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SUMMARY
Endocannabinoids, signaling through the cannabinoidCB1 receptor (CB1R), regulate several formsof neuronal
plasticity. CB1Rs in the developing primary visual cortex (V1) play a key role in the maturation of inhibitory cir-
cuits. Although CB1Rs were originally thought to reside mainly on presynaptic axon terminals, several studies
have highlighted an unexpected role for astrocytic CB1Rs in endocannabinoid mediated plasticity. Here, we
investigate the impact of cell-type-specific removal of CB1Rs from interneurons or astrocytes on development
of inhibitory synapses and network plasticity in mouse V1. We show that removing CB1Rs from astrocytes in-
terferes with maturation of inhibitory synaptic transmission. In addition, it strongly reduces ocular dominance
(OD) plasticity during the critical period. In contrast, removing interneuron CB1Rs leaves these processes
intact. Our results reveal an unexpected role of astrocytic CB1Rs in critical period plasticity in V1 and highlight
the involvement of glial cells in plasticity and synaptic maturation of sensory circuits.
INTRODUCTION

Neuronal circuits are shaped by experience. This happens

much more readily in the young compared to the adult brain.

The unique learning capacity of the young brain is regulated

through postnatal critical periods, during which the ability of

neuronal networks to re-wire is greatly enhanced.1 Endocan-

nabinoids, which signal through the cannabinoid CB1 receptor

(CB1R), regulate several forms of neuronal plasticity.2 In the

developing neocortex, CB1Rs play a key role in the maturation

of inhibitory circuits. In developing primary visual cortex (V1),

endocannabinoid-mediated plasticity at inhibitory synapses

regulates the maturation of inhibitory synaptic transmission,

shifting synapses from an immature state characterized by

strong short-term depression to a mature state with reduced

short-term depression.3,4 Additionally, immature inhibitory

synapses can undergo an endocannabinoid-dependent form

of long-term depression (iLTD), which is lost upon maturation.

Completion of this inhibitory maturation correlates with the

timing of the critical period for ocular dominance (OD) plas-

ticity, which in mice peaks a P28-355 (with a similar but less

well defined period in rats). In layer 2/3 (L2/3) of mouse V1,
iScience 27, 111410, Decem
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inhibitory maturation is complete at P28-30.3 In rat V1, this

maturation is complete approximately 1 week later.4 Also in

L5 of mouse V1, the timing of maturation and loss of iLTD is

delayed by 1 week.3 Rearing animals in the dark, which pro-

longs the critical period for OD plasticity,6 delays the endo-

cannabinoid-mediated maturation of inhibitory synaptic trans-

mission.4 This suggests that this maturation step contributes

to critical period regulation in V1.

Although CB1Rs were originally thought to reside mainly on

presynaptic axon terminals, several studies have highlighted

an unexpected role for astrocytic CB1Rs in endocannabinoid

mediated plasticity.7–9 Here, we investigate the impact of cell-

type-specific removal of CB1Rs from interneurons or astro-

cytes on development of inhibitory synapses and network

plasticity of V1. We show that removing CB1Rs from astro-

cytes interferes with maturation of inhibitory synaptic trans-

mission in V1. In addition, it strongly reduces OD plasticity

during the critical period. In contrast, removing interneuron

CB1Rs leaves these processes intact. Our results reveal an

unexpected role of astrocytic CB1Rs in critical period plas-

ticity in V1 and highlight the involvement of glial cells in the

plasticity and synaptic maturation of sensory circuits.
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Figure 1. Early astrocytic recombination in GLAST-CreERT2 mice

(A) GLAST-CreERT2 TdTomato mice received a single i.p. injection of

tamoxifen at P1. Slices containing V1 were prepared at P28-35, processed for

immunofluorescence imaging and visualized using confocal microscopy.

Recombination (indicated by TdTomato expression, magenta) was observed

in astrocytes (visualized using a glutamine synthetase antibody, green) but

also in sparse neurons (visualized using NeuN antibody, blue). An example

neuron with pyramidal morphology is indicated by the arrow. Scale bar,

100 mm.

(B) Changing the tamoxifen injection regime to a single injection at P3-5

abolished neuronal recombination in V1, while astrocyte recombination was

efficient (�80%). Arrows indicate TdTomato-expressing astrocytes, arrow-

heads indicate TdTomato-negative astrocytes.

(C and D) Specificity of recombination was high for astrocytes, but some non-

neuronal recombination was seen in glial cells positive for NG2 (C, green, ar-

rows) or Olig2 (D, green, arrows). Arrowheads indicate TdTomato-negative

NG2-positive and Olig2-positive cells.

(E) Quantification of efficiency and specificity of recombination in astrocytes in

mice receiving a single tamoxifen i.p. injection at P3-5, based on TdTomato

and glutamine synthetase positivity (N = 6). Error bars indicate SEM.
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RESULTS

Removal of astrocyte vs. interneuron CB1 receptors
CB1Rs are traditionally thought to reside on presynaptic axon

terminals. However, the parvalbumin-expressing fast-spiking in-

terneurons whose synapses undergo developmental matura-

tion4,10 are thought to express no or only low levels of

CB1Rs.11–13 Furthermore, it was previously shown that astro-

cytes also express CB1Rs,7,8 which are involved in plasticity of

developing sensory circuits.8 To investigate how removal of

CB1Rs from different cell types (astrocytes vs. interneurons) af-

fects inhibitory maturation in V1, we made use of conditional

knockout mice lacking CB1Rs in either astrocytes or interneu-

rons. We crossed transgenic mice containing a floxed Cnr1

gene (Cnr1flox/flox mice)14 with different Cre-driver lines. For inter-
2 iScience 27, 111410, December 20, 2024
neuron-specific recombination we used GAD2-Cre knock-in

mice,15 whereas for astrocyte-specific recombination we used

GLAST-CreERT2 transgenic mice (JAX stock #012586).16 The

resulting mice lacked CB1Rs in either astrocytes (‘‘GLAST-

CB1R-KO mice’’) or interneurons (‘‘GAD2-CB1R-KO mice’’).

