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Abstract: In the search for Alzheimer’s disease (AD) therapies, most animal models focus on familial
AD, which accounts for a small fraction of cases. The majority of AD cases arise from stress factors,
such as oxidative stress, leading to neurological changes (sporadic AD). Early in AD progression,
dysfunction in γ-secretase causes the formation of insoluble Aβ1-42 peptides, which aggregate into
senile plaques, triggering neurodegeneration, cognitive decline, and circadian rhythm disturbances.
To better model sporadic AD, we used a new AD rat model induced by intracerebroventricular
administration of Aβ1-42 oligomers (icvAβ1-42) combined with melatonin deficiency via pinealectomy
(pin). We validated this model by assessing spatial memory using the radial arm maze test and
measuring Aβ1-42 and γ-secretase levels in the frontal cortex and hippocampus with ELISA. The
icvAβ1-42 + pin model experienced impaired spatial memory and increased Aβ1-42 and γ-secretase
levels in the frontal cortex and hippocampus, effects not seen with either icvAβ1-42 or the pin alone.
Chronic melatonin treatment reversed memory deficits and reduced Aβ1-42 and γ-secretase levels in
both structures. Our findings suggest that our icvAβ1-42 + pin model is extremely valuable for future
AD research.

Keywords: icvAβ1-42; β-amyloid; γ-secretase; Alzheimer rat model; pinealectomy; spatial memory;
melatonin treatment

1. Introduction

Alzheimer’s disease (AD) is defined as the main cause of dementia and affects ap-
proximately 45 million people worldwide [1]. In most cases, AD progression is initiated
in the elderly, at an average age of 65 years. One of the most widely discussed hypothet-
ical models of AD pathogenesis involves the accumulation of different types of Aβ and
upstream plaques in the brain, which precede the spread of tau-mediated neurofibrillary
tangles, synaptic dysfunction, and neuronal loss. Moreover, amyloid plaques cause alter-
ations in membrane permeability and an increase in oxidative stress, eventually triggering
AD-associated clinical manifestations such as memory loss, cognitive dysfunction, and
personality changes [2–4]. It has been convincingly demonstrated that Aβ increases the
rate of neurofibrillary tangle formation in mice, that also express mutant tau protein [5,6],
placing Aβ pathology firmly ahead of tangle accumulation in the hierarchy of disease
progression [7]. In addition, Aβ accumulation in AD patients causes changes in their
circadian rhythms and increased oxidative stress in neuronal tissue before the onset of any
cognitive disturbances [8], supporting the role of Aβ in AD progression.

Amyloid β is a 4 kDa fragment of the larger amyloid precursor protein (APP), which
is produced primarily by brain neurons, vascular and blood cells, and to a lesser extent
by astrocytes [1]. APP trafficking is an essential factor in APP metabolism and is driven
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by three secretases: α-, β-, and γ-secretases. One possible explanation for AD is the
dysregulation of the secretases and the consequent changes in the processing of APP [9,10].
For instance, APP matures in the endoplasmic reticulum and Golgi apparatus, after which
it can be translocated to the cell surface or it can enter the lysosomal pathway and undergo
proteolytic degradation [11]. When it is located at the plasma membrane, the APP is
normally processed by α-secretase to form a non-amyloidogenic soluble peptide that
is secreted into the extracellular space and is involved in intercellular communication,
synaptic plasticity, neurogenesis, and long-term potentiation. Alternatively, the APP goes
through the amyloidogenic pathway, where β- and γ-secretases sequentially cleave it into
two types of protein fragments: a secreted aggregation-prone fragment (42 amino acids
long, Aβ1-42) and a membrane-associated fragment, the former being the main culprit
in AD.

γ-secretase (GS), as a player in APP processing, is primarily responsible for the for-
mation of toxic Aβ species [12]. The enzyme consists of four different proteins: prese-
nilin (PS), nicastrin (Nct), anterior pharynx-defective 1 (Aph-1), and presenilin-enhancer
2 (Pen-2), present in a 1:1:1:1 stoichiometry, all of which need to be expressed together
for maximal GS activity [13]. Under normal circumstances, GS cleavage produces shorter
non-amyloidogenic peptides, Aβ1-37, Aβ1-38, and Aβ1-40, which play physiological roles in
synaptic plasticity, neurogenesis, and long-term potentiation [14]. Unfortunately, GS tends
to be “messy” and accidentally produces oligomeric and insoluble Aβ (Aβ1-42) peptides,
which are neurotoxic because they aggregate, form senile plaques, and initiate a sequence
of changes leading to neuroinflammation and ultimately to AD [3,7]. A study using trans-
genic mice showed that amyloid deposition is driven almost entirely by Aβ1-42 and not by
Aβ1-40 [15]. Furthermore, mutations in PS reduce the catalytic activity of GS and contribute
to an increased Aβ1-42:Aβ1-40 ratio in familial AD [16,17]. As a result, the proportion of
slightly longer and more hydrophobic and fibrillogenic forms of Aβ, particularly Aβ1-42,
increases, making them the major species deposited in the AD brain [18].

Disruption of the circadian rhythm in AD patients is among the most commonly
observed cognitive changes [19,20], but has not been thoroughly investigated. In fact, AD
causes significant alterations in the pineal gland (responsible for melatonin synthesis),
such as calcification and reduction in size [21]. As a result, over 60% of AD patients suffer
from sleep disturbances, which worsen cognition and exacerbate neurodegeneration [22].
Along with pineal gland dysfunction, AD patients often lose intrinsically photosensitive
retinal ganglion cells, crucial for regulating melatonin secretion [23]. This contributes to
“sundowning”, marked by confusion and agitation in the late afternoon, along with sleep
disturbances and insomnia [24]. Notably, Whittaker et al., 2023 [8] introduced fasting
as a way to improve the circadian rhythm of mice with familial AD, which enhanced
the removal of Aβ1-42 and consequently led to reduced neuroinflammation. Moreover,
melatonin supplementation has consistently been found to improve cognitive deficits,
support learning, and lower Aβ1-42 levels by both limiting its production and enhancing its
clearance, as demonstrated in a recent meta-analysis [25].

Previously, we introduced a new rat model of AD with induced melatonin defi-
ciency through pinealectomy (pin) and intracerebroventricular (icv) infusion of Aβ1-42
oligomer [26]. We demonstrated that the combination of pin and icvAβ1-42 provoked
significant changes in anxiety and oxidative stress in the animals compared to either pin or
icvAβ1-42 groups alone. Moreover, exogenous melatonin treatment of the rat AD model
attenuated the observed behavioral changes and oxidative stress elevation. In the present
study, we aimed to validate further our established animal model of AD (icvAβ1-42 + pin)
and confirm that it worsens spatial memory in rats and enhances Aβ1-42 production via
increased γ-secretase levels in the frontal cortex and hippocampus. We also tested whether
melatonin supplementation could correct these alterations.
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2. Results
2.1. Chronic Melatonin Treatment Mitigated the Impaired Spatial Memory in the Aβ1-42 Rat Model
with Pinealectomy

