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Abstract

Background: Autism spectrum disorder (ASD) is characterized by repetitive behaviors, deficits in communication,
and overall impaired social interaction. Of all the integrin subunit mutations, mutations in integrin 33 (/tgb3) may be
the most closely associated with ASD. Integrin 33 is required for normal structural plasticity of dendrites and synapses
specifically in excitatory cortical and hippocampal circuitry. However, the behavioral consequences of /tgb3 function
in the forebrain have not been assessed. We tested the hypothesis that behaviors that are typically abnormal in ASD—
such as self-grooming and sociability behaviors—are disrupted with conditional /tgb3 loss of function in forebrain
circuitry in male and female mice.

Methods: We generated male and female conditional knockouts (cKO) and conditional heterozygotes (cHET) of
Itgb3 in excitatory neurons and glia that were derived from Emx7-expressing forebrain cells during development. We
used several different assays to determine whether male and female cKO and cHET mice have repetitive self-groom-
ing behaviors, anxiety-like behaviors, abnormal locomotion, compulsive-like behaviors, or abnormal social behaviors,
when compared to male and female wildtype (WT) mice.

Results: Our findings indicate that only self-grooming and sociability are altered in cKO, but not cHET or WT mice,
suggesting that /tgb3 is specifically required in forebrain Emx7-expressing cells for normal repetitive self-grooming
and social behaviors. Furthermore, in cKO (but not cHET or WT), we observed an interaction effect for sex and self-
grooming environment and an interaction effect for sex and sociability test chamber.

Limitations: While this study demonstrated a role for forebrain /tgb3 in specific repetitive and social behaviors, it was
unable to determine whether forebrain ltgb3 is required for a preference for social novelty, whether cHET are haploin-
sufficient with respect to repetitive self-grooming and social behaviors, or the nature of the interaction effect for sex
and environment/chamber in affected behaviors of cKO.

Conclusions: Together, these findings strengthen the idea that /tgb3 has a specific role in shaping forebrain circuitry
that is relevant to endophenotypes of autism spectrum disorder.
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Background

Several mutations in integrin p3 (Itgh3) or loci contain-
ing Itgh3 appear to be associated with autism spectrum
disorder [4, 9-11, 27, 32, 37, 39, 40, 43, 45, 51]. Integrins
are heterodimeric cell adhesion molecules comprising an
alpha and beta subunit that typically bind to the extracel-
lular matrix and regulate cell motility [20]. The integrin
subunit that may be most closely associated with autism
spectrum disorder is [tgh3, and comorbidities of Itgh3
variants may include echolalia [43] and attention deficit
hyperactivity disorder [11]. Altering Itgh3 function leads
to anatomical changes in multiple brain regions [12, 46]
as well as anatomical and functional impairments in
many neural cell types, including excitatory neurons of
the hippocampus [7, 8, 41] and cortex [21, 48], and in
the midbrain [11, 28]. Many of these impairments are
related to autism spectrum disorder. For example, excita-
tory cortical neurons with Jzgh3 loss-of-function exhibit
lower network synchrony [21] and altered dendritic spine
density and dendritic arborization in vivo [48]. Midbrain
synapses with Itgh3 loss-of-function exhibit lowered
serotonin transporter activity in vivo [11, 28]. Excitatory
hippocampal pyramidal neurons with Izgh3 loss-of-func-
tion show altered AMPA receptor subunit composition
[8, 41], NMDA receptor subunit composition and prob-
ability of release [7], as well as loss of homeostatic plas-
ticity [8].

Mice with global (i.e., full-body) alterations in [ltgh3
function have deficits in self-grooming, social, and other
behaviors [5, 11, 28, 31, 50]. Self-grooming behaviors are
driven by excitatory cortical pyramidal neurons [1, 3] and
excitatory hippocampal pyramidal neurons [36]. Social
behaviors require normal excitatory cortical circuitry
[44]. However, the role of Itgh3 in excitatory forebrain
circuitry for all these behaviors is unknown.

We previously demonstrated that EmxI-Cre-mediated
excision of ltgh3 reduces integrin 3 expression in the
cerebral cortex [48]. Emx1-expressing cells include nearly
all excitatory pyramidal neurons in cortex and hippocam-
pus [15]. We tested the hypothesis that Itgh3 is necessary
in forebrain EmxlI-expressing cells for self-grooming,
social, and other behaviors by using a conditional knock-
out strategy. The primary benefit of this strategy was to
dissect the function of Itgh3 across various cell types and
brain regions. Another advantage was that Emx1 is not
expressed in platelets, where Itgh3 is required for platelet
aggregation, so we did not experience any platelet-related
hemorrhaging and survivability issues that have plagued
the global Izgh3 knockout in the past [5, 17]. Addition-
ally, prior behavioral studies on mice with Izgh3 loss-
of-function have not explicitly included females, even
though women with certain ltgh3 mutations may be at
an increased risk of autism spectrum disorder [51]. So,
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here we tested both male and female mice. We utilized
three groups to determine whether I£gh3 is necessary in
forebrain Emx1i-expressing cells for normal behaviors:
wildtype (WT), conditional heterozygotes (cHET), and
conditional knockouts (cKO). Conditional knockout of
Itgh3 from one allele (cHET) or both alleles (cKO) was
achieved by crossing floxed Itgh3 mice to the EmxI1-Cre
line, targeting mostly excitatory cortical and hippocam-
pal neurons [15] and decreasing integrin B3 protein levels
[48]. Our results show that zgh3 is necessary in fore-
brain EmxI-expressing cells for normal self-grooming
and sociability behaviors, and that there is an interac-
tion of sex and environment/chamber on cKO in these
behaviors.

Results
To control for the expression of Cre recombinase in some
of the mice, we compared WT Cre— to WT Cre+ mice,
and no differences were observed between these two
groups in any behavioral measures (Additional file 2:
Table S5). We also observed that cKO and cHET mice do
not hemorrhage or have lower survival than WT, which
contrasts with full-body Itgh3 knockout mice [5, 17].
Furthermore, the overall gross morphology of the brain
is unaffected in cKO and cHET mice when compared
to WT mice (Additional file 1: Fig. S1, Additional file 2:
Table S6). We examined adult male and female cKO,
cHET, and WT mice in a series of behavioral tests, most
of which have been performed on full-body /tgh3 knock-
out and/or heterozygous knockout mice [5, 11, 31, 50].
Full-body Itgh3 knockout mice are known to self-
groom more than WT in a novel environment, but not
in their home environment [5]. We therefore designed
our self-grooming tests to directly compare the differ-
ence in self-grooming times between novel and home
environments across genotypes. When all experimental
mice were taken as a whole, we observed a significant
effect of the environment (home versus novel) on self-
grooming times (p <0.0002, Fig. 1, Table 1). As expected,
longer self-grooming times were noted for mice in the
novel environment overall (Fig. 1, Table 1, Additional
file 2: Table S1). Within-sex ANOVA revealed that there
was a significant effect of environment on self-groom-
ing times among male mice (p<0.0001) but not among
female mice (p>0.12), when taken as a whole (Additional
file 2: Table S1). Within-genotype ANOVA revealed
that there was a significant effect of environment on
self-grooming times in WT (p=0.0003) and cHET
mice (p=0.029), but not cKO mice (p>0.24; Additional
file 2: Table S1). Indeed, a post-hoc test showed that self-
grooming was higher in novel environments when com-
pared to home environments in WT (p=0.0049) and
cHET (p=0.014) mice, but not in cKO mice (p>0.68;
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Fig. 1 Self-grooming times for WT, cHET and cKO mice in a home cage and novel environment. Self-grooming times are different in novel versus
home environments overall (p =0.0002, two-way ANOVA). WT and cHET mice exhibit differences in grooming behavior in a novel versus home
environment (** p=0.0049, * p=0.0143, Sidak’s multiple comparisons) while cKO mice do not (p=0.6896, Sidak’s multiple comparisons). Insets:
Female (top) and male (bottom) grooming times in WT, cHET and cKO groups. See Table 1 and Additional file 2: Table S1 for means & SEM
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Table 1 Self-grooming