Conditional recombination inGLAST-CreERT2mice requires in-

duction by tamoxifen injection. For our experiments, astrocyte-

specific recombination needed to be induced at a young age,

before the start of the critical period. A potential problemwith early

tamoxifen injection may be that recombination occurs in neuronal

precursor cells, leading to recombination in neurons, as observed

in another GLAST-CreRT2 mouse line.17 We therefore tested at

which age GLAST-CreERT2 induction was specific for glial cell

types. Using a TdTomato Cre-reporter line crossed to GLAST-

CreERT2 mice, we found that a single intraperitoneal (i.p.) tamox-

ifen injection at postnatal day 1 (P1) resulted in recombination in

many glial cells, but also in a small number of neocortical neurons

(Figure 1A). In contrast, a single injection between P3 and P5 re-

sulted in efficient and specific recombination in glial cells, with no

neuronal recombination in V1 observed throughout all cortical

layers. Of all V1 astrocytes, 80% showed recombination, whereas

77% of recombined cells were astrocytes (Figures 1B–1E; N = 6),

the rest being other glial cells (oligodendrocytes, oligodendrocyte

precursor cells and NG2 cells; Figures 1C and 1D). This pattern of

cortical recombination is identical to that observed in other studies

utilizing the sameGLAST-CreERT2 line combined with early post-

natal tamoxifen injection: recombination almost exclusively in

astrocytes,with less than 1%of recombinedcells beingOlig2 pos-

itive and negligible neuronal recombination.18–20 Because astro-

cytes are the main glial cell type expressing CB1Rs (Allen Brain

Atlas; www.brain-map.org), phenotypic changes observed in

GLAST-CB1R-KO mice that are treated with tamoxifen at P3-5

are most likely due to loss of CB1R expression in astrocytes.

Loss of astrocytic CB1Rs interferes with inhibitory
synaptic maturation
To investigate how loss of CB1Rs from specific cell types affected

inhibitory synaptic maturation, we assessed short-term dynamics

of inhibitory synapses in acute brain slices of P28-35mice.Whole-

cell patch-clamp recordings weremade from L2/3 pyramidal neu-

rons, and evoked inhibitory postsynaptic currents (IPSCs) were

measured upon repetitive extracellular stimulation (10 pulses at

25 Hz; see methods for recording details). V1 inhibitory synapses

onto L2/3 pyramidal neurons normallymature toward a state char-

acterized by less pronounced short-term synaptic depression at

P28-35, while inhibitory synapses in full CB1R knockout mice

retain immature synaptic dynamics.3,4 In our hands, the steady-

state IPSC amplitude observed after stimulation with a train of

stimuli slightly differed from that observed in earlier studies.3,4

This is likely due to variations in recording settings and experi-

mental details between labs. Importantly, we found that short-

term dynamics of inhibitory synapses in P28-35 GAD2-CB1R-

KOmice did not differ from that in wild-type littermates (Figure 2A;

normalized steady state IPSC amplitude: wild-type: 0.42 ± 0.05,

n = 16/N = 5; GAD2-CB1R-KO: 0.45 ± 0.05, n = 19/N = 4; p =

0.71;Mann-Whitney test), suggesting normal inhibitorymaturation

in the absence of interneuron CB1Rs. In contrast, GLAST-CB1R-

KO mice showed more pronounced short-term depression when

http://www.brain-map.org


A

B

0.0
0.2
0.4
0.6
0.8
1.0
1.2

ns

st
ea

dy
 s

ta
te

 IP
SC

 (n
or

m
)

wild
-ty

pe

GAD2-C
B1R

-K
O

0.0
0.2
0.4
0.6
0.8
1.0
1.2 ✱✱

st
ea

dy
 s

ta
te

 IP
SC

 (n
or

m
)

wild
-ty

pe

GLA
ST-C

B1R
-K

O1 2 3 4 5 6 7 8 9 10
0.0
0.2
0.4
0.6
0.8
1.0

IPSC #

IP
SC

 a
m

pl
itu

de
 (n

or
m

)

wild-type

GLAST-CB1R-KO

1 2 3 4 5 6 7 8 9 10
0.0
0.2
0.4
0.6
0.8
1.0

IPSC #

IP
SC

 a
m

pl
itu

de
 (n

or
m

)

GAD2-CB1R-KO

wild-type

100 ms

100 ms

GAD2-CB1R-KO

wild-type

GLAST-CB1R-KO

wild-type

Figure 2. Impaired inhibitory synaptic matura-

tion upon loss of astrocyte CB1 receptors

(A) Left: example traces showing the dynamics of

inhibitory synaptic transmission in acute brain slices

from GAD2-CB1R-KO mice (blue) and their wild-type

littermates (black). Middle: averaged IPSC amplitude

normalized to the first, for each of the 10 IPSCs in the

train. Right: steady-state IPSC amplitude (averaged

normalized amplitude of the last three IPSCs in the

train) for all individual recorded neurons (dots). Bars

show mean.

(B) Same as in (A) but for GLAST-CB1R-KO mice

(green) and their wild-type littermates (black).

Error bars indicate SEM. *p % 0.05; **p % 0.01;

***p % 0.001.
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compared to wild-type littermates (Figure 2B; normalized steady

state IPSC amplitude: wild-type: 0.48 ± 0.03, n = 11/N = 4;

GLAST-CB1R-KO: 0.33 ± 0.03, n = 14/N = 4; p = 0.008; Mann-

Whitney test). This suggests that loss of CB1Rs on astrocytes,

but not on interneurons, interfereswith thematuration of inhibitory

synaptic transmission.

Long-term depression of inhibitory synapses is intact
upon removal of interneuron or astrocyte CB1Rs
Inhibitory synapses in V1 can undergo endocannabinoid-medi-

ated long-term depression (iLTD) at early developmental stages,

but this form of plasticity is lost during maturation. iLTD is

blocked by CB1R antagonists and absent in full CB1R knockout

mice.3,4 The significance of iLTD for inhibitory circuit functioning

and maturation is unknown. To investigate how iLTD was ef-

fected by cell-type-specific CB1R removal, we prepared acute

brain slices from young mice (P14-21) and performed whole-

cell patch-clamp recordings from L2/3 pyramidal neurons.

