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Abstract


Staphylococcal enterotoxin B (SEB) is a super antigen implicated in food borne illness, toxic shock syndrome, and potential use as a biowarfare agent. Continuous monitoring of physiological data during SEB intoxication has largely been limited to temperature in previous studies. In an effort to expand the current database of knowledge and validate the rhesus macaque model, radiotelemetry devices were implanted into three rhesus macaques, and multiple physiological parameters were monitored in real time after an intravenous intoxication of SEB. Statistically significant changes were noted for blood pressure, heart rate, respiration rate, temperature, and ECG values. These trends may be used as a baseline for future studies involving SEB intoxication in the rhesus macaque.
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Introduction

Staphylococcal Enterotoxin B (SEB) is a superantigen globally responsible for numerous foodborne illness outbreaks [1-4]. In a recent study [5], SEB was estimated to cause 9.4 million episodes of foodborne illness per year in the United States. In a 2013 report from the European Union [6], bacterial toxins from Staphylococcus, Bacillus, and Clostridium were the third most leading cause of foodborne illness outbreaks where the agent was known, implicated in 834 outbreaks resulting in 9,203 cases with 452 hospitalizations. SEB is also one of the leading causes of toxic shock syndrome (TSS) [7], and has been described as a potential biowarfare agent [8].


Individual case reports and published outbreak investigations list symptoms observed after intoxication. These symptoms vary dependent on the route of exposure. For gastrointestinal exposure, common symptoms include nausea, vomiting, abdominal pain, cramps and diarrhea with an onset of minutes to hours after intoxication [1-4,9]. After mucocutaneous exposure, moderate to severe conjunctival symptoms were noted, with or without concurrent gastrointestinal symptoms, upper respiratory symptoms, and/or fever with an onset of 1-9 hrs [4,10]. Inhalational exposure resulted in lower respiratory symptoms, myalgia, gastrointestinal symptoms, and fever. The onset of symptoms was from 1.5-24 hours [4,10]. Systemic exposure, most commonly leading to TSS, includes symptoms of fever, rash, hypotension, tachycardia, multiorgan failure, and desquamation of the hands and feet, with or without concurrent gastrointestinal symptoms. Systemic intoxication can be from both menstrual and non-menstrual origin of infection [7,11-14].



The Animal Rule, as defined by the Federal Drug Administration (FDA), stipulates that well-controlled animal studies may replace human challenge studies in cases where the agent involved cannot be ethically or feasibly administered to humans. SEB is classified by the Center for Disease Control (CDC) as a select agent under the Federal Select Agent Program, and as such is often used in animal studies for the development of therapeutic countermeasures. SEB has been previously modeled in the rhesus macaque (Macacamulatta) with success for intoxication [15-22] and is the best model for lung pathology following inhalational exposure [23-25]. However, not much is known about the physiological parameters in the rhesus macaque model to evaluate the similarities compared to human intoxication.



An important consideration for all studies involving animals is the three R's of reduction, replacement, and refinement [26-]. Radiotelemetry devices allow for continuous collection of multiple data points, thus allowing for an increase in the amount of data that may be collected from one animal. This increase in data can then potentially facilitate the overall reduction in animal numbers needed for a study, while still maintaining statistical relevance. This is especially useful for studies involving SEB, where the pathophysiology is complex and multiple physiological parameters are involved [1-4]. Real-time analysis of these parameters can further elucidate the pathophysiology of SEB and potentially identify therapeutic windows where intervention is likely to achieve maximum effect. Several species of animals have been used in SEB studies, but telemetry data in these studies has been solely limited to the collection of body temperature [2,17,28-30].



The first objective of this study was to establish a baseline of physiological parameters for the rhesus macaque using radiotelemetry devices after intravenous injection of SEB. The second objective of the study was to determine whether the physiological data from the rhesus macaque model for SEB intoxication aligns with the observed human intoxication syndromes, supporting or refuting its validity as a model.



Materials and Methods



 Non-Human Primates and Surgery

Research was conducted under an IACUC approved protocol in compliance with the Animal Welfare Act, PHS Policy, and other Federal statutes and regulations relating to animals and experiments involving animals [31,32]. The facility where this research was conducted is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, International and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals [31], National Research Council, 2011. Three (1M, 2F) healthy adult (>5yr) rhesus macaques were obtained from commercial vendors and evaluated for normal health and behavior prior to study initiation. All macaques were surgically implanted with T27F-1B radiotelemetry devices (Konigsberg Instruments, Inc., Pasadena, CA) at least one year prior. All macaques were then surgically implanted with two central venous catheters, placed on either side of the neck, in the jugular veins. These catheters were then tethered to the outside of their cages via a jacket and tether system. The macaques were allowed sufficient time to acclimate to the jackets and tethers prior to surgery.