Factor DFn DFd F p * Sidak’s multiple comparisons  p
Two-way ANOVA  Genotype 2 72 1426 0.2469 WT, Home vs WT, Novel 0.0049
Environment 1 72 15.11 0.0002* cHET, Home vs cHET, Novel 0.0143
Interaction 2 72 0.7727 04656 cKO, Home vs cKO, Novel 0.6896
Factor DFn DFd F p * Sidak’s multiple comparisons  p
Two-way ANOVA  Environment 1 74 19.36 <0.0001* Female, Home vs Female, Novel 0.0475
Sex 1 74 0.7243 0.3975 Male, Home vs Male, Novel 0.0005
Interaction 1 74 1.613 0.2081
Factor DFn DFd F p * Sidak’s multiple comparisons  p
Two-way ANOVA  Genotype 2 72 0.8625 04264
Sex 1 72 0.08923 0.766
Interaction 2 72 0.1984 0.8205
Genotype: WT Genotype: cHET Genotype: cKO
Environment n Mean£+SEM Environment n Mean +SEM Environment n Mean + SEM
N, mean, SEM Home 18 2856+7.50 12 51.67+1684 Home 9 55.89+23.01
Novel 18 9222+£13.23 12 121.00+£21.59 Novel 9 83.27£22.76

Two-way ANOVA analyses of genotype (WT, cHET, cKO), environment (home, novel), and/or sex (female, male) factors in self-grooming behaviors. DFn = Degrees
of freedom numerator (between-subject degrees of freedom—1); DFd = Degrees of freedom denominator (within-subject degrees of freedom—between-subject
degrees of freedom). See Additional file 2: Table S1 for within-group ANOVA comparisons and within-group N, Mean & SEM
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Fig. 1, Table 1). Among cKO mice, there was a significant
interaction between sex and environment in self-groom-
ing times (p=0.029; Additional file 2: Table S1). When
all experimental mice were taken as a whole, no signifi-
cant interactions were observed among all three factors
of genotype, sex, and environment (p>0.08; Additional
file 2: Table S1). Overall, our results show that WT and
cHET mice self-groomed more in novel versus home
environments while cKO mice did not (Fig. 1, Table 1),
and that there was a significant interaction factor
between sex and environment only in cKO (Additional
file 2: Table S1).

Increased self-grooming in a novel versus home envi-
ronment could arise from changes in anxiety, locomo-
tion, or compulsive behaviors. The elevated plus maze
(EPM) was used to test general anxiety levels, the open
field test (OFT) was used to test general anxiety as well as
locomotion, and the marble burying test (MBT) was used
to measure compulsive behaviors. There were no signifi-
cant effects of genotype, sex, or their interactions in any
EPM, OFT, or MBT measure (p>0.13; Fig. 2, Table 2,
Additional file 2: Table S2).

Full-body Itgh3 knockout mice have intact sociabil-
ity but decreased preference for social novelty when
compared to WT [5]. In other words, full-body Izgh3
knockout mice generally prefer exploring a new stranger
mouse (“Stranger 1”, “S1”) over a new object (“Object’,
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“Obj”), a behavior called “sociability”. These same knock-
out mice, however, do not prefer exploring a new stran-
ger mouse (“Stranger 2, “S2”) over the stranger (S1)
they just interacted with, a behavior called “preference
for social novelty” In a similar three-chambered appa-
ratus, we measured the amount of time mice spent in a
side chamber within 1 cm of a novel object (Obj) or in
the opposite side chamber within a WT stranger mouse
of the same sex (S1). When all experimental mice were
taken as a whole, we observed that what was in the cham-
ber (Obj versus S1) had a significant effect on mouse
behavior (p<0.0002; Fig. 3, Table 3). As expected, mice
overall spent more time within 1 cm of Stranger 1 than
within 1 cm of the Object (Fig. 3, Table 3, Additional
file 2: Table S3). Within-sex ANOVA revealed that there
was a significant effect of Obj versus S1 among male
mice (p<0.0001) but not among female mice (p>0.13),
when taken as a whole (Additional file 2: Table S3), and
in WT, there was an effect of sex on total interaction
times (p=0.035). Within-genotype ANOVA revealed
that there was a significant effect of Obj/S1 among WT
(p=0.0008) and cHET mice (p=0.025), but not among
cKO mice (p>0.23; Additional file 2: Table S3). A post-
hoc test showed that mice spent more time within 1 cm
of Stranger 1 than within 1 cm of the Object among W'T
(p=0.0026) and cHET mice (p=0.013), but not among
cKO mice (p>0.79, Fig. 3, Table 3). Finally, among cKO,
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Page 5 of 16

(2022) 23:12

Lopuch et al. BMC Neuroscience

W3S F uesiy

‘N dnoub-uiynm pue suostiedwod YAONY dnoiB-uiyim 10y 7S 3|qel :Z 3|y [eUOIIPPY 935S 'SI0oIARYS] 1gIA PUB ‘140 ‘WdT Ul S10308) (3]BW ‘D_WS)) X3s pue (032 ‘LIHD ‘L M) 2dA10uab Jo sashjeue YAONY Aem-om|

