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dDepartment of Neurology and Weill Institute for Neurosciences, University of California, San
Francisco, San Francisco, CA 94158, USA

Abstract

The R47H variant of triggering receptor expressed on myeloid cells 2 (TREMZ) increases the
risk of Alzheimer’s disease (AD). To investigate potential mechanisms, we analyzed knockin
mice expressing human 7REMZ-R47H from one mutant mouse 7remZallele. TREMZ2-RATH
mice showed increased seizure activity in response to an acute excitotoxin challenge, compared
to wildtype controls or knockin mice expressing the common variant of human 7TREMZ.
TREMZ2-RATH also increased spontaneous thalamocortical epileptiform activity in Agp knockin
mice expressing amyloid precursor proteins bearing autosomal dominant AD mutations and a
humanized amyloid-f sequence. In mice with or without such App modifications, TREM2-R47TH
increased the density of putative synapses in cortical regions without amyloid plaques. 7TREMZ2-
R47H did not affect synaptic density in hippocampal regions with or without plaques. We
conclude that TREM2-R47H increases AD-related network hyperexcitability and that it may do
so, at least in part, by causing an imbalance in synaptic densities across brain regions.

Keywords

Alzheimer’s disease; Amyloid precursor protein; EEG; Epilepsy; Glia; Hyperexcitability;
Microglia; Network dysfunction; Synapses; TREM?2

Introduction

Microglia, the innate immune cells of the brain, express multiple gene products that affect
the risk of developing Alzheimer’s disease (AD) (Bellenguez et al., 2022). A prominent
example is the triggering receptor expressed on myeloid cells 2 (TREMZ2), which belongs

to the immunoglobulin superfamily and, in the brain, is expressed primarily by microglia
(Jay et al., 2017; Ulland and Colonna, 2018; Deczkowska et al., 2020). Genetic variants that
impair TREM2 functions increase AD risk in heterozygous carriers (Guerreiro et al., 2013;
Jonsson et al., 2013; Jay et al., 2017; Song et al., 2017; Ulrich et al., 2017; Ulland and
Colonna, 2018). Homozygous mutations that inactivate TREM2 cause Nasu-Hakola disease,
which combines early-onset dementia with epilepsy and other abnormalities (Paloneva et al.,
2002; Bianchin et al., 2004; Kaneko et al., 2010; Nakamagoe et al., 2011; Jay et al., 2017).

Like humans with AD, mouse models with cerebral accumulation of human amyloid-p (Ap)
have increased microglial expression of TREM2 (Melchior et al., 2010; Matarin et al., 2015;
Zhou et al., 2020; Das et al., 2021; Schoch et al., 2021; Xia et al., 2022). Increasing TREM2
levels reduced amyloid pathology in such models (Lee et al., 2018; Schlepckow et al., 2020),
whereas reducing TREM2 levels diminished the number of plaque-associated microglia and
increased plaque-associated axonal dystrophy (Wang et al., 2016; Yuan et al., 2016), with
variable effects on overall plaque burden (Ulrich et al., 2014; Ulrich et al., 2017; Ulland and
Colonna, 2018; Wood et al., 2022).

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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Thus, the increased microglial expression of TREM2 in AD brains is more likely to
represent an adaptive than a maladaptive or pathogenic process. This conclusion is further
supported by recent studies demonstrating that reduced expression of TREM2 exacerbates
epileptic activity in mice injected with an excitotoxin (Das et al., 2021) or placed under
urethane anesthesia (Stoiljkovic et al., 2022). These findings raise the possibility that
microglia require normal levels of TREM2 to effectively suppress network hyperexcitability,
a term we will use synonymously with hypersynchronous and epileptiform network activity.
The potential clinical significance of network hyperexcitability in regard to dementing
disorders and related TREM2 variants is highlighted by studies demonstrating a faster
cognitive decline in sporadic AD patients who have nonconvulsive epileptiform activity
(Vossel et al., 2016; Horvath et al., 2021) or who carry the R47H variant of TREM2
(Del-Aguila et al., 2018), and by the association of dementia with seizures in Nasu-Hakola
disease (Kaneko et al., 2010; Nakamagoe et al., 2011).

Although AD is associated with an increased incidence of generalized tonic-clonic seizures,
such seizures are more common in autosomal dominant familial AD (FAD) than in sporadic
AD (Palop and Mucke, 2016; Zarea et al., 2016; Voglein et al., 2019). However, a substantial
proportion of patients with sporadic AD have “subclinical” nonconvulsive epileptiform
activity, which occurs most frequently during sleep (Vossel et al., 2016; Horvath et al.,
2017; Lam et al., 2020). Similar nonconvulsive epileptiform activity is found in human
amyloid precursor protein (hAPP) transgenic mice (Palop and Mucke, 2016) and in App
knockin mice whose App alleles carry FAD mutations and have a humanized A sequence
(Johnson et al., 2020). In hAPP transgenic mice, suppressing epileptiform activity with

the antiepileptic drug levetiracetam reversed cognitive and synaptic deficits (Sanchez et al.,
2012; Nygaard et al., 2015; Das et al., 2021) as well as aberrant microglial gene expression
(Das et al., 2021; Onos et al., 2022), suggesting that these abnormalities are driven, at least
in part, by epileptiform activity.

The R47H variant of human TREMZ2 increases AD risk by 2—4-fold (Guerreiro et al., 2013;
Jonsson et al., 2013; Jay et al., 2017; Song et al., 2017; Ulrich et al., 2017; Ulland and
Colonna, 2018). Here we show that heterozygous TREMZ* knockin mice, in which one
mouse 7remZ2allele was modified to encode the R47H variant of human TREM2 (Sayed et
al., 2021), have increased epileptiform activity when injected with the proconvulsant kainic
acid or bred onto a homozygous AppNL-C-F/NL-G-F knockin background (Saito et al., 2014),
as compared to controls. 7REMZ3* knockin mice also had an increased cortical density of
pre- and postsynaptic markers, an alteration that may reflect microglial deficits in synaptic
pruning (Filipello et al., 2018; Gratuze et al., 2020; Scott-Hewitt et al., 2020) and could
promote network hyperexcitability (Chu et al., 2010; Faria et al., 2017; Han et al., 2023).

