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Lipopolysaccharide exacerbates infarct 
size and results in worsened post‑stroke 
behavioral outcomes
Danielle N. Doll, Elizabeth B. Engler‑Chiurazzi, Sara E. Lewis, Heng Hu, Ashley E. Kerr, Xuefang Ren 
and James W. Simpkins*

Abstract 

Background:  A third of ischemic stroke cases have no traditional underlying causes such as hypertension, diabetes, 
atherosclerosis, obesity, or age. Moreover, thirty to forty percent of strokes occur during or acutely after an active 
infection and the incidence of stroke increases during flu season. We and others have shown that the combination 
of a minor bacterial infection mimic, 100 μg/kg of lipopolysaccharide (LPS) prior to a minor stroke—30 min transient 
middle cerebral artery occlusion (tMCAO)—exacerbates infarct volume in a mouse model. Thus, experimental and 
epidemiological data strongly suggest that infection and/or inflammation play a role in stroke occurrence and sever‑
ity. However, to date, long-term outcomes of stroke during an active infection has not been studied.

Methods:  3–4 month old C57Bl6/J mice were treated with saline or LPS 30 min prior to a 30 min tMCAO or sham 
surgery. A behavioral battery was administered to assess health status/sickness behavior, neurological deficits, motor, 
cognitive, and affective behaviors.

Results:  We show for the first time that exposure to a low dose of LPS prior to a mild stroke significantly worsens 
neurological deficits and sickness scores. Motor, cognitive, and affective behaviors were assessed post-stroke and 
while stroke significantly affected motor behavior on rotarod, LPS did not increase the motor deficits. We did not 
observe any effects of stroke or LPS on cognitive and affective behaviors.

Conclusions:  Our observations of the association between infection, stroke, and worse sickness and neurological 
outcomes identify (1) a clinical need to aggressively treat infections in people with risk factors for stroke and (2) the 
need to understand the mechanism(s) of the association between infections and stroke.
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Background
Stroke is the 5th leading cause of death in the United 
States and the leading cause of disability [1]. Numerous 
risk factors such as diabetes, hypertension, and athero-
sclerosis have been recognized to increase susceptibility 
to stroke; however, the epidemiology of ischemic stroke is 
not sufficiently explained by the prevalence of these cere-
brovascular risk factors [2]. In at least a third of ischemic 

stroke cases, the patients lack traditional risk factors and 
have no apparent cause. The presence of systemic infec-
tion could be an important mediating risk factor. Indeed, 
thirty to forty percent of strokes occur during or acutely 
after an infection [2] suggest an association between sys-
temic infection and stroke. Although infection has been 
implicated in increasing susceptibility to stroke, few stud-
ies have examined how an infection prior to stroke affects 
outcome. McColl et al. [3] and Doll et al. [4] found that 
administering lipopolysaccharide (LPS) 30  min prior 
to transient middle cerebral artery occlusion (tMCAO) 
resulted in an increased infarct volume. We have shown 
that a mechanism by which lipopolysaccharide (LPS) 
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exacerbates stroke damage involves an increase in blood 
brain barrier (BBB) damage through mitochondrial 
dysfunction [4] and others have suggested a cytokine-
dependent mechanism [3]. Together, these findings 
suggest an association between systemic infection and 
stroke.

While it is clear that bacterial infection prior to stroke 
can affect acute stroke damage [3, 4], to our knowl-
edge no studies have examined the long-term effects of 
a bacterial infection mimic on behavioral outcomes. 
We hypothesized that LPS administered prior to stroke 
would exacerbate the motor, cognitive, and affective 
behavioral deficits post-stroke. To test our hypothesis, 
we used an animal model of mild infection and mild 
stroke developed by McColl et al. [3], then assessed sick-
ness behavior, neurological deficits, locomotor, cognitive, 
and affective behaviors to determine if a bacterial infec-
tion can exacerbate detrimental post-stroke functional 
outcomes.

Methods
Subjects
C57/BL6 J male mice (3–4 months old, 25–30 g, Jackson 
Laboratories) were used for all studies. All procedures 
were conducted according to criteria approved by the 
Institutional Animal Care and Use Committees at the 
West Virginia University.

Randomization and blinding of the animal experiments
To assign groups (Vehicle Sham, LPS Sham, Vehi-
cle Stroke, LPS Stroke), we numbered the animals and 
applied a simple randomization by using excel-generated 
random numbers. To avoid biases, we also assured that 
sham and stroke surgeries along with the different treat-
ments (LPS or vehicle) were performed on the same day. 
The experimenters were blinded to the pre-treatments 
and data analysis.

Drug administration
LPS (Escherichia coli 055:B5, 100  μg/kg, Sigma) dis-
solved in saline (B. Braun Medical Inc. Irvine, California) 
was administered via an intraperitoneal injection 30 min 
prior to tMCAO or sham surgery. An equal volume of 
saline was administered to vehicle treated mice.

Ischemic model and sham surgery
We performed focal cerebral ischemia for 30  min by 
occlusion of the right middle cerebral artery with a 6.0 
monofilament suture (Doccol, Sharon, Massachusetts). 
All surgical anesthesia was induced with 4–5  % isoflu-
rane until the animal showed no response to a toe pinch, 
and was maintained with 1–2 % isoflurane via face-mask 

in O2-enriched air. We used laser Doppler flowmetry 
(Moor instruments, United Kingdom) to detect regional 
cerebral blood flow and confirm a successful occlusion 
(>70  % decrease in flow). Rectal body temperature was 
maintained at 37 ± 0.5 °C during surgery. One cohort of 
mice was euthanized at 48 h post-stroke to assess infarct 
area, and a separate cohort was euthanized at the end of 
the behavioral battery.