LCTFEL0L 6 21005 builing ajquew o B14  L0TFHOL 4! 2lods buling ojquey 97 614 0€TFL9TL 8L 21005 Buiking a|quep ‘o Bi4
L9YF 6l 6 sbuISSOI) JOURQWINN 140 4 Bl €/ F9E'ST 4! sbuissolD JosequNN 14047 B4 7/ LF90LL 8L sBuIsso1) Jo 1aquinN 140 4z Bi4
21Ul Jad a1nul Jad a1nul Jad
vLOFCLY 6 (W) pajenelg duesig 140 3¢ bl 0S0F 65T ¢l (W) pajenerg duelsid 140 3¢ bl SCOFSOY 8L (W) pajene) duelsid 140 3¢ Bl
Slolneyog SlolneYyog Sloineyog
9LTF 98l 6 Buijaad Jo ISQUINN W3 ‘a7 B4 89'L F/90¢ 4! Buijaad Jo ISQUINN WdI 'dZ B4 6LLFEE0C 8L Buptaad Jo J3quINN Wd3 ‘az B
Amv Sloineysg Amv Sloineysg Amu SlolneYyog
L6 LFTT6S 6 Bupppad Jo uoneingWd3 Dz B4 LI'8F 0519 4! Bupppad jo uoneinQWd3 D¢ B4 /9SF8T9L 8L Buiyad Jo uoneing Wd3 D B4
SUIY SUIY SUIY
L9YF86LE 6 uadourawil udId Wd3'9z Bl S6YF G5 SE gL usdourswi udIRdNdI gz B4 88 EFLF0E 8L uadQ uldwl] Jusdid NdT g bl
[9LFLL6 6 sauug wily uado Wd3 Ve B4 €91 FTr 0L 4! sa1U3 Wiy uado Wd3 Ve Bl4 EULFLV6 8L sa1u3 wily uado Wd3 Ve Bl4 NS 'uesw ‘N
W3S F ueapy u juswiadxy IS Fuesy u juswiadxy IS Fuesy u juswiadxy
oM :2dAjouan 13H> :2dAjousn 1M :2dfousn
99660 76£€000 13 14 uonoesRy|
620C0 8891 13 l x9S
9980 ¥/910 33 14 adAlousn  YAONY Aem-om|
d E p4a uia 101084
9102s bulkinq ajqie ‘0z ‘614 :Juswniadxy
[TTE0 [ZAN B3 14 uonoesAu| 81640 75€T0 13 14 uonoesy|
#9020 hrl0 €€ L X3S G9E10 €eee €€ L x9S
S18C0 6Ll €€ 14 adAousn 91590 4243 40) €€ 14 2dAlousn  YAONY Aem-om|
d 4 pda uia Joyoey d 4 pda uda lopdey
sbuissoud jo sJaquinu | 40O 42 ‘614 :Juswiadxy @1nuiw Jad (w) pajaaesy adueisip 140 I 614 Juswadxy
[T160 191600 €€ 14 uondesAu|  £58/°0 SEVT0 €€ 14 uonoesu|
16580 00Z€00 €€ | X3S 0L1Z0 [T9'1 33 l X35
01890 888¢0 €€ 14 adAouso /#9770 #8¢°1 €€ 14 2dAlousD  YAONY Aem-om|
d 4 P4a uiq Jo1dey4 d 4 pda uia 1o1dey
siolneyaq bunjead jo saquinu |\ d3 ‘e b1 ;Juswiiadxy (s) sao1neyaq bunjaad jo uoneinp 43 Dz ‘b4 :Juswniadxy
SE660 88Y9000 €€ z uondes| 76760 65€/0°0 19 z uonoesRu|
S65€°0 9¢980 €€ l X3S /S8T0 8/1'1 23 l X3S
£078°0 €6610 €€ 14 adAouso 01160 £7€60°0 13 14 adAlousn  YAONY Aem-om|
d 4 pda uiq 101084 d 4 pda uia loydey

we uado ul awin yuadiad \d3 "gz 614 :Juswiadx3

s311Ud wie uado \d3 vz ‘614 :Juswiiadxy

19N Pue’l4O 'Wd3 T alqelL



Lopuch et al. BMC Neuroscience (2022) 23:12

there was a significant interaction between sex and time
spent with Obj versus S1 (p=0.048, Additional file 2:
Table S3). When all experimental mice were taken as a
whole, no significant interactions were observed among
all three factors of genotype, sex, and chamber (p>0.57;
Additional file 2: Table S3). Overall, our results show
that WT and cHET mice spent more time within 1 cm
of Stranger 1 than within 1 cm of the Object, while cKO
mice did not (Fig. 3, Table 3), and that there was a signifi-
cant interaction factor between sex and chamber only in
cKO (Additional file 2: Table S3).

Surprisingly, there was no overall preference for social
novelty (p>0.05, Table 4), even among male WT mice
(Table 4; Additional file 2: Table S4). We also attempted
to analyze sociability and preference for social novelty in
an alternative way, by measuring the time spent in each
side chamber, rather than time spent near (<1 cm) the
object or stranger mice. However, this analysis did not
demonstrate a significant effect of chamber on mouse
behavior in the sociability test (p >0.08, Additional file 2:
Table S7), as was shown when analyzing by time spent
near the object or stranger mice (p<0.0002, Table 3).
Instead, we found an interaction between sex and cham-
ber preference (p=0.0085, Additional file 2: Table S7),
and a post-hoc test showed that males showed an over-
all chamber preference (p=0.024), but females did not
(p>0.9, Additional file 2: Table S7). In the preference for
social novelty test, we also found an interaction between
sex and chamber preference (p=0.046, Additional file 2:
Table S8), and females showed an overall chamber pref-
erence (p=0.037) whereas males did not (p>0.7, Addi-
tional file 2: Table S7). There was also a significant effect
of chamber side (p=0.045) and an interaction between
genotype and chamber preference (p=0.021, Addi-
tional file 2: Table S8). A post-hoc test showed that cKO
(p=0.020), but not cHET (p>0.5) or WT (p>0.7), had a
chamber preference, with cKO spending more time in the
chamber with S2 rather than the chamber with S1. There
were no differences between the number of trips taken
into the two side chambers in any condition (Additional
file 2: Tables S7, S8). Furthermore, mice for all groups
spent significantly less time in the middle chamber than
in the side chambers (Additional file 2: Tables S7, S8),
demonstrating that mice had an overall preference for the
side chambers, which contained novel objects and stran-
ger mice. As expected with the layout of the three-cham-
bered box, mice took trips to the middle chamber more
than the side chambers (Additional file 2: Tables S7, S8),
which corroborated our observation that all mice were
freely exploring during the test period, rather than engag-
ing in non-exploratory behaviors (e.g., self-grooming).

We also collected data on sociability and preference for
social novelty with opposite-sex mice (Additional file 2:
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Tables S7, S8). Interestingly, sociability and preference
for social novelty results were similar to those of same-
sex experiments (Tables 3, 4): In the sociability test, what
was in the chamber (Obj versus S1) had a significant
effect on mouse behavior (p<0.0001), with mice spend-
ing more time with the opposite-sex S1 (Additional file 2:
Table S9). Post-hoc tests showed that mice spent more
time within 1 cm of the opposite-sex S1 than within 1 cm
of the Object among both females (p=0.021) and males
(p=0.0003), among WT (p=0.0052) and cHET mice
(p=0.015), but not among cKO mice (p>0.28, Addi-
tional file 2: Table S9). As with same-sex experiments
(Table 4), there was no overall preference for social nov-
elty in the opposite-sex paradigm (p>0.08, Additional
file 2: Table S10). Table 5 shows where our data are pre-
sented in this article.

Discussion

We showed that cKO mice, but not cHET mice, had two
clear behavioral deficits in this study. First, we demon-
strated that WT and ¢cHET mice self-groom more in a
novel versus home environment while cKO mice do not
(Fig. 1, Table 1, Additional file 2: Table S1). Second, we
showed that sociability was intact in WT and cHET but
not cKO mice, regardless of the sex of the stranger mice
(Fig. 3, Table 3, Additional file 2: Table S3, Additional
file 2: Table S9).

