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To the Editor:

We thank Kronenberg et al. (1) for their insightful comments on
our article, “The Influence of Microglial Elimination and Repo-
pulation on Stress Sensitization Induced by Repeated Social
Defeat,” recently published in Biological Psychiatry (2). We are
happy to address some of the comments and clarify a few of
our conclusions.

First, the transcriptomic analysis of microglia 24 days after
repeated social defeat (RSD) [Figure 1 in (2)] has been sub-
mitted to the Gene Expression Omnibus data repository and
will soon be publicly available. We agree that sharing these
data with other investigators is important and valuable to the
field.

Second, we would like to address the comments regarding
monocyte engraftment in the brain after exposure to RSD. To
clarify, we do not believe, nor do we claim in the current study,
that the inflammatory monocytes engraft in the brain after
RSD. We concur that our initial study using green fluorescent
protein (GFP*) bone marrow chimera mice revealed increased
GFP*/Iba-1" myeloid cells in the brain parenchyma after 6
cycles of repeated social defeat (3). It is important to highlight,
however, that these studies were completed using chemo-
ablation with a busulfan regimen and the re-establishment of
bone marrow with GFP™ donor stem cells. Based on our more
recent studies (4-6), this chimeric model likely overrepresented
the number of parenchymal monocytes in the brain with RSD.
Nonetheless, RSD increases expression of cell adhesion
molecules in the vascular endothelium in stress-responsive
brain regions (4,5). Monocytes are recruited to the brain and
adhere to endothelial cells. These adherent monocytes persist
in the brain despite vascular perfusion at time of sacrifice. In
fact, our subsequent studies indicate a complex relationship
between microglia, monocytes, and brain endothelial cells. For
example, in both the current study and in McKim et al. (5), we
showed that microglia recruit inflammatory monocytes to the
brain vasculature after RSD. McKim et al. (5) also showed that
these inflammatory monocytes delivered interleukin-1f (IL-1p)
to the IL-1 receptor type 1 on brain endothelial cells in a region-
dependent manner. This activation of IL-1 receptor type 1
signaling in threat appraisal regions was essential for the
augmentation of inflammation and anxiety-like behavior (5). In
summary, engraftment of monocytes in the brain after RSD is
limited, whereas vascular (or perivascular) recruitment of in-
flammatory monocytes by microglia after RSD is critical.

Related to the above comments, even in the GFP™* chimeric
mice, there was no evidence that monocyte-derived macro-
phages engrafted and persisted 24 days after RSD (7). This
was also the case in wild-type mice: increased CD45%
monocytes within the brain vasculature after RSD were no
longer present 24 days later. In general, we have detected
monocytes by flow cytometry and histology only for 8 to 10
days after RSD. There is also no engraftment of monocytes in
the brain following one cycle of acute defeat in the stress-
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sensitized mice (24 days after initial RSD exposure). Again,
monocyte recruitment to the brain vasculature is relevant, but
these cells do not engraft in the brain. The 14-hour time point
after acute stress (i.e., one cycle of RSD) in stress-sensitized
mice represents the time at which inflammatory monocytes
are being recruited to the brain vasculature and augmenting
IL-1 signaling (7). We interpret these data to indicate that
adherent and recruited monocytes augment neuro-
inflammatory signaling that reinforces the recurrence of anxiety
in RSD-sensitized mice.

Third, we would like to address the comments on microglia
repopulation in the brain after the cessation of PLX5622 in
the CX3CR1°™ER*/R26!ITOM* (tdTomato1) mice. Based on
our data [Figure 3 in (2)], we conclude that the repopulating
microglia are from the 3% to 5% of the resident microglia
that remained after colony-stimulating factor 1 receptor
antagonist-mediated elimination. We understand that bone
marrow—derived myeloid cells can repopulate the brain in
certain contexts (8,9). Addressing this issue was not the
primary objective of our current study. Rather, our objective
was to elucidate how microglia repopulated following colony-
stimulating factor 1 receptor antagonist-mediated depletion
to better understand RSD-induced stress sensitization and
microglial priming. Kronenberg et al. (1) also correctly point
out that we observed 46% of CD11b*/CD45" cells isolated
from tamoxifen-injected mice after microglial elimination and
repopulation lacked yellow fluorescent protein (YFP). We
agree that other leukocytes are present in the brain and are
involved in immune surveillance. The cells in question in the
bivariate dot plots are CXsCR1"°9/CD11b"/CD45". Based on
these data, these cells are likely neutrophils [reviewed in (10)].
These cells, however, do not become microglia. For instance,
all microglia after elimination and repopulation in the
CXgCR1°ER*/R2g!ITOM™  mice were YFP*/tdTom*. We
agree that the leakiness of the Cre recombinase is concern-
ing. Nonetheless, if this confounded our experiments, we
would expect to see a 50/50 mix of YFP*/TdTom™ microglia
and YFP*/TdTom"™? microglia after Cre induction and elimi-
nation and repopulation. Here, we use tamoxifen-inducible
Cre recombinase induction to drive tdTomato expression as
a fluorescent reporter. We show that 99% of microglia were
both tdTomato* and YFP" weeks after tamoxifen injection
and microglial elimination and repopulation. Thus, whereas
Cre leakiness is a technical concern (noted in the article), it
does not affect the overall conclusion that microglia self-
renew.

