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ABSTRACT

Introduction: Altered function of astrocytes has been noticed in diabetes mellitus type 1.

Aims: This study was carried out to determine the effects of chronic uncontrolled hyperglycemia on neuroglial elements of the
CA3 region of hippocampus.

Materials and Methods: Diabetes was induced in adult male wistar rats by application of streptozotocin (60mg/kg). After
8 weeks, the hippocampi were removed and the number of astrocytes and degenerated neurons in CA3 were studied using
transmission electron microscopy.

Results: The astrocytes exhibited structural changes, including reduced electron density of the nucleus, electro-lucent
heterochromatin, and vacuolated cytoplasm. The mean number of astrocytes in the CA3 region of diabetic group (7+2)
showed a significant increase compared to the control group (P<0.05). The number of degenerated neurons in the diabetic
animals showed significant level of difference in comparison with control (p<0.05).

Conclusion: Our data revealed that chronic diabetes mellitus type lis associated with increase in the mean number of astrocytes

and ultrastructural astrocyte changes in the CA3 region of hippocampus.
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INTRODUCTION

Astrocytes are heterogeneous and pleomorphic glial
cell population in the central nervous system (CNS).
They play a key role in the production and regulation
of neurotransmitters, antioxidant production, glutamate
and potassium uptake, energy metabolism, and vascular
coupling in the CNSIM. Altered function of astrocytes
has been documented in neuroinflammatory and
neurodegenerative disorders in which there is a dramatic
increase in free radical generation™®. Diabetes mellitus
typel (DM1) is one of the metabolic disorder characterized
by insulin deficiency and hyperglycemial. In recent
decades, several studies have provided evidence indicating
the adverse effects of DM1 on the CNS. For instance,
DML is associated with increased risk of neurologic and
psychiatric disorders, such as Alzheimer’s disease, major
depression, and schizophrenial®“l. It is believed the DM1-
related pathologies are caused by disturbance in glucose
metabolism and subsequent increase in oxidative stress(®"..
Recent findings have confirmed that increased oxidative
stress triggers neuronal death pathways in the brain®',
One of the most sensitive regions of the CNS to the
oxidative stress is the hippocampus. This structure is the
core part of the limbic system and plays a pivotal role in
memory and learning!'"- 2,
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Hippocampal astrocytes actively contribute to the
regulation of neurotransmitters, antioxidant production, and
glutamate uptakel'*. Growing bodies of data have shown
that the function of the astrocytes alters in diabetic state,
but the results of quantitative studies are contradictory!'*-'8,
Additionally, recent data have demonstrated that astrocytes
could play controversial roles in neuronal viability, either
by enhancing neuronal survival or by contributing to
further injury!*??. Considering these observations in one
hand and their critical role in neuronal homeostasis on the
other hand, we aimed to study the effects of experimental
DM1 on the astrocytes in the CA3 region of hippocampus
of diabetic animals by transmission electron microscopic
study.

MATERIALS AND METHODS

The present study was approved by ethics committee of
NorthKhorasan University of Medical Sciences. Male wistar
rats (8 weeks old, 240-260 gr) were randomly divided into
2 groups (n =5 per group). All the rats were maintained in
animal house and allowed free access to drinking water and
standard rodent diet. Experimental diabetes mellitus was
induced by single intraperitoneal injection of streptozotocin
(Sigma, USA) at a dose of 60 mg/kg. The control group
received only saline®!). Animals were considered diabetic
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when the fasting blood glucose level was above 250
mg/dl four days after application of streptozotocin. Eight
weeks after application of streptozotocin, the animals were
anesthetized with chloroform. After cardiac perfusion with
100 mL of saline followed by 200 ml of fixative containing
2% glutaraldehyde and 2% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4), the hippocampi were removed
and divided into small parts and prefixed in the buffered
osmium tetroxidel??,

Transmission Electron Microscopy (TEM)

The hippocampus samples were processed as follow
(21): washing in phosphate buffer 0.1 M (pH 7.4), fixation
in 1% osmium tetroxide, dehydration by graded acetone
solutions (at 50%, 70%, 80%, 90% for 20 minutes and at
100% three changes for 30 minutes), infiltration by resin/
acetone (1/3 overnight, 1/1 for 8 hours and 3/1 for 8 hours),
epoxy resin (overnight) and embedding, primary trimming,
thick sectioning, thin sectioning (6090 nm), staining
with uranyl acetate and lead citrate. Finally, electron
micrographs were taken by EM900 (Zeiss, Germany)
equipped to TFPO camera. From each animal, 10 random
fields of the hippocampus were selected (collectively
100 fields per group). The number of astrocytes and their
ultrastructure were studied in each selected field CA3[!,
Statistical analysis was performed by t-test and statistical
significance was set at p<(0.05.