A radial arm maze (RAM) test was used to measure the working memory of all eight
animal groups. By measuring the animals’ working memory we can assess their ability to
temporarily store information, i.e., to enter each of the eight arms of the maze just once. A
re-entry into an arm is called a working memory error (WME). We used a two-way repeated
ANOVA test to gain insight into the effect of Aβ1-42 and pinealectomy on the working
memory capacity of our rat models. The test revealed a main Time (number of sessions)
[F4,199 = 17.541, p < 0.001] and a significant time × group interaction [F32,199 = 6.420,
p = 0.004] for the number of working memory errors (WMEs) across the five sessions.
Notably, most of the melatonin-treated groups demonstrated an efficient learning capacity
to perform the memory task, as revealed by the post hoc test: C-sham-veh group (fourth vs.
first session, p = 0.007, fifth vs. first session, p < 0.001), for the C-sham-mel group (fifth vs.
first session, p < 0.001), for the C-pin-mel group (fifth vs. first session, p = 0.004), and for the
Aβ-pin-mel group (fifth vs. first session, p < 0.001) (Figure 1A). In contrast, there was no
significant difference in the WMEs over the five sessions for the C-pin-veh, Aβ-sham-veh
and Aβ-pin-veh groups (p > 0.05), suggesting that the animals are unable to learn the
spatial memory task in the RAM test. In addition, these groups had significantly more
WMEs during the last, fifth, trial of the RAM test (p < 0.001, C-pin-veh vs. C-sham-veh
group; p = 0.026, Aβ-sham-veh vs. C-sham-veh; p < 0.01, Aβ-pin-veh vs. C-sham-veh).
Melatonin supplementation corrected the impaired memory response measured in the fifth
session of the RAM test (p < 0.001, C-pin-mel vs. C-pin-veh group; p = 0.005, Aβ-pin-mel
vs. Aβ-pin-veh group).
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rion. Data are presented as mean ± S.E.M. (A) *** p < 0.001, C-pin-veh vs. C-sham-veh group; * p = 
0.026, Aβ-sham-veh vs. C-sham-veh; ** p < 0.01, Aβ-pin-veh vs. C-sham-veh; *** p < 0.001, C-pin-mel 
vs. C-pin-veh; ** p = 0.005, Aβ-pin-mel vs. Aβ-pin-veh; (B) * p = 0.018, C-pin-veh vs. C-sham-veh; * p 
= 0.048, Aβ-sham-veh vs. C-sham; p = 0.05, Aβ-pin-veh vs. C-sham; p = 0.031, Aβ-pin-mel vs. Aβ-pin-
veh; (C) *** p < 0.001, Aβ-sham-veh and Aβ-pin-veh vs. C-sham-veh group; *** p < 0.001, Aβ-sham-
mel vs. Aβ-sham-veh; * p = 0.016, Aβ-pin-mel vs. Aβ-pin-veh; (D) * p = 0.05, C-pin-veh vs. C-sham-
veh; ** p = 0.007, Aβ-sham-veh vs. C-sham-veh; ** p = 0.01, Aβ-pin-veh vs. C-sham-veh; * p < 0.05, C-
pin-mel vs. C-pin-veh; ** p = 0.01, Aβ-sham-mel vs. Aβ-sham-veh. 

2.2. The Combined Treatment of icvAβ1-42 and Pinealectomy Increased Aβ1-42 Levels in the 
Frontal Cortex and Hippocampus 

To ensure the efficacy of our model we analyzed the levels of Aβ1-42 accumulated in 
the frontal cortex and hippocampus in all groups of animals tested. Three-way ANOVA 
demonstrated a main effect of the Aβ-pin treatment for the Aβ1-42 levels in the frontal 
cortex and hippocampus of the rats. The increase in Aβ1-42 levels in the frontal cortex was 
detected only in Aβ-pin-veh rats (p < 0.001, compared to C-sham-veh) (Figure 2A). Chronic 
treatment with melatonin prevented the increase in Aβ1-42 in Aβ-pin-veh (p < 0.001, Aβ-
pin-veh compared to Aβ-pin-mel) (Figure 2A). A similar trend was observed also in the 
hippocampus, where only the double treatment caused a significant increase in Aβ1-42 
levels. This was reversed upon melatonin treatment (Figure 2B). 
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-related effect on (A) mean working memory errors (WMEs) during each trial 1st to 5th, (B) the
average WMEs, (C) the average double WMEs (DWMEs), and (D) the average time to fulfill the
criterion. Data are presented as mean ± S.E.M. (A) *** p < 0.001, C-pin-veh vs. C-sham-veh group;
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* p = 0.026, Aβ-sham-veh vs. C-sham-veh; ** p < 0.01, Aβ-pin-veh vs. C-sham-veh; *** p < 0.001,
C-pin-mel vs. C-pin-veh; ** p = 0.005, Aβ-pin-mel vs. Aβ-pin-veh; (B) * p = 0.018, C-pin-veh vs.
C-sham-veh; * p = 0.048, Aβ-sham-veh vs. C-sham; p = 0.05, Aβ-pin-veh vs. C-sham; p = 0.031,
Aβ-pin-mel vs. Aβ-pin-veh; (C) *** p < 0.001, Aβ-sham-veh and Aβ-pin-veh vs. C-sham-veh group;
*** p < 0.001, Aβ-sham-mel vs. Aβ-sham-veh; * p = 0.016, Aβ-pin-mel vs. Aβ-pin-veh; (D) * p = 0.05,
C-pin-veh vs. C-sham-veh; ** p = 0.007, Aβ-sham-veh vs. C-sham-veh; ** p = 0.01, Aβ-pin-veh vs.
C-sham-veh; * p < 0.05, C-pin-mel vs. C-pin-veh; ** p = 0.01, Aβ-sham-mel vs. Aβ-sham-veh.

Furthermore, the two-way ANOVA test showed the main effect of treatment (Aβ1-42
and/or pinealecotmy) [F1,58 = 3.174, p = 0.032] and drug (melatonin) [F1,58 = 10.249,
p = 0.002] on the average WME. The post hoc test indicated that concurrent Aβ1-42 infusion
and removal of the pineal gland increased the average number of WMEs (p = 0.018, C-pin-
veh vs. C-sham-veh; p = 0.048, Aβ-sham-veh vs. C-sham-veh; p = 0.05, Aβ-pin-veh vs.
C-sham-veh). At the same time, melatonin treatment alleviated this response only in the
Aβ-pin-veh group (p = 0.031) (Figure 1B).

The main treatment [F1,58 = 5.06, p = 0.032] and treatment x drug interaction
[F1,58 = 9.602, p < 0.001] was shown for the average double working memory errors
(DWMEs). A significantly increased DWME was observed in the two model groups, Aβ-
sham-veh and Aβ-pin-veh (p < 0.001). However, melatonin supplementation corrected the
impaired memory response in both the Aβ-sham-mel group (p < 0.001) and the Aβ-pin-mel
group (p = 0.016) compared to the C-sham-veh group (Figure 1C).

Finally, the main drug [F1,58 = 19.162, p < 0.001] and treatment x drug interaction
[F1,58 = 6.062, p = 0.001] was found for the time needed to perform the task. While all
treatments prolonged the time to reach the criterion (p = 0.05, C-pin-veh vs. C-sham-veh;
p = 0.007, Aβ-sham-veh vs. C-sham-veh; p = 0.01, Aβ-pin-veh vs. C-sham-veh), melatonin
supplementation significantly shortened the time necessary to complete the task (p < 0.05,
C-pin-mel vs. C-pin-veh; Aβ-sham-mel vs. Aβ-sham-veh) (Figure 1D).

