

[image: image1]
Limbic Responses Following Shock Wave Exposure in Male and Female Mice












	 
	ORIGINAL RESEARCH
published: 07 June 2022
doi: 10.3389/fnbeh.2022.863195





[image: image]

Limbic Responses Following Shock Wave Exposure in Male and Female Mice

Eileen H. McNamara1, Laura B. Tucker1,2, Jiong Liu1, Amanda H. Fu1,2, Yeonho Kim1,2, Patricia A. Vu1 and Joseph T. McCabe1,2*

1Department of Anatomy, Physiology and Genetics, Uniformed Services University of the Health Sciences, Bethesda, MD, United States

2Pre-Clinical Studies Core, Center for Neuroscience and Regenerative Medicine, Henry M. Jackson Foundation, Bethesda, MD, United States

Edited by:
Matthew J. Robson, University of Cincinnati, United States

Reviewed by:
Abigail Grace Schindler, University of Washington, United States
Christopher Olsen, Medical College of Wisconsin, United States

*Correspondence: Joseph T. McCabe, Joseph.McCabe@usuhs.edu

Specialty section: This article was submitted to Behavioral Endocrinology, a section of the journal Frontiers in Behavioral Neuroscience

Received: 26 January 2022
Accepted: 04 April 2022
Published: 07 June 2022

Citation: McNamara EH, Tucker LB, Liu J, Fu AH, Kim Y, Vu PA and McCabe JT (2022) Limbic Responses Following Shock Wave Exposure in Male and Female Mice. Front. Behav. Neurosci. 16:863195. doi: 10.3389/fnbeh.2022.863195

Blast traumatic brain injury (bTBI) presents a serious threat to military personnel and often results in psychiatric conditions related to limbic system dysfunction. In this study, the functional outcomes for anxiety- and depressive-like behaviors and neuronal activation were evaluated in male and female mice after exposure to an Advanced Blast Simulator (ABS) shock wave. Mice were placed in a ventrally exposed orientation inside of the ABS test section and received primary and tertiary shock wave insults of approximately 15 psi peak pressure. Evans blue staining indicated cases of blood-brain barrier breach in the superficial cerebral cortex four, but not 24 h after blast, but the severity was variable. Behavioral testing with the elevated plus maze (EPM) or elevated zero maze (EZM), sucrose preference test (SPT), and tail suspension test (TST) or forced swim test (FST) were conducted 8 days–3.5 weeks after shock wave exposure. There was a sex difference, but no injury effect, for distance travelled in the EZM where female mice travelled significantly farther than males. The SPT and FST did not indicate group differences; however, injured mice were less immobile than sham mice during the TST; possibly indicating more agitated behavior. In a separate cohort of animals, the expression of the immediate early gene, c-Fos, was detected 4 h after undergoing bTBI or sham procedures. No differences in c-Fos expression were found in the cerebral cortex, but female mice in general displayed enhanced c-Fos activation in the paraventricular nucleus of the thalamus (PVT) compared to male mice. In the amygdala, more c-Fos-positive cells were observed in injured animals compared to sham mice. The observed sex differences in the PVT and c-Fos activation in the amygdala may correlate with the reported hyperactivity of females post-injury. This study demonstrates, albeit with mild effects, behavioral and neuronal activation correlates in female rodents after blast injury that could be relevant to the incidence of increased post-traumatic stress disorder in women.
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INTRODUCTION

Blast exposure is the leading cause of traumatic brain injury (TBI) in military personnel and a serious threat to civilian populations in proximity to regional conflicts and civil unrest. Blast TBI (bTBI) is considered the “invisible wound” in modern day combat zones, such as Iraq and Afghanistan, and milder injury with ∼80% prevalence is the most common form. Blast exposure has been associated with a variety of psychiatric conditions, including post-traumatic stress disorder (PTSD), depression, and anxiety (Walker et al., 2015). Post-mortem examination of chronic bTBI cases also found histories of enduring neuropsychiatric symptoms (Rosenfeld and Ford, 2010; Shively et al., 2016; Mac Donald et al., 2017; Ryan-Gonzalez et al., 2019).

Preclinical reports have shown central nervous system (CNS) limbic system areas are particularly vulnerable to bTBI, and are often associated with neurobehavioral changes related to anxiety, depression, and PTSD (Elder et al., 2012; Blaze et al., 2020; Kostelnik et al., 2021). Alterations in the basolateral amygdala (BLA) have been reported following bTBI with changes to neuronal cytostructure, gene expression, and neuroimmune responses with associated anxiety-like behavior (Sajja et al., 2015; Ratliff et al., 2019; Blaze et al., 2020). Likewise, blast injury in rats altered a marker associated with PTSD, stathmin 1, in the amygdala, but not in the hippocampus (Elder et al., 2012). However, ultrastructural rat hippocampal changes have been reported after blast (Cernak et al., 2001). The paraventricular nucleus of the thalamus (PVT) is another important area for emotion-based responses, especially fear. The PVT is primarily involved in stress, arousal, and motivated behaviors with projections to the amygdala and limbic cortex (Kirouac, 2015; Azevedo et al., 2020; Rowson and Pleil, 2021), and it was recently found to mediate PVT-central amygdala freezing responses (Ma et al., 2021). The PVT’s connection to depressive-like behavior is less understood, but reduced tail suspension test immobility with PVT inhibition has been reported (Kato et al., 2019; Barson et al., 2020). Other cortical changes after bTBI include a decrease in Thy-1 stained cortical neuronal afferents, possibly from the medial prefrontal cortex, which terminate in the BLA (Heldt et al., 2014). These limbic regions are also involved in fear conditioning; a common preclinical model for evaluating PTSD. Blast exposure increased responses in the acoustic startle reflex and anxiety-related behaviors in the elevated plus and zero mazes (Xie et al., 2013; Awwad et al., 2015). Preclinical and clinical imaging data following blast exposure correspondingly indicate greater amygdala activation and long-term anxiety post-bTBI, including region-specific imaging differences in brain metabolism in the amygdala and blood-brain barrier (Matthews et al., 2011; Rubovitch et al., 2011; Jaiswal et al., 2019).

