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Objective(s): To determine whether repetitive spreading depression (SD) induces neuronal injury 
and caspase-related apoptotic changes and to compare these effects between juvenile and adult rats. 
Materials and Methods: Repetitive SD was induced in the somatosensory cortex of juvenile and 
adult Wistar rats. Neuronal injury and apoptosis were assessed by histology and TUNEL staining, 
while caspases 3, 8, 9, and 12 were evaluated by immunohistochemistry and Western blotting in 
neocortical and hippocampal tissues.
Results: Repetitive SD induced greater neuronal injury and DNA fragmentation in juvenile than 
adult rats, as indicated by increased dark neuron formation and TUNEL-positive cells. Caspase 
immunoreactivity showed age- and region-specific changes, with greater caspase-related 
immunoreactivity in the hippocampal and neocortical tissues of juvenile rats. In contrast, Western 
blot analysis showed decreased caspase-8 and caspase-9 protein levels, highlighting differences 
between tissue immunoreactivity and total protein expression. Caspase-12 immunoreactivity and 
protein levels showed no significant differences between SD and sham groups in either age group. 
Conclusion: Repetitive SD induces age-, region-, and caspase-specific patterns of neuronal injury and 
apoptosis, with the developing brain showing greater susceptibility. The differential caspase findings 
suggest complex regulation of apoptotic pathways following repetitive SD and warrant further 
mechanistic investigation.
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Spreading depression, or depolarization (SD), is a slow-
moving direct-current wave characterized by sudden, 
near-complete depolarization of neurons and glial cells, 
leading to profound disruptions in ionic gradients, energy 
metabolism, and neurotransmitter balance (1, 2). SD 
contributes to several acute and chronic brain disorders, 
including traumatic brain injury, cerebrovascular diseases, 
and epilepsy (3-5). In energy-compromised or developing 
neural tissue, SD exacerbates metabolic stress, excitotoxicity, 
and neuroinflammation, leading to neuronal injury and 
death (6-8). Although SD has traditionally been considered 
harmless in the healthy adult brain (9), accumulating 
evidence suggests that repeated SD can induce neuronal 
damage, particularly in the metabolically active or immature 
neuronal tissues (10-13).

Caspases are essential enzymes that orchestrate apoptosis 
and mediate cellular injury (14). Among them, caspase-1 
plays a pivotal role in the inflammatory cascade, with its 
activity changing transiently after SD, suggesting dynamic 
involvement in modulating neuroinflammation through 
cell–type–specific pro- and anti-inflammatory mechanisms 
(15,16). In ischemic rat brains, SD exacerbates injury by 
increasing caspase-3–positive neurons in the neocortex 
and hippocampus, an effect alleviated by the endogenous 
anti-inflammatory compound dimethyltryptamine (17). 
Similarly, in hypoglycemic retinas, SD-induced neuronal 
loss can be prevented by inhibition of SD or caspase-3 
activity (18). Caspase activation is a common feature in SD-
related disorders, including stroke, epilepsy, and traumatic 
brain injury (19). Yet, whether repetitive SD directly triggers 
caspase-mediated apoptosis remains unclear, a critical 
question given that caspase inhibition has demonstrated 
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neuroprotective potential in various brain pathologies (20). 
Moreover, Developmental differences in mitochondrial 
function, neuronal maturation, and cell-survival pathways 
may influence caspase activation and neuronal vulnerability, 
particularly under pathological conditions like traumatic 
brain injury (21, 22). Thus, juvenile and adult brains may 
exhibit distinct caspase-dependent apoptotic responses 
under pathophysiological conditions such as SD. In this 
study, we investigated the roles of caspases in mediating the 
effects of repetitive SD on neuronal injury and apoptosis 
in juvenile and adult rat brains, focusing on caspase-3 as 
the primary executioner and caspase-9 and caspase-8 as 
key signaling components of the intrinsic and extrinsic 
apoptotic pathways. Caspase-12, involved in endoplasmic 
reticulum stress–induced apoptosis (23), was also evaluated. 
Assessing their expression profiles provides insight into the 
mechanisms underlying SD-related neuronal damage.

