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Abstract

Caspase-1 is an enzyme implicated in neuroinflammation, a critical component of many diseases 

that affect neuronal degeneration. However, it is unknown whether a caspase-1 inhibitor can 

modify apoptotic neuronal damage incurred during transient global cerebral ischemia (GCI) and 

whether intranasal administration of a caspase-1 inhibitor is an effective treatment following GCI. 

The present study was conducted to examine the potential efficiency of post-ischemic intranasal 

administration of the caspase-1 inhibitor Boc-D-CMK in a 4-vessel occlusion model of GCI in the 

rat. Herein, we show that intranasal Boc-D-CMK readily penetrated the central nervous system, 

subsequently inhibiting caspase-1 activity, decreasing mitochondrial dysfunction, and attenuating 

caspase-3 dependent apoptotic pathway in ischemia-vulnerable hippocampal CA1 region. Further 

investigation regarding the mechanisms underlying Boc-D-CMK’s neuroprotective effects, 

revealed marked inhibition of reactive gliosis, as well as reduction of the neuroinflammatory 

response via inhibition of the downstream pro-inflammatory cytokines production. Intranasal Boc-

D-CMK post-treatment also significantly enhanced the numbers of NeuN-positive cells while 

simultaneously decreasing the numbers of TUNEL-positive and PARP1-positive cells in 

hippocampal CA1. Correspondingly, behavioral tests showed that deteriorations in spatial learning 

and memory performance, and long-term recognition memory following GCI were significantly 

improved in the Boc-D-CMK post-treated animals. In summary, the current study demonstrates 

that the caspase-1 inhibitor Boc-D-CMK coordinates anti-inflammatory and anti-apoptotic actions 

to attenuate neuronal death in the hippocampal CA1 region following GCI. Furthermore, our data 

suggest that pharmacological inhibition of caspase-1 is a promising neuroprotective strategy to 

target ischemic neuronal injury and functional deficits following transient GCI.
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Introduction

Approximately 326,000 ambulatory and 209,000 hospitalized patients experience cardiac 

arrest annually in the United States [1]. Unfortunately, despite regular updates of 

cardiopulmonary resuscitation guidelines, treatment outcomes of cardiac arrest remain poor, 

with less than 9% of cardiac arrest patients reported as surviving with good neurological 

function [1]. Cardiac arrest and resuscitation induces transient global cerebral ischemia 

(GCI) followed by ischemic reperfusion (I/R) injury [2,3], and brain injury is the 

predominant cause of high morbidity and mortality. The brain is particularly susceptible to 

GCI from cardiac arrest, as the abrupt cessation of blood flow drastically reduces the oxygen 

and glucose supply to the brain tissue, causing severe ischemic neuronal injury, especially in 

the vulnerable hippocampal CA1 region [4,5]. This type of neuronal death in hippocampal 

CA1 starts 2–3 days after reperfusion and mature at 7 days after the insult, which is well 

known as apoptotic neuronal cell death [6–8]. Along these lines, survival of cardiac arrest is 

often complicated by persistent cognitive impairment, such as memory and sensorimotor 

deficits, which subsequently leads to poor quality of life and heavy economic burden [9]. In 

spite of our increased awareness of ischemic brain injury following GCI, the underlying 

mechanisms remain unclear, and the clinical therapeutic strategies for effective treatments 

remain ineffective. Therefore, it is important to further study transient GCI in order to better 

understand the mechanisms of hippocampal CA1 neuronal damage, as it will yield vital 

information that may direct the development of better treatment strategies.

Neuro-inflammation plays a pivotal role in many diseases that affect the central nervous 

system, including transient GCI, and the pro-inflammatory cytokines interleukin 1β (IL-1β) 

and interleukin 18 (IL-18), are thought to have particular importance [10–12]. Caspase-1, 

also known as IL-1β-converting enzyme, converts IL-1β and IL-18 from their inactive 

precursors into active molecules via proteolytic cleavage. Consequently, caspase-1 has 

become synonymous with inflammation because it is thought to act as a key mediator of 

inflammatory processes [13–15]. However, in addition to facilitating neuroinflammation, 

caspase-1 plays an additional role as an apoptotic protease. In fact, a large body of literature 

reports that caspase-1 is directly involved in non-infectious cell death processes [16–20]. 

Along these lines, genetic knockout or pharmacological inhibition of caspase-1 in mice 

reduces ischemia-induced brain injury in models of stroke, and improves post-ischemic 

neurologic outcomes [21–23]. Research has also shown that caspase-1 inhibitors are 

neuroprotective against neuronal death in rat organotypic hippocampal CA1 slices and that 

this effect is not a result of the inhibition of IL-1β production [24]. Unfortunately, no studies 

have yet verified the potent beneficial effects of a caspase-1 inhibitor on ischemic cerebral 

injury sustained from transient GCI in vivo. Thus, for the present study, we hypothesized 

that inhibition of caspase-1 with the caspase-1 inhibitor Boc-D-CMK may afford 

neuroprotection against brain injury in a rat model of GCI.
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It is currently unknown whether a caspase-1 inhibitor can modulate the inflammatory 

response, apoptotic neuronal damage, and functional improvements that following GCI. To 

address this knowledge gap, the goals of the present study were: (1) to assess whether the 

caspase-1 inhibitor Boc-D-CMK attenuates neuroinflammation in the hippocampus 

following transient GCI, (2) to evaluate whether the caspase-1 inhibitor Boc-D-CMK affects 

caspase-3 dependent apoptotic pathway in the hippocampal CA1 in a rat model of transient 

GCI, and (3) to determine whether the caspase-1 inhibitor Boc-D-CMK ameliorates 

functional neurological impairment induced by GCI in rats. An additional aim of the current 

study was proof of concept that intranasal administration of the caspase-1 inhibitor Boc-D-

CMK is safe and effective in adult rats subjected to a 4-vessel occlusion model of GCI.

Materials and Methods

Animals and Global Cerebral Ischemia (GCI)

Male Sprague Dawley rats (250–280 g, Charles River Laboratories) were randomly divided 

into three groups: (a) Sham control group, (b) GCI group with vehicle infusion, (3) GCI 

group with Boc-D-CMK treatment. All animals except the sham group were subjected to the 

4-vessel occlusion model of GCI, as previously described by our laboratory [25]. Briefly, 

animals were anesthetized using pentobarbital sodium (Diamondback Drugs, 40 mg/kg, 

Intraperitoneal injection), and the vertebral arteries were permanently occluded at the level 

of the alar foramina using electrocautery. Next, both common carotid arteries (CCAs) were 

isolated, and a silastic ligature was placed loosely around each artery without interrupting 

the blood flow. The incisions were then closed by wound clips. After a 24-h recovery period, 

bilateral CCAs were exposed under light anesthesia, and GCI was induced by occluding the 

CCAs for 15 min with aneurysm clips. At the end of the ischemic period, the clips were 

removed, and blood flow through the arteries was confirmed before the wound was closed. 

