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Abstract

Microglia are macrophages resident in the central nervous system. C-X3-C motif chemokine receptor 1 (CX3CR1) is
a Gg-coupled seven-transmembrane protein exclusively expressed in the mononuclear phagocyte system including
microglia, as well as intestinal and kidney macrophages. Cx3cr1“"“"™ mice express Cre recombinase in a tamoxifen-
inducible manner and have been widely used to delete target genes in microglia, since microglia are long-lived
cells and outlive peripheral macrophages, which continuously turn over and lose their gene modification over time.
ATG7 is an El-like enzyme that plays an essential role in two ubiquitin-like reactions, ATG12-ATG5 conjugation and
LC3-lipidation in autophagy. To study the role of ATG7 in adult microglia, we generated Cx3cr1<“™Atg7"" mice
and deleted Atg/ at the age of 8 weeks, and found induction of intestinal adhesion. Since intestinal adhesion is
caused by excessive inflammation, these results suggest that deletion of Atg/ in intestinal macrophages even for a
short time results in inflammation that cannot be rescued by replenishment with wild-type intestinal macrophages.

assure the microglia-specific roles of the target gene.

Our finding suggests that, depending on the roles of the gene, Cx3cri-Cre-mediated gene deletion may vyield
unanticipated physiological outcomes outside the central nervous system, and careful necropsy is necessary to

Main text

Microglia are the central nervous system (CNS)-resident
macrophages. Microglia are of hematopoietic origin and
arise from the erythromyeloid precursor cells in the yolk
sac during the early days of embryonic development [1].
Therefore, microglia are genetically and physiologically
close to macrophages of peripheral tissues [1-4]. After
microglia settle down in the embryonic brain, their pro-
liferation peaks during the postnatal days 5-15 in mice
[5]. Thereafter, microglia proliferate continuously but
slowly; they have a long lifetime and self-renew without
inflow of peripheral myeloid cells in healthy condition.
On the other hand, peripheral macrophages turn over
rapidly and are continuously replenished through
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proliferation or by macrophages newly differentiated
from monocytes [6].

C-X3-C motif chemokine receptor 1 (CX3CR1) is a
Gaj-coupled seven-transmembrane protein exclusively
expressed in the mononuclear phagocyte system including
microglia [7]. In adult Cx3crI<"***"? mice, Cre activity—
dependent tamoxifen (TAM)-inducible gene recombin-
ation is possible in CX3CR1" macrophages (microglia, in-
testinal, and renal) but not in CX3CR1™ macrophages
(including peritoneal, splenic, and alveolar) [8]. Microglia
are long-lived cells and outlive peripheral macrophages.
Therefore, gene deletion in microglia lasts longer than in
peripheral monocytes and macrophages; this unique
physiological feature of microglia makes Cx3crI-Cre mice
an invaluable tool to express or delete genes of interest in
a microglia-specific manner in the CNS [9].

Previously, we reported that Toll-like receptor activation
significantly suppresses microglial autophagy flux, but
stimulates autophagy in peripheral macrophages [10]. To
study the physiological implications of autophagy
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suppression in activated microglia in the adult brain, we
generated mice with an inducible microglia-targeting Atg7
conditional knockout (cKO) mice by crossing Atg7""
mice with the Cx3crI““**" mouse line. ATG7 is an E1-
like enzyme that plays an essential role in two ubiquitin-
like reactions, ATG12—ATG5 conjugation and LC3 lipida-
tion in autophagy [11]. Therefore, deletion of Atg7 effi-
ciently suppresses autophagy flux in vivo in the CNS as
well as in vitro [12-15].

