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ABSTRACT 

 

Traumatic brain injury (TBI) is a major cause of death and disability worldwide. Hemorrhagic 

shock (HS) aggravates tissue injury and complicates TBI recovery. We studied the combined 

insult of mild TBI and HS and investigated the impact of varying loss of blood volume on 

neurologic deficit and brain lesion volume. A novel positron emission tomography (PET) 

technique was employed to monitor tissue injury. Male Sprague Dawley rats received mTBI by 

controlled cortical impact (CCI) followed by withdrawal of  0%, 30-40%, 45%, or 50% of blood 

(mTBI, mTBI+HS≤40%, mTBI+HS45%, and mTBI+HS50%, respectively). Neurological deficit 

(mNSS= 5.6, 7.6, and 12.3) and mortality (2/12, 2/6, and 7/12) were worse in mTBI+HS≤40%, 

mTBI+HS45%, and mTBI+HS50%, respectively than in mTBI alone rats (no death; mNSS=3.3). 

Histologic lesion size increased 3.5-fold in mTBI+HS50% compared to mTBI alone and the 

infarct-avid PET agent 18F-fluorodeoxyglucaric acid (FGA) proportionately detected tissue 

necrosis in mTBI+HS50% rats. Based on these results, we conclude that HS aggravates mTBI-

induced neurological deficits, tissue injury and mortality. PET/18F-FGA as an imaging marker 

can detect the extent of injury in a non-invasive manner.   

 

KEYWORDS: Traumatic Brain injury, Hemorrhagic shock, Positron emission tomography, 

Polytrauma, Neurological deficit 
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INTRODUCTION 

 

Traumatic brain injury (TBI) is the leading cause of death and disability in young adults below 40 

years of age in the United States; similar epidemiological statistics exists worldwide1, 2. A TBI is 

a blow or jolt to the head by an external force resulting in primary injury damage due to 

mechanical disruption, axonal injury and necrosis of brain tissue, followed by a delayed 

secondary injury, which collectively manifests as inflammation, neurodegeneration and 

neurobehavioral deficits3-5. The immediate primary injury from a TBI results in focal damage due 

to mechanical shear stress and presents with tissue necrosis, cortical contusions, vascular 

injury, and intracranial hemorrhage accompanied by cerebral vasospasms. Brain ischemia, 

edema and neuroinflammation characterize the subsequent, delayed secondary injury4, 5. 

Recovery from a TBI depends on the severity of the damage, timing of intervention, and the 

presence of co-morbid conditions or associated pathophysiological events3, 6. For instance, a 

TBI incident can be accompanied by significant blood loss (e.g. severe hemorrhage from a 

peripheral wound), resulting in an injury accentuated by hemorrhagic shock (HS) 7-9.  

 

Clinical HS is classified into four classes, depending on the percent of blood volume lost: 

Classes I, II, III, and IV correspond to <15%, 15-30%, 30-40% and >40% blood loss, 

respectively10, 11. Both HS and TBI independently contribute to the development of systemic 

inflammatory response syndrome 7-9, 12. When HS is associated with TBI, the usual 

compensatory shift of blood flow from splanchnic organs to the brain is ineffective in restoration 

of cerebral function because of hypovolemia and hypotension13. Data from the traumatic Coma 

Databank and preclinical literature confirm that hypotension and hypoxemia are independently 

associated with significant increases in morbidity and mortality from severe head injury6, 7, 11. 

The larger the amount of blood loss, the more aggravating is the impact of HS on TBI-
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associated impairments in cerebral metabolism, redox status, ion homeostasis, and decoupling 

of cerebral blood flow from metabolic demand7-9. Mortality in TBI cases also increases 

exponentially with severity of blood loss14. Mild TBI (mTBI) is the most common grade of TBI, 

but its association with HS has not been intensively investigated. To address this gap of great 

medical significance, we studied the effect of HS on mTBI in a rat model.  

