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Abstract

Background: Diabetics are at high risk of developing dementia associated diseases compared to non-diabetics.
The learning and memory impairments manifested in diabetes are attributed to sustained hyperglycaemia. Insulin
injections are beneficial in preventing and attenuating the progression of these impairments. However, undesirable
effects associated with the current mode of administration remains a challenge. In this study, we evaluated the
effects of pectin-insulin patch on learning and memory deficits in diabetic animals.

Methods: Pectin-insulin patches (20.0, 40.8 and 82.9 ug/kg) applied on the skin of streptozotocin-induced
diabetic rats, thrice daily for 45 days. Learning and memory was assessed using the Morris water maze and the
novel object recognition behavioural paradigms. Blood glucose, hippocampal mass, hippocampal insulin receptor,
tumour necrosis factor (TNFa) and C reactive protein (CRP) concentrations were examined.

Results: Patch treatments attenuated diabetes induced hyperglycaemia. The diabetic controls showed significant
deficits in learning, spatial and recognition memory. The application of the patch attenuated the learning, spatial and
recognition deficits observed in diabetic controls. Diabetic animals presented with up-regulated hippocampal insulin
receptor which was not affected by the patch treatment. Patch treatments abolished diabetes induced increases in
hippocampal TNF a and CRP concentration.

Conclusions: The pectin-insulin patch improves learning and memory and attenuates hippocampal TNFa and
CRP in streptozotocin-induced diabetic rats. These observations may suggest that pectin-insulin patches may
present an alternative chronic treatment mode for diabetes considering the challenges associated with insulin

injections.

Keywords: Pectin-insulin patch; Glycaemic control; Learning and
memory

Introduction

Clinical studies have shown that a proportion of both type 1 and 2
diabetic patients present with impairment in motor function, problem
solving skills and learning and memory [1]. The development of these
complications is dependent on the chronicity of the disease and the
quality of glycaemic control [2]. While these deficits have been
reported to be modest, severe cases have also been reported. Diabetics
are at high risk of developing Alzheimer’s diseases compared to non-
diabetics [3]. In diabetes, a wide spectrum of neuronal alterations has
been documented which include synaptic alterations, neuronal
degeneration and loss, and cerebral microvascular permeability [4].
These alterations combined together lead to progressive cognitive
impairment and increased risk of dementia [5]. Cognitive function is
modulated mainly by the hippocampus which is a crucial part of the
limbic system [6]. The complexity of the hippocampus makes it one of
the most sensitive parts of the brain and is highly susceptible to the
metabolic disturbances present in diabetes [7]. In experimental
diabetes, the degeneration of hippocampal tissue has been reported
and is associated with memory loss [8]. Hyperglycaemia promotes
increased production of reactive oxygen species (ROS) which have

harmful effects on the central nervous system [9]. Furthermore, an
increase in the concentration of inflammatory cytokines such as
tumour necrosis factor a (TNF «) that are associated with diabetes and
C-reactive protein (CRP) alter hippocampal synaptic plasticity and
have been shown to be neurotoxic [9]. For these reasons, the intense
metabolic control particularly by insulin has been shown to be effective
in delaying the impairment of cognitive function in diabetes [10]. In
the past, it has become apparent that insulin modulate some central
nervous system functions [11]. In addition to the presence of
metabolic derangements that result from hyperglycaemia, the lack of
insulin has been associated with detrimental effects on cognitive
function [11]. Insulin receptor signalling is vital for neurotransmitter
synthesis and release through the increase in calcium and amino acids
uptake [12]. Insulin receptors have been found to be widely expressed
in almost all brain regions [13]. Studies have reported that central or
peripheral administration of insulin improves learning and memory by
interfering with both long term potentiation (LTP) and long term
depression (LTD) in part via increased hippocampal plasticity [14].
Furthermore, insulin administration has also been shown to protect
the hippocampus against  amyloid plaques [15]. Despite the beneficial
effects of insulin therapy on improving cognitive function in diabetes,
the mode of insulin administration has shortfalls which include
anxiety due to multiple injections and episodes of hypoglycaemia [16].
Previously, the pectin-insulin patch which was designed to overcome
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shortfalls of insulin injections was shown to improve metabolic and
haemodynamic control in experimental diabetic rats [17,18]. In this
study, we were interested in the effect of the pectin-insulin patch on
learning and memory ability in streptozotocin-induced diabetic rats.
Secondly, the study also evaluated the effects on hippocampal insulin
receptor expression, TNF a and CRP concentration.

