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Impairments in remote memory caused by the lack
of Type 2 IP3 receptors
António Pinto-Duarte1,2

| Amanda J. Roberts3

| Kunfu Ouyang4

|

1,2,5

Terrence J. Sejnowski
1

Computational Neurobiology Laboratory, Salk
Institute for Biological Studies, La Jolla,
California

2

Abstract
The second messenger inositol 1,4,5-trisphosphate (IP3) is paramount for signal trans-

Institute for Neural Computation, University
of California San Diego, La Jolla, California

duction in biological cells, mediating Ca2+ release from the endoplasmic reticulum. Of

3

the three isoforms of IP3 receptors identified in the nervous system, Type 2 (IP3R2) is the
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main isoform expressed by astrocytes. The complete lack of IP3R2 in transgenic mice
was shown to significantly disrupt Ca2+ signaling in astrocytes, while leaving neuronal
intracellular pathways virtually unperturbed. Whether and how this predominantly nonneuronal receptor might affect long-term memory function has been a matter of intense
debate. In this work, we found that the absence of IP3R2-mediated signaling did not disrupt normal learning or recent (24–48 h) memory. Contrary to expectations, however,
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mice lacking IP3R2 exhibited remote (2–4 weeks) memory deficits. Not only did the lack of
IP3R2 impair remote recognition, fear, and spatial memories, but it also prevented naturally occurring post-encoding memory enhancements consequent to memory consolidation. Consistent with the key role played by the downscaling of synaptic transmission in
memory consolidation, we found that NMDAR-dependent long-term depression was
abnormal in ex vivo hippocampal slices acutely prepared from IP3R2-deficient mice, a deficit that could be prevented upon supplementation with D-serine - an NMDA-receptor coagonist whose synthesis depends upon astrocytes' activity. Our results reveal that IP3R2
activation, which in the brain is paramount for Ca2+ signaling in astrocytes, but not in neurons, can help shape brain plasticity by enhancing the consolidation of newly acquired
information into long-term memories that can guide remote cognitive behaviors.
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1 | I N T RO D UC TI O N

receptors, D-serine (Bezzi et al., 2004; Fiacco & McCarthy, 2004;
Jourdain et al., 2007; Navarrete et al., 2012, 2013; Panatier et al., 2011;

Astrocytes have vesicular compartments that are competent for

Takata et al., 2011; Zorec et al., 2016). We and others have shown that

Ca2+-dependent exocytosis of gliotransmitters, such as glutamate and

gliotransmitter release plays a role in neuronal network dynamics (Fellin

Adenosine triphosphate (ATP), as well as the co-agonist of NMDA

et al., 2009; Lee et al., 2014), helping shape behaviors (Lee et al., 2014;

Note added in proof: An independent report corroborating the ability of astrocytic signaling

Tanaka et al., 2013). However, due to the intimate morphological and

to modulate the strength of the CA3-CA1 synapse and remote, but not recent, memory has

structural organization of astrocytes and neurons in brain circuits, it is

recently appeared in bioRxiv (Kol et al., 2019). In this elegant study, additional mechanistic

difficult to disentangle them, and the relevance of Gq G-protein-coupled

insights on this topic are examined.
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receptor—IP3R-mediated Ca2+ signals (upstream of gliotransmitter

neurons selectivity requiring that neurons lose responsiveness to previ-

release) to brain function and behavior has been questioned (Agulhon

ously effective stimuli and acquire responsiveness to new stimuli

et al., 2010; Petravicz et al., 2008; Petravicz et al., 2014). IP3 is a second

through LTD and LTP, respectively (Bear & Abraham, 1996). It is also

messenger broadly used by biological cells to regulate Ca2+ release from

known that LTD enables the conversion of short-term to long-term

the endoplasmic reticulum (Berridge, 1993; Foskett et al., 2007; Mikoshiba,

memory (Dong et al., 2012) and plays an important role in memory con-

2007; Taylor & Tovey, 2010). Three IP3 receptor subtypes (IP3R1, IP3R2,

solidation (Ge et al., 2010), which might result from better information

and IP3R3) have been identified in vertebrates, each of which displays dis-

processing through the amplification of signal-to-noise ratio in potenti-

tinct expression levels according to the type of cell (Foskett et al., 2007)—

ated synapses (Tononi & Cirelli, 2006). Taken together, our results dem-

neurons and astrocytes are no exception, with IP3R1 and IP3R3

onstrate a previously unsuspected key contribution of IP3R2-mediated

predominating in the former, and IP3R2 in the latter (Holtzclaw et al., 2002;

signaling to cognitive performance.

Sharp et al., 1999). The expression of functional IP3R1 and IP3R3 in
astrocytes has also been recently reported, but contrary to IP3R2-mediated
Ca2+ signals, which propagate over large territories, and thus are well
placed to influence large populations of synapses, IP3R1 and IP3R3 receptors generate monophasic Ca2+ events that are locally confined and do not
propagate between astrocytic processes (Sherwood et al., 2017). Importantly, the full deletion of IP3R2 has proven ineffective in reducing intracellular Ca2+ signals in neurons (Agulhon et al., 2010; Di Castro et al., 2011;

2 | MATERIALS AND METHODS
All animal procedures were performed in accordance with protocols
approved by The Scripps Research Institute and the Salk Institute for
Biological Studies' Institutional Animal Care and Use Committees
(IACUC).

Petravicz et al., 2008; Takata et al., 2011).
Mice lacking IP3R2 have been shown to exhibit a reduction in the
amplitude of astrocytic Ca2+ oscillations, a decrease in their frequency
and a complete absence of events with a large spatial spread (Okubo
et al., 2019; Petravicz et al., 2008; Sherwood et al., 2017). Such astro-

2.1 | Pharmacological drugs
D-serine and D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) were
obtained from Tocris (Bio-Techne Corporation, Minneapolis, MN), and

cytic impairments were shown to reflect upon neural circuits, namely

D-amino acid oxidase (DAAO) from porcine kidney was purchased

causing deficits upon cholinergic plasticity in the cerebral cortex

from MilliporeSigma (St. Louis, MO).

