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Abstract
Levosimendan, an inotropic drug that potentiates ATP-dependent K+ channel and sensitise troponin-C for
calcium. It has positive effects in neurodegenerative diseases like Parkinson’s disease and mild septic
encephalopathy. However, its effect on Alzheimer's disease remains unclear. Hence, in this study, we have
investigated the effect of levosimendan against scopolamine induced cognitive impairment in rats via
behavioural tests (Y maze, water maze and novel object recognition test), cholinesterase enzymes,
oxidative stress markers, amyloid-β plaques, in�ammatory mediators, and neurotrophic factors analysis. In
this study, rats were divided into �ve groups. The �rst and second groups were given with vehicle or
levosimendan (100 µg/kg/day i.p.) throughout the study. The remaining groups were pre-treated with
vehicle/Donepezil (3mg/kg/day i.p.)/Levosimendan (100 µg/kg/day i.p.) respectively. From day – 8 these
groups were given with their respective drugs and Scopolamine (3 mg/kg., i.p.) with 1 hour time interval.
Behavioral analysis was carried out to assess the learning and memory functions of rats after 30 min of
scopolamine administration from day 8 to day 17. Levosimendan treated group signi�cantly improves in
number of spontaneous alterations and recognition ability in Y-maze and NOR test respectively. In
addition, levosimendan inhibited scopolamine induced pathological changes such as increased levels of
cholinesterase enzymes, Aβ accumulation, neuro in�ammation and reduced levels of BDNF. In summary,
these �ndings indicate that pre-treatment with levosimendan mitigates the scopolamine induced
behavioural and biochemical changes.

Highlights
Protective role of Levosimendan against scopolamine induced cognitive de�cits was investigated.

Scopolamine decreases the expression of BDNF, and enhances Aβ accumulation and neuro
in�ammation.

Levosimendan ameliorated all the behavioural changes caused by scopolamine in the rats.

Levosimendan inhibited scopolamine induced pathological changes such as increased levels of
cholinesterase enzymes, Aβ accumulation, neuro in�ammation and reduced levels of BDNF.

Introduction
Neurodegenerative disorders are wide-ranging medical complications associated with the gradual loss of
functional neurons in the brain. In these, Alzheimer’s Disease (AD) is an age-related neurodegenerative
disorder characterized by cognitive impairment and memory loss. The Alzheimer’s disease Facts and
Figs. 2020 reported that the number of patients above 65 years with AD will greatly increase to about
5.8 million to 13.8 million by 2050 in Western countries. Several pathological expressions were in�uenced
to play an important role in progression of AD viz., abnormal amyloid beta accumulation,
hyperphosphorylated tau proteins, cholinergic neuronal dysfunction, oxidative stress and
neuroin�ammation. All these conditions together can subsequently lead to neuronal apoptosis and
cognitive dysfunction [1, 2]
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Acetylcholine (Ach) governs signal conduction and memory in the brain [3]. Any degeneration of
cholinergic neurons in the brain and hippocampus limits acetylcholine transferase. As a result, choline
reuptake gets diminished, and thereby the synthesis of ACh is restrained. On the other hand, cholinesterase
enzymes in the brain metabolises the Ach and diminishes the availability of Ach in synaptic cleft results in
cholinergic dysfunction. So, acetylcholinesterase inhibitors viz., Donepezil, Rivastigmine, Tacrine, and
Galantamine and NMDA receptor antagonists like memantine were prescribed for mild to moderate AD like
symptoms. However, these drugs are more likely to produce dose-dependent adverse effects than
producing transient and bene�cial effects to alleviate AD [4].

Amyloid beta (Aβ) accumulation and hyper phosphorylated tau proteins are the major hallmarks of AD.
However, in early stages of AD, Tau oligomers are detected as a pathogenic cascade and increased levels
correlates with the neuronal loss and synaptic dysfunction. Besides, Amyloid precursor protein (APP), the
precursor for Aβ deposition undergo breakdown by α, β and γ-secretase enzymes. α- secretase prevents the
formation of Aβ by generating αAPPs, that is neurotrophic and neuroprotective. On the other hand, APP
cleaved by β-secretase (BACE-1) releases the sAPPβ that can be further cleaved by γ-secretase to form Aβ
intracellularly. Aβ oligomers migrates to extracellular milieu and triggers the cascade of events leading to
neurotoxicity and neuroin�ammation [4, 5]. Moreover, over expression of Aβ down regulate the expression
of critical neurotrophic factors like Brain-derived neurotrophic factor (BDNF) in the brain [6].

BDNF, a member of the neurotrophin family, is active in the cerebral cortex, amygdala, and hippocampus. It
plays a crucial role in growth of certain neuronal populations, and acts as an effector of neuronal plasticity
both during development and in the adult. Further, it plays a part in long term potentiation and up-regulated
in the hippocampus during learning and memory. A de�cit in the hippocampal BDNF levels contribute to
the development of cognitive impairment in AD.

Cyclic adenosine monophosphate response element binding protein (CREB) is a transcriptional regulator
of BDNF and plays an important role in memory processes. Further, decreased levels of phosphorylated
CREB were observed in the post-mortem AD brain. It has been evidenced that amyloid plaques suppress
the activity of CREB and then BDNF [7]. In support to this several studies described the role of
pCREB/BDNF in acquisition of long-term potentiation and synaptic plasticity [8]. Further, Aβ deposition and
BDNF decline in cortex and hippocampus results in production of Reactive oxygen species (ROS) such as
superoxide anion (O2

−), hydroxyl radical (-OH), Peroxynitrite (ONOO-) can oxidises the cellular components
and causes neuronal cell death [9].