Rectal temperature was maintained at 36.5 to 37.5°C throughout the experiment via a 

thermal blanket and an infrared lamp. The animals in the sham group underwent identical 

procedures except that the CCAs were simply exposed but not occluded. All procedures 

were approved by the University Institutional Animal Care and Use Committee and were in 

compliance with National Institutes of Health guidelines.

Intranasal Drug Administration

Boc-D-CMK (AnaSpec, Inc., Fremont, CA) was administered via intranasal drops. Rats 

were anesthetized and placed in a supine position, which held their noses at an upright, 90°-

angle [26,27]. Then, Boc-D-CMK (5 µg/µl), was administered in nose drops (2.5 µL/drop) 

by a pipette over a period of 20 min, alternating drops every 4 to 5 minutes between the left 

and right nares, for a total volume delivered of 20 µl. An identical volume of vehicle (5% 

DMSO in saline) was given by intranasal administration in the I/R control group. Intranasal 

administration of Boc-D-CMK or vehicle was performed at 2 and 24 h after initiating 

reperfusion following GCI. The optimal and effective doses of this caspase-1 inhibitor were 

confirmed in a preliminary study in our laboratory. All animals were maintained in a supine 

position for 60 min after intranasal administration. Biotin-labeled caspase-1 inhibitor or 

vehicle buffer was delivered intranasally to a subset of rats in order to determine 

hippocampal drug localization, and the rats were sacrificed 12 h after drug administration. A 
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Streptavidin Alexa Fluor 488 conjugated antibody (Thermo Fisher Scientific Inc.) was then 

used for confocal microscopy to visualize the caspase-1 inhibitor within the brain.

Histology Analyses

Histological examination was performed as previously described [28]. All animals were 

deeply anesthetized and subjected to transcardial perfusion with 0.9% saline, followed by 

cold 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). Brains were removed 

and post-fixed, and cryoprotected with 30% sucrose at 4 °C until they sank. Coronal sections 

(25 µm) were cut on a Leica RM2155 microtome and collected throughout the entire dorsal 

hippocampus. For histological assessment, brain sections were stained with 0.01% (w/v) 

Cresyl Violet for 10 min, followed by graded ethanol dehydration. The stained sections were 

examined, and images were captured using an AxioVision4Ac microscope system (Carl 

Zeiss, Germany). For confocal staining, the sections were washed for 20 min in 0.1% PBS-

Triton-X100. After incubation with a blocking solution containing 10% donkey serum for 1 

h at room temperature, sections were incubated with mouse anti-NeuN monoclonal antibody 

(1:500, EMD Millipore, Billerica, MA) overnight at 4°C. The sections were then washed 3 

times, followed by incubation with Alexa Fluor 568 donkey anti-mouse antibody (1:500, 

Thermo Fisher Scientific) for 1 h. Thereafter, sections were washed and the sections were 

mounted using Vectashield mounting medium with 4’, 6-diamidino-2-phenylindole (DAPI) 

(H-1200; Vector Laboratories, Inc., CA, USA), and a coverslip was added. Three to five 

sections from each animal (200 µm apart, approximately 1.5–3.3 mm posterior to Bregma) 

were selected for confocal microscopy and imaged using a Zeiss LSM510 Meta confocal 

laser microscope (Carl Zeiss) using 40× objective lens with the image size set at 1024 × 

1024 pixels. The captured images were then processed and analyzed by the LSM 510 META 

software. TUNEL staining was performed on free-floating coronal sections using the Click-

iT® Plus TUNEL assay kit (Thermo Fisher Scientific), according to the manufacturer’s 

instructions. For a negative control, some slides were incubated with the label solution 

without terminal transferase for TUNEL. The number of TUNEL--positive cells and NeuN-

positive cells per 250 µm length of medial CA1 pyramidal cell layer was counted bilaterally. 

Cell counts from the right and left hippocampus on each of the sections were averaged to 

provide the mean value as described previously [25,28].

Immunofluorescence Staining

The coronal sections (25 µm) were incubated with 10% normal donkey serum for 1 h at 

room temperature in PBS containing 0.1% Triton X-100, followed by incubation with 

appropriate primary antibodies overnight at 4°C in the same buffer. The following primary 

antibodies were used in different combinations: anti-NeuN (1:500, Millipore, MA), Iba1, 

GFAP and PARP1 (1:200, Proteintech, IL), Caspase-1 and Cle-caspase-1 (1:50, Santa Cruz 

Biotechnology), Cle-caspase-3 and Cle-caspase-9 (1:50, Cell Signaling Technology). After 

primary antibody incubation, the sections were washed 4 times for 10 min at room 

temperature, followed by incubation with the appropriate combination of Alexa Fluor 

donkey anti-mouse/rabbit/goat secondary antibody (1:500, Thermo Fisher Scientific) for 1 h 

at room temperature. For negative control staining, the primary antibody was omitted during 

immunostaining. The sections were then washed, mounted and coverslipped in Vectashield 

mounting medium (H-1200, Vector Laboratories). Three to five sections from each animal 
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(200 µm apart) were selected for confocal microscopy. The captured images were processed 

and analyzed using LSM510 Meta imaging software.

Tissue preparation and Western Blotting Analysis

For brain tissue preparation, rats were sacrificed under deep anesthesia at the time points 

stated in the experiments, and whole brains were quickly removed. The hippocampal CA1 

regions were then rapidly microdissected from both sides of the hippocampal fissure and 

immediately frozen. The samples were homogenized as previously described by our 

laboratory [29]. Briefly, tissues were homogenized in ice cold homogenization medium 

consisting of 50 mM HEPES (pH 7.4), 150 mM NaCl, 12 mM β-glycerophosphate, 3 mM 

dithiotheitol (DTT), 2 mM sodium orthovanadate (Na3VO4), 1 mM EGTA, 1 mM NaF, 1 

mM phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100 and inhibitors of proteases 

and enzymes (Thermo Scientific, Rockford, IL) with a Teflon-glass homogenizer. The 

homogenates were centrifuged at 12,000 ×g for 30 min at 4°C, and the supernatants (total 

protein fractions) were collected and stored at −80°C until use. As necessary, the subcellular 

cytosolic fractions and mitochondrial fractions were prepared as described in our previous 

work PMID: 25462588. Briefly, tissues were homogenized in a buffer containing 10 mM 

