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Abstract 47 

Microglial cells, the macrophages of the brain parenchyma, are increasingly recognized 48 

to play a key role in synaptic plasticity and function. Presenilin 1 (PS1) is an essential protein 49 

involved in learning and memory; the loss of neuronal Presenilin function causes cognitive deficits 50 

and impaired synapse plasticity in mice. Here we show memory enhancement in male mice 51 

lacking PS1 in microglia (PS1ΔMG). Leveraging high-throughput RNA sequencing with single-cell 52 

deconvolution-analysis, we estimate that PS1ΔMG increases Cd52-lo microglial population, a 53 

proliferative group enriched in AP-1 responsive genes; and increases chemokines Ccl7 and Ccl8. 54 

In silico prediction of binding partners showed that microglial CCL7 may act via inhibition of 55 

neuronal CCR5, a receptor known to negatively regulate learning and memory. By profiling active 56 

neuronal populations via PhosphoTRAP the data showed a non-autonomous cell effect of 57 

microglial PS1 by modulating genes involved in neuronal excitability and synaptic plasticity. Ex 58 

vivo electrophysiology and in vivo calcium imaging in freely behaving mice confirm these effects 59 

with functional changes in CA1 hippocampus as seen by increased NMDA/AMPA ratios and 60 

increased amplitude of neuronal Ca2+ transients in freely behaving animals, respectively. 61 

Remarkably, PS1ΔMG mice exhibited increased memory retention in contextual fear conditioning 62 

and novel object recognition. Together, these data suggest a novel mechanism where microglial 63 

PS1 negatively regulates neuronal activity through modulation of NMDAR and memory-64 

associated behaviors. 65 
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 66 

 67 

Significance Statement 68 

Microglia are increasingly recognized as active regulators of neuronal function, yet the 69 

molecular mechanisms that constrain their influence on synaptic activity remain incompletely 70 

defined. This study identifies microglial Presenilin-1 (PS1) as a key regulator of neuron-microglia 71 

signaling that shapes synaptic transmission and learning. We show that loss of microglial PS1 72 

shifts microglia toward a transcriptional and signaling state that enhances NMDA receptor-73 

dependent synaptic activity and improves memory, demonstrating that microglial molecular 74 

programs can directly modulate neuronal excitability. These findings establish microglial PS1 as 75 

a physiological brake on circuit plasticity and reveal that altering microglial signaling alone is 76 

sufficient to influence cognition. Targeting microglial regulatory pathways may therefore provide 77 

new strategies to enhance synaptic resilience and cognitive function in brain disorders. 78 

 79 

 80 

 81 

Introduction 82 

In recent years, many studies have reported that microglia, the predominant immune cells of the 83 

brain, modulate neuronal function through diverse roles, including the synaptic function and 84 

plasticity that could underlie learning and memory (Stevens et al., 2007; Schafer et al., 2012; 85 

Parkhurst et al., 2013; Zhan et al., 2014; Hong et al., 2016; Garré et al., 2017; Lehrman et al., 86 

2018; Badimon et al., 2020; Favuzzi et al., 2021; Ayata et al., 2025). Presenilin 1 (Psen1 gene – 87 

PS1 protein) is an essential protein for learning and memory (Yu et al., 2001; Marjaux et al., 2004; 88 
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Saura et al., 2004; Wines-Samuelson et al., 2010; Watanabe et al., 2012) and has been 89 

extensively studied in neurons in the context of cognition and Alzheimer’s disease (AD). PS1 is 90 

the catalytic subunit of γ-secretase, an enzyme complex responsible for the formation of a 91 

plethora of products. To date 149 transmembrane proteins have been described as γ-secretase 92 

substrates (Haapasalo and Kovacs, 2011; Güner and Lichtenthaler, 2020). PS1 is a versatile 93 

protein and can regulate important biological processes (Bustos et al., 2017b, 2017a; Frost et al., 94 

2017; Ledo et al., 2020b, 2020a). Interestingly, selective loss of Presenilin function in neurons 95 

impairs synaptic plasticity, resulting in cognitive deficits that are associated with reductions in both 96 

the number of synaptic NMDA receptors and in NMDA receptor-mediated responses (Saura et 97 

al., 2004). While the majority of research focuses on the role of PS1 in neurons, PS1 is also 98 

expressed in microglia from development through adulthood (Zhang et al., 2014). Given that PS1 99 

serves as the catalytic core of γ-secretase and mediates the cleavage of myeloid substrates such 100 

as TREM2 and SIRPα (Londino et al., 2015; Glebov et al., 2016; Zhao et al., 2017; Steiner et al., 101 

2020), its role in regulating microglial signaling and function warrants investigation. We previously 102 

reported that not only is γ-secretase active in microglia, but phosphorylation of microglial PS1 at 103 

serine 367 also plays an important role regulating autophagy-lysosomal pathways. Conversely, 104 

mice lacking S367 phosphorylation (PS1S367A) showed synapse loss in the mouse hippocampus, 105 

due in part to defective spine elimination by microglia (Ledo et al., 2020a). Furthermore, we found 106 

that PS1S367A alters microglial gene networks and the number of microglial progenitors during 107 

development (Ledo et al., 2020b), suggesting that loss of PS1 function in microglia can have 108 

profound consequences during development. Our previous work showed a novel function for PS1 109 

by which it contributes to microglia development and function, suggesting that microglial PS1 110 

might play a key role in brain development and neuronal function.   111 

Here, we examined the role of microglial PS1 in neuronal plasticity and function in the 112 

adult mouse brain. Depletion of PS1 in microglia (PS1ΔMG) altered microglial population structure 113 
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and was associated with changes in neuronal gene expression.  PS1ΔMG showed enrichment of 114 

sensome-, secretome-, and inflammatory-related pathways, consistent with altered microglia-115 

neuron communication.  Protein interaction network analysis predicted an interaction between 116 

CCL7 and neuronal CCR5. PhosphotTRAP profiling of active neurons revealed enrichment of 117 

metabolic pathways, including lipid and fatty acid catabolism, indicating transcriptional remodeling 118 

in active neuronal populations. Functionally, PS1ΔMG mice exhibited enhanced NMDAR-mediated 119 

synaptic currents, and elevated excitatory neuronal activity measured by fiber photometry, 120 

accompanied by improved memory retention. Together, these findings identify microglial PS1 as 121 

a regulator of synaptic activity and learning-related neuronal function. 122 

 123 

Materials and Methods 124 

Mice 125 

C57BL/6 (000664), Cx3Cr1CreErt2/+ (021160), Psen1loxP (004825) mice were purchased from the 126 