Aβ deposition, oxidative stress and neuroin�ammation in AD can promotes depolarization of neuronal
membrane leads to over activation of glutamate receptor which stimulates the excitatory neurotransmitter
“glutamate” results in Ca2+ in�ux through the NMDA receptor channel. The excessive intracellular Ca2+

ions in the neurons can promote tau hyperphosphorylation in hippocampal neurons, impairs synaptic
function and causes neuronal damage in AD [10].

Ion channels are the proteins situated across the cell membrane and facilitates the ion transport in the
cells. Among them, ATP-dependent K+ channels are the most diverse and abundantly present in the brain
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[11]. Some studies investigated and reported that chronic activation of ATP-dependent K+ channels in the
brain cells (microglia, neurons, and lymphocytes) play a crucial role in reducing the Aβ and tau pathologies
by NMDA receptor-mediated cellular Ca2+ overload (excitotoxicity) and improves cognitive function by
hyperpolarizing the plasma membrane and [10].

Levosimendan, a positive inotropic drug approved to increase cardiac contractility and management of
decompensated heart failure. Indeed, earlier research has reported the ability of levosimendan against
Parkinson’s disease [12], mild septic encephalopathy [13], ototoxicity [14], nephrotoxicity [15], tau-
oligomerisation inhibition in brain cells of TauP301L-BiFC mice [16] and other attributes include anti-oxidant
and anti-in�ammatory effects [17–19]. The cardioprotective effects and vasodilatory actions
Levosimendan are mediated by calcium sensitization of contractile proteins and opening of ATP-
dependent K+ channels in vascular smooth muscle cells and cardiac mitochondria [20–24]. Further,
levosimendan as a phosphodiesterase III inhibitor, increases the levels of cAMP and activates protein
kinase – A which phosphorylates the downstream substrates (CREB) that promotes neurogenesis and
increases synaptic plasticity [25, 26]. Hence, the one of the plausible ways to curb the AD progression is to
�nd the novel therapeutic approach which activates the CREB/BDNF pathway, ATP-dependent K + 
channels and modulate the levels of Aβ, BDNF, ROS, and proin�ammatory cytokines in the brain.

However, no studies have addressed the anti-amnesic effect of levosimendan on learning and memory in
rats. Hence, the present study aims to investigate the neuroprotective effect of levosimendan against
scopolamine induced cognitive impairment and elucidate the underlying mechanisms.

Materials and methods

Animals
Male albino wistar rats of weight 250–300 g each were used in this study. Animals were purchased from
Vyas labs, Hyderabad. Animals allowed to acclimatize for one week in the animal house
(439/PO/S/01/CPCSEA) of Shri Vishnu College of Pharmacy, Bhimavaram. After adaptation, the animals
were randomly divided into 5 groups. All the animals were fed with a standard pellet diet and water ad
libitum. The temperature of 23 ± 1°C with 12 h light/dark cycles and relative humidity of about 60% was
maintained throughout the study. Behavioural tests present in the study were performed between 8:00 to
16:00 hrs. The study protocol (05/IAEC/SVCP/20–21) was approved by the Institutional Animal Ethics
Committee (IAEC).

Drugs and Chemicals
Scopolamine hydrobromide, donepezil HCL were purchased from yarrow chem products (Mumbai).
Levosimendan (simenda®), acetylcholine thiocholine iodide (ACTCI), butyryl thiocholine iodide (BuTCI),
2,2-Diphenyl-2-picrylhydrazyl (DPPH), 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB), bovine serum albumin,
Bradford’s reagent were purchased from sigma aldrich, thiobarbituric acid, reduced glutathione, pyrogallol,
hydrogen peroxide, cacodylic acid were purchased from loba chemie (Mumbai), tetra methoxy propane
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was purchased from Tokyo chemical industries and ELISA kits for β-amyloid plaques, BDNF (brain derived
neurotropic factor), NF-κB are purchased from krishgen biosystems (Mumbai)

Experimental design
Rats were randomly divided into 5 groups, containing 6 in each; the control group [Veh + Veh] only received
normal saline (1 ml/kg, i.p.), Per se group [Veh + Levo] received Levosimendan (100 µg/kg, i.p.), Disease
group [Veh + Sco] was injected with Scopolamine (3 mg/kg, i.p.), Standard group [DPZ + SCO] was pre-
treated with donepezil (3 mg/kg, i.p.) followed by scopolamine (3 mg/kg, i.p.) administration till the end of
the study. The treatment group [Levo + SCO] rats were pre-treated with Levosimendan (100 µg/kg, i.p.)
thereafter scopolamine (3 mg/kg, i.p.) was administered till the end of the study. Therapeutic doses of all
the drugs are selected based on the previous studies with few modi�cations [27–29]. All the drugs used
were dissolved in normal saline (Veh). The pre-treatment was given to per se, standard and treatment
groups respectively. Scopolamine was given from Day 8 to Day 17 after one hour of drug administration
and behavioural studies were carried out after 30 minutes of scopolamine injection.

Study timeline
Details of the experiment protocol and treatment schedule were represented in Fig:1

Fig:1 - Scheme of experimental schedule and intervals for estimation of various parameters

Behavioral tests

Open �eld test
Test apparatus consists of a square �eld (100 × 100) which is enclosed by black plexiglass wall of 35 cm
height. The maze is virtually divided into 16 squares of equal size (4 × 4). 12 squares which are adjacent
to the wall are named as peripheral squares representing �eld periphery and remaining 4 squares are
named as central squares representing the exposing �eld. Animals were subjected to an open �eld test to
assess the locomotor activity of the animal by placing it at the centre of the arena and allowed to move
freely for 8 min.

In the open �eld, behaviour of animals like number of crossings, distance travelled by the animal were
observed [30].

