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SUMMARY: There is an increasing amount of evidence that supports the diabetic complications of the central nervous system
structure and function. The cerebellum, which is one of the primary structure derived from the hindbrain, plays an inipantant ro
motor control, motor coordination, and non-motor functions, such as cognitive processing. The synapse is a criticahatnagulatées
neuronal communication, and well-defined afferent and efferent fibre connections in the cerebellum help in maintainingrthe prop
working order. Thus, the present study sought to investigate the long-term effects of diabetes-induced synaptopathypéhuhg cere
using both histological and ultrastructural studies. Twenty Sprague-Dawley male rats were divided randomly into contbatand dia
groups, and diabetes was then induced through a single intraperitoneal injection of streptozotocin (60 mg/kg body wmighi). Six
later, the rats were sacrificed and the cerebellum was removed. Light and electron microscopic examinations showed andefgenerati
Purkinje cells (Neuron purkinjense) with shrunken cells, pyknotic nuclei, and synaptopathy, including the reduction idegsiyse
number of synaptic vesicles, and maturation of synapses in the molecular layer of diabetic cerebellum. The disruptiotis in synap
profiles, which observed in the diabetic condition, could be related to cerebellar dysfunction, thus leading to the ctededitsated
movement, balance, as well as cognitive learning and memory.
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INTRODUCTION