IPSCswere evoked by extracellular stimulation in L4, which likely

recruits axons of local inhibitory interneurons that impinge onto

L2/3 pyramidal neurons, including a large contribution by PV-

positive fast-spiking interneurons.4 Theta-burst stimulation of

these synapses induces iLTD. To assess iLTD, evoked IPSCs

were recorded for a baseline period of 10 min, followed by

iLTD induction using a theta-burst protocol (see methods for

additional details). In wild-type mice, this led to a significant

reduction in IPSC amplitude, indicating robust iLTD expression

(iLTD: 17.0 ± 2.9%, n = 29/N = 17, IPSC amplitude baseline vs.

after iLTD induction: p = 0.0002, paired t test; Figure 3A). iLTD

was abolished in the presence of the CB1R antagonist AM251

(10 mM; iLTD: 0.0 ± 4.2% iLTD, n = 12/N = 6, IPSC amplitude

baseline vs. after iLTD induction: p = 0.92; % iLTD control

vs. +AM251: p = 0.002, unpaired t test; Figure 3A).
iS
Next, we investigated how iLTD was

influenced by cell-type-specific removal

of CB1Rs. Surprisingly, we found that

removal of neither interneuron CB1Rs nor

astrocyte CB1Rs affected the magnitude

of iLTD (Figures 3B and 3C). iLTD did not

significantly differ between interneuron

CB1R knockouts and wild-type littermates

(GAD2-CB1R-KO iLTD: 17.7 ± 3.7%,
n = 37/N = 16, IPSC amplitude baseline vs. after iLTD induction:

p = 0.0002, paired t test; wild-type littermates iLTD: 15.3 ± 3.6%

iLTD, n = 40/N = 15, IPSC amplitude baseline vs. after iLTD in-

duction: p < 0.0001; % iLTD wild-type vs. GAD2-CB1R-KO:

p = 0.65, unpaired t test; Figure 3B). The same was true for

astrocyte CB1R knockouts (GLAST-CB1R-KO iLTD: 11.1 ±

2.3%, n = 44/N = 16, IPSC amplitude baseline vs. after iLTD in-

duction: p < 0.0001, paired t test; wild-type littermates iLTD:

10.7 ± 1.9% iLTD, n = 37/N = 15, IPSC amplitude baseline vs.

after iLTD induction: p < 0.0001; % iLTD wild-type vs. GLAST-

CB1R-KO: p = 0.91, unpaired t test; Figure 3C). Finally, we did

not observe significant differences in the amount of iLTD in

the three different control groups shown in Figures 3A–3C

(wild-type controls, wild-type littermates of GAD2-CB1-KO

mice, and wild-type littermates of GLAST-CB1-KO mice).

Therefore, although inhibitory synaptic maturation relies on

astrocyte CB1Rs, iLTD is surprisingly intact upon conditional

removal of either astrocyte or interneuron CB1Rs. Similar re-

sults were obtained when we studied the effect of application

of the synthetic CB1R agonist WIN55,212-2 on IPSC amplitude:

a similar reduction in IPSC amplitude was observed in both

astrocyte and interneuron CB1R knockouts (Figure S1).

Loss of astrocytic CB1Rs disrupts OD plasticity
The maturation of inhibitory synaptic transmission is known to be

critical for the occurrence of OD plasticity during the critical

period.1 Therefore, we assessed OD plasticity in mice in which

CB1Rexpressionwasdisrupted in astrocytes or interneurons. Us-

ing optical imaging of intrinsic signal,21wemeasured responses to

stimulation of the twoeyes in the binocular regionof V1, calculated

the OD index (ODI; see methods), and compared mice that were

reared normally (non-deprived) with mice that were monocularly

deprived for 3 days starting around P28 (3 days MD). In wild-type
cience 27, 111410, December 20, 2024 3
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Figure 3. iLTD is unaffected by removal of

astrocyte or interneuron CB1 receptors

(A) Left: example traces showing the averaged IPSC

during the 10 min of baseline recording and

10–20 min after iLTD induction by TBS. Black traces

are from a control experiment and orange in the

presence of the CB1 receptor antagonist AM251.

Middle: averaged time course of the IPSC amplitude

normalized to baseline for all experiments under

control conditions (black) and in the presence of

AM251 (orange). Right: averaged amount of iLTD

(% reduction of the IPSC amplitude after TBS) for all

individual recorded neurons (dots). Bars showmean.

(B) Same as in (A) but now for GAD2-CB1R-KO mice

(blue) and their wild-type littermates (black).

(C) Same as in (A) and (B) but now for GLAST-

CB1R-KO mice (green) and their wild-type litter-

mates (black). Error bars indicate SEM. *p % 0.05;

**p % 0.01; ***p % 0.001.
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littermates of both GAD2-CB1R-KO and GLAST-CB1R mice,

3 days MD led to an OD shift (GAD2-CBR1-KO littermates: ODI

non-deprived: 0.34 ± 0.04, N = 5; 3 days MD: 0.07 ± 0.05, N = 6;

GLAST-CB1R littermates: ODI non-deprived: 0.33 ± 0.04, N = 6;

3 days MD 0.02 ± 0.06, N = 7; Figures 4A and 4B). This OD shift

was also observed upon interneuron-specific CB1R removal

(GAD2-CB1R-KO: ODI non-deprived: 0.31 ± 0.04, N = 5; 3 days

MD: 0.03 ± 0.05, N = 5; Figure 4A). Statistical analysis yielded no

interaction between genotype and molecular deprivation for

GAD2-CB1R-KO mice (two-way ANOVA; interaction of genotype

with OD shift p = 0.93; Tukey’s post-hoc test: wild-type non-

deprived vs. 3 daysMD:p=0.002;GAD2-CB1R-KOnon-deprived

vs. 3 days MD: p = 0.003; wild-type 3 days MD vs. GAD2-CB1R-

KO 3 days MD: p = 0.95). In contrast, no significant OD shift was

observed upon removal of astrocyte CB1Rs (GLAST-CB1R-KO:

ODI non-deprived: 0.31 ± 0.04, N = 7; 3 days MD: 0.22 ± 0.04,

N = 8; two-way ANOVA; interaction of genotype with OD shift

p = 0.022; Tukey’s post-hoc test: wild-type non-deprived vs.

