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A B S T R A C T

Amyloid-β (Aβ) plaque formation, neuronal cell death, and cognitive impairment are the unique symptoms of
Alzheimer's disease (AD). No single step remedy is available to treat AD, so the present study aimed to improve
the drugability and minimize the abnormal behavioral and biochemical activities in streptozotocin (STZ) induced
AD experimental Wistar rats. In particular, we explored the utilization of methacrylated gelatin (GelMA), which is
a biopolymeric hydrogel that mimics the natural tissue environment. The synthesized biopolymeric gel contained
the drug galantamine (Gal). Investigations were conducted to evaluate the behavioral activities of STZ-induced
AD experimental rats under STZ þ GelMA þ Gal treatment. The experimental groups comprised the control
and STZ, STZ þ GelMA, STZ þ Gal, and STZ þ GelMA þ Gal (10 mg/kg) treated rats. Intracerebroventricular STZ
ensures cognitive decline in terms of an increase in the escape latency period, with a decrease in the spontaneous
alteration of behavioral activities. Our results indicated decrease Aβ aggregation in the hydrogel-based drug
treatment group and significant decreases in the levels of acetylcholinesterase and lipid peroxidation (p < 0.001).
In addition, the glutathione and superoxide dismutase activities appeared to be improved in the STZ þ GelMA þ
Gal group compared with the other treatment groups. Furthermore, histopathological and immunohistochemical
experiments showed that the GelMA þ Gal treated AD rats exhibited significantly improved behavioral and
biochemical activities compared with the STZ treated AD rats. Therefore, STZ þ GelMA þ Gal administration from
the pre-plaque stage may have a potential clinical application in the prevention of AD. Thus, we conclude that
hydrogel-based Gal drugs are efficient at decreasing Aβ aggregation and improving the neuroinflammatory
process, antioxidant activity, and neuronal growth.
1. Introduction

Alzheimer's disease (AD) is an inflammatory neurodegenerative dis-
order characterized by progressive cognitive decline, memory dysfunc-
tion, amyloid plaque formation, and synaptic and neuronal loss in the
brain (Devi and Ohno, 2016; Fares et al., 2018). Pathophysiological
changes in AD result in the extracellular accumulation of amyloid-β (Aβ)
in plaques and the production of intracellular neurofibrillary tangles
comprising hyperphosphorylated tau formations (Hahn et al., 2020;
Garabadu and Verma, 2019). Aβ plaque formation is a major neuro-
pathological hallmark of AD. In addition to the typical pathological
changes in AD, oxidative stress is an important pathological phenomenon
that manifests early in the course of AD, and that worsens AD pathology
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and cognitive dysfunction (Padurariu et al., 2010). The biochemistry of
AD can be described by three different hypotheses comprising the amy-
loid hypothesis, cholinergic hypothesis, and tau hypothesis. Therefore,
most AD treatment approaches are directed at the prevention or reversal
of Aβ plaque formation (Nichol et al., 2010; Pierzynowska et al., 2019).

Oxidative stress is another hypothesis that has been implicated in the
development of AD, where it causes mitochondrial and DNA damage.
Excess Aβ aggregation and neuronal death is promoted by the accumu-
lation of reactive oxygen species (ROS) as common pro-oxidative factors
(Nichol et al., 2010; Pierzynowska et al., 2019). The oxidation states of
brain peptides, lipids, and DNA are important oxidative stress markers
that increase in AD (Takata et al., 2010; Canas et al., 2014). In addition,
cognitive impairment is connected to cholinergic dysfunction, including
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cholinergic neurons, neurotransmitters, and their receptors (Verreck
et al., 2005; Halder et al., 2011). Oxidative stress appears to have a major
role in AD and some studies suggest that Aβ neurotoxicity is linked to
increases in acetylcholinesterase (AChE), lipid peroxidation (LPO), and
ROS in the brain (Hahn et al., 2020; Watson et al., 2005).

Hydrogels are multi-functional polymeric materials with crosslinked
hydrophilic networks. Gelatin is a natural polymer and it has been suc-
cessfully applied in several nerve regeneration approaches (Jinhua et al.,
2019). When combined with a conductive agent, hydrogels satisfy the
necessary requirements to serve as ideal nerve conduits with flexibility,
porosity, biocompatibility, biodegradability, neuro-inductivity, neuro-
conductivity, and suitable surface and mechanical characteristics (Mur-
ugan et al., 2020; Mohamed et al., 2011; Nikkhah et al., 2012). However,
gelatin is preferred due to its capacity to open epithelial junctions and
permeate them. The good mechanical properties and superior trans-
parency of these materials have led to their widespread use in surgical
sutures, drug delivery systems, and tissue engineering (Hoch et al., 2012;
Lin et al., 2013; Nipun Babu et al., 2019). In addition to its biological
properties, gelatin has antibacterial, antioxidant, and targeting proper-
ties, as well as the capacity to regulate medication release (Billiet et al.,
2014; Fares et al., 2018). Galantamine (Gal) is an alkaloid with
disease-modifying effects via the stimulation of AChE inhibitors, and it
has various functions such as neuroprotective effects, anti-inflammatory
effects, and γ secretase activity suppression (Santos et al., 2002; Maelicke
et al., 2001). Thus, Gal is an effective therapeutic management in
memory impairment diseases such as AD (Hughes et al., 2010; Matharu
et al., 2009). The drug Gal is widely applied because of its selective
reversal of AD-induced symptoms/effects, including progressive cogni-
tive decline and amyloid plaque formation.

In the present study, we applied hydrogel-tethered Gal to study its
behavioral and biochemical effects on AD-induced rats. In particular,
hydrogel-tethered Gal was applied to intracerebroventricular streptozo-
tocin (ICV-STZ)-treated rats to assess its effects on their behavioral ac-
tivities and biochemical parameters. We hypothesized that ICV-STZ
treatment might enhance the formation of amyloid plaques and the tau
pathology in experimental rats, thereby exacerbating their cognitive
impairments. In particular, the neurotrophic/growth factor-mediated
mechanism was investigated by assessing the neuropharmacological
significance of methacrylated gelatin (GelMA) and Gal in the cortex and
hippocampus based studies of the enzyme activities, Aβ protein expres-
sion, and behavioral and biochemical analyses in AD-induced rats.