Jackson Laboratories and maintained in our facilities. Psen1loxP/loxP mice were first crossed to 127 

CX3CR1CreER/+. Psen1 knockout (PS1ΔMG) mice were generated by further crossing CX3CR1CreER/+: 128 

Psen1loxP/+ to Psen1loxP/loxP. CX3CR1CreER/+ mice littermates were used as controls. Both Control and 129 

PS1ΔMG mice received 4-OHT. Mice were weaned, genotyped by Transnetyx, and kept on a 12h 130 

light/dark cycle with access to food and water ad libitum. Mice were maintained at The Rockefeller 131 

University and MUSC Animal facilities and used at 10-12 weeks of age for all experiments except 132 

when otherwise indicated. Littermates of the same sex were randomly assigned to experimental 133 

groups. Male mice were used for experiments. Animal care and experimentation were according 134 

to NIH guidelines and were approved by the Institutional Animal Care and Use Committee at The 135 

Rockefeller University (protocol #18035-H) and Medical University of South Carolina (protocol 136 

#2022-01513). 137 
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 138 

4-Hydroxytamoxifen (4-OHT) treatment  139 

4-OHT (Sigma-Aldrich, H7904) was dissolved in ethanol at 100mg/mL, and then further diluted in 140 

corn oil for intraperitoneal injection. Pregnant mouse received two doses of 0.4 g/g of 4-OHT at 141 

embryonic day E9.5 and E11.5. Specificity of PS1 targeting after 4-OHT induced Cre 142 

recombination was assessed in adult mice (see FigS1).  143 

 144 

Brain microglia isolation from adult mice  145 

Mice were perfused with DPBS (Ca2+/Mg2+-free), and brains were placed in FACS buffer (PBS, 146 

5% FBS and 10mM HEPES). Brain were minced and incubated with 4000U/mL of collagenase D 147 

(Roche, 11088858001) at 37°C for 30min and inactivated by 10mM EDTA for 5min. Digested 148 

brains were passed through a 70-μm cell strainer, washed in FACS buffer and submitted to 149 

centrifugation at 2,000 r.p.m. in 38% Percoll for 30 min. Cell pellets were resuspended in FACS 150 

buffer and incubated  with a FcR blocker-specific antibody (BD-Pharmingen 553141) for 15min. 151 

Cells were then washed and stained with the markers described below to certify cell population 152 

specificity. Microglial cells isolated from mice brain were sorted using BD FACSAria Cell Sorters 153 

from BD Biosciences.  154 

 155 

Bulk-sequencing of isolated microglia 156 

Isolated microglial cells (Cd11b+ CD45int, MHC II- CD206-, Ly6C- c-kit-, CX3CR1+) were sorted 157 

directly into Buffer RLT (Qiagen). Each brain was sorted into a separate tube, and RNA was 158 

isolated for each sample according to manufacturer’s instructions for RNeasy Micro Kit (Qiagen) 159 

and used as input for library preparation using the SMART-Seq v4 Low Input workflow (Takara 160 
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Bio). Samples were sequenced on an Illumina NovaSeq SP.  161 

 162 

RNA sequencing analysis 163 

Raw reads were quality-checked with fastp and aligned to mm10 with STAR before using 164 

FeatureCounts to produce a counts matrix. Counts were variance-stabilized and normalized by 165 

limma-voom. For volcano plots, logFC values and t-tests were run on normalized counts after 166 

filtering to genes listed in the sensome or secretome databases (Hickman et al., 2013; Diaz-167 

Aparicio et al., 2020). Normalized expression of key genes was defined as the ratio of raw counts 168 

against the mean expression computed across both control and PS1ΔMG samples. For heatmaps, 169 

genes involved in inflammatory, or cytokine pathways were identified by association with the GO 170 

terms GO:0050729 and GO:0005125, respectively, before being scaled and seriated.   171 

 172 

Deconvolution of bulk RNA sequencing data 173 

The processed Seurat structure from Hammond et al. (Hammond et al., 2018) was loaded into R 174 

and reclustered with default parameters (30 PCA dimensions, resolution 0.8). The resulting 175 

clusters were manually annotated, with clusters with high similarity to clusters identified by the 176 

original authors indicated with the associated parenthetical. This annotated Seurat structure was 177 

coerced to a single cell expression set and used as the reference for Bisque to produce estimated 178 

decomposed frequencies in the bulk RNAseq data. An enrichment score for each cluster was 179 

defined as 𝒮 = √N  
x̅𝑃𝑆1𝛥𝑀𝐺−x̅Control

x̅
, where N is the size of the cluster in the original single cell data, 180 

x̅ is the average frequency of the cluster across all samples, and x̅𝑃𝑆1𝛥𝑀𝐺 and x̅Control are the 181 

average frequency of the cluster across PS1ΔMG and control samples, respectively. 182 
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 183 

Flow cytometry analysis 184 

Fluorescent-dye-conjugated antibodies were purchased from Biolegend (anti-Cx3Cr1, 149016; 185 

anti-CD117 (c-kit), 105824; anti-Ly6c, 128033; anti-MHCII, 107643; anti-CD206, 141720), 186 

Invitrogen (Anti-CD11b, 47-0112-82; anti-CD45, 56-0451-82) or BD-Pharmingen (anti-187 

CD16/CD32 (FC blocking); 553141). Live cells were verified using DAPI (4’,6-Diamidino-2-188 

Phenylindole, Dilactate), (D3571, Thermofisher). Flow cytometry data were acquired on an LSR-189 

II flow cytometer (Becton Dickinson) and analyzed using FlowJo software (Tree Star).  190 

 191 

Real-time relative quantification PCR 192 

Microglial cells isolated from mice were sorted directly into RNA lysis buffer (Qiagen, 79216) 193 

supplemented with 2 M dithiothreitol (DTT). RNA was isolated as described above. qPCR was 194 

performed using Taqman reagents. ActB was used to normalize samples. Predesigned probes 195 

used were purchased from IDT. mRNA levels are expressed using the 2−ΔΔCt method (Schmittgen 196 

and Livak, 2008).  197 

 198 

PhosphoTRAP  199 

pTRAP profiling was performed according to Knight et al 2012 (Knight et al., 2012).  Briefly, 200 

PS1ΔMG and control mice had their hippocampi removed and pooled together. After 201 

homogenization, ribosomal immunoprecipitation was obtained using pS6 antibody (Invitrogen, 202 