HEPES (pH 7.9), 0.6% NP-40, 12 mM β-glycerophosphate with inhibitors of proteases and 

enzymes. The homogenates were centrifuged at 800 × g for 10 min, and the resulting 

supernatants were further centrifuged at 17,000 × g for 20 min at 4°C to yield cytosolic 

fractions in the supernatants and mitochondrial fractions in the pellets. Protein 

concentrations were determined via Modified Lowry Protein Assay (Pierce, Rockford, IL), 

and the samples were aliquoted and stored at −80 °C until use. For Western blotting analysis, 

50 µg of proteins were separated on 4–20% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred to PVDF membrane. The membranes were blocked and 

incubated with primary antibody at 4 °C overnight and probed by incubation with HRP-

conjugated secondary antibodies for 1 h at room temperature. The following primary 

antibodies were used in this study: COX4, Caspase-1 and Cle-caspase-1 (1:200, Santa Cruz 

Biotechnology), Iba1, Cytochrome c, GFAP and GADPH (1:1000, Proteintech, IL). Bound 

proteins were visualized using a CCD digital imaging system (HM3050A, Zhanglab). Band 

densities were normalized to the loading control of GAPDH or COX4 signals, and analyzed 

with the ImageJ analysis software (Version 1.49; NIH, USA). A Mean±SE was calculated 

from the data for all animal groups for graphical presentation and statistical comparison.

Caspase Activity Measurement

Activity levels for caspase-9 and caspase-3 were measured in the total protein samples from 

CA1 region using luorometric substrates, as previously described as described by our 

laboratory [30]. The substrates for caspase-3 and caspase-9 were Ac-DEVD-AMC and Ac-

LEHD-AMC (AnaSpec, Fremont, CA), respectively. The fluorescence of free AMC was 

determined with an excitation wavelength of 360 nm and an emission wavelength of 460 nm 

with a Microplate reader (BioTek Instruments). Chromogenic caspase-1 substrate (Ac-

YVAD-pNA, AnaSpec) was used to measure caspase-1 activity using the total protein 

samples from CA1 region, according to the vendor’s instructions. Caspase-1 activity was 

determined colorimetrically by measuring the cleavage of pNA peptide at 408 nm 

absorbance using a spectrophotometer (Bio-Rad Benchmark Plus, Microplate 
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Spectrophotometer). Values were expressed as percentage changes versus sham group for 

graphical depiction.

Mitochondrial Cytochrome C Oxidase Activity

Cytochrome c oxidase activity was assessed using mitochondrial fractions with an activity 

assay kit (ab109911; Abcam Inc) according to the manufacturer’s instructions. The ability of 

cytochrome c oxidase to oxidize fully reduced ferro-cytochrome c to ferri-cytochrome c was 

measured colorimetrically. The absorbance of oxidized cytochrome c was measured at 550 

nm absorbance in a 96-well plate using a spectrophotometer (Bio-Rad Benchmark Plus). 

The data presented were calculated as percentage changes versus control group.

Mitotracker Red Staining and Confocal Microscopy

MitoTracker® Red CMXRos (M-7512, Life Technologies, NY, USA), a red fluorescent dye, 

was used to measure depolarization of MMP, as described recently [30]. In brief, 5 min after 

intraperitoneal injection of MitoTracker® Red (50 ng/ml in 100 µl of saline), the animals 2 

days after GCI were deeply anesthetized with isoflurane and transcardially perfused with 0.1 

M PBS, followed by 4% paraformaldehyde. Brains were removed, post-fixed and 

cryoprotected with 30% sucrose at 4 °C. Frozen coronal sections (25 µm) were prepared, 

mounted and coverslipped in Vectashield mounting medium with DAPI (H-1200; Vector 

Laboratories). Three to five sections of each animal (200 µm apart) were selected and 

images were acquired on an LSM510 META confocal laser microscope (Carl Zeiss). The 

fluorescence signals of MitoTracker Red were quantitatively evaluated using ImageJ 

software, and the intensities were normalized as percentage changes compared with sham 

control group. Data are presented as Mean ± SE from four to five independent animals per 

group.

Pro-inflammatory Cytokine Assays

Indirect Enzyme-Linked Immunosorbent Assay (ELISA) assay was used to test the levels of 

pro-inflammatory cytokines in the total protein samples from hippocampal CA1 3 days after 

GCI [31]. In brief, 30 µg protein samples from each animal were diluted to 50 µL with 

bicarbonate/carbonate coating buffer (Sigma-Aldrich). The samples were loaded in PVC 

ELISA microplates (Corning) and incubated overnight at 4°C. After washing, the plate wells 

were blocked for 2 h at room temperature using 1% BSA blocking buffer. Then, specific 

antibodies against IL-1β, IL-18, TNF-α and IL-6 were added and incubated for 2 h at 37°C. 

Plate wells were then washed and incubated with HRP-conjugated secondary antibodies for 

1 hour at room temperature. Finally, the wells were washed three times and developed by 

incubation with TMB (3,3’,5,5’-tetramethylbenzidine, Thermo fisher) for 30 min at room 

temperature. The reaction was stopped by the addition of sulfuric acid, and optical density 

was read at 450 nm on a spectrophotometer (Bio-Rad). Data were calculated and expressed 

as percent change compared with sham control group.

Barnes Maze

The Barnes maze test, which has been widely used to assess hippocampal-dependent spatial 

learning and memory [32,33], was performed as previously described by our laboratory [30]. 
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The Plexiglas apparatus used is a 122 cm-diameter circular platform on a 1.0 m stand with 

18 evenly spaced 10 cm-diameter holes around the circumference with a black escape box 

(20×15×12 cm) placed underneath one of the holes. Several static visual cues were placed 

on the black walls surrounding the platform to optimize cognitive performance. Testing was 

performed in a darkened room with bright flood incandescent light (500W, 1000 lux) shining 

down on the maze surface. Rats were also exposed to noxious auditory stimulus with the use 

of digital metronome software and two computer speakers facing the platform. Training 

trials were performed on day 8, 9 and 10 after GCI, during which the rat was placed in the 

center of the maze, and the rat was allowed 180 s to locate the escape box. If the rat did not 

find and enter the escape box within the time limit, it was guided to the box and allowed 30 s 

inside before being returned to its home cage. Each rat was tested once per day. The time to 

enter into the target hole was recorded using an overhead camera controlled by ANY-maze 

video tracking software (Stoelting Co., Wood Dale, IL). The probe trial was performed on 

day 11 after GCI. The escape box was removed and the time spent in the target quadrant was 

recorded during a 90-second period. The platform and escape box were cleaned with 70% 

ethanol and dried with a blower fan between each test. The escape latency and the time spent 

in target quadrant were analyzed using ANY-maze software.

Novel Object Recognition Task

Based on the spontaneous tendency of rodents to spend more time exploring a novel object 

than a familiar one [34], the Novel Object Recognition (NOR) task is commonly used to 

evaluate recognition memory in animal models of central nervous system (CNS) disorders 

[35,36]. The NOR apparatus and procedures have been described before in a rat model [37]. 