(Takata et al., 2011) and hippocampus (Navarrete et al., 2012), but
whether Ip3r2−/− mice display alterations upon cognitive processes has
only been examined following photothrombosis-induced ischemia
(Li et al., 2015), leaving such a core question largely outstanding. Notably, previous studies conducted in the IP3R2 KO mouse model have

2.2 | Animal model
Ip3r2 heterozygous mutant (Ip3r2+/−) mice were originally generated on
a mixed genetic background of Black Swiss, 129, and C57BL/6 (Li et al.,

not found significant baseline alterations (i.e., in the absence of pharma-

2005), and then backcrossed with C57BL/6 for three generations. Ip3r2

cological stimulation) outside of the central nervous system that might

null mutant (Ip3r2−/−) mice used in the experiments were then generated

suggest indirect influence on brain mechanisms (Li et al., 2005),

by intercrossing of Ip3r2+/− mice, and their wild-type (Ip3r2+/+) litter-

deeming this mouse suitable for behavioral studies (Cao et al., 2013; Li

mates were used as the control in all behavioral experiments and in some

et al., 2015). The experimental use of the IP3R2 KO mouse presents

electrophysiological recordings, as indicated. In specific datasets involv-

advantages over alternative methodologies targeting IP3R2 expression

ing electrophysiology experiments (where indicated), mice backcrossed

since this is the only model in which IP3R2 is completely absent in all

to C57BL/6 for a total of no less than eight generations were obtained

astrocytes (cf. Petravicz et al., 2014; Tanaka et al., 2013). Moreover,

from a different colony, and the offsprings of homozygous crossings

similarly to a glial fibrillary acidic protein (GFAP)-dependent IP3R2 con-

(Ip3r2−/− and Ip3r2+/+) were used as test and control, respectively. For

ditional KO (Petravicz et al., 2014), we have found that the IP3R2 KO

the genotyping of littermates, we conducted protein-coupled receptor

displays normal health, lifespan, and exploratory behaviors, as well as

(PCR) analysis of mouse tail DNA with wild type (forward,

unaltered learning and recent (24–48 h) memory, as we will later detail.

GCTGTGCCCAAAATCCTAGCACTG; reverse, CATGCAGAGGTCGT

In contrast to the lack of effect on learning and recent memory, here

GTCAGTCATT) and mutant allele-specific primers (neo-specific primer:

we show that the absence of IP3R2 caused impairments in remote mem-

forward, AGTGATACAGGGCAAGTTCATAC; reverse, AATGGGCTG

ory. Our evidence suggests that such an effect derived from a disruption

ACCGCTTCCTCGT). The PCR conditions were: one cycle at 94 C 5 min,

of memory consolidation. Consistent with this hypothesis, we observed

36 cycles of 94 C 30 s, 60 C 30 s, 72 C 45 s, and a final extension step

that long-term depression (LTD) recorded in acute hippocampal slices

at 72 C for 5 min. PCR products were visualized following resolution in

was impaired in this mouse compared to the wild type, a deficit that

1% agarose gel with ethidium bromide staining.

could be rescued by supplying exogenous D-serine to the extracellular
medium. It is widely accepted that the combined effects of long-term
potentiation (LTP) and LTD are essential to several long-term memory

2.3 | Electrophysiological recordings

domains, including spatial memory (Bear & Abraham, 1996) and novelty

Ip3r2+/+ (wt) and Ip3r2−/− mice (IP3R2 KO) of 25–37 days old were

recognition (Dong et al., 2012), with experience-dependent shifts in CA1

sacrificed under isoflurane anesthesia. When using littermates, the
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experiments were conducted in genotypically different mice of the

(RD3/RD6) amplified a 0.40 kb PCR product from the wild-type allele,

same sex, whenever possible. The brains were rapidly extracted and

whereas no PCR product was expected from the Pdebrd1 mutant

submerged in ice-cold aCSF containing (in mM): 130 NaCl, 2.5 KCl,

allele, with the same experimental conditions. The second pair of

1.25 NaH2PO4, 24 NaCHO3, 10 glucose, 2 CaCl2, and 1.3 MgCl2, bub-

primers (RD3/RD4) amplified a 0.55 kb PCR product from the

bled with 95% O2 and 5% CO2, pH 7.4. The hippocampus was dis-

Pdebrd1 mutant allele. Finally, both PCR bands were present in het-

sected free and slices (400 μm thick) were cut perpendicularly to the

erozygous animals. The PCR conditions were: one cycle at 94 C

long axis of the hippocampus using a McIlwain tissue chopper. Hippo-

2 min, 35 cycles of 94 C 30 s, 65 C 30 s, 72 C 2 min, and a final

campal slices were allowed to recover functionally and energetically

extension step at 72 C for 10 min. PCR reaction was resolved in 1%

for at least 1 h in a resting chamber, filled with aCSF at room temperature (24–25 C).

agarose gel electrophoresis with ethidium bromide staining.

Slices were transferred to a submerged recording chamber where
they were continuously superfused (2 mL/min) with aCSF (same composition as above for LTP/depotentiation experiments or 0.65 mM

2.5 | Behavioral testing

MgCl2 for all other protocols) at room temperature (24 C). Field excit-

Two cohorts of 29 male and female IP3R2 KO and wt mice (n = 6–10

atory postsynaptic potentials (fEPSPs) were evoked by stimulation of

per group per cohort) were tested. Behavioral experiments were con-

the Schaffer collateral–commissural fibbers with rectangular pulses

ducted at the time points indicated in Table 1.

(0.1 ms wide for input–output curves, 0.2 ms for all other experiments) delivered through a concentric bipolar electrode (FHC, Inc.
Bowdoin, ME) and recorded through an extracellular microelectrode
(filled with aCSF, 2–6 MΩ resistance) placed in the stratum radiatum
of the CA1 hippocampal region. Recordings were obtained with a
Multiclamp 700 B amplifier, digitized at 10 kHz and filtered at
1–2 kHz. fEPSPs were evoked each 15 s (0.067 Hz) and stored on a
personal computer with the WinLTP software (Anderson & Collingridge, 2007). fEPSPs were reduced to approximately 40–60% or
60–80% of the maximum amplitude before population spike contamination for LTP or LTD protocols, respectively, and stable baselines

2.5.1 | General health, sensory, and neurological
screen
This simple test allowed for the examination of general health and
behaviors in mice. The first few measures were taken by observing
each mouse in its home cage prior to any handling. These included an
examination of coat condition, a check for barbered hair, piloerection,
body tone, skin color, and limb tone. The home cage behavior prior to
cage opening was also noted (i.e., solitary sleeping, nesting) and any

were collected for more than 15 min. LTD was induced by low-

evidence of fighting or aggression was noted. Each mouse was petted

frequency stimulation (LFS, 1,000 stimuli at 1 Hz); LTP was induced

while still in the cage and it was noted if the mouse moved away.

by high-frequency tetanic stimulation (HFS, 100 Hz/1 s repeated four

Then each mouse was lifted by the tail and its behavior was examined

times at 15 s intervals). The depotentiation protocol was initiated

for passivity, trunk curl, and forepaw reaching. The mouse was

60 min after LTP induction using the same stimulation protocol as for

scruffed for a firm hold and struggling and vocalization were noted.

