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ABSTRACT
Diabetes causes cognitive impairment, and the hippocampus is important for long-

term and permanent memory function. However, the mechanism of their interaction is



still unclear. In this study, rat models of diabetes mellitus were generated by a single
injection of streptozotocin (STZ). This study aims to explore the changes in
myelinated fibers in the hippocampus of type 1 diabetic rats. The unbiased
stereological methods and transmission electron microscopy were used to obtain the
total volume of the hippocampus, the total volume of the myelin sheath, the total
length of the myelinated nerve fibers, the distribution of the length with different
diameters of the myelinated fibers, and the distribution of the length with different
thickness of the myelin sheath. Stereological analysis revealed that, compared to that
of the control group, the total myelinated fibers volumes and the total myelinated
fibers length were decreased slightly, while the total volume and the thickness of
myelin sheaths were significantly decreased in the diabetic group. Finally, when
compared with the control group, the total length of myelinated fibers in the diabetes
group was significantly reduced, with diameters ranging from 0.7 to 1.1 pm and
thicknesses of myelin sheaths from 0.15 to 0.17 pm. This study provides the first
experimental evidence by stereological means to demonstrate that myelinated nerve

fibers may be the key factor in cognitive dysfunction in diabetes.
Key words: unbiased stereology, diabetes, hippocampus, myelinated fiber,

transmission electron microscopy

INTRODUCTION

Diabetes is a chronic disease that can result in various systemic complications,
affecting peripheral tissues and the central nervous system. The most common
diabetic brain complications include cognitive decline and depression [4,19].
Duration-related cognitive impairment is an increasingly recognized complication of
type 1 diabetes (T1D). In recent years, it has been found that the central nervous
system attains various functional disorders such as electrophysiological issues,

cognitive disorders, and structural changes to the hippocampus which are imperative



for learning and memory [15]. Loss of hippocampal neuroplasticity impairs the ability
of the brain to adapt and reorganize essential behavioral and emotional functions [12].

The hippocampus plays an important role in learning and memory. In the
streptozotocin-induced rat model, studies have described the loss of hippocampal
neuroplasticity, a low proliferation rate in the dentate gyrus, poor neurogenesis, and a
decrease in the number of hippocampal synapses [5,20]. Our previous study has
shown that the decline in hippocampal-related functions in diabetic individuals is not
caused by the death of neurons in the hippocampus [20].

The loss of nerve fibers in the hippocampus is likely to be one of the critical
reasons for cognitive decline. In the hippocampal neural circuit, impulses between
neurons are mainly transmitted by nerve fibers, and changes in myelinated nerve
fibers influence the conduction speed of nerve impulses, affecting the function of
neural circuits.

Evidence from animal studies can help clarify the mechanism that causes
cognitive decline in diabetic patients. STZ is a medication frequently used drug to
cause diabetes in animal models [7,20]. We used STZ injection intraperitoneally to
establish a rat model of diabetes, then measured cognitive function after the diabetic
rat models were fed a normal diet for 8 weeks. Current research has shown that in
STZ-induced diabetic rats, the hippocampus is significantly affected which results in
cognitive deficits.

Tang and Nyengard were the first to use stereology to perform a three-
dimensional quantitative study of nerve fibers [17]. Stereology quantitative methods
overcome the shortcomings of traditional quantitative methods, such as uniform
random sampling in the entire area to be studied [8]. The result of this method is the
total number amount of nerve fibers rather than the density [8]. Our research team
reported for the first time that myelinated nerve fibers in the white matter, cortex, and
hippocampus of the rat brain were significantly reduced with age by this method [22].

This study aimed to identify changes in the myelinated nerve fibers of the



hippocampus associated with T1D-induced cognitive decline by stereology.
Therefore, in the present study, we examined the total volume of the hippocampus, the
total length and volume of myelinated nerve fibers, and the total volume of myelin
sheaths. Additionally, the distribution of the total length of myelinated nerve fibers
under different diameters and myelin thicknesses was discussed.

This study is the first to detect changes in myelinated nerve fibers in T1D rats by
stereological means to provide a basis for exploring the relationship between T1D-
induced cognitive impairment and the ultrastructure of diabetic myelinated nerve

fibers in the hippocampus.

