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Abstract

Astrocytes are key players in the regulation of brain development and function. They
sense and respond to the surrounding activity by elevating their intracellular calcium
(Ca”") levels. These astrocytic Ca’" elevations emerge from different sources and dis-
play complex spatio-temporal properties. Ca’* elevations are spatially distributed in
global (soma and main processes) and/or focal regions (microdomains). The inositol
1,4,5-trisphosphate receptor type 2 knockout (IP;R2 KO) mouse model lacks global
Ca’" elevations in astrocytes, and it has been used by different laboratories. However,
the constitutive deletion of IP;R2 during development may trigger compensating phe-
notypes, which could bias the results of experiments using developing or adult mice.
To address this issue, we performed a detailed neurodevelopmental evaluation of male
and female IP;R2 KO mice, during the first 21 days of life, as well as an evaluation
of motor function, strength and neurological reflexes in adult mice. Our results show
that male and female IP;R2 KO mice display a normal acquisition of developmental
milestones, as compared with wild-type (WT) mice. We also show that IP;R2 KO mice
display normal motor coordination, strength and neurological reflexes in adulthood.
To exclude a potential compensatory overexpression of other IP;Rs, we quantified
the relative mRNA levels of all 3 subtypes, in brain tissue. We found that, along with
the complete deletion of /zpr2, there is no compensatory expression of Itprl or Itrp3.
Overall, our results show that the IP;R2 KO mouse is a reliable model to study the
functional impact of global [P;R2-dependent astrocytic Ca”" elevations.
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1 | INTRODUCTION

Astrocytes, the most abundant glial cell type in the nervous
system, play a pivotal role in integrating and responding to
network activity (Mederos, Gonzalez-Arias, & Perea, 2018;
Oliveira, Sardinha, Guerra-Gomes, Araque, & Sousa, 2015;
Perea, Navarrete, & Araque, 2009). Phylogenetic evidence
showing an increased glia-to-neuron ratio, namely in spe-
cies with larger brains (Verkhratsky & Nedergaard, 2016),
support the importance of this role of astrocytes. These
glial cells sense and integrate the surrounding activity by
elevating its intracellular calcium (Ca2+) levels. The dis-
covery of this particular astrocytic feature and the devel-
opment of tools to allow its quantification (Cornell-Bell,
Finkbeiner, Cooper, & Smith, 1990; Nedergaard, 1994;
Parpura et al., 1994) paved the way for a better understand-
ing of the spatio-temporal dynamics of astrocytic modula-
tion (Shigetomi, Patel, & Khakh, 2016; Volterra, Liaudet,
& Savtchouk, 2014). Since then, several studies described
important contributions of astrocytic Ca®* signalling for
the control of synaptic communication, circuit computa-
tion and behavioural performance (Guerra-Gomes, Sousa,
Pinto, & Oliveira, 2018). Astrocyte activation can elicit
complex Ca”" events that vary from global (mainly ob-
served in the soma and main processes) to focal (restricted
to thin processes and microdomains), whose complexity
and functional consequences are being studied by multiple
laboratories (Shigetomi et al., 2016; Volterra et al., 2014).
Taking advantage of the high predominance of inositol
1,4,5-trisphosphate receptor type 2 (IP;R2) in astrocytes,
the most used animal model to study the role of global
IP;-dependent Ca** elevations in astrocytes is the knock-
out mouse for this receptor (IP;R2 KO; Li, Zima, Sheikh,
Blatter, & Chen, 2005). This model displays an intact neu-
ronal Ca** activity, but critically impaired global astrocytic
Ca*t signals, and therefore, it has been extensively used
both in health and disease contexts (Agulhon, Fiacco, &
McCarthy, 2010; Cao et al., 2013; Guerra-Gomes, Viana,
et al., 2018; Jego, Pacheco-Torres, Araque, & Canals,
2014; Li et al., 2015; Navarrete et al., 2012; Okubo et al.,
2019; Petravicz, Fiacco, & McCarthy, 2008; Pinto-Duarte,
Roberts, Ouyang, & Sejnowski, 2019; Rakers & Petzold,
2017; Sherwood et al., 2017; Srinivasan et al., 2015;
Takata et al., 2011; Tanaka, Wang, Mikoshiba, Hirase, &
Shinohara, 2017; Wang, Xu, Wang, Takano, & Nedergaard,
2012; Yang et al., 2016).

These mice are viable and fertile and display no major
alterations in brain cytoarchitecture (Li et al., 2005;
Petravicz et al., 2008). However, the constitutive nature
of the IP;R2 deletion might lead to alterations that could
influence experimental results obtained during devel-
opment and adult stages. To address this issue, we per-
formed a detailed examination of somatic parameters

and neurological reflexes acquired during development,
in male and female IP;R2 KO mice and respective wild-
type (WT) littermates. Moreover, we complemented this
analysis by assessing general phenotypical behaviour in
adult mice through the analysis of motor behaviour and
exploratory drive. Our results show that IP;R2 KO mice
display a normal acquisition of somatic and neurodevel-
opmental milestones, as well as unaffected locomotor or
exploratory abilities in adulthood. Therefore, they are
suitable for functional testing during development and
adult stages.