Kristina G. Witcher
Wenyuan Yin

John F. Sheridan
Jonathan P. Godbout

Acknowledgments and Disclosures

This work was supported by the National Institutes of Health (Grant Nos.
RO1-MH-093473 and RO01-MH093472 [to JFS] and Grant No. RO1-
AG051902 [to JPG]) and Ohio State University fellowships (to WY and KGW).

The authors report no biomedical financial interests or potential conflicts
of interest.

© 2019 Society of Biological Psychiatry. €69

Biological Psychiatry June 15, 2019; 85:e69-e70 www.sobp.org/journal


https://doi.org/10.1016/j.biopsych.2019.01.026
http://www.sobp.org/journal

Biological
Psychiatry:
Celebrating
50 Years

Article Information

From the Department of Neuroscience (KGW, WY, JFS, JPG), Institute for
Behavioral Medicine Research (JFS, JPG), The Ohio State University Wexner
Medical Center; and Division of Biosciences (WY, JFS, JPG), The Ohio State
University College of Dentistry, Columbus, Ohio.

Address correspondence to Jonathan P. Godbout, Ph.D., 231 IBMR
Building, 460 Medical Center Drive, Columbus, OH 43210; E-mail: Jonathan.
Godbout@osumc.edu.

See also associated
biopsych.2018.11.027.

Received Jan 29, 2019; accepted Jan 30, 2019.

correspondence:  https://doi.org/10.1016/].

References

1. Kronenberg G, Uhlemann R, Endres M, Gertz K (2019): Microglia,
monocytes, and the recurrence of anxiety in stress-sensitized mice.
Biol Psychiatry 85:e67-e68.

2. Weber MD, McKim DB, Niraula A, Witcher KG, Yin W, Sobol CG, et al.
(2019): The influence of microglial elimination and repopulation on
stress sensitization induced by repeated social defeat. Biol Psychiatry
85:667-678.

3. Wohleb ES, Powell ND, Godbout JP, Sheridan JF (2013): Stress-
induced recruitment of bone marrow-derived monocytes to the brain
promotes anxiety-like behavior. J Neurosci 33:13820-13833.

4. Sawicki CM, McKim DB, Wohleb ES, Jarrett BL, Reader BF,
Norden DM, et al. (2015): Social defeat promotes a reactive endo-

e70

10.

Correspondence

thelium in a brain region-dependent manner with increased expression
of key adhesion molecules, selectins and chemokines associated with
the recruitment of myeloid cells to the brain. Neuroscience 302:151—
164.

McKim DB, Weber MD, Niraula A, Sawicki CM, Liu X, Jarrett BL, et al.
(2018): Microglial recruitment of IL-1beta-producing monocytes to
brain endothelium causes stress-induced anxiety. Mol Psychiatry
23:1421-1431.

Niraula A, Witcher KG, Sheridan JF, Godbout JP (2019): Interleukin-
6 induced by social stress promotes a unique transcriptional
signature in the monocytes that facilitate anxiety. Biol Psychiatry
85:679-689.

Wohleb ES, McKim DB, Shea DT, Powell ND, Tarr AJ, Sheridan JF,
et al. (2014): Re-establishment of anxiety in stress-sensitized mice is
caused by monocyte trafficking from the spleen to the brain. Biol
Psychiatry 75:970-981.

Lund H, Pieber M, Parsa R, Han J, Grommisch D, Ewing E, et al.
(2018): Competitive repopulation of an empty microglial niche yields
functionally distinct subsets of microglia-like cells. Nat Commun
9:4845.

Bruttger J, Karram K, Wortge S, Regen T, Marini F, Hoppmann N, et al.
(2015): Genetic cell ablation reveals clusters of local self-renewing
microglia in the mammalian central nervous system. Immunity
43:92-106.

Ley K, Hoffman HM, Kubes P, Cassatella MA, Zychlinsky A,
Hedrick CC, Catz SD (2018): Neutrophils: New insights and open
questions. Sci Immunol Dec 7;3(30).

Biological Psychiatry June 15, 2019; 85:e69-e70 www.sobp.org/journal


mailto:Jonathan.Godbout@osumc.edu
mailto:Jonathan.Godbout@osumc.edu
https://doi.org/10.1016/j.biopsych.2018.11.027
https://doi.org/10.1016/j.biopsych.2018.11.027
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref1
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref1
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref1
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref2
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref2
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref2
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref2
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref3
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref3
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref3
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref4
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref4
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref4
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref4
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref4
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref4
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref5
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref5
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref5
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref5
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref6
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref6
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref6
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref6
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref7
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref7
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref7
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref7
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref8
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref8
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref8
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref8
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref9
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref9
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref9
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref9
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref10
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref10
http://refhub.elsevier.com/S0006-3223(19)30072-1/sref10
http://www.sobp.org/journal

	Reply to: Microglia, Monocytes, and the Recurrence of Anxiety in Stress-Sensitized Mice
	References


