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Fig. 5 | Focal ATP events drive microglial process motility in acute brain slices
in a P2Y12R- and CX3CR1-dependent manner. a AAV-induced neuronal expres-
sion of ATP sensors (Cx3crl-cre/tdTomato mice, N =9 animals, only males,
P70-110 days). Control (n = 6 slices), PSB0739-treated (4 uM; n =8 slices) or
AZD8797-treated (n =5 slices). b k-means clustering. Dot sizes represent the area of
events (scale in right) Grey: control, pink: PSB, green: AZD show flashes, black:
control; purple: PSB; yellow: AZD show surges (N =9 animals, n = 6 ctrl, 8 PSB, 5 AZD
treatment). Source data are provided as a Source Data file. ¢ Comparison of ATP
flash/surge characteristics of control, PSB0739 and AZD8797 treatment. Two-way
ANOVA, Tukey's multiple comparisons, Intensity: F(1, 206) = 92.31, Duration: F(1,
206) =133, Area: F(1, 206) =115.8, p < 0.0001 (N = 9 animals, n = 6 ctrl, 8 PSB, 5 AZD-
treated slices). Boxes: interquartile range, whiskers: min—max, vertical bar: mean.
Source data are provided as a Source Data file. d ATP events (green) and process
displacement (red, Supplementary Movie 7). ROIs indicate ATP event areas at
maximum intensity. Scale bars: 10 um. e AF/F traces of ATP sensor activity (green)

and superimposed process accumulation (red) within the ATP flash territories,
demarcated in d). f Left: Microglia process recruitment to flashes/surges repre-
sented as tdTomato A%MFI. Right: Latencies of process movements (N =9 animals,
n=6 ctrl, 8 PSB, 5 AZD-treated slice), measured as indicated on (e). Kruskal-Wallis
test with Dunn’s multiple comparison test, A%MFI: p < 0.0001 (left), Latency:

p = 0.19 (right). Boxes: interquartile range, whiskers: min—-max, vertical bar: median.
Source data are provided as a Source Data file. g Directed movements (dm) early
(2-3 h) vs. late (36 h) stages after slice preparation (N =9 animals, n = 6 ctrl, 8 PSB,
5 AZD treated slices). Source data are provided as a Source Data file. h Distribution
of process movement prevalence in response to flashes/surges (9 animals, 6 ctrl, 8
PSB, 5 AZD treated slice). Light colours (grey: control; pink: PSB; green: AZD)
represent movement towards flashes, darker colours (black: control; purple: PSB;
yellow: AZD) represent movement towards surges (N =9 animals, n =6 ctrl, 8 PSB, 5
AZD-treated slices). Source data are provided as a Source Data file.

positive influence of microglia on SWR activity observed in acute slice
preparations is in part mediated by microglial P2Y12R- and fractalkine-
signalling, and that specific microglial actions are needed for the
maturation of ex vivo acute slices.

To investigate the relevance of these observations in vivo, we
performed chronic recordings after implanting 64-channel probes into
the hippocampus of freely behaving mice in their home cage envir-
onment (Fig. 8g). After this, the recording was repeated on the same
animals following microglia depletion. We found that while ripple
frequency, length and amplitude did not change, the absence of
microglia led to a significant decrease in ripple rate (Fig. 8h, i). These
data suggest that microglia are important contributors to maintaining
complex neuronal network activity patterns in vivo.

Discussion

In this study, we provide a comprehensive assessment of microglial
function in acute slice preparations in an experimentally relevant
timeframe, using sample sets from multiple expert laboratories and
advanced tools, including a novel mouse strain expressing a recently
developed, highly sensitive fluorescent ATP sensor’>*’. We show that
while microglia are undergoing marked time-dependent phenotype
changes, they remain instrumental in maintaining ex vivo spontaneous
activity of the neuronal network in a P2Y12R- and CX3CR1-dependent
manner. We believe that these mechanisms of microglia-neuron
interactions, as influenced by the identified purinergic activity pat-
terns, should be considered for studies on microglial and neuronal
functions ex vivo while also having important implications for the
acute slice methodology and could facilitate improvements in mod-
elling. Finally, our findings on injury related ATP events or microglial
influence on SWR activity both ex vivo and in vivo may have important
implications for common neurological disorders.