2 | MATERIALS AND METHODS

2.1 | Animals

All experimental procedures were conducted in accordance
with the guidelines described in Directive 2010/63/EU and
were approved by the local ethical committee (SECVS
075/2015), and the national authority for animal experimen-
tation (DGAV 17469/2012). A mouse strain with targeted
deletion of Itpr2 gene was kindly supplied for this project
by Prof. Alfonso Araque (U. Minnesota, USA; Navarrete
et al., 2012), under agreement with Prof. Ju Chen (U.C.
San Diego, USA; Li et al., 2005). Mice were backcrossed
at least 5 generations to C57BL/6J. All mice had ad libitum
access to food and water in their home cages, and lights
were maintained on a 12-hr light/dark cycle (lights on 8:00
a.m. to 8:00 p.m.) at 22 + 1°C, 55% humidity, as described
in previous studies (Kafetzopoulos et al., 2018; Mateus-
Pinheiro et al., 2017; Sardinha et al., 2017; Tavares et al.,
2017). IP;R2 KO and their respective littermate WT con-
trols were obtained by mating couples of IP3R2+/_. A total
of 19 WT (9 males and 10 females) and 20 littermate IP;R2
KO mice (10 males and 10 females) were used to perform a
neurodevelopmental evaluation. All animals received a toe
tag at postnatal day (PND) 5 as described in Castelhano-
Carlos, Sousa, Ohl, and Baumans (2010), which remained
unaltered throughout the experiment and allowed to evalu-
ate each animal response in a blind manner. The collected
toe tissue was used for DNA extraction and subsequent
genotyping by polymerase chain reaction (PCR) analysis
using WT (F, 5-ACCCTGATGAGGGAAGGTCT-3';
R, 5-ATCGATTCATAGGGCACACC-3’) and mutant
allele-specific primers (neo-specific primer: F, 5'-AATG
GGCTGACCGCTTCCTCGT-3"; R, 5'-TCTGAGAGTGC
CTGGCTTTT-3") as previously described (Li et al.,
2005). For adult motor function assessment, we used male
and female groups of WT and littermate IP;R2 KO mice
(n = 6-12 per group) of 3 to 4 month old. Tissue from
these WT and IP;R2 KO mice (n = 3 per group) was used
for the Itpr gene expression assessment.
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2.2 | Behaviour analyses:
developmental milestones

Neonatal neurodevelopmental milestones were assessed ac-
cording to previously validated protocols in mice (Castelhano-
Carlos et al., 2010; Hill, Lim, & Stone, 2008; Santos,
Silva-Fernandes, Oliveira, Sousa, & Maciel, 2007). It con-
sisted of a daily evaluation for 21 days, since the day of birth.
At birth, only the number of pups in the litter was counted
without any further examination. From PND1 onwards, new-
born animals were inspected for skin appearance, activity and
presence of a milk spot in the stomach, which are indica-
tors for correct maternal care and well-being. Moreover, ani-
mals were daily weighted and examined for the acquisition
of developmental milestones until weaning (PND21). This
daily scoring included the assessment of the acquisition of

a mature response regarding several somatic and neurologi-
cal parameters. Pups were tested every day at the same time,
in the same experimental room, by the same experimenters.
Throughout the evaluation, several parameters were assessed
according to the age of the pup (Figure la), and the score
value was registered in an individual table for each animal.

2.2.1 | Somatic parameters

Body weight was registered every day from PND1 to PND21
(weight + 0.01 g), as an indicator of morphological develop-
ment. Anogenital distance, which corresponds to the distance
between the opening of the anus and the opening of the geni-
talia, is a marker for reproductive development and matura-
tion. This parameter was daily registered starting from PND3

(a) Postnatal day 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 18 19 20 21
Weight
Somatic Anogenital distance
Eye opening
. Rooting
Tactile reflex EATWiEh
Auditory reflex Auditory startle
Open Field
o Walking
Surface righting
Air righting
Labyrinthine reflex, Wire suspension
coordination and Grasping
strength Postural reflex
Negative geotaxis
Cliff aversion
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Male and female IP;R2 KO mice gain weight similarly to controls and display a normal genital development. (a) Representative

scheme of the experimental timeline used, depicting each developmental parameter according to the tested function (grey—somatic parameters,

blue—tactile reflex, pink—auditory reflex, orange—motor function, green—Ilabyrinthine reflex, coordination and strength). (b) Body weight

evolution from postnatal day 1 to postnatal day 21 of WT and IP;R2 KO mice. (c) Anogenital distance evolution from postnatal day 3 to postnatal
day 21 of WT and IP;R2 KO mice. Males are represented in left panels, and female mice are depicted in right panels (WT—black, IP;R2 KO—

red). Data plotted as mean + SEM. n = 9-10 per group
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(distance + 0.05 mm). Eye opening was daily scored accord-
ing to the state of the eyes. Eye opening was considered when
an initial break in the membrane sealing was observed. When
one of the eyes was opened, a score of 1 was attributed; when
both eyes were opened, a score of 2 was achieved. PND of
mature response was registered when both eyes were open.