2.2. The Combined Treatment of icvAβ1-42 and Pinealectomy Increased Aβ1-42 Levels in the Frontal
Cortex and Hippocampus

To ensure the efficacy of our model we analyzed the levels of Aβ1-42 accumulated in
the frontal cortex and hippocampus in all groups of animals tested. Three-way ANOVA
demonstrated a main effect of the Aβ-pin treatment for the Aβ1-42 levels in the frontal
cortex and hippocampus of the rats. The increase in Aβ1-42 levels in the frontal cortex was
detected only in Aβ-pin-veh rats (p < 0.001, compared to C-sham-veh) (Figure 2A). Chronic
treatment with melatonin prevented the increase in Aβ1-42 in Aβ-pin-veh (p < 0.001, Aβ-
pin-veh compared to Aβ-pin-mel) (Figure 2A). A similar trend was observed also in the
hippocampus, where only the double treatment caused a significant increase in Aβ1-42
levels. This was reversed upon melatonin treatment (Figure 2B).

2.3. Melatonin Alleviated icvAβ1-42 + Pinealectomy-Induced an Increase in GS Levels in the
Frontal Cortex

The role of GS in the amyloidogenic pathway of APP processing is essential as it is
responsible for the generation of the pathogenic Aβ1-42 peptide. Therefore, an increase in
GS protein levels leads to an exacerbation of the Aβ1-42 burden. To test this, GS levels were
measured in the frontal cortex and hippocampus of all animal groups. A frontal cortex
elevation of GS was only observed in Aβ-pin-treated rats (p < 0.05, C-sham-veh compared
to Aβ-pin-veh group) (Figure 3A). Notably, chronic melatonin treatment reduced GS levels
to that of controls (p < 0.05, Aβ-pin-veh compared to Aβ-pin-mel) (Figure 3A).
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Figure 2. Aβ1-42 levels (pg/mL) under the influence of icvAβ1-42 (Aβ) and/or pinealectomy (pin)
and chronic treatment with melatonin (mel) in the (A) frontal cortex and (B) hippocampus. Data
are presented as mean ± S.E.M. (A) *** p < 0.001, C-sham-veh vs. Aβ-pin-veh group and Aβ-pin-
veh vs. Aβ-pin-mel group. (B) *** p < 0.001, C-sham-veh vs. Aβ-pin-veh group; Aβ-pin-veh vs.
Aβ-pin-mel group.
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Figure 3. The influence of icvAβ1-42 (Aβ) and/or pinealectomy (pin) and chronic treatment with
melatonin (mel) on γ-secretase (GS) levels (ng/L) in the (A) frontal cortex and (B) hippocampus.
Data are presented as mean ± S.E.M. (A) *** p < 0.001, C-sham-veh compared to Aβ-pin-veh group
and Aβ -pin-veh compared to Aβ-pin-mel group. (B) * p < 0.05, C-sham-veh compared to C-pin-veh;
C-sham-veh compared to Aβ-sham-veh; C-sham-veh compared to Aβ-pin-veh group; *** p < 0.001,
C-pin-veh compared to C-pin-mel group.

In the hippocampus, the double treatment did not cause a significant increase in
GS levels. Nevertheless, all three treated animal groups exhibited increased levels of GS
compared to the control group (p < 0.05, C-sham-veh compared to C-pin-veh, to Aβ-sham-
veh and to Aβ-pin-veh group) (Figure 3B). The treatment with melatonin significantly
reduced GS levels only in the C-pin treated group (p < 0.001, C-pin-veh compared to
C-pin-mel group) (Figure 3B).

3. Discussion

The progression and potential treatment of AD have been the subject of intense
research over the past decade. Several animal models have been used to induce AD,
including drug administration, genetic mutations, and Aβ injections. To date, none of
these models has fully captured the pathology of AD. For instance, genetic animal models
represent only the familial AD, which accounts for a relatively small fraction of AD cases.
Moreover, there is a great diversity in the studied mutations in the APP, Tau and/or
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GS subunits [27], further limiting the applicability of the obtained results, rather than
accounting for the vast majority of AD patients who suffer from sporadic AD [28,29].
Hence, another approach is required to induce AD pathology which is common in the
majority of cases. Since Aβ accumulation is one of the first hallmarks of AD pathogenesis,
intracerebroventricular administration of preformed Aβ1-42 aggregated peptides proves
adequate in the study of acute Aβ-induced neuroinflammation [30,31]. As summarized in
the review by Budni and de Oliveira, 2020 [30], many of these animal models share cognitive
and memory decline, as well as increased markers of oxidative stress, neuroinflammation,
and apoptosis. These observations are in agreement with our previous work, where
we showed that a single icvAβ1-42 administration increased lipid peroxidation in the
hippocampus and frontal cortex of 10-week-old adult male Sprague-Dawley rats, measured
after 40 days [26]. It also caused severe anxiety and memory impairment.

To mimic the sleep disturbance and high oxidative stress levels in the AD brain, we
combined icvAβ1-42 peptide administration with pinealectomy, i.e., melatonin deficiency.
The melatonin deficiency caused by pinealectomy was verified in our previous study [32].
The double model (icvAβ1-42 + pin) disturbed the antioxidant systems of superoxide
dismutase and glutathione, and aggravated behavioral decline [26].

To compensate for the melatonin deficiency, the animals were treated with exogenous
melatonin during the dark phase for 40 days, which significantly lessened the anxiety [26]
and restored the memory in both icvAβ1-42 and icvAβ1-42 + pin groups. Although mela-
tonin supplementation had little effect on superoxide dismutase and glutathione levels, it
modified the observed lipid peroxidation as a direct scavenger of free radicals and reactive
oxygen species [26].

In the current study, we aimed to substantiate our previous work by examining the
effect of icvAβ1-42 administration, with and without pinealectomy, on spatial memory,
Aβ1-42 accumulation, and GS levels in the frontal cortex and hippocampus.

A RAM test was used to measure the animals’ ability to retrieve temporary (working)
and stored (reference) memory. Both transgenic and icvAβ1-42-induced animal models
of AD suffer from a higher degree of WMEs and impaired spatial memory [33–36]. This
memory impediment was corroborated in our animal model. Specifically, pinealectomy
alone was sufficient to induce more errors in the RAM test. Similar results were observed
for the icvAβ1-42 and icvAβ1-42 + pin groups. Importantly, melatonin supplementation
restored the working memory of the animals to almost the same level as that of the controls.

Regarding Aβ1-42 accumulation in the frontal cortex and hippocampus, only the dou-
ble model showed a significant increase in Aβ1-42 levels, which was reversed by melatonin
supplementation. This finding supports our hypothesis that melatonin deficiency is es-
sential for Aβ1-42 aggregation and accumulation. Consistent with our previous study, we
confirm that icvAβ1-42 infusion induced an accumulation of the toxic oligomer in both the
frontal cortex and hippocampus by increasing the γ-secretase in the hippocampus without
affecting α- and β-secretases [37].