LTD (LFS, 1,000 stimuli at 1 Hz). Effects on synaptic transmission

While scruffed, eye blink, ear twitch, whisker, and toe pinch reflexes,

were determined by calculating the percentage of fEPSP slope

were assessed. The muzzle was examined for missing whiskers. A

increase/decrease 54–60 min after the specific protocol, as compared

dowel was placed in front of the muzzle and biting behavior was

to the last 10 min of baseline. Input–output curves were constructed

scored. The mouse was then released onto a wire cage top. The top

by measuring fEPSPs slopes at increasing intensities (10–100 μA in

was slowly rotated so that the mouse was clinging upside down (if it

10 μA increments).

was able to) and time to fall was recorded. Finally, the mouse was
placed in an empty, clean cage, and freezing on transfer, wild running
and stereotypies were noted if any and cage exploration was scored.

2.4 | Elimination of recessive retinal degeneration
1 mutation of the Pde6b gene for behavioral testing

The mouse was weighed and then returned to its home cage.

The recessive retinal degeneration 1 mutation of the Pde6b gene
known to be carried by the Swiss black background present in these

2.5.2 | Locomotor activity test

mice (Li et al., 2005) could be a source of deficits in some behavioral
tasks. We, therefore, screened the mice for this gene (Gimenez &

Locomotor

Montoliu, 2001) and developed a breeding strategy that allowed us to

(42 × 22 × 20 cm) placed into frames (25.5 × 47 cm) mounted with

successfully eliminate it before starting any behavioral testing. In brief,

two levels of photocell beams at 2 and 7 cm above the bottom of the

0

we used the following three independent oligonucleotides: RD3 (5 0

0

TGA CAA TTA CTC CTT TTC CCT CAG TCT G-3 ); RD4 (5 -GTA AAC

activity

was

measured

in

polycarbonate

cages

cage (San Diego Instruments, San Diego, CA). These two sets of
beams allowed for the recording of both horizontal (locomotion) and

AGC AAG AGG CTT TAT TGG GAA C-3 ), and RD6 (5’-TAC CCA CCC

vertical (rearing) behavior. A thin layer of bedding material was applied

TTC CTA ATT TTT CTC ACG C-30 ) to distinguish between the mutant

to the bottom of the cage. Mice were tested for 120 min and data

Pdebrd1 and wt allele at the Pdeb locus. The first pair of primers

were collected in 5-min intervals.

0
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T A B L E 1 Number, weight (measured
at 8 weeks for Cohort 1 and at 10 weeks
for Cohort 2), and sex of mice (♂: male; ♀:
female), behavioral test performed, and
age of mice at testing (in weeks) in each
cohort

Animal numbers and weights (g)

Age at testing (in weeks)

Cohort

Wt

IP3R2 KO

DLT

L

BM

YM

NOR

FC

1

♂ (8) = 25.90 ± 0.9

♂ (6) = 26.13 ± 1.6

9

9.5

10

13

–

14

♀ (6) = 24.31 ± 1.7

♀ (9) = 22.32 ± 0.9

♂ (7) = 30.69 ± 3.5

♂ (6) = 32.93 ± 3.5

–

–

12

11

17

20

♀ (10) = 27.03 ± 2.0

♀ (6) = 25.65 ± 3.3

2

Abbreviations: BM, barnes maze (spatial learning/memory); DLT, dark–light transfer (anxiety); FC, fear
conditioning (associative learning/fear memory); L, locomotor activity; NOR, novel object recognition
(recognition memory); YM, Y-maze (working memory).

2.5.3 | Light/dark transfer test
The light/dark transfer procedure was used to assess anxiety-like behavior in mice by capitalizing on the conflict between exploration of a novel
environment and the avoidance of a brightly lit open field. Our apparatus
was a rectangular box made of Plexiglas divided by a partition into
two environments. One compartment (14.5 × 27 × 26.5 cm) was dark

5 cm in diameter, were located 5 cm from the perimeter, and a black
Plexiglas escape box (19 × 8 × 7 cm) was placed under one of the
holes. Distinct spatial cues were located all around the maze and were
kept constant throughout the study.
On the first day of testing, a training session was performed, which
consisted of placing the mouse in the escape box for 1 min. After the
habituation period, the first session was started. At the beginning of

(8–16 lux) and the other compartment (28.5 × 27 × 26.5 cm) was highly

each session, the mouse was placed in the middle of the maze in a

illuminated (400–600 lux) by a 60 W light source located above it. The

10 cm high cylindrical black start chamber. After 10 s, the start chamber

compartments were connected by an opening (7.5 × 7.5 cm) located at

was removed, a buzzer (80 dB) and a light (400 lux) were turned on,

floor level in the center of the partition. The time spent in the light com-

and the mouse was set free to explore the maze. The session ended

partment was used as a predictor of anxiety-like behavior, that is, a

when the mouse entered the escape tunnel or after 3 min elapsed.

greater amount of time in the light compartment was indicative of

When the mouse entered the escape tunnel, the buzzer was turned off

decreased anxiety-like behavior. Mice were placed in the dark compart-

and the mouse was allowed to remain in the dark for 1 min. When the

ment to start the 5-min test.

mouse did not enter the tunnel by itself, it was gently put in the escape
box for 1 min. The tunnel was always located underneath the same

2.5.4 | Optomotor

hole (stable within the spatial environment), which was randomly determined for each mouse. Mice were tested once a day for 9 days for the

The optomotor allowed for assessment of visual ability. It consisted of

acquisition portion of the study.

a stationary elevated platform surrounded by a drum with black and

For the 10th trial (probe test), on the following day, the escape

white striped walls. Each mouse was habituated to the platform for

tunnel was removed and the mouse was allowed to freely explore the

1 min and then the drum rotated at 2 rpm in one direction for 1 min,

maze for 3 min. The time spent in each quadrant was determined and

was stopped for 30 s and then rotated in the other direction for

the percentage of time spent in the target quadrant (the one originally

1 min. The number of head tracks (15 movements at speed of drum)

containing the escape box) was compared with the percentage of time

was recorded.

spent in the other three quadrants. This directly tested spatial memory, as there was no potential for local cues to be used by the mouse

2.5.5 | Y-maze test for spontaneous alternations

when making its decision.

Spontaneous alternations between the three arms in a Y-maze were

were tested again with the escape box placed in the original position

taken as a measure of working memory. Single 5-min trials were initi-

(retention test). This allowed for the examination of remote

ated by placing each mouse in the center of the Y-maze. Arm entries

memory.

