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Introduction
Microglia are recognized as the main cells in the CNS responsi-
ble for phagocytosis. In early brain development, microglia are 
crucial in optimizing neural circuitry and eliminating exces-
sive synapses, neurons, astrocytes, and oligodendrocytes (1, 2). 
Throughout adult life, microglia defend the CNS against invading 
pathogens and clean up tissues from apoptotic cells and myelin 
debris. During normal aging and neurodegenerative diseases, 
microglia encounter new challenges, as they are responsible for 
clearing protein aggregates and cell debris, while simultaneously 
participating in repair and regeneration processes. As a response 
to ongoing changes in brain homeostasis and persistent exposure 
to protein aggregates, microglia acquire various reactive pheno-
types, some of which are characterized by upregulated phagocyt-
ic pathways (3–6). It has been proposed that the upregulation of 
the phagocytosis under conditions of chronic neuroinflammation 
leads to phagocytosis of viable neurons by microglia, contributing 
to neurodegeneration (7). Indeed, it appears that the phagocytic 
pathways responsible for pruning of synapses and neurons during 

neurodevelopment also contribute to synaptotoxicity in neuro-
degenerative diseases and aging (7–10). However, most of the 
evidence that microglia can phagocytose viable neurons was col-
lected in vitro using cultured cells, whereas detecting engulfment 
of viable neurons in actual neurodegenerative disease has been 
difficult (11–13).

Phagocytosis comprises several sequential steps, encom-
passing the recognition, engulfment, and degradation of a target 
(14). When microglia encounter a target, they extend filopodia, 
forming a phagocytic cup that engulfs the target and gives rise to 
phagosomes (14). Subsequently, phagosomes undergo maturation 
by merging with endosomes and lysosomes, forming phagolyso-
somes, where the phagocytosed material is digested. In vivo, the 
entire process of microglia-mediated phagocytosis of an individu-
al cell is completed in less than 2 hours (15).

Prion diseases, also known as transmissible spongiform 
encephalopathies, represent a group of transmissible neurode-
generative disorders affecting both humans and animals (16). 
These conditions currently lack any effective treatment, and their 
invariably fatal outcome is well established. Prion diseases are 
instigated by prions or PrPSc, which is the misfolded, aggregated 
form of a cellular sialoglycoprotein known as the prion protein or 
PrPC (17). The pathogenic mechanism involves the replication and 
dissemination of prions throughout the CNS, achieved by recruit-
ing and converting host-expressed PrPC molecules into misfolded, 
β-sheet–rich PrPSc states (18). In individuals or animals infected 
with prions, the neurodegeneration is attributed to PrPSc accumu-
lation, which exerts a toxic effect on neurons (19–25).

Microglia are recognized as the main cells in the central nervous system responsible for phagocytosis. The current study 
demonstrates that in prion disease, microglia effectively phagocytose prions or PrPSc during early preclinical stages. 
However, a critical shift occurred in microglial activity during the late preclinical stage, transitioning from PrPSc uptake to 
establishing extensive neuron-microglia body-to-body cell contacts. This change was followed by a rapid accumulation of 
PrPSc in the brain. Microglia that enveloped neurons exhibited hypertrophic, cathepsin D–positive lysosomal compartments. 
However, most neurons undergoing envelopment were only partially encircled by microglia. Despite up to 40% of cortical 
neurons being partially enveloped at clinical stages, only a small percentage of envelopment proceeded to full engulfment. 
Partially enveloped neurons lacked apoptotic markers, but showed signs of functional decline. Neuronal envelopment was 
independent of the CD11b pathway, previously associated with phagocytosis of newborn neurons during neurodevelopment. 
This phenomenon of partial envelopment was consistently observed across multiple prion-affected brain regions, 
various mouse-adapted strains, and different subtypes of sporadic Creutzfeldt-Jakob disease (sCJD) in humans. The 
current work describes a phenomenon of partial envelopment of neurons by reactive microglia in the context of an actual 
neurodegenerative disease, not a disease model.
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In SSLOW-infected mice, reactive microglia envelop neurons. 
Coimmunostaining of clinically ill C57BL/6J mice infected with 
SSLOW via intraperitoneal (i.p., 159 ± 13 dpi to terminal disease, 
mean ± SD) or intracranial (i.c., 123 ± 4 dpi to terminal disease) 
routes revealed a substantial population of cortical neurons par-
tially or fully enveloped by the soma of reactive microglia (Figure 
2, A–C, and Supplemental Figure 3, A–D). In noninfected cortices, 
such contacts between neurons and microglial soma were very 
rare or absent (Figure 2D and Supplemental Figure 3A). Three-di-
mensional reconstruction of confocal imaging further illustrates 
partial neuronal envelopment by the soma of reactive microglia 
in prion-infected mice (Figure 2B and Supplemental Figure 4, A 
and B, Supplemental Video 1, and Supplemental Video 2).

Microglia typically execute phagocytosis by forming pseudo-
podia with a phagocytic cup (14, 37, 38). This cup engulfs the target, 
which may include synapses, apoptotic cells, or protein aggregates. 
Full engulfment of a target by the phagocytic cup results in the for-
mation of phagosomes within pseudopodia. Consistent with this 
mechanism, pseudopodia with phagocytic cups were observed in 
adult 5XFAD mice, where microglia partially engulfed Aβ aggre-
gates or neurons (Supplemental Figure 3, E and F). In contrast to 
the traditional phagocytic mechanism involving pseudopodia and 
a phagocytic cup, in prion-infected mice, neurons were surround-
ed by microglial soma (Figure 2, A–C, and Supplemental Figure 3, 
B–D). The proximity of microglial and neuronal nuclei supports 
the notion that neurons were encircled by microglial somas, which 
often exhibited a characteristic cup-shaped appearance (Figure 2A 
and Supplemental Figure 3D) rather than by extended pseudopo-
dia. Envelopment of individual neurons by microglia in prion-in-
fected brains occurred at a one-to-one ratio (Figure 2, A–C, and 
Supplemental Figure 3D).

Neuronal envelopment is a common phenomenon observed across 
prion strains. C57BL/6J mice, infected i.p. with 4 prion strains 
(SSLOW 159 ± 13 dpi, RML 209 ± 10 dpi, 22L 216 ± 24 dpi, and 
ME7 293 ± 32 dpi to terminal disease), showed partial envelop-
ment of neurons by reactive microglia (Figure 3, A–D and F). Nota-
bly, by the terminal stage of the disease, SSLOW mice showed the 
highest percentage of partially encircled neurons. Among the 4 
strains, SSLOW was characterized by the shortest incubation time 
and displayed the most pronounced contacts between microglial 
soma and neurons (Figure 3, A and F). In the mock-inoculated 
control group, close contacts between microglial soma and neu-
rons were very rare (Figure 3, E and F).

Mouse-adapted prion strains employed here display distinc-
tive strain-specific cell tropism. For instance, 22L PrPSc was pre-
dominantly associated with astrocytes, while ME7 PrPSc exhibited 
a prevalent localization with neurons (39). In the case of RML, the 
preference of PrPSc for astrocytes versus neurons is brain region 
dependent (39). Despite these strain-specific cell tropisms, the 
observation of neuronal envelopment across all strains, coupled 
with comparable percentages of envelopment among ME7 (mean 
17.9%), 22L (mean 18.1%), and RML (mean 17.1%) strains, irre-
spective of their cell tropism, implies that the envelopment is not 
solely driven by PrPSc association with neurons (Figure 3F).

The majority of neurons exhibit only partial envelopment. Envelop-
ment of neurons was observed across all brain regions affected by pri-
ons, including the cerebral cortex, caudate/putamen (or striatum),  

Over the years, the idea that microglia constitute the primary 
host defense against prions has gained strong experimental support 
(26–28). Indeed, the ablation of microglia, either before prion infec-
tion or during the initial stages of the disease, accelerated disease 
progression (29–32). Furthermore, the knockout of MFGE8, a factor 
secreted by microglia that mediates the phagocytosis of apoptotic 
bodies, resulted in a 40-day acceleration of prion pathogenesis and 
elevated levels of PrPSc (33). Contrary to the notion that microglia are 
protective, partial inhibition of microglia proliferation and reactivity 
at the preclinical stage (98 to 126 days after infection with the ME7 
strain) delayed the onset of behavioral signs and extended surviv-
al by 26 days (34). Moreover, the inhibition of microglia activation 
through the administration of an immunosuppressant just before or 
at the time of disease onset suppressed reactive gliosis and prolonged 
the survival of humanized mice infected with human prions (35). In 
response to prion infection, microglia were shown to upregulate IFN-
1, which activates phagolysosomal pathways (36). Surprisingly, the 
knockout of the IFNAR1 gene, which encodes a receptor for IFN-1, 
ameliorated clinical signs, improved neuronal survival along with 
synaptic density, and prolonged survival in ME7-infected mice (36).

This study reveals that microglia initially help to keep PrPSc 
levels low by efficiently phagocytosing the protein during the ear-
ly preclinical stage of prion disease. However, as the disease pro-
gresses, microglia shift their activity from PrPSc uptake to forming 
close contacts with neurons, resembling partial engulfment of 
neuronal cells. This change in behavior precedes the rapid accu-
mulation of PrPSc and is associated with hypertrophic lysosomal 
compartments in microglia. Surprisingly, only a small fraction 
of neurons are fully engulfed, and partially enveloped neurons, 
while not apoptotic, show signs of functional decline. This partial 
neuronal envelopment is consistently observed across different 
prion-affected brain regions, mouse strains, and human sporadic 
Creutzfeldt-Jakob disease (sCJD) subtypes.

Results
Reactive microglia extend into the pyramidal layer of the CA1 region 
of the hippocampus. Among known mouse-adapted prion strains, 
in C57BL/6J mice, SSLOW caused disease with the shortest incu-
bation time (mean ± SD 123 ± 4 days post inoculation [dpi] to 
terminal disease via intracerebral inoculation [i.c.] route). In the 
SSLOW-infected C57BL/6J host, PrPSc accumulated in multiple 
brain regions, including the cortex, thalamus, caudate putamen, 
and hippocampus (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI181169DS1). These same brain regions developed spongiform 
vacuolation and profound neuroinflammation, as seen by immu-
nostaining for reactive microglia and astrocytes (Supplemental 
Figure 1 and Supplemental Figure 2, A and B).