3 days MD: p = 0.0006; GLAST-CB1R-KO non-deprived

vs. 3 days MD: p = 0.54; wild-type 3 days MD vs. GLAST-CB1R-

KO 3 days MD: p = 0.021; Figure 4B). Therefore, CB1Rs on astro-

cytes, not on interneurons, are required forODplasticity during the

critical period.
4 iScience 27, 111410, December 20, 2024
OD plasticity is disrupted in deeper
cortical layers upon loss of astrocytic
CB1Rs
OD plasticity measured using optical imag-

ing of intrinsic signal likely mainly reports

plasticity in superficial cortical layers.22,23

Previous studies that described effects of

pharmacological CB1R blockade on OD

plasticity revealed that the effect of acute

CB1R blockade on OD plasticity is layer

specific, with OD plasticity in layer 2/3 of

V1 being sensitive to treatment with a

CB1R antagonist, whereas deeper layers

show normal OD plasticity upon CB1R

antagonist treatment.24,25 To investigate
whether the disruption of OD plasticity upon developmental

loss of astrocytic CB1Rs was observed in deeper layers,

we performed electrophysiological recordings using laminar

probes in GLAST-CB1R-KO mice. Analyzing OD plasticity

over all cortical layers confirmed the disruption of OD plasticity

that we observed using intrinsic signal optical imaging. Upon

removal of astrocyte CB1Rs, OD plasticity was still observed,

but in significantly reduced form (wild-type: ODI non-deprived:

0.32 ± 0.03, n = 162/N = 11; 3 days MD: �0.04 ± 0.03, n =

104/N = 7; GLAST-CB1R-KO: non-deprived: 0.31 ± 0.03, n =

139/N = 10; 3 days MD: 0.15 ± 0.03, n = 121/N = 8; two-way

ANOVA; interaction of genotype with OD shift p = 0.002;

Tukey’s post-hoc test: wild-type non-deprived vs. 3 days MD:

p < 0.0001; GLAST-CB1R-KO non-deprived vs. 3 days MD:

p = 0.0006; wild-type 3 days MD vs. GLAST-CB1R-KO 3 days

MD: p < 0.0001; Figure 4C). Next, we specifically looked at

OD plasticity in deeper cortical layers, by separately analyzing

units in layer 4 and layer 5/6, based on depth. We found that

loss of astrocytic CB1Rs reducedOD plasticity in deeper cortical

layers (Figure 4D; L4: wild-type: ODI non-deprived: 0.32 ±

0.06, n = 33/N = 11; 3 days MD: �0.06 ± 0.06, n = 21/N = 7;

GLAST-CB1R-KO: non-deprived: 0.25 ± 0.07, n = 30/N = 10;

3 days MD: 0.14 ± 0.05, n = 24/N = 8; two-way ANOVA;
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Figure 4. Ocular dominance plasticity is disrupted upon loss of

astrocyte CB1 receptors

(A) Summary graphs of the ocular dominance index, as assessed using optical

imaging of the intrinsic signal. Data are shown for GAD2-CB1R-KOmice (blue)

and their wild-type littermates (black), both under control conditions and after

3 days of monocular deprivation (3 days MD). Dots indicate recorded ocular

dominance index for individual mice. Bars show mean.

(B) Same as in (A) but now for GLAST-CB1R-KO mice (green) and their wild-

type littermates (black).

(C) Same as in (A) and (B), but here ocular dominance index was assessed

using in vivo electrophysiology. Dots represent individual single units, bars

show mean, and lines next to the bars indicate averaged ocular dominance

index for all units per mouse.

(D) Cumulative distribution of ocular dominance index against % of units, for

deep cortical layers (L4 and L5/6). Dotted lines represent non-deprived con-

trols, and solid lines represent 3 daysmonocular deprivation. Green lines show

data from GLAST-CB1R-KO mice and black lines from wild-type littermates.

Error bars indicate SEM. *p % 0.05; **p % 0.01; ***p % 0.001.
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interaction of genotype with OD shift p = 0.033; L5/6: wild-type:

ODI non-deprived: 0.28 ± 0.04, n = 69/N = 11; 3 days MD:

�0.09 ± 0.05, n = 44/N = 7; GLAST-CB1R-KO: non-deprived:

0.31 ± 0.04, n = 56/N = 10; 3 days MD: 0.11 ± 0.03, n = 56/N =

8; two-way ANOVA; interaction of genotype with OD shift p =

0. 048). Therefore, genetic removal of astrocytic CB1Rs during

development has a different and broader effect on OD plasticity

than acute pharmacological CB1R blockade.

DISCUSSION

In this study, we show that astrocytic CB1Rs contribute to the

maturation of inhibitory synapses and affect OD plasticity in

the developing V1. It is well known that the maturation of inhibi-
tory synapses in V1 is required for the onset of the critical period

of OD plasticity.1,26–29 Our finding thus supports the idea that the

deficit in OD plasticity observed in astrocytic CB1R-deficient

mice is caused by deficient maturation of inhibitory synapses

affecting critical period onset.

During maturation of V1, inhibitory innervation changes exten-

sively. During the first week after eye opening (p14–p21) the

number and size of inhibitory synapses increase, resulting in

stronger inhibition.29 The causal link between inhibitory matura-

tion and opening of the critical period of OD plasticity is well es-

tablished. In mice with reduced GABA-release due to the

absence of GAD65, a protein involved in GABA synthesis, the

critical period does not start.26,27 Increasing GABAergic trans-

mission in thesemice by intraventricular benzodiazepine infusion

rescues the phenotype and initiates the critical period.26 Further-

more, rearing animals in the dark, which extends the critical

period for OD plasticity, delays the maturation of inhibitory syn-

aptic transmission.4,10,30 In addition to the general increase in

synaptic strength, synaptic release and short-term depression

decrease with development, resulting in more reliable and pre-

cise inhibition.30–32 At inhibitory synapses formed by parvalbu-

min-expressing fast-spiking interneurons, the full maturation of

inhibitory synaptic strength and dynamics depends on CB1R

signaling, since both processes are disturbed by CB1R antago-

nist treatment or by genetic CB1R knockout.3,4,10 This has been

puzzling, since parvalbumin-expressing interneurons express no

or only low levels of CB1Rs.11–13 Our finding that inhibitory syn-

aptic transmission undergoes normal maturation upon inter-

neuron CB1R removal, but that maturation is affected when

astrocyte CB1Rs are removed, provides an explanation for this

apparent discrepancy.