Materials and Methods
Each rat was kept individually under controlled 

laboratory conditions, maintained on a 12-hr light/12-hr 
dark cycle with unrestricted access to water and food. All 
experimental procedures complied with institutional ethical 
standards and were approved by the Ethics Committee of 
the Shefa Neuroscience Center, Tehran, Iran. The study 
included two groups of male Wistar rats: juvenile rats (3–5 
weeks old; n=30) and adult rats (9–13 weeks old; n=30). 
Within each age group, 18 animals were designated for 
histological analyses (dark-cell quantification, TUNEL 
assay, and immunohistochemistry after perfusion), and 
the remaining 12 were allocated to Western blot analysis of 
fresh tissue.

Operative procedures
Anesthesia was induced with isoflurane (4%) for surgical 

preparation and electrode placement, and subsequently 
maintained with chloral hydrate (350 mg/kg, IP) before 
SD induction, due to its minimal interference with SD 
(24). Local analgesia was provided by application of 
lidocaine (2%) at incision sites. Animals were continuously 
monitored to assess anesthetic depth throughout the 
procedure. Postoperative analgesia was administered using 
meloxicam for up to 48 hr. Once sufficient anesthetic 
depth was achieved, animals were secured in a stereotaxic 
frame (Stoelting Instruments, USA). Two silver recording 
electrodes were placed over the somatosensory neocortex 
(~2 mm apart) and secured with dental acrylic cement, 
with the reference electrode positioned near the nose. A 
circular craniotomy (2 mm diameter) was created above 
the cortical surface, approximately 2-3 mm from the 
recording electrode, to induce SD. A small piece of cotton 
saturated with 2 M KCl solution was briefly applied to the 
dura for 2 min.  The procedure was performed regardless 
of electrophysiological changes in DC potential and 
repeated at 20-min intervals. Bioelectrical signals were 
recorded using a DC-coupled amplifier at a sampling rate 
of 1kHz, without high-pass filtering, to preserve the slow 
DC potential fluctuations associated with SD. SD was 
identified by the characteristic negative DC potential shift 
recorded from the somatosensory cortex, followed by 
recovery toward baseline. Recordings affected by animal 
movement, electrode displacement, electrical interference, 
or unstable baseline activity were excluded from analysis. 

Control animals were treated identically, except that 
Ringer’s solution replaced KCl solution. Each rat underwent 
four SD induction sessions, separated by one-week 
intervals. Electrocorticographic recordings were obtained 
continuously for up to 60 min following each event to 
monitor cortical bioelectrical activity. After each recording 
session, the injection site was sealed using pre-sterilized 
silicone and tissue adhesive, and tetracycline was applied to 
the burr holes to minimize infection risk.

Evaluation of dark cells
To ensure deep anesthesia, rats were administered 

sodium pentobarbital before transcardially perfusing with 
saline, followed by 4% paraformaldehyde (PFA). Brains 
were then removed, fixed in PFA for about seven days at 
4 °C, dehydrated through graded ethanol, and embedded 
in paraffin. Serial coronal sections (7 µm) were mounted 
on glass slides, and sections were randomly selected for 
toluidine blue staining. Quantification of dark cells in the 
hippocampus (CA1 as well as CA3 subfields), somatosensory 
neocortex (SCX), and entorhinal cortex (EC) was done 
using a light microscope (BX51WI; Olympus, Japan) 
equipped with a digital camera and a 100× objective. Dark 
cells were distinguished by their characteristic nuclear and 
nucleolar staining patterns, and at least three randomly 
chosen microscopic fields were analyzed per section.

