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During brain development, excess synapses are pruned (i.e., removed), in part by microglial phagocytosis, and dysregulated
synaptic pruning can lead to behavioral deficits. The P2Y6 receptor (P2Y6R) is known to regulate microglial phagocytosis of neu-
rons, and to regulate microglial phagocytosis of synapses in cell culture and in vivo during aging. However, currently it is unknown
whether P2Y6R regulates synaptic pruning during development. Here, we show that P2Y6R KO mice of both sexes had strongly
reduced microglial internalization of synaptic material, measured as Vglut1 within CD68-staining lysosomes of microglia at post-
natal day 30 (P30), suggesting reduced microglial phagocytosis of synapses. Consistent with this, we found an increased density of
synapses in the somatosensory cortex and the CA3 region and dentate gyrus of the hippocampus at P30. We also show that adult
P2Y6R KO mice have impaired short- and long-term spatial memory and impaired short- and long-term recognition memory com-
pared with WT mice, as measured by novel location recognition, novel object recognition, and Y-maze memory tests. Overall, this
indicates that P2Y6R regulates microglial phagocytosis of synapses during development, and this contributes to memory capacity.
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Significance Statement

The P2Y6 receptor (P2Y6R) is activated by uridine diphosphate released by neurons, inducing microglial phagocytosis of such
neurons or synapses. We tested whether P2Y6R regulates developmental synaptic pruning in mice and found that P2Y6R KO
mice have reduced synaptic material within microglial lysosomes, and increased synaptic density in the brains of postnatal
day 30 mice, consistent with reduced synaptic pruning during development. We also found that adult P2Y6R KO mice had
reduced memory, consistent with persistent deficits in brain function, resulting from impaired synaptic pruning. Overall, the
results suggest that P2Y6R mediates microglial phagocytosis of synapses during development, and the absence of this results
in memory deficits in the adult.

Introduction
During development, synapse formation in the human brain
is thought to peak at 1 million synapses per second (Tang et
al., 2001). Excess synapses are generated compared with what
remains in adulthood, and some of these synapses are then

pruned to shape neuronal networks in an activity-dependent
manner (Hong et al., 2016b; Faust et al., 2021). This synaptic
pruning is by multiple mechanisms but is partly mediated by
microglial phagocytosis of the synapses (Stevens et al., 2007;
Tremblay et al., 2010; Paolicelli et al., 2011; Schafer et al.,
2012; Mordelt and de Witte, 2023).

Microglia are CNS-resident macrophages that play a variety
of roles in maintaining a healthy brain. One such role involves
the phagocytosis (i.e., engulfment and degradation) of synapses,
neurons, debris, bacteria, and aggregated proteins (Sierra et al.,
2013; Wolf et al., 2017; Tay et al., 2018; Gabandé-Rodríguez et
al., 2020). Microglial phagocytosis of synapses is involved in
learning and memory in adults (Miyanishi et al., 2021), but ex-
cessive microglial phagocytosis of the synapses may contribute
to memory loss with aging and neurodegeneration (Hong et al.,
2016a; Dundee et al., 2023). Signals regulating microglial phag-
ocytosis of synapses include fractalkine and the fractalkine
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receptor, complement components C1q, C3, and C4, and com-
plement receptor 3, adenosine 2A, TREM2, GPR56, phosphati-
dylserine, CD47, TGFb, and the P2Y6 receptor (P2Y6R) (Faust
et al., 2021; Dundee et al., 2023).

P2Y6R is a GPCR for extracellular uridine diphosphate (UDP),
expressed from the P2ry6 gene by myeloid and other cells in the
body, but in the brain, is almost exclusively expressed by microglia
(Koizumi et al., 2007). Koizumi et al. (2007) found that kainite-
stressed neurons released uridine triphosphate (UTP), which
was hydrolyzed into UDP and induced microglia to phagocy-
tose neurons via activating P2Y6R on microglia. We subse-
quently showed that extracellular UDP could induce microglia
to phagocytose live neurons, and that inhibition of P2Y6R pre-
vented neuronal loss induced by LPS in glial-neuronal cul-
tures and in mouse brains in vivo (Neher et al., 2014; Milde et
al., 2021). P2Y6R KO also prevented microglial phagocytosis
of neurons and loss of neurons and memory induced b amyloid
and TAU in vivo (Puigdellívol et al., 2021).

Recently, we reported that P2Y6R regulated microglial phago-
cytosis of synapses (Dundee et al., 2023). In culture, we showed
that P2Y6R inhibition or KO strongly reduced microglial phago-
cytosis of isolated synapses (synaptosomes), and that glial-neuro-
nal cultures from P2Y6R KO mice had reduced inflammatory
loss of synapses (Dundee et al., 2023). In vivo, we found that
P2Y6R KO prevented an aging-associated increase in micro-
glial phagocytosis of synapses, and reduced loss of synapses
and memory with age (Dundee et al., 2023).

Here, we investigated whether P2Y6R regulated microglial
phagocytosis of synapses during development, and whether this
affected synaptic density and memory. We found that microglia
from P2Y6R KO mice had reduced internalization of synaptic
material at postnatal day 30 compared with WT mice, coupled
with an increase in synaptic density in three different regions of
P2Y6R KO mouse brains. P2Y6R KO mice also performed worse
than WT mice in both long- and short-term memory tests.
These findings are significant as they support the hypothesis that
microglial phagocytosis of synapses during development contrib-
utes to a healthy brain and this is, in part, through activation of
P2Y6R.

