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Abstract

Social isolation (SI) is increasingly recognized as a risk factor for stroke. Individuals with lack of

social support systems have an increased incidence of stroke, poorer recovery, and greater
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functional decline after injury compared to individuals with social support. Attesting to the

importance of social factors in stroke outcome is that these same effects can be reproducibly

demonstrated in animals; social interaction improves behavioral deficits and reduces damage after

experimental stroke, whereas SI enhances injury. The mechanism by which SI exacerbates injury

is unclear. We investigated the role of nuclear factor-kappaB (NF-κB) signaling in male mice that

were pair housed (PH) with an ovariectomized female prior to random assignment into continued

PH or SI for 7 days prior to middle cerebral artery occlusion. The effects of SI on infarct volume

and functional recovery were assessed at 72 h post-stroke. Nuclear NF-κB levels and activity were

assessed by Western blot and transcriptional assays. SI significantly exacerbated infarct size in

both male and female mice compared to PH mice. SI mice had delayed functional recovery

compared to PH mice. An elevation of systemic IL-6 levels, increased nuclear NF-κB

transcriptional activity, and enhanced nuclear translocation of NF-κB was seen in SI stroke

animals. Interference with NF-κB signaling using either a pharmacological inhibitor or genetically

engineered NF-κB p50 knockout mice abolished the detrimental effects of SI on both infarct size

and functional recovery. This suggests that NF-κB mediates the detrimental effects of SI.

Keywords

Pair housing; Isolation; Middle cerebral artery occlusion; NF-kappaB; Neuroinflammation

Introduction

Loneliness has dramatic physiological and psychological consequences on physical and

mental health [3, 15, 16]. Existing and emerging data from pre-clinical and clinical studies

suggests that SI is an important contributing risk factor to mortality and morbidity in

patients with established cardiovascular and cerebrovascular disorders [14– 16, 19].

Conversely, high neighborhood cohesion and social interactions are associated with reduced

mortality rates compared to isolated individuals [4]. The mechanism involved in the

detrimental effects of social isolation on clinical disease expression remains unknown [16,

53, 57]. Considerable evidence from experimental studies has shown that stroke damage and

recovery are strongly influenced by SI [14, 19, 46, 53]. In mice, SI leads to enhanced

histological damage and mortality, and PH ameliorates these effects.

Stroke is the primary cause of adult disability and a leading cause of death [45]. Advances in

knowledge and treatment of risk factors, increasingly rapid acute stroke care, public

awareness, and the aging of the population will lead to a growing number of stroke survivors

in our communities [8, 45]. Stroke survivors are at increased risk of for SI, which

contributes to both poor outcomes and high recurrent stroke rates [2, 4]. SI also is an

increasingly accepted risk factor for stroke-related mortality [1, 2, 4] and the magnitude of

its effect on mortality equals or surpasses the effects of known risk factors like obesity,

hypertension and lack of physical activity [1, 2, 14, 16]. Behavioral disorders such as

depression and anxiety increase stroke risk, and SI is associated with depression and anxiety

[1, 44]. Currently available interventions for acute stroke are limited to thrombolysis and

other reper-fusion therapies, which have short therapeutic time windows [25, 41]. As a result

Venna et al. Page 2

Acta Neuropathol. Author manuscript; available in PMC 2014 June 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



there is a compelling urgency to accelerate efforts to identify potential targets that could lead

to improvements in stroke outcome.

Activation of the innate immune system and enhanced production of pro-inflammatory

cytokines is a widely recognized response to ischemic stroke [41]. Recent work has

implicated inflammatory processes as key mediators of the effects of social environment on

stroke outcome [19, 20, 54]. Clinical studies have demonstrated an increase in C-reactive

protein (CRP), a biomarker of stroke risk [23], in healthy populations with poor social

cohesion [9, 52]. In experimental studies, SI mice demonstrated greater serum CRP, IL-6,

and IL-1β levels compared to PH mice [6, 19]. NF-κB is a well-described upstream

transcription factor that regulates cytokine signaling, and has an important role in the

regulation of the innate immune response [35]. NF-κB refers to the complete p50/p65

heterodimer complex, which is translocated to the nucleus from the cytoplasm in response to

injury and can regulate both pro-inflammatory and anti-inflammatory pathways [10, 39–41,

47, 50, 54]. Although p65 deletion (KO) is embryonic lethal, p50 KO mice develop

normally with only a mild phenotype of reduced B-cell proliferation in response to

liposaccharides [10]. These mice have a targeted disruption of exon 6 which encodes the

p105 precursor of the p50 subunit, producing a truncated polypeptide that cannot bind with

DNA, dimerize with itself or with other kappaB binding motifs [50]. P50 KO mice might

thus offer a potential mechanistic tool to investigate for the role of NF-κB in SI-mediated

neuroinflammation after ischemic stroke.

It has been shown that SI can enhance ischemic damage and delay functional recovery in

both male and female mice, but the mechanisms involved in this effect are largely unknown.

The goals of this study were to determine the role of NF-κB in the detrimental effects of SI.

This was investigated by examining NF-κB nuclear translocation, assessing NF-κB

transcription levels, and determining levels of IL-6, a downstream target of NF-κB. To

directly assess the mechanistic contribution of NF-κB to SI-induced damage, the effect of

loss of NF-κB on SI-induced ischemic damage was assessed.