Acute immediate early gene (IEG) responses in the cerebrum are observed after a broad range of stimuli including cell insults, immune activation, apoptosis, neuronal depolarization, and learning and memory experiences (Curran and Morgan, 1995; Raghupathi et al., 1995; Chaudhuri, 1997; Gallo et al., 2018). Alterations in c-Fos expression may play a role in encoding transient stimuli to long-term genetic changes. A marker of neuronal activation, c-Fos expression becomes elevated in the PVT after stressors such as the forced swim test and elevated plus maze (Curran and Morgan, 1995; Gallo et al., 2018; Barson et al., 2020). Changes in c-Fos have been reported as early as 1–3 h after blast exposure in the hippocampus and amygdala (Säljö et al., 2002; Du et al., 2013; Rex et al., 2013; Ou et al., 2022), and elevated levels can persist (Säljö et al., 2002; Russell et al., 2018b). As described earlier, the PVT and central amygdala are involved in fear conditioning, and increased c-Fos activation in these regions was reported in a single prolonged stress mouse model of PTSD (Penzo et al., 2015; Park and Chung, 2019; Azevedo et al., 2020). Only one study has examined IEG response 7 days after a restraint stressor and bTBI, and found sex differences in c-Fos response in the paraventricular nucleus of the hypothalamus (Russell et al., 2018b). Sex differences in functional outcome are also observed with more activity displayed by females compared to males after TBI (Tucker et al., 2016, 2017). One group described increased risk behavior in males in response to negative outcomes, lack of reward during a gambling task with the choice to select a more secure option, compared to female rats (Ishii et al., 2018).

The objective of this exploratory study was to determine how a shock wave exposure alters physiological and behavioral outcomes. To assess the effects of primary and tertiary shock wave injury, the Advanced Blast Simulator (ABS) was utilized as a reliable state-of-the-art model of bTBI (Sawyer et al., 2016). The elevated plus and zero maze (EPM, EZM), sucrose preference test (SPT), tail suspension test (TST), and forced swim test (FST) were performed to assess anxiety- and depressive-like behaviors after ABS, while blood-brain barrier (BBB) and c-Fos neuronal activation were studied for acute pathological changes.



MATERIALS AND METHODS


Animals

Eight-week old male and cycling female C57BL/6J mice (00664) were obtained from the Jackson Laboratory (Bar Harbor, ME, United States) and housed in an AAALAC-accredited animal facility for at least 3 days of acclimation before the experiments were started. All procedures were approved by the Uniformed Services University of the Health Sciences (USUHS) Institutional Animal Care and Use Committee. Until the SPT was conducted, all animals were group-housed (five per cage), had access to food (Harlan Teklad Global Diets 2018, 18% protein) and water ad libitum, and were maintained on a standard 12 h: 12 h light-dark cycle. Animals that underwent the SPT were divided into separate cages with standard enrichment (cotton nestlets and huts) for the duration of the study, but singly housed mice were still able to view neighboring cages. All experimental procedures were performed by female investigators.



Advanced Blast Simulator

Male and female mice were randomly assigned to injured or sham conditions. Injured groups were exposed to a single blast overpressure ∼ 15 psi peak pressure using the USUHS Advanced Blast Simulator (ABS) as previously described (Vu et al., 2018). Briefly, the ABS contains a driver and driven chamber with pressure transducers placed within the inner wall to monitor incident pressure and shock wave velocity. A pencil gauge probe immediately adjacent to the mouse holder measured incident pressure (Quartz, free-field, ICP blast pressure pencil probe, 50 psi, 104.2 mV/psi, 137B23A, PCB Piezotronics). A membrane consisting of two or three 0.254-mm thick clear acetate sheets (Grafix Plastics, Cleveland, OH, United States) and two layers of vinyl-coated polyester mesh (Pet Screen, Hanover/New York Wire, Cat. No. 70589, mesh size: 14.5 × 10 grids/in2, wire diameter: 0.635 mm) separated the driver and the driven chambers. Sham-treated mice were anesthetized and placed near the blast chamber, but were not exposed to the blast wave. All mice were first placed in an isoflurane induction chamber (3% isoflurane in 100% oxygen for 4–6 min) and once anesthetized, head and body wraps (a modified tongue depressor and Vet Wrap) were used to minimize movement before the mouse was placed inside the simulator. A hatch in the driven chamber allowed the ABS mouse to be secured in a mesh holder (same material as the membrane, 14cm × 15cm with a cross-sectional areal occlusion of ∼5.6% for the shock wave) supported by metal posts (12.7 mm diameter, about 2.9 m distal to the driver membrane) in a vertical orientation, exposing the ventral surface of the mouse to the oncoming blast wave. Once the hatch to the driven chamber was tightly sealed with the mouse inside the ABS, compressed air was allowed to accumulate in the driver end, until the pressure (150–160 psi) was great enough to rupture the membrane and the shock wave travelled down the ABS to where the animal was placed (about 2.9 m away from the membrane). After the blast wave was delivered, the mouse was removed from the mesh pocket and assessed for the occurrence of apnea. Sham-treated mice were placed in a clean cage in a supine position outside of the ABS, and the latency to recover the righting reflex was recorded for all mice. Once both ABS and sham animals regained consciousness, they were returned to their home cages and provided with acetaminophen (Tylenol) in their drinking water (1 mg/ml; ∼200 mg/kg b.w. for 24 h). Animals were weighed both immediately before and one day after ABS exposure.