To generate mice deficient in Atg7 at the adult stage,
8—week-old  Cx3cr1“" 2 Atg7"*  or Cx3crl“rR12
Atg7"™ mice were intraperitoneally (i.p.) injected with
TAM twice at a 48-h interval, and after 1 or 4 weeks,
CD11b" cells were isolated from blood, intestine, spleen,
and brain (Fig. 1a, b). Analysis by quantitative real time-
polymerase chain reaction (QRT-PCR) showed that, at 1
week after TAM injection, the Azg7 mRNA level was re-
duced in microglia and intestinal macrophages isolated
from Cx3cr1“" 82 Atg7"" mice (Fig. 1c; Mann—Whit-
ney test; p < 0.05), but not in CD11b"* peripheral blood
mononuclear cells (PBMCs) or spleen macrophages,
which originate from CX3CR1" precursors but cease to
express CX3CR1 at the adult stage. The Azg7 mRNA
level in microglia from Cx3crl““**%:Atg7"" mice was
further decreased at 4 weeks after TAM injection,
whereas intestinal macrophages progressively recovered
the Atg7 expression (Fig. 1c). While we collected the
spleens, surprisingly, we frequently found tissue adhe-
sion in the abdomen, especially on the intestines, in
TAM:-injected Cx3cr1“"“**"2:Atg7""" mice, but not in the
other groups (Fig. 1d and Supplemental Movies 1, 2, 3
and 4). Indeed, quantitative analysis of the intestinal ad-
hesion score according to Nair’s adhesion scale [16]
(Table 1) indicated that TAM-injected Cx3cri“**<"2:
Atg7"™ mice had a significantly higher score than the
other groups (Fig. le; one-way ANOVA test; F(3,0) =
9.627, p < 0.05).

Atg7 or Atgl6ll deletion is correlated with the pro-
inflammatory response in the intestines [17, 18] . Dele-
tion of Atg7 in myeloid cells by using LysM-Cre mice in-
creased susceptibility to dextran sodium sulfate—induced
colitis [17]. Also, a recent report showed that ablating
Atg7 through Cx3cr1<"Atg?"" increased the expression
of IL-23, leading to upregulation of IL-22 expression and
augmented intestinal fibrosis induced by administration
of 2,4,6-trinitrobenzenesulfonic acid [19], indicating that
defects in autophagy contribute to intestinal inflamma-
tion when the proinflammatory cues are added. Previous
examination of Cx3cr1“"***"? mice showed that a TAM-
induced genetic modification also occurred in intestine-
and kidney-resident macrophages, which express
CX3CR1 at the adult stage [8]. Since mice deficient in
Atg7 produced through LysM-Cre or Cx3cr1“"-mediated
deletion are susceptible to colitis and intestinal fibrosis
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[17, 19], our finding may also be related to the deletion
of Atg7 in CX3CR1" intestinal macrophages.

To further test whether intestinal adhesion occurring
in TAM-injected Cx3cr1<"“**"2:Atg7"™ mice was due to
increased inflammation and fibrosis in the intestine, we
performed hematoxyline and eosin (H&E) and Sirius
Red stainings. Indeed, TAM-injected Cx3cri<" %72
Atg7"™ mice with high intestinal adhesion score (>3)
clearly showed increased histological score (>4) in both
H&E and Sirius Red staining analyses (Tables 2 and 3,
Fig. 1f-g). Infiltration of inflammatory cells (shown as
blue dots) filled inside of mucosa and submucosa (Fig.
1f). The inflamed intestine also showed thickening of in-
testine wall (Fig. 1f). Furthermore, fibrotic collagen de-
position occurred in submucosa and serosa in TAM-
injected Cx3cr1<" 8 72.Atg7"" mice (Fig. 1f). Concomi-
tantly, RNA analyses for fibrosis (Collal and Colla2)
and inflammatory cytokines genes (7nf and Ccl2) in
whole intestine extracts also revealed marked increase in
the transcript levels of the examined genes (Fig. 1h).
Mild intestinal adhesion and fibrosis began from 1 week
after TAM injection in Cx3crl1“***"2.Atg7"" mice (data
not shown).

Therefore, we assume that the intestinal phenotype ob-
served in microglial Azg7 cKO mice stems from this fea-
ture of the Cx3cr1“"***"? system, which induces genetic
recombination in both microglia and intestinal macro-
phages, although genetic modification is more persistent
in microglia than intestinal macrophages. However, there
are differences in the experimental models between the
previous studies and ours. The results of the previous
studies were obtained with the mouse lines in which the
Cre recombinase is constitutively active and the develop-
mental defects accumulate due to the prolonged ablation
of Atg genes, while our study was performed in an indu-
cible KO manner in adult mice. Also, we did not adminis-
ter any disease-inducing cues, such as dextran sodium
sulfate. It is possible that non-pharmaceutical-grade corn
oil used to prepare TAM acted as a disease cue in Atg7
cKO mice [20].