Four weeks later (Cohort 1) or 2 weeks later (Cohort 2), the mice

were recorded with a video camera and the total number of arm entries,

Each session was videotaped and scored by an experimenter blind

as well as the order of entries, was determined. Spontaneous alterna-

to the genotype of the mouse. Measures recorded included the

tions were defined as consecutive triplets of different arm choices.

latency to escape and the number of errors made per session. Errors
were defined as nose pokes and head deflections over any hole that

2.5.6 | Barnes maze test
The Barnes maze, a spatial memory test very sensitive to impaired
hippocampal function was used to study spatial learning and memory.

did not have the tunnel beneath it.

2.5.7 | Cued and contextual fear conditioning

The Barnes maze apparatus was an opaque Plexiglas disc 75 cm in

Conditioning took place in Freeze Monitor chambers (Med Associates,

diameter elevated 58 cm above the floor by a tripod. Twenty holes,

Inc.) housed in soundproofed boxes. The conditioning chambers

1980

(26 × 26 × 17 cm3) were made of Plexiglas with speakers and lights
mounted on two opposite walls and shockable grid floors.
On Day 1, the mice were placed in the conditioning chambers for
5 min in order to habituate them to the apparatus. On Day 2, the mice
were exposed to the context and conditioned stimuli (30 s, 3,000 Hz,
80 dB sound + white light) in association with foot shock (0.60 mA, 2 s,

PINTO-DUARTE ET AL.

2.6 | Statistical analysis
Behavioral data were subjected to two-way analysis of variances
(ANOVAs) with the genotype and sex as independent variables and
the measure corresponding to a specific test as the dependent variable. In specific cases, as indicated, significant effects were further

scrambled current). Specifically, the mice received two shock exposures

explored with lower level ANOVAs. Electrophysiological data were

in their 5-min test, each in the last 2 s of a 30-s tone/light exposure.

subjected to ANOVA followed by the Bonferroni correction in the

On Day 3, contextual conditioning (as determined by freezing behavior)

case of multiple group comparisons or to Student's t test when com-

was measured in a 5-min test in the chamber where the mice were

parisons were made between two groups. A critical value for signifi-

trained (context test). On the following day, the mice were tested for

cance of p < .05 was used throughout the study. All data are

cued conditioning (CS+ test). The mice were placed in a novel context

expressed as the mean ± SEM of n experiments.

for 3 min, after which they were exposed to the conditioned stimuli
(light + tone) for 3 min. For this test, the chamber was disguised with
new walls (white opaque plastic creating a circular compartment in contrast to a clear plastic square compartment) and a new floor (white
opaque plastic in contrast to the metal grid). Freezing behavior (i.e., the
absence of all voluntary movements except breathing) was measured in
all of the sessions by real-time digital video recordings calibrated to distinguish between subtle movements, such as whisker twitches, tail
flicks, and freezing behavior. Freezing behavior in the context and cued
tests (relative to the same context prior to shock and an altered context
prior to tone, respectively) was indicative of the formation of an association between the particular stimulus (either the environment or the
tone) and the shock; that is, that learning had occurred. This procedure
was repeated in a second cohort, except that the context and CS+ tests
occurred 30 days following conditioning.

3 | RESULTS
We started by assessing the overall health, sensory, and neurological features of the Ip3r2−/− mouse. We did not find significant differences
between IP3R2 KOs and the wt littermates used as a control, including in
weight (Table 1) and coat condition (see section 4). Nor were there alterations in ambulatory activity, center activity, total horizontal activity
(Figure 1a–c), or rearing (data not shown) related to genotype. Next, we
confirmed using the optomotor, that all mice could see and that there
were no significant differences in visual ability between groups
(Figure 1d). Similarly, we did not find appreciable differences in anxiety
levels between IP3R2 KO mice and wt littermates, as assessed using the
dark–light transfer test: the time spent by IP3R2 KOs in the light compartment (Figure 1e) and the number of transitions between dark and
bright compartments (data not shown) were not significantly different

2.5.8 | Novel object recognition test
The novel object recognition (NOR) test was used to assess the ability
to recognize novelty in the environment. Mice were individually habituated to a 51 cm × 51 cm × 39 cm open field for 5 min. For the familiarization trials, two plastic toy objects were placed in the open field (one

compared to control animals. We also analyzed the capacity of the IP3R2
KO to store and manipulate recently acquired spatial information (working memory) as a function of the number of spontaneous alternations in
the three arms Y-maze. Data from two cohorts of mice combined revealed that Ip3r2−/− made slightly less spontaneous alternations than wt

in each of two corners), and an individual animal was allowed to explore

mice (Figure 1f; F[1,54] = 5.64, p < .05), while there were no genotypic

for 5 min. This was repeated with the same objects in the same loca-

differences in the total number of arm entries (data not shown). The small

tions another five times (separated by 1 min in a holding cage). Two

magnitude of that effect (<5%), which was only present in one of the

weeks later each mouse was tested in an object novelty recognition

cohorts when analyzed separately, suggests that while the lack of

test in which a novel object replaced one of the familiar objects. All

IP3R2-mediated signaling might act to fine-tune working memory, it does

objects and the arena were thoroughly cleaned with 70% ethanol

not disrupt it in a critical manner.

between trials to remove odors. The three different objects required

The absence of major abnormalities in noncognitive behaviors and

for this study were chosen based on there being no statistically signifi-

in working memory in IP3R2 KO mice established an adequate base-

cant preference for any object in pilot studies using C57BL/6J mice.

line for investigating the role played by IP3R2-mediated signaling in

These included a toy farmer boy, cow, and queen (Playmobil, Geobra

cognitive behaviors requiring learning and long-term memory

Brandstatter GmbH & Co. KG, Zirndorf, Germany). The objects chosen

employment.

were made of durable nontoxic plastic and were fixed to
10 cm × 7 cm × 0.5 cm square clear Plexiglas bases to prevent mice
from moving the objects during testing. “Exploration” was defined as
approaching the object nose-first within 2–4 cm. The number of

3.1 | IP3R2-mediated Ca2+ signaling contributed to
long-term memory

approaches toward each object was calculated for each trial. Habitua-

In a previous collaboration (Lee et al., 2014), we observed that mice with

tion to the objects across the five familiarization trials (decreased con-

astrocytes that were genetically engineered to express tetanus neuro-

tacts) was an initial measure of learning; renewed interest (increased

toxin (TeNT) — a peptide that inhibits vesicular release, displayed signifi-

contacts) in the new object indicated evidence of object memory.

cant deficits in recognition memory. This type of episodic memory
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(a)

(b)

Ambulation

(c)

Center activity
300

600

200
Counts

Counts

Counts

400

Total horizontal activity
800

wt males
wt females

600

Ip3r2-/- males
Ip3r2-/- females

400

100

200

200
0

10
5
0
Total track

25

20

15

Working memory

*

100

150
100
50
0

Rev track

10

5

(f)
Spontaneous alternations (%)