Novel object recognition test
Novel object recognition test is an experimental tool for assessing short-term memory impairment caused
by neurological changes in the brain and hippocampus. This test uses the natural behaviour of the animal
that prefers to expose the novel object. It helps to assess the cognitive de�cits in rodent models related to
neurodegenerative disorders induced by drugs or chemicals [31]. The test was done in an open arena
measuring 50×50 cm closed �eld surrounded by 50 cm walls and the whole apparatus is made of black
polyester plastic. All the objects placed in the arena were with similar structure, colour, and size but
different in shape. This test includes 3 phases namely 1) Habituation 2) Training and 3) Testing. In the



Page 6/34

habituation phase animals were allowed to explore the open �eld arena freely for 10 min to habituate the
maze environment. After twenty-four hours of habituation phase, the training phase is carried out by
placing two identical objects (A1 and A2) at opposite corners 10 cm away from the wall. The training
phase was performed for 5 min in which animals were allowed to explore the objects for at least 30 sec.
Testing phase was initiated after 60 min of delay time. In this phase we have replaced one of the old
objects (A1 and A2) with a novel object (B1) and observed the exploration of each animal for 5 min.
Exploration is de�ned as touching or sni�ng the object with nose or forepaws and sitting on the object is
not considered as exploration [3]. The total time spent with the two identical objects (A1 and A2) in the
training phase and two different objects (A1 or A2 and B1) in the testing phase was noted [32]. All the
objects and arena were cleaned using 70% ethanol between each trail [33]. Cognitive ability of each animal
is evaluated by discrimination index and it is calculated by using the formula (DI) is B-A/B + A where, A is
the time spent with old object (A1 or A2) and B is the time spent with novel object in testing phase [34]. All
the movements and animal behaviour were observed with a video tracking system.

Y Maze – Spontaneous alterations test
Y-maze test was performed to assess the working memory index by spontaneous alternation behaviour.
Spontaneous alternation behaviour was considered as a replicate to spatial working memory which is a
form of short-term memory index. The maze is made of three identical arms of equal dimensions (40 cm
long, 20 cm height and 10 cm width) which is symmetrically separated at 120° and labelled as A, B and C.
It can be identi�ed by using visual cues. Rats were allowed to explore freely throughout the maze for 8 min
by placing it at the end of one arm (e.g., A) and calculated the % spontaneous alterations. An arm entry
was considered when all the four paws of rat were completely inside the arm. Spontaneous alternation
behaviour is de�ned as successive entry of the animal into all the three arms (i.e., ABC, BAC, CBA but not
BAB) [35]. Total number of arm entries were recorded as locomotor index and percentage spontaneous
alterations were calculated as [36].

The maze is cleaned after each trail with 70% ethanol to clear the residual odour and dried with cloth
before testing another animal [37].

Morris Water Maze (MWM) Test
The spatial learning and long-term memory of the animals were tested by using MWM. The apparatus
consists of a black circular water pool of 250 cm in diameter, 50 cm in height, and �lled with water up to
40 cm. The water tank was divided into four equal quadrants and each quadrant is marked with an
identi�cation sign using visual cues. The platform of 10 cm diameter is placed at a �xed position (centre
of south-west quadrant) 1 cm beneath the surface of the water and remains in the same position
throughout the experiment. All the trails were recorded using a video tracking system by placing the
camera above the circular tank and visual movements of the animal was analysed by using MAZE
MASTER software (V. J INSTRUMENTS). The test was divided into three phases 1) Training 2) Evaluation

%spontaneousalterations = × 100
numberofalterations

totalnumberofarmentries − 2
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phase 3) Probe analysis. In the training phase, animals were familiarized with the water maze as four trails
per day by starting at four different points (North, East, West & South) for two days to �nd the platform
using visual cues. If the animal does not �nd the platform, we guide them carefully to the platform and
remain on it for 30 s before starting the next trail. Evaluation phase was carried out on day 13 for three
consecutive days. In this phase, water in the maze was made opaque using milk powder to hide the
platform and the escape latency (time to reach the hidden platform) was measured. Probe analysis was
conducted after 24 hours of the completion of the evaluation phase. In this analysis we removed the
platform and the animal was allowed to swim freely for 60 s and time spent in the target quadrant was
recorded [38, 39].

Estimation of biochemical parameters
On the next day of behavioral analysis, rats were anaesthetized by using ketamine (80 mg/kg i.p.)[40] to
collect blood in a heparinised tubes through retro-orbital route. Animals were sacri�ced by decapitation,
brain tissues were harvested and washed with ice-cold PBS. Hippocampus was isolated from the whole
brain and 20% homogenate was prepared using ice-cold PBS (pH – 7.4) by using a tissue homogenizer.
The homogenate/blood was subjected to centrifugation at 10000g at 4°C for 15 min and
supernatant/plasma was collected and stored at -80°C until the analysis. Hippocampus for
histopathological examination were placed in 10% formalin immediately after washing.

Total Protein estimation
Total protein concentration in the plasma and homogenate samples were estimated as reported earlier by
using bovine serum albumin as standard [41].

Acetylcholinesterase (AChE) activity
AChE activity in plasma and tissue homogenate were carried out as previously described by Ellman et.al.,
[42]. with small modi�cations. In this method acetylthiocholine iodide (ACTCI) was used as a substrate.
The increase in yellow colour by reacting thiocholine with DTNB (dithiobisnitrobenzoate) was measured
spectrophotometrically. We have performed the enzyme kinetics periodically at standard time points in the
Human ELISA reader at 405 nm. All the samples were run in triplicate and the activity of AChE is expressed
as nmol ACTCI hydrolysed min− 1 mg− 1 of protein [43].

