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Abstract: The chronic metabolic condition of hyperglycemia in type-2 diabetics is known to cause 
various neurological disorders and compromise recovery from brain insults. Previously, we reported 
a delayed and reduced glial cell response and a greater neuronal cell death in different brain regions 
of diabetic, db/db, mice following cerebral hypoxic- ischemic (HI) injury. In this study, we explored 
the changes in baseline activation of astrocytes and microglia and its impact on vascular permeability 
in different brain regions. The number of activated astrocytes (GFAP) and microglia/macrophage 
(Iba-1) in the motor cortex, caudate and hippocampal (CA3) regions of 12-week old, type-2 diabetic 
db/db and non-diabetic db/+ mice were quantitated. Immunofluorescence double staining for the 
leakage of serum IgG and cerebral blood vessel and occludin staining for the tight junctional (TJs) 
protein in the blood brain barrier (BBB) were investigated. Results indicated significant differences 
in activation of glial cells in the cortex and caudate along with increased vessel permeability in 
diabetic mice. The study suggests that a constant activation of glial cells in the diabetic brain may be 
the cause of impaired inflammatory response and/or degenerating cerebral blood vessels which 
contribute to neuronal cell death upon CNS injury.  
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1. Introduction 

Prolonged exposure of diabetes can alter glial cell functions of astrocytes and microglia.  
Astrocytes modulate the synthesis and transport of nutrients and support neurotransmitter function, 
whereas microglia respond quickly to CNS injury and insult [1,2]. Astrocytic end feet and blood 
vessels are the major component of the blood brain barrier (BBB) which provides metabolic support 
to neurons inside the neuroependyma. Thus, any changes in morphology of glial cells not only affect 
the morphology of cerebral blood vessels, but also cause the breakdown of physiological effects 
including metabolism and synaptic transmission between the CNS and PNS [3,4]. 

Earlier studies have shown that the diabetic environment can increase glial cell death that 
impacts neural cells and may contribute to cognitive impairment [5].  Previous research in our 
laboratory showed that the type-2 diabetic mouse is susceptible to neuronal cell death very early 
following ischemic insult. These defects increased BBB permeability especially in the caudate at 4 h 
post ischemia and the cortex by 24 h [6].  

A completely different pattern of temporal changes in microglia and astrocytic activation and 
cytokine expression occurred in the diabetic mouse in comparison to non-diabetic animals.  The glial 
cell response was delayed in diabetic brain, and cell death occurred early following ischemic insult 
[7,8] . Similar patterns of mRNA expression were observed at 10 and 24 h post ischemic injury as 
shown in Figure 1. Therefore, we hypothesized that changes in the baseline activation of glial cells 
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due to persistent hyperglycemia may make diabetic brains more susceptible to neuronal cell death 
post ischemia. 

 

Figure 1. In situ hybridization of GFAP mRNA in diabetic; db/db and non-diabetic, db/+, brain sections at 10 
and 24 h post hypoxic - ischemic injury. 

Astrocytes are dynamic partners of neurons and provide a substantial amount of energy both as 
a source of glucose and lactate and help to remove excessive lactate to prevent toxicity [9,10]. 
Microglia is the first line of defense against any injury to preserve a healthy brain. It continuously 
guards the brain to remove any pathogen or debris to preserve a healthy brain [11]. Therefore, the 
integrity and function of the glial cells are utmost important. Hence, in this study, we examined three 
different brain regions including the motor cortex, caudate and hippocampus because these regions 
are responsible for motor coordination and memory functions. In addition, these regions of the brain 
are more vulnerable to death post ischemic insult.  

High levels of blood glucose adversely affect the endothelial cells of the cerebrovascular system 
and consequently cause oxidative stress resulting in the abnormal pathology of neuron and glia cells. 
Previously, we have observed the significant increase of metalloproteinases activity and loss of tight 
junctional proteins in diabetic brain upon ischemic insult [12]. 

In this study, we examined brains from uninjured mice to establish the baseline changes in glial 
cell morphology and function in diabetic and normal animals.  The number of astrocytes and 
microglia in the motor cortex, caudate, and CA3 region of the hippocampus were quantitated. Glial 
functions were assessed by blood vessel permeability in the motor cortex and caudate. We found a 
significant increase in the number of activated astrocytes in the cortex and caudate and the number 
of microglia/macrophages in the caudate of db/db mice at 12-weeks, along with leaky blood vessels 
and loss of tight junction protein comparison to non-diabetic animals.  