#44-923G) previously conjugated to Protein-A coated magnetic beads (Thermofisher), following 203 

manufacturer’s protocol. Tissue RNA from before the immunoprecipitation was saved as input 204 

for quality control. Both input and immunoprecipitated RNA were purified in RNAeasy Mini kit 205 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 

 10 

(QIAGEN). RNA quality was measured on a bioanalyzer using RNA PicoChip. Only RIN>7 was 206 

used in subsequent experiments. The samples had their cDNA amplified in SMARTer Ultralow 207 

Input RNA for Illumina Sequencing Kit and sequenced on an Illumina HiSeq2500 platform.  208 

 209 

PhosphoTRAP data analysis 210 

Raw reads were quality-checked with fastp and aligned to mm10 with STAR before being fed 211 

into FeatureCounts to produce a counts matrix. logFC values over background for each condition 212 

were computed and used as the normalized counts for downstream analysis. Data was filtered 213 

only to genes where the q-value for at least one condition was less than 0.01 and scaled prior to 214 

visualization. Pathway analysis was performed by computing the log-fold change of expression 215 

between PS1ΔMG and control mice and ranked for the genelist in fGSEA against the GO Biological 216 

Process pathways. 217 

 218 

Ligand-receptor interaction modeling 219 

 To define ligand-receptor interactions between microglia and neurons, putative ligands and 220 

receptors on neurons that might interact with microglia were identified by querying the 221 

CellPhoneDB v5 database for known interaction partners of proteins in the microglial sensome 222 

or secretome lists described above. Ligand expression in microglia was computed by taking the 223 

average expression of the corresponding transcript in bulk RNAseq of microglia from both 224 

PS1ΔMG and control mice. To estimate receptor expression, we extracted raw counts data from 225 

single cells in cortical and hippocampal glutamatergic and GABAergic neuron clusters from the 226 

Allen Brain Atlas (Yao et al., 2023). We calculated the fraction of cells in which each transcript 227 

was detected and filtered putative interactions to only those in which the receptor was present in 228 

at least 0.1% of cells, thereby generating a list of biologically informed and feasible ligand-229 
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receptor interactions between microglia and neurons. For visualization in Sankey-style plots, 230 

arrows were generated by computing an interaction score that defines the relative importance of 231 

the interaction in PS1ΔMG mice versus control mice as the log-fold change between PS1ΔMG and 232 

control in expression of the ligand from bulk RNAseq data. Interaction score values were then 233 

shifted to center around zero for interpretation purposes. Points representing ligands or receptors 234 

were colored by the average expression of the ligand in microglia of both PS1ΔMG and control 235 

mice or by the fraction of neurons from the Allen Brain Atlas dataset in which transcripts of the 236 

given receptor were detected. 237 

 238 

Immunoblotting and antibodies 239 

Mouse CA1 hippocampus were lysed with a Syn-PER Synaptic Protein Extraction Reagent (Syn-240 

PER™, 87793, Thermo Fisher Scientific) supplemented with a protease and phosphatase 241 

inhibitor cocktail (78442, Thermo Fisher Scientific). Synaptosomes-enriched extracts were 242 

prepared per manufacturer’s instructions. Protein levels were measured by BCA. Samples were 243 

mixed with sample buffer and subjected to SDS-PAGE with 4–20% Novex Tris-Glycine gels 244 

(Thermo Fisher Scientific), followed by protein transfer onto a PVDF membrane. Immunoblotting 245 

was performed with a standard protocol using the following: anti-GluN2B (75-097, NeuroMab, 246 

1:1,000), anti-GluN1 (75-272, NeuroMab, 1:1,000), anti-GluA1 (75-327, NeuroMab, 1:1000), anti-247 

GluA2 (ab133477, Abcam, 1:1000), anti-Synaptophysin 1 (101004, Synaptic Systems, 1:1,000), 248 

anti-Vglut1  (135011, Synaptic Systems, 1:1000), anti-PSD95 (ab18258, Abcam, 1:1,000), anti- 249 

beta-Tubulin (2146, Cell Signaling, 1:1,000), anti-GAPDH (GTX89740, GeneTex, 1:1000), 250 

Presenilin 1 (MAB5232, Millipore Sigma, 1:500). Secondary antibodies were from Li-COR: 251 

IRDye® 800CW anti-Mouse (926-32212, 1:1000) IRDye® 800CW anti-Rabbit (926-32213, 252 

1:1000), IRDye® 680RD anti-Rabbit (926-68073, 1:1000).  253 
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 254 

Electrophysiology  255 

Transversal slices (400μm) were cut on Vibratome (Leica Microsystems, USA) in cutting solution 256 

(mM): 87 NaCl, 25 NaHCO3, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 25 glucose, and 75 sucrose with 95%O2 257 

and 5%CO2. Slices recovered for 45minutes at 35°C and 1h at RT in the recording solution. The 258 

extracellular recording solution contained (mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 259 

2 CaCl2, 1 MgCl2 and 25 glucose (95%O2 and 5%CO2). The slice was placed in a recording 260 

chamber (RC-27L, Warner Instruments, USA) and constantly perfused with oxygenated aCSF at 261 

24°C (TC-324B, Warner Instruments, USA) at a rate of 1.5–2.0ml/min. Dorsal CA1 pyramidal 262 

neurons were selected using a 40X water-immersion lens (Olympus BX51WI microscope, Japan) 263 

and recorded with the Multiclamp 700A amplifier (Molecular Devices). Whole-cell voltage-clamp 264 

recording technique was performed to record evoked EPSCs as described previously (Cheng et 265 

al., 2014). Glass pipettes (King Precision Glass, Inc, Glass type 8250) pulled in a pipette puller 266 

(Narishige) to a resistance of 3–4MΩ.  Bicuculline (20µM) was added to aCSF. Patch electrodes 267 

contained internal solution (mM): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 10 HEPES, 1 268 

MgCl2, 5 EGTA, 2 QX -314, 12 phosphocreatine, 5 MgATP, 0.2 Na3GTP, pH 7.2‐7.3, 265-269 

270mOsm. EPSC was evoked by stimulation of Schaffer-collaterals by a bipolar stimulating 270 

electrode (FHC). Stimulation pulse was generated by a S48 pulse generator (Grass 271 

Technologies). Evoked AMPAR‐EPSC was elicited by a stimulation pulse (0.5ms, 70µA) when 272 

cells were clamped at ‐70mV. For evoked NMDAR‐EPSC, cells were clamped at -70mV and then 273 

depolarized to +60mV for 3s to relieve the Mg2+ block. Same stimulation pulse was applied to 274 

elicit EPSC. eAMPA-EPSC was calculated as the peak amplitude. eNMDA-EPSC was calculated 275 

at 100ms after stimulation. Data analyses were performed with Clampfit. Statistical analysis was 276 

performed using the two-tailed unpaired Student’s t-test (GraphPad Prism 6). 277 

 278 
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Stereotaxic injections and Fiber Implantation 279 