2.2.2 | Neurological reflexes

Neurological reflexes were daily assessed from PNDI to
PND21. Cages containing the mother and pups were taken
from the housing room to an experimental room at the same cir-
cadian rhythm hour. To ensure the minimal disturbance of the
pups, tests were performed on a smooth foam pad, and after the
evaluation, pups were immediately returned to the home cage.
The daily score was attributed as following: tests that evaluated
absence/presence of a mature response were scored as 0/1 (root-
ing, ear twitch, auditory startle, open field traversal, air righting,
wire suspension, postural reflex); parameters where a gradual
evolution was observable were scored from O to 3 (walking,
surface righting, grasping, negative geotaxis, cliff aversion),
with O representing absence and 3 corresponding to achieve-
ment of the mature response. In the end, PND of mature re-
sponse achievement was registered for each pup. Neurological
reflexes were divided into several categories according to the
function analysed, and they were assessed as follows:

Tactile reflex

Rooting—This test consists in gently stroking a fine filament
of cotton three times along the side of the head of the pup. If
it turns the head towards the filament, a mature response is
considered.

Ear twitch—It consisted in stimulating the ear of the pup
by brushing it with the end of a cotton tip three times. If the
newborn responded by flattening the ear against the side of
the head, a score for a mature response was attributed.

Auditory reflex

Auditory startle—Newborn mice were tested for audi-
tory reflex from PND7 until PND18. The response of the
animal to a handclap was observed. If the animal reacted,
then a mature response was achieved and a score of 1 was
attributed.

Motor

Open field traversal—Newborn mice (PNDS8-21) were
placed in the centre of a plastic sheet containing a circle with
13 cm of diameter. The time that the animal took to move
out of the circle was recorded. A mature response was con-
sidered when the mouse was able to respond in <30 s. This
test allows the evaluation of locomotion and the extinction of
pivoting behaviour.

Walking—The development of locomotion and coordina-
tion was evaluated by observing animals freely moving, from
PNDS5 until PND21. The mature response was considered
when pups were able to walk straight with their body com-
pletely supported by the four limbs.

Labyrinthine reflex, coordination and strength

Surface righting reflex—This parameter was evaluated from
PNDI1 until PND13. It consisted in putting the animal on its
back, and the mature response was considered when the ani-
mal was able to get right. It evaluates spatial, body righting
and labyrinthine mechanisms.

Air righting reflex—This parameter was assessed from
PNDS8 until PND21. Mice were turned back and held at
approximately 13 cm distance from the soft surface and re-
leased. A mature response was observed when the pup devel-
oped the reflex to turn his body during the fall and land on
its four paws.

Postural reflex—Mice response was assessed from PND5
until weaning. Animals were placed in a small plastic open
box and gently shaken vertically and horizontally. If the an-
imal maintained its original position in the box, it was as-
sumed to have acquired a mature postural reflex response.
This parameter allows the evaluation of spatial and body
righting responses.

Negative geotaxis—This behavioural response was
evaluated from PNDI1 until PND14. Pups were placed in a
horizontal grid, tilted 45° to the plane, with its head facing
downwards. It was considered a mature response when the
animal was able to turn immediately by 180° and moved to-
wards the top of the slope. It tests spatial, body righting and
labyrinthine mechanisms.

Cliff aversion—It evaluates the ability of mice to turn and
crawl away when put on the edge of a cliff, with its fore-
paws and face over the edge (from PNDI until PND14).
This parameter allows the assessment of spatial reflex and
coordination.

Wire suspension—This parameter evaluates forelimb
grasp and was assessed from PNDS5 until the weaning age.
This strength test consists in placing the pup vertically to hold
a 2-mm metal bar with its forelimbs. A mature response was
achieved when the animal was able to hold its body weight
alone, without falling.

Grasping—This is a strength test performed from PND5
until PND21. The forelimb of the pup was stimulated with
a thin wire. If the animal held the wire firmly, a mature re-
sponse was considered.

2.3 | Behaviour analyses: adult phenotyping

Adult behaviour was analysed according to previ-
ously validated protocols in mice (Carter et al., 1999;
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Silva-Fernandes et al., 2014; Teixeira-Castro et al.,
2015). Behaviour tests were performed during the diurnal
period. Motor coordination was assessed using the open
field test, the beam walk balance test, motor swimming
test and the footprint analysis. Furthermore, strength and
neurological reflexes were assessed through the hanging
wire grid test and additional tests from the SHIRPA pro-
tocol (Rogers et al., 2001).

2.3.1 | Motor function

Open field

The open field test was used to assess spontaneous locomotor
and exploratory activity (Seibenhener & Wooten, 2015). The
apparatus consisted of a brightly illuminated Plexiglas box
enclosing a white arena (43.2 x 43.2 x 30.5 cm), equipped
with infrared beams to detect mice activity (Med Associates
Inc). Mice were individually placed in the centre of the arena
and let to freely explore it for 5 min. This test allowed the as-
sessment of motor (by the distance walked) and exploratory
activity (by the number of vertical rearings).

Motor swimming tests

These tests were used to evaluate voluntary locomotion, by tak-
ing advantage of survival instinct of mice to escape from the
water and find a safe shelter. Swimming tests were conducted
in two tanks with water at 23 + 1°C, under dim light condi-
tions. The water was made opaque using non-toxic titanium
dioxide (Sigma-Aldrich, 250 mg/L) to improve mice detection
(Sardinha et al., 2017). The distance and time swam were mon-
itored and analysed by a video-tracking system (Viewpoint).
The first test was conducted in a dark circular pool with 106 cm
diameter. Each mouse was gently placed in the pool and al-
lowed to swim freely during 60 s, and the total distance swam
during this period was registered. In the second test, each
mouse was placed at one end of rectangular tank (100 cm long
and 15 cm depth) and trained during 2 consecutive days (3 tri-
als/day), to reach a visible platform at the opposite end (60 cm).
In the following 3 days (2 trials/day), mice were tested, and the
time taken to cross the water tank was registered.

