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Abstract

Background: Diabetic encephalopathy is a recently recognised complication of early-onset
type 1 diabetes in children. The abnormalities underlying diabetic encephalopathy are complex and
poorly understood, and the impact of disease duration on behavioural and cognitive parameters
also remains unclear. Hence, the present study was conducted to determine the effects of different
durations of hyperglycaemia on behavioural and cognitive parameters in young streptozotocin-

induced diabetic rats.

Methods: Diabetes was induced in young, weaned, age-matched rat pups by streptozotocin
injection (50 mg/kg body weight, intraperitoneally). Diabetic status was confirmed on post-natal day
30. The rats were tested in the elevated plus maze 10 and 20 days after diabetes induction.

Results: Diabetic rats had significantly impaired behavioural and cognitive functions
compared with age-matched controls. Increased anxiety levels and cognitive deficits were observed
in rats that had been diabetic for 20 days compared with their 10-day counterparts.

Conclusion: It is essential to diagnose and treat early-onset type 1 diabetes in young children

to prevent irreversible cognitive dysfunction.
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Introduction

Behavioural and cognitive changes associated
with type 1 diabetes mellitus (T1DM) have recently
gained attention. Concerns about the deleterious
effects of TIDM on the central nervous system
have grown with the increasing incidence of
T1DM in children (1). Many studies have clearly
shown cognitive and behavioural changes in type
1 diabetic rats and humans, which are evident in
elevated levels of anxiety, depression, and slowing
of mental speed and flexibility (2—5).

Diabetes-induced behavioural and cognitive
changes are related to several factors. Both
diabetic complications and reduced central
serotonin (5-hydroxytryptamine, 5-HT) synthesis
and metabolism are thought to underlie
behavioural and cognitive dysfunctions in
patients with T1iDM (6,7). It has become evident
that insulin and C-peptide deficiencies, including
perturbations of their signalling cascades, lead
to cerebral dysmetabolism and interference with
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the regulation of neurotropic factors and their
receptors. Ultimately, this cascade of events
leads to neuronal loss, causing profound deficits
in behavioural and cognitive functions (8).
However, the specific mechanisms underlying
these changes and whether they relate to the
duration of hyperglycaemia are unknown.

Although the magnitude of most of these
cognitive decrements is relatively modest, even
moderate behavioural and cognitive changes can
potentially hamper the day-to-day activities of a
diabetic child. These cognitive decrements may
present problems in more demanding situations,
and critically, can have a negative impact on the
quality of life.

Patients with an onset of diabetes before
the age of 5 years may be more sensitive to
diabetic complications and diabetic effects
related to encephalopathy. Many researchers
have shown that there is a relationship between
neuropsychological changes and early-onset
TiDM (3,9,10). The contributions of several
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disease variables, such as diabetic duration,
level of glycaemic control and the developmental
trajectory of neuropsychological impairments,
remain unresolved. Hence, the present study
was conducted to evaluate the effects of different
diabetic durations on various behavioural and
cognitive parameters using the elevated plus maze
(EPM) in streptozotocin (STZ)-induced diabetic
rat pups.

Materials and Methods

Inbred male and female Wistar rats,
25 days old with weights of 45—-50 g, were selected
for the study. Experiments were approved by
the Institutional Animal Ethical Committee
(627/02/a/CPCSEA dated 17 July 2008). The
rats were maintained on a 12:12-hour light:dark
cycle under controlled temperatures (25 °C, SD 3)
and had ad libitum access to food (Amrut feeds,
standard rat pellets) and water. All experiments
were performed between 08:00 and 16:00 hour.
Rats were randomly divided into the following
groups of 6 rats each:

« Group 1 (N-10): Control for 10 days
« Group 2 (D-10): Diabetic for 10 days
« Group 3 (N-20): Control for 20 days
« Group 4 (D-20): Diabetic for 20 days

Rats in the diabetic groups received an
intraperitoneal injection of STZ (50 mg/kg)
on post-natal day 25. Four days later, blood
was collected from the tail vein following an
overnight fast (11-13). Fasting blood sugar
(FBS) was measured with a standard glucometer
(Optium, Germany), and the day that diabetes
was confirmed was considered to be diabetic
day 1. Rats with FBS lower than 200 mg/dL
were excluded from the study. Eleven days after
diabetes confirmation, rats in the D-10 group
were assessed for cognitive and behavioural
parameters in the EPM. Similarly, rats in the
D-20 group were also assessed with the same
measures 21 days after diabetes confirmation. The
details of the EPM test are explained below.