Butyrylcholinesterase (BuChE) activity
BuChE activity was also analysed in plasma and tissue homogenate since, BuChE is also a cholinesterase
enzyme that hydrolyses acetylcholinesterase and promotes AD. Butyryl thiocholine iodide (BuTCI) is used
as substrate and the same spectrophotometric method using DTNB was used and absorbance at 405 nm
was measured by using Human ELISA reader. All the samples were run in triplicate and the activity of
BuChE is expressed as nmol BuCTCI hydrolysed min− 1 mg− 1 of protein [44].

Lipid peroxidation
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The rate of lipid peroxidation was measured by estimating the level of malondialdehyde (MDA). MDA is a
lipid peroxidation by-product that occurs by the breakdown of polyunsaturated fatty acids. Hence, MDA
estimation was a good indicator of lipid peroxidation. Brie�y, 100 µl of sample, 750 µl of 0.8%
Thiobarbituric acid, 750 µl of 20% glacial acetic acid (pH – 4.0) and 100 µl of 8.1% sodium dodecyl
sulphate were added in a micro centrifuge tube. The �nal resultant mixture is incubated at 950 C for 60
mins. The absorbance of pink colour produced is measured spectrophotometrically at 535 nm. The
amount of MDA is expressed as nmol mg − 1 of protein [44].

Nitric oxide (NO)
NO content in the brain homogenate was measured as total nitrate/nitrite by using Griess reagent. Griess
reaction involves the formation of azo dye by the diazotization of sulfanilamide when react with nitrites
followed by conjugation with N-(1-napthyl) ethylenediamine to form a pink colour chromophore which can
be measured spectrophotometrically at 540 nm [45].

Reduced glutathione (GSH)
Glutathione is a most important antioxidant present in the cells that participates in the detoxi�cation of
oxidative free radicals and inhibits lipid peroxidation. Measurement of reduced glutathione was performed
as per the method described by Ellman et.al., using 5,5-Dithio-bis-(2-nitrobenzoic acid) (DTNB). The
glutathione standards (0, 0.5, 1.0, 2.0, 4.0, 8.0, 12, and 16.0 mM) and samples were prepared by diluting
with phosphate buffer pH7.4, from this 80 µl of standards / sample were added to 60 µl of DTNB and
measured the absorbance at 412 nm [46].

Superoxide dismutase (SOD)
SOD is an enzyme that helps to break down the harmful superoxide free radicals in the cells which might
prevent damage to tissues. By using the pyrogallol auto-oxidise technique, SOD levels in samples were
calculated. In this method, pyrogallol self-oxidizes in alkaline solutions to form superoxide anion radicals,
which are then oxidized by SOD in the sample to produce oxygen and hydrogen peroxide. Brie�y, 50mM
Tris-cacodylate buffer (pH 8.2), 1mM EDTA, 100 µl of a sample, 2.6 mM pyrogallol, 40µg catalase and the
necessary volume of distilled water were taken in a 2 ml reaction tube. The blank and sample wells were
�lled with all the reagents except pyrogallol. As pyrogallol acts as reaction initiating reagent. It was added
just before reading the absorbance. Absorbance of samples were taken at 450 nm for 4 minutes at every
30 seconds using Human ELISA reader. The activity of SOD is expressed as U mg− 1 of protein [47].

Enzyme-Linked Immunosorbent Assay (ELISA)
To estimate the BDNF, NF-κB, TNF-α, Amyloid-β levels in the tissue homogenate was performed according
to the user guide provided in the respective ELISA kits (Krishgen Biosystems) using sandwich ELISA
technique. In brief, 50 µl Standards and 40 µl Samples were added to respective wells. Immediately, 10 µl
biotinylated antibody were added to sample wells respectively. Then, 50 µl Streptavidin: HRP Conjugate
solution was added to each well containing standards and samples and subjected to incubation for 60
mins at 370 C. Aspirate and washed the plate for 4 times. Then, we added 50 µl TMB Substrate A and B
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and incubated for 10 mins at 370 C. After incubation, 50 µl of stop solution was added and read the
absorbance at 450 nm by using an ELISA reader (Human Reader HS). Both the standards and samples
were processed for each assay and the concentration of samples were analysed by interpolating with
standard. The levels of BDNF, NF-κB were expressed as ng/mg of protein and TNF-α, amyloid-β levels were
expressed as pg/mg of protein.

Western blotting
The hippocampus was homogenized using RIPA buffer loaded with protease and phosphatase inhibitors.
The supernatant was collected by centrifugation at 8,000 rpm for 20 min at 4°C followed by protein
quanti�cation using the Bradford method. Equal quantities of protein (40 µg) were placed on each well in
10% SDS-PAGE and transferred electrophoretically to a polyvinylidene di�uoride membrane, followed by
probing with primary antibodies (BACE-1, pCREB, and CREB Cell Signaling) with a 1:1000 dilution for
overnight. Later, membranes were washed and probed with a secondary antibody (1:10,000 dilution) and
visualized by chemiluminescence. The band densities were computed by image analysis software, Image
J (NIH, Bethesda, MD, USA). β-Actin was cast off as an internal control for equal loading.

Histopathology
The Hippocampus samples were �xed in 10% formalin and further processed and �xed in para�n blocks
to obtain 200µm sections. Using the technique outlined by [48] the general histological appearance of the
hippocampus was displayed in this approach. The glass slides were labelled and placed in a slide stand to
de-waxed the slide by immersing in two changes of xylene. The sections were hydrated by immersing in
descending grades of alcohol 100%, 70% and 50% and washed off the excess �uids in running tap water.
Stain the slide with 200 µl of haematoxylin and wash thoroughly with PBS. The sections were
differentiated by using 1% acid alcohol, washed and dried. Then counter staining with 200 µl of eosin was
applied, washed, and removed the excess stain. The samples were again dehydrated by ascending grades
of alcohol 50%, 70% and absolute for 2 min each. Finally clear the slides with xylene and covered by
microscopic cover slides to observe under electron light microscope.