Behavioral Testing

Animals were randomly assigned to different behavioral task cohorts. The five cohorts consisted of n = 18–20 mice evenly distributed between males and females as well as injured and sham conditions (Figure 1). Following ABS as described above, each cohort underwent one of two testing paradigms: Elevated Plus Maze (EPM, 8 days post-injury) then Sucrose Preference Test (SPT, 2 weeks post-injury) and Tail Suspension Test (TST, 3.5 weeks post-injury), or Elevated Zero Maze (EZM, 8 days post-injury) then Sucrose Preference Test (SPT, 2 weeks post-injury) and Forced Swim Test (FST, 3.5 weeks post-injury).
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FIGURE 1. Advanced Blast Simulator and behavioral testing paradigms. A single shock wave (∼15 psi) was delivered with the mouse in an upright position with the ventral surface of the mouse exposed to the oncoming shock wave (see Vu et al., 2018 for a detailed description of the ABS). Eight days post-injury, animals underwent either EPM or EZM testing followed by the SPT 2 weeks post-injury or sham treatment, and lastly either TST or FST 3.5 weeks following ABS. Images reproduced from Abelaira et al. (2013), with permission from the Brazilian Journal of Psychiatry. Images reproduced from Brigman et al. (2010), Tucker and McCabe (2017).




Elevated Plus Maze

The EPM (Stoelting, Wood Dale, IL, United States) was conducted 8 days following ABS to assess anxiety-like behavior (Pellow et al., 1985). The EPM is a cross-shaped platform with equal 35 cm length and 5 cm width arms raised 50 cm above the floor. Two opposite side arms are “open,” with 1 cm high edges and the remaining arms are “closed” with opaque, dark 16 cm high walls (Figure 1). Animals were allowed to acclimate to the room for 30 min before testing began. Overhead fluorescent lights illuminated the maze during testing with 1600 lux illuminance for the open arms and 200 lux for the closed arms. To start the test, individual mice were placed at the 5 cm center square region and allowed to explore the maze for 5 min. A ceiling camera and Any-Maze software (Stoelting) tracked animal movement throughout the test and were used to calculate the time spent in the open and closed arms, distance travelled, and number of entrances to the open arms during the session.



Elevated Zero Maze

The Stoelting EZM (Shepherd et al., 1994) as previously described by Tucker et al. (2017) was performed 8 days post-injury to examine anxiety-like behavior. Briefly, the EZM is a 60 cm diameter ring platform raised 50 cm above the floor. The ring is divided into four equally sized areas with two opposite side “open” quadrants and two remaining “closed” quadrants (Figure 1). The open quadrants have 1 cm high edges and are exposed to 1600 lux light from overhead fluorescent lamps whereas the closed quadrants have 16 cm high dark, opaque walls and have a brightness of 200 lux. All quadrants have 5 cm width lanes. Animals spent 30 min acclimating to the room before starting the test. At the beginning of the test, mice were placed individually at an arbitrary boundary between an open and closed quadrant facing the closed quadrant. Animals were allowed to freely explore the maze for 5 min and a ceiling camera tracked the animal movement throughout the test. Any-Maze software was used to calculate the time spent in the open and closed quadrants, distance travelled, and the number of entrances to the open quadrants during the test.



Sucrose Preference Test

The SPT was administered 2 weeks following injury as a measure of anhedonia. Due to laboratory spatial and time constraints, housed mice cages were randomly selected so that ∼57% of the mice were tested. Cages of mice not selected for testing remained group housed. Individually housed mice were evaluated over the course of 5 days. Mice were offered two 20 mL bottles of 1% sucrose diluted with water placed about 7.5 cm apart at equal heights in their home cages for the first 2 days of testing to acclimate them to the sweet taste and to the new bottles. The amount of sucrose consumed was measured by weighing each bottle daily. On the third day, one bottle was replaced with filtered tap water, so that each mouse was given a choice of drinking solutions of sucrose or tap water. On the fourth day, the positions of the bottles were switched to control for potential side bias. SPT bottles were again weighed and the sucrose preference ratio was calculated for the final 48 h of testing with the following equation: sucrose preference ratio =
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Tail Suspension Test

The TST to measure depressive-like behavior was performed 3.5 weeks after ABS. As previously described by Can et al. (2012), mice were suspended from their tails from laboratory benches with tape (12 mm wide, 24 cm long). The tape was adhered about 1 cm from the tip of the tail and a 4 cm length hollow polycarbonate tube (1.3 cm inner diameter, McMaster-Carr, Santa Fe Springs, CA #8585K41) was placed around the base of the tail to prevent tail-climbing during the test. Padding was placed below the mice in case of falls and mice were monitored throughout the 6 min test. A standard video camera was used to record the sessions and videos were uploaded into Any-maze. The time spent immobile (defined as animals with minimal movement) during the last 5 min of the session to account for initial test acclimation was later scored using Any-Maze with manual key presses by an investigator blinded to injury condition where a computer key was held down for the duration of animal immobility.