Methods

Pectin-insulin preparation

Pectin-insulin patches (20.0, 40.9 and 82.9 pg/kg) were designed
using a previously described protocol [18].

Experimental animals

Male Sprague-Dawley rats (250-300 g) raised in the Biomedical
Research Unit of the University of KwaZulu-Natal was used in this
study. The animals were kept and sustained under typical laboratory
settings (for temperature and humidity) in a 12 h day: 12 h night cycle.
The animals were permitted contact to water ad libitum and were
provided 40 g standard rat chow daily (Meadow Feeds,
Pietermaritzburg, South Africa). All animal studies were revised and
accepted by the Animal Research Ethics Committee of the University
of KwaZulu-Natal (AREC/080/016D).

Diabetes induction

Diabetes was developed as formerly defined where rats were given a
single intra-peritoneal injection of streptozotocin (60 mg/kg) freshly
prepared in 0.1 M citrate buffer (pH 6.3) [19].

Experimental protocol

Non-diabetic rats served as the absolute control. STZ-induced
experimental animals were divided into 3 groups (n=6 per group).
Group 1 was sham treated with pectin patch and served as a negative
control. Group 2 was transdermally treated pectin-insulin patch (20.0,
40.9 and 82.9 pg/kg, p.o). Group 3 was subcutaneously injected with
insulin (175 pg/kg, SC) and served as the positive control. Two days
prior to the application of a pectin-insulin patch, the dorsal region of
the rat’s neck was smoothly shaven [19]. The pectin-insulin patch was
applied three time a day, 8 hours apart for 45 days. At day 35, blood
glucose concentration was measured 4 hours post patch application or
subcutaneous insulin injection using OneTouch select glucometer
(Lifescan, Mosta, Malta, United Kingdom). 24-hour water and food
consumption and urine output volume were recorded.

Behavioral tests

All behavioral tests were performed at 09:00 am. The patches were
removed from the animals when performing behavioural tests.

Morris water maze

The training in the Morris water maze (MWM) was conducted
between days 36 and 40. This paradigm is employed to assess the
learning and recall ability of rats and covers exploratory, navigational,
spatial and contextual memory [20]. The MWM is made of a 1 m
diameter pool, comprising 4 quadrants. Each quadrant has a cue to
help the rat in locating the hidden platform placed in one of the
quadrants of the pool. The method consist of placing the rat in a

quadrant other than where the hidden platform is located and
recording the time taken (escape latency period) by the rat to reach the
hidden platform is considered as the animal’s ability to learn [20]. The
probe test is a post-test for learning which examines the ability of an
animal to recall the quadrant in which the hidden platform was
located. The time spent in the quadrant with the hidden platform is
considered as the ability to remember (memory) [20].

Training and learning

Animals were exposed to 5 consecutive training sessions for a
period of 5 days (day 36-40). Animals were taken to the behavioural
room 1 hour prior to the training to allow for familiarisation to the
new environment. In the training procedure, each rat was softly placed
in the water, head facing the cue in a quadrant. The rat was allowed 120
s to locate the hidden platform. When a rat unsuccessful found the
hidden platform in 120 s, it was physically directed by the
experimenter on the way to the platform and was allowed 60 s to
explore the platform before being returned to the home cage. Training
recommenced the following day for the next 4 days, and time (escape
latency period) it took for the rat to locate the platform was recorded.
No training took place on day 41.

Probe test

On day 42 the probe test was performed. Prior the test, the animals
underwent the acclimatisation procedure as previously described.
Following removal of the platform from the maze, the animals were
allowed 120 s in the water. Time consumed in the quadrant of the
hidden platform was recorded. After the probe test, the animals were
returned to the home room.

