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SUMMARY

Aberrant microglia activity is associated with many
neurological and psychiatric disorders, yet our
knowledge about the pathological mechanisms is
incomplete. Here, we describe a genetically defined
microglia sublineage in mice which has the ability to
suppress obsessive compulsion and anxiety symp-
toms. These microglia derive from precursors ex-
pressing the transcription factor Hoxb8. Selective
ablation of Hoxb8-lineage microglia or the Hoxb8
gene revealed that dysfunction in this cell type causes
severe over-grooming and anxiety-like behavior
and stress responses. Moreover, we show that the
severity of the pathology is set by female sex hor-
mones. Together, our findings reveal that differentmi-
croglia lineages have distinct functions. In addition,
our data suggest a mechanistic link between biolog-
ical sex and genetics, twomajor risk factors for devel-
oping anxiety and related disorders in humans.

INTRODUCTION

Microglia are the immune cells of the brain. A main function of

microglia is to survey the local microenvironment and respond

to injury by the release of pro-inflammatory molecules and

phagocytic clearance of apoptotic cells (for review, see Lucin

and Wyss-Coray, 2009). Microglia secretion and phagocytosis

also control neuron and synapse density and synaptic plasticity

in the healthy brain (Li and Barres, 2018; Schafer et al., 2012).

Conversely, aberrant microglia activity can be pathogenic and

is associated with symptoms in neurological disorders, including

Alzheimer’s and Parkinson’s disease (Tejera and Heneka, 2016;

Joe et al., 2018), and may cause depression or anxiety disorders

under chronic stress (Stein et al., 2017; Ramirez et al., 2017; Li

et al., 2014; Wang et al., 2018; McKim et al., 2018).

Microglia have been thought of as a homogeneous cell popu-

lation with a common origin (Ginhoux and Guilliams, 2016).

Single-cell RNA sequencing of microglia has revealed different

cell signatures, but this has been interpreted to reflect distinct

physiological states rather than different microglia subtypes
Cell
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(Hammond et al., 2019; for review, see Li and Barres, 2018; Brio-

schi et al., 2019). However, we recently demonstrated that there

are at least two different lineages of microglia, whichmay be pro-

grammed outside the brain for independent functions (De et al.,

2018). Specifically, we found that a subset of microglia precur-

sors express the transcription factor Hoxb8 during embryogen-

esis and undergo non-canonical and protracted expansion in

the aorta-gonad-mesonephros (AGM) and fetal liver. Hoxb8-

lineagemicroglia contribute approximately one-third of all micro-

glia in the adult mouse brain (De et al., 2018). Interestingly,

Hoxb8 loss of function causes over-grooming (Chen et al.,

2010), yet the exact cell type causing this pathology remains

to be determined. Here, we report surprising aspects of the

Hoxb8 knockout (KO) pathology with high translational relevance

and demonstrate that it is produced by loss of Hoxb8-lineage

microglia function.
RESULTS

Hoxb8 Deletion Causes Sex-Linked Over-Grooming and
Anxiety-like Behavior
Dysfunction of the homeobox transcription factor Hoxb8 in mice

has previously been reported to cause severe coat loss due to

over-grooming (Chen et al., 2010). Interestingly, close inspection

of a large number of Hoxb8 KO mice revealed that females

consistently show more extreme coat loss and spend more

time grooming than males (Figures 1A–1C). Motivated by these

sex differences in Hoxb8 KO mice, we further explored the pa-

thology in females versus males. Over-grooming in mice shares

characteristics with symptoms of obsessive compulsive disor-

der (OCD) in humans and is frequently used to model symptoms

of this condition (Korff and Harvey, 2006; Chen et al., 2010). OCD

is closely related to anxiety disorders, both are frequently comor-

bid (American Psychiatric Association, 2013), and OCD is often

treated with anxiolytics (Bandelow, 2008). Given this tight rela-

tionship between OCD and anxiety in humans, we wondered

whether Hoxb8 KO mice show anxiety-like behavior and if it is

sex-linked, too. We first measured anxiety-like behavior in an

elevated plus maze. During the test, mice can choose between

platform arms that are either open or enclosed by walls. Active

avoidance of the open arms is interpreted as a sign of increased

anxiety (Walf and Frye, 2007). We found that Hoxb8 KO females
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:dimitri.trankner@gmail.com
mailto:capecchi@genetics.utah.edu
https://doi.org/10.1016/j.celrep.2019.09.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2019.09.045&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Hoxb8 Knockout Mice Display

Sex-Linked Over-Grooming and Anxiety-

like Behavior

(A) Heatmaps illustrating coat loss penetrance in

adult (R3 month) Hoxb8 knockout (KO) females

and males, wild-type (WT) controls do not show

coat loss.