NOR task test was conducted in a open-field arena (40×50×50cm) with two identical objects 

fixed to the floor (Fig. 10). One day before test, all animals were given a habituation session, 

in which they were left to freely explore the empty box for 5 min. On day 12 after GCI 

(sampling day), the animal were exposed to the familiar arena with two identical objects 

placed at an equal distance. After 5 min, the rat was removed from the object recognition 

box and returned to its home cage. The next day (choice day), the animal was allowed to 

explore the open field in the presence of one familiar object and a novel object. The time 

spent exploring each object was recorded using ANY-maze video tracking software as 

mentioned above. Exploration of the object was defined as the animal’s nose being in the 

zone at a distance of < 2 cm. The Recognition Index (RI), or the percent of time spent 

exploring the novel object relative to the total time spent exploring both objects, was 

calculated and used as the main index of retention in NOR [38,39].

Statistical Analysis

All data are presented as mean±SE. Statistical analysis was performed using one–way, two-

way analysis of variance (ANOVA), or Student’s t-test with SigmaStat 3.0 software (SPSS, 

Inc., Chicago, IL), as dictated by experimental design. All the analyses were followed by 

Student-Newman-Keuls post hoc tests (for all pairwise comparisons) or Dunnett’s post-hoc 

tests (for multiple comparisons versus a control), as appropriate. Statistical significance was 

accepted at the 95% confidence level.
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Results

Characterization of caspase-1 protein expression in hippocampal CA1 region of adult male 
SD rats following GCI

While both pharmacological inhibition and genetic knockout of caspase-1 has been shown to 

be neuroprotective in the middle cerebral artery occlusion (MCAO) model of cerebral 

ischemia in mice [21,22], little is known about hippocampal caspase-1 expression following 

GCI in rats. First, we determined the basal expression of caspase-1 protein in the 

hippocampal CA1 region of sham-operated rats, which did not undergo ischemia. As shown 

in Fig. 1A and B, Immunofluorescence staining for caspase-1 (Casp-1, green), MAP2 (red) 

and GFAP (red) revealed high levels of immunoreactive caspase-1 staining in the 

hippocampal CA1 pyramidal meurons. Intriguingly, caspase-1 immunostaining was found to 

colocalize both with the neuronal marker MAP2 and the astrocyte marker GFAP, suggesting 

that caspase-1 is expressed in both neurons and astrocytes in the rat brain at baseline. We 

next performed immunofluorescence staining for the same markers in adult rats subjected to 

GCI. Compared to the basal distribution of caspase-1 immunostaining in the hippocampal 

CA1 region seen in sham-operated animals, confocal analysis demonstrated statistically 

significant overexpression of caspase-1 protein in astrocytes both 3 days (a time point 

neurons start to die) and 14 days (a time point neuronal death is mature) following GCI (Fig. 

1C).

Neural distribution of biotin-labeled caspase-1 inhibitor after intranasal administration

To demonstrate that an intranasally administered caspase-1 inhibitor could bypass the blood-

brain-barrier and reach the hippocampus, a subset of rats were sacrificed at 12 h after 

intranasal delivery of a biotin-labeled caspase-1 inhibitor. As seen in Fig. 2A (a–c), the 

Biotin-labeled caspase-1 inhibitor successfully penetrated the rat brain after intranasal 

administration, with a significant portion reaching the ischemia-vulnerable hippocampal 

CA1 region. Furthermore, confocal microscopy showed that the intranasally delivered 

caspase-1 inhibitor mainly localized to the cellular cytoplasm of neurons in the hippocampal 

CA1 and the cortex. In contrast, control group received vehicle buffer intranasally showed 

negligible fluorescent signal (green). This serves as poof of concept that a caspase-1 

inhibitor can penetrate the central nervous system via the nasal cavity, effectively 

circumventing the blood-brain barrier through intranasal delivery.

Intranasal Boc-D-CMK post-treatment inhibits GCI-induced caspase-1 overexpression, 
cleavage, and activity in hippocampal CA1 region

To determine whether intranasal Boc-D-CMK post-treatment can exert neuroprotective 

effects on a GCI rat model, we initially measured the time course of caspase-1 activity in the 

hippocampal CA1 region after transient GCI using a caspase-1 chromogenic substrate assay. 

Compared to sham-operated animals, caspase-1 activity was increased at all time points 

observed after ischemia, reaching a peak level at 3 days post GCI and remaining at a high 

level by 5 days post GCI (Fig. 2B). Confocal microscopy revealed that the cleaved-caspase-1 

(active form) was markedly increased and co-localized to astrocytes 3 days post GCI (Fig. 

2C) compared with sham controls. By contract, the expression and localization of cleaved-

caspase-1 were drastically decreased in Boc-D-CMK treated animals. Importantly, intranasal 
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Boc-D-CMK post-treatment significantly decreased the activity of caspase-1 in hippocampal 

CA1 region 3 days following GCI, in comparison with the I/R control group (Fig. 2D). 

Western blotting demonstrated that the expression of caspase-1 and cleaved-caspase-1 were 

both significantly increased in the hippocampal CA1 region 3 days after GCI, and the 

increased expression levels were effectively suppressed by intranasal Boc-D-CMK treatment 

(Fig. 2E).

Intranasal Boc-D-CMK post-treatment improves GCI-induced mitochondrial dysfunction in 
hippocampal CA1 region

Mitochondria serve as a latent major intracellular source of reactive oxygen species (ROS) 

in neurons, and their dysfunction subsequently contributes to the increase in oxidative stress 

observed following ischemia [40,41]. We have confirmed in our previous work that day 2 

after GCI is a good reperfusion time point to detect mitochondrial membrane potential 

(MMP) [30]. In the present study, we examined whether the caspase-1 inhibitor Boc-D-

CMK has the ability to prevent mitochondrial dysfunction in the vulnerable hippocampal 

CA1 region following I/R. As shown in Fig. 3A, MMP in CA1 hippocampal neurons was 

examined under confocal microscopy using the fluorescence changes of MitoTracker Red 

fluorescent dye. In healthy pyramidal neurons of the CA1 cell layer of sham animals, 

mitochondria labeled with Mitotracker Red exhibited strong fluorescence. The intensities of 

MitoTracker Red fluorescence signals were quantitatively evaluated and normalized as 

percentage changes compared to the sham group. As shown in Fig. 3B, the normalized 

Mitotracker Red fluorescence, in the cytoplasm of hippocampal CA1 pyramidal neurons, 

was significantly decreased 2 days after GCI, suggesting a GCI-induced mitochondrial 

depolarization and potential collapse of the MMP. Intriguingly, intranasal Boc-D-CMK post-

treatment reversed the GCI-induced change in Mitotracker Red fluorescence intensity, 

compared with I/R group, indicating a preservation of MMP and the presence of healthy 

mitochondria. Further analysis of mitochondrial cytochrome c oxidase activity demonstrated 

that GCI resulted in a significant inhibition of mitochondrial cytochrome c oxidase activity 

in hippocampal CA1 region 2 days post I/R, indicating dysfunction of mitochondrial 

electron transfer chain following GCI. Interestingly, intranasal Boc-D-CMK post-treatment 

significantly increased cytochrome c oxidase activity, relative to I/R group (Fig. 3C). 

