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Abstract

Background—Traumatic brain injury (TBI) is associated with a higher incidence of depression.

The majority of individuals who suffer a TBI are juveniles and young adults and thus, the risk of a

lifetime of depressive complications is a significant concern. The etiology of increased TBI-

associated depression is unclear, but may be inflammatory-related with increased brain sensitivity

to secondary inflammatory challenges (e.g., stressors, infection, and injury).

Methods—Adult male BALB/c mice received a sham (n=52) or midline fluid percussion injury

(TBI) (n=57). Neuroinflammation, motor coordination (rotarod), and depressive behaviors (social

withdrawal, immobility in the tail suspension test, and anhedonia) were assessed 4 h, 24 h, 72 h, 7

d, or 30 d later. Moreover, 30 d after surgery, sham and TBI mice received a peripheral injection

of saline or lipopolysaccharide (LPS) and microglia activation and behavior were determined.

Results—Diffuse TBI caused inflammation, peripheral cell recruitment, and microglia activation

immediately after injury coinciding with motor coordination deficits. These transient events

resolved within 7 d. Nonetheless, 30 days post-TBI a population of de-ramified and major

© 2013 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved.
fTo whom correspondence should be addressed: J.P. Godbout, 259 IBMR Bld, 460 Medical Center Dr., The Ohio State University,
Columbus, OH 43210, USA. Tel: (614) 293-3456 Fax: (614) 366-2097, jonathan.godbout@osumc.edu.

Supplemental information: Materials and Methods Supplementary

FINANCIAL DISCLOSURES
All authors report no biomedical financial interests or potential conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biol Psychiatry. Author manuscript; available in PMC 2015 October 01.

Published in final edited form as:
Biol Psychiatry. 2014 October 1; 76(7): 575–584. doi:10.1016/j.biopsych.2013.10.014.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



histocompatibility complex (MHC)II+ (primed) microglia were detected. After a peripheral LPS

challenge, the inflammatory cytokine response in primed microglia of TBI mice was exaggerated

compared to microglia of controls. Furthermore, this LPS-induced microglia reactivity 30 d after

TBI was associated with the onset of depressive-like behavior.

Conclusions—These results implicate a primed and immune-reactive microglial population as a

possible triggering mechanism for the development of depressive complications after TBI.
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Fluid percussion injury; Cytokines; Microglia; Major histocompatibility complex II; Depression;
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INTRODUCTION

Traumatic brain injury (TBI) elicits immediate neuroinflammatory events that contribute to

acute cognitive, motor, and behavioral disturbances (1–4). Despite resolution of these acute

complications, depression can develop and persist years after TBI (5–7). Indeed, individuals

who suffer a TBI are 5–10 times more likely to develop symptoms of depression compared

to the general population (8). Depressive symptoms are diagnosed in 30–40% of individuals

within the first year of TBI (5,9), in 60% of individuals within 8 years of TBI (10), and 50

years after TBI patients continue to report higher rates of depression (11). Moreover, most

(69%; CDC, 2002–2006) brain injuries occur in juveniles (34.7%, 0–14 years) and young

adults (34.3%, 15–34 years) implicating an increased risk for a lifetime of depressive

complications that negatively affect quality of life and life-span (11,12). Furthermore, the

limited number studies on anti-depressant therapies (e.g., amitriptyline, sertraline) after TBI

show reduced efficacy in TBI patients (13,14). We propose that TBI-associated depression

is inflammatory-based and associated with increased brain sensitivity to acute immune

challenges.

In support of this premise, clinical and experimental data indicate a cause/effect relationship

between inflammation and depression (15,16). Patients with higher inflammatory cytokine

levels in circulation and within the central nervous system (CNS) report a higher incidence

of treatment-resistant depression (15). These patients have elevated levels of the

inflammatory cytokine interleukin (IL)-6 in circulation, and anti-depressant therapies fail to

reduce tumor necrosis factor (TNF)α (17). Critically, TBI patients have increased levels of

IL-6, IL-1β, and TNFα in cerebrospinal fluid (18,19) and serum (20) immediately after

injury. Moreover, markers of neuroinflammation (e.g., CD68, CR3/43) persist in the brain

parenchyma up to 16 years after TBI (21). Although several studies report increased

neuroinflammation after TBI and others report increased depression after TBI, the extent to

which prolonged brain inflammation contributes to neurobehavioral complications after TBI

is unclear.

One potential consequence of heightened and prolonged brain inflammation after TBI is

increased sensitivity to secondary challenges including subsequent injuries, stressors, and

infections (22). In models of aging, stress, early life infection, sterile CNS injury, and

preclinical neurologic disease increased sensitivity to inflammatory challenges corresponds
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with the development of a primed and more inflammatory microglia phenotype (e.g.,

increased major histocompatibility complex II [MHCII], IL-1β, CD68, complement receptor

[CR]3) (23–27). Microglia are the innate immune cells of the CNS and responsible for

interpreting and propagating inflammatory signals that affect neuronal function (28,29).