Materials and Methods
Animals. All animal work was conducted in accordance with the

Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012
following ethical review by the University of Cambridge Animal Welfare
and Ethical Review Body. P2Y6R KO mice were kindly provided by
Bernard Robaye (ULB Brussels) and maintained on a C57BL/6 back-
ground (Charles River Laboratories). P2Y6R KO mice and WT litter-
mates were used to establish homozygous P2Y6R WT and KO sublines.
Postnatal day 30 (P30) mice included 4 male and 4 female WT mice and
4 male and 4 female P2Y6R KO mice. Four-month-old mice included 6
male and 5 female WT mice and 8 male and 3 female P2Y6R KO mice.
Nine- to 12-month-old mice included 9 female WT mice and 7 female
P2Y6R KOmice. Mice used in short-termmemory tests received intrace-
rebroventricular injections of 4ml PBS 3 or 14d before testing.

Fixation and tissue sectioning. P30 mice were killed following cer-
vical dislocation and decapitation. Brains were removed and fixed
for 48 h in 4% PFA and cryoprotected by immersion in an increased
10%-30% sucrose solution until sectioning. Serial coronal sections
(25mm) through the whole brain were collected using a sliding
microtome and placed in PBS with 0.025% sodium azide as free-
floating sections.

Immunohistochemistry of free-floating brain slices. All steps were
conducted at room temperature, with shaking, and rinsing 3 times with
PBS after each incubation unless stated otherwise. Five to six free-

floating 25mm sections were taken every 12th brain section of 8 P2Y6R
WT and KO mice at P30 for immunohistochemistry. Sections were
rinsed 3 times in PBS and incubated with 50 mM ammonium chloride in
PBS for 30min to quench free aldehyde groups from fixation. Sections
were then incubated in 0.1% Sudan Black B in 70% ethanol for 20min
to reduce autofluorescence, permeabilized using 1% Triton X-100 in
PBS for 30min to facilitate antibody penetration, and blocked for 1 h
with blocking solution (2% BSA, 3% goat serum, and 0.03% Triton X-
100 in PBS). Subsequently, sections were incubated with mouse anti-
Vglut1 (1:200, Fisher Scientific, MA5-31373), rabbit anti-Homer1 (1:500,
Synaptic Systems, 160003), rabbit anti-Iba1 (1:200, Wako, 019-19741),
and rat CD68 (1:200, Fisher Scientific, 14-0681-82) antibodies in blocking
solution for 2 h at 37°C (Xiao et al., 2017). Sections were then rinsed
3 times with PBS and then incubated with AlexaFluor-568 goat anti-
mouse (1:200, Fisher Scientific, A5054), AlexaFluor-goat 488 anti-
rabbit (1:200, Fisher Scientific, A11008), and AlexaFluor-647 goat
anti-rat (1:200, Fisher Scientific, A21247) antibodies for 2 h at 37°C.
Sections were then rinsed 3 times with PBS and mounted on poly-L-ly-
sine-treated glass slides and dried at 37°C. Sections were then mounted
using Vectashield mounting medium with DAPI (Vector Laboratories,
H1500) and imaged using confocal microscopy.

Synaptic internalization analysis of free-floating brain sections. Imaging
was conducted on a Nikon C2si confocal microscope with a 63�,
1.35NA oil immersion objective using 488, 561, and 640nm laser lines.
Microglia were imaged and analyzed following Schafer et al. (2014).
Briefly, Z stacks (0.5mm step intervals) were collected, being 2mm from
the surface of the section at each ROI. Fourteen to 15 microglia were an-
alyzed across three sections 300mm apart per mouse. Background sub-
traction (6 pixels/0.2mm rolling ball) and intensity normalization (2%)
across the sections were conducted using Fiji (Schindelin et al., 2012).
Microglial structures were analyzed using 3DMorph analysis (York et
al., 2018). Microglial (Iba1), lysosomal (CD68), and synaptic (Vglut1)
surface rendering was conducted using Imaris 9.1.2. The results for the
surface-rendered objects were represented as volume (mm3).

Microglial density of free-floating brain sections. Imaging was con-
ducted on an EVOSM5000 fluorescent microscope with a 20� objective.
Nine images in the somatosensory cortex were taken across three sec-
tions 300mm apart per mouse. Total microglia (Iba1- and DAPI-posi-
tive) per field were counted using Fiji (Schindelin et al., 2012).

Synaptic density analysis of free-floating brain sections. Imaging was
conducted on a Nikon C2si confocal microscope with a 63�, 1.35NA oil
immersion objective using 405, 488, and 561 nm laser lines. A 2 mm Z
stack (0.125mm step intervals) was collected, being 2-5mm from the sur-
face of the section at each ROI. Nine images were taken across three sec-
tions 300mm apart per mouse. Background subtraction (6 pixels/0.2mm
rolling ball) and intensity normalization (2%) across the sections were
conducted using Fiji (Schindelin et al., 2012). We developed a custom
script for Fiji to map Vglut1 and Homer1 puncta positions in 3D and an-
alyze their distributions. In order to detect puncta 0.2mm in diameter
(Moreno Manrique et al., 2021), the script applies a Laplacian of
Gaussian filter with the SD set from this estimated diameter and detects
local maxima as puncta candidates. Candidate points are then clustered
into final puncta by merging points within one punctum width of each
other, excluding points on image edges and below the global Otsu inten-
sity threshold (Otsu et al., 1979). The number of puncta “colocalized”
between the two channels is counted as the number of C2 (Homer1)
coordinates having at least one C3 (Vglut1) coordinate within one punc-
tum width. Local density is calculated for each punctum using a Gaussian
kernel density estimate (Davis et al., 1956), and overall density in each
channel is calculated as puncta per mm3. The puncta densities were nor-
malized to the mean of WTmice.