RESULTS

The blood glucose level in diabetic group (567.92
+45.20 mg/dl) were significantly different from those
of control animals (101+ 6.31mg/dl; P<0.001). The
number of astrocytes in CA3 (per 100um2) in diabetic
group (7+2) showed a significant increase compared to
the control group (P<0.05). The counted degenerated
dark neurons in CA3(per 100um?2) in diabetic animals
(5= 1) showed meaningful difference in comparison to
those of control groups (P<0.05). Diabetic group showed
remarkable ultrastructural changes mainly in the astrocytes
of the hippocampus after 8 weeks of hyperglycemia in
comparison to the control group (Fig. 1). Cytoplasm of
astrocytes in diabetic group exhibited marked changes,
including large empty spaces of glycogen and translucent
nuclei with marginalized heterochromatin (Figs. 2, 3).
Other ultrastructural findings were swollen mitochondria
and hydropic processes (Fig. 3). In some sections,
astrocytes were observed in vicinity of degenerated dark
neurons (Fig. 4).

Fig. 1: Neurons (N), interneuron (I) , oligdendrocyte (O) and an
astrocte(A) are seen in Pyramidal layer of CA3 in control group.

Fig. 2: an astrocyte (aster like) with depleted cytoplasm, stretched
RER(arrowhead) and swelled mitochondria(arrow) in diabetic
animals.

Fig. 3: an astrocyte (asterlike) with abnormal heterochromatin
pattern (Chromatin clumping).swelled mitochondria (arrow) and
dispersed ribosomes (arrow head) in diabetic animals.
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to two dark neurons (D). Degenerated mitochondria (arrowhead)
and hydropic astrocyte processes (aster like) are seen in diabetic
animals.

DISCUSSION

Our findings showed that streptozotocin - induced
diabetes results in qualitative and quantitative changes
in the hippocampal astrocytes in CA3. In this study,
we attempted to ascertain the entity of ultrastructural
changes of astrocytes in response to uncontrolled chronic
diabetes by TEM. Astrocytes in diabetic animals were
characterized by abnormal patterns of chromatin, damage
to mitochondria (swelling) and glycogen accumulation.
The number of astrocytes showed an increase in diabetic
animals in comparison to the control group. These results
are compatible with Augé et al. (2018) report on astrocytes
response in diabetic state!*,

Astrocytes and neurons, in physiological condition, are
coupled by the glutamate-glutamine cycle. Extracellular
glutamate is taken up and converted to glutamine
by astrocytes. The released glutamine is taken up by
neurons and used to synthesize glutamate to replenish the
neurotransmitter pool®.

Several studies have reported high levels of extracellular
glutamate in the hippocampal tissue of diabetic animals,
which in turn triggers a free radical generation!?>-2l.
Rivera-Aponte et al. (2016) showed that hyperglycemia
reduces functional expression of astrocytic Kir4.1 and
contributes to the pathophysiology of diabetes-induced
CNS disorders?™. It seems the altered function of astrocyte
induces neurodegeneration in CAs of hippocampus in
diabetic paradigm!?®..

Ultrastracturally, astrocytes in streptozotocin-diabetic
group exhibited morphological abnormalities in chromatin
and organelles, particularly in mitochondria. Increased
free radical generation in hippocampal tissue induces
mitochondrial dysfunction (mitochondria swelling)*®. The
observed ultrastructural abnormalities in diabetic group
may suggest some disturbances in energy production in

glutamine-glutamate cycle®*°l. High levels of glutamate
can accelerate oxidative stress in the hippocampus, which
in turn leads to excitotoxicity and dark neuron formation.
Dark neuron formation is a spreadable phenomenon
which is specified with remarkable shrinkage and volume
reduction. During this phenomenon, a large amount of
water is expelled to extracellular space and absorbed
by surrounding astrocytesP'. The presence of reactive
astrocytes in the vicinity of dark neurons may suggest a
protective mechanism to wall off the affected neurons and
prevents the spreading of the damage to the adjacent areas.
Although astrocytes are primarily involved in improving
neurons viability, diabetic paradigm would compromise
the functions of astrocytes, leading to an increased
neuronal loss. Astrocytes are thought to be involved in
extracellular matrix synthesis in the CNS and shaping
the synaptic spacel*?. Alteration in the synaptic geometry
will influence the speed and level of neurotransmittert*.
Therefore, it seems that efforts should be directed toward
the preservation of astrocytes functions in order to maintain
the neuronal integrity.