Novel object recognition test

The novel objects recognition (NOR) was conducted from day 43 to
45. This task assesses the rodent’s capability to recognize a novel object
in the environment [21]. The task procedure is comprised of 3 phases:
habituation, familiarization and test phase. In the habituation phase
(day 43), the animals were taken to the behavioural room 1 hour prior
to the test for acclimatisation to the new environment. Afterwards,
each animal was permitted to freely explore the open-field arena (40
cm x 40 cm) in the absence of objects for 5 min. The rat was then
removed from the arena and put back in its holding cage. The
following day, during the familiarization phase (day 44), the animals
underwent the equivalent acclimatisation procedure as described
above. Subsequently, a single rat was placed in the open-field arena
containing two undistinguishable sample objects (A+A) for 5 min.
After the familiarisation phase the rats were returned to their home
room. After 24 hours (retention time), the test phase (day 45) was
performed. In the test phase, the animal was returned to the same
open-field arena with two objects, one was identical to the sample and
the other one was novel (A + B) and the rat was allowed to explore for
5 min. During both the familiarization and the test phase, objects were
located in conflicting corners. Exploration was considered to have
happened when rats confronted the object at a distance of less than 2
cm. Ascending or sitting on the object was not regarded as exploration.
Assessment of the episodic memory was considered as a percentage of
the recognition index (RI).

RI= (N/N+F) x 100%

N=time spent exploring the novel object
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F= time spent exploring the familiar object

Blood and tissue collection

After experimentation, all the rats were taken to the autopsy room 1
h before decapitation. The rats were decapitated using a sharp
guillotine after-which the trunk blood and hippocampal tissue were
collected. Blood was centrifuged for plasma collection at 1000 g.
Hippocampal tissue was weighed prior to freezing in liquid nitrogen.
All tissue material and plasma were stored in a bio freezer at -80°C
until the day of analysis.

Biochemical analysis

Hippocampal tissue (50 mg) was homogenised in an isolation buffer
(0.5 mM Na,EDTA, 0.1 M KH,PO,, 0.1 mM dithiothreitol, 0.25 M
sucrose) and then centrifuged at 400 x g for 10 min (4°C). The
supernatant was harvested and the protein content was quantified
using the bicinchininic acid assay (BCA) (Sigma-Aldrich, St Louis,
Missouri, USA). Briefly, the standards or samples (250 pl) were mixed
with BCA working solution (200 ul) in a 96 well plate. Thereafter, the
plate was incubated at 37°C for 30 minutes, after cooling the
absorbance was read at 562 nm. The protein concentrations were
extrapolated from a protein standard curve (0.2-1 mg/mL). The
supernant was further used for the analysis of insulin receptor, TNF a
and CRP expression in the hippocampus.

Plasma insulin and hippocampal insulin receptor, CRP and TNF a
concentration were analysed using separate specific ELISA Kits
(Elabscience and Biotechnology, WuHan) that utilise the Sandwich-
ELISA method. The analysis was performed as per manufacturer’s
instruction. The kits included micro ELISA plates which were coated
with antibody specific to insulin, insulin receptor, CRP or TNF «a
respectively. Standards and samples were pippeted into the appropriate
wells of the micro ELISA plate and incubated for 90 minutes. This was
followed by the addition of the plate relevant biotinylated detection
antibody (100 pl). After incubating for 60 minutes, Avidin-Horseradish
Peroxidase (HRP) conjugate (100 pl) was added to each micro-plate
well. After incubating for 30 minutes, the unbound components were
washed away. Substrate solution (100 pl) was added to each micro-
plate well. After incubating for a further 15 minutes, the stop solution
(50 pl) was added. The optical density was measured using a Nano
spectrophotometer (BMG Labtech, Ortenburg, Baden-Wurttemberg,
Germany) at the wavelength of 450 nm. The concentration of the
samples was extrapolated from the respective standard curves. For
TNF a ELISA Kkit, detection limit ranged from 31.25-1000 pmol/Ml,
intra-assay analytical coefficient of variation ranged from 4.4 to 5.5%
and the inter-assay coefficient variation from 4.7 to 8.9%. The
detection limit for CRP ranged from 0.78-25 ng/mL, intra-assay
analytical coefficient of variation was <10% and the inter-assay
coefficient variation from <10%. The detection limit for CRP ranged
from 0.78-25 ng/mL, intra-assay analytical coefficient of variation was
<10% and the inter-assay coefficient variation from <10%. The lower
and upper limits of detection for insulin receptor were 1.39 and 960
pmol/L, respectively, the intra-assay analytical coefficient of variation
ranged from 4.4 to 5.5% and the inter-assay coefficient variation from
4.7 t0 8.9%.

