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SUMMARY

Using spatial cell-type-enriched transcriptomics, we compare plaque-induced gene (PIG) expression in mi-
croglia-touching plaques, neighboring plaques, and far from plaques in an aged Alzheimer’s mouse model
with late plaque development. In 18-month-old APPN--F/NEF knockin mice, with and without the Alzheimer’s
disease risk mutation Trem2747#/R47H \ye report that expression of 38/55 PIGs have plaque-induced micro-
glial upregulation, with a subset only upregulating in microglia directly contacting plaques. For seven PIGs,
including Trem2, this upregulation is prevented in APPN-F/NL-FTrem2R47H/RATH mice. These TREM2-depen-
dent genes are all involved in phagocytic and degradative processes that we show correspond to a decrease
in phagocytic markers and an increase in the density of small plaques in Trem2-mutated mice. Furthermore,
despite the R47H mutation preventing increased Trem2 gene expression, TREM2 protein levels and micro-
glial density are still marginally increased on plaques. Hence, both microglial contact with plaques and func-

tioning TREM2 are necessary for microglia to respond appropriately to amyloid pathology.

INTRODUCTION

The importance of the microglial membrane receptor TREM2 in
Alzheimer’s disease (AD) is now well known. The initial evidence
came from genome-wide association studies (GWAS), which
convincingly demonstrated that TREM2 has several variants
that increase the risk of reaching the stage of AD diagnosis.
TREM2747H the most common risk variant, has an effect size
similar to that of the APOE4 allele in people of White European
descent." Considerable work has been undertaken using
mouse models carrying familial AD mutations, Trem2 knockout
mice, and primary microglial cultures,” reviewed in Gratuze
et al. and Kulkarni et al.,>* revealing that TREM2 pushes micro-
glia away from an inflammatory cytokine-producing phenotype
toward an anti-inflammatory phagocytic phenotype® and has
been reported to be instrumental in the increased density of mi-
croglia around plaques. Moreover, microarray analysis of trans-
genic mice, carrying familial AD mutations, revealed Trem2 and
an array of co-expressed genes to be upregulated in the hippo-
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campus and cortex,® a finding repeatedly confirmed with RNA-
seq, both in whole tissue’ and in single-cell studies. Such sin-
gle-cell RNA-seq studies have confirmed patterns of gene
expression defining “disease-associated microglia” (DAM)
genes® in relation to amyloidp (AB)° and Tau pathology.’® A
recent study using spatial transcriptomics in relation to plaque
density defined a further overlapping group of genes referred
to as plaque-induced genes, PIGs.""

Most of the mouse studies published have focused on trans-
genic mice that overexpress familial AD mutations in App and/
or Psen1 or Psen2 genes. Moreover, when knockin mice are
used, the most popular model has been the App"N-—CG-F/NL-G-F
(NLGF) mouse,'? which harbors three familial AD mutations in
App and includes a humanized AB sequence. Similarly to trans-
genic models, NLGF mice deposit plaques rapidly and early,
such that the most rapid increase in plaque load occurs between
2 and 4 months of age, reaching almost maximal density by
9 months.'® Sporadic AD develops slowly from midlife into old
age, so the reaction of microglia to this rapid rise of plaques in
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young animals may be very different and less relevant than their
response to slow deposition starting later in life. A further differ-
ence is that the inclusion of the Arctic mutation in the NLGF
mouse within the AB sequence results in a more fibrillar form of
AB causing rapid deposition and probably lower levels of soluble
AB in the neuropil. Consequently, we suggest that the
AppNEFNE=F (NLF) mouse'? is a better model of sporadic AD
than the NLGF mouse as, in NLF mice, the AB sequence is the
same as in the sporadic disease, and the plaques begin to
develop slowly in midlife and increase through to at least
24 months of age. Although using these very old mice is inconve-
nient and increases the cost of studies, the increased relevance
of combining slow development and, importantly, the element of
old age outweighs these disadvantages. However, until recently,
analyzing changes in gene expression was very difficult in NLF
mice because, even at 24 months of age, genes such as
Trem2 show only modest changes, despite evident synaptic dif-
ferences and increased microglial density.'® It is this combina-
tion of high cost and low reward that has made NLFs a less pop-
ular model, despite the similarity to the progression of human
sporadic AD. However, with the introduction of spatial cell-
type-enriched transcriptomics, more subtle and direct analysis
of plaque-induced microglial gene expression changes be-
comes possible, without the diluting effects of bulk analysis.

Using spatial transcriptomics in this more relevant mouse
model, we initially compare microglial-enriched expression of
PIGs. PIGs were defined by Chen et al. (2020)'" in NLGF mice
as genes that upregulate in response to plaque density in
different brain regions and across multiple cell types. For more
than half of these genes, we confirm, in NLF mice, that associa-
tion with plague increases expression. Importantly, in a subset of
these genes, this only occurs in microglia directly in contact with
plagues and not in immediately neighboring regions.

We particularly study Trem2 as one of the genes upregulated
specifically on plaques in these mice. We compared the effects
in NLF mice to NLF mice in which Trem2747"/R47H is knocked in
(NLFTrem2P4™H double homozygous mice) and validated our
findings at the protein level using immunohistochemistry. The
lack of Trem2 upregulation in the NLFTrem2"*" mice could
then be used to assess whether increased microglial density
at plaques depends on Trem2 genotype. Surprisingly, in
NLFTrem274"" mice, the density of microglia increased consid-
erably, which may be due to a modest increase in TREM2 protein
expression, in the absence of increased gene expression.

RESULTS

In NLF mice, plaques are first detected at 9 to 10 months of age.
Deposition then slowly increases through to 24 months of age.’®
In the present study, we investigate the spatial distribution of
gene expression in 18-month-old NLF and NLFTrem2P47" mice.