MATERIALS AND METHODS
Experimental animals

A group of 4-month-old Sprague-Dawley (SD) rats (n=40; 20 male rats and 20
female rats, North Sichuan Medical College, Nanchong, Sichuan, P. R. China) were
housed at 23 °C in a 60% humidity atmosphere under a 12 h-light-dark cycle, with
free access to food and tap water. They were raised in the standard breeding cage of
the SPF animal laboratory provided by Animal Research Institute of North Sichuan
Medical College. An average of 3-5 animals per cage, and the animals adapted to the
housing conditions for 3 days before the experiment. The indoor ventilation was at
least 15 times per hour. The other housing conditions are keeping the ammonia
concentration at less than 20 ppm, the relative humidity at 45% - 65%, the room
temperature at 20-25°C, and keeping the room quiet. The animal care and treatment
protocols were approved by the Animal Experimentation Ethics Committee of North
Sichuan Medical College, Nanchong, Sichuan, P. R. China. All efforts were made to

minimize animal suffering.

Induction of type 1 diabetes and experimental design

The rats were divided randomly into two groups, each group contained half



males and half females. 20 rats (10 males and 10 females) were injected with
streptozotocin (STZ) intraperitoneally (60 mg/kg body weight, S0130; Sigma, USA),
which was dissolved with 0.01 M sodium citrate buffer (pH 4.3) as previously
described [7,20] and 20 control rats were injected with the sodium citrate buffer
intraperitoneally. After one week, the blood glucose level was detected, and the rats
with glucose levels >16.7 mmol/l were confirmed to be successfully induced diabetes.
After 3 months of STZ injection, 4 rats died in the STZ group and 1 rat died in the
control group. Among the rats successfully modeled in the STZ injection group, 12
rats (6 male rats and 6 female rats) were selected randomly as the type 1 diabetes
model group (T1DM group). 12 healthy rats (half males and half females) without
STZ injection were selected randomly as the control group. We found that STZ is
currently the most widely used chemical inducer in animal models of diabetes, and it
has a specific destructive effect on animal pancreatic islet  cells. The use of high-
dose STZ causes animal islet cell necrosis and induces the development of T1D in
animals. The STZ-induced model of T1D causes insulin deficiency, hyperglycemia,
polydipsia, and polyuria, much like T1D in humans. These symptoms of T1D are
relatively easy to observe in rat models. The advantages of STZ-induced T1D models
are that they are very similar to the process of human T1D, and T1D models are easy

to establish, less expensive, and conducive to reproducibility [7,20].

Morris Water Maze

After 3 months of STZ injection, the Morris water maze test was used to assess
spatial memory [11,21]. The set maze used a circular tank with a diameter of 120 cm
and a height of 60 cm, which was filled with water (23 + 2 °C). The tank was divided
into four quadrants. The escape platform (9 cm in diameter) was fixed in the pool 1-2
cm below the water surface. Each rat received four trials per day for four consecutive
days. The starting point for each trial was chosen randomly. Each rat was put gently

into the pool from any water entry point facing the pool wall. The swimming time to



the platform (the escape latency) was recorded in each session. If the rats could not
find the platform or did not get onto the platform within 180 s (the incubation period),
they were guided onto the platform to rest for 15 s before the next test. The interval
between the two tests was 30 minutes. The average value of four tests per day was
taken as the result of that day. To determine if there were any visual defects displayed,

the visible platform test was conducted.

Tissue processing

Five rats from each group were anesthetized using 4% chloral hydrate (10
ml/kg). They were perfused with 4% paraformaldehyde in 0.01 M phosphate-buffered
saline (PBS, pH 7.4). The brain was taken out and divided into two hemispheres along
the median sagittal plane. The right or left hemisphere was sampled randomly. Each
hemisphere was sliced into 1-mm-thick serial sections, and 12-15 sections were

obtained from each cerebral hemisphere.

Estimation of the hippocampus volume

A transparent counting grid with an area of 0.1111 mm? associated with each
point was placed at random on the caudal surface of each slab. The points hitting the
hippocampus were counted (Figure 1A), and the total hippocampal volume was
calculated according to Cavalieri’s principle [18,22]:
V (hip) =t x a(p) x P (hip) x 2
where t was the section thickness (1 mm), a(p) was the area associated with each grid
point (0.1111 mm?), and Y'P (hip) was the total number of grid points hitting the

hippocampus per rat hemisphere.