 

This article describes important hemodynamic, neurological and survival characteristics of a 

polytrauma rat model of mTBI±HS in which a controlled cortical impact (CCI)-induced mTBI was 

followed by graded withdrawal of blood to induce various levels of HS. The conventional CCI is 

the most commonly used experimental TBI model that is very suitable for understanding the 

pathology of mTBI complicated by concomitant HS. The controlled impact with the 

electromagnetic piston to the exposed dura results in translatable neurological, behavioral and 

biochemical consequences similar to those observed in TBI patients15 16. We also introduce a 

positron emission tomography (PET) technique using a novel infarct imaging marker 18F-

fluorodeoxyglucaric acid (FGA) to monitor the severity of the mTBI+HS injury by non-invasive 

imaging.  

 

MATERIALS AND METHODS 

 

Animals: Male (n=51) Sprague-Dawley rats (200-250 g) were purchased from Envigo 

Laboratories (Houston, TX) and were acclimated for 1 week upon receipt. Housed in pairs, rats 

received ad libitum access to food and water and a 12 h dark/light cycle. The University of 

Oklahoma Health Sciences Center (OUHSC) Institutional Animal Care and Use Committee and 

the USAMRDC Animal Care and Use Review Office (ACURO) approved all animal studies. 

Experiments were conducted and are reported in compliance with ARRIVE guidelines17. Sample 
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size was not determined a priori as this study was the first to evaluate the effect of mTBI±HS on 

rat survival rates, mNSS, and use of PET to assess severity of injury following polytrauma. Rats 

were randomized after cannulation surgery using the ‘=RAND()’ function in Microsoft Excel. 

Block randomization was performed to reduce variability in the average weights on the day of 

polytrauma. Rats were anesthetized for all surgical procedures with 3% isoflurane in medical 

grade air delivered at 800 mL/min. Rats were continuously monitored and vital signs were 

recorded during anesthesia and surgery. Twenty-four hours post-mTBI±HS, rats were 

euthanized by injecting 150 µL Somnasol® (Henry Schein, NY). The same person performed all 

animal surgeries; all personnel assessing outcomes were blind to the treatment groups. 

Exclusion criterion included more than 10% blood loss during TBI or cannulation surgeries, 

blocked arterial catheter, impaired limb movement, and baseline neurological score following 

cannulation > 6. The sequence of procedures, from femoral artery cannulation to euthanasia, is 

shown in Fig. 1.  

 

Femoral artery cannulation: Indwelling catheters were implanted in the left femoral artery of 

each rat under isoflurane-medical air anesthesia and aseptic conditions, as described 

previously18. The catheter was tunneled under the skin to the nape of neck and secured with a 

suture. Catheter patency was maintained with a heparin block (1 kU/mL). Rats received a single 

subcutaneous dose of buprenorphine SR (1 mg/kg) for post-surgical analgesia. 

 

Mild TBI using controlled cortical impact (CCI): Mild TBI was induced by a standard protocol 

for CCI using the electromagnetic Impact One device (Leica Biosystems, IL)19, 20. Briefly, 

anesthetized rats stabilized in a stereotaxic frame received a midline scalp incision. Craniotomy 

(~6 mm diameter) exposed the intact dura mater over the point of impact (3 mm left lateral and 

1.8 mm posterior to Bregma). Using digital dual manipulators for precision, a 2 mm diameter tip 
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TBI Impact One actuator angled at 20° from vertical position impacted the brain at a velocity of 3 

m/s and dwelling time of 100 ms to a 4 mm depth below the dura surface. After mTBI induction, 

the craniotomy site was sealed with bone wax, the skin was glued with tissue adhesive, triple 

antibiotic ointment was applied to the wound. Time to righting reflex and rat movement was 

assessed post-anesthesia. Rats in the sham group differed from mTBI rats only in that they did 

not receive an impact to the brain.  