CONFLICT OF INTEREST

There are no conflicts of interest.

REFERENCES

1. Sofroniew MV. Astrocyte Reactivity: Subtypes,
States, and Functions in CNS Innate Immunity.
Trends Immunol. 2020 Sep;41(9):758-770. doi:
10.1016/5.1t.2020.07.004. Epub 2020 Aug 17.
PMID: 32819810; PMCID: PMC7484257.

2. Giovannoni F, Quintana FJ. The Role of Astrocytes
in CNS Inflammation. Trends Immunol. 2020
Sep;41(9):805-819. doi: 10.1016/5.it.2020.07.007.
Epub 2020 Aug 13. PMID: 32800705; PMCID:
PMCR8284746.

3. Van der Harg. JM, Eggels. L, Ruigro. SR,
Hoozemans. JJ, la Fleur. SE, Scheper.
W.Neuroinflammation is not a Prerequisite for
Diabetes-induced Tau Phosphorylation. Front
Neurosci2015. eCollection 2015.

4. Lizzo JM, Goyal A, Gupta V. Adult Diabetic
Ketoacidosis. 2022 Jul 12. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; 2022
Jan—. PMID: 32809558.

5. Rizzo MR, Di Meo I, Polito R, Auriemma MC,
Gambardella A, di Mauro G, Capuano A, Paolisso
G. Cognitive impairment and type 2 diabetes
mellitus: Focus of SGLT2 inhibitors treatment.
Pharmacol Res. 2022 Feb;176:106062. doi:
10.1016/j.phrs.2022.106062. Epub 2022 Jan 10.
PMID: 35017046.

131



Journal of Medical Histology

10.

11.

12.

13.

Kang Q, Yang C. Oxidative stress and diabetic
retinopathy: Molecular mechanisms, pathogenetic
role and therapeutic implications. Redox
Biol. 2020 Oct;37:101799. doi: 10.1016/j.
redox.2020.101799. Epub 2020 Nov 13. PMID:
33248932; PMCID: PMC7767789.

Sergi D, Zauli E, Casciano F, Secchiero P, Zauli
G, Fields M, Melloni E. Palmitic Acid Induced
a Long-Lasting Lipotoxic Insult in Human
Retinal Pigment Epithelial Cells, which Is
Partially Counteracted by TRAIL. Antioxidants
(Basel). 2022 Nov 26;11(12):2340. doi: 10.3390/
antiox11122340. PMID: 36552548; PMCID:
PMC9774631.

Darenskaya MA, Kolesnikova LI, Kolesnikov SI.
Oxidative Stress: Pathogenetic Role in Diabetes
Mellitus and Its Complications and Therapeutic
Approaches to Correction. Bull Exp Biol Med.
2021 May;171(2):179-189.  doi:  10.1007/
s10517-021-05191-7. Epub 2021 Jun 26. PMID:
34173093; PMCID: PMC8233182.

Peczynska J, Klonowska B, Zelazowska-
Rutkowska B, Polkowska A, Noiszewska K,
Bossowski A, Glowinska-Olszewska B. The
Relationship between Selected Inflammation
and Oxidative Stress Biomarkers and Carotid
Intima-Media Thickness (IMT) Value in Youth
with Type 1 Diabetes Co-Existing with Early
Microvascular Complications. J Clin Med. 2022
Aug 13;11(16):4732. doi: 10.3390/jcm11164732.
PMID: 36012972; PMCID: PMC9409989.

Darenskaya MA, Kolesnikova LI, Kolesnikov SI.
Oxidative Stress: Pathogenetic Role in Diabetes
Mellitus and Its Complications and Therapeutic
Approaches to Correction. Bull Exp Biol Med.
2021 May;171(2):179-189.  doi:  10.1007/
s10517-021-05191-7. Epub 2021 Jun 26. PMID:
34173093; PMCID: PMC8233182.

Slotnick SD. The hippocampus and
long-term memory. Cogn Neurosci.
2022 Jul-Jul;13(3-4):113-114. doi:
10.1080/17588928.2022.2128736. Epub 2022
Sep 27. PMID: 36165735.