2. Materials and methods

2.1. Animals

Male Wistar rat, (weighing 150–200 g) obtained from the Central
Animal House facility at Periyar University, Salem, Tamil Nadu, India,
were used in this study. Each live subject or subject group (n ¼ 6 in each
group investigated) was applied in various experiments. The experi-
mental animals were kept under regulated photoperiodic conditions (12
h light/12 h dark cycle at a continuous temperature of 28 � 2 �C and
relative humidity (55%) in a controlled environment. Subjects were
allowed free access to food and water. All experimental protocols were
performed according to the guidelines of Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA), Govern-
ment of India, and the experimental procedures were approved by the
Institutional Animal Ethical Committee (PU/IAEC/2020/M1/14) of
Periyar University, Salem, Tamil Nadu, India. Efforts were made to
decrease distress in animals and the minimum number of animals was
used in the experiments to ensure the statistical significance of the data.

2.2. Materials

STZ, gelatin (type A, 300 bloom from porcine skin), methacrylic an-
hydride (MA), and Gal were purchased from Sigma-Aldrich Company
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(Saint Louis, MO, USA). Sodium dodecyl sulfate (99%), oxidized gluta-
thione, reduced glutathione (GSH), 2,4-dinitrophenylhydrazine, tri-
chloroacetic acid, chloroform, ascorbic acid, ethylenediaminetetraacetic
acid (EDTA), Tris buffer, and methanol were purchased from Himedia
(India). Hydrogen peroxide (H2O2), bovine serum albumin (BSA), 5 5-
dithiobis (2-nitrobenzoic acid), thiobarbituric acid (TBA), and reduced
nicotinamide adenine dinucleotide were obtained from Sigma-Merck
(India). Triton X-100, rabbit anti-Cx43 (1:500 dilution; Cell Signaling,
USA), anti-Cx30 rabbit (1:500 dilution; Cell Signaling, USA), rabbit anti-
PLC-gamma 1 antibody (1:100 dilution; Santa Cruz Biotechnology, USA),
Anti-mGluR5 Antibody (1:100 dilution), Anti-Glial Fibrillary Acidic
Protein antibody produced in rabbit (GFAP) (1:500 dilution), and Anti-
NSE antibody produced in rabbit (1:100 dilution) were purchased from
Sigma-Merck (India).

2.3. GelMA hydrogel synthesis

GelMA was synthesized as described previously (Fares et al., 2018;
Annabi et al., 2014). Form type A gelatin at 10% (w/v) was mixed into
Dulbecco's phosphate-buffered saline (PBS) at 40 �C and stirred until it is
completely dissolved. MA was added to the gelatin solution under
shaking at a temperature of 50 �C until it reached a rate of flow 0.5
mL/min, before then allowing the reaction to occur for 1 h. The fragment
in the lysine group reaction was adjusted by modifying the MA value
during the initial reaction of the compound. The mixture was diluted
with distilled water, before diluting five times with more warm Dul-
becco's PBS (40 �C) to extract salts, and reacting with methacrylic acid at
40 �C for one week using 12–14 kDa cut-off dialysis tubes. The compound
was lyophilized for about 4 days to progress and obtain a pale white
soluble spongy material, which was stored at �80 �C in a deep freezer
until further use.

2.4. Administration of ICV-STZ

ICV-STZ injection was conducted as described previously according to
the standard protocol (Kumar et al., 2016; Arora and Deshmukh, 2017).
Briefly, each rat was anesthetized using ketamine hydrochloride (60
mg/kg i.p.). The coordinates for the lateral ventricle were correctly
determined using the stereotaxic scale as 0.4 mm immediately below the
cortex surface, 1.5 mm posterior to the suture in the sagittal plane, and
0.8 mm posterior to bregma. Before surgery, the solution (3 mg/kg) was
freshly prepared by dissolving the STZ in artificial cerebrospinal fluid. A
28-gauge steel needle was connected to a 10-μL Hamilton syringe with a
single-bilateral ICV injection tool (5 μL/ventricle) and the freshly pre-
pared STZ solution was injected into the ICV-STZ group of rats. The
control group underwent a similar surgical procedure but received 5 μL
of normal saline.

2.5. Drugs and treatment schedule

The experimental rats were divided into five groups (six per group).
The rats were anesthetized using general anesthesia (ketamine 60 mg/kg
i.p) before drug treatment according to a previously described procedure
(Grieb, 2016; Arora and Deshmukh, 2017). All of the hydrogel-based
drug-treated animals were given a single daily dose using stereotactic
apparatus (Table 1). Behavioral assessments were conducted during the
treatment period with the Morris water maze (MWM), passive avoidance
(PA), and Y-maze test (days 17–28). On the final day of the experiment,
all rats were euthanized and their brains were surgically removed for
biochemical, histopathological, and immunohistochemical studies
(Fig. 1).

2.6. Body weight and blood glucose level

The weights of all the rats and their blood glucose levels were
measured and recorded at intervals of 0, 7, 14, 21, and 28 days. At the



Table 1
Grouping of the experimental animals.

Group Group name Treatment

1 Control Normal saline, surgery only performed
2 ICV-STZ ICV- STZ (3 mg/kg/day; i.p) bilaterally administered
3 ICV-STZ þ

GelMA
GelMA (10 mg/kg/day; i.p.) administered to ICV-STZ
þ GelMA- injected rat

4 ICV-STZ þ Gal Gal (10 mg/kg/day; i.p.) administered to ICV-STZ þ
Gal injected rat

5 ICV-STZ þ
GelMA þ Gal

GelMA þ Gal (10 mg/kg/day; i.p.) administered to
ICV-STZ þ GelMA þ Gal injected rat
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start of the experiment before injection by ICV-STZ (day 0) and after the
experiment on the final day (day 28), the body weights were estimated as
described by Duelli et al. (1994) with the following formula:

Change in body weight ¼ body weight on day 28 – body weight on day 0.

2.7. Behavioral assessments

2.7.1. MWM test
The MWM test is generally used to examine physical activity and

spatial memory in a wide circular pool (Morris, 1984; Tuzcu and Baydas,
2006; Kumar et al., 2016). The MWM test was conducted in a circular
pool (45 cm high and 150 cm in diameter, filled with water at a depth of
30 cm at a temperature of 28 � 1 �C). Four equal quadrants were pre-
pared in the tank (Q1–4), with a submerged platform (10� 10 cm) in the
center of the target quadrant at 1 cm below the water surface. The MWM
test was performed for four consecutive days (days 17–20), where the
animals completed four consecutive daily trials of training, each at
approximately 30min intervals (n¼ 6). TheMWMwas divided into three
starting points marked by three equal platforms on the wall. A digital
video camera recorded the locomotion activity of animals in several areas
during the test and above the center of the MWM. For four days, each rat
completed four training trials with three different starting locations every
day (acquisition trial). During each trial of 30 s, rats were tested to
determine whether they could find a hidden platform. After the platform
elevated, the rats were allowed to stay on the platform for 30 s, before
resting for 90 s. The rats that did not reach the platform were placed on it
for 30 s. On the fourth day, probe testing was conducted to assess the
improvement in spatial memory, where each rat was allowed 60 s of
free-swimming time after the hidden platform was removed. The per-
centage of the escape latency time required to locate the hidden platform
and time spent in the target quadrant were measured.
3