Statistical analysis
The data analysis was performed by using Graph pad prism software version − 8.4.2. All the values were
expressed as Mean ± S.E.M. Statistical difference between and within the groups was analysed by ANOVA
followed by Dunnett’s post-hoc test. The p – value less than 0.05 was considered as statistically
signi�cant.

Results

Effect of Levosimendan on locomotor activity
The Open Field test was used to assess locomotor activity. Figure 2A illustrates that there were no
signi�cant variations in the number of crossings when compared with the scopolamine-alone treated
group vis-á-vis the normal control group (F (2, 15) = 0.1678, P = 0.8471) and disease group vis-á-vis the
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Levosimendan treatment group (F (2, 15) = 0.1022, P = 0.9035). Figure 2B depicted that there was no
signi�cant variation across the groups in distance travelled (cm) vis-a-vis the scopolamine-alone treated
group to the normal control group (F (2, 15) = 0.2854, P = 0.7557) and disease group to the Levosimendan
treatment group (F (2, 15) = 0.06920, P = 0.9334), this indicates that all the drug treatments does not show
any locomotor decline between the groups.

Effect of Levosimendan on Discrimination index
Novel Object Recognition (NOR) test was conducted to assess the impact of Levosimendan treatment on
the discrimination index in scopolamine-induced cognitive impairment. One-way ANOVA found overall
signi�cant differences across groups for the discrimination index in the NOR test (Fig. 3). The �ndings
from the study implied that scopolamine induced rats were failed to discriminate between two objects vis-
á-vis the normal control group (F (2, 15) = 7.602) (**P < 0.01). Levosimendan pre-treatment to scopolamine

induced rats showed a bene�cial effect in protecting the discriminative decline (F (2, 15) = 7.598) (## p < 
0.01) when compared to scopolamine alone treated group.

Effect of Levosimendan on short-term memory
Y-maze task is used to examine short term spatial working memory. % spontaneous alterations were
evaluated between the groups (Fig. 4A). scopolamine injected group showed a signi�cant decline in %
spontaneous alterations when compared to normal control group (F (2, 15) = 70.31, ***P < 0.001). Whereas,
levosimendan pre-treatment protected the scopolamine induced short-term memory impairment
signi�cantly (F (2, 15) = 20.89, ###P < 0.001). Number of arm entries (Fig. 4B) does not show any signi�cant
difference across the groups which indicates no locomotor decline (F (2, 15) = 2.809, P = 0.0920) versus
normal control group, (F (2, 15) = 1.919, P = 0.1811) versus scopolamine alone treated group.

Effect of Levosimendan on Long-term memory using MWM
MWM test was conducted in order to assess spatial learning and memory. in this test escape latency is
used as a parameter to assess the learning ability of the animal. Scopolamine showed a signi�cant loss of
learning ability from day – 1 with (day – 2, @p < 0.05), (day – 3, $$$p < 0.001). whereas, intraday variations
between the groups showed signi�cant increase in escape latency when compared to normal control
group in all the three days (*p < 0.05, **p < 0.01). However, pre-treatment with Levosimendan signi�cantly
attenuated the loss of learning ability in all the three days (#p < 0.05, ##p < 0.01, ###p < 0.001) when
compared to scopolamine alone treated group (Fig. 5A). On day 4 probe trail test was performed to
calculate time spent in target quadrant. Spatial reference memory was signi�cantly affected by
scopolamine injection when compared to normal control group (F (2, 15) = 10.79, ***p < 0.001)).
Levosimendan prophylactic therapy protects the spatial memory depletion signi�cantly when compared to
scopolamine injected group (F (2, 15) = 9.181, #p < 0.05, ##p < 0.01) (Fig. 5B)
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Effect of Levosimendan on Acetylcholinesterase activity
The activity of acetylcholinesterase rat (A) Hippocampus and (B) Plasma was shown in Fig. 6. In
hippocampus, AChE activity in the Scopolamine treatment group was considerably greater than normal
control group (F (2, 15) = 6.923, **P < 0.01). However, protective therapy with Donepezil and Levosimendan

greatly reduced this activity compared with the disease group (F (2, 15) = 7.909, #P < 0.05, ##P < 0.01)
(Fig. 6A). In plasma, scopolamine injection signi�cantly increased the activity of AChE when compared to
normal control group (F (2, 15) = 10.77, **P < 0.01). levosimendan pre-treatment decreased the AChE activity

when compared to scopolamine alone treated group (F (2, 15) = 12.01, ##P < 0.01, ###P < 0.001) (Fig. 6B).

Effect of Levosimendan on Butyrylcholinesterase activity
The results of butyrylcholinesterase activity in rat (A) Hippocampus and (B) Plasma were shown in Fig. 7.
In hippocampus, BuChE activity in the scopolamine treatment group was considerably greater than normal
control group (F (2, 15) = 3.246, **P < 0.01). However, treatment with Donepezil and Levosimendan

signi�cantly reduced this activity compared with the disease group (F (2, 15) = 8.954, #P < 0.05, ##P < 0.01)
(Fig. 7A). In plasma, scopolamine injection signi�cantly increased the activity of AChE when compared to
normal control group F (2, 15) = 7.026, **P < 0.01). levosimendan pre-treatment decreased the AChE activity

when compared to scopolamine treated group (F (2, 15) = 6.974, #P < 0.05, ##P < 0.01,) (Fig. 7B).