 

Hemorrhagic shock: HS was performed approximately 15-30 min after rats recovered from 

mTBI surgery anesthesia by withdrawing blood via the arterial catheter as described 

previously21-23. Following the constant volume model, varying volumes of blood (0%, 35-40%, 

44-46%, and 48-50% of total blood) were withdrawn at a rate of 1.0 ml/min to generate four 

trauma groups: mTBI alone, mTBI+HS≤40%, mTBI+HS45%, and mTBI+HS50%, respectively. The 

total blood volume was estimated as 7% of body weight. Following HS, the rats were allowed to 

recover from anesthesia without any additional support. None of the surviving animals showed 

signs of distress that required early euthanasia or exclusion from the study.  

 

Mean arterial pressure (MAP) and heart rate (HR): MAP, HR, and rectal temperature were 

recorded at three different time points: baseline (pre-HS or 0 h), 6 h post-HS, and 24 h post-HS. 

MAP and HR were measured directly from the femoral artery catheter by a BP-102 transducer 

coupled with ETH-225 Bio-amplifier, and 118 analog-to-digital converter (iWorx, Dover, NH). 

The data were recorded while rats were under isoflurane anesthesia; MAP and HR were 

calculated from the recordings using Labscribe 3.0 software (iWorx).  

 

Neurological function assessment: Rat neurological status was determined using a modified 

neurological severity score (mNSS)24. Baseline assessments were performed 48 h post-
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cannulation and immediately before mTBI or sham craniotomy surgeries on day 0 (D0). Post-

injury scores were assessed one day (D1) after mTBI±HS injury. Neurological deficits are 

designated as mild, moderate, or severe based on mNSS scores in the range of 1-6, 7-12, or 

13-18, respectively.24 Rats with intact neurological function received scores ranging from 0 to 

<1. Non-surviving rats following polytrauma received the highest D1 mNSS of 18. One rat with 

mNSS score > 6 prior to mTBI procedure were excluded from the study due to complications 

related to the femoral artery cannulation.  

 

PET Imaging with 18F-labeled fluorodeoxyglucaric acid (18F-FGA): For PET imaging, 18F-

FGA was synthesized from commercially available 18F-fluorodeoxyglucose (18F-FDG). The 

methods of synthesis and quality control are described in previous reports25, 26. Anesthetized 

rats received approximately 1 mCi of 18F-FGA intravenously via the tail vein. The tracer was 

allowed to distribute for 2 h before imaging. List-mode data were acquired for 20 min, followed 

by a computed tomogram (CT) using a Flex X-O/X-PET/CT scanner (Gamma Medica-Ideas, 

Northridge, CA). In some cases, 18F-FGA uptake was also monitored by ex vivo imaging of 

extracted whole brains from sham, mTBI, and mTBI+HS50% groups. After image reconstruction, 

the PET and CT images were fused and 18F-FGA uptake in ipsilateral and contralateral 

hemispheres was calculated by drawing 3-dimensional regions of interest (ROI) by Amira 

software. The uptake values were normalized to the injected radioactive dose (ID) after 

correcting for background and decay as needed. This PET/CT imaging was accomplished at the 

Research Imaging Facility in the OUHSC-College of Pharmacy (Oklahoma City, OK).  

 

To validate imaging, the ipsilateral and contralateral hemispheres were also counted for 

radioactivity at necropsy.  An automated gamma counter (Perkin Elmer, MA) was used for 
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tissue counting and the tissue associated counts were expressed as counts per min per gram of 

tissue (CPM/g). 

 

Enzyme-linked immunoassay (ELISA) for plasma biomarkers: Blood samples were 

collected in heparinized tubes and plasma was separated by centrifugation at 5,000 rpm for 5 

min at 4°C. The samples collected 24 h after mTBI+HS were stored at -80°C until assayed for 

interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), nerve growth factor (NGF), and brain-

derived neurotrophic factor (BDNF). The manufacturer’s recommendations for the respective rat 

ELISA kits were followed (Bosterbio, Pleasanton, CA). Duplicate samples were normalized to 

protein concentration. We used 5x, 1x, 1x, and 200x dilutions for IL-6, TNF-α, NGF, and BDNF, 

respectively. 