Materials and Methods

Mice

All mice were maintained on a C57BL/6J background. 7TREM2Y* and TREMZR'* knockin
mice, in which one mouse 7remZ allele was modified to encode the R47H variant or the
common variant of human 7REMZ, respectively (Sayed et al., 2021), were generated by
Drs. Faten Sayed and Li Gan. ApgNL-G-F/NL-G-F knockin mice (Saito et al., 2014), in which

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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both mouse App alleles have a humanized AB sequence and carry the Swedish (KM to NL),
Acrctic (E to G), and Iberian (I to F) mutations that cause autosomal dominant AD in humans
(Mullan et al., 1992; Nilsberth et al., 2001; Guerreiro et al., 2010), were obtained from Drs.
Takashi Saito and Takaomi Saido (RIKEN); for brevity, these mice are referred to here as
AppAP mice. Experimental and control groups were sex-balanced, matched for age and
background strain, and generated by the following breeding schemes.

To generate TREMZ* or TREMZR/* mice and Trem2*'* littermate controls, male
TREMZA or TREMZR* mice were bred with WT female C57BL/6J mice obtained
from the Jackson Laboratory (Stock # 000664). To generate TREMZ2* or Trem2''* mice
on the AppNL-G-FINL-GF hackground, female 7rem23/* mice were first bred with male
ApNL-G-F* mice from a different litter. Among the resulting offspring, male or female
TREMZA*1 ApoNL-CFI* mice were bred with 7rem2*1 AppNL-G-F/* mice of the opposite
sex from a different litter to generate experimental and control groups.

Genotyping was performed by PCR amplification of DNA extracted from mouse tail
biopsies. DNA was extracted by incubating tail samples in lysis buffer containing

proteinase K at 55 °C overnight. Lysates were centrifuged, diluted 1:50 in water,

and 2 pl of diluted lysate was used for PCR amplification. To identify 7REMZ/*

and TREMZR!* mice, we used primer sets that recognize human TREMZ (forward: 5°-
AGCTCTTCAGAGGAAACTGGGG-3’; reverse: 5’-TCGTGTCGGTAGTGTCTGCT-3’).
To identify AppNL-G-FINL-G-F mice, we used primer sets that differentiate WT
(forward:5"-ATCTCGGAAGTGAAGATG-3"; reverse: 5'-TGTAGATGAGAACTTAAC-3")
from mutant (forward: 5'-ATCTCGGAAGTGAATCTA-3’; reverse: 5'-
CGTATAATGTATGCTATACGAAG-3") App as described (Saito et al., 2014).

Unless indicated otherwise, mice were housed in sex-matched groups of up to five mice per
cage. They were maintained on a 12-h light/dark cycle, PicoLab Rodent Diet 5053 (Lab
Supply), and ad /libitum access to drinking water. All animal procedures were approved

by the Institutional Animal Care and Use Committee of the University of California, San
Francisco.

Kainic acid injections

Kainic acid (Tocris Bioscience) was dissolved in saline at a concentration of 5 mg/ml,
aliquoted, stored at —20 °C, and used within a month. On the day of injection, an aliquot
was thawed and diluted with saline to 1 mg/ml. One hour of baseline EEG recording was
obtained before the injection. While mice were connected to the EEG recording device,
kainic acid (5 mg/kg body weight) was injected intraperitoneally every 30 min for a total of
four injections and a total dose of 20 mg/kg body weight. After the injections, mice were
continuously monitored by EEG and video recordings for another 21 hours, as described
below.

Video-EEG recordings

For the implantation of recording electrodes, mice were anesthetized with isoflurane. For
the experiments in Fig. 1 and fig. S1, four Teflon-coated silver wire electrodes (0.125 mm
diameter) were soldered to a multichannel connector to make EEG plugs. After a skin

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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incision, small holes were drilled through the skull for the intracranial implantation of
electrodes. Recording electrodes were placed under the skull and over each parietal cortex

(2 mm posterior to Bregma and 2 mm from the midline). Reference electrodes were placed
over each frontal cortex (1 mm anterior to Bregma and 1 mm lateral from the midline).
Dental cement was used to insulate the wires and fasten the connector to the skull. Animals
were allowed to recover for =22 weeks before EEG recording started. Simultaneous video and
EEG recordings were done with a PowerLab data acquisition system (ADInstruments) on
freely moving mice in a clear recording chamber for up to 24 h. EEG signals were acquired
at a sampling rate of 1000 Hz.

For the experiments in Fig. 2 and fig. S2, devices were custom-made using a Mill-Max
base (ED90267-ND, Mill-Max) to collect electrical activity from multiple brain regions
simultaneously. Each device contained screws to record EEG activity from the left and
right S1 cortex (0.5 mm posterior from Bregma, 3.5 mm lateral from midline), tungsten
depth electrodes targeting layers 2-3 and layer 5 of the right S1 cortex (1.3 mm posterior
from Bregma, 3.5 mm lateral from midline), the right hippocampus (1.3 mm posterior
from Bregma, 1.5 mm lateral from midline), and the right sensory thalamus (1.3 mm
posterior from Bregma, 1.5 mm lateral from midline), and an electromyogram (EMG)
tungsten wire to record deep parasagittal cervical muscle activity (see diagrams in Fig.

2, A and B). A ground screw was placed over the cerebellum (1 mm posterior and 0.5

mm lateral from Lambda). After electrode implantations under isoflurane anesthesia, mice
were housed individually and allowed to recover for at least one week before recording.
Electrocorticograms and thalamic local field potentials (LFPs) were recorded using an RZ5
signal processor and Synapse software (Tucker Davis Technologies) and sampled at 1017
Hz. Mice were continuously monitored during recordings with a video camera, which

was synchronized to the signal acquisition through the RZ5. Recording sessions lasted on
average 3.2 + 0.1 h (mean £ s.e.m.), and the length of recording periods did not significantly
differ among genotypes (P = 0.08 by one-way ANOVA). In mice that survived until the end
of the experiment, the location of depth electrodes was validated by histology.