Rolls ET. The hippocampus, ventromedial
prefrontal cortex, and episodic and semantic
memory. Prog Neurobiol. 2022 Oct;217:102334.
doi:  10.1016/j.pneurobio.2022.102334. Epub
2022 Jul 21. PMID: 35870682.

Giovannoni F, Quintana FJ. The Role of Astrocytes
in CNS Inflammation. Trends Immunol. 2020

14.

15.

16.

17.

18.

19.

Sep;41(9):805-819. doi: 10.1016/5.it.2020.07.007.
Epub 2020 Aug 13. PMID: 32800705; PMCID:
PMC8284746.

Timper K, Del Rio-Martin A, Cremer AL, Bremser
S, Alber J, Giavalisco P, Varela L, Heilinger C,
Nolte H, Trifunovic A, Horvath TL, Kloppenburg
P, Backes H, Briining JC. GLP-1 Receptor
Signaling in Astrocytes Regulates Fatty Acid
Oxidation, Mitochondrial Integrity, and Function.
Cell Metab. 2020 Jun 2;31(6):1189-1205.e13. doi:
10.1016/j.cmet.2020.05.001. Epub 2020 May 19.
PMID: 32433922; PMCID: PMC7272126.

Baek JH, Son H, Kang JS, Yoo DY, Chung HJ, Lee
DK, Kim HJ. Long-Term Hyperglycemia Causes
Depressive Behaviors in Mice with Hypoactive
Glutamatergic Activity in the Medial Prefrontal
Cortex, Which Is Not Reversed by Insulin
Treatment. Cells. 2022 Dec 12;11(24):4012.
doi: 10.3390/cells11244012. PMID: 36552776;
PMCID: PMC9777379.

Wong DP, Chu JM, Hung VK, Lee DK,
Cheng CH, Yung KK, Yue KK. Modulation of
endoplasmic reticulum chaperone GRP78 by high
glucose in hippocampus of streptozotocin-induced
diabetic mice and C6 astrocytic cells. Neurochem
Int. 2013 Nov;63(6):551-60. doi: 10.1016/j.
neuint.2013.09.010. Epub 2013 Sep 20. PMID:
24056253.

Saravia. FE, Revsin. Y, Gonzalez Deniselle. MC,
Gonzalez. S,Roig. P, Lima. A, Homo-Delarche .F,
De Nicola. AF. Increased astrocyte reactivity in the
hippocampus of murine models of type I diabetes:
the nonobese diabetic (NOD) and streptozotocin
treated mice. Brain Res2002;957: 345-353.

Kubota K, Nakano M, Kobayashi E, Mizue Y,
Chikenji T, Otani M, Nagaishi K, Fujimiya M. An
enriched environment prevents diabetes-induced
cognitive impairment in rats by enhancing
exosomal miR-146a secretion from endogenous
bone marrow-derived mesenchymal stem cells.
PLoS One. 2018 Sep 21;13(9):¢0204252. doi:
10.1371/journal.pone.0204252. PMID: 30240403;
PMCID: PMC6150479.

Sims NR, Yew WP. Reactive astrogliosis
in stroke: Contributions of astrocytes to
recovery of neurological function. Neurochem
Int. 2017 Jul;107:88-103. doi: 10.1016/j.
neuint.2016.12.016. Epub 2017 Jan 3. PMID:
28057555.

132



Neurolial reaction of hippocampus in hyperglycemia

20.

21.

22.

23.

24.

25.

26.

Okada S, Hara M, Kobayakawa K, Matsumoto Y,
Nakashima Y. Astrocyte reactivity and astrogliosis
after spinal cord injury. Neurosci Res. 2018
Jan;126:39-43.doi: 10.1016/j.neures.2017.10.004.
Epub 2017 Oct 17. PMID: 29054466.

Ahmadpour Sh., Haghir H.Diabetes mellitus
typel induces dark neuron formation in the
dentate gyrus: A study by Gallyas' method and
Transmission Electron Microscopy. Rom J
Morphol Embryol2011;52(2):575-579.

Yue C, Hu C, Xiang P, Zhang S, Xiao H, Zhou W,
JinH,ShiD,LiJ,XuL,ChenY, Zeng Y. Autophagy
is a defense mechanism controlling Streptococcus
suis serotype 2 infection in murine microglia
cells. Vet Microbiol. 2021 Jul;258:109103. doi:
10.1016/j.vetmic.2021.109103. Epub 2021 May
9. PMID: 33991788.

