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Abstract

Background—Infections are common following stroke and associated with worse outcome. 

Using an animal model of pneumonia, we assessed the effect of infection and its treatment on the 

immune response and stroke outcome.

Methods—Lewis rats were subjected to transient cerebral ischemia and survived for 4 weeks. 

One day after stroke animals were exposed to aerosolized Staphylococcus aureus, Pseudomonas 
aeruginosa or saline. Antibiotics (ceftiofur or enrofloxacin) were started immediately after 

exposure or delayed for 3 days. Behavioral tests were performed weekly. ELISPOT assays were 

done on lymphocytes from spleen and brain to assess autoimmune responses to myelin basic 

protein (MBP).

Results—Among animals that received immediate antibiotic therapy, infection was associated 

with worse outcome in ceftiofur but not enrofloxacin treated animals. (The outcome with 

immediate enrofloxacin therapy was so impaired that further worsening may have been difficult to 

detect.) A delay in antibiotic therapy was associated with better outcomes in both ceftiofur and 

enrofloxacin treated animals. Infection was associated with an increased likelihood of developing 

TH1(+) responses to MBP in non-infarcted brain (OR=2.94 [1.07, 8.12]; P=0.04), and TH1(+) 

responses to MBP in spleen and non-infarcted brain were independently associated with a 

decreased likelihood of stroke recovery (OR=0.16 [0.05, 0.51; P=0.002 and OR=0.32 [0.12, 0.84]; 

P=0.02, respectively).

Conclusions—Infection worsens stroke outcome in ceftiofur treated animals and increases TH1 

responses to MBP. These data may help explain how infection worsens stroke outcome and 

suggest that treatment of infection may contribute to this outcome.
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1.1 Introduction

Patients who become infected in the immediate post-stroke period have increased morbidity 

and mortality in comparison to patients who remain infection free (Westendorp et al., 2011). 

We previously showed that exposure to lipopolysaccharide (LPS) during experimental stroke 

increases TH1 immune responses to myelin basic protein (MBP) and worsens outcome 

(Becker et al., 2005). In an observational study, individuals with post-stroke pneumonia were 

at similar risk for developing TH1 responses to MBP and worse clinical outcome (Becker et 

al., 2011). Whether early antibiotic therapy might prevent TH1 responses and improve 

outcome is unknown, and trials of prophylactic antibiotics to prevent post-stroke infection 

have had mixed results (Chamorro et al., 2005; Harms et al., 2008; Kalra et al., 2015; 
Schwarz et al., 2008; Westendorp et al., 2015). In uninfected animals, treatment with 

enrofloxacin (a fluoroquinolone antibiotic), but not ceftiofur (a β-lactam antibiotic), leads to 

worse outcome after stroke (Zierath et al., 2015a). In this study we examined the effects of 

pneumonia on the immune response to MBP and stroke outcome. Staphylococcus aureus 
and Pseudomonas aeruginosa are common respiratory pathogens after stroke and chosen 

here as prototypes of Gram-positive and Gram-negative infections (Hassan et al., 2006; 
Hilker et al., 2003; Tanzi et al., 2011; Walter et al., 2007; Yan et al., 2015). Broad spectrum 

antibiotics used for empiric treatment of infection include β-lactams and fluoroquinolones; 

we chose ceftiofur and enrofloxacin as representatives of each class. The effects of 

pathogen, antibiotic and antibiotic timing on the immune response and stroke outcome were 

explored.

1.2 Materials and Methods

Animals

Male Lewis rats (275-325 grams) were purchased from Taconic Farms. All experiments 

were approved by the University of Washington Institutional Animal Care and Use 

Committee.
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Middle Cerebral Artery Occlusion (MCAO)

Anesthesia was induced with 5% and maintained with 1.5% isoflurane. After midline neck 

incision, the right common carotid, internal carotid and pterygopalantine arteries were 

ligated. A monofilament suture (Doccol©; 4.0) was inserted into the common carotid artery 

and advanced into the internal carotid artery to block the origin of the middle cerebral artery 

(MCA). Animals were maintained at normothermia during surgery and reperfused 2 hours 

after MCA occlusion (MCAO). Rectal temperature and body weight were assessed at set 

times. Animals were sacrificed 4 weeks after surgery.

Pneumonia Induction

Twenty-four hours after MCAO, animals were exposed to aerosolized Staphylococcus 
aureus (Newman strain), Pseudomonas aeruginosa (PAK strain), or saline in a whole animal 

exposure chamber with a computer interface to control pressures and flows (Biaera 

Technologies, Hagerstown, MD). Bacteria were prepared as described (Skerrett et al., 1999) 

and suspended in PBS at 4 × 1011 CFU/ml (S. aureus) or 3 × 1010 CFU/ml (P. aeruginosa). 