Diabetes mellitus is one of the most common and One particular brain region where high expression
chronic metabolic diseases and is characterized by insutifinsulin receptor has been found is the cerebellar cortex
deficiency or resistance and hyperglycemia, which is gileinridderset al, 2014). The cerebellum’s anatomical
elevated levels of sugar in the blood (American Diabetgmsition is located behind the cerebrum and atop the brain
Association, 2011). Chronic complications of diabetes includdem (pons and medulla oblongata). Besides motor functions,
all parts of the body that lie both within and without the cerwhich includes the maintaining of balance and coordinating
tral nervous system (CNS). The brain, the largest portion ofovements, the cerebellum is also associated with learning
the CNS, is a probably target and also a source of insulamd memory (Tedescet al, 2011). The adverse effects of
Pancreatic insulin in the plasma reaches the brain throudiabetes on cerebellum have thus been reported in both
cerebrospinal fluid and/or the transendothelial transport. Thisabetic patients and animal models. Diffusion tensor
then, goes into the interstitial fluid around the neurons arnighaging was performed for white matter pathway analysis,
glial cells (Grayet al, 2014). Local insulin in the brain is and it revealed decreased anatomical connections in the
released by a subpopulation of neurons in the cerebral corte@tebellar cortex and cerebro-cerebellar circuits of type 2
and neural progenitor cells within the hippocampus (Csajbdkabetic patients (Fareg al, 2017). Ultrastructural changes
& Tamas, 2016). Insulin signaling in the brain not onlyand an increase in apoptotic activity was found in the type 1
regulates food intake and glucose homeostasis but is atiabetic rats (Hernandez-Fonsetal, 2009). Gestational
involved in general neuronal survival, synaptic plasticity andiabetes induces a loss in number and size of the Purkinje
cognitive function (Duartet al,, 2012). The alterations in an cells (Neuron purkinjense) and the granular cells in the rat
insulin action induced by diabetes can thus lead to bragerebellum in early postnatal life (Ragi al, 2015).
damage and neurodegenerative disorder. Furthermore, maternal diabetes appeared to affect the
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synaptogenesis in the developing cerebellum of the offsprisgyips (Roche Ltd., Berlin, Germany). The colour scales
(Hamiet al, 2016). indicated the amount of glucose present in the urine and
blood glucose levels were analysed again by glucometer just
Although there are several studies that discuss tipeior to the sacrifice. The clinical behaviour was also
effects of diabetes on the cerebellum in both a structural anbiserved during the entire duration of the experiment.
biochemical analysis, diabetic effects on synaptic number
and synapse maturity have not yet been demonstrated inlthght and electron microscopy. At the end of the
diabetic rat. Considering the alterations of synapses with&xperiment, animals were anesthetized through halothane
the downregulation of circuit function can lead to amnhalation. They were sacrificed by transcardial perfusion,
interference with the important roles of the cerebellum, agth 0.9 % NaCl solution to wash out the blood, followed
such, this experimental study aims to investigate the impdny the Bouin’s solution to preserve the tissues for
of long-term diabetes on cerebellar synaptic profiles, wittonventional light microscopic and histological study. For
the main focus being on the density and maturity of synapssectron microscopic study, in order to allow the analysis of
in streptozotocin (STZ) induced diabetic rats. the ultrastructure, the animals were perfused with 0.1 M of
phosphate buffer solution (PBS) and fixed with 2.5 %
glutaraldehyde in 0.1 M PBS. After removal of the brain,
MATERIAL AND METHOD the cerebellum from both control (h=4) and diabetic (n=4)
rats were cut in the sagittal plane through the middle of the
vermis. Next, the cerebellar tissues were routinely processed
Animal handing. All animal experiments were performedfor light microscopy through standard histological methods,
in compliance with the Guide for the Care and Use a&ind the sections {@m) were stained with hematoxylin and
Laboratory Animals. The approval of the ethics committeeosin to be captured by an Olympus Bx43 microscope and
of Siriraj Laboratory Animal Research and Care CenteQP73 dgital camera that was attached to CellSens Standard
Mabhidol University (COA No. 009/2561) was obtained priosoftware (Olympus Optical, Co. LTD, Japan). The cerebellar
to the study. Twenty adult male Sprague-Dawley rats (5tBsues for electron microscopy (six rats in each group) were
week old) weighing between 200-270 g were used. The ratsopped in order to obtain smaller pieces of approximately 1
were housed each in a cage with a constant temperattie (28107 from the apex of Larsell’s lobule Vla, which was located
°C), had a 12 h light-dark cycle and free access to the stdust caudal of the distinct primary fissure. Samples were post-
dard rat pellet diet and distilled water. Following a week dfxed in osmium textroxide, dehydrated in graded alcohol
acclimatization, the rats were randomly assigned to contdlutions, infiltrated with propylene oxide and embedded in
and diabetic groups, with each group consisting of 10 rat&radite 502 resin. Ongm thick section that was stained with
toluidine blue was examined under a light microscope
Induction of diabetes.In the diabetic group, diabetes wagAxiostar plus, Jena, Germany) to confirm all layers of the
induced by a single intraperitoneal injection of freshlygerebellar samples. Next, serial ultrathin sections (60 nm) were
dissolved STZ in a 0.1 M citrate buffer (pH 4.5) at a dosageepared, and were double-stained with uranyl acetate and
of 60 mg/kg body weight in overnight (12 h) fasting animaldead citrate, and evaluated under a JEM-1230 transmission
The control animals were injected with the vehicle alonelectron microscope (Jeol LTD, Akishima, Japan).
Diabetes was verified at 72 h after injection of the STZ
through an assessment of blood glucose levels in blobtbrphometric analysis.Purkinje cell density was measured
samples obtained from the tail vein, using blood glucoseom low magnification images (10X objective) of 50
monitoring system (Lifescan, Milpitas, CA, USA). Rats thaseparate fields per each group in the apex of cerebellar
had fasting blood glucose levels of above 300 mg/dL welebules. The images were taken for every 5 sections of the
accepted as diabetes mellitus. To confirm the presencecefebellum, to avoid over sampling the same Purkinje cells.
normoglycemia in control rats, their blood glucose level§he amount of Purkinje cells was reported as Purkinje cell
were evaluated at the same time as the diabetic grompmber per 350,000m? area of the cerebellum.
Diabetic rats were kept for 6 months, to allow the
development of long-term diabetes and to observe the The synaptic density was counted at 50 random areas
manifestation of the chronic effects. from the cerebellar molecular layer of each group through
the use of 12,000X magnification. Images were taken for
Biochemical and clinical assaysrhe animal’s body weight every 10 ultra-thin section to circumvent an issue where the
and urine glucose levels for each overnight fasting rats §ame synapse was counted. The synaptic density was
both groups were recorded daily. The positive urine glucoseported as the number of synapse per 10 area of
was monitored using Diabur-Test 5000 glucose urine tesiblecular layer.
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For synaptic maturity, we selected the synaptiDiabetes reduces Purkinje cell densityThe use of light
profiles contained with the presynaptic area, clusteradicroscopy displayed the histological appearances of the
synaptic vesicles, and postsynaptic area and imaged undgrcerebellum in the sagittal plane of the vermis (Fig. 1A)
80,000X magnification for analysis (50 synapses for eathat consisted of ten different lobules separated by fissures,
group). The results were expressed as a maturation indexaccordance with Larsell’s schema (Larsell, 1952). At a

