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Abstract  

 Methamphetamine (METH) is a highly addictive psychostimulant that exerts profound effects on the central nervous 

system, including psychosis, cognitive impairment, and memory disturbances. Chronic METH use disrupts 

neurotransmitter homeostasis and neuronal circuitry, contributing to long-term neurotoxicity. Astrocytes, as key 

regulators of synaptic transmission and brain homeostasis, are likely involved in METH-induced neuropathology. This 

study investigated astrocytic responses in specific brain regions, namely the striatum, nucleus accumbens, and 

hippocampus, using a rodent METH exposure paradigm that mimics human patterns of abuse. Immunohistochemical 

analysis of glial fibrillary acidic protein (GFAP) was performed in sham control, acute binge, escalating dose, and 

escalating dose-binge METH groups. Results showed increased GFAP immunoreactivity consistent with reactive 

astrogliosis, particularly in the escalating dose-binge group, suggesting heightened susceptibility in the striatum and 

hippocampus. Notably, region-specific astrocytic responses were observed: increased numbers of GFAP-positive cells 

without corresponding GFAP area expansion in the nucleus accumbens core, nucleus accumbens shell, and hippocampal 

CA2 subregion, suggesting a relatively mild astrocyte reactivity with limited cytoskeletal remodeling. In contrast, 

increased GFAP area without a corresponding increase in the number of GFAP-positive cells in the dorsolateral subregion 

of the striatum suggested features consistent with astrocytic hypertrophy or process elongation. These findings underscore 

the complementary roles of GFAP-positive cell counts and GFAP area in assessing astrogliosis. The observed profiles 

resemble those found in neurodegenerative and psychiatric disorders, raising the possibility of shared pathological 

mechanisms. Although functional outcomes were not directly assessed, these structural changes provide insight into 

METH-related brain alterations and highlight astrocytes as potential targets for therapeutic intervention. 
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Introduction 

 Methamphetamine (METH) is a highly addictive 

psychostimulant substance that potently affects the 

central nervous system. In addition to addiction, chronic 

METH abuse has many negative consequences,  

 

including psychotic symptoms and cognitive deficits. 

Accumulated data indicate that the striatum and 

hippocampus are key brain regions involved in drug 

addiction. The ventral striatum plays a critical role in 



Trends Sci. 2026; 23(11): 13366   2 of 18 

drug-seeking behaviour [1] and psychotic symptoms 

[2], whereas the dorsal striatum plays an important role 

in the development of compulsive behaviour and 

addiction [3]. The nucleus accumbens (NAc), in the 

ventral striatum, is known as a key node of reward 

circuitry and is involved in the distributed network of 

brain regions implicated in addiction [4]. Connections 

between the NAc and hippocampus were found to be 

associated with addiction-related behavior [5] and 

memory impairments after repeated exposure to 

amphetamine [6].  

 METH has been reported to disrupt 

neurotransmission with dopamine [7-10], serotonin [9-

11] and glutamate [12]. It also has neurotoxic effects, 

notably the neuronal degeneration apparent in the 

striatum [13] and hippocampus [14]. As well as the 

extensive damage to neurotransmitter-producing 

neurons, there is growing evidence that neuroglial 

activity plays an essential role in the pathophysiology of 

drug-induced brain dysfunction [15,16]. Astrocytes are 

the most abundant neuroglia in the brain and play an 

important role in CNS homeostasis by regulating 

neurotransmitter release, buffering extracellular ions, 

and modulating neuronal activity. Astrocyte activation 

occurs with hypertrophy of cellular processes and 

upregulation of glial fibrillary acidic protein (GFAP), 

the principal intermediate filament protein in mature 

astrocytes in the CNS. This astrogliosis is involved in 

brain damage [17] and in the pathogenesis of 

neurodegenerative diseases [18,19]. Astrocyte 

dysfunction has also been implicated in several 

neurotoxic processes [20,21] as well as those associated 

with abused drugs [22,23]. Acute METH administration 

causes alteration in gene expression in primary cortical 

astrocytes [24]. Similarly, sub-acute METH 

administration alters the pattern of gene expression at 

the RNA level in primary striatal astrocytes [25]. 

Additionally, chronic METH treatment can cause 

cytotoxicity in differentiated C6 astroglia-like cells [26]. 

More recently, changes in astrocytic morphology in 

hippocampal tissue and elevated inflammatory marker 

proteins in the primary culture of hippocampal 

astrocytes were found after acute METH binge 

administration [27].  