Effect of levosimendan on lipid peroxidation and NO
To ascribe the antioxidant effect of levosimendan in hippocampal cells, the level of MDA (Fig. 8A) and
Nitric oxide was analysed (Fig. 8B). Statistical analysis between the group showed a signi�cant difference
between scopolamine injected and control group in MDA (F (2, 15) = 5.032, * P < 0.05) and Nitrates (F (2, 15) = 

10.97, ***P < 0.001). when treated with levosimendan it protected signi�cantly (MDA, F (2, 15) = 8.487, ##P < 

0.01), (Nitrates, F (2, 15) = 107.0, ###P < 0.001) against scopolamine induced oxidative stress in
hippocampal cells.

Effect of levosimendan on reduced glutathione (GSH) and
Superoxide dismutase
As shown in Fig. 9A the level of reduced glutathione is reduced signi�cantly by the scopolamine injection
when compared to the normal control group (F (2, 15) = 8.463, P < 0.05). whereas, levosimendan pre-
treatment attenuates the decrease in GSH and protects against oxidative stress (F (2, 15) = 13.87, #P < 0.05

and ###P < 0.001, respectively). In Fig. 9B scopolamine injection decreases the activity of SOD signi�cantly
(F (2, 15) = 0.852, P = 0.4461).

Effect of Levosimendan on β-Amyloid Levels
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The quanti�cation of β -Amyloid (A β) levels in the hippocampus is estimated by using ELISA kits supplied
by KRISHGEN biosystems. Figure 10A shows a signi�cant difference in A β levels between normal control
and scopolamine treated groups (F (2,15) = 7.169, **P < 0.01). Levosimendan pre-treatment attenuated the

deposition of A β plaques induced by scopolamine signi�cantly (F (2,15) = 7.117, ##P < 0.01).

Effect of Levosimendan on BDNF levels
BDNF plays an important role in neuronal generation and maintenance of synaptic plasticity. Its decreased
levels may affect the neuronal growth and survival. The scopolamine injection signi�cantly decreased the
levels of BDNF in the hippocampus (F (2,15) = 7.635, **P < 0.01) when compared with the control group.
However, Donepezil and Levosimendan pre-treatment inhibited the scopolamine induced changes in the
BDNF levels (F (2,15) = 13.75, ##P < 0.01, ###P < 0.001) in the hippocampus cells compared with the disease
group (Fig. 10B).

Effect of Levosimendan NF-κB and TNF-α levels
As shown in Fig. 10C and 10D higher levels of NF-κB and TNF-α levels were identi�ed in the hippocampal
homogenates of rats injected with scopolamine when compared with normal control group (F (2, 15) = 

27.03, 124.0 ***P < 0.001). It indicates that scopolamine induces neuroin�ammation. while pre-treatment
with Donepezil and Levosimendan signi�cantly inhibited this neuroin�ammation (F (2, 15) = 5.976, #P < 

0.05) and (F (2, 15) = 58.97, ###P < 0.001) caused by NF-κB and TNF-α when compared with the scopolamine
alone treated group.

Western blotting analysis
To assess the underlying mechanisms of levosimendan in AD, we estimated the protein level of BACE-1,
and p-CREB/CREB ratio in hippocampus (n = 3) by using western blotting technique represented in
Fig. 11A. BACE-1 is an APP cleaving enzyme and contributes to the development and accumulation of Aβ
plaques. The level of BACE-1 is signi�cantly higher in scopolamine alone treated group (Fig. 13C).
Whereas, levosimendan administration signi�cantly decreases the BACE-1 protein expression and protects
the hippocampus against amyloidogenic response. On the other hand, phospho-CREB plays a
fundamental role in the management of AD. In general, p-CREB activates the transcription process and
enhances the production of neurotropic factors i.e., BDNF in the hippocampus and helps for neuronal
growth and survival. The ratio of pCREB/CREB in the hippocampus was signi�cantly reduced by
scopolamine. Whereas, levosimendan enhances the CREB phosphorylation and signi�cantly increases the
p-CREB levels (Fig. 13B).

Histopathology

Discussion
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The purpose of this study is to investigate the protective effect of levosimendan vis-á-vis scopolamine
induced cognitive impairment. To con�rm this hypothesis, a predominantly used scopolamine model for
the screening of drugs to treat Alzheimer’s disease was adopted [36, 49]. Scopolamine, a post-synaptic
muscarinic acetylcholine receptor (mAChR) antagonist, down regulates the cholinergic transmission. It
leads to decreased acetylcholine release and results in cognitive dysfunction [50]. Further, scopolamine at
high doses impairs the cognitive function via activation of BACE-1 enzyme, Amyloid-β accumulation,
oxidative stress and neuroin�ammation [51].

In this study, open �eld test was performed to address the self-independent exploring property and general
analysis of rats’ locomotor behaviour. As shown in (Fig.-2), there were no change in the parameters
analysed among all the groups. In light of this evidence, we can state that scopolamine administration
does not impact the locomotor activity and the behavioural de�cits observed in NORT, Y maze and water
maze were solely due to its impairment of cognitive function [52, 53]. Novel object recognition (NOR) test
was carried out to assess the visual recognition of animal and exploration of novel object in a familiar
environment. In this test, non-spatial recognition ability termed as discrimination index was measured to
evaluate the cognitive performance. In the present study (Fig. 3), we demonstrated that scopolamine
injection decreases the discrimination index of the animal. Whereas, levosimendan countered this result
and ameliorated the decrease in discrimination index caused by scopolamine and the results are in
accordance with the previous studies [54, 55]. On the other hand, Y-maze test is used predominantly to
measure the short-term spatial working memory [56]. In this % spontaneous alternation was used as an
indicator for short-term working memory [51]. Previous studies reported that scopolamine administration
decreases the short-term memory and it is evidenced by decrease in % spontaneous alterations [27, 57].
Results from (Fig. 4) this study were in line with previous studies and further, levosimendan pretreatment
protected short-term memory decline [58].