The EPM is widely used for rodent
neuropsychological assays, such as anxiety
behaviour as well as learning and memory tests,
and valid results can be obtained in a short,
5-minute testing period. The maze consists of
4 arms (2 open arms without walls, OAs, and
2 arms enclosed by 30-cm-high walls, EAs),
50 cm long and 10 cm wide, that are attached to
a central platform (5 x 5 cm) at right angles. The
apparatus is elevated to a height of 50 cm above
the floor and is kept in a brightly lit room.

Anxiety protocol

The rats were placed on the central platform
with their heads oriented towards an OA. The
frequency of entries into the OAs and EAs were
scored and time spent in the OAs was recorded
for 5 minutes. The number of entries into the
OAs of the maze and the time spent in those
arms are the measures of anxiety, and decreases
in these measures indicate an anxiogenic effect.
The number of EA entries serves as the measure
of locomotor activity in this test. An arm entry
is defined as all 4 paws entering an arm, and an
arm exit is defined as 2 paws leaving an arm.
During this period, ethological parameters such
as number of rears, grooming, and boli of excreta
were also counted.

Learning protocol

A line was drawn to divide the EA into
2 equal parts. On days 1 and 2, we measured the
time it took for each rat to cross the line in the
EA (transfer latency). The rat was initially placed
at the end of an OA and allowed to explore for
90 seconds. The rat was required to have its
body and 4 paws cross the line in the EA; if the
rat did not cross the line after the time limit, it
was manually placed beyond the line and transfer
latency was recorded as 90 seconds. After crossing
the line, the rat was allowed to spend 30 seconds
exploring the apparatus. Learning was defined as
reduced transfer latency on day 2 compared with
day 1. Over the test period, normal rats typically
cross the line in the EA more quickly on day
2 than on day 1 (14—-17).

Statistical analysis

The results are expressed as means and
standard deviations (SD). The between-group
comparisons of FBS were made with unpaired
Student’s t tests. For behavioural measures from
the EPM, the between-group comparisons were
made with Mann—Whitney U non-parametric
tests. Differences were considered significant at
P <o0.05.

Results

We randomly assigned 72 rats to different
experimental groups. There were 6 rats in each
of the control groups (N-10 and N-20). The
remaining 50 rats were given STZ injections to
induce diabetes. Out of the 50 rats, 22 died and
28 became diabetic; 15 of the diabetic rats achieved
the required diabetic state (FBS greater than
200 mg/dL) and were included in the study
(D-10 and D-20). During the study period, 3 of
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the diabetic rats died. Data collected from the
4 groups of rats, control (N-10 and N-20) and
diabetic (D-10 and D-20), are summarised below.

FBS was measured on post-natal days
30 and 60, and the results are shown in
Table 1. A statistically significant difference
(P < 0.001) observed in FBS values on post-
natal day 30 between diabetic rats and their
respective age-matched controls. The severity of
diabetes increased over time, showing significant
differences in FBS levels between post-natal days
30and 60 (P=0.018) in diabetic rats with a 20-day
hyperglycaemia duration. The diabetic rats in the
D-10 group were sacrificed immediately after the
tests and processed further for neurohistological
studies.