By the clinical onset of the disease, marked thinning of the 
pyramidal layer in the CA1 area of hippocampus was observed 
in SSLOW-infected C57BL/6J mice (Figure 1, A and B). Neuronal 
loss in the pyramidal layer coincided with an increase in densi-
ty of reactive microglia (Figure 1, A–C). The microglia extended 
processes around neuronal somas or intruded as whole cells into 
the neuronal layer (Figure 1, B and C). Extensive microglia-neuro-
nal contacts in the CA1 area prompted us to examine other brain 
regions affected by prions.
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small percentage of neurons (less than 1%) (Figure 4I). Consequent-
ly, the majority of neurons were found to be only partially encircled.

The envelopment of neurons by microglia in a cortex does not 
lead to a reduction in the total number of neurons. Previous studies 
have shown that the phagocytic clearance of a cell by microglia 
in a mouse brain takes 25 minutes to 2 hours (15, 40). In the ter-
minal stage of prion disease, as few as 15.1% of cortical neurons 
(for RML) were observed to undergo envelopment (Figure 3F). If 
15% or more of the neuronal population are phagocytosed every 2 
hours, the entire population would be cleared in less than 12 hours. 
Consequently, we aimed to establish a timeline for neuronal loss 
in prion-infected cortex.

In C57BL/6J mice challenged with SSLOW via i.p. route, clin-
ical onset occurred around 120 dpi (Figure 5A). Mice were euth-
anized at 157–166 dpi, when they showed 20% weight loss along 
with severe motor impairment and behavior deficits (Figure 5A). 
Neuronal quantification and the percentage of neurons under 
envelopment were assessed in cortices at regular time points, start-
ing at 64 dpi. At 64 dpi, 78 dpi, and 92 dpi, the percentage of neu-
rons with extensive body-to-body neuron-microglia cell contacts  
was comparable to the control group, matched in age to the 64 dpi 
group (Figure 5, B–D). However, a statistically significant increase 

hippocampus, and thalamus (Figure 4, A–D). The same brain 
regions showed spongiform change, PrPSc accumulation, and reac-
tive gliosis as judged from ionized calcium-binding adaptor mole-
cule 1 (IBA1) and glial fibrillary acidic protein (GFAP) staining (Sup-
plemental Figures 1 and 2), suggesting that neuronal envelopment 
is linked to prion pathology. Interestingly, fully enveloped neurons 
were rare, whereas most of the enveloping events were partial.

To estimate the degree of envelopment for individual neuronal 
cells, we calculated the area of NeuN signal covered by IBA1 sig-
nal in the cortex (Figure 4, E–I). Rigorous examination of confocal 
microscopy Z-stack images confirmed that we indeed observed 
genuine encircling events, rather than mere vertical adjacency 
of NeuN+ and IBA1+ cells (Figure 4J and Supplemental Figure 5, A 
and B, Supplemental Video 3, and Supplemental Video 4). The lack 
of envelopment of astrocytes argues that envelopment is specif-
ic to neurons and is not simply due to microglia proliferation and 
overcrowding (Supplemental Figure 2B). In the cerebral cortex of 
SSLOW-infected mice analyzed at the terminal stage, approximate-
ly 36% of neurons showed no contact with microglia, while the 
remaining neurons exhibited varying degrees of encircling by the 
IBA1+ cells (Figure 4I). Intriguingly, the complete encircling of the 
entire neuronal signal with the IBA1 signal was observed in only a 

Figure 1. Reactive microglia in prion-infected mice extend into pyramidal layer of CA1 area of hippocampus. The CA1 area of hippocampus in noninfect-
ed age-matched control C57BL/6J mice (Ctrl) and C57BL/6J mice infected with SSLOW via i.c. examined at clinical onset and terminal stage using staining 
with anti-IBA1 (a marker of microglia, A and C) and anti-NeuN (a nuclear neuronal marker, A and C). (B) Quantification of the mean intensity of IBA1 and 
NeuN signals in pyramidal layer of hippocampus. Colors represent different brains. Dots represent mean intensity values in individual fields of view. 
Average values for each brain are shown as circles. Black lines mark means. n = 3 animals per group. *P < 0.05; **P < 0.01; ***P < 0.001, ordinary 1-way 
ANOVA followed by Tukey’s multiple-comparison tests. (C) 3D reconstruction of confocal microscopy images of reactive microglia invading pyramidal layer 
in terminal SSLOW-infected mice. Scale bars: 50 μm (A); 100 μm (C).
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Figure 2. Reactive microglia in cortexes of prion-infected mice envelop neuronal soma. Terminally ill C57BL/6J mice infected with SSLOW via i.p. (A and 
B) or i.c. routes (C) or noninfected age-matched controls (D), stained with anti-IBA1 (A–D) and anti-MAP2 (A and B) or anti-NeuN (C and D) antibodies and 
examined by epifluorescence microscopy (A) or confocal microscopy following by 3D reconstruction (B–D). Smaller panels in A and B show enlarged images 
of individual microglial cells that partially or fully envelopes neuronal soma. In A, dashed circles mark nuclei, arrows and arrowheads point at neuronal and 
microglial nuclei, respectively. Scale bars: 20 μm (A); 10 μm (B); 50 μm (C and D).
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of the disease, the total number of MAP2+ cells in the cortex did 
not decrease with the disease progression, suggesting that envel-
opment does not result in neuronal death (Figure 5B). Since mice 
must be euthanized at 20% weight loss, defined as the endpoint 
per requirements of the animal care committee, we do not know 
whether any neuronal loss would occur in cortices after this point 
and upon reaching the actual terminal stage of the disease.

in the percentage of neurons undergoing envelopment was not-
ed at 106 dpi (mean 12.4% versus 3.0% in control), 2 weeks prior 
to clinical onset (Figure 5, B and C). The percentage of neurons 
undergoing envelopment rose with disease progression, peaking 
at 146 dpi (mean 44.5%) (Figure 5, B and C). However, despite a 
substantial number of microtubule associated protein 2–positive 
(MAP2+) neurons being partially enveloped at the clinical stage 

Figure 3. Envelopment of neurons is a common property among prion strains. (A–D) Representative images of neuronal envelopment (arrows) by 
reactive microglia in cortex of C57BL/6J mice infected with SSLOW (A), RML (B), 22L (C), and ME7 (D) via i.p. and mock-inoculated age-matched mice (E) 
stained using anti-IBA1 (red) and anti-MAP2 (green) antibodies. The dataset from the 22L-infected and mock-inoculated control groups were also used 
to report microglia-neuronal colocalization in the Figure 5 of the manuscript by Sinha et al. (49). (F) Quantification of the percentage of neurons that are 
undergoing envelopment in cortexes of mice infected with SSLOW, RML, 22L or ME7, and mock-infected control mice (Ctrl). Colors represent different 
brains. Dots represent individual fields of view. Average values for each brain are shown as circles. Black lines mark strain means. n = 4 animals per group. 
**** P < 0.0001; **P < 0.01, statistical significance versus control; #P < 0.05, statistical significance versus SSLOW by ordinary 1-way ANOVA followed by 
Dunnett’s multiple-comparison tests. Scale bars: 50 μm.
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In a cohort of aged C57BL/6J mice (604–704 days old), the 
number of neurons undergoing envelopment was comparable to 
that in 2 control groups, matched in age either to the 64 dpi or 
157–166 dpi groups (Figure 5, B and D). This observation sug-
gests that the phenomenon of envelopment is not prominently 
associated with normal aging.

The analysis of gene expression in SSLOW-inoculated mice 
revealed that, despite the absence of a decline in the cortical 
neuronal population, neuron-specific genes were downregulat-
ed. Notably, genes associated with ligand-gated ionic channels 
related to memory and learning (Gabrg1, Grin1, Grin2b, Grm2) and 
synaptic neurotransmission (Snap25, Syn2, Syp) exhibited reduced 
expression levels (Supplemental Figure 6).

In summary, the above findings establish that neuronal envel-
opment events were on the rise prior to the clinical onset of the 
disease. Neuronal envelopment was not accompanied by neuronal 
loss. These findings are consistent with the fact that, in the majori-
ty of cases, the encircling of neuronal soma was only partial.

The envelopment is not selective toward the subpopulation of the 
most vulnerable PV+ neurons. In previous studies, GABAergic parval-
bumin-positive (PV+) neurons were identified as the most vulnera-
ble in prion diseases (41–44). In both humans affected by CJDs and 
mice infected with mouse-adapted strains, a decline in PV+ neu-
rons was observed at the subclinical stage of the disease (41–44). 
If microglia are responsible for the loss by selectively targeting PV+ 
neurons, we would expect PV+ neurons to be enveloped early, i.e., 
prior to clinical onset. Contrary to this hypothesis, statistically sig-
nificant envelopment of PV+ neurons was observed only at terminal 
time points (Supplemental Figure 7, A and B). Moreover, both PV+ 
and PV– neurons were subject to envelopment, arguing that this pro-
cess is not selective toward PV+ neurons (Supplemental Figure 7A).

Neurons under envelopment lack apoptotic markers. To investi-
gate whether neurons that undergo envelopment remain viable, 
we assessed the presence of apoptotic markers. In previous studies 
on adult neurogenesis through apoptosis-coupled phagocytosis, 
the neuronal cells at the early stages of phagocytosis by microg-
lia, i.e., the stage of partial engulfment, displayed the strongest  
activated (cleaved) caspase-3 signal (cCasp3) (15). Staining termi-
nal SSLOW-infected C57BL/6J mice with an antibody to cCasp3, 
an early apoptosis marker, revealed that the majority of neurons 

under envelopment were cCasp3 negative (Figure 6, A, D, and E). 
In fact, the number of cCasp3+ neurons was low and comparable 
to that of normally aged mice (Figure 6E). On the contrary, in 
positive controls, C57BL/6J mice subjected to ischemia showed 
extensive neuronal cCasp3 staining (Figure 6C).

Interestingly, in prion-affected brains, reactive microglia 
exhibited cCasp3-positive puncta (Figure 6, A, B, and E). Con-
focal microscopy imaging confirmed that cCasp3 immunoreac-
tivity was associated with microglia and displayed intracellular 
localization (Figure 6B). Caspase-3 activation in microglia has 
been recognized as a switch between proinflammatory activa-
tion and cell death, as observed in neurodegenerative diseases 
including Alzheimer’s and Parkinson’s diseases (45, 46).

