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Peripheral monocyte-derived CX3C chemokine receptor 1 positive (CX3CR1þ) cells play important roles
in tissue homeostasis and gut repopulation. Increasing evidence also supports their role in immune
repopulation of the brain parenchyma in response to systemic inflammation. Adoptive bone marrow
transfer from CX3CR1 fluorescence reporter mice and high-resolution confocal microscopy was used to
assess the time course of CX3CR1þ cell repopulation of steady-state and dextran sodium sulfate (DSS)-
inflamed small intestine/colon and the brain over 4 weeks after irradiation. CX3CR1þ cell colonization
and morphologic polarization into fully ramified cells occurred more rapidly in the small intestine than
in the colon. For both organs, the crypt/mucosa was more densely populated than the serosa/mus-
cularis layer, indicating preferential temporal and spatial occupancy. Repopulation of the brain was
delayed compared with that of gut tissue, consistent with the immune privilege of this organ. However,
DSS-induced colon injury accelerated the repopulation. Expression analyses confirmed increased che-
mokine levels and macrophage colonization within the small intestine/colon and the brain by DSS-
induced injury. Early increases of transmembrane protein 119 and ionized calcium binding adaptor
molecule 1 expression within the brain after colon injury suggest immune-priming effect of brain
resident microglia in response to systemic inflammation. These findings identify temporal differences in
immune repopulation of the gut and brain in response to inflammation and show that gut inflammation
can impact immune responses within the brain. (Am J Pathol 2022, 192: 295e307; https://doi.org/
10.1016/j.ajpath.2021.10.013)
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Peripheral monocyte-derived CX3C chemokine receptor 1
positive (CX3CR1þ) cells (primarily macrophages and den-
dritic cells) populate most tissues and organs and represent
the highest concentration of mononuclear phagocytes in the
body. Over the past several decades, continued evaluation of
the function of these innate immune cells marked them as
keepers of tissue homeostasis and immune regulation.1

Particularly in the gut, given constant exposure to
commensal microbes, high antigen loads, and high turnover
rate of epithelial cells, CX3CR1þ macrophages serve critical
roles in dead cell/pathogen clearance, maintenance of im-
mune surveillance, and barrier function.2 Unlike most other
tissue, the constant low-grade inflammatory state of the gut
promotes a high turnover rate of CX3CR1þ cells and requires
stigative Pathology. Published by Elsevier Inc
continued replenishment by monocytes circulating in the
bloodstream. Interestingly, the structure and function of the
gastrointestinal tract dictates compartmentalized localization
and function of these cells. For example, within the lamina
propria/crypt, villi-associated macrophages are well
. All rights reserved.
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positioned to clear pathogens and food antigens that breach
the gut barrier, whereas macrophages in the muscularis
externa of the gastrointestinal tract interacting with the enteric
nervous system dictate intestinal motility.3,4

In the brain, microglial cells under homeostatic condi-
tions self-renew from the original yolk sac lineage
throughout the life of the animal.5 However, under certain
pathologic conditions, myeloid precursors, including he-
matopoietic CX3CR1þ macrophages, migrate to the brain
parenchyma to contribute to the native microglia popula-
tion.6 These engrafted microglia-like cells are able to
perform functions similar to native microglial cells with
similar morphology, yet maintain a distinct transcriptional
and functional identity.7,8

Similarly, the brain can recruit perivascular macrophages in
disease states. Perivascularmacrophages (PVMs) are a distinct
self-renewing (in steady state) population of resident brain
macrophages that closely associate with and protect the cere-
bral vasculature and the blood brain barrier. PVMs are not
unique to the brain and many other organs use specialized
residentmacrophage cells tomaintain vessel function and local
immune surveillance. As such, in the gut, PVMs are funda-
mental to barrier protection in homeostasis and disease.9

The novel connections between the immune response in the
gut and brain have been of increasing interest over the past
decade. Increased recognition of the pathogenic relevance and
crosstalk between the systemic immune response and the brain
have sparked further investigation into the links between in-
testinal inflammation and neuroinflammation.10Recent studies
have suggested a role for intestinal inflammation in triggering
neuroinflammation.11 Large epidemiologic studies showing
strong associations between intestinal inflammation and
neurodegenerative disorders such as Alzheimer disease and
Parkinsondisease further support this hypothesis,12,13 andhave
gained significant traction given the increasing prevalence of
neurodegenerative diseases across the population. Thus, a
deeper understanding of the overlap in immune responses be-
tween the gut and the brain is needed and can be achieved by
examining common cell types involved and the timing of their
recruitment and activation.

Given the increasing significance of the inflammation-
mediated overlap between the gut and brain, this study sought
to examine the rates of hematopoietic CX3CR1þ cell repopu-
lation and morphologic polarization within the gut compart-
ments and the brain. Whole-body gamma irradiation was used
to evaluate the temporal course of CX3CR1þ cell repopulation
in the small intestines/colon and the brain under healthy con-
ditions and in response to intestinal inflammation using a
dextran sodium sulfate (DSS) experimental colitis model.