 

Histopathology and lesion volume measurement: Triphenyltetrazolium chloride (TTC)-

staining utilized 2 mm-thick sections from freshly extracted brain 24 h after mTBI±HS. Briefly, 

the coronal sections were stained at 37 °C for 20 min and digital pictures of the stained sections 

were captured. Lesion area and whole brain area were traced from each TTC-stained slice 

image using NIH Image J (version 1.52a; NIH). Measurements were set to scale in mm using a 

ruler captured in the same field of view and multiplied by the thickness of each slice (2 mm) to 

calculate lesion volume as percentage of the whole brain volume27. 

 

Statistical analysis: Data are presented as mean ± standard deviation. In this study, n refers to 

the number of animals or the number of samples collected (one from each animal). Data 

analysis employed an appropriate statistical test as indicated in the text using GraphPad Prism 

v.9. Differences were considered significant if p < 0.05. Raw data were used from all studies 

except where indicated; outliers were removed by the Grubbs’ method with an alpha of 0.05. 
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RESULTS 

 

The polytrauma model of CCI-induced mTBI with various degrees of HS in male Sprague-

Dawley rats was employed to interrogate the contribution of HS to mTBI. Mild TBI conditions 

were kept constant, but the amount of blood withdrawn was varied to induce HS with ≤40%, 

45%, or 50% blood loss. Physiological and neurological changes resulting from multiple levels 

of mTBI±HS polytrauma and in sham TBI rats were assessed over a 24 h period following HS.  

 

Mean arterial pressure and heart rate: Continuous blood pressure monitoring during the blood 

withdrawal phase characterized the anticipated hypovolemia. Baseline MAP did not differ 

between groups and mTBI alone had no significant effect on MAP values compared to baseline 

(Fig. 2A). As expected, MAP dropped immediately following mTBI+HS≤40%, mTBI+HS45%, and 

mTBI+HS50% compared to mTBI alone (*p<0.0001) and mTBI+HS40% groups (#p<0.01). MAP 

recovery in mTBI+HS≤40%, a class III HS, was statistically indistinguishable from mTBI alone. 

Mild TBI with class IV HS groups recovered more slowly; both back to baseline at 24 h. 

However, mTBI+HS45% group showed MAP values significantly lower than mTBI alone (Fig. 2A) 

at 6 hr (*p<0.05). Analysis with a mixed effects 2-way ANOVA model (REML) found a significant 

interaction between time and polytrauma [F(2, 30)=36; p<0.0001]. Significant effects of time 

(p<0.0001) and polytrauma (p=0.0008) were noted. Most rats died between HS and the 6 hr 

time point, especially in the mTBI+HS50% group. Since each time point reflects surviving rats at 

that time, MAP values appear to return to baseline by 6 hr for that group. For HR, modest 

effects of time [F(2, 47)=5.651; p=0.0063] and polytrauma [F(3, 47)=3.78; p=0.0165] were found 

with the 2 way-ANOVA analysis, but no significant interaction between time and polytrauma or 

post-hoc differences were noted (Fig. 2B). Rectal temperature ranged from 35-38 °C in various 

groups and no differences was observed between groups.  
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Neurological function assessment: Severity of mTBI was determined using the mNSS test 24 

h after mTBI±HS and compared to mNSS on D0 (Table 1). Femoral artery cannulation, which 

was performed 48 h before performing mTBI or sham craniotomy surgery, produced a mild 

deficit in pre-mTBI D0 mNSS (mNSS=1.1 ± 0.6, n=51), but it did not differ significantly from 

normal healthy rats (mNSS=1.0 ± 1.8, n=9). Rats with indwelling catheters exhibited restricted 

movement over the first two days; all rats were included in the final analysis except for two rats 

with pre-mTBI D0 mNSS scores > 6. Rats in the mTBI alone exhibited D1 mNSS values ranging 

between 1 and 6, consistent with a mild neurological deficit. The mNSS values increased with 

volume of blood loss, indicating increased severity of neurological deficit (Table 1). Accordingly, 

mTBI+HS≤40%, mTBI+HS45% and mTBI+HS50% groups displayed moderate-severe neurological 