The results of the present study are consistent with those of Ali and Kim, 2015 [38],
which showed that melatonin reduced the Aβ1-42 load and ameliorated icvAβ1-42-induced
memory impairment. Notably, melatonin had a similar effect on β-amyloid protein levels
and cognition in a streptozotocin-induced in vivo AD rat model [39]. In addition, we re-
cently reported that the melatonin analogue, agomelatine, corrects anxiety and memory de-
cline in the RAM test by reducing toxic Aβ1-42 and the γ-secretase in the hippocampus [37].
A potential mechanism by which melatonin reduces Aβ1-42 levels could be its ability to
increase the expression of Transcription Factor EB, which promotes the autophagosome–
lysosome clearance of Aβ1-42 [40,41]. However, further experiments would be needed to
confirm this in our model.

γ-secretase (GS) is an enzyme complex that generates both Aβ1-40 and Aβ1-42 amyloid
peptides. Higher GS activity correlates with Aβ1-42 accumulation, and mutations affecting
the GS function are found to be responsible for familial AD [1,42]. Thus, inhibition of GS
activity has been proposed as a therapeutic strategy against AD progression. Unfortunately,



Int. J. Mol. Sci. 2024, 25, 10294 7 of 12

finding promising therapies is challenging because GS is involved in many other cellular
processes, such as synaptic plasticity, neuronal excitability, cell adhesion, and intercellu-
lar communication [43], and its direct inhibition could have significant side effects [14].
In contrast, GS modulators regulate the enzyme activity rather than fully inhibit it. Al-
though no single modulator has yet been approved, many have been shown to reduce the
concentration of Aβ1-42 without changing the total amount of Aβ peptides [14].

Here, GS levels in the frontal cortex increased only in the icvAβ1-42 + pin group, which
is consistent with the high Aβ1-42 levels in the same group. In the hippocampus, any
manipulation of the animals leads to an increase in GS levels. Notably, melatonin therapy
counteracts the increase in GS in both structures and brings GS back to control levels,
which is in agreement with the work of Shukla M. et al., 2015 [44], which showed that
melatonin inhibited the amyloidogenic processing of APP by stimulating α-secretase and
consequently downregulating the gene expression of both β- and γ-secretases. Melatonin
has been refuted as a direct modulator of GS [45]. However, the hormone cannot be
excluded as a regulator of other cellular pathways involved in GS function. Melatonin
provides neuroprotective effects across various brain regions through its MT1 and MT2
receptors, which are abundantly found in areas like the frontal cortex and hippocampus.
By activating multiple MT receptor-mediated pathways, melatonin can both reduce Aβ

production and enhance its clearance. Several studies have demonstrated that melatonin
promotes non-amyloidogenic processing of the APP, leading to reduced Aβ production. In
our previous research, we showed that melatonin mitigated the AD-related pathology in a
hybrid icvAβ1-42 + pin model by stimulating the non-amyloidogenic pathway through both
non-receptor mechanisms (SIRT1) and receptor-mediated ERK1/2/CREB signaling in the
hippocampus [46]. Based on the findings of the current study, we propose that melatonin’s
reduction of Aβ oligomer levels in the frontal cortex may be due to its direct effect on the
amyloidogenic pathway by inhibiting γ-secretase activity, whereas in the hippocampus,
it likely exerts its protective effects through the non-amyloidogenic pathway, as we have
previously reported [46].

Furthermore, studies using male senescence-accelerated OXYS rats, a model for spo-
radic AD, showed that melatonin alleviated anxiety, maintained reference memory, and
decreased Aβ1-42 accumulation in the frontal cortex and hippocampus [47]. It is also impor-
tant to note that AD patients carrying two APOE4 alleles—a key genetic risk factor—have
been found to have nearly half the cerebrospinal fluid melatonin levels compared to those
with one allele [48]. Research has shown that melatonin inhibits Aβ aggregation in as-
trocytes derived from transgenic AD mice overexpressing APOE4 [49], indicating that
exogenous melatonin could be especially beneficial for AD patients with this genetic profile.
Though clinical data on melatonin’s effect in AD patients remain somewhat limited, there
have been promising results. One clinical trial administered Circadin® (i.e., melatonin) for
24 weeks, resulting in improved cognitive performance and better sleep maintenance [50].
The measured outcomes of these studies are in agreement with our results on melatonin
supplementation in the icvAβ1-42 + pin model and support melatonin’s therapeutic poten-
tial in AD. Based on the aforementioned studies showing the well-known anti-oxidative
properties of melatonin and its effect to counteract memory impairments, we can hypothe-
size that melatonin can exhibit a prophylactic effect and can be administered long before
the full manifestation of AD.

During the preparation of this manuscript, we noticed that not many studies using the
icvAβ1-42 animal model assessed the brain levels of Aβ1-42 and GS. Therefore, we believe
that our established model is a promising and highly relevant model to study the pathology
of AD through the induction of both AD and melatonin deficiency (icvAβ1-42 + pin).

4. Materials and Methods
4.1. Animals

Young adult (10-week-old) male Sprague-Dawley rats (300 g body weight) (Charles
River Lab., Wilmington, MA, USA), purchased from the vivarium of the Institute of Neuro-
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biology, BAS, were housed in groups of three to four in clear Plexiglas cages under standard
conditions with a 12/12 h light-dark cycle (lights on at 08:00 h) and access to water and
laboratory chow ad libitum. Experimental procedures were performed in full compliance
with the guidelines of the European Community Council Directive 2010/63/E.U. The
animal experiments were approved by the research project (# 300/N◦5888-0183) of the
Bulgarian Food Safety Agency.

4.2. Experimental Design and Treatment with Melatonin

The experimental design is detailed in Figure 4. Briefly, treatment with melatonin
dissolved in 1% hydroxyethylcellulose was started on the same day after intracerebroven-
tricular (icv) infusion of Aβ1-42, at a dose of 50 mg/kg, intraperitoneally (i.p.), injected ap-
proximately 2 h before the onset of the dark phase for 40 days. The following eight groups
used Sham-operated and vehicle-infused and treated rats (C-sham-veh group) (n = 8);
pinealectomized and vehicle-infused and treated rats (C-pin-veh) (n = 8); sham-operated,
Aβ1-42-infused and vehicle-treated rats (Aβ-sham-veh) (n = 8); pin-operated, Aβ1-42-infused
and vehicle-treated rats (Aβ-pin-veh) (n = 8), sham-operated and vehicle-infused rats and
treated with melatonin rats (C-sham-mel group) (n = 8); rats with pinealectomy, infused
with the vehicle and treated with melatonin (C-pin-mel group) (n = 8), sham-operated,
Aβ1-42 infused and treated with melatonin (Aβ-sham-mel group) (n = 8); pin-operated,
Aβ1-42-infused and treated with melatonin (Aβ-pin-mel group) (n = 8).
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4.3. Surgery and icv Injection of Aβ1-42

The procedure of the surgery and Aβ1-42 injection was described in detail in our
previous work [26]. Briefly, rats were placed on a stereotaxic apparatus (Stoelting, Wood
Dale, IL, USA) under deep anesthesia. After removing the pineal gland with thin forceps,
two cannulas were implanted bilaterally according to the atlas of Paxinos and Watson [51]
at the following coordinates: (AP = −0.8, L = ±1.5, H = 3.8). Amyloid β1-42 (100 µg; FOT
Ltd., Sofia, Bulgaria) was prepared as previously described [26] to generate neurotoxic
fibrils. The Aβ1-42 infusion was performed icv with a 5 mL Hamilton microsyringe at a
rate of 1 mL/min for 5 min. Phosphate buffered saline was infused in the sham-operated
group. A few days after surgery, the rats were injected with lactated Ringer’s solution and
an antibiotic (gentamicin, s.c.).