that was calculated by the following formula: high magnification (Fig. 1B), the cerebellar cortex was
composed of three distinct layers: the molecular layer, the
Maturation index = (Ac/At) x 100 Purkinje layer and granular layer, respectively, from the

outermost to innermost layers. The molecular layer lay
Where the Ac was an area occupied by clusteretirectly below the pia mater and consisted mainly of neuropil,

synaptic vesicles and At indicated the area of the presynaptie area between the cell bodies of neurons, which was
terminal, respectively. comprised of the neuronal processes, synapses and

microvasculatures. Few neurons, including the stellate and

The area of the presynaptic terminal and areaasket cells, were located in this layer. Stellate cells lay in

occupied by clustered synaptic vesicles were calculated usthg outer two thirds of the molecular layer, while the basket
the UTHSCSA ImageTool 3.0 (University of Texas Healtltells were located in the inner third of this layer. Their cell
Science Center in San Antonio, San Antonio, USA). bodies were relatively close, or within the Purkinje cell layer

(Stratum purlnjense). The middle narrow zone was a single
Statistical analysis.Data were analysed using a softwareow of the Purkinje cell layer. It was comprised of the cell
program called PASW statistics version 18.0 (SPSS In@odies of the Purkinje cells, a giant pear-shaped cell consisting
Chicago, IL, USA). Firstly, the distribution normality of theof a large round vesicular nucleus with a prominent nucleolus.
sample was evaluated through the use of the Kolmogorohie innermost layer of the cerebellar cortex was the granular
Smirnov test. All data in this study sufficiently met normalayer which was densely packed with granule cells and few
distribution. Thus, the comparisons between two independédlgi cells, as the ration was one Golgi cell to every several
groups were made by the Independent-Samples T test. Tiumdred granule cells. The granule cells were small, dark-
results were determined in a confidence interval of 95 %taining nuclei and scantly cytoplasm, whereas the Golgi cell
The level of significance was set at p<0.0001 and the datas large, irregular cell body with an abundance in cytoplasm
was presented as the maastandard error of mean (SEM). and was just below the Purkinje cell layer.

In the diabetic group, some Purkinje cells were

RESULTS shrunken with the pyknotic nuclei (Fig. 2A), suggesting

apoptotic cell death. Furthermore, the number of Purkinje

cells in the cerebellar section of the diabetic rat was lower
Diabetes induces weight loss, hyperglycemia, and gluco-than that in the control group, and this was confirmed by the
suria. The biochemical parameters at month 6, when ttetatistical analysis of Purkinje cell density demonstrating a
animals were sacrificed, is depicted in Table I. A decreasesignificant reduction in the number of Purkinje cells,
the final body weight and an elevated blood glucoseducing from 21.080.52 cells in the control group to
concentration were observed in the diabetic rats, whér3.98:0.54 cells in the diabetic group (Fig. 2B).
compared to their control counterparts. Diabetic rats also
contained higher levels of sugar in the urine, which wd3iabetes decreases synapse density, number of synaptic
indicated by a dark green colour urine dipstick (>500 mgksicles, and synapse maturationfo further address the
dL). Moreover, the clinical symptoms of diabetes, such agiestion regarding a decrease in the Purkinje cell number,
an increase in hunger (polyphagia), thirst (polydipsia) aras seen in the diabetes, and whether it was attributable to
urine frequency (polyuria), were exhibited in the STA&liminished synapse density, we performed ultrastructural
diabetic rats. studies of the synapses, using transmission electron

Table I. Biochemical parameters at the end of the experiment.