We first studied, how the slice preparation procedure affected
microglial cells over time. While locomotor and process polarization
behaviour of microglia have been previously suggested in acute
slices®*, population-level changes in the distribution of cell bodies
and processes along the full depth of slices have not been investigated
in a time-dependent manner before. The acute slice preparation
technique can ultimately be considered as a traumatic event assumed
to influence microglial function, as observed in acute slices prepared
via different methodologies'*****’°, Of note, in comparison with other
studies, microglia, after 1 h of incubation showed similar morpholo-
gical characteristics to cells measured at peri-infarct cortical areas in
experimental stroke models**”, using similar automated morphol-
ogy analysis tools. Moreover, the ~50% drop in the number of micro-
glial process endings observed in a study comparing control and
Alzheimer’s disease patients’™, closely resembles the changes that we
observed in acute slices as early as after 20 min of incubation.

Importantly, microglial phenotype changes were found to repre-
sent a generic response to slice preparation as (i) comparable

morphological changes were seen in younger (P35 day) and older
(P95 day) mice over time, or even during postnatal development
(P18-20), (ii) different slice preparation techniques carried out in
independent laboratories consistently resulted in a gradually increas-
ing density of reactive microglia both at slice surfaces and in deeper
layers. It has been previously suggested that gradually decreasing
levels of oxygenation along the depth of the slice, as well as higher
neuronal activity at the top surface could mediate injury-related sig-
nals, which may affect microglia distribution”"". To visualize extra-
cellular ATP in acute slices, we used a newly developed mouse line,
where glutamatergic neurons express a highly sensitive fluorescent
ATP-sensor in the plasma membrane. While it is well documented that
microglial responses are markedly influenced by extracellular ATP and
its derivatives through microglial NTPDase and P2YI2R mediated
actions”**7%7%7% and acute damage to the brain tissue releases large
quantities of ATP**-%3, rapid microglial process recruitment to spon-
taneously emerging focal ATP events in acute slices was striking. While
our results show elevated ATP-levels close to the cut slice surfaces as
expected, they also indicate the formation of ATP gradients likely to
drive microglial dislocation and morphological changes throughout
the slices, including deeper tissue locations. While our observations
reinforce general guidelines in electrophysiological investigations to
avoid measurements taking place at the top 30-50um of slice
preparations®, we also demonstrate a unique form of a dynamic and
sustained purinergic activity, featuring 1-2min long flashing ATP
release events in the nanomolar to micromolar range, deep in the slices
even hours after slice cutting and similarly occurring in slices from
both young (P18-20 days) or adult (P67-119 days) mice. The spatio-
temporal characteristics of such ATP events are likely to reflect injury
related astroglial activity, observed also in vivo®®®, However, due to
the lack of appropriate tools to selectively block astrocytic ATP release
in the acute slice model, we have not studied the source of ATP in the
present paper. The decline in extracellular ATP levels is known to be
mediated by NTPDase and Ecto-5-nucleotidase enzymes, degrading
ATP to ADP (the major P2Y12R ligand), AMP and adenosine,
respectively’®®®. Indeed, upon ecto-ATPase blockade we observed a
gradual elevation of ATP levels that—presumably via ATP-induced ATP
release—seemed to maintain, or even further enhance flashing ATP
release events. It is also important to note that we observed regional
differences in the ATP flash incidences and intensities, which could be
due to either source cell or sensor (neuron) heterogeneity but may also
reflect different responsiveness to injury at distinct brain locations,
which remains to be investigated in future studies.

Microglia have critically important roles during development that
can differ substantially from those of adult microglia’. We have also
described that the early developmental formation of somatic pur-
inergic junctions represents an important interface for microglia to
monitor the status of immature neurons and control
neurodevelopment®. Because the acute slice model is widely used in

Nature Communications | (2024)15:5402



Article

https://doi.org/10.1038/s41467-024-49773-1

b

/‘w
.