2.7.2. PA test
The PA step-through test is the most reliable method for assessing

learning and cognitive functions in response to stress stimuli (Reeta et al.,
2009). The unit comprised two similar boxes connected with a guillotine
door (5 � 5 cm, and incandescent/dark 22 � 21 � 22 cm), and a steel
shock grid foundation was present in the dark box. Before the experi-
ment, the rat was given 60 s to become accustomed to the equipment.
After 15 min, one rat was placed in a chamber with lights and the rat
entered the dark box using the guillotine door. The time required by the
rat to enter the darkroom was recorded as the initial retention delay
(acquisition test). Any rat with an initial delay of more than 300 s was
excluded from further trials. The door was closed after an electrical shock
(0.5 mA, 50 Hz, 2 s once) and the rat that entered the darkroom remained
on the floor grids for 300 s, before it was returned to its home cage.
Between each exercise, the experimental boxes were cleaned to avoid
confusion due to the presence of urine and fecal matter. After 24 h, the
retention delay time was recorded for a maximum of 300 s in a similar
manner to the previous test but without an electric shock. If the rat did
not reach the darkroom box, a maximum delay of 300 s was recorded.

2.7.3. Y-Maze spontaneous replacement test
The Y-maze test was performed to assess the effectiveness of spon-

taneous replacement (spatial work memory) and locomotor function in
the subjects used in the experiment (Wolf et al., 2016; Kitanaka et al.,
2015). The Y-maze experiment used a maze with dimensions of 5 cm
wide � 40 cm long � 15 cm high. The rats were kept in a maze box and
permitted to freely move and select food. The number of entries in each
arm of the maze was manually recorded and each rat participated in the
maze experiment for 6 min. The alternative was defined as entry in all
three arms in consecutive tests. The spontaneous alternation percentage
was defined as the entry ratio for arm choices that varied from the se-
lections relative to the total choices. The total number of arms entered
per minute was then used to calculate the maximum number of sponta-
neous alternations, and the percentage was calculated as: actual alter-
nations/maximum alternations � 100.

2.8. Biochemical measurements

2.8.1. Brain homogenate preparation
After completing the behavioral studies, ketamine hydrochloride (80

mg/kg, i.p.) was used to deeply anesthetize rats after the last experiment.
All of the rats used in the study were then sacrificed and their brain
tissues were immediately removed and cleaned with ice-cold saline
(Ansab et al., 2019; Badruzzaman et al., 2012).. The left and right cortex
and hippocampus were dissected regionally and homogenized (10%
w/v) in ice-cold PBS (0.1 M, pH 7.4). A centrifuge was used to separate
Fig. 1. Time schedule for drug administration pro-
cedure and group assignment: Rats were divided into 5
groups viz., control, and ICV-STZ, STZ þ GelMA, STZ
þ Gal, STZ þ GelMA þ Gal treatment groups (n ¼ 6).
The sham control group received vehicle only. In ICV-
STZ-treated groups, single ICV-STZ (3 mg/kg) injec-
tion was administered bilaterally to rats and other
drug-treated groups (ICV-STZ, STZ þ GelMA, STZ þ
Gal, and STZ þ GelMA þ Gal (10 mg/kg; i.p.)) were
administered starting from the day after ICV-STZ
administration for period of 1–14 days. The behav-
ioral observations began on day 17, and the animals
were sacrificed on day 28 following the ICV-STZ
infusion after the behavioral examination to perform
behavioural, biochemical, histopathological and
immunohistochemical analysis.
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the homogenate at 10,000�g and 4 �C for 15 min, and the supernatant
was separated into aliquots for oxidative-nitrosamine biochemical assays
(n ¼ 4, total of six samples). The rat brain tissue was treated with 4%
paraformaldehyde before histopathological examination, and with 10%
sucrose followed by 20% sucrose in PBS at 4 �C before immunohisto-
chemistry investigations. The protein concentration was determined in
all samples using a protein assay kit (Thermo Scientific, USA).

2.8.2. Estimation of AChE activity
AChE activity (markers of cholinergic neurons in the brain) was

assessed in the cortex and hippocampus as described previously (Ellman
et al., 1961; Ansab et al., 2019). The mixture of Ellman's reagent con-
tained 3 mL of sodium phosphate buffer (pH 8.0), 0.1 mL of acetylth-
iocholine iodide, 0.05 mL of supernatant, and 0.1 mL of DTNB (Ellman
reagent) (0.01 M). The mixture was kept at 37 �C for 15 min until no
further changes occurred. The absorption values were then recorded at
412 nm using an Ultraviolet–Visible (UV–Vis) spectrophotometer for 2
min at an interval of 30 s. The measurements were expressed as ace-
tylthiocholine iodide micromoles of protein hydrolyzed/min/mg.

2.8.3. Determination of GSH content
The quantity of GSH was calculated using a previously described

method with small modifications (Ellman et al., 1961; Jollow et al.,
1974). Briefly, brain samples were mixed with 4.0% sulfosalicylic acid
(w/v) at a ratio of 1:1 (v/v), incubated for 1 h at 4 �C, and then samples
were immediately centrifuged at 4000�g, 4 �C for 10 min, before col-
lecting the supernatant. Then, 0.1 mL of supernatant, 2.7 mL of PBS (0.1
M, pH 8.0), and 0.2 mL of 10 mM dithiobisnitrobenzoic acid was added,
before incubating for 15 min and measuring the optical density at 412
nm. The results were calculated and expressed as μmol/min/mg of
protein.

2.8.4. Superoxide dismutase (SOD) activity
The SOD activity was measured using the method described by

Kakkar et al. (1984). The rat brain parts were homogenized in ice-cold
50 mM PBS (pH 7.0) containing 0.1 mM EDTA to obtain a 5% homoge-
nate (w/v). The homogenates were centrifuged for 10 min at 10,000�g
and 4 �C in a cooling centrifuge. The supernatant was separated and used
for the enzyme assay. Approximately 100 μL of tissue homogenate was
mixed with 880 μL of carbonate buffer (0.05 M, pH 10.2, containing 0.1
mM EDTA), before adding 20 μL of 30 mM epinephrine (in 0.05% acetic
acid) to themixture andmeasuring the optical density at 480 nm using an
UV–Vis spectrophotometer. The SOD activity was expressed as the
amount of enzyme that inhibited the oxidation of epinephrine by 50%,
i.e., activity of unit/mg.