As an alternative approach for identifying apoptotic cells, 
we employed the TUNEL assay. TUNEL stains apoptotic cells 
by detecting DNA fragmentation. In the cortices of terminal 
SSLOW-infected mice, neurons undergoing engulfment were 
negative for TUNEL staining (Figure 6F). However, pretreatment 
of brain slices from the same mice with DNase revealed DNA frag-
mentation detected by the TUNEL staining (Figure 6F). In sum-
mary, these results indicate that neurons undergoing envelopment 
by microglia lack apoptotic markers.

Changes in neuronal functional state precede their envelopment. 
Transcriptome analysis identified several neuron-specific genes 
that were markedly downregulated at the terminal stage. Among 
these was Grin1, which encodes a critical subunit of the N-meth-
yl-d-aspartate (NMDA) receptor, essential for synaptic plasticity, 
memory, and learning. To test whether neuronal changes precede 
their envelopment by microglia, Grin1 levels were quantified in 
individual cortical neurons at regular time points using confo-
cal microscopy (Figure 7A). A modest yet statistically significant 
drop in Grin1 signal was observed at 78 dpi, followed by a steeper 
decline at 92 dpi (Figure 7B). This decline suggests alterations in 
the neuronal functional state, indicative of neuronal stress. Nota-
bly, these changes occurred before the onset of neuronal envel-
opment by microglia, which begins at 106 dpi (Figure 5B). Con-
focal microscopy confirmed that microglia envelop neurons with 
reduced Grin1 signal (Figure 7C).

Neurons are enveloped by PrPSc-positive microglia. Reactive 
microglia may target viable neurons because they sense the accu-
mulation of prion aggregates on neuronal surfaces. To test this, 
brains of SSLOW-infected C57BL/6J mice were coimmunostained 
using anti-PrP antibody 3D17 in combination with anti-MAP2, 
anti-IBA1, or anti-GFAP antibodies. To avoid confusion between 
diffuse PrPSc and PrPC, fluorescence microscopy imaging was opti-
mized to preferentially detect granular PrPSc deposits, character-
ized by a bright emission. In SSLOW-infected animals, the major-
ity of granular PrP immunoreactivity was associated with reactive 
microglia, including the microglia that enveloped neurons (Figure 
8, A and C). Noninfected, age-matched controls did not display 
any granular PrP immunoreactivity, arguing that in prion-infected 
animals, the granular PrP signal is attributed to PrPSc (Figure 8, B 
and F). In SSLOW-infected mice, only a subtle granular PrP signal 
was detected in neurons (Figure 8, A and D). Very minimal, if any, 
PrP immunoreactivity was detected in astrocytes (Figure 8, A and 
E). A similar pattern of granular PrP immunoreactivity, the major-
ity of which colocalized with microglia, was observed in a parallel 

Figure 4. The vast majority of neurons are only partially enveloped. 
(A–D) Envelopment of neurons (arrows) in cerebral cortex (Ctx) (A), cau-
date/putamen (CP) (B), hippocampus (Hp) (C), and thalamus (Th) (D) of 
C57BL/6J mice infected with SSLOW via i.c. route at the terminal stage. 
Staining was performed using anti-IBA1 (red) and anti-MAP2 (green) anti-
bodies. (E–I) Quantification of the neuronal area enveloped by microglia. 
With epifluorescence microscopy, light penetrates the full depth of a cell; 
thus an overlap of signal from neuronal (NeuN, E) and microglial (IBA1, F) 
markers is observed when a neuronal body is undergoing envelopment by a 
microglial cell (G). The percentage of neuronal area enveloped by microglia 
is estimated for individual neurons as a fraction of NeuN signal overlapped 
with IBA1 signal. (H) Merged thresholds of images from IBA1 and NeuN 
channels. Arrow points to a rare event of a complete envelopment. (I) 
Frequency distribution of the enveloped areas of the individual neurons 
quantified for the cortex of SSLOW-infected mice. n = 3 animals, n = 1,169, 
1,422, and 1,551 envelopment events for individual animals. (J) A gallery 
of confocal microscopy images of neurons partially or fully enveloped by 
microglia. Scale bars: 100 μm (A–D); 20 μm (E–H); 5 μm (J).
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Figure 5. Time course of the envelopment. (A) The clinical onset of the disease in C57BL/6J mice infected with SSLOW via i.p. established using the 
EPM test. Mice were subjected to EPM sessions once per week starting from the preclinical stage. After the first training sessions (not shown), mice 
naturally acquired a strong preference for the closed arms. The clinical onset was defined as a time point, when the time on open arms consistently 
increased in comparison with the noninfected age-matched control group (shown by arrow). n = 5 for control; n = 14 for SSLOW until 119 dpi; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001, by Tukey’s multiple-comparison test. (B) Change in the total number of MAP2+ neurons (upper plot) and the 
percentage of MAP2+ neurons undergoing envelopment (lower plot) during disease progression. Ctrl1 and Ctrl2 are age-matched controls for 64 dpi and 
terminal, respectively. Aged 740-day-old mice. Colors represent different brains. Dots represent individual fields of view. Average values for each brain 
are shown as circles. n = 3–5 animals per time point. Means are marked by black lines. Comparison of means with Ctrl1 was performed by nonparametric 
Mann-Whitney U test. *P < 0.05; **P < 0.01. (C) Representative images of neuronal envelopment in the cerebral cortex of SSLOW-infected C57BL/6J 
mice collected at 92 dpi, 106 dpi, 122 dpi (disease onset), and 146 dpi. (D) Representative images of aged brains (740 days old). Staining with anti-IBA1 
(red) and anti-MAP2 (green) antibodies. Arrows point at neurons undergoing envelopment. Scale bars: 50 μm.
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Figure 6. Neurons undergoing envelopment lack apoptotic markers. (A–C) Coimmunostaining of SSLOW-infected C57BL/6J mice at the terminal stage (A 
and B) or C57BL/6J mice subjected to MCAO and analyzed 5 days after insult (C) using antibody to activated cCasp3 and anti-IBA1 antibody. (B) Confocal 
microscopy imaging illustrates the intracellular localization of cCasp3 (pointed by arrows) in microglia of SSLOW-infected mice. (D) Coimmunostaining of 
SSLOW-infected C57BL/6J mice using anti-cCasp3 and anti-NeuN antibodies. (E) Percentage of cCasp3+ microglia (IBA1) and neurons (NeuN) in cortex-
es of SSLOW-infected mice and in neurons of aged 607- to 740-day-old C57BL/6J mice. ***P < 0.001, Brown-Forsythe and Welch’s ANOVA followed by 
Dunnett’s T3 multiple-comparison tests. n = 6–7 fields of view. (F) TUNEL staining of SSLOW-infected C57BL/6J mouse at the terminal stage, and sections 
from the same mouse pretreated with DNase and used as positive controls. Dashed circular lines represent examples of neuronal envelopment. Scale bars: 
50 μm (A, C, and D); 5 μm (B); 100 μm (F).
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SSLOW PrPSc could be attributed to reduced proteolytic stability 
and a higher rate of clearance of 22L in lysosomes.

Phagocytic uptake of PrPSc by microglia precedes neuronal envel-
opment. The observation of PrPSc deposits in reactive microglia 
raises the possibility that microglia phagocytically uptake PrPSc 
prior to engaging in neuronal envelopment. To test this hypothe-
sis, we quantified the percentage of PrPSc+ microglial cells and the 
percentage of neurons undergoing envelopment in the cortices of 
C57BL/6J mice at regular time points starting at 64 dpi. A signif-
icant increase in the percentage of PrPSc+ microglia was observed 
at 78 dpi (Figure 9A and Supplemental Figure 11), whereas envel-
opment became noticeable only from 106 dpi onward (Figure 9B). 
At 106 dpi, nearly 50% of microglial cells showed well-detect-
able PrPSc deposits (Figure 9A). Remarkably, despite a substantial 
increase in the percentage of PrPSc+ microglia, the total amount 
of PrPSc in a crude brain, as quantified by Western blot, remained 
at very low levels until 106 dpi (Figure 9D). These findings sug-
gest that microglia manage to control prion replication through 
the removal of PrPSc via phagocytic uptake. Notably, a substantial 
increase in the number of IBA1+ cells was observed after 106 dpi 

staining using different anti-PrP antibody SAF-84 (Supplemental 
Figure 8). Unlike neurons or astrocytes, microglia do not replicate 
PrPSc but can acquire PrPSc positivity via phagocytic uptake (26, 27).

Three-dimensional reconstruction of confocal microscopy 
imaging confirmed the intracellular localization of SSLOW PrPSc 
aggregates in reactive microglia (Figure 8G). Furthermore, triple 
coimmunostaining using anti-MAP2 and anti-IBA1 antibodies 
revealed that PrPSc aggregates in microglia enveloping neurons 
localized to perinuclear sites (Figure 8H, Supplemental Figure 9, 
and Supplemental Video 5). Confocal microscopy Z-stack video 
demonstrated that PrPSc deposits occupy substantial cell volume 
in microglia enveloping neurons (Supplemental Figure 9 and 
Supplemental Video 5).

In mice infected with 22L, granular PrPSc was also found in 
association with microglia (Supplemental Figure 10A), though it 
appeared to be less abundant. In microglial cells enveloping neu-
rons, 22L and SSLOW PrPSc showed similar patterns of intracel-
lular localization, as observed through 3D reconstruction of con-
focal microscopy images (Supplemental Figure 10B). The lower 
abundance and smaller size of granular 22L PrPSc compared with 

Figure 7. A decline in neuronal levels of Grin1 with disease progression. (A) Confocal microscopy images of C57BL/6J mice infected with SSLOW via i.p. 
examined at 92 dpi and terminal stage (157–166 dpi) using anti-Grin1 (red), anti-NeuN (gray), and anti-IBA1(red) antibodies. (B) Quantification of Grin1 
levels during disease progression. Colors represent different brains. Grin1 mean intensity values in individual neurons are shown as dots. Average values for 
each brain are shown as circles. Black lines mark time-point means. The time-point data were compared with Ctrl1 (age-matched controls for 64 dpi mice) 
by ordinary 1-way ANOVA followed by Dunnett’s multiple-comparison tests. *P < 0.05; ****P < 0.0001. n = 3–4 brains per time point. Age-matched control 
for terminal mice (Ctrl2) is provided as a reference. (C) Confocal microscopy 3D reconstruction images of individual neurons in age-matched control and 
SSLOW-infected C57BL/6J mice illustrating low Grin1 signal in neurons enveloped by microglia. Scale bars: 50 μm (A); 10 μm (C).
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capacity of IBA1+ cells was an increase in CD11b and Gal3 levels 
observed during the clinical stage (Figure 9, F and G). CD11b and 
Gal3 are involved in 2 different phagocytic pathways. Notably, the 
percentage of PrPSc+ microglia continued to rise even after 106 
dpi (Figure 9A) alongside their substantial proliferation (Figure 
9C), indicating that proliferated cells were actively engaged in 