Western blotting and data analyses further indicated that Boc-D-CMK attenuated GCI-

induced release of mitochondrial cytochrome c, as evidenced by decreased cytosolic level of 

cytochrome c and increased mitochondrial level of cytochrome c 2 days after GCI (Fig. 3D). 

Taken together, these data suggest that intranasal Boc-D-CMK post-treatment has the ability 

to preserve MMP and rescue GCI-induced mitochondrial dysfunction in CA1 region 

following I/R.

Intranasal Boc-D-CMK post-treatment suppresses caspase-9 and caspase-3 activation in 
hippocampal CA1 region

The cleavage and subsequent activation of caspase-9 and caspase-3 plays a pivotal role in the 

execution phase of cell apoptosis [13]. Along these lines, one major consequence of 

mitochondrial dysfunction and subsequent release of cytochrome c is the activation of 

caspase-9 and the activation of caspase-3. Thus, we aimed to determine whether the 

potential neuroprotective property of Boc-D-CMK further involved the inhibition of 
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caspase-9 activation, inhibition of caspase-3 activation, and subsequent inhibition of 

apoptotic cell death. As shown in Fig. 4A and 4B, 3-day I/R evoked significant increases in 

the activities of caspase-9 and caspse-3. Importantly, the increased activities were 

dramatically prevented in Boc-D-CMK-treated animals. In addition, the expressions and 

localizations of cleaved-caspase-3 and cleaved-caspase-9 were examined by double 

immunofluorescence staining with NeuN on the brain sections 3 days after I/R. 

Representative confocal microscopy imaging and analysis certified that, there were 

significant increases in cleaved-caspase-3 and cleaved-caspase-9 immunostainings compared 

to sham, which co-localized with NeuN-positive cells, in the I/R group (Fig. 4C and 4D). 

Meaningfully, Boc-D-CMK post-treatment markedly attenuated the neuronal localizations of 

cleaved-caspase-9 and cleaved-caspase-3 compared to I/R control group.

Intranasal Boc-D-CMK post-treatment inhibits the intrinsic apoptotic pathway in 
hippocampal CA1 region following GCI

We next analyzed the effects of caspase-1 inhibition on GCI-induced apoptotic cell death of 

hippocampal CA1 neurons following GCI. Coronal brain sections from sham animal and 

animals after 3-day ischemic reperfusion were subjected to TUNEL staining and poly-ADP 

polymerase 1 (PARP1) staining. As shown in Fig. 5A, immunofluorescence staining 

indicated that, 3-day ischemic reperfusion induced remarkable TUNEL and PARP1 staining 

in the hippocampal CA1 cell layer, compared with sham and Boc-D-CMK treated groups. 

Quantitative analysis showed that the number of TUNEL-positive and PARP1-positive cells 

in the CA1 pyramidal cell layer was significantly attenuated in the Boc-D-CMK post-treated 

animals compared with the I/R animals, indicating that Boc-D-CMK has the ability to 

inhibit the intrinsic apoptotic neuronal death following GCI.

Intranasal Boc-D-CMK post-treatment attenuates GCI-induced microglial activation and 
astrocytosis following GCI in hippocampal CA1 region

To investigate whether caspase-1 pathway was involved in reactive gliosis following 

ischemic reperfusion, we first examined the glial activation at the early time point (day 3) 

following ischemic reperfusion. Western blotting and quantification analyses of Iba1 and 

GFAP in total protein samples from hippocampal CA1 region showed that the Iba1 and 

GFAP levels were significantly increased compared with sham control groups 3 days after 

GCI, suggesting GCI-induced reactive gliosis (Fig. 6A). Interestingly, Boc-D-CMK treated 

animals exhibited robust decreases in the levels of Iba1 and GFAP versus I/R control group. 

In order to analyze microglial and astrocyte activation occurring at the late time point after 

GCI, the brain sections 14 days after GCI were selected for Iba1 and GFAP staining. As 

shown in Fig. 6B and 6C, immunofluorescence staining and relative intensity analyses 

indicated that the microglial activation and astrocytosis were dramatically enhanced 14 days 

post GCI in rat hippocampal CA1 region, compared to the sham group. As excepted, GCI-

induced reactive gliosis was significantly reduced in the Boc-D-CMK treatment group, 

compared to the I/R group 14 days post GCI.
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Intranasal Boc-D-CMK post-treatment inhibits GCI-induced production of pro-inflammatory 
cytokines in hippocampal CA1 region

As a potent inducer of inflammation, IL-1β is synthesized as an inactive precursor, pro-

IL-1β, which requires two activating steps to induce its cleavage and facilitate its maximal 

activity. Cleavage of pro-IL-1β is typically performed by the cysteine protease caspase-1 to 

produce a 17-kDa mature IL-1β [42]. In addition to pro–IL-1β maturation, caspase-1 is also 

involved in the maturation of inflammatory cytokines IL-18, IL-6, and TNF-α [43]. In the 

present study, IL-1β, IL-18, IL-6 and TNF-α were measured with highly sensitive ELISAs 

using hippocampal CA1 protein homogenates from each group 3 days after GCI. As 

indicated in Fig. 7A–7D, the levels of IL-1β, IL-18, IL-6 and TNF-α were all increased 

significantly in the ischemic control group compared to sham animals. However, intranasal 

Boc-D-CMK post-treatment markedly reduced the secretion of all inflammatory cytokines 

tested. These data suggest that the caspase-1 inhibitor Boc-D-CMK attenuated 

neuroinflammation in the CA1 hippocampal region following GCI by preventing maturation 

of inflammatory cytokines.

Intranasal Boc-D-CMK post-treatment prevents GCI-induced delayed neuronal cell death in 
hippocampal CA1 region

We next evaluated whether Boc-D-CMK post-treatment is able to protect against GCI-

induced delayed neuronal cell death in the hippocampal CA1 region. Histological evaluation 

via Cresyl Violet staining and NeuN staining confirmed that transient GCI induced profound 

local neuronal loss in the ischemia-vulnerable hippocampal CA1 region in the I/R animals, 

compared to sham groups (Fig. 8A–8C, second Panel). Cresyl Violet-stained sections from 

animals of the I/R group showed unequivocal signs of cell death 14 days after GCI, as the 

pyramidal cells had condensed, pyknotic, and shrunken nuclei. In contrast, histology and 

quantitative analysis showed that intranasal Boc-D-CMK post-treatment significantly 

increased the number of surviving neurons in the hippocampal CA1 region 14 days 

following GCI (Fig. 8A–8C, third Panel), compared to the non-treated I/R group. These 

results demonstrate the strong neuroprotective effects of intranasal Boc-D-CMK post-

treatment against the selective delayed neuronal cell death in the hippocampal CA1 region 

following transient GCI.