Forced Swim Test

The Porsolt FST (Porsolt et al., 1977) to study learned helplessness was conducted 3.5 weeks post-injury. As described by Tucker et al. (2017), FST chambers (Stoelting) were clear 42 cm in height and 19 cm diameter Plexiglas cylinders. The chambers were filled to a depth of about 25 cm with water at 25°C. Mice were placed into the cylinders for 6 min and allowed to swim or float. Mice were closely monitored from a separate room. Once the test concluded, mice were gently dried with paper towels and placed in a clean cage under a heat lamp to dry. FST cylinders were rinsed and replaced with fresh water for each animal. A standard video camera was used to record sessions and videos were imported into Any-Maze with key presses to measure immobility (defined as animals floating on the water surface with minimal movements). The first minute of the test was not scored to account for initial acclimation to the FST, so an investigator blinded to injury condition only scored the last 5 min of the test.



Immunohistochemistry

A separate cohort of animals, which did not undergo behavioral testing, were exposed to a single ABS shock wave (about 15 psi) and examined for the presence of Evans blue as a marker of blood-brain barrier disruption. An animal restrainer was used to intravenously administer Evans blue (2% diluted in buffer, 0.1 mL per animal) via the tail veil immediately prior to ABS exposure. The mice were euthanized 4 h (n = 25, n = 6–7 per injury and sex condition) or 24 h (n = 15, with Evans blue injection after ABS) post-injury and tissue was collected for c-Fos immunohistochemistry from only the 4 h group. Briefly, mice were anesthetized with a mixture of ketamine and xylazine and then transcardially perfused with cold phosphate buffer solution (0.1 M) and 4% paraformaldehyde in phosphate buffer. Brains were dissected and further fixed in paraformaldehyde for an additional 24 h. They were then transferred to 20% sucrose solution in phosphate buffer for 72 h before freezing the tissue and storage (−80°C) until sectioning. A Leica microtome was used to cut 30 μm thick coronal sections. The tissue was initially washed in tris-buffered saline with 0.05% triton (TBS-T). Sections were then processed with 0.3% hydrogen peroxide for 30 min and afterwards washed with TBS-T again before blocking buffer (TBS-T with 0.20% triton, goat serum, and 10% bovine serum albumin; BSA) incubation for 1 h at room temperature. C-Fos (1:1000; Millipore Sigma Cat: ABE457, Lot: 3585299) antibody was applied to the sections before storage at 4°C overnight. The next day, sections were washed with TBS-T and secondary antibody goat-anti-rabbit IgG (1:1000 Jackson Immunoresearch Cat: 111-065-003, Lot: 117316) was applied in blocking buffer (TBS-T with 0.05% triton, goat serum, and 10% BSA) for 1 h at room temperature. Sections were again washed with TBS-T before incubation in ABC solution (Vectastain ABC HRP Kit, PK-4000, Vector Laboratories) for 45 min at room temperature. The tissue was washed a final time with TBS-T prior to DAB development with the DAB Substrate Kit, Peroxidase (HRP), with Nickel, 3,3′-diaminobenzidine (SK-4100, Vector Laboratories) for 1 min. The free-floating sections were mounted onto glass slides and left to dry overnight. Lastly, sections were dehydrated in ethanol gradients (75–100%), cleared in xylene, and cover slipped with Permount mounting media the next day for analysis. Positive, activated neural tissue from restrained ABS-exposed mice, and negative, tissue processed without primary antibody, controls were included in all immunohistochemistry procedures.

Three regions of interest (ROIs), bilateral cerebral cortex, bilateral amygdala, and the PVT, were analyzed for c-Fos staining. Six mice per group were selected for Carl Zeiss El-Einsatz model #451485 light microscope imaging. Images for the PVT were taken at 100× magnification, the cerebral cortex at 50×, and the amygdala was captured at 25× magnification. To quantify c-Fos in each ROI, the threshold and particle analysis functions on Image J software (NIH) were used for cell counts on black/white c-Fos images. The particle count was employed as an estimate for the number of c-Fos positive cells. The values were averaged for three or more sections per animal. Cresyl violet (Chroma-Gesellschaft Schmid GmbH & Co 1 A 396) and H&E (haematoxylin Sigma-Aldrich Cat: GHS132-1L, Lot: SLCH6216 and eosin Sigma-Aldrich Cat: HT110332-1L, Lot: SLCJ2544) staining were performed to indicate anatomical consistency for the ROIs and for microbleed analysis, respectively.



Statistics

GraphPad Prism version 8.42 (GraphPad Software, San Diego, CA, United States) and SPSS version 27.0.1.0 (IBM, Armonk, NY, United States) were used for statistical analysis and figure generation. Body weights were measured on the day of injury and 24 h later. Since there was a noticeable difference in baseline (before injury) body weights, a two-way Injury × Sex analysis of variance (ANOVA) was performed for the mice as a percentage of body weight loss after sham or injury treatment. Mann-Whitney U tests were performed to analyze righting time data using within sex comparisons and between sex comparisons for male ABS and female ABS groups. Photographs of the brains from the cohort of mice that were euthanized after Evans blue infusion and ABS exposure were visually ranked for degree of staining. The rankings for Evans blue staining intensity were evaluated with respect to righting reflex to determine if there was an association between staining and the duration of the righting reflex. Due to smaller samples sizes and score ties, the SPSS program to determine Kendall’s tau (τ) was employed and the SPSS bootstrap procedure for estimation of the 95% confidence interval for the correlation coefficient, based upon 1000 bootstrapped samples, was performed.