For spatial transcriptomics analysis, we labeled plaque pathol-
ogy and associated glial cells using immunohistochemistry to-
ward TMEM119 (microglia), GFAP (astrocytes), and AB40/AB42
(plaques) (Figure 1A). We then selected large regions of interest
(ROIs) that were densely filled with plagues and nearby ROIs
without plagques (Figures 1Bi and 1Bii). Most plagques in the hip-
pocampus of the NLF mouse hippocampal sections used in this
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study were found in and around the stratum lacunosum molecu-
lare of CA1-3 and the stratum moleculare of the dentate gyrus
(Figure 1Bii). It is thus possible, in each brain section, to define
ROls in which all pixels are within ~30 um of a plaque and other
ROls in which no plaques are detected. We then defined cell-
type-enriched areas of interest (AOls) for microglia or astrocytes
within each ROI. For the present study, we focused on microglia
and determined genome-wide RNA signatures from the
following three types of AOIls in NLF and NLFTrem2%4"H mice:
(1) “on plaque,” all the microglia in the plaque ROlIs that colocal-
ized with AB (Figure 1Ci); (2) “periplaque,” all the microglia in the
plaque ROI that did not colocalize with AB (Figure 1Cii); and (3)
“away” from plaque, all the microglia in the ROIs without pla-
ques. In addition, ROls in equivalent positions were studied in
wild-type (WT) and Trem2™4"" mice, so that the same regions
could be compared without plaques. Before collecting RNA sig-
natures from the microglial AOls, signatures were collected from
the regions labeled with the GFAP antibody in order to decrease
contamination from overlapping astrocytes. However, it is
important to note that the results represent enrichment for micro-
glia rather than selective analysis of microglial genes. Indeed,
some highly expressed genes from astrocytes and neurons are
also detected in the microglial gene set. Nevertheless, a useful
degree of separation between cell types is achieved, as
can be seen when comparing the expression of genes
previously defined as microglia enriched'*'® (Figure S1A) and
in principal components analysis (Figure S1B). Note that
although TMEM119 has been previously reported to decrease
in expression in DAM microglia,”'® using immunohistochem-
istry, we found no change in signal intensity at plaque when
compared with 50 um away (Figure S2).

Note that standard analysis methods for gene expression have
mostly been developed for analysis of postmortem human tis-
sue. This requires complex normalization methods to overcome
the problems of heterogeneity in the genetic and environmental
background of the subjects, condition of the tissue, cause of
death, postmortem interval, and other variables, depending on
the source of the tissue. The situation is completely different in
mice that have identical genetic backgrounds (except for the
genes altered for the experiment) and controlled conditions for
environment, diet, killing of the animal, treatment of the tissue,
and extraction methods. Consequently, much simpler methods
of normalization are sufficient, such as using housekeeping
(HK) genes. As this study is concentrating on the microglial
AOls, all data were normalized to Actg? and Actb. To verify
this method, we compared HK normalization with the more stan-
dardly used edgeR-based TMM-weighted normalization'” or Q3
normalization. Comparing the AOI counts normalized with these
three methods results in a very high correlation in each case
(r > 0.95; p < 0.0001).

The data for all PIG genes are available at https://edwardslab.
shinyapps.io/MouseacST/.

Density of microglia around plaques does not influence
analysis of gene expression

As has frequently been reported, microglia cluster around pla-
ques in both mouse models and human tissue.®'®'® This is
also true in NLF mice, where we have reported that an overall
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Sections of the hippocampus and neighboring cortex (8 um thick) were mounted and labeled with antibodies for plaques (cyan, AB40/AB42), microglia (red,
TMEM119), astrocytes (green, GFAP), and nuclei to reveal the cell bodies of the hippocampus (white, DAPI).
(A) Example image: microglia (red) and astrocytes (green) could be readily identified. A small plaque is visible in the top-left corner (cyan), and a section of the

dentate gyrus granule cell body layer is visible in white.

(B) Regions of interest were established that either contained a heavy plaque load (Plaque ROI) or lacked plaques (Away ROI). Bii shows a zoomed in image of the
hippocampal region of the full section shown in Bi. * indicates the ROI detailed in (C).

(C) To maximize the separation of microglia, the samples from astrocytes (GFAP-labeled areas) were first removed before collecting from the microglia regions.
The plague ROls were then separated into subareas of interest (AOls) whereby the plague microglial AOl was defined as TMEM119-positive cells that colocalized
with Ap42 (Ci), and periplaque were all TMEM119-labeled cells that did not colocalize with Ap42 (Cii).

increase in microglial density across the hippocampus of NLF
mice only reaches statistical significance at 24 months."® In or-
der to ensure that any change in gene expression in our spatial
transcriptomics analysis was adequately corrected by the
normalization procedure, we checked that expression was
not substantially affected by differences in microglial density
but truly reflected gene expression per microglial cell. We
thus compared the distribution of microglia around individual
plagues by comparing the density of IBA1-positive cells
(Figures 2A and 2B) to the expression of the microglial gene
Aif1 that codes for IBA1 (Figure 2C). The expression of Aif1 in
individual microglial cells would not be expected to increase
substantially in response to plaques. As expected, when den-
sity of microglia was assessed on plaques and in concentric
circles increasing by 10-um radius out from the plaque edge,
there was a substantial increase in density in the proximity of
plagues. However, the increase in microglial density was only
detectable at the plaque or within the first 10-um ring around
the plaque. By 20 um, the density had returned to the level
far from plaques, which was also not significantly different

from the density in WT mice. Despite the >30-fold increase in
density of microglia at the plaque, no significant effect of
region or genotype was detected in Aif1 expression. Other mi-
croglial genes not affected by the vicinity to plaques include
Tmem119 and P2y12.

It should be noted that for all immunohistochemistry experi-
ments, the plaque has been labeled with luminescent conju-
gated oligothiophenes (LCOs, “Amytracker”). Use of LCOs will
define only deposited Ap?°2? and so is rather more stringent in
terms of defining the plaque than the AB42 antibody used for
the transcriptomics, above which may label more diffuse AB
around the plaque.

Most, but not all, previously defined plaque-induced
genes, including Trem2, show significant differences
between microglia on plaques and far from plaques

As a first step in comparing the regional expression of relevant
genes in relation to the position of plaques, we compared the mi-
croglial-enriched expression of the genes previously defined as
PIGs"" (Figures 3A-3C).
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Figure 2. Microglial density compared with Aif1 expression
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(A) Microglia were labeled with an antibody against IBA1 (red), plagues with LCOs (not shown), and nuclei with DAPI (white). For NLF mice, a circle was drawn
around the circumference of the plagque, and concentric circles were drawn around this central ring with radii increasing by 10 um. Microglia were counted in the
inner circle and each circle of increasing size. A microglial cell touching a circle was considered to lie inside that circle, and density was calculated. For WT mice, a
central circle with a 10-pm radius was placed pseudo-randomly to represent similar areas to those assessed in the NLF mice. Microglial density was counted as

for NLF mice.

(B) Quantification of microglial density in NLF mice reveals a 30-fold higher density on the plaque compared with WT mice; one-way repeated measures ANOVA:

main effect of distance, p < 0.0001.

(C) the expression of Aif1 (which encodes IBA1) in NLF mice was not significantly increased either compared with WT mice or with distance from plaque. Data are
expressed as mean + SEM. n = 6 mice per genotype in (B), and n = 6 NLF, n = 4 WT mice in (C).