Three macaques (n=3) received a 50 |ig dose of SEB intravenously through one of the tethered catheters. SEB was purchased from Toxin Technology, Inc. (Sarasota, FL, Lot 92109B) and rehydrated in PBS (Sigma, P3813, Lot 031M8214) at a concentration of 5 ug/kg. The intoxications were initiated late at night, and monitored for a period of seven hours. All monitoring took place via telemetry, and room entry was restricted to minimize potential stressors to the macaques.




Telemetric Monitoring



The implanted radiotelemetry devices allowed for the continuous monitoring of data involving aortic pressure (AOP), left ventricular pressure (LVP), intrathoracic pressure, electrocardiography (ECG), and temperature. The telemetry data were captured and analyzed using the Notocord-hem Evolution software platform (Version 4.3, Notocord Inc., and Newark, NJ). Five-minute averages of the above listed physiologic parameters were calculated for each subject. Telemetry data obtained during the five days prior to SEB administration were used to calculate baseline values, and provided the average and standard deviation (SD) of each five-minute time period of a 24-h day.




Statistical Analysis


For each telemetry parameter, two-way repeated measures mixed linear model [33], having fixed effects for time post challenge and the hour of the day was fit to the data. The inclusion of hour of the day was necessary to control for the expected diurnal variations in most telemetry parameters. No interaction term was included between the time of day and hour post challenge, so that the effects of time of day and time post challenge were taken to be additive. At each time point post challenge, an estimate of the expected change from pre-challenge values, controlling for the effect of diurnal variations was obtained as an appropriate contrast in the linear model. Denominator degrees of freedom were estimated by Satterwaite's method [34]. Correlations within subjects were modeled as compound symmetric. No adjustment is included for the multiple comparisons across time points. Analysis was implemented in SAS PROC MIXED, SAS version 9.4.





Results


The five following parameter groups were selected for analysis and comparison: blood pressure (AOP Approx Mean, AOP DIA, AOP Mean, AOP Pulse Press, AOP Quad Mean, AOP SYS, LVP Mean, LVP Systolic, LVP EDP, LV dPdt 40), heart rate (AOP Beat Interval, AOP Rate, Heart Rate, LV Rate), ECG (PR duration, QRS duration, QT duration, QTcBazett, QTcFridericia), respiration rate (Resp Cycle duration, Resp Expiratory time, Respiration Rate), and temperature. Nearly all values showed statistical significance at multiple time points (Table 1). A single parameter will be used from each group to illustrate the trends. 







Table 1: Table shows estimates of the mean effect of intravenous SEB intoxication in rhesus macaques, adjusted for diurnal variation. Positive values indicate an increase relative to baseline values. An '*’ indicates a statistically significant increase from baseline.
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The blood pressure group showed a statistically significant decrease in pressure, beginning at the third hour post challenge, which remained significant until completion of monitoring (Figure 1) and (Table 2). Aortic Mean Pressure (AMP) had dropped to a mean of 82.8mmHg by the third hour, and decreased to 72.4 mmHg by the sixth hour post monitoring. The corresponding mean AMP from the pre-challenge data remained in the range of 90 to 95 mmHg throughout the course of the study. The AMP was an average of 11.27 (95% CI 1.00 to 21.55) and 20.06 mmHg (95% CI 9.79 to 30.33) below pre-challenge levels at 3 and 5 hours post-challenge, respectively.














[image: ]

Figure 1:   Changes in Aortic Mean Pressure (mmHG) over time after intravenous intoxication of SEB in rhesus macaques. Dotted, dark line represents data collected post-intoxication. Solid, gray line represents normal data collected from the same animals pre-intoxication as a control for diurnal variation. Data represents the mean from three rhesus macaques.
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Figure 2:   Changes in Heart Rate (beats per minute) over time after intravenous intoxication of SEB in rhesus macaques. Dotted, dark line represents data collected post-intoxication. Solid, gray line represents normal data collected from the same animals pre-intoxication as a control for diurnal variation. Data represents the mean from three rhesus macaques.


 




Average heart rate was significantly increased throughout the post challenge monitoring period (Figure 2) and (Table 2). It reached a low of 103.7bpm in first hour post challenge then rapidly increased to 180.8 bpm during the second hour. It remained elevated in the 180-200 bpm range for the remainder of the post challenge monitoring period. The maximum and minimum values of the corresponding pre-challenge data were 168.9 and 103.6 bpm, respectively. Heart rate was elevated above pre-challenge values by 80.4 bpm (95% CI 61.1 to 99.6) at 2 hours post challenge.