Two-way ANOVAs (injury × sex) were performed for all behavioral tasks (EPM, EZM, SPT, FST, and TST). Behavior graphs depict the scores for individual animals and the embedded horizontal bar shows the arithmetic means for each group. Histology for c-Fos was analyzed using two-factor (injury × sex) ANOVAs. p < 0.05 was considered significant.




RESULTS


Shock Wave Characteristics, and Mouse Body Weight, Righting Times, Apnea, Morbidity

The ABS produced a characteristic Friedlander-like curve with a consistent peak pressure across the study (mean 15.56 psi, coefficient of variation = 4.5%) (Figure 2). The shock wave velocity was approximately 469.73 m/s and the positive and negative phases were 5.62 and 8.40 ms, respectively, with an average impulse (pressure × time) of 0.0358 psi × s.
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FIGURE 2. Representative Friedlander-like ABS waveform. The ABS device produced a waveform with an average of 15.56 psi peak incident pressure and 469.74 m/s shock wave velocity. The shock wave positive phase duration was 5.62 ms and negative phase duration was 8.40 ms.


Figure 3A summarizes the body weights of individual female and male mice before and after sham or ABS exposure. Since the baseline (preinjury) body weights for the mice in the ABS and sham groups were not equivalent, an Injury × Sex ANOVA was computed using the percentage change in body weights after ABS injury or sham treatment compared to pre-injury body weights. The average percent change in body weight was −2.23 and 0.574% for the female and male mice, respectively, on the day after sham treatment, while the females lost −8.22 and the males −5.79% of their preinjury body weight after ABS exposure. The ANOVA indicated there was a significant overall main effect between the females and males in percentage of body weight loss before to after sham or ABS treatment (−2.619% change, F1,76 = 24.214, p < 0.001) and a difference in the percentage of body weight loss after ABS injury compared to sham treatment (−7.002%, F1,76 = 134.584, p < 0.001), but no interaction effect to suggest the injuries had a different effect on female and male mice (F1,76 = 0.123, p = 0.727).
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FIGURE 3. Weight and righting time changes after bTBI. (A) Animal weight before and one day after ABS exposure for the behavior cohort of mice. Due to differences in baseline body weights, the percentage change in body weight for each mouse was computed for pre- and post-injury sham or ABS treatment (data not shown; see text). ANOVA indicated there was a significant greater difference in females compared to males overall and a significantly greater percentage of body weight loss in ABS animals, but no sex differences due to injury. (B) Righting times of all cohorts, behavior and Evans blue, immediately after a single blast. The Mann Whitney U test (U = 3, p < 0.0001) demonstrated that the duration of the righting reflex was longer for shock wave exposed females compared to female sham mice. Male injured mice also demonstrated a longer righting reflex compared to sham counterparts (U = 1.5, p < 0.0001). A comparison of righting reflex duration in injured mice indicated the responses after shock wave exposure in males and females were significantly different (U = 370.5, p = 0.0026) with longer righting times for female mice. Bars indicate means. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. No significant correlations were found between righting reflex and loss of body weight (τ = 0.000, p = 1.000) or percentage loss of body weight (τ = 0.032, p = 0.846) for females, or righting reflex and loss of body weight (τ = –0.167, p = 0.312) or percentage loss of body weight (τ = –0.105, p = 0.516) for males.


Behavior and Evans blue-treated cohorts were combined for righting reflex analysis. Mann-Whitney U analyses showed injured animals required a longer time to regain consciousness compared to sham mice. Female shock wave exposed mice (462.5 s median) had increased righting times compared to female sham mice (46.0 s median; U = 3, p < 0.0001) and male shock wave exposed mice (316.0 s median) displayed longer righting reflexes than male sham animals (43.0 s median; U = 1.5, p < 0.0001). A third Mann-Whitney test showed injured male and female mice were significantly different, with male animals exhibiting overall shorter reflex durations than female mice (U = 370.5, p = 0.0026, Figure 3B). Five cases of apnea, ranging from about five to thirty seconds, were observed in two male and three female injured animals. One case with about 5 s of apnea corresponded to the longest female ABS righting time. Six animals died following ABS. Five female mice died immediately after injury and one male mouse died 4 days after ABS exposure.



Anxiety-Like Behavior

For the EPM and EZM, injured mice overall spent less time in the open regions, but the two-way ANOVAs were not statistically significant (Figures 4A,B). No statistical differences were detected for either EPM or EZM test in terms of the amount of time spent in or the number of entries into the open areas (Figures 4C,D). No difference in the total distance travelled during EPM testing was evident, but for the EZM there was a main effect of sex in which female animals travelled a greater distance compared to male mice (F1,45 = 6.999, p = 0.0112, Figures 4E,F).
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FIGURE 4. No changes in anxiety-like behaviors on the EPM of EZM after injury, but a sex difference was displayed for EZM distance travelled. The results from the (A) EPM and (B) EZM testing show no difference in terms of time spent in the open areas for injury or sex. The number of open region entries also did not significantly differ for (C) EPM or (D) EZM. ABS group and sham animals for each behavioral task. (E) The total distance travelled was not statistically different between injured (ABS) or sham mice for EPM. (F) Results from the EZM testing indicated there was a main effect of sex where females travelled significantly farther than male mice (p = 0.0112). Bars indicate means. # indicates main effect of sex p ≤ 0.05.