MWM test was performed to measure the de�cits of learning and memory associated with hippocampal
dysfunction. In this test, non-spatial learning and memory was postulated by gauging the latency time to
identify the hidden platform. In this study, scopolamine administered rats were observed with increase in
latency time to �nd the platform when compared with the normal control group. It indicates the
impairment in learning and memory. [59]. The animals treated with levosimendan had shown decrease in
the escape latency time while comparing with the scopolamine alone treated group, represents its
protective ability against cognitive impairment (Fig. − 5A). Further, in the probe trial test, scopolamine
administered rats spends less time in target quadrant. However, levosimendan treated rats spent more
time in target quadrant comparing to the disease group signifying its role in improving spatial learning and
memory. All the results in MWM test were familiar with earlier reported studies (Fig.- 5B) [60]. In this
context, the results of behavioural tests suggests that levosimendan treatment could ameliorates long-
term and reference memory impairment induced by scopolamine.

The cholinergic neurotransmission is involved in many physiological processes, including synaptic
plasticity, learning and memory. Dysfunction of cholinergic neurons in the brain decreases the release of
Ach and results in cognitive impairment. Further, cholinergic agonists like donepezil, rivastigmine facilitate
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the memory and cholinergic antagonists like scopolamine impair the memory [61]. In that sense,
molecules that modulate cholinergic hypoactivity by slowing the rate of acetylcholine degradation have
potential clinical use. In order to elucidate the effect of levosimendan on cholinergic function, we have
estimated the activity of AChE and BuChE [62]. According to the previous studies, scopolamine
administration produced severe cholinergic de�cits evidenced by increase in AChE and BuChE activity and
decreases synaptic plasticity [43, 63]. However, levosimendan pre-treatment signi�cantly decreased the
enzyme activity and loss of cholinergic neurons induced by scopolamine (Fig. 6). Our results in this study
are relevant to the previous studies [64, 65]. These �ndings agree with the behavioral data and together
suggest that ameliorative effect of levosimendan against scopolamine induced memory impairment.

Furthermore, many devastating pieces of evidence suggest that oxidative stress is another causative
factor of Alzheimer pathology [66]. In experimental animals, amnesia induced by scopolamine has been
reported to be associated with increase free radicals in the brain, especially hippocampus. In agreement
with the previous studies, our study results showed that scopolamine administration resulted in
remarkable oxidative damage to the hippocampus and it is evidenced by increased levels of MDA and NO,
a valid index of lipid peroxidation and signi�cant decrease in antioxidant defense systems such as GSH
and SOD [9, 67]. In contrast, levosimendan administration showed its bene�cial role against oxidative
stress by increasing the activity of GSH, SOD and by decreasing the lipid peroxidation and No levels when
compared to scopolamine alone treated group. All the results from oxidative stress parameters were in line
with the previous studies (Fig. 7,8) [67]. These data demonstrated that levosimendan has free radical
scavenging activity and increases the levels of anti-oxidants. Hence, it suggested that the reduction of
oxidative stress could be related to the cognitive effect of levosimendan in scopolamine treated rats [12,
19, 26].

Microglia, an inhabitant immune cells of the brain, is regularly inspect the microenvironment under
biological conditions. In AD, activation of microglia mediated by amyloid-β deposition and oxidative stress
initiates cerebral neuroin�ammation. Microglial polarization in the brain plays a detrimental role by
provoking the expression of pro-in�ammatory cytokines. The transcription factor, NF-κB, involved in
various gene regulations in in�ammation [68]. It has been reported scopolamine injection initiates the
production of in�ammatory cascade NF-κB and helps production of pro-in�ammatory cytokines like TNF-
α, IL- 6 [69, 70]. Here, we demonstrated that NF-κB and TNF- α levels were elevated signi�cantly in
scopolamine alone administered rats. While, pre-treatment with levosimendan signi�cantly attenuated the
upregulation of NF-κB and in response decreased the in�ammatory mediators caused by the scopolamine
administration showing its anti-in�ammatory property (Fig. 10C, 10D). These results were in line with the
previous studies stating that levosimendan ameliorated the scopolamine induced neuroin�ammation by
inhibiting NF-κB expression [71].

Cerebral vasculature is crucial for neuronal function as it is responsible for delivery of nutrients and
removal of metabolites. Over production of amyloid beta plaques in the cerebral blood vessels worsens the
disease pathology and contributes to cognitive decline [72]. According to the previous studies, muscarinic
receptor blockage by scopolamine injection activates beta secretase activating cleavage enzyme – 1
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(BACE-1). It cleaves amyloid precursor protein (APP) and causes Aβ over production [73]. In this study, the
scopolamine alone administered group has shown a signi�cant increase in Aβ deposition in the
hippocampus which is similar to the previous studies [10, 25]. Whereas, our experiments in the present
study proved the same trend that pretreatment with levosimendan effect on APP and BACE1 repression
con�rmed that its anti-AD effects are related to the inhibition of Aβ production. In addition, cilostazol does
not affect LRP, which is a key Aβ clearance receptor and NEP and IDE involved in the degradation of the Aβ
peptide [74, 75] (Fig. 10A, 11C). Previous studies demonstrated the neuroprotective effect of levosimendan
i.e., Levijoki et al, 2015 reported that, levosimendan increases the cerebral blood volume and protects the
brain against primary and secondary stroke [76]. Roehl et al, 2010 reported the neuroprotective effect of
levosimendan in an in vitro model of traumatic brain injury [77]. These results are in line with previous
studies supporting the bene�cial effects of levosimendan as PDE inhibitor through an increase in Aβ
aggregation by inhibiting BACE-1 and Aβ clearance.