Bacterial suspensions were aerosolized using a Mini-Heart Hi-Flo nebulizer driven at 44 psi, 

with airflow through the chamber maintained at 19.5 L/min during the 10 minute exposure. 

Pilot studies demonstrated that these conditions resulted in bacterial depositions of 

approximately 5×107 CFU/lung (S. aureus) and 2×106 CFU/lung (P. aeruginosa) as 

determined by culture of homogenized lung tissue harvested immediately after exposure. 

Infected rats developed transient hypothermia and neutrophilic lung inflammation.

Antibiotic Administration

Antibiotics were started immediately after exposure to bacteria (or saline) or delayed for 3 

days and dosed according to protocol. Ceftiofur was given subcutaneously daily (10 mg/kg) 

for 7 days and enrofloxacin was given subcutaneously in 2 doses 3 days apart (20 mg/kg per 

dose).

Behavioral Outcomes

Animals were trained on the rotarod prior to MCAO and performance assessed weekly 

thereafter (Kunze et al., 2014). Only animals with a neurological score ≥3 at 24 hours after 

MCAO were randomized to infection/antibiotic therapy (Bederson et al., 1986). The 

experimental protocol is detailed in Figure 1. Behavioral testing was done by an investigator 

masked to treatment status.

ELISPOT Assays

At the time of sacrifice, lymphocytes were isolated from the brain and spleen (Becker et al., 

2005; Zierath et al., 2015b). ELISPOT assays were used to detect MBP and ovalbumin 

(OVA) specific secretion of interferon (IFN)-γ, interleukin (IL)-17 and transforming growth 

factor (TGF)-β1. Rat MBP was manufactured by NeoBioSci™. OVA was purchased from 

Sigma. Antigens were used at a concentration of 50 μg/mL; responses were assessed in 

triplicate.
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Lymphocytes (1×105 cells/well) were cultured in media alone or in media supplemented 

with antigen for 48 hours in 96 well plates (Multiscreen®-IP, Millipore). Plates were 

developed using standard protocols (R & D Systems). Spots were counted with the aid of a 

semi-automated system (AID iSPOT®) and expressed as the ratio of the relative increase in 

antigen-specific IFN-γ secreting cells to that of TGF-β1 secreting cells (TH1 response) or as 

the ratio of the relative increase in antigen-specific IL-17 secreting cells to that of TGF-β1 

secreting cells (TH17 response). For the purposes of this study, animals were considered to 

be TH1 (+) or TH17(+) if the TH1 or TH17 response to the antigen (MBP or OVA) was 

greater than the 75th percentile of uninfected animals treated with the same antibiotic. 

Analyses of ELISPOT plates was done by an investigator masked to treatment status.

Statistics

Parametric data are displayed as mean ± standard deviation (sd) and compared using the t-

test. Non-parametric data are displayed as median (interquartile range [IQR]) and compared 

using the Mann-Whitney U test or Kruskall-Wallis H test. Categorical data are compared 

using the likelihood ratio. Multivariate logistic regression was used to determine the effect of 

infection (pathogen), antibiotic therapy and the immune response on return to baseline 

rotarod performance at 1 month. Significance was set at P<0.05.

1.3 Results

Effect of Infection and Antibiotics on Outcome

Mortality was 4/150 (3%) and did not differ by treatment group. Infection was associated 

with relative hypothermia from days 2-6 after pathogen exposure, but change in body weight 

did not differ between infected and uninfected animals (Figure 2). Since we previously 

showed that antibiotics affected outcome in uninfected animals (Zierath et al., 2015a), these 

data are stratified by antibiotic. In ceftiofur treated animals, infection was associated with 

worse performance on the rotarod when antibiotics were given concomitant with infection 

but not when antibiotics were delayed for 3 days after infection (Figure 3a). In enrofloxacin 

treated animals, infection did not worsen rotarod performance when the antibiotics were 

given concomitant with infection, but delay of antibiotic administration for 3 days was 

associated with better outcomes (Figure 3b). In ceftiofur treated animals, a delay in 

antibiotic initiation was consistently associated with better outcomes in S. aureus infected 

animals (c). For enrofloxacin treated animals (d), a delay in antibiotic initiation was 

associated with better outcomes in P. aeruginosa infected animals, and for animals that 

received immediate enrofloxacin therapy, P. aeruginosa infection was associated with worse 

outcomes than S. aureus infection.

