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A B S T R A C T

Generalized Anxiety Disorder (GAD) presents a high prevalence in the population, leading to distress and
disability. Immune system alterations have been associated with anxiety-related behaviors in rodents and GAD
patients. CD300f immune receptors are highly expressed in microglia and participate not only in the modulation
of immune responses but also in pruning and reshaping synapses. It was recently demonstrated that CD300f might
be influential in the pathogenesis of depression in a sex-dependent manner. Here, we evaluated the role of CD300f
immune receptor in anxiety, using CD300f knockout mice (CD300f�/�) and patients with GAD. We observed that
male CD300f�/� mice had numerous behavioral changes associated with a low-anxiety phenotype, including
increased open field central locomotion and rearing behaviors, more exploration in the open arms of the elevated
plus-maze test, and decreased latency to eat in the novelty suppressed feeding test. In a cross-sectional population-
based study, including 1111 subjects, we evaluated a common single-nucleotide polymorphism rs2034310 (C/T)
in the cytoplasmatic tail of CD300f gene in individuals with GAD. Notably, we observed that the T allele of the
rs2034310 polymorphism conferred protection against GAD in men, even after adjusting for confounding vari-
ables. Overall, our data demonstrate that CD300f immune receptors are involved in the modulation of patho-
logical anxiety behaviors in a sex-dependent manner. The biological basis of these sex differences is still poorly
understood, but it may provide significant clues regarding the neuropathophysiological mechanisms of GAD and
can pave the way for future specific pharmacological interventions.
1. Introduction

Anxiety disorders comprise a heterogeneous spectrum of conditions
in which Generalized Anxiety Disorder (GAD) is the most widespread
mental health condition (American Psychiatric Association, 2013;
DSM-5). The12-month prevalence of GAD is 3.9% (2.1-6.6%), and the
lifetime prevalence is estimated to be 12% (8-13.7%) (Murray et al.,
2012; Haller et al., 2014). The features of GAD are persistent and
excessive worrying, anxiety and tension, allied to somatic symptoms and
hypervigilance, for six months or more, that leads to significant distress
and disability (Wittchen, 2002).

Anxiety disorders aggregate in families and heritability ranges from
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30 to 60% complemented by a combination of environmental factors that
shape risk and resilience (Polderman et al., 2015; Craske et al., 2017).
Moreover, GAD is twice as prevalent in women, with more disability and
worse outcomes (Rubio and L�opez-Ibor, 2007; Vesga-L�opez et al., 2008).
On the other hand, men are more likely to have GAD with a comorbid
substance use disorder (Rubio and L�opez-Ibor, 2007; Vesga-L�opez et al.,
2008). The biological basis of these differences is still poorly understood,
but they might be the result of different neuropathophysiological
mechanisms and specific etiological factors across sex, including genetic
variability, physiological and hormonal differences, and changes in stress
responses (Vesga-L�opez et al., 2008).

Immune alterations are frequently observed in GAD patients (Vieira
).
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et al., 2010; Copeland et al., 2012; Costello et al., 2019). Notably,
genome-wide expression profiles of a community sample identified 631
differentially expressed genes in blood cells of men with GAD, but not
women, compared to control individuals. Of these, 123 genes with
altered expression were involved in immune responses (Wingo and
Gibson, 2015). In mice submitted to psychosocial stress, anxiety occurs in
parallel with microglial activation and endothelial dysfunction, leading
to monocyte recruitment to the brain (McKim et al., 2018). The immune
dysregulation can impact essential brain functions, including neuro-
transmitter metabolism, cell communication, and synaptic plasticity, as
well as the neural circuitry controlling anxiety and emotional regulation
(Capuron and Miller, 2011).