Of the 55 tested PIGs, expression of 38 genes showed a sig-
nificant main effect of relation to plaque in the microglial AOls
(one-way ANOVA). (Two pseudogenes reported as PIGs
[Gpx4-ps and Cd63-ps] were not available in the Nanostring plat-
form.) We divided the differentially expressed genes into three
groups: (1) genes only significantly raised in microglia touching
plaques (Figure 3A), (2) genes with expression that decreased
gradually with the plaque region showing significantly higher
expression than the away region but the periplaque region not
differing significantly from either, or differing significantly from
both (Figure 3B), and (3) genes that were not different between
plaque and periplaque but significantly upregulated in both the
plaque and periplaque region compared with the away AOlIs (Fig-
ure 3C). Two additional PIG genes (H2-k1 and Ctsh) were also of
interest as they appeared to have a U-shaped response to pla-
que proximity, being significantly increased in the periplaque
area but returning to background levels of expression on the pla-
que (data not shown). This could suggest an effect on expression
of these genes of low concentrations of soluble AB in the peripla-
que region that was lost at higher concentrations near the
plaque.

Group 1 was of particular interest, as these genes are most
likely responding to contact with the plaque itself, rather than
to soluble AB or other secreted substances at a distance from
the plaque. This group included Trem2 and its downstream
signaling partner Tyrobp, as well as several of the complement
and lysosomal genes that have previously been implicated in AD.

Note that not all PIGs are thought to be microglial genes. We
thus compared the different groups in terms of previously
defined relative distribution in microglia or astrocytes in single-
cell transcriptomic analysis comparing specific cell types.'* Fig-
ure 3D indicates the proportion of genes in each group that have
been reported to be at least 2-fold enriched for microglia or as-
trocytes compared with all other cell types in whole brain. Genes
that were not defined as astrocytic or microglial in the Ximerakis
et al. database were further assessed using RNA-seq data of
cortical expression in young mice, https://www.brainrnaseq.
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org."” Interestingly, all genes in group 1 and group 2, except
Cd9 and Gfap respectively, have been reported to be highly en-
riched in microglia. Although, it should be noted that Cd9 has
been reported to be upregulated in disease-state microglia.® In
contrast, the genes in group 3 were all reported to be enriched
in astrocytes. Thus, the signal in the microglial AOIs that is likely
coming from a remaining overlap of astrocytic processes is seen
equally in the plaque and periplague regions but occurs some-
what less in the region away from plaques. This probably reflects
astrogliosis in the plaque ROls relative to the ROIs without pla-
ques. As shown by immunohistochemistry of GFAP-labeled as-
trocytes, astrogliosis only decreases slightly in the periplaque re-
gions (10-50 um; Figure S3), unlike the on-plaque specificity of
microglial density (Figure 2).

TREMZ2 levels in the tested regions are only slightly
decreased in the Trem2®4"" mice compared with WT

We were particularly interested in Trem2, which has consistently
appeared as a hub gene in our analysis and that of other
groups.®”% 11?3 |n the present study, Trem2 was among the
PIGs that only increased in expression in microglia if they were
touching plaques (group1, Figure 3A). To investigate the effect
of decreasing efficacy of TREM2, the NLF mice were crossed
with Trem2R4"™ knockin mice from Jackson Laboratories, with
mice being bred to homozygosity for both the App™-"F and the
Trem2™47" mutations (NLFTrem24™H mice). It has previously
been reported that the Jackson Laboratories Trem2R4™H K
mice show a substantial decrease in Trem2 expression in young
mice to about 50% compared with WT mice and an even greater
loss of protein in both whole brain or whole hippocampus.*?%?*
We thus initially considered this to be a study of decreasing the
effect of TREM2 both due to decreased TREM2 level and the ef-
fect of the loss-of-function R47H AD risk mutation. Moreover, in
the whole hippocampus in age- and genotype-matched mice
from our colony, we confirmed a substantial reduction (63%) in
Trem?2 expression in the Trem2™4"" mice compared with WT us-
ing RT-gPCR (Figure S4B).
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Figure 3. Expression of PIGs in relation to plaques in NLF mice

38 of the 55 PIGs tested in NLF mice show significant main effect of relation to plaque in a two-way repeated measures ANOVA,; bar color and dagger symbol
represent the result of Tukey post hoc correction for multiple comparisons between relation to plague and gene.

(A) 23 genes were only upregulated when microglia are touching plaques.

(B) 11 genes show a graded response in which expression gradually increases from away through to plaque regions.

(C) Four genes are equally upregulated in the plaque and periplague regions, both with increased expression compared with away. For other PIGs, there was no
significant effect of relation to plaque (not shown). Data are presented as mean + SEM; n = 6 mice. Transcripts were averaged from one to three AOI per mouse. Y
axis is fold change compared with the away region.

(D) Pie charts illustrating the percentage of genes that are identified as microglial (green), astrocytic (orange), both (light green), or neither (gray). Cell specificity
was assessed according to comparative single-cell RNA-seq analysis from wild-type mice whole brain'* or cortex Barres Brain RNA-seq database.'® Genes were
considered specific to microglia or astrocytes if expressed > 2-fold compared with all other tested cell types. n = 6 mice. Statistical difference as indicated
*/1111p < 0.0001; **/11tp < 0.001; **/{1p < 0.01; */1p < 0.05.

However, in the spatial transcriptomics data from aged mice, = Moreover, this trend of a 20% reduction was also reflected in the
the difference, if any, was considerably less. The Trem2F4’H  protein levels as confirmed using immunohistochemistry, which
mice showed a non-significant mean reduction in expression showed a significant 24% reduction in TREM2 (p < 0.01; mean
of Trem2 of about 20% compared with WT (p = 0.24, Figure S4A).  TREM2 intensity in IBA1-positivie pixels, Figure S4Ci). It should
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be noted that, rather than representing whole hippocampus, the
sections for the transcriptomics study were taken from central
hippocampus and toward the more dorsal region to obtain sec-
tions that were transverse to the dorsal-ventral axis of the hippo-
campus. Moreover, the AOIs mimicked those for the NLF mice,
thus avoiding the cell body layers of the hippocampus, sampling
primarily in the apical dendritic regions of the CA1 and CAS neu-
rons. As the spatial transcriptomics and immunohistochemistry
results agreed, this suggests either a technical artifact in the
RT-gPCR or a difference dependent on the region of hippocam-
pus tested. Unfortunately, further aged mice were not available
for assessment of differential expression between the dorsal
and ventral hippocampus. However, immunohistochemical
analysis of the whole fixed dorsal hippocampal sections and
also different regions within the sections did not reveal any sig-
nificant differences (Figure S4Cii) from our original immunohisto-
chemical analysis.