Analysis of brain infarct area: cohort 1
In one cohort, a total of 28 mice (N  =  7/group) were 
euthanized with isoflurane 48  h post-ischemia. We 
removed the brains and cut 2 mm coronal sections with 
a mouse brain matrix. We stained the sections with 2 % 
2,3,5-triphenyltetrazolium chloride (TTC, Sigma, Saint 
Louis, Missouri) in phosphate buffer solution (PBS) at 
37  °C for 30  min then fixed the tissue in 10  % formalin 
phosphate buffer for digital photograph. We analyzed 
the digitized image of each brain section using comput-
erized image analysis software (ImageJ, NIH) in a dou-
ble-blinded manner. Additional data from this cohort of 
animals was published in Doll et al. [4].

Behavioral test battery: cohort 2
In another cohort, a total of 40 mice (Vehicle Sham = 10; 
LPS Sham = 10; Vehicle Stroke = 10; LPS Stroke = 10) 
underwent behavioral testing. Two animals were 
excluded from the LPS stroke group; one due to post-
mortem evidence of cerebral hemorrhage, and a second 
due to a surgery complication. The animal excluded due 
to a surgery complication was replaced resulting in an 
n = 9 for the LPS stroke group. The animals were treated 
and assessed in two cohorts with n = 5 in each group for 
each cohort. We selected the following behavioral tests to 
assess a range of affective, locomotor, and cognitive abili-
ties and to identify and control for potential locomotor, 
visual, or motivational alterations effected by stroke and 
bacterial infection prior to stroke. Figure  1 depicts the 
time-course of behavioral testing. All animals underwent 
the entire test battery with the exception of Morris water 
maze. The first cohort showed no significant effects or 
trends toward a treatment or surgery effect on this test; 
thus, we did not subject the second cohort of animals to 
Morris water maze testing. However, the timing post-
stroke of the other behavioral assessments were main-
tained constant across cohorts. All testing was completed 
during the light cycle (0800–1500) by the same experi-
menter, who was blind to treatment group status. Central 
air conditioning fans provided white noise in the test-
ing room. Between each animal, the behavior apparatus 
was cleaned of debris with Virkon and, when appropriate 
(Open Field, Elevated Plus Maze), 50 % ethanol.
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Health and sickness behavior screen
Overall health and sickness behavior was assesses using 
an objective 20 point screen developed in our labora-
tory. The health screen was administered daily by the 
same experimenter who was blind to treatment group 
status. The screen encompasses seven physical domains 
designed to provide insight into the global physical 
health of an animal. The screen was designed to be rapid 
and easy to administer, to be minimally invasive, and 
to ensure consistency in scoring across the post-stroke 
recovery period. To assess health status and sickness 
behavior, the animal was observed in its home cage for 
general appearance, posture, respiration, and spontane-
ous locomotion/social interaction. Body condition (ema-
ciation and hydration) was assessed by the pinch test. 
Body temperature and body weight were also measured 
(see Additional file 1: Table S1 for scoring criteria). The 
screen was administered twice prior to tMCAO and each 
day post-tMCAO for 7 days between 0800 and 0930.

Modified Neurological Severity Score (mNSS)
The mNSS, adapted from Chen et al. [5], assessed neuro-
logic function on a scale of 0–12 with 0 being normal and 
12 being maximal deficit (see Additional file 1: Table S2 
for scoring criteria). The mNSS used here was composed 
of motor and balance tests; the reflex test was eliminated 
due to habituation of the mice after repeat testing. mNSS 
scores were determined twice prior to tMCAO and each 
day post-tMCAO for 7 days between 0800 and 0930.

Cylinder test
The cylinder test evaluates spontaneous forelimb use and 
asymmetries resulting from neural injury [6]. The animal 
was placed in a transparent cylinder (12 cm wide, 19 cm 
tall) for 5 min and allowed to freely explore. Performance 

was video recorded for later assessment. The number of 
independent wall placements for the right and left fore-
limbs, in addition to placement of both forelimbs simul-
taneously, were recorded. Cylinder test performance was 
conducted twice prior to tMCAO to account for pre-
operative handedness biases, as well as 1, 3, 5 and 7 days 
post-tMCAO.

Open field
This task evaluates locomotor activity and emotional reac-
tivity [7]. A white plastic box (60 cm × 60 cm × 15 cm) 
was placed upon a table. Five desk lamps (60 watt each) 
provided indirect illumination. At the start of the trial, 
each mouse was placed in arena at the midpoint of the 
South wall and received a 6 min session. Locomotor activ-
ity was recorded using Ethovision 8.5 (Noldus Informa-
tion Technology, Wageningenm, The Netherlands). For 
analysis, the box floor was divided into inner zone, mid-
dle frame, and perimeter zones. The dependent variables 
were fecal boli excreted, and distance moved (cm) in the 
arena as well as distance moved (cm) in each zone.