Detection of DNA fragmentation by TUNEL assay
Apoptotic DNA fragmentation was evaluated using a 

TUNEL Assay Kit–HRP-DAB (Abcam, UK) following the 
manufacturer’s protocol with minor modifications. Tissue 
sections were first rehydrated through graded alcohol 
washes and rinsed in 1× TBS (pH 7.4). Tissue samples were 
then incubated with proteinase K for 20 min and washed 
in TBS at room temperature (RT). To inhibit endogenous 
peroxidase activity, tissues were incubated with H2O2 (0.3%) 
in methanol for 5 min, followed by a TBS wash. Next, slides 
were equilibrated in terminal deoxynucleotidyl transferase 
(TdT) buffer for 30 min at RT, incubated with the labeling 
reaction mixture (1 µl of TdT enzyme was combined with 39 
µl of TdT labeling buffer) for 90 min at RT, and rinsed again 
in TBS. The reaction was terminated by adding stop buffer 
for 5 min; the tissue sections were then washed with TBS 
and treated with blocking buffer for 10 min. A 25× conjugate 
solution was applied for 30 min at RT and then washed 
with TBS. Color development was performed using DAB 
substrate for 15 min, and slides were rinsed with distilled 
water. Finally, slides were counterstained with methyl green 
for one min. TUNEL-positive cells were quantified by 
counting labeled nuclei in representative microscopic fields, 
and findings were described as the percentage of positive 
cells per sample. 

Immunohistochemistry (IHC)
Brain sections were mounted on glass slides and 

rehydrated through graded alcohol and xylene, followed by 
a 5-minute rinse in distilled water and a 20-min wash in 
PBST (99.5% phosphate-buffered saline (PBS), 0.5% Triton 
X-100). Antigen retrieval was performed by boiling the 
sections in citrate buffer at 95 °C for 10 min. After cooling 
to RT, slides were washed in PBS and blocked for 1 hr at 
RT in PBS containing 5% normal goat serum (NGS) and 
1% bovine serum albumin (BSA). Sections were then 
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incubated overnight at 4 °C with primary antibodies against 
caspase-3 (1:100; Abcam, UK), caspase-8 (1:50; Abcam, 
UK), caspase-9 (1:50; Proteintech, Germany), or caspase-12 
(1:50; Abcam, UK) diluted in PBS with 5% NGS and 1% 
BSA. After three washes in TBST (0.9% NaCl, 0.06% Tris 
base, 0.05% Tween-20, pH 7.4), slides were incubated for 
1 hr with FITC-conjugated anti-rabbit/mouse secondary 
antibodies (1:600; Abcam, UK) prepared in PBS with 5% 
NGS and 1% BSA. Cell nuclei were stained using propidium 
iodide. The sections were then mounted in 90% glycerol. 
Fluorescence images were captured using an Olympus 
BX51WI microscope equipped with a digital camera. 
Primary antibodies were omitted and replaced with normal 
goat serum as a negative control. Caspase-positive cells 
were quantified in 4 areas of every section, including the 
hippocampal CA1 and CA3 subfields, SCX, and EC, in both 
sham and SD-treated rats. 

Western blotting 
Tissue samples were rinsed in PBS, lysed with lysis 

buffer (ProteoJET Mammalian Cell Lysis Reagent, protease 
inhibitor), and centrifuged (15 min at 4 °C). Total protein 
concentration in the supernatant was determined using 
the conventional Bradford method. After one hour of 
electrophoresis in a 12.5% polyacrylamide gel, proteins 
were electrophoretically transferred from the gel onto a 
PVDF (polyvinylidene fluoride) membrane by a semi-dry 
western blotting system. The membranes were blocked with 
2% ECL Prime Blocking Reagent, then incubated overnight 
at 4 °C with primary antibodies against β-Actin, cleaved 
caspase-3, and full-length caspase-8, -9, and -12 in blocking 
solution under continuous shaking. The membranes were 
rinsed in TBST containing 0.1% Tween 20 and incubated 
with horseradish peroxidase (HRP) secondary antibodies. 
Lastly, PVDF membranes were treated with cobalt chloride, 
imidazole, and 3,3′-diaminobenzidine substrate solution to 
detect the secondary antibody (25). Quantification of results 
was performed using GelAnalyzer 2010a software.