Materials and methods

Experimental animals

All animal protocols were approved by The University's Institutional Animal Care and Use

Committee at The University of Connecticut Health Center and were performed in

accordance with National Institutes of Health guidelines. Six-week-old C57Bl/6 mice were

purchased from Charles River laboratories (Wilmington, MA); NF-κB1 KO mice (006097-

B6.Cg-Nfkb1tm1Bal/J) were purchased from JAX laboratories. These mice have a complete

deletion of the NF-κB p50 heterodimer generated by a targeting vector containing the PGK-

neo resistance gene in opposite transcriptional orientation designed to disrupt exon 6 of the

endogenous gene [50]. Mice have been backcrossed to C57BL/6JIco for 12 generations. All

mice were maintained in a temperature and humidity controlled vivarium with ad libitum

access to food and water for 2 weeks prior to any experimental manipulations.
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Housing conditions

Experimental animals were screened for baseline laterality deficits and locomotor activity

and pair housed (male with an ovariectomized female) for 2 weeks. Mice were then

randomly assigned to either individual housing (SI) or pair housing (PH) in standard mouse

cages (11”L, 6”W, 6”H) with a 12-hour light/dark schedule. The assigned housing condition

was maintained for 7 days prior to middle cerebral artery occlusion (MCAO) and throughout

the reperfusion period until being killed [19, 20, 57]. Animals had ad libitum access to chow

and water. All animals were fed with wet mash for 72 h after stroke.

Ovariectomy

For ovariectomy (Ovx), female mice weighing ~18–20 g were anesthetized with isoflurane

and the ovaries were surgically removed 10 days before assigning them into their allocated

housing. Thus, the female had received an additional exposure to anesthesia. Uterine

weights were measured at the time of killing [29] to confirm loss of estrogenic effects.

Middle cerebral artery occlusion

Cerebral ischemia was induced by 90 min of reversible MCAO under isoflurane anesthesia,

as described previously [26, 32, 56]. In brief, a midline ventral neck incision was made, and

unilateral right MCAO was performed by advancing a 6.0 silicone-coated nylon

monofilament (Doccol Corporation, CA) into the internal carotid artery 6 mm from the

internal carotid–pterygopalatine artery bifurcation via an external carotid artery stump.

Rectal temperatures were monitored with a temperature control system (Fine science tools,

Canada) and temperature was maintained with an automatic heating pad at ~37 °C during

surgery and ischemia. Cerebral blood flow measurements by laser Doppler flowmetry (DRT

4/Moor Instruments Ltd, Devon, UK) confirmed ischemic occlusion (reduction to 85 % of

baseline) during MCAO and restoration of blood flow during reperfusion. Surgical controls

are used for molecular analysis, a sham surgery in which the suture was not advanced into

the internal carotid artery (controls). All mice are allowed to emerge from anesthesia after

the initial suture advancement into the MCA and placed back into their home cage until re-

anesthetized for reperfusion. This allows for the assessment of intra-ischemic behavioral

deficits to confirm successful suture placement.

Behavioral scores

Neurological deficit scores (NDS) were obtained during the intra-ischemic period and at 72

h post-stroke. Our standard scoring system was as follows: 0, no deficit; 1, forelimb

weakness and torso turning to the ipsilateral side when held by tail; 2, circling to affected

side; 3, unable to bear weight on affected side; and 4, no spontaneous locomotor activity or

barrel rolling as described previously [26, 34, 56].

Open field

All the mice were acclimatized to the testing room for 1 h before the beginning of the test.

Each testing session was 20 min long. Testing was performed during the light phase of the

circadian cycle, between 9:00 am and 12:00 pm under normal fluorescent room lights. For

testing, mice were individually placed in the open field chamber (15” × 15”) equipped with
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16 infrared beam emitting LEDs on each side. The total number of beam breaks was

automatically collected by a computer-operated PAS Open Field system (San Diego

Instruments, San Diego, CA). The 3 LEDs on each corner of arena were set as periphery and

the 10 center LEDs record the beam interceptions in center. Beam breaks in the center of the

chamber were analyzed as a measure of anxiety-like behavior (thigmotaxis test); this is

presented as percentage [(beam breaks in center/total beam breaks) × 100]. The open field

chambers were cleaned after each individual test session using 70 % ethanol [34].

Cylinder test

The cylinder test was used to assess asymmetry in forelimb usage as described previously

[28]. For this each mouse was individually placed in a transparent plexiglass cylinder of 9

cm diameter and 15 cm height during the test. After the mouse was put into the cylinder,

forelimb use of the first contact against the cylinder wall after rearing and during lateral

exploration was analyzed by the following criteria: a total of 20 limb placements on cylinder

wall were recorded during the 10-min test session. A mirror was placed behind the cylinder

with an angle to enable the rater to view forelimb movements when the mouse was turned to

other side. The final score = (nonimpaired forelimb use (right) - impaired forelimb use

(left))/(nonimpaired forelimb use + impaired forelimb use + both limbs movement).

Infarct analysis

TTC staining/infarct analysis

After 72 h of reperfusion both PH and SI WT mice were euthanized by cervical dislocation,

brains were collected and frozen at –20 °C for 5 min to harden the tissue for subsequent

slicing, and then cut into five 2-mm coronal sections and stained with 1.5 % 2,3,5-

triphenyltetrazolium chloride (TTC) for 8 min at 38 °C. Slices were formalinfixed (4 %),

images were obtained and infarct volumes analyzed using Sigma Scan Pro software as

previously described [26, 31, 56]. The final infarct volumes are presented as a percentage of

the volume of the contralateral structure (with correction for edema) as in [26, 31, 56].

Cresyl violet staining for infarct analysis

After 72 h of reperfusion NF-κB1 KO mice in both housing conditions were deeply

anesthetized with pentobarbital, then transcardially perfused with ice-cold heparinized (0.1

%) phosphate buffered saline (1× PBS) followed by 4 % paraformaldehyde for 15 min,

brains were extracted and fixed for 4 h in 4 % paraformaldehyde and were then

cryoprotected in 30 % sucrose for overnight, 30-μm sections were cut by using a microtome,

sections were mounted on Fisherbrand Superfrost Plus charged slides (Fisher scientific) and

then stained with cresyl violet as in [28]. Infarct volumes were quantified from digitalized

section images using Sigma Scan Pro software as previously described [28, 34]. The final

infarct volumes were presented as percentage volume (percentage of contralateral structures

with correction for edema). TTC and cresyl violet assessments of infarct size are well

correlated in this model [55]
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Immunohistochemistry procedures

To perform immunohistochemistry, we used 30-μm sections obtained at 72 h of reperfusion.