The CD300f immunoreceptors (or CLM-1, in rodents) are expressed in
peripheral immune cells and in the central nervous system (CNS), espe-
cially in microglia and perivascular macrophages (Clark et al., 2009).
Activation of CD300f receptors leads to the inhibition of inflammatory
process (Keswani et al., 2020; Shiba et al., 2017; Matsukawa et al., 2015)
and has neuroprotective properties in diseases related to neuro-
degeneration and inflammation such as autoimmune encephalomyelitis
and excitotoxic brain injury (Martínez-Barriocanal et al., 2017; Zaqueu
Lima et al., 2017., Peluffo et al., 2015). Recently, it was reported that
CD300f might be influential in the pathogenesis of depression in humans
in a sex-dependent manner (Lago-Kaufmann et al., 2020). Here, we
explored the involvement of the CD300f immunoreceptor in behavioral
paradigms used to evaluate anxiety in rodents. Furthermore, we took
advantage of specific single nucleotide polymorphism in the CD300f gene
that modifies the receptor phosphorylation and intracellular signaling
(Lago-Kaufmann., 2020) to understand the role of these receptors in
emotional modulation in humans.

2. Methods

2.1. Behavioral analysis in rodents

Male and female C57/BL6 (originally from The Jackson Laboratory)
and global CD300f knockout (CD300f�/� in C57/BL6 background, Xi
et al., 2010) mice (4-5-months-old) were obtained from the SPF animal
facility of the Institute Pasteur de Montevideo-Uruguay. Animals were
housed under a controlled environment (20� 1 �C, 12 h-light/dark cycle,
free access to food and water). All behavioral analyses were videotaped
and scored using the AnyMaze software. Mice were handled according to
the guidelines of the Institut Pasteur de Montevideo Animal Care Com-
mittee (protocols #004-16 and #014-16) and following the guidelines of
the European Commission on Animal Care and Uruguayan national law
and ethical guidelines on animal care.

2.1.1. Open field test
The apparatus consisted of an acrylic box (40 cm � 60 cm x 50 cm).

For the evaluation of exploratory behavior and locomotion, the animals
were exposed during 6 min to the arena, and the total distance traveled,
time spent in the periphery and in the center of the arena, as well as the
number of supported and unsupported rears, and the amount of groom-
ing was recorded (Lago-Kaufmann et al., 2020).

2.1.2. Elevated Plus Maze test
The Elevated Plus Maze (EPM) test was used to assess anxiety status

(Lister, 1987). The apparatus consisted of a central square platform (6 �
6 cm) and two open arms (30 � 6 cm) aligned perpendicularly to two
closed arms (30 � 6 � 16 cm) and elevated 50 cm above the floor. Mice
were individually placed in the central platform and recorded for 5 min.
The relative time spent in closed versus opened arms is a measure of
anxiety. The number of closed arm entries was used as a measure of
spontaneous locomotion.

2.1.3. Novelty suppressed feeding test
The Novelty Suppressed Feeding Test (NSF) measures the latency of
2

mice in approaching and eating food in a new environment following an
extended period (18 h) of food deprivation and longer latencies in each
parameter considered indicative of anxiety-like behavior. After 18 h of
food deprivation, mice were placed in an acrylic box (40 cm � 60 cm x
50 cm) for 10 min with a small piece of mouse chow placed in the center.
Immediately after the mouse began to eat the chow, the test ended, and
those mice that did not eat within 10 min were considered as zero
(Samuels and Hen, 2011).

2.2. Clinical study

2.2.1. Study design and participants
Our sample was derived from a cross-sectional population-based

study, including 1111 subjects aged 18–35 years old carried out in the
city of Pelotas, Southern Brazil, between June 2011 and May 2013
(Lago-Kaufmann et al., 2020). Sociodemographic and clinical variables
were self-reported. Body mass index (BMI) was calculated by the equa-
tion: weight (kg)/height (m2). GAD diagnosis was performed using the
structured diagnosis interview, the Brazilian version of the Mini Inter-
national Neuropsychiatric Interview (MINI 5.0), according to DSM-5
criteria (Medical Outcome Systems Inc., Jacksonville, FL, USA). The
study was approved by the University’s Ethics Committee (2010/15),
and all patients provided written informed consent.