In terms of technical differences, RT-qgPCR would be expected
to show a greater signal to noise ratio than the other methods
used, especially in isolated microglia as used by Xiang et al.
(2018),* but this would only affect genes with very low expres-
sion. The strong signal for Trem2 would not have been measur-
ably influenced by the nonspecific binding (as measured using
negative probes), as this was too low for detection. We cannot
discount the possibility that other artifacts of the binding of
probes to the Trem274™ sequence of one or both of the alterna-
tive variants produced decreases the signal for the PCR analysis
but is picked up by the transcriptomics probe. However, sub-
stantial molecular differences have been reported to occur along
the dorsal-ventral hippocampal axis,”® and we hypothesize that
this is the source of the difference between whole hippocampal
analysis versus using dorsal hippocampal sections. It would thus
be interesting in future studies to compare Trem2 levels along
the dorsal-ventral axis of the hippocampus from both mouse
and man in the presence of the Trem2747" mutation when tissue
becomes available in the future. Whatever the cause of the differ-
ence, the analysis gives insight into the role of TREM2. Moreover,
the relatively small loss of expression in the Trem2P*4"" mice is
validated with the immunohistochemical signal in the present
study.

The R47H mutation prevents the increase in Trem2
expression in microglia that are touching plaques, but
some microglia proliferation remains

Having verified in the regions tested that knockin of the
Trem274”" mutation only slightly decreased Trem2 expression
in the absence of plaques, we went on to assess the effect of
the mutation in relation to plaques. We thus compared micro-
glial-enriched Trem2 expression in NLFTrem2747" mice to the
expression in NLF mice. The substantial increase in Trem2
expression in microglia-touching plaques, observed in NLF
mice, was almost completely absent in NLFTrem2F4™H mice,
showing no significant difference between the plaque and peri-
plaque regions (Figure 4A).

Interestingly, despite there being no significant increase in
Trem2 gene expression on the plaque in NLFTrem2F4H mice,
the microglial density is still increased by 20-fold on plaques
compared with background. Similar to NLF, the microglial den-
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sity was at background levels by 20 um from the plaque. Thus
increased Trem2 expression is not necessary for microglial pro-
liferation at the plaque.

Additionally, note that in the away from plaque AOIs in mice
with plagues compared with the AQOIls in mice without plaques,
the NLF App genotype resulted in a strong trend to decreased
Trem2 expression (p = 0.052), independent of Trem2 genotype
(p = 0.16) (Figure S5).

TREM2 protein levels largely confirm plaque
dependence of Trem2 expression
To assess if the remarkable fall off in Trem2 expression away
from plaques in NLF mice is reflected in a similar change in pro-
tein expression, we undertook an immunohistochemical analysis
of TREM2 protein levels (Figures 4C, 4D, and S6). The analysis
was restricted to TREM2 staining within IBA1-positive pixels.
Fluorescence intensity was expressed per pixel to assess the
expression within microglia, independent of density. Similar to
the gene expression, there was an increase in TREM2 protein
signal on the plaque in NLF mice, increasing 3-fold compared
with levels away from plaques. The signal dropped rapidly to a
plateau but, unlike gene expression, a small but significant in-
crease was still detectable at 30 um away from the plaque
when compared with 50 pum, although this was not different
from WT levels. Note, however, there is no change in microglial
density in response to this more distal change in protein level.
In NLFTrem274”" mice, there was a significant increase in pro-
tein expression at the plaque and immediately adjacent to the
plague but to a significantly lower level than the NLF mice
(Figures 4D and 4E). Notably, this small (1.6-fold) but significant
increase in TREM2 protein did not apparently require a signifi-
cant increase in gene expression in the NLFTrem2R47H mice (Fig-
ure 4B), suggesting either increased translation or decreased
clearance. Moreover, this related to a much greater (20-fold) in-
crease in microglial density (Figure 4C).

The Trem2747H risk factor mutation prevents phagocytic
phenotype and induces a higher density of small plaques
The question remains as to what the microglia clustered around
the plaques are doing and what is the role of TREM2 in this ac-
tivity. It has repeatedly been shown that an increase in Trem2
expression results in increased phagocytosis®“®?” and that
this is dependent on the Trem2 genotype, with the R47H muta-
tion decreasing the phagocytic activity.’®° In agreement with
our previous report,” we observed the regional gene expression
of Cd68, a marker of the phagocytic phenotype, and found that
its expression mirrored that of Trem2 and was similarly depen-
dent on the Trem2 genotype (Figure 5A). Hence in NLF mice,
Cd68 was only significantly upregulated in microglial-enriched
AOIs that were on plaques and not in periplague regions, and
this increase was completely lost in the NLFTrem2F4™H mice.
Immunohistochemical analysis was consistent with this result
with CD68 protein levels in NLF mice being strongly upregulated
in microglia on orimmediately neighboring a plaque but returning
to background level by 20 um from the plaque. Furthermore, the
upregulation of CD68 was dependent on the Trem2 genotype
(Figures 5B and 5C).
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Figure 4. Increased microglia density at plaques is partially independent of Trem2 genotype-dependent expression

(A) Trem2 expression in NLF mice is significantly (2.6-fold) upregulated in microglial AOls on plaques compared with periplague AOls. Periplaque AOls are not
significantly different from AOls away from plaques or in WT mice. NLFTrem274"H mice show no difference on plaques compared with other regions in the same
animals or compared with Trem2747" or WT mice. Two-way repeated measures ANOVA between NLF and NLFTrem274”H mice: main effects of relation to plaque
(p < 0.01) and of genotype (p < 0.01) and near significant interaction (p = 0.053). Post hoc Sidak multiple comparison tests are shown on the graph: * within
genotypes relative to NLF region 3 (away); 1 between genotype relative to NLF region1 (on plaque). NLF n = 6 mice; NLFTrem2P47" n = 4 mice.

(B) Microglial density on plaques in NLFTrem2 mice is less than in NLF mice (60%, p < 0.001) but is increased >20-fold compared with WT or AQlIs far from
plaques, despite no significant change in Trem2 expression. Two-way repeated measures ANOVA: main effect of distance from plaque (p < 0.0001); interaction
between distance from plaque and genotype (p = 0.014). Sidak’s multiple comparison test, * indicates a significant within genotype difference versus 50 um from
plaque. n = 6 mice per genotype.