Elevated plus maze
This task assesses anxiety-like behavior in a novel envi-
ronment, with mice spending less time in open arms 
considered ‘anxious’ [8]. Two intersecting arm pairs were 
arranged in a ‘plus’ configuration and elevated 60  cm 
from the floor. One arm pair, 58 cm long × 5 cm wide, 
was enclosed by walls 15 cm tall and the other arm pair 
remained open (no walls or edges). Room illumination 
consisted of ambient lighting. Each mouse was placed at 
the arm intersection point and allowed to freely explore 
for 5 min. The dependent variables were the frequency of 
entries into each arm pair, the time spent (s) in the open 
arm pair, and the number of fecal boli excreted.

Fig. 1  Timeline schematic of treatment, surgery and behavioral testing
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Visible platform
This task confirms visual and motor competence for 
water maze testing [9]. A circular tub (140 cm in diam-
eter) was filled with clear water. A white- and black-
colored platform with a white/black flag was positioned 
approximately 0.5 cm above the water surface in a fixed 
location within the pool. Blue curtains covered obvious 
extra maze cues. The drop-off location varied semi-ran-
domly across trials. Each mouse had 90  s to locate the 
platform, where it remained for 15 s before being placed 
back into its heated cage. If an animal did not locate 
the platform within the allotted time limit, it was gen-
tly guided to the platform. Between animals, the maze 
was cleaned of debris and olfactory cues were disrupted 
using a fishnet. The inter-trial interval was approxi-
mately 12 min. Latency (s) to reach the platform was the 
dependent measure.

Morris water maze
Acquisition The Morris water maze tests hippocampal-
dependent spatial reference memory [10], memory for 
information that remains consistent across time [11]. 
A round tub (140 cm in diameter) was filled with room 
temperature water made opaque with non-toxic paint. 
Spatial cues (shelving, door, striped posters, etc.) were 
indirectly lit. Briefly, the mouse was placed in the maze 
from any of four locations (North, South, East, or West) 
and had 60  s to locate a hidden platform submerged 
1  cm, which remained in a fixed location (Northwest 
quadrant; NW). If an animal failed to locate the plat-
form, it was gently guided to the platform. After 15  s 
on the platform, the mouse was placed into its heated 
cage until the next trial. Between animals, the maze 
was cleaned of debris and olfactory cues. There was 
approximately a 15 min inter-trial interval between tri-
als. A tracking system (Ethovision XT 8.5) analyzed each 
mouse’s swim path. Animals received 4 trials for 6 days. 
The dependent measure was swim distance (cm). Swim 
speed (cm/s) was assessed to determine possible loco-
motor differences.

Probe Trial To assess platform localization, on the 6th 
day of testing an additional probe trial was given (trial 
5), whereby the platform was removed from the maze. 
Percent of total swim distance (cm) in the target NW 
quadrant (i.e., quadrant that once contained the plat-
form) versus the opposite Southeast (SE) quadrant and 
frequency of platform zone crossings were the dependent 
measure [12].

Reversal To assess cognitive flexibility/perseveration 
[13], reversal learning was assessed the following day, 
whereby the platform was relocated to the SE quadrant. 
Animals received 4 trials for 2 days, with a 15 min delay 
between trials three and four. Trial 5 was a probe trial on 

day 2. All testing procedures were identical to the Morris 
water maze acquisition and probe testing.

Accelerating rotarod
This task assesses locomotor performance and coordina-
tion. A textured plastic horizontal rod (3 cm in diameter) 
was mounted 14.5  cm above a pressure-sensitive base 
(Ugo Basile). Acceleration was set to 4–44 rpm in 300 s 
[14]. For a given trial, a mouse was placed on the rod and 
the motor and timer switch were activated. Acceleration 
continued until the mouse fell onto the padded base or 
until 300 s had elapsed. Animals received 4 trials per ses-
sion, with an inter-trial interval of 20 min, and two ses-
sions per day, with an inter-session interval of 1  h, for 
4 days. Latency to fall (s) was the dependent variable.

Modified porsolt forced swim test
This test assesses depressive-like behavioral despair [15]. 
A plastic cylinder (19 cm tall, 12 cm wide) was filled up 
to a height of 10.5 cm with 25 °C water. Each animal was 
tested for 6  min. Following each trial, the animal was 
removed, dried with paper towels, and warmed in cages 
heated with a heat pad. The water was changed after each 
trial. Behavior was video recorded and quantified by a 
blind observer who scored each animal as either engag-
ing in (1) active escape behaviors (swimming, climbing, 
and diving) or (2) immobility (floating or minimally mov-
ing). Behavior of each animal during the first 2 min was 
not included. Latency (s) to first immobility, total time (s) 
spent immobile, and number of fecal boli excreted were 
the dependent variables.

Statistical analysis
Statistical analyses were performed with Statview. Dif-
ferences between groups were analyzed by the unpaired 
Student’s t test, two-way ANOVA or a repeated measure 
two-way ANOVA as appropriate for each outcome meas-
ure (indicated in the figure legends).

Results
Infarct area
Low dose bacterial infection mimic administered 30 min 
prior to a mild (30  min) tMCAO increased cortical 
infarct area (p < 0.05) and caudate/putamen infarct area 
(p  <  0.05) (Fig.  2). We measured rectal temperature at 
0, 6, 12, 18, 24, and 48  h post-stroke to ensure that the 
increase in infarct volume was not due to an increase in 
temperature after stroke, and this data was reported in 
Doll et  al. [4] Stroke alone caused a modest decline in 
rectal temperature, while LPS + stroke caused a marked 
hypothermia post-stroke [4]. These data indicate that the 
observed increase in infarct volume caused by the com-
bination of LPS and tMCAO was not due to a febrile 
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response. As such, we then conducted assessments in an 
additional cohort of mice for the effects of LPS on the 
behavioral outcomes of stroke.