(Figure 9C), tripling their phagocytic capacity. While infiltration 
of myeloid cells from the periphery cannot be entirely excluded, 
previous studies have established that the expansion of microglia 
in prion diseases is primarily due to the proliferation of resident 
myeloid cells, with minimal recruitment of peripheral myeloid 
cells (34, 47). Consistent with a substantial boost in phagocytic 

Figure 8. PrPSc colocalizes with reactive microglia. (A) Quantification of PrPSc colocalization with MAP2+, GFAP+, and IBA1+ cells in SSLOW-infected C57BL/6J 
mice analyzed at the terminal stage. *P < 0.05; **P < 0.01 by Brown-Forsythe and Welch’s ANOVA followed by Dunnett’s T3 multiple-comparison tests.
(B) Quantification of PrP immunoreactivity in SSLOW-infected and age-matched control C57BL/6J mice. Colors represent different brains. Dots represent 
individual values for field of view. Average values for each brain are shown as circles. Black lines mark group means. n = 3 animals per group. ***P < 0.001, 
unpaired t test with Welch’s correction. (C–F) Representative images of SSLOW-infected C57BL/6J at the terminal stage (C–E) and age-matched control 
mice (F) coimmunostained using anti-PrP (3D17) and anti-IBA1 (C and F), anti-MAP2 (D), or anti-GFAP antibodies (E). In C, dashed circles show neuronal 
envelopment; a gallery of images on the right shows PrPSc+ microglia that envelop neurons. (G and H) 3D reconstruction of confocal microscopy images of 
PrPSc+ microglia enveloping neurons in SSLOW-infected C57BL/6J mice at terminal stage. Staining using anti-PrP (SAF-84) (G and H), anti-IBA1 (G and H), 
and anti-MAP2 antibodies (H). Scale bars: 50 μm (C–F); 5 μm (G and H).
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Remarkably, within the SSLOW-infected brains, LAMP1 immu-
noreactivity was significantly higher in microglial cells engaged 
in neuronal envelopment compared with microglia not involved 
in envelopment (Figure 10, F and G). Collectively, these results 
support the idea that microglial cells engaged in neuronal envel-
opment have activated, hypertrophic lysosomes.

Neuronal envelopment is independent of the CD11b pathway. 
Among several microglial phagocytic pathways, the CD11b- 
dependent pathway was previously found to be responsible for 
phagocytosis of newborn cells, including neurons during develop-
ment (37, 51). CD11b was also shown to be involved in the phagocy-
tosis of neurons in glia-neuronal cocultures (52). To test whether 
the same pathway is responsible for envelopment in prion-infected  
mice, we analyzed the time course of the disease and neuronal 
envelopment in CD11b-knockout mice infected with the SSLOW 
strain (Figure 11). There were no differences with respect to incu-
bation time to the terminal disease or the amount of PrPSc between 
CD11b–/– and control C57BL/6J (WT) groups (Figure 11, A–C).  
Neurons were undergoing envelopment in both CD11b–/– and con-
trol groups (Figure 11D), while the percentage of enveloped neu-
rons was the same in the 2 groups (Figure 11E). Moreover, no dif-
ferences between CD11b–/– and the control WT group were found 
with respect to the density of MAP2+ neurons (Figure 11E), the 
level of expression of neuron-specific protein Tubb3 (Figure 11, 
B and C), or microglia activation, as judged from IBA1 immuno-
reactivity (Figure 11E). Modest upregulation of galectin 3 (Gal3) 
was seen in the CD11b–/– versus the control group (Figure 11, B and 
C). Gal3, which is involved in alternative phagocytic pathways, 
is released by activated myeloid cells and acts as an opsonin by 
binding galactose residues on the cell surface.

Neuronal envelopment in sCJD individuals. To check whether 
the partial envelopment phenomenon occurs in human prion dis-
eases, we examined sCJD brains using staining for the β-chain of 
human HLA-DR, a marker of reactive microglia. In all examined 
sCJD subtypes, including MM1, MM2C, VV1, VV2, and MV2K 
(53), we found reactive microglia engaged in partial envelopment 
(Figure 12). Akin to prion-infected mouse brains (Figure 12A), such 
partial envelopment was detected across different human brain 
regions affected by prions, including frontal and temporal cortex, 
thalamus, striatum, midbrain, and hippocampus (Figure 12, B–F).

Discussion
The present study shows that in prion disease, reactive microglia 
and neurons establish extensive body-to-body contacts resem-
bling cell engulfment, which we refer to as neuronal encircling 
or enveloping. The phenomenon of envelopment manifested in 
all brain regions affected by prions. It was consistently observed 
across mouse-adapted strains in mice and in different subtypes of 
sCJD in humans. In most microglia-neuronal interaction events, 
only a portion of the neuronal body was encircled by microglia, 
and only a small percentage of these contacts progressed to a com-
plete engulfment of the neuronal soma.

The present study provides important insight into the timeline 
of disease pathogenesis. The enhanced stability of SSLOW PrPSc 
within the phagocytic compartments of microglia, compared with 
PrPSc from other strains, provides unique opportunities for quan-
titatively assessing PrPSc phagocytosis in the brain (54). During 

the phagocytic uptake of PrPSc (Figure 9D). However, despite the 
profound boost in phagocytic capacity attributed to proliferation, 
prion replication spun out of control after 106 dpi (Figure 9, D and 
F). This time point coincides with the rise of microglial envelop-
ment of neurons, which only intensifies with disease progression 
(Figure 9B). To summarize, phagocytic uptake of PrPSc by microg-
lia preceded neuronal envelopment by 4 weeks, whereas clinical 
onset followed neuronal envelopment.

Microglia engaged in envelopment are characterized by activated 
hypertrophic lysosomes. The observation of PrPSc-positive microglia 
aligns well with previous studies that document profound upreg-
ulation of phagocytic activity in microglia during prion diseases 
(48–50). Given that sustained phagocytic activity necessitates the 
upregulation of lysosomal degradation, we quantified cathepsin D, 
a proteolytic enzyme used to assess lysosomal activity, during dis-
ease progression (36). In noninfected mice, the majority of cathep-
sin D immunoreactivity was not associated with IBA1+ cells (Figure 
10A). However, in SSLOW-infected mice, granular cathepsin D 
deposits were observed in microglia (Figure 10A). The upregula-
tion of microglia-associated cathepsin D coincided with a rise in 
neuronal envelopment (Figure 10B), with both processes progress-
ing in parallel with the disease advancement. Confocal microscopy 
revealed colocalization of cathepsin D with PrPSc deposit in reactive 
microglia (Figure 10C). Careful examination of individual envel-
opment events revealed cathepsin D–positive microglia engaged in 
encircling neurons (Figure 10D). Moreover, cathepsin D–positive 
vacuoles were observed on the periphery of neuronal material that 
was fully engulfed by microglia (Figure 10D).

Next, we quantified lysosomal compartments in individ-
ual microglial cells by confocal microscopy imaging of lyso-
some associated membrane protein 1 (LAMP1), which is highly 
expressed in lysosomal membranes. In contrast to age-matched 
controls, in SSLOW-infected animals, we observed substantial 
LAMP1 immunoreactivity associated with microglia (Figure 10E).  

Figure 9. Time course of PrPSc uptake, neuronal envelopment, and 
microglia proliferation. Changes in the percentage of PrPSc+ microglia 
(A), the percentage of MAP2+ neurons under envelopment (B), the total 
number of IBA1+ microglial cells per field of view (C), the amounts of 
total PrP (no PK treatment) and PrPSc (after PK treatment) as esti-
mated by Western blot (D), and the total number of PrPSc+ microglia 
per field of view (E) in C57BL/6J mice infected with SSLOW via i.p. 
route with disease progression. Data are represented as mean ± SEM. 
Comparisons with Ctrl (combined age-matched controls for 64 dpi 
and terminal points) were done using Kruskal-Wallis test followed by 
Dunn’s multiple-comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. n = 18–63 fields of view (3–5 brains) per time point for 
B, and n = 17–60 (4–5 brains) for A, C, and E. Term, terminal animals 
collected at 157–166 dpi. Dashed line shows clinical onset. (F) Represen-
tative Western blots of total PrP (no PK treatment, -PK), PrPSc (after PK 
treatment, +PK), Tubb3, CD11b, and Gal3 in brains of SSLOW-infected 
C57BL/6J mice. PrP is detected by 3D17 antibody. (G) Quantification of 
Western blots of Tubb3, CD11b, and Gal3; signal intensities were nor-
malized per intensities of actin for each individual Western blot. In F 
and G, Ctrl1 and Ctrl2 are age-matched controls for 64 dpi and terminal 
time points, respectively. Data are represented as means ± SD. n = 3–5 
animals per group, *P < 0.05; ***P < 0.001; **** P < 0.0001; each time 
point was compared with the combined control group (Ctrl1 + Ctrl2) by 
Brown-Forsythe and Welch’s ANOVA followed by Dunnett’s T3  
multiple-comparison tests.
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accumulation of PrPSc not only in association with various cell types 
but also within intercellular spaces (39). Furthermore, the forma-
tion of prion plaques or the deposition of PrPSc around blood ves-
sels, observed in some prion strains, suggests that PrPSc can indeed 
detach from the cell surface (56–58). It remains unclear whether, 
prior to the stage of neuronal encircling, microglia uptake PrPSc 
directly from cell surfaces or after PrPSc detaches from cells.