2.2.2. Blood sample collection and genotyping
Ten milliliters of blood were withdrawn (8:00-11:00 a.m.) by veni-

puncture after the interview. Blood samples were centrifuged (3500 g, at
room temperature) for the separation of the leukocytes enriched fraction,
and the DNA extraction was performed using a standardized salting-out
procedure (Lahiri and Nurnberger, 1991). CD300f rs2034310 (C/T)
single nucleotide polymorphism (SNP) has a minor allele frequency of
0.1725 in the European population (http://www.ncbi.nlm.nih.gov/proj
ects/SNP/). Genotyping was performed using forward and reverse
primers and probes contained in the 40� Human Custom TaqMan Gen-
otyping Assay (Life Technologies, Foster City, CA, USA). The reactions
were carried out using 2 ng of genomic DNA from each subject, TaqMan
Genotyping Master Mix 1� (Applied Biosystems), and Custom TaqMan
Genotyping Assay 1� in a real-time PCR thermal cycler (7500 Fast Real
PCR System; Applied Biosystems), as previously described (Lago--
Kaufmann et al., 2020). Fluorescence data files were analyzed using
automated allele-calling software (SDS 2.0.1; Applied Biosystems).

2.3. Statistical analysis

Differences between wild-type (WT) and CD300f�/� mice were
determined by unpaired Students’ t-test using Graph Pad Prism 6.0
(GraphPad Software Inc., San Diego, USA). The Kolmogorov-Smirnov test
assessed data normality, and outlier values were identified using Grubbs’
test. Data are presented as mean � SEM. Human data were analyzed by
SPSS 22.0 (IBM Corporation, Armonk, NY). Variables are presented as
number and percentage (%), or mean and standard deviation (SD). The
sociodemographic characteristics, according to the genotypes, were
compared using Chi-squared or One-Way ANOVA followed by Bonfer-
roni’s post-hoc test. The allele and genotype frequencies were evaluated
by direct counting, and the Hardy-Weinberg equilibrium was calculated
using the Chi-squared test. The magnitude of the association between
different genotypes and GAD was estimated using odds ratio (OR) with
95% confidence intervals (CI), adjusted for age, sex, and ethnicity in the
logistic regression analysis. Bonferroni’s correction was used to account
for multiple comparisons. p < 0.05 was considered significant.

3. Results

3.1. Anxiety-related behaviors in CD300f�/� male mice

We performed the open field test (OFT) to evaluate locomotion and
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anxious-like behavior in male WT and CD300�/� mice. No differences
in the spontaneous locomotor activity were observed in WT and
CD300f�/� mice [t(31) ¼ 1.45, p ¼ 0.157], Fig. 1A. However, as
observed in Fig. 1B, CD300f�/� mice spent more time in the center of
the OFT [t(30) ¼ 3.22, p ¼ 0.003], which indicates a reduction in
anxiety-like behavior. To confirm this hypothesis, we further evaluated
other parameters that could indicate less anxiety in a new environment.
CD300f�/�male mice presented a higher number of rearing episodes in
the OFT compared to WT mice [t(11) ¼ 3.25, p ¼ 0.007, Fig. 1C].
Moreover, rearing behavior can be distinguished between supported
rearing, which is related to locomotion and activity and unsupported
rearing, related to emotional states (Sturman et al., 2018). In our study,
we have noticed that CD300f�/� do not show any changes in supported
rearing [t(11) ¼ 0.32, p ¼ 0.758, Supplementary Fig. 1A], but presented
a tendency to increased unsupported rearing compared to WT mice
[t(11) ¼ 2.01, p ¼ 0.069, Fig. 1D]. Studies have demonstrated that
3

grooming behavior is increased when the animal is habituated to the new
environment (Rojas-Carvajal et al., 2018). Here, no differences were
observed between CD300f�/� and WT mice in the latency to start
grooming [t(10) ¼ 0.44, p ¼ 0.672, Supplementary Fig 1B] or in total
time of grooming behavior [t(11)¼ 0.00, p> 0.999, Fig. 1E]. Defecation
in the OFT is another important sign of anxiety. We observed that 66,7%
of WT mice defecated in the OFT against 20.0% of CD300f�/� (Sup-
plementary Fig 1C). Additionally, 27.3% of CD300f�/� jumped
attempting to escape from the OFT while no WT presented such behavior
(Supplementary Fig 1D).