This study had the distinct advantage of preventing
what Carter et al. [5] called the “peripheral phenotype”
of complete Itgh3 loss-of-function: bleeding, hemor-
rhage, and low survival [17]. Carter et al. [5] showed that
full-body Itgh3 knockout mice self-groomed more in a
novel environment when compared to wildtypes and
heterozygotes. It is well known that exposure to novel
environments and other stress inducers increase self-
grooming tendencies [23]. Like Carter et al. [5], we also
detected an Itgh3-dependent change in this behavior,
albeit not in the exact same measure: We observed that,
while self-grooming times increased as expected in novel
versus home environments for WT mice, they did not
increase for cKO mice. Self-grooming behaviors, espe-
cially those involving novel and stress-induced situations,
are modulated by a wide variety of brain regions, includ-
ing forebrain circuitry [24]. The amygdala is home to a
sparse population of EmxI-expressing neurons [15], and
an optogenetic study has shown that activating vGlut2-
positive neurons in the amygdala directly promotes self-
grooming behavior [19], but its role in stress-induced
self-grooming was not directly assessed. A recent optoge-
netic study directly linked stress-induced self-grooming
behavior to a specific, disynaptic circuit that involves
glutamatergic neurons of the hippocampal formation
(ventral subiculum) that project to GABAergic neurons
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Fig. 3 Sociability test: time spent within 1 cm of a novel object
(Obj) or a stranger mouse (S1). Times spent near Obj vs S1 are
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of the circles marked “a”or "3’ and a stranger mouse (S1) was kept
inside the other circle. Experimental mice had the freedom to move
around all three chambers

of the ventral lateral septum, which then project to the
lateral hypothalamus tuberal nucleus [36]. The first neu-
rons in this circuit (glutamatergic neurons in the ventral
subiculum) could have been modified directly by Izgh3
loss of function in the cKO, because Emx1 expression is
very high in the subiculum and in glutamatergic pyrami-
dal neurons, while Emx1 expression is practically nonex-
istent in GABAergic neurons and in the hypothalamus
[15]. Moreover, ltgh3 loss-of-function is known to lead
to significant anatomical [48] and functional [7, 8, 21,
41] deficits in glutamatergic pyramidal neurons. Further
identifying the circuitry that is most affected by Itgh3 loss
of function in EmxI-expressing cells (i.e., cKO), could
reveal an extremely specific role for Itgh3 function in
repetitive grooming behaviors.

In the EPM and OFT, our results match those of prior
studies on full-body Itgh3 knockout mice [5, 31], with
two exceptions: McGeachie et al. [31] noted an increase
for full-body Itgh3 knockout mice in middle crossings
of the OFT and in open EPM arm entries. The authors
surmised that the difference between their results and
those of Carter et al. [5] could have been to genetic
background. We agree with this assessment, as both the
genetic background of our mice (C57BL6/]) was that of
Carter et al. [5], and the results of the EPM and OFT
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were most similar to that study. In the sociability test,
our results contrast with Carter et al. [5] in which Itgh3
did not seem to be necessary for normal sociability. Tak-
ing these results at face value, one simplistic explanation
is that the full-body Itgh3 knockout had additional dys-
functions in non-Emx1-expressing circuitry that had the
effect of promoting sociability, but what these precise cir-
cuits could be is unknown.

Sociability, which was deficient in ¢cKO mice, is a
behavioral trait that involves excitatory prefrontal corti-
cal circuitry and is commonly disrupted in mouse models
of autism spectrum disorder. For example, an aberrant
increase in excitatory-inhibitory balance in the CNT-
NAP2 mouse was corrected by reducing the firing rate of
glutamatergic pyramidal neurons in the medial prefron-
tal cortex, rescuing normal social behavior [44]. Simi-
larly, activity of glutamatergic pyramidal neurons of the
anterior cingulate cortex is required for normal social
behavior, and these neurons are primarily affected in the
Shank3 knockout model of autism spectrum disorder
[16]. Because Emx1 expression is concentrated in gluta-
matergic pyramidal neurons of the cortex and hippocam-
pus, it is likely that the deficit in sociability we observed
in cKO mice involves a similar glutamatergic cortical cir-
cuit. Multiple optogenetic studies have now begun to dis-
sect precise, monosynaptic cortical circuitry involved in
sociability. For example, activity of deep-layer prefrontal
cortical pyramidal neurons that project to the posterior
paraventricular thalamus [53], basolateral amygdala [25],
and lateral habenula [2] all directly modulate sociabil-
ity. In all of these studies, modulating these prefrontal
cortical circuits led to immediate changes in sociabil-
ity, without adversely affecting locomotion, exploration,
or anxiety behaviors. In our study, cKO mice had defec-
tive sociability without changes in locomotion, explora-
tion, or anxiety behaviors. Because it is now known that
Itgh3 loss-of-function in cortical pyramidal neurons
leads to anatomical [48] and functional [21] deficits, we
would predict that zgh3 is involved in shaping at least
one of these specific prefrontal circuits that modulate
sociability.

We detected a modest interaction effect between sex
and environment or chamber within cKO (but not cHET
or WT) in self-grooming and sociability behaviors,
respectively (Additional file 2: Tables S1, S3). Informally
comparing the means of cKO performance in the self-
grooming and sociability tests would suggest the tantaliz-
ing possibility that female cKO but not male cKO display
aberrant behavior. We caution readers, however, that our
experiments were only designed to test the hypothesis of
the existence of an interaction effect for sex and environ-
ment in self-grooming and for sex and sociability cham-
ber in cKO behaviors (a two-way interaction), rather
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Table 3 Sociability
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Factor DFn DFd F P *Sidak’s multiple p
comparisons
Two-way ANOVA  Genotype 2 80 2811 0.0661 WT, Object vs WT,  0.0026
Stranger 1
Chamber 1 80 15.12 0.0002* cHET, Object vs 0.0132
cHET, Stranger 1
Interaction 2 80 1.061 0.3508 cKO, Object vs cKO, 0.7917
Stranger 1
Factor DFn DFd F P *Sidak’s multiple p
comparisons
Two-way ANOVA  Chamber 1 82 18.23 <0.0001* Female, Objectvs  0.06
Female, Stranger 1
Sex 1 82 143 0.2353 Male, Object vs 0.0005
Male, Stranger 1
Interaction 1 82 1.252 0.2664
Factor DFn DFd F p *Sidak’s multiple p
comparisons
Two-way ANOVA  Genotype 2 80 2.905 0.0605
Sex 1 80 0.9929 0.322
Interaction 2 80 1.033 0.3605

Genotype: WT

Genotype: cHET

Genotype: cKO

Time (s) n Mean £ SEM Time (s) Mean +SEM Time (s) n Mean £+ SEM
near... near... near...