Statistical analysis

Data is articulated as means + standard error of means (SEM).
Statistical analysis was performed using GraphPad Prism Instat

Software (version 5.00, GraphPad Software, San Diego, California,
USA). One-way analysis of variance (ANOVA) followed by the Tukey-
Kramer post-hoc test was utilised to analyse the differences among the
experimental groups. Values of p<0.05 specify statistical significance.

Results

Food and water consumption and blood glucose
concentration

Non-diabetic control (ND), diabetic control (DC), patch treatment
(20.0, 40.8 and 82.9 pg/kg) and subcutaneous insulin (SC) groups were
analysed for blood glucose concentration, 24-hour food and water
consumption at week 5 (Table 1). Hyperglycaemia was present in the
diabetic control animals at week 5 (DC vs. ND, p<0.05, Table 1).
However, the application of patches (20.0, 40.8 and 82.9 ug/kg) or
subcutaneous insulin administration attenuated the blood glucose
increase in the diabetic animals (Patch vs. DC and SC vs. DC, p<0.05,
Table 1). Water and food consumption were elevated in the diabetic
controls (DC) in comparison to the non-diabetic (ND) animals (DC
vs. ND, p<0.05). Patch and subcutaneous insulin treatments weakened
this increase in food, water intake and urine output volume (Patch vs.
DC and SC vs. DC, p<0.05).

Food
Experimental consumption Water consumption | Blood glucose
groups (g/100 g) (ml1/100 g) (mmol/L)
ND 75+0.5 8.40+1.20 49+05
DC 21.0+£3.0¢ 76.46 + 7.20¢ 30.9£0.6%
20 1219 47.25+£4.30 12.3+0.8
40.8 11.58+1.9" 41.76 £5.75 1202
82.9 8.9+1.0 35.44 + 4.23" 9407
SC 8.4 +0.9% 20.88 + 3.20* 7.4+0.6%
Data is articulated as mean + SEM (mean of six samples per group, n=6) a
=p<0.05 when comparing DC and ND *=p<0.05 when comparing patch and DC
and #=p<0.05 when comparing SC and DC.

Table 1: Comparison in food, water intake and blood glucose amongst
experimental groups at day 35, n=6 in each group.

Learning ability

Learning ability of non-diabetic control (ND), diabetic control
(DC), patch treatment (PI) and subcutaneous insulin (SC) groups was
analysed using the Morris water maze (Figure 1). Induction of diabetes
resulted in a reduced ability to learn as evidenced by a steady reduction
in latency period from day 1 to day 5 of training compared to non-
diabetic animals a (ND vs. DC, p<0.05, Figure 1). Patch treatments
and insulin injection resulted in improved learning ability as evidenced
by the sharp decrease in latency period from day 1 to day 5 of training
% (DC vs. P, p<0.05, Figure 1) and # (DC vs. SC, p<0.05, Figure 1),
respectively.
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Figure 1: Learning ability in the non-diabetic control (ND), diabetic
control (DC), diabetic animals treated with pectin-insulin patches
(20.0, 40.8 and 82.9 pg/kg) and diabetic animals subcutaneously
administered with insulin (SC). Data is expressed as mean + SEM,
n=6 in each group. a=p<0.05 when comparing ND and DC, %=
p<0.05 when comparing DC and PI, #=p<0.05 when comparing DC
and SC.
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Figure 2: Memory retention in the non-diabetic control (ND),
diabetic control (DC), diabetic animals treated with pectin-insulin
patches (20.0, 40.8 and 829 ug/kg) and diabetic animals
subcutaneously administered with insulin (SC). Data is expressed as
mean + SEM, n=6 in each group. a=p<0.05 when comparing ND
and DC, %= p<0.05 when comparing DC and PI, #=p<0.05 when
comparing DC and SC.