Parameters Control (n = 10) Diabetes (n = 10)
Body weight (g) 4314 +£18.94 240.0 +4.89*
Blood glucose (mg/dL) 121.9£6.76 478.8 £ 16.17*
Urine glucose _ +

*p<0.0001 versus control
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Magnification: 1.5 x

Fig. 1. Lobules and cortical layers of the normal rat cerebellum. (A) Sagittal histological section of the
vermis showing ten lobules (anterior to posterior), according to Larsell's schema (I-X) with their subfolia
(a, b, ¢). (B) An enlargement of the cerebellar cortex, which demonstrates the outer layer or molecular
layer (ML). This consists of the stellate cells in the superficial part and the basket cells in the deeper
region, near the Purkinje cells, with the middle layer or Purkinje layer (PL) being composed of Purkinje
cell bodies and the inner layer, or granular layer (GL), containing large Golgi cell below the Purkinje
cells, with an abundance of darkly stained granule cells.
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Fig. 2. Effects of diabetes on Purkinje cells. (A) Photomicrographs of the cerebellum of control and
diabetic rats showing three layers of the cerebellar cortex; molecular layer (ML), Purkinje cell layer
(PL), and the granular layer (GL), along with a central core of white matter (W). The diabetic cerebellum
that exhibits neuropathological changes in some Purkinje cells, including shrunken cells and darkly
stained nuclei (arrowheads), are clearly seen in the inset. Inset: a high magnification of the Purkinje
cells, H&E staining. (B) Quantification of Purkinje cell density per 350,0f0area of the cerebellum,
demonstrating a significantly decreased Purkinje cell count in the diabetic group. Values represent the
meant SEM. (t = 9.41, df = 98, *p<0.0001 compared with control)
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microscopy to provide the information regarding the Finally, we determined the effects of diabetes on the
presynaptic area that contained the neurotransmitter vesiclesituration of synapses, which is one of an essential steps in
synaptic cleft, and postsynaptic area, as shown in the Figtine neurotransmission required for the neuronal network.
3A. The current study examined the numbers of synapsedrigure 3C showed a significant reduction of synapse
the molecular layer, where the large majority synapsesaturation in the diabetic group (16:8606), when
between the dendritic spines of Purkinje cells and climbirgpmpared to control (33.88.27). This result was associated
fibres, parallel fibres, and interneurons (stellate and baskeith the dwindling density of the synaptic vesicle found in
cells) had been found. The result showed that the synapise diabetic rats. The number of synaptic vesicles decreased
density had decreased in the diabetic group (28.98), by approximately half when compared to that was observed
when taken in comparison with the control groupn the presynaptic terminal of the control rats, as shown in
(14.0G0.55) (Fig. 3B). the Figure 3A.
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Fig. 3. Effects of diabetes on synaptopathy (A) Ultrastructural micrographs of the synaptic terminals in the cerebellar
molecular layer, showing the presynaptic terminal (pink area), synaptic vesicle cluster (purple part) and postsynaptic area
(blue). Diabetes demonstrated to lead to a reduced number of vesicles in the presynaptic area adjacent to the active zone.
Uranyl acetate and lead citrate staining. (B) Quantitative analysis of synapse density (humbeaupeadsd®of molecular

layer) and (C) maturation index (area of clustered synaptic vesicles normalized to the area of the presynaptic terminal),
illustrating a significant decrease in both synapse density (t = 11.09, df = 98) and the synapse maturation (t = 10)00, df = 98
of diabetes. Values represented the me&&EM, *p<0.0001, when compared with the control.
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DISCUSSION TUNEL assay to be present in diabetic cerebellums
(Hernandez-Fonsee al.). Intense immunolabeling of ac-
tive caspase-3, an indicator of apoptosis, appeared in the

Diabetes mellitus, a disease that is attributed to be theree layers of diabetic cerebellar cortex, prominently in the
direct consequences of chronic hyperglycemia, is associatedrkinje cells (Nagayacét al). The major mechanism of
with several detrimental effects on the CNS (Malone, 2016Jiabetes in the cause of program cell death was

Well-defined afferent and efferent fibre connections of thhyperglycemia-mediated oxidative damage. Excessive

cerebellum with many important structures of the CNS iglucose in tie blood can be transported to the intracellular

essential for its ability to coordinate the body’s voluntaryarts of the neuron, thus leading to the increase of neuronal

movements, control balance and posture, along with playigducose levels by approximately fourfold (Stedlal, 2012).