 However, the neurotoxic effects of METH have 

been identified mainly from acute and/or high-dose 

regimens in laboratory animals. These drug 

administration paradigms do not closely mimic human 

patterns of stimulant abuse. A regimen including a 

gradual escalation of doses prior to multiple high-dose 

METH binge exposure exhibits dopaminergic-related 

effects and behavioral changes resembling those that 

occur as a consequence of METH abuse in humans [28]. 

Therefore, the present study aimed to determine the 

expression of astrocytes in rat brain regions associated 

with drug addiction circuity including the dorsal 

striatum, nucleus accumbens, cornu ammonis (CA) and 

dentate gyrus of the hippocampus, after METH 

exposure using this paradigm. 

 

Materials and methods 

 Animals 

 This study was approved by the Animal Research 

Committee of Naresuan University (54 02 003). All 

animal procedures were conducted in accordance with 

the National Institutes of Health (USA) Guidelines for 

the treatment of laboratory animals. Also, this study was 

conducted in compliance with the ARRIVE guidelines. 

Twenty-one eight-week-old male Sprague-Dawley rats 

(mean weight ± SEM, 240.70 ± 3.06 g; National Animal 

Center, Salaya, Nakorn Pathom, Thailand) were housed 

individually in each cage under a 12-h light/dark cycle 

at 24 ± 1 °C with free access to water and food. 

 

 Drugs and experimental design 

 D-methamphetamine hydrochloride (Lipomed 

AG, Arlesheim, Switzerland), with permission from the 

Ministry of Public Health, was used for the experiment. 

Rats were divided into four groups as follows: sham 

control (n = 7), acute-METH binge (AB) (n = 6), 

escalating dose-METH (ED) (n = 4) and ED-METH 

binge (ED-Binge) (n = 4). The dosing regimens were 

adapted from Segal et al. [28]. All injections were 

administered intraperitoneally (i.p.) in a volume of 2 

mL/kg. Rats in the sham control group (Sham) received 

saline injections three times per day at 3-h intervals for 

14 consecutive days, followed by four saline injections 

at 2-h intervals on day 15. Rats in the AB group received 

saline injections for 14 days, identical to the sham 

protocol, and on day 15 were administered an acute 

binge regimen consisting of four successive METH 

injections (6 mg/kg per injection) at 2-h intervals. Rats 

in the ED group received three daily injections of METH 

at 3-h intervals for 14 days. The initial dose was 0.1 
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mg/kg per injection and was increased by 0.1 mg/kg 

with each injection. On day 15, rats received four 

successive saline injections at 2-h intervals instead of 

METH. Rats in the ED-Binge group underwent the same 

escalating-dose METH regimen as the ED group for 14 

days, followed on day 15 by an acute binge regimen 

consisting of four successive METH injections (6 mg/kg 

per injection) at 2-h intervals. Saline-injected animals 

served as the sham control to account for handling and 

injection-related effects. Drug administration regimens 

are shown in Figure 1(O). Twenty-four h after the final 

injection, all rats were euthanized by cervical 

dislocation for further investigation. 

 

 Astrocyte immunohistochemistry 

 Rat brains were collected 24 h after the last 

injection and preserved in 10% buffered formalin before 

being embedded in paraffin. The dorsal striatum 

(caudate and putamen), ventral striatum (nucleus 

accumbens), and hippocampus (CA regions and dentate 

gyrus) were sectioned at 5 μm according to the rat brain 

atlas at bregma 2.20 and −3.30 mm. Astrocytes were 

identified by immunoreactivity for GFAP, which served 

as the primary marker for assessing astrocytic activation 

in this study. The sections were deparaffinized, and 

antigens were retrieved by heating at high temperature 

in PBS. Sections were treated with endogenous 

peroxidase blocking solution containing PBS with 0.6% 

hydrogen peroxide, 0.1% Triton-X 100, 10% methanol 

for 1 h. Following washing with PBS, blocking reagent 

containing 5% normal serum in PBS was applied to the 

sections at room temperature for 2 h. Anti-GFAP 

primary antibody (MAB360; Sigma, USA) at a dilution 

of 1:1000 in a blocking solution was then applied to the 

sections for 1 h at room temperature. After washing with 

PBS, the sections were incubated with biotinylated 

secondary antibodies for 45 min. The sections were 

washed with PBS, and avidin biotinylated horseradish 

peroxidase complexes (Vectastain ABC kit, Vector 

Laboratories, CA) at a dilution of 1:100 in PBS were 

added to the sections for 30 min. Subsequently, the 

antigens were visualized using chromogen 3, 3-

diaminobenzidine. Negative controls were performed by 

processing sections in parallel without the primary 

antibody to confirm the specificity of the 

immunohistochemical procedure. 