Beam walk balance test

Balance and fine motor coordination were evaluated by the
latency of each mouse to traverse elevated narrow beams to
a safe platform. Beams consisted of long strips of PVC (1 m)
with a 12 mm square cross-section or 11 mm round diameter.
Beams were placed horizontally, 50 cm above the bench sur-
face (covered with soft sponges to protect mice from falls),
with one end mounted on a narrow support and the other end
attached to an enclosed dark box (20 cm square), into which
mice could escape. Mice were trained during 3 consecutive
days in the square beam (3 trials/animal), and in the fourth
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day, the animals were tested in both beams (2 trials/animal).
The time taken to cross the beams was recorded.

Footprint analysis

Mice hind and forepaws were coated with black and red non-
toxic ink, respectively, and encouraged to walk an inclined
corridor (100 cm X 4.2 cm width X 10 cm height; over white
absorbent paper) towards a black box. Footprint patterns
obtained for each mouse were used to analyse gait. Three
measurements were registered, for six consecutive steps, to
evaluate mice stride length.

2.3.2 | Strength and neurological reflexes
Behaviour tests followed the SHIRPA Protocol guidelines,
enriched with the hanging wire grid test (Silva-Fernandes
et al., 2014; Teixeira-Castro et al., 2015).

Wire maneuver—Mice were picked by the tail, and fore-
limbs were placed to a fixed wire (soft sponges were placed
underneath to protect falling mice). This test is based on the
latency of a mouse to fall off a metal wire upon exhaustion.
The maximum duration of the test was 120 s.

Hanging wire grid test—Mice were placed on the top of a
metallic horizontal grid and inverted 180° towards the surface
of the bench (soft sponges were placed underneath to protect
falling mice). This test measures the latency to fall off a metal
grid upon exhaustion. The maximum duration of the test was
120 s.

Strength to grab—Mice were placed in the metal grid and
then were gently pulled backwards by the tail in a horizontal
plane. The instinct of mice was to grab the grid, which al-
lowed to score the force applied by the mouse as 0—normal
(active) or 1—abnormal (light to moderate).

Limb grasping—The animal is picked up by the tail and
slowly inclined towards a horizontal surface. Close to the sur-
face, mice clasped or not front and/or hind feet. This neurolog-
ical reflex behaviour was scored as 0—absent or |—present.

Limb clasping—The animal was picked by the tail and
gently descended towards a horizontal surface. During the
descending movement, the mice extend all four limbs in an-
ticipation of contact and we evaluated the limb clasping as 0—
absent, 1—present in one paw (mild) or 2—two paws (severe).

2.4 | Molecular analysis: macrodissection,
RNA isolation, cDNA synthesis and real-time
quantitative (RT-q)PCR analysis

In order to assess the transcription levels of the three dis-
tinct IP;Rs isoforms (IP;R1, IP;R2, IP;R3), relative mRNA
levels of these genes were quantified by RT-qPCR. Animals
were first anaesthetized with a mixture of ketamine (75 mg/
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kg, i.p.; Imalgene 1000, Merial, EUA) and medetomidine
(1 mg/kg, i.p.; Dorbene Vet, Pfizer, EUA) and transcardi-
ally perfused with 0.9% saline. Brains were harvested and
immediately flash frozen in liquid nitrogen and carefully re-
moved. Hippocampi were rapidly macrodissected and stored
at —80°C until further analysis.

Total hippocampal RNA (WT and IP;R2 KO, n = 3 per
group) was isolated using QIAzol lysis reagent (Qiagen). Briefly,
tissue was mechanically homogenized in QIAzol reagent with a
syringe and 20G needle. Following addition of chloroform and
centrifugation, the RNA-containing upper phase was retrieved.
Isopropanol was used for RNA precipitation, and formed pel-
lets were washed in ethanol 75%. After air-drying, RNA pel-
lets were resuspended in RNAse-free water and concentration
of isolated RNA measured in a Nanodrop 2000. Total RNA
(500 ng) was then reverse-transcribed using qScript™ cDNA
SuperMix (Quanta Biosciences). The following primers were
designed using PRIMER-BLAST (NCBI, http://www.ncbi.
nlm.nih.gov/tools/primer-blast/) and used for expression quan-
tification: Hprt (F 5'-GCTGGTGAAAAGGACCTCT-3’; R
5'-CAGAGGACTAGAACACCTGC-3"); Itprl (F 5'-CTCT
GTATGCGGAGGGATCTAC-3"; R 5'-GCGGAGTATCGATT
CATAGGAC-3"); Itpr2 (F 5-CTTCCTCTACATTGG
GGACATC-3'; R 5'-GGCAGAGTATCGATTCATAGGG-3');
Ipr3 (F 5'-AGCCAAGCAGACTAAACAGGAC-3’; R
5’-GCCGCTTGTTCACAGTTAAGTA-3’).  Quantification
was performed using the Fast Real-Time PCR System (Applied
Biosystems) and 5x HOT FIREPol® EvaGreen® qPCR Mix
Plus, ROX (Solis Biodyne). Target gene expression levels were
normalized against the housekeeping gene Hprt, and the rel-
ative expression was calculated using the ACt method. Fold
changes to the WT group were also calculated and plotted for
the three genes.