15

Fwd track

25

20

Anxiety
200

wt
Ip3r2-/-

Time spent in light (s)

Head tracks

20

Blocks (5 min)

(e)

Visual ability
25

15

Blocks (5 min)

Blocks (5 min)

(d)

10

0
5

25

20

15

10

5

0

wt

Ip3r2-/-

80
60
40
20
0
wt

Ip3r2-/-

F I G U R E 1 Characterization of passive behaviors in IP3R2-deficient mice. Ip3r2−/− mice and wt littermate controls displayed normal
ambulatory behavior (a), center activity (b), and total horizontal activity (c). Ip3r2−/− mice and wt littermate controls exhibited similar
performances in the optomotor, being able to follow the moving stripes in the direction in which they were presented, as assessed by the number
of forward (Fwd) and reverse (Rev) head tracks (d). On average, mice of both genotypes also performed similarly in the dark–light transfer test,
spending comparable amounts of time in the light compartment (e). The percentage of spontaneous alternations in the Y-maze, measured as the
consecutive triplets of different arm choices divided by the total number of arm entry triplets, was slightly reduced (*p < .05) in Ip3r2−/−
compared to wild-type mice (f). Graphs represent mean ± SEM. Individual experiments are superimposed on bar graphs with open and closed
symbols (circles, wt; triangles, Ip3r2−/− mice) representing females and males, respectively [Color figure can be viewed at wileyonlinelibrary.com]

engages the hippocampus, as well as other brain areas, such as the per-

paired Student's t test) in both female (6.3 ± 2 vs. 19.1 ± 3, n = 10) and

irhinal cortex and raphe nuclei, and it can be quantified experimentally

male (1.6 ± 0.9 vs. 12.9 ± 3, n = 7) wt mice, while it failed to reach statisti-

using the novel object recognition (NOR) test. In this test, which has been

cal significance in female (2.8 ± 0.9 vs. 4.2 ± 1, n = 6) and male (6.8 ± 3

shown to be particularly sensitive to alterations in hippocampal function

vs. 13.3 ± 1, n = 6) IP3R2 KO mice. The number of contacts with the

(Broadbent et al., 2010), mice are expected to discriminate a novel object

familiar object was not significantly different between genotypes during

from an object for which they already have a mental representation

the habituation period (Figure 2a,b, left panels), nor during a probe trial

(familiar object), by increasing the number of contacts with the former.

carried out 2 weeks later (Figure 2b, right panel).

Concurring with our previous collaborative study using the GFAPtetanus toxin mouse (Lee et al., 2014), we observed that, overall, IP3R2
KOs were significantly less interested in a novel object, compared to controls (Figure 2a, right panel; F[1,25] = 5.8, p < .05). Although such an
effect was driven mostly by female mice (Figure 2a, right panel), the num-

3.2 | Lack of IP3R2-mediated signaling induced
deficits in multiple types of remote, but not recent,
long-term memory

ber of contacts made by each individual mouse with the novel object, rel-

In order to investigate whether the effects of IP3R2-mediated signaling

ative to the final familiarization trial, was significantly increased (p < .05,

were only linked to recognition memory, as in the case of the TeNT
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als were conducted 30 days after conditioning, IP3R2 KO mice showed

30

decreased freezing relative to wt mice in both the context and CS+ test
(remote memory, Cohort 2; Figure 3b). Likely due to the high level of var-
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iability, the difference was not statistically significant in the context test,
as it was in the CS+ test (F[1,25] = 5.5, p < .05). These results are consis-

10

tent with the finding of a deficit in long-term memory in IP3R2 KO
mice—specifically in remote memory.
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The putative involvement of IP3R2-mediated signaling in
hippocampus-dependent memory was significantly clearer when we
used a spatial-reference task, the Barnes maze, which has the benefit

40
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conditioning (recent memory, Cohort 1; Figure 3a). In contrast, when tri-
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of minimizing distress to the animal, compared to other hippocampal-
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dependent spatial tests involving more aversive conditions, such as
the Morris water maze.
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Days
F I G U R E 2 Long-term recognition memory was impaired in
Ip3r2−/− mice. Ip3r2−/− and wt littermate control mice became equally
familiarized with two objects during the habituation period, as
suggested by the comparable decrease in the number of contacts
made with those objects between trials 1–5 at consecutive days
(a and b, left panels). When presented with a novel object 2 weeks
later, wt mice made a significantly greater number of contacts with
that object (*p < .05), as compared with their Ip3r2−/− littermates (a,
right panel). There was no genotypic difference in the number of
contacts with the familiar object 2 weeks after the habituation took
place (b, right panel). Data represent mean ± SEM. Individual
experiments are superimposed on bar graphs with open and closed
symbols (circles, wt; triangles, Ip3r2−/− mice) representing females and
males, respectively [Color figure can be viewed at
wileyonlinelibrary.com]
mouse (Lee et al., 2014), or if, otherwise, those could facilitate memory
function more broadly, we performed a comprehensive set of cognitive
tests, including fear-conditioning experiments. For this purpose, we used
methods that allowed testing recent and remote memory, as well as
hippocampal- and amygdala-dependent learning processes in the same
mouse. In these procedures, mice learned to associate a novel environment (context) and previously neutral stimuli (conditioned stimuli, a tone
and a light) with an aversive foot shock stimulus. Testing then occurred
in the absence of the aversive stimulus. Conditioned animals, when
exposed to the conditioned stimuli, tended to refrain from all but respiratory movements by freezing. Freezing responses were triggered by exposure to either the context in which the shock was received (context test)
or the conditioned stimuli (CS+ test). In our experiments, both genotypes
of Cohort 1 had successful contextual and cued conditioning and there
were no statistically significant differences between IP3R2 KO and wt
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F I G U R E 3 Only remote, and not recent, fear memory was
impaired in Ip3r2−/− mice. Wt and Ip3r2−/− littermates learned to
associate sensory cues (tone + light) with a foot shock. Then,
1–2 days (a, recent memory) or 30 days later (b, remote memory), the
freezing responses could be evoked in the absence of the foot shock
by simply exposing the mice to either the context in which the shock
was received (context test) or the cues (conditioned stimuli, CS+ test).
Note that Ip3r2−/− mice showed decreased freezing time as compared
to wt both in the context and CS+ tests only when remote memory
was tested (b); likely due to the high variability observed, such
differences were only statistically significant in the CS+ test (*p < .05).
Data represent mean ± SEM. Individual experiments are superimposed
on bar graphs with open and closed symbols (circles, wt; triangles,
Ip3r2−/− mice) representing females and males, respectively [Color
figure can be viewed at wileyonlinelibrary.com]
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During a 9-day training period in the Barnes maze, there were no

Although relatively modest if considered individually, the differ-

significant differences between IP3R2 KO and wt littermates in escape

ences observed in the multiple behavioral tests described above

latencies (Figure 4a), nor in the number of errors made (Figure 4b) when

all converge in support of the finding that the lack of IP3R2-mediated

trying to find the escape chamber. Similarly, we did not find differences

ca2+ signaling disrupts remote memory. This made us ponder whether

in recent memory, when we conducted the probe trial on the day that

such an impairment might derive from defective memory consolida-

immediately followed the training period (Figure 4c). However, Ip3r2−/−

tion or retrieval, with our data supporting the former, as detailed

mice made significantly more errors than wt littermates when retested

below.

