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Abstract

We investigated the hypothesis that high Ca2+ influx during traumatic brain injury induces the 

activation of the caspase-1 enzyme, which triggers neuroinflammation and cell apoptosis in a cell 

culture model of neuronal stretch injury and an in vivo model of fluid percussion injury (FPI). 

We first established that stretch injury causes a rapid increase in the intracellular Ca2+ level, 

which activates interleukin-converting enzyme caspase-1. The increase in the intracellular Ca2+ 

level and subsequent caspase-1 activation culminates into neuroinflammation via the maturation 

of IL-1β. Further, we analyzed caspase-1-mediated apoptosis by TUNEL staining and PARP 

western blotting. The voltage-gated sodium channel blocker, tetrodotoxin, mitigated the stretch 

injury-induced neuroinflammation and subsequent apoptosis by blocking Ca2+ influx during 

the injury. The effect of tetrodotoxin was similar to the caspase-1 inhibitor, zYVAD-fmk, in 

neuronal culture. To validate the in vitro results, we demonstrated an increase in caspase-1 activity, 

neuroinflammation and neurodegeneration in fluid percussion-injured animals. Our data suggest 

that neuronal injury/traumatic brain injury (TBI) can induce a high influx of Ca2+ to the cells 

that cause neuroinflammation and cell death by activating caspase-1, IL-1β, and intrinsic apoptotic 

pathways. We conclude that excess IL-1β production and cell death may contribute to neuronal 

dysfunction and cognitive impairment associated with TBI.
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Introduction

Traumatic brain injury (TBI) is a complex injury with a broad spectrum of symptoms and 

disabilities that affects approximately 1.74 million people’s lives every year in USA [1]. 
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TBI has been classified as primary and secondary. Primary injury is the result of mechanical 

forces applied to the skull and brain at the time of impact such as skull fracture, brain 

contusion, rupturing of blood vessels, and intracranial hemorrhage [2, 3]. Secondary injuries 

are characterized by a complex cascade of molecular, neurochemical, and cellular events 

initiated by the trauma that can lead to elevated intracranial pressure, blood-brain barrier 

(BBB) disruption, neuroinflammation, brain edema, cerebral hypoxia, ischemia, and delayed 

neurodegeneration [4-6]. Recent studies have shown evidence that neuroinflammation 

associated with TBI can also contribute to posttraumatic neurodegeneration [4-8].

Caspases are a family of intracellular cysteine proteases that cleave substrates after 

aspartic acid residues and are activated during inflammation. Caspases have been studied 

extensively and are essential in the initiation and implementation of cellular death [9]. Since 

inflammation is known to be associated with TBI, caspase-3 activity has been explored. 

Animal models of TBI revealed injury-induced increases in caspase-3 [10-12]. Recently, the 

induction of caspase-3 and apoptosis has been identified via the activation of oxidative stress 

and matrix metalloproteinases (MMPs) after blast TBI in rats [4]. In addition, high caspase-3 

levels have been shown in the CSF and brain tissue of TBI patients [13]. Interestingly, 

it has been reported that serum caspase-3 levels are linked to increased mortality. In the 

study involving 112 TBI patients, higher caspase-3 levels were found in the serum of 

non-surviving than in surviving TBI patients [14].

Since caspase-1 is also linked to inflammation and apoptosis [15, 16], we hypothesize 

that this enzyme may also be involved in the activation of TBI-induced neuroinflammation 

and neurodegeneration. However, the mechanisms of neuroinflammation associated with 

caspase-1 and the resulting neurodegeneration in TBI is unknown. Caspase-1, formerly 

called IL-1β-converting enzyme (ICE), was the first caspase identified and is present in the 

cytosol of phagocytic cells as an inactive zymogen [17, 18]. Active caspase-1 is essential 

for the cleavage of prointerleukin 1 (pro-IL-1β) into their mature, biologically active forms 

[15, 16]. Mature IL-1β has been linked to many immune reactions including the recruitment 

of inflammatory cells to the site of infection [19]. In this study, we utilized a neuronal 

stretch injury model [20] to visualize in real time the activation of caspase-1 enzyme and the 

subsequent induction of apoptosis. The results obtained in the neuronal stretch injury were 

then validated in the fluid percussion injury (FPI) model in vivo [21-24].

This study investigates whether the influx of Ca2+ associated with stretch injury activates 

caspase-1 in rat brain neurons and leads to the maturation of the proinflammatory cytokine, 

pro-IL-1β to active IL-1β. The voltage-gated sodium channel blocker TTX and caspase-1 

inhibitor (zYVAD-fmk) were used to mitigate injury-induced neuroinflammation and 

neurodegeneration by blocking the Ca2+ influx during the injury. We conclude that excess 

IL-1β production and cell death in TBI may be a risk factor for neurological disorders and 

cognitive impairment.
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Materials and Methods

Reagents

Primary antibodies mouse anti-NeuN and rabbit anti-IL-1β were purchased from Abcam 

(Cambridge, MA), mouse anti-β-actin and rabbit anti-cleaved caspase-1 from Thermo 

scientific (Rockford, IL), and rabbit anti-PARP from BD Biosciences (San Jose, CA). All 

secondary Alexa Fluor-conjugated antibodies, Fluo 4AM, TUNEL kit, and DAPI were 

purchased from Invitrogen (Carlsbad, CA, USA). ELISA kit for IL-1β was purchased 

from Thermo Scientific. 3,3′-diaminobenzidine (DAB) was purchased from Sigma-Aldrich 

(St. Louis, MO); z-YVAD-fmk (caspase-1 inhibitor) was from Santa Cruz Biotechnology 

(Dallas, TX); and tetrodotoxin (TTX) was from Cayman chemicals (Ann Arbor, MI).