2.8.5. Catalase (CAT) activity
The CAT activity was evaluated by spectrophotometric analysis based

on the rate of hydrogen peroxide decomposition (Aebi, 1984). An aliquot
(5 μL) of each tissue supernatant was added (pH 7.0) to a cuvette con-
taining 1.995 mL of 50 mM PBS. The reaction was initiated by adding 1.0
mL of freshly produced 30 mM H2O2 to the mixture. An UV–Vis spec-
trophotometer was used to measure the rate of H2O2 decomposition after
60 min at 240 nm. The CAT activity was expressed as the molar extinc-
tion coefficient for one unit activity equaling the number of moles of
H2O2 destroyed per min/mg of protein.

2.8.6. LPO activity
The LPO activity was measured using a previously described method

(Ramagiri and Taliyan, 2017; Ohkawa et al., 1979). The purple color
produced by the interaction of MDA with TBA was measured spectro-
photometrically. Briefly, 0.5 mL of tissue homogenate and 0.5 ml
Tris-HCL were incubated at 37 �C for 2 h. The mixture combined with 1
ml of 10% trichloroacetic acid was added and centrifuged at 1000�g for
10min. Themixture was then heated for 15min in a hot water bath. After
cooling to room temperature, the sample was centrifuged for 10 min at
4

3000�g. The sample was transferred to a test tube containing 2 mL of
TBA solution and 1 mL of supernatant. Each tube was kept for 15 min in a
hot bath water. The absorption of the sample was measured at 532 nm
using an UV–Vis spectrophotometer. The MDA concentration was
determined based on the expression of the TBA-MDA compound ac-
cording to the absorption coefficient as protein μmol/min/mg.

2.9. Histopathological analysis

Standard procedures based on paraffin wax sectioning and hema-
toxylin–eosin staining was used for histological examinations (Schmued
et al., 2008). The rats were anesthetized completely with ketamine hy-
drochloride (80 mg/kg i.p.) and then treated with 100 mL of cold PBS
(PBS 0.1 m, pH 7.4) and 400 mL of a fixative solution containing 4%
(w/v) paraformaldehyde in PBS. The brain was dissected and post-fixed
overnight in the same buffer. The brain was washed in PBS for 1 h,
dehydrated using a differential alcohol gradient, and finally implanted in
paraffin wax. At the level of the hippocampus, sections with a thickness
of 3 μm were removed, dewaxed, and stained with hematoxylin and
eosin. Images were acquired with a light microscope (Olympus, BH-2)
after processing the sections in DPX mounting solution.

2.10. Immunohistochemical analysis

Astrocytes or neurons were grown on glass coverslips after pretreat-
ment with 10 mM poly-L-lysine (Sigma, USA). The cells were washed two
times with warm PBS before fixing in 4% paraformaldehyde for 30 min
(Tan et al., 2013). The cells were incubated in 0.3% Triton X-100 for 15
min, rinsed four times with PBS, and then incubated for 30 min with BSA.
The cells were treated with the following antibodies overnight at 4 �C:
rabbit anti-Cx43 (1:500 dilution; Cell Signaling, USA), rabbit anti-Cx30
(1:500 dilution; Cell Signaling, USA), rabbit anti-PLC-gamma 1 anti-
body (1:100 dilution; Santa Cruz Biotechnology, USA), rabbit
anti-mGluR5 antibody (1:100 dilution; Santa Cruz Biotechnology, USA),
rabbit anti-GFAP (1:500 dilution; Cell Signaling, USA), and Anti-NSE
antibody produced in rabbit (1:100 dilution; Njjcbio, China). The cells
were incubated with fluorescent secondary antibody rabbit IgG (Invi-
trogen, USA) for 1 h at room temperature on the next day, before rinsing
four times and incubating with 4,6-Diamidine-2-phenylindole dihydro-
chloride (Beyotime, China) for 5 min. The cells were then washed four
times and analyzed using a fluorescence microscope (Nikon Eclipse, Inc.,
Japan).

2.11. Protein estimation

Protein contents were estimated according to Lowry's procedure
using BSA as a standard (Lowry et al., 1951).

2.12. Statistical analysis

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used
to conduct all statistical analyses. The results were expressed as the mean
� standard deviation for n (number of animals examined) observations.
Two-way analysis of variance (ANOVA) followed by Bonferroni's post
hoc test for multiple comparisons were used to assess the learning
behavior of rats. Biochemical data were evaluated by one-way ANOVA,
followed by Tukey's test for multiple comparisons. In all experiments, p
< 0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. Behavioral assessments

3.1.1. Body weight and blood glucose level
The total body weights were recorded for the control group and other

groups every 7 days (days 0, 7, 14, 21, and 28). A single bilateral
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injection of ICV-STZ was applied in all groups except for the control
group of animals. The animals in the treated groups had significantly
lower body weights and higher blood glucose levels. Administration of
STZ þ GelMA, STZ þ Gal, and STZ þ GelMA þ Gal (10 mg/kg) appeared
to increase the body weight and reduce the blood glucose level when
compared with the ICV-STZ treated group. Furthermore, the animals
treated with STZ þ GelMA þ Gal (10 mg/kg) exhibited increased body
weights and decreased blood glucose levels compared with the ICV-STZ
group. The differences in the bodyweights (F (4, 20)¼ 6.583, R2¼ 0.5683,
p < 0.0015) and blood glucose levels (F (4, 20) ¼ 4.048, R2 ¼ 0.4474, p <
0.0145), among the experimental groups might have been due to the
effects of the newly formulated hydrogel-based Gal, as shown in Fig. 2a
and b (no significant change).

3.1.2. MWM test results
The MWM test was conducted to evaluate spatial memory improve-

ments after ICV-STZ administration (F (4, 15) ¼ 2.054, R2 ¼ 0.3539, p <
0.1380). In the ICV-STZ group, the escape latency during the probe trial
and in the target quadrant were dramatically improved on day 2 (151.87
� 8.02%) and day 4 (121.54 � 6.46%) compared with the control rats
(87.77 � 5.01%, and 43.94 � 4.56%, respectively). During the probe
trial, the escape latencies in the target quadrant were decreased in the
Fig. 2. Effect of hydrogel based drug loaded biomaterial on total body weight of
control and experimental groups of rats (A). Effect of hydrogel-based drug
loaded biomaterials on differences in the blood glucose level between control
and experimental groups (B). Data presented as line diagram (mean � SD).
There is no significant difference with reference to body weight and blood
glucose level (n ¼ 6).