The Immune Response and Outcome

Delayed antibiotic therapy was associated with decreased cellularity in the spleen in both 

ceftiofur and enrofloxacin treated animals, as well as increased lymphocyte infiltration into 

the non-ischemic hemisphere of ceftiofur treated animals and into the ischemic hemisphere 

of enrofloxacin treated animals (Table 1). Among ceftiofur treated animals, infection did not 

increase the proportion of animals that developed TH1(+) or TH17(+) responses (Table 2). In 

fact, infection was associated with fewer animals developing TH17(+) responses to MBP in 
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the non-infarcted hemisphere of the brain. In enrofloxacin treated animals, on the other 

hand, infection with P. aeruginosa led to an increase in the proportion of animals developing 

TH1(+) responses to MBP in the infarcted hemisphere of the brain while both pathogens 

increased the proportion of animals developing TH1(+) responses to MBP in the non-

infarcted hemisphere. The timing of antibiotic therapy did not have a significant effect on the 

pathogen related immune responses (data not shown). Controlling for the antibiotic, 

infection increased the proportion of animals developing a TH1(+) response to MBP in the 

non-infarcted hemisphere (OR=2.94 [1.07, 8.12]; P=0.04), but not in the infarcted 

hemisphere or spleen. Infection did not increase the proportion of animals developing a 

TH17(+) response to MBP in any of the immune compartments.

Ceftiofur treated animals that developed TH1(+) responses to MBP in spleen or non-

infarcted brain were less likely to return to baseline performance on the rotarod (Table 3). 

Among enrofloxacin treated animals, TH17(+) responses to MBP in the non-infarcted brain 

were associated with worse performance on the rotarod. Multivariate analyses were done to 

assess the independent effect of the immune response to MBP on outcome (ie. return to 

baseline rotarod performance), controlling for the antibiotic, timing of antibiotic therapy, 

infection/pathogen and non-specific responses to OVA (Table 4). A TH1(+) response to MBP 

in spleen was independently associated with greater than an 80% decrease in the odds of 

returning to baseline rotarod performance while a TH1(+) response to MBP in the non-

infarcted hemisphere of the brain was independently associated with a 70% decrease in the 

odds of returning to baseline rotarod performance. TH17(+) responses to MBP were not 

independently associated with outcome at 1 month, but enrofloxacin (as opposed to 

ceftiofur) was uniformly associated with worse outcomes and a delay in antibiotic therapy 

was associated with better outcomes.

1.4 Discussion

Abundant data show that post-stroke infection, especially pneumonia, is associated with 

worse outcome (Westendorp et al., 2011; Westendorp et al., 2015). Given that a systemic 

inflammatory insult (ie. injection of LPS) at the time of stroke increases the likelihood of 

developing detrimental TH1 responses to brain antigens (specifically, MBP)(Becker et al., 

2005), we hypothesized that post-stroke infection leads to TH1 immune responses to MBP, 

and that these immune responses contribute to the worse outcome. An observational study 

confirmed that patients with post-stroke infection, especially pneumonia, were more likely 

to develop TH1 responses to MBP and experience poor outcome 3 months after stroke 

(Becker et al., 2011). Post-stroke pneumonia may be caused by a variety of pathogens, and 

Gram-positive organisms like S. aureus and Gram-negative organisms like P. aeruginosa are 

well represented in observational studies (Hassan et al., 2006; Hilker et al., 2003; Tanzi et 

al., 2011; Walter et al., 2007). We aimed to recreate the clinical scenario of post-stroke 

pneumonia in a rodent model, and to explore the interactions between Gram-positive and 

Gram-negative pathogens and different classes of antibiotics on the development of immune 

responses to MBP and stroke outcome. Additionally, we evaluated the effect of timing of 

antibiotic delivery on outcome, with immediate administration following pathogen exposure 

mirroring the strategy of prophylactic antibiotics (ie. many patients will have aspirated prior 

to presentation with stroke) and delayed administration reflecting the usual clinical practice 
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of initiating antibiotics only after infection is suspected, which is often several days after the 

inciting event (ie. aspiration).

The antibiotics for this study were chosen to represent the most commonly used classes in 

clinical practice – cephalosporins/β-lactams (ceftiofur) and fluoroquinolones (enrofloxacin). 

Both antibiotics have broad spectrum activity and are appropriate for treating animals 

infected with S. aureus or P. aeruginosa (Lopez-Cadenas et al., 2013; Yancey et al., 1987). 