N, mean, SEM Object 19 943241345 Object 14 6229+ 1528 Object 10 904041063
Stranger 1 19 160.0+£11.97 Stranger 1 14 127.1£21.93 Stranger 1 10 11224+1591

Two-way ANOVA analyses of genotype (WT, cHET, cKO), “chamber” (Object or Stranger 1), and/or sex (female, male) factors in sociability behaviors. See Additional
file 2: Table S3 for within-group ANOVA comparisons and within-group N, Mean + SEM

than the precise nature of that relationship. In other
words, we can conclude that there is an effect of sex on
self-grooming and sociability behaviors in cKO, but we
cannot conclude about the nature of that effect. Among
the several studies demonstrating a possible relationship
between human /tgh3 mutations and ASD, six explicitly
included both male and female data [4, 11, 27, 32, 45,
51] and, except for Ma et al. [27], found that sex was an
important factor in their analyses. These results generally
match the well-known sex bias in ASD. It is known that
sex differences in steroid expression and that inflamma-
tory molecules regulate brain development (reviewed by
[29]). It has been proposed that masculinization of the
brain may cause it to become more vulnerable to inflam-
mation, leading to ASD [29]. Integrins are involved in
some inflammatory and injury-related pathways in the
brain [22]. Specifically, integrin B3 expression and activa-
tion in the central nervous system can be modulated by
molecules in these pathways. For example, the inflamma-
tory cytokine tumor necrosis factor a (TNFa)—which is
required for activity-dependent synaptic scaling [47]—
increases integrin p3 levels of hippocampal pyramidal

neurons in vitro [8]. Fibrinogen, a molecule released
during injury, is required for regulating glycine recep-
tor dynamics at inhibitory synapses of spinal cord neu-
rons in vitro [6]. How integrin B3 and TNFa/fibrinogen
interactions may be modulated by sex differences in brain
development, however, is unknown.

Limitations

Our study is limited in that it could not (1) rule out
small-scale changes in brain region volumes in cHET or
cKO mice or the precise location of decreased integrin 3
expression, (2) test whether cHET mice were haploinsuf-
ficient for Itgh3, (3) test for preference for social novelty,
(4) describe the nature of opposite-sex versus same-sex
sociability and preference for social novelty, or the nature
of the interaction between sex and Itgh3 genotype, or (5)
eliminate the possibility that cHET and even cKO were
deficient in other, untested behaviors.

Although we can conclude that the overall gross mor-
phology of the brain is unaffected in cKO and cHET mice
when compared to WT mice (Additional file 1: Fig. S1,
Additional file 2: Table S6), we cannot rule out that the
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Table 4 Preference for social novelty
Factor DFn DFd F p
Two-way ANOVA Genotype 2 78 1.358 0.2631
Chamber 1 78 0.7936 0.3758
Interaction 2 78 1.546 0.2195
Factor DFn DFd F p
Two-way ANOVA Chamber 1 80 0.5556 0.4582
Sex 1 80 0.1239 0.7257
Interaction 1 80 3.723 0.0572
Factor DFn DFd F p
Two-way ANOVA Genotype 2 78 1.278 0.2845
Sex 1 78 0.04568 0.8313
Interaction 2 78 0.1424 0.8675
Genotype: WT Genotype: cHET Genotype: cKO
Time (s) n Mean+SEM Time (s) n Mean £=SEM Time (s) n Mean + SEM
near... near... near...
N, mean, SEM Stranger 1 19 101.04£12.07 Stranger 1 13 9146£23.19 Stranger 1 10 684641498
Stranger 2 19 113.0+£14.17 Stranger 2 13 718541283 Stranger 2 10 113542379

Two-way ANOVA analyses of genotype (WT, cHET, cKO), “chamber” (Object or Stranger 1), and/or sex (female, male) factors in preference for social novelty behaviors.
See Additional file 2: Table S4 for within-group ANOVA comparisons and within-group N, Mean £ SEM

total volume of specific brain regions is unaffected. For
example, prior work showed volume changes of various
brain regions in the full-body Itgh3 knockout that ranged
from a 12.8% reduction to 7.8% increase [12]. Addition-
ally, this study was not designed to determine where
integrin B3 protein is decreased in experimental mice.
Although the targeting of the EmxI-Cre line has been
characterized [15], and although we know that integrin
3 protein expression is decreased in cKO cerebral cortex
[48], the expression pattern of integrin 3 in the forebrain

(and its expression pattern after conditional knockout) is
presently uncharacterized.

Itgh3 haploinsufficiency is known to affect cortical net-
work activity in vitro [21]. In this study, we tested cHET
mice, in which one copy of Itgh3 is deleted from Emx1-
expressing cells of the forebrain, and found that they do
not share any of the deficits seen in cKO mice. However,
we caution readers that we did not directly test for hap-
loinsufficiency of Itgh3. This is because our experimental
design treated cHET as a separate experimental group.

Table 5 Location of presented data in the article, organized by experiment

Experiment Graphical representation Overall N, mean, SEM. If applicable:  If applicable: Within-category
two-way ANOVAs, Sidak’s multiple ANOVAs, N, mean, SEM, three-way
comparisons ANOVA

Grooming Fig. 1 Table 1 Additional file 2: Table S1

EPM/OFT/MBT Fig. 2 Table 2 Additional file 2: Table S2

Sociability Fig.3 Table 3 Additional file 2: Table S3

Pref Soc Novelty Table 4 Additional file 2: Table S4

Cre+vs Cre—
Brain morphology Additional file 1: Fig. S1
Sociability (by chamber)

Preference for social novelty (by
chamber)

Sociability (opposite sex)

Preference for social novelty (opposite
sex)

Additional file 2: Table S9
Additional file 2: Table S10

Additional file 2: Table S5
Additional file 2: Table S6
Additional file 2: Table S7
Additional file 2: Table S8

Additional file 2: Table S9
Additional file 2: Table S10
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It is tantalizing that many of the overall reported means
and even statistics (e.g., p-values) appear to show cHET
data lying “in between” that of cKO and WT, but it would
be fallacious to conclude anything about the haploinsuf-
ficiency of cHET mice for this reason [38].

Preference for social novelty was disrupted in a previ-
ous study on full knockouts of Itgh3 [5]. It was surpris-
ing to see that none of the three groups tested displayed
a preference for social novelty, since this is a behavior
seen in most WT mice [5, 34]. Previous experimental
designs measured the time spent within 1 cm of each
condition [5] or the time spent in each chamber [34].
Our study measured both. However, in previous studies
where preference for social novelty was detected, cham-
bers were 40—-45 cm smaller in length and 20-25 cm
smaller in width [5, 34]. Between these two experimen-
tal setups that showed preference for social novelty, the
largest effect was seen in the study using the smallest
chamber Moy et al.,, [34]. Furthermore, our chambers
were composed of opaque acrylic, whereas prior studies
used transparent acrylic [34] or (presumably clear) poly-
carbonate [5]. In the sociability and preference for social
novelty tests, we also analyzed the time spent in the side
chambers containing Obj/S1 or S1/S2, rather than time
spent within 1 cm of Obj/S1 or S1/S2. Using this alterna-
tive analysis, we found multiple intriguing comparisons.
For example, cKO mice (p=0.02), but not WT or cHET
mice, spent more time on average in the S2 chamber than
the S1 chamber, even though there was no preference for
social novelty in any other condition in this study. Fur-
thermore, the effect sizes of analyzing by chamber are
smaller than analyzing by time spent within 1 cm of Obj/
S1 or S1/S2. Our results imply that chamber dimensions
and characteristics are important, but it is unclear what
the optimal conditions are for this experiment, even with
regards to timing. For example, it is possible that provid-
ing more than 10 min with Stranger 1 during the socia-
bility experiment would make Stranger 1 more “familiar”
to the experimental mouse, so that when Stranger 2 is
introduced during the test for preference for social nov-
elty, there could be a greater contrast between S1 and S2
for the experimental mouse, which might lead to much
greater differences in time spent between S1 and S2. This
possibility has not been explored in a systematic fashion.