5

group treated with STZþ GelMA (10mg/kg) on day 2 (127.89� 6.38%),
day 3 (103.55 � 4.35%), and day 4 (91.80 � 3.71%), as well as in the
group treated with STZ þ Gal (10 mg/kg) on day 2 (109.91 � 7.32%),
day 3 (90.80 � 4.69%) and day 4 (76.92 � 4.12%), and in the group
treated with STZ þ GelMA þ Gal (10 mg/kg) on day 3 (88.54 � 7.16%)
compared with ICV-STZ-treated rats (151.87 � 8.02%, 116.88 � 6.00%,
and 121.54 � 6.46%, respectively). However, the escape delay for
reaching the submerged site was significantly decreased in all experi-
mental groups on the days of the MWM test and during the subsequent
training days, and thus the behavioral activity of ICV-STZ-treated rats
was undesirable. Finally, we found that the administration of hydrogel-
based Gal drugs improved the behavioral activity of the ICV-STZ-
treated rats (Fig. 3a).

Following ICV-STZ administration, the MWM test was conducted to
assess the time spent in the target quadrant on the experimental days, (F
(4, 15)¼ 1.732, R2¼ 0.3159, p< 0.1954). The ICV-STZ-treated group had
difficulty remembering the location of the platform, as shown by their
inability to recall the specific position of the platform, where they spent
less time, appeared less frequently, and had a shorter total path length of
time traversed in the target quadrant than the control group. The times
spent in the target quadrant by the ICV-STZ-treated group were signifi-
cantly lower on day 2 (48.81 � 3.92%) and day 3 (63.81 � 4.40%)
compared with the control rats (90.94 � 5.45% and 126.81 � 6.14%,
respectively). The times spent in the probe trial were significantly higher
in the STZþ GelMA group (10 mg/kg) on day 3 (83.10� 3.65%) and day
4 (97.19� 6.03%), in the STZþ Gal group (10 mg/kg) on day 2 (77.11�
4.73%), day 3 (93.14 � 5.23%), and day 4 (115.87 � 5.73%), and in the
STZþ GelMAþ Gal group (10 mg/kg) on day 2 (89.14� 3.62%) and day
3 (113.54 � 6.76%) compared with the ICV-STZ-treated rats (48.81 �
3.92%, 63.81 � 4.40%, and 74.67 � 4.44%, respectively). However, in
the STZ þ GelMA þ Gal group (10 mg/kg), the frequency of onset was
higher and the time spent in the probe trial was greatly improved
compared with the control and ICV-STZ-treated rats (Fig. 3b).

3.1.3. PA test results
Significant differences were observed among the control and experi-

mental groups in the learning trials (F (3, 16) ¼ 0.6575, R2 ¼ 0.1098, p <
0.5900). The transfer latency was significantly decreased in the ICV-STZ
group on day 2 (43.87 � 2.79%) and day 3 (30.84 � 2.24%) compared
with the control rats (65.57 � 3.89% and 75.84 � 4.52%, respectively).
The transfer latencies were found to be significantly increased in the STZ
þ GelMA group (10mg/kg) on day 2 (63.60� 2.78%) and day 3 (60.97�
4.53%), in the STZþ Gal group (10mg/kg) on day 2 (62.74� 3.62%) and
day 3 (69.27 � 2.01%), and in the STZ þ GelMA þ Gal group (10 mg/kg)
on day 2 (65.50� 3.27%) and day 3 (68.47� 3.11%) comparedwith ICV-
STZ-treated rats (43.87 � 2.79% and 30.84 � 2.24%, respectively). The
hydrogel-based Gal drug-treated groups exhibited enhanced learning and
memory when several shocks were applied to affect the transfer latency,
thereby indicating that their learning and memory capacities were
improved when compared with the control rats (Fig. 4a and b).

3.1.4. Y-Maze spontaneous alternation test results
The Y-maze spontaneous alternation test was conducted to examine

whether the effects of ICV-STZ on learning and memory recovered under
hydrogel-based Gal drug treatment in rats. The Y-maze spontaneous
alternation occurred in the food intake test (F (3, 16) ¼ 0.7473, R2 ¼
0.1229, p < 0.5396). The retention transfer latency was significantly
increased in the ICV-STZ-treated rats on day 3 (61.94 � 4.08%)
compared with the control rats (24.57 � 1.24%). The retention transfer
latency was significantly reduced in the STZ þ GelMA group (10 mg/kg)
on day 2 (38.94 � 2.09%) and day 4 (37.64 � 1.51%), and in the STZ þ
Gal group (10 mg/kg) on day 2 (36.87 � 3.76%) and day 3 (29.57 �
3.17%) compared with ICV-STZ-treated rats (54.47 � 3.31%, 61.94 �
4.08%, and 70.54 � 3.21%, respectively). The total arm entries did not
vary and the dose of STZ þ GelMA þ Gal (10 mg/kg) administered
appeared to decrease the error and enhance the memory function in the



Fig. 3. Effect of hydrogel based drug loaded bioma-
terial on cognitive behavior of rats in MWM test and
novel object recognition by ICV-STZ-injected in
different experimental group of rats (n ¼ 6). The
learning curves for MWM acquisition trials across a
period of 17–20 days are appreciable. The Rat were
given four acquisition trials/day for two days using a
visual platform and four days using an invisible plat-
form, memory performance on escape latency and
time spend in the probe trail between the control and
experimental groups (A and B). MWM test for memory
performance on time spent in target quadrant for the
probe trail between the control and experimental
groups of rats (C). Acquisition data is presented in line
chart (mean � SD) and it was analyzed by two-way
ANOVA followed by Bonferroni's post hoc test for
multiple comparisons. ##p < 0.01, ###p < 0.001
compared to control group and *p < 0.05, **p < 0.01,
***p < 0.001 compared to ICV-STZ group. ICV-STZ
Intracerebroventricular Streptozotocin, GelMA Gelatin
Methacrylate, Gal Galentamine.
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experimental rats. However, the Y-maze test showed that hippocampal-
dependent memory was more affected in ICV-STZ-treated rats because
they spent less time on the new arm. The learning memory function was
significantly improved in the hydrogel-based Gal drug-treated groups
compared with the ICV-STZ treated rats (Fig. 4a and b).
3.2. Biochemical measurement

3.2.1. AChE activity levels
The effects of the treatments on the AChE activity in the cortex (F (4,

25) ¼ 112.0, R2 ¼ 0.9472, p < 0.0001) and hippocampus (F (4, 25) ¼
87.62, R2 ¼ 0.9334, p < 0.0001) were investigated, as shown in Fig. 5a.
ICV-STZ administration significantly increased the AChE levels in both
the cortex (44.91 � 3.13%) and hippocampus (51.53 � 3.14%) brain
supernatants compared with the control rats (19.87 � 1.18% and 24.90
� 2.14%, respectively). In addition, the AChE activity was significantly
reduced in the STZ þ Gal group (10 mg/kg) in the cortex (28.57 �
2.90%) and STZþGelMA and STZþGal (10mg/kg) group in the hippo-
campus (46.54 � 3.83% and 34.93 � 2.09%, respectively) compared
with ICV-STZ-treated rats. Interestingly, the AChE activity was signifi-
cantly decreased in the STZ þ GelMA þ Gal group (10 mg/kg) compared
with ICV-STZ treated rats.