(C) TREM2 protein levels reflect the distribution suggested by gene expression. Two-way repeated measures ANOVA: main effects of genotype, distance from
plaque and interaction (p < 0.0001 in each case). Post hoc Sidak correction for multiple comparisons is shown on the graph. * compares within genotype versus
50 um from plaque. Note that there is a significant difference in TREM2 signal of 20% between WT and Trem274"™" mice (p < 0.01), * within genotype versus 50 pm
from plaque; n = 11-12 mice for all genotypes, with approximately equal males and females. No significant effect of sex. All data are plotted as mean + SEM.
****p < 0.0001; **p < 0.001; **/{1p < 0.01; *p < 0.05 ~p < 0.08.

(D) Images of TREM2 staining comparing NLF and NLFTrem2747H_ TREM2 (yellow); IBA1 microglia (red); Amytracker AB (green).

We then examined the plaque coverage and the number of went on to analyze this apparent discrepancy by observing the
plaques per area in the NLF and NLFTrem2%4"" mice. While number of plaques of different sizes. Most analysis around pla-
the plaque coverage was not significantly different (Figure 5D), ques, including the regional gene expression in the present
the number of plaques per area was greater in the study, concentrates on the large plaques, with cross-sectional
NLFTrem2™4"™ mice than in NLF mice (Figure 5E). We thus area >~100 um?. These plaques dominate the plaque coverage
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Figure 5. Microglial activation state and density of small plaques are affected by the Trem2 genotype

(A) Expression of Cd68 behaves similarly to Trem2 expression, being significantly increased only in microglial AOls touching plagues with the increased
expression lost in the presence of the Trem2747" mutation. Sidak post hoc tests are indicated by * within genotype comparison versus group 3 (away). { indicates
across genotype comparisons with respect to same AQI, p < 0.05. NLF: n = 6 mice; NLFTrem2R*"", WT and Trem2R*"™, n = 4 mice per genotype.

(B and C) CD68 protein levels reflect the distribution suggested by gene expression. Two-way ANOVA: main effects of genotype (p < 0.01), distance from plaque
(p < 0.0001), and interaction (p < 0.001). Post hoc Sidak correction for multiple comparisons across genotype is shown on the graph. NLF n = 5 mice;

NLFTrem2™47H n = 4 mice. Scale bar represents 50 pm.

(D and E) While plaque coverage did not show a significant difference between NLF and NLFTrem

versus the NLF mice (E).

2R47H 2R47H

mice (D), plaque density was higher in NLFTrem

(F) A plaque size-density frequency histogram revealed that the higher density of plaques was restricted to small plaques, Sidak post hoc tests across genotype,

tp < 0.05, t1ffp < 0.0001.
(G) Representative images of plaque size distribution in NLF and NLFTrem:

2R47H

mice. Scale bar represents 500 um. Panels (D)—(F): n = 6 mice for both genotypes.

Data are presented as mean + SEM in all panels. For all panels, {111p < 0.0001; **/1p < 0.01; {p < 0.05.

of the brain regions studied. However, the majority of plaques, in
terms of plague number, are very small (<100 pm?), and this re-
mains true throughout age or stage of plaque development in
both mice and humans.'**%3" When hippocampal plaque den-
sity was broken down by plaque size, the source of the differ-
ence was revealed to be entirely due to an increase of very small
plaques in the NLFTrem27*”" mice compared with the NLF mice
(Figures 5F and 5G). This suggests that the microglia expressing
high levels of Trem2™T are not effective in phagocytosing large
plaques. Either these microglia are instrumental in the removal
of new small plaques or microglia with the Trem274”" mutation
are causing the seeding of additional small plaques. However,
in both scenarios, these small plaques are not developing into
additional large plaques.
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Only PIGs that depend on touching plaques for
increased expression are dependent on Trem2

genotype

The regional distributions of expression of PIGs were compared
between NLF mice and NLFTrem2R4"H mice. Like Trem?2, in six
PIGs, (C1qga, C1qc, Ctsz, Ctss, Grn, Plek), the increased expres-
sion in microglia-touching plaques was prevented by the
Trem24”" mutation (Figure 6). All of these genes fell into group
1, being only upregulated on plaques (Figure 3). This suggests
that Trem2"7 is instrumental in the sharp upregulation of expres-
sion of these genes on the plaque. The distribution of expression
changes of the other PIGs that were increased in expression in
the plaque and/or periplaque areas was not significantly affected
by the Trem2P4’" mutation (examples from each group in
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Figure 6. Upregulation of certain PIGs at plaques is dependent on Trem2°4"" genotype

Gene expression of six PIGs that showed a Trem27*""-dependent upregulation in plague AOIs only. NLF: n = 6 mice; NLFTrem274"H WT and Trem2R4™H n=4
mice per genotype. All data are plotted as mean + SEM. Post hoc Sidak multiple comparison tests are shown on the graphs. ****p < 0.0001; ***p < 0.001 within
genotype compared with column 3 (away); **/{1p < 0.01; {p < 0.05, between genotypes compared with NLF on-plaque. Also see Figure S7.

Figure S7). It is interesting to note that several of the genes that
are upregulated on the plaque compared with the away region,
independently of Trem2-genotype, show expression that is
decreased in the area away from plaques compared with the
levels in WT or Trem2R4"" mice. A striking example is the astro-
cytic GWAS risk gene, Clu.®? This may reflect that the microglial
AOI measurements of astrocytic genes are largely dependent on
the degree of overlap of the remaining fine astrocytic processes
(after the initial removal of the astrocyte AQOIs). With astrogliosis
probably showing an increase in spread of processes toward
plaques, rather than proliferation or migration of cell bodies,*****
the fine processes stretching toward plaques may leave fewer
processes in the away from plaque areas.

DISCUSSION

The observation that Trem2 and related genes are strongly upre-
gulated as plaques deposit in AD is well documented in studies
of both mouse models®'® and human postmortem tissue.®*°
Moreover, it has been repeatedly observed that the response
of microglia around plaques is dependent on the Trem2 geno-
type and is decreased with the TREM274"H risk factor muta-
tion%>" or when Trem2 is knocked out.>® All the previous studies

in AR mouse models have, however, relied either on aggressive
transgenic models with overexpression of APP and the other
problems of transgenic technology®® or on NLGF knockin mice
in which the plaques appear by 2 months and reach an almost
maximal load rapidly during early life.'®"*° In the human spo-
radic condition, the development of plaques only starts in middle
age, and it is in old age that the density of plaques and other fac-
tors combine to result in the well-known clinical outcomes.
Rapid deposition of plaques in the brain of a young animal may
have very different effects from the gradual deposition of plaques
late in life, as occurs in the human condition.*°

Although the NLF knockin mouse carries two familial AD mu-
tations, it represents a model of disease in which the resulting
rise in AB leads to a gradual rise in plaque load from 9 to
24 months of age."® This results in much more subtle changes
in gene expression than the related NLGF mice or the many
transgenic models that preceded it, and consequently, it has
been more difficult to study with standard RNA-seq technology.