2.5 | Statistical analysis

Developmental milestones were performed and analysed by
the same researchers, who were blind to the mouse genotype
during the protocol. Prism 7 (GraphPad Software Inc.) was
used to assess normal distributions and further group compari-
sons. Continuous variables followed a Gaussian distribution
(Kolmogorov—Smirnov test) within groups, and parametric tests
were applied, while non-parametric tests were used for discrete
variables. Two-way analysis of variance (ANOVA) with Sidak
post hoc test was applied to analyse somatic parameters, con-
sidering either factors: postnatal day and genotype. Multiple ¢
tests were applied for open field, swimming in the circular pool,
footprint and wire maneuver in adult mice. Mann—Whitney test
was used to analyse the remaining tests and RT-qPCR data. For
the comparison of categorical variables (strength to grab, limb
grasping and clasping), crosstabulations were performed and
the statistical test used was Fisher's exact test (when Pearson

chi-squared assumptions were not met). Data are expressed ei-
ther as mean + SEM (Standard Error of the Mean), as median,
or as percentage as stated in the legend. The results were con-
sidered statistically significant for a p < .05.

3 | RESULTS

WT and IP;R2 KO newborn mice included in this study re-
ceived correct maternal care and welfare. They were daily
evaluated for the acquisition of several somatic and neuro-
logical responses, during the first 21 days of life (Figure 1a).

3.1 | IP3;R2 KO mice display a normal
somatic development

Somatic parameters assessed during the developmental mile-
stones protocol in WT and IP;R2 KO mice were body weight,
anogenital distance and eye opening (Figure la, grey).

Results show that male WT and IP;R2 KO mice display a
body weight increase along time (Figure 1b; Fy 349 = 329.0,
p <.001), which was similar between genotypes (F, ;7 =0.62,
p = .44). Female mice daily increased their body weight
(Figure 1b; Fy369 = 278.4, p < .001), and this parameter
was also similar between WT and IP;R2 KO littermates
(Fy 13 =2.001, p = .170).

The anogenital distance in male WT and IP;R2 KO mice
equivalently increased along time (Figure 1c; Fg g5 = 197.1,
p < .001), and no differences were observed between geno-
types (Fj 14 = 0.04, p = .84). Similarly, WT and IP;R2 KO
female mice displayed a daily increase in anogenital distance
(Figure 1c; Fig3y4 = 185.5, p < .001), which was not sig-
nificantly different between genotypes (F} 13 = 2.54, p = .13).
Regarding eye opening, WT and IP;R2 KO mice from both
sexes acquired the mature response simultaneously (male:
U = 38.0; p = .60; female: U = 40.5; p = .46; Figure 2a).
Altogether, these results are indicators that the constitutive ge-
netic deletion of IP;R2 does not interfere with general growth
during the development of male and female newborn mice.

3.2 | IP;R2 KO mice display an intact
acquisition of neurodevelopmental milestones

Neurodevelopmental evaluation included the examination of
several neurological parameters related to sensorial (Figure 1a,
blue and pink) and motor functions (Figure 1a, orange), laby-
rinthine reflex, coordination and strength (Figure la, green)
in male and female WT and IP;R2 KO mice. Tactile reflex
development was evaluated in rooting and ear twitch tests
(Figure 2b). Our results show that male WT and IP;R2 KO
mice display a similar mature response in the rooting test
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FIGURE 2 Male and female IP;R2 KO mice retain a normal acquisition of somatic and sensory-motor parameters. (a) Day of acquisition

of a somatic milestone (eye opening, grey background). (b—d) Day of acquisition of neurological reflexes related to sensorial (b, ¢) and motor

function (d). (b) Rooting and ear twitch tests were performed to evaluate the developmental acquisition of tactile reflex (blue background). (c) Day

of acquisition of a mature auditory reflex (pink background). (d) Open field and walking are parameters for the assessment of a mature locomotor
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column). Dots represent individuals; dash represents the median. n = 9-10 per group

(U = 34.5; p = .40), which was equivalently observed for
females (U = 35.5; p = .29). More so, ear twitch test revealed
no significant differences between WT and IP;R2 KO mice
from both sexes (male: U = 41.5; p = .78; female: U = 37.5;
p = .36). Auditory system development was assessed by the
auditory startle test. We observed that male WT and IP;R2
KO newborn mice equally acquired this milestone (Figure 2c;
U = 38.0; p = .58), and females from both genotypes dis-
played a similar mature response (U = 32.5; p = .19). The
achievement of motor abilities is a good indicator of neuro-
logical development. We evaluated motor function in the open
field traversal and walking tests (Figure 2d). Our results show
an equal acquisition of the mature response in the open field
traversal for male (U = 42.5; p = .86) and female (U = 39.5;
p = .44) mice from both genotypes. Furthermore, male WT
and IP;R2 KO mice equally acquired a mature walking abil-
ity (U = 38.5; p = .63), which was also observed for females
from both genotypes (U = 43.5; p = .63).