The mechanism underlying CB1R-mediated inhibitory syn-

apse maturation is not fully understood. In previous studies,

CB1R inactivation resulted in both a blockade of iLTD and inter-

ferencewith inhibitory synapsematuration. Therefore, these pro-

cesses were considered to be causally related.3,4 Our study

shows that the CB1Rs involved in inhibitory maturation are pre-

sent on astrocytes. The observation that inhibitory synapse

maturation is disturbed in GLAST-CB1R-KO mice, while iLTD

is still intact, is surprising. This suggests that iLTD and inhibitory

synaptic maturation are independent processes. But even in that

scenario it would be expected that iLTD is reduced in one of the

two conditional CB1R knockout lines. There are several potential

explanations for this observation.

First, incomplete cell-type-specific CB1R deletion in GLAST-

CB1R-KOmice may underlie the discrepancy. CB1R expression

on a small percentage of cells may not support effective inhibi-

tory maturation in vivo but might suffice to support iLTD expres-

sion in vitro. Recombination in GLAST-CB1R-KO mice is incom-

plete, which means that there will be CB1R expression in some

astrocytes. The efficiency of recombination in the GLAST-

CreERT2 line depends on a convergence of CreERT2 expres-

sion, local availability of 4OH-tamoxifen, and effective recombi-

nation. Experiments with TdTomato reporter mice (Figure 1)

reveal reporter allele recombination in �80% of astrocytes in

V1 upon a single early postnatal tamoxifen injection. As full ge-

netic CB1R removal from a cell requires bi-allelic recombination,

we expect full CB1R removal in less than 80% of astrocytes.
iScience 27, 111410, December 20, 2024 5
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iLTD induced in an acute brain slice by strong electrophysiolog-

ical stimulation of a large number of inhibitory synapsesmight be

more resilient to such incomplete CB1R inactivation than the

physiological synaptic maturation process that alters inhibitory

synaptic dynamics during development. Repeating the experi-

ments described here using a constitutive astrocyte Cre driver

line, such as an mGFAP-Cre line,33 might yield a more complete

knockout. But these lines show significant recombination in neu-

ral progenitors, which complicates interpretation of results.

Second, we cannot exclude that having CB1Rs on either as-

trocytes or interneurons suffices for iLTD induction or that it relies

onCB1Rs on an additional cell type not targeted in our Cre-driver

lines. Staining for the CB1R shows that although the majority of

CB1R protein in visual cortex is found on inhibitory boutons, it is

also expressed at excitatory boutons at substantially lower

levels.34 Detection of CB1R expression on astrocytes using stan-

dard microscopy is notoriously difficult because expression

levels are low and the subcellular astrocyte specializations that

contain the receptor are below the diffraction limit.35,36 Impor-

tantly, the level of expression of the receptor at a certain location

does not correlate with its functional relevance. Therefore, it

would be very interesting to study the contribution of CB1R in,

for example, excitatory neurons to in vitro and in vivo plasticity

of inhibitory synapses in the mouse visual cortex using a similar

approach as taken here.

Previous work has shown that pharmacological blockade of

CB1Rs during monocular deprivation reduces OD plasticity. As

this intervention does not interfere with CB1R signaling during

development, it leaves inhibitory maturation intact. In these

studies, OD plasticity was only affected in the superficial layers,

whereas an OD shift could still be induced in layers 4–6.24,25 LTD

of excitatory synapses in L2/3 of sensory cortex is dependent on

CB1Rs, whereas excitatory LTD (eLTD) in deeper layers is CB1R

independent.37,38 It is therefore believed that the effect of CB1R

blockade during monocular deprivation is caused by selective

and acute interference with eLTD in L2/3. We find that in astro-

cytic CB1R-deficient animals, OD plasticity is reduced in all

layers of V1. This suggests that CB1Rs regulate OD plasticity

through multiple mechanisms: acutely by mediating LTD at

excitatory synapses in L2/3 neurons during monocular depriva-

tion and developmentally by driving the development of inhibi-

tory synapses throughout the cortex.3 It was recently shown

that in mice deficient for DGLa, essential for 2-AG synthesis,

OD plasticity during the peak of the critical period was also

reduced in all layers, matching our observations.39 We do not

know whether inactivating CB1Rs in astrocytes will also affect

OD plasticity by an acute effect on excitatory LTD. But several

studies have shown that astrocyte CB1Rs can regulate plasticity

at excitatory synapses,8 for instance by driving D-serine release

necessary for NMDA receptor activation.40 One would need to

inactivate CB1Rs in astrocytes at a later age to dissociate devel-

opmental and acute astrocyte CB1R effects.

In GLAST-CB1R-KO mice, astrocyte CB1Rs are inactivated

not only in V1 but also in the rest of the brain. We can therefore

not rule out that the observed reduction of OD plasticity is

caused by the absence of astrocytic CB1Rs in other brain struc-

tures, such as the dorsal lateral geniculate nucleus (dLGN)

providing input to V1. We have shown that OD plasticity also oc-
6 iScience 27, 111410, December 20, 2024
curs in the thalamus and that thalamic synaptic inhibition is

essential for OD plasticity both in dLGN and in V1.41 However,

in the absence of thalamic inhibition, OD plasticity was predom-

inantly affected after 7 days of MD, whereas after 3 days of MD,

the OD shift was barely reduced.41 In our current study, we saw a

strong decrease of OD plasticity already after 3 days of MD in

GLAST-CB1R mice, suggesting that reduced thalamic inhibition

is not the main cause of this plasticity deficit.