2 weeks (Figure 4d, F[1,25] = 5.3, p < .05) or 4 weeks later (Figure 4d, F
[1,24] = 4.73, p < .05) in different cohorts. Further analysis of the two
cohorts combined showed that IP3R2-related impairments were also
expressed in male mice (F[1,53] = 4.38, p < .05 for male wt vs. male

3.3 | Remote memory impairment in the Ip3r2−/−
mouse stemmed from deficient memory consolidation

Ip3r2−/− and female wt vs. male Ip3r2−/− animals, one-way ANOVA).

As Figure 4e indicates, there was a significant improvement (p < .05,

Taken together with the results described above, these suggest that the

paired Student's t test) in spatial memory when we retested our wild-

lack of IP3R2 was deleterious for both female and male mice.

type mice following a period of absence of stimulation (2–4 weeks).
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F I G U R E 4 Remote, but not recent, spatial memory was disrupted in Ip3r2−/− animals. Learning curves were similar between Ip3r2−/− and wt
littermates, as assessed by the latencies (a) and the number of errors (b) made across the 9 days of the acquisition phase of the Barnes maze.
Moreover, when the animals were probed at Day 10, there were no significant differences in the time spent by the animals at the target quadrant
(c), which suggests normal learning. However, when a temporal delay (2–4 weeks) was introduced between the learning and retesting phases,
Ip3r2−/− mice made significantly more errors (*p < .05) than their wt littermate controls when trying to find the escape chamber (d). Also note
that the 2–4 weeks delay allowed wt mice to perform significantly better compared to the last day of training (*p < .05), whereas such
improvement was not observed in Ip3r2−/− animals (e). Data represent mean ± SEM. Individual experiments are superimposed on bar graphs with
open and closed symbols (circles, wt; triangles, Ip3r2−/− mice) representing females and males, respectively [Color figure can be viewed at
wileyonlinelibrary.com]
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Such a capacity to outperform the last day of training, which was

n = 15 slices, 15 mice; Figures 5b). We then wondered whether this

absent in the IP3R2 KO, is a well-known byproduct of memory consol-

impairment could be rescued by adding to the bathing solution the

idation, in which hippocampal LTD (Marshall & Born, 2007; Tononi &

obligatory co-agonist of NMDA receptors, D-serine, which has been

Cirelli, 2003, 2006) and the reactivation of the hippocampus during

shown to be released by astrocytes during LFS (Zhang et al., 2008),

slow-wave sleep (Buzsáki, 1998; Diekelmann & Born, 2010; Lee &

and which has been positively correlated with the expression of IP3R2

Wilson, 2002) play an active role. Recently, Foley et al. (2017) showed

(Takata et al., 2011). In line with our hypothesis, we observed that in

2+

signaling in astrocytes did not impact

aCSF supplemented with D-serine (10 μM; Zhang et al., 2008), the

slow-wave sleep, leaving out the possibility that IP3R2 deletion might

average LTD measured 1 h after LFS was practically indistinguishable

affect LTD, which we sought to investigate next by recording fEPSPs

between wt (13.8 ± 4%, n = 8 mice) and IP3R2 KO (14.3 ± 3%, n = 10

in the CA1 region of acutely prepared hippocampal slices upon stimu-

slices, 9 mice; Figures 5c,d).

that the attenuation of IP3/Ca

In a new set of experiments, we tested the robustness of our findings,

lation of the Schaffer collateral fibers (Figure 5a).

while aiming to gain further mechanistic insights onto IP3R2-dependent

induce N-methyl-D-aspartate receptor (NMDAR)-dependent LTD. In

modulation of LTD. To achieve this, we prepared hippocampal slices from

spite of observing a similar depression at the end of the LFS paradigm

Ip3r2−/− and wild-type mice derived from a different colony, and sub-

(wt: 41.1 ± 2% vs. IP3R2 KO: 37 ± 2%, Figure 5b), LTD maintenance

jected them, as before, to LFS. Consistent with our previous observations,

(measured 1 h later) was significantly compromised in the IP3R2 KO

as shown in Figure 6, slices from Ip3r2−/− animals showed significantly

(5.2 ± 2%, n = 15 slices, 14 mice) compared to wt mice (16.9 ± 2%,

reduced LTD compared to wild type (Ip3r2−/−: 7.4 ± 2% vs. wt: 20.0
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F I G U R E 5 Long-term depression was impaired in Ip3r2−/− animals. (a) Schematic representation of a transverse hippocampal slice showing
the recording configuration used to obtain extracellular responses in the CA1 dendritic layer (stratum radiatum) evoked by stimulation of the
Schaffer collateral fibers. (b) Experimental time course of the experiment, with each time point representing mean ± SEM. Insets on the right
display fEPSPs taken from one wt and one Ip3r2−/− mice at baseline (solid line) and 1 h after LFS (dashed line). Traces are averages of eight
consecutive individual responses. Scale bar: 0.25 mV, 10 ms. (c) Similar to (b), but in the presence of D-serine (10 μM) in the bathing solution.
(d) Bar graph showing LTD experiments carried out in the absence and in the presence of D-serine (10 μM). Note that, on average, LTD was
significantly less stable in Ip3r2−/− compared to wt mice (*p < .05), but when the experiments were carried out in the presence of D-serine
(10 μM), this difference was not observed. Data represent mean ± SEM. Individual experiments are superimposed on bar graphs with open and
closed symbols (circles, wt; triangles, Ip3r2−/− mice) representing females and males, respectively. fEPSP, field excitatory postsynaptic potentials;
LTD, long-term synaptic depression; LFS, low-frequency stimulation [Color figure can be viewed at wileyonlinelibrary.com]
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± 2%, n = 12–13 mice, p < .05). To rule out possible abnormalities in basal