The neurological milestone evaluation also comprises
tests to evaluate the vestibular system formation, namely
surface righting, air righting, postural reflex, negative geo-
taxis and cliff aversion (Figure 3). In the surface righting
test, we evaluated labyrinthine reflex and coordination.
We found no differences between male WT and IP;R2
KO mice in this test (U = 40.5; p = .73). A similar mature

response was also observed for female WT and IP;R2 KO
mice (U = 33.5; p = .21). In the air righting test, male WT
and IP;R2 KO displayed an analogous mature response
(U = 34.0; p = .38), which was also observed for females
(U = 49.5; p = .97). Moreover, we found that genetic de-
letion of IP;R2 did not alter postural reflex acquisition in
males (U = 37.5; p = .56) and females (U = 38.5; p = .38).
In the negative geotaxis test, the mature response of male
IP;R2 KO mice was reached similarly to WT littermates
(U = 42.0; p = .83). Female WT and IP;R2 KO mice also
equally acquired this developmental milestone (U = 43.0;
p =.59). Lastly, cliff aversion test showed that male WT and
IP;R2 KO mice present a mature response approximately at
the same postnatal day (U = 42.0; p = .82), which was also
confirmed for female IP;R2 KO mice (U = 31.0; p = .16).
Another important measure of postnatal development is
strength. We assessed this parameter by performing wire
suspension and grasping test (Figure 3). Our results show
that male WT and IP;R2 KO mice display a similar ma-
ture response in wire suspension (U = 44.5; p = .98), which
was again confirmed for IP;R2 KO female mice (U = 26.0;
p = .06). Overall, this detailed assessment of neurological
parameters shows that IP;R2 KO mice acquire all mature
responses for sensory-motor functions, vestibular area-de-
pendent tasks, and strength similarly to WT.
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FIGURE 3 Male and female IP;R2 KO mice display normal labyrinthine reflex, coordination and strength. Day of acquisition of the mature

response of surface righting, air righting, postural reflex, negative geotaxis, cliff aversion, wire suspension and grasping as measures of vestibular

system formation and strength acquisition. WT mice are represented in black, and IP;R2 KO mice are represented in red (males, left column;

females, right column). Dots represent individuals; dash represents the median. n = 9-10 per group

3.3 | IP;R2 KO adult mice display normal
motor function and exploratory behaviour

The analysis of developmental milestone acquisition
showed that the constitutive deletion of IP;R2 does not
interfere with the normal acquisition of somatic and neu-
rological parameters. Nevertheless, we also aimed to as-
sess locomotor and exploratory function in adult WT and
IP;R2 KO mice, both in males and females. The open field
test provided us with measures of ambulatory behaviour
and motor function, such as distance travelled and num-
ber of vertical rearings (Figure 4a). Male and female IP;R2
KO mice travelled similar distances as controls (males:
t;; =0.91; p = .38; females: #;; = 2.02; p = .07). Regarding
exploratory behaviour, no differences between male WT
and IP;R2 KO mice were observed for the number of rear-
ings (t;; = 0.63; p = .54). Female IP;R2 KO display a simi-
lar number of vertical rearings when compared to WT mice
(t;; = 1.32; p = .21). Next, we analysed the distance swam
by each mouse during 60 s in the circular pool (Figure 4b).
Results showed that IP;R2 KO mice travelled similar dis-
tances, as compared with control littermates, for both males
(ti4 = 1.44; p = .17) and females (1,4, = 1.35; p = .20).
Furthermore, we analysed the time animals took to traverse

a water tank (fixed distance of 60 cm; Figure 4b). We
found no differences between WT and IP;R2 KO both in
males (U = 41.0; p = .22) and females (U = 27.5; p = .61).
Next, we performed the beam walk balance test using ei-
ther a square beam, or a round beam (increased difficulty;
Figure 4c). In both cases, IP;R2 KO animals performed
similarly to WT (square, males: U = 51.5; p = .87; females:
U = 15.0; p = .08; round, males: U = 48.0; p = .70; fe-
males: U = 27.0; p = .59). To assess the gait of IP;R2 KO
mice, we analysed footprint patterns (Figure 4d) and we
observed similar stride lengths among genotypes and sexes
(males: t,, = 0.51; p = .61; females: t;5 = 1.36; p = .20).
To deepen our knowledge on the phenotype of IP;R2 KO
in adulthood, we further assessed muscular strength and
neurological reflexes (Figure 5a,b, respectively). We found
that WT and IP;R2 KO mice of both sexes display simi-
lar forelimb strength evaluated by the wire maneuver test
(males: t;g = 0.75; p = .47; females: t;5 = 0.32; p = .75).
Additionally, the four-limb muscular strength was also
found equivalent in the hanging wire grid test both in male
(U = 54.0; p = .69) and in female (U = 27.0; p = .51)
IP;R2 KO when compared to their WT-littermate controls.
To complement the muscular strength tests, we further as-
sessed qualitatively their strength to grab a grid. Once again,
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FIGURE 4 Adult IP;R2 KO mice display normal motor coordination. (a) Distance travelled and number of rearings recorded in the open

field test. (b) Distance freely swam in the circular pool during 60 s (left); latency to reach the platform located at 60 cm (right). (c) Latency to cross

the square or round beams. (d) Stride length in a 100 cm runway. WT mice are represented in black, and IP;R2 KO mice are represented in red

(males, left column; females, right column). Dots represent individuals; mean + SEM or median. n = 6—12 per group

WT and IP;R2 KO mice scored similarly (males: p = .714,
Fisher's exact test; females: constant variable; Figure 5a).
Absence of limb grasping and limb clasping is a normal
neurological reflex in mice. Our tests confirmed that IP;R2
KO animals (Figure 5b) behave normally also in these tests
(grasping males or females: constant variable; clasping in
males: p = .774 and females: p = .676, Fisher's exact test).
Altogether, these results confirm that the normal acquisi-
tion of the neurodevelopmental milestones observed above
is consistent with normal motor coordination, strength and
neurological reflexes in adulthood.