Memory retention in non-diabetic control (ND), diabetic control
(DC), patch treatment (PI) and subcutaneous insulin (SC) groups was
analysed using the probe test (Figure 2). Induction of diabetes resulted
in a reduced memory recall as evidenced by a decrease in time spent in
the platform quadrant a (ND vs. DC, p<0.05, Figure 2). Patch
treatments and insulin injection increased time spent in the quadrant
with the platform indicating an increase in memory retention % (DC

vs. PI, p<0.05, Figure 2) and # (DC vs. SC, p<0.05, Figure 2)
respectively.

Recognition memory

Non-diabetic control (ND), diabetic control (DC), patch treatment
(PI) and subcutaneous insulin (SC) groups were assessed for memory
recall using the novel recognition test (Figure 3). Induction of diabetes
resulted in a reduced memory recall as indicated by a reduction in the
recognition index a (ND vs. DC, p<0.05, Figure 3). Patch treatments
and insulin injection resulted in a significant increase in the
recognition index % (DC vs. PI, p<0.05, Figure 3) and # (DC vs. SC,
p<0.05, Figure 3), respectively.
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Figure 3: Recognition index (%) in the non-diabetic control (ND),
diabetic control (DC), diabetic animals treated with pectin-insulin
patches (20.0, 40.8 and 829 ug/kg) and diabetic animals
subcutaneously administered with insulin (SC). Data is expressed as
mean * SEM, n=6 in each group. a=p<0.05 when comparing DC
and ND, %= p<0.05 when PI and DC, #=p<0.05 when comparing
SCand DC.
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Figure 4: Comparison in hippocampal weights in the non-diabetic
control (ND), diabetic control (DC), diabetic animals treated with
pectin-insulin patches (20.0, 40.8 and 82.9 ug/kg) and diabetic
animals subcutaneously administered with insulin (SC). Data is
expressed as mean = SEM, n=6 in each group.
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Non-diabetic control (ND), diabetic control (DC), patch treatment
and subcutaneous insulin (SC) groups were analysed for plasma
insulin (Figure 4). Induction of diabetes decreased in terminal plasma
insulin (ND vs. DC, Table 2). Patch treatments (82.9 ug/kg) and
insulin injection resulted in an increase in terminal plasma insulin
(Patch treatment vs. DC and SC vs. DC, p<0.05, Figure 4).

Experimental groups Plasma insulin (ng/mL)
ND 9.1+04

DC 1.5+1.3%

20 1.9+0.9

40.8 23+1.0°

82.9 4713

SC 6.7+1.2%

Data is expressed as mean + SEM (mean of six samples per group, n=6)
a=p<0.05 when comparing DC and ND *=p<0.05 when comparing patch and
DC and #=p<0.05 when comparing SC and DC.

Table 2: Terminal plasma insulin and blood glucose in the non-diabetic
control (ND), diabetic control (DC), diabetic animals treated with
pectin-insulin patches (20.0, 40.8 and 82.9 pg/kg) and diabetic animals
subcutaneously administered with insulin (SC).

Hippocampal weight

The hippocampal weights of non-diabetic control (ND), diabetic
control (DC), patch treatment (PI) and subcutaneous insulin (SC)
groups were compared (Figure 4). Induction of diabetes did not result
in a significant change on hippocampal weights. Furthermore, insulin
treatments had no significant effect on the hippocampal mass.

Hippocampal insulin receptors
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Figure 5: Hippocampal insulin receptor expression in the non-
diabetic control (ND), diabetic control (DC), diabetic animals
treated with pectin-insulin patches (20.0, 40.8 and 82.9 ug/kg) and
diabetic animals subcutaneously administered with insulin (SC).
Data is expressed as mean + SEM, n=6 in each group. a=p<0.05
when comparing DC and ND.

Hippocampal insulin receptor expression in non-diabetic control
(ND), diabetic control (DC), patch treatment (PI) and subcutaneous

insulin (SC) groups was analysed (Figure 5). Induction of diabetes
resulted in an increase in hippocampal insulin receptor expression
a(ND vs. DC, p<0.05, Figure 5). Patch and insulin treatments had no
significant effect on hippocampal insulin receptor expression.