Neuronal Culture

Rat brain cortices were isolated from E17 Sprague-Dawley rat embryos and stored in 

ice-cold HBSS containing Ca2+ and Mg2+. After rinsing with Ca2+ and Mg2+ free HBSS, 

the cortices were digested in 0.25 % trypsin containing EDTA (0.2 g/L) and DNase I 

(1.5 mg/mL) at 37 °C for 25 min. The digested tissues were neutralized with 10 % fetal 

bovine serum and further dissociated by trituration. The media containing the cells was 

filtered with a Nylon mesh to remove large pieces of tissue. Filtering was performed using 

a 100-μm pore sized filter followed by a 50-μm pore sized filter. Neurons were cultured 

(300,000 cells/well) on a poly-L-lysine (0.14 mg/mL)-coated elastic silicone membrane 

(Specialty Manufacturing, Saginaw, MI) in NeuroBasal media containing 2 % B-27, 1 % 

penicillin-streptomycin, and 0.4 mM L-glutamine at 37 °C in a CO2 (5 %) incubator [20]. 

Cultures were fed every 2 days. The purity of the neurons was assessed by immunostaining 

with anti-NeuN antibody, which normally showed 100 % enrichment of neurons.

Neuronal Stretch Injury

Neurons were allowed to grow for 8 days in vitro prior to stretch injury. On day 8, neuronal 

cultures were subjected to biaxial strain of 40 % at 20 s−1 strain rate using a custom 

stretch injury system described elsewhere [20]. For inflicting the injury, a pressure pulse was 

delivered to the pressure chamber and recorded by the pressure transducer for each well. 

The pressure pulse was given evenly for all wells to get uniform strain in all experimental 

conditions. The pressure pulse deforms the membrane. Since the neurons are tightly adhered 

to the silicone substrate, they deform along with the membrane [20, 25, 26]. For experiments 

with pharmacological treatments, neurons were treated with tetrodotoxin (TTX, 1 μM) or 

zYVAD-fmk (5 μg/mL, caspase-1 inhibitor) 30 min prior to the stretch injury. Then, the 

stretch injury was conducted after replacing with fresh media. At 6 and 24 h after stretch 

injury cells were fixed for immunostaining or proteins were extracted for western blotting 

and ELISA at different time points. In addition, 200-μL culture media was collected for 

western blotting and ELISA analysis.

Calibration of Strain

Previously, our stretch injury system has not been calibrated for use in the biaxial stretching 

mode [20]. Strain calibration was carried out based on the distortion of silicone membrane 
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used for cell culture using a high-speed camera [27]. The thin elastic silicone membrane was 

mounted on the custom-made culture dish and exposed to pressure pulse with predefined 

nominal settings of pressure and time, and the elastic silicone membrane deflection was 

captured using a FASTCAM Mini high-speed camera (Photron, San Diego) with a resolution 

of 1280 × 1224 pixels at 4000 frames per second. Calibration runs were repeated at least 

three times. We calculated the biaxial strain based on the central region of the silicone 

membrane, where the strain field was relatively uniform [28], using the following simplified 

equation [29]:

ε = ∕32 ∕aw 2 − ∕152 ∕aw 4 + ∕352 ∕aw 6

where “α” is the radius of the silicone membrane and “w” is the displacement of the central 

region of the circular membrane.

Intracellular Calcium Labeling

The cortical neurons were incubated with 5 μM of Fluo-4AM (1 mM stock solution was 

prepared in DMSO) in culture media for 20 min at room temperature. After washing the 

cells in HBSS to remove excess fluorescent Fluo 4AM, the cells were subjected to stretch 

injury. Fluorescent microscopy was performed on a Nikon Eclipse TE-2000S inverted 

microscope and images were taken using a Photometrics CoolSNAP EZ CCD camera. Fluo 

4AM was excited at 488 nm via a xenon light source and collected at 515 nm. The images 

were acquired using NIS-Elements D software. All fluorescence measurements and analysis 

were done in the soma using ImageJ (NIH).

We have conducted four independent stretch injury experiments. Four injury wells/condition 

were used from each experiment, and at least 20 neurons/well were randomly selected and 

counted for fluorescence analysis. Neurons that did not respond to the fluorescent staining 

were excluded from the selection. To reduce the effect of background noise, three areas of 

background absent from neurites and cell bodies were sampled and averaged. Background 

measurements were subtracted from the raw fluorescent data. The maximal intensity for the 

tested groups was compared and statistical significance was determined using a two-way 

analysis of variance (ANOVA).