Analysis of electrophysiological recordings

For the detection of epileptiform spikes and electroencephalographic seizures (Fig. 1 and
fig. S1), EEG recordings were analyzed with LabChart Pro software (ADInstruments). EEG
signals were filtered through a 5 Hz high-pass filter, 100 Hz low-pass filter, and 60 Hz

notch filter. To quantify individual epileptiform spikes, a macro written in LabChart was
used to automatically quantify events with an amplitude >=7-fold the root mean square of
baseline and an absolute value of the second derivative of the EEG signal 27000 mV/s2.
Excitotoxin-induced electroencephalographic seizures were identified when the power of the
EEG signal in the 20-60 Hz frequency range was =5-fold baseline for at least 5 s. Power
spectral density was calculated by fast-Fourier transformation of the EEG signal for 1-s bins.
Termination of seizures was defined by the return of 20-60 Hz frequency power to baseline
(Sato and Woolley, 2016), and the total duration of each seizure was quantified. Baseline
measurements were assessed in mice during periods of rest from a 20-min recording before
the first kainate injection. Seizure behavior was quantified according to a modified Racine
score adapted from studies in mouse models of epilepsy (Van Erum et al., 2019; Terzic et

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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al., 2021): 0, no abnormal behaviors; 1, freezing; 2, myoclonic jerks, head nodding, tail
stiffening; 3, forelimb clonus while sitting; 4, forelimb clonus with rearing and falling; 5,
tonic-clonic convulsions with jumping, running and loss of righting reflex.

For the detection and analysis of spontaneous spike-and-wave discharges (SWDs) (Fig. 2
and fig. S2), we used the Spike2 software (version 8.19a, Cambridge Electronic Design,
Cambridge, UK) and the Integrated Development Environment PyCharm (version 2020.3.2
JetBrains) as described (Paz et al., 2007; Paz et al., 2013). Briefly, this method detected
events = [1 x the mean + 2 X the standard deviation] of the EEG power in the 6-10

Hz frequency range that lasted =1 s and contained both spike and wave complexes. Supra-
threshold episodes with gaps <200 ms between them were combined into a single event.

All detected events were inspected by an investigator blinded to genotype and treatment, and
potential artifacts caused by movements or electrical noise were rejected.

Histopathology

Methods for the immunostaining and quantification of synapses were adapted from
previously published protocols (Sauerbeck et al., 2020; Verstraelen et al., 2020). Coronal
sections (30 um thick) of paraformaldehyde-fixed hemibrains were prepared with a freezing
microtome (Leica). For immunostaining of synaptic proteins, free-floating sections were
rinsed in phosphate-buffered saline (PBS) containing 0.1% Tween 20 detergent (PBST),
blocked in 3% hydrogen peroxidase for 15 min, rinsed in PBST, and incubated in antigen
retrieval buffer (0.1 M citric acid and 0.1 M sodium citrate, pH 6.0) for 10 min at 100

°C. Sections were rinsed twice in PBS, incubated for 1 h in a blocking solution containing
20% normal goat serum in PBST, and incubated in primary antibodies against bassoon
(1:500; Synaptic Systems) or homer 1 (1:250; Synaptic Systems) at room temperature for
24 h. Antibody-labeled sections were washed in PBST and incubated with anti-rabbit or
anti-mouse secondary antibody conjugated to Alexa-Fluor 594 or 647 (1:500; Invitrogen),
respectively, for 2 h in the dark at room temperature. Sections were then washed 3 times in
PBST, mounted onto charged glass slides, dried in the dark overnight, and incubated in the
dark for 10 min in a 1:1 mixture of PBS and ethanol containing 0.0015% filtered Thioflavin
S (ThioS, Millipore Sigma). Slides were washed three times in PBST, counterstained

with Hoechst 3342 (1:10,000; Thermo-Fisher Scientific), coverslipped with Mowiol 4-88
(Millipore Sigma) diluted 1:10 in Citifluor AF300 (Electron Microscopy Sciences), and
dried overnight in the dark at room temperature.

Brain sections were visually matched to coronal planes in the Allen Mouse Common
Coordinate Framework using anatomical landmarks such as outlines of the cingulum bundle,
corpus callosum and hippocampal CA1 region. Electrode tracts in the S1 somatosensory
cortex served as additional alignment guides. Sections located 1.94-2.06 mm posterior from
Bregma were imaged: 1.5-1.7 mm from midline for parietal cortex and 1.0-1.4 mm from
midline for hippocampus. For the quantitative analysis of synaptic density, images were
acquired on a Zeiss LSM880 microscope with an AiryScan detector using a 10x objective
and a 60x oil objective with a 10x zoom. For each brain section, a map was created

by capturing a 10x image, using DAPI and ThioS staining as a guide. Regions in the
hippocampal CA1 stratum radiatum or parietal cortex that were either >20 pm or <10 pm

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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from the outer edge of a 120-150 um? plaque were chosen for imaging. The objective was
switched to a 60x oil immersion lens and a z-scan image of the central 14 pm of each region
was captured. For each brain section, 1-2 images were captured per brain region, and 3-4
sections were analyzed per mouse.

After image acquisition, files were imported into Imaris for synaptic density quantification.
For each channel, puncta of synaptic protein immunoreactivity were detected with the spot
detector function, using an x-y size of 0.2 um, a z size of 0.6 um, and automated background
subtraction. A z guard was applied to each image to exclude any puncta that intersected

the image border. The same filters were applied for all images and the accuracy of the

spot detection tool in identifying puncta was confirmed for each image by an investigator
blinded to genotype. To quantify synaptic density, the number of spots was normalized to
the estimated volume of each image. The spatial (X, y, and z) coordinates of each spot

were exported into R for further analysis. Nearest neighbor analysis was performed with the
spatstat package in R (Baddeley et al., 2015) to determine the Euclidean distance between
each bassoon-positive puncta and the nearest homer 1-positive puncta. Bassoon and homer 1
puncta separated by a distance of <0.5 pm were defined as putative synapses (Sauerbeck et
al., 2020).

For the quantitative analysis of ThioS-labeled plaques, three hemibrain sections per mouse
were imaged on a wide-field epifluorescence microscope (Keyence) using a 10x objection.
Entire hemibrain sections were captured and plaques in the hippocampus were analyzed in
F1JI (Schindelin et al., 2012). For each section, the region of interest (ROI) was defined as
the outer border of the hippocampus, outlined with the pen tool, and converted into a binary
(black and white) image. The Analyze Particles plugin was used to count the number of
ThioS-positive plaques within each ROI. The number of plaques was normalized to the total
area of each ROI. Plaques touching the border of the ROl were excluded from analysis. For
each plaque within the ROI, the area occupied, circularity and average pixel intensity were
recorded.

Statistical analyses

All statistical analyses were performed with R Statistical Software (version 4.2.0; R
Foundation for Statistical Computing, Vienna, Austria). Statistical tests used, biological 7,
and definitions of significance are described in the figure legends.