Do neurons exhibit any cues that trigger extensive body-to-
body neuron-microglia interactions? The hypothesis that reactive 
microglia selectively target GABAergic, PV+ neurons — previously 
identified as the most vulnerable to prion infection (41–44) — was 
not supported by our experimental results. The subpopulation of 
PV+ neurons was not among the earliest targets by microglia. In 
the later stages of the disease, they were under envelopment along 
with PV– neurons. Microglia could target neurons because the 
phagocytes sense PrPSc on neuronal surfaces. In mice infected with 
SSLOW, the majority of granular PrPSc was detected in microglia, 
as seen by fluorescence microscopy. 3,3′-Diaminobenzidine (DAB) 
staining revealed a substantially wider distribution of diffuse PrPSc  
(Supplemental Figure 1). Unlike microglia, neurons do express 
PrPC. In fluorescence microscopy, attributing neuronal PrP immu-
noreactivity in individual cells exclusively to PrPSc or PrPC is chal-
lenging; therefore, it is difficult to prove or dismiss the hypothesis 
of neuronal PrPSc as a cue for microglia. Nevertheless, the fact that 
neuronal envelopment is shared between different mouse-adapted 
strains (Figure 3), regardless of their preferential cell tropism, sug-
gests that the presence of PrPSc on the neuronal surface might not be 
the major factor driving envelopment. In fact, in mice infected with 
ME7, PrPSc is reported to be predominantly associated with neu-
rons, whereas in 22L-infected mice, the majority of PrPSc is asso-
ciated with astrocytes (39). Yet the percentage of neuronal engulf-
ment was the same in these 2 strains. Notably, in 22L-infected  
mice, granular PrPSc was also associated with microglia (Supple-
mental Figure 10). Regardless of whether neuronal PrPSc acts as a 
signal to attract microglia, the latter might sense other cues indicat-
ing neuronal stress or a decline in their functions. Consistent with 
this hypothesis, a decline in neuronal functions, as evidenced by 
the downregulation of Grin1, preceded neuron-microglia interac-
tions (Figure 7). The third hypothesis proposes that neurons enter 
apoptotic cell death, and apoptosis-associated cues activate an eat-
me signaling in microglia, resulting in envelopment. However, the 
absence of activated caspase-3, a marker of early apoptosis, and 
TUNEL staining in neurons undergoing envelopment suggests that 
they were not apoptotic. Apoptosis is not the only mechanism of 
cell death. However, neuronal density in the cerebral cortex did 
not decline (Figure 5B), despite a higher than 20% rate of envel-
opment during the clinical stage that lasted 1 month (Figure 9A). 
Collectively, these findings argue that partially enveloped neurons 
remain viable. Aguzzi and coauthors suggested that the lack of neu-
ronal death could be due to the relatively early endpoint imposed 
by animal welfare regulations (59). A 20% weight loss, used here as 
an endpoint, happens when animal’s motor impairment affects its 
ability to reach food and water in a cage. Previous studies have doc-
umented the survival of 22L-infected mice for up to 3 weeks after 
a 20% weight loss (60). It is unknown whether SSLOW-infected 
mice would experience any neuronal loss in the cerebral cortex 
upon approaching the actual endpoint.

the preclinical stage, microglia appear to control prion replication 
via phagocytic uptake of PrPSc. Notably, the percentage of PrPSc+  
microglial cells increases rapidly during the preclinical stage (Fig-
ure 9A), when the total amount of PrPSc still remains at low levels 
(Figure 9, D and F). This dynamic suggests that the potential accu-
mulation of PrPSc resulting from replication is counteracted by the 
phagocytosis of PrPSc. The proliferation of microglia, particularly 
evident after 106 dpi, triples their phagocytic capacity (Figure 9C). 
Notably, the percentage of PrPSc+ microglia continues to rise even 
after 106 dpi (Figure 9A) in conjunction with their active prolifera-
tion (Figure 9C), suggesting that proliferated cells are competent in 
the phagocytic uptake of PrPSc. However, despite the considerable 
increase in the total phagocytic capacity (Figure 9E), the rate of PrP-
Sc replication surpasses the rate of its clearance by microglia, leading 
to a steady buildup of PrPSc after 106 dpi (Figure 9, D and F).

Remarkably, the late preclinical stage, spanning from 92 to 106 
dpi, marks a critical time window when the phagocytic uptake of 
PrPSc slows down. Instead, microglia shift their focus and engage 
in establishing extensive body-to-body neuron-microglia cell con-
tacts (Figure 9B). The onset of encircling coincides with the acti-
vation of microglial lysosomes, as monitored by cathepsin D (Fig-
ure 10B). Observation of cathepsin D signal on the periphery of 
neuronal material that was fully engulfed suggests that microglia 
are prepared for digestion (Figure 10D). Notably, microglial cells 
engaged in neuronal envelopment were PrPSc positive (Figure 8H). 
Consistent with the hypothesis that uptake of PrPSc upregulates 
microglial phagocytic activity are recent studies demonstrating 
that microglia are activated directly by PrPSc (55) and that phago-
cytic activity is substantially upregulated in microglia isolated 
from prion-infected animals (49).

The current study indicates that the uptake of PrPSc by microg-
lia begins prior to the stage of neuronal encircling, whereas clinical 
onset follows this process. Previous research has documented the 

Figure 10. Microglia engaged in envelopment have activated hyper-
trophic lysosomes. (A) Epifluorescence microscopy images of cortices 
of noninfected age-matched control and C57BL/6J mice infected with 
SSLOW via i.p route and examined at the terminal stage using anti–
cathepsin D (red) and anti-IBA1 (green) antibodies. (B) Changes in the 
integrated density of cathepsin D associated with microglia (black) and 
the percentage of MAP2+ neurons undergoing envelopment (red) with 
disease progression. Data are represented as mean ± SEM. n = 11–63 fields 
of view (3–6 brains) per time point. Comparisons to Ctrl (age-matched 
control for 64 dpi and terminal points) were done using Kruskal-Wallis 
test followed by Dunn’s multiple-comparisons test. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. Terminal animals collected at 157–166 dpi. 
(C and D) 3D reconstruction of confocal microscopy imaging of SSLOW-in-
fected C57BL/6J mice illustrating colocalization of PrPSc (SAF-84, gray) 
with cathepsin D (red) in microglia (IBA1, green) (C) and envelopment 
of neurons (NeuN, gray) by cathepsin D–positive (red) microglia (IBA1, 
green) (D). (E) Maximum intensity projection confocal images of LAMP1+ 
compartments (green) in microglia (IBA1) in cortices of SSLOW-infected 
C57BL/6J mice analyzed at the terminal stage along with age-matched 
control mice. (F) Quantification of LAMP1 integrated density in individ-
ual microglial cells engaged or not engaged in neuronal envelopment in 
cortices of SSLOW-infected mice, and age-matched controls. n = 21–39 
individual cells. **P < 0.01; ****P < 0.001, by Kruskal-Wallis test followed 
by Dunn’s multiple-comparisons test. (G) Confocal microscopy image of 
LAMP1+ compartments in cortices of SSLOW-infected C57BL/6J mice. 
Scale bars: 50 μm (A and C); 20 μm (G); 10 μm (D and G).
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there is a decline in neuronal function, as evidenced by a drop 
in Grin1 signal. Activated microglia might survey neuronal 
health by partially encircling the neuronal surface. However, if 
neuronal-microglia interactions are purely protective, it is puz-
zling why the SSLOW strain, which has the shortest incubation 

The functional consequences of neuronal envelopment 
remain unclear. One hypothesis suggests that envelopment 
serves a neuroprotective role and is intended to be partial. If so, 
microglia might screen for stressed neurons before establish-
ing contacts with them. Indeed, prior to the encircling stage, 

Figure 11. Analysis of neuronal envelopment in CD11b–/– mice. (A) Incubation time to terminal disease in CD11b–/– and C57BL/6J control mice (WT) inoc-
ulated with SSLOW via i.c. route. n = 10 animals per group. Mantel-Cox test of survival curves indicated no significant difference between the groups. (B) 
Densitometric quantification of Western blots for PrPSc, Tubb3, and Gal3 in SSLOW-infected CD11b–/– and WT mice. Data are represented as means ± SD. 
n = 6–10 per group. *P < 0.05, by 2-tailed, unpaired Student’s t test. (C) Representative Western blots of selected markers in CD11b–/– and WT mice at the 
terminal stage. For analysis of PrPSc, BHs were digested with PK and stained with 3D17 antibody. (D) Envelopment of neurons by microglia in the cortex 
of SSLOW-infected CD11b–/– and WT mice at the terminal stage stained using anti-IBA1 (red) and anti-MAP2 (green) antibodies. (E) Percentage of MAP2+ 
neurons undergoing envelopment, the total number of MAP2+ neurons, and IBA1 immunoreactivity in SSLOW-infected CD11b–/– and WT mice at terminal 
stages. n = 4 animals per group. Colors represent different brains. Dots represent individual values. Average values for each brain are shown as circles. 
Means are marked by black lines. Scale bar: 20 μm.
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that resists microglial attempts at phagocytosis. The premature 
termination of full engulfment could result from overloading 
microglia with PrPSc, which they cannot digest, potentially driv-
ing microglia to a senescent state. Consistent with this hypoth-
esis, previous studies have shown that microglia acquire a 
senescent phenotype in cultures upon phagocytosing live neu-
rons with tau aggregates (11, 12). Notably, the observation of 
cCasp3 in reactive microglia in this study aligns with previous 
work on Alzheimer’s and Parkinson’s diseases, where activa-
tion of caspase-3 in microglia was found to regulate the switch 
between proinflammatory activation and cell death (45, 46). 
Additionally, activation of caspase-3 has been shown to regu-
late cell proliferation (62). Overall, the current study reveals a 

time to the disease, shows the highest percentage of neuronal  
envelopment events. According to the alternative hypothesis, 
partial envelopment represents the initial step of neuronal 
engulfment by reactive microglia. If this is the case, it remains 
unclear why most encircling events were only partial and 
whether the engulfment is arrested or terminated premature-
ly. In SSLOW-infected mice, envelopment persisted at a rate of 
20% or above for several weeks, while neuronal density did not 
decrease. This suggests that the low percentage of fully envel-
oped neurons may be due to a specific state of reactive microg-
lia that cannot complete the process or a crosstalk between 
microglia and neurons (61), which remain viable while partial-
ly enveloped. Neurons might employ an unknown mechanism 

Figure 12. Partial envelopment by reactive microglia in sCJD. (A) Representative image of reactive microglia stained with anti-IBA1 antibody in the cortex 
(ctx) of 22L-infected C57BL/6J mice provided as a reference. (B–F) Representative images of reactive microglia strained with anti-HLA-DR+DP+DQ (CR3/43) 
antibody in the following subtypes of sCJD: MV2K (B), MM1 (C), MM2C (D), VV1 (E), and VV2 (F). Fc, frontal cortex; thal, thalamus; str, striatum; mdb, mid-
brain; occ, occipital cortex; hipp, hippocampus; tc, temporal cortex. Arrows point at microglia engaged in envelopment. Scale bar: 20 μm.
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not discriminate between synaptosomes purified from prion-in-
fected brains and normal synaptosomes as phagocytic substrates 
(49). Our current work suggests that the timing of the shift in 
phagocytic activity is crucial, emphasizing the need for a compre-
hensive understanding of the intricate interplay between microg-
lial phagocytosis and the microglia-neuronal interaction.

