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Abstract

Chronic stress is a major risk factor in the pathophysiology of many neuropsychiatric disorders. 

Further, chronic stress conditions can promote neuroinflammation and inflammatory responses 

in both humans and animal models. Type I interferons (IFN-I) are critical mediators of the 

inflammatory response in the periphery and responsible for the altered mood and behavior. 

However, the underlying mechanisms are not well understood. In the present study, we 

investigated the role of IFN-I signaling in chronic stress-induced changes in neuroinflammation 

and behavior. Using the chronic restraint stress model, we found that chronic stress induces a 

significant increase in serum IFNβ levels in mice, and systemic blockade of IFN-I signaling 

attenuated chronic stress-induced infiltration of macrophages into prefrontal cortex and behavioral 
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abnormalities. Furthermore, complement component 3 (C3) mediates systemic IFNβ-induced 

changes in neuroinflammation and behavior. Also, we found significant increases in the mRNA 

expression levels of IFN-I stimulated genes in the prefrontal cortex of depressed suicide subjects 

and significant correlation with C3 and inflammatory markers. Together, these findings from 

animal and human postmortem brain studies identify a crucial role of C3 in IFN-I-mediated 

changes in neuroinflammation and behavior under chronic stress conditions.

Introduction

Chronic stress is a major risk factor for developing diseases in which persistent mood 

and cognitive deficits are observed (1, 2). Understanding how stressful experiences can 

induce behavioral abnormalities such as depressive symptoms, social deficits, and cognitive 

decline is important for improved treatments for such disorders. Once believed to be 

immune-privileged, the brain is now shown to interact with the immune system via multiple 

mechanisms that facilitate the action of inflammatory signals from the periphery. The 

signaling of cytokines released by immune cells plays a critical role in such altreations in 

mood and behavior induced by neuroinflammation (3–5). Further, chronic stress conditions 

can also promote the inflammation and increased inflammatory responses in both humans 

and animal models (6); however, the mechanisms that link chronic stress to inflammation 

and behavioral abnormalities are not well understood.

Accumulating evidence demonstrate a causal relationship between immune activation and 

behavioral changes. Peripheral administration of antigens has been shown to induce changes 

in behavior and cognition in humans (7–10). In rodents, cytokines, or exposure to chronic 

stress conditions have resulted in increased neuroinflammation and changes in behavior. In 

particular, chronic unpredictable stress (11, 12), chronic adolescent stress (13), and repeated 

social defeat (14), have been shown to promote neuroinflammation and behavior changes 

such as behavioral despair, anhedonia, anxiety-like behavior, reduced social behavior and 

cognitive deficits in animals. Also, inhibition of neuroimmune activation prevents stress

induced behavioral changes (15–17), further supporting the interaction between immune 

pathways and behavioral changes.

Type I interferons (IFN-I) are critical elements in the cytokine family that play essential 

roles in activating both the innate and adaptive immune systems (18). The most studied 

members of the IFN-I family are IFNα and IFNβ; both are known to be critical mediators of 

the peripheral inflammatory response and also regulate the function of the immune system 

by inducing the recruitment of immune cell to sites of infection and promote their effector 

functions (19, 20). Further, they play important roles in CNS plasticity (21, 22) and emotion 

(23, 24). IFNα treatment is frequently associated with the development of symptoms of 

depression, fatigue, anxiety, and cognitive disturbances in multiple sclerosis (MS) (25) and 

hepatitis C patients (26, 27). Similarly, IFNβ treatment has been shown to trigger sickness 

behavior and depressive symptoms in MS patients (28, 29). Also, IFNβ administration in 

healthy volunteers resulted in reduced appetitive motivation in psychopathology ratings (30). 

Further, increased IFN-I signaling has been reported in the blood of depressed subjects 

(31). In rodents, peripheral IFN-I administration has been shown to induce depressive-like 
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behavior, and inhibits neurogenesis (32) but increases the expression of IFN-I -stimulated 

genes (ISGs) in the hippocampus (33).

Chronic stress has been shown to enhance microglia activation in the hippocampus and 

prefrontal cortex (PFC); regions implicated in mood, social and cognitive functions (15, 

17, 34–37). Further, microglia become reactive in response to increased IFN-I activity (38) 

and promotes engulfment of synaptic material resulting in synapse loss (39). It is known 

that the complement pathway plays a key role in the phagocytic activity of hyperactivated 

microglia leading to synapse elimination (40, 41). The complement system is a part of 

the innate immune mechanism and plays a key role in synaptic function and inflammatory 

processes (41). Further, chronic stress has been shown to increase complement component 

3 (C3) levels (12) and synapse loss in mouse PFC (42, 43). However, it is not known 

whether peripheral IFN-I activates microglia and complement system to mediate chronic 

stress-induced effects on neuroinflammation and behavior.

In the present study, we tested the hypothesis that IFN-I signaling mediates chronic stress

induced neuroinflammation and behavior changes. Chronic restraint stress (RS) is a well

validated stress model known to induce many behavior changes, including social behavior 

and cognitive deficits in rodents (44–58). We found that RS induced significant increases 

in serum IFNβ levels in mice and systemic blockade of IFN-I signaling attenuated RS

induced infiltration of macrophages into PFC and behavioral abnormalities. Furthermore, 

complement component 3 (C3) mediates IFNβ-induced changes in neuroinflammation and 

behavior. Also, we found significant increases in the mRNA levels of ISGs in the PFC of 

depressed suicide subjects, and their levels correlated with C3 and inflammatory markers. 

Together, these findings from animal and human postmortem brain studies identify a crucial 

role of C3 in IFN-I-mediated changes in neuroinflammation and behavior under chronic 

stress conditions.

Materials and Methods

Animals

Adult (8 weeks old) male C57BL/6J mice, C3−/− (129S4-C3tm1Crr/J) and their age

matched wild type (WT) controls were purchased from The Jackson Laboratory, and ICR 

mice were purchased from Envigo RMS, Inc. Animals were housed in the animal facility at 

Augusta University. Mice were housed in groups of 5 mice in standard polypropylene cages 

in a 12-h light-dark cycle in compliance with the US National Institute of Health guidelines 

and approved by Augusta University animal welfare guidelines. Mice were assigned to 

experimental groups based on their genotype. The selection of animals for treatment was 

performed randomly and in a blinded manner.

Interferon alpha/beta receptor 1 (IFNAR-1) antibody and IFNβ treatment

Mice were intraperitoneally (i.p., 250μg per mouse) injected with anti-mouse IFNAR-1 

antibody (IFNAR) or IgG control antibody (Leinco Technologies, MO, USA) every fourth 

day during the 21-day chronic stress paradigm. For recombinant IFNβ treatment, WT and 
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C3−/− mice were injected (i.p.) with IFNβ (25000IU; PBL Assay Science, NJ, USA) or 

vehicle (PBS supplemented with 0.1% FBS) one time for 8h followed by behavior tests.