Depressive-Like Behavior

The two-way ANOVA for the SPT data did not detect statistical differences between the sham and injured or male and female mice for sucrose intake. However, the two-way ANOVA for the TST data showed a main effect of injury (F1,45 = 6.763, p = 0.0125) with shock wave exposed animals spending less time immobile than sham-treated mice. No sex differences were reported for the TST. The FST two-way ANOVA indicated no group differences for immobility (Figure 5).
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FIGURE 5. Decreased time immobile on the TST following bTBI. (A) SPT did not show any significant difference in sucrose consumption as an effect of shock wave injury or sham treatment. (B) TST displayed a significant effect of injury with ABS mice spending less time immobile compared to sham mice. (C) The time immobile on the FST was not significant. Bars indicate means. *p ≤ 0.05 for main effect for the difference between uninjured and ABS exposed mice.




Behavioral Testing Sequence Effects

Post hoc analyses to determine whether or not prior behavioral tests affected later testing performance was assessed. Specifically, we evaluated whether or not the EZM or EPM may have affected performance on the SPT, and if subgroups of mice that were or were not evaluated on the SPT may have affected performance on the subsequent TST and FST. The performance ratio measures in mice that previously received testing on the EPM and EZM were compared using a three-factor (Injury × Sex × EPM/EZM Testing). ANOVA indicated there was no significant main effect of EPM vs. EZM on the subsequent SPT (F1,49 = 1.131, p = 0.293). Likewise, a three-factor ANOVA (Injury × Sex × SPT Testing/No SPT Testing) indicated there was no difference on either the TST or the FST as a function of mice having been tested on the SPT (and single housing) compared to mice that had not been used on this test (and remained in group housing). The main effect for Injury on the TST was significant, as expected (F1,41 = 8.206, p = 0.007), indicating the time immobile on the TST was less in injured mice compared to the sham animals. For the FST, there were no significant differences between groups on any factors.



Histology


Evans Blue Staining

Evans blue staining was evaluated in a separate cohort of sham and injured animals 4 h post-ABS. No staining appeared on the brain parenchyma of sham animals (Figure 6). Of note was the observed variability in Evans blue deposition in the cerebral cortex following injury, and there was a trend (albeit with a small sample size) for the appearance of a more intense uptake in some females. There appeared to be one case of subdural hemorrhage isolated in the left hemisphere of an injured female (top photograph for the Female ABS mice in Figure 6) and general staining near the superior sagittal sinus in several animals. A smaller cohort of mice was analyzed for the presence of Evans blue 24 h after shock wave exposure, but no staining was evident in either the injured or sham animals (Figure 6). Kendall’s tau was computed to determine whether or not there was an association between the intensity of Evans blue staining 4 h after ABS injury and the duration of the righting reflex. There was a significant association, where longer righting reflex duration was associated with more intense Evans blue staining (τ = 0.580, 95% confidence interval = 0.029–0.924, p = 0.030). A summary of the measures is presented in Figure 7.
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FIGURE 6. Evans blue was evident 4 but not 24 h after shock wave exposure. Evans blue staining was present on the brain parenchyma of ABS-exposed male and female mice 4 h after injury, but was not apparent on the brains of sham animals. One day after shock wave exposure, Evans blue was not observed on the brain parenchyma of either ABS-injured male and female or sham animals.
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FIGURE 7. Correlation of righting reflex time and Evans blue staining 4 h post-injury. The scatterplot displays the righting time of injured male and female mice 4 h after shock wave exposure with respect to the amount of Evans blue staining intensity ranked 1 (least) –4 (most), and Kendall tau analysis indicated a significant correlation between stain intensity and the duration of the righting reflex (τ = 0.508, p = –0.030). No correlations (data not shown) were detected between Evans blue ranking and peak ABS pressure (τ = –0.025, p = 0.925), Evans blue and body weight (τ = 0.090, p = 0.719), righting time and peak pressure (τ = 0.244, p = 0.325).




H&E and Cresyl Violet

Qualitative analysis of H&E did not reveal any microbleeds in any brain regions in the samples from ABS or sham animals (data not shown). Adjacent sections immunolabeled for c-Fos were stained with Cresyl Violet to confirm consistent anatomical location of the amygdala (data not shown).



c-Fos

Data are presented collapsed across anatomical sides. No significant differences were observed in the cerebral cortex (Figures 8A,D). There was a main effect of sex for staining in the PVT (F1,14.497 = 15.781, p = 0.001) with females exhibiting more c-Fos staining compared to male mice (Figures 8B,E). There was a main effect of injury in the amygdala (F1,44.567 = 16.036 p = 0.001) with ABS-injured mice expressing more c-Fos positive cells compared to sham mice (Figures 8C,F).


[image: image]

FIGURE 8. c-Fos differences by sex and injury in the PVT and amygdala, respectively. Representative images of the (A) cerebral cortex, (B) PVT, and (C) amygdala (basolateral and central nucleus) with regions of interest outlined in dashed lines and magnified inserts of areas within the measured regions. All scale bars indicate 100 μm. (D) The cerebral cortex did not show any significant difference between injury or sex. (E) The PVT displayed an overall effect of sex in which females had more c-Fos positive cells compared to males. (F) There was a main effect of injury in the amygdala, where injured mice had greater c-Fos cell density than sham mice. Bars indicate means. ## indicates main effect of sex p ≤ 0.001, ** indicates main effect of injury p ≤ 0.001.