Methods
Sex as a biological variable. Our study examined male and female 
C57BL/6J mice and humans, and similar findings are reported for 
both sexes.

Animals. 10% (w/v) SSLOW, RML, 22L, or ME7 brain homog-
enates (BH) for inoculations were prepared in PBS, pH 7.4, using 
glass/Teflon homogenizers attached to a cordless 12 V compact 
drill as previously described (69). SSLOW, RML, 22L, and ME7 
brain-derived materials were inoculated as 1% or 10% BH via i.p. 
or i.c. route into C57BL/6J mice (Veterinary Resources, University 
of Maryland, Baltimore, Maryland, USA). Immediately before inoc-
ulation, each inoculum was further dispersed by 30 seconds indi-
rect sonication at approximately 200 watts in a microplate horn of 
a sonicator (Qsonica). Each mouse received 20 μl of inoculum i.c. 
or 200 μl i.p. under 3% isoflurane anesthesia. Clinical signs includ-
ed clasping hind legs, difficulty walking, abnormal gait, nesting 
problems, and weight loss. The animals were deemed symptomatic 
when at least 2 clinical signs were consistently observed. The mice 
were euthanized when they were unable to rear and/or lost 20% of 
their weight. CD11b–/– mice with a global knockout of CD11b used 
in the current work were on the C57BL/6J background, and are 
described elsewhere (70). Control groups were age-matched noni-
noculated mice. For caspase-3 immunostaining positive control, 
mice were subjected to transient middle cerebral artery occlusion 
(MCAO) as previously described (71). 5XFAD mice were bred and 
housed as previously described (71). 10% (w/v) BH were prepared 
in RIPA Lysis Buffer (Millipore Sigma) as previously described 
(69). Analysis of gene expression by NanoString was performed 
as described before (72). The datasets from the 22L-infected and 
mock-inoculated control groups were also used to report microg-
lia-neuronal colocalization in Sinha et al. (49).

Elevated plus maze test and scoring of clinical signs of prion disease. 
Mice were tested once per week starting at the preclinical stage. In 
each session, a mouse was placed at the center of an elevated plus 
maze (EPM) and given 5 minutes to explore the maze. All move-
ments were captured using video recording, and total timing spent 
in open arms, closed arms, or the center of the maze was quantified 
using ANY-maze software (version 6.33). After the first training 
session, mice naturally acquire a strong preference for the closed 
arms, i.e., avoiding open arms during the sessions that follow the 
training session until the clinical onset of the disease. The clinical 
onset was defined at a time point when mice lose their preference 
for the closed arms.

Antibodies. Primary antibodies used for immunofluorescence, 
immunohistochemistry, and immunoblotting were as follows: 
rabbit polyclonal anti-IBA1 (013-27691, Fujifilm Wako Chemicals 
USA); goat polyclonal anti-IBA1 (NB100-1028, Novus); chicken 
polyclonal anti-MAP2 (NB300-213, Novus); mouse monoclonal 
anti-NeuN, clone A60 (MAB377, MilliporeSigma); rat monoclo-
nal anti-CD68, clone FA-11 (MCA1957, Bio-Rad); mouse mono-

unique pattern of body-to-body neuron-microglia cell interac-
tion in the context of neurodegenerative diseases.

Together with CD18, CD11b constitutes complement recep-
tor 3 (CR3). The CR3-dependent phagocytic pathway involves 
the complement factor C3b, which tags neurons and synapses, 
driving phagocytosis through interaction with CR3 (1, 2, 8). The 
CD11b-dependent pathway has been identified as responsible 
for the phagocytosis of neurons during development (37, 51). 
Furthermore, CR3-dependent mechanisms have been implicat-
ed in eliminating synapses and neurons in Alzheimer’s disease, 
frontotemporal dementia, and normal aging (8, 9, 63, 64). A sub-
stantial upregulation of C3 and Itgam, the gene encoding CD11b, 
was observed in prion-infected mice and sCJD individuals (54, 
65). However, the knockout of CD11b in the current study did not 
affect the engulfment of neurons by microglia, nor did it alter the 
incubation times to terminal disease. These findings suggest that 
a CD11b-independent pathway orchestrates the envelopment of 
neurons in prion diseases.

An upregulation of Gal3 with disease progression (Figure 9, F 
and G), along with an additional upregulation upon CD11b knock-
out, points to the Gal3-dependent pathway as a plausible mecha-
nism responsible for neuronal envelopment (Figure 11, C and D). 
Gal3, released by activated myeloid cells, acts as an opsonin by 
binding to galactose residues of N-linked glycans lacking terminal 
sialic acid residues (43, 44).

It has been shown that during brain development, microg-
lia can phagocytose viable nonapoptotic cells, including neural 
precursor cells (40, 66). Moreover, microglial attacks on viable 
nonapoptotic cells have also been suggested in neurodegener-
ative diseases (reviewed in ref. 7). In inherited retinal degener-
ation, microglia have been shown to phagocytose nonapoptotic 
photoreceptor cells (67). Surprisingly, injections of Aβ into the 
mouse brain were found to induce the phagocytosis of neurons 
by microglia (68).

Extensive body-to-body neuron-microglia cell interactions 
presented here reinstates the debate about the protective versus 
neurotoxic role of microglia. The uptake of PrPSc by microglia 
during the early stages of the disease, as shown here, supports the 
hypothesis of the protective role of microglia. Previously, abla-
tion of microglia either before prion infection or during the early 
stages of the disease was found to accelerate disease progres-
sion, establishing their protective role (29–32). However, partial  
inhibition of microglia proliferation and reactivity at the late pre-
clinical stage delayed disease onset and extended survival by 26 
days (34). Moreover, therapeutic inhibition of microglia activa-
tion just before or after disease onset prolonged the survival of 
humanized mice infected with sCJD (35). These studies point to 
the transformation of the microglial role from predominantly pos-
itive during the early stage to a net negative during the late stages 
of the disease. We propose that this pivotal shift occurs at the late 
preclinical stage, where phagocytic uptake of PrPSc slows down 
and does not catch up with prion replication. Sustained phagocyt-
ic activity, initially a defensive response to prion infection, may 
eventually become detrimental due to the upregulation of phago-
cytic pathways. Indeed, substantial upregulation of phagocytic 
activity in reactive microglia associated with prion diseases has 
been documented (48–50). Moreover, phagocytic microglia did 
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CR3/43, 1:400; Agilent Dako).Antigen retrieval was achieved by 
microwaving the sections in sodium citrate buffer (0.01 M, pH 6.0, 
15 minutes). Slides were then loaded into an Aperio ScanScope XT 
(Aperio, Leica Biosystems) and scanned at ×20 magnification (1 
mm/pixel) via the semi-automated method. Slides were checked 
for image quality using an Aperio “quality factor >90” and visual 
inspection and annotated using the ImageScope, version 12, soft-
ware (Leica Biosystems).

TUNEL assay. Click-IT Plus TUNEL Assay (C10617, Thermo 
Fisher) was performed on brain sections prepared without formic 
acid treatment. The TUNEL assay protocol recommended by the 
manufacturer was adapted for staining of free-floating sections 
within a 24-well plate. Following the TUNEL reaction, brain sections 
were immunostained for IBA1 to allow the visualization of microglia.

Confocal microscopy and 3D image reconstruction. Confocal 
images were acquired using a Leica TCS SP8 microscope using the 
×40/1.30 or ×63/1.40 oil immersion objective lenses with laser 
lines 405, 488, 552, and 638 when needed. Image resolution was 
1024 × 1024 or 2048 × 2048 pixels at a 400 Hz scan speed. Z-stack 
thickness ranged from 6.2 to 10.45 μm taken at the system-opti-
mized number of steps. Images were processed using the LAS X, 
version 1.4.5.27713, and ImageJ.

Quantification of envelopment and neuronal count. To esti-
mate the percentage of neurons enveloped by microglia, brains 
were coimmunostained for MAP2 and IBA1, and multiple imag-
es from cortices of each brain were collected under a ×60 objec-
tive. Using ImageJ software, images obtained from green and red 
channels were subjected to an automated threshold, and for each 
MAP2+ neuron, an area of overlap between signals from MAP and 
IBA1 channels was recorded. Based on the calculations for control 
brains, 20-pixel overlap was chosen as a cut-off for the detection of 
envelopment events. Neurons were counted as undergoing envel-
opment, if they had over 20 pixels of MAP2 signal overlapped by 
IBA1 signal. The total number of identified MAP2+ cells was record-
ed as a neuronal count.

To estimate the percentage of PV+ neurons undergoing envel-
opment, brains were coimmunostained with anti-PV and anti-IBA1 
antibodies, and multiple images from cortices of each brain were 
collected under a ×20 objective. Images from PV and IBA1 chan-
nels were thresholded, converted to binary, and PV+ neurons were 
identified as regions of interest (ROIs) using the Analyze Particles 
function of ImageJ. The same ROIs were applied to corresponding 
images from the IBA1 channel, and the area of IBA1 signal overlap 
with each PV+ neuron was recorded. An area of 20 pxls or more was 
counted as envelopment.

To assess the frequency of complete engulfment events, the 
images were collected from cortices of brains coimmunostained for 
NeuN and IBA1 under a ×20 objective. The neurons were identified 
using the Analyze Particles function of ImageJ software as above. 
The percentage of NeuN signal area covered by IBA1 signal was 
recorded for each neuron.