Clodrosome treatment

A Clodrosome Macrophage Depletion Kit, containing control liposomes (Encapsome) and 

clodronate liposomes (Clodrosome) (Encapsula NanoSciences, Brentwood, TN), was used 

to deplete endogenous monocytes/macrophages. Encapsome or clodronate liposomes were 

administered (i.p.; 200 μl; 5 mg/ml) three times at seven days apart during the RS paradigm 

for 21 days. Following RS, myeloid cell (CD11b+ F4/80+) depletion was confirmed by flow 

cytometry.

Restraint stress (RS) procedure

Mice were restrained in well-ventilated 50ml Falcon tubes for 2 h/day for 21 consecutive 

days. Control mice were housed in their usual cages under normal conditions. Mice were 

tested the day following the last restraint session.

Behavioral Tests

Behavior tests were performed in the room with ambient lighting [approx. 25–30 lux 

(lumen/m2 )] and with constant background sound unless noted. The temperature and 

pressure of the behavioral rooms are monitored and kept constant. Animals were transferred 

to the behavioral rooms in their home cages at least 1 hour before testing and allowed to 

habituate to the behavioral rooms.

All behavioral experiments were scored blind to the treatment.

Three-Chamber Test

The three-chamber test measures sociability and social deficits. The dimension of each 

chamber is 19 cm × 45 cm × 22 cm. The dividing walls of the chambers are made from clear 

Plexiglas® and have openings on each wall for free access to the other two chambers. 

Two identical wire containers that can house a single mouse were placed vertically in the 

apparatus’s side chambers. The test mouse was placed in a box with three chambers and 

allowed to move freely for 5 minutes to get habituated to the apparatus. After the habituation 

period of 5 min, the stranger mouse was introduced and placed in one of the wire containers 

(diameter: 9 cm) while the test mouse was still allowed to move outside of the container for 

another 5 min freely. The holes in wire containers allow air exchange but are small enough 

to prevent direct physical contact between stranger mouse and test mouse. Time spent by 

test mouse in chambers (stranger mouse chamber, empty chamber, and center chamber) 

was recorded. The stranger mouse chamber is a chamber with a stranger mouse inside the 

wire container. An empty cage chamber is a chamber containing an empty wire container. 

Stranger mouse was a mouse of similar age, same-sex, and similar weight as the test mouse.

Reciprocal Social Interaction Test

This test was performed to measure the social approach behavior of the mouse. The test 

mouse was placed in a neutral box and allowed to habituate for 5 min. The box was 

made from clear Plexiglas® with the dimensions 57 cm × 45 cm × 22 cm. After habituation, 
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a stranger mouse was introduced and placed in the box. The test mouse was allowed to move 

and interact with the stranger mouse freely. The interaction between the mouse is defined as 

close physical contact, nose-to-nose sniffing, anogenital sniffing, and grooming. Time spent 

interacting (initiated by the test mouse) was video recorded. The stranger was of similar age, 

same-sex, and similar weight as the test mouse.

Y-maze test

Y-maze (Maze Engineers) was used to perform a continuous spontaneous alternation test. 

There were three arms in Y-maze at 120° and was made of beige plastic. Each arm was 32 

cm long, 6 cm wide, and the wall was 20 cm high. Visual distal cues were placed around 

the Y-maze. The test mouse was placed in the center of the Y-maze and allowed to explore 

for 7 min. Mouse movement was monitored, recorded, and analyzed by web camera (C920, 

Logitech, Newark, CA) and the Any-Maze software (Stoelting, Wood Dale, IL). A mouse 

was considered to be entered in a particular arm if the whole body entered the arm, except 

for the tail, and similarly, to have exited if the whole body exited the arm, except for the tail. 

When a mouse consecutively entered three different arms, it was counted as an alternating 

triad. The maximum number of triads is the total number of arm entries minus 2; the score 

of alternation was calculated as “the number of alternating triads/(the total number of arm 

entries − 2).”

Flow cytometry

Mice were anesthetized with isoflurane and were sacrificed by cervical dislocation. Brain 

tissues (PFC and hippocampus) were collected according to a mouse brain atlas (12). 

Tissues were homogenized in cold PBS and sieved through a 100-μM cell strainer (BD 

Biosciences, San Diego, CA), followed by centrifugation (1500 rpm, 10 min) to prepare 

single-cell suspensions. Cells were incubated with Abs against cell surface markers, CD11b 

(#101228; BioLegend, San Diego, CA), CD45 (#103138; BioLegend) and Iba-1 (#019–

19741, Wako Chemicals USA, Inc. Richmond, VA). Following a PBS wash, cells were fixed 

and permeabilized using a Fixation/Permeabilization Concentrate (Affymetrix eBioscience). 

All samples were run through a 4- Laser LSR II flow cytometer and analyzed using FlowJo 

software (BD Biosciences, San Jose, CA). Isotype matched controls were analyzed to set 

the appropriate gates for each sample. Samples were analyzed in duplicate for each marker. 

The number of double-positive events detected with the isotype controls was subtracted 

from the number of double-positive cells stained with the corresponding Abs (not isotype 

control) to reduce false-positive events. Cells that expressed a specific marker were reported 

as a percentage of the number of gated events. Mean channel fluorescence intensity (MFI) 

derived from a fluorescence graph was used to study the level of cell surface expression.

Quantitative reverse transcriptase PCR (qRT-PCR)

For qRT-PCR analyses, the mouse PFC and hippocampus tissues were collected 

immediately following decapitation under anesthesia. RNA from the mouse as well as 

human PFC samples were purified using a commercially available kit (SV RNA Isolation, 

Promega, Madison, WI, USA). qRT-PCR was performed on a MasterCycler (Eppendorf, 

Westburg, NY, USA) using a iTaq™ Universal SYBR® Green Supermix (Bio-Rad, CA, 

USA). Gene-specific primers were synthesized by Integrated DNA Technologies. Ct values 
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of genes of interest were normalized to that of housekeeping genes (beta2-microglobulin 

(B2m) or 18S Ribosomal RNA (18S)). A list of primers used is given in Table S1.

IFN protein levels by enzyme-linked immunosorbent assay (ELISA)

Mouse serum samples were collected immediately following decapitation under anesthesia. 

IFNα (#MLA00) and IFNβ (#MLB00C) protein levels in mouse serum samples were 

measured by ELISA according to the manufacturer’s instructions (R&D Systems). The 

values are expressed as pg/ml.

Cytokine array

Simultaneous quantification of cytokines in mouse sera was performed using LEGENDplex 

Mouse Inflammation Panel (13-plex) with V-bottom Plate (BioLegend Cat# 740446) 

according to manufacturer’s instructions. In brief, samples were thawed completely, mixed, 

and centrifuged to remove particulates prior to use. To achieve measurement accuracy, serum 

samples were diluted 2-fold with Assay Buffer, and standards were mixed with Matrix 

solution (Biolegend) to account for additional components in the serum samples. Standards 

and samples were plated with capture beads for tumor necrosis factor-alpha (TNFα), IFN-γ, 

interleukin-1alpha (IL-1α), IL-1β, IL-6, IL-10, IL-17A, IL-12p70, granulocyte-macrophage 

colony-stimulating factor (GM-CSF), IL-23, IFNβ, monocyte chemoattractant protein-1 

(MCP-1), IL-27 and incubated for two h at room temperature on a plate shaker (800 rpm). 