To further confirm the reduction in anxiety-related behaviors in male
CD300f�/� mice, we used the EPM, which is the gold standard test to
assess avoidance and anxiety (Biedermann et al., 2017). The analysis
showed that CD300f�/� male mice had increased entries [t(15) ¼ 2.55,
p ¼ 0.022, Supplementary Fig 1E] and spent more time in the open arms
[t(15) ¼ 2.18, p ¼ 0.045, Fig. 1F, and heatmaps in 1.G] and decreased
Fig. 1. Anxiety-related behaviors of CD300f�/�
male mice in different behavioral contexts. The total
distance traveled in the OF was measured (meters) to
evaluate mice spontaneous ambulatory activity (n ¼
15 WT and 18 CD300f�/�, 1.A), and the % of time
spent in the center of the OF was used to evaluate
anxious-like behavior (n ¼ 14 WT and 18 CD300f�/
�, 1.B). The total rearing (n ¼ 6 WT and 7 CD300f�/
�, 1.C) and the number of unsupported (n ¼ 6 WT and
7 CD300f�/�, 1.D) rearing were counted to evaluate
explorative behavior and emotionality. Grooming
behavior was recorded (seconds) to evaluate mice
habituation to a new environment (n ¼ 6 WT and 7
CD300f�/�, 1.E). The % of time spent in the open
arms of the EPM (calculated using the total time in the
open arms þ the total time in the closed arms as
100%) was indicative of anxiety-like behavior (n ¼ 9
WT and 8 CD300f�/�, 1.F). Heatmaps illustrating WT
and CD300f�/� mice behavior in the EPM, respec-
tively (1.G). The number of entries in the closed arms
of the EPM was indicative of spontaneous locomotion
(n ¼ 9 WT and 8 CD300f�/�, 1.H). The latency to
start eating in the NSF test was used as an indicative
of anxious-like behavior in a new environment (n ¼
12 WT and 17 CD300f�/�, 1.I). Data are represented
as mean � S.E.M. * represents p < 0.05, and ** rep-
resents p < 0.01 compared to WT. Abbreviations: OF:
Open Field; EPM: Elevated Plus Maze; NSF: Novelty
Suppressed Feeding; WT: Wild-type mouse; CD300f�/�:
CD300f knockout mouse.
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time in the closed arms [t(15)¼ 2.18, p¼ 0.045, Supplementary Fig. 1F]
when compared to WT, while no differences were observed in the
number of entries in the closed arms [t(15) ¼ 0.04, p ¼ 0.962, Fig. 1H].
Next, we assessed behavior in a new environment in a fasting-state using
the NSF test. CD300f�/� mice had a decreased latency to eat compared
to WT mice [t(27) ¼ 2.22, p ¼ 0.035, Fig. 1I], but no differences were
observed in the time to approach the food pellet [t(26)¼ 0.37, p¼ 0.714,
Supplementary Fig 1G]. Altogether, these results demonstrate that, when
placed in a new environment, CD300f�/� mice present lower
anxiety-like behaviors, better habituation, and better emotional state in
different behavioral paradigms compared to WT mice.