Slices were slide mounted and incubated in blocking solution followed by microwave

irradiation for 5 min in a 0.1 M, pH 6 citrate buffer solution. NF-κB translocation was

visualized by co-labeling with NF-κB, NeuN and DAPI. Sections were incubated overnight

with mouse anti-NeuN (1:200, Milli-pore, Billerica, MA), rabbit anti-NF-κB (1:250,

Abcam, Cambridge, MA), and subsequently incubated for 60 min with fluorescein-

conjugated anti-mouse and rhodamineconjugated anti-rabbit secondary antibodies. The

slides were then dipped in DAPI solution (1:1,000) for 5 min and co-localization examined.

To examine apoptotic cell death following MCAO an in situ cell death detection kit,

TUNEL immunofluorescence assay (Roche Applied Science, Indianapolis, IN) was

performed as per manufacturer's instructions. To assess the glial scar, sections were

incubated overnight in rabbit GFAP primary antibody (1:200, DAKO, Carpinteria, CA). The

sections were subsequently incubated in fluorescein-conjugated anti-rabbit secondary

antibody and visualized utilizing an inverted light Zeiss axiovert fluorescence microscope as

in [34]. Five sections from each brain were visualized at 20× magnification at the core/

penumbra junction, n = 4/group SI versus PH.

Subcellular fractionation

Samples were obtained from separate cohorts of animals at 6 h post-stroke by rapidly

removing the brains and flash freezing in 2-methyl butane on dry ice and stored at –80 °C.

Samples were homogenized using dounce homogenizers with cold lysis solution (10

mmol/L Tris– HCl, pH 7.5; 5 mmol/L MgCl2; 0.1 mmol/L EDTA; 1.5 mmol/L CaCl2; 0.25

mmol/L sucrose; 1 mol/L DDT; 10 % Triton X-100; 1:50 protease inhibitor). Homogenates

were centrifuged at 800 g for 10 min at 4 °C. The pellet contained the nuclear fraction; while

supernatant contained cytosolic and mitochondrial fractions. The pellet was re-suspended in

lysis buffer and run through a sucrose gradient composed of 1.8 and 2.3 mol/L sucrose with

ultracentrifugation at 30,000 g for 45 min. The extracted pellet was transferred into nuclei

pure storage buffer (Sigma-Aldrich) and centrifuged at 2,300 rpm for 10 min. The nuclear

pellet was resolved with extraction buffer (Sigma-Aldrich), sonicated for 10 s three times,

and stored at –80 °C as described in [29]. The nuclear samples were utilized for Western

blots and transcription factor assays. Each sample point reflects pooled samples (2 brains/

sample).

Western blots

The protein concentration of the fractionated nuclear sample was determined by BCA

Protein Assay Kit (Thermo Fisher Scientific Inc) to achieve the equal loading of 10 μg/well

and subjected to Western blotting as previously described [29]. Sample proteins were

resolved on 4–15 % SDS electrophoresis gels and transferred to a polyvinylidene difluoride

membrane. NF-κB protein levels were detected using antibodies (1:200; abcam) and histone

H3 (1:4,000; Sigma) was used as loading control for nuclear fraction. All blots were blocked

with 5 % milk and incubated overnight in primary antibodies at 4 °C in Tris-buffered saline

containing 4 % bovine serum albumin and 0.1 % Tween 20. Secondary antibodies (goat

antirabbit IgG 1:5,000 for NF-κB, donkey antigoat IgG 1:1,000 for his-tone; Santa Cruz)

Venna et al. Page 6

Acta Neuropathol. Author manuscript; available in PMC 2014 June 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



were diluted, and ECL detection kit (Amersham Biosciences) was used for signal detection.

The densitometry of Western blotting images was performed with computer software

(Adobe).

NF-κB transcription factor assay

Nuclear extracts from 6 h post-stroke/sham brain samples were also analyzed for NF-κB

transcription activity using non-radioactive NF-κB p65 transcription activity colori-metric

assay kit (Millipore, MA). Assay was performed as per manufacturer's instructions. Results

were obtained by reading the plate in a spectrophotometric plate reader as optical density

(OD) at 450 nm.

ELISA for IL-6 levels

An additional cohort of mice was killed at 24 h post-stroke and interleukin-6 (IL-6) levels

were examined. Serum was collected at 24 h after stroke from both male and female mice

and an enzyme linked immune absorbent (ELISA) assay (eBiosciences, San Diego, CA) was

utilized to assess serum IL-6 levels as per manufacturer's instructions.

PDTC treatment

Pyrrolidine dithiocarbamate ammonium salt was purchased from Sigma-Aldrich. PDTC was

dissolved in saline (vehicle). An acute dose of PDTC was injected at 2 and 12 h after the

onset of ischemia (200 mg/kg; final volume of 200 μl/20 g body weight injected i.p.), a dose

determined to inhibit NF-κB nuclear translocation in earlier studies [41, 42]. Control

animals were treated with vehicle.

Statistics

Data are presented as mean ± SEM except for NDS, which was presented as median

(interquartile range). Student's t test was used to compare the two groups, ANOVA with

housing condition and/or drug treatment and/or genotype as between factors and test day as

a repeated measure. A probability value p < 0.05 was considered to be statistically

significant. Investigators performing behavioral tests and infarct size analysis were blinded

to treatment conditions.