Statistical analysis
The data were analyzed using Prism 9 (GraphPad 

Software, USA). Differences among groups were evaluated 
using a two-way ANOVA, followed by Sidak’s post hoc 
multiple-comparisons test. Values are presented as 
mean±SEM (standard error of the mean). A P-value<0.05 
indicated statistical significance. The potential for limited 
statistical power in individual regional comparisons was 
acknowledged as a limitation and should be considered 
when interpreting the results.

Results
Induction of SD

Topical application of KCl to the SCX initiated SD, 
characterized by an initial negative direct current (DC) 
fluctuation followed by a positive deflection. In some 
recordings, a small transient positive deflection was observed 
immediately before the characteristic negative DC shift (26). 
This characteristic electrophysiological event was consistently 
observed across all recording sessions. During the first KCl 
application, SD had a mean amplitude of 8.4±0.3 mV and 
a duration of 90±3.7 sec. In the second to fourth weeks, 
SD amplitudes were 8.1±0.2, 8.4±0.4, and 8.2±0.3 mV, 
respectively, while durations were 85.5±3.1, 87.7±2.8, and 
85.0±3.2 sec. No statistically significant differences were 
observed in SD amplitude or duration among the four weeks 

(P=0.8).
Dark cell formation and TUNEL assay after SD

Quantitative analysis revealed an increase in the number 
of dark cells within the CA3 and CA1 hippocampal 
subfields, EC, and SCX of juvenile SD rats versus the sham 
group (P<0.001; Figure 1). In adult animals, no significant 
differences were detected in the CA3 and CA1 subfields; 
however, SD-treated rats exhibited significantly greater dark 
neuron counts in both the EC (P<0.05) and SCX (P<0.01) 
versus the adult sham animals. Juvenile rats exposed to 
repetitive SD exhibited a significantly higher number of 
dark neurons in the CA3 (P<0.05) and CA1 (P<0.001) 
hippocampal regions compared to adult SD rats (Figure 1).

Analysis of TUNEL-labeled cells in the CA3 and CA1 
subfields, EC, and SCX revealed a significant increase in 
TUNEL-positive cells in CA1 (P<0.05), CA3, EC, and 
SCX (P<0.001) in juvenile rats exposed to SD compared 
with controls (Figure 2). In contrast, SD induction in adult 
animals did not significantly alter TUNEL-positive cell 
counts across the examined brain regions compared with 
the sham groups.

Evaluation of caspase expression 
A significant enhancement in caspase-3 reactivity was 

detected in the CA1 (P<0.01) and CA3 (P<0.05) subfields, 
EC, and SCX (P<0.05) areas of juvenile SD animals relative 

Figure 1. Repetitive spreading depression (SD) increases dark neuron 
formation in adult and juvenile rat brains
Representative toluidine blue–stained sections of the hippocampal CA3 and CA1 
subfields, somatosensory neocortex (SCX), and entorhinal cortex (EC) from various 
groups of SD and sham-operated animals. Quantitative analyses of dark neuron 
counts across the examined brain regions in various groups are presented. Values are 
shown as mean±SEM. *, **, and *** indicate P<0.05, P<0.01, and P<0.001, respectively.
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to controls. In contrast, adult SD-treated rats showed a 
significant elevation of caspase-3 expression only in the 
EC relative to control rats (P<0.05; Figure 3). Furthermore, 
juvenile rats exposed to SD showed greater caspase-8 
immunoactivity in CA1 (P<0.05) and CA3 (P<0.01), as 
well as in EC (P<0.01) and SCX (P<0.05), than in controls. 
Moreover, caspase-8 expression in the EC was markedly 
greater in juvenile animals exposed to repetitive SD compared 
with adult SD-treated rats (P<0.01; Figure 4). Adult SD rats 
showed a non-significant trend toward increased caspase-8 
expression in the SCX compared with adult controls (P=0.06; 
Figure 4), and caspase-8 levels did not change significantly in 
other examined regions (Figure 4).