Mice were anesthetized with 2% isoflurane, placed in a stereotaxic frame (Kopft Instruments). 280 

Subcutaneous injection of meloxicam (2mg/kg) was given to each mouse before and after surgery 281 

for up to 2 days. The craniotomy was performed using a dental drill (Dremel). AAV was infused 282 

using a Hamilton syringe, 1011 titer viral preparations of AAV5-hSyn-GCaMP6s were purchased 283 

(Addgene) and injected unilaterally: AP-1.82mm, ML+0.5mm, DV-1.7mm. Mice were monitored 284 

for 72h to ensure full recovery and used in experiments 2-4 weeks later. Optic fiber implants 285 

(400mm, Doric) for photometry experiments were implanted to the same coordinates as the viral 286 

injections with a -0.2mm difference. Implants were inserted slowly and secured to the mouse skull 287 

with Metabond (Parkell Inc).   288 

 289 

Fiber photometry  290 

Analysis of the signal was done using fiber photometry system and processor (RZ5P) from TDT 291 

(Tucker-Davis Technologies), and the Synapse software (Tucker-Davis Technologies). Change 292 

in fluorescence (ΔF) was calculated as (473nm signal − fitted 405nm signal), adjusted so that a 293 

ΔF/F was calculated by dividing each point in ΔF by the 405nm curve at that time. Z-score and 294 

plot traces were calculated using MATLAB. Peak analysis to determine frequency and amplitude 295 

of the signals was done by determining the median average deviation (MAD) of the 296 

corrected/normalized data set and peaks were identified as events that exceeded the MAD by 297 

2.91 deviations (Calipari et al., 2016). Behavioral variables (nose-to-object) were timestamped in 298 

the signaling traces via the real-time processor as TTL signals from Noldus (Ethovision) software. 299 

This allowed for precise determinations of the temporal profile of signals in relation to specific 300 

behaviors. All behavior was manually scored by a blind, second investigator. 301 

 302 
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Novel-object recognition (NOR) memory  303 

The NOR task was conducted as described (Tang et al., 1999; Stefanko et al., 2009). After 304 

acclimation, mice were habituated for 5min in a 28x28cm open field arena. During the training 305 

phase, a 3min training session was used as this does not typically lead to changes in short-term 306 

memory or long-term memory in wildtype mice (Stefanko et al., 2009; McQuown et al., 2011). 307 

Briefly, two identical objects are placed in opposite sides of the arena and mice are free to explore 308 

the arena and objects for 3min. No preference for a specific object was observed during the 309 

training session. 24h afterwards mice performed the testing session; in which one of the objects 310 

(familiar object) is replaced by a novel object and the mice were free to explore the arena and 311 

objects for 5min. For training and test condition a discrimination index was calculated as the ratio 312 

between the time spent exploring the novel object and the sum of time spent exploring the familiar 313 

object and novel object.  314 

 315 

Contextual Fear Conditioning 316 

We used a fear conditioning shock chamber (MedAssociates) coupled with shock-grid floors 317 

(Coulbourn Instruments). During training (5min), mice were placed in the chamber, and a foot 318 

shock was delivered (0.7mA for 2s). After, mice were allowed to stay in the chamber for 1min and 319 

then removed to their home cage. During the retention test, each mouse was placed back into 320 

the shock chamber, and the freezing response was recorded for 5min (contextual conditioning). 321 

Freezing was measured manually by a blind second experimenter. 322 

 323 

Locomotion Analysis 324 

Mice were placed in an open field arena for the duration of ten minutes and video recordings were 325 
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taken. Videos were analyzed using Any-Maze software, in which the dimensions of the arena are 326 

recorded, and the animal is tracked throughout the duration of the task. Overall total distance 327 

travelled by each mouse is then given in meters (m). 328 

 329 

Quantification and statistical analysis 330 

Statistical analysis was performed in GraphPad Prism, MATLAB, or pClamp10 software. Fiber 331 

photometry raw data was recorded using TDT Synapse software (Tucker-Davis Technologies) 332 

and analyzed using custom written codes in MATLAB software. Animal behavior was time-locked 333 

with Ca2+ recording using digital timestamps Noldus Ethovision 9.0 software.  Normality tests 334 

were performed before choosing the statistical test. 335 

 336 

Data availability  337 

Data supporting the findings of this study are available from the corresponding author upon 338 

reasonable request. 339 

 340 

Results 341 

Microglial PS1 loss promotes cell-autonomous microglial remodeling. 342 

Global deletion of PS1 is lethal in mice, and neuron-specific deletion impairs learning and 343 

memory (Saura et al., 2004). However, the role of PS1 in microglial cells is poorly understood. To 344 

examine the role of Presenilin specifically in microglia, we generated a conditional microglial PS1 345 

knockout (PS1ΔMG) (Figure S1).  First, we performed bulk RNA sequencing (Figure 1A) following 346 

microglial isolation from adult PS1ΔMG and control animals. The knockout did not impact microglial 347 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 

 16 

number or PS1 expression in neurons (Figure S1 F-I).   We then mapped our bulk sequencing 348 

data onto single cell data generated by Hammond, T. R. et al. (Hammond et al., 2018) to 349 

investigate changes in microglial cell state. We re-analyzed the clustering from Hammond et al., 350 

expanding the populations originally defined (Figure 1B and Figure S2). Based on the results of 351 

single-cell deconvolution of our bulk counts, we computed the enrichment score for each 352 

microglial subpopulation, reflecting both the relative frequency of each cluster between control 353 

and PS1ΔMG animals as well as the overall frequency of the cluster. Out of 18 clusters represented 354 

in Hammond et al., 13 were detected in our deconvolution analysis (Figure 1C). Nnat-hi and Nnat-355 

lo Embryonic, Fabp5-hi (3), Ccl4-hi (8) and Monocyte/Macrophage cluster are not represented in 356 

our dataset. Bulk deconvolution estimates of cluster abundance against this reference showed 357 

that PS1ΔMG induced a shift in population frequency, increasing Cd52-hi and Cd52-lo populations 358 

and decreasing the Rrm2-hi population compared to control (Figure 1D, Figure S3).  359 