Because some mice had no spikes or SWDs at some of the timepoints analyzed, these

data did not meet the expectation that residuals are distributed normally, a key requirement
for ANOVA tests. We therefore used alternative approaches to compare the occurrence

of these electrophysiological events across groups and ages. For comparisons of spike
counts following KA injections across groups, generalized linear models were used to
assess differences between groups. For comparisons of SWD occurrence across multiple age
groups, a generalized linear mixed-effects model was used to assess genotype differences.
For both measures, the occurrence of electrophysiological events was modeled using discrete
probability distributions (Poisson distribution and Negative Binomial distribution), which
are appropriate for discrete, count-like data that are not normally distributed (Laird and
Ware, 1982; Bates et al., 2015). Results from the model with the lower Akaike information

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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criterion (AIC) (Akaike, 1974) were reported. Pairwise comparisons were conducted for
each model using estimated marginal means (Lenth et al., 2022), and P values were adjusted
for multiple comparisons by the Holm-Sidak procedure.

For comparisons of continuous quantitative data, one- or two-way ANOVA was used,
followed by post hoc Tukey tests for pairwise comparisons between groups. We used the
Shapiro-Wilk test to assess whether the residuals were distributed normally. For data that
did not pass normality assumptions, a Kruskal-Wallis test was used, followed by post

hoc Mann-Whitney tests for pairwise comparisons between groups. For data that did pass
normality assumptions, we used the Bartlett test for homogeneity of variances. For data that
did not pass homogeneity of variance assumptions, Welch’s one-way ANOVA was used,
followed by post hoc Games-Howell tests for pairwise comparisons between groups.

Fisher’s exact test was used to compare proportions of male and female mice with SWDs.
To identify pairwise differences, a post-hoc Fisher’s exact test was applied, followed by the
Holm-Sidak procedure to adjust for multiple comparisons.

Tables S1 to S5 provide a summary of model specifications and results from all models
used.

Exacerbated epileptiform activity in kainic acid-challenged Trem2"/* knockin mice

Although AD increases the incidence of convulsive seizures, such seizures and their
escalation into status epilepticus are relatively rare in this condition (Scarmeas et al., 2009;
Palop and Mucke, 2016; Lam and Noebels, 2020). However, a substantial proportion of AD
patients have non-convulsive epileptiform activity (Mossel et al., 2016; Horvath et al., 2017;
Lam et al., 2017; Lam et al., 2020; Horvath et al., 2021). To assess the potential impact

of R47H-variant human TREM2 on the latter type of particularly AD-relevant network
dysfunction, we modified repeated low-dose kainic acid (KA) injection paradigms described
by others (Hellier and Dudek, 2005; Tse et al., 2014; Umpierre et al., 2016) to elicit
primarily non-convulsive epileptiform spike activity, relatively few convulsive seizures, and
no status epilepticus.

TREMZA* knockin mice (Sayed et al., 2021) received four intraperitoneal (IP) injections of
saline (control) or KA (5 mg/kg), 30 min apart. Additional controls consisted of age- and
sex-matched 7REMZA/* knockin mice, in which one mouse 7remZallele was modified to
encode the common variant (R47) of human TREM2 and which expressed similar levels

of human TREM2 as TREMZ* mice (Sayed et al., 2021), as well as 7remZ2** (WT)
littermates from each 7remZ2knockin line. Since female sex seems to increase the biological
effects of TREM2 hypofunction (Sayed et al., 2021; Essex et al., 2022), we focused these
initial studies on female mice. Because one would expect AD-relevant pathomechanisms to
be age-dependent, we assessed replicate groups of mice at two ages.

Since both seizures and individual epileptiform spikes can provide evidence for AD-relevant
network hyperexcitability, we used intracranial electroencephalography (EEG) to quantify

Neurobiol Dis. Author manuscript; available in PMC 2023 November 27.
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cumulative cortical spike counts, including spikes that formed part of a seizure (“ictal
spikes™) and intermittent single spikes that occurred between or independent of seizures
(“interictal spikes”) (Fig. 1). At 5-6 months of age, TREMZ* mice had an increased
number of epileptiform spikes after the KA challenge, as compared to controls (Fig. 1, A to
E). Biological n, statistical tests used, and definitions of significance are described in figure
legends and Methods. For additional statistical details, see tables S1 to S5.

In all groups, the majority of spikes were interictal rather than ictal (Fig. 1, D and E),
consistent with the mild KA challenge used, which elicited only a small number of seizures
of relatively short durations (Fig. 1, F and G). None of the mice developed status epilepticus.
Although the largest number of seizures and longest cumulative time spent in seizures were
observed in TREMZ3* mice, these measures did not significantly differ among groups
(Fig. 1, F and G). However, maximal KA-induced spike frequencies in 7REM2Y* mice
clearly exceeded those of all other groups (Fig. 1H). Notably, 7TREMZR/* mice expressing
the common variant of human TREM2 did not differ from WT mice in any of the above
measures (Fig. 1, B to H). At 2-3 months, the four groups of mice had comparable levels of
KA-induced epileptiform spike activity (fig. S1), suggesting that the impact of 7TREMZ*
on KA-induced network hyperexcitability is age-dependent.

No differences in epileptiform spike activity were observed among genotypes during 20-min
recordings that immediately preceded the KA injections or that followed them by 20 h (fig.
S2). TREMR* mice were not included in the subsequent components of this study because
their extent of KA-induced epileptiform activity did not differ from that of WT controls (Fig.
1, B to H and fig. S1, B to H).

TREM2H increases spontaneous epileptiform activity in untreated App™P mice

The findings described above indicate that 7TREM2 exacerbates epileptiform activity
caused acutely by an excitotoxin. To determine whether TREMZ2 also exacerbates
epileptiform activity caused by chronic expression of FAD-mutant APP/AB, we crossed
TREMZ* mice onto a homozygous AppNL-C-F/NL-G-F hackground (Saito et al., 2014).
From here on, we will refer to AggNL-G-FINL-G-F mice as ApgAP mice for brevity.

Like hAPP transgenic mice, Apg™P mice develop prominent amyloid pathology

and nonconvulsive epileptiform activity (Johnson et al., 2020). However, the relative
preponderance of specific epileptiform events can differ among models. For example,
compared to hAPP-J20 transgenic mice, AggP mice have fewer individual epileptiform
spikes but more spike-and-wave discharges (SWDs) (Johnson et al., 2020).