After washing the plate with Wash Buffer, Detection Antibodies were added to each well. 

The plate was incubated on a shaker for 1h at room temperature. Finally, without washing, 

streptavidin R-phycoerythrin (SA-PE) was added and incubated for 30 min. Samples were 

acquired on CytoFLEX flow cytometer (Beckman Coulter Life Sciences). Standard curves 

and protein concentration were calculated using R package DrLumi (59) installed on R 

3.5.2 (https://www.r-project.org/). The limit of detection was calculated as the average of 

background samples plus 2.5 × SD. Assay and data calculations were performed at the 

Immune Monitoring Shared Resource (Augusta University).

Human postmortem samples

The postmortem PFC tissues for the analysis were obtained from 30 Caucasian men, 

including 15 suicide completers with a lifetime diagnosis of major depressive disorder 

and 15 unaffected controls (Table 1). The samples were obtained from the Quebec Suicide 

Brain Bank (QSBB; Douglas Institute; www.douglas.qc.ca/suicide). The study was granted 

by the Douglas Hospital Institutional Review Board and, written informed consent was 

obtained from each participating family (Declaration of Helsinki, 1964). The demographic 

characteristics of subjects are provided in Table S2.

Statistical Analysis

No statistical methods were used to predetermine sample sizes in mouse studies, but our 

sample sizes are similar to those reported in previous publications (12, 60). For mouse 

studies, data were analyzed using two-tailed Student’s t-tests (for two-group comparisons) or 

Analysis of Variance (ANOVA; for multiple-group comparisons). p < 0.05 was considered 

significant. Bonferroni’s posthoc test was performed within the comparison. For the 

Tripathi et al. Page 6

Mol Psychiatry. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.r-project.org/
http://www.douglas.qc.ca/suicide


clinical studies, Multivariate Analysis of Variance (MANOVA) was used to examine the 

differences between suicide-depressed and the control subjects to compare the expression 

of IFN-induced protein-44 (IFI44), MX dynamin-like GTPase 1 (Mx1), C3, Inducible 

nitric oxide synthase (iNOS), C-X3-C Motif Chemokine Receptor 1 (Cx3CR1), and TNFα 
genes. A statistically significant multivariate effect was followed-up with examining the 

univariate effects to determine which of the genes mentioned above showed significant 

differences. The following covariates were included and evaluated in the MANOVA model 

to control their effects on gene expression: age, post mortem interval (PMI), pH, RNA 

integrity, lifetime substance use, substance use at death, and psychiatric medication use in 

the last three months. Partial eta-square (η2p) was used to index effect size differences 

between depressed-suicide and control subjects on IFI44, Mx1, C3, iNOS, Cx3CRI, and 

TNFα genes. Gene to gene interaction was observed using simple zero-order correlations. 

Holms-Bonferroni correction was applied for correlation p-values to control the elevated risk 

of type-I errors due to multiple pairwise correlations analysis. MANOVA and zero-order 

correlations were completed using SPSS Statistics 20 software (IBM).

Results

IFNAR antibody treatment attenuates chronic stress-induced deficits in social behavior 
and spatial working memory

To examine the role of IFN-I in mediating chronic stress-induced inflammation and behavior 

deficits, we first examined the protein levels of two most studied members of the IFN-I 

family, IFNα and IFNβ, in mice exposed to RS. ELISA results showed a significant increase 

in serum IFNβ protein levels, but no change in serum IFNα protein levels in mice following 

RS compared to no stressed (NS) mice (Fig. 1A, B). To determine the role of IFN-I 

on chronic stress-induced changes in social behavior, we performed three-chamber and 

reciprocal interaction tests in mice treated with IFNAR antibody for the systemic blockade 

of IFN-I signaling or control IgG antibody. IgG antibody-injected NS mice spent more 

time in the chamber housing stranger mouse than the empty cage chamber (Fig. 1C). In 

contrast, IgG antibody-injected RS mice had no preference for either chamber. However, 

RS mice injected with the IFNAR antibody spent more time in the chamber housing 

stranger mouse than the empty cage chamber (Fig. 1C). Furthermore, in the reciprocal 

social interaction test, IgG antibody-injected RS mice showed decreased interaction with a 

stranger mouse compared with IgG antibody-injected NS mice (Fig. 1D). However, IFNAR 

antibody treatment significantly attenuated RS-induced decrease in interaction time in mice 

(Fig. 1D). Next, the Y-maze test was performed to evaluate the spatial working memory 

of the mice and the test is based on the natural tendency of animals to explore a novel 

environment. In the Y maze test, mice generally visit a new arm of the maze instead of 

going to the previously visited arm. Spontaneous alternation performance is considered 

as an index of spatial working memory (61, 62). The number of total arm entries was 

similar in all treatment groups of mice, showing intact general locomotor activity (data 

not shown). However, the IgG antibody-injected RS mice showed a significantly reduced 

percentage of alternation compared with IgG antibody-injected NS mice. In contrast, IFNAR 

antibody-treated RS mice exhibited a percentage of alternation similar to those of IgG 

antibody-injected NS mice (Fig. 1E). Together, these results suggest the role of IFN-I 
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signaling in chronic stress-mediated social behavior and spatial working memory deficits in 

the mice.

IFNAR antibody treatment attenuates chronic stress-induced infiltration of macrophages 
and increases in IFN-I-stimulated gene in the PFC

Next, we sought to determine if the peripheral increase of IFN-I signaling following 

chronic stress induced the recruitment of immune cells into the brain. We used flow 

cytometry analysis to identify the cell types in PFC and hippocampus following chronic 

stress. Differences in the levels of CD45 expression were used to determine if Lymphocyte 

antigen 6 complex locus G6D (Ly6-G) and ionized calcium-binding adapter molecule 1 

(Iba1)–positive cells are infiltrating macrophages from the peripheral circulation, which 

show high levels of CD45, or part of a resident microglial population that express CD45 at 

low levels. We found that chronic stress increased the proportion of Iba1+CD45hi cells, but 

not Iba1+CD45low cells in PFC, while IFNAR antibody treatment significantly attenuated 

chronic stress-mediated infiltration of peripheral macrophages (Fig. 2A–C). However, the 

increases in Iba1+CD45hi cells and Iba1+CD45low cells in the hippocampus following 

RS treatment did not reach statistical significance (Fig. S1A, B). It is known that the 

binding of IFNα or IFNβ to IFNα/β receptors triggers the signaling pathway mediated by 

Janus kinases (JAKs; JAK1 and JAK2), signal transducer and activator of transcriptions 

(STATs; STAT1 and STAT2), and IRF9 (63). The above signaling pathways result in the 

modulation of a number of gene expressions. These IFN-stimulated genes (ISGs) play 

important roles in inhibiting viral infections and inflammatory stimuli. Mx1 and IFI44 are 

representative ISGs induced by IFN-I. To determine whether the increased levels of IFNβ in 

the periphery following chronic stress upregulated IFN-I signaling in the brain, we analyzed 

the mRNA expression of IFI44 and Mx1 in the PFC and hippocampus. Quantitative PCR 

(qPCR) analysis revealed the upregulation of IFI44, but not Mx1 mRNA levels in the 

PFC (Fig. 2D, E) and hippocampus (Fig. 2F, G) of the RS mice. However, the increases 

of IFI44 were attenuated in the PFC and hippocampus of IFNAR antibody-treated mice 

exposed to RS compared with IgG antibody-treated mice subjected to RS (Fig. 2D, F). 