(B) Direct comparisons of coat loss in females (WT:

n = 11, Hoxb8 KO: n = 29; p < 0.0001) and males

(WT: n = 16, Hoxb8 KO: n = 13; p < 0.0001). Two-

way ANOVA and post hoc tests show significant

effects of genotype (p < 0.0001) and sex (p =

0.003).

(C) Direct comparisons of grooming in females

(WT: n = 11, Hoxb8 KO: n = 8; p < 0.0001) and

males (WT: n = 9, Hoxb8 KO: n = 10; p = 0.008).

Two-way ANOVA and post hoc tests show

significant effects of genotype (p < 0.0001) and sex

(p = 0.001).

(D) Percent time spent on the closed arms of an

elevated plus maze show a marked difference

between WT and Hoxb8 KO females (WT: n = 11,

Hoxb8 KO: n = 11; p < 0.0001) but not males (WT:

n = 6,Hoxb8 KO: n = 7; p = 0.18). Two-way ANOVA

and post hoc tests show significant effects of ge-

notype (p = 0.0005) and sex (p < 0.0001).

(E) Similarly, cortisol levels are different between

WT andHoxb8KO females (WT: n = 13,Hoxb8 KO:

n = 9; p = 0.007) but not males (WT: n = 7, Hoxb8

KO: n = 7; p = 0.21). Two-way ANOVA and post

hoc tests show significant effects of genotype

(p = 0.025) and sex (p = 0.001).

(F) Pupil fight-or-flight responses are also different

between WT and Hoxb8 KO females (WT: n = 8,

Hoxb8KO: n = 8; p = 0.03) but notmales (WT: n = 6,Hoxb8KO: n = 8; p = 0.95). Two-way ANOVA and post hoc tests show significant effects of genotype (p = 0.04)

and sex (p = 0.002).

Bar graphs show mean and SEM; gray circles are individual data points. Direct comparison: Mann-Whiney test; asterisks indicate significant differences; n.s.

indicates non-significant differences. Post hoc test: Tukey-Kramer.

See also Figure S1 and Table S1.
consistently avoid the open arms and, consequently, spend

more time on the closed arms than controls (Figure 1D) (Nagar-

ajan et al., 2018). Intriguingly, we did not observe anxiety-like

place avoidance in Hoxb8 KO males. In conclusion, Hoxb8 KO

females, but not males, show anxiety-like behavior in addition

to over-grooming.

Hoxb8Dysfunction ProducesMarked Stress-Responses
in Females
We further investigated the anxiety-like state in Hoxb8 KO mice.

Physiological stress responses are regulated by the hypothala-

mus, a brain region also recognized for its role in anxiety (Jime-

nez et al., 2018; Patriquin and Mathew, 2017). We hypothesized

that physiological stress responses controlled by the hypothala-

mus, including release of cortisol (Pineda and Dooley, 2003) and

fight-or-flight reflexes (Gellhorn, 1957), would be altered in mice

in an anxiety-like state. We first confirmed this hypothesis with

wild-type mice after treatment with the anxiogenic peptide uro-

cortin II (Anthony et al., 2014; Henry et al., 2006). Cortisol levels

and pupil fight-or-flight responses are significantly higher in uro-

cortin II-treated than vehicle-treated mice of both sexes (Fig-

ure S1). We then tested Hoxb8 KO mice, and found that females

show increased cortisol levels and pupil fight-or-flight responses
792 Cell Reports 29, 791–799, October 22, 2019
compared to controls, similar to urocortin-treated mice (Figures

1E and 1F). Hoxb8 KO males, however, lack altered stress-

responses. This finding further distinguishes the Hoxb8 KO pa-

thology in females versus males and establishes that anxiety

symptoms are also sex-linked in this mouse model.

A Key Role of Female Sex Hormones in the Hoxb8 KO
Pathology
Hoxb8 KO mice start showing coat loss at roughly 3 weeks of

age and it becomes more severe in females at 6–8 weeks of

age, which coincides with the onset of sexual maturity (Fig-

ure 2A). This suggests a role of sex hormones in the over-groom-

ing pathology. We tested if female sex hormones exacerbate

over-grooming by interfering with the synthesis of relevant ste-

roids using two approaches. First, we treatedHoxb8 KO females

pharmacologically with trilostane. Trilostane blocks 3b-hydrox-

ysteroid dehydrogenase, a key enzyme essential for the

synthesis of most steroid hormones, including progesterone

and 17b-estradiol (Potts et al., 1978). Second, we lowered fe-

male sex hormones, including progesterone and 17b-estradiol

levels, by removing ovaries (Figures 2B and 2C). Daily pharma-

cological treatments were started and ovariectomies performed

on 4-week-old mice, tests were performed 2 months later. Both



Figure 2. Female Sex Hormones Set the Severity of the Hoxb8 KO Pathology

(A) Differences in coat loss severity betweenHoxb8KOmales and females become apparent at the beginning of sexual maturity (�6weeks). Shown are averages

measured weekly for at least four mice per age, sex, and genotype.