Endocannabinoid signaling plays a role inmaturation inhibitory

synaptic transmission in the visual cortex and beyond,42 but the

direction and mechanisms are not fully understood and might

show layer-, brain-region-, and temporal differences. A recent

study showed that mice lacking the endocannabinoid synthesiz-

ing enzyme DGLa have an increased frequency of inhibitory

miniature postsynaptic currents in L2/3 and L4 of V1 early during

the second and third week of development, whereas they are

decreased in L2/3 during the critical period.39 In prefrontal cortex

(PFC), activation of CB1Rs during development using the syn-

thetic CB1R agonist WIN55,212-2 seems to impair inhibitory

maturation.43 Therefore, CB1R signalingmay play opposite roles

in inhibitory synapse maturation, depending on cortical layer,

brain region, or developmental stage. Whether this depends on

CB1Rs on different cell types is an exciting open question.

Our findings add to a larger body of research that reveals a role

for astrocytes in regulating critical periods in the brain.44,45 Inter-

estingly, transplanting astrocytes from kittens into V1 of adult

cats reopens the critical period of OD plasticity.46 A more recent

study found that transplanting immature astrocytes in V1 of adult

mice reopens the critical period through degradation of the

extracellular matrix.45 We hypothesize that CB1Rs on astrocytes

contribute to critical period regulation through a different mech-

anism: stimulating inhibitory synapse maturation. It thus seems

unlikely that CB1Rs will contribute to the reopening of the critical

period in adult V1 by immature astrocytes, as by then inhibitory

synapses have already reachedmaturity. Together these studies

show that understanding critical period plasticity requires taking

the interactions between neurons and glial cells into account.

Limitations of the study
Here, we studied the role of astrocyte CB1Rs in the development

of inhibitory synapses and OD plasticity in V1. For this purpose,

we inactivated the Cnr1 gene in astrocytes by making use of

mice in which the CB1R gene was flanked by loxP-sites and

that were carrying a GLAST-CreERT2 transgene. One limitation

of this study is that CB1R expression was not lost in all cortical

astrocytes, possibly causing an incomplete phenotype. Another

limitation is that CB1 inactivation was not limited to V1, where we

assessed inhibitorymaturation andOD plasticity, potentially also

causing plasticity deficits in other brain regions.
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Freund, T.F. (2005). Endocannabinoid signaling in rat somatosensory cor-

tex: laminar differences and involvement of specific interneuron types.

J. Neurosci. 25, 6845–6856. https://doi.org/10.1523/JNEUROSCI.0442-

05.2005.

14. Marsicano, G., Goodenough, S., Monory, K., Hermann, H., Eder, M., Can-

nich, A., Azad, S.C., Cascio, M.G., Gutiérrez, S.O., van der Stelt, M., et al.

(2003). CB1 cannabinoid receptors and on-demand defense against exci-

totoxicity. Science 302, 84–88. https://doi.org/10.1126/science.1088208.

15. Taniguchi, H., He,M.,Wu, P., Kim, S., Paik, R., Sugino, K., Kvitsiani, D., Fu,

Y., Lu, J., Lin, Y., et al. (2011). A resource of Cre driver lines for genetic tar-

geting of GABAergic neurons in cerebral cortex. Neuron 71, 995–1013.

https://doi.org/10.1016/j.neuron.2011.07.026.

16. Wang, Y., Rattner, A., Zhou, Y., Williams, J., Smallwood, P.M., and Na-

thans, J. (2012). Norrin/Frizzled4 signaling in retinal vascular development

and blood brain barrier plasticity. Cell 151, 1332–1344. https://doi.org/10.

1016/j.cell.2012.10.042.

17. Srinivasan, R., Lu, T.Y., Chai, H., Xu, J., Huang, B.S., Golshani, P., Cop-

pola, G., and Khakh, B.S. (2016). New Transgenic Mouse Lines for Selec-

tively Targeting Astrocytes and Studying Calcium Signals in Astrocyte Pro-

cesses In Situ and In Vivo. Neuron 92, 1181–1195. https://doi.org/10.

1016/j.neuron.2016.11.030.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Glutamine Synthetase (monoclonal mouse) Merck Millipore MAB302; RRID: AB_2110656

NeuN (monoclonal mouse) Merck Millipore MAB377; RRID: AB_2298767

NG2 (polyclonal rabbit) Merck Millipore AB5320; RRID: AB_91789

Olig2 (monoclonal mouse) Merck Millipore MABN50; RRID: AB_10807410

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich T5648

Corn Oil Sigma-Aldrich C8267

Isoflurane Zoetis Isoflo REG NL 10416 UDD

Cavasan eye ointment AST Farma REG NL 4006

Deposited data

Processed data for reproducing figures

and/or analysis

This manuscript figshare: https://doi.org/10.6084/m9.

figshare.27309591

Experimental models: Organisms/strains

Mouse: Cnr1flox/flox Marsicano et al.14 N/A

Mouse: Gad2-IRES-Cre Jackson Laboratory Jax Stock No: 019022

Mouse: GLAST-CreERT2 Jackson Laboratory Jax Stock No: 012586

Mouse: ROSA-TdTomato reporter Jackson Laboratory Jax Stock No: 007908

Software and algorithms

MATLAB MathWorks https://www.mathworks.com/products/

matlab.html

Invivotools, custom-written code Heimel/Levelt lab http://github.com/heimel/inVivoTools

PClamp software Molecular Devices www.moleculardevices.com/

IGOR Pro WaveMetrics https://www.wavemetrics.com/

GraphPad Prism GraphPad Software https://www.graphpad.com/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental procedures involving mice were in strict compliance with animal welfare policies of the Dutch government and were

approved by the Institutional Animal Care and Use Committee of the Netherlands Institute for Neuroscience. (License numbers:

AVD8010020171045 and AVD80100202215934). Genetically-modified mice were bred on a C57Bl6/J background. For generation

of conditional CB1R knockout mice, mice homozygous for a loxP-site flanked CB1R gene (Cnr1flox/flox mice)14 and heterozygous

for either GAD2-Cre (Gad2-IRES-Cre mice; Jax Stock No: 019022)15 or GLAST-CreERT2 (Jax Stock No: 012586) were bred with

mice homozygous for Cnr1flox/flox without either of the Cre alleles. Offspring was therefore homozygous for Cnr1flox/flox and either

wild-type or heterozygous for a Cre allele. To assess efficacy and specificity of recombination in GLAST-CreERT2 mice, these

mice were crossed with ROSA-TdTomato reporter mice,47 in which a Cre-dependent transgene encoding the tdTomato fluorescent

protein is inserted in the ROSA26 locus (Jax Stock No: 007908). Experiments were performed onmice of either sex. Age of usedmice

varied with the experiment and is specified in the relevant results section. Animals were housed on a 12 h light/dark cycle with un-

limited access to standard lab chow and water.