Modified Neurological Severity Score
To assess functional neurological damage, the modi-
fied neurological severity score (mNSS) adapted from 
Chen et al. [5] was administered for 7 days post-surgery. 
Prior to surgery, the mNSS was administered to assess 
baseline biases, and animals in all 4 groups scored simi-
larly (p = 0.6652; F [1, 35] = 0.1904). Overall there was 
a day ×  treatment (p =  0.0067; F [1, 35] =  2.875) and 
day × surgery interaction (p < 0.0001; F [1, 35] = 13.603). 
Upon visual inspection of the graph, the stroke and 
LPS effect diminished over time resulting in the effect 
of surgery or treatment being exacerbated in the acute 
recovery phase (days 1–3) (Fig.  3), but in the sub-acute 
recovery phase (days 4–6), mNSS scores returned to 
baseline levels. This rapid recovery after an insult in mice 
has been noted previously [16, 17]. Thus, we blocked the 
data by acute recovery phase (days 1–3) and sub-acute 
recovery phase (days 4–6) to determine the effect of 
treatment, surgery, and their interaction on neurological 
deficits. During the first 3  days post-surgery, there was 
an overall treatment × surgery interaction (p = 0.0454; F 
[1, 35] =  4.304) indicating that LPS worsens neurologi-
cal deficits post-stroke. However, during the sub-acute 
recovery phase the treatment ×  surgery interaction was 

Fig. 2  LPS exacerbates infarct area. Cortical and Caudate/Putamen infarct area. A student’s t-test between control and treatment group showed a 
significant increase in cortical infarct area (p = 0.0488) and caudate/putamen infarct area (p = 0.0134). Depicted are mean ± SEM for 7 mice/group. 
*p < 0.05

Fig. 3  Stroke and Stroke + LPS exacerbate neurological deficits. A 
two way repeated measures ANOVA showed a significant day by 
treatment (p = 0.0067) and day by surgery effect (p < 0.0001). When 
blocking the data, day 1–3 (acute phase recovery) and day 4–6 (sub-
acute phase recovery), there was a significant treatment by surgery 
interaction (0.0454) during the acute phase of recovery. This signifi‑
cant treatment by surgery interaction was lost during the sub-acute 
phase of recovery. Depicted are mean ± SEM for 9–10 mice/group. 
When SEM is not shown, it is smaller than the symbol used to depict 
the mean. *p < 0.05
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not observed (p = 0.7531; F [1, 35] = 0.101), but the Sur-
gery effect remained (p < 0.005; F [1, 35] = 11.6).

Health and sickness behavior screen
Prior to tMCAO (time point 0), the animals in all four 
groups had a health screen score of 0 indicating that all 
animals were healthy animals at the time of treatment 
administration and/or stroke surgery (Fig.  4). Overall, 
there was a day × treatment (p < 0.005; F [1, 35] = 4.112) 
and a day  ×  surgery interaction (p  <  0.0001; F [1, 
35] =  6.552). Upon visual inspection of the graph, the 
surgery and treatment effects were diminished over time, 
similarly to the mNSS. Thus, we blocked the data by acute 
recovery phase (days 1–3) and sub-acute recovery phase 
(days 4–6) to determine the effect of treatment, surgery, 
and the interaction on sickness behavior. Overall there 
were no interactions between stroke and LPS during the 
acute or sub-acute recovery phase. During both block of 
days there was a significant surgery effect (p < 0.0001; F 
[1, 35] =  63.974); however, only during the acute phase 
was there a significant treatment effect (p < 0.0005; F [1, 
35] =  14.828). By the sub-acute recovery, the treatment 
effect diminished (p = 0.0842; F [1, 35] = 3.160), but the 
Surgery effect remained (p < 0.0001; F [1, 35] = 22.655).

Motor function
To assess motor function, performance on the accelerat-
ing rotarod was assessed 11 ± 1 days post-surgery. There 
was a significant stroke effect resulting in decreased 
motor function (p  <  0.005; Fig.  5). This effect of stroke 
surgery on motor function was not due to decreased 
locomotor activity because open field indicated no dif-
ferences between the groups (Table 1). To assess forelimb 
functional asymmetries, the cylinder task was adminis-
tered. Before surgery (day 0), there were no differences 
between groups on rearing (Fig.  6) nor on left versus 
right forelimb placement (data not shown). There was an 
overall day × surgery effect (p < 0.0001; F [1, 35] = 8.916) 
post-surgery (Fig.  6); thus, we further investigated the 
effect of surgery on each day. There was a significant Sur-
gery effect (p  <  0.0005; F [1,35] =  15.23) on rearing on 
day 1, indicating that animals that had undergone stroke 
(regardless of drug treatment) were less active than ani-
mals who received sham surgery. By day 3, the surgery 
effect diminished. This finding of depressed locomotor 
behavior (as measured by overall number or rears) limits 
the interpretation of paw placement findings.