deficits, with mNSS values ranging between 1 and 18. The most severe neurological deficits 

were noted in mTBI+HS50%, with mNSS values of 12.0 ± 7.4. Two-way ANOVA revealed 

significant interaction between the time factor and polytrauma condition [F (4, 45)=6.954; 

p=0.0002], a significant effect of time [F(1, 45)=38.13; p<0.0001], and a significant effect of 

trauma [F (4, 45)=4.572; p=0.0035]. Post-hoc comparisons with Sidak’s multiple comparison test 

indicated significant increase in neurological deficits only in mTBI+HS50% compared to their D0 

control values (*p<0.0001). We also calculated ΔmNSS as the change in mNSS for each group 

between days 0 and 1. One-way ANOVA for ΔmNSS values also mirrored the severity of injury 

with a significant effect of polytrauma [F4, 45)=6.954; p= 0.0002]; post-hoc analysis revealed 

that mTBI+HS50% differed from Sham control (*p<0.001), from mTBI alone (ΔΔΔp<0.001) and from 

TBI+<HS40% (##p<0.01) groups. 

 

Survival (Table 2): All rats in the sham surgery (control) group and mTBI alone groups 

survived. The mortality occurred only with the polytrauma (mTBI+HS), confirming that HS is an 
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aggravating factor in mTBI. Survival rates declined with increasing severity of HS (p=0.0002) by 

Chi-square test for trend). It is important to note that even with the polytrauma condition of 

mTBI+HS50%, which caused the highest mortality rate, the surviving rats displayed mild 

neurological deficits on day post-injury that did not differ between groups.  

  

Histology: Tissue injury was evaluated by determining lesion volumes from direct morphometry 

of formalin-fixed, unstained tissue sections (Fig. 3A). TTC staining (Fig. 3B) of mTBI-induced 

necrotic lesions (~1-2 mm in size) confirmed injury to the left sensorimotor cortex and 

hippocampus. The necrotic lesion volume (unstained area) at the injury site increased relative to 

the amount of blood withdrawn. The most extensive necrosis was in the mTBI+HS50% group. As 

shown in Fig. 3C, groups mTBI+HS40% and mTBI+HS45% produced lesion volumes that were 

similar to the lesion volume produced by mTBI alone (approximately 3-4% of the brain volume). 

However, lesion volume in the most severe polytrauma group, mTBI+HS50%, increased 3.5-fold 

and constituted 10.7% of the brain volume (one-way ANOVA, p<0.05).  

 

PET imaging of polytrauma-induced lesions with 18F-FGA: Since significant differences in 

lesion size were only found in mTBI+HS50%, live animal PET imaging studies were performed to 

compare FGA accumulation in mTBI and mTBI+HS50% groups (Fig. 4). CT images showed 

physical damage to the skull due to craniotomy (arrow; Fig. 4A). PET images showed ipsilateral 

accumulation of 18F-FGA in mTBI+HS50% brain (green), but there was no brain uptake in mTBI 

alone rat (Fig. 4B). Image analysis by ROI drawing on ipsilateral and contralateral hemispheres 

indicated significant difference in quantified values of 18F-FGA uptake ratios between the two 

treatment groups (Fig. 4C).  
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18F-FGA accumulation was also quantified based on ex vivo images of extracted brains (Fig. 5). 

The brain images showed clear differences in 18F-FGA uptake among sham, mTBI, and 

mTBI+HS50% rats (Fig. 5A). Figure 5B shows TTC-stained brain coronal slices of an 

mTBI+HS50% rat recruited in imaged study. In the mTBI+HS50% group, the contralateral and 

ipsilateral brain tissue showed significant difference in radioactive counts (Fig. 5C). 18F-FGA 

accumulated 5-fold more in the ipsilateral tissue as compared to the accumulation in the 

contralateral non-injured brain tissue (p<0.0001). Together, these imaging results corroborated 

the histological and neurological findings that HS increases the severity of brain injury caused 

by localized mTBI, and indicated that PET imaging could be employed as a sensitive and non-

invasive procedure to assess TBI-induced brain injury. 