(B and C) Trilostane treatment (B) or ovariectomy (ovx) (C) lower urine progesterone and 17b-estradiol to levels closer to those found in males (progesterone:

n = 13, 17b-estradiol: n = 8). Progesterone levels in ovx (n = 11) or trilostane-treated (n = 7)Hoxb8KO females are different from those in shamovx (n = 6) or DMSO-

treated (n = 10) Hoxb8 KO females, respectively (p % 0.0002). Similarly, 17b-estradiol levels in ovx (n = 8) or trilostane-treated (n = 7) Hoxb8 KO females are

different from those in sham ovx (n = 6) or DMSO-treated (n = 8) Hoxb8 KO females (p % 0.0007).

(D) Heatmaps illustrating coat loss penetrance in 3-month-old DMSO-treated (n = 15), sham ovx (n = 6), trilostane-treated (n = 6), or ovx (n = 10) Hoxb8 KO

females. Daily treatments started/surgeries were performed 2 months before coat loss measurements.

(E) Coat loss of ovx or trilostane-treated Hoxb8 KO females is significantly less than in the respective controls (p % 0.014).

(F) Less severe coat loss is reflected in reduced average grooming time of ovx (n = 10) or trilostane-treated (n = 6)Hoxb8KO females compared to shamovx (n = 6;

p = 0.005) or DMSO-treated (n = 8; p = 0.09) controls, respectively.

(G–I) Ovx and trilostane treatment diminish anxiety-like place avoidance in the elevated plus maze (G), as well as the cortisol (H) and pupil fight-or-flight (I) stress

responses, compared to the respective controls (n R 6 mice each; p % 0.0025).

(J) Percent coat loss of 8-week-old Hoxb8 KO males after 4 weeks of daily injections with vehicle DMSO (n = 12), progesterone (n = 13), 17b-estradiol (n = 6), or

both combined (n = 6). The combination of progesterone and 17b-estradiol produces a significant increase in coat loss compared to vehicle alone (p = 0.0002).

(legend continued on next page)
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trilostane treatment and ovariectomy limit coat loss to levels

similar to those observed in age-matched Hoxb8 KO males

(Figures 2D and 2E). Consistent with reduced coat loss, trilos-

tane-treated and ovariectomized females also spend less time

grooming (Figure 2F). Most intriguingly, both treatments atten-

uate anxiety-like behavior (Figure 2G) and abnormal stress re-

sponses (Figure 2H, I). These effects are specific to the Hoxb8

KO pathology as we did not observe changes in place prefer-

ence or stress responses in ovariectomized wild-type mice (Fig-

ure S2). Finally, we directly tested if female sex hormones are

sufficient to induce the severe, female Hoxb8 KO pathology by

injecting Hoxb8 KO males with progesterone, 17b-estradiol, or

both combined for 4 weeks. We then analyzed the mice for

over-grooming using the coat-loss assay, anxiety-like behavior

using the place-avoidance assay, and anxiety-like stress re-

sponses using the pupil dilation test. Although the pupil stress

response did not increase to statistically significant levels after

hormone treatment, the combination of progesterone and

17b-estradiol significantly worsens coat loss and produces anx-

iety-like place avoidance compared to vehicle alone (Figures 2J–

2M). These effects are absent in wild-type males (Figure S2),

substantiating a mechanistic link between Hoxb8 dysfunction

and female sex hormones in producing theHoxb8KOpathology.

Testing the Role of Microglia in the Hoxb8 KO Pathology
The only cells derived from Hoxb8-expressing precursors in the

brain and OCD-associated circuits belong to a subset of micro-

glia. Moreover, experiments with cell-type-restricted Hoxb8

ablation pointed to Tie2-lineage myeloid cells, including micro-

glia, to be responsible for the pathology (Chen et al., 2010). It

has, therefore, been hypothesized that Hoxb8-lineage microglia

mediate the Hoxb8 KO phenotype. We directly tested this

hypothesis by selectively ablating Hoxb8-lineage microglia,

hereafter abbreviated ‘‘b8l microglia,’’ in both Hoxb8 KO and

wild-type background. If the disease phenotype in Hoxb8 KO

mutants is mediated by gain of function in b8l microglia, then

ablating this cell type should rescue the pathology. Similarly, if

the pathology is due to a loss of function in b8l microglia, then

ablating this cell type should mimic the Hoxb8 KO phenotype.