Affective behaviors
Stroke nor LPS impacted general locomotor ability nor 
anxiety-like behavior in the open field (Table  1). There 
were no significant group differences in distance moved 
in any zone during the 6  min trial (Table  1). Similarly, 
stroke nor LPS impacted anxiety-like behavior on the 
elevated plus maze. There were no group differences in 

Fig. 4  Stroke induces sickness behavior. A two way repeated 
measures ANOVA showed a significant day by treatment (p = 0.0006) 
and day by surgery effect (p < 0.0001). When blocking the data, day 
1–3 (acute phase recovery) and day 4–6 (sub-acute phase recovery), 
there was a significant day by surgery effect (p < 0.0001). Depicted 
are mean ± SEM for 9–10 mice/group. When SEM is not shown, 
it is smaller than the symbol used to depict the mean. **p < 0.01; 
***p < 0.001

Fig. 5  Stroke increases motor dysfunction. A two way repeated 
measures ANOVA showed a significant surgery effect (p = 0.0011). 
Depicted are mean ± SEM for 9–10 mice/group. **p < 0.01
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the number of open arm entries, number of closed arm 
entries, or the time (s) spent in the open arms (data not 
shown). Moreover, neither stroke nor LPS impacted 
depressive-like behavior on the forced swim test. There 
were no significant treatment effects on total time spent 
immobile, or latency to first immobility (data not shown).

Discussion
Recent studies have indicated that both Helicobac-
ter pylori (H. pylori) [18] and human cytomegalovirus 
(HCMV) [19] infections are associated with increased 
risk for ischemic stroke. Moreover, having a respiratory 
tract infection increases the risk for an atherothrombotic 
ischemic event for up to 3 months [20] and chronic bron-
chitis increases risk for stroke and transient ischemic 

attacks (TIA) [21]. Lastly, Grabska et al. [22] conducted 
a retrospective chart review of 2066 ischemic stroke 
patients to assess the effect of pre-stroke and post-stroke 
infection on ischemic stroke severity and found that pre-
stroke infection increased poor outcomes within the first 
30 days but did not have effects at 90 days on modified 
Rankin scores. From a preclinical perspective, LPS has 
been shown to increase infarct volume when admin-
istered prior to MCAO in rodents [3, 4]. However, the 
long-term effects of stroke during an active infection 
have not been studied previously. The present study 
shows for the first time that low dose LPS increases and 
prolongs sickness behavior and worsens neurological def-
icits post-stroke. Thus, infection appears to both trigger 
and worsen severity of stroke.

It is known that a severe stroke results in motor, cog-
nitive, and affective behavioral deficits [16, 23–26]. Fur-
ther, studies have shown that high doses of LPS causes 
motor, cognitive, and affective deficits [27–32]. However, 
until the current study, the long-term functional out-
comes of stroke in combination with an active infection 
had not been methodically assessed in the rodent model. 
We hypothesized that the LPS administered prior to 
stroke would exacerbate the motor, cognitive, and affec-
tive behavioral deficits post-stroke. Our most robust 
effects of low dose LPS + mild stroke were on lesion vol-
ume, mNSS and sickness. The hypothermic response to 
LPS +  stroke could be an adaptive protective response, 
because in other studies, we observed that mainte-
nance of core body temperature following LPS +  stroke 
resulted in profound sickness and death of mice (Doll 
et  al., unpublished observations) and that acute post-
stroke hypothermia is strongly associated with larger 
infarct size in mice (Heng et  al., unpublished observa-
tions). The LPS +  stroke effects on mNSS and sickness 
peaked at 1  day after stroke, then recovered over the 
7-day observation period, indicating that acute behavio-
ral response to LPS + stroke is transient, as has been pre-
viously reported for stroke alone in rodents and humans 
[6, 22]. We also showed that stroke, but not LPS treat-
ment, affects balance and motor coordination during the 
accelerating rotarod task. As well, we did not observe 
effects of stroke, LPS, or their combination on open field, 

Table 1  Stroke or LPS does not have an effect on locomotor ability in open field

Reported are mean ± standard error of mean for total distance moved (cm), center duration (s), inner duration (s), and outer duration (s) during the open field task for 
each group

Group Total distance (cm) Center duration (s) Inner duration (s) Outer duration (s)

Vehicle sham 2295 ± 231 5 ± 2 15 ± 3 340 ± 5

LPS sham 2384 ± 208 5 ± 1 12 ± 3 343 ± 5

Vehicle stroke 2521 ± 257 5 ± 1 16 ± 5 339 ± 6

LPS stroke 2553 ± 232 6 ± 1 16 ± 2 338 ± 3

Fig. 6  Stroke decreases rearing in the cylinder task. A two way 
repeated measures ANOVA showed a significant day by surgery effect 
(p < 0.0001). Further investigation of each day indicated a significant 
effect of surgery on day 1 (p = 0.0004) but by day 3 there was no 
effect of surgery or treatment. Depicted are mean ± SEM for 9–10 
mice/group. **p < 0.01; ***p < 0.001
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elevated plus maze or forced swim. Taken together, we 
demonstrate for the first time that an infection, present at 
the time of brain trauma (induced by MCAO) can exac-
erbate detrimental stroke outcomes, negatively impacting 
health and significantly prolonging recovery.