METHOD DETAILS

Tamoxifen injection
Mouse pups received a single intraperitoneal (i.p.) tamoxifen injection to induce Cre mediated recombination in the GLAST-CreERT2

line. Tamoxifen was dissolved in corn oil at a final concentration of 5 mg/mL. Dissolving tamoxifen was aided by placing the Eppen-

dorf tube in an ultrasonic water bath, heated to 30�C, for�1 h. Tamoxifen solution (25 mL) was injected using a thin insulin needle. To

assess specificity and efficacy of recombination injections were performed either at P1 or between P3-P5. For all further experiments

a single injection between P3-P5 was used.
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Monocular deprivation
Surgery for monocular deprivation (MD) was performed as follows: Mice were anesthetized using isoflurane (5% induction, 1.5–2%

maintenance in 0.7 L/minO2). Edges of the upper and lower eyelids of the right eye (contralateral to the side onwhich recordingswere

performed) were carefully removed. Antibiotic ointment (Cavasan) was applied. Eyelids were sutured together with 2–3 sutures using

7.0 Ethilon thread during isoflurane anesthesia. Postoperative lidocaine ointment was applied to the closed eyelid. Eyes were

checked for infection or opacity once reopened 3 days later, and only mice with clear corneas were included.

Intrinsic signal imaging/electrophysiology
Mice were anesthetized by intraperitoneal injection of urethane (20% solution in saline, 1.2 g/kg body weight), supplemented by a

subcutaneous injection of chlorprothixene (2.0 mg/mL in saline, 8 mg/kg body weight). Sometimes a supplement of about 10% of

the original dose of urethane was necessary. Injection of anesthetic was immediately followed by a subcutaneous injection of atro-

pine sulfate (50 mg/mL in saline, 1 mg/10g body weight) to reduce secretions from mucous membranes and facilitate breathing.

Anesthesia reached sufficient depth after 45–60 min. Body temperature was monitored with a rectal probe and maintained at a tem-

perature at 36.5�C using a heating pad. The animal was fixated by ear bars with conical tips prepared with lidocaine ointment. A bite

rod was positioned behind the front teeth, 4mm lower than the ear bars. A continuous flow of oxygen was provided close to the nose.

For analgesia of the scalp, xylocaine ointment (lidocaine HCl) was applied before resection of a part of the scalp to expose the skull.

ODmeasurements were performed as previously described.21 In brief, the exposed skull was illuminatedwith 700 ± 30 nm light and

the intensity of reflected light was measured. Responses were acquired with an Imager 3001 system (Optical Imaging, Israel).

A gamma corrected computer screen was placed in front of the mouse, covering an area of the mouse visual field ranging

from �15 to 75� horizontally and �45 to 45� vertically. First the retinotopic representation of V1 was mapped. Full contrast, square

wave gratings of 0.05 cycles per degree (cpd), moving at 2 Hz and changing direction every 0.6 s were shown every 9 s for 3 s in a

pseudo-randomly chosen quadrant while the rest of the screen was a constant gray. Fifteen stimuli in each quadrant were sufficient

to construct a robust retinotopic map of V1. To subsequently measure OD, shutters were placed in front of both eyes. Either shutter

opened independently at preset intervals, for a period of 6 s. After full opening of the shutter, the visual stimuli described above were

presented in the upper nasal quadrant of the screen for a period of 3 s. Fifty responses to stimulation were recorded for each eye. For

quantification, the response of a defined region of interest within the binocular part of V1 (as determined by retinotopic mapping) was

normalized to the response seen in a region of reference (ROR) outside of V1, which lacked a stimulus specific response. The negative

ratio of ROI over ROR signal was taken, normalized to the stimulus onset and averaged from the first frame after stimulus onset until

2s after stimulus offset. The Ocular Dominance Index (ODI) was calculated as (contralateral response� ipsilateral response)/(contra-

lateral response + ipsilateral response).

For in vivo electrophysiology, a craniotomy was prepared over V1, 2.95 mm lateral and 0.45 mm anterior to lambda. Mice were

placed in front of a gamma-corrected projector (PLUS U2-X1130 DLP), which projected visual stimuli onto a back-projection screen

(Macada Innovision, the Netherlands; 603 42 cm area) positioned 17.5 cm in front of the mouse. One eye was covered with a double

layer of black fabric and black tape while neuronal responses to stimulation of the other eye were recorded. Visual stimuli were

created with the MATLAB (MathWorks) software package Psychophysics Toolbox 3.48 The position of the receptive field was deter-

mined by displaying white squares (5�) at random locations on a black background. The ODI was calculated by presenting each eye

with alternating white and gray full-screen stimuli. Each stimulation lasted 3 s. There were 100 repetitions of both white and gray

screens. Extracellular recordings from V1 were made using a linear silicon microelectrode (A1x16-5mm-25-177-A16, 16 channels

spaced 50 m apart, Neuronexus, USA). Extracellular signals were amplified and bandpass filtered at 500 Hz-10 kHz before being

digitized at 24 kHz using an RX5 Pentusa base station (Tucker-Davis Technologies, USA). A voltage thresholder at 3x standard de-

viation was used to detect spikes online. Custom-written MATLAB programs (http://github.com/heimel/inVivoTools) were used to

analyze the data. We computed the spike - triggered average of the random spare square stimulus for receptive field mapping.

The actual position and size of the visual field were calculated and corrected for the distance between the stimulus and the animal.

We used the last 500ms of the previous trail as the baseline for each 3 s stimulus-related activity. As a result, we characterized visual

responses as the difference between the first 500ms of the stimulus and the mean of the prior stimulus’s last 500ms activities. The

greatest firing rates in the first 300ms of visual related reactions were regarded the peak visual responses to stimuli. The visual re-

sponses were calculated as 300ms averagemulti-unit responses. ODI was calculated as ðRcontra � Ripsi Þ=ðRcontra +RipsiÞ, where the

Rcontra is the average multi-unit firing rate of the unit when contralateral eye was open and ipsilateral eye was covered; Ripsi is

opposite.