Materials and Methods

Animals

C57BL6J wild-type and CX3CR1-enhanced green
fluorescence protein (EGFP) reporter14 mice were a gift
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from Dr. Harris Perlman, (Northwestern University, Chi-
cago, IL), and were maintained under specific pathogen-free
conditions at the Northwestern University Feinberg School
of Medicine animal facilities. At the end of all experimental
procedures, animals were euthanized via rapid cervical
dislocation. All experimental protocols were approved by
the Institutional Animal Care and Use Committee.

Antibodies and Reagents

Nonblocking antieplatelet endothelial cell adhesion mole-
cule 1 antibody (clone 390) for blood vessel labeling was
purchased from EMD Millipore (Burlington, MA) and
conjugated to DyLight-550 or DyLight-650 using an anti-
body labeling kit from Thermo Fisher (Waltham, MA) ac-
cording to the manufacturer’s instructions. DSS was
purchased from Sigma Aldrich (St. Louis, MO).

Bone Marrow Transfer and Generation of Chimeric Mice

Bone marrow chimeras were generated and maintained
using a standard protocol as previously described.15,16 Ten-
week-old wild-type mice were lethally irradiated with a
1000-cGy dose using a Gammacell 40 Exactor 137Cs irra-
diator (Best Theratronics, Ottawa, ON, Canada) and
reconstituted with bone marrow from 8-week-old C57BL/6
CX3CR1-EGFP (heterozygous) reporter mice 24 hours after
whole-body irradiation.17 This method leads to complete
replacement of mylomonocytic hematogenic progenitors, as
determined using flow cytometry (data not shown). Bone
marrow donors and recipients were always matched ac-
cording to sex. Recipients recovered with trimethoprim and
sulfamethoxazole antibiotics in their drinking water to pre-
vent opportunistic infection. Reconstitution was confirmed
with flow cytometry and fluorescence imaging of a blood
smear (for the presence of EGFP monocytes).

DSS Colitis Model

To induce colon injury and colitis-like symptomatic disease,
DSS 3.5% (w/v) was introduced in drinking water for 7
days. Animals subsequently were monitored until specified
time points, euthanized, and tissues were processed for
further analyses.18 Disease assessment and animal moni-
toring was performed as described previously.19

Imaging Procedures

Gut Imaging
All imaging of the small intestine and the colon was per-
formed ex vivo on freshly excised tissue segments (no fix-
ation or any additional manipulation) immediately after
mouse euthanasia. At the specified time points, tissue was
excised, laid flat between two glass coverslips, and secured
by Vetbond tissue adhesive (3M, St. Paul, MN) to prevent
peristaltic movement.
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Brain Imaging
All mice underwent a bilateral craniotomy with exposure of
the cortical surface to allow for real-time in vivo intravital
imaging. Mice were anesthetized with ketamine/xylazine 30
minutes before cranial window preparation and placed in a
stereotactic frame with a heating pad while undergoing
continuous temperature monitoring. The skin and perios-
teum were removed to expose the skull, and open cranial
windows (approximately 5 mm � 5 mm) were generated
across each hemisphere using a high-speed dental drill
(EXL-M40; Osada, Inc, Los Angeles, CA) lateral to the
superior sagittal suture between the bregma and lambda
sutures anteriorly and posteriorly, respectively. Heated
artificial cerebral spinal fluid buffer solution (Tocris
Bioscience, Bristol, UK) was applied directly to the cortical
surface just before imaging.

Imaging was performed using an Olympus BX-51WI
Fixed-Stage illuminator and equipped with a Yokogawa
CSU-X1-A1 spinning disk, a Hamamatsu Electron Multi-
plying Charge Coupled Device C9100-50 camera, and a
Modular Laser System with solid-state diode lasers with
diode-pumped solid state modules for 488, 561, and 640 nm
and the appropriate filters (all assembled by Perkin Elmer,
Naperville, IL) as previously described.20 Synchronization
was managed by a Prosync 2 Synchronization Controller
(Piezoystem, Jena, Germany). Z-axis movement and
objective positioning was controlled by the Piezoelectric
MIPOS100 System (Piezoystem, Jena, Germany). Images
were collected using a 20� water-immersion objective
(numeric aperture, 1.00). Volocity software (version 6.3;
Perkin Elmer, Waltham, MA) was used to drive the mi-
croscopy and acquire images, which then were analyzed
using ImageJ software version 1.8.0 (NIH, Bethesda, MD;
https://imagej.nih.gov/ij).

Image Analysis
To account for cell depth, all images were acquired as Z-
stacks of 30 to 40 mm and merged as stack summation for
further analyses. All images were analyzed in a blinded
fashion by two independent persons (A.B. and J.F.R.). For
cell shape and dimension analyses, an ellipsoid was posi-
tioned on each individual cell and the longest and shortest
axis were recorded for quantification of cell length and
width, respectively. Perivascular macrophages were defined
as CX3CR1-EGFPþ cells in visible contact with blood
vessels.