Limitations of the present study are several. We did not 
observe some of the previously reported behavioral defi-
cits that have been found following MCAO or LPS among 
rodents. This is most likely due to methodological differ-
ences between our work and previous studies including 
(1) the timing of post-manipulation assessments, (2) the 
severity of the model of brain insult used here, and (3) 
the low dose of LPS used in our study. Indeed, it is well 
recognized that there are critical periods for detecting 
post-stroke deficits [6]. As well, many studies assessing 
functional outcomes following LPS assessed performance 
within hours of treatment administration. Thus, we may 
have not seen LPS + stroke effects in some behaviors due 
to the timing of assessment. Also, severity of the stroke 
insult may have influenced our ability to detect functional 
deficits. Our stroke was a 30 min tMCAO, which is con-
sidered a minor insult, and caused a small infarct (Fig. 2). 
The low dose of LPS used here, and thus the severity 
of the infection induced at the time of stroke also may 
explain why we did not observe substantial detrimental 
behavioral changes. Although others have shown that 
LPS results in motor, cognitive, and affective behavioral 
deficits, the doses used ranged from 0.3–10 mg/kg which 
are 3–100 times higher than the dose used in the present 
study. Additionally, a few studies injected LPS multiple 
times before assessing behavior [30]; thus, the single, low 
LPS dose given in this study likely resulted in a minor 
bacterial infection mimic, and the chosen battery of func-
tional assessments may have not been sensitive enough to 
detect a mild impairment at the time points at which they 
were administered. Future studies should assess different 
doses of LPS and determine the time to assess different 
behavioral deficits. Furthermore, an increase prevalence 
of strokes occurs during flu season. Here, we utilized 
LPS, a bacterial infection mimic. However, it is not clear 
whether the exacerbation of post-stroke functional defi-
cits by LPS found here extend to other types of infection. 
Thus, the assessment of the effects of a viral infection 
mimic prior to stroke on functional outcome is needed.

This study was not designed to assess the mechanism(s) 
of the interaction between LPS and stroke, but rather to 
describe the consequences of this interaction on lesion 
volume, neurological deficits, sickness and behavio-
ral outcomes. There are several potential mechanisms 
by which LPS could exacerbate stroke outcome. LPS 
itself is neurotoxic [33], and increases levels of sev-
eral neurotoxic cytokines, including TNFα [3]. We have 
shown that TNFα causes neuronal loss by inhibition of 

mitochondrial oxidative phosphorylation [34]. Addition-
ally, LPS compromised the blood–brain barrier (BBB) 
[4]. As such, through either or both mechanisms, treat-
ment with low doses of LPS may sensitize animals to the 
subsequent effects of a mild stroke and thereby worsen 
outcomes.

Thus, we can conclude from this study that a minor 
bacterial infection mimic prior to a minor stroke results 
in increased infarct area, increased sickness behav-
ior and worse neurological deficits resulting in delayed 
functional recovery. Our observations of the association 
between infection, stroke, and worse sickness and neuro-
logical outcomes argues for the need to aggressively treat 
infection in people with risk factors for stroke and the 
need to understand the mechanism(s) of this association.

Authors’ contributions
DND made substantial contributions to conception and design, acquisition of 
data, analysis and interpretation of data, and drafted manuscript. EEC made 
substantial contributions to the acquisition of data, analysis and interpretation 
of the data, and revising the manuscript. SEL made substantial contributions 
to the acquisition of data and revising the manuscript. HH made substantial 
contributions to the acquisition of data. AK made substantial contribu‑
tions to analysis of data and revising the manuscript. XR made substantial 
contributions to conception and design, acquisition of data and revising the 
manuscript. JWS made substantial contribution to conception and design, 
interpretation of data, and revising the manuscript. All authors read and 
approved the final manuscript.

Acknowledgements
This work was supported by NIH PO1 AG022550 and NIH P01 AG027956, NIH/
NIGMS Award number U54GM104942 and NIH Grant P20 GM109098, NIH T32 
GM081741.

Competing interests
The authors declare that they have no competing interests.

Received: 18 June 2015   Accepted: 1 October 2015

References
	1.	 Lackland DT, Roccella EJ, Deutsch AF, Fornage M, George MG, Howard G, 

et al. Factors influencing the decline in stroke mortality: a statement from 
the American Heart Association/American Stroke Association. Stroke. 
2014;45(1):315–53. doi:10.1161/01.str.0000437068.30550.cf.

	2.	 Grau AJ, Buggle F, Heindl S, Steichen-Wiehn C, Banerjee T, Maiwald M, 
et al. Recent infection as a risk factor for cerebrovascular ischemia. Stroke. 
1995;26(3):373–9.

	3.	 McColl BW, Rothwell NJ, Allan SM. Systemic inflammatory stimulus 
potentiates the acute phase and CXC chemokine responses to experi‑
mental stroke and exacerbates brain damage via interleukin-1- and 

Additional file

Additional file 1. Overall animal health within seven physiological 
domains were determined using the health screen, a tool we designed 
to be administered easily and rapidly, to be minimally invasive, and to 
provide consistency of scoring between groups of animals and within 
individual animals across the post-stroke recovery period.

http://dx.doi.org/10.1161/01.str.0000437068.30550.cf
http://dx.doi.org/10.1186/s12993-015-0077-5


Page 9 of 9Doll et al. Behav Brain Funct  (2015) 11:32 

neutrophil-dependent mechanisms. J Neurosci. 2007;27(16):4403–12. 
doi:10.1523/jneurosci.5376-06.2007.

	4.	 Doll DN, Hu H, Sun J, Lewis SE, Simpkins JW, Ren X. Mitochondrial crisis in 
cerebrovascular endothelial cells opens the blood-brain barrier. Stroke. 
2015. doi:10.1161/strokeaha.115.009099.