Because the first randomized controlled trial of antibiotic prophylaxis showed harm 

associated with levofloxacin when started within 24 hours of stroke onset (Chamorro et al., 

2005), we hypothesized that fluoroquinolones may have direct neurotoxic effects on the 

brain. And in a study that evaluated the effect of ceftiofur and enrofloxacin treatment in 

uninfected animals subjected to MCAO, we showed that enrofloxacin treatment was 

associated with worse outcomes than control and ceftiofur treatment (Zierath et al., 2015a). 

For the current study, we again assumed that enrofloxacin would negatively impact outcome 

in infected animals. We also assumed that a delay in antibiotic therapy would be associated 

with worse infections, and thus worse outcomes.

Infection leads to inflammation through activation of the innate immune system. Pathogen 

associated molecular patterns (PAMPs), which are highly conserved molecular motifs in 

bacteria (and other pathogens), activate the innate immune response through toll-like 

receptors (TLRs). LPS is a component of the Gram-negative bacterial cell wall and is 

released during infection with Gram-negative organisms. Lipoteichoic acid (LTA) is a 

component of the Gram-positive bacterial cell wall and released during Gram-positive 

infections. We previously showed that systemic administration of LPS, but not LTA, at the 

time of stroke increased TH1(+) responses to brain antigens (Becker et al., 2005; Zierath et 

al., 2010). In the current study we found that infection led to worse outcomes in animals 

treated immediately with ceftiofur, but not enrofloxacin. While there are several potential 

explanations for this disparity, it seems most likely that immediate administration of 

enrofloxacin worsened outcome sufficiently in uninfected animals such that it was difficult 

to detect further worsening associated with infection.

Perhaps most surprising was the observation that a delay in antibiotic administration was 

associated with better outcomes. Administration of enrofloxacin to uninfected animals was 

associated with a worse outcome, likely because of a direct negative impact from the drug 

(Zierath et al., 2015a). For enrofloxacin, the benefit in delaying antibiotic therapy could thus 

be related to delaying the delivery of a putative neurotoxin to an acutely vulnerable brain (ie. 

the antibiotic/neurotoxin is more detrimental when given 1 day after stroke as opposed to 4 

days after stroke). For ceftiofur, where treatment in uninfected animals was not associated 

with any untoward effects, it could be that the interaction of the antibiotic with bacterial 

pathogens led to a Jarisch-Herxheimer like reaction, with an exaggerated inflammatory 

response that was detrimental to the brain.(Hurley, 1995) Cephalosporin therapy can lead to 

rapid cell lysis (Shahid et al., 2009). Release of LTA and peptidoglycan (PGN) from Gram-

positive bacteria (Lotz et al., 2006; van Langevelde et al., 1998) activates the innate immune 

system, primarily through TLR2 (Zeytun et al., 2007), and release of LPS from Gram-

negative bacteria activates the innate immune system through TLR4 (Trautmann et al., 1999; 
Zeytun et al., 2007). The bactericidal effects of ceftiofur may have led to release of LTA, 
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PGN (from S. aureus) as well as LPS (from P. aeruginosa), increasing the systemic 

inflammatory response, and potentially worsening outcome. Because many rodents are able 

to clear bacteria from their lungs effectively without antibiotic therapy (Johansen et al., 

1994; Olszewski et al., 2007), delaying the initiation of therapy may have allowed the 

infections to be partially controlled by the animals' innate immune system with less bacterial 

cell lysis/inflammation occurring after initiation of antibiotics. The amount of LTA/LPS 

needed to elicit a response differs significantly between rodents and humans, with the 

immune system of rodents favoring “tolerance” to immunologic threats and the immune 

system of humans favoring “resistance” to such threats (Warren et al., 2010; Zschaler et al., 

2014). For instance, intravenous administration of endotoxin at doses of 15 μg/kg leads to a 

severe systemic response with shock in humans (Sauter and Wolfensberger, 1980; Taveira da 

Silva et al., 1993), while the median lethal dose of endotoxin/LPS in mice is approximately 

10-12 mg/kg (Glode et al., 1976; Rose and Bradley, 1971). Further, it takes about 200× more 

endotoxin/LPS in mice to elicit systemic levels of IL-6 similar to that seen in humans 

(Copeland et al., 2005). The contribution of antibiotic induced bacterial death to post-stroke 

inflammation requires further study.