The introduction of spatial cell-type-enriched transcriptomics
has allowed more detailed and higher resolution, allowing better
detection of changes within individual brain sections, at different
positions in relation to the plaques. Under these conditions, in
analysis that pairs AOIs within the same sections, we found
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that many, but not all, of the previously defined PIGs'' were
indeed increased in a plaque-related manner in NLF mice. The
lack of apparent effect of vicinity of plaques in the present study
of 17 of the 55 PIGs is most likely related to the different geno-
types studied with Chen et al., having concentrated their study
on NLGF mice that express plagues from 2 months of age and
show a much stronger phenotype.’®'® NLGF mice include an
additional mutation within their AR sequence that results in a
strong change in equilibrium of the Ap toward deposition. Hence
it may be, in even older NLF mice with heavier plaque loads, that
these genes would be upregulated, or otherwise that these 17
genes are upregulated because of the deposition of a different
AP structure at a much younger age and would not translate to
the human condition. Alternatively, the difference may be related
to the different methods used, with the present study relating
gene expression to distance from plaque in cell-type-enriched
AOIs, while the Chen study only used plaque density without
focusing on cell type. Consequently, depending on the cell types
in which genes are expressed, this could lead to different results
between the two studies. Indeed, the 30% of the PIGs that did
not come out in the present analysis as being differentially ex-
pressed in relation to distance from plaque had been previously
identified as genes highly expressed in other cell types such as
oligodendrocytes, epithelial cells, or astrocytes.'*'®

Strikingly, in the present study, a subset of the genes,
including Trem2, were only increased in the microglia AOls that
were on plaques and not in the immediately adjacent regions.
Moreover, in the case of seven of these genes, this tight regional
increase in expression was not only dependent on the microglia
touching the plaques but was strongly dependent on the Trem2
genotype. Although we cannot exclude the possibility that a sub-
set of the microglia in the periplaque region also upregulates
these genes, this is clearly not the dominant response. This
dependence on plaque contact in a Trem2 genotype-dependent
manner confirms the very tight interaction between plaques and
microglial genes but refines the module to a much smaller and
more clearly related group. The module includes the C1g com-
plement factors that have consistently been associated with
Trem2 expression in AD mouse models.® However, the other
genes are associated with the phagosome (Plek)*" or lysosomal
function (Ctsz, Ctss, and Grn).*>~*® All of these genes are linked
with the dependence on the Trem2 genotype suggesting that
Trem2"7 is the essential controller. The observation that they
only upregulate in microglia-touching plaques suggests that
the TREM2 ligand that sets this chain in motion is either lipophilic
or otherwise restricted to the plaque, rather than a signal
diffusing away from the plaque. A possible candidate would be
a phospholipid, such as phosphotidylserine that has been sug-
gested to be an “eat me” signal on damaged synapses.*®*’
This is consistent with a role for microglia in removing AB-in-
duced dystrophic synapses to limit the spread of damage along
axons or dendrites.”® The cascade then proceeds via C1Q and
the complement pathway, leading to phagocytosis involving
pleckstrin and subsequent lysosomal removal of waste involving
the cathepsins, NPC2, and progranulin. In principle, this involves
activation of proteins and does not need to involve gene expres-
sion if sufficient protein is already expressed by the microglia.
However, the increased expression of all these genes suggests
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that these may be rate-limiting steps in the process. This is
further underlined by the fact that some increase in protein and
considerable microglial proliferation occur in NLFTrem2R4™H
knockin mice, despite a lack of differential expression of Trem2
at the plaque, with the modest increase in translation of protein
being apparently sufficient.

The link between this subset of PIGs leading to the phagocytic
phenotype of microglia is further supported by the expression of
the phagocytic marker CD68"° that shows the same behavior,
being only upregulated on plaques and dependent on the
Trem2VT genotype. Although, it should be noted that Cd68 is
not included in the genes reported to be plaque induced by
Chen et al.

An alternative hypothesis for the role of this phagocytic
pathway, not mutually exclusive from the above, suggests that
the role of plaque-related microglial phagocytosis relates to
removal of AB.°° In this context, several studies have investi-
gated the effect of removing microglia using inhibitors of the
CSF1 receptor.'®*'=°° Together, these studies suggest that mi-
croglia may have a role in seeding new plaques, but that the
overall plaque load, once established, is little affected by the
removal of microglia.>* In the present study, we found a notable
effect of the Trem2 genotype in that NLFTrem274”" mice showed
a selective increase in the number of very small plaques
compared with NLF mice, while larger plagues were unaffected.
This is largely consistent with the findings above. It seems that
the activation of microglia expressing Trem2"" may be involved
in the removal of very small plaques, but once the plaques grow
past about 100 um?, they are no longer effective in their removal.
An alternative explanation could be that the Trem2™4”" mutation
results in constant seeding of plaques either de novo®® or by
small plaques breaking off from the larger plaques. However, it
seems that these extra plaques are not destined to grow. It
should also be noted that it seems unlikely that A is the ligand
triggering the response as soluble AB would be expected to be
present at a distance from the plaque in NLF mice, whereas
the present data suggest that the cascade is only triggered
once the microglia come physically in contact with plaque.

Limitations of the study

The transcriptomic analysis in this study was carried out in 8-
um-thick sections, and the RNA probe-associated DNA oligo
tags were cleaved by laser application that would penetrate
the whole depth of the tissue. Hence, where synapses or other
cell types were above or below the microglial AOI, transcripts
from these other cell types would also be detected. Moreover,
the area sampled was dependent on the limitations of the visu-
alization and filter settings used. While this was consistent
throughout and so would affect all areas equally, it means
that the results are enriched for microglial transcripts but
neither entirely specific for this cell type nor guaranteed to cap-
ture all microglia or the full area of every microglial cell visual-
ized. Moreover, this also applies to the visualization of plaques,
so that the detection of the plaque edge was dependent on fil-
ter settings used. Therefore, although we can be confident that
on plague, microglia are indeed touching plaques, some micro-
glia touching the edge of the plaque could be classified as
periplaque microglia. This would however largely lead to a
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decrease in the primary differences reported in this study (in
genes only increased on plaques). Other limitations come
from the limitations of the mouse model. Like all models, the
NLF mouse model has limitations. Apart from the general differ-
ences of mouse and man, this is a model of early plaque pro-
gression and does not lead to the development of neurofibril-
lary tangles and substantial neurodegeneration that would be
the equivalent of the diagnosed stages of AD. Moreover, the
Trem2™"™ KI mouse model has been reported to show a
decrease in Trem2 expression. Hence the NLFTrem2 mice
are a model both of somewhat decreased TREM2 level as
well as loss of function due to the mutation.