 

 Image analysis 

 Images were captured using a digital camera 

(DP21, Olympus) connected to a microscope (BX43, 

Olympus) at 10× magnification. The number of GFAP-

positive cells was determined in dorsomedial (DSM) 

striatum, dorsolateral (DSL) striatum, NAc core 

(NAcC), NAc shell (NAcS), hippocampus CA1, CA2, 

CA3, and dentate gyrus (DG) subregions under identical 

acquisition settings for all samples to provide a broad 

view of each brain subregion. Regions of interest (ROIs) 

were defined based on anatomical landmarks, and 

images were acquired from comparable anatomical 

locations across all animals. Multiple non-overlapping 

fields within each region were selected in a systematic 

manner to minimize selection bias. All analyses were 

performed using image analysis software (ImageJ, US 

National Institutes of Health). The GFAP-positive cells 

were manually counted within predefined ROIs of fixed 

size. A 390×390 pixel ROI was used for hippocampal 

subregions, encompassing entire cellular layers, 

whereas a 1,000×1,000 pixel ROI was applied for the 

NAc and dorsal striatum. Quantification was performed 

using three sections per animal. Values were averaged 

per animal and used for statistical comparisons. For 

counting, selected ROIs were enlarged on-screen in 

ImageJ to improve visualization without altering the 

original image data, and identical viewing conditions 

were applied across all images. Astrocyte-like cells were 

identified and counted primarily based on GFAP 

immunoreactivity, which marks both the cytoplasmic 

and process elements of astrocytes [29,30]. Only GFAP-

positive cells exhibiting distinctly defined soma and 

distinctive astrocytic morphology, including stellate, 

bipolar, or flat configurations, were included in the 

analysis [31,32]. Nevertheless, the combination of 

GFAP staining and morphological criteria allowed 

reliable identification of astrocytes across brain regions. 

Interpretation of astrocytic activation was further 

supported by qualitative morphological features, 

including hypertrophic soma and thickened processes, 

observed in GFAP-stained images. 

 We examined the accumulated area of GFAP-

positive portions according to a method previously 

reported [33]. Briefly, the color images of GFAP 

immunohistochemistry stain were converted to binary 

images using image analysis software. The binary 

threshold was determined by comparing with the 
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original image; thus, astrocytes but not background 

staining could be recognized. The GFAP-positive 

portions were then measured and expressed as a ratio of 

the accumulated area of GFAP-positive portions to the 

entire area of interest studied. The values for each ROI 

for each animal were averaged and reported as the 

percentage area of GFAP-positive portions (GFAP%). 

All measurements were carried out blind to treatment. 

 

 Statistical analysis 

 Statistical analysis was performed using SPSS 

software (version 26.0. IBM Corp., Armonk, NY, USA). 

The normal distribution of the data was determined by 

the Shapiro-Wilk test. Data were analyzed using one-

way ANOVA with post hoc Dunnett test. Data were 

reported as mean ± SEM. The statistical significance 

was determined as p-values less than 0.05. 

 

Results and discussion 

 GFAP immunoreactivity in dorsal striatum, 

nucleus accumbens, and hippocampus 

 Staining for GFAP-positive cells in all regions in 

the present study showed morphological aspects of 

astrocyte-like cells. Sham animals presented with 

GFAP-positive cells in a resting-like state characterized 

by a mainly stellate shape, and some bipolar and flat 

cytoplasmic cells [31]. These GFAP-positive cells had 

small somata and thin, finely branched processes with 

non-overlapping domains, as demonstrated in the sham 

rat (Figures 1(D) - 1(F) and 1(J)). In contrast, METH-

treated rats exhibited cellular hypertrophy, elongated 

and thickened processes (Figures 1(A) - 1(C), 1(K) and 

1(L)), as well as some ramification and overlap with 

adjacent cell processes, which is consistent with 

astrogliosis. Negative controls, with the primary 

antibody omitted, showed no GFAP staining, 

confirming the specificity of the immunoreactivity 

(Figures 1(G) - 1(I)). These morphological alterations 

were consistently observed alongside increased GFAP 

immunoreactivity in the dorsal striatum, NAc, and 

hippocampus (Figures 2(C) - 4(C)), suggesting region-

specific changes consistent with astrogliosis beyond 

GFAP upregulation alone. No specific GFAP 

immunoreactivity was observed in negative control 

sections processed without the primary anti‑GFAP 

antibody, as demonstrated in Figures 1(G) - 1(I). 