To determine whether the infiltration of peripheral macrophages into the brain contributes 

to RS-induced increase in IFI44 expression, we treated mice with liposome-encapsulated 

clodronate (Clodrosome) to deplete myeloid cells during the RS paradigm. The dose and 

duration of Clodrosome used in our experiment have been shown to significantly reduce the 

number of circulating CD11b+ F4/80+ myeloid cells compared with Encapsome (control)

treated mice (12). Clodrosome administration significantly attenuated RS-induced increase 

in IFI44 mRNA levels in both PFC (Fig. S2A) and hippocampus (Fig. S2B). These results 

suggest that peripheral macrophages play a key role in RS-induced activation of IFN-I 

signaling in the brain.

IFNAR antibody treatment attenuates chronic stress-induced changes in serum 
inflammatory markers, and M1 and M2 markers in the PFC and hippocampus

There is growing evidence that abnormal inflammatory responses such as increased serum 

levels of certain pro-inflammatory cytokines, particularly TNFα and IL-1β, increase 

susceptibility to neuropsychiatric disorders like depression (64–69). Moreover, chronic 

stress conditions increase serum levels of pro-inflammatory markers in animal models (70). 
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We examined the role of IFN-I in chronic stress-induced changes in serum inflammatory 

markers. Cytokine array data showed significant upregulation of the TNFα and IL-1β in the 

serum of mice exposed to RS compared to the NS group (Fig. 3A). Also, IFNAR antibody 

treatment significantly attenuated the RS-induced increases in TNFα and IL-1β levels (Fig. 

3A). As a result of the disturbance of tissue homeostasis, macrophages switch between pro- 

(M1) and anti-inflammatory (M2) phenotypes (71–73). We analyzed the mRNA levels of 

M1 markers (iNOS, Cx3CR1, TNFα, and CD16) and M2 markers (interleukin-4 receptor 

α (IL4Rα), interleukin-1 receptor antagonist (IL1Rn), Suppressor of cytokine signaling 3 

(Socs3), and Arginase 1 (Arg1)) in the PFC and hippocampus of mice following RS. qPCR 

results showed significant increases in the expression levels of all M1 markers (Fig. 3B). 

In contrast, no change was found in the M2 markers (IL1Rn, Socs3, and Arg1) in PFC 

of mice following RS, except IL4Rα, which was significantly increased as a result of RS 

(Fig. 3B). Interestingly, IFNAR antibody treatment significantly attenuated the increases in 

M1 markers, whereas it increased the M2 markers in the PFC of RS mice (Fig. 3B). A 

similar change in the expression of the above markers was seen in the hippocampus except 

that Cx3CR1 and IL4Rα were unchanged, whereas Arg1 was increased following RS (Fig. 

S3). These results suggest that chronic stress induces M1 pro-inflammatory phenotype and 

blocking IFNAR systemically attenuates the increase in the levels of M1 markers.

Like microglia, astrocytes also play important role in maintainance of brain homeostasis. 

It is known that activated microglia induce the transformation of naive astrocytes into 

reactive astrocytes (74). A1 astrocytes gain neurotoxic function whereas A2 astrocytes show 

neuroprotective properties (74, 75). Here, we examined the expression levels of a group 

of astrocyte reactivity markers, such as “pan,” “A1,” and “A2” markers. In pan-markers, 

we found significant increases in serine (or cysteine) peptidase inhibitor, clade A, member 

3N (Serpina3n) and vimentin (Vim), but decrease in lipocalin-2 (Lcn2) mRNA levels in 

the PFC following RS (Fig. S4A). IFNAR antibody treatment significantly attenuated the 

increase in serpina3n mRNA levels. In A1 markers, IFNAR antibody treatment significantly 

attenuated the RS-induced increases in C3, histocompatibility 2, T region locus 23 (H2-T23) 

and Serpin family G member 1 (Serping 1) mRNA levels (Fig. S4A). We found a significant 

increase in the A2 marker, CD109 with no change in Epithelial Membrane Protein 1 (EMP1) 

and S100 calcium-binding protein A (S100a) mRNA levels following RS (Fig. S4A). In the 

hippocampus, Vim mRNA levels were increased following RS (Fig. S4B). In A1 markers, 

the RS-induced increases in C3 and Serping 1 mRNA levels were significantly attenuated 

by IFNAR treatment (Fig. S4B). No significant change in A2 markers were found in the 

hippocampus following RS (Fig. S4B).

Complement component 3 mediates IFNβ–induced neuroinflammation and deficits in 
social behavior.

The classical complement pathway is involved in microglia-mediated synaptic loss (76) and 

the inflammatory response (77). However, the role of the classical pathway in peripheral 

IFN-I-mediated neuroinflammation and behavior is not known. Since we found a significant 

increase in C3 mRNA levels in the PFC and hippocampus following RS, we examined the 

expression levels of another classical complement marker, C1q in the PFC and hippocampus 

of mice following RS. We found no significant change in the mRNA levels of C1q in the 
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PFC (Fig. S5A) and hippocampus (Fig. S5B) of RS-exposed mice. Next, we examined 

the role of C3 in IFNβ-mediated behavior deficits. Similar to the data observed following 

RS exposure, IFNβ administration induced significant upregulation of IFI44, but not Mx1 

mRNA levels in the PFC (Fig. S5C–D) and hippocampus (Fig. S5E–F). C3-deficient mice 

(C3 KO) and age-matched wild type (WT) were injected with recombinant mouse IFNβ 
or vehicle, and social behavior and spatial working memory were examined. WT mice 

injected with IFNβ showed no preference for either chamber, whereas C3 KO injected with 

IFNβ showed a preference for the chamber housing stranger mouse than the empty cage 

chamber (Fig. 4A). Similarly, WT mice injected with IFNβ showed decreased interaction 

with a stranger mouse compared to C3 KO injected with IFNβ (Fig. 4B). In the Y maze 

test, no significant difference in the percentage of alternation between the treatment groups 

(Fig. 4C). Overall, these results suggest that C3 deletion attenuates IFNβ-induced deficits in 

social behavior.

Next, we examined the effect of C3 deletion on IFNβ-mediated infiltration of macrophages 

into the PFC and hippocampus. Results from flow cytometry analysis showed an increased 

proportion of Iba1+CD45hi and Iba1+CD45low cells in the PFC (Fig. 4D–F) and 

hippocampus (Fig. S5G–H) of IFNβ-treated WT mice. In contrast, the IFNβ-induced 

increases in Iba1+CD45hi, and Iba1+CD45low cells were significantly attenuated in C3 

KO mice. Furthermore, we examined the macrophage phenotype by analyzing M1/M2 

phenotype markers in the PFC and hippocampus. We found significant increases in mRNA 

expression levels of iNOS, TNFα, and CD16 in the PFC (Fig. 4G) and of iNOS and TNFα 
in the hippocampus (Fig. S5I) of WT mice following IFNβ treatment. IFNβ treatment 

resulted in a significant increase in Socs3, but a decrease in Arg1 mRNA levels in PFC (Fig. 