(0.1 U/mL) triggered a quick and robust depression of synaptic trans-

synaptic transmission in Ip3r2−/− animals, we constructed input–output

mission in all slices tested (Figure S2a), contrasting with the previously

curves of fEPSPs obtained at increasing intensities (10–100 μA). We

reported lack of effect (Mothet et al., 2006). DAAO-induced depres-

observed that fEPSP slopes scaled up with the number of fibers recruited

sion (32.4 ± 10%, n = 3; Figure S2a) was reversible, with the fEPSPs

(as indicated by the presynaptic fiber volley amplitude) in a similar manner

slopes returning to near baseline values following its washout from

in both genotypes (Figure S1a,b), confirming the absence of major pertur-

the bathing solution (Figure S2a). Although it was outside of the scope

bations in synaptic transmission reported in previous studies (Agulhon

of the present work to further characterize this unexpected depres-

et al., 2010; Petravicz et al., 2008). We further observed that the presence

sant action of DAAO, it is important to point out that it occurred

of D-serine (10 μM) did not significantly affect the input–output relation-

through a mechanism unrelated to NMDAR activity, since DAAO

ship in any of the two genotypes (Figure S1 a,b). Next, we confirmed that

(0.1 U/mL) still inhibited fEPSPs when we included the NMDAR ago-

LTD was NMDAR-dependent:

nist, D-AP5 (25 μM), in the bathing solution (n = 3; Figure S2a). Con-

as expected, even if D-serine (10 μM) was present in the bathing solution,

sistently, in the group of experiments aiming to test if the facilitation

LFS failed to cause a significant long-term modification of synaptic

of LTD by exogenous D-serine application was sensitive to DAAO,

strength when the NMDAR antagonist, D-AP5 (10 μM), was coapplied

the co-superfusion of DAAO (0.1 U/mL) and D-serine (10 μM) was also

(Figure 6).

responsible for a depression of synaptic transmission (40.0 ± 3%, n = 5;

the rescuing effect of D-serine on Ip3r2

−/−

Next, we tested if the facilitation of LTD by exogenous D-serine

Figure S2b), prompting us to collect a new baseline before applying LFS.

application was sensitive to DAAO (0.1 U/mL), an enzyme that oxi-

In these conditions, as Figure 6 shows, the magnitude of LFS-induced

dizes D-amino acids, including D-serine, thus preventing its critical

LTD in IP3R2 KO mice was still enhanced (26.4 ± 2%, n = 5) compared

role on NMDAR activation. Unexpectedly, the superfusion of DAAO

to that obtained in the absence of D-serine (p < .05). In a separate
group of experiments, we preincubated hippocampal slices with DAAO

*

inhibition of fEPSP slope (%)

40

(0.1 U/mL) for at least 1 h before moving them to the recording cham-

Ip3r2-/-

wt

ber, where DAAO (0.1 U/mL) was also present. As Figure 6 shows, preincubation with DAAO (0.1 U/mL) per se significantly disrupted LTD in

*

*

hippocampal slices prepared from wild-type mice (3.37 ± 3% change
over baseline, n = 6, p < .05), confirming the critical role played by
endogenous D-serine in this form of synaptic plasticity (Zhang et al.,

20

2008). Noteworthy, the washout of DAAO (0.1 U/mL) from the bathing
solution in these slices resulted in a robust facilitation of synaptic transmission (69.8 ± 14%, n = 3; Figure S2c), which is consistent with the

0

inhibitory effect of this enzyme on fEPSPs described above. In the case
of IP3R2 KO mice, when slices were preincubated with DAAO, D-serine
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F I G U R E 6 D-serine was critical for LTD maintenance, rescuing
Ip3r2−/−-induced impairment in an NMDAR-dependent manner. Bar
graph showing LTD experiments carried out in the absence or in the
presence of D-serine (10 μM) alone or in combination with DAAO
(0.1 U/mL, applied acutely or preincubated for >1 h) or with the
NMDAR antagonist, D-AP5. “+” Sign represents presence, and “−”
represents the absence of the drug indicated on the lower left, below
the bar graph. Note that, on average, LTD was virtually blocked
(*p < .05) in the wild type after preincubation with DAAO (0.1 U/mL).
When applied acutely, DAAO did not prevent the significant (*p < .05)
enhancement of LTD in IP3R2-deficient mice by exogenous D-serine.
Conversely, D-serine did not significantly enhance LTD in
IP3R2-deficient mice when hippocampal slices were preincubated
with DAAO, an effect that post hoc analysis revealed to be mostly
driven by female mice. Note that the presence of D-AP5 blocked
LTD. Data represent mean ± SEM. Individual experiments are
superimposed on bar graphs with open and closed symbols (circles,
wt; triangles, Ip3r2−/− mice) representing females and males,
respectively. DAAO, D-amino acid oxidase; LTD, long-term synaptic
depression [Color figure can be viewed at wileyonlinelibrary.com]

(10 μM) did not significantly enhance LTD (Figures 6, 10.7 ± 4% depression, n = 17). Importantly, post hoc analysis showed significant differences (p < .05) between female (2.7 ± 6%, n = 8) and male mice (17.8
± 3%, n = 9) under these conditions (see section 4).
In a final group of experiments, we sought to investigate if the new
role of IP3R2-mediated signaling herein described would extend to synaptic depotentiation. Our rationale was that given the constant adjustments in synaptic strength that occur in situ, it would be of interest to
understand if synapses that had been previously potentiated could also
see their depotentiation affected by the lack of IP3R2-mediated signaling. To that extent, we started by applying high-frequency stimulation at
100 Hz to the Schaffer collateral fibers (see section 2), in a way that reliably induced LTP. We observed that, as previously shown (Agulhon et al.,
2010; Shigetomi et al., 2013), on average, the lack of IP3R2 did not significantly affect CA1 hippocampal LTP (Figure 7a). One hour after triggering
LTP, we ran an LFS protocol (1 Hz, similar to that used in LTD experiments), to test synaptic depotentiation (Figure 7a). In line with our
hypothesis, depotentiation was slightly, but significantly (n = 8-10,
p < .05), facilitated when IP3R2-mediated signaling was intact
(Figure 7b), further supporting the contribution of this predominantly
nonneuronal mechanism to the neural correlates of long-term memory.
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both sexes were used in our experiments, and while alterations in
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remote memory related to the lack of IP3R2 could be found in female
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and male mice, those differences were reflected in different ways
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across behavioral tests. Future studies will be necessary to explore
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(Vyazovskiy et al., 2008). Consistently, we found that the absence of
IP3R2-mediated signaling significantly disrupted hippocampal NMDA-
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receptor dependent LTD, compared with wt littermate controls. The
LTD impairment observed in IP3R2-deficient mice might thus perturb
memory consolidation, as proposed in the synaptic scaling hypothesis
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(Tononi & Cirelli, 2003), causing, at least in part, the cognitive defi-
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ciencies observed. In light of such a hypothesis, IP3R2-mediated sig-
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that participate in the downscaling of synaptic strength and consequently lead to the amplification of the signal-to-noise ratio of poten-
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postulate that astrocytes might help fine-tune information for long-
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F I G U R E 7 Synaptic depotentiation was impaired in Ip3r2−/−
animals. (a) Experimental time course of LTP / depotentiation
experiments. (b) The experimental block pertaining to LFP-induced
synaptic depotentiation was renormalized using the last 10 min of
LTP as baseline. Note that, on average, LTP was not significantly
different between Ip3r2−/− and wt mice (a), but Ip3r2−/− animals
displayed significantly (p < .05) impaired depotentiation (b). Data
represent mean ± SEM. LFS, low-frequency stimulation; LTD, longterm synaptic depression; HFS, high-frequency tetanic stimulation