Fluid Percussion Injury

Animals were maintained in sterile cages under pathogen-free conditions in accordance with 

institutional ethical guidelines for care of laboratory animals, National Institutes of Health 

guidelines, and the Rutgers Institutional Animal Care and Use Committee. Twenty-four 

hours prior to injury, 4-week-old rats were anesthetized with a ketamine/xylazine mixture 

(80 mg/kg)/xylene (10 mg/kg), i.p. and surgically implanted with a Luer-Lok syringe hub 

to the skull in a stereotaxic device. This hub surrounds a craniotomy of the same size, 

positioned 3.0 mm posterior from and 3.5 mm lateral from the bregma. An additional cap 

that surrounds the syringe hub was applied. Two screws were implanted into the skull to get 

additional support. Dental cement was applied around the syringe hub and between the cap 

to ensure fluid transmission and support.
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Prior to injury, rats were anesthetized with 5 % isoflurane for 30 s to 1 min until the 

foot pinch reflex stopped. The animal was connected to a custom digitally controlled fluid 

percussion injury system (dc-FPI) [21, 24], and injury was applied to the animal at 15–18 psi 

with a pressure rise time of 8 ms. Rats exhibited apnea, loss of consciousness (LOC), and 

hyperextension of the tail and hind limbs after the injury. Similarly, control rats received the 

same anesthesia, surgery as injured, and connected to the dc-FPI without the injury. We used 

nine injured and eight control rats for this study. Animals consisting of control (uninjured) 

and injured with dc-FPI were euthanized after 24 hs of injury with ketamine/xylazine 

mixture. Brain tissues were dissected out, embedded in optimal cutting temperature (OCT) 

and kept frozen until we analyzed the mechanisms of injuries by immunohistochemical 

staining and western blotting. The sampled area for immunostaining and western blotting 

was just below the dc-FPI injured area in the cortex region (Fig. 3a).

Immunofluorescence and Microscopy

For immunofluorescence staining, the cultured neurons (on silicone membrane) and 

brain tissue sections (10-μm thickness) were washed with 1× PBS and fixed in 4 % 

paraformaldehyde for 20 min at 25 °C. After fixation, the washed membrane or tissue 

sections was then blocked with 3 % normal goat serum at 25 °C for 1 h in the presence of 

0.1 % Triton X-100. The cell culture membranes or tissue sections were incubated overnight 

at 4 °C with primary antibodies to rabbit anti-cleaved caspase-1 (Thermo scientific) and 

mouse anti-NeuN (Abcam). All antibodies were used at the concentration of 3 μg/mL. After 

washing with PBS, cells or tissue sections were incubated with Alexa Fluor 488 or 594 

conjugated with anti-mouse or anti-rabbit immunoglobulin G (IgG) for 1 h and mounted 

with immunomount containing DAPI (Invitrogen) on a slide. The silicone membrane was 

mounted on a cover slip and carefully cut at the edges using a scalpel blade and then 

again mounted on a slide using DAPI. The photographs were captured using fluorescent 

microscope Eclipse TE2000-U (Nikon, Melville, NY) using the NIS Elements software 

(Nikon, Melville, NY). Controls for the experiments consisted of the omission of primary 

antibodies. No staining was observed in these cases. The intensity of immunostaining was 

analyzed by ImageJ (NIH) software.

Western Blotting

For western blotting analysis, the proteins were extracted from ten wells of the same 

experiment condition and pooled to get enough proteins to run at least three western 

blots for each analysis. The cells were lysed with 200 μL of CelLytic M buffer (Thermo 

Scientific) containing a mixture of protease inhibitor (Sigma) and collected in a 1.5-mL 

microfuge tube and centrifuged at 10,000 rpm at 4 °C. To prepare brain cortical tissue 

lysates, 50 mg of cortical tissue were used. To get enough proteins for the IL-1β 
immunoblot, the cell culture supernatant were pooled from all ten wells of the same 

experiment condition and concentrated by using 30-kDa centrifugal filter tubes (EMD 

Millipore, Billerica, MI). Both in vitro and in vivo homogenate and cell culture supernatant 

protein concentrations were estimated by the bicinchoninic acid (BCA) method (Thermo 

Scientific, Rockford, IL). We used 20-μg protein/lane in 10 % SDS-PAGE. Molecular 

size-separated proteins were then transferred onto nitrocellulose membranes, blocked with 

superblock (Thermo Scientific), and incubated overnight with respective primary antibodies 
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at 4 °C. In order to validate the immunocytochemical results, we used the same antibodies 

mentioned in the immunofluorescence and microscopy section. Then, the membrane was 

incubated with horseradish peroxidase-conjugated secondary antibodies (1:1000; Fisher 

scientific) for 1 h at RT. The membrane was rinsed three times with 1× TBS Tween buffer 

for 5 min at RT. Immunoreactive bands were detected by 3,3′-diaminobenzidine (DAB) 

(Sigma). Data were quantified as arbitrary densitometry intensity units using the ImageJ 

software package.

Enzyme-Linked Immunosorbent Assay

Using commercial enzyme-linked immunosorbent assay kit (ELISA), the level of active IL-β 
(Thermo Scientific) was analyzed in the cell culture media, cell lysates, tissue lysates, and 

blood serum as per the manufacturer’s instructions.