Long-term novel object location test and novel object recognition test.
To test long-term location and recognition memory, object location rec-
ognition testing (OLRT) and novel object recognition testing (NORT)
were performed in a 30� 44 cm arena with opaque sides, with a 24 h
retention time (Murai et al., 2007; Puigdellívol et al., 2021). Briefly,
4-month-old mice were first habituated to the arena in the absence of
objects on 2 consecutive days (15min/day), when spontaneous locomo-
tor activity (total distance traveled) and anxiety/motivation (distance
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traveled in periphery vs center of the open field) were measured. On the
third day, visual clues were included on the walls of the open field and two
similar objects were presented for 10min (A and A9 objects). Twenty-four
hours later, the same animals were retested for 5min retention test in the
arena with a familiar (A) and a new (B) object location. The object location
preference was measured as the time exploring each object� 100/time
exploring both objects. On the fifth day, visual clues were removed
and two new identical objects were presented to the animals for
10min (C and C9). Twenty-four hours later, the same animals were
retested for 5min retention test in the arena with a familiar (C) and a
new (D) object. The object preference was measured as the time
exploring each object� 100/time exploring both objects. Animals were
tracked and recorded with SMART Junior software (Panlab). Objects
and arena were cleaned thoroughly with 70% ethanol and dried after
each trial to eliminate odor cues. The experimenter was blinded to the
genotype of the individual animals. NORT data were reanalyzed from
Dundee et al. (2023).

Short-term novel object recognition memory test. To test short-term
recognition memory, NORT was performed in a 30� 44 cm arena with
opaque sides, with a 2min retention time (Puigdellívol et al., 2021).
Briefly, 9- to 12-month-old mice were first habituated to the arena in
the absence of objects for two 10min sessions 2 h apart. The next day,
two identical objects were presented for 10min (A and A9 objects).
Twominutes later, the same animals were retested for 5min in the arena
with a familiar (A) and a novel (B) object. The order of testing of mice
from different experimental groups was randomized on day 1 and main-
tained in the same order on day 2. Object interaction times and ratios
were extracted from digital recordings of the trials using modified
Autotyping software. The experimenter was blinded to the genotype of
the individual animals. These data were reanalyzed from Puigdellívol et
al. (2021).

Y-maze memory test. To test short-term spatial memory, spontane-
ous alternation performance in a Y-maze was tested as described previ-
ously (Prieur and Jadavji, 2019). Briefly, 9- to 12-month-old mice were
placed in the center of the symmetrical Y-maze and were allowed to
explore freely through the maze during an 8min session. The sequence,
total number of arms entered, and total distance traveled were recorded.
Spontaneous alternations (%) are as follows: number of arm entries
that were not identical to the previous arm entry/total number of arm
entries� 100. Arm entries and distance traveled were extracted from
digital recordings of the trials using modified Autotyping software. The
experimenter was blinded to the genotype of the individual animals.

Statistical analysis. Error bars indicate mean6 SEM, and each
data point represents 1 animal (see Figs. 1d-f, 2b,d,e–g, 3b, 4d, 5d,
6d, 7d, 8b–f, 9b–d,f,g; Extended Data Figs. 4-1a, 4-2). Statistical
differences were calculated using unpaired t tests and one-sample t
tests. Statistical correlation was conducted using paired Pearson corre-
lation coefficients. All experiments were analyzed using GraphPad
Prism 9 (GraphPad Software). Graphical data were shown as individual
data points, including mean values with error bars indicating SEM. For
each experiment and graph, statistical details including the statistical
test used, the exact value of n, what n represents (number of animals
per genotype) as well as dispersion and precision measures (mean,
SEM, etc.) can be found in the figure legends.

Code data. All codes used to analyze synaptic puncta can be
found at https://github.com/gurdon-institute/Synaptic-Density-Analysis.
Experimental data reported in this paper will be shared by the correspond-
ing authors upon request.

Results
P2Y6R KO results in reduced synaptic internalization during
development
During development, synaptic levels are regulated in part by the
phagocytosis of synapses by microglia (Schafer et al., 2012). We
have previously shown that P2Y6R KO microglia have reduced
synaptic internalization during aging (Dundee et al., 2023). To
test whether P2Y6R is involved in the microglial phagocytosis of

synapses during development, we analyzed the internalization of
synaptic material within microglial lysosomes in the somatosen-
sory cortex of P30 WT and KO mice by confocal microscopy
(Fig. 1a). Coronal brain slices were immunostained using anti-
bodies to Iba1 (microglial marker), CD68 (lysosomal marker),
and Vglut1 (presynaptic marker), and internalized Vglut1 vol-
ume within lysosomal microglia was analyzed by generating Z-
projection surface renderings using Imaris software (Fig. 1b,c).
We chose a presynaptic marker (Vglut1), rather than a postsy-
naptic marker, as there is clearer evidence for microglial phago-
cytosis of presynaptic markers during development (Weinhard
et al., 2018; Mordelt and de Witte, 2023). We chose to examine
synapse phagocytosis at P30 because synaptic pruning has been
reported to still be actively occurring in somatosensory cortex of
mice at this time point (Cong et al., 2020). We chose the somato-
sensory cortex because we have previously found that P2Y6R
affects synaptic density in this area during aging (Dundee et al.,
2023) and the somatosensory cortex affects working memory
(Long and Zhang, 2021).