Boc-D-CMK post-treatment attenuates GCI-induced spatial learning and memory deficits

The Barnes maze test is widely used to assess hippocampal-dependent spatial learning and 

memory [44,45]. The hippocampus, CA1 region in particular, plays an important role in the 

processing of spatial locations [46]. We have found in the recent study that rats with 

ischemic hippocampal injury have impaired performance of spatial learning and long-term 

memory in the Barnes maze task [30]. Thus, to determine whether the neuroprotective 

effects of Boc-D-CMK correlate with functional improvement, the animals in each group 

were subjected to Barnes maze as described in Methods. Training trials of all animals were 

performed on days 8, 9 and 10 after GCI, and a probe trial were performed on day 11 after 

GCI. As shown in Fig. 9A and 9B, the I/R control animals took more time to locate the 

black escape box during training trials on day 10 after GCI, compared to sham-operated 

animals. Interestingly, Boc-D-CMK treated animals showed significantly decreased escape 
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latencies to find the escape box on the final day of training trials. In the probe test on day 11 

after GCI, the I/R control animals spent significantly less time in the target quadrant (where 

the escape box had been) than the Boc-D-CMK-treated animals and the sham animals (Fig. 

9C and 9D). These data suggest that the caspase-1 ihibitor Boc-D-CMK has the ability to 

significantly attenuate long-term learning and memory impairment following GCI.

Boc-D-CMK post-treatment enhances recognition memory in Novel Object Recognition 
test

While the hippocampus is well-known to be important for spatial memory, its integrity is 

also necessary for non-spatial tasks, such as object recognition memory [47]. Along these 

lines, we investigated whether intranasal Boc-D-CMK post-treatment would improve 

recognition deficits induced by I/R after transient GCI. The NOR task was performed as 

described in Methods to test the long-term recognition memory of the animals in each group. 

Fig. 10A demonstrates the representative tracks from the sampling session on day 12 after 

GCI and the choice session at day 13 after GCI. As seen in Fig. 10A and 10B, there was no 

significant difference in the recognition index among all groups in the sampling session on 

day 12 after I/R. Intriguingly, the recognition index in the Choice session on day 13 was 

significantly decreased in the I/R control group, and the decrease was effectively reversed in 

the Boc-D-CMK-treated animals after I/R (Fig. 10B and 10C). The results demonstrated the 

effectiveness of caspase-1 inhibition in improving long-term recognition memory following 

GCI.

Discussion

Thus far, no effective treatment for post-cardiac arrest cerebral I/R injury exists. In addition 

to the sheer complexity of mechanisms underlying the response to cerebral I/R, another 

intractable obstacle is the presence of the blood brain barrier (BBB), which limits 

pharmacological CNS penetration and subsequently restricts the application of many 

therapeutic agents that could target neuroinflammation and neurodegeneration. Invasive 

methods of administration used to bypass the BBB, such as itrathecal injections or 

intracerbroventricular (i.c.v.) injections, are not practical for routine clinical use. In contrast, 

the nasal mucosa affords an easily accessible, non-invasive method of rapidly delivering 

CNS-targeted therapeutics, which conveniently allows for circumvention of the first-pass 

metabolism as well. Growing evidence suggests that intranasal administration of drug 

therapy is effective in animal models of Alzheimer’s disease and stroke [48–50]. Caspase-1 

is known to be a vital mediator of inflammatory processes that is also directly involved in 

non-infectious cell death processes [16,13,14,19]. In the current study, we demonstrate via 

confocal microscopy that intranasal administration of a Biotin-labeled caspase-1 inhibitor in 
vivo leads to distribution of the drug throughout the cerebral cortex and the hippocampal 

CA1 region, which is particularly vulnerable to cerebral I/R injury. Thus, intriguingly, the 

present study supports the possibility of utilizing an intranasal caspase-1 inhibitor as an 

effective treatment for post-cardiac arrest cerebral I/R injury.

We firstly characterized the cell type of expression of caspase-1 in the non-ischemic 

hippocampal CA1 region and its temporal pattern following the ischemic states. Our studies 
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revealed that, under basal condition (sham-operated animals), caspase-1 is mainly expressed 

in CA1 pyramidal neurons, with less co-localization/expression observed in astroglial cells. 

In contrast, at 3 days and 14 days after ischemic reperfusion, the situation is reversed, with 

caspase-1 expression predominantly observed in reactive astrocytes. We also found that 

caspase-1 activity was significantly elevated 2 days following GCI reperfusion, and reached 

its peak level at 3 days after reperfusion. This differs from the previous report that neuronal 

caspase-1 is activated rapidly within 30 min following a mouse model of MCAO [51]. 

Research in the same model has also shown that a caspase-1 inhibitor is neuroprotective 

after MCAO in rats when injected i.c.v. up to 3 hour following reperfusion [22]. However, 

due to the significant differences between the MCAO and GCI models, a separate time 

course was required for this study in order to determine the appropriate timing of drug 

administration and the measurement of caspase-1 activity in the setting of GCI. In this study, 

intranasally administered Boc-D-CMK inhibited both caspase-1 activity and overexpression 

in the hippocampual CA1 region. As previous studies have demonstrated, caspase-1 is 

directly involved in non-infectious cell death processes, such as those induced by hypoxia 

and ischemia [22,16]. Our current study, in the GCI model, extended previous reports 

regarding the role of caspase-1 in cerebral ischemia.

The precise molecular mechanisms underlying brain I/R injury remain unclear. However, as 

the current study suggests, neuro-inflammation and disruption of mitochondrial function 

appear to be the primary culprits of I/R injury after GCI. First, neuro-inflammation is 

triggered by I/R, leading to disruption of the BBB and delayed neuronal death in areas 

particularly vulnerable to ischemia, such as the hippocampal CA1 region. 

Neuroinflammation is heralded by the release of cytotoxic agents, including ROS, cytokines, 

nitric oxide, and matrix metalloproteinases [52]. Subsequently, cells affected by these insults 

release more toxic mediators, thereby activating more immune cells, which release more 

toxic, inflammatory substances. This vicious neuroinflammatory cascade results in 

prolonged inflammation that exacerbates the original injury induced by I/R after GCI [53]. 