 To quantify GFAP-positive areas, immunohisto-

chemically stained images, such as Figure 1(M), were 

converted into a binary format (Figure 1(N)). Threshold 

levels were adjusted by referencing the original images 

to ensure accurate detection of GFAP immunoreactivity 

while excluding background staining. This approach 

enabled consistent and reliable quantification of GFAP-

positive signals.
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Figure 1 GFAP immunoreactivity in astrocytes across the striatum and hippocampus. Microscopic images show 

GFAP-positive cells, identified by dark brown staining, in the dorsal striatum (A,D), nucleus accumbens (B,E), and 

hippocampus (C,F). Morphological features of GFAP-positive cells are indicated, for example, by asterisks and arrows. 

GFAP immunostaining revealed that most astrocyte-like cells in the sham group exhibited a resting-like morphology (D-

F), whereas features consistent with astrogliosis were observed in METH-treated rats, for example, in the ED-Binge group 

(A-C). Representative images were captured at 40× magnification. Insets cropped from the original images (C,F) are 

shown in panels (J-L), proportionally enlarged to highlight astrocytic morphology. Scale bar: 50 μm. Panel (J) shows a 

region from panel (F) illustrating resting-like morphology in the sham group, whereas panels (K) and (L) show regions 

from panel C illustrating features consistent with astrogliosis in the ED-Binge group. Panel (K) highlights cellular 

hypertrophy with elongated and thickened processes, while the circled area in panel (L) indicates overlapping GFAP-

positive processes. Negative controls, without the primary anti‑GFAP antibody, are shown in panels (G-I) for the dorsal 

striatum, nucleus accumbens, and hippocampus, respectively. No brown DAB staining is observed, only 

hematoxylin‑stained nuclei, which were used solely to visualize cellular organization. Panel (M) shows a representative 

GFAP immunohistochemistry image that was converted into the binary image shown in panel (N) for analysis of 

GFAP-positive area. Panel (O) illustrates the drug administration regimens used in the study.  
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 Quantitative analysis of GFAP-positive cells in 

the dorsal striatum 

 According to a quantitative analysis in the striatum 

as depicted in Figure 2(A), one-way ANOVA revealed 

significant differences in the number of GFAP-positive 

cells in the dorsal striatum (p = 0.002), DSM (p = 0.006)  

 

and DSL (p = 0.001) subregions. Following Dunnett 

post-hoc analysis, significant elevations in the number 

of GFAP-positive cells were found in both the DSM (p 

= 0.005) and DSL (p = 0.0004) striatum in the ED-

Binge group, reaching 169.7% and 191.4% of the sham 

group, respectively. The AB group also showed a 

significant increase in the number of GFAP-positive 

cells in the DSM striatum (p = 0.015).  

 Further analysis of GFAP% in the dorsal striatum 

(Figure 2(B)), a significant difference in GFAP% 

among the 4 groups was detected in both the DSM (p = 

0.002) and DSL (p = 0.0001) striatum by one-way 

ANOVA. Dunnett post-hoc analysis showed an increase 

in GFAP% in the DSL in all METH groups versus the 

sham group (ED-Binge p = 0.00002, ED p = 0.016 and 

AB p = 0.025), whereas in the DSM striatum, an 

increased GFAP% was found in the ED-Binge (p = 

0.005) and AB (p = 0.002) groups compared to the sham 

group.
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Figure 2 Investigation of GFAP immunoreactivity in striatal regions, dorsomedial (DSM) and dorsolateral (DSL) 

striatum, after METH administrations. The experimental groups included sham control (Sham), acute-METH binge (AB), 

escalating dose-METH (ED), and ED-METH binge (ED-Binge). (A) Demonstrating the number of GFAP-positive cells. 

Values represent mean ± SEM (n = 4 - 7). *p < 0.05, **p < 0.01, ****p < 0.001 in comparison with Sham by one-way 

ANOVA with Dunnett post-hoc test. (B) Demonstrating the percentage area of GFAP-positive portions. Values represent 

mean ± SEM (n = 4 - 7). *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 in comparison with Sham by one-way 

ANOVA with Dunnett post-hoc test. (C) Representative images of GFAP immunostaining in the dorsal striatum. 