 Cd52-hi, Cd52-lo and Rrm2-hi populations are characterized as proliferating microglia, based on 360 

gene enrichment profile (Table S1). The Rrm2-hi proliferative population decreased in PS1ΔMG is 361 

not enriched in immune genes, while CD52-lo and CD52-hi have an increased AP-1 activation or 362 

phagocytosis related genes respectively. This suggests proliferative microglia enrichment is now 363 

functionally primmed in PS1ΔMG, although more experiments are necessary to confirm this. 364 

Projecting our enriched populations into Hammond et al. dataset does not show sex as a variable 365 

that affects population clusters in control mice (Figure S3). 366 

Next, we identified differentially expressed genes between control and PS1ΔMG (Figure 1E) 367 

and specifically examined genes annotated as being members of the microglial sensome 368 

(Hickman et al., 2013), microglial secretome (Diaz-Aparicio et al., 2020), and the general 369 

inflammatory cascade (defined by gene ontology) to evaluate how PS1ΔMG influence microglial 370 

interaction with their local stroma. We found significant alterations in the microglial sensome, 371 

including decreases in two major chemokine receptors, Ccr5 and Cd74 (Figure 1F). This was 372 
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mirrored by accompanying changes in the microglial secretome and inflammatory cascade, 373 

consistent with the predicted enrichment of the CD52-lo population. Notably, Ccl8 and Ccl7, two 374 

chemokines that are known to signal through CCR5, were among the most upregulated in PS1ΔMG 375 

microglia (Figure 1G and H). Collectively, this data suggests that loss of microglial PS1 is sufficient 376 

to drive changes in microglial cell state and chemokine secretome that could affect microglial-377 

neuronal interactions in the mouse brain.  We also leveraged computational methods to estimate 378 

ligand-receptor interactions between microglia and neurons using the most upregulated genes 379 

found in PS1ΔMG (Figure 2A). We identified genes from the microglial secretome with the biggest 380 

differential expression between PS1ΔMG and control animals and queried the CellPhoneDB ligand-381 

receptor interaction database to identify putative receptors for these ligands. We surveyed 382 

hippocampal single-cell data from the Allen Brain Atlas (Yao et al., 2023) to compile a targeted 383 

list of receptors with measurable expression in neurons, yielding a final set of ligand-receptor 384 

pairs that are likely relevant in this biological system. Finally, we computed relative interaction 385 

strength of each ligand-receptor pair on the basis of the ratio of expression of the ligand between 386 

PS1ΔMG and control animals. Among the cytokines shown in analysis, both CCL8 and CCL7 are 387 

predicted to have increased biologically relevant interactions with CCR5 in PS1ΔMG compared to 388 

control (Figure 2A). CCL7 is an inhibitor of neuronal CCR5, and inhibition of CCR5 signaling has 389 

been shown to increase neuronal excitability, improving performance in cognitive tasks (Zhou et 390 

al., 2016). This binding-partner predictive data suggests transcriptional alterations found in 391 

PS1ΔMG have binding partners in neurons and are thus in direct capacity to affect neuronal activity 392 

and culminate in behavioral alterations. 393 

 394 

Microglial PS1 loss is associated with non-cell-autonomous transcriptional remodeling of 395 

active neuronal ensembles. 396 

To determine whether PS1ΔMG-associated transcriptional changes were accompanied by 397 
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alterations in neuronal gene expression, we profiled active neuronal ensembles in control and 398 

PS1ΔMG mice using PhosphoTRAP pulldown followed by mRNA sequencing. This approach 399 

enables activity-dependent molecular profiling of neurons in vivo by isolating transcripts from 400 

recently activated cells. Comparative analysis revealed marked differences in the transcriptional 401 

profiles of active neurons between control and PS1ΔMG animals, particularly in genes related to 402 

neuronal activity (Figure 2B). Among the most upregulated neuronal genes from PS1ΔMG mice are 403 

those associated with synaptic plasticity. Notably, we observed upregulation of adhesion 404 

molecules (Marveld) (Liu et al., 2018), genes that increase synapse formation (Rpph1, Ephb4 and 405 

Notch4) (Wang et al., 2004; Cai et al., 2017; Rasool and Jahani-Asl, 2024), and a translation 406 

initiation factor (Eif4EBP3) (Moon et al., 2009). Pathway enrichment analysis revealed distinct 407 

functional profiles between groups (Figure 2C). Active neurons from control animals showed 408 

greater enrichment of synaptic signaling pathways, including glutamate receptor signaling, 409 

whereas active neurons from PS1ΔMG mice were preferentially enriched for metabolic processes. 410 

Because PhosphoTRAP quantifies transcripts enriched in active neurons relative to the total 411 

tissue transcriptome (IP / Input), pathway enrichment reflects the transcriptional composition of 412 

activated neuronal populations rather than absolute differences in signaling between control and 413 

PS1ΔMG groups. In predominantly glutamatergic hippocampal circuits, enrichment of glutamatergic 414 

signaling pathways is therefore expected under baseline conditions. At the gene level, differential 415 

expression analysis identified selective changes in glutamatergic signaling components, including 416 

reduced transcription of Grin2a and Grin2d and increased expression of Grin2c, Grina, Camk2g, 417 

and Grid1 in PS1ΔMG relative to control. Together, these findings indicate transcriptional 418 

remodeling of functional pathways and glutamatergic signaling components in active neuronal 419 

populations following microglial PS1 deletion. 420 

 421 

Microglial PS1 depletion remodels NMDA receptor composition, elevates NMDA synaptic 422 
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currents, and enhances hippocampal activity in vivo. 423 

        While PhosphoTRAP profiling provides insight into activity-dependent transcriptional 424 

programs, transcriptomic changes do not necessarily predict synaptic receptor composition or 425 

synaptic function. Therefore, we examined the levels of synaptic proteins in synaptosome-426 

enriched hippocampal brain extracts. After generating the synaptosome-enriched fractions from 427 

PS1ΔMG and control mice, we investigated the levels of the various synaptic proteins via western 428 

blot. 429 

We report no differences in pre-synaptic vesicular glutamate transporter (VGlut), synaptic 430 

markers synaptophysin 1 and PSD95 protein levels in PS1ΔMG compared to control (Figure 3A 431 

and B). Likewise, we did not see differences in the levels of AMPA subunits GluA1 and GluA2 432 

(Figure 3C and D). We did, however, observe significant increases in GluN2B and GluN1 NMDA 433 

subunit levels in PS1ΔMG mice (Figure 3E). Collectively, these data show the absence of microglial 434 

PS1 is sufficient to induce neuronal increase of NMDA glutamate receptors in synaptic structures. 435 