Thus, enhanced microglial activation and amplified inflammatory cytokine production can

impair normal neurologic function. In support of this idea, primed and MHCII+ microglia in

the aged brain become hyper-reactive to a systemic injection of lipopolysaccharide (LPS)

and produce exaggerated levels of IL-1β (23) corresponding to impaired cognitive

performance (22,30,31), protracted sickness behavior (32,33), and depressive-like behavior

(34). Relevant to the axonal and neuronal damage done during TBI, models of optic nerve

crush also demonstrate microglia priming (CD68+) and exaggerated IL-1β, TNFα, and IL-6

expression after LPS challenge 28 days post injury (dpi) (27). Although not discussed in the

context of microglial priming, increased MHCII (OX6) expression has also been detected in

the brain 16 dpi in a rat model of cerebral contusion (35). Thus, a primed microglia

phenotype after TBI may set the stage for exaggerated responses to acute challenges,

precipitating the development of chronic neuropsychiatric disorders.

Based on these data, we hypothesize that a diffuse TBI induces microglial priming, and that

an acute immune challenge weeks to months after injury results in a hyper-inflammatory

microglia response triggering the development of depressive-like behavior. To test this

hypothesis, the midline fluid percussion injury (FPI) model of TBI was used in mice.

Midline FPI causes mild neuronal pathology including diffuse axonal injury (36) and

transient neurological deficits (37) that recapitulate complications after mild to moderate

concussive head injuries in humans (38). Here, we show that TBI caused immediate, but

transient, neuroinflammation and behavioral impairments. Nonetheless, evidence of

microglial priming was detected in the brain 30 dpi. Furthermore, activation of the

peripheral immune system 30 days after TBI caused exaggerated microglial expression of

IL-1β and TNFα corresponding with induction of depressive-like behavior. Collectively,

these data support the premise that a diffuse TBI sensitizes the brain to secondary

inflammatory challenges that may precipitate depression.

METHODS AND MATERIALS

Mice and LPS injections

Adult (3 mo) male BALB/c mice were obtained from a breeding colony at The Ohio State

University (OSU). Mice were individually housed and maintained at 25° C under a 12 h

light/12 h dark cycle with ad libitum access to food and water. For injections, mice were

intraperitoneally (i.p.) injected 30 dpi with saline or LPS (0.33 mg/kg; serotype 0127:B8,

Sigma) 1–2 h before the start of the dark phase (between 1700 and 1900) (32,39). All

procedures were in accordance with the NIH Guidelines for the Care and Use of Laboratory

Animals and were approved by the OSU Institutional Laboratory Animal Care and Use

Committee.
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Midline fluid percussion injury

Mice received a midline and diffuse TBI using a fluid percussion injury (FPI) apparatus

(Custom Design & Fabrication) as previously described (40) and detailed in Supplemental

Materials and Methods. This diffuse injury is well characterized and occurs in the absence of

contusion, tissue cavitation, or gross neuronal loss, and causes diffuse axonal injury in the

neocortex, hippocampus, and dorsolateral thalamus (41–43). Immediately after sham injury

or TBI the injury hub was removed, dural integrity was confirmed, and mice were evaluated

for injury severity using the self-righting test (2). Based on previous studies in FPI (44), self-

righting inclusion criteria was modified for BALB/c mice as follows: sham≤60 s; 60

s<mild≤200 s; 200 s<moderate≤540 s; severe>540 s. Only mice with a moderate TBI were

used.

Motor function and depressive-like behavior

Motor coordination was assessed using rotarod (Rotamex) as previously described (45) and

detailed in the Supplementary Materials and Methods.

Activity was determined using an activity box paradigm (Open Field and Fusion software;

AccuScan Instruments). Mice were placed into independent 8 × 8 inch chambers and

automated software packaging was configured to determine the total distance traveled and

total movement time for 10 min. A subset of mice was tested for 30 min and values were

recorded in 10 min increments.

Sickness and depressive-like behavior were determined through un-motivated (locomotor)

(32) and motivated (social exploratory behavior (24,32,46), TST (34,47), sucrose preference

(48)) behavioral tests as described in the Supplemental Materials and Methods. For the TST,

the same mice were tested at both 7 dpi and 30 dpi, with another subset of mice tested only

at 30 dpi. At 30 dpi, immobility between the two subsets was not significantly different and

data were collapsed.

Isolation of enriched brain CD11b+ cells

Enriched CD11b+ cells (microglia/peripheral myeloid cells) were isolated from whole brain

homogenates as previously described (32). In brief, brains were homogenized and re-

suspended in a discontinuous, isotonic Percoll gradient. Microglia were collected from the

interphase of the 70% and 50% Percoll layers. We have previously characterized these cells

as approximately 90% CD11b+/CD45+ “enriched CD11b+” cells (23,24).