Results

SI enhances ischemic injury

Ischemic occlusion was confirmed by laser Doppler flowmetry. Significantly larger infarct

volumes were seen in male SI mice at 72 h of reperfusion compared to PH group in all the

three brain regions examined, total hemisphere t(19) = 3.57, p < 0.01; cortex t(19) = 2.81, p

< 0.05; and striatum t(19) = 3.92, p < 0.01 (Fig. 1b). A significant increase was also seen in

infarct volume in SI female mice compared to PH cohorts; total hemisphere t(19) = 5.06, p <

0.01; Cortex t(19) = 3.76, p < 0.01 and striatum t(19) = 3.78, p < 0.01 (Fig. 1d). Increased

mortality was seen in both male and female SI mice (male: 17 % in SI vs. 0 % in PH

cohorts; females: 25 % in SI vs. 0 % in PH cohorts).
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Neurological deficit scores

The detrimental effect of SI were also reflected in the NDS, males (SI 3[0.25] n = 9 vs. PH

1[0.25]; n = 12; p < 0.05) (Fig. 2a); females (SI 3[1] n = 9 vs. PH 0.5[1]; n = 12; p < 0.05)

(Fig. 2c). Surgical sham mice showed no baseline differences between SI and PH groups

(data not shown).

Cylinder test

There were no significant asymmetries noted in the cylinder test in males or females in

sham-treated animals, regardless of housing condition. After stroke, male mice had reduced

left forelimb (contralateral) use compared to sham mice at day 1, day 2 and day 3 in both

housing groups. There was an overall significant effect of stroke on ipsilateral forelimb use,

F(1, 37) = 275.6, p < 0.01. A significant stroke × housing interaction, F(1, 37) = 4.4, p <

0.001 was also seen, due to the fact that PH in stroke mice reduced the limb use difference

(Fig. 2b). There was also a significant stroke × day interaction, F(2, 74) = 4.9, p = 0.01, as

well as a day × housing interaction, F(2, 74) = 3.7, p < 0.05. Female stroke mice also

showed reduced contralateral limb use compared to sham mice.

There was a significant effect of stroke, F(1, 37) = 249.6, p < 0.01, and a significant stroke ×

housing interaction, F(1, 37) = 4.2, p < 0.05 (Fig. 2d). Additionally, there was a significant

effect of day, F(2, 74) = 3.7, p < 0.05, and a trend towards a stroke × day interaction (p =

0.056).

Open field activity

In male mice, there were a reduced percentage of beam breaks in the center in SI stroke

animals compared to PH stroke mice at 72 h after stroke. There were overall significant

effects of stroke, F(1, 37) = 7.8, p < 0.01, and housing F(1, 37) = 16.6, p < 0.001, as well as

a significant stroke × housing interaction, F(1, 37) = 11.4, p < 0.01, suggesting anxiety-like

behavior in SI housed stroke males (Fig. 3b). Significantly reduced locomotor activity was

observed in SI stroke mice at 72 h post-stroke effects; this was confirmed by independent t

tests, t(19) = 2.9, p < 0.05; compared to PH stroke mice], while housing had no significant

effect on sham, t(18) 0.65, p > 0.05 (Fig. 3a). This suggests that the reduced percentage of

beam breaks in the center seen in the SI mice was not simply due to reduction in total

number of beam breaks (overall locomotion). Similarly, female stroke SI mice showed a

reduced percentage of beam breaks in the center than PH stroke mice. There were overall

significant effects of stoke, F(1, 37) = 9.6, p < 0.001, and housing F(1, 37) = 7.5, p < 0.01]

and a stroke × housing interaction, F(1, 37) = 4.3, p < 0.01, suggesting significant anxiety-

like behavior in SI housed stroke females (Fig. 3d). Significantly reduced locomotor activity

in SI stroked mice at 72 h post-stroke effects were confirmed by independent t tests, t(19) =

2.7, p < 0.05; compared to PH-stroked mice], while in sham mice there was no significant

effect of housing, t(18) = 0.89, p > 0.05 (Fig. 3c).

IL-6 levels, GFAP immunoreactivity and TUNEL-positive cells

Higher IL-6 levels were observed in serum of post-stroke SI mice compared to PH mice.

The ANOVA of males yielded a significant effect of stroke, F(1, 20) = 38.4, p < 0.001, and
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of housing, F(1, 20) = 6.2, p < 0.001, and a significant stroke × housing interaction, F(1, 20)

= 4.9, p < 0.05 (Fig. 4a). ANOVA of female cohorts revealed similar results a significant

effect of stroke, F(1, 20) = 39.9, p < 0.001, and of housing, F(1, 20) = 6.1, p < 0.05, and a

significant stroke 9 housing interaction, F(1, 20) = 4.8, p < 0.05, suggesting that the

elevation of serum IL-6 in SI stroke mice is significantly greater than in PH stroke mice in

both males and females (Fig. 4b). Furthermore, a significant reduction in brain IL-6 levels

was observed in SI male mice compared to PH male mice F(1, 20) = 22.2, p < 0.05, and of

housing, F(1, 20) = 8.7, p < 0.05, and a significant stroke × housing interaction, F(1, 20) =

4.1, p < 0.05. After stroke, higher GFAP immunoreactivity (Fig. 4c) was seen in the

ischemic penumbra (as illustrated in Fig. 4d) with more TUNEL-labeled cells (Fig. 4e) in

the core (as illustrated in Fig. 4d) in SI mice compared to PH mice.

Western blot

ANOVA for changes in NF-κB protein levels yielded a significant effect of stroke, F(1, 20)

= 89.6, p < 0.001, and housing F(1, 20) = 9.3, p < 0.01, and a significant stroke × housing

interaction, F(1, 20) = 9.2, p < 0.01] suggesting stroke alone significantly increased NF-κB

protein levels compared to shams and that the elevation of NF-κB protein levels in SI

stroked mice were significantly greater than in PH stroke mice (Fig. 5a).