Gene Expression Analysis

Total RNA from gut and brain tissue was extracted by
TRIzol (Applied Biosystems), subjected to DNase I
(Promega) treatment (3 U/mL reaction mixture), followed
by an additional extraction with TRIzol. An ND-1000
Spectrophotometer (NanoDrop Technologies, Wilmington,
DE) was used to assess the quality and concentration of the
RNA preparations. RT-PCR was performed with the
The American Journal of Pathology - ajp.amjpathol.org
Applied Biosciences cDNA Synthesis kit (Thermo Scien-
tific, Waltham, MA). Gene expression analyses were per-
formed on total cDNA using the Roche (Basel,
Switzerland) SYBR Green Master Kit. The primers for
gene-specific analysis by quantitative RT-PCR were
custom designed and obtained from IDT (Coralville, IA)
or Qiagen (QuantiTect Primer Assays kits, Hilden,
Germany). Relative expression analysis was performed
using the 2-DDCT method with GAPDH serving as the
reference gene.

The PCR primers used in the study were all murine-based
with the following sequences: CX3CR1 forward: 50-CAG-
CATCGACCGGTACCTT-30; CX3CR1 reverse: 50-GCTG-
CACTGTCCGGTTGTT-30; Cluster of Differentiation 64
(CD64) forward: 50-TCCTTCTGGAAAATACTGACC-30,
CD64 reverse: 50-GTTTGCTGTGGTTTGAGACC-30; C-C
chemokine receptor type 2 (CCR2) forward: 50-ACAGCT-
CAGGATTAACAGGGACTTG-30; CCR2 reverse: 50-ACC-
ACTTGCATGCACACATGAC-30; ionized calcium binding
adaptor molecule 1 (Iba1) forward: 50-GTCCT-
TGAAGCGAATGCTGG-30; Iba1 reverse: 50-CATTCT-
CAAGATGGCAGATC-30; Transmembrane Protein 119
(TMEM119) forward: 50-GTGTCTAACAGGCCCCAGAA-
30; TMEM119 reverse: 50-AGCCACGTGGTATCAAG-
GAG; C-C Motif Chemokine Ligand 2 (CCL2) forward: 50-
CACTCACCTGCTGCTACTCA-30; CCL2 reverse: 50-
GCTTGGTGACAAAAACTACAGC-30; CX3CR1 ligand
forward: 50-CGCGTTCTT-CCATTTGTGTA-30; CX3CR1
ligand reverse: 50-CTGTGTCGTCTCCAGGACAA-30;
tumor necrosis factor a (TNFa) forward: 50-CATCTTCT-
CAAAATTCGAGTGACAA-30; TNFa reverse: 50-
TGGGAGTAGACAAGGTACAACCC-30; interleukin 1b
forward: 50-CA-ACCAACAAGTGATATTCTCCATG-30;
interleukin 1b reverse: 50-GATCCACACTCTCCA-
GCTGCA-30; interferon-g forward: 50-TCAAGTGGCATA-
GATGTGGAAGAA-30; interferon-g reverse: 50-TGGC-
TCTGCAGGA-TTTTCATG-30; interleukin 17 forward:
50-ACCTCAA-CCGTTCCACGTCA-30; interleukin 17
reverse: 50- CAG-GGTCTTCSTTGCGGTG-30.

Statistics

Statistical significance was assessed by t-test or by one-way
analysis of variance with the Newman-Keuls Multiple
Comparison Test using GraphPad Prism (V4.0; San Diego,
CA) for normally distributed data evaluated using the Sha-
piro Wilk test. Statistical significance was set at P < 0.05.
For all experiments the data are shown as �SEM.

Results

Hematopoietic CX3CR1-EGFPþ Cells Colonize the Small
Intestine and the Colon at a Different Rate

Although macrophages in the gut are able to self-sustain, the
macrophage pool in the small intestine of adult mice is
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maintained primarily through conventional hematopoiesis
and is replenished by circulating monocytes. Given the
important role macrophages play in intestinal homeostasis
and the spatial variations in tissue responses and disease
susceptibility between the small and large intestines, we
used a bone marrow transplantation (BMT) technique to
examine macrophage colonization dynamics of the small
intestinal tissue. In these experiments, CX3CR1-EGFPþ

heterozygous mice (green macrophages) were used as do-
nors and irradiated WT mice as recipients. Appearance,
localization, and morphologic changes of grafted CX3CR1-
EGFPþ macrophages were analyzed over time by confocal
microscopy whole-mount imaging of the crypt/mucosa and
the serosa/muscularis layers of the small intestine and the
colon (as illustrated in Figure 1A). Within 4 weeks of BMT,
the number of grafted CX3CR1-EGFPþ macrophages had
plateaued and that these grafted cells stably populated both
the small intestine and the colon. At 4 weeks after BMT, the
number of CX3CR1-EGFPþ cells in both the crypt/mucosa
and the serosa/muscularis layers of the small intestines and
Figure 1 Bone marrowetransferred CX3C chemokine receptor 1eenhanced gr
intestine and the colon at a different rate. The dynamics of gut colonization by g
(WT) recipient mice after bone marrow transplantation (BMT). A: Depiction of the
the number of tissue CX3CR1-EGFPþ cells over 4 weeks after BMT in the crypt/muco
of CX3CR1-EGFPþ cells in the intestinal compartments was significantly more rapid
(approximately 20-mm Z-projections) that were in quantitative analyses. Vessels
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the colons of chimeric mice was similar to the number at 10
weeks after BMT and that of control nonchimera CX3CR1-
EGFPþ reporters, indicating that by week 4 both the small
intestine and the colon were fully populated by peripheral
CX3CR1-EGFPþ cells and that grafted cells fully replaced
host cells. Similarly, at 4 weeks after BMT, the number of
CX3CR1-EGFPþ macrophages in both compartments was
not significantly different in chimeric small intestines
(Figure 1B) as compared with colon (Figure 1C). However,
the crypt/mucosa layers of both organs were populated more
densely than the serosa/muscularis layers (61 � 16 and
58 � 14 versus 32 � 7 and 36 � 9, respectively) (Figure 1,
B and C), indicating preferential spatial occupancy of
mononuclear resident cells in the gut. Interestingly, the
small intestine was colonized by grafted CX3CR1-EGFPþ