The EPM performances are shown in
Table 2. Anxiety tests indicate that the diabetic
rats spent less time in the OA and made fewer
arm entries compared with the control rats. The
statistically significant differences were observed
in the number of OA entries (P = 0.009) and the
time spent in the OA (P = 0.006) between D-20
rats and their age-matched controls. D-10 rats
showed no showed no significant differences
compared with their age-matched controls. No
significant differences were observed in other
behavioural (ethological) parameters, such as
rearing, grooming, and number of boli excreted in
both D-10 and D-20 groups compared with their
age-matched controls. Furthermore, the number
of EA entries did not differ between diabetic and

Table 1: The effects of diabetes duration on fasting blood sugar (FBS) level in

Group

Control—10 days

Diabetic—10 days

normal control and streptozotocin-induced diabetic rats

FBS (mg/dL)
Post-natal day 30 Post-natal day 60
87.3 (3.85) -
233.0 (10.27)? -
86.8 (3.37) 89.0 (3.95)

Control—20 days
Diabetic—20 days

269.1 (20.41)%

319.3 (38.51)*P

Each group consisted of 6 rats. All values are expressed as mean (SD).
2 Significant difference (P < 0.05) compared with the respective normal control by unpaired

Student’s t tests.

b Significant difference (P < 0.05) compared with the post-natal day 30 by paired Student’s t tests.

Table 2: The effects of diabetes duration on anxiety level in control and streptozotocin-induced diabetic
rats in the elevated plus maze

No. of entries Time Ethological parameters
EA OA in OA Rearing Grooming No. of boli
(seconds) excreted
Control—10 days 4.1 1.83 13 6.1 2.6 1.1
(0.98) (0.16) (0.77) (0.47) (0.49) (0.30)
Diabetic—10 days 3.3 0.83 6.16 4.8 3.1 1.8
(0.33)  (0.75) (3.09) (0.60) (0.47) (0.60)
Control—20 days 6.6 4.3 64.3 9.6 2.1 0.1
(0.61) (1.23) (20.87) (0.88) (0.47) (0.16)
Diabetic —20 days 5.6 1 9.5 8.1 3.3 0.8
(0.92)"  (0.36) * (3.66) * (0.94)° (0.33) (0.47)"°

Each group consisted of 6 rats. All values are expressed as mean (SD).
2 Significant difference (P < 0.05) compared with the respective normal control by Mann—Whitney non-parametric tests.
b Significant difference (P < 0.05) compared with the 10-day diabetic rats by Mann—Whitney non-parametric tests.

Abbreviations: EA = enclosed arm, OA = open arm.
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normal rats. Rats in the D-20 group differed
significantly from D-10 group in the number
of entries into EA (P = 0.002) and into OA (P =
0.004), as well as the numbers of rears (P < 0.001)
and boli of excreta (P = 0.009).

The transfer latency results are summarised
in Table 3. On day 1, there were significant
differences in the transfer latency results of
D-10 (P = 0.039) and D-20 (P = 0.006) rats
compared with their respective controls on day 1
in the learning paradigm. Significant differences
were also observed on day 2 in D-10 (P = 0.009)
and D-20 (P = 0.02) rats compared with the
controls in the memory retention trials. In
addition, the transfer latencies were significantly
difference between D-10 and D-20 groups on both
day 1 (P = 0.03) and day 2 (P = 0.013).

Discussion

STZ-induced diabetic rat is a well-established
animal model of diabetes. Intra-peritoneal
injection of STZ induces “chemical diabetes” in
a wide variety of animal species, including rats,
by selectively damaging the insulin-secreting
B cells of the pancreas, as evidenced by their
clinical symptoms of hyperglycaemia and
hypoinsulinaemia (18).

The EPM is a widely accepted test in the study
of anxiety in rodents and other animal models
(17,19—24). The EPM is also sensitive enough to
detect deficits in associative learning and memory
in rats (14).

The EPM results revealed increased anxiety
in diabetic rats compared with control rats, which
was evident in the decreased number of OA
entries and less time spent in the OA. However,
no significant differences in the number of EA
entries were observed, suggesting no gross
locomotor activity changes in the diabetic rats.