Experimental groups are arranged from top to bottom (Sham, METH-treated). Images at 4× magnification (left panel; 

scale bar = 500 µm) show the overall dorsal striatum, whereas 20× magnification images (middle and right panels; scale 

bar = 100 µm) display the DSL and DSM subregions, respectively. Insets in the middle and right panels show GFAP-

positive cell morphology at 40× magnification (scale bar = 50 µm).  

 

 Quantitative analysis of GFAP- positive cells in 

the nucleus accumbens 

 Following one-way ANOVA, there were 

significant differences in the number of GFAP-positive 

cells among the four groups in the NAc (p = 0.0007), 

NAcC (p = 0.0003) and NAcS (p = 0.009). Dunnett 

post-hoc (Figure 3(A)) showed an elevated number of 

GFAP-positive cells in the NAcC of the ED (p = 0.002), 

AB (p = 0.001), and ED-Binge (p = 0.001) groups 

compared to the Sham group. For the NAcS, increases 

were significant in the ED (p = 0.005) and ED-Binge (p 

= 0.04) groups but not in the AB group. Further 

quantitative analysis showed no significant difference of 

GFAP% (p = 0.058) in the NAcS by one-way ANOVA 

(Figure 3(B)). Although GFAP% increased to 184.1% 

(p = 0.059) in the ED group and 180.4% (p = 0.073) in 

the ED-Binge group, Dunnett post-hoc test revealed no 

statistically significant differences compared to the 

Sham group. 
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Figure 3 Investigation of GFAP immunoreactivity in nucleus accumbens (NAc), NAc core (NAcC) and NAc shell 

(NAcS), after METH administrations. The experimental groups included sham control (Sham), acute-METH binge (AB), 

escalating dose-METH (ED), and ED-METH binge (ED-Binge). (A) Demonstrating the number of GFAP-positive cells. 

Values represent mean ± SEM (n = 4 - 7). *p < 0.05, **p < 0.01, ***p < 0.005 in comparison with Sham by one-way 

ANOVA with Dunnett post-hoc test. (B) Demonstrating the percentage area of GFAP-positive portions. Values represent 

mean ± SEM (n = 4 - 7). (C) Representative images of GFAP immunostaining in the nucleus accumbens (NAc). 

Experimental groups are arranged from top to bottom (Sham, METH-treated). Images at 4× magnification (left panel; 

scale bar = 500 µm) show the overall NAc, whereas 20× magnification images (middle and right panels; scale bar = 100 

µm) display the NAcC and NAcS subregions, respectively. Insets in the middle and right panels show GFAP-positive cell 

morphology at 40× magnification (scale bar = 50 µm). AC, anterior commissure; CC, corpus callosum. 
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 Quantitative analysis of GFAP- positive cells in 

the hippocampus 

 One-way ANOVA followed by Dunnett post hoc 

analysis in the hippocampus showed a significant 

increase in the number of GFAP-positive cells only in 

the CA2 of the ED group compared to the Sham group 

(p = 0.048), whereas significant differences were not 

detected in the CA1, CA3 and dentate gyrus (Figure 

4(A)). Further quantitative analysis of GFAP% revealed 

significant differences across all hippocampal regions 

(Figure 4(B)). The GFAP% after ED-Binge exposure 

was significantly higher than that of the Sham in all 

hippocampal regions (CA1 p = 0.00004, CA2 p = 

0.00007, CA3 p = 0.001, and dentate gyrus p = 0.0004). 

Moreover, the AB group showed a significant increase 

in GFAP% in the CA2 (p = 0.034) and CA3 (p = 0.027).
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Figure 4 Investigation of GFAP immunoreactivity in hippocampus cornu ammonis (CA)1, CA2, CA3 and dentate gyrus 

(DG) subregions after METH administrations. The experimental groups included Sham, acute-METH binge (AB), 

escalating dose-METH (ED), and ED-METH binge (ED-Binge). (A) Demonstrating the number of GFAP-positive cells. 

Values represent mean ± SEM (n = 4 - 7). *p < 0.05 in comparison with Sham by one-way ANOVA with Dunnett post-

hoc test. (B) Demonstrating the percentage area of GFAP-positive portions. Values represent mean ± SEM (n = 4 - 5). *p 

< 0.05, ***p < 0.005, ****p < 0.001 in comparison with Sham by one-way ANOVA with Dunnett post-hoc test. (C) 

Representative images of GFAP immunostaining in the hippocampus. Experimental groups are arranged from left to right 

(Sham, METH-treated). The top panel (4× magnification; scale bar = 500 µm) shows an overview of the hippocampus. 