macrophages more rapidly than the colon in both compart-
ments. The small intestines were fully colonized by week 2
after BMT, whereas the number of CX3CR1-EGFPþ mac-
rophages in the colon gradually increased over 4 weeks
(Figure 1, B and C). Representative images (Figure 1D)
een fluorescence protein positive (CX3CR1-EGFPþ) cells colonize the small
rafted donor CX3CR1-EGFPþ BM cells were examined in irradiated wild-type
major tissue compartments in the small intestine. B and C: Quantification of
sa and the serosa/muscularis layers of the intestine and the colon. Grafting
as compared with the colon. D: Representative confocal microscopy images
are outlined by CD31 staining (blue). ***P < 0.001. Scale bar Z 30 mm.
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depict CX3CR1-EGFPþ cell colonization of the small in-
testine and the colon tissue at weeks 1 and 4 after BMT.
These data confirm that both the small intestine and the
colon can be fully colonized through hematopoiesis and
further show the differential dynamics of tissue infiltration
by peripheral myeloid cells.

CX3CR1-EGFPþ Cell Morphologic Tissue Polarization
Lags in the Colon as Compared with that in the Small
Intestine

Monocyte differentiation into tissue macrophages is paral-
leled by morphologic changes from rounded amoeboid-like
cells to fully ramified cells with visible dendrites (illustrated
by representative images) (Figure 2A). Therefore, changes in
Figure 2 CX3C chemokine receptor 1eenhanced green fluorescence protein po
as compared with that in the small intestine. Morphologic polarization of grafted C
the small intestine and the colon was analyzed. A: Representative confocal mic
grafted CX3CR1-EGFPþ cells. BeD: Quantitative analyses of the small intestinal (B
E) depict a gradual shift from mostly ameboid to ramified morphology of grafted

The American Journal of Pathology - ajp.amjpathol.org
CX3CR1-EGFPþ cell morphology were analyzed during 4
weeks after BMT in the crypt/mucosa and the serosa/mus-
cularis layers of small intestines and the colons. As early as 2
weeks after BMT, more than 60% of CX3CR1-EGFPþ

macrophages had progressed to become fully ramified in both
the crypt/mucosa and the serosa/muscularis layers of the small
intestine. At 3 weeks after BMT, in both compartments,
almost all CX3CR1-EGFPþ cells (>90%) completed the
morphologic progression (Figure 2, B and C), as seen at
steady state in control nonchimeric mice. However, in both
compartments of the colon, only approximately 30% of
CX3CR1-EGFPþ macrophages were found to be fully
ramified at weeks 2 and 3, and approximately 60% at week 4,
indicating incomplete/delayed colonization and cell polari-
zation (Figure 2, D and E). These findings show that the small
sitive (CX3CR1-EGFPþ) cell morphologic tissue polarization lags in the colon
X3CR1-EGFPþ cells in the crypt/mucosa and the serosa/muscularis layers of
roscopy images depict the sequential changes in the polarization state of
and C) and the colon crypt/mucosa and the serosa/muscularis layer (D and
cells in the tissue over the 4 weeks after BMT. Scale bar Z 20 mm.
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intestine is colonized significantly faster by peripheral
CX3CR1-EGFPþ cells as compared with the colon and that
the small intestine accommodates a more rapid morphologic
maturation of these cells. These findings further suggest that
peripheral CX3CR1-EGFPþ cells in the tissue require less
than a week to undergo full morphologic progression.

Colonic Inflammation/Injury Drives Enhanced Tissue
Colonization by CX3CR1-EGFPþ Cells