3.2.2. GSH activity levels
The effects of the treatments on the GSH activity in the cortex (F (4, 25)

¼ 77.73, R2 ¼ 0.9256, p < 0.0001) and hippocampus (F (4, 25) ¼ 94.16,
R2 ¼ 0.9378, p < 0.0001) were investigated, as shown in Fig. 5b. ICV-
STZ administered rats exhibited significantly decreased GSH levels in
the hippocampus (31.53 � 1.74%) compared with the control rats
(62.61 � 3.95%). The GSH levels were significantly increased in the
cortex (33.90 � 1.81%) in the STZ þ GelMA group and in the hippo-
campus (50.60 � 2.94%) in the STZ þ Gal group (10 mg/kg) compared
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with ICV-STZ treated rats (24.57 � 2.19 and 31.53 � 1.74%, respec-
tively). However, the GSH levels were restored in both the cortex and
hippocampus in the STZ þ GelMA þ Gal group (10 mg/kg).

3.2.3. SOD activity levels
The effects of the treatments on the SOD activities in the cortex (F (4,

25) ¼ 93.29, R2 ¼ 0.9372, p < 0.0001) and hippocampus (F (4, 25) ¼
59.97, R2 ¼ 0.9056, p < 0.0001) differed significantly, as shown in
Fig. 5c. The SOD activity levels were significantly lower in the cortex and
hippocampus (18.27 � 2.59% and 21.20 � 3.02) of the ICV-STZ treated
rat brain supernatants compared with the control rats (39.61 � 2.11%
and 47.94 � 2.71%, respectively). The SOD activity levels increased
significantly in the cortex in the STZ þ Gal group (26.87 � 1.85%) and
STZ þ GelMA, and STZ þ Gal groups (10 mg/kg) in the hippocampus
(27.90 � 2.86% and 35.91 � 3.46%, respectively) compared with the
ICV-STZ treated rats. However, no significant difference in the SOD ac-
tivity was found between the STZ þ GelMA þ Gal group (10 mg/kg) rats
compared with the ICV-STZ-treated rats.

3.2.4. CAT activity levels
The effects of the treatments on theCAT activity levels in the cortex (F (4,

25) ¼ 42.81, R2 ¼ 0.8726, p< 0.0001) and hippocampus (F (4, 25)¼ 36.26,
R2 ¼ 0.8530, p < 0.0001) differed significantly, as shown in Fig. 5d. The
ICV-STZ treated rats had considerably reduced CAT activity levels in both
the cortex and hippocampus (16.33 � 1.07% and 25.66 � 2.51%, respec-
tively) as compared with the control rats (34.66 � 2.78% and 43.66 �
3.05%, respectively). In addition, administering STZþ GelMA (10 mg/kg)
significantly increased the CAT level in the cortex (23.46� 1.98%), and in
the hippocampus of STZþGelMA and STZ þ Gal (10 mg/kg) (32.76 �
1.78% and 34.48 � 2.08%, respectively) compared with ICV-STZ rats. In
addition, the CATactivity levels in the cortex andhippocampuswere higher
in the STZþGelMAþGal group (10mg/kg) than the ICV-STZ-treated rats.



Fig. 4. Impact of hydrogel based drug loaded biomaterials on (n ¼ 6) passive avoidance test for control and experimental groups of rats (A and B). Effect of hydrogel
based drugs on retention transfer latency in Y maze test for control and experimental groups of rats (C and D). Acquisition data presented in bar chart was analyzed by
two-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons (mean � SD). ##p < 0.01, ###p < 0.001 compared to control group and *p < 0.05,
**p < 0.01, ***p < 0.001 compared to ICV-STZ group. ICV-STZ Intracerebroventricular Streptozotocin, GelMA Gelatin Methacrylate, Gal Galentamine.
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3.2.5. Effect on LPO activity
The effects of the treatments on the LPO activity in cortex (F (4, 25) ¼

158.1, R2 ¼ 0.9620, p < 0.0001) and hippocampus (F (4, 25) ¼ 125.2, R2

¼ 0.9524, p< 0.0001) are shown in Fig. 5e. The ICV-STZ treated rats had
significantly increased LPO levels in the hippocampus (142.90 � 4.70%)
compared with the control rats (89.81� 3.84%). The STZ þ Gal (10 mg/
kg) treatment significantly reduced the LPO level in the cortex (85.61 �
5.75%) as compared with ICV-STZ rats (128.17 � 3.74%). In addition,
the LPO levels in STZ þ GelMA and STZ þ Gal (10 mg/kg) treated rats
were significantly lower in the hippocampus (122.87 � 6.18% and
115.61 � 3.84%, respectively) compared with ICV-STZ-treated rats . The
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LPO level was greatly reduced in the STZ þ GelMA þ Gal group (10 mg/
kg) compared with ICV-STZ-treated rats.