Caspase-9 expression was also significantly up-regulated 
in juvenile SD rats, with increases in CA3 and CA1 (P<0.05) 
and in EC (P<0.001) and SCX (P<0.01) relative to controls. 
Expression of caspase-9 in the EC was significantly greater 
in juvenile animals subjected to repetitive SD than in adult 
SD animals (P<0.001; Figure 5). No significant alterations 
in caspase-9 immunoreactivity were detected in sham and 
SD-treated adult animals across the tested regions (Figure 
5). In contrast, analysis of caspase-12 revealed no significant 
differences between SD and sham groups in either juvenile or 
adult rats across all examined regions (Figure 6). Juvenile SD 
rats showed a non-significant trend toward higher caspase-12 
expression in CA3 and EC than juvenile shams (P=0.09; 

Figure 6), while adult SD rats showed a similar trend in the 
EC compared with adult controls (P=0.08; Figure 6).

Western blot assessment of caspase protein levels
Greater levels of cleaved caspase-3 expression were 

observed in both the neocortex (P<0.05) and hippocampus 
(P<0.001) of juvenile SD rats versus controls (Figures 7A–B 
and 8A–B). In adults, however, caspase-3 protein levels did 
not differ between SD and sham groups. In the neocortex, 
the values of caspase-8 were significantly reduced in 
juveniles but increased in adults following SD relative to 
age-matched control rats (P<0.05; Figure 7A, C). However, 
there were no significant differences in caspase-8 protein 
values in the hippocampus across groups (Figure 8A and 
C). Furthermore, SD induced a significant reduction of both 
neocortical and hippocampal caspase-9 values in juvenile 
rats relative to control rats (P<0.01; Figures 7 and 8A, D). 
A similar trend was observed in adults, where caspase-9 
expression was likewise decreased in the hippocampus 
(P<0.001) and neocortex (P<0.01) relative to controls 
(Figures 7 and 8A, D). By contrast, caspase-12 protein 
levels remained unchanged across both age groups, with 
no significant alterations detected in the hippocampus or 
neocortex under SD versus sham conditions (Figures 7A 

Figure 2. Repetitive SD increases TUNEL-positive cells in juvenile rat brains
Representative TUNEL-stained sections of the CA3 and CA1 subfields, SCX, and EC 
show more TUNEL-positive cells in SD-treated juvenile rats compared with sham 
controls. Bar graphs depict mean±SEM of TUNEL-positive cell counts across various 
brain regions. * P<0.05 and *** P<0.001.
SD: spreading depression; SCX: somatosensory neocortex; EC: entorhinal cortex

Figure 3. Repetitive SD increases caspase-3 expression in adult and 
juvenile rat brains
Representative immunofluorescence micrographs showing caspase-3 labeling in the 
CA3 and CA1 subfields, SCX, and EC of various groups of SD and sham-operated 
animals. Quantitative analysis of caspase-3–positive cells across the examined brain 
regions. Values are shown as mean±SEM. * P<0.05 and ** P<0.01.
SD: spreading depression; SCX: somatosensory neocortex; EC: entorhinal cortex
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Figure 4. Repetitive SD enhances caspase-8 expression in juvenile rat brains
Representative immunofluorescence micrographs showing caspase-8 labeling in the CA3 and CA1 subfields, SCX, and EC from SD and sham-operated groups. Quantitative 
analysis of caspase-8–positive cells across the examined brain regions. Values are shown as mean±SEM. * P<0.05 and ** P<0.01.
SD: spreading depression; SCX: somatosensory neocortex; EC: entorhinal cortex

Figure 5. Repetitive SD increases caspase-9 expression in juvenile rat brains
Representative immunofluorescence micrographs showing caspase-9 labeling in the CA3 and CA1 subfields, SCX, and EC of various groups of SD and sham-operated rats. 
Quantitative analysis of caspase-9–positive cells across the various assessed brain regions. Bar graphs illustrate mean±SEM. * P<0.05, ** P<0.01, and *** P<0.001.
SD: spreading depression; SCX: somatosensory neocortex; EC: entorhinal cortex
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and E and 8A and E).  