The neurotrophin family, BDNF plays a pivotal role in the differentiation, survival, and functional
maintenance of nerve cells. It is expressed all over the brain including astrocytes, glial cells and protects
against disease causing pathologies by promoting neuronal survival. Aβ oligomers in the brain blocks the
activation of CREB pathway and decreased the levels of BDNF. This reduced BDNF levels in the brain
causes neurodegeneration that leads to many neurological diseases like AD [27]. In this study,
scopolamine injection decreases the expression of BDNF that affects the neurogenesis and synaptic
plasticity which is similar to previous studies [78]. Meanwhile, pre-treatment with levosimendan
signi�cantly increased the expression of BDNF. The possible protective action of levosimendan might be
due to its inhibitory action on phosphodiesterase III enzyme. The inhibition of PDE III by levosimendan,
increases the levels of cAMP. The cAMP binds to the regulatory subunit of protein kinase A (PKA) and
causes the dissociation of PKA from the regulatory subunit. These dissociated PKA enters into the nucleus
and phosphorylate the CREB. Further, the phosphorylated CREB bind with the cAMP responsive element in
the promotor region of DNA and promotes BDNF expression [79, 80]. These results are consistent with
previous studies that inhibition of PDE III enzyme stimulates pCREB/BDNF signalling and enhance
neurogenesis [81].

Hence, based on these �ndings from behavioural and biochemical analysis, we demonstrate that
levosimendan exerted its neuroprotective role against scopolamine induced cognitive dysfunction,
oxidative stress, amyloid beta accumulation, BDNF decline and neuroin�ammation.

Conclusion
In summary, this study clearly demonstrates that pretreatment with levosimendan improves the cognitive
de�cits and improved cholinergic transmission in the hippocampus induced by scopolamine. The
protective mechanisms are likely due to the attenuation of Amyloid beta in the brain by inhibiting the
BACE-1 and enhancing Aβ degradation. Inhibition of in�ammatory responses via suppression of TNF-α
and NF-κB activation. Moreover, inhibition of PDE mediates the protective effects through the increase in
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pCREB/BDNF expression. These results provide the evidence that levosimendan might be a promising
drug that can be used as adjuvant in the treatment of AD.
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Figure 1

Scheme of experimental schedule and intervals for estimation of various parameters
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Figure 2

Effect of Levosimendan on locomotor activity (A) No of crossings (B) Distance travelled (C) Tracking of
animals represents the locomotor activity in OFT. All the values were expressed as Mean ± S.E.M, n=6.
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Figure 3

Effect of Levosimendan on Discrimination index in NORT. All the values were expressed as Mean ± S.E.M,
n=6. **P < 0.01 versus normal control group, #P< 0.05, ##P < 0.01 versus scopolamine alone treated group.
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Figure 4

Effect of Levosimendan on short-term memory. (A) % Spontaneous alterations, (B) Total no of arm entries,
(C) Tracking of the animals represents spontaneous alterations in Y-maze. All the values were expressed
as Mean ± S.E.M, n=6. ***P < 0.01 versus normal control group, ###P < 0.001 versus scopolamine alone
treated group.
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Figure 5

Effect of Levosimendan on Long-term memory in MWM test A) Escape latency, B) Probe analysis C)
Tracking of the animals. All the values were expressed as Mean ± S.E.M, *P < 0.05, ***P < 0.001 compared
with the control group, #P< 0.05, ##P < 0.01 compared with the scopolamine treated group. @p < 0.05
versus day-2, $$$p < 0.001 versus day-3
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Figure 6

Effect of Levosimendan on AChE activity of (A) Hippocampus and (B) Plasma. All the values were
expressed as Mean ± S.E.M, **P < 0.01 versus normal control group, #P< 0.05, ##P < 0.01, ###P < 0.001
versus scopolamine alone treated group.

Figure 7
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Effect of Levosimendan on BuChE activity of (A) Hippocampus and (B) Plasma. All the values were
expressed as Mean ± S.E.M, *P < 0.05, **P < 0.01 versus normal control group, #P< 0.05, ##P < 0.01 versus
scopolamine alone treated group.

Figure 8

Effect of Levosimendan on lipid peroxidation and nitric oxide activity (A) MDA levels (B) Nitrate levels. All
the values were expressed as Mean ± S.E.M, *P < 0.05, ***P < 0.001 versus normal control group, ##P < 0.01,
###P < 0.001versus scopolamine alone treated group.
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Figure 9

Effect of levosimendan on reduced glutathione (GSH) and Superoxide dismutase (A) Reduced glutathione
(B) SOD activity. All the values were expressed as Mean ± S.E.M, *P < 0.05 compared with the control
group, ##P < 0.01, ###P < 0.001 compared with the scopolamine alone treated group.
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Figure 10

Effect of Levosimendan on A) β-Amyloid levels, B) BDNF, C) NF-κB, D) TNF-α. All the values were
expressed as Mean ± S.E.M, **P < 0.01, ***P < 0.001 versus normal control group, #P < 0.05, ##P < 0.01, ###P
< 0.001 versus scopolamine alone treated group.
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Figure 11

Effect of saroglitazar on protein expression levels of A) BACE-1, p-CREB and CREB in hippocampus B)
Relative fold change of p-CREB, C) Relative fold change of BACE-1.All values are expressed as mean ±
S.E.M (n=3). *p < 0.05, ***p < 0.001 vs. control group; #p < 0.05, ###p <0.001 vs. scopolamine treated
group.
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Figure 12

Showing the microscopic morphology of hippocampal regions (CA1, CA2 &CA3) in all groups: Control
group (A-C), Perse group (D-F), Diseased group (G-I), Standard group (J-L), Treatment group (M-O). Green
arrow indicates normal/mild changes in morphology, red arrow indicates severe hypertrophy, yellow arrow
indicates hyperplasia
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Figure 13

Pleotropic effects of levosimendan against the progression of AD