TUNEL and PARP Analyses

Using the terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL, 

Invitrogen) assay kit, cell apoptosis was determined in tissue sections as per manufacturer’s 

instructions. We used four injury wells/condition from each experiment and at least four 

fields/well were randomly selected and counted for TUNEL analysis. To confirm the 

TUNEL assay, western blotting determined the breakdown of 113-kDa poly-ADP-ribose-

polymerase (PARP) to 89 and 24 kDa PARP fragments using rabbit anti-PARP primary 

antibody (BD Biosciences). Detection of the 89-kDa PARP fragment is an early marker for 

apoptosis, which is mediated by caspase-1/3 signaling pathway.

In Vitro Cell Viability Assay

After 6 and 24 h of stretch injury, the supernatant of neuronal cultures were collected 

and centrifuged. On the other hand, the neuronal cultures were trypsinized with 0.25 % 

trypsin for 5 min and neutralized with 10 % FBS, and the neurons were collected into the 

tubes, which contained already collected neurons from the supernatant. The neurons were 

washed with neurobasal media and dissociated by trituration. Ten microliters of neurons 

were stained with trypan blue, counted using a hemotocytometer. Both positively stained and 

unstained cells were counted by an observer unaware of the treatments (n = 4) [30]. All 

experiments were repeated at least twice. The mean ratio of dead cells to the total number of 

cells per field was quantified.

Data Analysis

All the results are expressed as the mean ± SEM. Statistical analyses of the data were 

performed using GraphPad Prism V5 (Sorrento Valley, CA). One-way ANOVA with 

Dunnett’s post hoc tests determined the differences between controls and experimental 

conditions, and a probability value of p < 0.05 was considered significant.
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Results

Stretch Injury Causes Ca2+ Influx, Modulated by Tetrodotoxin

Previous studies have shown that uniaxial axonal stretch injury [31-33] and biaxial neuronal 

stretch injury [28] causes a high influx of calcium ions (Ca2+) that can be modulated by 

the voltage-gated sodium channel blocker tetrodotoxin (TTX). In this study, we confirm 

in our injury system that biaxial neuronal stretch increased intracellular Ca2+ immediately 

after injury, and the elevated levels of intracellular Ca2+ persisted over 6 and 24 h after 

injury when compared with the uninjured controls (Fig 1a, b). The level of intracellular Ca2+ 

immediately after the injury was 72.7 % higher than the uninjured cells (p < 0.001), 40.9 

% higher than uninjured cells 6 h postinjury (p < 0.001), and 15.9 % higher than uninjured 

cells 24 h postinjury (p < 0.01). Treatment with TTX (1 μM) for 30 min reduced the influx 

of Ca2+ immediately after the injury and 6 and 24 h of injury when compared with the 

untreated injured cells (Fig 1a, b). These data support the mechanism wherein neuronal 

stretch injury causes high Ca2+ influx to the cells, which is blocked by TTX.

Sustained Elevated Intracellular Ca2+ Causes Activation of Caspase-1 in Cultured Neurons

To test the hypothesis that stretch injury-induced increase in Ca2+ activates caspase-1, 

the postinjury expression of active caspase-1 was examined in cultured rat cortical 

neurons exposed to stretch injury with or without the treatment of TTX or zYVAD-

fmk. We used anti-cleaved caspase-1 p20 fragment antibody to detect active caspase-1 

by immunofluorescence and western blotting. Immunofluorescence identified that the 

expression level of active caspase-1 was high in injured cultures compared with uninjured 

cells. The expression of active caspase-1 was significantly reduced after stretch injury in 

the TTX-treated cultures when compared with the untreated injured cells at 6 (Fig. 2a, b) 

and 24 h after injury (Fig. 2c), suggesting that caspase-1 is activated by elevated calcium. 

The caspase-1 inhibitor, zYVAD-fmk, was used to block the maturation of procaspase-1 to 

active caspase-1. zYVAD-fmk pretreatment also eliminated the expression of caspase-1 in 

stretch-injured neurons at both 6 (data not shown) and 24 h postinjury (Fig. 2c). Figure 2d 

shows the intensity of cleaved caspase-1 expression by immunofluorescent staining.

The changes in caspase-1 protein expression were validated by western blot analysis (Fig. 

2e). A significant upregulation of active caspase-1 protein (~20 kDa) level was found at 6 

and 24 h postinjury compared to uninjured cells (p < 0.001). In particular, the expression 

of active caspase-1 was higher at 24 than at 6 h after the injury. In TTX- and zYVAD-fmk-

treated injured cells, the protein level of active caspase-1 was significantly reduced (p < 

0.001) when compared with untreated injured cells at 6 and 24 h after injury. Taken together, 

these results indicate that high influx of Ca2+ to the cells due to stretch injury activates 

caspase-1, and the TTX ameliorates the activation of caspase-1 in stretch-injured cortical 

neurons.