Discussion
Under normoxic conditions, our findings showed that 

the juvenile rat brain is more vulnerable to SD-induced 
injury than the adult brain, with both showing distinct 
region- and caspase-specific response patterns. In juvenile 
rats, SD induced marked neuronal injury, as evidenced by 
increased dark neuron formation, elevated TUNEL-positive 
cell numbers, and differential alterations in caspase-3, 
-8, and -9 expression. In contrast, adult rats subjected to 
SD exhibited less neuronal injury, with subtle changes in 
caspase expression, primarily confined to cortical regions.  

Although an early study reported no clear evidence of 
cell injury in healthy conditions following repetitive SD 
induced within a single session and assessed a few days 
later (9), subsequent studies have demonstrated that SD can 
cause cellular injury in various areas of the nervous system, 
including the neocortex, hippocampus, and retina. Juvenile 
hippocampal slice cultures maintained under normoxic 
conditions revealed that repetitive SD events led to loss of 
field potentials, increased membrane depolarization, and 
marked neuronal damage, particularly in the hippocampal 
CA1 and CA3 subfields (11). In the chicken retina, repetitive 
SD produces progressively enlarging, irreversible macular 
lesions associated with elevated levels of cleaved caspase-3. 
Blocking SDs or inhibiting caspase activation prevents 
this damage, linking SD-driven energy failure to caspase-
dependent cell death (17). Studies in juvenile rats also 
show that repetitive SD induces significant neuronal injury, 
characterized by increased dark and apoptotic neurons, 
reduced neuronal volume, and elevated expression of NR2B 
and GluR1 receptor subunits, indicating excitotoxic damage 
(12, 13). Moreover, in healthy mouse brains, multiple SDs 
trigger widespread transcriptional changes involving both 
injury-related and adaptive responses. While SD induces 
genes linked to metabolic stress and neuronal damage, it 

Figure 6. Caspase-12 Expression following SD in adult and juvenile rat brains
Representative immunofluorescence micrographs of caspase-12–positive cells in the 
CA3 and CA1 subfields, SCX, and EC of SD and sham-operated animals. Quantitative 
analysis of caspase-12–positive cells across the various assessed brain regions. 
Although no significant differences were observed between groups, expression 
trended higher in the juvenile SD group in the CA3 region and in both juvenile and 
adult SD groups in the EC. Values are shown as mean±SEM.
SD: spreading depression; SCX: somatosensory neocortex; EC: entorhinal cortex

Figure 7. Impacts of repetitive SD on neocortical caspase-3, -8, -9, and -12 protein levels in adult and juvenile rat brains
(A) Representative Western blot images for each caspase are presented in various experimental groups. Band intensities of neocortical caspase-3 (B), caspase-8 (C), caspase-9 (D), 
and caspase-12 (E) were quantified and expressed relative to β-actin. Values are shown as mean±SEM. * P<0.05 and ** P<0.01. 
SD: spreading depression
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also activates pathways for synaptic plasticity, inflammation 
control, and neuroprotection (27). 