To selectively ablate b8l microglia, we disrupted the gene en-

coding the colony stimulating factor 1 receptor (Csf1r) exclu-

sively in Hoxb8-expressing cells and their progeny. Signaling

via Csf1r is essential for survival of all differentiated microglia

and interference with Csf1r function is a widely used tool to

ablate microglia (Li et al., 2006; Erblich et al., 2011; Elmore

et al., 2014; Han et al., 2017; Nakayama et al., 2018; Krukowski

et al., 2018). To achieve the cell ablation in wild-typeHoxb8mice,

we generated transgenicmice that express Cre recombinase un-

der the control of the Hoxb8 promotor (Hoxb8IRES-Cre) (Chen

et al., 2010), a Cre-dependent conditional KO allele of Csf1r

(Csf1rflox) (Li et al., 2006), and the Cre-dependent reporter
(K) Heatmaps illustrating coat-loss penetrance in DMSO (left) versus proges

17b-estradiol treatment does not produce coat loss in WT males (right).

(L and M) Elevated plus maze place avoidance (L) and pupil fight-or-flight stress r

alone (n R 5 mice each). Gray lines mark averaged results for untreated Hoxb8 K

Bar graphs show mean and SEM; gray circles are individual data points. Direct c

See also Figure S2 and Table S1.
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tdTomato (Rosa26lsl-tdTomato) (Madisen et al., 2010) (Figure 3A).

To achieve the cell ablation in Hoxb8 KO mice, we generated

Hoxb8mut-IRES-Cre with a disabled DNA binding domain. Mice

homozygous for Csf1rflox lose Csf1r function in Hoxb8-express-

ing cells and should lack mature b8l microglia (Csf1r�); mice with

the same allele composite but one intactCsf1r allele preserve re-

ceptor function and serve as controls (Csf1r+) (Figure 3B).

To test the efficiency of the ablation strategy, we counted

tdTomato-expressing cells in brain tissue. In agreement with

previous studies of mice that combine Hoxb8IRES-Cre with

Rosa26lsl-tdTomato, the only tdTomato-labeled cells in brain pa-

renchyma are b8l microglia (Chen et al., 2010; De et al., 2018).

Compared to controls, Csf1r� mice lose almost 90% of

tdTomato labeled cells in both Hoxb8 wild-type and KO back-

ground and independent of sex (Figures 3C and 3D). Interest-

ingly, the total density of microglia in mice depleted of b8l

microglia is similar to that of controls, suggesting that non-b8l

microglia replace the missing b8l microglia population (Figures

3E and 3F). In contrast to systemic interference with Csf1r

signaling (Dai et al., 2002; Erblich et al., 2011), loss of Csf1r func-

tion only in Hoxb8 cells did not produce gross anatomical or

developmental abnormalities in mice, including the brain, nor

did it affect non-parenchymal Hoxb8-lineage cells in the brain

or blood-born monocytes (Figure 3S).

Loss of b8l Microglia Function Is Sufficient to Produce
the Hoxb8 KO Pathology
If the Hoxb8 KO disease phenotype is mediated by a gain of

function in b8l microglia, then ablating this cell type should

rescue the pathology. To test this possibility, we examined

Hoxb8 KO mice in which we ablated b8l microglia and found a

coat-loss pattern, grooming time, elevated plusmaze place pref-

erence, cortisol levels, and pupil fight-or-flight reflexes typical for

Hoxb8 KO mutants (Figure S4). Thus, depleting b8l microglia

does not rescue theHoxb8KOphenotype. The lack of rescue ar-

gues against a damaging gain of function in b8l microglia cells as

the primary cause of the Hoxb8 KO pathology. This still leaves

the possibility that a loss of function in b8l microglia causes

over-grooming and anxiety-like behavior. In fact, ablating b8l

microglia in theHoxb8wild-type background produces a pathol-

ogy that closely phenocopies Hoxb8 KO mutants. Readily

apparent in these mice are coat loss on chest, forelimbs, and

abdomen (Figures 4A–4C). Moreover, grooming time in Hoxb8

wild-type mice without b8l microglia is more than twice that of

controls (Figure 4D), again matching the Hoxb8 KO phenotype.