DISCUSSION


Physiological Changes After Blast Traumatic Brain Injury

The current study found that male and female mice experienced longer righting reflex times after shock wave exposure compared to sham animals, and female ABS-exposed mice expressed longer periods of unconsciousness than male injured mice. The sex differences observed for righting times may be correlated with variations in body weight. As expected, males were larger than females, which may affect injury-related biomechanics during the shock wave exposure, causing the smaller female mice to move more during the blast event. The decrease in body weight following shock wave, as well as the increase in righting reflex for animals in the injured condition, indicate that the shock wave produced physiological effects. The loss in body weight suggested that, acutely, injured animals were physically unable or uninterested in eating following ABS. The observed weight loss and longer righting reflexes after ABS are consistent with a recent ABS study in the laboratory with identical conditions (Nonaka et al., 2021), as well as other reports (Schindler et al., 2020). Previous experiments demonstrated only transient changes in water and food consumption post-blast with vertical orientation exposure, or no differences in male and female body weight after ABS when animals were placed in a prone position (Russell et al., 2018b; Vu et al., 2018). The sex differences in weight and righting time immediately following bTBI suggest that female mice sustained greater damage initially compared to male mice.



Effects of Blast Traumatic Brain Injury on the Blood-Brain Barrier

Behavioral and neuropathological changes have been reported in blast studies in which the animal is placed in a vertical orientation (Koliatsos et al., 2011; Vu et al., 2018; Nonaka et al., 2021) and in a prone position (Bailey et al., 2016; Sawyer et al., 2016; Russell et al., 2018a; Arun et al., 2020). Body orientation may be particularly relevant to cases of tertiary blast effects. The BBB, for example, is an essential element in brain homeostasis and is one of the first sites to be altered following bTBI, and is a structure particularly vulnerable to impact compression (Gama Sosa et al., 2014; Huber et al., 2016). Acute cerebral vascular impairment and BBB protein dysregulation have been reported after single and multiple ABS exposure, respectively (Heyburn et al., 2019, 2021; Rodriguez et al., 2019), and our data support these findings with acute BBB permeability to Evans blue 4 h following ABS. Finite element modeling and shock tube experiments demonstrate that the prone orientation produces a lesser degree of damage compared to other body orientations (Hubbard et al., 2014; Heyburn et al., 2019; Unnikrishnan et al., 2021). In this study the vertical orientation was employed and Evans blue staining provided evidence of BBB disruption, but it was evident only on the dorsal surface of the brain. This suggests that the fixed vertical animal positioning enabled tertiary, acceleration artifacts from the shock wave-associated blast wind that pushed the mouse backwards, compressing the top of the head into the mesh holder. Interestingly, (Unnikrishnan et al., 2021) used almost identical peak pressure (100 kPa or 14.5 psi) modeling of vertical orientation inside of the ABS, and reported higher pressure on the ventral brain than the dorsal side.

Assessment of the degree of Evans blue staining on the dorsal surface of the neuraxis, 4 h after ABS injury, was associated with the duration of the righting reflex, suggesting longer righting reflex duration was reflected in greater severity of BBB compromise (Figure 7). However, although Evans blue staining was present in some injured animals 4 h after bTBI, H&E staining did not indicate the presence of microbleeds and no c-Fos changes were observed in the cerebral cortex, suggesting that the extent of the damage was limited to albumin extravasation to the superficial surface, but not deeper cortical layers (Weng et al., 2011). The damage, however, might be transient since only subtle changes in behavior were observed at later time points (Yang et al., 2016). Another study demonstrated the extravasation of dyes smaller than 70 kDa with barrier integrity restoration one day post-blast (Hue et al., 2015), which is consistent with the observed absence of Evans blue 24 h following shock wave exposure in the current study, indicating that the BBB may be repaired in rodents one day after bTBI. Evans blue has been used historically, but caution must be used with extravasation interpretation and its quantification continues to present challenges (Saunders et al., 2015). Taken together, many potential artifacts are present in preclinical bTBI designs and additional complications with Evans blue quantification, including observed variability in stain intensity, hinder definitive conclusions from being made regarding BBB disruption in this study.


Acute Changes in c-Fos Activation in the Amygdala and Paraventricular Nucleus of the Thalamus Following Blast Traumatic Brain Injury

In addition to BBB disruption, there were increases in c-Fos activation in the amygdala (males and females) following TBI and overall in the PVT (females only). The c-Fos activation reported in this study supports previous investigations of behavioral changes after blast injury through limbic activation. In previous studies, increases in c-Fos appeared in the central and basolateral amygdala and subsequent increases occurred in anxiety-like behavior and fear circuitry (Rowson and Pleil, 2021; Ou et al., 2022). Reports of changes in cytostructure after bTBI also may shed light on possible mechanisms of hyperactivity in the amygdala with increased dendritic branching and spine density after injury (Ratliff et al., 2019, 2020). The sex differences in c-Fos seen in the PVT may correspond to the higher hypothalamic-pituitary-adrenal axis activation in females and maladaptive behaviors in response to stress (Ishii et al., 2018; Rowson and Pleil, 2021). The acute changes in neuronal activation observed primarily in the amygdala after ABS and overall c-Fos sex differences in the PVT were consistent with some of the behavioral alterations seen at later time points.