The mechanisms underlying SD-induced neuronal injury 
involve a complex interplay between (i) mitochondrial 
dysfunction, (ii) neuroinflammatory signaling, and (iii) 
caspase-dependent apoptosis. Metabolic stress, ionic 
imbalance, and inflammation together increase cellular 
susceptibility to apoptosis, often mediated through caspase 
activation and calcium-dependent pathways (28). SD 
can initiate cellular stress responses, including calcium 
overload, mitochondrial impairment, and oxidative 
stress, each of which serves as a trigger for apoptosis 
(29,30). Mitochondrial alterations are central to this 
cascade. SD disrupts mitochondrial structure under 
normoxic conditions, causing dendritic mitochondria 
to fragment and swell, disorganizing the filamentous 
network, and producing dendritic beading in neurons 
(31, 32). Mitochondrial dysfunction results in the release 
of pro-apoptotic factors like cytochrome c, which in turn 
activates caspase-9 and enhances caspase-3–mediated 
apoptotic signaling (33, 34). This mechanism is especially 
relevant in neurons, where mitochondrial dysfunction 
increases susceptibility to apoptosis by promoting 
caspase-3 activation. Moreover, mitochondria may release 
intramitochondrial procaspase-3 during apoptosis, further 
enhancing executioner caspase protein levels (33-36). 
Concurrently, SD provokes neuroinflammatory responses. 
The expression of pro-inflammatory and apoptotic genes, 
including tumor necrosis factor, toll-like receptors, C-C 
motif chemokine ligand 2, cyclooxygenase-2, interleukins-6 
and -1, and B-cell lymphoma 2, is significantly increased 
in response to SD (8, 37, 38). SD activates neuronal Panx1 
channels, which in turn stimulate the inflammasome, 
leading to caspase-1 activation and the ensuing release of 
interleukin-1β and high mobility group box 1 protein, thus 
initiating neuroinflammation (39). Caspase-1 activation can 
indirectly promote apoptosis by inducing mitochondrial 
dysfunction, generating reactive oxygen species, triggering 

cytokine-mediated signaling, and depleting energy, thereby 
leading to secondary apoptotic cell death, particularly under 
metabolic stress (40). Our IHC results showed that SD 
markedly increased caspase-8, -9, and -3 immunoreactivity 
in the juvenile rat brain, indicating activation and cross-talk 
between the extrinsic and intrinsic apoptotic pathways, with 
caspase-3 confirming apoptotic execution (41). Caspase-9 
protein levels were reduced in both juvenile and adult 
brains after SD; however, because cleaved caspase-9 was 
not directly assessed, these findings cannot be interpreted 
as evidence of caspase-9 activation and may reflect altered 
regulation of the intrinsic apoptotic pathway.

Although caspases-3, -8, and -9 showed significant 
alterations, caspase-12 expression was not significantly 
affected by SD in either IHC or Western blot analyses. 
However, IHC revealed modest trends toward increased 
expression in the CA3 and EC regions. This pattern suggests 
that SD-related apoptosis may involve pathways other than 
the caspase-12-associated endoplasmic reticulum (ER) 
stress pathway (42). Consistent with this possibility, OGD/
R-induced neuronal injury has been shown to activate 
caspases-3, -8, and -9 without significant caspase-12 
cleavage, despite evidence of ER stress (43). This study 
suggests that ER stress may activate caspase-8/-9-mediated 
apoptosis through a BiP–CHOP pathway independently of 
caspase-12, suggesting a potential caspase-12-independent 
mechanism in SD that warrants further investigation. During 
the juvenile stage, the brain undergoes rapid structural and 
functional maturation, marked by intense neuronal growth, 
peak synaptogenesis, glial activation, and blood–brain 
barrier remodeling, making it inherently more vulnerable 
to injury due to increased sensitivity to mitochondrial 
dysfunction and neuroinflammation (44, 45). Previous 
studies indicate that the immature brain is more susceptible 
to oxidative stress and mitochondrial dysfunction because 
of underdeveloped antioxidant defenses, less efficient 
mitochondrial function, and higher metabolic demand 
(46, 47). A key distinction between immature and mature 