The middle and lower panels (20× magnification; scale bar = 100 µm) show the hippocampal subregions CA1, CA2, 

CA3, and DG arranged in separate horizontal rows beneath the top panel. Insets within the subregion panels show GFAP-

positive cell morphology at 40× magnification (scale bar = 50 µm). 
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 The primary finding of the present study was a 

marked increase in GFAP immunoreactivity, suggestive 

of astrogliosis, following METH administration in the 

dorsal striatum, NAc, hippocampal CA and dentate 

gyrus subregions. This response was characterized by 

increased GFAP immunoreactivity and observable 

morphological changes consistent with astrocyte 

reactivity, including enlarged somata and thickened 

processes. While GFAP alone does not encompass the 

full complexity of astrogliosis, it remains a widely 

accepted and sensitive marker of early or mild astrocytic 

activation, especially in the context of subtle neurotoxic 

insults without overt tissue damage  [21,34]. 

Importantly, our morphological observations provide 

qualitative evidence of reactive changes beyond GFAP 

expression alone, although we did not include 

proliferation markers in the current study. The patterns 

of astrocyte reactivity observed in this study are 

consistent with previous findings in models of 

neurotoxicity and neuroinflammation, including 

Parkinson’s disease, Alzheimer’s disease, as well as 

traumatic brain injuries, where GFAP upregulation and 

astrocytic hypertrophy have been reported as hallmark 

features of reactive gliosis [17,35-38]. Our results 

suggest that METH administration in rats modeling 

human METH abuse patterns exerts deleterious effects 

on both dopaminergic and non-dopaminergic brain 

regions, consistent with its broad neurotoxic profile.  

 While GFAP is a widely accepted marker of 

astrocytic reactivity, it does not fully capture the 

complex neurotoxic effects of METH. Complementary 

data from our laboratory using the same rat METH 

exposure model have demonstrated broader 

neurochemical changes, including region-specific 

alterations in hippocampal brain-derived neurotrophic 

factor [39] and calcium-binding proteins involved in 

neuronal function in the frontal cortex and hippocampus 

[40]. These neurochemical changes suggest that METH 

induces a cascade of neuronal dysfunction, including 

impaired neurotrophic support and calcium 

homeostasis, which likely contributes to the astrocytic 

reactivity observed in our study. Taken together, these 

findings support a broader interpretation of METH-

induced neurotoxicity that involves both neuronal and 

glial components, contributing to reactive astrogliosis. 

Additionally, METH exposure disrupts hippocampal 

neurogenesis by altering neuronal differentiation, 

potentially exacerbated by decreased blood-brain barrier 

integrity and neuroinflammation [41-44]. Although 

these findings demonstrate structural and molecular 

alterations in the hippocampus, further studies 

incorporating functional and behavioral assessments are 

needed to better understand the consequences of these 

changes.  

 Notably, the ED-Binge regimen, which mimics 

human abuse patterns, induced pronounced astrocytic 

reactivity in the dorsal striatum and hippocampus. The 

heightened vulnerability of these regions underscores 

their susceptibility to METH-induced neurotoxicity, 

potentially disrupting motor control, memory 

consolidation, and cognitive function. Furthermore, we 

observed region-specific astrocytic responses to METH 

exposure. The NAcC exhibited sensitivity across all 

dosing regimens, whereas the NAcS was predominantly 

affected by chronic regimens (escalating-dose and 

escalating dose-binge). Given the established role of the 

NAc in reward circuitry and addiction [4], our findings 

align with the hypothesis that the NAcC and NAcS have 

distinct yet interrelated functions in the context of 

METH addiction. The NAcC demonstrated a rapid 

response and was sensitive to both acute and chronic 

stimulant exposure, while the NAcS appeared to be 

more involved in long-term neuroadaptive processes 

associated with chronic METH use. These findings align 

with accumulating evidence that METH exposure 

disrupts neuronal function and engages 

neuroinflammatory signaling within reward circuitry, 

including the NAc, accompanied by glial activation 

characterized by microglial activation and astrocytic 

dysregulation that may contribute to cellular stress and 

maladaptive neuroplasticity [45-47]. Moreover, the 

findings reinforce the notion that the NAc core, rather 

than the shell, plays a pivotal role in mediating 

addiction-related behaviors, such as METH craving 

[48]. Consistent with prior evidence of core-specific 

involvement in craving incubation, persistent synaptic 

adaptations within the NAcC have been associated with 

METH craving [49]. On the other hand, research has 

implicated the NAcS in influencing behavioral 

responses to continuous exposure to rewarding stimuli, 

such as chronic drug administration  [50]. 
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 Different astrocyte responses are observed with 