CX3CR1+/6FP

1 hour

&— 2hours

5 hours

1 hour

l!

L 4
immersion-fixed

cell body 0’ cell body 20’

experimental design

C

post-embedding immuno-fluorescent labeling

@

slice preparation 0
20 mins
1 hour
2 hours
5 hours

\

ultrathin cutting

interaural onto glass slide

3.44 —1.24 mm
5 x 300 pym slices

dehydration & embedding

@ Into resin blocks

) @ CLSM imaging
% af

\;\\ @

\ 9/
“ ( ultrathin cross-section

=
- of an acute slice

top 40 pm

resin etching, immuno-

fluorescent labelling 40 pm

measurement area

P2Y12 receptor labeling - incubated & immersion-fixed acute slices

thin process 0’

thin process 20’

Ty

250+

S 2504 250+
e S cell body thick process thin process
>
"é kK
o 2004 2004 el 200+ Kkkk
= ns *kkk *k%k
87 \ ns ns *kkk *kkk
= - *kkk
Re] 1504 150 150
e
N EEEe
K OJ OJ OJ
o 1th 2h 5h 1h  2h  5h 1th  2h 5h

g

1005,
80+
60+
404

204

% soma contacted

developmental brain research, we also performed a set of experiments
on slices from postnatal mice. Interestingly, we found that microglia
during late postnatal development behave in a very similar manner as
in adulthood. The immediate ATP release caused by slice cutting or a
later direct, secondary injury, the subsequent decay of the ATP levels at
the injury site and the upcoming flashing ATP events were all observed
on a similar time- and intensity-scale in slices from a wide (P19-P119)
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age range. These data underscore the broad impact of the time-
dependent changes we observed in this experimental model.
Microglia responded readily to changes in extracellular ATP (ADP)
concentrations by P2Y12R-dependent fast morphological transforma-
tion and process redistribution. P2Y12 receptors not only represent a
core marker for microglia in the healthy brain®-"°, but downregulation
of P2YI2R is associated with reactive phenotypes and microglial

Nature Communications | (2024)15:5402

12



Article

https://doi.org/10.1038/s41467-024-49773-1

Fig. 6 | Microglial P2Y12R undergoes rapid downregulation during the incu-
bation process, paralleled by changes in microglia—neuron interactions.

a CLSM z-stacks depicting microglial cells with pre-embedding immunofluorescent
labelling (IBA1, red; P2Y12 receptors, white) before (0 min) and after 1 h of incu-
bation. Scale bar: 3 um (One independent experiment, N =1 animal, n =1 slice/ani-
mal, representative experiment). b CX3CR17/°"" littermates (N =3 animals, only
males, P35 days) were used to create slice preparations, immersion-fixed at dif-
ferent time-points. Measurements were performed in Ent/TeA/PRh areas. ¢ After
fixation, slices were dehydrated and embedded into resin blocks (1), ultrathin slices
were cut onto glass slides (2) and resin etching was followed by post-embedding
P2Y12R immunofluorescent labelling (3). Finally, z-stack images were gathered
from preparations via high-resolution CLSM (4). Each ultrathin section represents
the whole cross-section of one acute slice (4), measurement can be done
throughout the whole depth range of acute slices within a single image plane.

d P2YI2R labelling via the post-embedding technique. Microglial cell bodies (left),
thick processes (middle), thin processes (right) and P2Y12R labelling (top) or
P2YI2R labelling only (bottom). Scale: 2 um (one independent experiment from