Augé E, Pelegri C, Manich G, Cabezon I, Guinovart
JJ, Duran J, Vilaplana J. Astrocytes and neurons
produce distinct types of polyglucosan bodies in
Lafora disease. Glia. 2018 Oct;66(10):2094-2107.
doi: 10.1002/glia.23463. Epub 2018 Aug 26.
PMID: 30152044; PMCID: PMC6240358.

Tan CX, Burrus Lane CJ, Eroglu C. Role of
astrocytes in synapse formation and maturation.
Curr Top Dev Biol. 2021;142:371-407. doi:
10.1016/bs.ctdb.2020.12.010. Epub 2021 Jan 21.
PMID: 33706922.

Chavushyan VA, Simonyan KV, Simonyan RM,
Isoyan AS, Simonyan GM, Babakhanyan MA,
Hovhannisyian LE, Nahapetyan KH, Avetisyan
LG, Simonyan MA. Effects of stevia on synaptic
plasticity and NADPH oxidase level of CNS
in conditions of metabolic disorders caused by
fructose. BMC Complement Altern Med. 2017
Dec 19;17(1):540. doi: 10.1186/5s12906-017-2049-
9. PMID: 29258552; PMCID: PMC5735878.

Liu J, Han YS, Liu L, Tang L, Yang H, Meng P,
Zhao HQ, Wang YH. Abnormal Glu/mGluR2/3/
PI3K pathway in the hippocampal neurovascular
unit leads to diabetes-related depression. Neural
Regen Res. 2021 Apr;16(4):727-733. doi:
10.4103/1673-5374.296418. PMID: 33063735;
PMCID: PMC8067948.

27.

28.

29.

30.

31.

32.

33.

Rivera-Aponte. DE, Méndez-Gonzalez.
MP, Rivera-Pagan. AF, Kucheryavykh. YV,
Kucheryavykh. LY, Skatchkov. SN, Eaton.
MJ.Hyperglycemia reduces functional expression
of astrocytic Kir4.1 channels and glial glutamate
uptake. Neuroscience2015; 310:216-223

Ahmadpour, S., Foghi, K. (2021). 'The Possible
Neurodegeneration of the CA3 and CAl of
Hippocampus in STZ - Induced Diabetes Mellitus
Typel on Male Wistar Rats', Journal of Medical
Histology, 5(1), pp. 41-47. doi: 10.21608/
jmh.2021.80629.1090

Luo N, Yue F, Jia Z, Chen J, Deng Q, Zhao
Y, Kuang S. Reduced electron transport chain
complex I protein abundance and function in Mfn2-
deficient myogenic progenitors lead to oxidative
stress and mitochondria swelling. FASEB J. 2021
Apr;35(4):€21426. doi: 10.1096/11.202002464R.
PMID: 33749882; PMCID: PMC9190180.

Sobaniec P, Lotowska JM, Sobaniec-Lotowska
ME, Zochowska-Sobaniec M. Influence of
Topiramate on the Synaptic Endings of the
Temporal Lobe Neocortex in an Experimental
Model of Hyperthermia-Induced Seizures:
An Ultrastructural Study. Brain Sci. 2021 Oct
28;11(11):1433. doi: 10.3390/brainscil1111433.
PMID: 34827435; PMCID: PMC8615765.

Ahmadpour, S., Behrad, A., Vega, I. Dark
Neurons: A protective mechanism or a mode of
death. Journal of Medical Histology, 2019; 3(2):
125-131. doi: 10.21608/jmh.2020.40221.1081

Liu X, Ying J, Wang X, Zheng Q, Zhao T, Yoon S,
Yu W, Yang D, Fang Y, Hua F. Astrocytes in Neural
Circuits: Key Factors in Synaptic Regulation
and Potential Targets for Neurodevelopmental
Disorders. Front Mol Neurosci. 2021 Sep
29;14:729273. doi: 10.3389/fnmol.2021.729273.
PMID: 34658786; PMCID: PMC8515196.

Taber KH, Hurley RA. Volume transmission in the
brain: beyond the synapse. J neuropsychiatry Clin
Neurosci. 2014 Winter;26(1):iv, 1-4. doi: 0.1176/
appi.neuropsych.13110351. PMID: 24515717.

133