Isolated mice expressed increased nuclear transcription activity and translocation of NF-
κB

ANOVA for changes in NF-κB nuclear transcriptional activity yielded a significant effect of

stroke, F(1, 12) = 48.7, p < 0.001, housing, F(1, 12) = 5.1, p < 0.05 and a significant stroke

× housing interaction, F(1, 12) = 5.0, p < 0.05, suggesting stroke alone significantly

increased NF-κB transcription activity and that this increase was greater in SI housed stroke

mice than in PH-stroked mice (Fig. 5b). Immunohistochemical analysis revealed preferential

co-localization of NF-κB with neurons (at 209 magnification) and demonstrated enhanced

NF-κB nuclear translocation in SI mice compared to PH mice (1009) where signal remained

cytoplasmic (Fig. 5c).

PDTC treatment reverses SI effects

To investigate the contribution of NF-κB activation to the detrimental effects of SI after

stroke, a NF-κB inhibitor was utilized. Administration of PDTC abolished the detrimental

effects of SI on stroke size (Fig. 6a). Two-way ANOVA yielded a significant effect of

housing, F(1, 33) = 15.2, p < 0.001), and a significant effect of drug, F(2, 33) = 11.2, p <

0.001, significant interaction between housing and drug, F(1, 33) = 6.6, p < 0.05 in the

cortex. Similarly, a two-way ANOVA yielded a significant effect of housing, F(1, 33) = 9.3,

p < 0.01, and of drug, F(2, 33) = 9.6, p < 0.01, and a significant interaction between housing

and drug, F(1, 33) = 4.5, p < 0.05 in the striatum. Analysis of total infarct size (two-way

ANOVA) demonstrated a significant effect of housing, F(1, 33) = 12.1, p < 0.01) and drug,

F(2, 33) = 8.1, p < 0.01, and a significant interaction between housing and drug, F(1, 33) =

5.3, p < 0.05.

The beneficial effects of NF-κB inhibition were also observed on behavioral tasks. The

significant difference in the NDS in SI + vehicle compared to PH vehicle mice was
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abolished with PDTC administration, (SI + vehicle 3[0.25] n = 8 vs. PH 1[0.25]; n = 10; p <

0.05; SI + drug 1[1.5] n = 10 vs. PH + drug 1[0.75]; n = 10; p [ 0.05)) (Fig. 6b).

Figure 6c shows the effects of housing condition and drug on the total beam breaks in the

open field 72 h after stroke. There were no significant main effects or interactions: housing,

F(1, 34) = 2.0, p > 0.05; treatment with PDTC, F(1, 34) = 3.3, p > 0.05, housing × treatment,

F(1, 34) = 2.5, p > 0.05; suggesting PDTC treatment abolished the effects of SI on reduced

locomotion in open field.

Significant recovery of contralateral forelimb usage was noted in the cylinder test at day 3 in

SI + PDTC treated animals. There were overall significant between-subjects effects of

treatment, F(1, 34) = 4.95; p < 0.05, housing F(1, 34) = 7.40; p < 0.05 and treatment 9

housing interaction F(1, 34) = 4.24; p < 0.05. Significant effect of day, F(2, 68) = 29.1; p <

0.01 and a significant day × treatment × housing interaction F(2, 68) = 4.6; p < 0.05. This

interaction was due to the fact that both PH groups and the SI + PDTC groups showed

recovery over days while the SI + vehicle group did not (Fig. 6d).

Social isolation has no effect in NF-κB knockout mice

To confirm our hypothesis that NF-κB activation mediates the detrimental effects of SI, we

investigated the effects of housing conditions in NF-κB1 KO mice. We found that SI had no

effects in NF-κB1 KO mice. Infarct volume were not significantly different between SI and

PH NF-κB1 KO mice (t(16) = 2.76, p > 0.05; in cortical infarct areas). Similar findings were

seen in striatum (t(16) = 0.86, p > 0.05) and total hemisphere (t(16) = 0.93, p > 0.05) (Fig.

7a). Cerebral blood flow (CBF) was monitored by LDF and an equivalent degree of CBF

reduction was seen in all groups (data not shown). No mortality was seen in any of these

cohorts.

SI NF-κB1 KO mice did not show any additional functional impairment compared to PH

NF-κB1 KO mice. No significant difference in the NDS was seen in SI compared to PH NF-

κB1 KO mice, (SI 1[0.75] n = 9 vs. PH 1[1]; n = 9; p > 0.05) (Fig. 7b).

When tested for differences in spontaneous locomotor activity. There was no significant

interaction in the total beam breaks in SI versus PH NF-κB1 KO mice after stroke. Student's

t test confirmed a lack of significant effects of housing [t(15) = 0.38, p > 0.05]. This

suggests lack of housing-induced effects on locomotion activity in open field chambers in

animals lacking NF-κB1 (Fig. 7c). There were no significant differences in the cylinder test

in post-stroke NF-κB1 KO animals, regardless of housing conditions. There were no

significant changes in right forelimb (ipsilateral) usage in SI stroke animals compared to PH

mice at day 1, day 2 and day 3 in both housing groups. ANOVA with repeated measures

showed lack of housing effects on recovery [F(1, 15) = 2.01; p > 0.05]. A similar degree of

recovery is seen in NF-κB1 KO mice in both housing conditions (Fig. 7d).

Discussion

Emerging evidence strongly suggests that social isolation is detrimental and predicts

morbidity and mortality from a multitude of health conditions, including cancer, stroke and
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cerebrovascular disease [13, 15–17, 48]. Isolation enhances tissue injury after experimental

stroke and contributes to both stroke risk and disability in clinical populations [1, 2, 4, 6, 18,

19, 53]. The detrimental effects of social isolation (SI) are independent of race, ethnicity,

age and gender [4, 6, 19, 53, 57]. In contrast, supportive social relationships are associated

with improved health and healthy aging and an overall decrease in mortality [4, 19, 53, 57].