Hippocampal TNF a and CRP concentration

Hippocampal TNFa and CRP in non-diabetic control (ND),
diabetic control (DC), patch treatment (PI) and subcutaneous insulin
(SC) groups were examined (Table 3). The presence of diabetes resulted
in an increase in both TNF a and CRP concentration a(ND vs. DC,
p<0.05, Table 3). The treatment with a transdermal patches or
subcutaneous insulin abolished the increase in hippocampal TNFa and
CRP concentration % (DC vs. PI, p<0.05, Table 1) and #(DC vs. SC,
p<0.05, Table 1), respectively.

Experimental groups | TNF o (ng/mg protein) CRP (pmol/mg protein)
ND 0.1+0.0 1.0+£0.0

DC 0.2+0.0¢ 4.1+£0.3%

20 0.2+0.0 3.1+0.1

40.8 0.1£0.0° 22+02

82.9 0.1£0.0" 17+0.3"

SC 0.02 £ 0.0% 2.7+0.2*

Data is stated as mean + SEM (mean of six samples per group) a=p<0.05 when
comparing DC and ND *=p<0.05 when comparing patch and DC and #=p<0.05
when comparing SC and DC.

Table 3: Comparison in terminal hippocampal TNF o and CRP
concentration.

Discussion

Diabetes is associated with the development and the progression of
cognitive deficits including compromised learning and memory [22].
The risk of developing learning and memory deficits is highly
dependent of the chronicity as well as the quality control of
hyperglycaemia [2]. Adequate glycaemic control has been reported to
ameliorate the cognitive disturbances in diabetes [23]. Herein, we are
reporting the effects of transdermal application of a pectin insulin
patch on learning and memory, hippocampal insulin receptor
expression and hippocampal TNF a and CRP concentration in
streptozotocin-induced diabetic rats.

The success of diabetes induction was confirmed by the presence of
sustained hyperglycaemia. Streptozotocin has been shown to
selectively destroy the pancreatic beta-cells mainly via the production
of free radicals [23]. As a result, there is a deficit in insulin production
which leads to hyperglycaemia [24]. Diabetics require daily insulin
administration to achieve glycaemic control [25]. In this study, daily
transdermal delivery of insulin attenuated glycaemia in the rats
suggesting glycaemic control while augmented plasma insulin
concentration. Pectin consists of D-galacturonic acid chains held
together by alpha (1-4) glycosidic linkages [26]. In the presence of
calcium ions, the adjacent chains of pectin are linked intermolecularly
through electrostatic and ionic bonding of carboxyl group with no
formation of covalent bonds [27]. At alkaline pH, the low methylated
pectin gel has been proven to absorb water resulting in patch
distension and this feature perhaps may be a driving force in the
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disintegration of pectin matrix hydrogel which allows the controlled
sustained release of the entrapped insulin into the skin thus entering
the circulation [27]. Pectin has been employed as a binding agent and
allows for a controlled release matrix in tablet formations [28]. The use
of dimethyl sulphoxide is envisaged to have aided the permeation of
insulin into the circulation perhaps mediated by compromising the
integrity of the stratum corneum. Previous studies in our laboratory
have demonstrated to offer a sustained controlled release of insulin
into the circulation in experimental animals.