In conclusion, microglial Atg7 deletion in Cx3cr1<***"%
Atg7"" mice induced unanticipated intestinal adhesion
with high frequency. Cx3cri-driven, inducible and transi-
ent deletion of Afg7 in the intestinal macrophages in adult
mice offers similar phenotypes compared with the con-
tinuous deletion of Atg7 during development into adult-
hood. Based on our result, we suggest to check intestinal
or kidney defects in Cx3cr1“"*®*2Atg7"" mice and ex-
clude mice with high intestinal adhesion score (>3) from
neurobehavioral tests or pathological examination of the
brain. Cx3cr1“***"_mediated gene deletion may yield un-
anticipated physiological outcomes outside the CNS, and
careful necropsy is necessary to assure the microglia-
specific roles of the target gene.
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Fig. 1 (See legend on next page.)
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Fig. 1 TAM injection induces intestinal adhesion in Cx3cr1“™:Atg7"" mice. a A diagram of the generation of Cx3cr1“2Atg7"" mice. b Experimental
schedule of MACS and intestinal adhesion scoring after TAM injection. € gRT-PCR analyses of the Atg7 mRNA expression levels in microglia, PBMCs, and
spleen and intestinal macrophages (n = 3; Mann-Whitney test, **p < 0001). d Representative images of C3cr1“™ ™2 Atg7"+ and C3cr1 72 Atg7"" mice
injected with corn oil or TAM. Adhesions between small (S) and large intestines (L), abdomen wall and intestines, or liver and intestines are marked with
white arrowheads. The cartoon drawings below show adhesion locations. e Adhesion score based on Nair's adhesion scale. TAM-injected Ce3cr1 < 2Atg 7"
group showed a significantly higher adhesion score than the other groups (n = 6; one-way ANOVA test followed by Bonferroni's multiple comparison test;
Fis00 = 9627, *p <005, * p < 001). f Representative images of H&E and Sirius Red stainings. TAM-injected Cx3cr1““"?Atg7"" group showed infiltration of
inflammatory cells (shown as blue dots) filling inside of mucosa and submucosa. The inflamed intestine also showed thickening of intestine wall.
Furthermore, collagen deposition occurred in submucosa and serosa. g Histological scores. TAM-injected Cx3cr1 772 Atg7"" group showed significantly
higher inflammation and fibrosis scores than other groups (n = 4 for corn-oil, n = 6 for TAM; one-way ANOVA test followed by Bonferroni's multiple
comparison test; F3.16 = 5.139, *p < 0.05). (H) gRT-PCR analyses of the inflammation and fibrosis genes. Intestine of TAM-injected C3cr1 2 Atg 7" group
showed a significantly increased gene expression (n = 3; one-way ANOVA test followed by Bonferroni's multiple comparison test; Collal, F0) = 11.3; CollaZ,
Fi20) = 156; Tnf, Fg o0 =688, Ccl2, Fzo0 = 119, *p <005, * p <001, **p < 0.001)

Methods

Mice

Cx3cr1“"F*12 transgenic mice were purchased from The
Jackson Laboratory and Atg7"" mice were provided by
Dr. Myung-Shik Lee (Yonsei University, Korea) with the
permission of Dr. Massaki Komatsu (Tokyo Metropol-
itan Institute of Medical Science, Japan). Cx3crl<**R"?
mice were crossed with Atg7"" mice to generate TAM-
inducible, microglia-specific Atg7 cKO mice.