Whether inflammation and epithelial injury alter the
CX3CR1-EGFPþ cell colonization dynamics was investi-
gated next. In these experiments, a cohort of mice was
treated with DSS (3.5%, for 7 days in drinking water)
immediately after BMT. The changes in numbers and
morphology of tissue CX3CR1-EGFPþ cells were
analyzed in the small intestinal and colon mucosa at 1
Figure 3 Dextran sodium sulfate (DSS)-induced colon injury promotes tissue
green fluorescence protein positive (CX3CR1-EGFPþ) cell morphologic polarization
EGFPþ cells after bone marrow transplantation (BMT) was quantified from confoca
the timeline of DSS treatment. BeG: Analyses of the number of CX3CR1-EGFPþ cel
the colon crypt/mucosa (EeG). Although no significant effects on either of the pa
on the colon, DSS treatment increased the number of tissue CX3CR1-EGFPþ cells an
***P < 0.001, and ****P < 0.0001. DSS, dextran sodium sulfate; expts, experim
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(acute inflammatory) and 3 (resolution phase) weeks after
DSS treatment (weeks 2 and 4 after reconstitution after
BMT). The treatment regimen is shown in Figure 3A.
Control experiments indicated that irradiation and BMT
did not significantly impact the DSS treatment outcomes
because, with or without irradiation/BMT, peak disease
scores ranged between 2.5 and 3, as previously pub-
lished.21 Consistent with the relatively minor impact of
DSS on the small intestine as compared with that in the
colon,22 no significant difference in the number of colo-
nizing CX3CR1-EGFPþ cells, their morphology, or size,
were observed in control versus DSS-treated small intes-
tine (both at weeks 2 and 4 after BMT) (Figure 3, BeD). In
contrast, the number of CX3CR1-EGFPþ cells in colon
tissue was increased significantly at both time points after
DSS treatment (Figure 3E). Despite the increased number
of tissue CX3CR1-EGFPþ cells in the colon, the
engraftment but does not impact CX3C chemokine receptor 1eenhanced
. The impact of DSS-induced colon injury on tissue engraftment of CX3CR1-
l microscopy imaging. A: Schematic outlining the experimental design and
ls, morphology, and size in the small intestinal crypt/mucosa (BeD) and in
rameters was noted in the intestine, consistent with the DSS primary impact
d their length without affecting their morphologic polarization. **P < 0.01,
ents; GFP, green fluorescent protein.
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Figure 4 Colon inflammation promotes brain colonization by peripheral CX3C chemokine receptor 1eenhanced green fluorescence protein positive
(CX3CR1-EGFPþ) cells. CX3CR1-EGFPþ cell infiltration and morphologic polarization were assessed in the brain tissue after bone marrow transplantation (BMT)
with/without DSS-induced injury of the colon. A and B: Quantification of the number of brain tissue CX3CR1-EGFPþ cells (A) and CX3CR1-EGFPþ cell
morphologic analyses (B) at weeks 2 and 4 after BMT. DSS treatment increased the number of engrafted CX3CR1-EGFPþ cells but did not affect their
morphologic polarization. C: Representative confocal microscopy images (approximately 20-mm Z-projections) that were in quantitative analyses. Vessels are
outlined by CD31 staining (blue). **P < 0.01. Scale bar Z 30 mm. DSS, dextran sodium sulfate.

Immune Repopulation of the Gut and Brain
progression from ameboid to ramified cell morphology was
not impacted by tissue inflammation/injury (Figure 3F).
Interestingly, in DSS-inflamed colon (week 2), polarized
ramified CX3CR1-EGFPþ cells were elongated signifi-
cantly in size (as measured at the longest axis across the
entire cell body), potentially indicating spreading and
dendrite extension (Figure 3G). CX3CR1-EGFPþ cell
width was increased slightly in the colon, but the change
was not significant. In the recovery phase after DSS
treatment (week 4), no significant difference between
treated and untreated conditions was seen (Figure 3G).
These data indicate that although mucosal injury may drive
increased recruitment of peripheral cells into the tissue,
morphologic polarization of CX3CR1-EGFPþ macro-
phages is independent of inflammatory cues.

Colon Inflammation Promotes Brain Colonization by
Peripheral CX3CR1-EGFPþ Cells

Given the emerging impact of systemic inflammation,
particularly gut injury, on brain immune function, whether
epithelial injury and gut inflammation impact colonization
of the brain by peripheral immune cells was examined next.
CX3CR1-EGFPþ macrophage localization and morphologic
The American Journal of Pathology - ajp.amjpathol.org
polarization were assessed in the brain tissue after BMT and
whole-body irradiation with/without DSS-induced injury/
inflammation of the colon.

Consistent with previous reports,7 grafted bone mar-
rowederived CX3CR1-EGFPþ cells successfully popu-
lated the brain tissue, despite the well-known immune
privilege of this organ. Interestingly, brain colonization by
CX3CR1-EGFPþ cells was substantially slower compared
with the small intestine or the colon. In steady-state con-
ditions, six � two and seven � one CX3CR1-EGFPþ cells
per field were found at 2 and 4 weeks after BMT,
respectively, which is approximately eight to tenfold lower
compared with that in the small intestine and the colon
(Figure 4A and representative images in Figure 4B).
Importantly, DSS-induced injury/inflammation of the
colon substantially increased the number of colonizing
CX3CR1-EGFPþ cells in the brain (>twofold) at both time
points. These data confirm that systemic/gut inflammation
may drive brain repopulation by peripheral immune cells.