RNA isolation and RT-PCR

RNA was isolated from individual brain regions or enriched brain CD11b+ cells using the

Tri-Reagent protocol (Sigma), or the PrepEase kit (USB), respectively. RNA concentration

was determined and RNA was reverse transcribed to cDNA. Real time PCR (RT-PCR) was

performed using the Applied Biosystems Taqman® Gene Expression assay using an ABI

PRISM 7300-sequence detection system as previously described (49). Data were analyzed

using the comparative threshold cycle (ddCt) method and results are expressed as fold

difference from controls.
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Flow cytometry

Enriched brain CD11b+ cells were assayed for surface antigens by flow cytometry as

described (23,39). In brief, cells were incubated with rat anti-mouse antibodies

(eBioscience; CD11b-APC, CD45-PerCP-Cy5.5, and CD14-PE). Surface expression was

determined using a Becton-Dickinson FACSCaliber four color Cytometer. Twenty thousand

events were recorded and microglia (CD11b+/CD45low) and peripheral myeloid cells

(PMCs) (CD11b+/CD45high) were identified by CD11b/CD45 expression (50). Gating was

determined based on appropriate negative isotype controls. Data were analyzed using

FlowJo software (Tree Star).

Immunohistochemistry

Fluorescent staining for glial fibrillary acidic protein (GFAP) and ionized binding

association protein (Iba)-1 was performed as described in Supplemental Materials and

Methods. Threshold staining was determined using NIH ImageJ and quantification was

assessed for each image using digital image analysis (DIA) (51). Cell counts and cell body

size were assessed using Metamorph Image (Metamorph Offline, 6.1) analysis. Results are

reported as the average percent area for GFAP+ and Iba-1+ staining, number of cells / image,

and average cell body size (μm2).

Statistical Analysis

Data were subjected to Shapiro-Wilk test using Statistical Analysis Systems (SAS) software.

To determine significant main effects and interactions between main factors, data were

analyzed using one-, two-, or three-way ANOVA. Body mass data were also assessed using

repeated measures ANOVA. When appropriate, differences between treatment means were

evaluated by Student’s t-test. All data are expressed as treatment means ± standard error of

the mean (SEM).

RESULTS

Diffuse TBI promoted neuroinflammation in mice in a time-dependent manner

Coinciding with previous studies using midline FPI, moderate and diffuse TBI caused mild

hematoma, limited brain edema, and transient blood brain barrier permeability in the

absence of overt tissue cavitation or neurodegeneration (data not shown) (37,42,52–54). In

addition, Fig. 1A–C show that the mRNA expression of several key inflammatory genes

associated with microglia activation including IL-1β, CD14, and TNFα were increased in

the cortex (CX) and hippocampus (HPC) 4 h after TBI (p<0.0006, for each). In the sham

mice, inflammatory gene expression was not significantly different between the 4 and 72 h

time points so the data were combined and presented as a single “sham” group. By 72 h after

TBI, all markers were reduced in the CX, but CD14 remained elevated in the HPC compared

to controls (p<0.0002). Other inflammatory genes had a similar expression pattern following

TBI (Table 1). For example, chemokine ligand 2 (CCL2) mRNA was increased 4 h after

TBI in the CX (p<0.009) and HPC (p<0.0008), and remained elevated 72 h after TBI in the

CX (p<0.02). GFAP, a marker of astrocyte activation, tended to be increased 4 h after injury

in the HPC (p=0.1) and was significantly increased 72 h after TBI in both the CX and HPC
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(p<0.02 for each). TBI also increased the expression of several anti-inflammatory genes 4 h

after injury in the CX (arginase and IGF-1, p<0.05 for each), as well as 4 and 72 h after TBI

in the HPC (IL-10, p<0.05) (Table 1). Overall, a moderate TBI elicited brain region-

dependent inflammatory responses that were transient.

Next, PMC (neutrophil, monocyte, macrophage) trafficking after TBI was determined.

PMCs (CD11b+/CD45high) were differentiated from microglia (CD11b+/CD45low) based on

CD45 expression (24). Fig. 1D&E show that the number of PMCs associated with the brain

increased 2–3 fold 4 and 72 h after TBI (p<0.006). In the same set of samples, CD14 surface

expression was determined on microglia (CD11b+/CD45low). Consistent with increased

inflammatory markers after injury (Fig. 1; Table 1), the percentage of CD14high microglia

was increased 4 and 72 h after TBI (Fig. 1F&G, p<0.01). Collectively these data indicate

that TBI increased the number of brain associated PMCs and enhanced microglia activation

for at least 72 h after injury.

Diffuse TBI promoted transient deficits in body mass, motor coordination, and depressive-
like behavior

To determine the degree to which diffuse TBI caused motor and behavior deficits, body

weight, motor coordination, activity, and depressive-like behavior were determined at

several time-points after TBI. Fig. 2A shows that TBI mice had exaggerated weight loss 1–3

dpi (p<0.004), but recovered to sham levels by 7 dpi. Fig. 2B shows that motor coordination

was reduced following TBI (p<0.02) in time dependent manner (p<0.001). For example,

TBI mice had impaired motor coordination 1 h and 1–4 dpi compared to baseline and sham

levels, but recovered to baseline motor coordination by 7 dpi (Fig. 2B). Moreover, activity

levels were equivalent in sham and TBI mice 7 dpi (Fig. 2C).