We also found that opposite-sex sociability and prefer-
ence for social novelty results (Additional file 2: Tables
S9, S10) were similar to same-sex sociability and prefer-
ence for social novelty (Tables 3, 4). A prior study has
shown that sociability and preference for social novelty
is similar in both females and males, when the stranger
mice presented are males [34]. However, to our knowl-
edge, no study to date has shown both same-sex and
opposite-sex sociability and preference for social novelty
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data for both males and females. Our study was not
designed to test the nature of opposite-sex sociability or
preference for social novelty, so our study cannot provide
additional context to our reported results.

At the same time, our study also does not eliminate the
possibility that our cHET or even cKO mice are deficient
in other, untested behaviors. For example, the full-body
Itgh3 heterozygous knockout shows a higher sensitiv-
ity to SSRIs (selective serotonin reuptake inhibitors) in
the tail suspension test [28]. That behavior appears to be
tied to midbrain serotonergic circuitry however [52], so
we would predict that forebrain-specific deletion of Itgh3
(i.e., in our cHET or cKO mice) would not change sensi-
tivity to SSRIs in the tail suspension test.

Conclusions

In fine, we demonstrated that deleting Itgh3 specifically
from EmxI-expressing cells of the forebrain was suf-
ficient to change self-grooming in novel versus home
environments, and to change sociability behaviors in
mice. These results are the first to show the behavioral
consequences of Itgh3 loss-of-function in the forebrain,
emphasizing its functional importance.

Methods

Breeding of mice

To cause Itgh3 loss of function, Ifgh3"" mice [33] on the
C57BL6/] background (Jackson Labs #028232) were first
crossed with Emx1-Cre“™ mice [15] on the C57BL6/J
background (Jackson Labs #005628). Then, resulting
EmxI-Cre™®* Itgh3"* mice (“*” refers to the wildtype
allele) were crossed with each other to generate condi-
tional knockouts (cKO; Emx1-Cre“Itgh3™"), conditional
heterozygotes (cHET; EmuxI-Cre“Itgh3"*), and wildtype
(WT) controls, consisting of WT Cre- (EmxI-Cre*’")
and WT Cre+ (EmxI-Cre*Itgh3™*) on the C57BL6/]
background. Thus, two generations of breeding occurred
before cKO mice were available. cKO, cHET, and WT
mice were all taken from the same generation. Cre-medi-
ated excision of floxed genes in the Emx1-Cre“® mouse
occurs prenatally, is robust and efficient [26], and integrin
3 expression in the cerebral cortex of cKO mice is sig-
nificantly reduced by postnatal day 23 [48], if not earlier.
Emx1 expression occurs in nearly all forebrain excitatory
neurons, astrocytes, and oligodendrocytes, particularly
in cortex and hippocampus, with sparser Emx1 expres-
sion in the olfactory bulb, amygdala, and piriform cortex
[15].

Housing and testing of mice

WT, cHET, and cKO mice came from six separate litters
from the same generation and were 3-6 months old at
the time of experiment. Mice were weaned at 3—4 weeks
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of age with their same-sex littermates into a single stand-
ard mouse cage and were not segregated in any other
way, including genotype. Two to five weaned mice were
kept in each cage, the mean cage occupancy was 3.5
mice, and the median cage occupancy was 3. All mice
were always kept on a 12-h light and 12-h dark cycle, and
mice were tested during the middle 8 h of the light phase
of the cycle. Weaned mice were given Global 18% Protein
Rodent Diet (Envigo), access to water at all times, and
had 1/4 inch corncob bedding (Envigo). Cage changes
occurred once a week throughout the life of the animals.
Mice were tested at least 18 h but no more than 5 days
after their last cage change. The mean number of days
between cage change and testing was 2.9 days, and the
median number of days between cage change and test-
ing was 3. Cages were kept on an individually-ventilated
cage rack (Allentown). Testing occurred over 11 experi-
mental days (16 calendar days), and 1-5 mice were tested
on each experimental day. The sexes and genotypes of the
mice tested on each day were randomly determined and
experimenters were blind to the genotype of each animal.
On the first day that a mouse was tested, it underwent all
behavioral tests in the order listed below, starting with
the elevated plus maze, with three exceptions: the home
cage self-grooming test occurred the next day, and the
three-chambered sociability test and three-chambered
social novelty test (with male mice as stranger mice)
occurred a few weeks later. In other words, mice expe-
rienced three experimental days: the first day with the
bulk of experiments, the home cage self-grooming test on
the very next day, and the sociability and preference for
social novelty test (with male mice as the stranger mice)
on a day a few weeks later. After completing behavioral
experiments, mice were euthanized to collect their brains
for further analysis (see Additional file 2: Table S6). In
accordance with the James Madison University Institu-
tional Animal Care and Use Committee, and using guid-
ance from the American Veterinary Medical Association
Guidelines for the Euthanasia of Animals, mice were fully
anesthetized and unconscious following a lethal intra-
peritoneal injection of ketamine (240 mg/kg)-xylazine
(48 mg/kg). Acepromazine (1.85 mg/kg) was also admin-
istered with the ketamine-xylazine as a tranquilizer.
Once mice were fully anesthetized and unconscious, they
were euthanized by transcardial perfusion with ice-cold
1 x phosphate-buffered saline followed by 4% paraform-
aldehyde in phosphate-buffered saline.

Sample size calculation

The Mead resource equation [13, 14] was used to esti-
mate a sample size that would be large enough to provide
sufficient statistical power for observing an effect in the
behavioral tests listed below. This method was chosen
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over a prospective power analysis because the estimated
effect sizes for the planned multifactorial experiments in
this study could not be objectively determined. The Mead
resource equation aims to maximize the power involv-
ing multifactorial animal experimentation by achieving
approximately 10-20 error degrees of freedom (DF) in the
design of the experiment. Briefly, the error DF is the total
DF (in this study, it was the number of mice minus one)
minus the model DF (in this study, depending on the exper-
iment, it was five or six). Thus, achieving 20 error DF for all
experiments was estimated to require 27 mice, or at least
9 mice per genotype (WT, cHET, and cKO) and at least 14
mice per sex. Six litters were needed to achieve these mini-
mum genotype and sex requirements for a total of 39 mice,
and all 39 mice were used for experimentation. Of the 39
mice, 18 were WT (8 female and 10 male), 12 were cHET (8
female and 4 male), and 9 were cKO (5 female and 4 male),
for an overall total of 21 female and 18 male mice.