There was a small but significant increase in microglial Iba1
volume in the P2Y6R KO mice compared with the WT mice
(Fig. 1d, n¼ 7 or 8, unpaired t test, WT: 282, KO: 332, p¼ 0.024,
h 2 ¼ 0.269); however, there were no other observable effects on
morphology (York et al., 2018), such as the number of branches
(n¼ 8, unpaired t test, WT: 63, KO: 60, p¼ 0.376, h 2 ¼ 0.007),
the number of branch points (n¼ 8, unpaired t test, WT: 52, KO:
50, p¼ 0.391, h 2 ¼ 0.006), the average branch length (n¼ 8,
unpaired t test, WT: 32, KO: 33 p¼ 0.327, h 2 ¼ 0.015), or the
maximum (n¼ 8, unpaired t test, WT: 70, KO: 71, p¼ 0.393,
h 2 ¼ 0.005) and minimum (n¼ 8, unpaired t test, WT: 4.1, KO:
4.4, p¼ 0.178, h 2 ¼ 0.061) branch length (Fig. 2). Microglial
density was subtly but significantly reduced in P2Y6R KO mice,
suggesting a small effect on microglial proliferation at a young
age (Fig. 3, n¼ 8, unpaired t test, WT: 54, KO: 49, p¼ 0.007,
h 2 ¼ 0.357). There were no significant differences in microglial
CD68 volume between WT and KO mice (Fig. 1e, n¼ 7 or 8,
unpaired t test, WT: 4.2, KO: 3.4, p¼ 0.210, h 2¼ 0.051), indicat-
ing no difference in microglial lysosomal volume. Virtually all of
the CD68 staining was within Iba1-stained microglia (Extended
Data Fig. 1-1), indicating that this marker of phagocytic lyso-
somes was relatively specific to microglia. Importantly, the vol-
ume of Vglut1 internalized within microglial CD68 was strongly
and significantly lower in the KO mice, indicating that the
microglial phagocytosis of synapses is strongly reduced in KO
mice (Fig. 1f, n¼ 7 or 8, unpaired t test, WT: 0.028, KO: 0.007,
p¼ 0.001, h 2 ¼ 0.506). This suggests that P2Y6R mediates the
phagocytosis of synapses during development.

P2Y6R KO results in increased synaptic density during
development
In order to investigate whether this decrease in microglial phago-
cytosis of synapses had an effect on synapse density during devel-
opment, we examined the synaptic density of WT and P2Y6R
KO mice at P30. Synaptic density was analyzed in the somato-
sensory cortex, the hippocampal CA1 and CA3 stratum radia-
tum, and the dentate gyrus molecular layer of P30 P2Y6R WT
and KO mice using confocal microscopy (Figs. 4a, 5a, 6a, 7a).
Coronal brain slices were immunostained using antibodies to
Vglut1 (presynaptic marker) and Homer1 (postsynaptic marker),
and synaptic density was measured as colocalized (,200 nm)
puncta of both synaptic markers in an entire Z stack.

In the somatosensory cortex, the density of Vglut1 puncta
(n¼ 8, unpaired t test, WT: 100, KO: 105, p¼ 0.030, h 2 ¼ 0.229)
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and the colocalization of Vglut1 and Homer1 puncta (n¼ 8,
unpaired t test, WT: 100, KO: 109, p¼ 0.039, h 2 ¼ 0.206) were
significantly increased in KO mice compared with WT mice,
with no difference in Homer1 puncta density (Fig. 4b–d, n¼ 8,
unpaired t test, WT: 100, KO: 101, p¼ 0.418, h 2 ¼ 0.003). No
difference in density was observed in the hippocampal CA1 stra-
tum radiatum for Vglut1 puncta (n¼ 8, unpaired t test, WT: 100,
KO: 98, p¼ 0.335, h 2 ¼ 0.013), Homer1 puncta (n¼ 8, unpaired
t test, WT: 100, KO: 102, p¼ 0.215, h 2 ¼ 0.045), or the colocali-
zation of Vglut1 and Homer1 puncta (Fig. 5b–d, n¼ 8, unpaired t
test, WT: 100, KO: 101, p¼ 0.394, h 2 ¼ 0.005). In the hippocam-
pal CA3 stratum radiatum, the density of Vglut1 puncta (n¼ 8,
unpaired t test, WT: 100, KO: 108, p¼ 0.038, h 2 ¼ 0.208) and the
colocalization of Vglut1 and Homer1 puncta (n¼ 8, unpaired t
test, WT: 100, KO: 115, p¼ 0.048, h 2 ¼ 0.184) were significantly

increased in KOmice compared withWTmice, with no difference
in Homer1 puncta (Fig. 6b–d, n¼ 8, unpaired t test, WT: 100,
KO: 108, p¼ 0.092, h 2 ¼ 0.123). In the molecular layer of the
dentate gyrus, the density of Homer1 puncta (n¼ 8, unpaired
t test, WT: 100, KO: 114, p¼ 0.005, h 2 ¼ 0.388) and the colocali-
zation of Vglut1 and Homer1 puncta (n¼ 8, unpaired t test, WT:
100, KO: 113, p¼ 0.027, h 2 ¼ 0.241) were significantly increased
in KO mice compared with WT mice, with no difference in
Vglut1 puncta (Fig. 7b–d, n¼ 8, unpaired t test, WT: 100, KO:
100, p¼ 0.485, h 2¼ 0.0001). We did not examine synapse density
in any other areas of the brain. Raw values for the Vglut1 puncta
density, Homer1 puncta density, and the colocalization density are
visible in Extended Data Figure 4-1. Furthermore, the Pearson
correlation coefficient was calculated comparing the internaliza-
tion of synaptic material per mouse in the somatosensory cortex

Figure 1. P2Y6R deficiency reduces synaptic pruning during development. a, Representative confocal microscopy image of mice stained for Iba1 (green, microglial marker),
CD68 (blue, lysosomal marker), and Vglut1 (red, synaptic marker) in the somatosensory cortex. Scale bar, 2mm. Virtually all of the CD68 staining was within Iba1-stained
microglia, as shown in Extended Data Figure 1-1. b, Representative surface-rendered microglia (from a). Scale bar, 3mm. c, Enlarged inset of Vglut1 colocalization within
CD68, denoted by the white dotted line (from b). Scale bar, 0.5mm. Microglial volume (d), CD68 volume within microglia (e), and Vglut1 colocalization within CD68 (f) across
P30 WT and P2Y6R KO mice (n¼ 7 or 8). Each point represents 1 animal comprised of 14-15 microglia analyzed across three equidistant sections. Error bars indicate6 SEM. ns, p� 0.05;
*p, 0.05; **p, 0.01; (unpaired t test).
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to their corresponding synaptic density. We found a signifi-
cant, negative correlation between the volume of internalized
synaptic material by microglia and the synaptic density in
the somatosensory cortex (Extended Data Fig. 4-2, n¼ 15,
Pearson correlation coefficient, r ¼ �0.532, p¼ 0.021).
Together, these data indicate that P2Y6R KO increases syn-
apse density and decreases microglial phagocytosis of synap-
ses during development, and the data are consistent with
P2Y6R-mediated microglial phagocytosis of synapses causing
synaptic pruning during development.