	5.	 Chen J, Zhang C, Jiang H, Li Y, Zhang L, Robin A, et al. Atorvastatin 
induction of VEGF and BDNF promotes brain plasticity after stroke 
in mice. J Cereb Blood Flow Metab. 2005;25(2):281–90. doi:10.1038/
sj.jcbfm.9600034.

	6.	 Schaar KL, Brenneman MM, Savitz SI. Functional assessments in 
the rodent stroke model. Exp Transl Stroke Med. 2010;2(1):13. 
doi:10.1186/2040-7378-2-13.

	7.	 Denenberg VH. Open-field bheavior in the rat: what does it mean? Ann N 
Y Acad Sci. 1969;159(3):852–9.

	8.	 Hogg S. A review of the validity and variability of the elevated plus-
maze as an animal model of anxiety. Pharmacol Biochem Behav. 
1996;54(1):21–30.

	9.	 Engler-Chiurazzi EB, Talboom JS, Braden BB, Tsang CW, Mennenga S, 
Andrews M, et al. Continuous estrone treatment impairs spatial memory 
and does not impact number of basal forebrain cholinergic neurons in 
the surgically menopausal middle-aged rat. Horm Behav. 2012;62(1):1–9. 
doi:10.1016/j.yhbeh.2012.04.004.

	10.	 Morris RG, Garrud P, Rawlins JN, O’Keefe J. Place navigation impaired in 
rats with hippocampal lesions. Nature. 1982;297(5868):681–3.

	11.	 Olton DS, Becker JT, Handelmann GE. Hippocampus, space, and memory. 
Behav Brain Res. 1979;2(3):313–22.

	12.	 Stavnezer AJ, Hyde LA, Bimonte HA, Armstrong CM, Denenberg VH. 
Differential learning strategies in spatial and nonspatial versions of the 
Morris water maze in the C57BL/6 J inbred mouse strain. Behav Brain Res. 
2002;133(2):261–70.

	13.	 D’Hooge R, De Deyn PP. Applications of the Morris water maze in the 
study of learning and memory. Brain Res Brain Res Rev. 2001;36(1):60–90.

	14.	 Jung ME, Ju X, Simpkins JW, Metzger DB, Yan LJ, Wen Y. Ethanol 
withdrawal acts as an age-specific stressor to activate cerebellar 
p38 kinase. Neurobiol Aging. 2011;32(12):2266–78. doi:10.1016/j.
neurobiolaging.2010.01.005.

	15.	 Cryan JF, Markou A, Lucki I. Assessing antidepressant activity in 
rodents: recent developments and future needs. Trends Pharmacol Sci. 
2002;23(5):238–45.

	16.	 Bouet V, Freret T, Toutain J, Divoux D, Boulouard M, Schumann-Bard P. 
Sensorimotor and cognitive deficits after transient middle cerebral artery 
occlusion in the mouse. Exp Neurol. 2007;203(2):555–67. doi:10.1016/j.
expneurol.2006.09.006.

	17.	 Freret T, Bouet V, Leconte C, Roussel S, Chazalviel L, Divoux D, et al. Behav‑
ioral deficits after distal focal cerebral ischemia in mice: usefulness of 
adhesive removal test. Behav Neurosci. 2009;123(1):224–30. doi:10.1037/
a0014157.

	18.	 Wang ZW, Li Y, Huang LY, Guan QK, da Xu W, Zhou WK, et al. Helicobacter 
pylori infection contributes to high risk of ischemic stroke: evidence 
from a meta-analysis. J Neurol. 2012;259(12):2527–37. doi:10.1007/
s00415-012-6558-7.

	19.	 Huang ZR, Yu LP, Yang XC, Zhang F, Chen YR, Feng F, et al. Human cyto‑
megalovirus linked to stroke in a Chinese population. CNS Neurosci Ther. 
2012;18(6):457–60. doi:10.1111/j.1755-5949.2012.00326.x.

	20.	 Zurru MC, Alonzo C, Brescacin L, Romano M, Camera LA, Waisman G, et al. 
Recent respiratory infection predicts atherothrombotic stroke: case-con‑
trol study in a Buenos Aires healthcare system. Stroke. 2009;40(6):1986–
90. doi:10.1161/strokeaha.108.535559.

	21.	 Grau AJ, Preusch MR, Palm F, Lichy C, Becher H, Buggle F. Association of 
symptoms of chronic bronchitis and frequent flu-like illnesses with stroke. 
Stroke. 2009;40(10):3206–10. doi:10.1161/strokeaha.109.561019.

	22.	 Grabska K, Gromadzka G, Czlonkowska A. Infections and ischemic stroke 
outcome. Neurol Res Int. 2011;2011:691348. doi:10.1155/2011/691348.

	23.	 Rogers DC, Campbell CA, Stretton JL, Mackay KB. Correlation between 
motor impairment and infarct volume after permanent and transient 
middle cerebral artery occlusion in the rat. Stroke. 1997;28(10):2060–5 
(discussion 6).

	24.	 Winter B, Juckel G, Viktorov I, Katchanov J, Gietz A, Sohr R, et al. Anxious 
and hyperactive phenotype following brief ischemic episodes in mice. 
Biol Psychiatry. 2005;57(10):1166–75. doi:10.1016/j.biopsych.2005.02.010.

	25.	 Gibson CL, Murphy SP. Progesterone enhances functional recovery after 
middle cerebral artery occlusion in male mice. J Cereb Blood Flow Metab. 
2004;24(7):805–13. doi:10.1097/01.wcb.0000125365.83980.00.