Analyses of cell shape further showed that morphologic
polarization of grafted CX3CR1-EGFPþ cells was delayed
significantly in the brain (compared with small intestinal/
colon tissue) and was not impacted by DSS treatment.
Although the number of fully ramified CX3CR1-EGFPþ
301
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cells in the brain increased over time (from 2 to 4 weeks), it
plateaued at approximately 25% of cells (Figure 4B and
representative images in Figure 4C). Intriguingly, no sig-
nificant morphologic differences between gut- and brain-
colonizing CX3CR1 cells were noted, indicating that this
process is independent of the clearly different microenvi-
ronmental cues in these two organs.
Figure 5 Colon inflammation promotes recruitment of CX3C chemokine receptor
vessel wall. The number of perivascular CX3CR1-EGFPþ cell (in contact with the ves
(BMT) with/without DSS treatment using confocal microscopy imaging. A and B: Qua
and the total number of perivascular CX3CR1-EGFPþ cells per high-power field in the
(green) in the small intestine. D and E: Perivascular CX3CR1-EGFPþ cell analyses in
EGFPþ cells. GeI: Perivascular CX3CR1-EGFPþ cell analyses (G and H) and repres
(I). DSS treatment increased recruitment and localization of CX3CR1-EGFPþ cells at t
Blood vessels were stained with CD31 antibody (blue). *P < 0.05, ***P < 0.001.
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Colon Inflammation Promotes Recruitment and
Association of CX3CR1-EGFPþ Cells with the Vessel Wall

Because PVMs have emerged as important regulators of
vascular function in both the brain and the gut,9,23 whether
peripheral CX3CR1-EGFPþ cells are recruited to the vessel
wall after BMT was investigated next. Grafted CX3CR1-
1eenhanced green fluorescence protein positive (CX3CR1-EGFPþ) cells to the
sel) was assessed in gut and brain tissues after bone marrow transplantation
ntification of the number of perivascular CX3CR1-EGFPþ cells per vessel length
small intestine. C: Representative confocal image of perivascular macrophages
the colon. F: Representative confocal image of colon perivascular CX3CR1-

entative confocal images of perivascular macrophages (green) in the brain
he vessel wall in the colon and the brain, but not small intestine. C, F, and I:
Scale bars Z 25 mm. DSS, dextran sodium sulfate.
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EGFPþ cells were indeed recruited to and observed in
proximity to blood vessels in steady-state small intestine,
the colon, and the brain (Figure 5). In fact, by week 4 after
BMT, the majority (>60%) of CX3CR1-EGFPþ cells were
found to associate with a blood vessel in all three organs,
suggesting physiological significance of these cells in
vascular and tissue homeostasis. As expected, given the
relatively minor impact of DSS on the small intestine, DSS
treatment had no effect on the number of perivascular
CX3CR1-EGFPþ cells at the vessel wall or on the fraction
of these cells relative to all CX3CR1-EGFPþ cells
(Figure 5, AeC). In contrast, in the colon, the number of
CX3CR1-EGFPþ cells at the vessel wall was increased
significantly by DSS treatment (week 2) and peaked at the
resolution phase (week 4) (Figure 5D). Interestingly, at
week 2 (colon inflammation/injury), but not week 4 (reso-
lution phase), the fraction of PVMs relative to all CX3CR1-
EGFPþ cells also increased significantly, indicating
an active recruitment toward the vessel wall (Figure 5, E
and F).

Interestingly, DSS-induced colonic inflammation resulted
in significant increases in the number of CX3CR1-EGFPþ

cells at the vessel wall at 2 weeks, with numbers increasing
through 4 weeks after BMT (Figure 5, G and I). These in-
creases in the brain occurred likely owing to increased
influx of CX3CR1-EGFPþ cells (Figure 4A), because the
relative fraction of CX3CR1-EGFPþ cells at the vessel wall
compared with all CX3CR1-EGFPþ cells was not changed
(Figure 5H).

Expression Analysis Confirms Increased Macrophage
Colonization of the Colon and Brain by DSS-Induced
Colon Injury

To complement our imaging analyses, transcriptional an-
alyses by quantitative RT-PCR were performed to
examine the expression levels of several key macrophage
markers including CX3CR1, CD64, and CCR2 in steady-
state (control) and DSS-inflamed colon and the brain. The
colon tissue was used because DSS had mild to no effect
on the small intestine. Consistent with the DSS-induced
increased colon colonization by CX3CR1-EGFPþ cells
during the 4 weeks after BMT observed by tissue imaging
(Figure 4), significant increases in the expression of
CX3CR1 and CD64 (both markers of infiltrating and
resident macrophages) as well as CCR2 (which more
selectively marks monocyte-derived infiltrating cells) were
observed both at the acute inflammatory (week 2) and the
resolution (week 4) phases (Figure 6A). This was true for
brain expression analyses, in which transcript levels of
CX3CR1 and CCR2 were increased up to 80-fold by DSS
treatment (Figure 6B). Iba1 has been used previously to
mark brain-infiltrating macrophages, whereas TMEM119
is a selective marker for brain resident microglia cells.24

Expression analyses of these markers showed significant
increases in the acute phase after DSS (week 2), but the
The American Journal of Pathology - ajp.amjpathol.org
expression of both proteins was reduced substantially
during the resolution phase (week 4) (Figure 6C), indi-
cating potential polarization of infiltrating cells toward the
resident phenotype. These data confirm that injury to the
colon drives cellular changes and immune cell coloniza-
tion of the brain.

DSS-Induced Inflammation in the Colon Increases
Macrophage Chemotactic Ligands in the Brain

Finally, to more mechanistically address the impact of DSS
treatment on CX3CR1-EGFPþ cell colonization of the colon
and the brain, expression levels of relevant receptor ligands/
chemokines were examined within tissues in acute and
resolution phases (weeks 2 and 4, respectively). Consistent
with the DSS treatmenteinduced epithelial erosion/
decreased crypt density and increased immune infiltrate
(representative histology images) (Figure 7A), expression of
several key inflammatory cytokines was found to be
increased significantly in the acute phase in the colon (week
2) (Figure 7B). Cytokine levels were decreased significantly
in the resolution phase (week 4). Importantly, increased
levels of CX3CR1 ligand and CCL2 were observed both at
weeks 2 and 4 (Figure 7C), consistent with the CX3CR1-
EGFPþ cell colonization of the colon mucosa.