P2Y6R KO results in reduced memory
In the previous section, we found that P2Y6R KO increased synapse
density in the somatosensory cortex and hippocampus, regions that
are associated with various forms of memory (Rebola et al., 2017;
Hainmueller and Bartos, 2020; Long and Zhang, 2021). Dysregulated
synaptic pruning during development has been associated with
memory deficits (Wang et al., 2022). And we have previously
observed a role for P2Y6R-dependent memory loss in aging, and
both an acute amyloid model and chronic tau model of neurode-
generation (Puigdellívol et al., 2021; Dundee et al., 2023).

Figure 2. P2Y6R deficiency does not affect microglial branching in the somatosensory cortex at P30. a, Microglial branch end points identified by 3DMorph analysis (York
et al., 2018). b, Mean number of branch end points per microglia (n¼ 8). c, Microglial branching points identified by 3DMorph analysis (York et al., 2018). d, Mean num-
ber of branching points per microglia (n¼ 8). e, Mean branch length (mm) per microglia (n¼ 8). f, Mean of the maximum branch length (mm) per microglia (n¼ 8).
g, Mean of the minimum branch length (mm) per microglia (n¼ 8). Each point represents 1 animal. Statistical comparisons were made via unpaired t tests. Error bars indi-
cate 6 SEM.
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To investigate whether the reduced synaptic pruning in
P2Y6R KO mice had a long-term effect on memory, we tested
the memory of adult WT and P2Y6R KO mice using the OLRT,
the NORT, and the Y-maze. The NORT tests object recognition
memory (Ennaceur and Delacour, 1988) while the OLRT and Y-
maze test spatial memory (Vogel-Ciernia and Wood, 2014;
Kraeuter et al., 2019). We first tested long-term spatial memory
using the OLRT. Four-month-old mice were habituated in an
open field for 2 consecutive days; and on the third day, mice
were allowed to explore two identical objects for 10 min in
the presence of visual clues on the walls of the open field.
Twenty-four hours after this training, one of the objects
remained in the same location (familiar) while the other
was moved (novel), and the relative time spent with novel
and familiar objects was quantified (Fig. 8a). During the
training session, WT mice had no overall preference for the
objects at either location (n¼ 11, one-sample t test to 50%,
WT: 52, p¼ 0.356, h 2 ¼ 0.086), while P2Y6R KO mice had a
slight object preference (Fig. 8b, n¼ 11, one-sample t test to
50%, KO: 54, p¼ 0.015, h 2 ¼ 0.459). Twenty-four hours af-
ter training, WT mice spent more time with the object at
the novel location, meaning that they had long-term mem-
ory of the object locations (Fig. 8c, n¼ 11, one-sample t test
to 50%, WT: 72, p¼ 0.005, h 2 ¼ 0.556). However, P2Y6R
KO mice did not show a preference for either object loca-
tion (n¼ 11, one-sample t test to 50%, KO: 55, p¼ 0.305,
h 2 ¼ 0.105) and showed reduced preference compared with
WT mice (n¼ 11, unpaired t test, WT: 72, KO: 55, p¼
0.023, h 2 ¼ 0.186), indicating that KO mice have impaired
long-term spatial memory.

Using the same animals, we then tested long-term recognition
memory using the NORT. The animals had previously been
habituated in the open field (day 1 and 2) followed by the OLT
(day 3 and 4). Visual clues were removed from the walls of the
open field; and on the fifth day, mice were allowed to explore
two new identical objects for 10min. Twenty-four hours after
training, one of the objects (familiar) was replaced by a new
object (novel), and the relative time spent with novel and familiar
objects was quantified (Fig. 8d). During the training session,

both WT (n¼ 11, one-sample t test to 50%, WT: 56, p¼ 0.033,
h 2 ¼ 0.379) and P2Y6R KO (n¼ 11, one-sample t test to 50%,
KO: 55, p¼ 0.049, h 2 ¼ 0.335) mice had a slight preference for
one object (Fig. 8e). During the test, both WT (n¼ 11, one-sam-
ple t test to 50%, WT: 74, p¼ 0.0002, h 2 ¼ 0.770) and P2Y6R
KO (n¼ 11, one-sample t test to 50%, KO: 64, p¼ 0.005, h 2 ¼
0.564) mice spent noticeably more time with the novel object,
meaning that they had long-term memory of the familiar object.
However, P2Y6R KOmice showed a significantly reduced prefer-
ence for the novel object compared with WT mice (Fig. 8f,
n¼ 11, unpaired t test, WT: 74, KO: 64, p¼ 0.042, h 2 ¼ 0.142),
indicating that KO mice have impaired long-term recognition
memory. These data suggest that long-term memory is impaired
in P2Y6R KOmice.