Overview of behaviors

Adult WT, cHET, and cKO mice underwent experi-
ments that measured repetitive behaviors in home and
novel environments (self-grooming), anxiety (elevated
plus maze, open field test); hyperactivity and locomotion
(open field test), compulsive behaviors (marble burying),
and sociability and preference for social novelty (three-
chamber social tests). An olfaction test was not con-
ducted because global Itgh3 knockout mice do not have
impaired olfaction [5]. The design of the self-grooming
test in a novel environment was replicated after McFar-
lane et al. [30] and Carter et al. [5]. The design of the
elevated plus maze and open field test were adapted
from Carter et al. [5]. The design of the marble burying
test was adapted from Dohn et al. [11]. The design of the
three-chamber social tests was adapted from Moy et al.
[34] and Carter et al. [5].

Order of behavioral experiments

Adult WT, cHET, and cKO mice underwent behavioral
testing in the following sequence: elevated plus maze,
open field testing, three-chambered sociability test (with
a female mouse used as Stranger 1, see below), three
chambered social novelty test (with a female mouse used
as Stranger 2, see below), novel environment self-groom-
ing test, marble burying test, and home cage self-groom-
ing test. Because experimental mice were of both sexes,
all mice were tested in the three-chambered sociability
test and three-chambered social novelty test a few weeks
later, this time with male mice as Stranger 1 and 2 (S1/S2,
see below). The validity of retesting in the three-cham-
bered sociability test has been established by Moy et al.
[34]. Similarly, sociability has been shown in opposite-sex
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(female mice interacting with male S1/S2), and same-sex
(male mice interacting with male S1/S2) contexts [34, 35].

Elevated plus maze

The plus maze consisted of four opaque acrylic arms
(each arm 10 cm x 30 cm) connected in a “plus-sign” con-
figuration and elevated approximately 40 cm. Two of the
arms had opaque acrylic walls (20 cm H) on three sides
and two arms had no walls. The mean illuminance of the
maze was approximately 360 l1x. A mouse was placed in
the center of the maze at the beginning of a 5-min test
period with no prior acclimation or exposure to the maze.
The position of the mouse was recorded using an over-
head video camera. The maze was cleaned with 95% etha-
nol in between every test run, and once at the beginning
of each testing day, to eliminate any odor cues. FIJI soft-
ware [42] was used to manually analyze the video for the
duration of time spent in the open arms, and the percent
time spent in the open versus closed arms. When mice in
the closed arms approached the open arms, they would
sometimes display a “stretched-attend posture” [18] or a
“head dip” behavior [49] into the open arms of the maze.
Because these behaviors were difficult to distinguish via
overhead video, these types of behaviors were combined
during analysis and called “peeking’, which was defined
as any time the mouse reached into the open arm and
returned to the closed arm while maintaining at least
one limb in the closed arm section. The duration and the
number of peeking behaviors were recorded. Video anal-
ysis was done blind to genotype and sex.

Open field test

The open field test consisted of a mouse being placed
in an open-topped, opaque acrylic box (63 cm
Lx63 cm W x 63 cm H) that allowed free movement,
with no prior acclimation or exposure to the open field.
The mean illuminance of the field was approximately
240 Ix. The mouse was placed in the center of the box and
recorded with an overhead video camera. Mice explored
the open field for 15 min, as in Carter et al. [5]. The box
was cleaned with 95% ethanol in between every test run,
and once at the beginning of each testing day, to elimi-
nate any odor cues. Videos were then manually analyzed
using FIJI software to determine the average distance
traveled per minute and the number of times the mouse
crossed into the middle Sect. (22.5 cm x 22.5 cm) of the
field (the middle section was not demarcated physically
on the open field, but demarcated during video analysis).
Video analysis was done blind to genotype and sex.

Three chamber sociability test
The three-chamber sociability test involved individ-
ual mice being placed in an opaque acrylic box (63 cm
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L x 63 cm W x 63 cm H) divided into 3 chambers (each 21 cm
Lx63 cm W x 63 cm H). Passages (20.7 cm centered along
the width of the chamber) allowed for free movement across
all chambers. The mean illuminance of the chambers was
approximately 240 Ix. Chamber 1 (located to the experiment-
er’s left) contained an inverted wire pencil cup with a female
C57BL6/] mouse inside (Stranger 1) that had no prior contact
with the experimental mouse. Neither female stranger mice
nor female experimental mice were checked for estrus, but
experimental mice of all groups were tested over 11 days, so
the proportion of experiments with female mice in estrus was
assumed to be roughly equal across all groups. The center of
the wire cup was placed approximately 10.5 cm away from the
leftmost and furthest walls when viewed by the experimenter.
The wire cup allowed for nose contact and detection of odor
cues but prevented further interaction between mice. Cham-
ber 3 (located to the experimenter’s right) contained an iden-
tical inverted wire pencil cup placed approximately 10.5 cm
away from the rightmost and furthest walls (when viewed by
the experimenter), but without a mouse inside. The location
of Stranger 1 was systematically switched between Chambers
1 and 3 between test runs. Each experimental mouse was
first acclimated to the three chambers without the presence
of pencil cups or Stranger 1 for 10 min. Following acclima-
tion, the experimental mouse was removed, the pencil cups
and Stranger 1 were placed in the maze, and then the experi-
mental mouse was placed in the middle chamber and allowed
to explore the three chambers for 10 min. The position of the
experimental mouse was recorded via overhead video cam-
era. The amount of time spent within 1 cm of each pencil cup
and the number of entries into each chamber were recorded
by the experimenter, who was blind to genotype. This same
test was run on all experimental mice several weeks later, this
time using a male C57BL6/J as Stranger 1 (as noted above, the
validity of retesting in the three-chambered sociability test
has been established by [34]. Videos were manually analyzed
for time spent in each chamber and number of trips to each
chamber, using FIJI software. Video analysis was done blind
to genotype and sex.

Three chamber social novelty test

Following the sociability test, the experimental mouse
was removed from the chamber while another novel
C57BL6/] mouse (Stranger 2), unknown to the experi-
mental mouse, was placed under the previously empty
pencil cup. The experimental mouse was then placed
back into the middle chamber of the three-chamber maze
for 10 min of assessment. The experimental mouse could
freely explore the chamber and interact with Stranger 1
and Stranger 2. Mice were recorded via overhead video
camera. Time spent within 1 cm of each pencil cup and
number of entries into each chamber were recorded by



Lopuch et al. BMC Neuroscience (2022) 23:12

the experimenter, who was blind to genotype. As noted
above, this same test was run on all experimental mice
several weeks later, this time using male C57BL6/] mice
as Stranger 1 and 2. Time spent in each chamber and
number of trips to each chamber were analyzed later
using the video and FIJI software. Video analysis was
done blind to genotype and sex.

Self-grooming in a novel environment

Self-grooming behavior was measured by placing
each mouse inside a 37 cm x 23 c¢cm x 22 cm open,
empty cage with no bedding. The mean illuminance
of the cage was approximately 400 Ix. Each mouse
was allowed to habituate to the novel environment
for 10 min. The time spent self-grooming for the next
10 min was recorded by the experimenter, who was
blind to genotype.