The ethological measures such as rears, grooming,
and number of excreted boli also did not differ
significantly between groups, although modest
differences were observed. Significant differences
were seen between rats in D-10 and D-20 groups.
The increased anxiety levels associated with
longer diabetic duration might have worsened
cerebral dysmetabolism. Many studies have
stated that anxiety in diabetic rats could be
attributed to 5-HT, adenylyl cyclase type VIII,
and tuberoinfundibular peptide of 39 residues
deficiencies (7,8,25,26).

The EPM learning and memory measures
from day-1 and day-2 trials showed that the
groups of diabetic rats differed significantly,
not only compared with normal controls, but
also between themselves (D-10 and D-20). This
clearly suggests that cognitive decline worsens
with increasing duration of hyperglycaemia.
The condition of rats in the D-20 group is
approximately equivalent to 2 years of diabetes in
a human life, and they showed increased cognitive
deficits compared with their 10-day counterparts.
Many studies link these diabetic cognitive
deficits to hyperglycaemia-induced end-organ
neuronal damage, dyslipidaemia, amyloidopathy,
and tauopathy, among other causes (27-29).
In the present study, diabetic rats did not receive
any intervention, such as insulin, that would
have prevented the neuronal damage. Hence,
untreated hyperglycaemia for long durations may
be one cause of diabetic encephalopathy. Other
consequences of insulin deficits and perturbations
include innate inflammatory responses affecting
synaptogenesis and neuronal degeneration.
Eventually, this cascade of events leads to more
profound deficits in behavioural and cognitive
functions due to extensive neuronal loss and
decreased white matter density of myelinated
cells. Neuroimaging data suggest white matter

Table 3: The effects of diabetes duration on learning and memory in control and
STZ-induced diabetic rats in the elevated plus maze

Group Transfer latency (seconds)

Day 1 Day 2
Control—10 days 63.0 (6.32) 25.0 (4.83)
Diabetic—10 days 81.0 (4.18)® 60.0 (9.69)%
Control—20 days 46.6 (10.07) 14.1  (2.28)
Diabetic—20 days 87.8 (1.51)®P 72.8 (14.00)*P

Each group consisted of 6 rats. All values are expressed as mean (SD).

@ Significant difference (P < 0.05) compared with the respective normal control by Mann-Whitney
non-parametric tests.

b Significant differences (P < 0.05) compared with the 10-day diabetic rats by Mann-Whitney non-

parametric tests.
www.mjms.usm.my
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atrophy in the frontal and temporal brain regions,
which could be linked to deficits in certain
cognitive domains such as memory, information
processing speed, executive function, attention,
and motor skill speed. Morphological studies of
children with diabetic onset before the age of 6
have revealed a high incidence of mesial temporal
lobe sclerosis, which is not associated with a
history of hypoglycaemia (8,30). Interestingly,
deficits in such cognitive functions are also
associated with impaired functional connectivity,
which is a measure of functional interactions
among brain regions (31). Field excitatory post-
synaptic potentials recorded from hippocampal
slices of diabetic rats show defects in the induction
of hippocampal synaptic plasticity that are linked
to difficulties in learning and memory (32).

The present study was designed to investigate
the effects of different diabetic durations on
behavioural and cognitive dysfunction in early life
stages. Using an STZ-induced diabetic model, we
found that, in young rats, the diabetic duration
significantly contributes to learning and memory
deficits, which were irreversible, and to the
induction of high levels of anxiety.

Conclusion

It has recently become clear that the central
nervous system is not spared from the deleterious
effects of diabetes. Diabetic encephalopathy
is primarily caused by the direct metabolic
perturbations of hyperglycaemia, insulin
deficiency, or hypoinsulinaemia. Secondary
diabetic encephalopathy occurs as a result of
micro- and macrovascular disorders or due to
repeated episodes of hypoglycaemia induced by
excess insulin (33—35). The results of this study
suggest that behavioural and cognitive changes
are directly related to the duration of the diabetic
state; however, the underlying mechanisms
remain unknown. This study highlights the
clinical importance of early diagnosis and
treatment of juvenile diabetes and associated
neuropsychological deficits in children.
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