Caspase 1 Activation in Fluid Percussion Injured Rats

To validate the in vitro results, animals were subjected to fluid percussion injury and 

analyzed for caspase-1 activation. In the cortex region below the site of injury (Fig. 3a), 

cleaved caspase-1 was identified (Fig. 3b). Colocalizing cleaved caspase-1 with NeuN 
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staining indicated that the cleaved caspase-1 expression was primarily in neurons. The 

staining of cleaved caspase-1 was localized near the nuclear membrane, whereas NeuN was 

distributed throughout the cytoplasm. Figure 3c shows the intensity of the cleaved caspase-1 

expression in rat brain cortical tissue section. FPI-induced increase in cleaved caspase-1 

protein was validated by western blot in protein samples from rat cerebral cortex tissue (Fig. 

3d).

Injury Induced Activation of Caspase-1 Matures IL-1β and Causes Neuroinflammation

Since caspase-1 matures interleukin 1 beta (IL-1β) [15, 16], we analyzed the level of IL-1β 
in injured neuronal cultures and in blood serum of FPI animals. Using an ELISA assay, 

the level of IL-1β was almost 4.5 times higher in stretch-injured neuronal cultures than in 

uninjured cells 6 h after injury and 5.5 times higher 24 h after injury. Both blocking of the 

calcium influx with TTX and inhibition of active caspase-1 with z-YVAD-fmk prevented the 

maturation and elevation of IL-1β in the cell culture (Fig. 4a).

IL-1β levels were also analyzed by western blotting cell-culture supernatants as well as cell 

lysates (Fig. 4b, c). Western blots showed significant elevation of IL-1β level in cell culture 

supernatant after 6 h (4.74 times, p < 0.001) and 24 h (5.38 times, p < 0.001) of injury 

when compared to uninjured controls (Fig. 4b). Similar trend of results were obtained in cell 

culture homogenates (Fig. 4c). In addition, treatment with TTX and z-YVAD-fmk reduced 

the level of IL-1β to uninjured control levels in both cell culture supernatant and cell culture 

homogenates.

The in vitro findings were again validated in fluid percussion injured rats. Blood was 

collected from control and injured animals 24 h after the injury. The levels of IL-1β in the 

blood serum of FPI animals was about fourfold higher than that of the uninjured control 

animals (p < 0.001) (Fig. 5a). Cortical tissue was collected from animals 24 h postinjury for 

western blot analysis. A twofold increase in IL-1β level was found compared to uninjured 

controls (Fig. 5b). Taken together, these data indicate that the activation of caspase-1 in 

stretch-injured cells and FPI in animals elevates the level of the proinflammatory cytokine, 

IL-1β. The attenuation of induction of caspase-1 by the treatment with TTX and caspase-1 

inhibitor, z-YVAD-fmk, reduces IL-1β-dependent neuroinflammation.

Injury Induced Activation of Caspase-1 and Neuroinflammation Leads to Cell Apoptosis

Biaxial stretch injury of neuronal cultures leads to apoptosis in some, but not all, neurons in 

culture. To establish the role of caspase-1 and neuroinflammation in neuronal stretch injury-

associated cell death, we examined the caspase-1-mediated intrinsic apoptotic pathways 

in stretch-injured neuronal cultures pretreated with or without TTX or zYVAD-fmk and 

compared to uninjured controls. The extent of cell apoptosis was assessed by the active 

apoptosis markers TUNEL and poly-ADP-ribose-polymerase (PARP) and at the completion 

of cell death by trypan blue staining.

TUNEL labeling revealed 21.7 % positive apoptotic neurons at 6 h (p < 0.001) and 25.9 % at 

24 h (p < 0.001) after injury. This value for uninjured control cultures was 5.1 % (Fig. 6a, b). 

In most of the injured cells, the breakage of nuclei was found that colocalized with TUNEL 

staining (Fig. 6a (b)). Pretreatment with TTX and zYVAD-fmk significantly decreased the 

Abdul-Muneer et al. Page 8

Mol Neurobiol. Author manuscript; available in PMC 2022 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



number of TUNEL-positive cells at 6 h postinjury to 9.2 % (p < 0.01) and 8.1 % (p < 0.001), 

respectively, and to 9.8 % (p < 0.001) and 8.1 % (p < 0.001) at 24 h postinjury respectively 

(Fig. 6a, b).

Apoptosis via caspase-1 was further substantiated by the cleavage of PARP. In stretch-

injured neurons, western blot analysis revealed the level of cleaved fragment (89 kDa PARP) 

was significantly high compared to uncleaved product (113-kDa PARP) at 6 and 24 h 

postinjury (Fig. 6c). In uninjured control neurons, the level of the 113-kDa PARP was very 

high due to the normally low activity of caspase-1 enzyme. The level of the 113-kDa PARP 

fragment was reduced at 6 and 24 h postinjury due to the cleavage of this PARP enzyme 

to the 89-kDa fragment. As observed in the TUNEL study, TTX and zYVAD-fmk inhibited 

the cleavage of the 113-kDa PARP and significantly downregulated the level of the 89-kDa 

PARP at both 6 and 24 h postinjury (Fig. 6c).

Cell death associated with stretch injury was analyzed by trypan blue staining of stretch-

injured neurons with or without TTX and z-YVAD-fmk pretreatment and uninjured controls 

(Fig. 6d). In stretch-injured neuronal cultures, the average percentages of dead cells were 

16.7 and 22.7 % for 6 and 24 h of injury respectively whereas dead cells in uninjured culture 

were 5.3 %. As we expected, the percentages of dead cells in the TTX-pretreated injured 

cultures were 6.7 and 7.1 at 6 and 24 h postinjury, respectively. In zYVAD-fmk-pretreated 

injured cultures, the average dead cell percentages were 5.3 and 5.8 % at 6 and 24 h 

postinjury, respectively (Fig. 6d).