 To assess the functional consequences of the PS1ΔMG-mediated changes in synaptic 436 

NMDA protein level, we examined the ratio of NMDA-to-AMPA excitatory postsynaptic currents 437 

(EPSC), which provides a measure of NMDAR activity relative to AMPAR, regardless of the 438 

number of presynaptic afferents recruited and the position of stimulating electrode. As shown in 439 

Figure 3F the NMDA/AMPA EPSC ratio was significantly increased in PS1ΔMG CA1 pyramidal 440 

neurons compared to age-matched controls (control: 0.27 ± 0.06, n = 11, PS1ΔMG: 0.82 ± 0.19, n 441 

= 10; p < 0.05, t-test), showing that NMDAR activity is enhanced in CA1 neurons of PS1ΔMG mice. 442 

These data indicate that PS1ΔMG mice experience a selective increase in CA1 NMDAR activity 443 

when measured by ex vivo electrophysiology. 444 

To further investigate the effects of PS1ΔMG on hippocampal activity, we sought to examine 445 

neuronal activity in freely behaving mice using fiber photometry (Gunaydin et al., 2014) (Figure 446 
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4). We injected an AAV-hSyn-GCaMP6s construct into the hippocampus to label CA1 pyramidal 447 

neurons and validated the placement of the optic fiber and viral expression (Figure 4A). We then 448 

performed peak analysis to determine the number of events per minute (frequency of Ca2+ 449 

transients) (Calipari et al., 2016) and area under the curve was plotted for each event (amplitude 450 

of Ca2+ transients).  Neuronal activity was assessed as the total frequency of events measured 451 

from Ca2+ transients and compared to control littermates. This effect was observed both in home-452 

cage recordings (Figure 4B and C) and during an open field task (Figure 4D and E). Next, we 453 

asked whether microglial PS1ΔMG altered neuronal activity when mice were engaged in object 454 

exploration. To analyze the dynamics of CA1 neurons during memory encoding, we recorded CA1 455 

neuronal activity in freely moving mice during object exploration. When neuronal activity 456 

recordings were time-locked with behavior (nose-to-object exploration), activity was increased, as 457 

indicated by greater amplitude of Ca2+ transient signals in PS1ΔMG compared to controls (Figure 458 

4F and G). Together, our data showed that CA1 neuronal activity increases during object 459 

exploration in PS1ΔMG mice, indicating that modulation of microglial PS1 can alter the function of 460 

these neurons and increase engagement during an object exploration task.  461 

 462 

Depletion of Microglial PS1 improves memory in mice. 463 

Finally, we assessed associative emotional memory through contextual fear conditioning 464 

in PS1ΔMG mice (Figure 5). Surprisingly, results revealed increased freezing in PS1ΔMG mice 465 

compared to control mice at the 24h retention test (Figure 5B).  466 

To further validate our results, we tested PS1ΔMG mice in another memory task. We used 467 

a modified version of novel object recognition test, which is used to evaluate memory 468 

enhancement. In this task, mice were introduced to 2 objects and allowed to explore for 3 minutes. 469 

Typically, this approach does not result in changes in short- or long-term memory in WT mice, as 470 
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the 3 minutes training period is insufficient for memory consolidation (Haettig et al., 2011, 2013; 471 

McQuown et al., 2011). Memory retention was evaluated 24 hours later by replacing one of the 472 

familiar objects with a novel object and allowing 5 minutes for exploration (Figure 5C-E). As 473 

expected, neither group showed preference for a specific object during the 3-minute training 474 

period (Figure 5D). However, in the 24h retention test, the PS1ΔMG mice showed an increased 475 

discrimination index for the novel object (Figure 5E). Distance travelled within arena shows no 476 

difference between groups, suggesting the results are not a consequence of hyperactivity or 477 

locomotion deficits (Figure 5F). Overall, our data showed that PS1ΔMG mice demonstrate memory 478 

enhancement, in opposition to what has been reported for mice lacking neuronal PS1. 479 

 480 

Discussion 481 

Collectively, our findings identify microglial PS1 as a regulator of microglial transcriptional 482 

state, synaptic function, and learning-related behavior. PS1 deletion induces persistent shifts in 483 

microglial populations, including enrichment of Cd52-hi and Cd52-lo clusters characterized by 484 

proliferative gene expression. Although this population remains incompletely defined, its predicted 485 

association with developmental periods of heightened neuronal plasticity suggests a potential link 486 

between microglial state and synaptic maturation. NMDA receptor composition is tightly regulated 487 

during development, with GluN2B-dominant receptors in early stages transitioning toward 488 

GluN2A-containing receptors as synapses mature (Sheng et al., 1994; Roberts and Ramoa, 1999; 489 

Zhang et al., 2012; Paoletti et al., 2013; Jacobs et al., 2015). Whether PS1-dependent microglial 490 

states influence this developmental trajectory, and whether Cd52-hi microglia contribute to this 491 

process, remains an important question for future investigation. 492 

Transcriptional profiling of active neuronal populations revealed broad remodeling of 493 

pathways related to synaptic signaling and metabolism. Although pathway-level analyses capture 494 
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global transcriptional shifts rather than specific functional directionality, differential expression 495 

patterns suggest reorganization of glutamatergic signaling components in PS1ΔMG mice. These 496 

transcriptional changes are accompanied by altered NMDA receptor composition and increased 497 

NMDA-mediated synaptic currents in hippocampal CA1 neurons, consistent with enhanced 498 

synaptic responsiveness. Because microglia and neurons communicate through bidirectional 499 

signaling, we cannot exclude reciprocal neuronal feedback contributing to microglial 500 

transcriptional remodeling. 501 

One limitation of this study is the sole use of male mice. Our analyses did not identify sex-502 

specific enrichment of PS1ΔMG-associated clusters. Nonetheless, sex-dependent effects on the 503 

mechanisms described here remain possible and warrant further investigation. Another limitation 504 

is the implications to the Alzheimer’s disease field. Age is the strongest risk factor for the 505 

development of Alzheimer’s disease, and disease progression is accompanied by a significant 506 

change in the brain environment. The microglial transcriptional states we describe in PS1ΔMG mice 507 

exist in a healthy young brain environment, which is fundamentally different than the chronic 508 

amyloid/Tau and inflammatory burden present in the aged AD brain. Therefore, either the use of 509 

aged mice or Alzheimer’s disease models is necessary to assess the role of PS1 deletion in 510 

microglia in AD context, and this presents another limitation of our study. PS1 deletion in microglia 511 

alters expression of genes within the microglial sensome and secretome, supporting a model in 512 

which microglial transcriptional changes influence neuronal activity through altered intercellular 513 

signaling. Among the most upregulated factors are chemokines Ccl7 and Ccl8, predicted to 514 

interact with neuronal CCR5, a receptor known to negatively regulate learning and memory (Zhou 515 

et al., 2016; Shen et al., 2022). Because reduced CCR5 signaling enhances neuronal excitability 516 

and modulates NMDA receptor function (Musante et al., 2008; Zhou et al., 2016; Shen et al., 517 