4.4. Radial Arm Maze Test

The spatial hippocampus-dependent learning and memory response was assessed
using an 8-arm radial maze (RAM) (Harvard Bioscience Inc., Holliston, MA, USA) between
10:00 a.m. and 12:00 p.m. in a separate soundproof room under artificially diffused light,
where the rats were accommodated for 30 min before the test. The rats were also handled
repeatedly for 5 days prior to the behavioral procedures to reduce the effect of stress. The
RAM test was performed as described in our recent report [52]. The apparatus consisted of
eight stainless steel arms (42 × 12 × 12) raised 50 cm above the floor. A number of different
photographs (triangle, circle, square) were placed around the apparatus to provide spatial
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orientation for the rats during the procedure. Seven days before the test, the rats were
deprived of food to reach approximately 15% of their body weight, and three days were
spent in a shaping procedure to acclimate the rats to the apparatus, in which a random
number of food pellets were scattered in each of the eight arms for 15 min. The test lasted
5 days (one session per day). One pellet was placed at the end of each arm. The following
parameters were recorded: number of working memory errors (WMEs) per each session
over 5 days; average WMEs per session; average number of double WMEs (DWMEs) per
session; average time taken to consume all the pellets per session for up to 10 min.

4.5. Detection of Biochemical Markers in the Homogenates from the Frontal Cortex
and Hippocampus

After behavioral tests, all rats were decapitated with a guillotine after mild anesthesia
with CO2 and the whole brains were removed. Frontal cortexes and hippocampi were
carefully excised. The homogenates were prepared as described previously [26]. To account
for the intricate composition of the samples, tissue homogenization was carried out under
standardized conditions to ensure uniformity across samples. In addition, all samples were
homogenized together to minimize handling differences. Protease inhibitors were added
to prevent protein degradation, and all samples were separated into aliquots and stored
under conditions that minimized freeze–thaw cycles and degradation. Initially, the samples
were tested at a serial dilution, to ensure that the measured levels fell within the range of
the assay, avoiding saturation or excessive dilution. Additionally, each plate included a
standard curve that was used to calculate the protein concentration. The quality of the
standard curve was assessed through the coefficient of determination (R2), which was
consistently above 0.98. All samples were tested in duplicates.

4.5.1. Determination of Aβ1-42 Levels

Quantitative analysis of Aβ1-42 levels was performed with Rat Aβ1-42 ELISA kit (Cat.
No MBS 726579, MyBioSource, Inc., San Diego, CA 92195-3308, USA) according to the
manufacturer’s instructions. The absorbance was measured using a microplate reader
(Tecan Infinite F200 PRO (Tecan Trading GmbH, Männedorf, Switzerland) at a wavelength
of 450 nm.

4.5.2. Determination of GS Levels

Quantitative analysis of γ-secretase levels was performed with a Rat γ-secretase ELISA
kit (Cat. No MBS 1600385, MyBioSource, Inc., San Diego, CA 92195-3308, USA) according to
the manufacturer’s instructions. The absorbance was measured using a microplate reader
(Tecan Infinite F200 PRO (Tecan Trading GmbH, Männedorf, Switzerland) at a wavelength
of 450 nm.

4.6. Statistical Analysis

Three-way ANOVA was used to analyze the behavioral and biochemical data with
factors: pinealectomy (sham and pin), Aβ (control, Aβ), and drug (vehicle, melatonin)
followed by a post hoc Bonferroni test in the case of a detected significant difference
(SigmaStat 11.0; Palo Alto, CA, USA). When data were not homogenously distributed,
nonparametric tests were applied (a Kruskal–Wallis on ranks followed by a Mann–Whitney
U test). The significant level was set at p ≤ 0.05.

5. Conclusions

In conclusion, we have further supported the oxidative stress-induced icvAβ1-42 + pin
in vivo model to study Alzheimer’s disease, which encompasses many of the neurological
and behavioral changes associated with the disease. Therefore, it represents the sporadic
AD which affects the majority of AD patients, unlike many widely used transgenic animal
models, which mimic only familial AD. In the present work, we show that the combined
induction of AD pathology through icvAβ1-42 oligomer administration and melatonin
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deficiency via pinealectomy increases Aβ1-42 accumulation and elevates γ-secretase levels
in the frontal cortex and hippocampus. This extends our previous findings where we show
that the icvAβ1-42 + pin animal model causes pronounced anxiety, cognitive decline, and
memory impairment, and triggers oxidative stress. Furthermore, we showed that melatonin
treatment minimizes the negative effects of the icvAβ1-42 infusion and pinealectomy on
the amyloidogenic pathway and behavioral state during the development of the in vivo
AD model. We are confident that our model offers a valuable tool for understanding AD
pathogenesis and for exploring other potential targets and therapies against AD.

Author Contributions: Conceptualization, R.T. and J.T.; Methodology, J.T. and R.T.; Validation, J.T.,
Z.N., L.K. and I.G.; Formal Analysis, I.G., J.T., Z.N. and L.K.; Investigation, I.G., J.T., Z.N. and L.K.;
Resources, I.G., J.T. and R.T.; Data Curation, I.G., J.T., Z.N., L.K. and R.T.; Writing—Original Draft
Preparation, I.G., J.T. and R.T.; Writing—Review and Editing, I.G., J.T. and R.T.; Visualization, I.G.;
Supervision, J.T. and R.T.; Project Administration, R.T. and J.T.; Funding Acquisition, R.T. and J.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Fund of Bulgaria (research grants
# KP-06-H31/16 and # KP-06-H41/4).

Institutional Review Board Statement: Experimental procedures were performed in full compli-
ance with the guidelines of the European Community Council Directive 2010/63/E.U. The animal
experiments were approved by the research project (# 300/N◦5888-0183) of the Bulgarian Food
Safety Agency.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, R.T., upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hampel, H.; Hardy, J.; Blennow, K.; Chen, C.; Perry, G.; Kim, S.H.; Villemagne, V.L.; Aisen, P.; Vendruscolo, M.; Iwatsubo, T.; et al.