3.3. Histopathological examination

Histopathological analysis of the ICV-STZ group detected morpholog-
ical changes in the neurons. Furthermore, ICV-STZ induced apoptosis in
the neurons characterized by damaged neurons and amyloid plaque for-
mation. The STZþ GelMA, STZþ Gal, and STZþ GelMAþ Gal groups (10
mg/kg) exhibited reduced neuronal loss and amyloid plaque formation
comparedwith ICV-STZ-treated rats. Surprisingly, the hydrogel-based drug



Fig. 5. The graphical representation revealed the enzymatic activity against hydrogel based drug loaded biomaterials in rats (A) AchE activity, (B) GSH activity, (C)
SOD activity, (D) CAT activity, and (E) LPO activity in the cortex and hippocampus of control and ICV-STZ experimental groups of rats (n ¼ 4). Acquisition data (mean
� SD), was analyzed by one-way ANOVA followed by Tukey's post hoc test for multiple comparisons and the data presented as line diagram (mean � SD). ##p < 0.01,
###p < 0.001 compared to control group and *p < 0.05, **p < 0.01, ***p < 0.001 compared to ICV-STZ group. ICV-STZ Intracerebroventricular Streptozotocin, GelMA
Gelatin Methacrylate, Gal Galentamine.
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treatment groups had more healthy neurons with an oval shape and clear
cytoplasm. In addition, the STZ þ GelMA þ Gal group (10 mg/kg)
exhibited reduced amyloid plaque formation and improved neuronal cell
growth compared with ICV-STZ-treated rats (Fig. 6a, b, 6c, 6d, and 6e).
8

3.4. Immunohistochemical analysis

Immunohistochemical analysis showed that ICV-STZ AD-induced
neuronal apoptosis in the brains of ICV-STZ rats (Fig. 7a and b). STZ þ
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GelMA, STZþ Gal, and STZþ GelMAþ Gal groups (10 mg/kg) as shown
by the increased numbers of healthy neurons in their brains. No changes
were observed in the ICV-STZ neuronal cells. These results demonstrate
that hydrogel-based drug-treated neuronal cells and neuronal apoptosis
were observed in the brains of ICV-STZ-treated rats. We also found
decreased neuronal loss, increased number of healthy neurons, and
higher levels of neuronal growth factor in the STZ þ GelMA þ Gal group
(10 mg/kg).

4. Discussion

AD is an irreversible and progressive neurodegenerative disease,
which results in deterioration of learning and memory, neuroprotective
defects, and amyloid plaque formation in the brain. AD leads to imbal-
anced locomotion, behavioral dysfunction, and memory loss due to
generation of free radicals (Mutlu et al., 2015; Butterfield et al., 2007).
ICV-STZ induces the formation of free radicals and oxidative stress in part
of the cortex and hippocampus in the brain, thereby causing significant
learning and memory deficiencies due to brain damage in the cortex and
hippocampus. There is evidence that ICV-STZ induces neuronal loss in
the brain (Nichol et al., 2010; Pierzynowska et al., 2019).

In the present study, ICV-STZ caused prolonged impairment of
glucose/energy metabolism, neuroinflammation, and oxidative stress in
the brain, and finally learning and memory loss in rats (Oakley et al.,
2006). The locomotor function did not differ significantly among the
groups in this study which indicates that locomotion had no role in
learning and memory (Ramagiri and Taliyan, 2017; Ansab et al., 2019).
Furthermore, our results showed that the retention transfer latency
changed significantly under ICV-STZ treatment due to impaired learning
and memory as shown in previous studies (Pierzynowska et al., 2019;
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Ellman et al., 1961). We found changes in the locomotor function and
body weight, and reduced blood glucose level under the hydrogel-based
drug treatment Gal compared with ICV-STZ-treated rats (Demattos et al.,
2012). These results indicate that hydrogel had positive effects on the
body weight and control of the blood glucose level, which are key factors
that affect the development of cognitive skills, such as memory and the
learning efficiency in rats (Butterfield et al., 2007; Sachdeva and Chopra,
2015). Cognitive tests comprising MWM, PA, and Y-maze tests demon-
strated that hydrogel-based Gal administration improved the behavioral
and cognitive activities. The control-treated rats rapidly learned to swim
in the MWM test during the acquisition phase. In the MWM test, rats
treated with hydrogel-based drug performed better compared with
ICV-STZ-treated rats (Garabadu and Verma, 2019; Zhang et al., 2012).
The MWM test assesses spatial reference memory. The PA test assesses
short-term memory impairment, which is known to occur earlier than
spatial reference memory according to previous studies (Kumar et al.,
2016; Sachdeva and Chopra, 2015). However, the Y-maze test based on
the transfer latency for food intake showed that memory improvement
occurred in the hydrogel-based drug treated rats compared with ICV-STZ
induced rats, thereby indicating a greater effect on cognitive improve-
ment (Wolf et al., 2016; Kitanaka et al., 2015).

The cholinergic distribution in parts of the brain, especially the hip-
pocampus, plays important role in learning and memory. The single
bilateral administration of ICV-STZ caused significant cognitive impair-
ment, higher AchE concentration and LPO activity levels, and increased
oxidative stress in the rat brain (Halder et al., 2011). However, the
decline in cholinergic neuron cells was due to cholinergic hypofunction,
which eventually led to cognitive impairment in ICV-STZ induced rats.
Our findings strongly suggest that the hydrogel-based drug treatment
affected LPO levels under oxidative stress, which is the phase before Aβ
Fig. 6. Effect of hydrogel-based drug loaded bioma-
terial on histopathological changes in cerebral cortex
of rats (n ¼ 2). The photograph showed the neuronal
damage of ICV-STZ-injected rats. ICV-STZ induced
neuronal damage and cell apoptosis (short arrow).
Vehicle-treated control group showing healthy neu-
rons (A); ICV-STZ-treated group showing stained
degenerated neurons (B); STZ þ GelMA treated group
(C); STZ þ Gal treated group (D); STZ þ GelMA þ Gal
treated group (E) revealed neuroprotection against
ICV-STZ induced neurodegeneration. Glial cytoplasm
blends with the neuropil, and dark nuclei often with a
slight perinuclear halo. Cytologic preparation of
normal cortex demonstrates normal oligodendrocytes,
and astrocytes neurons (long arrow).



Fig. 7. Effect of hydrogel based drug loaded bioma-
terial proved its efficiency against the ICV-STZ injec-
ted rats as shown in fluorescence microscopic images
(n ¼ 2). The GSA-lectin in combination with thio-
flavin S staining revealed that the plaques were sur-
rounded by reactive astrocytes and associated with
activated microglia in ICV-STZ indicating neuro-
inflammation in brain nerve cells (A). Fluorescence
image for different groups were subjected to Nissl
staining to detect % of neuronal cells and Aβ protein
expression in rats after drug treatment (B).
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plaque appearance. Previous studies have shown that GSH decreases
oxidative damage to the brain (Butterfield et al., 2007; Kumar et al.,
2016). In the present study, treatment of the cortex and hippocampus
was conducted because they are major parts of the brain involved in the
pathogenesis of AD, and they are more susceptible to oxidative damage
(Takata et al., 2010; Canas et al., 2014). Our findings are of therapeutic
relevance because hydrogel-based Gal treatment can be applied as an
effective combinatorial therapeutic strategy for improving cognitive
functions. Increasing evidence indicates that the decreases in the activ-
ities of free radical scavenging enzymes, such as AchE, and in the LPO
activity lead to the accumulation of free radicals such as H2O2. Our re-
sults suggest that GSH detoxified the free radicals generated in the brain
and decreased H2O2 clearance compared with ICV-STZ-treated rats. The
progression of oxidative stress in AD is associated with nuclear
dysfunction, thereby leading to superoxide reduction and synaptic
damage in ICV-STZ-treated rats according to previous studies (Hahn
et al., 2020; Watson et al., 2005). Our hydrogel-based Gal treatment data
complement previous observations of the SOD and CAT levels in rats. Our
findings clearly demonstrate that the hydrogel-based drug treatment
greatly increased the activities of GSH, SOD, and CAT, which have
antioxidant activities. Thus, the hydrogel-based Gal treatment appeared
to modulate the microglial function and enhance the clearance of Aβ to
minimize neurotoxicity, and improve the redox state (Hoch et al., 2012).