To assess the effect of TREMZ on epileptiform activity in Apg™AP mice, we recorded
surface EEG activity from the S1 somatosensory cortex of female and male 7rem2*’*
(WT), TREMZ2 Trem2*1 AppAP, and TREMZ2*1 AppHAP mice at 10-12, 13-15, and
16-18 months of age. Depth electrodes were used to measure LFPs and multi-unit firing
activity from the thalamus and hippocampus of the same mice. In contrast to 7rem2** and
TREMZA* mice, Trem2**1ApdAP and TREMZ*1 ApgFAP mice had spontaneous SWDs
that were detected concomitantly in the EEG and in thalamic, but not hippocampal, field
potentials (Fig. 2, A to C and fig. S3). These discharges were characterized by 8-9 Hz
peak frequency in the spectrogram (Fig. 2, A to C), occurred during wakefulness, and were
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associated with behavioral arrest (Fig. 2A). In combination with the absence of SWDs in
WT controls, these characteristics make it likely that the SWDs of Trem2*/ ApgAP and
TREMZ* ApgFAP mice represent abnormal epileptiform events. With aging, the frequency
of these SWDs increased to higher levels in TREM2*1 AppFAD than Trem2*1 ApgFAP
mice (Fig. 2, D and E), indicating that 7TREM2 also exacerbates the epileptiform activity
caused by FAD-mutant APP. The proportion of mice that exhibited at least one SWD during
the recording was lower in female than male 7rem2*/*/ Apg™AP mice but similar to male
Trem2**1 ApgFAP mice in both male and female 7TREMZ2*1ApAP mice (Fig. 2F).

Increased cortical density of synaptic markers in TREM2"/*/App*/* and TREM2H*/AppFAP

mice

At 21-22 months of age, TREMZ* ApgAP mice did not differ from Trem2**] ApdAP
mice in regard to the number, size, and fluorescence intensity of thioflavin S (ThioS)-
positive amyloid plaques in the cortex and hippocampus (Fig. 3). These results are consistent
with previous studies indicating that TREM2 hypofunction does not alter overall plaque
burdens in mice producing human AR peptides (Ulrich et al., 2014; Yuan et al., 2016).

See, however, refs. (Ulrich et al., 2017; Ulland and Colonna, 2018; Wood et al., 2022) for
divergent results.

In addition to amyloid plaques, humans with AD and related mouse models have reduced
densities of synapses in the cortex and hippocampus (Terry et al., 1991; Mucke et al.,

2000; Chin et al., 2004; Morrison and Baxter, 2012). To assess the effect of TREM2

on synaptic densities, we colabeled brain sections from the different groups of mice with
antibodies against the presynaptic protein bassoon and the postsynaptic protein homer 1.
Pairs of bassoon-positive and homer 1-positive puncta that were <0.5 pm apart were defined
as synaptic puncta (putative synapses) (Fig. 4A and ref. (Sauerbeck et al., 2020)).

We focused our synapse analysis on the parietal cortex because this brain region is affected
by AD (delpolyi et al., 2007; Jacobs et al., 2012) and shows extensive amyloid deposition
as well as electrophysiological abnormalities in Ap™P mice (Saito et al., 2014; Whitesell
et al., 2019; Johnson et al., 2020). In addition, its large size and uneven amyloid deposition
facilitate the comparison of synaptic densities at different distances from plaques.

TREMZ2 increased the density of presynaptic, postsynaptic, and synaptic puncta in plaque-
free areas of the parietal cortex in both Apg*’* and Ap™AP mice, as compared to
corresponding groups on the 7rem2** background (Fig. 4, B to D). Adjacent to ThioS-
positive plaques, 7rem2*1ApgFAP mice had reduced densities of presynaptic puncta and
showed a trend toward reduced densities of postsynaptic and synaptic puncta, as compared
to plaque-free areas of the parietal cortex (Fig. 4, E to G). Plaque-associated reductions

of postsynaptic and synaptic puncta were greater and statistically more significant in
TREMZ2*1 ApgFAP mice (Fig. 4, E to G), although this difference was caused, in good
part, by the increased density of postsynaptic and synaptic puncta in plaque-free areas of
their cortex (Fig. 4, E to G).

In contrast, TREMZ did not significantly change the density of presynaptic, postsynaptic,
and synaptic puncta in plaque-free areas of the hippocampus in AP or App** mice,
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as compared to corresponding groups on the 7rem2*’* background (Fig. 5, A to C).

The density of synaptic puncta was reduced in the vicinity of hippocampal plaques in

both 7rem2'*| ApgFAP and TREMZ*| AprFAP mice, and the latter group also had plaque-
associated reductions in postsynaptic puncta (Fig. 5, D to F). In addition, trends toward
plaque-associated reductions were observed for pre- and postsynaptic puncta in 7rem2t’*/
AprAP mice and for presynaptic puncta in TREM2*/ AppFAP mice (Fig. 5, D to F).

Discussion

Our findings suggest that the R47H variant of human TREM2 impairs the ability of
microglia/macrophages to suppress network hyperexcitability caused either acutely by
injection of an excitotoxin or chronically by expression of FAD-mutant APP/AB. These
results are likely relevant to AD because this illness is associated with an increased risk

of seizures (Palop and Mucke, 2016), nonconvulsive epileptiform activity (Mossel et al.,
2016; Horvath et al., 2017; Lam et al., 2017; Lam et al., 2020), excitotoxicity-causing
microinfarcts (Shih et al., 2013; Kalaria and Sepulveda-Falla, 2021), and the abnormal
accumulation of APP metabolites (Multhaup et al., 2015; Haass and Selkoe, 2022). Since
the detection of nonconvulsive epileptiform activity by EEG or magnetoencephalography
predicts a faster cognitive decline in patients with sporadic AD (Mossel et al., 2016; Horvath
et al., 2021), a reduced capacity of TREM2-R47H-expressing microglia to counteract this
type of network dysfunction could contribute to the accelerated cognitive decline that has
been observed in R47H carriers (Del-Aguila et al., 2018). Indeed, network hyperexcitability
may promote the progression of AD by disrupting diverse aspects of the brain’s “core
homeostatic machinery” (Frere and Slutsky, 2018), including genome stability, proteostasis,
energy metabolism, immune responses, and calcium homeostasis (Palop and Mucke, 2016;
Frere and Slutsky, 2018; Shanbhag et al., 2019; Das et al., 2021; Ghatak et al., 2021).