Because depression can develop and persist after TBI (10,11), behavioral resignation was

determined by immobility in the TST 7 dpi (55), a time when weight, motor coordination,

and activity were not disrupted in TBI mice (Fig. 2A–C). TBI mice spent more time

immobile in the TST 7 dpi compared to controls (Fig. 2D, p<0.04). By 30 dpi, however,

immobility was similar between the groups (Fig. 2E). Increased immobility 7 dpi was not

associated with exhaustion in TBI mice as activity levels were equivalent between groups

over a 30 min testing period (data not shown). Taken together, TBI caused transient weight

loss, motor dysfunction, and depressive-like behavior.

TBI-associated astrogliosis 30 dpi

Our data indicate that moderate TBI causes a transient increase in neuroinflammation

corresponding with acute motor and behavioral impairments. We predict, however, that a

degree of glial activation persists months to years after TBI. Thus, the relative level of

astrocyte (GFAP+) activation was determined 30 dpi. GFAP immunoreactivity was

increased in the corpus callosum (CC) (Fig. 3A&D, p<0.0001) and parietal cortex (PCX)

(Fig. 3B&E, p<0.002). This increase in astrocyte activation occurred in the absence of tissue

cavitation (data not shown). GFAP immunoreactivity was primarily restricted to white

matter and gray matter directly beneath the injury site (Fig. 3G&H). Indeed, in brain regions

more distal to the impact including the prefrontal cortex (PFC) (Fig. 3C&F), paraventricular
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nucleus (PVN), medial amygdala (MeA), and hippocampus (CA1 and DG), GFAP

immunoreactivity was not increased (Table 2). Collectivity, evidence of astrocyte activation

remained 30 dpi, but was restricted to areas proximal to the injury site.

TBI-associated microglia priming 30 dpi

Next, the degree to which microglia retained a primed phenotype 30 dpi was determined.

Representative images of Iba-1 labeling in the A) DG, B) PCX, and C) PFC of sham and

TBI mice are shown. Iba-1 immunoreactivity was markedly increased 30 dpi in the DG

(p<0.04, Fig. 4D) and PCX (p<0.0007, Fig. 4E), but was not different in the PFC (Fig. 4F).

Iba-1 immunoreactivity tended to be increased in the PVN, but was unchanged in the CA1,

or MeA (Table 2). In addition, the number of Iba-1+ cells was unchanged in brain regions

examined with the exception of the PCX (p<0.02, Fig. 4J). Moreover, increased cell soma

size was only detected in the DG (p=0.1) and PCX (p<0.03, Fig. 4K).

To further investigate this primed phenotype of microglia, MHCII mRNA and protein

expression was determined in microglia from sham and TBI mice 30 dpi. Fig. 4L shows that

MHCII mRNA expression was increased ~2.5 fold in enriched CD11b+ cells isolated from

TBI mice compared to shams (p=0.09). Moreover, TBI increased the percentage of

microglia (CD11b+/CD45low) that were MHCII+ (p<0.002, Fig. 4M), and increased the level

of MHCII expression on a per cell basis by ~15% (p<0.009, Fig. 4N&O). Taken together,

diffuse TBI induced a population of MHCII+ primed microglia 30 dpi.

Peripheral LPS injection caused exaggerated microglial cytokine expression associated
with protracted social withdrawal and depressive-like behavior in TBI mice

In several models, microglial priming or sensitization is associated with an exaggerated

inflammatory cytokine response associated with cognitive impairment and the development

of depressive-like behaviors (24,34,56). Therefore, we examined the degree to which primed

microglia from TBI mice had an exaggerated response to peripheral LPS challenge 30 dpi.

Fig. 5A shows that LPS injection reduced social exploratory behavior (p<0.0001) in a time

dependent manner (p<0.001). The return to baseline social behavior 24 h after LPS was

impaired in TBI-LPS mice compared to sham-LPS mice. For example, post-hoc analysis

revealed that TBI mice injected with LPS had the lowest level of social exploration 24 h

after injection compared to all other groups (p<0.02). After completing behavioral testing,

enriched CD11b+ cells were isolated from whole brain homogenates and mRNA expression

of IL-1β and TNFα was determined. IL-1β mRNA expression was increased in microglia 24

h after LPS in both sham and TBI mice (p<0.005), but was exaggerated in microglia of TBI

mice injected with LPS (TBI-LPS) compared to all other groups (p<0.04, Fig. 5B). A similar

pattern of TNFα expression was evident 24 h after LPS injection (p<0.02). Indeed post-hoc

analysis showed that the highest expression of TNFα was in microglia from TBI-LPS mice

(p<0.02, Fig. 5C). mRNA expression of iNOS, arginase, and IL-4Rα was also determined in

enriched CD11b+ cells, but no significant differences were detected (Table 3).