We tested short-term spatial memory of 9- to 12-month
old mice using the Y-maze, where mice were placed in the
center of the symmetrical Y-maze and were allowed to
explore freely for 8 min (Fig. 9a). The sequence, total num-
ber of arms entered, and distance traveled were recorded to
determine the spontaneous alterations, which is a measure
of short-term spatial memory. There was a nonsignificant
increase in the number of total arm entries (Fig. 9b, n¼ 7-9,
unpaired t test, WT: 34, KO: 46, p¼ 0.064, h 2 ¼ 0.157), and
a significant increase in total distance traveled for P2Y6R
KO mice compared with WT mice (Fig. 9c, n¼ 7-9, unpaired
t test, WT: 675, KO: 901, p¼ 0.027, h 2 ¼ 0.239), suggesting
mildly increased motility of P2Y6R KO mice. Both WT
(n¼ 9, one-sample t test to 50%, WT: 72, p¼ 0.0003, h 2 ¼
0.819) and P2Y6R KO (n¼ 7, one-sample t test to 50%, KO:
60, p¼ 0.010, h 2 ¼ 0.691) mice conducted spontaneous
alterations in the Y-maze, meaning that both groups of mice
had short-term spatial memory. However, there was a signif-
icant decrease in spontaneous alterations for P2Y6R KO
mice compared with WT mice, reduced from 72% in WT
mice to 60% in P2Y6R KO mice, where 50% indicates ran-
dom arm entry and zero memory (Fig. 9d, n¼ 7-9, unpaired
t test, WT: 72, KO: 60, p¼ 0.013, h 2 ¼ 0.304). These data
indicate that P2Y6R KO mice have impaired short-term spa-
tial memory.

Figure 3. P2Y6R deficiency reduces microglial density in the somatosensory cortex at P30. a, Representative fluorescent microscopy images of mice stained for Iba1 (green, microglial marker)
and DAPI (blue, nuclei marker) in the somatosensory cortex. Scale bar, 50mm. b, Mean number of microglia per 20� field (n¼ 8). Each point represents 1 animal. Error bars indicate6 SEM.
**p, 0.01 (unpaired t test).
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Finally, we tested short-term recognition memory of 9- to
12-month-old mice using the NORT. Mice were habituated in
an open field for 2 consecutive days; and on the third day, mice
were allowed to explore two identical objects for 10min.
Fiveminutes after training, one of the objects (familiar) was
replaced by a new object (novel), and the relative time spent
with the novel and familiar objects was quantified (Fig. 9e).
During the training session, both WT (n¼ 7, one-sample t test
to 50%, WT: 50, p¼ 0.919, h 2 ¼ 0.002) and P2Y6R KO (n¼ 7,
one-sample t test to 50%, KO: 52, p¼ 0.638, h 2 ¼ 0.039) mice
had no overall preference for either object (Fig. 9f). By contrast,
during the test, both WT (n¼ 7, one-sample t test to 50%, WT:
72, p¼ 0.001, h 2 ¼ 0.860) and P2Y6R KO (n¼ 7, one-sample t
test to 50%, KO: 62, p¼ 0.112, h 2 ¼ 0.685) mice spent more

time with the novel object, meaning that they had short-term
memory of the familiar object. However, P2Y6R KO mice
showed a significantly reduced preference for the novel object
compared with WT mice (Fig. 9g, n¼ 7, unpaired t test, WT:
72, KO: 63, p¼ 0.044, h 2 ¼ 0.222), indicating that KO mice
have impaired short-term recognition memory. Overall, our
data indicate that adult P2Y6R KO mice have reduced memory,
consistent with the reduced synaptic pruning during develop-
ment resulting in long-term deficits in brain function.

Discussion
We had previously found that the P2Y6R regulates microglial
phagocytosis of synapses during aging in mice, by measuring

Figure 4. P2Y6R deficiency results in increased synaptic density in the somatosensory cortex. a, Nissl stain from the Allen Mouse Brain Atlas and Allen Reference Atlas–Mouse Brain of a coro-
nal section of the mouse brain, with the somatosensory cortex labeled. Available from mouse.brain-map.org/static/atlas. b, Colocalization of Vglut1 and Homer1 puncta. Scale bar, 0.5mm.
c, Representative confocal microscopy images of P30 WT and P2Y6R KO mice stained for Vglut1 (red represents presynaptic marker), Homer1 (green represents postsynaptic marker), and with
DAPI (blue represents nuclear stain) in the somatosensory cortex. Scale bar, 5mm. d, Vglut1 puncta density, Homer1 puncta density, and synaptic density of the somatosensory cortex (n¼ 8,
3 equidistant planes 300mm apart per mouse). Synaptic density determined as colocalized Vglut1 and Homer1 puncta (,200 nm). Raw values for synaptic puncta density across brain regions
are available in Extended Data Figure 4-1. Synaptic internalization by microglia negatively correlates with synaptic density in the somatosensory cortex, as shown in Extended Data Figure 4-2.
Each point represents 1 animal. Error bars indicate6 SEM. *p, 0.05 (unpaired t tests).
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microglial phagocytosis of isolated synapses, synaptic loss in cul-
ture, and synaptic internalization and loss in vivo (Dundee et al.,
2023). We were therefore interested here in whether P2Y6R regu-
lates microglial phagocytosis of synapses during development in
mice, and if so, whether this affects adult brain function. We
found here that P2Y6R KO mice had greatly reduced synaptic
material within microglial lysosomes, and increased synaptic
density at P30, consistent with P2Y6R regulating synaptic prun-
ing. We found that adult P2Y6R KO mice had impaired long-
and short-term memory, consistent with reduced synaptic prun-
ing causing memory dysfunction. Thus, it appears that P2Y6R
mediates synaptic pruning via regulating microglial phagocytosis
of synapses during development; and if this does not occur, adult
brain dysfunction results. However, there are a number of uncer-
tainties and limitations of our study that are outlined below.