Marble burying test

A novel cage was prepared for each mouse with a 3 cm-
thick layer of bedding in order to allow the burying of
1.5 cm diameter marbles. The mean illuminance of the
cage was approximately 400 1x. Each mouse was placed in
the novel cage without marbles for 10 min of acclimation.
Following the acclimation period, each mouse was briefly
removed from the cage and 20 marbles were placed in a
four-by-five grid on top of the bedding, with 2 cm of space
between each marble in all directions. The mouse was
then given 10 min to explore and interact with the mar-
bles. After this period the mouse was removed, and mar-
ble burying was quantified by the experimenter, who was
blind to genotype. Marbles completely buried were given a
score of two points while marble partially buried received
a score of one point. Marbles that were not buried were
given a score of zero points. The marble score was the sum
of all the points obtained from the interactions with the 20
marbles.

Home cage grooming test

After the above behavioral tests were completed, indi-
vidual mice were placed in a single housed “home cage”
and given 24 h to acclimate to it. The cages were kept
on a standard cage rack, and ambient light reached the
facade of each cage at approximately 200 Ix. After a
24-h acclimation period, an observer who was blind to
genotype approached the cage without disturbing it in
any way and recorded the time the mouse spent self-
grooming for 10 min. Afterwards, mice were returned to
their original group housing (see "Housing and testing of
mice").
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Analysis of data

For self-grooming experiments, the factors involved were
environment (home, novel), sex (female, male), genotype
(W'T, cHET, cKO), and their respective interactions. For
sociability and preference for social novelty experiments,
the factors involved were chamber (in sociability: Obj,
S1; in preference for social novelty: S1, S2), sex (female,
male), genotype (WT, cHET, cKO), and their respective
interactions. Three-way ANOVA was used to determine
if there were any interaction effects among all three fac-
tors (e.g., environment, sex, and genotype) or between
any factor pairs (e.g., environment and sex, environment
and genotype, sex and genotype). Because there were no
three-way interactions (see “Results”), two-way ANOVA
was used to determine and understand main effects by
factor. Repeated measures ANOVA was not used for
self-grooming, sociability, or preference for social nov-
elty experiments because there was no significant within-
subject interaction in the repeated measure (in all cases,
p>0.5). For EPM, OFT, and MBT, the factors involved
were sex and genotype, and two-way ANOVA was used
for analysis. When a main effect was found to be p <0.001
in two-way ANOVA, Sidék’s multiple comparisons and
within-group ANOVA were used as post-hoc tests. For
comparisons between two groups in Additional file 2:
Table S5, n=9 per group was too small to pass the
D’Agostino-Pearson normality test, so the data were not
assumed to be normally distributed and the Mann—Whit-
ney U-test was used to compare means. SPSS 28 was used
to calculate three-way ANOVA and two-way ANOVA.
GraphPad Prism 9 was used to confirm two-way ANOVA
results in SPSS and for all other statistical testing. Graph-
Pad Prism 9 was used to represent data graphically.

Abbreviations

AMPA: a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; ANOVA: Analy-
sis of variance; ASD: Autism spectrum disorder; cHET: Conditional heterozy-
gotes for Itgb3; cKO: Conditional knockouts for /tgb3; DFd: Degrees of freedom
denominator (within-subject degrees of freedom—between-subject degrees
of freedom); DFn: Degrees of freedom numerator (between-subject degrees
of freedom—1); EPM: Elevated plus maze; MBT: Marble burying test; NMDA:
N-Methyl-p-aspartic acid; Obj: Object (in the three-chambered sociability
test); OFT: Open field test; S1: Stranger mouse #1 (in the three-chambered
sociability and preference for social novelty tests); S2: Stranger mouse #2 (in
the three-chambered preference for social novelty test); SEM: Standard error
of the mean; WT: Wildtype.
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Additional file 1: Figure S1. Brains of (A) WT, (B) cHET, and (C) cKO
experimental mice following dissection (see Table S6 legend for methods).
Scale bar: 0.5 cm.

Additional file 2: Table S1. Within-group two-way ANOVA analyses,
N, means + SEM, and three-way ANOVA of self-grooming behaviors.
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DFn = Degrees of freedom numerator (between-subject degrees of
freedom—1); DFd = Degrees of freedom denominator (within-subject
degrees of freedom—between-subject degrees of freedom). Table S2.
Within-group two-way ANOVA analyses, N, and means + SEM of EPM, OFT,
and MBT behaviors. Table S3. Within-group two-way ANOVA analyses, N,
means £ SEM, and three-way ANOVA of sociability behaviors. Table S4.

N, means & SEM and three-way ANOVA of preference for social novelty
behaviors. Table S5. Within-group N, means £ SEM of behaviors of WT
mice expressing Cre recombinase under the control of Emx7 (Cre+) and
WT mice without Cre recombinase expression (Cre—). Table S6. Measure-
ments of brain morphology of WT, cHET, and cKO experimental mice
following dissection (N, mean 4 SEM). Two-way ANOVA (factors: genotype,
sex) of each measurement had p >0.05, except that sex was a significant
factor in cortex length (p=0.0225) and anteromedial-to-posterolateral
length in both hemispheres (left p=0.0397, right p=0.0231). Methods: In
accordance with the James Madison University Institutional Animal Care
and Use Committee, and using guidance from the American Veterinary
Medical Association Guidelines for the Euthanasia of Animals, mice were
fully anesthetized and unconscious following a lethal intraperitoneal
injection of ketamine (240 mg/kg)-xylazine (48 mg/kg). Acepromazine
(1.85 mg/kg) was also administered with the ketamine-xylazine as a
tranquilizer. Once mice were fully anesthetized and unconscious, they
were euthanized by transcardial perfusion with ice-cold 1 x phosphate-
buffered saline followed by 4% paraformaldehyde in phosphate-buffered
saline. The brains were then post-fixed in 4% paraformaldehyde in

1 x phosphate-buffered saline until dissected. Measurements of brain
morphology were done using a Leica macroscope and FlJI software.
Widths were determined by the maximum mediolateral measurement.
Lengths were determined by the maximum anteroposterior measure-
ment."AM-PL Length"refers to the length from the most anteromedial
("AM") point of the cortex to the most posterolateral ("PL") point of the
cortex; separate measurements were taken for the left hemisphere ("L.
Hemi!) and right hemisphere (‘R. Hemi!). Table S7. As in Table S3, except
that sociability was measured by time in the chamber with the object
(Obj) or stranger 1 (S1), rather than time spent near Obj or S1. Table S8.
As in Table S4, except that preference for social novelty was measured by
time in the chamber with stranger 1 (S1) or stranger 2 (S2), rather than Obj
or S1. Table S9. As in Table 3 and Table S3, except that stranger 1 (S1) was
the opposite sex of the experimental mouse. Table S10. As in Table 4 and
Table S4, except that stranger 1 (S1) and stranger 2 (S2) were the opposite

sex of the experimental mouse.
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