34 | IP;R2 KO mice express normal
levels of Itprl and Itrp3

Assessment of gene expression of the three IP;Rs isoforms
by RT-qPCR demonstrates that both IP;R1 and IP;R2
(Itprl and Itpr2, respectively) are abundantly expressed in
the hippocampus of WT adult mice, while IP;R3 mRNA
levels are expressed in comparatively much lower levels
(Figure 6a). Importantly, it is here confirmed that IP;R2
expression is totally abrogated in adult IP;R2 KO mice as

the levels of Itpr2 gene expression in these mice drop to
values similar to assay blank controls (Figure 6b). In con-
trast, the expression of the remaining receptors is unaltered
between genotypes (Figure 6b; Itprl: U = 2.0; p = .40;
Itpr3: U = 1.0; p = .20). These findings constitute a rel-
evant validation for the specific and selective knockout of
Itpr2 gene in IP;R2 KO mice.

4 | DISCUSSION

This comprehensive evaluation of somatic parameters and
neurological reflexes shows that the constitutive deletion of
IP;R2 does not interfere with the normal neurodevelopmen-
tal milestones acquisition, suggesting a normal development
of the nervous system in this mouse model. This is an impor-
tant observation since this model has been used by multiple
laboratories to study the role of astrocytes in health and dis-
ease contexts, resulting occasionally in contradictory results
(Guerra-Gomes, Sousa, et al., 2018; Oliveira et al., 2015).
The IP;R2 KO model described in 2005 (Li et al., 2005)
presents a constitutive gene deletion; that is, the deletion is
present throughout embryonic development and may result
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FIGURE 5 Adult IP;R2 KO mice display normal strength and neurological reflexes. (a) Evaluation of strength by the latency to fall off
the wire, and off the metal grid, and the force applied by the mouse to grab the grid. (b) Evaluation of neurological reflexes of limb grasping and

clasping upon suspension by the tail; WT mice are represented in black, and IP;R2 KO mice are represented in red (males, left column; females,

right column). Dots represent individuals; mean + SEM or median or percentage of animals for each score. n = 6-12 per group

in developmental impairments and/or compensatory mecha-
nisms that could bias experimental results obtained at differ-
ent ages: development and adulthood. Until now, no studies
addressed the influence of IP;R2 genetic deletion during the
postnatal period.

We started by performing a detailed evaluation of neurode-
velopmental milestones that consisted of a thorough examination
of the somatic parameters and neurological reflexes. Our results
showed that IP;R2 KO mice displayed a body weight increase
similar to controls, both in males and females. This result is in
line with previous studies showing that adult WT and IP;R2 KO
mice display a similar body weight (Li et al., 2015; Pinto-Duarte
et al., 2019). More so, anogenital distance is not altered in both
IP;R2 KO males and females, indicating a normal sexual differ-
entiation in this mouse model. This result is in accordance with
the normal colony breeding observed in our laboratory and with
a previous report indicating that this mouse strain displays nor-
mal reproductive behaviour (Petravicz et al., 2008). Regarding
eye opening, our results are in line with the typical age described
for the acquisition of this developmental milestone, which is on

average at PND13 (Heyser, 2004). These evidences indicate that
IP;R2 KO mice display a healthy physical maturation.

A neurodevelopmental assessment is fundamental to
determine and discard possible alterations that might in-
fluence brain function and behaviour performance (Sousa,
Almeida, & Wotjak, 2006). We examined the acquisition
of several neurological parameters related to sensory-mo-
tor reflexes, locomotion, coordination and strength in both
WT and IP;R2 KO mice (males and females). In our study,
we found that WT and IP;R2 KO mice similarly acquired
a mature response for sensory-motor and auditory reflexes.
These responses are in accordance with the average age
previously described for C57BL/6 mice (Heyser, 2004;
Kleiber, Wright, & Singh, 2011). From these evidences, we
expect IP;R2 KO mice to be able to perform behavioural
tests that depend on the tactile, auditory and motor abili-
ties. Another battery of developmental tests covered a pro-
gressive maturation of sensory and motor skills depending
on the vestibular system maturation (Khan et al., 2004). In
these tests, such as surface righting, air righting, postural
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FIGURE 6 The deletion of IP;R2 does not interfere with the
levels of IP;R1 or IP;R3. (a) Relative expression levels of IP;Rs in the
hippocampus of WT and IP;R2 KO mice measured by RT-qPCR. (b)
Expression levels relatively to the respective WT levels. WT mice are
represented in black, and IP;R2 KO mice are represented in red. Bar
size represents the median. n = 3 per group

reflex, negative geotaxis and cliff aversion, no significant
differences were detected between WT and IP;R2 KO
mice from both sexes. This reflects a normal acquisition
of sensorimotor-related parameters by IP;R2 KO mice,
which discards the existence of possible compensatory
mechanisms occurring in vestibular system-related func-
tions during postnatal development. In accordance, in the
wire suspension and grasping tests, we found that WT and
IP;R2 KO mice equally performed this test within the typ-
ical range for the appearance of these developmental mile-
stones (Heyser, 2004; Kleiber et al., 2011). These tests are
related to the acquisition of balance control mechanisms,
which are intimately dependent on visual afferent informa-
tion (Mesquita et al., 2007). It is noteworthy that by back-
crossing the original mouse (Li et al., 2005) to C57BL/6],
we eliminated the retinal degeneration and associated loss
of visual capacity described to mice that carry Black Swiss
background. Overall, these data provide evidence for a nor-
mal somatic and neurological development of IP;R2 KO
mice, and they represent the first attempt to assess the in-
fluence of the constitutive genetic deletion of IP;R2.