a vital role in cognition. Dysfunction of the cerebellar circuitdligh level of glucose in the cell stimulated increased oxidative

thus presents different neuropathology of the cerebellatress through auto-oxidation of high intracellular glucose,

disorder, and based on different parts of the cerebellum, calong with unstable glycation, activation of the polyol
include impairment of body balance (vestibulocerebellumpathway, and endogenous antioxidant depletion (Brownlee,
deterioration of gait (spinocerebellum), disturbance in carryir@005). The generation of excessive free radicals contributed
out voluntary movement (cerebrocerebellum), and cerebell@r increased neuronal death by the oxidisation of proteins,
cognitive-affective syndrome (cortico-cerebellar connectiordamaging of DNA, and activation of the cellular membrane
between the cerebellum and prefrontal and limbic area§)id peroxidation (Matouglet al, 2012). Since insulin and

(D'Angelo, 2011). The loss of synapses is viewed to be a majosulin growth factors transmitted signal downstream to

cause of the cerebellar circuit dysfunction. As such, this studggulate neuronal survival (Duagtal), a reduction in these

assessed the effects of chronic diabetic condition on thjeowth factors and their receptors was reported in the
synaptic profiles of rat cerebellums. Our findings showed thaerebellum of diabetic animals (Borgesal, 2017) and may
diabetes induces a reduction in the number of Purkinje cell® another possible mechanism of diabetes-induced neuronal
synapse density, number of synaptic vesicles, and thell death. These mechanisms are the cause of the Purkinje
maturation of synapses. cell death and the decrease in numbers in the cerebellum of
diabetic rat, as shown in the present study.
Consistent with methods used in the previous reports
(Nagayactet al, 2014; Razet al; Sherif, 2017; Solmagt This study also found a lower number of cerebellar
al., 2017), our study showed that the intraperitoned&urkinje neurons in the diabetic cerebellum, which was
administration of STZ caused a clear-cut increase in bloedsociated with decreased synaptic junction in the molecular
and urine glucose levels, with common signs of diabetdayer. Purkinje cells are the sole output neurons that receive
including body weight loss, polyphagia, polydipsia aneéxcitatory inputs from climbing fibres and parallel fibres,
polyuria, which was due to the diabetogenic action of STAJong with inhibitory inputs from both stellate cells and bas-
thus inducing the degeneration in pancreatic Langerhans ifdet cells in the molecular layer. Therefore, a decrease in
beta cells (Akbarzadedt al.,, 2007). Purkinje cell numbers would reduce the synapse density.
Moreover, the proposed effects of diabetes being able to lead
A significant Purkinje cell loss was also observed ito a diminishing of synaptic contacts would be considered a
the cerebellum of STZ-induced diabetic rats, as evidenchgperglycemia induced downregulation of synaptophysin
by an analysis of the significant decline in the Purkinje celSYP) protein level. SYP is an integral membrane
density. Cell shrinkage and pyknotic appearances thgliycoprotein of the neuronal synaptic vesicles present in all
emerged in some Purkinje cells were suggestive of apoptatinapses, hence it has also been considered to be a specific
cell death. Indeed, in accordance with our results, sevemahrker of synaptic density and synapse formation. In their
studies had found that there were neuropathological changegestigative study, Zhaet al (2015) demonstrated that high

of Purkinje cell which was induced by diabetes, includinglucose and hypoxia mimicking diabetic state in the primary

being smaller in size, denser cytoplasm, a darkly staineéuronal culture reduces SYP protein via the promotion of

nucleus, electron-dense nuclear chromatin under the nuclda ubiquitin-proteasome system. In a study pertaining to
membrane, and more densely packed organelles in tthe synaptogenesis in the cerebellum of the offspring born
cytoplasm (Hernandez-Fonsesaal.; Sherif). These were to diabetic mothers (Hangt al), the expression and
apoptotic morphological features. Furthermore, the apoptotcalization of SYP in neonates born to maternal
cell death in the cerebellum, that was theorised to occur whlyperglycemia showed a reduction in all three layers of the
diabetes, was confirmed by active caspase-3 immunolabeliceyebellar cortex. Furthermore, a study undertaken to probe
and TUNEL assay. Extensive DNA fragmentation was fourtthe effect of diabetes on SYP immunoreactivity in the

during the later stages of apoptosis, and was detected bydkesbellum of 8 week STZ-induced diabetic rat showed a
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decrease in SYP expression in the molecular layer (Sheri{lyoMCHAN, A.: SRICHAROENVEJ, S.: LANLUA, P. &