2. Materials and Methods 

2.1. Sample Collection and Tissue Processing 

All the experimental procedures in this study were approved by the Institutional Animal Care 
and Use Committee of Penn State University. Male type-2 diabetic db/db and their heterozygous 
nondiabetic control db/+ mice were obtained from Jackson laboratory (JAX stock #004456) at 11–12 
weeks of age. All mice were housed (2 per cage) in ventilated cages, maintained on a 12 h dark-light 
cycle with free access to food and water. Post acclimatization, body weight and blood glucose were 
measured using a tail prick with the BD Logic TM Meter (BD Pharmingen, San Jose, CA, USA).  Mice 
were anesthetized with ketamine/xylazine and intracardiac perfused with 1X phosphate buffered 
saline (PBS)/ 4% paraformaldehyde (PFA). The fixed brain samples were collected and post fixed in 
4% PFA overnight, then cryoprotected with 15% and 30% sucrose gradient. The brains were quickly 
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rinsed with 1xPBS and immersed in cold isopentane (-400C) and stored at -800C until processing for 
immunolabeling. For in situ hybridization, mouse brains were collected at 10 and 24 h post hypoxic-
ischemic injury and fresh frozen in cold isopentane (-400C) and stored at -800C for further processing. 

2.2. Immunofluorescence Staining 

Brain sections (16 µm) were obtained at different levels, bregma 0.14 mm for motor cortex and 
caudate and bregma -1.34 for hippocampal region. Brain tissue was washed with 1x PBS for 10 
minutes followed by 1 h incubation with 0.5% H2O2 at room temperature, washed with 0.3% Triton 
/1xPBS three times for 5 minutes and blocked with 10% normal goat serum in 0.3% Triton/1xPBS/1% 
bovine serum albumin for 1 h at room temperature.  The sections were incubated with one of the 
following antibodies: mouse monoclonal GFAP (1:500, MAB 360, Millipore Sigma), rabbit polyclonal 
Iba-1 (1:100, 013-27681, Fujifilm Wako), rabbit anti-mouse occludin (1:50, Invitrogen), rabbit 
polyclonal IgG (1:500, ab150077, abcam) and tomato lectin (1:500, DL-1178-1, Vector lab) in blocking 
solution overnight at 40C. The next day, sections were washed with slow agitation in 0.3% triton/1x 
PBS for 3 times for 15 minutes each followed by incubation with either Alexa Fluor 488 or 546 
conjugated goat anti-rabbit or goat anti- mouse secondary antibody (1:500, Jackson Laboratory) at 
room temperature for 1 h. The sections were washed with agitation with h 1X PBS for 15 minutes 
followed with DAPI (1: 5000, D9542, Sigma) staining for 10 min. Post nuclear staining, sections were 
washed with 1x PBS, twice and mounted with Aqua Poly/ Mount. The images were captured using 
a Zeiss LSM 900 with Aairy scan/2 Confocal microscope[13].  

2.3. Regional Analysis of Glial Cells 

Images of different brain regions of db/+ and db/db mice were captured at the same setting under 
confocal microscope (Zeiss LSM 900). The images were analyzed by Image J software as described 
earlier [14,15]. The images were color deconvoluted and the threshold was adjusted to reduce the 
background. The numbers of activated astrocytes that were above 25 pixels and microglia above 10 
pixels were counted.  At least 4 different brain sections for each region and mouse condition were 
analyzed and the numbers of cells averaged. 

2.4. In Situ Hybridization 

Cryosections (16µm) were analyzed for glial fibrillary acidic protein (GFAP) mRNA by in situ 
hybridization as described earlier[7,16] . Rat GFAP (1159 base pair) was transcribed by enzyme T7 
and SP6 polymerase for antisense and sense and linearized by PVU II. This probe was labelled 35S to 
generate riboprobes for in situ hybridization. The brain sections were hybridized with riboprobe at 
580C for 16 h and then washed with 0.1x SSC at 500C for 15 minutes. The sections were exposed to 
autoradiographic film for 48 h and scanned for analysis. 

2.5. Statistical Analysis 

All data are expressed as mean + SEM. Two tailed, unpaired Student “t” test was applied to 
compare the data between non-diabetic and diabetic mice. Data were analyzed by GraphPad Prism 
8.0 and statistical significance was set at p < 0.05. 

3. Results 

3.1. GFAP mRNA Changes with Diabetes 

An overall reduced expression of GFAP mRNA was observed in db/db mouse brain compared 
to db/+ both in caudate and hippocampus at 10 and 24 h post ischemic (HI) injury. GFAP mRNA 
expression was remarkably increased in the caudate of the db/+ mouse at 24 h whereas, the GFAP 
mRNA expression in the hippocampus remained elevated at 24 h as shown in Figure 1. However, the 
low levels of expression were lost in db/db mouse from 10 to 24 h in caudate and remain same in 
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hippocampus until 24 h post HI.  Similar temporal changes have been shown earlier for both 
activated astrocytes (GFAP), microglia (bfl-1) and proinflammatory cytokines (IL1β) in diabetic 
mouse brain following post HI. These data prompted our current investigation on the baseline 
activation of glial cells as the cause of impaired response to injury in diabetic mouse brain. 