Histological examinations of the control, hydrogel-based Gal drug
treated, and ICV-STZ-treated rat brain parts detected very prominent
nerve cells with a broad cortex region and many nuclei. According to
previous studies, histopathological analyses detected high numbers of
damaged neurons in parts of the brains of ICV-STZ treated rats, where the
cells were wrinkled (Annabi et al., 2014; Pristera et al., 2013). On the last
day of the experiment, the cortex and hippocampus regions contained
neurotic plaques with focal, spherical, accumulations of dilated tortuous
and dystrophic neurites, which were often located around a central
amyloid plaque (Grayson et al., 2015; Sharma and Gupta, 2001). In the
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histological sections of AD-induced rats treated with STZ þ GelMA, STZ
þ Gal, and STZ þ GelMA þ Gal (10 mg/kg), the numbers and sizes of the
amyloid plaques were reduced, where focal gliosis was enhanced during
the treatment period. In addition, the predominant neurodegenerative
characteristics gradually decreased in AD-induced rats (Shin et al., 2012;
Karran et al., 2011). Analysis of amyloid plaque samples from the cortex
and hippocampus regions indicated lower amyloid plaque densities in
the treated groups compared with the control group of rats, and this
observation is in agreement with previous studies (Silva et al., 2014;
Unger et al., 2006). Thus, the biomaterial formulation using the
hydrogel-based Gal drug targeted specific parts of the brain.

Immunohistochemistry indicated that the hydrogel-based drug
reduced the deposition of Aβ plaque rather than facilitating the clearance
of existing deposits (Salomone et al., 2012). In agreement with this hy-
pothesis, we observed clear signs of inflammation, antioxidant pressure,
and apoptosis in plaque areas in the ICV-STZ-treated rats. As expected,
immunostaining of the cells from hydrogel-based Gal treated rats
detected surrounding positive plaques and cells positive for neurofibril-
lary tangles. A significantly high regulation of the proteins surrounding
amyloid deposits was generally consistent with the inflammatory con-
ditions comprising gliosis, inflammation, oxidative stress, and Aβ accu-
mulation (Luikart et al., 2012; Roy et al., 2016). Immunohistochemistry
supported the neuroprotective properties of the hydrogel-based Gal drug
in the AD brain, and thus it is logical to conclude that it can prevent
further damage caused by the deposition of plaques (Hoch et al., 2012;
Sachdeva and Chopra, 2015).

In addition, the hydrogel-based Gal treatment modulated the micro-
glial function to enhance Aβ clearance and suppress neurotoxic effects,
with an improved redox state. Moreover, studies have shown that
neurological diseases such as AD secondarily cause microglial senes-
cence, which is connected with the loss of the microglial neuroprotective
effect (Kumar et al., 2016; Matharu et al., 2009). In addition, neuro-
protective pathways such as amyloid clearance and antioxidant activity
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against AchE have been demonstrated effectively. However, as the dis-
ease progresses, increased oxidative stress causes excessive inflammation
in ICV-STZ-treated rats (Oakley et al., 2006; Huang et al., 2015). The
immobility of the inflammatory layer triggers a positive feedback process
that results in the chronic loss of brain cells. In this context, our results
support the possible use of hydrogel-based Gal administration to suppress
the production of pro-inflammatory cytokines, improve the brain redox
imbalance, and enhance spatial memory functioning (Hahn et al., 2020).

In this study, we evaluated oxidative stress in the brain and the
memory impairment status based on behavioral and biochemical studies.
Our results demonstrate that the hydrogel-based Gal treatment leads to
improvement in the behavioral and biochemical activity levels. In addi-
tion, the AchE activity, LPO activity, and oxidative tissue damage were
suppressed in ICV-STZ-treated rats when treated with the hydrogel-based
Gal (Arora and Deshmukh, 2017). We assessed brain oxidative stress and
the memory impairment status based on the behavioral and biochemical
activity levels in hydrogel-based Gal treated rats (Ding et al., 2007; Canas
et al., 2014). Unsurprisingly, the hydrogel-based Gal treatment effec-
tively decreased Aβ aggregation.

Interestingly, our findings were supported by immunohistochemical
analyses. Several other studies have emphasized the effects of neuro-
logical drugs on Aβ-plaque formation and deposition, where significant
decreases in Aβ-plaque formation were reported. However, the most
frequently used drugs have severe side effects and the prolonged use of
these drugs does not affect the target sites in the brain, possibly due to
increased drug resistance. In the present study, we used GelMA (hydro-
gel), whichmimics the micro-environment of natural tissues and it allows
the slow and steady release of the drug Gal in the brain, and this was
evident at the histochemical level.

5. Conclusion

In this study, ICV-STZ-induced cognitive impairment in rats was
treated with a hydrogel-based Gal drug, which is the best choice for
treating AD. Increases in the AChE and LPO activity levels, hippocampal
neuron loss, oxidative stress, and neuroinflammatory alteration occurred
in the ICV-STZ treated rat brains. Behavioral studies indicated improved
locomotor activity and memory enhancement under hydrogel-tethered
Gal drug treatment, particularly the escape latency in the MWM and
PA tests, compared with ICV-STZ treated rats. Thus, our results suggest
that the reduced oxidative stress and cognitive-enhancing effects of
hydrogel-tethered Gal drug treatment in the pre-plaque phase support its
possible clinical application. In addition, histopathological and immu-
nohistochemical analyses showed that hydrogel-based Gal drug treat-
ment decreased Aβ accumulation and neuronal loss. Furthermore,
hydrogel-based drugs that aim to enhance the neuro-inflammatory pro-
cess, antioxidant activity, and neuronal growth factors could be studied
effectively in this animal model of AD.
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