3.2. Anxiety-related behaviors in CD300f�/� female mice

As CD300f has been previously related to major depressive disorder
and depression-like behaviors only in females, we explored whether the
anxiolytic-like effect observed in CD300f�/� male mice was sex-
dependent. Fig. 2 depicts the results of female mice in the OFT and
EPM. Statistical analysis demonstrated no differences in the distance
traveled [t(22) ¼ 1.660, p ¼ 0.111, Fig. 2A], time spent in the central
zone [t(22) ¼ 1.18, p ¼ 0.252, Fig. 2B] and number of entries in the
central zone [t(22) ¼ 0.09, p ¼ 0.931, Fig. 2C] of the OFT when
comparing WT and CD300�/� female mice. Moreover, we analyzed a
separated cohort of female mice in the EPM test. No differences were
observed in the number of entries in the open arms [t(12) ¼ 1.16, p ¼
0.268, Fig. 2D) or in the time spent in the open arms [t(12) ¼ 0.60, p ¼
0.557, Fig. 2E] or closed arms [t(12) ¼ 0.60, p ¼ 0.557, Fig. 2F] of the
EPM when comparing CD300f�/� and WT female mice. These data
reveal that female CD300f�/� mice do not display behavior alterations
related to anxiety, only depressive-like behavior as previously described
(Lago et al., 2020).
Fig. 2. Anxiety-related behaviors of CD300f�/� female mice in different behavioral
female mice spontaneous ambulatory activity (n ¼ 12 WT and 12 CD300f�/�, 2.A) an
as the number of entries in the central zone (n ¼ 12 WT and 12 CD300f�/�, 2.C) of
open arms of the EPM (n ¼ 7 WT and 7 CD300f�/�, 2.D), the time spent in the op
CD300f�/�, 2.F) of the EPM (calculated using the total time in the open arms or clo
anxiety. Data are represented as mean � S.E.M. Abbreviations: OF: Open Field; EPM:

4

3.3. Association of CD300f SNP with GAD subjects in a sex-dependent
manner

The non-synonymous rs2034310 (C/T) SNP in the cytoplasmic tail of
CD300f has been shown to alter receptor signaling (Lago-Kaufmann
et al., 2020). We evaluated the association of the SNP with GAD in a
population-based study that comprised 1111 individuals, 938 (84.4%)
control subjects, and 173 (15.6%) diagnosed with GAD. We found an
increased prevalence of GAD in women (73.4%) when compared to men
(26.6%), (χ2 ¼ 25.11, df ¼ 1, p < 0.001), in individuals from the in-
termediate socioeconomic class (χ2 ¼ 18.71, df ¼ 1, p < 0.001), making
use of tobacco (χ2 ¼ 43.17, df ¼ 1, p < 0.001) and making use of psy-
chiatric medication (χ2 ¼ 35.00, df ¼ 1, p < 0.001). In addition, an
increased prevalence of clinical comorbidities (autoimmune, cardiovas-
cular, metabolic, and infectious diseases) was observed in GAD patients
(χ2 ¼ 19.69, df ¼ 1, p < 0.001). No differences in the age [t(1107) ¼
-1.94, p ¼ 0.053], ethnicity (χ2 ¼ 0.61, df ¼ 1, p ¼ 0.433), and BMI
[t(1065) ¼ -0.72, p ¼ 0.472] between controls and GAD patients were
observed (Table 1).

When we analyzed the sociodemographic characteristics according to
the rs2034310 (C/T) SNP genotypes, no differences were observed for
age [F(2,1109)¼ 1.33, p¼ 0.265], gender (χ2¼ 0.29, df¼ 2, p¼ 0.861),
socioeconomic class (χ2 ¼ 0.59, df ¼ 4, p ¼ 0.964), tobacco use (χ2 ¼
1.60, df ¼ 2, p ¼ 0.448), BMI [F(2,1067) ¼ 0.65, p ¼ 0.524], psychiatric
medication use (χ2 ¼ 1.21, df ¼ 2, p ¼ 0.547), or presence of clinical
conditions (autoimmune, cardiovascular, metabolic and infectious dis-
eases, χ2 ¼ 0.96, df ¼ 2, p ¼ 0.619) (Supplementary Table 1). Ethnicity
was significantly associated with genotype (χ2 ¼ 16.86, df ¼ 2, p <

0.001) and a higher frequency of the T allele was observed in non-
Caucasian individuals. Additionally, the genotype frequencies agreed
with those predicted by Hardy-Weinberg equilibrium for the rs2034310
(C/T) SNP (χ2 ¼ 0.03775, p ¼ 0.846).
contexts. The total distance traveled in the OF was measured (meters) to evaluate
d the % of time spent in the center (n ¼ 12 WT and 12 CD300f�/�, 2.B), as well
the OF, was used to evaluate anxious-like behavior. The number of entries in the
en arms (n ¼ 7 WT and 7 CD300f�/�, 2.E) and closed arms (n ¼ 7 WT and 7
sed arms þ the total time in the closed arms as 100%) was used as indicative of
Elevated Plus Maze; WT: Wild-type mouse; CD300f�/�: CD300f knockout mouse.