Similar to Hoxb8 KO mice, males display more moderate over-

grooming compared to females, apparent in coat-loss pene-

trance, average amount of coat lost, and average grooming

time. Finally, place avoidance typical for mice in an anxiety-like

state, cortisol levels, and pupil fight-or-flight reflexes in females

but not males (Figures 4E–4G) confirm the same sex-linked
terone + 17b-estradiol-treated Hoxb8 KO males (middle). Progesterone +

esponses (M) in Hoxb8 KO males treated with female sex hormones or vehicle

O males.

omparison: Mann-Whiney test; asterisks indicate significant differences.



Figure 3. Selective Ablation of Hoxb8-Line-

age (b8l) Microglia

(A) Schematic of engineered alleles for Cre

expression under the Hoxb8-promotor (top), and

Cre-dependent disruption of the colony-stimu-

lating factor 1 receptor (Csf1r) gene (middle) and

tdTomato expression (bottom).

(B) Schematic of microglia ontogeny in mice with

normal (Csf1r+) and disrupted Csf1r (Csf1r�)
function in Hoxb8 cells.

(C) Confocal images of coronal 100 mm brain sec-

tion at bregma +1.10 mm of a Csf1r+ mouse

showing tdTomato-positive b8l microglia (upper).

These cells are depleted in Csf1r� mice (lower).

(D) B8l microglia counts drop from 312 ± 53 cells/

mm3 in Csf1r+ mice (n = 19; 9 females, 10 males) to

43 ± 10 cells/mm3 inCsf1r� mice (n = 13; 9 females,

4 males; p < 0.0001). The loss of b8l microglia on

Hoxb8 KO background is similar and drops from

339 ± 40 cells/mm3 in Hoxb8 KO Csf1r+ (n = 19; 6

females, 13 males) to 51 ± 10 cells/mm3 in Hoxb8

KO Csf1r� mice (n = 8; 5 females, 3 males;

p < 0.0001). Two-way ANOVA and post hoc tests

show that b8l microglia counts depend on Csf1r

(p < 0.0001), but not on Hoxb8 (p = 0.81) function.

Three-way ANOVA and post hoc tests show no ef-

fect of gender on the ablation efficiency (p = 0.78).

(E) Confocal images showing all microglia (stained

for Iba1) in adjacent 100-mm sections (bregma +

0.14 mm) from a Csf1r+ (upper) and a Csf1r� (lower)

mouse.

(F) Total microglia counts are similar in Csf1r+ and

Csf1r� mice in bothHoxb8WT and KO background

(pR 0.43).Csf1r+: n = 6; 3 females, 3males.Csf1r�:
n = 5; 3 females, 2 males. Hoxb8 KO Csf1r+: n = 4;

2 females, 2 males. Hoxb8 KO Csf1r�: n = 8; 4 fe-

males, 4males.Two-wayANOVAandposthoc tests

show that the total microglia count does not depend

on Csf1r (p = 0.42) or Hoxb8 (p = 0.37) function.

Bar graphsshowmeanandSEM;graycirclesare individualdatapoints. Asterisks indicate statistically significantdifferences; n.s. indicatesnon-significantdifferences

(Mann-Whitney test).

See also Figure S3 and Table S1.
pathology observed in Hoxb8 KOmice. The close match of phe-

notypes strongly argues for a common disease mechanism in

Hoxb8 KO mutants and mice without b8l microglia that is trig-

gered by the loss of function of this cell type.

DISCUSSION

Here, we use the mouse as a model system to demonstrate that

a microglia subset, derived from Hoxb8-expressing precursors,

protects from obsessive compulsion and anxiety symptoms.

Moreover, we show that female sex hormones worsen the pa-

thology caused by dysfunction in this microglia subset.

What Is Unique about Hoxb8-Lineage Microglia?
Our ablation strategy efficiently targeted Hoxb8-lineage micro-

glia and caused a pathology without affecting overall microglia

counts. Thus, non-targeted microglia must have adaptively filled

the Hoxb8-lineage microglia niche but failed to execute Hoxb8-

lineage microglia specific functions. The ability of Hoxb8-lineage

microglia to suppress over-grooming and anxiety-like behavior
in mice suggests a unique molecular machinery in this subtype.

In fact, a number of transcripts are more abundant in Hoxb8-

lineage than in non-Hoxb8-lineage lineage microglia of adults

(De et al., 2018). Differences in gene expression may even be

more dramatic during brain development and before behavioral

defects manifest. If so, the pathology mediated by malfunction-

ing Hoxb8-lineage microglia might also be set long before the

appearance of behavioral symptoms. Such a scenario is likely

for two reasons. First, our data suggest that Hoxb8 is essential

for normal Hoxb8-lineage microglia function, even though

expression of this transcription factor ceases at around E12

(De et al., 2018). Second, pharmacological ablation of microglia

in adult mice, including Hoxb8-lineage microglia, did not result in

the obsessive compulsion or anxiety-like behavior reported here

(Elmore et al., 2014; Acharya et al., 2016; Rice et al., 2015; Par-

khurst et al., 2013). One way to interpret this finding is that

Hoxb8-lineage microglia already completed their protective

function before they were ablated in adult mice. It would be inter-

esting to see if, for example, Hoxb8-lineage microglia prepare

the developing brain circuitry for a balanced response to sex
Cell Reports 29, 791–799, October 22, 2019 795



Figure 4. The Pathology in Mice without b8l Microglia Phenocopies that of Hoxb8 KO Mice

(A) Csf1r� mice display ventral coat loss.