We measured microglial phagocytosis of synapses as the
internalization of the presynaptic marker Vglut1 into the
CD68-stained lysosomes of Iba1-stained microglia in fixed
sections of the somatosensory cortex of WT and P2Y6R KO
mice at P30. We found a large reduction in Vglut1 within micro-
glial lysosomes in the KO mice, consistent with reduced phagocy-
tosis. This is consistent with previous research identifying a role
for microglial phagocytosis in developmental synaptic pruning
(Tremblay et al., 2010; Paolicelli et al., 2011). However, we did not
visualize/image phagocytosis over time, and it is conceivable
that the reduced Vglut1 within microglial lysosomes in the
KO mice was because of increased digestion of the synaptic
material within the KO lysosomes. To directly test this possi-
bility, in our previous publication, we fed isolated synapses
(synaptosomes) to immortalized microglia and measured the

Figure 5. P2Y6R deficiency does not affect synaptic density in the CA1 hippocampus. a, Nissl stain from the Allen Mouse Brain Atlas and Allen Reference Atlas–Mouse Brain of a coronal sec-
tion of the mouse brain, with the hippocampal CA1 stratum radiatum labeled. Available from mouse.brain-map.org/static/atlas. b, Colocalization of Vglut1 and Homer1 puncta. Scale
bar, 0.5mm. c, Representative confocal microscopy images of P30 WT and P2Y6R KO mice stained for Vglut1 (red represents presynaptic marker), Homer1 (green represents postsynaptic
marker), and with DAPI (blue represents nuclear stain) in the hippocampal CA1 stratum radiatum. Scale bar, 5mm. d, Vglut1 puncta density, Homer1 puncta density, and synaptic density of
the hippocampal CA1 stratum radiatum (n¼ 8, 3 equidistant planes 300mm apart per mouse). Synaptic density determined as colocalized Vglut1 and Homer1 puncta (,200 nm). Each point
represents 1 animal. Statistical comparisons were made via unpaired t tests. Error bars indicate6 SEM.
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rate of Vglut1 degradation with and without the P2Y6R in-
hibitor MRS2578 and found no difference in Vglut1 degra-
dation rate (Dundee et al., 2023). Moreover, we showed
that microglia isolated from P2Y6R KO mice had a reduced
rate of microglial phagocytosis of the isolated synapses
(Dundee et al., 2023). Thus, the reduced Vglut1 within
microglial lysosomes in the KO mice found here is most
likely because of reduced microglial phagocytosis of synap-
ses. However, additional experiments should be conducted
on P2Y6R KO microglial lysosomes to test for possible
functional deficits, such as lysosomal acidity and enzyme
composition.

We chose a presynaptic marker (Vglut1), rather than a
postsynaptic marker, as there is clearer evidence for microglial
phagocytosis of presynaptic markers during development

(Weinhard et al., 2018; Mordelt and de Witte, 2023).
However, it would be interesting to know whether P2Y6R also
affects microglial phagocytosis of postsynaptic elements, such
as dendritic spines, or the microglial phagocytosis of inhibitory
synapses. We chose to examine synapse phagocytosis and den-
sity at P30 because synaptic pruning has been reported to still
be actively occurring in somatosensory cortex of mice at this
time point (Cong et al., 2020). However, it would be useful to
know whether P2Y6R affects microglial phagocytosis at other
developmental time points, including adults. We chose somato-
sensory cortex because there is evidence for a role in working
memory and we have previously identified P2Y6R-dependent
phagocytosis occurring in this region (Long and Zhang, 2021;
Dundee et al., 2023), but it would be informative to look at
other areas of the brain.

Figure 6. P2Y6R deficiency results in increased synaptic density in the CA3 hippocampus. a, Nissl stain from the Allen Mouse Brain Atlas and Allen Reference Atlas–Mouse Brain of a coronal
section of the mouse brain, with the hippocampal CA3 stratum radiatum labeled. Available from mouse.brain-map.org/static/atlas. b, Colocalization of Vglut1 and Homer1 puncta. Scale
bar, 0.5mm. c, Representative confocal microscopy images of P30 WT and P2Y6R KO mice stained for Vglut1 (red represents presynaptic marker), Homer1 (green represents postsynaptic
marker), and with DAPI (blue represents nuclear stain) in the hippocampal CA3 stratum radiatum. Scale bar, 5mm. d, Vglut1 puncta density, Homer1 puncta density, and synaptic density of
the hippocampal CA3 stratum radiatum (n¼ 8, 3 equidistant planes 300mm apart per mouse). Synaptic density determined as colocalized Vglut1 and Homer1 puncta (,200 nm). Each point
represents 1 animal. Error bars indicate6 SEM. *p, 0.05 (unpaired t tests).
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We measured synapse density as the density of Vglut1-
staining puncta, Homer1-staining puncta, and their colocal-
ization (,200 nm) within the Z stack of 25-mm-thick brain
sections using confocal microscopy. Thick sections have
limitations with confocal microscopy, especially in relation
to the z plane (Avila and Henstridge, 2022), so ideally our
data should be verified using array tomography of ultrathin
sections. Vglut1 and Homer1 puncta density is high in the
hippocampal stratum radiatum and molecular layer, as well
as the somatosensory cortex, because of the high density of
glutamatergic synapses. However, in the hippocampal stra-
tum lacunosum-moleculare, Vglut1 puncta density is sub-
stantially lower compared with Vglut2 puncta density as
Vglut2 is found primarily on output neurons in the hippo-
campus (Wozny et al., 2018). It may be beneficial to use

excitatory synaptic markers that are less region-specific for
future studies, such as synaptophysin and PSD-95, as well as
investigate inhibitory synapses. We analyzed synapses at a
single time point (P30) in mouse development, and it would
be useful to analyze other time points to understand how
P2Y6R affects changes in synapses during development.