The Amyloid-β Pathway in Alzheimer’s Disease. Mol. Psychiatry 2021, 26, 5481–5503. [CrossRef] [PubMed]
2. Dubois, B.; Feldman, H.H.; Jacova, C.; Hampel, H.; Molinuevo, J.L.; Blennow, K.; Dekosky, S.T.; Gauthier, S.; Selkoe, D.; Bateman,

R.; et al. Advancing research diagnostic criteria for Alzheimer’s disease: The IWG-2 criteria. Lancet Neurol. 2014, 13, 614–629.
[CrossRef] [PubMed]

3. Fan, L.; Mao, C.; Hu, X.; Zhang, S.; Yang, Z.; Hu, Z.; Sun, H.; Fan, Y.; Dong, Y.; Yang, J.; et al. New Insights Into the Pathogenesis
of Alzheimer’s Disease. Front. Neurol. 2019, 10, 1312. [CrossRef] [PubMed]

4. Tchekalarova, J.; Tzoneva, R. Oxidative Stress and Aging as Risk Factors for Alzheimer&rsquo;s Disease and Parkinson&rsquo;s
Disease: The Role of the Antioxidant Melatonin. Int. J. Mol. Sci. 2023, 24, 3022. [CrossRef]

5. Götz, J.; Chen, F.; Van Dorpe, J.; Nitsch, R.M. Formation of Neurofibrillary Tangles in P301L Tau Transgenic Mice Induced by
Aβ42 Fibrils. Science 2001, 293, 1491–1495. [CrossRef]

6. Lewis, J.; Dickson, D.W.; Lin, W.L.; Chisholm, L.; Corral, A.; Jones, G.; Yen, S.H.; Sahara, N.; Skipper, L.; Yager, D.; et al. Enhanced
neurofibrillary degeneration in transgenic mice expressing mutant tau and APP. Science 2001, 293, 1487–1491. [CrossRef]

7. Musiek, E.S.; Holtzman, D.M. Three dimensions of the amyloid hypothesis: Time, space and “wingmen”. Nat. Neurosci. 2015, 18,
800–806. [CrossRef]

8. Whittaker, D.S.; Akhmetova, L.; Carlin, D.; Romero, H.; Welsh, D.K.; Colwell, C.S.; Desplats, P. Circadian modulation by
time-restricted feeding rescues brain pathology and improves memory in mouse models of Alzheimer’s disease. Cell Metab. 2023,
35, 1704–1721.e6. [CrossRef]

9. O’Brien, R.J.; Wong, P.C. Amyloid Precursor Protein Processing and Alzheimer’s Disease. Annu. Rev. Neurosci. 2011, 34, 185–204.
[CrossRef]

10. Ashrafian, H.; Zadeh, E.H.; Khan, R.H. Review on Alzheimer’s disease: Inhibition of amyloid beta and tau tangle formation. Int.
J. Biol. Macromol. 2021, 167, 382–394. [CrossRef]

11. Nixon, R.A. Amyloid precursor protein and endosomal–lysosomal dysfunction in Alzheimer’s disease: Inseparable partners in a
multifactorial disease. FASEB J. 2017, 31, 2729–2743. [CrossRef] [PubMed]

12. Bursavich, M.G.; Harrison, B.A.; Blain, J.F. Gamma Secretase Modulators: New Alzheimer’s Drugs on the Horizon? J. Med. Chem.
2016, 59, 7389–7409. [CrossRef] [PubMed]

13. Sato, T.; Diehl, T.S.; Narayanan, S.; Funamoto, S.; Ihara, Y.; De Strooper, B.; Steiner, H.; Haass, C.; Wolfe, M.S. Active γ-Secretase
Complexes Contain Only One of Each Component. J. Biol. Chem. 2007, 282, 33985–33993. [CrossRef] [PubMed]

https://doi.org/10.1038/s41380-021-01249-0
https://www.ncbi.nlm.nih.gov/pubmed/34456336
https://doi.org/10.1016/S1474-4422(14)70090-0
https://www.ncbi.nlm.nih.gov/pubmed/24849862
https://doi.org/10.3389/fneur.2019.01312
https://www.ncbi.nlm.nih.gov/pubmed/31998208
https://doi.org/10.3390/ijms24033022
https://doi.org/10.1126/science.1062097
https://doi.org/10.1126/science.1058189
https://doi.org/10.1038/nn.4018
https://doi.org/10.1016/j.cmet.2023.07.014
https://doi.org/10.1146/annurev-neuro-061010-113613
https://doi.org/10.1016/j.ijbiomac.2020.11.192
https://doi.org/10.1096/fj.201700359
https://www.ncbi.nlm.nih.gov/pubmed/28663518
https://doi.org/10.1021/acs.jmedchem.5b01960
https://www.ncbi.nlm.nih.gov/pubmed/27007185
https://doi.org/10.1074/jbc.M705248200
https://www.ncbi.nlm.nih.gov/pubmed/17911105


Int. J. Mol. Sci. 2024, 25, 10294 11 of 12

14. Nordvall, G.; Lundkvist, J.; Sandin, J. Gamma-secretase modulators: A promising route for the treatment of Alzheimer’s disease.
Front. Mol. Neurosci. 2023, 16, 1279740. [CrossRef] [PubMed]

15. McGowan, E.; Pickford, F.; Kim, J.; Onstead, L.; Eriksen, J.; Yu, C.; Skipper, L.; Murphy, M.P.; Beard, J.; Das, P.; et al. Aβ42 Is
Essential for Parenchymal and Vascular Amyloid Deposition in Mice. Neuron 2005, 47, 191–199. [CrossRef]

16. Szaruga, M.; Veugelen, S.; Benurwar, M.; Lismont, S.; Sepulveda-Falla, D.; Lleo, A.; Ryan, N.S.; Lashley, T.; Fox, N.C.; Murayama,
S.; et al. Qualitative changes in human γ-secretase underlie familial Alzheimer’s disease. J. Exp. Med. 2015, 212, 2003–2013.
[CrossRef]

17. Kretner, B.; Fukumori, A.; Gutsmiedl, A.; Page, R.M.; Luebbers, T.; Galley, G.; Baumann, K.; Haass, C.; Steiner, H. Attenuated
Aβ42 Responses to Low Potency γ-Secretase Modulators Can Be Overcome for Many Pathogenic Presenilin Mutants by Second-
generation Compounds. J. Biol. Chem. 2011, 286, 15240–15251. [CrossRef]

18. Selkoe, D.J. Alzheimer’s disease: Genes, proteins, and therapy. Physiol. Rev. 2001, 81, 741–766. [CrossRef]
19. Rigat, L.; Ouk, K.; Kramer, A.; Priller, J. Dysfunction of circadian and sleep rhythms in the early stages of Alzheimer’s disease.

Acta Physiol. 2023, 238, e13970. [CrossRef]
20. Ahmad, F.; Sachdeva, P.; Sarkar, J.; Izhaar, R. Circadian dysfunction and Alzheimer’s disease—An updated review. Aging Med.

2023, 6, 71–81. [CrossRef]
21. Song, J. Pineal gland dysfunction in Alzheimer’s disease: Relationship with the immune-pineal axis, sleep disturbance, and

neurogenesis. Mol. Neurodegener. 2019, 14, 28. [CrossRef] [PubMed]
22. Guarnieri, B.; Adorni, F.; Musicco, M.; Appollonio, I.; Bonanni, E.; Caffarra, P.; Caltagirone, C.; Cerroni, G.; Concari, L.; Cosentino,

F.I.I.; et al. Prevalence of Sleep Disturbances in Mild Cognitive Impairment and Dementing Disorders: A Multicenter Italian
Clinical Cross-Sectional Study on 431 Patients. Dement. Geriatr. Cogn. Disord. 2012, 33, 50–58. [CrossRef]

23. Mure, L.S. Intrinsically Photosensitive Retinal Ganglion Cells of the Human Retina. Front. Neurol. 2021, 12, 636330. [CrossRef]
24. Zhang, Z.; Xue, P.; Bendlin, B.B.; Zetterberg, H.; De Felice, F.; Tan, X.; Benedict, C. Melatonin: A potential nighttime guardian

against Alzheimer’s. Mol. Psychiatry 2024, 10, 1–14. [CrossRef] [PubMed]
25. Zhai, Z.; Xie, D.; Qin, T.; Zhong, Y.; Xu, Y.; Sun, T. Effect and Mechanism of Exogenous Melatonin on Cognitive Deficits in Animal