(B) Heatmaps illustrating coat-loss penetrance in adult Csf1r� females and males, Csf1r+ controls do not show coat loss.

(C) Coat loss is statistically significant in both female (left;Csf1r+: n = 11,Csf1r�: n = 9; p < 0.0001) andmale (right;Csf1r+: n = 8,Csf1r�: n = 11; p = 0.0002)Csf1r�

mice. Similar to the phenotype in mice with Hoxb8 loss, two-way ANOVA and post hoc tests show significant effects of b8l microglia loss (p = 0.01) and sex

(p = 0.03).

(D) Direct comparisons of grooming in females (Csf1r+: n = 11, Csf1r�: n = 9; p < 0.0001) and males (Csf1r+: n = 8, Csf1r�: n = 9; p < 0.001). Two-way ANOVA and

post hoc tests show significant effects of b8l microglia loss (p < 0.0001) and sex (p < 0.0001).

(E) Percent time spent on the closed arms of an elevated plus maze show a marked difference between Csf1r+ and Csf1r� females (Csf1r+: n = 10, Csf1r�: n = 9;

p < 0.0001) but not males (Csf1r+: n = 9,Csf1r�: n = 10; p = 0.18). Two-way ANOVA and post hoc tests show significant effects of b8l microglia loss (p = 0.005) and

sex (p < 0.0001).

(F) Similarly, cortisol levels are different between Csf1r+ and Csf1r� females (Csf1r+: n = 8, Csf1r�: n = 7; p = 0.02) but not males (Csf1r+: n = 8, Csf1r�: n = 8;

p = 0.21). Two-way ANOVA and post hoc tests show significant effects of b8l microglia (p = 0.01) and sex (p = 0.0002).

(G) Pupil fight-or-flight responses are also different between Csf1r+ and Csf1r� females (Csf1r+: n = 9, Csf1r�: n = 10; p = 0.0004) but not males (Csf1r+: n = 5,

Csf1r�: n = 4; p = 0.29). Two-way ANOVA and post hoc tests show significant effects of b8l microglia loss (p = 0.03) and sex (p = 0.02).

Bar graphs show mean and SEM; gray circles are individual data points. Direct comparison: Mann-Whitney test; asterisks indicate significant differences; n.s.

indicates non-significant differences. Post hoc test: Tukey-Kramer.

See also Figure S4 and Table S1.
hormones later in life by limiting the number of estrogen and pro-

gesterone sensitive synapses (Baudry et al., 2013). In this light,

the somewhat milder phenotype in the ablation model compared
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to mice with germline Hoxb8 dysfunction might be explained by

the small number of remaining functional Hoxb8-lineage micro-

glia that ameliorate the pathology.



Alternative Perspectives in Microglia Biology
Our finding that the selective loss of Hoxb8-lineage microglia

causes pathological behavior is important for two main rea-

sons. First, it illustrates a case in which functions in microglia

are distributed over distinct cell lineages. Second, it shows

that microglia have the potential to suppress rather than pro-

mote the development of obsessive compulsion or anxiety-

related disorders (Stein et al., 2017; Wang et al., 2018; Li

et al., 2016; Ma et al., 2015; Piirainen et al., 2017; Ramirez

et al., 2017; Li et al., 2014; McKim et al., 2018). A closer

look at these two aspects in microglia biology should help

to better understand and, consequently, better treat OCD

and anxiety.

Translational Relevance of Our Findings
Over-grooming, anxiety-like behavior, and exaggerated stress

responses described here closely resemble symptoms of anxi-

ety disorders in humans. According to the National Institute of

Mental Health, almost 20% of all adults in the United States

experience at some point an anxiety disorder with a higher prev-

alence in women (23.4%) than in men (14.3%). Statistics are

even more dramatic in adolescents, with 38% of females and

26%ofmales reporting disabling anxiety. Genetic predisposition

appears to be a risk factor for anxiety disorders, yet genetic fac-

tors contributing to anxiety susceptibility are difficult to isolate

(Morris-Rosendahl, 2002). These difficulties arise from the fact

that anxiety occurs sporadically, comprises variable clinical pre-

sentations, is heavily influenced by environmental factors, shows

comorbidity with other disorders, and is not readily diagnosed.