N =3 animal, n =3 slices/animal). e Quantification of P2Y12R labelling intensity
(arbitrary unit, see the “Methods” section) in the cell body (left), thick processes
(middle) and thin processes (right.) N = 3 animal, P35 days; n = 3 slices/animal; One-
way ANOVA, Dunnet’s multiple comparisons, Body: F(4, 40) =2.746, p = 0.04 (left),
Thick: F(4, 62) =9.698, p < 0.0001 (middle), Thin: F(4, 154) =13.09, p < 0.0001
(right), mean + SEM. Comparisons are made to O min values. Source data are pro-
vided as a Source Data file. f Representative section of MIP image created from
z-stacks used to quantify microglial contact prevalence/process coverage on neu-
ronal soma. White arrows: areas where microglial processes are likely to form
contacts on neuronal soma (overlap of microglia and Kv2.1 labelling, Scale: 5 um).
CX3CR17°" littermates (only males, P65 days). g Quantification of contact pre-
valence (left) and coverage (right) of neuronal soma by microglial processes (N =3
animals, n =7-9 regions of interest analysed/timepoint, 30-60 neurons/timepoint
P65 days) One-way ANOVA, Dunn’s multiple comparisons, F(5,36) = 9.118,

p < 0.0001 (left), F(5,235) =3.409, p = 0.0054 (right), mean + SEM. Source data are
provided as a Source Data file.

dysfunction both in vivo and ex vivo™****?**2, We show with a fully
quantitative post-embedding method* that rapid downregulation of
P2Y12R occurs most extensively at the processes of microglia already
after 1h of incubation proportionally with marked morphological
changes. Importantly, this rapid and sustained decrease does not
abolish the responsivity of microglia to flashing ATP events in the time
window investigated (0-5 h), while reduced P2YI2R density was asso-
ciated with altered microglia-neuron interactions. Purinergic signalling
is thought to be involved in the regulation of overall slice activities,
too, due to extracellularly produced or glia-derived adenosine'®,
which contributes to an Al receptor-mediated suppression of neuronal
activity™®*, a mechanism that could explain quiet states during
recovery periods and baseline onset in acute slices and might con-
tribute to inter-laboratory or inter-slice variability. Also, it is important
to note, that glial ATP/adenosine release is required for closing/re-
opening windows of plasticity during development, both in the
hippocampus® and the somatosensory cortex’””. Important ques-
tions for future research will be how these local, dynamic changes in
extracellular ATP, and consequently, adenosine levels could influence
microglial and neuronal physiology in ex vivo slice preparations and
whether such events are sufficient to re-initiate plasticity in the neu-
ronal network in different forms of neuropathologies, in vivo.

In addition to the purinergic landscape, fractalkine—
CX3CRl1 signalling is another major microglia-related pathway involved
in the regulation of microglia process redistribution in acute slices,
driving microglial cell body translocation independently from P2Y12R.
CX3CRl1 signalling also appeared to differently regulate morphological
changes of microglia compared to P2Y12R, delaying the transition to
reactive phenotypes. Blockade of CX3CR1 receptors halts microglia
process recruitment towards ATP flashes that may suggest a co-
operation of the two pathways, maybe via the involvement of astroglial
fractalkine production upon injury-related signals®® in addition to
neuronal fractalkine actions on microglia. Depending on the experi-
mental model used, CX3CR1"" mice in previous studies showed largely
similar phenotypes to WT mice or intermediate phenotypes between
WT and KO. To consider this issue in our study, we have used either
CX3CRI"~ mice as a microglia-reporter line—in these cases, the
experiments were also repeated on CX3CRI1 sufficient mice - or we
used acute pharmacological inhibition of CX3CR1; while in experi-
ments aimed to investigate the involvement of fractalkine signalling
we compared CX3CR1-KO to wild-type mice.

The resting membrane potential of microglia has also been shown
to correlate with morphology, as modified activity of tonically active K
+ channels responsible for maintaining resting membrane potential
(knocking out THIK-1 or locally increasing extracellular [K+]) can
decrease ramification'°'%" It has been proposed that transitioning into
a more reactive phenotype could partly reflect decreased expression

of THIK-1'", as activation via LPS treatment resulted in a significantly
downregulated expression of THIK-1 mRNA'®, Importantly, our results
indicate that gradual depolarization, rapid P2Y12R downregulation
and transition of microglia into a reactive morphology are inherent
features of acute slices, which have important implications for models
using such preparations.