Although R47H-variant TREM2 clearly increased the susceptibility to network
hyperexcitability triggered by other pathogenic factors, it did not elicit epileptiform activity
in the absence of such cofactors. In contrast, expression of FAD-mutant APP was sufficient
to elicit such activity. These findings may be in line with the differential impact of

these genetic alterations on AD development overall: autosomal dominant APP mutations
typically cause early-onset AD with a high degree of penetrance, whereas R47H-variant
TREM?2 increases the relative risk of developing AD of later onset by <4-fold (Guerreiro et
al., 2013; Jonsson et al., 2013; Karch and Goate, 2015; Jay et al., 2017; Song et al., 2017,
Ulrich et al., 2017; Ulland and Colonna, 2018; Bellenguez et al., 2022).

Because heterozygous 7rem2knockout ( 7rem2'!™) mice also have a reduced seizure
threshold after kainic acid injection (Das et al., 2021), it is likely that the increased

seizure activity we detected in 7REMZ* mice after this challenge (relative to TREMZR/*
and Trem2*'* mice) and on the AppX! background (relative to 7rem2* mice) reflects

a hypofunction of R47H-variant human TREMZ2 relative to common variant human
TREM2 or WT mouse TREMZ2. This conclusion is consistent with other lines of evidence
supporting a hypofunction mechanism of TREM2 variants that increase the risk of AD

or other dementias (Cheng-Hathaway et al., 2018; Sudom et al., 2018). It is interesting
that the R47H substitution promotes the development of AD even when co-expressed
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with an allele encoding unaltered and putatively fully functional mouse TREM2. Thus,
to function properly, microglia/macrophages seem to require a specific level of TREM2
expression/activity, at least when responding to pathological challenges. Alternatively,
disease-associated TREM2 variants may somehow counteract the functions of common
variant TREM2. These possibilities are not mutually exclusive.

How exactly does TREM2 support, and TREM2 hypofunction impair, the ability of
microglia to suppress network hyperexcitability? Although our study was not designed to
conclusively answer this question, our quantification of synaptic puncta in different brain
regions identified a potential mechanism that merits exploration in additional studies. Here,
TREMZ2 increased the density of putative synapses in the cortex, a brain region that
showed exacerbated epileptiform activity in KA-treated 7REMZ* mice and untreated
TREMZA*] AppFAP mice. In contrast, 7REMZ2 did not alter the density of putative
synapses in the hippocampus, which did not show exacerbated epileptiform activity in
TREMZ*| ApgAD mice. It is tempting to speculate that the excessive density of synapses
in the cortex of TREMZ* mice promotes the establishment of epileptogenic circuits after
pathogenic cofactors such as excitotoxins or ApgrAP trigger aberrant patterns of neuronal
activity. Such a two-hit scenario is likely required for TREMZ2 to promote epileptiform
activity, as TREMZ*1 Appt'* and TREMZ2*1 ApFAP mice had comparable elevations in
cortical synaptic puncta, only 7TREMZ23*| ApgFAP mice developed spontaneous epileptiform
activity, and detecting an increased seizure risk in the TREM2Y*/ App** model required an
excitotoxin challenge. The lack of spontaneous epileptiform activity in 7TREM2*] Appt*
mice further supports the notion that their increased cortical density of putative synapses is
more likely a cause than a consequence of their reduced seizure threshold.

Notably, microglial “sculpting” of neural circuits by synaptic pruning occurs physiologically
during brain development (Stevens et al., 2007; Schafer et al., 2012) and promotes the
forgetting of remote memories in adult mice (Wang et al., 2020). It is conceivable that
synaptic pruning by microglia also counteracts epileptogenesis, for example, by preventing
the establishment of maladaptive circuits that promote network hyperexcitability (Chu et al.,
2010; Faria et al., 2017; Han et al., 2023). In line with this hypothesis, complete ablation

of TremZreduced microglial activation after IP injection of KA (Zheng et al., 2017),

and impaired synapse elimination, enhanced excitatory neurotransmission and reduced long-
range functional connectivity during brain development (Filipello et al., 2018). Homozygous
knockin rats expressing R47H-mutant rat TREM2 had enhanced AMPA receptor-mediated
synaptic transmission and reduced long-term potentiation, and both abnormalities were
reversed by treatment of hippocampal slices with a neutralizing antibody to TNF-a (Ren et
al., 2020). Taken together, these findings suggest that TREM2 hypofunction variants may
promote the development of epileptiform activity by impairing the ability of microglia to
prune synaptic connections that become involved in the formation of maladaptive circuits
after exposure to proepileptogenic conditions.

Several other signaling pathways have been implicated in the suppression of epileptic
activity by microglia, but their potential links to TREM2 remain to be explored.

Genetic ablation of the P2Y 12 receptor, which mediates ATP-induced microglial

process chemotaxis, reduced seizure-induced increases in microglial process numbers and
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exacerbated kainate-induced seizure behaviors (Eyo et al., 2014). Microglia-specific deletion
of Entpd1, which encodes the ATP/ADP-hydrolyzing ectoenzyme CD39, exacerbated
pharmacologically-induced seizures (Badimon et al., 2020). Pharmacological blockade of
microglial ATP/ADP sensing by inhibiting P2RY 12 activity prevented the neuronal activity-
induced recruitment of microglial processes (Badimon et al., 2020). Genetic inhibition of
Gij-coupled signaling in microglia impaired microglial process motility, increased network
hypersynchrony after physiologically evoked neuronal activity, and caused spontaneous
seizures in mice (Merlini et al., 2021).

Our findings provide additional support for the notion that enhancing TREM2 activity

could be of therapeutic benefit in AD and other dementias associated with hypofunction of
TREM2 (Zheng et al., 2017; Lee et al., 2018; Lewcock et al., 2020; Schlepckow et al., 2020;
Ferrara et al., 2022), and extend this concept to the suppression of network hyperexcitability.
Indeed, additional studies are needed to explore whether TREM2 enhancement could
counteract network hyperexcitability also in other conditions associated with excessive
excitation/inhibition ratios, including epilepsies and neuropsychiatric disorders.