Similarly to the genetic causes, we still have limited understand-

ing of why females are more frequently affected by anxiety than

males. Awide range of candidatemechanisms for female anxiety

have been proposed, including sex chromosome-dependent

gene expression and brain development (Donner and Lowry,

2013). The pathology in our genetically modified mice connects

multiple anxiety symptoms and is more severe in females. In

Hoxb8 KO mice, the severity of symptoms in males and females

separates at the beginning of sexual maturity. Moreover, the

more severe pathology in females is attenuated by treatments

that lower female sex-hormone levels and can be simulated

in males by supplementing progesterone and b-estradiol.

Together, these findings suggest a mechanistic link between ge-

netic changes and being female in the development of anxiety.

Another curious finding is that dysfunction of Hoxb8-lineage mi-

croglia produces over-grooming in both genders, but marked

anxiety-like responses only in females. These observations sug-

gest that OCD- and anxiety-like pathologies are related, but

dissociable. This matches the recognized but still unresolved

relationship between OCD and anxiety in humans (Stein et al.,

2010). Given the enormous impact of anxiety-related disorders

to human health, our results further encourage exploration of

normal and aberrant Hoxb8-lineage microglia function in the

search for improved treatments.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experiments described in this study have been performed on mice. Experimental procedures were approved by the Institutional

Animal Care and Use Committee at the University of Utah. Mice are housed in groups of 2 to 4 animals under reversed 12 hour light-

dark cycle with ad libitum access to water and food in static isolator cages. Unless otherwise stated, experiments were performed

with 2-6 months old animals. Sex of animals tested is reported in results and figures. Wild-type mice are C57BL/6J. All other strains

were backcrossed to C57BL/6J mice over R 5 generations prior to breeding of experimental mice. Assays were performed on test

naive animals, pharmacological treatments were started with drug naive animals.

METHOD DETAILS

Generating Hoxb8mut-IRES-Cre Mice
Hoxb8mut-IRES-Cre mice were generated from Hoxb8IRES-Cre using CRISPR/Cas9 mutagenesis (Yang et al., 2013) to replace the wild-

type homeodomain DNA-binding site of Hoxb8 (I192-WFQNR198R) with the low DNA-affinity sequence AEFAAAA. In brief, zygotes

were injected with 100ng/mL Cas9 mRNA, 50 ng/ mL Hoxb8 sgRNA, and 100ng/mL single-stranded donor DNA (IDT Technologies)

in RNase-free water. RNA was generated and purified using the Life Technologies products mMESSAGE mMACHINE T7 ULTRA

kit (Cas9 mRNA), MEGAshortscript T7 kit (Hoxb8 sgRNA), and MEGAclear kit. The 142 nucleotide Donor DNA included the

mutated sequence gccgaattcgccgctgcggc (wild-type: atctggttccagaatcggag) and a novel EcoRI restriction site. Hoxb8IRES-Cre

and Hoxb8mut-IRES-Cre were genotyped using primers gccagacctacagtcgctacca (forward) and cttcttgtcacccttctgcgcatcg (reverse).

EcoR1 cleaves the resulting 350bp amplicon of Hoxb8mut-IRES-Cre into 200bp and 150bp fragments.

Cell and Tissue Analyses
Tissue-resident cells were counted in fixed (4% paraformaldehyde in phosphate-buffered saline (PBS)) and stained 100 mm sections.

Sections were stained using either anti-RFP (Rockland) or anti-Iba1 (Wako) antibodies in combination with Alexa Fluor 555 (Invitro-

gen) in 3% bovine serum albumin/0.2% Triton x-100/PBS. Stained and mounted sections were imaged using a Leica TCS SP5

confocal microscope and LAS X software. Maximum intensity projections were manually counted and cell densities calculated using

measured slice volumes. Cell counts were verified semi-automatically using ImageJ. For brain gross anatomy inspection, fixed slices

were stained with 1:1000 Neurotrace 500/525 green (Life Technologies) in PBS before imaging. White blood cells were counted from

R 0.4mLwhole blood samples treated twicewith RBC lysis buffer (BioLegend). White blood cells were stainedwith anti-CD11b-APC

(BioLegend), anti-CD45-FITC (BioLegend), and DAPI (Invitrogen) in cell stain buffer (BioLegend). Stained cells were analyzed using a

BD FACSCanto flow cytometer and FlowJo software. Relative counts include DAPI-negative, CD45-/tdTomato-positive cells.