 

Neurotrophins and inflammatory cytokines in blood plasma: Levels of BDNF, NGF, IL-6, 

and TNF-α were determined in blood plasma collected at baseline and 24 h after polytrauma. 

There was a significant effect of polytrauma on plasma BDNF levels collected 24 h post-trauma 

[F(3,13)=11.2; p=0.007], with over 2-fold increases in BDNF in the mTBI+HS<40% group (Fig. 6); 

the increase in mTBI+HS<40% was significant compared to mTBI alone (p<0.01), mTBI+HS45% 

(p<0.05),, and mTBI+HS50%  (p<0.001) as determined by one-way ANOVA analysis with Tukey’s 

multiple comparison. No significant differences were noted in 24 h IL-6 levels compared to 

baseline or between trauma groups (data not shown); TNF-α and NGF concentrations were 

below the detection limit of the ELISA in the plasma samples tested. 

 

DISCUSSION 

 

This study expands the current understanding of experimental models of TBI accompanied by 

HS that have been reported previously8, 9, 28-30. We assessed the effect of varying degrees of HS 
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on mTBI-associated neurological outcome and tissue injury in the brain. We also investigated a 

non-invasive PET technique to monitor extent of tissue injury in mTBI+HS model. We focused 

on creating mild TBI as it constitutes 90% of the TBI cases identified in modern conflicts 

(Operation Iraqi Freedom/Operation Endurance Freedom31-33; similar statistics are found among 

civilians34, 35. Combined mTBI+HS injury is frequently observed in automobile accidents and 

military conflicts. Since the majority of deaths from such polytrauma injury occur within the first 

24 h, this study characterized the consequences during the first 24 h of mTBI+HS.  

 

Hypotension secondary to the blood loss is an expected outcome in hypovolemic shock8, 13, but 

it also influences local brain injury caused by trauma in a complex and paradoxical manner. 

There are conflicting reports on the effect of HS alone on brain damage. Yamauchi, et al. found 

hippocampal damage after HS in rats36, but Carrillo, et al. reported that prolonged HS and 

resuscitation in a rat model failed to cause functional or histological changes in the brain37. In 

contrast, combined TBI+HS pathology is consistently more severe than TBI alone. Chesnut et 

al. reported that hypovolemia and hypoxia increased TBI-induced morbidity by 150%6. HS 

influences brain injury by causing ischemia, bioenergetic imbalance21, and promotion of 

excitatory signaling in the brain38, 39. The aggravated TBI+HS tissue injury clinically manifests as 

increased mortality or severe neurological deficits6, 7, 40, 41. In our rat model, the most severe 

neurological deficits were experienced by rats exposed to class IV HS (>45% blood loss). 

Twenty four h mortality was also high in mTBI+HS45% and mTBI+HS50% groups. However, 

mTBI+HS45-50% rats that survived beyond 6 h of polytrauma displayed intact physiological 

reflexes, complete hemodynamic recovery, and only mild neurological deficits. Moreover, rats 

belonging to mTBI+HS≤40% and mTBI+HS50% groups showed more rapid recovery, perhaps due 

to reduction in intracranial pressure (ICP) secondary to hypovolemia in the rats that ultimately 

survived. Elevated ICP is an aggravating factor in the injured brain as white matter and 
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brainstem compression following elevated ICP may produce death from respiratory 

depression42, 43. We hypothesize that at a certain threshold of hypovolemia, benefits of reduced 

ICP outweigh the risk associated with combined injury. Reduced blood volume relieves potential 

damage caused by brain edema and inflammation that otherwise would cause the brain tissue 

to swell. This explanation is supported by a study from Hariri, et al. who reported that crystalloid 

resuscitation elevated central venous pressure by reducing brain compliance, and thus 

worsened the outcome in a swine model44. Therefore, it is important to manage fluid 

resuscitation in patients with critical brain injury45, 46. 