Taken together, the possible mechanisms through which dBxIMAI, S . Sinaptopatia cerebelosa en ratas diabéticas inducidas
betes declined synapse formation in the cerebellar molecupar estreptozotocinant. J. Morphol., 37(1p8-35, 2018.

layer found in the present study was from reductions of SYP

expression and localisation caused by hyperglycemia. RESUMEN: Actualmente existe una creciente evidencia
que apoya las complicaciones diabéticas de la estructura y funcién

gel sistema nervioso central. El cerebelo, una de las estructuras

Our ultrastructural analysis of the presynaptic = > . ~ ;
moroholoay and vesicles supported a decrease in the nu rlrparlas del cerebro posterior, desempefia un papel importante
P 9y PP el control motor, la coordinacion motora y las funciones no

of synaptic vesicles and synapse maturation. Since the SYBioras, tanto como en el procesamiento cognitivo. La sinapsis es
protein has also been implicated in the synaptic vesicl@a estructura critica que regula la comunicacion neuronal y las
biogenesis and release of neurotransmitters (Vako@h, conexiones de fibras aferentes y eferentes bien definidas en el ce-
2004), it can be postulated that a diminished number wbelo, ayudan a mantener el funcionamiento correcto. Por lo tan-
synaptic vesicles with reduced synapse maturation in diabdticen el presente estudio se investigaron los efectos a largo plazo
rat cerebellum may also relate to the diabetes reduced sygda singptopatl’a,in_ducida por la diabetes en e_I cerebelo, utilizan-
protein. Another mechanism involved as a cause for tﬁ@ estudios hlstolog_lc_os_yuItraestructuraIes.Velnte ratas Sprague-
reduced synaptic vesicle pool would be related to t awley macho se dividieron al azar en grupos de control y diabe-

d . f aloh lei S This i €s, se indujo la diabetes a través de una inyeccion intraperitoneal
increased expression of alpha-synuclein (a-Syn). This S1fica de estreptozotocina (60 mg / kg de peso corporal). Seis me-

presynaptic protein involved in the synaptic vesicle cyclges gespués, se sacrificaron las ratas y se extrajo el cerebelo. Los
Previous studies have been shown that an increasg@menes de microscopias 6ptica y electrénica mostraron una de-
expression of a-Syn reduces the synaptic vesicle densitygaheracion de las neuronas purkinjenses (células de Purkinje), con
the axon terminal by inhibiting synaptic vesicle reclusteringélulas reducidas, ndcleos picnéticos y sinaptopatia, como tam-
(Nemaniet al, 2010). Solmaet al reported an accumulation bién la densidad reducida de sinapsis, el nimero de vesiculas
of a-Syn in the cerebellar Purkinje cells of diabetic rats. Alnapticas y la maduracion de las sinapsis en la capa molecular del
depletion of synaptic vesicles in the presynaptic mossy ﬁbpgrebelo de las ratas diabéticas. Las interrupciones en los perfiles

terminals has been reported in the hippocampus of diabeijaapticos, que se Observa.ron er.',la condicion diabética, podrian
estar relacionadas con la disfuncion cerebelosa, lo que lleva a de-

rats (Magarifos & McEwen, _2000)' Thus, _it is possible th%ctos en el movimiento coordinado, el equilibrio, asi como al apren-
the overexpression of a-Syn induced by diabetes could legghje cognitivo y la memoria.

to defects in synaptic vesicle density and size, thereby
resulting in the impaired maturation of the synapse. PALABRAS CLAVE: Cerebelo; Diabetes mellitus;
Estreptozotocina; Sinaptopatia.
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