In a related study, locomotor and depressive-like behaviors were evaluated in sham and TBI

mice after LPS. Because generalized lethargy and malaise can confound behavioral tests of

depression (34), locomotor activity was determined 24, 48, and 72 h after LPS. Fig. 5D
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shows that TBI mice had a ~60% reduction in locomotor activity 24 h after LPS indicating a

maintained sickness response, but recovered to baseline activity by 72 h after LPS. Next,

two major behavioral components of depression, resignation (TST) and anhedonia (sucrose

preference), were determined 72 h after LPS. Fig. 5E shows that immobility in the TST was

increased by both LPS (p<0.03) and TBI (p≤0.1), and that TBI-LPS mice had the highest

immobility compared to all other groups (post-hoc: p<0.05 from sham-saline and TBI-

saline; p≤0.1 from sham-LPS). Consistent with these results, sham-LPS mice preferred a 1%

sucrose solution over water, but TBI-LPS mice did not (p<0.03, Fig. 5F). Taken together,

LPS caused exaggerated IL-1β and TNFα expression in microglia of TBI mice (30 dpi)

corresponding with prolonged social withdrawal, resignation, and anhedonia.

DISCUSSION

Previous studies in rodents indicate that early life infection, aging, sterile CNS injury, and

pre-clinical neurodegenerative disease leads to the development of a primed and immune-

reactive population of microglia (23,27,57–59). Here we defined primed microglia by

increased Iba-1 labeling, increased cell soma size, increased MHCII mRNA and protein

expression, and a hyperactive inflammatory response after acute immune challenge. We

show that in a diffuse model of TBI (i.e., midline FPI), a population of primed microglia

develops and persists in the brain for at least 30 dpi. Indeed, microglia from TBI mice (30

dpi) were hyperactive following an acute immune stimulus (i.p. LPS injection) associated

with prolonged social withdrawal, resignation, and anhedonia. These are novel data that

indicate diffuse TBI sensitizes microglia to an acute inflammatory challenge promoting

depressive-like complications weeks after the initial injury.

An important element of this study was that diffuse TBI caused transient

neuroinflammation, deficits in motor coordination, and depressive-like behavior. For

example, TBI caused acute neuroinflammation (4–72 h) with increased mRNA expression

of inflammatory mediators (IL-1β, TNFα, etc.) in the CX and HPC. Moreover, TBI resulted

in a 2–3 fold increase in the number of PMCs that were associated with the brain. In focal

models of CNS injury (e.g., spinal cord injury, axonal crush) these cells are thought to traffic

to the site of injury and aid in clearance of debris or promote repair, but may also contribute

to secondary damage (60). It is unclear what the roles of these cells are after a diffuse TBI,

but they may contribute to increased neuroinflammation after injury. In the context of

behavioral recovery, TBI mice were impaired in motor coordination on the rotarod

immediately after injury and for at least 4 dpi, but recovered to baseline levels within 7 dpi.

Although sham mice continued to have improved performance compared to TBI mice, this

was likely an effect of training. A return to baseline motor coordination and body mass

within 7 days after TBI is relevant because cognitive, balance, and motor impairments

associated with mild-to-moderate TBI in humans are typically resolved within 7 dpi (1).

Despite the recovery to baseline motor coordination and activity, TBI mice had increased

resignation behavior 7 dpi. This is relevant because 30–40% of human TBI patients develop

symptoms of depression acutely after injury (5,9). Increased depressive-like behavior in TBI

mice, however, was no longer detected 30 dpi. Consistent with this result, TBI-related

depression in humans is associated with periods of remission (5,10) and re-establishment
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(11). Therefore, the remission/re-occurrence of depression may point to secondary stimuli

that can trigger the onset of these depressive-like symptoms.

Another key finding of the study was that primed microglia were detected in the brain of

TBI mice 30 dpi. Indeed, expression of MHCII (mRNA and protein) was increased in

microglia of TBI mice compared to sham controls. In addition, Iba-1 immunoreactivity and

corresponding de-ramified morphology were increased in microglia of the HPC and PCX 30

dpi, consistent with previous studies investigating microglia activation 7 dpi (41). This

hypertrophic (increased cell soma size) and increased Iba-1 profile in the DG and PCX is

consistent with a primed and more inflammatory microglial phenotype (46,61). Notably,

microglia activation and astrocyte activation did not occur in all of the same regions. This

may suggest a larger role for astrocytes in responding to the primary injury whereas

microglia may play a larger role in propagating the secondary injury. This microglial profile

(increased Iba-1 and MHCII) in the brain of adult TBI mice is consistent with a primed

phenotype detected in models of aging, early life infection, optic nerve crush, and pre-

neurodegenerative disease (25,27,57,59,62,63). It is likely that these microglia will remain

in a primed and hyper-reactive state for months to years after the injury. In support of this

notion, positron emission tomography (PET) imaging studies on humans with a moderate to

severe TBI show increased microglia activation by ligand [11C](R)PK11195 (PK) up to 17

years after injury (64). We interpret our data to indicate that the initial diffuse brain injury

caused significant inflammation (cytokine expression, peripheral cell recruitment, etc.)

preventing the resolution of microglia activation within the HPC. In support of this notion,

increased CD14 mRNA expression persisted in the HPC 72 h after TBI coinciding with

persistent microglia activation (CD14high). This is relevant because the HPC has a high

proportion of inflammatory-associated receptors, glutamatergic neurons, and undergoes

rapid remodeling making it more sensitive to inflammatory damage (65–67). Indeed, several

models including aging, early life infection, pre-neurodegenerative disease, and social stress

show that inflammatory-associated microglia priming is detected in the HPC

(25,26,30,50,59). It is also relevant to highlight that regional specific priming may explain

why we only observed a modest increase in MHCII mRNA and protein in microglia

collected from whole brain homogenates. Taken together, these data provide increased

evidence of the development of region-specific, primed microglial populations that persist

after a diffuse TBI.