 

Another outcome from our study was the PET technique using 18F-FGA to assess brain necrotic 

lesions. Importantly, the image signal due to 18F-FGA accumulation was proportional to the 

extent of histologically detected brain damage. The volume of the mTBI-induced lesion detected 

by PET/18F-FGA increased significantly in mTBI+HS50% rats. Since imaging did not show 

substantial change in brain 18F-FGA accumulation at 44-46% blood loss, it appears that the 

threshold for impact of HS on mTBI lies between 47% and 50% blood loss. Clinical application 

of this imaging technique can accurately evaluate the size of a necrotic lesion, which will be 

helpful in assessing both prognosis and recovery of a patient following TBI±HS. Although 

molecular targets of FGA in necrotic lesions are not clear yet, it is believed to bind to the nuclear 

proteins, such as histones, which are exposed in cells undergoing necrosis25. To date, PET 

imaging in TBI is limited to the use of 18F-FDG to image glucose metabolism47, 48. Unlike 18F-

FDG, 18F-FGA does not accumulate in normal healthy brain tissue, which would otherwise 

create difficulties in interpretation of images. Direct visualization of the necrotic core is 

mechanistically different from other radiologic techniques of CT and magnetic resonance 

imaging (MRI) as they depend on delayed structural or morphologic changes49. In contrast, 
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physiological changes, including initiation of necrotic cell death due to oxidative stress, 

metabolic dysfunction, inflammation and excitotoxicity occur relatively early. 

 

Clinical management of TBI+HS mostly depends on vital signs, hemodynamic monitoring, and 

plasma biomarkers. Among plasma-based biomarkers studied in this work, only BDNF levels 

significantly varied by polytrauma. TNF-α and NGF were below the detection limit of the assay, 

while IL-6 levels did not differ among groups (not shown). Higher plasma BDNF levels were 

found at 24 h in mTBI+HS≤40% rats, a group that exhibited neither significant neurological 

deficits, nor reduced survival. However, the increase in plasma BDNF levels was not apparent 

with higher levels of blood loss. The absence of inflammatory cytokines in plasma of mTBI+HS 

groups was unexpected, especially when both TBI and HS independently contribute to the 

pathogenesis of systemic inflammatory response syndrome50-52. Inflammatory mediators also 

contribute to early, delayed, and systemic effects of TBI53. Literature review provided no 

explanation for this unusual finding, but one report suggested that the reduced blood volume 

could have induced an anti-inflammatory response in the presence of TBI54. It is also possible 

that cytokine upregulation due to combined injury occurred prior to the 6 h time point and 

subsided before 24 h, thus missing the optimal time of sample collection. 

 

CONCLUSIONS 

 

Overall, we conclude that mild TBI with 50% blood loss is the optimal polytrauma model for 

combined injury caused by HS and mTBI in rats. Below 50% blood loss, the aggravating impact 

of HS on brain injury is not consistent. At the same time, it is important to note that within a short 

dynamic range of 45-50% blood loss, 24 h outcomes such as MAP, brain lesion size, and 

neurological deficits rapidly worsen. We also report the effective use of PET/18F-FGA to image 
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TBI in proportion to the extent of brain injury. PET imaging with FGA has a potential to impact 

diagnostic assessment of polytrauma TBI+HS injury in a clinical setting, including for the 

evaluation of sports-related concussion and accidental head injury.  
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FIGURE LEGENDS 

 

Figure 1: Sequence of procedures implemented on rats recruited in mTBI±HS study. After 

5 days of acclimatization, femoral artery catheter was implanted. The rats were given 2 days to 

recover before mTBI±HS. The mTBI±HS step lasted approximately 1 h. The rats were allowed 

to recover without any respiratory or thermal support and monitored for 24 h. Afterwards, the 

rats were euthanized. Selected rats were also subjected to imaging study prior to euthanasia. 

 

Figure 2: Hemodynamic profile of rats with mTBI and varying degree of HS. (A) Mean 

arterial pressure (MAP) and (B) heart rate data were recorded at baseline, immediately after HS 

(post-HS), 6 h post-HS and 24 h post-HS. The baseline MAP (101.4±1.3 mm Hg) and HR 

(391±27 BPM) are shown as horizontal dashed lines (*p<0.0001 vs. baseline, Δp<0.05 vs.  mTBI 

alone, #p<0.05 vs. mTBI+HS≤40%). 