2022), altered CCL7-CCR5 signaling provides a plausible pathway linking microglial PS1 deletion 518 
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to synaptic and behavioral changes. However, this interaction remains a computational prediction 519 

and should be considered a testable hypothesis rather than a demonstrated mechanism. 520 

PS1ΔMG groups are predicted to shift microglial populations, enriching CD52-hi and CD52-521 

lo microglial clusters, while reducing Rrm2-hi proliferative microglia. The Cd52-hi proliferative 522 

cluster retains expression of canonical brain-resident microglial homeostatic markers including 523 

P2ry12, Hexb, Fcrls, Cx3cr1, and Trem2 (Figure S3A), alongside complement components C1qb 524 

and C1qc, which mediate complement-dependent synaptic pruning (Stevens et al., 2007; Schafer 525 

et al., 2012). CD52 expression in myeloid cells has been studied in the context of peripheral 526 

macrophage biology, CD52-high monocytes exhibit enhanced phagocytic capacity and cytokine 527 

responsiveness (Geng et al., 2025), in T-cells CD52 glycoprotein is often cleaved and when 528 

soluble acts as an anti-inflammatory signal (Rashidi et al., 2018). Because transcript abundance 529 

does not distinguish membrane-bound to shed CD52, these observations are not mutually 530 

exclusive. Based on peripheral myeloid biology, the enrichment of Cd52-hi microglia in PS1ΔMG 531 

and its genetic signature predicts an amplification of phagocytic capacity while retaining 532 

homeostatic identity. 533 

The Cd52-lo proliferative cluster presents a functionally distinct profile. The cluster is 534 

defined by the immediate early response transcription factors Jun and Junb, NF-κB pathway 535 

activation (Nfkbia), antigen presentation machinery (H2-DMa, H2-D1, B2m), and myeloid 536 

activation genes (Cd34, Lat2, Cd14, Csf2ra and Mafb). This transcriptional state is consistent with 537 

an activated myeloid population, sustaining inflammatory gene expression (Bahrami and Drabløs, 538 

2016; Keren-Shaul et al., 2017; Hammond et al., 2019). The enrichment of AP-1 transcripts in the 539 

absence of an overt immunological challenge suggests a non-resolving activation state. 540 

Immediate-early gene transcription is a defining feature of Terminally Inflammatory Microglia 541 

(TIMs), a terminal population we previously described, which co-express AP-1 and cellular stress 542 

markers (Millet et al., 2024). This suggests PS1ΔMG could favor accumulation of TIM-like 543 
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immunological exhausted microglia over time, although further work is required to test this 544 

relationship. 545 

The Rrm2-hi cluster, which is decreased in PS1ΔMG, is defined exclusively by core DNA 546 

replication machinery (Pcna, Mcm2-7, Fen1, Rrm2; Figure S3A) and has no immune effector 547 

function (Hammond et al., 2019). Its reduction in PS1ΔMG therefore represents a shift away from 548 

a transcriptionally quiescent dividing state toward functionally active microglial states with direct 549 

capacity to influence their environment.  550 

Absence of PS1 in microglial enhances learning and memory, in contrast to the cognitive 551 

impairments observed following global or neuronal PS1 loss. These findings highlight cell type 552 

specific functions of PS1 in the regulation of synaptic plasticity and cognition. While neuronal PS1 553 

supports synaptic integrity, our results suggest that microglial PS1 constrains synaptic 554 

responsiveness under homeostatic conditions. This distinction underscores the importance of 555 

cellular context when interpreting PS1 function. Selective modulation of microglial PS1 signaling 556 

may represent a more targeted strategy to influence synaptic function. 557 

More broadly, these findings support a model in which microglial transcriptional state 558 

regulates neuronal excitability through soluble signaling mechanisms. Under physiological 559 

conditions, microglial PS1 appears to limit this influence, maintaining synaptic stability. Its loss 560 

shifts microglia toward a signaling state that enhances NMDA-dependent synaptic activity and 561 

improves memory performance. Notably, this heightened synaptic responsiveness is 562 

accompanied by transcriptional enrichment of metabolic pathways in active neurons, suggesting 563 

increased energetic demand. Given the substantial metabolic cost associated with sustained 564 

excitatory synaptic transmission, these findings raise the possibility that microglial PS1 functions 565 

as a regulatory constraint that helps balance synaptic activity with metabolic capacity. Together, 566 

our results reinforce the emerging view that microglia are active regulators of neuronal circuit 567 

function, and that modulation of microglial transcriptional programs alone is sufficient to influence 568 
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cognition. Targeting microglial regulatory pathways may therefore offer new approaches to 569 

enhance synaptic resilience. 570 

 571 

Author Contribution 572 

J.H.L., B.S. and Paul Greengard conceived; J.H.L. and B.S., supervised this study; J.H.L. and 573 

B.S. designed experiments; P.S.F., C.A.M., J.M., J.C., Y.K., A.M., J.H.L., E.P.A and H.MS. 574 

performed and analyzed experiments; P.S.F., C.A.M., J.M. and J.H.L. prepared figures. P.S.F., 575 

C.A.M., J.M., J.H.L. and B.S. wrote the paper. 576 

 577 

Acknowledgments 578 

This work was supported by funds received from Fisher Center for Alzheimer's Research 579 

Foundation and Cure Alzheimer's Fund. J.H.L.is supported by the Alzheimer's Association. We 580 

thank Rada Norinsky and the team of the Transgenic and Reproductive Services Center at the 581 

Rockefeller University for their valuable assistance with IVF experiments. 582 

 583 

Conflict of interest 584 

E.P.A is a co-founder at Kaidos, Inc.  J.H.L is a co-founder at AzoraX, Inc. The other authors 585 

declare no conflict of interest. 586 

 587 

 588 

 589 

 590 

591 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 

 26 

Figure Legends 592 

 593 

Figure 1.  Deconvolution Analysis of bulk RNA sequencing into single-cell RNA seq of 594 