Mitochondrial dysfunction is also triggered following I/R. Mitochondria typically consume 

85% of the cell’s oxygen during its generation of ATP, producing 90% of the cell’s energy 

via oxidative phosphorylation. Arrest of the blood supply prevents delivery of oxygen and 

glucose to the highly metabolic brain and disrupts the mitochondria’s ATP production and 

oxidative phosphorylation. The subsequent reduction in cellular ATP limits the pumping 

ability of ion channels in the neuronal membrane, which ultimately induces mitochondrial 

damage. In brief, the mitochondria regulate membrane potential, ATP levels, calcium load, 

and apoptotic pathways, all of which play a central role in the development of I/R injury. 

Furthermore, PARP1, a genomic stability enzyme, responds to ischemia-induced DNA 

damage, leading to detrimental cytosolic NAD+ consumption, glycolytic inhibition, ATP 

depletion, mitochondrial permeability, and cell death [54,55]. The opening of the membrane 

permeability transition pore ultimately leads to mitochondrial dysfunction, oxidative stress, 

and caspase 3 dependent apoptotic cell death [56,57].

Considering that the caspase-1 inhibitor Boc-D-CMK has no direct inhibitory effect on 

caspase-3 in vitro [58], we aimed to determine whether and how the caspase-1 inhibitor 

might inhibit caspase-9 and caspase-3 apoptotic pathway in vivo. We found that Boc-D-

CMK preserved the mitochondrial membrane potential following GCI, as examined by the 

Zhao et al. Page 13

Mol Neurobiol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MitoTracker Red staining. Boc-D-CMK treatment also significantly rescued I/R-induced 

decrease of cytochrome c oxidase activity in the hippocampal CA1 region. Importantly, 

inhibition of caspase-1 was able to effectively reduce the release of cytochrome c from 

mitochondria to the cytosol. All these observations support the ability of caspase-1 

inhibition in attenuating mitochondrial dysfunction and maintaining healthy mitochondrial 

function in hippocampal CA1 neurons. In addition, Boc-D-CMK markedly prevented the 

neuronal activation of caspase-9 and caspase-3 proteases induced by GCI reperfusion, 

downstream of cytochrome c release. Consistent with the inhibitory effects on caspase 

activation, there was a gross reduction in the number of apoptotic cells and PARP1-positive 

cells, as shown by TUNEL and PARP1 staining, respectively, in CA1 region following GCI. 

Reactive gliosis induced by ischemia insult could lead to oxidative stress and 

neuroinflammation and result in local microenvironment changes, to feedback stimulate 

neuronal damage. It is well recognized that oxidative stress and inflammation are closely 

linked to mitochondrial dysfunction in neuronal degenerative condition [59–61]. 

Concomitantly, Boc-D-CMK treated animals show reduced reactive gliosis and the pro-

inflammatory cytokines production, such as IL-1β , IL-18, IL-6 and TNF-α 3 days after 

GCI. Intriguingly, these cytokines are the downstream inflammatory cytokines of caspase-1 

in rats subjected to GCI, and are known to be contributing factors of autophagic death [62–

64]. Taken together, intranasal Boc-D-CMK administration has the ability to attenuate 

neuronal apoptosis following GCI by preserving MMP, rescuing GCI-induced decreases of 

cytochrome c oxidase activity, and then inhibiting the caspase 3 dependent intrinsic 

apoptotic pathways. Importantly, caspase-1 is not only implied as a key mediator of 

inflammatory processes but also as a key executioner of apoptosis.

Delayed cell loss of CA1 hippocampal neurons is known to occur after transient GCI 

[65,66]. In the present study, a 4-vessel occlusion rat model of GCI was adopted, wherein 

the delayed neuronal death is severe in the CA1 subfield, and the CA3/DG cell layers are 

relatively resistant to GCI. This well characterized GCI model mimics the brain damage 

patterns observed in patients who experience cardiac arrest. We demonstrated that intranasal 

post-treatment with the caspase-1 inhibitor Boc-D-CMK protected vulnerable CA1 neurons 

in GCI, as confirmed by both Cresyl Violet staining and NeuN staining. Furthermore, using 

the Barnes maze test, our studies revealed that intranasal Boc-D-CMK post-treatment 

significantly attenuated functional impairments in spatial learning and memory following 

GCI. Deficits in cognitive functioning are a well-known comorbidity in those who survive 

cardiac arrest, whose episodic long-term memory appears to be particularly impaired [67]. 

In contrast, however, research concerning recognition memory impairment induced by 

transient GCI is scarce. Therefore, we also evaluated non-spatial recognition memory 

through the NOR task, which showed that intranasal Boc-D-CMK post-treatment 

significantly ameliorated the recognition memory loss observed after GCI. Thus, our data 

suggest that hippocampal integrity is necessary for recognition memory, as previously 

reported [47]. Altogether, these research findings clearly support that Boc-D-CMK induces 

neuroprotection and prevents neurocognitive impairment in the setting of transient GCI.

In conclusion, the results of the current study demonstrate that intranasal post-treatment with 

the caspase-1 inhibitor Boc-D-CMK attenuates hippocampal neuronal loss and improves 

neurocognitive outcomes, with respect to both spatial and non-spatial learning/memory, after 
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GCI in rats. These are associated with preservation of mitochondrial function, prevention of 

the harmful neuroinflammation, and prevention of the activation of the final apoptotic 

executioner, caspase-3. Therefore, the protective effects may potentially occur through dual 

inhibition of both caspase-dependent apoptosis and pro-inflammatory cytokines triggered 

neuronal apoptosis following GCI. Altogether, our findings indicate that intranasal Boc-D-

CMK post-treatment could serve as a promising clinical therapeutic strategy to address 

neurological insults incurred as a result of cardiac arrest and resuscitation. However, since 

the precise mechanism underlying the functional role of caspase-1 inhibitors in cerebral 

ischemia remains unclear, further study is warranted prior to progressing to the clinical 

arena.
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Fig. 1. Caspase-1 protein expression pattern in sham-operated rats and rats at 3 and 14 days 
after GCI in the hippocampal CA1 region
A, B Immunofluorescence staining for caspase-1, MAP2, GFAP and merged images of the 

hippocampal CA1 region in sham-operated rats. Boxed areas are pyramidal cell layer (1) and 

stratum radiatum (2) of medial CA1 region and shown in the right panel. C Confocal 

analysis for caspase-1, GFAP, DAPI and merged images of medial CA1 region 3 days (I/R 

3d) and 14 days (I/R 14d) after GCI. Negative control staining for caspase-1 (Casp-1) and 