Slice electrophysiology
For acute brain slice preparation, animals aged between P14-35 were briefly anesthetized using isoflurane, followed by decapitation.

Brains were removed and placed in ice-cold slicing medium. For most experiments sucrose based slicing medium was used, con-

taining (in mM): 212.7 sucrose, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 1 CaCl2, 3 MgCl2 and 10 D(+)-glucose (carbogenated with 5%

CO2/95% O2; osmolarity 300–310 mOsm). For some experiments choline chloride based slicing medium, containing (in mM): 110

choline chloride, 7 MgCl2, 0.5 CaCl2, 2.5 KCl, 11.6 Na-ascorbate, 3.10 Na-pyruvate, 1.25 NaH2PO4, 25 D-glucose and 25

NaHCO3 (carbogenated with 5% CO2/95% O2; osmolarity 300–310 mOsm) was used. Quality of slices and properties of recorded

neurons were indistinguishable for both solutions. Coronal slices (350 mm) containing V1 were prepared using a vibratome. Within
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each slice, the hemispheres were separated with a scalpel at the middle axis to be used for individual recordings. The slices were

transferred to a holding chamber and left to recover for at least 30 min at 35�C in carbogenated artificial cerebrospinal fluid

(ACSF), containing (mM): 124 NaCl, 26 NaHCO3, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2 and 10 D(+)-glucose (carbogenated

with 5% CO2/95%O2; osmolarity 300–310 mOsm). After recovery the holding chamber was moved to room temperature and slices

were kept until recording (up to 8 h after slice preparation).

For recording, slices were transferred to the stage of an upright microscope, where they were continuously perfused with heated

(30�C–32�C) ACSF. NMDA receptor and AMPA receptor mediated glutamatergic synaptic responses were blocked by addition of

D-AP5 (50 mM) and DNQX (10 mM) to the recording ACSF. Whole cell patch-clamp recordings from pyramidal neurons in Layer

2/3 of V1 weremade using aMulticlamp 700B amplifier in voltage clampmode and PClamp software (Molecular Devices, USA). Cells

were patched with borosilicate glass electrodes with tip resistances of �3.5 MOhm, and filled with intracellular solution containing

(mM): 120CsCl, 8 NaCl, 10HEPES, 2 EGTA, 10Na-phosphocreatine, 4Mg-ATP, 0.5 Na-GTP and 5QX-314 (pH: 7.4; osmolarity�285

mOsm). IPSCs were evoked with an ACSF filled glass electrode with a broken tip or with a concentric bipolar stimulation electrode,

placed in Layer 4. Intensity of the stimulation pulse was adjusted to obtain a reliable and stable IPSC response.

For experiments in which iLTD was evoked, IPSCs were evoked every 20 s until a stable baseline was established. Next, iLTD was

induced using theta-burst stimulation (TBS), consisting of 8–10 thetaburst epochs delivered every 5 s. Each theta-burst epoch con-

sisted of 10 trains of 5 pulses at 100 Hz, with the trains being delivered at 5 Hz (adapted from3,4). In a small subset of experiments, the

strength of extracellular stimulation was doubled during TBS delivery. Because this did not affect themagnitude or dynamics of iLTD,

all experiments were grouped for final analysis. AM251 was diluted in DMSO, and the stock solution was added to ACSF to obtain a

final concentration of 10 mM (final DMSO concentration: 0.1%).

IPSC amplitude was analyzed using custom scripts in IGOR pro (WaveMetrics, USA). For iLTD analysis, magnitude of iLTD was

determined by comparing the IPSC amplitude during the 10 min baseline to the IPSC amplitude 10–20 min after TBS. Recordings

were excluded if the IPSC amplitude differed >12.5% between the first and the last 6 responses of the baseline, if input resistance

increased >25% between baseline and iLTD window, if access resistance increased to >20 MOhm, or if leak current reached lower

than �500 pA.

Immunohistochemistry
Mice were anesthetized with an overdose of pentobarbital (100 mg/kg i.p.), followed by transcardial perfusion with 4% paraformal-

dehyde (PFA) in phosphate buffered saline (PBS). Brains were isolated and post-fixated for >2 h in PFA at 4�C. After changing to PBS,

coronal slices (50 mm thickness) were prepared. Slices were incubated for 2 h in 500 mL blocking solution (0.1% Triton X-100, 5%

NGS in PBS) on a rotary shaker at room temperature. Afterward, slices were incubated with primary antibody containing solution

and left overnight at 4�. The next day primary antibody solution was discarded, and slices were washed three times for 10 min at

room temperature on the rotary shaker with 500 mL of washing solution (0.1% Tween in PBS). Secondary antibody solution

(250 mL) was added per well and slices were incubated for 1 h at room temperature on the rotary shaker. Next, slices were again

washed three times for 10min at room temperature on the rotary shaker with washing solution. Stained slices weremounted on glass

slides using Mowiol. The following antibodies were used: Glutamine Synthetase (monoclonal mouse, MAB302, Merck Millipore,

USA), NeuN (monoclonal mouse, 1:1000, MAB377, Merck Millipore, USA), NG2 (polyclonal rabbit, 1:250, AB5320, Merck Millipore,

USA) and Olig2 (monoclonal mouse, 1:250, MABN50, Merck Millipore, USA). Secondary antibody conjugated with Alexa 488 was

used (1:250 or 1:500, ThermoFisher, USA). Imaging of the immunostained sections was done using a Leica TCS SP5 Confocal mi-

croscope (Leica, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data representation and statistical analysis were performed using GraphPad Prism 10.2.0 (GraphPad Software, USA). Parametric or

non-parametric statistics were used depending on whether data points were normally distributed. When necessary, correction for

multiple comparisons was applied (Tukey’s post-hoc test for two-way ANOVA). The used tests are indicated in the text and all details

of statistical analysis can be found in Table S1. The number of measurements is indicated using n, while the number of animals from

which these measurements arise is indicated using N. Statistically significant differences were defined as p % 0.05. The following

indicators are used in figures: *: p % 0.05; **: p % 0.01; ***: p % 0.001. Data are represented as mean ± SEM.
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