Models of Alzheimer’s Disease: A Systematic Review and Meta-analysis. Neuroscience 2022, 505, 91–110. [CrossRef] [PubMed]
26. Tzoneva, R.; Georgieva, I.; Ivanova, N.; Uzunova, V.; Nenchovska, Z.; Apostolova, S.; Stoyanova, T.; Tchekalarova, J. The Role of

Melatonin on Behavioral Changes and Concomitant Oxidative Stress in icvA β 1-42 Rat Model with Pinealectomy. Int. J. Mol. Sci.
2021, 22, 12763. [CrossRef] [PubMed]

27. Poon, C.H.; Wang, Y.; Fung, M.L.; Zhang, C.; Lim, L.W. Rodent Models of Amyloid-Beta Feature of Alzheimer’s Disease:
Development and Potential Treatment Implications. Aging Dis. 2020, 11, 1235–1259. [CrossRef] [PubMed]

28. Andrade-Guerrero, J.; Santiago-Balmaseda, A.; Jeronimo-Aguilar, P.; Vargas-Rodríguez, I.; Cadena-Suárez, A.R.; Sánchez-Garibay,
C.; Pozo-Molina, G.; Méndez-Catalá, C.F.; Cardenas-Aguayo, M.D.C.; Diaz-Cintra, S.; et al. Alzheimer’s Disease: An Updated
Overview of Its Genetics. Int. J. Mol. Sci. 2023, 24, 3754. [CrossRef]

29. Llibre-Guerra, J.J.; Iaccarino, L.; Coble, D.; Edwards, L.; Li, Y.; Mcdade, E.; Strom, A.; Gordon, B.; Mundada, N.; Schindler, S.E.;
et al. Longitudinal clinical, cognitive and biomarker profiles in dominantly inherited versus sporadic early-onset Alzheimer’s
disease. Brain Commun. 2023, 5, fcad280. [CrossRef]

30. Budni, J.; de Oliveira, J. Amyloid beta 1–42-induced animal model of dementia: A review. Genet. Neurol. Behav. Diet Dement.
Neurosci. Dement. 2020, 2, 865–880. [CrossRef]

31. Kasza, Á.; Penke, B.; Frank, Z.; Bozsó, Z.; Szegedi, V.; Hunya, Á.; Németh, K.; Kozma, G.; Fülöp, L. Studies for Improving a Rat
Model of Alzheimer’s Disease: Icv Administration of Well-Characterized β-Amyloid 1-42 Oligomers Induce Dysfunction in
Spatial Memory. Molecules 2017, 22, 2007. [CrossRef] [PubMed]

32. Tchekalarova, J.; Nenchovska, Z.; Atanasova, D.; Atanasova, M.; Kortenska, L.; Stefanova, M.; Alova, L.; Lazarov, N. Consequences
of long-term treatment with agomelatine on depressive-like behavior and neurobiological abnormalities in pinealectomized rats.
Behav. Brain Res. 2016, 302, 11–28. [CrossRef] [PubMed]

33. Garcez, M.L.; Mina, F.; Bellettini-Santos, T.; Carneiro, F.G.; Luz, A.P.; Schiavo, G.L.; Andrighetti, M.S.; Scheid, M.G.; Bolfe, R.P.;
Budni, J. Minocycline reduces inflammatory parameters in the brain structures and serum and reverses memory impairment
caused by the administration of amyloid β (1-42) in mice. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2017, 77, 23–31. [CrossRef]
[PubMed]

34. Budni, J.; Feijó, D.P.; Batista-Silva, H.; Garcez, M.L.; Mina, F.; Belletini-Santos, T.; Krasilchik, L.R.; Luz, A.P.; Schiavo, G.L.;
Quevedo, J. Lithium and memantine improve spatial memory impairment and neuroinflammation induced by β-amyloid 1-42
oligomers in rats. Neurobiol. Learn. Mem. 2017, 141, 84–92. [CrossRef]

35. Petrasek, T.; Vojtechova, I.; Lobellova, V.; Popelikova, A.; Janikova, M.; Brozka, H.; Houdek, P.; Sladek, M.; Sumova, A.;
Kristofikova, Z.; et al. The McGill Transgenic Rat Model of Alzheimer’s Disease Displays Cognitive and Motor Impairments,
Changes in Anxiety and Social Behavior, and Altered Circadian Activity. Front. Aging Neurosci. 2018, 10, 376604. [CrossRef]

36. Wallace, C.H.; Oliveros, G.; Xie, L.; Serrano, P.; Rockwell, P.; Figueiredo-Pereira, M. Potential Alzheimer’s early biomarkers in a
transgenic rat model and benefits of diazoxide/dibenzoylmethane co-treatment on spatial memory and AD-pathology. Sci. Rep.
2024, 14, 3730. [CrossRef]

https://doi.org/10.3389/fnmol.2023.1279740
https://www.ncbi.nlm.nih.gov/pubmed/37908487
https://doi.org/10.1016/j.neuron.2005.06.030
https://doi.org/10.1084/jem.20150892
https://doi.org/10.1074/jbc.M110.213587
https://doi.org/10.1152/physrev.2001.81.2.741
https://doi.org/10.1111/apha.13970
https://doi.org/10.1002/agm2.12221
https://doi.org/10.1186/s13024-019-0330-8
https://www.ncbi.nlm.nih.gov/pubmed/31296240
https://doi.org/10.1159/000335363
https://doi.org/10.3389/fneur.2021.636330
https://doi.org/10.1038/s41380-024-02691-6
https://www.ncbi.nlm.nih.gov/pubmed/39128995
https://doi.org/10.1016/j.neuroscience.2022.09.012
https://www.ncbi.nlm.nih.gov/pubmed/36116555
https://doi.org/10.3390/ijms222312763
https://www.ncbi.nlm.nih.gov/pubmed/34884567
https://doi.org/10.14336/AD.2019.1026
https://www.ncbi.nlm.nih.gov/pubmed/33014535
https://doi.org/10.3390/ijms24043754
https://doi.org/10.1093/braincomms/fcad280
https://doi.org/10.1016/B978-0-12-815868-5.00054-2
https://doi.org/10.3390/molecules22112007
https://www.ncbi.nlm.nih.gov/pubmed/29156571
https://doi.org/10.1016/j.bbr.2015.12.043
https://www.ncbi.nlm.nih.gov/pubmed/26779670
https://doi.org/10.1016/j.pnpbp.2017.03.010
https://www.ncbi.nlm.nih.gov/pubmed/28336494
https://doi.org/10.1016/j.nlm.2017.03.017
https://doi.org/10.3389/fnagi.2018.00250
https://doi.org/10.1038/s41598-024-54156-z


Int. J. Mol. Sci. 2024, 25, 10294 12 of 12

37. Ilieva, K.; Atanasova, M.; Atanasova, D.; Kortenska, L.; Tchekalarova, J. Chronic agomelatine treatment alleviates icvAβ-induced
anxiety and depressive-like behavior through affecting Aβ metabolism in the hippocampus in a rat model of Alzheimer’s disease.
Physiol. Behav. 2021, 239, 113525. [CrossRef]