Section preparation for transmission electron microscopy
Every third slab was sampled systematically from the first three slabs, with the

first one being sampled randomly. A transparent counting grid was placed randomly



on the caudal surface of the sampled slabs. The tissue blocks were obtained where the
points in the sheet hit the hippocampus. The 1 mm? isometric tissue blocks were fixed
in 2.5% glutaraldehyde at 4 °C for 2 hours, washed with 0.1 M phosphate buffer (pH
7.4) three times, postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH
7.4) at 4 °C for 2 hours, and dehydrated in a graded series of ethanol and acetone.
With the sector embedded into 5 mm-diameter balls, the ball was placed in the
horizontal plane and then embedded in the capsule according to the conventional
transmission microscope embedding method. One section (70 nm) from each block
was obtained using an ultramicrotome, and then the ultrathin sections were scanned in
a Hitachi HT7700 TEM at 80 kV. Images were taken at a magnification of 6,000-
15,000X. The photos of four fields of view at 6,000X magnification and eight fields
of view at 15,000X magnification in each tissue block from each sample were equally

spaced and randomly obtained [18,22].

Unbiased stereological methods

Stereological counting of the total length of myelinated fibers in the hippocampus
An unbiased counting frame was superimposed onto the amplified image taken

by the transmission electron microscope (Figure 1B). Myelinated fibers intersecting

with the inclusion line (dotted line) were counted, while fibers intersecting with the

exclusion line (solid line) were excluded from the counting. The length density of

myelinated fibers (LV) was calculated according to the formula [18,22]:

LV =2 x XQ/ZA

where £Q was the total number of myelinated fibers in unbiased counting frames and

YA was the total area of the unbiased counting frames. The total length of myelinated

fiber = length density x hippocampus volume.

Stereological counting of the total volume of the myelin sheath in the hippocampus

A counting grid was superimposed onto the amplified image taken by the



transmission electron microscope (Figure 1C). The number of P(ms) on the myelin
sheath and the number of hippocampus grid points within the entire photo (Ph) were
counted. The volume density of the myelin sheath (Vv (ms)) was calculated according
to the formula [18,22]:

Vv (ms) = ZP(ms)/ZPh

Total volume of myelin sheath = Vv (ms) x hippocampus volume

Calculation of the fiber diameter

The diameter of the nerve fibers was measured by an unbiased count (Figure
1D). First, the longest axis of the myelinated nerve fiber section is determined. Then
the longest transverse diameter perpendicular to the longest axis is the diameter of the

myelinated nerve fiber section [8,18,22].

Average thickness of the myelin sheath in the hippocampus

The average thickness of the myelin sheath in the section was measured using
the isometric test line (Figure 1E). The number of intersections, ) I, between the inner
boundary of the myelinated fiber profile and the equidistant test lines were counted.
The first number X was randomly chosen in the first I/4-interval. Intersection 3 was
randomly chosen as the first position. The second position was X+1/4. The third
position was X+1/4x2, and the fourth position was X+1/4x3. The mean thickness of

the myelin sheath equaled the mean value of t1, t2, t3 and t4 [8].

Statistical analysis

SPSS 25 (IBM SPSS Inc., Chicago, USA) was used for statistical analysis.
Morris water maze data between the two groups from day 1 to 4 were analyzed using
repeated measures analysis of variance (ANOVA), and the data of day 5 was analyzed
with a one-way ANOVA. Unpaired, two-tailed Student’s t-test was used to analyze

whether the total length of myelinated fibers, the total volume of the myelin sheath



and the average thickness of the myelin sheath were different between the control
group and the diabetes group. A value of p < 0.05 was considered statistically

significant [21,22].

RESULTS

Behavioral testing

We selected all rats from both the remaining surviving control group and the diabetes
group for Behavioral Testing. For the hidden platform on days 1-4, the escape latency
of diabetic rats was significantly extended compared with that of the control group
(*p < 0.05, Figure 2A). For the visible platform on day 5, there was no significant
difference in escape latency between the control group (3.3 + 1.09 s) and the diabetes

group (8.2 £ 4.82 s) (p > 0.05, Figure 2A).

Changes in the total volume of the hippocampus

There was no significant difference in the total volume of the hippocampus
between the control group (51.49 + 6.26 mm?) and the diabetes group (53.25 + 5.84
mm?) ( p > 0.05) (Figure 2B).

Changes in the total length and the distribution of the total length of myelinated
nerve fibers with different myelinated nerve fiber diameters

As shown in Figure 2C, when compared to the control group (9.67 km + 2.58),
the total length of myelinated nerve fibers in the hippocampus were decreased in the
diabetic group (6.76 km + 1.09), but the difference was not statistically significant (p
> 0.05) (Figure 2C).

When investigating the distribution of the total length of myelinated nerve fibers
with different diameters in the control group and the diabetic group, there was a
significant decrease with diameters of 0.7 pm (*p = 0.035, < 0.05), 0.9 pm (*p =

0.018, < 0.05) and 1.1 pm (*p = 0.018, < 0.05) (Figure 2D).