Quantification of neuronal and microglial density in the pyrami-
dal layer of hippocampus. Brain tissues coimmunostained for IBA1 
and NeuN were imaged under a ×20 objective. For each image, the 
mean intensity of IBA1 and NeuN was measured in 1 to 3 rectan-
gles (60 × 200 pixels) encompassing pyramidal neurons in the CA1 
region of the hippocampus.

clonal anti-PV, clone PARV-19 (MAB1572, MilliporeSigma); rabbit 
polyclonal anti–caspase-3, active form (AB3623, MilliporeSigma); 
mouse monoclonal anti-prion protein, clone SAF-84 (189775, Cay-
man); rabbit monoclonal anti-prion protein, clone 3D17 (ZRB1268, 
MilliporeSigma); rabbit monoclonal anti-GFAP, clone D1F4Q 
(12389, Cell Signaling Technology); chicken polyclonal anti-GFAP 
(AB5541, MilliporeSigma); mouse monoclonal anti–β-amyloid, 
clone 6E10 (803004, BioLegend); rat monoclonal anti-LAMP1, 
clone 1D4B (121601, BioLegend); rabbit polyclonal anti-CD11b 
(ab128797, Abcam); mouse monoclonal anti-tubulin β3, clone 
TUJ1 (801213, BioLegend); rat monoclonal anti-Gal3, clone M3/38  
(sc-23938, Santa Cruz Biotechnology Inc.); mouse monoclonal 
anti–β-actin, clone AC-15 (A5441, Sigma-Aldrich); rabbit polyclonal 
Grin1 (27676-1-AP, Proteintech); and rabbit monoclonal cathepsin 
D (69854, Cell Signaling Technology). The secondary antibod-
ies for immunofluorescence were Alexa Fluor 488, 546, and 647 
labeled (Thermo Fisher Scientific).

Immunofluorescence and DAB staining of mouse brains. Forma-
lin-fixed brains (sagittal or coronal 3 mm slices) were treated for 1 
hour in 96% formic acid before being embedded in paraffin using 
standard procedures; 4 μm sections produced with Leica RM2235 
microtome (Leica Biosystems) were mounted on Superfrost Plus 
Microscope slides (22-037-246, Fisher Scientific) and processed for 
immunohistochemistry according to standard protocols. To expose 
epitopes, slides were subjected to 20 minutes of hydrated autoclav-
ing at 121°C in citrate buffer, pH6.0, antigen retriever (C9999, Sig-
ma-Aldrich). For the detection of disease-associated PrP, an addi-
tional 3 minutes treatment in concentrated formic acid was applied.

For immunofluorescence, an Autofluorescence Eliminator 
Reagent (Sigma-Aldrich) and Signal Enhancer (Thermo Fisher) 
were used on slides according to the original protocols to reduce 
background fluorescence. Epifluorescent images were collected 
using an inverted microscope Nikon Eclipse TE2000-U (Nikon 
Instruments Inc.) equipped with an illumination system X-cite 120 
(EXFO Photonics Solutions Inc.) and a cooled 12-bit CoolSnap HQ 
CCD camera (Photometrics). Images were processed using ImageJ 
software (2.14.0, NIH). Full-brain tile scan images were acquired 
and stitched using Leica MICA widefield microscope with the ×20 
dry objective. The 365 nm, 470 nm, and 555 nm LEDs were used 
at a resolution of 2432px × 2032px per tile. The stitched images 
were then processed with Leica’s Instant Computational Clearing 
(ICC). 3D movies in Supplemental Figure 4 were produced with 3D 
images acquired using Leica MICA widefield microscope with the 
×63/1.20 water immersion objective. The 365 nm, 470 nm, and 555 
nm LEDs were used at a resolution of 2432px × 2032px for 45 slices 
and a Z-stack size of 6–7 μm.

For detection with DAB, horseradish peroxidase–labeled second-
ary antibodies and DAB Quanto chromogen and substrate (VWR, 
Radnor) were used. The images were acquired with Boreal 2 light 
microscope equipped with digital camera and processed with Motic 
Image Plus 3.0 software (Boreal Science, VWR).

Immunohistochemistry of sCJD brains. Immunohistochemistry 
of 57 sCJD brains, including 42 from the 3 most common disease 
subtypes (MM1, VV2, and MV2K) was performed as described 
before (73). Briefly, 7 mm sections from formalin-fixed and paraf-
fin-embedded tissue blocks were stained using a monoclonal anti-
body against the b-chain of human HLA-DR, -DQ, and -DP (clone 
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LAMP1 inside microglia was determined by overlaying LAMP1 
binary selection from previous step onto the original image and 
measuring intensity.

IBA1, Grin1, and NeuN images were collected with confocal 
microscopy using the same acquisition settings. NeuN and Grin1 were 
merged and ROIs were drawn around neurons in the field of view. 
The mean intensity of Grin1 in each ROI was measured using ImageJ.

Statistics. Statistical analyses and plotting of the data were per-
formed using GraphPad Prism software, versions 8.4.2–10.1.1 for 
Windows (GraphPad Software), or Excel 2016–version 2302, as 
detailed in figure legends.

Study approval. The study was carried out in strict accordance 
with the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health (National 
Academies Press, 2011). The animal protocol was approved by the 
Institutional Animal Care and Use Committee of the University of 
Maryland, Baltimore (assurance number A32000-01; permit num-
ber 0215002). Human brain tissues have been collected under the 
Italian National Surveillance program for CJD and related disor-
ders, and their use for research was approved with written informed 
consent of patients during life or their next of kin after death.

Data availability. All data associated with this study are present-
ed in the paper or in the Supplemental Methods. Values for all data 
points in graphs are reported in the Supporting Data Values file.
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Quantification of cCasp3+ cells. To compare the number of 
cCasp3+ neurons and microglia cells, 2 brains of terminal SSLOW- 
infected C57BL/6J mice and 2 brains of normally aged (607, 740 
days old) C57BL/6J mice were coimmunostained for cCasp3 and 
NeuN or IBA1, and images from the cortices of each brain were col-
lected under a ×20 objective. The images from each channel were 
subjected to a set threshold, converted to binary, and neurons or 
microglia cells were identified as ROIs using the Analyze Particles 
function of ImageJ software. The same ROIs were applied to the 
corresponding cCasp3 channel, and the presence of the cCasp3  
signal in each identified cell was measured.

Colocalization of PrP signal with different cell types. Brains of ter-
minal SSLOW-infected mice were coimmunostained for PrP (3D17) 
and cell-type markers MAP2, GFAP, and IBA1. The images from 
each channel were subjected to a set threshold, and an area of over-
lap between PrP signal and MAP2, GFAP, or IBA1 was detected using 
the Image Calculator function of ImageJ. Total 3D17 signal intensity 
and 3D17 signal intensity in the areas of overlap were measured.

Quantification of PrPSc+ microglia. Brains were coimmunos-
tained with anti-PrP 3D17 and IBA1 antibodies. The images from 
each channel collected under a ×60 objective were subjected to a 
set threshold, converted to binary, and microglia cells were iden-
tified as ROIs using the Analyze Particles function of ImageJ. The 
same ROIs were applied to the corresponding 3D17 channel, and 
the presence of the PrPSc signal in each identified microglia cell was 
measured. The number of microglia cells identified in each image 
was also recorded.

Quantification of cathepsin D in microglia. Images taken with 
a ×20 objective were subjected to automatic subtraction of back-
ground (50 pixels rolling ball radius) and 8-bit conversion using 
ImageJ software. Cathepsin D and IBA1 channels were thresh-
olded and made binary; then image calculator AND operation 
was applied to a select pixel with both cathepsin D and IBA1 sig-
nals. Integrated density of the resulting area was calculated on 
the original 8-bit cathepsin D image representing the cathepsin D  
associated with microglia.

Quantification of LAMP in microglia and Grin1 in neurons. 
IBA and LAMP1 images collected with confocal microscopy were 
merged, and background was subtracted. Then single microgli-
al cells were selected, opened as separate images, and split into 
channels and thresholded using the Yen method (74). The area and 
mean gray value of each microglia cell were measured, and the 
area of LAMP1 inside microglia was determined using the Image  
Calculator function with the AND operation. Mean gray value of 

	 1.	Stevens B, et al. The classical complement cas-
cade mediates CNS synapse elimination. Cell. 
2007;131(6):1164–1178.

	 2.	Schafer Dorothy P, et al. Microglia sculpt 
postnatal neural circuits in an activity and 
complement-dependent manner. Neuron. 
2012;74(4):691–705.

	 3.	Keren-Shaul H, et al. A unique microglia type 
associated with restricting development of Alz-
heimer’s Disease. Cell. 2017;169(7):1276–1290.

	 4.	Krasemann S, et al. The TREM2-APOE pathway 
drives the transcriptional phenotype of dysfunc-
tional microglia in neurodegenerative diseases. 

Immunity. 2017;47(3):566–581.
	 5.	Prater KE, et al. Human microglia show unique 

transcriptional changes in Alzheimer’s disease. 
Nat Aging. 2023;3(7):894–907.

	 6.	Grubman A, et al. Transcriptional signature in 
microglia associated with Aβ plaque phagocyto-
sis. Nat Commun. 2021;12(1):3015.

	 7.	Butler CA, et al. Microglial phagocytosis of neu-
rons in neurodegeneration, and its regulation. J 
Neurochem. 2021;158(3):621–639.

	 8.	Hong S, et al. Complement and microglia medi-
ate early synapse loss in Alzheimer mouse mod-
els. Science. 2016;352(6286):712–716.

	 9.	Stephan AH, et al. A dramatic increase of C1q 
protein in the CNS during normal aging. J Neuros-
ci. 2013;33(33):13460–13474.

	 10.	Fourgeaud L, et al. TAM receptors regulate mul-
tiple features of microglial physiology. Nature. 
2016;532(7598):240–244.

	 11.	Brelstaff JH, et al. Microglia become hypofunc-
tional and release metalloproteases and tau seeds 
when phagocytosing live neurons with P301S tau 
aggregates. Sci Adv. 2021;7(43):eabg4980.

	 12.	Brelstaff J, et al. Living neurons with tau fila-
ments aberrantly expose phosphatidylserine 
and are phagocytosed by microglia. Cell Rep. 



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

2 1J Clin Invest. 2024;134(23):e181169  https://doi.org/10.1172/JCI181169

2018;24(8):1939–1948.
	 13.	Nomura K, et al. Activated microglia desialylate 

and phagocytose cells via neuraminidase, 
galectin-3, and mer tyrosine kinase. J Immunol. 
2017;198(12):4792–4801.

	 14.	Sierra A, et al. Janus-faced microglia: beneficial 
and detrimental consequences of microglial 
phagocytosis. Front Cell Neurosci. 2013;7:6.

	 15.	Sierra A, et al. Microglia shape adult hippocampal 
neurogenesis through apoptosis-coupled phago-
cytosis. Cell Stem Cell. 2010;7(4):483–495.