38. Ali, T.; Kim, M.O. Melatonin ameliorates amyloid beta-induced memory deficits, tau hyperphosphorylation and neurodegenera-
tion via PI3/Akt/GSk3β pathway in the mouse hippocampus. J. Pineal Res. 2015, 59, 47–59. [CrossRef]

39. Andrade, M.K.; Souza, L.C.; Azevedo, E.M.; Bail, E.L.; Zanata, S.M.; Andreatini, R.; Vital, M.A.B.F. Melatonin reduces β-amyloid
accumulation and improves short-term memory in streptozotocin-induced sporadic Alzheimer’s disease model. IBRO Neurosci.
Rep. 2023, 14, 264–272. [CrossRef]

40. Xiao, Q.; Yan, P.; Ma, X.; Liu, H.; Perez, R.; Zhu, A.; Gonzales, E.; Burchett, J.M.; Schuler, D.R.; Cirrito, J.R.; et al. Enhancing
astrocytic lysosome biogenesis facilitates Aβ clearance and attenuates amyloid plaque pathogenesis. J. Neurosci. 2014, 34,
9607–9620. [CrossRef]

41. Li, M.; Pi, H.; Yang, Z.; Reiter, R.J.; Xu, S.; Chen, X.; Chen, C.; Zhang, L.; Yang, M.; Li, Y.; et al. Melatonin antagonizes
cadmium-induced neurotoxicity by activating the transcription factor EB-dependent autophagy-lysosome machinery in mouse
neuroblastoma cells. J. Pineal Res. 2016, 61, 353–369. [CrossRef] [PubMed]

42. Zhang, Y.; Chen, H.; Li, R.; Sterling, K.; Song, W. Amyloid β-based therapy for Alzheimer’s disease: Challenges, successes and
future. Signal Transduct. Target. Ther. 2023, 8, 248. [CrossRef] [PubMed]

43. Hur, J.Y. γ-Secretase in Alzheimer’s disease. Exp. Mol. Med. 2022, 54, 433–446. [CrossRef] [PubMed]
44. Shukla, M.; Htoo, H.H.; Wintachai, P.; Hernandez, J.F.; Dubois, C.; Postina, R.; Xu, H.; Checler, F.; Smith, D.R.; Govitrapong, P.;

et al. Melatonin stimulates the nonamyloidogenic processing of βAPP through the positive transcriptional regulation of ADAM10
and ADAM17. J. Pineal Res. 2015, 58, 151–165. [CrossRef] [PubMed]

45. Kukar, T.L.; Ladd, T.B.; Bann, M.A.; Fraering, P.C.; Narlawar, R.; Maharvi, G.M.; Healy, B.; Chapman, R.; Welzel, A.T.; Price, R.W.;
et al. Substrate-targeting γ-secretase modulators. Nature 2008, 453, 925–929. [CrossRef]

46. Tchekalarova, J.; Ivanova, P.; Krushovlieva, D.; Kortenska, L.; Angelova, V.T. Protective Effect of the Novel Melatonin Analogue
Containing Donepezil Fragment on Memory Impairment via MT/ERK/CREB Signaling in the Hippocampus in a Rat Model of
Pinealectomy and Subsequent Aβ1-42 Infusion. Int. J. Mol. Sci. 2024, 25, 1867. [CrossRef]

47. Rudnitskaya, E.A.; Muraleva, N.A.; Maksimova, K.Y.; Kiseleva, E.; Kolosova, N.G.; Stefanova, N.A. Melatonin Attenuates
Memory Impairment, Amyloid-β Accumulation, and Neurodegeneration in a Rat Model of Sporadic Alzheimer’s Disease. J.
Alzheimer’s Dis. 2015, 47, 103–116. [CrossRef]

48. Liu, R.-Y.; Zhou, J.-N.; van Heerikhuize, J.; Hofman, M.A.; Swaab, D.F. Decreased melatonin levels in postmortem cerebrospinal
fluid in relation to aging, Alzheimer’s disease, and apolipoprotein E-epsilon4/4 genotype. J. Clin. Endocrinol. Metab. 1999, 84,
323–327. [CrossRef]

49. Poeggeler, B.; Miravalle, L.; Zagorski, M.G.; Wisniewski, T.; Chyan, Y.J.; Zhang, Y.; Shao, H.; Bryant-Thomas, T.; Vidal, R.;
Frangione, B.; et al. Melatonin reverses the profibrillogenic activity of apolipoprotein E4 on the Alzheimer amyloid Abeta peptide.
Biochemistry 2001, 40, 14995–15001. [CrossRef]

50. Wade, A.G.; Farmer, M.; Harari, G.; Fund, N.; Laudon, M.; Nir, T.; Frydman-Marom, A.; Zisapel, N. Add-on prolonged-release
melatonin for cognitive function and sleep in mild to moderate Alzheimer’s disease: A 6-month, randomized, placebo-controlled,
multicenter trial. Clin. Interv. Aging 2014, 9, 947–961. [CrossRef]

51. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates: Hard Cover Edition, 7th ed.; Elsevier Science: Amsterdam,
The Netherlands, 2013; ISBN 9780124157521.

52. Tchekalarova, J.; Krushovlieva, D.; Ivanova, P.; Nenchovska, Z.; Toteva, G.; Atanasova, M. The role of melatonin deficiency
induced by pinealectomy on motor activity and anxiety responses in young adult, middle-aged and old rats. Behav. Brain Funct.
2024, 20, 3. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.physbeh.2021.113525
https://doi.org/10.1111/jpi.12238
https://doi.org/10.1016/j.ibneur.2023.01.005
https://doi.org/10.1523/JNEUROSCI.3788-13.2014
https://doi.org/10.1111/jpi.12353
https://www.ncbi.nlm.nih.gov/pubmed/27396692
https://doi.org/10.1038/s41392-023-01484-7
https://www.ncbi.nlm.nih.gov/pubmed/37386015
https://doi.org/10.1038/s12276-022-00754-8
https://www.ncbi.nlm.nih.gov/pubmed/35396575
https://doi.org/10.1111/jpi.12200
https://www.ncbi.nlm.nih.gov/pubmed/25491598
https://doi.org/10.1038/nature07055
https://doi.org/10.3390/ijms25031867
https://doi.org/10.3233/JAD-150161
https://doi.org/10.1210/JCEM.84.1.5394
https://doi.org/10.1021/bi0114269
https://doi.org/10.2147/CIA.S65625
https://doi.org/10.1186/s12993-024-00229-y
https://www.ncbi.nlm.nih.gov/pubmed/38413998

	Introduction 
	Results 
	Chronic Melatonin Treatment Mitigated the Impaired Spatial Memory in the A1-42 Rat Model with Pinealectomy 
	The Combined Treatment of icvA1-42 and Pinealectomy Increased A1-42 Levels in the Frontal Cortex and Hippocampus 
	Melatonin Alleviated icvA1-42 + Pinealectomy-Induced an Increase in GS Levels in the Frontal Cortex 

	Discussion 
	Materials and Methods 
	Animals 
	Experimental Design and Treatment with Melatonin 
	Surgery and icv Injection of A1-42 
	Radial Arm Maze Test 
	Detection of Biochemical Markers in the Homogenates from the Frontal Cortex and Hippocampus 
	Determination of A1-42 Levels 
	Determination of GS Levels 

	Statistical Analysis 

	Conclusions 
	References