Hormone Measurements
Urine cortisol, progesterone, and 17b-estradiol were measured using immune enzyme assays and normalized to urine creatinine (all

tests Arbor Assays). Test and control samples, about 100 ml per mouse, were collected in parallel over the course of 2–4 h and frozen

at �80C for up to one week before assays.

Urocortin Treatment
Animals were injected over 5 min with 0.5 ml phosphate-buffered saline (PBS) with or without mouse urocortin II (Sigma-Aldrich, 240

pmol) through pre-implanted cannulas under isoflurane anesthesia. Cannulas (stainless steel, 4mm, 22 Gauge) were capped

(C315IS-4/SPC internal 33GA, Plastics One) and implantedR 7 days before testing 0.5 mm rostral to Bregma at the midline without

penetrating the dura mater. Injections were performed using pulled (Model P-87, Sutter) glass micropipettes (Wiretrol II) and amicro-

injector (MO-10, Narishige) in a stereotactic apparatus (Model 900, David Kopf Instruments). Injections were placed 2.5 mm below

the dura mater. Injected animals recovered for 2–3 h before tests. After testing, animals were injected with 0.5 ml 2% fast green in

PBS, euthanized and their brains fixed, sliced, and examined to confirm correct drug placement.

Trilostane and Hormone Treatment
Starting at four weeks of age, mice received five daily subcutaneous injections followed by two days without injections for eight

weeks (Trilostane; Sigma Millipore) or four weeks (steroid hormones; Sigma Millipore). Doses were (mg/kg weight): 10 Trilostane,

20 17b-Estradiol, 20 progesterone, or 20 17b-Estradiol + 20 progesterone. Drug and hormones were delivered in 20 ml Dimethyl

Sulfoxide (dmso; Sigma Millipore). Controls were injected with 20 ml dmso only.

Ovariectomy
Ovariectomies are performed on four-week-old females as previously described (Nagy, 2003). In brief, ovaries are pulled through a

small skin incision, cut, and removed under general isoflurane anesthesia. Mice undergoing sham ovariectomy only receive the skin

incision. Incisions are closed with wound clips. Clips are removed ten days after surgery, again under general anesthesia.
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Behavioral Tests
Elevated plus maze tests were performed at 100 lux background light using Any-Maze equipment and video-tracking software

(Stoelting). Prior to single 5 min tests (Walf and Frye, 2007), mice acclimatized for one hour to the testing room. Grooming times

were determined using automatic behavior recognition (Laboras/Metris) in 24-hour tests. Percentage of coat loss was determined

from ventral full-body shots and semi-automated custom image analysis software (MATLAB), heat-maps were generated in ImageJ.

For pupil tests, animals were implanted with head-postsR 7 days before training sessions. Implanted animals were then trained on 3

consecutive daily sessions (20min each) to accept the head-fixed configuration. Training and tests were performed inside an isolated

test box for controlled ambient light levels of 128 lux and sound levels of 40-45 dB. During the actual test, mice were first accustomed

over 5 min to the head-fixed configuration, followed by 20 tone exposures (60 dB, 2 kHz, 5 s duration, 65 s intervals). Pupil images

were recorded at 3 Hz under infrared light. For analysis, pupils were identified in each image using Sobel edge finding with MATLAB

and pupil area fits verified by visual inspection. Pupil fight-or-flight responses are the average pupil size during the tone minus the

average pupil size over the five seconds before the tone (baseline size) and are presented as % baseline size. Only the largest pupil

response of each animal contributed to the respective cohort dataset.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used MATLAB for pupil-size and coat-loss analysis, statistics, and graphs were generated using GraphPad prism. Statistical de-

tails are listed in figure legends. Direct comparisons between two data cohorts were performed using non-parametric Mann-Whitney

tests. Two factor comparisons testing the effects of sex and genotype, sex and pharmacological treatment, or cell loss and genotype

were performed using standard two-way ANOVA followed by Tukey-Kramer post hoc tests to evaluate the effects of each factor

separately. The effects of conditional Csf1r deletion, Hoxb8 function, or gender on Hoxb8-lineage microglia depletion were tested

using a three-way ANOVA followed by Tukey-Kramer post hoc tests. Significance is equivalent to rejection of the null-hypothesis

and given at p % 0.05. Sample number n refers to the number of mice tested. All statistically evaluated data are presented as bar

graphs representing mean and SEM together with individual data points. Time course data are presented as averages across all

animals tested within a cohort.

DATA AND CODE AVAILABILITY

The article includes all datasets generated or analyzed during this study. Software used to generate pupil and coat-loss data are

available from the corresponding author on request.
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