Changes in total volume of myelin sheath and the distribution of the total
myelinated fibers length with different thicknesses of myelin sheaths

The histogram in Figure 2E illustrates that, compared to the control group, the
total volume of hippocampal myelin sheath of the diabetic group (1.93 mm®+ 0.25)
was significantly different (2.33 mm?® + 0.23) (*p = 0.028, < 0.05) (Figure 2E).
Moreover, as shown in Figure 2F, the distribution of the total myelinated fibers length
with different myelin sheath thicknesses. We found that, compared to the control
group, the significant decrease in the myelinated fiber length in the diabetic group was
mainly due to the decreases in myelinated fibers with myelin sheath thicknesses from
0.15 to 0.17 pm. When the myelin sheath thicknesses were 0.15 pm (*p = 0.038, <
0.05) and 0.17 pm (*p = 0.012, < 0.05)(Figure 2F), the total length of myelinated

nerve fibers was statistically significant between the control group and the diabetes

group.

DISCUSSION

In humans, diabetes is associated with moderate impairment of cognitive
function, and patients are at high risk of affective disorders, dementia, and
Alzheimer’s disease [10, 13]. In the present study, the diabetic rats showed prolonged
escape latency compared to the normal rats, suggesting that the diabetic rats exhibited
spatial learning and memory dysfunction, which was consistent with the results of
previous similar studies [5, 20, 21]. Frgkjer et al. found that patients with long-term
T1D did not show any significant structural changes in gray matter and white matter
volume, cortical thickness, or morphological changes [2]. However, cortical thinning
was observed in sensory-related areas, which is related to the presence of peripheral
neuropathy [2]. In addition, Kodl et al. found that fibrous tissue was reduced in T1D,
indicating that posterior coronal radiation and optic radiation demyelination are

related to neurocognitive performance and the course of diabetes [6]. The



hippocampus plays a vital role in human learning and memory and is known to be
susceptible to stress and disease. A large amount of literature shows that humans rely
on the hippocampus for specific types of nonspatial and spatial memories (called
declarative and relational) [9]. When humans encode or retrieve these same types of
spatial and nonspatial memories, the hippocampus is activated [9]. An increasing
number of preclinical studies provide sufficient evidence that diabetes negatively
affects the morphological integrity of the hippocampus, and that the reduction in
hippocampal neurogenesis is consistent with other forms of neuroplasticity defects,
which may lead to the development of diabetic comorbidities and emotional
symptoms [16]. In our previous research, diabetic-induced cognitive dysfunction may
be related to the degeneration of synaptic number [20] and hippocampal capillary
[21]. Our previous findings indicated that in the early stage of diabetic cognitive
dysfunction, when compared to control rats, the total neuron number in the
hippocampus changed insignificantly, however, the total number of
spinophilin/neurabin-positive boutons significantly decreased by 69.6% [20]. What
kind of role do the nerve fibers between neurons and synapses play? Little is known
about the association between myelinated fiber changes and the central nervous
system in type 1 diabetes.

The highly ordered communication system in the brain requires the complete
structure and normal function of myelinated nerve fibers. Myelinated fibers have
evolved to enable fast and efficient transduction of electrical signals in the nervous
system. To act as an electrical insulator, the myelin sheath is formed as a
multilamellar membrane structure by spiral wrapping and subsequent compaction of
the oligodendroglial plasma membrane around CNS axons. Bak et al. reported that
neurotransmitter metabolism has a key role in maintaining normal cognitive function,
especially the glutamate/GABA-glutamine (Glu/GABA-GIn) cycle [1]. In the
Glu/GABA-GIn cycle, although glutamine is an excitatory neurotransmitter, it first

directly transforms into the inhibitory neurotransmitter glutamate, and then indirectly



transforms into the inhibitory neurotransmitter GABA. Gao et al. demonstrated that
diabetes-induced cognitive decline could be attributed to a disrupted Glu/GABA-GIn
cycle [3]. Zheng et al. recently reported that the gut microbiota from schizophrenic
patients altered the Glu/GABA-GIn cycle in the hippocampus, causing schizophrenic-
relevant behaviors in mice, which may provide indirect evidence [23]. This hypothesis
still needs to be validated further.

Unbiased stereological quantitative methods overcome the shortcomings of
traditional quantitative methods, such as uniform random sampling in the entire area
to be studied [8, 22]. The result of this method is the total amount of nerve fibers
instead of their density. According to this method, this study reported the changes in
myelinated nerve fibers in the hippocampus of T1D rats for the first time.