TAM injection

TAM (Sigma, T5648) was dissolved in corn oil (Sigma,
C8267) with sonication at a concentration of 20 mg/ml
until particles were no longer detectable, and was stored
at — 20 °C. Before injection, TAM was incubated at 37 °C
with shaking overnight and 8-week-old Cx3cri“ "2
Atg7"* or Cx3cr1“ T2 Atg7"™ mice were ip. injected
with 4 mg of TAM twice with a 48-h interval. One or 4
weeks after TAM injection, mice were deeply anaesthe-
tized by i.p. injection of Zoletil (Virbac, 6FX7; 50 mg/kg)
and Rompun (Bayer; 10 mg/kg) to isolate CD11b" cells
from the brain, blood, spleen, and intestine. Intestine ad-
hesion was scored 4 weeks after TAM injection following
the published criteria [16, 21], as described in Table 1.

Table 1 Intestinal adhesion score

Grade Criteria for Nair's adhesion score
0 No adhesion band

1 One filmy adhesion band between the viscera or between the
viscera and the abdominal wall

2 Two thin bands between the viscera or between the viscera and
the abdominal wall

3 More than two moderate bands between the viscera or
between the viscera and the abdominal wall, or the whole
intestine forms a mass without adhering to the abdominal wall

4 Very thick adhesion band between the viscera and the
abdominal wall

PBMC isolation

Blood (1 ml) was collected through a peritoneal blood
vessel and mixed with 15 pl of 0.5 M EDTA (Invitrogen,
15,575,020). For density gradient fractionation, whole
blood was diluted with the same volume of 0.9% saline
solution and overlaid on top of 15 ml Ficoll (GE Health-
care, 17-1440-02) in a 50 ml Falcon tube. The tube was
centrifuged at 500xg at 18°C for 10 min, and the cell
layer was transferred to 1 ml of magnetic activated cell-
sorting (MACS) buffer (0.5% bovine serum albumin, 2
mM EDTA in 1x phosphate buffered saline) and centri-
fuged at 16,000xg at 4°C for 30s. The cell pellets were
resuspended in MACS buffer containing FC-y receptor
inhibitor (BD Pharmingen, 553,142; 5 ug/ml). After 10
min, cell suspensions were incubated with anti-CD11b
microbeads at 4 °C for 10~20 min. CD11b* PBMCs were
isolated by using a MACS LS column (Miltenyi Biotec,
130-042-401).

Brain microglia isolation

Brains were dissociated in the buffer (20 U/mL DNase I
[Stem Cell, 07900], 0.05% collagenase D [Roche, 11,088,
866,001], 15 mM HEPES, 5mM CaCl, in Hank’s bal-
anced salt solution [HBSS; GIBCO, 14185-052]) with

Table 2 Intestinal inflammation score

Grade Criteria for inflammation score

Inflammation
0  Occasional inflammatory cells in the lamina propria
1 Increased number of inflammatory cells in the lamina propria
2 Confluence of inflammatory cells extending into the submucosa
3 Transmural extension of the inflammatory cells
Tissue damage
0  No mucosal damage
1 Lymphoepithelial lesion

2 Surface mucosal erosion or focal ulceration, intestine wall
thickening

3 Extensive mucosal damage and extension into deeper structure
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Table 3 Intestinal fibrosis score

Grade Criteria for inflammation score

Fibrosis
0  Noincrease in collagen deposition
1 Increased collagen deposition in submucosa and mucosa

2 Increased collagen deposition in muscularis mucosa, submucosa,
and mucosa; thickening, disorganization of the muscularis
mucosa.

3 Increased collagen deposition in muscularis propria, muscularis
mucosa, submucosa, and mucosa

4 Increased collagen deposition throughout all layers including
serosa

Percentage
0 0-25% of section
1 25-50% of section
2 50-75% of section
3 75-100% of section

0.5% glucose for 20 min at 37 °C with gentle pipetting,
filtered through a 70-pum strainer, and then centrifuged
at 500xg for 3 min. For density gradient fractionation,
the pellets were suspended in 4ml of 37% Percoll
(Sigma-Aldrich, P4937) diluted in HBSS and layered
over 4 ml of 70% Percoll in a 15-ml Falcon tube. Then,
4 ml of 30% Percoll was layered on top and the tube was
centrifuged to form a gradient at 200xg at 18 °C for 40
min. After centrifugation, the cell layer was collected
and used for isolation of CD11b* cells following the
same steps as for PBMCs.