In the brain, where peripheral CX3CR1-EGFPþ cell
infiltration is delayed substantially as compared with that in
the colon, and the number of colonizing cells continually
increased over the 4 weeks after BMT, increases in tissue
CX3CR1 ligand and CCL2 were more pronounced at week
4 after BMT (Figure 7E). Interestingly, although chemokine
levels were increased in brain tissue and peripheral
CX3CR1-EGFPþ cell infiltration was increased after DSS
treatment, no histologic features of brain inflammation,
including tissue fibrosis, hypoxia, or lymphocytic infiltrate,
were observed (representative histology images)
(Figure 7D). Similarly, although a significant induction in
TNFa levels indicating potential priming was detected in
the brain, no significant changes in other inflammatory
markers were observed (Figure 7F).
Discussion

Given the high turnover of immune cells in the gut, it is
imperative to better understand their repopulation dynamics
and patterns in healthy and diseased tissue. Furthermore,
given recent evidence of gut inflammation impacting the
function and immune responses in the brain, exploring
molecular and mechanistic links in this process is essential.
Thus, in the current work, BM transfer of fluorescent re-
porter immune cells and advanced tissue imaging was used
to temporally and spatially characterize repopulation and
morphologic patterns during steady state and in inflamed gut
and brain. Significant differences in the way both the small
intestines and colon are repopulated by innate immune cells
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Figure 6 Expression analyses confirm increased macrophage colonization of the colon and the brain by dextran sodium sulfate (DSS)-induced colon injury. Tran-
scription analyses by quantitative RT-PCR for common macrophage markers were performed in steady-state (control) and DSS-inflamed colon and the brain. A and B:
Quantitative analyses of CX3C chemokine receptor 1 (CX3CR1), CD64, and C-C chemokine receptor type 2 (CCR2) in the colon (A) and the brain (B) showed significant
increases in transcript levels after DSS treatment, consistent with an increased number of engrafting CX3CR1-enhanced green fluorescence protein positive (EGFP)þ cells
in both colon andbrain tissue.C: Transcription analyses ofmore selective brainmacrophageandmicrogliamarkers ionized calciumbinding adaptormolecule 1 (Iba1) and
transmembrane protein 119 (TMEM119) showed similar increases after DSS treatment in the acute (week 2) but not resolution (week 4) phase. *P< 0.05, **P< 0.01, and
***P< 0.001. BMT, bone marrow transplantation; Wk, week.
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were identified and a significant impact of gut inflammation
on brain immunity was confirmed.

Without apparent inflammation, the small intestine was
repopulated by circulating immune cells at a significantly
increased rate compared with the colon. Epithelial protein
turnover is significantly slower in the colon than in the small
intestine.25 This indicates a slower rate of tissue turnover in
the colon, which is consistent with the current observations
in immune cells. Epithelial turnover is impacted by the host
microbiome, which is perhaps not surprising because the
small intestine and the colon have distinct microbial habi-
tats. Indeed, turnover of intestinal and colonic macrophages
is influenced significantly by the local microbiota, and
artificial depletion of resident microbiota or exposure to
antibiotics impairs the turnover of these macrophages.9

Furthermore, despite the increased length of the small in-
testine, the transit time in the small intestine compared with
the colon is an order of magnitude shorter than that of the
colon,26 undoubtedly contributing to the more rapid cellular
turnover. The mucus layer is another factor that may
contribute to both epithelial and especially immune cell
turnover in the gut. Although the small intestine harbors a
single, tightly attached mucus layer, mucus on the colon is
organized into two distinct layers, with the inner mucus
layer being practically sterile (assessed by fluorescence in
situ hybridization27). As such, exposure of the lamina
propriaeresiding immune cells to commensal or opportu-
nistic microbes is increased significantly in the small in-
testine as compared with the colon, likely driving increased
turnover rates. Consistently, DSS-induced experimental
colitis, which leads to epithelial injury and increases cell
turnover, significantly boosted immune repopulation in the
colon without impacting the small intestine.

Interestingly, the small intestinal/colon mucosa was
populated more densely by CX3CR1 cells than the mus-
cularis layer, indicating preferential spatial occupancy of
mononuclear resident cells in the gut. This is consistent with
observations from single-cell RNA sequencing of immune
304
cells in various intestinal compartments, suggesting that
resident macrophages throughout the gut are functionally
distinct and perform niche-specific roles based on
localization.4