term storage by dynamically readjusting synaptic strengths.
Memory consolidation is thought to also involve the generation of
hippocampal high-frequency (150–250 Hz) transient oscillations
(~100 ms), termed sharp-wave ripples (SWRs), during slow-wave sleep
(SWS), and in the awake state during consummation and immobility
(Buzsáki, 2015). SWRs coincide with the reactivation of the hippocampus as a result of recent behavioral experiences and are thought
to facilitate the hippocampal–neocortical interactions necessary for
transferring and integrating newly encoded memories into preexisting knowledge cortical networks (Buzsáki, 1998; Diekelmann &
Born, 2010; Lee & Wilson, 2002). Recent results by Tang et al. (2017)
strengthened the hypothesis that SWRs occurring during SWS are
particularly suited to support memory consolidation. Interestingly,

4 | DISCUSSION

while SWRs were shown to occur at longer intervals in IP3R2 KO
−/−

In this study, we showed that Ip3r2

mice exhibited significant impair-

ments in long-term memory. Those deficits were exclusive of remote,
and not recent, memory. Further, they were not restricted to recognition
memory, as in the case of the GFAP–TeNT mouse (Lee et al., 2014), but
instead had a more generalized impact upon remote memory function. It
is likely that such broader consequences result from IP3R2-mediated sig-

compared to wild-type mice in urethane-anesthetized mice (Tanaka
et al., 2017), the attenuation of IP3/Ca2+ signaling in astrocytes did
not cause significant alterations in SWS in nonanesthetized mice
(Foley et al., 2017). In light of those results, further investigations will
be necessary to determine the physiological relevance of IP3R2dependent modulation of SWRs under anesthesia.
Our experiments further showed that IP3R2-mediated Ca2+

naling being upstream of TeNT-sensitive vesicle release. Specifically,

impairment of LTD could be rescued upon application of exogenous

when compared to wt littermates, IP3R2-deficient mice presented an

D-serine. It is not the first time that the lack of IP3R2 is linked to an

impoverished performance in remote NOR and remote fear memory.

attenuation of D-serine levels: Takata et al. (2011) showed that D-

Ip3r2−/− animals also made significantly more errors in the retention task

serine release upon stimulation of a main cholinergic projection to the

of the Barnes maze, a result that supports a deficit in remote spatial

hippocampus was significantly reduced in IP3R2 KOs compared to

memory. Contrasting with the IP3R2 KO, the performance of wild-type

wild-type mice. Noteworthy, we did not observe LTD impairments in

controls in the Barnes maze after a 2–4 weeks delay was, in fact, better

a previous study using a transgene mouse in which the inducible

than on the last day of training, suggesting that IP3R2-mediated Ca2+ sig-

expression of tetanus toxin disrupted vesicle release exclusively in

naling played an important role in memory consolidation with the

astrocytes. It is thus possible that the attenuation of D-serine levels in
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the IP3R2 KO stems, at least in part, from impairments in mechanisms

differences between the “IP3 sponge” model (Tanaka et al., 2013) and

other than vesicular release. Although it was outside of the scope of

the IP3R2 KO that was used here and by others (Navarrete et al.,

our present study to identify those, one interesting possibility is that

2012; Takata et al., 2011), converging evidence indicates that IP3R2

the lack of IP3R2-mediated signaling affects the synthesis of L-serine

activation leads to a downstream modulation of synaptic transmission

in astrocytes and/or its shuttle from astrocytes into neurons, where it

and plasticity that favors normal cognitive behaviors. It is likely that all

is converted to D-serine.

of the effects resulting from IP3R2-mediated signaling act together to

Astrocytes' contribution to information processing through

increase the flexibility and information storage capacity of the brain

homosynaptic depression is consistent with previous evidence that

(Dayan & Willshaw, 1991), making it challenging to assess the relative

either their chemical inactivation with sodium fluoroacetate or the
degradation of endogenous D-serine by DAAO impaired NMDARdependent LTD (Zhang et al., 2008). In our experiments, DAAO also
occluded NMDAR-dependent LTD in wild-type mice. Further, preincubation with this enzyme prevented the rescuing effect of D-serine
on IP3R2 KO LTD. Importantly, post hoc analysis suggested that such

contribution of each of those modifications individually. With that in
mind, we propose that IP3R2-dependent astrocytic Ca2+ signaling can
help modulate synaptic strength bidirectionally (positively or negatively), as necessary to optimize information transmission and its longterm storage in neuronal networks.

an effect was mostly driven by female mice. While future studies will
be necessary to better understand why that might be the case, our
observations add additional evidence to the growing body of literature showing a strong sex-dependence of DAAO actions in the rodent
brain (Labrie et al., 2009; Pritchett et al., 2015), as well as sex-related
differences in its expression levels in humans (Jagannath et al., 2017).
Moreover, our results indicating that female mice are more sensitive
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mediated LTP in the hippocampus (Navarrete et al., 2012) and in cortex (Takata et al., 2011), which were demonstrated to occur in the
IP3R2 KO, might be responsible for specific behavioral alterations. It
also seems important to determine why mice expressing an IP3 absor-
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bent “IP3 sponge” showed impairments in recent spatial memory in
connection with glutamate spillover and the retraction of astrocytic
processes (Tanaka et al., 2013), but similar morphological alterations
(Perez-Alvarez et al., 2014) and behavioral deficits (our study) were
not observed in IP3R2 KO mice. In fact, in the IP3R2 KO, ambient glutamate concentration and tonic NMDAR activation were shown to be
largely preserved (Petravicz et al., 2008).
In conclusion, our results showing that IP3R2-mediated signaling
has a facilitatory effect on long-term memory in vivo provide an
important new insight into the key roles of astrocytic Ca2+ signals on
neural circuits function and cognitive behavior. Despite the specific
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