Table 1
Sociodemographic and clinical characteristics of the population-based sample
according to the GAD diagnosis.

Characteristics Generalized Anxiety Disorder (GAD)

No Yes p-value

Age in years
(mean � S.E.M.) 25.80 � 0.17 26.66 � 0.39 0.053
Sex (% male) 442 (47.2) 46 (26. <0.001
Ethnicity (% Caucasian) 717 (76.5) 127 (73.4) 0.433
Socioeconomic Class
Low 169 (18.0) 52 (30.2) <0.001
Intermediate 469 (50.1) 87 (50.6)
High 299 (31.9) 33 (19.2)
Tobacco use (% yes) 181 (19.4) 73 (42.4) <0.001
Body mass index (kg/m2) 26.01 � 0.17 26.34 � 0.49 0.472
Psychiatric medication 54 (5.7) 33 (19.1) <0.001
Clinical diseases (% yes) 206 (22.0) 66 (38.2) <0.001
Total 938 (84.4) 173 (15.6)

Data are presented as mean � standard error of the mean (S.E.M.) or n (%). p-
values were computed using χ2 tests or Student’s t-test, as appropriated. p< 0.05
was considered as statistically significant. GAD: Generalized Anxiety Disorder.

Table 2
Sex differences in the genotype and allele distribution according to GAD
diagnosis.

Genotypes Generalized Anxiety Disorder
(GAD)

Unadjusted OR
(95%)/p*

Adjusted OR
(95%)/p#

No Yes p

Total population
rs2034310 SNP Genotype
CC 520

(55.4)
114
(65.9)

0.033 1 1

CT 366
(39.0)

50
(28.9)

0.623 (0.435-
0.892)/0.010

0.609 (0.422-
0.877)/0.008

TT 52 (5.5) 9 (5.2) 0.789 (0.378-
1.648)/0.529

0.738 (0.348-
1.565)/0.428

Dominant model
CC 520

(55.4)
114
(65.9)

0.011 1 1

CT/TT 418
(44.6)

59
(34.1)

0.644 (0.458-
0.904)/0.011

0.625 (0.442-
0.885)/0.008

Allele-
C 1406

(74.9%)
278
(80.0)

0.397 – –

T 470
(25.0)

68
(19.6)

Women
rs2034310 SNP Genotype
CC 277

(56.0)
79
(62.2)

0.357 1 1

CT 190
(38.4)

40
(31.5)

0.738 (0.484-
1.127)/0.159

0.702 (0.457-
1.127)/1.107

TT 28 (5.7) 8 (6.3) 1.002 (0.439-
2.285)/0.997

0.907 (0.393-
2.096)/0.820

Dominant model
CC 277

(56.0)
79
(62.2)

0.243 1 1

CT/TT 218
(44.0)

48
(37.8)

0.772 (0.517-
1.152)/0.205

0.729 (0.484-
1.097)/0.129

Men
rs2034310 SNP Genotype
CC 242

(54.8)
35
(76.1)

0.020 1 1

CT 176
(39.8)

10
(21.7)

0.393 (0.189-
0.814)/0.012

0.404 (0.194-
0.841)/0.015

TT 24 (5.4) 1 (2.2) 0.288 (0.038-
2.197)/0.230

0.308 (0.040-
2.363)/0.257

Dominant model
CC 242

(54.8)
35
(76.1)

0.009 1 1

CT/TT 200
(45.2)

11
(23.9)