We further assessed the general motor and exploratory
phenotype of adult WT and IP;R2 KO mice. In the open field
test, we analysed two motor-related measures: distance trav-
elled and rearings. The first parameter corresponds to a pure
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measure of motor ability, while the second one is more re-
lated with exploratory drive (Seibenhener & Wooten, 2015).
Next, we performed a battery of behavioural tests to obtain
readouts of motor coordination, strength and neurological
reflexes in adulthood (Rogers et al., 2001; Silva-Fernandes
et al., 2014; Teixeira-Castro et al., 2015). In all these tests, the
performance of IP;R2 KO mice was indistinguishable from
their littermate WT mice, regardless of the mouse gender.
This extensive analysis suggests that IP;R2 KO mice display
a regular motor function and exploratory behaviour in adult-
hood, which is in line with a normal development of nervous
system structures relevant for motor function. These obser-
vations are also in accordance with other studies (Cao et al.,
2013; Kim et al., 2016; Petravicz, Boyt, & McCarthy, 2014;
Pinto-Duarte et al., 2019; Tanaka et al., 2013). Regarding
their cognitive, emotional or sensory phenotypes the avail-
able studies are still unclear. For instance, IP;R2 KO mice do
not display an anxious phenotype (Cao et al., 2013; Petravicz
et al., 2014; Pinto-Duarte et al., 2019; Tanaka et al., 2013),
but in what concerns depressive-like behaviour results are
contradictory. IP;R2 KO mice generated on a Black Swiss
background display increased learned helplessness (Cao
et al., 2013), in opposition to an IP;Rs knocking-down ap-
proach, which leads to an antidepressant phenotype (Galeotti,
Vivoli, Norcini, Bartolini, & Ghelardini, 2008). Finally, the
specific deletion of IP;R2 in astrocytes affects neither depres-
sive-like behaviour nor impulsivity (Petravicz et al., 2014).
The use of mouse models with consistent genetic background
and cellular specificity might help to clarify conflicting re-
sults (Oliveira et al., 2015; Yu, Nagai, & Khakh, 2020).
Apart from the direct influence of IP;R2 deletion, one
should consider the possible modulation of behaviour either
by compensatory expression of IP;Rs or changes in inter-
action between IP;R2 and other targets. Regarding the first,
we confirmed that the hippocampal mRNA levels of IP;R2
decrease to undetectable levels in IP;R2 KO mice, while the
expression of the other two isoforms (IP;R1 and IP;R3) re-
mains unchanged. These results support the specific deletion
of the IP;R2 in our animal model without the compensatory
expression of other IP;Rs, which is in line with (a) the ini-
tial study showing selective elimination of IP;R2 protein in
atrial extracts of IP;R2 KO mice (Li et al., 2005), and (b)
with the lack of global calcium signals selectively in astro-
cytes demonstrated by different laboratories (Navarrete et al.,
2012; Petravicz et al., 2008). Regarding the latter, in this work
we studied specifically the impact of the constitutive deletion
of IP;R2 to the acquisition of neurological reflexes and motor
function. However, we should not rule out possible implica-
tions of the IP;R2 function to other forms of behaviour either
during development or in adulthood. For instance, there is an
intimate interaction between IP;R2 and mGluRS (whose lev-
els change dramatically during the first weeks of life), namely
those regulated by Homerl scaffolding proteins (Buscemi
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et al., 2017) that might have implications in autism spectrum
disorders (Petrelli & Bezzi, 2018). The impact of IP;R2 KO
deletion to such complex forms of behaviour needs to be care-
fully addressed.

Deletion of IP;R2 in mice emerged as a promising ge-
netic tool to study astrocytic Ca** signalling (Navarrete
et al., 2012; Petravicz et al., 2008; Takata et al., 2011).
Advances in the analysis of astrocytic Ca*" elevations
showed that astrocytes display rather complex spatial and
temporal properties, whose functional consequences are
still far from fully understood (Shigetomi et al., 2016;
Volterra et al., 2014). Therefore, the field clearly needs
tools to tackle differentially global or focal Ca** elevations.
Functionally, the IP;R2 KO mouse model is an excellent
tool to study the roles of global Ca** elevations specifi-
cally in astrocytes as shown by different laboratories (Di
Castro et al., 2011; Guerra-Gomes, Viana, et al., 2018;
Mederos et al., 2019; Navarrete et al., 2012; Yu et al.,
2018). Recently, by employing a viral tool to genetically
drive the continuous extrusion of cytosolic Ca*" in astro-
cytes, Yu et al. (2018) yielded similar levels of impairment
of global events, which confirms the functional relevance
of the IP;R2 KO mice. This observation, together with our
present findings, fully supports the use of the IP;R2 KO
mouse for the study of astrocyte involvement in all devel-
opmental stages and adulthood.
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