the various METH dosing regimens. ED-Binge 

regimens dramatically increased astrogliosis more than 

ED and AB alone. As levels of GFAP have been 

proposed as a potential biomarker of disease severity 

[51,52], the recent observation of a significant increase 

in GFAP may indicate increased vulnerability to brain 

damage after ED-Binge exposure. Although 

administering escalating dose-daily METH prior to a 

multiple high-dose METH binge reduced hyperthermia 

and stereotypy as well as prevented dopamine and 

dopamine transporter loss in the striatum, it did not 

reverse other dopamine elements [28]. Additionally, in 

METH users, neuronal degeneration has been found in 

both dopamine- and nondopamine-innervated regions 

[53,54], as has also been observed in the frontal cortex 

and hippocampus of rats treated with the ED-Binge 

regime [55].  

 Moreover, our findings revealed region-specific 

astrocytic responses to METH. In the ED group, CA2 

showed increased astrocyte numbers without a 

significant change in GFAP area, indicating mild 

activation with limited cytoskeletal remodeling. In 

contrast, the ED-Binge group exhibited increased GFAP 

area in CA1, CA2, CA3, and DG without an increase in 

GFAP-positive cells, suggesting hypertrophy or process 

elongation. These findings reflect astrocyte reactivity, 

which is complicated and dose-dependent. These 

findings illustrate the complicated and dose-dependent 

characteristics of astrocyte reactivity. The present study 

demonstrates astrocytic reactions to METH throughout 

various hippocampal subregions, highlighting its 

different neurotoxic consequences. This provides a 

significant basis for forthcoming functional and 

behavioral investigations concerning subregional 

vulnerability. 

 Interestingly, region-specific differences were 

observed, apparent in the NAcC across all METH-

treated groups, the NAcS in the ED group, and the CA2 

in the ED group, where astrocyte numbers increased 

without a corresponding expansion of GFAP-positive 

area. This may reflect early or mild astrocytic activation 

with limited cytoskeletal remodeling [32,34,56], 

emphasizing the importance of using cell counts and 

GFAP area as complementary indicators of gliosis. 

Conversely, the dorsolateral striatum in the AB and ED 

groups, but not ED-Binge, showed increased GFAP-

positive area without a rise in GFAP-positive cell 

number, suggesting hypertrophy or process elongation 

rather than proliferation [32,57,58]. This supports the 

interpretation that astrocyte number and GFAP area 

reflect distinct, complementary aspects of reactivity. 

 Dysfunction in brain networks associated with the 

striatum has been elucidated as a mechanism underlying 

addiction  [59]. The striatum receives glutamatergic and 

dopaminergic projections from multiple brain regions, 

including the cortex, hippocampus, and ventral 

tegmental area, and is implicated in regulating the 

development and maintenance of addiction [60,61]. 

Neuronal activity of afferent input can be conveyed 

from the NAcS, through NAcC, and subsequently into 

the dorsal striatum [61,62]. Further activity shifting 

from the DSM to DSL striatum has been discovered in 

rats with prolonged alcohol exposure, suggesting that 

drug seeking transforms into habitual behavior involved 

in addiction [63]. The current findings of maladaptive 

astrocytes may imply dysfunctional connectivity in the 

striatal sub-region. Disruption of neuronal signaling 

occurs in both the striatum and the hippocampus, as 

dysregulated glutamate reuptake was detected in both 

the striatum and hippocampus after exposure to METH 

and alcohol [64].  

 METH exposure causes neurotoxicity  

[13,14,65,66], and an astrocytic response to METH is 

implicated in METH-induced neurotoxicity. In the 

hippocampus of rats receiving METH, reactive 

astrocytes promoted the neurotoxic factor lipocacin-2, 

which produced neuronal death through mitochondrion-

related apoptosis or neuroinflammation via microglial 

activation [67]. Neuroinflammation has been implicated 

as a mechanism of METH-induced neurotoxicity, as 

METH can induce the astrocytic release of 

proinflammatory cytokines, which then produce 

microglia activation, promoting neuroinflammation 

[68]. Astrocytic and neuroinflammatory changes may 

contribute to the widespread neurotransmission 

disruptions reported in METH-induced neuropathology. 