4G), and decreases in IL1Rn and Arg1 mRNA levels in the hippocampus (Fig. S5I) of WT 

mice. However, C3 deletion significantly attenuated IFNβ-mediated changes in M1 and M2 

markers in PFC (Fig. 4G) and hippocampus (Fig. S5I). These results suggest that C3 plays a 

critical role in IFNβ-induced neuroinflammation and deficits in social behavior.

Increased expression of IFN-I-stimulated genes, IFI44 and Mx1 in the PFC of depressed 
subjects

We examined the mRNA levels of IFN-I-stimulated genes, IFI44, and Mx1 by qPCR 

analysis. Since we found significant increases in the levels of M1 markers and C3 in PFC 

of mice following RS, the expression of those genes were also examined in the human PFC 

samples. None of the evaluated covariates had a statistically significant association with 

gene expression. Therefore, none of the covariates were included in the MANOVA model. In 

the overall multivariate model, depressed-suicide status was a significant predictor of gene 

expression [Wilk’s λ = 0.08, F(6, 23) = 44.19, p < 0.001, η2p = 0.920, Observed Power 

= 1.00]. An examination of the univariate between-subject effects showed that depressed

suicide status was associated with an increased expression of C3, IFI44, Mx1, CD16, 

iNOS, Cx3CRI and TNFα (Fig. 5a). The mean values for the depressed-suicide group were 

higher in every case, suggesting that increased expression of each of these genes may be 

implicated in depression and/or suicidal behavior. Next, we examined if the mRNA levels of 

IFI44 and Mx1 are correlated with those of M1 markers and C3 in our sample cohort. 

Following Holm-Bonferroni correction of significance levels, IFI44 showed significant 
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positive correlations with C3 (Fig. 5b), CD16 (Fig. 5c), and TNFα (Fig. 5d), whereas Mx1 

was positively correlated with TNFα (Fig. 5e). Another interesting observation is that the 

expression level of TNFα shows strong significant positive correlations with the expression 

levels of all other genes examined (Table S3).

Discussion

Our results demonstrated that chronic restraint stress induces serum IFNβ levels and deficits 

in social behavior and spatial working memory. Conversely, inhibition of IFN-I signaling 

using the IFNAR antibody blocks chronic stress-induced infiltration of macrophages into 

the brain and behavioral abnormalities. Further, IFNβ-induced changes in behavior and 

neuroinflammation were observed to be C3-dependent. Also, depressed suicide subjects 

have increased levels of IFN-I-stimulated genes in their PFC and correlated with C3 and 

inflammatory markers compared to the controls.

In the present study, we have used the RS paradigm to investigate the effects of chronic 

stress on behavior and inflammatory markers. In the above paradigm, mice were exposed 

to continuous and predictable stress that mimic chronic stress conditions, such as daily 

repetition of stressful jobs and familial stress in humans (78). Several earlier studies 

support the validity of this model, in particular on the effects of chronic stress on 

anxiety and depression-like behaviors (44–47), functional connectivity of the brain (48, 

49), hippocampal volume (50, 57), social behavior (51) and cognitive functions (53–56, 

58) similar to those in human subjects with neuropsychiatric disorders such as depression 

(78). RS is known to induce persistent low-grade inflammation, as evidenced by increases in 

peripheral levels of pro-inflammatory markers such as TNFα (79, 80). Further, RS induces 

microglial activation, as shown by altered microglial morphology and expression of immune 

molecules in PFC (81). In addition, stress-induced microglial activation was associated 

with deficits in social behavior (82) and spatial memory (83). Further, the cotreatment of 

minocycline, an inhibitor of microglial activation, could reverse stress-induced cognitive 

impairment (83).

We found a significant increase in the number of infiltrating macrophages in the PFC; a 

brain region known to play critical roles in mood and cognition following RS. Also, an 

increase in IFN-I signaling was observed in PFC and hippocampus following RS. Mice 

treated with the IFNAR antibody showed prevention of macrophages’ recruitment into the 

PFC, indicating that an increased number of infiltrating macrophages is attributed mainly to 

the elevated peripheral levels of IFN-I following RS. These findings suggest that activation 

of IFN-I signaling plays a key role in linking the central and peripheral immune systems. 

It is important to note that IFNAR antibody treatment could also attenuate RS-induced 

increases in serum pro-inflammatory cytokines such as TNFα, IL1β, and IFNβ. Indeed, 

IFNβ has been shown to enhance TNFα production in murine macrophages (84) and 

LPS-activated monocytes (85). It is also known that IFNβ participates in enhancing the 

signals of other cytokines such as IL-6 (86). Although our findings show the critical role of 

peripheral IFNβ in mediating RS-induced effects on behavior, the cellular origin of IFNβ 
is not known. It is possible that IFNβ is produced in the brain, leaking to the periphery, or 

is produced by peripheral immune cells and has its effect in the brain regions mediating 
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behavioral changes. A compromised blood-brain barrier (BBB) can allow macrophage 

infiltration and trafficking of IFNβ from the peripheral system to the brain. RS is known to 

damage the BBB in the PFC and hippocampus of adult rats (87). Further, it has been shown 

that the BBB endothelial-derived chemokine ligand CXCL10 (C-X-C motif chemokine 

10) mediates IFNβ-induced behavioral changes in mice through impairment of synaptic 

plasticity (88). Our data showing inhibition in RS-induced increase in the expression of 

IFI44 in Clodrosome-treated mice suggest that IFNβ present in peripheral macrophages 

may play a critical role in RS-induced deficits in social behavior and spatial working 

memory. Additional studies using mice lacking IFNβ in peripheral macrophages vs. resident 

microglia are warranted.

We found an increase in M1 markers in PFC and hippocampus following RS, whereas 

IFNAR antibody-treated mice show a greater M2 phenotype compared to the control group 

following RS. In addition, the IFNAR antibody significantly attenuated the increased levels 

of M1 markers in mice exposed to RS. The macrophage polarization is tightly controlled 

by the balance between the M1-mediated inflammation and M2-mediated anti-inflammation/

neuroprotection. Unexpectedly, we found a significant increase in the mRNA levels of 

IL4Rα, an M2 marker in PFC following RS. IL4Rα is a shared receptor subunit for IL-4 

and IL-13 and represents a central switch for M1 to M2 macrophage polarization (89). 

In agreement with our results, many previous studies have reported pro-inflammatory-like 

functions of IL4Rα. Wound macrophages from mice deficient in the IL4Rα did not differ 

from wild-type mice in M2 markers (90). Also, macrophages from mice lacking IL4Rα 
responded to the TLR4 agonist LPS similarly to those from WT mice on the expression 

of inflammatory cytokines, including TNFα (91). These results imply that the analysis of 

both IL4Rα-dependent and IL4Rα-independent markers is important for identifying the M2 

phenotype under stress conditions. Further, our data on M1/M2 markers do not differentiate 

the cell types (infiltrating macrophages vs. resident microglia) expressing these proteins. 

