 
targeting in embryonic stem cells. Proc Natl Acad Sci U S A 89:4471–4475. 
https://​doi.​org/​10.​1073/​pnas.​89.​10.​4471

	61.	 Pimenova AA, Marcora E, Goate AM (2017) A tale of two genes: microglial 
apoe and Trem2. Immunity 47:398–400. https://​doi.​org/​10.​1016/j.​immuni.​
2017.​08.​015

	62.	 Prusiner SB (2001) Neurodegenerative diseases and prions. N Eng J Med 
344:1516–1526

	63.	 Sadowski M, Kumar A, Wisniewski T (2008) Prion diseases. In: Bradley WG 
(ed) Neurology in clinical practice, 5th edn. Butterworth-Heinemann, 
Oxford, pp 1567–1581

	64.	 Sadowski M, Tang CY, Aguinaldo JG, Carp R, Meeker HC, Wisniewski T (2003) 
In vivo micro magnetic resonance imaging signal changes in scrapie 
infected mice. Neurosci Lett 345:1–4

	65.	 Sadowski MJ, Pankiewicz J, Prelli F, Scholtzova H, Spinner DS, Kascsak 
RB et al (2009) Anti-PrP mab 6D11 suppresses PrPSc replication in prion 
infected myeloid precursor line FDC-P1/22L and in the lymphoreticular 
system in vivo. Neurobiol Dis 34:267–278

	66.	 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T 
et al (2012) Fiji: an open-source platform for biological-image analysis. Nat 
Methods 9:676–682. https://​doi.​org/​10.​1038/​nmeth.​2019

	67.	 Schmued LC, Stowers CC, Scallet AC, Xu L (2005) Fluoro-Jade C results in 
ultra high resolution and contrast labeling of degenerating neurons. Brain 
Res 1035:24–31. https://​doi.​org/​10.​1016/j.​brain​res.​2004.​11.​054

	68.	 Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 
years of image analysis. Nat Methods 9:671–675. https://​doi.​org/​10.​1038/​
nmeth.​2089

	69.	 Shi Y, Holtzman DM (2018) Interplay between innate immunity and 
Alzheimer disease: APOE and TREM2 in the spotlight. Nat Rev Immunol 
18:759–772. https://​doi.​org/​10.​1038/​s41577-​018-​0051-1

	70.	 Shi Y, Manis M, Long J, Wang K, Sullivan PM, Remolina Serrano J et al (2019) 
Microglia drive APOE-dependent neurodegeneration in a tauopathy 
mouse model. J Exp Med 216:2546–2561. https://​doi.​org/​10.​1084/​jem.​
20190​980

	71.	 Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W et al (2017) ApoE4 
markedly exacerbates tau-mediated neurodegeneration in a mouse model 
of tauopathy. Nature 549:523–527. https://​doi.​org/​10.​1038/​natur​e24016

	72.	 Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobsdot‑
tir J et al (2017) Rare coding variants in PLCG2, ABI3, and TREM2 implicate 
microglial-mediated innate immunity in Alzheimer’s disease. Nat Genet 
49:1373–1384. https://​doi.​org/​10.​1038/​ng.​3916

	73.	 Striebel JF, Race B, Carroll JA, Phillips K, Chesebro B (2016) Knockout of 
fractalkine receptor Cx3cr1 does not alter disease or microglial activation 
in prion-infected mice. J Gen Virol 97:1481–1487. https://​doi.​org/​10.​1099/​
jgv.0.​000442

	74.	 Tatzelt J, Maeda N, Pekny M, Yang SL, Betsholtz C, Eliasson C et al (1996) 
Scrapie in mice deficient in Apolipoprotein E or glial fibrillary acidic protein. 
Neurology 47:449–453. https://​doi.​org/​10.​1212/​wnl.​47.2.​449

	75.	 Therriault J, Benedet AL, Pascoal TA, Mathotaarachchi S, Chamoun M, 
Savard M et al (2019) Association of Apolipoprotein E epsilon4 with medial 
temporal tau independent of amyloid-beta. JAMA Neurol. https://​doi.​org/​
10.​1001/​jaman​eurol.​2019.​4421

	76.	 Ulland TK, Colonna M (2018) TREM2 - a key player in microglial biology and 
Alzheimer disease. Nat Rev Neurol 14:667–675. https://​doi.​org/​10.​1038/​
s41582-​018-​0072-1

	77.	 Ulrich JD, Ulland TK, Mahan TE, Nystrom S, Nilsson KP, Song WM et al (2018) 
ApoE facilitates the microglial response to amyloid plaque pathology. J Exp 
Med 215:1047–1058. https://​doi.​org/​10.​1084/​jem.​20171​265

	78.	 Vitek MP, Brown CM, Colton CA (2009) APOE genotype-specific differences 
in the innate immune response. Neurobiol Aging 30:1350–1360. https://​
doi.​org/​10.​1016/j.​neuro​biola​ging.​2007.​11.​014

	79.	 Wang C, Xiong M, Gratuze M, Bao X, Shi Y, Andhey PS et al (2021) Selective 
removal of astrocytic APOE4 strongly protects against tau-mediated neu‑
rodegeneration and decreases synaptic phagocytosis by microglia. Neuron 
109(1657–1674):e1657. https://​doi.​org/​10.​1016/j.​neuron.​2021.​03.​024

	80.	 Wang Y, Cella M, Mallinson K, Ulrich JD, Young KL, Robinette ML et al (2015) 
TREM2 lipid sensing sustains the microglial response in an Alzheimer’s 
disease model. Cell 160:1061–1071. https://​doi.​org/​10.​1016/j.​cell.​2015.​01.​
049