Spleen macrophage isolation

Spleens were dissociated in the buffer (20 U/mL DNase
I, 0.05% collagenase D, 5mM CaCl,, 5% fetal bovine
serum [FBS; Hyclone, SH30084.03] in HBSS) for 20 min
at 37 °C with gentle pipetting, filtered through a 70-um
strainer, and then centrifuged at 2000xg for 5 min. Pel-
lets were suspended in red blood cell lysis buffer
(eBioscience,00—4333-57) for 1 min to remove red blood
cells, centrifuged at 2000xg for 3 min and suspended
with MACS buffer containing FC-y receptor inhibitor
(5 pg/ml). After 10 min, cell suspensions were used for
isolation of CD11b* cells following the same steps as
PBMCs.

Intestine macrophage isolation

Intestines were dissociated in the buffer (20 U/mL
DNase 1, 0.1% collagenase D, 5% fetal bovine serum in
HBSS) for 20min at 37°C with vortexing, filtered
through a 100-pm strainer, and then centrifuged at
2000xg for 5 min. Pellets were suspended in HBSS with
5% FBS and further mechanically dissociated through a
26 G syringe. Cell suspensions were used for isolation of
CD11b* cells following the same steps as PBMCs.
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qRT-PCR

Cell pellets were lysed and RNA was isolated using an
RNeasy Plus Universal Mini Kit (Qiagen, 73,404). cDNA
was synthesized using the ImProm-II Reverse Transcript-
ase kit (Promega, A3802) and oligo-dT primers. TOPreal
qPCR 2x PreMIX (SYBR Green with low ROX; Enzy-
nomics, RT500M) containing nTaqg-HOT DNA polymer-
ase was used for qRT-PCR with a CFX96 Real-Time
System (Bio-Rad). The following primers were used: Atg7
(5" forward: GCCAGAGGGTTCAACATGAGCA, 3’ re-
verse: AGCTGGAGCAGCTCATTQG), Actb (5° forward:
AGAGGGAAATCGTGCGTGAC, 3’ reverse: CAATAG
TGATGACCTGGCCGT), Collal (5" forward: GCTCCT
CTTAGGGGCCACT, 3’ reverse: CCACGTCTCACCAT
TGGGG), Colla2 (5 forward: GTAACTTCGTGCCT
AGCAACA, 3’ reverse: CCTTTGTCAGAATACTGAGC
AGC), Tnf (5° forward: CATCTTCTCAAAATTCGA
GTGACAA, 3’ reverse: TGGGAGTAGACAAGGTACA
ACCC), Cci2 (5" forward: AACTCTCACTGAAGCCAG
CTCT, 3’ reverse: CGTTAACTGCATCTGGCTGA), and
Gapdh (5" forward: ATCACTGCCACCCAGAAGAC, 3’
reverse: ACACATTGGGGGTAGGAACA).

Histological analysis

Mouse small intestines were removed and directly put in
freshly prepared 4% paraformaldehyde for 24-h. Then,
intestines were washed and embedded with paraffin. Em-
bedded tissues were cut into 7 um slices. Histological
analyses of inflammation and fibrosis were performed
with H&E (Abcam, ab245880) and Sirius Red staining
kit (Abcam, ab150681). Inflammation and fibrosis were
scored 4 weeks after TAM injection following the pub-
lished criteria by using Nikon NIS-Elements [17, 22], as
described in Tables 2 and 3. Summation of inflammation
and tissue damage, fibrosis and percentage were desig-
nated as the inflammation score and fibrosis score,
respectively.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513041-020-00630-4.

Additional file 1: Movie S1. Representative Cx3cr1<“72:Atg 7+

injected with corn oil.

Additional file 2: Movie $2. Representative Cx3cr1““*2:Atg7"* mouse
injected with TAM.

Additional file 3: Movie S3. Representative Cx3cr]
injected with corn oil.

Additional file 4: Movie S4. Representative of Cx3cr1““ 2 Arg7""
mouse injected with TAM. (MP4 34858 kb)
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