Conclusions

Use of spatial cell-enriched transcriptomics has allowed analysis
of plaque-related gene expression in a mouse model that mimics
the slow and age-related deposition in plaques that is seen in AD.
The findings in the present study confirm the basic principles of
much that has been shown in more aggressive models in which
plaque load increases rapidly over early life.>'" However, it re-
fines the effects to a smaller group of genes closely related to
Trem2 expression and dependent on the Trem2 genotype. The
comparison of the dependence of the expression of these genes
on microglia-touching plaques and the differential dependence
on Trem2 genotype of microglial density strongly suggests that
the increase of microglial density is, at most, marginally depen-
dent on Trem2 genotype. Moreover, the increase in expression
of this group of genes appears to depend on a ligand that
does not diffuse far from plaques.
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Sheep anti-TREM2 R&D Systems Cat#AF1729
RRID:AB_354956
Rat anti-CD68 Biorad Cat#MCA1957
RRID:AB_322219
Goat anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific Cat#A11037
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Chemicals, peptides, and recombinant proteins
Amytracker520 Ebba Biotech Cat#A520-50

DAPI (4’ ,6-diamidino-2-phenylindole)

Thermo Fisher Scientific

Cat#D1306

Critical commercial assays

Nanostring GeoMx Digital Spatial Profiler
(DSP)

Nanostring
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Deposited data

Mouseac gene database

This manuscript

https://edwardslab.shinyapps.io/

MouseacST/
Experimental models: Organisms/strains
mouse: C57BL/6: C57BL/6NCrl Charles River Strain#027
mouse: APPN-FNLF. C57BL/6-Apptm21Tes Saito et al.’? Available from the Saido lab
mouse: Trem2F47H/R47H. C5T7BL/6J- Jackson Laboratory Strain#027918

Tremzem1Adiuj/J
mouse: APPNL-F/NL-FXTrem2R4 7H/IR47H

This manuscript

Available from Edwards lab if permission
obtained from Riken and Jackson
Laboratory

Software and algorithms

Plaque Concentric Circle Spatial Analysis
Fiji/lmageJ
Graphpad Prism v9.2

Developed In Edwards Lab

Schindelin et al.*®

Graphpad

https://doi.org/10.5281/zenodo.5847431
https://imagej.nih.gov/ij/
https://www.graphpad.com/
scientific-software/prism/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Frances
Edwards (f.a.edwards@ucl.ac.uk).

Materials availability
The AppN-F/NLFy Trem2R47HR47H mouse line generated in this studly Is restricted due to breeder MTAs from The Jackson Laboratory
(Bar Harbor, ME, USA) and RIKEN Centre (Yokohama, Japan).

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Male and female 18-month-old App™-—FN-=F knock-in mice (NLF), App™-—FNt=F knock-in mice harbouring the Trem2F47H/R47H my.-
tation (NLFTrem2R4™H) and age-matched C57BL/6J (WT) and Trem2747H/R47H (Trem2R4™H) control mice were used throughout the
study. No statistically significant sex differences were observed. All mice were bred in the UCL Biological Services Unit. Original
breeders for the NLF mice were obtained from Riken Japan'? and the Trem2R4’H mice from Jackson Laboratories (stock
#027918). Same sex littermates were group-housed (2-5 mice) with an ad libitum supply of food and water, under a 12-hour light/
dark photoperiod, at a controlled temperature and humidity. Experiments were performed in accordance with the UK Animal (Sci-
entific Procedures) Act, 1986 and following local ethical review. Due to the low sample size, analysis of sex differences was not
performed.

METHOD DETAILS

Genotyping
Ear, tail or brain biopsy tissue was processed by either in-house UCL or Transnetyx (Cordova, TN, USA) genotyping services to deter-
mine the presence of the knock-in genes.

Tissue extraction

Animals were decapitated and the brain rapidly extracted on ice and bisected in the sagittal plane. One hemisphere was drop-fixed in
10% formalin at 4°C overnight, then transferred to a 30% sucrose, 0.02% sodium azide in phosphate-buffered saline (PBS) solution
for long-term storage at 4°C. The other hemisphere was either snap frozen and processed for RNA extraction or used in other ex-
periments not presented in the current study.

Sectioning

A portion of the dorsal cortex was removed from the formalin-fixed hemispheres, to orient the sections such that the maximal number
of sections transverse to the long axis of the hippocampus could be obtained. A total of 36 serial sections containing transverse
ventral-medial hippocampus were prepared at 30 um using a frozen sledge microtome (Leica SM2010R). Sections were collected
into 0.02% sodium azide in 0.1 M PBS (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH
7.4) for immunohistochemistry. A block containing the remaining mid to dorsal hippocampus was dissected out of the remaining
un-sectioned tissue then paraffin-embedded and sectioned transverse to the long axis of the hippocampus at 8 um using a rotary
microtome (Leica RM2235) and collected directly onto SuperFrost plus slides for spatial transcriptomics.

Nanostring GeoMx digital spatial profiler

The paraffin embedded sections were processed by the Nanostring Technology Access Programme (Seattle, WA, USA). Epitope
retrieval and staining was performed using the Leica Bond Autostainer. In the first step, the slides were baked at 60°C for 30 minutes.
Heat induced epitope retrieval was then performed with 0.1 ng/ml proteinase K (Thermo Fisher, AM2546) in Epitope Retrieval Solution
2 (Leica, AR9640) for 20 minutes at 100°C. Following this, the slides were removed from the autostainer and hybridised with whole
transcriptome RNA detection probes, each conjugated to a unique photocleavable DNA oligo tag (Nanostring Technologies), over-
night at 37°C. Stringent washes in equal parts 4x saline-sodium citrate (SSC) buffer and 100% formamide were performed twice for
25 minutes at 37°C followed by a final wash in 2x SSC buffer. Non-specific binding was blocked using buffer W (proprietary blocking
buffer from NanoString) followed by incubation with the appropriate antibodies (mouse anti-GFAP Alexa-Fluor 488 conjugate, (Invi-
trogen, Cat # 53-9892-82), mouse anti-Ap40/42 Alexa Fluor 594 conjugate (Nanostring, Cat # 121301306) and rabbit anti-TMEM119
(SynapticSystems, Cat # 400 002) alongside goat anti-rabbit Alexa Fluor 647 (Thermo Fisher, Cat # A11037)). Nuclei were
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counterstained (SYTO 13, Invitrogen, S7575) in buffer W for 1 hour at room temperature. Finally, the slides were washed in 2x SSC
buffer.