The influences of environmental factors on the phenotypic expression of vascular diseases

such as stroke are becoming increasingly recognized. The mechanisms involved in the

detrimental effects of social isolation remain unclear, but several studies [12] have

implicated an enhancement of pro-inflammatory signaling in SI individuals. In the present

study, we investigated the effects of pre-stroke SI in male and female mice isolated prior to

stroke and report several important new findings. Consistent with previous work [6], SI

significantly enhanced brain injury and delayed functional neurological recovery in both

males (Fig. 1b) and females (Fig. 1d). SI enhanced stroke-induced IL-6 levels in the serum

(Fig. 4a, b), and reduced brain IL-6 levels but had no effect in uninjured animals. SI also

increased post-ischemic glial immunoreactivity levels (Fig. 4c), TUNEL-positive cells, and

immunohistochemical evidence of nuclear translocation of NF-κB in SI animals (Fig. 4d).

Both NF-κB levels and activity as measured by nuclear NF-κB translocation by Western

(Fig. 5a) and transcriptional activity (Fig. 5b) increased in SI animals but interestingly SI

had no effect on NF-κB signaling in sham mice. This suggests that SI may be a priming

stimulus that only manifests its detrimental effects with exposure to subsequent injury or

stress [49]. Importantly this is the first report that demonstrates that the detrimental effects

of SI could be abolished by interference of NF-κB signaling with a pharmacological

inhibitor or deletion of NF-κB p50 subunit, which led to improved post-stroke recovery.

Experimental evidence suggests that post-stroke social interactions have the potential to

hasten functional recovery [1, 4, 6, 18]. In this work, SI mice had a significant delay in

recovery on several well-validated behavioral tests in addition to significantly higher

mortality rates compared to PH mice [6, 18–20, 53]. We found a significant reduction in

general locomotor activity in SI mice (Fig. 3a, c), which were tested during the light cycle

(when rodents are less active). In contrast, previous work reported decreased spontaneous

activity selectively during the dark cycle [18] in mice exposed to SI versus PH housing

conditions at 72 h [19] with no effects of housing on total locomotor activity or exploratory

behavior. Additionally, no effect was seen on contralateral paw use in the cylinder test in

previous work, which we found to be significantly decreased in SI versus PH mice (Fig. 2b,

d). In this work, stroke-reduced overall locomotor activity was reduced in both SI and PH

mice at 24 h (data not shown); however, PH mice had recovered to levels comparable to

shams by 72 h (Fig. 3a, c). Enhanced recovery of locomotion may be secondary to reduced

neuronal damage, improvements in residual neuronal function, or enhanced plasticity and

synaptogenesis. Studies examining more chronic endpoints are needed to investigate the

underlying mechanisms mediating the beneficial effects of PH [18] as this work only

examined short time points after injury. Physical activity has been associated with improved

clinical outcome in stroke patients [7]. Contrary to the lack of effect in an earlier study [19],

in the current study the cylinder test also demonstrated significant differences in recovery in

SI mice as early as 72 h post-stroke compared to PH cohorts (Fig. 2b, d). Although the

smaller infarct volumes in the PH mice may also be a factor contributing to this faster
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recovery, previous studies suggests that infarct size does not necessarily correlate to

behavioral functional deficits. Consistent with this concept is that the deficits at 24 h after

stroke were similar in both SI and PH mice and improvement in forelimb was observed over

time. This observation further strengthens the possibility that post-stroke housing conditions

are important factors for functional recovery.

Increasing evidence from both pre-clinical and clinical studies strongly implicates SI as a

contributor to post-stroke mortality and functional disability, and this occurs in both men

and women. Post-stroke recovery is a complex process, influenced by many factors

including sex [18, 28, 30, 34]. We designed our studies to investigate the effects of SI in

both males and their paired OVXed female partners. As estrogen is neuroprotective in most

induced experimental stroke models [27–29, 36], we ovariectomized animals to reduce the

hormone-mediated sex differences in infarct size [19, 20, 29]. SI in young females also is

known to shorten ovarian cycle length, increasing the days spent in high estrogen proestrus

[24]. This model (ovx) may also be more translationally relevant, as stroke is most prevalent

in post-menopausal women [27, 29].

Despite conflicting data on functional role of cytokines in cell survival and cell death and

differential effects of IL-6 in periphery and central systems, peripheral elevations of IL-6 are

widely accepted as pro-inflammatory as its signaling stimulates C-reactive proteins (CRP)

production, a widely accepted marker of stress or stroke in humans. Thus, IL-6 is currently

considered a target for clinical use for stroke patients [19, 51]. The findings of increased

serum IL-6 levels (Fig. 4a) in this study is in agreement with a previous report that

demonstrated elevated serum IL-6 and CRP in SI compared to PH mice [6, 19, 20].

Conversely, down regulation of central IL-6 after stroke is detrimental in animal studies and

an increase in systemic mRNA expression of IL-6 has been observed with stroke and social

isolation [19, 20]. Inhibition of central IL-6 by intracerebroventricular injection using a

neutralizing antibody increases lesion volume in PH mice suggesting that central IL-6

expression mediates the beneficial effects of social housing [19], implicating a pivotal role

for enhanced neuroinflammatory signaling after SI. SI significantly increased infarct size

and serum IL-6 in females (Fig. 4b) which was independent of acute serum estrogen

exposure [27] consistent with earlier studies [6]. Interestingly in clinical populations, men

and women respond differently to SI as regards to their cytokine profiles, in that social

networks inversely correlate with serum IL-6 levels in men, but not in women [33].