Changes in microglial distribution, morphology, P2Y12R expres-
sion, and local ATP fluxes are expected to markedly influence cell—cell
interactions, given that P2Y12R signalling is required for normal
microglial interactions with neuronal somata and synapses under dif-
ferent conditions**>°"1, We showed that while the prevalence of
contacts on neuronal soma (somatic junctions) slowly and gradually
decreases, the percentage of somatic area covered by microglial pro-
cesses undergoes a more than two-fold increase immediately after
slice preparation, similar to that observed in vivo after acute
ischaemia®. These changes paralleled increased numbers of contacts
on glutamatergic synapses, while contacts on GABAergic synapses
were gradually decreasing. Studies have previously demonstrated that
acute slice preparation induces synaptic sprouting®®*?, but the
underlying mechanisms have not been revealed. Microglia are well-
known regulators of synaptic density in vivo'**~%, Of note, we found
that the absence of microglia profoundly influenced the course of
synaptic sprouting. While microglial contacts can facilitate spine for-
mation of functional synapses both during development and in adult
stages'®'71% the extent and speed of microglia-mediated effects in
ex vivo brain slices were surprising. Of note, there are multiple sig-
nalling pathways implicated in microglia-synapse interactions (Clq,
CD47, MHCI, etc.), the molecular elements of which are still not
properly localized. Thus, further studies will be required to reveal the
molecular mechanisms underlying these effects, potentially making
the acute slice maturation process a valuable model for studying
microglia-synapse interactions. The elevated GABAergic synaptic
density at O min timepoint in the microglia-depleted mice could be
explained by effects not related to slice cutting, as the lack of microglia
has been already shown to elevate GABAergic synapse density
in vivo',

Further studies would be important to explore sex differences
that could potentially influence microglia-related effects observed in
this study', in line with examining the same mechanisms at earlier
stages of development (E15-P8), where microglial actions have been
shown to be of critical importance?. Furthermore, the influence of
different anaesthetics could also be tested, as more of these, such as
the most widely used isoflurane has been shown to affect microglial
behaviour and process dynamics'®. Taken the observed robust
microglial phenotype changes upon slice preparation and the fact that
P2Y12R blockade almost fully prevented microglial process chemo-
taxis to focal ATP flashes suggest that isoflurane anaesthesia might
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have had limited carryover effect to influence microglial behaviour in
our experiments.

We show that the presence of functional microglia can actively
influence SWR activity in hippocampal acute slice preparations, which
was largely mediated by purinergic mechanisms. Thus, the presence of
microglia and functional P2YI2R signalling are required for the emer-
gence of physiological-like network activity in ex vivo slices suggesting
that interventions aiming to inhibit microglial actions could render
acute brain slices less capable of producing normal patterns of neu-
ronal network activity seen in vivo. Previously it has been demon-
strated that hippocampal field excitatory postsynaptic potentials
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(fEPSPs) recover in correlation with synaptic changes in ex vivo slices®.
Our results show that SWR activity shows a huge increase in amplitude,
rate and frequency when correlated to the measured synaptic density
changes. Since the generation of SWRs in these conditions are both
reliant on a sufficiently large tonic excitatory activity and the action of
reciprocally connected parvalbumin-positive basket cells*, these
results indicate that a delicate balance needs to be maintained
between excitation and inhibition during the course of sprouting,
which allows SWRs to emerge. Importantly, our results showed that
microglia can facilitate glutamatergic and repress GABAergic synaptic
formation to maintain a balanced reorganization of the network after
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Fig. 7 | Rapid changes in microglia-synapse interactions and microglia-
dependent synaptic sprouting characterize acute slices. a Single image planes
from confocal z-stacks used to quantify contact prevalence of microglial processes
on glutamatergic(left)/GABAergic(right) synapses. (Insets show channel pairs from
boxes, pre- and postsynaptic marker, microglia and postsynaptic marker, micro-
glia, and presynaptic marker, merged.) Arrows: individual synapses contacted by
processes (bars: 1 um). CX3CRI7 littermates were used (only males, P65 days).
b Microglial contact prevalence onto glutamatergic(left)/GABAergic(right) synap-
ses (N =3 animals, n =15-18 ROI analysed/timepoint, P65 days) Kruskal-Wallis,
Dunn’s multiple comparisons, p = 0.019 (left), p < 0.0001 (right), mean + SEM
(compared to 0 min). Source data are provided as a Source Data file. ¢ MIP images
of confocal z-stacks used to quantify glutamatergic/GABAergic synaptic densities,
created with post-embedding technique. Glutamatergic (left, bar: 5 um) zoomed-in
insets (right, top; bar: 1um), GABAergic (right, bottom; bar: 1pm) labelling.