GFAP of the I/R 3 d CA1 region are shown in (g) and (h), respectively. Note that there was 

significant overexpression of caspase-1 protein in astrocytes both 3 days and 14 days 

following GCI. Representative confocal images are shown from 4–5 rats per group 

(magnification x40, scale bar 50 µm).
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Fig. 2. Effect of Boc-D-CMK on caspase-1 activity, cleavage, and overexpression 3 days following 
GCI in the rat hippocampal CA1 region
A Representative confocal images showing neural distribution of biotin-labeled caspase-1 

inhibitor 12 h after intranasal administration (Magnification x5, Scale bar 500 mm). Boxed 

areas in (III) are enlarged and shown in the up panel (I) and (II). Vehicle control received 

vehicle buffer is shown in (IV). B Caspase-1 activity from sham and I/R group at each time 

point was detected by a chromogenic substrate assay using hippocampal CA1 homogenates 

at the indicated time points post GCI. C Confocal microscopy of cleaved caspase-1 (Cle-

Casp-1, green) and GFAP (red) staining taken from medial hippocampal CA1 region at day 

3 after GCI. Representative images are shown from 4–5 rats per group (Magnification x40, 

Scale bar 50 µm). D, E Caspase-1 activity assay and Western blotting analyses of total 

caspase-1 and Cleaved caspase-1 expression 3 days after GCI in the hippocampal CA1 

region. Data are presented as mean± SE, n= 5–6 per group. *P < 0.05 vs. sham, #P <0.05 vs. 

I/R group. BOC: Boc-D-CMK; I/R: ischemic reperfusion.
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Fig. 3. Effect of Boc-D-CMK on depolarization of mitochondrial membrane potential (MMP), 
cytochrome c oxidase activity and cytochrome c release 2 days after GCI
A, B Representative confocal images and analysis for MitoTracker Red and DAPI in the 

hippocampal CA1 region 2 days after GCI (Magnification x40, Scale bar 50 µm). The 

fluorescence intensity of MitoTracker Red was measured and normalized as percentage 

changes versus sham group. MMP became hyperpolarized in I/R group at day 2, which was 

significantly recovered in the Boc-D-CMK-treated group. C Mitochaondrial cytochrome c 

oxidase activity was assessed on day 2 after GCI. D Western blotting and data analyses of 

cytochrome c levels using mitochondrial (Mit) and cytosolic (Cyt) protein samples. COX4 or 
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GADPH was used as loading controls. Data are expressed as mean ± SE, n= 4–5 per group. 

*P < 0.05 vs. sham, #P < 0.05 vs. I/R group.
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Fig. 4. Effect of Boc-D-CMK on the activation of caspase-9 and caspase-3 induced by I/R in 
hippocampal CA1 region
A, B The activities of caspase-9 and caspase-3 were measured by a fluorometric substrate 

assay using hippocampal CA1 homogenates 3 days after GCI. Data are presented as mean

±SE, n= 5–6 per group. *P < 0.05 vs. sham, #P < 0.05 vs. I/R. C, D Representative confocal 

images showing the staining of cleaved caspase-9 and cleaved caspase-3 expression and 

their co-colocalizations with NeuN 3 days after I/R in medial CA1 region. Representative 

images represent 5–6 animals in each group. (Maginification x40, scale Bar 50 µm).
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Fig. 5. Effect of Boc-D-CMK on neuronal apoptosis and PARP1 activation induced by I/R in 
hippocampal CA1 region
A Representative confocal microscopy images of TUNEL staining and PARP1 staining in 

the hippocampal CA1 region 3 days after GCI. B, C Cell-counting analyses of TUNEL-

positive cells and PARP1-positive cells per 250 µm of medial CA1 region. Data are shown as 

mean±SE, n = 5–6 per group. *P < 0.05 vs. sham, #P <0.05 vs. I/R. (Magnification x40, 

scale Bar 50 µm).
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Fig. 6. Effect of Boc-D-CMK on GCI-induced reactive gliosis at the early and late stages after I/R
A Protein samples from hippocampal CA1 region 3 days post GCI were subjected to 

Western blotting analyses with antibodies specific for Iba1 and GFAP. Data are mean ± SE, 

n=4–5 per group. B,C Typical confocal microscopy images showing Iba-1 staining (Green), 

GFAP staining (Red) and DAPI staining (Blue) 14 days after I/R (Magnification x40, scale 

Bar 50 µm). The immunoactivity associated with Iba1 and GFAP were quantified and shown 

as percentage changes versus sham group. Data are presented as mean ± SE, n= 5–6 per 

group. *P <0.05 vs. sham, #P <0.05 vs. I/R.
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Fig. 7. Effect of Boc-D-CMK on pro-inflammatory cytokines production induced by I/R in 
hippocampal CA1 region
A–D ELISA assays of pro-inflammatory cytokines IL-1β, IL-18, TNF-α and IL-6 were 

performed using hippocampal CA1 homogenates 3 days after I/R. Data are expressed as 

means ± SE from 5–6 animals in each group and quantified as percentage changes versus 

sham controls. *P <0.05 vs. sham, #P <0.05 vs. I/R.
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Fig. 8. Effect of Boc-D-CMK on delayed neuronal cell death induced by I/R in hippocampal CA1 
region
A, B Representative images of Cresyl Violet staining and NeuN staining in the brain 

sections 14 days post I/R. NeuN-positive CA1 pyramidal cells showing intact and round 

nuclei as in sham animals were counted as surviving neurons. C Quantitative summary of 

data (mean±SE, n = 7–8 animals per group) showing the number of surviving neurons per 

250 µm length of medial CA1 region. (Magnification: ×5 and *20 for Creyl violet, ×40 for 

NeuN, scale bar 50 µm.) *P <0.05 vs. sham, #P <0.05 vs. I/R.
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Fig. 9. Boc-D-CMK significantly attenuated learning and memory deficits induced by GCI
A, B The Barnes maze task was performed to test the spatial learning ability on day 8, 9 and 

10 after I/R. Representative escaping traces of the indicated animals on day10 after GCI are 

shown in A. The escape latency to find the black hidden box was analyzed and shown in B. 
C, D Probe tests were performed on day 11 after GCI by removing the escape box and 

analyzing the total time spent exploring the target quadrant. The representative tracks in the 

quadrant zone are shown. Data are presented as mean±SE, n=7–8 per group. *P < 0.05 vs. 

sham, #P < 0.05 vs. I/R.
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Fig. 10. Boc-D-CMK enhanced recognition memory in Novel Object Recognition test after GCI
A Novel Object Recognition tests after GCI were performed to monitor the long-term 

recognition memory. Representative traces in the sampling session to explore the familiar 

object on day 12 after GCI, and the choice session to explore the novel object on day 13 

after GCI are shown. B, C Recognition index (RI) was calculated and statistically compared 

among all groups. Data are presented as mean±SE, n=7–8 per group. *P < 0.05 vs. sham, #P 
<0.05 vs. I/R.
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