Limitations of the Study

The R47H variant of TREMZ2 increases AD risk in heterozygous human carriers (Guerreiro
etal., 2013; Jonsson et al., 2013; Jay et al., 2017; Song et al., 2017; Ulrich et al., 2017,
Ulland and Colonna, 2018). Because the other 7REMZallele in these carriers encodes the
common variant of human TREM2 rather than mouse TREM2, it would be interesting to
repeat our analyses in TREMZRM and TREMZRR knockin mice expressing only human
but not mouse TREMZ2. The potential sex effects shown in Fig. 2E and F may suggest

that females can suppress Apgr*P-induced epileptiform activity more effectively than males
but that their capacity to do so critically depends on TREM2, in line with other evidence
indicating a greater susceptibility of females to TREM2 hypofunction (Sayed et al., 2021;
Essex et al., 2022). However, because the number of mice we were able to analyze varied
across experimental groups and was relatively small in some of them, larger cohorts of
female and male mice should be tested to confirm the findings obtained in the current study.
Because we obtained electrophysiological recordings from specific cortical, hippocampal,
and thalamic subregions, we do not know if TREM2 also enhanced epileptiform activity in
other brain regions that was not captured by our electrodes. It would also be interesting to
explore whether the effects of TREMZ2 on AD-related epileptiform activity are influenced
by brain states such as sleep and attentiveness. In the complex, multifactorial context of
AD, TREM2 and microglia likely have direct and indirect interactions with additional
pathogenic factors besides those investigated in the current study, including with tau and
apolipoprotein E4 (Atagi et al., 2015; Yeh et al., 2016; Shi and Holtzman, 2018; Gratuze

et al., 2020; Sayed et al., 2021). We used immunostaining for bassoon and homer 1 to
estimate the density of putative synapses. However, additional approaches are required to
confirm that changes in these markers are accompanied by changes in the corresponding
synaptic structures. Particularly interesting questions to further pursue in this regard are
whether the increased density of synaptic puncta we observed in the cortex of TREMZ
mice represents an abnormal accumulation of synapses that are functional, cause aberrant
excitation/inhibition ratios, promote the formation of epileptogenic circuits, and/or disrupt
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network activity through other mechanisms. We did not resolve why 7TREMZ2 increased
the density of synaptic puncta in the cortex but not the hippocampus, a finding that raises
interesting questions about potential differences in the roles of TREM2 and microglia in the
regulation of synapses across brain regions. Lastly, our study was not designed to causally
link alterations in neural network activity to specific molecular or cellular alterations.
Detailed comparisons of the ages at which these alterations first become detectable and
follow-on perturbation analyses will be required to conclusively define such relationships.

Conclusions

The results of this study suggest that the AD risk-increasing R47H variant of TREM2
enhances neural hyperexcitability caused by excitotoxins or amyloid proteins, two factors
implicated in the pathogenesis of AD. The imbalance in synaptic densities across brain
regions we found in TREM2-R47H knockin mice could contribute to this effect through
the formation of aberrant neuronal circuits. Since other studies have found nonconvulsive
epileptiform activity to be associated with faster cognitive decline in patients with AD, a
reduced capacity of TREM2-R47H-expressing microglia to counteract this type of network
dysfunction could promote the development or progression of AD. Our findings support
the notion that enhancing TREMZ2 activity could be of therapeutic benefit in AD and other
dementias associated with hypofunction of TREM2, and incorporate into this concept the
suppression of network hyperexcitability.
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Figure 1. Increased epileptiform activity after excitotoxin challengein TREM2H* mice.
(A to H) Video-EEG recordings were obtained from 5-6-month-old female mice before and

after four low-dose KA injections. Knockin mice were compared with WT controls from the

respective line as indicated.

(A) Representative EEG traces before (baseline) and after (seizures and interictal spikes) KA
injections from a 5-month-old 7REM2Y* mouse and an age-matched WT control.
(B) Spike numbers per 30-min bins recorded during 7 h after the first KA injection,
independent of whether spikes occurred during or between seizures.
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(C) Total number of spikes during 7 h after first KA injection.

(D) Number of ictal spikes during 7 h after first KA injection.

(E) Number of interictal spikes during 7 h after first KA injection.

(F) Number of seizures during 7 h after first KA injection; no seizure lasted >5 min.

(G) Cumulative amount of time for which mice had seizures during 7 h after first KA
injection.

(H) Maximal spike frequency reached within any 30-min bin during 7 h after first KA
injection.

n=9-12 mice per genotype. Data were analyzed by Welch’s one-way ANOVA (B),
Kruskal-Wallis test (G), or generalized linear model (C to F, and H). These analyses revealed
significant group differences in (B to E, and H; < 0.01) but not (G). The number of
seizures (F) showed a trend-level difference between 7REMZY* mice and WT mice from
the TREMZR!* line. Pairwise comparisons of areas under the curve (AUC) in (B) revealed

a significant difference between 7REMZ2* mice and WT controls from the TREMZ/*

line (P< 0.05) and a strong trend toward a difference between 7TREMZ* and TREMR/*
mice (P=0.06). #£ =0.09, *P< 0.05, **P< 0.01, ***P < 0.001 by Mann-Whitney test
followed by Holm-Sidak correction (G) or pairwise comparisons of estimated marginal
means followed by Holm-Sidak correction (C to F, and H). In this and the other figures, only
statistically significant differences were indicated by brackets and asterisks. Dots in (C to H)
represent individual mice. Dots with error bars in (B) and bars in (C to H) are means £ s.e.m.
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Figure 2. TREM2 increasesthe frequency of thalamocortical SWDsin App™P mice,
(A to F) Electrophysiological recordings were obtained from freely behaving female and

male mice at 10-12, 13-15, and 16-18 months of age.

(A to C) Representative results from a single female 7TREMZ*/ AppFAP mouse.
(A) Electrode locations (left) and corresponding traces (right). The EEG was recorded from

the primary somatosensory (S1) cortex, the differential local f

ield potentials (dLFPs) from

the hippocampus and thalamus, and the EMG from neck muscles. The spectrogram shown

above the EMG trace was generated from the EEG recording.
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shadings) in the cortex and thalamus were associated with changes in the spectrogram (see
panel (C) for details) and with reduced EMG activity (indicating behavioral arrest).

(B) Hlustration of SWD detection. EEG signals were band-pass (BP) filtered at 6-10 Hz and
an SWD detection threshold (Thr.) was applied as described in Methods. dB, decibels. Freq.,
frequency.