	26.	 Markgraf CG, Green EJ, Watson B, McCabe PM, Schneiderman N, Dietrich 
WD, et al. Recovery of sensorimotor function after distal middle cerebral 
artery photothrombotic occlusion in rats. Stroke. 1994;25(1):153–9.

	27.	 De Domenico I, Zhang TY, Koening CL, Branch RW, London N, Lo E, 
et al. Hepcidin mediates transcriptional changes that modulate acute 
cytokine-induced inflammatory responses in mice. J Clin Invest. 
2010;120(7):2395–405. doi:10.1172/jci42011.

	28.	 Biesmans S, Meert TF, Bouwknecht JA, Acton PD, Davoodi N, De Haes 
P, et al. Systemic immune activation leads to neuroinflammation and 
sickness behavior in mice. Mediators Inflamm. 2013;2013:271359. 
doi:10.1155/2013/271359.

	29.	 Tarr AJ, McLinden KA, Kranjac D, Kohman RA, Amaral W, Boehm GW. 
The effects of age on lipopolysaccharide-induced cognitive deficits 
and interleukin-1beta expression. Behav Brain Res. 2011;217(2):481–5. 
doi:10.1016/j.bbr.2010.10.036.

	30.	 Hritcu L, Ciobica A, Stefan M, Mihasan M, Palamiuc L, Nabeshima T. Spatial 
memory deficits and oxidative stress damage following exposure to 
lipopolysaccharide in a rodent model of Parkinson’s disease. Neurosci Res. 
2011;71(1):35–43. doi:10.1016/j.neures.2011.05.016.

	31.	 Painsipp E, Kofer MJ, Sinner F, Holzer P. Prolonged depression-like 
behavior caused by immune challenge: influence of mouse strain and 
social environment. PLoS ONE. 2011;6(6):e20719. doi:10.1371/journal.
pone.0020719.

	32.	 Dunn AJ, Swiergiel AH. Effects of interleukin-1 and endotoxin in the 
forced swim and tail suspension tests in mice. Pharmacol Biochem Behav. 
2005;81(3):688–93. doi:10.1016/j.pbb.2005.04.019.

	33.	 Lehnardt S, Massillon L, Follett P, Jensen FE, Ratan R, Rosenberg PA, et al. 
Activation of innate immunity in the CNS triggers neurodegeneration 
through a Toll-like receptor 4-dependent pathway. Proc Natl Acad Sci 
USA. 2003;100(14):8514–9. doi:10.1073/pnas.1432609100.

	34.	 Doll DN, Rellick SL, Barr TL, Ren X, Simpkins JW. Rapid mitochondrial 
dysfunction mediates TNF-alpha-induced neurotoxicity. J Neurochem. 
2015;132(4):443–51. doi:10.1111/jnc.13008.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1523/jneurosci.5376-06.2007
http://dx.doi.org/10.1161/strokeaha.115.009099
http://dx.doi.org/10.1038/sj.jcbfm.9600034
http://dx.doi.org/10.1038/sj.jcbfm.9600034
http://dx.doi.org/10.1186/2040-7378-2-13
http://dx.doi.org/10.1016/j.yhbeh.2012.04.004
http://dx.doi.org/10.1016/j.neurobiolaging.2010.01.005
http://dx.doi.org/10.1016/j.neurobiolaging.2010.01.005
http://dx.doi.org/10.1016/j.expneurol.2006.09.006
http://dx.doi.org/10.1016/j.expneurol.2006.09.006
http://dx.doi.org/10.1037/a0014157
http://dx.doi.org/10.1037/a0014157
http://dx.doi.org/10.1007/s00415-012-6558-7
http://dx.doi.org/10.1007/s00415-012-6558-7
http://dx.doi.org/10.1111/j.1755-5949.2012.00326.x
http://dx.doi.org/10.1161/strokeaha.108.535559
http://dx.doi.org/10.1161/strokeaha.109.561019
http://dx.doi.org/10.1155/2011/691348
http://dx.doi.org/10.1016/j.biopsych.2005.02.010
http://dx.doi.org/10.1097/01.wcb.0000125365.83980.00
http://dx.doi.org/10.1172/jci42011
http://dx.doi.org/10.1155/2013/271359
http://dx.doi.org/10.1016/j.bbr.2010.10.036
http://dx.doi.org/10.1016/j.neures.2011.05.016
http://dx.doi.org/10.1371/journal.pone.0020719
http://dx.doi.org/10.1371/journal.pone.0020719
http://dx.doi.org/10.1016/j.pbb.2005.04.019
http://dx.doi.org/10.1073/pnas.1432609100
http://dx.doi.org/10.1111/jnc.13008

	Lipopolysaccharide exacerbates infarct size and results in worsened post-stroke behavioral outcomes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Subjects
	Randomization and blinding of the animal experiments
	Drug administration
	Ischemic model and sham surgery
	Analysis of brain infarct area: cohort 1
	Behavioral test battery: cohort 2
	Health and sickness behavior screen
	Modified Neurological Severity Score (mNSS)
	Cylinder test
	Open field
	Elevated plus maze
	Visible platform
	Morris water maze
	Accelerating rotarod
	Modified porsolt forced swim test
	Statistical analysis

	Results
	Infarct area
	Modified Neurological Severity Score
	Health and sickness behavior screen
	Motor function
	Affective behaviors

	Discussion
	Authors’ contributions
	References