Table 2: A representative parameter from each of the five groups demonstrates the mean effect of challenge with SEB over time. An ‘*' indicates a significant change from pre-challenge after controlling for diurnal variations. Values indicate mean (95% CI).
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The ECG intervals were shortened throughout (Figure 3) and (Table 2). QTcFridericia, a corrected QT interval measurement used to detect cardiac arrhythmias, began at 343 msec, and continued to shorten to 278 msec by the end of the monitoring period. It should be noted, however, that these values were only significantly different from pre-challenge control up to the fourth hour of monitoring post challenge. The mean interval from the pre-challenge data ranged from 375 to 310 msec. The difference from pre-challenge controls was greatest at 1 hour post challenge, where mean QTc duration was 61 msec (95% CI 39 to 84) below pre-challenge levels.




Mean respiratory rate was increased throughout, with statistical significance up to the fifth hour of monitoring (Figure 4) and (Table 2). The post challenge rates varied between 24.2 and 34.4 bpm, while the pre-challenge data showed a gradual increase from 20.5 to 27.0 bpm. Corresponding Expiratory Times and Respiration Cycles were decreased. No significant changes were noted in intrathoracic pressures, respiratory depth, or respiratory slope.

Temperature was significantly elevated throughout the post challenge monitoring period (Figure 5) and (Table 2). The first two hours post-challenge showed only slight variation with mean temperatures in the range of 38.0-38.4oC. Temperature then climbed sharply in the third and fourth hours to an average of 39.2oC. The peak measurement in the final hour of monitoring was 39.6oC. Pre-challenge data showed a gradual increase from 37.5-38.1oC. The difference from pre-challenge control increased to a maximum of 1.4 oC (95% CI 0.7 to 2.1) by 4 hours post-exposure.




Discussion


SEB intoxication has been shown to cause a wide spectrum of symptoms, dependent on the route of exposure. The rhesus macaque has been used as a model for inhalational and intravascular SEB intoxication [15-25]. While initial results have been promising, particularly for the inhalational model, the data collected has focused on hematological values, tissue pathology, and clinical signs observed. The physiological data has largely been limited to body temperature. Radiotelemetry can provide a wealth of physiological information that is currently lacking from the literature. This data has the potential to further elucidate the pathophysiological development of the disease state in these models and may further validate them as an accurate representation of the human disease syndromes.
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Figure 3:   Changes in QTcFridericia (msec) over time after intravenous intoxication of SEB in rhesus macaques. Dotted, dark line represents data collected post-intoxication. Solid, gray line represents normal data collected from the same animals pre-intoxication as a control for diurnal variation. Data represents the mean from three rhesus macaques


 




The first objective of this study was to establish a baseline of physiological parameters for the rhesus macaque, using radiotelemetry, after intravenous injection of SEB. Even with the limited numbers of animals used, there were several significant trends noted. Aortic Mean Pressure dropped significantly during the third hour and never recovered (Figure 1) and (Table 2). Heart Rate rose dramatically in the first two hours, then tapered off to a minor increase in the final three (Figure 2) and (Table 2). ECG intervals were all shortened, more significantly so during the first three hours of monitoring (Figure 3) and (Table 2). Respiration Rate and Temperature gradually increased throughout, with the exception of a short but steep temperature increase in the third hour (Figures 4 &5) and (Table 2).
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Figure 4:  Changes in Respiration Rate (breaths per minute) over time after intravenous intoxication of SEB in rhesus macaques. Dotted, dark line represents data collected post-intoxication. Solid, gray line represents normal data collected from the same animals pre-intoxication as a control for diurnal variation. Data represents the mean from three rhesus macaques.
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Figure 5:   Changes in temperature (centigrade) over time after intravenous intoxication of SEB in rhesus macaques. Dotted, dark line represents data collected post-intoxication. Solid, gray line represents normal data collected from the same animals pre-intoxication as a control for diurnal variation. Data represents the mean from three rhesus macaques.


 


The second objective was to determine the validity of the rhesus macaque as a model for human SEB intoxication. The rapid onset of physiologic effects after intravenous SEB intoxication, as observed by telemetry in rhesus macaques, directly correlates to the clinical picture of human intoxication. The gastrointestinal, mucocutaneous, and inhalational routes of exposure in humans all demonstrated an onset of clinical signs within minutes to hours of exposure [1-4,9,10]. The specific findings of decreased Aortic Mean Pressure, increased Heart Rate, and increased Temperature found in the macaques are a good representation of the clinical features of human patients suffering from a systemic intoxication.




Conclusion


The complex physiological data recorded via the T27F- 1Bradiotelemetry device represents the most complete picture of the systemic intoxication syndrome in the literature, and may be used as a baseline for future studies involving SEB intoxication in nonhuman primates. The findings from this study support the use of the rhesus macaque as a model for systemic intoxication. This study observed three rhesus macaques for a period of five hours after intravenous intoxication with SEB. To further elucidate the pathophysiology of SEB, future studies may include different routes of exposure, increased periods of observation, increased numbers of animals, and different concentrations of the toxin.
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