Related to the notion of microglia priming discussed above, acute activation of the immune

system caused exaggerated expression of two key inflammatory cytokines, IL-1β and TNFα,

in microglia of TBI mice. Microglia have an active role in the interpretation and propagation

of cytokine signals that are initiated in the periphery. The production of these inflammatory

cytokines by microglia normally results in an evolutionarily adaptive behavioral and

physiological sickness response (32,68,69). Exaggerated or prolonged expression of these

inflammatory mediators, however, can lead to increased neuronal damage and maladaptive

behavioral responses including depression and delirium (26,27,34,58). For instance,

exaggerated microglial activation in TBI mice after a peripheral LPS injection was

associated with prolonged social withdrawal (24 h), and behavioral resignation and

anhedonia (72 h). These behaviors are components of depressive-like behavior (55,70) and

were undetectable in shams injected with LPS. Notably, TBI-associated microglia priming

Fenn et al. Page 9

Biol Psychiatry. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and the exaggerated inflammatory response to LPS were evident 30 dpi, which was well

after these mice had returned to baseline activity and behavior. Thus, an acute systemic

immune challenge unrelated to the initial head injury induced the re-occurrence of

depression in TBI mice. The underlying mechanism of these inflammatory-associated

cognitive and depressive complications is likely reduced long-term potentiation and

neuronal firing within the HPC (71–73) in conjunction with increased metabolism of

tryptophan to the neuroactive excitotoxin, quinolinic acid (74,75). This inflammatory-related

depression may explain the higher percentage of TBI patients with resistance to

conventional anti-depressant treatment (13,14). Thus, it will be important for future studies

to investigate potential therapies that either prevent TBI-associated microglial priming or

reverse priming once it has been established.

In conclusion, we provide the first evidence that an exaggerated response by primed

microglia to a secondary inflammatory challenge is a potential trigger for the development/

reoccurrence of neuropsychiatric complications. The critical component of this exaggerated

microglia reactivity was the establishment of depressive-like behavior following an acute

immune stimulus in TBI mice. Based on these data, we postulate that individuals who have

suffered a TBI are more sensitive to inflammation caused by secondary stimuli (e.g.,

immune activation, stress, etc) resulting in the promotion of neuropsychiatric complications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diffuse TBI promoted neuroinflammation in mice in a time-dependent manner
Four or 72 h after sham operation or TBI, mRNA levels of IL-1β, CD14, and TNFα were

determined in the CX and underlying HPC (n=6–9), or enriched brain CD11b+ cells were

collected and CD11b, CD45, and CD14 surface expression was determined by flow

cytometry (n=3–5). A) There was a main effect of TBI on IL-1β expression in both the CX

(F(2,21=11.01, p<0.0007) and HPC (F(2,22)=28.22, p<0.0006). B) There was a main effect

of TBI on CD14 expression in both the CX (F(2,20)=33.23, p<0.0001) and HPC

(F(2,19)=22.22, p<0.0001) and CD14 remained elevated in the HPC 72 h after TBI

(p<0.0002). C) There was a main effect of TBI on TNFα in both the CX (F(2,20)=32.00,

p<0.0001) and HPC (F(2,21)=284.89, p<0.0001). D) Representative bivariate dot plots of

CD11b/CD45 staining of enriched brain CD11b+ cells. E) TBI increased the relative number

of PMCs (CD11b+/CD45high) associated with the brain both 4 and 72 h after injury

(F(2,12)=34.37, p<0.006). F) Representative bivariate dot plots of CD11b/CD14 staining on

microglia (CD11b+/CD45low). G) TBI increased the percent of CD14high microglia present 4
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and 72 h after injury (F(2,10)=28.23, p<0.01). Bars represent the mean ± SEM. Means with

(*) are significantly different (p<0.05) from sham controls. Means with (#) are significantly

different (p<0.05) from sham control and TBI-4h groups. CX = cortex; HPC =

hippocampus.
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Figure 2. Diffuse TBI promotes transient deficits in body mass, motor coordination, and
depressive-like behavior
TBI caused A) reduced body weight 1–3 and 6 dpi (F(1,44)=3.41, p<0.004), but body

weight recovered to sham levels by 7 dpi (n=22). B) Motor coordination was reduced by

TBI (F(1,111)=23.46, p<0.0001) in a time manner (F(6,111)=5.40, p<0.0001) (n=8). The

dashed, horizontal line indicates baseline motor function. C) Total movement time in the

activity box did not differ between groups at either 7 or 30 dpi (n=7). D) TBI mice had

increased immobility in the TST compared to sham mice 7 dpi (F(1,13)=5.4, p<0.04) (n=7).