3.2. Baseline Changes in Astrocytes Activation with Diabetes 

In this study, we compared the activated astrocytes (GFAP positive cells) in motor cortex, 
caudate and hippocampus (CA3) in both db/+ and db/db mice. We chose to analyze these brain areas 
based on our previous observations that they were more vulnerable to significant neuronal cell death 
post HI injury. A significant increase in the number of activated astrocytes were recorded in motor 
cortex and caudate in db/db mouse brain compared to db/+ as shown in Figure 2A,B. No difference in 
GFAP+ cells was observed in CA3 region between these two groups. 

 

Figure 2. A. Immunofluorescence of GFAP positive astrocytes in the motor cortex, caudate and hippocampus 
(CA3) regions. DAPI = blue nuclear staining, Red = astrocytes (GFAP Alexa Fluor 546 conjugated). 2B 

Quantitative analysis of GFAP positive astrocytes in corresponding images shown in A. Values are expressed 
as mean + SEM (n= 4 to 5). *p<0.05 vs db/+; BL= baseline. 

3.3. Baseline Changes in Microglia/Macrophage with Diabetes 

In earlier studies, microglial expression or activation was found to be reduced / delayed in 
diabetic mouse brain post HI injury and a greater number of macrophages were measured by 48 h 
post HI[17]. In this study, we measured the Iba-1 positive cells in motor cortex, caudate and 
hippocampus (CA3) region of both db/db and db/+ mouse at 12 weeks of age. We observed a significant 
increase in microglial expression in the db/db+ caudate compared to db/+ mice as shown in Figure 
3A,B. There were no significant changes observed between db/+ and db/db mice in motor cortex and 
hippocampus (CA3). 
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Figure 3. A. Immunofluorescences of Iba-1 positive microglia/macrophage in the motor cortex, caudate and 
hippocampus (CA3) regions. DAPI = blue nuclear staining, Green = microglia/macrophage (Iba-1 conjugated 
with Alexa Fluor 488). 3B. Quantitative analysis of Iba-1 positive cells in corresponding images shown in A. 

Values are expressed as mean+ SEM (n= 4 to 5). *p<0.05 vs db/+; BL = baseline. 

3.4. Baseline Changes in Blood Vessel Integrity with Diabetes 

Previously, we observed albumin permeability as early as 4 h post HI injury in caudate of db/db 
mouse brain[6,12]. In this study, we investigated the effect of diabetes on blood vessel integrity in 
different brain regions.  We performed double staining with specific DyLight™ 488 labeled tomato 
lectin (green) specific for the blood vessel marker and anti IgG antibody conjugated with CF® Dyes 
red. We observed a leakage of serum IgG around the blood vessels both in the motor cortex and 
caudate of the diabetic mouse brain compared to db/+ mice as shown in Figure 4, suggesting 
degenerating blood vessels in diabetic mouse brain at 12 weeks of age. 
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Figure 4. Leakage of serum IgG in vessels in the cortex and caudate of diabetic db/db and non-diabetic db/+ 
mice.  Green = tomato lectin conjugated with Alexa Fluor 488 and red = IgG conjugated with Alexa Fluor 594. 

3.5. Loss of Tight Junction Protein with Diabetes 

To further confirm the blood vessel leakage in diabetic mice, we examined tight junctions as the 
cause of the leakage of serum IgG.  Using occludin, a well-known marker of the blood brain barrier 
permeability, we stained the db/db and db+ mouse brain with anti-occludin antibody to assess the 
integrity of the tight junction protein.  Images revealed significantly less staining of occludin in the 
cortex and caudate of db/db mouse brain compared to db/+ as shown in Figure 5 suggesting a 
compromised blood brain barrier in the db/db mouse brain due to diabetes. 

 

Figure 5. Immunofluorescence staining of occludin in blood vessels in the cortex and caudate of diabetic db/db 
and non-diabetic db/+ mice. Red = blood vessel expressing occludin conjugated with Alexa Fluor 546. 

4. Discussion 

In this study, we determined the changes in baseline expression and activity of astrocytes and 
microglia in different brain regions in type-2 diabetic mice. The data suggest that there are 
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significantly greater numbers of GFAP positive astrocytes in cortex and caudate, whereas Iba-1 
positive microglia/macrophage are only increased in the caudate of db/db mouse compared to db/+.  
These effects were associated with increased serum IgG permeability in the cortex and caudate and 
loss of occludin in the vessels in diabetic mice in comparison to non-diabetic controls.   