Figure 8. Impacts of repetitive SD on hippocampal caspase-3, -8, -9, and -12 protein levels in adult and juvenile rat brains
(A) Representative Western blots for each caspase are shown, illustrating the protein expression patterns in the sham and SD groups. Band intensities for hippocampal caspase-3 
(B), caspase-8 (C), caspase-9 (D), and caspase-12 (E) were quantified and adjusted to β-actin. Values are shown as mean±SEM. ** P<0.01 and *** P<0.001.
SD: spreading depression
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brain tissue is that adult neurons can tolerate longer periods 
of membrane depolarization and elevated intracellular 
calcium than immature neurons (48, 49). Neurons that 
remain depolarized for an extended period following SD are 
susceptible to calcium-dependent damage (50, 51). In the 
immature brain, where neurovascular coupling and energy 
reserves are limited, these factors are particularly harmful 
to vulnerable tissues, potentially enhancing neuronal stress 
and increasing susceptibility to cell injury and apoptosis 
(50, 51, 52). Increased caspase-3 activity is a hallmark of the 
immature brain, contributing to its heightened vulnerability 
to injury (53). Caspase-3 activation in response to neuronal 
injury is significantly higher in juvenile rats than in 
adults, indicating a greater reliance of immature neurons 
on caspase-mediated apoptosis (54). The high levels of 
caspase-3 observed in the immature brain suggest enhanced 
apoptotic activity relative to the adult brain (55, 56).

Targeting caspase protein levels has been suggested as a 
potential therapeutic strategy for SD-related neurological 
disorders, including epilepsy (19, 57), cerebrovascular 
diseases (58, 59), and traumatic brain injury (60-62). Recent 
strategies to inhibit SD have increasingly focused on targeting 
glutamate sub-receptors and other ion channels, aiming to 
minimize the sustained neuronal damage that can persist 
well beyond the initiating insult (63). Our findings revealed 
that SD triggers activation of both initiator and executioner 
caspases, leading to neuronal damage in hippocampal and 
cortical regions, particularly in the immature brain. This 
provides mechanistic insight and suggests the potential 
for targeting caspase signaling in SD-related neurological 
disorders.

Alterations in caspase signaling have been implicated 
in neurological disorders associated with SD, including 
epilepsy (19, 57, 58), cerebrovascular diseases (59, 60), and 
traumatic brain injury (61-63). However, the therapeutic 
relevance of caspase modulation in SD remains to be 
established. Recent approaches to limiting SD-related 
injury have increasingly focused on glutamate receptors 
and ion channels to reduce sustained neuronal stress and 
damage that may persist beyond the initiating insult (64). 
In the present study, SD was associated with altered protein 
expression of caspases-3, -8, and -9 across hippocampal 
and neocortical regions, with more pronounced changes 
observed in the immature brain. Further studies using 
pathway-specific inhibitors and direct assessment of cleaved 
caspases will be required to determine whether modulation 
of these pathways can reduce SD-related neuronal injury.

A limitation of our study is that it included only male rats. 
This was intentional because ovarian hormones, particularly 
estrogen and progesterone, can modulate SD characteristics 
(65) and neuronal apoptotic signaling, including caspase-3 
expression and activation, potentially introducing hormonal 
variability (66). However, this limits the generalizability of 
our findings to females and warrants future investigation 
of sex- and hormone-dependent differences. Another 
limitation is our use of focal KCl application as an established, 
reproducible model of SD, which may not fully recapitulate 
the complex pathophysiological conditions of SD in 
neurological disorders. Moreover, the absence of functional 
or behavioral outcomes limits conclusions regarding 
neurological consequences. Finally, caspase alterations were 
correlative and do not establish a causal role for specific 
caspases in SD-induced neuronal injury. Future studies 
using selective caspase inhibition, genetic manipulation, 

or pathway-specific interventions are needed to determine 
the causal contribution and therapeutic potential of caspase 
signaling, particularly during brain development. 

Conclusion
Our findings suggest that SD-induced neuronal injury 

under normoxic conditions is age-dependent, with the 
immature brain exhibiting greater vulnerability than the 
adult brain. The observed changes in caspase-3, -8, and -9 
expression indicate the involvement of apoptotic signaling 
pathways in SD-related neuronal injury. These results point 
to the importance of age-dependent susceptibility to SD-
induced neuronal injury and highlight the need for further 
studies to elucidate the underlying mechanisms and identify 
potential therapeutic strategies.
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