0.380 (0.188-
0.768)/0.007

0.393 (0.194-
0.797)/0.010

Data are presented as number or proportion (%) and computed by χ2 tests
comparing patients with GAD and controls. * Unadjusted or # adjusted OR (95%
CI/p) values were obtained from logistic regression analysis, and in the total
population was adjusted for age, sex, and ethnicity and in women and men
subpopulation was adjusted for age and ethnicity. p < 0.05 was considered as
statistically significant. GAD: Generalized Anxiety Disorder.
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We further evaluated the rs2034310 (C/T) SNP genotypes according
to the GAD diagnosis. Considering that sex differences can underlie the
biological alterations for several diseases, including psychiatric disorders
(Hodes and Epperson, 2019), that only male CD300f�/� mice show an
anxiolytic-like phenotype, we further stratified our population by sex to
analyze the impact of this polymorphism in GAD diagnosis. As depicted
in Table 2, in the male population, the CT genotype confers protection
against GAD (p¼ 0.012) even after the adjusted analysis considering sex,
age, and ethnicity as confounding variables (p¼ 0.015). The frequency of
the TT genotype in our study, and in the general population, was lower
when compared to the other genotypes (Lago-Kaufmann et al., 2020).
Then, to evaluate the T allele effect in the GAD diagnosis, we performed a
dominant model, where we joined T allele carriers in a unique group
(CT/TT). In the dominant model, we observed that men individuals
carrying the T allele presented a decreased prevalence of GAD (p ¼
0.009). Indeed, the T allele was significantly associated with protection
against GAD (p ¼ 0.007) in the dominant model, even after adjusted
multinomial regression analysis (p ¼ 0.010). Interestingly, when we
analyzed the SNP association with GAD diagnosis in women, we did not
find any significant association of CT genotype (p ¼ 0.159) or TT geno-
type (p ¼ 0.997) even after adjusting for the same variables described
above (p ¼ 1.107) and (p ¼ 0.820), respectively. We also performed the
analysis in the dominant model joining the T allele carriers, however, no
association where observed in the unadjusted (p ¼ 0.205) or adjusted (p
¼ 0.129) analysis. Overall, our human data demonstrate that the
rs2034310 (C/T) polymorphism is associated with GAD diagnosis and
confers protection against GAD in a sex-specific manner.

4. Discussion

Dysfunctional microglia are associated with many neurological and
psychiatric disorders, yet our knowledge about the pathological mecha-
nisms involved is incomplete (Stein et al., 2017; Ramirez et al., 2017; Li
et al., 2014; Wang et al., 2018; McKim et al., 2018). In the CNS, CD300f
immunoreceptors are expressed in microglial and perivascular macro-
phages and regulate not only neuroinflammatory responses, but also
important aspects of microglia phenotype, and synaptic connectivity and
plasticity through mechanisms not directly related to classical neuro-
inflammatory cascades (Lago-Kaufmann et al., 2020). It was recently
demonstrated that these receptors contribute to mood regulation in fe-
male major depressive disorder (Lago-Kaufmann et al., 2020). Here, we
set out to address the possibility that CD300f receptors might also be
involved in anxiety-related outcomes. Our results demonstrate that the
CD300f immunoreceptors modulate behavioral responses associated
with anxiety in male mice and humans. While CD300f�/� male mice
5

displayed reduced anxiety-related behaviors in different paradigms, a
polymorphism in the CD300f gene was protective against GAD in a
population-based study. These responses were observed only in males
and expand our previous findings showing sex-specific effects of CD300f
in the modulation of psychiatric symptoms.

CD300f�/�mice displayed a decrease in negative valence behaviors
associated with anxiety, characterized by an increase in OFT central
locomotion, an increase in rearing behaviors, more exploration in the
open arms of the EPM test, decreased latency to eat in the NSF test and
decrease defecation in the OFT. These tasks explore the neophobic anx-
iety and the natural aversion of rodents to exposed areas. Thus, the
reduction in this natural aversion can indicate a decrease in anxiety-
related behaviors (Bailey and Crawley, 2009). Animal models of anxi-
ety do not claim to faithfully reproduce the complexity and heterogeneity
of the human conditions. However, they are essential tools to better
understand basic differences in anxiety responses and perhaps discover
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potential new targets for more specific pharmacological intervention
(Bourin, 2020).