It is known that microglia and monocyte-derived macrophage expression profiles and 

characteristics differ dramatically even when these two cell types are exposed to the same 

stimuli (92, 93). Further, recent studies show that resident microglia and infiltrating immune 

cells regulate astrocyte reactivity (74). Specifically, microglia induce A1 reactive astrocytes 

through the release of cytokines such as IL1α, TNFα, and C1q (74). The increases in A1 

makers including C3 following RS suggest that reactive astrocytes were induced by chronic 

stress conditions.

IFN-I and complement are both key components of the innate immune system. 

Abnormalities in the complement pathway have been found in many neurological and 

neuropsychiatric disorders (94–97). The complement pathway is inappropriately reactivated 

in these disease conditions leading to synaptic deficits, disrupted neuronal connectivity, and 

cognitive impairment (98, 99). C3 is considered the hub of all three complement activation 

pathways, the classical pathway, the lectin pathway, and the alternative pathway. Our earlier 

study has found significant increases in C3 mRNA levels in PFC of mice exposed to chronic 

unpredictable stress and depressed suicide subjects (12). In the present study, we found 

that the deletion of C3 decreased systemic IFNβ-induced deficits in social behavior and the 

infiltration of macrophages into PFC and hippocampus. Further, IFNβ-induced increases in 

M1 markers were attenuated in C3 knockout mice. The above findings on the role of C3 in 
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mediating IFNβ-induced changes in CNS inflammation are further supported by our human 

postmortem data showing a positive association between C3 and IFI44 in PFC. Our results 

provide a possible mechanistic link between IFN-I signaling and the complement pathway in 

chronic stress conditions.

Although we found deficits in both social behavior and spatial working memory in RS

exposed mice, no change in spatial working memory was found in mice systemically treated 

with IFNβ. The reason behind these differing effects on spatial working memory is not 

clear. However, we suspect that the efficacy of IFN-I signaling needed to result in spatial 

working memory deficits may differ between the models. RS-exposed mice may have an 

overall higher magnitude of inflammation than IFNβ-injected mice. Additional studies with 

long-term IFNβ treatment are warranted to test the above possibility.

It is important to note that IFN-I exerts pathogenic or protective roles in the CNS depending 

on their concentration (100). In addition to their strong antiviral and immunomodulatory 

functions, IFN-I also regulates homeostatic processes in the periphery (101) and within the 

CNS (102). IFNβ functions as a growth factor for neural progenitor stem cells and enhances 

their differentiation into oligodendroglia (103). Baseline IFNβ expression is critical for 

neuronal homeostasis, whereas spontaneous pathologies similar to human neurodegeneration 

such as Parkinson’s disease and dementia with Lewy bodies were observed in IFNβ–/– mice 

(104). In MS patients, IFNβ therapy has been shown to prevent and shorten relapses and 

reduces cognitive loss (105, 106). However, IFNβ treatment has been shown to exacerbate 

depression in MS patients with a history of depression (107–110). A recent rodent study 

has demonstrated that systemically blocking maternal IFN-I signaling decreased poly(I:C)

induced behavioral abnormalities in the offspring (111).

A number of transcriptional activators and repressors have been implicated in the regulation 

of IFNα and IFNβ. Specifically, the IFNβ promoter contains four positive regulatory 

domains (PRDI-IV), which are occupied by transcription factor complexes: IRF-3 and IRF-7 

bind PRDI and III; the p50/RelA NF-κB complex binds PRDII, and the ATF-2/c-Jun AP-1 

complex binds PRDIV (112). The coordinated binding of these complexes is important for 

the activation of IFNβ promoter by viral infection or inflammatory stimuli. In contrast to 

IFNβ, the activation of IFNα promoter requires binding of IRF7 but not AP-1 and NF-κB 

(113). Since NF-κB has been well implicated in mediating chronic stress-induced behavioral 

impairments (114), it is possible that the selective increase in IFNβ observed in our study 

following chronic stress conditions could be a result of stress-induced NF-κB activation. 

However, additional studies are warranted to examine the role of NF-κB in mediating 

chronic stress-induced IFN-I induction. In addition to the PFC and hippocampus, chronic 

stress conditions as well as peripheral immune challenge have been shown to alter neuronal 

activity and morphology in the basolateral amygdala (BLA) in rodents (115–118). Further, 

chronic social defeat stress has been shown to induce microglia activation and altertations 

in immune signaling molecules in amygdala (119, 120). Moereover, restraint stress and 

repeated stimulation of corticotrophin releasing factor (CRF) receptors within the BLA have 

been shown to induce anxiety-like behavior and social interaction deficits in rats (121). The 

potential role of IFN-1 signaling in amygdala in mediating chronic stress-induced alterations 

in behavior and neuroinflammation will be investigated in future studies.
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In summary, our findings provide a novel mechanism linking IFN-I signaling and 

complement pathway in chronic stress-induced neuroinflammation and changes in behavior. 

Additional studies are warranted to investigate the cell type in the brain that plays a central 

role in IFN-I-mediated macrophage recruitment during inflammation and contribute to 

complement-dependent behavioral alterations under chronic stress conditions. Collectively, 

these results support the rationale that targeting the peripheral IFN-I pathway represents a 

promising therapeutic option, especially for patients with an elevated immune profile, as 

seen in many depressed subjects.
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Figure 1. IFNAR antibody treatment attenuates chronic stress-induced deficits in social behavior 
and spatial working memory.
(A-B) Chronic stress-induced changes in serum (A) IFNα and (B) IFNβ protein levels; *p 
=0.0348 vs NS; Student’s t test: n=9. (C-E) IFNAR antibody treatment attenuated chronic 

stress-induced deficits in social behavior and spatial working memory. C, Time in chamber 

in the three-chamber social interaction test. Two-way ANOVA, chamber (F(2,102)=53.75, 

p<0.0001); chamber X treatment interaction (F(6,102)=6.364, p<0.0001). **p<0.01 and 

***p<0.001 (mouse chamber vs empty chamber); n=9–10 per group. D, Reciprocal social 
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interaction test; Two-way ANOVA, stress (F(1,32)=7.617, p=0.0095); **p<0.01 vs Con Ab 

NS; n=9 per group. E, Y-maze test. Two-way ANOVA, stress (F(1,35)=6.898, p=0.0127); 

*p<0.05 vs Con Ab NS; n=9–10 per group. NS: no stress; RS: restraint stress.
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Figure 2. IFNAR antibody treatment attenuates chronic stress-induced infiltration of 
macrophages and increases in IFN-I-stimulated gene in the PFC
(A-C) Flow cytometry analysis of infiltrating monocytes and resident microglia in the PFC 

of mice exposed to chronic stress in presence or absence of IFNAR antibody. A, Flow 

cytometry gating strategy showing Iba1+ cells were analyzed using CD45 to differentiate 

infiltrating macrophages (CD45hi) from resident microglia (CD45low). B, % of Iba1+ 

cells expressing CD45high in PFC of no stress (NS) and restraint stress (RS) mice treated 

with control (Con) Ab or IFNAR Ab. Two-way ANOVA, stress (F(1,8)=2.708, p=0.0142); 