E) There was no significant difference in immobility in the TST at 30 dpi (n=16). Bars

represent the mean ± SEM. Means with (*) are significantly different (p<0.05) from sham

controls. Means with (‡) and (+) are significantly different (p<0.01) and tend to be different

(p=0.09) from baseline levels, respectively.
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Figure 3. TBI-associated astrogliosis 30 dpi
Brains were collected 30 d after sham operation or TBI and proportional area of GFAP

expression was determined (n=11–13). Three images / sample at 20x were collected.

Representative images of GFAP staining in the A) CC, B) PCX, and C) PFC of sham and

TBI mice. Inset includes enlarged image of GFAP+ cell indicated by white arrow.

Proportional area for GFAP staining was increased in TBI mice compared to sham mice in

the D) CC (F(1,23)=25.05, p<0.0001) and E) PCX (F(1,24)=12.60, p<0.002), but was not

different between groups in the F) PFC. Schematics taken from the High Resolution Mouse

Brain Atlas (Sidman et al.: http://www.hms.harvard.edu/research/brain/index.html)

depicting where images were collected for the G) CC, H) PCX, and I) PFC. Bars represent

the mean ± SEM. Means with (*) are significantly different (p<0.05) from sham controls.

CC = corpus callosum; PCX = parietal cortex; PFC = prefrontal cortex
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Figure 4. TBI-associated microglia priming 30 dpi
Brains were collected 30 d after sham operation or TBI. In one cohort protein expression of

Iba-1 was determined (n=10–11). In a separate cohort, CD11b+ cells were collected and

mRNA and protein expression of MHCII was determined (n=9). A) Iba-1 staining in the DG

of the HPC, B) PCX, and C) PFC of sham and TBI mice. Three images / sample at 20x were

collected. Inset includes enlarged image of Iba-1+ cell indicated by white arrow.

Proportional area for Iba-1 staining was increased in TBI mice compared to sham mice in

the D) DG (F(1,19)=5.48, p<0.04) and E) PCX (F(1,18)=17.05, p<0.0007), but was not

different between groups in the F) PFC. Schematics taken from the High Resolution Mouse
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Brain Atlas (Sidman et al.: http://www.hms.harvard.edu/research/brain/index.html)

depicting where images were collected for the G) DG, H) PCX, and I) PFC. J) Average cell

counts per section were only significantly different in the PCX (F(1,19)=6.81, p<0.02) and

K) average cell soma size was increased in the DG (F(1,18)=2.51, p=0.1) and PCX

(F(1,19)=5.61, p<0.03). Enriched CD11b+ cells from TBI mice had L) increased MHCII

mRNA expression (F(1,15)= 3.4, p=0.09), M) and increased percentage of MHCII+

microglia (CD11b+/CD45low) (F(1,15)=16.18, p<0.002). N) Representative histogram of

mean fluorescence intensity (MFI) for MHCII in microglia (CD11b+/CD45low). O) The

average MFI for MHCII was increased in microglia (CD11b+/CD45low) of TBI mice

(F(1,16)=9.13, p<0.009). Bars represent the mean ± SEM. Means with (*) are significantly

different (p<0.05) and means with (+) tend to be different (p≤0.1) from sham controls. DG =

dentate gyrus; HPC = hippocampus; PCX = parietal cortex; PVN = paraventricular nucleus;

MeA = medial amygdala; PFC = prefrontal cortex
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Figure 5. Peripheral LPS injection caused exaggerated microglial cytokine expression associated
with protracted social withdrawal and depressive-like behavior in TBI mice
Mice were injected i.p. with saline or LPS (0.33 mg/kg) 30 d after sham operation or TBI.

A) Social exploration was reduced by LPS (F(1,37)=87.88, p<0.0008) in a time dependent

manner (F(4,196)=13.01, p<0.0001) (n=11–13). At 24 h after LPS, post-hoc analysis

revealed that TBI-LPS mice had significantly reduced social exploration compared to all

other groups (p<0.02). The dashed, horizontal line indicates baseline social exploratory

behavior. B) Following the completion of the behavior tests (24 h), enriched brain CD11b+

cells were collected (n=9). mRNA expression of IL-1β was increased after LPS

(F(1,32)=15.8, p<0.005), with the highest levels observed in TBI-LPS mice (TBI x LPS

interaction: F(1,32)=4.96, p<0.04). C) mRNA expression of TNFα was increased after LPS

(F(1,27)=10.1, p<0.004) and post-hoc analysis shows that the TBI-LPS group was

significantly elevated compared to all other groups (p<0.02). D) Locomotor activity was

determined at 0 (baseline), 24, and 72 h after injection (n=5–6). E) Depressive-like behavior

was determined 72 h after LPS by time spent immobile in the TST (n=9–12). There was a

main effect of TBI (F(1,41)=2.87, p≤0.1) and LPS (F(1,41)=5.31, p<0.03) and post-hoc

analysis shows that the TBI-LPS group significantly differed from both sham-saline and