Figure 3: HS results in an increase in the mTBI lesion size. (A) Representative pictures of 

formalin fixed brain sections. (B) Lesion volumes were calculated by tracing the respective 

areas in each formalin-fixed slice and expressed as a % of whole brain volume. (C) TTC-stained 

sections of brain for each treatment group. Data are presented as mean ±S.D. (*p < 0.05 vs 

every other treatment using one-way ANOVA; n=3-4/group).  

 

Figure 4: Visualization of mTBI+HS injury by PET/18F-FGA. (A) CT images of cranial field of 

view. Arrow points to the location of the cortical impact. The rat’s head was supported by a 

stand to obtain proper orientation with respect to the horizontal plane. Also shown is the plane 

of the digital slice used to derive coronal PET images in XY-plane. (B) Longitudinal section of 

PET tomograms along the digital slice on CT images. Increased 18F-FGA uptake is shown in the 

ipsilateral (left) hemisphere in mTBI+HS50% rat. (C) Quantification of 18F-FGA uptake in 
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ipsilateral and contralateral hemispheres in mTBI alone and mTBI+HS50% groups, presented as 

a ratio (n=5 each). The digital data was obtained by drawing ROIs as described in methods and 

compared using an unpaired student’s t-test. 

 

Figure 5: 18F-FGA accumulates in ipsilateral brain tissue of rats with mTBI±HS injury. (A) 

PET images of excised whole brain. (B) TTC-stained coronal brain slices from mTBI+HS50% 

showing tissue damage. (C) Radioactive counts associated with contralateral and ipsilateral 

tissue of mTBI+HS50% rats (*p < 0.0001). The data are expressed as counts per min per gram of 

tissue and compared using an unpaired student’s t-test.   

 

Figure 6: Plasma BDNF levels in 24 h samples. Data are presented as scatter plot overlay of 

bar graphs that show mean ± S.D. 
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Table 1: Neurological function assessment of mTBI+HS rats. Rats were scored based on 

mNSS assessment before mTBI/Sham surgery (Day 0) and 24 h after mTBI+HS (Day 1). Data 

are presented as mean ± S.D. (*p<0.05 vs control and ΔmTBI alone). 

 

Assessment 

day 

Modified neurological severity score (mNSS) 

Control mTBI alone mTBI+HS≤40% mTBI+HS45% mTBI+HS50% 

Day 0 (D0) 0.8 ± 1.6 1.2 ± 1.6 1.6 ± 1.7 1.7 ± 1.4 0.4 ± 2.6 

Day 1 (D1) 

#rats/group 

1.6 ± 1.9 

n=9 

3.3 ± 2.7 

n=11 

5.6 ± 6.3 

n=12 

7.58 ± 8.2 

n=6 

12.3 ± 7.0*** 

n=12 

ΔmNSS  

(D1 minus D0) 

0.8 ± 1.6 2.2 ± 3.1 

 

4.0 ± 5.6 

 

5.9 ± 7.6 12.0±7.4***,ΔΔ,## 
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Table 2: Survival rate (24 h) and mNSS of surviving rats measured 24 h post-mTBI+HS (Day 

1). Data presented as mean ± S.D. Treatment groups significantly differed for survival 

(p=0.0002) by Chi-Square test for trend. The mNSS score in surviving rats did not differ 

between groups by one-way ANOVA with Tukey’s post-hoc test.  

 

  

Parameter Control mTBI alone mTBI+HS≤40% mTBI+HS45% mTBI+HS50% 

# Died /Total* 0/9 0/11 2/12 2/6 7/12 

% Survival 100% 100 % 83.3% 66.7% 58.3% 

mNSS 1.6 ± 2.0 3.3 ± 2.7 3.1 ± 2.8 2.4 ± 1.6 4.4 ± 0.8 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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