d Synaptic density changes of glutamatergic (left)/GABAergic (right) synapses
during incubation (N = 6 animal, n = 6 regions analysed/slice/timepoint, P65 days);
Kruskal-Wallis, Dunn’s multiple comparisons, p = 0.0024, mean + SEM (compared

to 0 min). Source data are provided as a Source Data file. e CX3CR17“" littermates
(only males) were used to create control (CTRL; N =3, P65 days; brown) and
microglia depleted (DEPL; N = 3, P65 days; blue) subgroups. Slice preparations were
obtained from both groups and immersion-fixed at different timepoints. f MIP
images from control(left) or depleted(middle) slices (scale: 100 pm). Quantification
comparing # of microglial cells in control(brown)/depleted(blue) slices (N = 6 ani-
mal/condition, P65 days); Mann—Whitney (two-sided), p < 0.0001, median + SD.
Boxes: interquartile range, whiskers: min—-max, vertical bar: median. Source data
are provided as a Source Data file. g MIP images created from confocal z-stacks
used to compare densities of glutamatergic (left)/GABAergic (right) synapses in
control (top) or depleted (bottom) slices (bar: 5 um). h Comparison of glutama-
tergic(left)/GABAergic(right) density changes during incubation. (averages of
control (brown, data also shown in d) vs. depleted condition (blue) (N =6 animal/
condition, n = 6 regions analysed/slice/timepoint, P65 days); Two-way RM ANOVA,
Tukey’s multiple comparisons, F(4,184) = 4.668, p = 0.0013 (left), F(4,184) =19.08,
p < 0.0001 (right), mean + SEM. Source data are provided as a Source Data file.

the loss of synapses due to the slice preparation procedure. Support-
ing our data, partial depletion of microglia promoted asynchronous
activity without an overall change in frequency'®, while microglia
depletion in the hippocampus decreased spontaneously and evoked
glutamatergic activity" In contrast, in vivo imaging experiments
showed increased excitatory and inhibitory neuronal activity in the
cortex after microglia depletion, which results are in line with ex vivo
circuit mapping data™®, Thus, it is likely that in addition to the
synaptic density changes, the altered distribution, morphology, and
subsequent changes in microglia-neuron interactions are also key
players in maintaining the integrity of neuronal networks in ex vivo
acute slices, enabling complex, in vivo-like network activity patterns to
emerge.

Interestingly, our in vivo chronic recordings confirm that micro-
glial functions are important for the emergence of ripple activity not
only in acute slices but also in the behaving animals. These data cor-
roborate our ex vivo results, confirming that microglia are inherent
modulators of complex neuronal networks, and their specific actions
are indispensable to maintain neuronal network integrity and activity
while also necessitating further research in order to better understand
how microglial actions are specifically involved in complex neuronal
network activity.