*p<0.05 vs Con Ab NS; n=3 per group. C, % of Iba1+ cells expressing CD45low in PFC 
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of mice exposed to RS as compared to NS. Two-way ANOVA, stress (F (1, 8) = 7.848, 

p=0.0231); treatment ( F (1, 8) = 6.283, p=0.0366); n=3 per group. (D-G) IFN-I signaling in 

the brain of chronic stressed mice treated with Con Ab or IFNAR Ab. D, mRNA expression 

of IFI44 in PFC. Two-way ANOVA, stress (F (1, 28) = 24.27 p<0.0001); stress X treatment 

interaction (F (1, 28) = 18.47, p=0.0002); ****p<0.0001 vs Con Ab NS,; #p<0.05 vs Con 

Ab RS; n=8 per group. E, mRNA expression of Mx1 in PFC. Two-way ANOVA, n=8–9 per 

group. F, mRNA expression of IFI44 in hippocampus. Two-way ANOVA, stress (F (1, 24) 

= 85.35 p<0.0001); treatment (F (1, 24) = 58.65, p<0.0001); stress X treatment interaction 

(F (1, 24) = 24.46, p<0.0001); ****p<0.0001 vs Con Ab NS,; ####p<0.0001 vs Con Ab RS; 

n=7 per group. G, mRNA expression of Mx1 in hippocampus. Two-way ANOVA, stress (F 

(1, 20) = 6.196, p=0.0217); n=6 per group.
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Figure 3. IFNAR antibody treatment attenuates chronic stress-induced changes in serum 
inflammatory markers, and in M1 and M2 markers in the PFC.
(A) Array of 13 cytokines in the serum samples from no stress (NS) and restraint stress (RS) 

mice treated with control (Con) Ab or IFNAR Ab. IL-12. Two-way ANOVA, treatment (F 

(1, 19) = 81.67 p<0.001); ####p<0.0001 vs Con Ab RS; n =5–7 per group. IL-23. Two-way 

ANOVA, treatment (F (1, 20) = 91.68p<0.0001); ####p<0.05 vs Con Ab RS; n=5–7 per 

group. IL-1A. Two-way ANOVA, NSp>0.05 vs Con Ab RS; n=5–7 per group. IFNγ. Two

way ANOVA, treatment (F (1, 20) = 155.2 p<0.001); ####p<0.0001 vs Con Ab RS; n=5–7 
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per group. TNFα. Two-way ANOVA, stress (F (1, 20) = 9.92, p<0.01); treatment (F (1, 20) 

= 95.54 p<0.001); stress X treatment interaction (F (1, 20) = 14.62, p<0.01); ****p<0.0001 

vs Con Ab NS; ####p<0.0001 vs Con Ab RS; n=5–7 per group. MCP1. Two-way ANOVA, 

treatment (F (1, 20) = 98.27, p<0.001); ####p<0.0001 vs Con Ab RS; n=5–7 per group. IL1β. 

Two-way ANOVA, stress X treatment interaction (F (1, 20) = 6.88, p<0.05); ****p<0.0001 

vs Con Ab NS, ####p<0.0001 vs Con Ab RS; n=5–7 per group. IL-10. Two-way ANOVA, 

treatment (F (1, 20) = 79.09, p<0.0001);###p<0.001 vs Con Ab RS; n=5–7 per group. 

IL-6. Two-way ANOVA, treatment (F (1, 20) = 102.0, p<0.0001); ####p<0.0001 vs Con Ab 

RS; n=5–7 per group. IL-27. Two-way ANOVA, treatment (F (1, 20) = 85.32, p<0.0001); 
####p<0.0001 vs Con Ab RS; n=5–7 per group. IL-17A. Two-way ANOVA, treatment (F 

(1, 20) = 108.3, p<0.001); ####p<0.0001 vs Con Ab RS; n=5–7 per group. IFNβ. Two-way 

ANOVA, stress (F (1, 17) = 5.309, p<0.05); treatment (F (1, 17) = 146.7 p<0.001); stress X 

treatment interaction (F (1, 17) = 5.309, p<0.05); *p<0.05 vs Con Ab NS, ####p<0.0001 vs 

Con Ab RS; n=5–7 per group. GM-CSF. Two-way ANOVA, treatment (F (1, 20) = 153.5, 

p<0.001); ####p<0.0001 vs Con Ab RS; n=5–7 per group. (B) mRNA expressions of M1/M2 

phenotype in the PFC of no stress (NS) and restraint stress (RS) mice treated with control 

(Con) Ab or IFNAR Ab.. mRNA expressions of M1 markers; iNOS. Two-way ANOVA, 

stress (F (1, 20) = 10.32, p=0.0044); stress x treatment interaction (F (1, 20) = 7.985, 

p=0.0104); **p<0.01 vs Con Ab NS, #p<0.05 vs Con Ab RS; n=6 per group. Cx3CR1. 

Two-way ANOVA, treatment (F (1, 20) = 231.9, p<0.0001); stress x treatment interaction 

(F (1, 20) = 60.84, p<0.0001); ****p<0.0001 vs Con Ab NS, ####p<0.0001 vs Con Ab RS; 

n=6 per group. TNFα. Two-way ANOVA, Stress (F (1, 20) = 46.33, p<0.0001), treatment 

(F (1, 20) = 7.940, p=0.0106); stress x treatment interaction (F (1, 20) = 12.80, p=0.0019); 

****p<0.0001 vs Con Ab NS, ##p<0.01 vs Con Ab RS; n=6 per group. CD16. Two-way 

ANOVA, Stress (F (1, 20) = 129.7, p<0.0001), treatment (F (1, 20) = 50.84, p<0.0001); 

stress x treatment interaction (F (1, 20) = 57.09, p<0.0001); ****p<0.0001 vs Con Ab 

NS, ####p<0.0001 vs Con Ab RS; n=6 per group. IL4Rα. Two-way ANOVA, Stress (F (1, 

20) = 41.45, p<0.0001), treatment (F (1, 20) = 37.66, p<0.0001); *p<0.05 vs Con Ab NS, 
###p<0.001 vs Con Ab RS; n=6 per group. IL1Rn. Two-way ANOVA, Stress (F (1, 20) = 

277.3, p<0.0001), treatment (F (1, 20) = 380.9, p<0.0001); stress x treatment interaction (F 

(1, 20) = 194.3, p<0.0001); ####p<0.0001 vs Con Ab RS; n=6 per group. Socs3. Two-way 

ANOVA, Stress (F (1, 20) = 48.16, p<0.0001), treatment (F (1, 20) = 87.03, p<0.0001); 

stress x treatment interaction (F (1, 20) = 28.23, p<0.0001); ####p<0.0001 vs Con Ab RS; 

n=6 per group. Arg1. Two-way ANOVA, Stress (F (1, 20) = 70.76, p<0.0001), treatment 