We found a subtle increase in synaptic density in P2Y6R KO
mice, consistent with reduced microglial phagocytosis of synap-
ses. However, this finding is also consistent with increased syn-
aptogenesis or reduced retraction of synapses in the KO mice.
On the other hand, as there is clear evidence from us and others
that P2Y6R mediates microglial phagocytosis (Koizumi et al.,
2007; Puigdellívol et al., 2021; Dundee et al., 2023), but there
is no evidence that P2Y6R affects synaptogenesis or synapse re-
traction, the most parsimonious explanation of our finding of

Figure 7. P2Y6R deficiency results in increased synaptic density in the dentate gyrus. a, Nissl stain from the Allen Mouse Brain Atlas and Allen Reference Atlas–Mouse Brain of a coronal sec-
tion of the mouse brain, with the hippocampal dentate gyrus molecular layer labeled. Available from mouse.brain-map.org/static/atlas. b, Colocalization of Vglut1 and Homer1 puncta. Scale
bar, 0.5mm. c, Representative confocal microscopy images of P30 WT and P2Y6R KO mice stained for Vglut1 (red represents presynaptic marker), Homer1 (green represents postsynaptic
marker), and with DAPI (blue represents nuclear stain) in the hippocampal dentate gyrus molecular layer. Scale bar, 5mm. d, Vglut1 puncta density, Homer1 puncta density, and synaptic den-
sity of the hippocampal dentate gyrus molecular layer (n¼ 8, 3 equidistant planes 300mm apart per mouse). Synaptic density determined as colocalized Vglut1 and Homer1 puncta
(,200 nm). Each point represents 1 animal. Error bars indicate6 SEM. *p, 0.05 (unpaired t tests).
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increased synaptic density in the P2Y6R KOs is reduced micro-
glial phagocytosis of synapses, for which we have independent
evidence. However, it would be useful to test the effect of P2Y6R
KO on other potential regulators of synaptic density. It would
also be interesting to look at the effect of P2Y6R KO on the den-
sity of particular synaptic types, such as inhibitory synapses.

We found that adult P2Y6R KO mice had reduced short- and
long-term memory, consistent with reduced synaptic pruning
during development causing memory dysfunction. However, the
memory defects of adult mice could result from reduced micro-
glial phagocytosis of synapses in the adult mice, because such
phagocytosis has been found to contribute to learning and

memory in the adult brain (Miyanishi et al., 2021). This might be
clarified by testing memory at earlier ages, or using condi-
tional KO of P2Y6R. However, if learning and memory are
regulated by P2Y6R-dependent microglial phagocytosis of
synapses, it may be difficult to disentangle a developmental
effect from an adult effect. We have attributed the reduced
memory of P2Y6R KO mice to reduced synaptic pruning
during development; however, it cannot be ruled out that
the memory deficits result from other effects of P2Y6R yet
to be discovered. We have previously reported that P2Y6R
KO mice have improved memory when 17months old rela-
tive to WT mice, which have strongly degraded memory at

Figure 8. P2Y6R deficiency results in long-term memory loss. a, Schematic representation of the training and testing sessions in the NORT. b, Object preference of each
animal as percentage of time spent exploring two identical objects (n¼ 11). c, Object preference of each animal as percentage of time spent exploring the novel object 24
h after training (n¼ 11). d, Schematic representation of the training and testing sessions in the OLRT. e, Object preference of each animal as percentage of time spent
exploring two identical objects (n¼ 11). f, Object preference of each animal as percentage of time spent exploring the novel object 24 h after training (n¼ 11). b, c, Data
were reanalyzed from Dundee et al. (2023). Each point represents 1 animal. Dashed lines indicate a 50% chance level. Error bars indicate 6 SEM. *p, 0.05 (unpaired t
tests).
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this age (Dundee et al., 2023). We attributed this protection to
P2Y6R mediating the excessive microglial phagocytosis of syn-
apses occurring at this age (Dundee et al., 2023). Thus, P2Y6R-
regulated phagocytosis of synapses may potentially protect
memory in the young and degrade memory in the old.

Disruption of synaptic pruning can lead to behavioral deficits
in mice, reminiscent of neurodevelopmental disorders, such as
autism and schizophrenia, suggesting that these disorders result
from disrupted microglial phagocytosis of synapses (Faust et al.,

2021; Mordelt and de Witte, 2023). It would therefore be inter-
esting to test young P2Y6R KOmice for behaviors, such as social-
ization, related to neurodevelopmental disorders. However,
socialization deficits have been linked to specific neuronal-
microglial signaling, such as via fractalkine (Corona et al., 2010),
rather than microglia per se (Mordelt and de Witte, 2023). It is
unclear what behavioral effects may result from loss of UDP-
P2Y6R signaling, but it would be interesting to investigate
further.

Figure 9. P2Y6R deficiency results in short-term memory loss. a, Schematic representation of spontaneous alterations in the Y-maze. b, Total number of arm entries by each animal in the
Y-maze (n¼ 7-9). c, Distance traveled (inches) by each animal in the Y-maze (n¼ 7–9). d, Spontaneous alterations by each animal in the Y-maze (n¼ 7–9). e, Schematic representation of
the training and testing sessions in the NORT. f, Object preference of each animal as percentage of time spent exploring two identical objects (n¼ 7). g, Object preference of each animal as
percentage of time spent exploring the novel object 24 h after training (n¼ 7). f, g, Data were reanalyzed from Puigdellívol et al. (2021). Each point represents 1 animal. Dashed lines indicate
a 50% chance level. Error bars indicate6 SEM. *p, 0.05 (unpaired t tests).
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P2Y6R is a receptor on microglia for extracellular UDP,
and extracellular UDP acutely induces microglial phagocy-
tosis (Koizumi et al., 2007). Kainate-stressed neurons have
been shown to release UTP that is converted to UDP in the
mouse brain (Koizumi et al., 2007), and amyloid b -stressed
neurons have also been shown to release UDP that activates
P2Y6R (Puigdellívol et al., 2021). UTP is known to be released
from stressed or apoptotic cells via pannexin or connexin chan-
nels (Elliott et al., 2009; Lazarowski, 2012). UDP activation of
P2Y6R induces formation of the phagocytic cup in microglia,
which is a late stage in the engulfment process, normally pre-
ceded by recognition of other phagocytic signals on the target.
Thus, UDP-P2Y6R signaling may potentially combine with
other signals to recognize synapses that should be engulfed
(Cockram et al., 2021). It would be useful to test whether and in
what conditions synapses release UDP (although this is cur-
rently difficult to do), and how UDP might combine with other
signals on the synapse to regulate microglial phagocytosis of
synapses.
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