Acute slice preparation is a well-established experimental
approach that is useful in studying the physiology of neurons and
other cells, from individual synapses to complex neuronal networks.
The fact that microglia in acute slices can present a rapid transition
into a more reactive phenotype and can actively influence the neu-
ronal network via altered microglia—neuron interactions, purinergic-
and CX3CR1-mediated actions needs to be considered in ex vivo
studies. It is important to note here that many other signalling
pathways could influence microglia—neuron communication,
including presently unknown forms of microglia—astrocyte interac-
tions. Since microglial morphology strongly reflects the state of the
tissue, monitoring these changes and comparison of microglial
phenotype states in different slice preparation methods could facil-
itate more refined and consistent experimental models and para-
digms to be established. Our results also highlight the importance of
interactions between microglia and complex neuronal networks,
which may be further emphasized by the sensitivity of microglia to a
broad range of changes in their micro- and macroenvironment. While
the observed microglial phenotypes in acute slices may not represent
an undisturbed physiological state, the acute slice model also
emerges as an instrumental tool to test and understand the different
factors, that contribute to reactive microglial phenotypes or to
assess how microglia-mediated changes impact complex neuronal
networks, with broad implications for diseases of the CNS that are
influenced by alterations of microglial function.

Methods

Animals

In our experiments, CX3CR1°", CX3CR17", P2Y127", or C57BI/6] mice
littermates were used, except those in 2-photon imaging studies. For
extracellular expression of the ATP sensor GRAB,tp in neurons, Vglutl/
cre/Gt(Rosa26)Sor[cre/cre] mice” were crossed with LSL GRABatp_
P2A_jRGECO1a(TgTm)—C57BI/6)[flox/flox] mice made by Biocytogen
(China) to generate the mouse strain ATP1.028"%, CX3CRI1-cre/tdTomato
mice were generated earlier in our laboratory™. All mice used in this
study were male, with the exception of the data presented in Fig. 2c,
Supplementary Fig. 1b, d, Supplementary Fig. 2g, h, where we used both
genders in order to obtain sufficient animal numbers from littermates.
Mice were kept in the vivarium on a 12-hour light/dark cycle and pro-
vided with food and water ad libitum. Temperature was 22 +2°C and
50 £10% humidity. The animals were housed in two or three per cage.

Slice preparation, incubation, and xation

In order to minimize bacterial contamination, all the tools and con-
tainers used for slice preparation and incubation were routinely
cleaned before and after experiments with 70% ethanol and were
rinsed extensively with distilled water. For acute slice preparation,
mice were decapitated under deep isoflurane anaesthesia. The brain
was removed and placed into an ice-cold cutting solution, which had
been bubbled with 95% 0,-5% CO, (carbogen gas) for at least 30 min
before use. The cutting solution contained the following (in mM):
205 sucrose, 2.5 KCl, 26 NaHCO3, 0.5 CaCl2, 5 MgCl,, 1.25 NaH,PO,, 10
glucose, saturated with 95% 0,—5% CO,. Horizontal hippocampal slices
of 300 ym or 450 pm (in case of LFP recordings) thickness were cut
using a Vibratome (Leica VT1000S). The process of slice preparation
from termination till the first slice to be immersion-fixed took
~5-10 min.

After acute slice preparation, slices were placed into an interface-
type holding chamber for recovery. In an interface-type chamber, sli-
ces are laid onto a mesh just slightly submerged in the artificial cere-
brospinal fluid (ACSF). Therefore the oxygenation of the tissue is
mainly realized by the direct exposure to humidified oxygen-rich air
above the slices. This chamber contained standard ACSF at 35 °C that
gradually cooled down to room temperature. The ACSF solution
contained the following (in mM): 126 NaCl, 2.5 KCI, 26 NaHCO;, 2
CaCl,, 2 MgCl,, 1.25 NaH,PO,, 10 glucose, saturated with 95% 0,~5%
CO,. Immediately after slice preparation/given timeframes of incuba-
tion/after recordings, slices were immersion-fixed for 1 h with 4% PFA
solution. In the case of PSB-treated acute slices, both cutting and
standard ACSF solutions used to prepare the slices contained 10 uM
PSB-0739 (Sigma-Aldrich).

For perfusion-fixed slices, mice were anaesthetised and transcar-
dially perfused with 0.9% NaCl solution for 1 min, followed by 4% PFA in
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data reported in this paper will be shared by the lead contact upon
request. Any additional information required to reanalyse the data
reported in this paper is available from the lead contact upon request,
and all the data is provided as a Source Data file with this paper. Source
data are provided with this paper.
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