(F (1, 20) = 48.29, p<0.0001); stress x treatment interaction (F (1, 20) = 62.80, p<0.0001); 
####p<0.0001 vs Con Ab RS; n=6 per group.
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Figure 4. Complement component 3 mediates IFNβ–induced neuroinflammation and deficits in 
social behavior
(A-C) C3 deletion attenuated IFNβ-induced deficits in social behavior. WT and C3 KO 

mice were treated with vehicle (PBS; Con) or IFNβ. A, Time in chamber in the three

chamber social interaction test. Two-way ANOVA, chamber (F (2, 78) = 119.2, p<0.0001); 

*p<0.05, ***p<0.001, ****p<0.0001 and (mouse chamber vs empty chamber); n=7–8 per 

group). B, Reciprocal social interaction test. Two-way ANOVA, genotype X treatment 

interaction (F (1, 24) = 8.221, p=0.0085); *p<0.05 vs WT Con; n=7 per group). C, Y
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maze test for spatial working memory. Two-way ANOVA; n=7–8 per group. (D-F) Flow 

cytometry analysis of infiltrating monocytes and resident microglia in the PFC of WT and 

C3 KO mice treated with Con or IFNβ. D-E, Flow cytometry gating strategy showing 

Iba1+ cells were analyzed using CD45 to differentiate infiltrating monocytes (CD45hi) 

from resident microglia (CD45low). F, % of Iba1+ cells expressing CD45high. Two-way 

ANOVA, genotype (F (1, 8) = 28.57, p=0.0007), treatment (F (1, 8) = 45.84, p=0.0001), 

genotype X treatment interaction (F (1, 8) = 24.89, p=0.0011); ***p<0.001 vs WT con, 
###p<0.001 vs WT IFNβ; n=3 per group). % of Iba1+ cells expressing CD45low. Two-way 

ANOVA, genotype (F (1, 8) = 19.59, p=0.0022), treatment (F (1, 8) = 45.37, p=0.0001); 

**p<0.01 vs WT con, #p<0.05 vs WT IFNβ; n=3 per group). (G) mRNA expressions 

of M1/M2 phenotype in the PFC of WT and C3 KO mice treated with Con or IFNβ. 

mRNA expressions of M1 markers; iNOS. Two-way ANOVA, genotype (F (1, 20) = 36.35, 

p<0.0001); treatment (F (1, 20) = 294.5, p<0.0001), genotype X treatment interaction (F (1, 

20) = 168.6, p<0.0001); ****p<0.0001 vs WT Con, ####p<0.0001 vs WT IFNβ; n=6 per 

group. TNFα. Two-way ANOVA, genotype (F (1, 20) = 56.80, p<0.0001); treatment (F (1, 

20) = 316.6, p<0.0001), genotype X treatment interaction (F (1, 20) = 155.1, p<0.0001); 

****p<0.0001 vs WT Con, ####p<0.0001 vs WT IFNβ; n=6 per group. CD16. Two-way 

ANOVA, genotype (F (1, 20) = 341.6, p<0.0001); treatment (F (1, 20) = 41.19, p<0.0001); 

**p<0.0001 vs WT Con, ###p<0.0001 vs WT IFNβ; n=6 per group. mRNA expression 

of M2 markers; IL4Rα. Two-way ANOVA, treatment (F (1, 20) = 5.027, p=0.0364), n=6 

per group. IL1Rn. Two-way ANOVA, genotype (F (1, 20) = 119.8, p<0.0001); treatment 

(F (1, 20) = 6.709, p=0.0175); n=6 per group. Socs3. Two-way ANOVA, genotype (F (1, 

20) = 236.6, p<0.0001); treatment (F (1, 20) = 74.92, p<0.0001), ****p<0.0001 vs WT 

Con, ####p<0.0001 vs WT IFNβ; n=6 per group. Arg1. Two-way ANOVA, treatment (F (1, 

20) = 42.80, p=0.1909), genotype X treatment interaction (F (1, 20) = 4.569, p=0.0451); 

***p<0.001 vs WT Con; n=6 per group.
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Figure 5. Increased expression of IFI44 and Mx1 in the PFC of depressed subjects.
(A) Increase in IFN-I stimulated genes (IFI44 and Mx1), complement component (C3) and 

M1 phenotyppe markers in the PFC of depressed suicide subjects. mRNA levels of these 

genes in the PFC of depressed suicide (n=15) and control (n=15) subjects were measured by 

qRT-PCR. mRNA levels were normalized to housekeeping genes 18S and B2m. C3 (***p 
<0.001), IFI44 (***p <0.001), Mx1 (***p <0.001), CD16 (***p <0.001), iNOS (*p <0.05), 

Cx3CR1 (*p <0.005) and TNFα (***p =0.001) as compared to the controls, multivariate 

analysis of variance (MANOVA). (B-E) Representative graphs showing correlation between 
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the mRNA levels. B, Correlation between IFI44 and C3 (Pearson r =0.72; p<0.0001; R2 = 

0.5147). C, Correlation between IFI44 and CD16 (Pearson r =0.69; p<0.0001; R2 = 0.4822). 

D, Correlation between IFI44 and TNFα (Pearson r =0.86; p<0.0001; R2 = 0.7332). E, 

Correlation between Mx1 and TNFα (Pearson r =0.70; p<0.0001; R2 = 0.4906).
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Table 1.

Comparison of depressed/suicide and controls

Measure Depressed-Suicide Control F (1, 28) p

M (SD)

Age 42.60 (15.54) 42.80 (14.97) 0.001 0.972

PMI 21.80 (17.55) 20.43 (13.35) 0.060 0.816

pH 6.59 (0.46) 6.63 (0.21) 0.100 0.754

RNA Integrity 5.93 (2.56) 5.65 (1.98) 0.118 0.734

Note. PMI = Postmortem Interval.

Mol Psychiatry. Author manuscript; available in PMC 2021 October 13.


	Abstract
	Introduction
	Materials and Methods
	Animals
	Interferon alpha/beta receptor 1 (IFNAR-1) antibody and IFNβ treatment
	Clodrosome treatment
	Restraint stress (RS) procedure
	Behavioral Tests
	Three-Chamber Test
	Reciprocal Social Interaction Test
	Y-maze test
	Flow cytometry
	Quantitative reverse transcriptase PCR (qRT-PCR)
	IFN protein levels by enzyme-linked immunosorbent assay (ELISA)
	Cytokine array
	Human postmortem samples
	Statistical Analysis

	Results
	IFNAR antibody treatment attenuates chronic stress-induced deficits in social behavior and spatial working memory
	IFNAR antibody treatment attenuates chronic stress-induced infiltration of macrophages and increases in IFN-I-stimulated gene in the PFC
	IFNAR antibody treatment attenuates chronic stress-induced changes in serum inflammatory markers, and M1 and M2 markers in the PFC and hippocampus
	Complement component 3 mediates IFNβ–induced neuroinflammation and deficits in social behavior.
	Increased expression of IFN-I-stimulated genes, IFI44 and Mx1 in the PFC of depressed subjects

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