Hyperglycaemia is the hallmark of diabetic associated cognitive
deficits, therefore its control is critical for positive cognitive function
outcomes [29]. In diabetes, a wide spectrum of neuronal alterations
has been documented which include synaptic alterations, neuronal
degeneration and loss, and cerebral microvascular permeability [30].
In this study, we assessed learning and spatial memory and episodic
memory using the Morris water maze and novel object recognition
which are behavioural established paradigms. In the present study, the
compromised learning, spatial and navigational memory in diabetic
rats was observed. Studies conducted by different researchers indicate
poor performance of diabetic animals in learning memory
experimental paradigms. Biessel et al has demonstrated that there is a
compromised place learning together with reduced hippocampal
plasticity in diabetic rats [1]. Scientific evidence has also shown that
the hippocampus which modulates memory formation is damaged in
diabetes [31]. Hyperglycaemia promotes increased oxidative stress
which has harmful effects on the central nervous system [32]. Tuzcu et
al. has demonstrated that administration of antioxidants such as
vitamin E and quercetin improves memory formation in
streptozotocin induced diabetic rats [12]. C-reactive protein (CRP)
and diabetes associated inflammatory cytokines such as tumour
necrosis factor (TNF a) alter hippocampal synaptic plasticity and have
been shown to be neurotoxic [14]. Furthermore, the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-
D-aspartate (NMDA) receptors responsible for memory formation are
modified and impaired in streptozotocin-induced diabetic rats [33]. In
diabetes, due to the increased synthesis and reduced degradation, there
is an increase in p amyloid accumulation [34]. Furthermore, a diabetic
state has been shown impairs hippocampal function through
glucocorticoid effects on developing and matured neurons [35]. Recent
evidence has suggested that insulin modulates hippocampus metabolic
activity and memory formation [36]. Administration of insulin
subcutaneously and transdermally improved learning and memory
function in diabetic animals. This phenomenon may be attributed to
the attenuation of glycaemia which has been shown to have deleterious
effects. Secondly, it may also be attributed to the direct effects of
insulin in the hippocampus. Insulin has been shown to increase
hippocampal plasticity which is critical for long term potentiation thus
improving learning and memory [21]. Insulin has also been reported
to stimulate the synthesis of AMPA as well as NMDA receptors which
are required for memory formation [21]. Reports also indicate that
insulin stimulates the entry of calcium ions which are required for the
release of excitory neurotransmitters such as glutamate and
acetylcholine from the pre-synaptic neurons [37]. Studies on insulin
resistant experimental models have also indicated poor cognitive
function which may again partly confirm the direct effects of insulin
on modulating hippocampal function [38]. The effects of insulin in the
hippocampus are mediated through insulin receptor signalling and
insulin receptors are highly expressed in the hippocampus in
comparison to other regions [39]. Defects in insulin signalling
corresponds with the onset and progression of dementia [40]. Insulin

receptor regulation in diabetes has been reported to be up-regulated
possibly due to the lack of insulin which facilitates receptor down-
regulation [41]. In this study, the induction of diabetes up-regulated
insulin receptors in the hippocampus was mediated perhaps via the
increased blood glucose concentration and lack of insulin. However,
both insulin administration methods used in this study did not
significantly down-regulate hippocampal insulin receptors. The insulin
concentration administered might have not had a profound effect on
insulin receptor, however, it had resulted in positive learning and
memory outcomes perhaps partly via attenuation of hyperglycaemia.

Sustained hyperglycaemia has been shown to cause hippocampal
degeneration [11]. Induction of diabetes resulted in a slight decrease in
hippocampal size, although not significant it may be of biological
significance, especially since memory deficits were observed. The slight
increase in the hippocampal size in insulin treated rats may have
played a role in maintaining learning and memory function. This
feature may also be associated with increased hippocampal plasticity
upon insulin administration [21].

In diabetes, the concentration of circulatory inflammatory cytokines
such as interleukin 6-18 and TNFa as well as CRP are elevated [42].
The ability of these substances to cross the blood brain barrier causes
detrimental effects in the hippocampus since they possess neurotoxic
effects [43]. The high levels of hippocampal inflammatory cytokines in
diabetic animals may have resulted in memory deficits in this study.
Hippocampus has been shown to be sensitive to high CRP
concentrations, since high amounts of CRP have been associated with
reduced hippocampal mass. Studies report that TNFa has both
neuroprotective and neurotoxic effects depending on the receptor sub-
type [44]. The involvement of TNFa-R 1 is associated with the
inhibition of hippocampal plasticity and also promotes apoptosis [14].
Furthermore, TNF a modulates NF-kf up-regulation which has been
linked to deficits in spatial memory [45]. Inflammatory blockage has
been shown to be beneficial through restoration of hippocampal
neurogenesis [46]. The attenuation of these inflammatory cytokines as
well as CRP in insulin patch treated animals may be attributed to the
glucose lowering effects of insulin. Scientific evidence indicates that
attenuation of hyperglycaemia has beneficial effects on neutralizing
inflammatory cytokine elevation [47].

Conclusion

The observation in the study suggest that the application of the
pectin-insulin patch improve hippocampal function through the
attenuation of hyperglycaemia and inflammatory cytokines in diabetes.
Furthermore, the therapeutic potency observed is comparable to the
traditional insulin injections. In overall, these observations may
suggest that the pectin-insulin patch may provide a therapeutic value
in the management of diabetes mellitus
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