Macrophage cell shape can reflect resident versus in-
flammatory polarization states as has been shown previously
in vitro.28 Changes in CX3CR1-EGFPþ cell morphology
were evaluated because these cells entered steady-state or
inflamed tissues. As expected, most CX3CR1-EGFPþ cells
in tissues progressed from ameboid to ramified cell
morphology in both the gut and the brain. Surprisingly, their
morphologic polarization was largely not impacted by DSS
treatment. The exception was the acute inflammatory state
in the colon (week two after DSS), in which CX3CR1-
EGFPþ cells were significantly more elongated, poten-
tially indicating spreading and dendrite extension. This is
consistent with the barrier breach resulting from DSS-
induced colon injury. Although it appears that in vivo
morphologic polarization of CX3CR1-EGFPþ macrophages
is independent of inflammatory cues, whether cell shape
represents the polarization state remains to be determined.
Unlike the gut, the brain is largely populated by yolk

sacederived macrophages during embryogenesis, which
specialize to serve its unique immune surveillance needs.29

This includes specialized patrolling microglia within the
brain and perivascular spaces that provide structural and
functional support for healthy and diseased brain tissue.
After whole-body irradiation, the brain was infiltrated by
peripheral CX3CR1-EGFPþ cells and that more than
approximately 50% of CX3CR1-EGFPþ cells entering the
brain localized to blood vessels (consistent with the critical
role PVMs play in maintenance of the blood-brain barrier).
The repopulation of the brain was enhanced significantly by
DSS-induced inflammation and injury to the colon. The
partial loss of resident microglia resulting from irradiation
likely contributed to CX3CR1-EGFPþ cell entry into the
brain, whereas tight junction disruption and the presence of
inflammatory cytokines after DSS treatment, as has been
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Dextran sodium sulfate (DSS)-induced inflammation in the colon increases macrophage chemotactic ligands in the brain. A: Representative
histology images of healthy and DSS-treated colon (treatment was for 1 week) in the acute and resolution phases (weeks 2 and 4 after BMT, respectively). B
and C: Transcription analyses for inflammatory cytokine panel (B) and major macrophage chemokines (C) were performed in steady-state (control) and DSS-
treated colon. D: Representative brain cortex histology images with/without DSS treatment. Dotted lines define higher-magnification zoom-in images. E and
F: Transcription analyses for major macrophage chemokines (E) and inflammatory cytokines (F) in brain tissue at weeks 2 and 4 after BMT and DSS treatment.
As expected, increases in chemokine and cytokine expression were found in the colon, confirming DSS-induced inflammation. Chemokine expression was
increased similarly over time in the brain, however, only increases in TNFa were detected. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars Z 100 mm.
CCL2, C-C chemokine receptor type 2; IFN, interferon; IL, interleukin.
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shown previously, likely induced further increases in
CX3CR1-EGFPþ cell colonization of the brain paren-
chyma.30,31 Although in agreement with previous work,30

increased levels of TNFa were observed in the brain, but
gross morphologic inflammatory features were not detected
in brains of DSS-treated mice (Figure 7D). Lower rates of
CX3CR1-EGFPþ cell repopulation were observed within
the brain compared with the gut with and without DSS
treatment. This is possibly a result of the immune privilege
of the brain, relative resistance of resident microglia to
irradiation, and their increased longevity compared with the
resident immune cells of the gut.31e33

Expression analyses showed increased levels of
TMEM119 during the acute inflammatory phase, high-
lighting activation of innate immunity of the central ner-
vous system after an induction of colonic inflammation.
TMEM119 is a cell-specific marker of embryologic resi-
dent central nervous system microglia,34 which serve an
essential function of translating peripheral immune signals
to the brain to alter function.35 In response to inflammatory
stimuli, resident microglia become activated, featuring
increased expression of TMEM119 and a morphologic
shift from a ramified (resting state) to an ameboid (acti-
vated state) shape. Although morphologic differences in
brain-infiltrating CX3CR1-EGFPþ cells were not detected,
increased TNFa and cortical CCL2 levels were observed in
response to DSS-induced colitis. This indicates that
signaling from the colon during colitis may prime resident
macrophage-like cells in remote organs, such as the brain,
for potential pathogenic insult. The absence of any sig-
nificant lymphocytic infiltrate and other histologic features
of inflammation in the brain parenchyma supports the idea
of immune priming by colon injury, but not an induction of
full-scale neuroinflammation. Previous work has shown
that the primary neurologic insult in conjunction with the
systemic inflammatory insult (such as in the case of sepsis
or even colitis) can worsen neurologic outcomes. For
example, mouse models of traumatic brain injury and
cortical microinfarcts show exacerbation of neurologic
injury in the setting of acute colitis.36,37 The underlying
mechanisms for this exacerbated injury to the brain are not
yet well defined but are likely to involve the compromise
of blood-brain barrier integrity. Although the cerebral
vasculature is responsible for the regulated trafficking of
proteins and cells within the brain parenchyma, PVMs
localize to these vessels and play important roles in
maintaining vascular function in the brain. As such, future
studies that aim to evaluate specific endothelial-derived
chemokines that mediate PVM recruitment and how
PVMs regulate barrier integrity will be critical to better
understand the mechanisms of neurologic injury secondary
to systemic immune responses. In summary, the current
findings identify novel patterns of innate immune cell
colonization of the gut and the brain and confirm the link
between inflammation in the gut and immune responses in
the brain. An impact of gut inflammation on neurologic
306
outcomes in health and disease have dramatic clinical
implications. Further research into the mechanisms of gut
inflammation priming immune capabilities in the brain is
needed to understand this translationally relevant
pathophysiology.
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