METH has been found to disrupt neurotransmission in 

several brain areas, including the striatum, NAc, 

cerebral cortex, ventral tegmental area, and 

hippocampus, often accompanied by nerve terminal 

degeneration or cell death [28,66,69,70]. In our study, 

astrogliosis was observed in the striatum, NAc, and 

hippocampus, suggesting that glial responses may 
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contribute to broader neural changes induced by METH. 

Although no direct functional or behavioral assessments 

were conducted, the presence of astrogliosis in these 

regions may be consistent with neuropathological 

features reported in disorders such as schizophrenia [18] 

and Alzheimer’s disease [71,72]. Such astrocytic 

responses in METH-exposed brains resemble patterns 

seen in neurodegenerative and psychiatric disorders, 

highlighting their potential relevance in METH-induced 

neuropathology. 

 Astrocytes are thought to play an important 

function in regulating glutamate uptake and minimizing 

excitotoxicity. Previous studies demonstrate that METH 

rapidly increases extracellular glutamate through 

astrocytic glutamate release [68], and that sustained 

glutamate elevation arises from impaired astrocytic 

glutamate clearance during withdrawal [73]. This was 

supported by previous findings of downregulated 

expression of glutamate transporter EAAT2, the major 

glutamate reuptake mechanism, which is expressed 

mainly on astrocytes, in the striatum and hippocampus 

after METH binge administration [64]. In addition, 

reactive astrogliosis in pathological conditions has been 

associated with reduced EAAT2 expression and 

impaired glutamate uptake. For example, a recent study 

in postmortem brain tissue from patients with the 

parkinsonian type of multiple system atrophy 

demonstrated increased GFAP-positive astrocytes along 

with reduced EAAT2 expression and altered subcellular 

localization, contributing to glutamate dysregulation 

and excitotoxic vulnerability [74]. These findings 

support the notion that astrocytic structural changes 

observed in our METH model could likewise contribute 

to affect glutamate clearance, although transporter 

function was not directly assessed in the present study. 

Besides glutamate, METH disrupts the dopaminergic 

system by depleting striatal dopamine following either 

binge or ED-binge exposure [28]. Astrocytes also have 

an influence on dopamine transmission, as indicated by 

the downregulation of dopamine transporter and 

dopamine receptor DRD2 gene expressions in cultured 

primary astrocytes subsequent to METH treatment [75]. 

Given the role of astrocytes in structural support and 

neurotransmitter homeostasis, the observed increase in 

astrocyte number and morphological changes in our 

study may reflect a response to METH-induced 

neurotoxicity, potentially linked to maladaptive 

neurotransmission. However, further studies are needed 

to directly assess functional consequences. 

 The study has some limitations. In order to 

minimize both animal and drug use, sample sizes were 

small and, in the AB group, were further reduced by two 

animals dying from an acute toxic reaction. However, 

all rats in the ED and ED-Binge groups survived, which 

is consistent with other reports in the literature, and 

results with these small group sizes still yielded highly 

significant findings. GFAP expression was determined 

using immunohistochemical measures and is therefore 

limited as an indirect and semiquantitative assessment 

of protein levels. GFAP immunostaining primarily 

reflects reactive astrocytes and may not represent the 

entire astrocyte population. Therefore, the findings 

should be interpreted as changes in GFAP-associated 

reactivity rather than absolute alterations in total 

astrocyte number. Nevertheless, the observed 

morphological changes and increased GFAP 

immunoreactivity are suggestive of, and consistent with, 

astrogliosis following METH treatment. 

 

Conclusions 

 In conclusion, METH administration at doses that 

closely resemble human patterns of METH abuse 

induces widespread increases in GFAP 

immunoreactivity, suggestive of astrogliosis, in key 

brain regions implicated in addiction, memory 

processing, and cognitive function, including the 

striatum and hippocampus. The observed astrocytic 

reactivity, characterized by elevated GFAP-positive 

immunoreactivity, suggests a potential role for 

astrocytes in METH-induced neurotoxicity. The 

patterns observed in this study are comparable to those 

reported in schizophrenia and neurodegenerative 

diseases, indicating a possible pathological correlate for 

the psychosis, cognitive and learning impairments that 

frequently accompany METH abuse. These findings 

emphasize the potential of targeting astrocytic-related 

responses in developing therapeutic strategies for 

METH-induced neurotoxicity and associated negative 

consequences. 
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