To validate the caspase-1-mediated cell apoptosis in vitro, we evaluated TUNEL and PARP 

western blotting from FPI animals compared to uninjured sham control animals. Analysis 

of TUNEL-positive cells showed numerous apoptotic neurons in cortical tissue at 24 h 

postinjury (Fig. 7a, b). Similarly, the 89 kDa of PARP western blot band was highly 

expressed in FPI animals compared to controls (p < 0.001) (Fig. 7c). Taken together, these 

results clearly indicate fluid percussion injury activates caspase-1, which further causes 

neuroinflammation and neurodegeneration in the form of cell apoptosis.

Discussion

The injury-induced elevation of intracellular Ca2+ and the activation of the proteolytic 

enzymes have been well established [32, 34, 35]. However, the complete downstream 

effects of injury-induced Ca2+ overload are not yet fully understood. As a secondary 

messenger, Ca2+ regulates a myriad of biochemical pathways. Here, we demonstrated that 

high Ca2+ influx due to neuronal stretch injury causes activation of caspase-1, which leads 

to neuroinflammation and cell death in cultured rat neocortical neurons. Further, using 

the fluid percussion injury (FPI) model in rats, we confirmed these secondary processes 

of neuroinflammation and cell death in vivo. To the best of our knowledge, the present 

findings are the first to describe the mechanisms of caspase-1-dependent neuroinflammation 

and neurodegeneration in the context of Ca2+ dysregulation from TBI. Figure 8 depicts a 

schematic presentation of our findings.
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Two potential pathways involved in elevating intracellular Ca2+ following stretch injury 

damage the sodium channel (NaCh) causing Ca2+ dysregulation and entry via N-methyl-

D-aspartate ionotropic receptor channels (NMDAr). Both pathways contribute to Ca2+ 

elevation after stretch injury through direct or indirect mechanisms [28, 31]. In the 

present study, we observed that neuronal stretch injury causes a rapid increase in Ca2+ 

influx. Significant attenuation of Ca2+ influx was achieved with 1 μM TTX treatment, 

confirming the involvement of sodium channels in the high influx of Ca2+ during injury 

[32]. Accordingly, TTX was used here to evaluate the role of Ca2+ overload in the activation 

of the caspase-1 pathway.

Several authors suggested that elevated intracellular or axonal Ca2+ levels play a pivotal 

role in the secondary damages to cells or axons after mechanical deformation [35-38]. 

Specifically, calcium-activated proteases including calpain and caspase-3 have been 

implicated [10, 13, 14, 34]. Here, we found that the high Ca2+ influx increased the 

expression of cleaved caspase-1 during neuronal stretch injury up to 24 h after the injury. 

The NaCh blocker TTX and caspase-1 inhibitor z-YVAD-fmk both inhibited the injury-

induced expression of caspase-1, suggesting a key role of Ca2+ elevation in the activation of 

cleaved caspase-1. Since high concentration of zYVAD-fmk inhibits the functions of other 

caspases like caspase-4, we used very optimum concentration of zYVAD-fmk (5 μg/mL), 

and this was derived from our previous study [39].

In this study, stretch injury-induced Ca2+ influx was linked to the activation of caspase-1. 

However, caspase-1 activation also depends on the involvement of other factors such as 

oxidative stress or activation of inflammasomes; also linked to the high Ca2+ influx during 

stretch injury [40-43]. The involvement of oxidative stress in the activation of caspase-1 

comes from mitochondrial perturbation with calcium overloading and opening of the 

mitochondrial permeability transition (MPT) pore during neuronal stretch injury (for review, 

see [43-46]). This is based on the release of mitochondrial cytochrome-c leading to aberrant 

changes in electron transport chain and hence the generation of free radicals [47, 48]. The 

study on the role of oxidative stress in the activation of caspase-1 during stretch injury is 

currently being pursued.

The present study shows that injury-induced elevation in Ca2+ is also accompanied by high 

levels of IL-1β due to the activation of caspase-1 in neuronal stretch injury. Caspase-1, 

otherwise called interleukin-converting enzyme (ICE), is involved in the maturation of 

proinflammatory cytokine, pro-IL-1β to IL-1β [15, 16]. Caspase-1-dependent maturation of 

IL-1β was supported from the treatment with caspase-1 inhibitor, zYVAD-fmk, where the 

level of IL-1β was reduced significantly.

Several studies have revealed the impact of proinflammatory cytokines and their significant 

roles in the pathophysiology of TBI. For instance, shortly after brain injury, there is mass 

production of IL-1β, which exacerbates damage to the brain from oxidative stress that can 

delay recovery [49, 50]. The mRNA and protein of these cytokines have been shown to 

increase markedly in the acute posttraumatic period following experimental brain trauma 

in rats [51-53]. These posttraumatic inflammatory cascades can also contribute to the blood-
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brain barrier (BBB) dysfunction and the migration of inflammatory cells from the blood to 

the brain [54].