	 16.	Prusiner SB. Prions. Proc Natl Acad Sci U S A. 
1998;95(23):13363–13383.

	 17.	Prusiner SB. Novel proteinaceous infectious parti-
cles cause scrapie. Science. 1982;216(4542):136–144.

	 18.	Cohen FE, Prusiner SB. Pathologic confor-
mations of prion proteins. Annu Rev Biochem. 
1998;67:793–819.

	 19.	Fang C, et al. A neuronal culture system to 
detect prion synaptotoxicity. PLoS Pathog. 
2016;12(5):e1005623.

	20.	Fang C, et al. Prions activate a p38 MAPK 
synaptotoxic signaling pathway. PLoS Pathog. 
2018;14(9):e1007283.

	 21.	Solforosi L, et al. Cross-linking cellular prion pro-
tein triggers neuronal apoptosis in vivo. Science. 
2004;303(5663):1514–1516.

	22.	Brandner S, et al. Normal host prion protein nec-
essary for scrapie-induced neurotoxicity. Nature. 
1996;379(6563):339–343.

	 23.	Mallucci G, et al. Depleting neuronal PrP in prion 
infection prevents disease and reverses spongio-
sis. Science. 2003;302(5646):871–874.

	24.	Biasini E, et al. Prion protein at the crossroads 
of physiology and disease. Trends Neurosci. 
2012;35(2):92–103.

	 25.	Rambold AS, et al. Stress-protective signalling 
of prion protein is corrupted by scrapie prions. 
EMBO J. 2008;27(14):1974–1984.

	26.	Carroll JA, Chesebro B. Neuroinflammation, 
microglia, and cell-association during prion dis-
ease. Viruses. 2019;11(1):65.

	 27.	Aguzzi A, Zhu C. Microglia in prion diseases. J 
Clin Invest. 2017;127(9):3230–3239.

	28.	Mabbott NA, et al. The effects of immune system 
modulation on prion disease susceptibility and 
pathogenesis. Int J Mol Sci. 2020;21(19):7299.

	 29.	Bradford BM, et al. Complete microglia defi-
ciency accelerates prion disease without 
enhancing CNS prion accumulation. Glia. 
2022;70(11):2169–2187.

	30.	Carroll JA, et al. Microglia are critical in 
host defense against prion disease. J Virol. 
2018;92(15):e00549.

	 31.	Carroll JA, et al. RNA-seq and network analysis 
reveal unique glial gene expression signatures 
during prion infection. Mol Brain. 2020;13(1):71.

	32.	Zhu C, et al. A neuroprotective role for 
microglia in prion diseases. J Exp Med. 
2016;213(6):1047–1059.

	 33.	Kranich J, et al. Engulfment of cerebral apoptotic 
bodies controls the course of prion disease in 
a mouse strain-dependent manner. J Exp Med. 
2010;207(10):2271–2281.

	34.	Gomez-Nicola D, et al. Regulation of microglial 
proliferation during chronic neurodegeneration. 
J Neurosci. 2013;33(6):2481–2493.

	 35.	Nakagaki T, et al. Administration of FK506 

from late stage of disease prolongs survival of 
human prion-inoculated mice. Neurotherapeutics. 
2020;17(4):1850–1860.

	 36.	Nazmi A, et al. Chronic neurodegeneration 
induces type I interferon synthesis via STING, 
shaping microglial phenotype and accelerating 
disease progression. Glia. 2019;67(7):1254–1276.

	 37.	VanRyzin JW, et al. Microglial phagocytosis of 
newborn cells is induced by endocannabinoids 
and sculpts sex differences in juvenile rat social 
play. Neuron. 2019;102(2):435–449.

	 38.	Barcia C, et al. ROCK/Cdc42-mediated microg-
lial motility and gliapse formation lead to phago-
cytosis of degenerating dopaminergic neurons in 
vivo. Sci Rep. 2012;2:809.

	 39.	Carroll JA, et al. 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. 2016;12(4):e1005551.

	40.	Nemes-Baran AD, et al. Fractalkine-dependent 
microglial pruning of viable oligodendrocyte 
progenitor cells regulates myelination. Cell Rep. 
2020;32(7):108047.

	 41.	Ferrer I, et al. Parvalbumin-immunoreactive cor-
tical neurons in Creutzfeldt-Jakob disease. Ann 
Neurol. 1993;34(6):864–866.

	42.	Guentchev M, et al. Severe, early and selective 
loss of a subpopulation of GABAergic inhib-
itory neurons in experimental transmissible 
spongiform encephalopathies. Brain Pathol. 
1998;8(4):615–623.

	 43.	Guentchev M, et al. Distribution of parvalbu-
min-immunoreactive neurons in brain correlates 
with hippocampal and temporal cortical pathol-
ogy in Creutzfeldt-Jakob disease. J Neuropathol 
Exp Neurol. 1997;56(10):1119–1124.

	44.	Franklin SL, et al. Loss of perineuronal net in 
ME7 prion disease. J Neuropathol Exp Neurol. 
2008;67(3):189–199.

	45.	Kavanagh E, et al. Regulation of caspase-3 pro-
cessing by cIAP2 controls the switch between 
pro-inflammatory activation and cell death in 
microglia. Cell Death Dis. 2014;5(12):e1565.

	46.	Burguillos MA, et al. Caspase signalling controls 
microglia activation and neurotoxicity. Nature. 
2011;472(7343):319–324.

	 47.	Gómez-Nicola D, et al. Differential role of CCR2 
in the dynamics of microglia and perivascu-
lar macrophages during prion disease. Glia. 
2014;62(7):1041–1052.

	48.	Slota JA, et al. Dysregulation of neuroprotective 
astrocytes, a spectrum of microglial activation 
states, and altered hippocampal neurogenesis 
are revealed by single-cell RNA sequencing 
in prion disease. Acta Neuropathol Commun. 
2022;10(1):161.

	49.	Sinha A, et al. Phagocytic activities of reactive 
microglia and astrocytes associated with prion 
diseases are dysregulated in opposite directions. 
Cells. 2021;10(7):1728.

	50.	Yamasaki T, et al. Flow cytometric detection of 
PrPSc in neurons and glial cells from prion-infect-
ed mouse brains. J Virol. 2018;92(1):e01457-17.

	 51.	Wakselman S, et al. Developmental neuronal 
death in hippocampus requires the microglial 
CD11b integrin and DAP12 immunoreceptor. J 
Neurosci. 2008;28(32):8138–8143.

	 52.	Allendorf DH, et al. Activated microglia desi-
alylate their surface, stimulating complement 
receptor 3-mediated phagocytosis of neurons. 
Glia. 2020;68(5):989–998.

	 53.	Parchi P, et al. Classification of sporadic 
Creutzfeldt-Jakob disease based on molecular 
and phenotypic analysis of 300 subjects. Ann 
Neurol. 1999;46(2):224–233.

	54.	Makarava N, et al. Posttranslational modi-
fications define course of prion strain adap-
tation and disease phenotype. J Clin Invest. 
2020;130(8):4382–4395.

	 55.	Srivastava S, et al. Inflammatory response of 
microglia to prions is controlled by sialylation of 
PrPSc. Sci Rep. 2018;8(1):11326.

	56.	Makarava N, et al. Recombinant prion pro-
tein induces a new transmissible prion dis-
ease in wild-type animals. Acta Neuropathol. 
2010;119(2):177–187.

	 57.	Jeffrey M, et al. Pathology of SSLOW, a transmis-
sible and fatal synthetic prion protein disorder, 
and comparison with naturally occurring classi-
cal transmissible spongoform encephalopathies. 
Neuropath Appl Neurobiol. 2014;40(3):296–310.

	 58.	Bett C, et al. Biochemical properties of high-
ly neuroinvasive prion strains. PLoS Pathog. 
2012;8(2):e1002522.

	 59.	Scheckel C, et al. Ribosomal profiling during 
prion disease uncovers progressive translational 
derangement in glia but not in neurons. Elife. 
2020;9:e62911.

	60.	Striebel JF, et al. Knockout of fractalkine recep-
tor Cx3cr1 does not alter disease or microglial 
activation in prion-infected mice. J Gen Virol. 
2016;97(6):1481–1487.

	 61.	Cserép C, et al. Microglia monitor and 
protect neuronal function through special-
ized somatic purinergic junctions. Science. 
2020;367(6477):528–537.

	62.	Yosefzon Y, et al. Caspase-3 regulates YAP-de-
pendent cell proliferation and organ size. Mol 
Cell. 2018;70(4):573–587.

	63.	Lui H, et al. Progranulin deficiency pro-
motes circuit-specific synaptic pruning by 
microglia via complement activation. Cell. 
2016;165(4):921–935.

	64.	Hansen DV, et al. Microglia in Alzheimer’s dis-
ease. J Cell Biol. 2018;217(2):459–472.

	65.	Ugalde CL, et al. Markers of A1 astrocytes 
stratify to molecular sub-types in sporadic 
Creutzfeldt-Jakob disease brain. Brain Commun. 
2020;2(2):fcaa029.

	66.	Cunningham CL, et al. Microglia regulate the 
number of neural precursor cells in the developing 
cerebral cortex. J Neurosci. 2013;33(10):4216–4233.

	 67.	Zhao L, et al. Microglial phagocytosis of living pho-
toreceptors contributes to inherited retinal degen-
eration. EMBO Mol Med. 2015;7(9):1179–1197.

	68.	Puigdellívol M, et al. The microglial P2Y6 receptor 
mediates neuronal loss and memory deficits in 
neurodegeneration. Cell Rep. 2021;37(13):110148.

	69.	Makarava N, et al. Stabilization of a prion strain 
of synthetic origin requires multiple serial pas-
sages. J Biol Chem. 2012;287(36):30205–30214.

	70.	Su EJ, et al. Microglial-mediated PDGF-CC 
activation increases cerebrovascular permea-
bility during ischemic stroke. Acta Neuropathol. 
2017;134(4):585–604.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(23):e181169  https://doi.org/10.1172/JCI1811692 2

	 71.	Makarava N, et al. Region-specific homeostatic 
identity of astrocytes is essential for defining 
their response to pathological insults. Cells. 
2023;12(17):2172.

	 72.	Makarava N, et al. The degree of astrocyte activa-

tion is predictive of the incubation time to prion 
disease. Acta Neuropathol Commun. 2021;9(1):87.

	 73.	Franceschini A, et al. Regional pattern of micro-
gliosis in sporadic Creutzfeldt-Jakob disease 
in relation to phenotypic variants and disease 

progression. Neuropathol Appl Neurobiol. 
2018;44(6):574–589.

	 74.	Yen JC, et al. A new criterion for automatic mul-
tilevel thresholding. IEEE Transactions on Image 
Processing. 1995;4(3):370–378.


	Graphical abstract