From the epidemiological point of view, our study shows that the T
allele of CD300f rs2034310 SNP independently confers protection
against GAD in humans. This effect is probably mediated by a dominant
effect, as only one T allele is needed in heterozygosis. The C/T exchange
produces a non-synonymous substitution of Arg to Gln in the cytoplasmic
tail of the receptor that abrogates the protein kinase C delta (PKC-δ)
phosphorylation of a threonine in its cytoplasmic tail. The CD300f im-
mune receptor contains in its complex cytoplasmic tail several signaling
motifs, including immunoreceptor tyrosine-based inhibition motifs
(ITIM), and another tyrosine motif that can be involved in the internal-
ization of this receptor from the cell surface. In fact, internalization in-
dicates that this receptor is involved in processes such as phagocytosis,
exposure of antigens, regulation of effector mechanisms, and even viral
infection (Choi et al., 2011). In addition, activating antibodies against the
CD300f receptor led to the inhibition of the transcription factor
NFκB-mediated TLR-2, 3, 4, and 9 signaling and expression of
interleukin-8 and metalloproteinase-9 (Lee et al., 2011). Indeed, these
pathways were already observed to be altered in anxiety models
(D�ecarie-Spain et al., 2018; Zimmerman et al., 2012), and its inhibition
could be associated with low anxiety in the CD300f�/� male mice.
However, additional studies are needed to understand the functional
implications of this substitution in those pathways.

According to the data we obtained in our population-based study, the
T allele of CD300f rs2034310 SNPwas protective against GAD inmen but
not women. Previously published epidemiological studies show that
women are more susceptible to GAD than men. However, these condi-
tions have singular clinical manifestations and treatment responses in
man and woman, suggesting distinctive biological mechanisms (Craske
et al., 2017; Kaczkurkin et al., 2016). We still have a limited under-
standing of the role of sex differences in most of the anxiety disorders,
including GAD and a range of candidate mechanisms have been pro-
posed, including sex chromosome-dependent gene expression and brain
development (Donner and Lowry, 2013).

The role of CD300f in behavioral modulation is still largely unex-
plored. Recently we demonstrated the involvement of CD300f immu-
noreceptors in major depressive disorder and the T allele presence as a
protective mechanism only in women (Lago-Kaufmann et al., 2020).
However, CD300f immunoreceptors have also been putatively linked to a
familial case of Autism Spectrum Disorder (Inoue et al., 2015). Inter-
estingly, this condition shows a sex ratio heavily skewed towards males
and is associated with anxiety-related symptoms and difficulties with
behavioral avoidance. Thus, the potential role of CD300f in this and other
psychiatric conditions still needs to be explored.

The mechanisms underlying the sex-specific effects of CD300f are
largely unknown. Our previous work only showed mild changes in
proinflammatory molecules of naïve CD300�/� female and male mice
brain, including increased mRNA for il6, il1rn, CD163, and siglec1, and
no changes in microglial homeostatic or disease-associated microglial
(DAM) genes besides spp1 (Lago-Kaufmann). Moreover, no important
changes in the inflammatory response were observed in the spinal cord
after a sciatic nerve crush injury in CD300f�/� mice (Lago-Kaufmann).
On the other hand, the absence of CD300f affected synaptic plasticity,
noradrenaline levels in the hippocampus, and microglial immunometa-
bolic phenotype (Lago-Kaufmann et al., 2020). Thus, these mechanisms
should be compared between male and female mice in future experi-
ments to unravel the intriguing question of how is it possible that a
unique modification in a single immunoreceptor contributes to the
generation of two different psychiatric manifestations in males and
females.

The impact of immunoreceptors in brain-related disorders is a huge
field of interest, and this is the first study to examine the role of CD300f
receptors in anxiety. Collectively, our results from CD300f�/�mice and
individuals with GAD suggest a sex-specific role for CD300f receptors in
anxiety-related behaviors in men. Understanding the link between
6

CD300f signaling and behavioral impact in a sex-dependent manner is of
great importance to establish the complete contribution of this new
target to psychiatric disorders.
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