Since apoptosis is a type of programmed cell death that is primarily dependent on the 

activity of caspases [55], they may also be involved in TBI. We and others reported the 

role of MMPs, which are activated in response to injury stimuli and induce apoptotic via 

caspases [56] [4, 57-59]. In 2012, we showed the role of caspase-1 and proinflammatory 

cytokine, IL-1β, in caspase-1-dependent cell death in human endothelial cells [39]. 

Accordingly, we concluded this study by linking the injury-induced high Ca2+ influx to 

caspase-1 activation and maturation of IL-1β leading to cell death via apoptosis, specifically 

called pyroptosis.

Here, activation of caspase-1 and release of IL-1β and eventual cell apoptosis were validated 

by TUNEL assay and induction of PARP in both the in vitro stretch injury and FPI models. 

Similar to in vitro data, the level of activated caspase-1 and IL-1β, the number of TUNEL-

positive cells and the level of 89-kDa PARP fragment were significantly higher in FPI 

samples, providing clear evidence of the role of injury-induced influx of Ca2+. Even though 

other caspases especially caspase-3 has an important role in apoptosis, we have shown the 

evidence for the role of caspase-1 in apoptosis by treating the cells with caspase-1 inhibitor 

zYVAD-fmk.

In summary, the current data provides a comprehensive description on the Ca2+-mediated 

sequelae of pathobiological events due to neuronal stretch injury and validated the results 

with FPI animal model. This study focused on the signaling pathway which leads to 

caspase-1-dependent neuroinflammation and neurodegeneration due to influx of Ca2+ during 

the brain injury. These studies significantly extend our understanding of the pathobiology 

of TBI and provide unique insight into the rationale for the use of various therapeutic 

interventions targeting TBI.
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Fig. 1. 
Biaxial stretch injury causes Ca2+ influx, modulated by tetrodotoxin: a Fluo 4AM staining 

for intracellular Ca2+ in control, injury, and injury + TTX 24 h after stretch injury (40 

% strain and 20 s−1 strain rate) of rat cortical neuronal cultures. Scale bar = 50 μm. b 
Quantitative analysis of calcium fluorescence at 1 min, 6 h, and 24 h after stretch injury. 

Values are mean ± SEM; n = 4 (20 individual neurons from each condition from each 

experiment. *p < 0.05, **p < 0.01, and ***p < 0.001 versus control (first bar); #p < 0.05, 

##p < 0.01, and ###p < 0.001 versus injury (in their respective time period)
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Fig. 2. 
Sustained elevation of intracellular Ca2+ activates caspase-1: a–c immunocytochemistry 

of cleaved caspase-1 (red) and NeuN (green) and counterstained with DAPI (blue) in rat 

cortical neuronal cultures (a) uninjured control (b) 6 h after stretch injury (40 % strain and 

20 s−1 strain rate) including injury + TTX treatment condition; cleaved caspase-1 expression 

are shown in white arrows and c 24 h after stretch injury including injury + TTX and 

injury + zYVAD-fmk treatment conditions; cleaved caspase-1 expression are shown in white 
arrows. Scale bar= 10 μm. d Quantification of cleaved caspase-1 staining analyzed using 

ImageJ software. Values are mean ± SEM (n = 4); ***p < 0.001 versus control (first bar); 

##p < 0.001 versus injury (6 h); and $$$p < 0.001 versus injury (24 h). e Western blot 

analysis of cleaved caspase-1 and β-actin 6 and 24 h after stretch injury including TTX or 

zYVAD-fmk pretreatment conditions. Densitometry measurements are mean± SEM (n = 4); 

***p < 0.001 versus control; ###p < 0.001 versus injury (in 6 h); $$$p < 0.001 versus injury 

(in 24 h)
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Fig. 3. 
Activation of caspase-1 in fluid percussion-injured animals: a schematic representation of 

FPI area and the region evaluated in the cortex of rat brain. b Immunohistochemistry of 

cleaved caspase-1 (red) and NeuN (green) and counterstained with DAPI (blue) in rat cortex 

tissue sections in uninjured control and after 24 h after FPI. Yellow arrows show cleaved 

caspase-1 expression. Scale bar 50 μm. C Quantification of cleaved caspase-1 staining 

analyzed using ImageJ software. Values are mean ± SEM (n = 6); ***p < 0.001 versus 

control. d Western blot analysis of cleaved caspase-1 and β-actin in rat cortex tissue lysates 

from uninjured control and after 24 h after FPI. Densitometry measurements are mean ± 

SEM (n = 6); ***p < 0.001 versus control
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Fig. 4. 
Activation of caspase-1 matures IL-1β and causes neuroinflammation: analysis of rat 

cortical neuronal cell culture 6 and 24 h after stretch injury with or without TTX or zYVAD-

fmk. a ELISA measurements of IL-1β in rat cortical neuronal cell culture supernatants. 