Epidemiological data show higher levels of IL-6 and hs-CRP protein in SI individuals,

although this relationship was more notable in men. In this pre-clinical work, both sexes had

significant stroke-induced increases in IL-6, suggesting other factors influencing cytokine

expression may be present in clinical populations.

Studies have indicated that NF-κB at the blood–brain interface is an important molecule in

transmitting cytokine signals to the brain [11, 38] and as NF-κB is responsible for IL-6

activation, we decided to focus on this signaling pathway. Despite conflicting data on the

beneficial effects of NF-κB inhibition on cell death [35, 39, 43, 47], studies have

demonstrated that early inhibition of NF-κB is neuroprotective after stroke [35, 39–42].

Cerebral ischemia and stress result in NF-κB activation [35, 39–42, 47]. NF-κB is upstream

regulator of several signaling pathways that includes both IL-6 and oxytocin, another
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potential mediator of the effects of SI [19, 20, 57]. In this study, sham PH and sham SI mice

showed equivalent levels of nuclear NF-κB, suggesting that housing conditions alone do not

“activate” NF-κB signaling. Stroke increased neuronal NF-κB transcriptional activity and

this increase was greatest in SI mice (Fig. 5b). This suggests that similar to IL-6, SI primes

NF-κB signaling in the brain, leading to enhanced sensitivity to subsequent insults. NF-κB

is activated by cytokines but can also directly regulate cytokines [35, 38, 47]. NF-jB is

activated by stroke when the inhibitory factor IκB undergoes proteomic degradation

allowing for the subsequent nuclear translocation of NF-κB. Transcription of NF-κB leads

to an enhancement of over 150 genes [43] including TNF-α, ICAM-1, COX-2, iNOS, IL-1β

and IL-6 [35, 38, 43, 47, 52]. In a recent study using a neonatal ischemia model, it was

found that NF-κB can also regulate cell death by modulating apoptotic pathways [39].

Consistent with this, we found increased apoptotic cell death in SI mice compared to PH

mice (Fig. 4e).

To investigate whether these detrimental effects of SI were mediated by NF-κB, we first

used the potent pharmacological inhibitor PDTC, which has been shown to be protective in

both the MCAO model and neonatal ischemia [40, 41]. SI mice treated with PDTC had

infarcts that were comparable to the PH mice treated with either vehicle or PDTC,

suggesting that NF-κB inhibition is sufficient to abolish the detrimental effects of SI.

Although we did not directly explore the neuroprotective effects of NFκB inhibition

(independent of housing effects), based on our data pharmacological NFκB inhibition is

neuroprotective. Beneficial effects of PDTC have been previously documented in

hypertensive animals, permanent models, and in neonatal models of hypoxic-ischemia [40,

41]. This protective effect of NFκB inhibition was not seen in paired mice. This suggests

that the protection seen by affiliative housing is mediated by inhibition of NFκB, as there

were no additive effects of housing + drug (Fig. 6a). It is also possible that this is a

qualitative or threshold effect, in that the additional elevation of NFκB seen in socially

isolated mice leads to exacerbation of injury, whereas the smaller (but significant) MCAO-

induced increase in pair-housed mice is not sufficient to induce this additional damage. This

could explain the lack of PDTC effects on infarct in pair-housed mice. However, housing

conditions were not explicitly stated in many of the previous studies on PDTC. As PDTC

may also act as an iron chelator and reactive oxygen scavenger [10], these effects of housing

conditions were confirmed in NF-κB1 KO mice. NF-jB1 KO mice have improved outcomes

compared to wild-type mice after cerebral or myocardial injury [10, 47], and in this study

loss of NF-κB1 abolished the detrimental effects of social isolation. Taken together, these

studies provide strong evidence that NF-κB signaling plays a key role in the detrimental

effects of SI on infarct volume. NF-κB regulates the synthesis of several cytokines including

TNF-α, IL-6, IL-1β, IL-8 and cyclooxygenase-2 [38, 43]. Stress-induced activation of brain

inflammation can also lead to the release of other pro-inflammatory cytokines including

IL-1, which inhibits neural plasticity and neurogenesis [21, 22, 49]. Interestingly, microarray

analyses of peripheral blood monocytes have shown a heightened expression of gene

transcripts with response elements for NF-βB [37] in lonely versus non-lonely individuals,

consistent with the concept that increased inflammation contributes to the negative impact of

SI [5]. Effects on neurogenesis may have contributed to the enhanced recovery seen that was

seen in PH mice [22], but evaluation of chronic endpoints is required as functional recovery
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was only assessed at 72 h post-stroke in this study. One major limitation of this study is that

all SI animals were isolated for only 1 week prior to stroke. In clinical settings, socially

isolated individuals may not be identified until after the stroke occurs and the patient comes

to the attention of health care providers. Thus, our findings need to be confirmed and

expanded in future studies that manipulate the post-stroke housing environment. Despite this

limitation, our work has identified a potential novel signaling molecule by which SI

mediates its detrimental effects on infarct size and post-stroke recovery.

In conclusion, social isolation enhances ischemic injury and delays behavioral recovery.