PS1ΔMG in microglia. (A) Schematic diagram of microglial isolations for bulk sequencing and 595 

deconvolution analysis into single-cell RNAseq. Dataset used in deconvolution was a reanalysis 596 

of Hammond, T.R. et al 2019. (B) UMAP of microglial populations in single-cell RNAseq, 597 

reanalyzed from Hammond, T.R. et al 2019. (C) UMAP showing cluster representation detected 598 

versus non-detected in bulk RNAseq superimposed to Hammond, T. R. et al 2019 single-cell 599 

RNAseq. (D) Volcano plot of differentially expressed genes between microglia of  PS1ΔMG and 600 

control mice. Log-2-fold change in expression is plotted on the x-axis while the log-10 adjusted p-601 

value is plotted on the y-axis. (E) Estimated enrichment score of microglial populations in bulk 602 

RNA sequencing. Score is a composite function that reflects both the size (number of cells) and 603 

the relative frequency of the cluster between PS1ΔMG and control mice. (F-H) Lollipop plots of 604 

significantly differentially expressed genes annotated in microglial sensome, (F) microglial 605 

secretome (G) and cytokine and inflammatory pathways (H). Normalized expression is computed 606 

as the mean counts of the gene in PS1ΔMG samples divided by the mean counts of the gene in 607 

control samples. 608 

 609 

Figure 2. PS1ΔMG affects active neuronal ensembles gene expression. (A) Analysis of 610 

predicted microglial-neuronal ligand-receptor interactions. Ligands were selected as the most 611 

differentially expressed genes between PS1ΔMG and control animals identified in the microglial 612 

secretome (Diaz-Aparicio et al., 2020) . Receptors were selected first by identifying putative 613 

receptors for microglial ligands and then by filtering to genes expressed in hippocampal scRNA-614 

seq from the Allen Brain Atlas. Ligands are colored by the log-2 value of the average expression 615 

of the gene across both control and PS1ΔMG, while receptors are colored by the percentage of 616 
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cells in which at least one read of the gene was detected. The width of arrows indicating pairwise 617 

interactions is defined as the log-2-fold change of the gene between PS1ΔMG and control. (B) 618 

Heatmap of Z-scores of genes expressed by neurons pulled from active ensembles in both 619 

PS1ΔMG and control. Highly differential genes are annotated at right, with genes associated with 620 

immunity and inflammation highlighted in orange text. (C)  Lollipop plot of pathway analysis of 621 

pTRAP data from control and PS1ΔMG neurons. The top ten pathways enriched in each group as 622 

defined by normalized enrichment score as computed by fGSEA are shown. Because pTRAP 623 

quantifies transcripts enriched in active neurons relative to the total tissue transcriptome (IP / 624 

Input), pathway enrichment reflects the transcriptional composition of activated neuronal 625 

populations rather than absolute differences in signaling between control and PS1ΔMG groups. 626 

 627 

Figure 3: Loss of microglial PS1 significantly alters NMDAR protein levels and activity. 628 

Synaptosome-enriched fractions from control and PS1ΔMG CA1 brains probed with indicated 629 

antibodies by Western blot. Protein levels of (A) presynaptic proteins VGlut1 and Synaptophysin, 630 

(B) postsynaptic protein PSD-95, (C) AMPAR subunits GluA1, (D) GluA2, and (E) NMDAR 631 

subunits GluN2B and GluN1 from synaptosome-enriched extractions from PS1ΔMG and control. 632 

Densitometric quantification of the western blots **p < 0.01 using unpaired two-tail student’s t-633 

test. Each graph bar represents ± SEM. (F) Representative traces and histogram showing mean 634 

of the NMDAR- to AMPAR-EPSC ratio of control versus PS1ΔMG mouse. Scale bar, 50 pA, 100 635 

ms. *p < 0.05 using unpaired student’s t-test. N=10-11 neurons per group, 3 mice per group. Each 636 

graph bar represents ± SEM. 637 

 638 

Figure 4. PS1ΔMG Drives Hippocampal Hyperactivity. (A) Enhanced neuronal activity in freely 639 

behaving mice lacking microglial PS1. Left panel, experimental scheme representing fiber 640 
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placement in the mouse brain. Mice were attached to a fiber photometry setup (Doric) through 641 

patch cords and GCaMP6s was excited with a 473 nm LED (green) and a 405 nm LED (blue).  642 

Middle and right panels, experimental scheme and representative images showing AAV5-hSyn-643 

GCaMP6s expression in mouse CA1 hippocampus. (B, C) PS1ΔMG mice show enhanced neuronal 644 

activity during baseline and (D, E) open field exploration. Neuronal activity recording at baseline 645 

or during open field test were performed for 5 min in control and PS1ΔMG mice. Representative 646 

Ca2+ traces (represented as the percent change in fluorescence over the mean fluorescence 647 

[ΔF/F]) for each group is shown in the middle panels. Peak analysis of Ca2+ traces. PS1ΔMG in 648 

increased events / min (left panel).  Histogram showing area under the curve (AUC) measurement 649 

for each animal trial (right panel). (F) Neuronal activity was recorded during novel object 650 

exploration.  (G) Left panel average GCaMP6s z-score (black line, control; gray line, PS1ΔMG) 651 

across all recording sites time-locked to nose-to-object touch, dotted lines represent standard 652 

error (SE). Right panel graph showing area under the curve (AUC) measurement for each nose-653 

to-object time-locked Ca2+ transient for each animal trial. Data are represented as mean ± SEM. 654 

N=4-6 mice per group *p<0.05 using unpaired student’s t-test. 655 

 656 

Figure 5. Enhanced memory in mice lacking microglial PS1. (A) Schematic of contextual fear 657 

conditioning (B) Mice were trained in contextual fear conditioning and tested 24h after training. 658 

Compared with control mice, PS1ΔMG mice showed increased freezing. Data are represented as 659 

mean ± SEM, n=12 mice per group.  ***p < 0.001, unpaired student’s t-test. (C) Schematic of 660 

object exploration task used for both PS1ΔMG and control. (D) Exploratory preference in the training 661 

session. A discrimination index of 0.5 (dashed lines) represents performance at chance (50%). 662 

The amount of time spent exploring both objects was the same for all mice. We used a 3-min 663 

training protocol (see Methods) as this does not typically lead to changes in short-term memory 664 

or long-term memory in wild-type mice. (E) Exploratory preference in control and PS1ΔMG mice at 665 
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24-hour retention test. Data are represented as mean ± SEM, n ≥ 6-10 mice per group. ****p < 666 

0.0001 using unpaired Student’s t-test. (F) Distance travelled in open field    control vs PS1ΔMG 667 

mice.  668 

 669 
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