(C) Power spectra calculated from SWDs (white) and baseline (grey) EEG activity. Note the
dominant peak frequencies (8-9 and 16-18 Hz) during SWDs.

(D) SWD frequencies detected in female and male mice of the indicated genotypes and ages.
(E) Quantification of SWD frequency in female (empty dots) and male (black dots) mice at
13-15 months of age. No SWDs were detected in WT and 7REMZH* mice at this age. =
5-8 mice per genotype and sex.

(F) Percentage of female (empty bars) and male (grey bars) 7rem2**/ApgAP and
TREMZA ApgFAD mice with SWDs from (D).

n=11-16 mice per genotype. For (D), we calculated the area under the curve (AUC) and
analyzed the data by Kruskal-Wallis test and post hoc Mann-Whitney tests. All pairwise
comparisons revealed significant (P< 0.05) differences except for 7rem2**/App*/* vs.
TREMZA*|App** (P=0.13). For (E), we used a generalized linear mixed-effects model
that treated age, 7remZ genotype, App genotype, and the interaction among them as fixed
effects and individual mice as a random effect. **P < 0.01 based on a pairwise comparison
of estimated marginal means followed by Holm-Sidak correction. For (F), Fisher’s exact test
revealed a significant difference among groups (P < 0.01). *P < 0.05 by pairwise Fisher’s
exact test followed by Holm-Sidak correction. Dots in (E) represent individual mice. Dots
with error bars (D) and bars in (E) are means * s.e.m. Bars in (F) represent percentage.
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Figure 3. TREM2H doesnot alter plaquelevelsin the cortex or hippocampus of App':AD mice.

(A to G) Coronal brain sections from 21-22-month-old female and male mice of the
indicated genotypes were stained with ThioS (magenta) and DAPI (cyan) and the parietal
cortex was imaged by wide-field microscopy.

(A) Representative images of ThioS-positive plaques in the cortex of female TREMZ!*/
AptAD (left) and TREMZ2*1ApgFAP (right) mice. Scale bar: 50 pm.

(B) Number (No.) of plaques per mm? of cortical area.

(C) Plaque size (area covered per plaque) in cortex.
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(D) Fluorescence intensity of plaques in cortex.

(E) Number of plaques per mm? of hippocampal area.

(F) Plaque size (area covered per plaque) in hippocampus.

(G) Fluorescence intensity of plaques in hippocampus.

n = 7-8 mice per group. Data were analyzed with Student’s t-tests. No significant genotype
effects were identified. In (B to G), dots represent individual female (empty) and male
(black) mice, and bars are means + s.e.m.
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Figure4. TREM2 increases cortical synapse density.
(A to G) Coronal brain sections from 21-22-month-old female and male mice of the

indicated genotypes were immunolabeled for the presynaptic marker bassoon (green) and
the postsynaptic marker homer 1 (magenta), and stained for amyloid plaques with ThioS.
The parietal cortex was imaged by confocal microscopy. Synaptic puncta were operationally
defined as pairs of bassoon puncta and homer 1 puncta that were <0.5 pm apart. In

Trem2'*| ApgAP and TREMZ*| AppFAP mice, we compared cortical regions that were
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distal (>20 um away from plaque perimeter) or adjacent (<10 pm from plaque perimeter) to
plaques.

(A) Representative images from the cortex of a female WT mouse illustrate our approach
to identifying bassoon-positive presynaptic puncta (green), homer 1-positive postsynaptic
puncta (magenta), and synaptic puncta (merge and inset). Scale bars: 5 pm, 1 um (inset).
White asterisks in inset indicate synaptic puncta.

(B to D) Relative densities of bassoon puncta (B), homer 1 puncta (C), and synaptic puncta
(D) in plaque-free regions of the cortex in female (empty dots) and male (black dots) mice.
For each measure, the mean density in WT mice was defined as 100%.

(E to G) Relative densities of bassoon puncta (E), homer 1 puncta (F), and synaptic puncta
(G) in cortical regions that were distal (Dist., data from (B to D)) or adjacent (Adj.) to
plaques in female (empty dots) and male (black dots) mice. For each measure, the mean
density distal to plaques in 7rem2"*1 ApgFAP mice was defined as 100%.

n=5-12 mice per group. For (B to D), two-way ANOVA revealed a significant effect of
the TremZ2 genotype (£ < 0.001) but not the App genotype (P> 0.45) and no interaction
between them (P> 0.34). For (e—g), two-way ANOVA revealed significant effects of the
TremZ2 genotype (P < 0.01) and plaque adjacency (£ < 0.01) and a significant interaction
between them for (F and G; £< 0.05) but not (E; £=0.69). *£<0.05, **P< 0.01, ***pP

< 0.001 by Holm-Sidak test. In (B to G), dots represent individual female (empty) and male
(black) mice. Bars are means + s.e.m.
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Figureb. TREM2H doesnot alter hippocampal synapse density.
(A to F) Coronal brain sections from 21-22-month-old female and male mice of the

indicated genotypes were immunolabeled for bassoon and homer 1, and stained for amyloid
plaques with ThioS. The hippocampus was imaged by confocal microscopy. Conventions
were otherwise as in Fig. 4.
(A to C) Relative densities of bassoon puncta (A), homer 1 puncta (B), and synaptic puncta
(C) in plaque-free areas of the hippocampal CA1 region in female (empty dots) and male
(black dots) mice. For each measure, the mean density in WT mice was defined as 100%.
(D to F) Relative densities of bassoon puncta (D), homer 1 puncta (E), and synaptic puncta
(F) in CAL1 areas that were distal (Dist., data from (A to C)) or adjacent (Adj.) to plaques in
female (empty dots) and male (black dots) mice. For each measure, the mean density distal
to plagues in 7remZ2*1 AppFAP mice was defined as 100%.
n = 5-12 mice per group. For (A to C), two-way ANOVA revealed no significant effects of
the Trem2 (P> 0.46) or App (A: P=0.0852; B, C: P> 0.13) genotypes and no interaction
between them (P> 0.13). For (D to F), two-way ANOVA revealed no effect of the 7rem?2
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genotype (P> 0.45) but a significant effect of plaque adjacency (D to F; £<0.01). *P< 0.05,
**P < 0.01 by Tukey test. In (A to F), dots represent individual female (empty) and male
(black) mice. Bars are means + s.e.m.
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