In the present results, there was no difference in total hippocampal volume
between diabetic and control rats. It suggested that the direct point of change was not
simply due to the hippocampus itself but the myelinated nerve fibers in the
hippocampus.

It is generally accepted that changes in myelinated nerve fibers are crucial to the
formation of the hippocampus as a basic component of the hippocampus [14]. In our
present findings, when compared to control rats, we observed a significantly
decreased in total myelin sheath volume in the hippocampus of diabetic rats.
Therefore, we speculated that the reduced myelin sheath of myelinated nerve fibers
could be responsible for diabetes-induced cognitive dysfunction. In particular, we
found that, in the hippocampus of the diabetse group, the total myelinated fiber length
was significantly decreased, especially with diameters from 0.7 to 1.1 pm, which may
indicate that smaller fibers are more vulnerable to damage in diabetes.

At the same time, we also measured the changes in the total length of myelinated
nerve fibers with different myelin sheath thicknesses. We found a significant decrease
in total length of fibers with the myelin sheath thickness from 0.15 to 0.17 pm. The

results showed that myelinated nerve fibers with smaller diameters and/or thinner



myelin sheaths were more vulnerable and susceptible to diabetes-related cognitive
dysfunction. However, whether a relationship between the myelinated nerve fibers of
the hippocampus and T1D-induced cognitive impairment exists still needs to be
further explored.

In conclusion, the results of this study provide insights into the mechanistic
correlation between hippocampal myelinated fibers and STZ-induced diabetic rats.
We conclude that there are likely to be multiple factors contributing to cognitive
decline in T1D individuals, and changes in the myelin sheath of nerve fibers may
represent one of them. Subsequently, our future research will further explore the
macrostructural and molecular mechanisms of the changes in the myelinated nerve

fibers of the hippocampus in T1D.
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Figure 1. A. Figure showed a rat brain slice under anatomic microscope, and a point
grid was superimposed on the slice at random. The points hitting the hippocampal
formation were counted; B. The principle of unbiased counting frame. Myelinated
fibers profiles inside the counting frame or touching the top and right lines (dotted
line) were counted, and touching the left and bottom lines and the extensions of the
right line and left line (solid line) were excluded from counting. Two profiles marked
with % were counted in total. Scale bar = 1pm (x6000); C. The points hitting the
hippocampal formation, the myelinated fibers and the myelin sheaths were counted,
respectively. Scale bar =1pm (xX6000); D. The diameter of myelinated fibers sampled
with the unbiased counting frame was estimated. First, the longest axis (L) of the
myelinated nerve fiber section is determined. Then the longest transverse diameter
(D) perpendicular to the longest axis is the diameter of the myelinated nerve fiber
section; E. The number of intersections, ) I, between the inner boundary of the
myelinated fiber profile and the equidistant test lines were counted (as shown, 16
intersections). The first number X was randomly chosen in the first I/4-interval (as
showen, I was 16, so the first position should be chosen from a random number

between 1 and 4). Intersection 3 was randomly chosen as the first position. The



second position was X+1/4 (intersection 7). The third position was X+1/4x2
(intersection 11) and the fourth position was X+1/4x3 (intersection 15). The mean

thickness of myelin sheath equaled to the mean value of t1, t2, t3 and t4.

Figure 2. A. Comparison of the escape latency to the hidden platform between the
control group and the diabetes group 3 months after STZ injection. Each point
represented the mean+SD value of the trials. The rats were trained to find a hidden
platform located in one quadrant of the water maze on Days 1—4 and to find a visible
platform on Day 5 (*p < 0.05); B. Comparison of the total volume of the
hippocampus between the control group and the diabetes group by stereological
analysis; C. Comparison of the total length of myelinated fibers in the hippocampus
between the control group and the diabetes group by stereological analysis; D.
Absolute distributions of the total length of myelinated nerve fibers with different
myelinated nerve fiber diameters in the hippocampus. The decrease in the total
length of myelinated nerve fibers in the hippocampus of diabetic rats was mainly
due to the increase in myelinated nerve fibers with diameters from 0.7 to 1.1 pm (*p
< 0.05); E. Comparison of the total volume of the myelin sheath in the hippocampus
between the control group and the diabetes group by stereological analysis.
Compared with control rats, the average thickness of the myelin sheath in the
hippocampus of diabetic rats was significantly reduced. (*p < 0.05); F. Absolute
distributions of the total length of myelinated nerve fibers with different thicknesses
of myelin sheaths in the hippocampus. When the thickness of the myelin sheath
were from 0.15 to 0.17 um, there were significant differences in myelinated nerve

fibers between the diabetes group and the control group (*p < 0.05).
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