Because infection causes worse outcome, strategies to prevent post-stroke infection may be 

beneficial. To date, however, studies of prophylactic antibiotics to prevent infection (and 

thus improve outcome) after stroke have not shown definitive benefit (Chamorro et al., 2005; 
Harms et al., 2008; Kalra et al., 2015; Schwarz et al., 2008; Westendorp et al., 2015). Our 

study shows that very early antibiotic therapy is not effective in improving outcome in 

rodents, and in fact, is detrimental. Differences in the immune systems of rodents and 

humans aside, our findings argue that early treatment with fluoroquinolone antibiotics after 

stroke onset, either prophylactically or to treat an established infection, should probably be 

avoided.

We previously showed that both TH1 and TH17 immune responses to MBP following stroke 

influenced outcome (Becker et al., 2003; Zierath et al., 2013). In this study we again show 

that TH1(+) responses to MBP within the spleen and non-infarcted brain were independently 

associated with worse outcome. The effect of TH17(+) responses on outcome in this 

pneumonia/antibiotic therapy model, however, were not as robust as those seen previously. 

In these prior studies we found that LPS administration increased TH1 but not TH17 

responses to MBP39, and in this study we found that infection increases TH1+ but not TH17 

responses to MBP. Of note, it was the immune response in the spleen and non-infarcted 

brain that best predicted outcome, suggesting that systemic immune responses to brain occur 

after stroke and that lymphocytes with antigen specificity are able to gain access to normal 

brain (ie. the non-infarcted hemisphere) through an intact blood-brain barrier.

Limitations of this study include the fact that the animals did not become severely ill 

following infection. In pilot studies, as well as in this study, infection led to hypothermia, 

suggesting that there was a pathogen related effect on the immune response. We 

hypothesized that delaying antibiotic therapy would worsen infection, but instead we 

observed no change in infection severity and better stroke outcomes. It remains possible that 

induction of more severe infections or infection with different pathogens would alter both 

the clinical and immunological outcomes. Assessment of outcomes in this study was also 
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limited (ie. rotarod performance); future studies should incorporate additional outcome 

measures, including cognitive outcomes, to determine the effect of infection and its 

treatment on more than a motor task.

In summary, this study showed that pneumonia was associated with an increase in TH1 (but 

not TH17) responses to MBP after stroke. Further, these responses were independently 

associated with worse outcomes, especially when found in the spleen and non-infarcted 

brain. Enrofloxacin robustly worsened outcome when administered 24 hours after MCAO, 

such that an additional detrimental effect of infection was difficult to detect; this negative 

impact, however, was attenuated by delaying antibiotic therapy. These data argue that certain 

classes of antibiotics (ie. fluoroquinolones) should be avoided in acute phase of brain injury. 

Additionally, the data show that an immune response to brain antigens is detected in the 

periphery as well as in the non-infarcted hemisphere of the brain following stroke, 

suggesting that strategies to prevent the development of an immune response to brain 

antigens might be of benefit.
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Highlights

• Pneumonia is associated with worse stroke outcome in ceftiofur treated animals.

• Enrofloxacin is associated with worse stroke outcome in animals with 

pneumonia.

• A delay in antibiotic therapy is associated with better outcomes from stroke.

• Infection increases Th1(+) responses to MBP.

• Th1(+) response to MBP are independently associated with worse stroke 

outcome.
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Figure 1. 
Experimental protocol.
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Figure 2. 
Changes in temperature (a) and body weight (b) in infected (n=100) and uninfected (n=46) 

animals. Data represent mean (SEM); statistics are by t-test; *P<0.05.
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Figure 3. 
Performance on the rotarod (as a percentage of the pre-stroke baseline) is depicted on the Y-

axis and data presented as the median (IQR). Infection worsened outcomes in animals 

treated with ceftiofur, but only when the antibiotic was given concomitant with infection (a). 

Infection did not worsen outcomes in enrofloxacin treated animals, and delay of 

enrofloxacin was associated with better outcomes (b). Among ceftiofur treated animals, a 

delay in antibiotics was associated with a better outcome in Staphylococcus aureus (SA) 

infected animals (c). For enrofloxacin treated animals, a delay in antibiotics was associated 

with a better outcome in Pseudomonas aeruginosa (PA) infected animals (d), PA infection 

was generally associated with worse outcomes than SA infections (d). Statistics are by 

Kruskal-Wallis H test (a and b) and differences among the three groups noted by *(P<0.05) 

or **(P<0.01). Pathogen related differences for either immediate or delayed antibiotics are 

assessed by Mann-Whitney U-test (c and d) and differences indicated by †(P<0.05) or ‡ 

(P<0.01). For a given pathogen, differences based on antibiotic timing are assessed by 

Mann-Whitney U-test and indicated by *(P<0.05) or **(P<0.01).
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