Effects of Blast Exposure on Depressive- and Anxiety-Like Behaviors

The mild and transient nature of the bTBI as assessed histologically was associated with only subtle changes in behavior. Previous bTBI studies described increased anxiety-like behavior in the EZM and EPM in injured rats and mice (Elder et al., 2012; Xie et al., 2013; Awwad et al., 2015; Russell et al., 2018a). However, the present study did not find significant differences for time in the open region, nor for the number of entrances into the open zones for EPM and EZM. Some of the differences in reported anxiety-like behavior could be due to the type of shock tube used. One group reporting anxiety-like behaviors following bTBI used a compact, focal blast tube with animal head-only exposure (Awwad et al., 2015), whereas another group used a full body shock tube, but with multiple blast injuries (Elder et al., 2012). A different design of repetitive, automated blast exposures was implemented in an air blast chamber with anxiety-like behavior performed 5 min after injuries (Xie et al., 2013). Russell et al. (2018a) employed an injury paradigm that closely resembled the current study, but animals were placed in a prone instead of vertical orientation. These differences in animal body orientation and blast tube design alter injury biomechanics and therefore functional outcomes (Needham et al., 2015; Unnikrishnan et al., 2021).

While there was no change in the total distance travelled in the EPM, females travelled farther than males in the EZM. Hyperactivity has been observed in females during open field tests following controlled cortical impact (Tucker et al., 2016, 2017). Likewise, a recent study with repetitive concussive injuries directed at the frontal region likewise observed increased distance travelled in the open field test, and that female mice travelled farther in an acute test 4 days after injury, but not at later time points (Vu et al., 2021). The higher levels of activity, particularly in females as observed in the EPM and in open field in other studies, could be related to activational effects of estrogen (Morgan and Pfaff, 2002; Ogawa et al., 2003), but further investigation is needed to understand the mechanism and duration of this increased activity in female mice after blast.

Behavioral tasks measuring depressive-like behaviors showed varying trends. No sex differences were found, but the injured group had reduced immobility in the TST compared to sham-treated controls, an unexpected finding. Reduced immobility after blast exposure may indicate injury-induced agitation or a panic-like reaction and has been reported after other concussive TBI models (Anyan and Amir, 2018; Tucker et al., 2019). Interestingly, a study of CRF neurons after bTBI and restraint-induced stress found sex differences with females showing increased amygdala CRF2 gene expression and hippocampal decreased expression, whereas males displayed the opposite (Russell et al., 2018a). Increased neuronal activation in the amygdala of injured females was consistent with the current study. Hyperarousal is an element of PTSD and as discussed previously, blast is able to induce PTSD-like traits where greater activity levels during the TST in injured animals may correspond to the hyperactivity observed in female mice in the EZM (Elder et al., 2012; Perez-Garcia et al., 2019). Activity level, however, has been criticized as an inaccurate measurement of anxiety (Lister, 1990; Tucker and McCabe, 2021). The TST and FST are arguably models of acute stress, which could be interpreted as changes in anxiety rather than depression (Lister, 1990; Nestler and Hyman, 2010; Tucker et al., 2017; Anyan and Amir, 2018). Further study is needed to define the relationship between bTBI and subsequent hyperactivity.



Study Limitations and Future Prospects

Results from behavioral tests can depend on the animal strain and sex (McCabe and Tucker, 2020). Overall, female rodents exhibit more activity compared to males during behavioral tasks and this inherent difference can make data interpretation challenging (Tucker et al., 2016, 2017). Females may also have subtle neuroprotective effects associated with estrogen and progesterone, but estrous cycle stage does not appear to have a predominant effect on behavioral outcome after TBI (Wagner et al., 2004). Likewise, housing conditions with respect to sex differences in behavior should also be considered. Animals in the current study were singly housed for the SPT and remained individually housed for subsequent testing with the TST and FST. In this study, single housing did not affect depressive-like behavior. Increased corticosterone and anxiety-like behavior have been reported in female rodents that are singly housed, whereas individually housed males display less anxiety-like behavior (Brown and Grunberg, 1995; Palanza et al., 2001). A potential confound of this study’s histological data included additional animal restraint during intravenous Evans blue administration, but injured and sham-treated mice underwent the same injection procedure. Previous literature demonstrated that blast alone without a stressor could increase contextual fear conditioning (Elder et al., 2012; Perez-Garcia et al., 2019; Perez Garcia et al., 2021). TST and FST alone can cause changes in c-Fos activation (Yanagida et al., 2016; Hiraoka et al., 2017), so separate cohorts of animals were included for behavioral testing and pathology in this study, and no behavioral stress confounds occurred for c-Fos staining (Cullinan et al., 1995; Yanagida et al., 2016; Hiraoka et al., 2017). Since c-Fos activation has been reported in other areas after bTBI, such as the paraventricular nucleus of the hypothalamus and hippocampus, additional brain regions should be investigated (Du et al., 2013; Russell et al., 2018b; Ou et al., 2022) and given reports of different PVT cellular divisions, specific PVT circuitry should be identified (Kirouac, 2015; Gao et al., 2020). Future directions could also include investigation of multiple blast exposures and bTBI with chronic stress as more clinically relevant designs for military populations (Owens et al., 2008; Kontos et al., 2013). The evaluation of later time points after blast for behavioral tasks may indicate delayed or biphasic behavioral changes, such as slowed onset or immediate deficits followed by a recovery and then prolonged alterations (Stemper et al., 2016; Arun et al., 2020; Perez Garcia et al., 2021). This study further highlights the importance of investigating potential sex differences, and indicates overall variance in limbic activation and functional outcome between male and female rodents following bTBI exposure.
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