Values are mean ± SEM (n = 4; we used a total of 12 samples (three each) from four 

independent experiments), *p < 0.05 and **p < 0.01 versus control (first bar); #p < 0.05 

versus injury (6 h); and $$p < 0.01 versus injury (24 h). b Western blot analysis of IL-1β in 

cell culture supernatants after 6 and 24 h of injury treated with or without TTX or zYVAD-

fmk. The pooled and concentrated crude proteins were loaded equally for all experiment 

conditions. The graph shows the densitometry of the level of IL-1β. Values are mean ± SEM 

(n = 4; we used a total of ten samples from each independent experiment); ***p < 0.001 

versus control (first bar); ###p < 0.001 versus injury (6 h); and $$$p < 0.001 versus injury 

(24 h). c Western blot analysis of IL-1β and β-actin in the cultured rat cortical neurons 

lysates after 6 and 24 h of injury treated with or without TTX or zYVAD-fmk. The graph 
shows the densitometry measurements of ratio of IL-1β and β-actin western blotting. Values 

are mean ± SEM (n = 4; we used a total of ten samples from each independent experiment); 

**p < 0.01 and ***p < 0.001 versus control (first bar); ##p < 0.01 versus injury (6 h); and 
$$$p < 0.001 versus injury (24 h).
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Fig. 5. 
Activation of IL-1β fluid percussion-injured animals: a ELISA assay measurements of IL-1β 
in rat blood serum 24 h after FPI. Values are mean ± SEM (n = 6); **p < 0.01. b Western 

blot analysis of IL-1β and β-actin in rat cortex tissue lysates 24 h after FPI. The graph shows 

the densitometry of ratio of IL-1β and β-actin bands. Values are mean± SEM (n = 6); **p < 

0.01
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Fig. 6. 
Stretch injury activation of caspase-1 induces intrinsic apoptosis. a TUNEL staining (green) 

in cultured rat cortical neurons in control (a), stretch-injured neurons (b), injury + TTX 

(c), injury + zYVAD-fmk (d). Yellow arrows indicate TUNEL-positive cells. Nucleus was 

counterstained with DAPI (blue). b1, b2 shows enlarged view of a single cell with broken 

nucleus (DAPI) and merged with TUNEL staining. Scale bar is 100 μm in all panels except 

b1 and b2. b Percentage of TUNEL-positive cells in rat brain cortical neuronal culture. 

Values are mean ± SEM (n = 4, we used four injury wells/condition from each experiment 

and at least four fields/well were randomly selected and counted for TUNEL analysis. ***p 
< 0.001 versus control (first bar); ##p < 0.01 and ###p < 0.001 versus injury (6 h); and 

@@@p < 0.001 versus injury (24 h). c Changes in PARP protein levels in stretch-injured 

cell culture lysates. Densitometry measurements of PARP at 6 and 24 h after injury, treated 

with or without TTX or zYVAD-fmk. Bar graphs show the changes in relative intensity of 

113- and 89-kDa fragments of PARP. Values are mean ± SEM (n = 4); **p < 0.01 and ***p 
< 0.001 versus 89 kDa of control (first bar); #p < 0.05 and ##p < 0.01 versus 89 kDa of 

injury (6 h); and @@@p < 0.001 versus 89 kDa of injury (24 h). d Percentage of dead 

cells measured by trypan blue at 6 and 24 h after injury treated with or without TTX or 

zYVAD-fmk. Values are mean ± SEM (n = 4), ***p < 0.001 versus control (first bar); ###p 
< 0.001 versus injury (6 h); and @@@p < 0.001 versus injury (24 h)
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Fig. 7. 
Activation of caspase-1 induces intrinsic apoptosis in fluid percussion-injured rats: a 
TUNEL staining (green) of rat cortex tissue sections without injury (control) and 24 h after 

FPI. Arrows indicate TUNEL-positive cells. The nucleus was counterstained with DAPI 

(blue). Scale bar 100 μm. b Percentage of TUNEL-positive cells in the adjacent area of 

FPI and compared with control. Values are mean ± SEM (n = 6); ***p < 0.001. c Western 

blotting of PARP protein levels in rat brain cortex lysates in control and 24 h after FPI. Bar 
graphs show the changes in relative intensity of 113- and 89-kDa fragments of PARP. Values 

are mean ± SEM (n = 6); ***p < 0.001
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Fig. 8. 
Schematic presentation of the underlying mechanisms of caspase-1-dependent 

neuroinflammation and neurodegeneration due to influx of Ca2+ during the brain injury

Abdul-Muneer et al. Page 22

Mol Neurobiol. Author manuscript; available in PMC 2022 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Reagents
	Neuronal Culture
	Neuronal Stretch Injury
	Calibration of Strain
	Intracellular Calcium Labeling
	Fluid Percussion Injury
	Immunofluorescence and Microscopy
	Western Blotting
	Enzyme-Linked Immunosorbent Assay
	TUNEL and PARP Analyses
	In Vitro Cell Viability Assay
	Data Analysis

	Results
	Stretch Injury Causes Ca2+ Influx, Modulated by Tetrodotoxin
	Sustained Elevated Intracellular Ca2+ Causes Activation of Caspase-1 in Cultured Neurons
	Caspase 1 Activation in Fluid Percussion Injured Rats
	Injury Induced Activation of Caspase-1 Matures IL-1β and Causes Neuroinflammation
	Injury Induced Activation of Caspase-1 and Neuroinflammation Leads to Cell Apoptosis

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8