The effect of diabetes on neuroglial cells and vascular changes is the focus of study after several 
years of study showing that diabetic patients are more susceptible to various neurological and 
neurodegenerative diseases including to cerebral ischemic injury [18–20]. High blood glucose has 
been shown to cause the higher neuronal glucose toxicity and may be the underlying reason that 
compromises glial cell activity, necessary for neuronal survival [21]. Thus, it is important to 
understand the changes in glial cell activity in type-2 diabetic brain. 

The studies from our laboratory disclosed that astrocytes and microglial activations are 
diminished or delayed in db/db and ob/ob mouse post ischemic injury accompanied with increased 
MMP-9 activity and BBB permeability. These changes led, over time, to significantly greater neuronal 
cell deaths and compromised recovery post HI injury [8,12]. Therefore, in this study we confirm and 
extend our studies to investigate the baseline changes happening in different brain region to 
understand the pathological changes within the diabetic brain, while evaluating the repair and 
response of recovery post ischemic insult.  

In general, astrocytes are more resistant to cellular damage. However stressed astrocytes lose 
their control over water movement, release of glutamate, and the balance between intracellular Ca2+ 
and extracellular K+ resulting in edema and neuronal excitability that leads to failed protection of 
neurons[22–24].  In this study, we observed a greater number of activated astrocytes in motor cortex 
and caudate without any injury in diabetic mice, which suggests that persistent hyperglycemia may 
activate the astrocytes, therefore regular functions of astrocytes are compromised, and they are more 
vulnerable to death post injury. Though, we have seen a rapid decline in GFAP mRNA (Figure 1) and 
a significant neuronal cell death in db/db mice post HI in previous studies, we did not find any 
significant change in activated astrocytes in the hippocampal (CA3) region as shown in Figure 2. 
Similar to our report, Liu et al showed a rapid decline of GFAP mRNA starting at 1h post HI in 
spontaneously hypertensive rat preceding neuronal death [25]. These data on compromised 
neuronal-glial interaction confirm their critical role in determining the outcome and repair of CNS 
injury. 

Another important brain cell which maintains the CNS health is microglia, which produces 
essential cytokines to mediate brain immunological responses [2,26]. Previously we reported less 
activation of microglia and concomitantly delayed cytokines release in db/db mice in post ischemic 
brain [7]. In this study, we observed a greater number of activated microglia in caudate without any 
insult suggesting a compromised state of microglia in type-2 diabetic mouse brain (Figure 3). In this 
state, the microglia cannot properly respond during post injury, often leading to immune depression 
within the brain and consequently greater neuronal cell death.  

CNS microglia are very sensitive to any alterations such as stress, diet and aging. Several studies 
have suggested that diabetic persons are more vulnerable for developing dementia and Alzheimer’s 
disease and the changes in the microglial population and phenotype may play a significant role 
[27,28]. However, we did not find any significant change in Iba-1 positive microglia in hippocampus 
(CA3) region. Our data are supported by other studies that did not find any change in microglial 
densities in hippocampal region in high fat diet induced obese male mice, rather suggested that the 
phagocytic phenotype of microglia causes synaptic engulfment on hippocampal neuron and 
promotes cognitive decline [29,30] . 

Lastly, we evaluated the vascular changes in db/db mouse without any insult or injury because 
altered BBB structure in diabetes is not clearly defined [31–33]. Type-2 diabetic patients have shown 
higher susceptibility to cerebrovascular disease and underlying defects are unknown. We and others 
have shown an increased BBB permeability very early in type-2 diabetic mice following ischemic 
injury [6,12,34,35]. In this study, we recorded signs of degenerating blood vessels along with loss of 
a tight junctional protein in the motor cortex and caudate of db/db mice (Figures 4 and 5).  Similarly, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 January 2025 doi:10.20944/preprints202501.0744.v1

https://doi.org/10.20944/preprints202501.0744.v1


 8 of 10 

 

Acharya et al reported a leak of plasma IgG in the cortex of the porcine model which was affected by 
diabetes and hypercholesterolemia from 6 months  [36].  

In conclusion, the study suggests that constant elevated blood glucose in the diabetic mouse 
causes a milieu of subclinical inflammation, which leads to a reactive state of astrocytes and microglia 
in different brain regions, and the compromised state of the glial cell leads to increased BBB 
permeability.  These defects may be the reason of impaired response and early glial cell death post 
ischemic insult in the diabetic brain. These data are insightful and may serve to understand the 
development of other neurodegenerative diseases and compromised recovery post CNS insult in 
growing diabetic populations.  
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