TBI-saline groups (p<0.05 for both) and tended to be different from the sham-LPS group

(p≤0.1). F) Depressive-like behavior was also assessed with a sucrose preference test for
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anhedonia starting 72 h after LPS. Whereas sham-LPS mice showed a strong preference for

a 1% sucrose solution (77.0% ± 5.9%) (F(1,7)=8.98, p<0.03), TBI-LPS mice showed no

preference (50.0% ± 6.8%). Bars represent the mean ± SEM. Means with (*) are

significantly different (p<0.05) from sham-saline controls. Means with (#) are significantly

different (p<0.05) from sham-saline and sham-LPS groups. Means with (+) tend to be

different from sham-LPS groups.
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Table 1

Cortex mRNA levels

Gene Sham TBI (4h) TBI (72h)

GFAP 1.14 ± 0.17 1.38 ± 0.23 2.47 ± 0.63*

CCL2 1.37 ± 0.42 12.1 ± 0.27* 6.46 ± 1.78*

IFNγ 1.19 ± 0.28 1.90 ± 0.40 2.27 ± 0.39*

iNOS 1.06 ± 0.13 0.74 ± 0.05+ 1.65 ± 0.14*

IL-4 1.03 ± 0.08 0.73 ± 0.15+ 1.44 ± 0.22*

Arg 1.04 ± 0.12 2.26 ± 0.51* 0.93 ± 0.11

IL-10 1.24 ± 0.27 1.26 ± 0.39 1.22 ± 0.39

IGF-1 1.02 ± 0.06 1.19 ± 0.06* 0.99 ± 0.04

Hippocampus mRNA levels

Gene Sham TBI (4h) TBI (72h)

GFAP 1.02 ± 0.08 1.40 ± 0.19+ 2.05 ± 0.24*

CCL2 1.03 ± 0.12 7.57 ± 5.43* 1.41 ± 0.36

IFNγ 1.14 ± 0.21 0.91 ± 0.14 2.15 ± 0.74

iNOS 1.09 ± 0.14 0.78 ± 0.07+ 1.59 ± 0.11*

IL-4 1.20 ± 0.22 0.59 ± 0.08+ 2.04 ± 0.60+

Arg 1.06 ± 0.12 1.19 ± 0.21 1.08 ± 0.07

IL-10 1.06 ± 0.14 4.57 ± 1.41* 1.97 ± 0.38*

IGF-1 1.02 ± 0.07 1.17 ± 0.17 1.17 ± 0.09

Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion injury (TBI) (n=6–9). After 4 or 72 h mRNA levels of
inflammatory (grey) and anti-inflammatory (white) genes were determined in the CX and HPC. Values represent the mean ± SEM. Means with (*)
are significantly different (p<0.05) and means with (+) tend to be different (p≤0.1) from sham controls.

Biol Psychiatry. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Fenn et al. Page 24

Table 2

GFAP Threshold (% Area)

Area Sham TBI

CA1 7.53 ± 0.52 7.20 ± 0.18

PVN 8.15 ± 0.75 8.88 ± 0.95

MeA 4.65 ± 0.25 4.03 ± 0.29

DG 12.92 ± 0.47 13.51 ± 0.46

Iba-1 Threshold (% Area)

Area Sham TBI

CA1 4.30 ± 0.36 4.51 ± 0.37

PVN 3.98 ± 0.26 4.82 ± 0.34+

MeA 3.99 ± 0.30 4.16 ± 0.33

Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion injury (TBI) (n=10–13). Brains were collected 30 d later
and proportional area of GFAP or Iba-1 expression was determined. Results are presented as proportional area for GFAP or Iba-1 threshold
staining. Values represent the mean ± SEM. Means with (*) are significantly different (p<0.05) and means with (+) tend to be different (p=0.06)
from sham controls.

Biol Psychiatry. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Fenn et al. Page 25

Table 3

Enriched CD11b+ cell mRNA levels

Gene Sham Sal Sham LPS TBI Sal TBI LPS

iNOS 1.15 ± 0.23 0.96 ± 0.30 1.47 ± 0.26 1.74 ± 0.51

Arg 1.08 ± 0.14 1.75 ± 0.78 1.41 ± 0.22 1.01 ± 0.24

IL-4Rα 1.61 ± 0.59 3.67 ± 1.64 4.29 ± 2.20 1.90 ± 0.60

Adult mice were subjected to a sham injury (sham) or moderate midline fluid percussion injury (TBI) (n=8–10). After 30 d, mice were injected i.p.

with saline or LPS (0.33 mg/kg). Following the completion of the behavior tests (24 h), enriched brain CD11b+ cells were collected. The mRNA
expression of inflammatory-associated genes (iNOS) and anti-inflammatory-associated genes (Arg, IL-4Rα) were determined. Values represent the
mean ± SEM. Arg = arginase 1.
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