These effects are evident in both males and females. Increased post-stroke mortality was

seen in isolated mice of both sexes. NF-κB signaling mediates these detrimental effects

which may have important translational relevance. Isolation appears to prime the brain to

respond to injury with an exacerbated neuroinflammatory response. Thus, further

elucidation of the role of NF-κB and development of pharmacological tools to inhibit NF-

κB might offer a potential therapeutic strategy to abolish the detrimental effects of SI in

stroke survivors as residual inflammation may further compromise quality of life. From a

rehabilitation perspective, efforts to encourage social interactions among stroke survivors

could be a major opportunity to enhance post-stroke recovery and to reduce the substantial

financial burden of post-stroke care.
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Fig. 1.
SI mice had significantly increased infarct volumes compared to PH mice after MCAO. a
Representative TTC-stained coronal sections of male brain. b Infarct size is expressed as a

percent of the contralateral structure at 72 h after 90 min MCAO. Mean (+SEM) shows a

significantly larger infarct volumes in SI mice (n = 9) for total, cortical and striatal areas

compared to PH cohorts (n = 12). c Representative TTC-stained coronal sections of SI and

PH housed female brain. d Infarct size is expressed as a percent of the contralateral structure

at 72 h after 90 min MCAO. Mean (+SEM) shows significantly larger infarct volumes in SI

cohorts (n = 9) in total, cortical and striatal areas in female brains compared to PH cohorts (n

= 12). *p < 0.05 versus PH (Student's t test)
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Fig. 2.
SI mice exhibited poorer functional recovery at 72 h compared to PH mice after MCAO. a
SI mice have significantly higher neurological deficit scores (NDS) than the PH cohorts,

data presented as box-and-whisker plot from minimum to maximum. These effects were

evident in both males and b females *p < 0.05 SI (n = 9) versus PH (n = 12) (Mann–

Whitney U test). c Cylinder test in the males. The scores are presented as the ratio of (R – L/

R + L + B); where R right forelimb usage, L left forelimb use and B simultaneous usage of

both forelimbs. ANOVA with repeated measures showed a significant recovery in PH mice

from day 1 to day 3 but not in SI mice *p < 0.05. Similar effects were seen also in d female

animals. Data are expressed as mean ± SEM
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Fig. 3.
Spontaneous locomotor activity and percent of center beam breaks were reduced in isolated

mice at 72 h after MCAO. a At 72 h post-stroke, SI male mice made fewer beam breaks than

PH mice (*p < 0.05). b SI male mice showed a significantly reduced percent of center beam

breaks in SI compared to PH male mice. c Reduced spontaneous locomotor activity and d
reduced beam breaks in center were also significant in females (*p < 0.05). Data presented

as mean (+SEM)
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Fig. 4.
Stroke in SI mice increased serum IL-6 levels, glial immunoreactivity in penumbra and

TUNEL-positive cells compared to stroke in PH mice at 24 h post-stroke. a ELISA analysis

of serum IL-6 levels collected from sham and stroke mice that were either PH or SI, results

for males and in b females. n = 6/grp, *p < 0.05. c Immunohistochemistry for GFAP showed

increased levels of GFAP immunoreactivity in SI mice compared to PH mice after stroke in

penumbra. Five sections/brain were visualized at 209 magnification in the penumbra/core

junction. n = 4/grp. d CV-stained stroke brain section, representing core (blue) and

penumbra (red). e Increased TUNEL-positive cells after MCAO are observed in SI cohorts

compared to PH mice. Five sections/brain were visualized under 20× magnification in the

core. n = 4/grp
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Fig. 5.
Stroke in SI mice increased NF-κB expression, analyzed for protein, activity at 6 h and

translocation at 72 h compared to PH mice. a Western blot analysis of NF-κB protein

expression in nuclear fractions obtained from ipsilateral hemispheres (hemispheres from two

mice were pooled to obtain adequate nuclear sample) at 6 h post stroke or sham surgery (n =

6/grp), *p < 0.05. Figure shows a representative western blot with histone as loading control.

b NF-κB transcriptional activity in nuclear fractions obtained from ipsilateral hemispheres at

6 h post-stroke or sham surgery in SI and PH mice. Data were obtained as optical density at

450 nm from four independent pooled samples. (n = 4/grp); *p < 0.05. Data presented as

mean (+SEM). c NF-κB translocation was visualized by immunohistochemistry co-labeling

with DAPI (blue), NF-jB (red) and NeuN (green) images are taken at 20× magnification

scale bar 50 μm and 100× magnification scale bar 10 μm
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Fig. 6.
The NF-κB inhibitor PDTC abolished the detrimental effects of SI. a Mice that were SI or

PH housed were subjected to 90 min MCAO and treated with either vehicle or PDTC (200

mg/kg) at 2 and 12 h after surgery. Infarcts were quantified from brains obtained at 72 h

after stroke. SI + vehicle (n = 8), PH + vehicle (n = 10), SI + PDTC (n = 10), PH + PDTC (n

= 10); *p < 0.05. b Neurological deficit scores were assessed prior to killing from post-

stroke vehicle and drug-treated groups, SI + vehicle (n = 8), PH + vehicle (n = 10), SI +

PDTC (n = 10), PH + PDTC (n = 10); *p < 0.05. c Spontaneous locomotor activity was

assessed at 3 days after stroke vehicle and drug-treated groups, PDTC treatment showed

improved activity in SI housed mice. SI + vehicle (n = 8), PH + vehicle (n = 10), SI + PDTC

(n = 10), PH + PDTC (n = 10); *p < 0.05. d Cylinder test was performed in all four groups

of post-stroke mice from day 1–3 showed an improved recovery in SI + PDTC group

compared to SI + vehicle group. SI + vehicle (n = 8), PH + vehicle (n = 10), SI + PDTC (n =

10), PH + PDTC (n = 10); *p < 0.05
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Fig. 7.
NF-κB1 deficient mice showed no significant detrimental effects to SI. a NF-jB1 KO mice

that were SI and PH housed were subjected to 90 min MCAO. Infarcts were quantified from

brains obtained at 72 h after MCAO. SI (n = 9), PH (n = 9). b Neurological deficit scores

were assessed at 3 days of reperfusion in both SI and PH groups (n = 9/grp). c Spontaneous

locomotor activity was assessed at 3 days after stroke. No significant differences in SI

compared to PH mice were observed. (n = 9/grp). d Cylinder test was performed in mice

from both housing conditions from day 1–3 post-stroke. Housing in either SI or PH showed

no differences in recovery of forelimb use (n = 9)
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