Region of interest (ROI) selection

ROIs were defined based on the morphological stains. For each NLF and NLFTrem mouse two types of ROl were defined: 1. in
the region of heaviest plaque load in which all astrocytes and microglia would fall within about 30 um of a plaque and 2. (for all ge-
notypes), a region which did not contain plaques and with borders >50 um from any visible plaque. One section from each mouse was
used to select ROIs, with 1-3 of each type of ROI per section.

2R47H

Area of interest (AOI) selection
Within the plaque containing ROI, AOIs were defined as follows:

® On plaque microglia, co-localisation of TMEM119 & AB42 ;
® Periplaque microglia, TMEM119 staining not colocalised with AB42.
® Plaque/periplague astrocytes, all GFAP staining.

Within the ROls without plaques, AOIs were defined as follows:

® Away microglia, all TMEM119 staining
® Away astrocytes, all GFAP staining

Library preparation and readout

RNA probe-associated DNA oligo tags were released by illuminating the chosen AOIls under ultraviolet laser exposure and
aspirated into a microtiter plate, whereby each well contains the DNA oligo tags of a single AOI. The aspirates were dried
and diluted in nuclease free water. DNA oligo tags were uracil removed and PCR cycled with GeoMx seq code PCR master
mix (Nanostring Technologies) and GeoMx SeqCode primers (Nanostring Technologies). PCR product was AMPure bead pu-
rified initially with a 1.2x bead:sample ratio followed by a 1.2x bead:resuspended sample ratio. Samples were then sequenced
on an lllumina NextSeq 2000. FASTQ files were filtered, demultiplexed, and converted to the digital count conversion file
format using DND.

Analysis

Deduplicated counts were normalised to the average Actb and Actg1 count as follows. For each AOI, the count for each gene was
divided by the mean of the Actb and Actg1 counts in that AOI and the normalised value multiplied by the mean count for Actb and
Actg1 across all AOls, resulting in a normalised expression value that was comparable to the level of the raw data. Where this fell
below 15 the ROI was discarded. Where >1 AOI was collected from a section for the same category (plaque, periplaque or away)
the data were averaged giving n=1 per section to avoid pseudo-replication.

Histology

Free-floating 30 um sections were washed once in PBS for 10 minutes. The sections then underwent antigen retrieval in SSC
buffer (10mM, pH 9.0) for 30 minutes at 80°C. The tissues were permeabilised by washing three times for 10 minutes in 0.3%
Triton X-100 in PBS (PBST). Non-specific binding was blocked for 1 hour in 10% donkey serum, followed by incubation with
the appropriate primary antibodies in blocking solution at 4°C overnight (1:1000 rabbit anti-IBA1 (FujiFilm Wako Chemicals, Cat
# 019-19741); 1:500 sheep anti-TREM2 (R&D Systems, Cat # AF1729); 1:500 rat anti-CD68 (Biorad, Cat # MCA1957)). The
next day sections were washed three times for 10 minutes in PBST followed by a 2-hour incubation in the dark with secondary
antibodies in blocking solution (1:1000 donkey anti-rabbit Alexa Fluor 594 (Invitrogen, Cat # A32754), 1:1000 donkey anti-sheep
Alexa Fluor 647 (Abcam, Cat # AB150179), 1:1000 goat anti-rat Alexa Fluor 594 (Abcam, Cat # AB150160), and anti-TMEM119 as
above). Finally, nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and plagues labelled with Amytracker520
(Ebba Biotech, Sweden).

Imaging for immunohistochemistry

Epiflourescent photomicrographs of whole cross-sectional hippocampal regions were serial scanned under a 20x objective at con-
stant light, gain and exposure settings using an EVOS® FI Auto Cell imaging microscope. Three sections per animal were imaged. For
all analyses, data from replicates from a single animal were averaged for n=1 estimate/animal.

CD68 epifluorescence was analysed with confocal microscopy. Images were on a Zeiss LSM 780. Z-stacks were acquired of the
same tissue area and plane as plaques (20 stacks per image, 1-um apart). DAPI was detected at a wavelength of 356 nm, CD68 at
594 nm, and Iba1 at 647 nm. Constant light intensity, gain and exposure were used for image acquisition. A minimum of 4 sections
were imaged and used as a mean for each animal, and a total of 4-5 mice per group were analysed.
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Protein intensity analysis
Analysis was carried out using custom written semi-automated macros within ImagedJ and blinded to genotype. The macros are avail-
able at: https://doi.org/10.5281/zenodo.5847431.

® Plaque thresholding macro

The hippocampal region within an image was selected by manual tracing and subsequently converted to 8-bit colour and individ-
ually thresholded to account for background stain variability. The threshold for each section was established as follows:

As the Image J threshold setting is increased, the area measured decreases. By plotting a range of 40 increasing threshold settings
against the associated thresholded area, as a percentage of total area, the points form an exponential decay to a 0% asymptote.
When the final 40% of the values are fitted with a straight line, the intersection of this line with the data points is used for the threshold
for that section. Particles <10 um? were considered as noise and excluded from the analysis.

® Plaque concentric circles macro

For each plaque within the selected hippocampal region, concentric circles were drawn outwards with increasing 10 pm radii from
the plague, reaching a final circle with a radius of the average plaque radius plus 100 um. Where two plaques were distanced <200 pm
apart, concentric circles terminated at the nearest 10 um to the halfway point to avoid overlapping data. As most plaques in the pla-
que ROls were not more than 100 um apart data are shown up to 50 um from the plaque edge.

® Concentric circles macro for controls

For images from WT and NLFTrem2%4"" mice, ten randomly placed circles each with a 20 pm radius, were positioned within the
hippocampus and to imitate the measurement in relation to plaques above, circles were drawn outwards with incrementing 10 um
radii reaching distance of 100 um from the inner circle.

® Protein intensity macro

Fluorescence intensity within the regions identified as microglia (AU/pixels) was calculated for plaque regions and radiating
concentric rings.

Microglial density analysis

Following running of the macros, microglial number (cells coexpressing IBA1 and DAPI) was manually counted for each concentric
ring using Adobe Photoshop 2020 and density calculated by dividing by ring area.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9. Unless otherwise stated, two-way ANOVAs were followed by Sidak-
corrected post hoc analyses, only in the case of a significant interaction. Statistical significance was defined as p < 0.05 after correc-
tion. All sample sizes represent numbers of animals; the mean of technical repeats on samples from the same animal were calculated
prior to analysis. Data is plotted as mean + SEM.

ADDITIONAL RESOURCES

The genome-wide results are available at https://edwardslab.shinyapps.io/MouseacST/.
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