	81.	 Yamazaki Y, Zhao N, Caulfield TR, Liu CC, Bu G (2019) Apolipoprotein E and 
Alzheimer disease: pathobiology and targeting strategies. Nat Rev Neurol 
15:501–518. https://​doi.​org/​10.​1038/​s41582-​019-​0228-7

	82.	 Yeh FL, Wang Y, Tom I, Gonzalez LC, Sheng M (2016) TREM2 binds to 
Apolipoproteins, including APOE and CLU/APOJ, and thereby facilitates 
uptake of amyloid-beta by microglia. Neuron 91:328–340. https://​doi.​org/​
10.​1016/j.​neuron.​2016.​06.​015

	83.	 Yun SP, Kam TI, Panicker N, Kim S, Oh Y, Park JS et al (2018) Block of A1 astro‑
cyte conversion by microglia is neuroprotective in models of Parkinson’s 
disease. Nat Med 24:931–938. https://​doi.​org/​10.​1038/​s41591-​018-​0051-5

	84.	 Zhang H, Reddick RL, Piedrahita JA, Maeda N (1992) Spontaneous hyper‑
cholesterolemia and arterial lesions in mice lacking Apolipoprotein E. 
Science 258:468–471

https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1111/neup.12517
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1038/nature21029
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.12688/f1000research.12681.1
https://doi.org/10.1111/bpa.12441
https://doi.org/10.1186/s13024-017-0156-1
https://doi.org/10.1186/s13024-020-00401-8
https://doi.org/10.1186/s13024-020-00401-8
https://doi.org/10.1007/s12035-018-1208-4
https://doi.org/10.1073/pnas.89.10.4471
https://doi.org/10.1016/j.immuni.2017.08.015
https://doi.org/10.1016/j.immuni.2017.08.015
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.brainres.2004.11.054
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/s41577-018-0051-1
https://doi.org/10.1084/jem.20190980
https://doi.org/10.1084/jem.20190980
https://doi.org/10.1038/nature24016
https://doi.org/10.1038/ng.3916
https://doi.org/10.1099/jgv.0.000442
https://doi.org/10.1099/jgv.0.000442
https://doi.org/10.1212/wnl.47.2.449
https://doi.org/10.1001/jamaneurol.2019.4421
https://doi.org/10.1001/jamaneurol.2019.4421
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1038/s41582-018-0072-1
https://doi.org/10.1084/jem.20171265
https://doi.org/10.1016/j.neurobiolaging.2007.11.014
https://doi.org/10.1016/j.neurobiolaging.2007.11.014
https://doi.org/10.1016/j.neuron.2021.03.024
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.1016/j.neuron.2016.06.015
https://doi.org/10.1016/j.neuron.2016.06.015
https://doi.org/10.1038/s41591-018-0051-5


Page 30 of 30Pankiewicz et al. acta neuropathol commun           (2021) 9:157 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	85.	 Zhong L, Xu Y, Zhuo R, Wang T, Wang K, Huang R, Wang D, Gao Y, Zhu Y, 
Sheng X et al (2019) Soluble TREM2 ameliorates pathological phenotypes 
by modulating microglial functions in an Alzheimer’s disease model. Nat 
Commun 10:1365. https://​doi.​org/​10.​1038/​s41467-​019-​09118-9

	86.	 Zhu C, Herrmann US, Li B, Abakumova I, Moos R, Schwarz P (2015) Trig‑
gering receptor expressed on myeloid cells-2 is involved in prion-induced 
microglial activation but does not contribute to prion pathogenesis in 
mouse brains. Neurobiol Aging 36:1994–2003. https://​doi.​org/​10.​1016/j.​
neuro​biola​ging.​2015.​02.​019

	87.	 Zilles K, Wree A (1995) Cortex: areal and laminar structure. In: Paxinos G (ed) 
The rat nervous system. Academic Press, New York, pp 649–685

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published 
maps and institutional affiliations.

https://doi.org/10.1038/s41467-019-09118-9
https://doi.org/10.1016/j.neurobiolaging.2015.02.019
https://doi.org/10.1016/j.neurobiolaging.2015.02.019

	Absence of Apolipoprotein E is associated with exacerbation of prion pathology and promotes microglial neurodegenerative phenotype
	Abstract 
	Introduction
	Materials and methods
	Materials and reagents
	Animals
	Histology, immunohistochemistry, and quantitative analyses
	Laser scanning confocal microscopy (LSCM) imaging and the apoE CTCF analysis
	Quantitative western blot analysis of brain proteins
	Analysis of PrPSc in apoE4 treated 22LN2A cells
	Quantitative analysis of cytokines
	mRNA analysis by nanoStringTM nCounter®
	Quantitative Real Time PCR (qRT-PCR) analysis
	Data analysis and statistical analysis

	Results
	Prion infection increases brain apoE level and causes cell-type shift in the apoE expression
	Absence of apoE shortens prion disease incubation time and increases pathology burden
	Lack of apoE promotes astrogliosis and the induction of A1 neurotoxic phenotype
	Absence of apoE exaggerates microglia activation and their MGnD transition
	In prion infected mice lacking apoE activated microglia show impaired phagocytic activity
	Absence of apoE aggravates inflammatory response associated with prion pathology
	Prion induced neuronal loss and degeneration are aggravated by the lack of apoE

	Discussion
	Conclusions
	Acknowledgements
	References




