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Memory reconsolidation 
impairment by amyloid beta 
(1–42) and its prevention by 
non-competitive antagonists of 
NMDA receptors 
A. A. Tiunova1 , E. A. Diffine1,2 and K. V. Anokhin1* 
1 Institute for Advanced Brain Studies, Lomonosov Moscow State University, Moscow, Russia, 
2 Department of Biology, Lomonosov Moscow State University, Moscow, Russia 

In a healthy brain, the reactivation of memories under conditions of novelty 

leads to their labilization and subsequent reconsolidation. However, if plasticity 

of the nervous system is reduced reconsolidation mechanisms may be disrupted, 

leading to weakening and loss of existing memory. We hypothesize that such 

self-degradation of old memory due to its reactivation in the compromised 

brain may lead to progressive memory loss in Alzheimer’s disease. Preventing 

memory lability when accessing it, may slow down such engram degradation. To 

test these hypotheses, we first examined whether beta-amyloid peptide Aβ1 −42 

can impair reconsolidation of memory in one-trial passive avoidance task in 

young chicks. Next, we examined the possibility to prevent such reminder-

associated amnesia by administering a non-competitive N-methyl-D-aspartate 

(NMDA) receptor antagonist MK-801 prior to memory reactivation. Finally, 

we compared the memory protecting effects of two non-competitive NMDA 

antagonists, MK-801 and memantine which is a clinically used medication for 

treatment of Alzheimer’s disease. We found that administration of Aβ1 −42 prior to 

memory reactivation in passive avoidance task in chicks impaired its subsequent 

reconsolidation. Concurrent systemic injection of MK-801 or memantine 

prevented this impairment. Our data thus support the hypothesis about the 

possible role of impaired reconsolidation in the progressive deterioration 

of old memories in neurodegenerative diseases, particularly in Alzheimer’s 

disease. This hypothesis offers a new explanation for the protective effects 

of memantine and suggests the possibility of similar effects with other NMDA 

receptor antagonists. 

KEYWORDS 
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1 Introduction 

Animal models of Alzheimer’s disease primarily study impairments in acquiring new 
experiences and consolidation of acquired memories (Puzzo et al., 2014; Webster et al., 
2014). In this study, we test the hypothesis that β-amyloid (Aβ1−42) may aect memory not 
only by impairing memory consolidation, but also by interfering with its reconsolidation, 
a process that occurs when a previously consolidated memory is reactivated and becomes 
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temporarily labile (Dudai and Eisenberg, 2004; Dudai, 2006; Nader, 
2015; Bellfy and Kwapis, 2020). This hypothesis has important 
implications for the brain pathology: if memory reconsolidation 
is vulnerable to Aβ pathology, this may result in gradual 
degradation of already formed memories in Alzheimer’s disease. If 
so, preventing the transition of memory into a labile form during 
its retrieval can be used to slow down its self-degradation in the 
brain which has diminished reconsolidation mechanisms. This 
hypothesis can be directly tested in animals with amyloid pathology 
by pharmacologically preventing memory destabilization during 
its reactivation. 

Pharmacological regulation of memory reconsolidation has 
been well-studied using learning models in dierent animal species 
(Przybyslawski and Sara, 1997; Kida et al., 2002; Kelly et al., 2003; 
Koh and Bernstein, 2003; Ben Mamou et al., 2006; Crowe et al., 
2008). Memory reactivated by a reminder along with blockade of 
protein synthesis is unable to reconsolidate, resulting in reminder-
associated amnesia (Nader et al., 2000; Anokhin et al., 2002; Lopez 
et al., 2015; Bonin and De Koninck, 2015; Bellfy and Kwapis, 2020). 
Such amnesia can be prevented by antagonists of NMDA receptors 
or their subunits injected before memory reactivation (Ben Mamou 
et al., 2006; Balaban et al., 2014; Bal et al., 2017; Nikitin et al., 
2021; Rossato et al., 2023). We recently showed that in young 
chicks trained in a passive avoidance model, amnesia induced by 
memory reactivation paired with protein synthesis blockade can 
be prevented by the non-competitive NMDA receptor antagonist 
MK-801 (Tiunova et al., 2024). 

An important advantage of the passive avoidance learning 
model in chicks is that it allows for precise timing of training, 
reactivation, and testing of memory. This temporal resolution 
is critical for studying phase-specific pharmacological eects 
on consolidation or reconsolidation. The neural mechanisms 
underlying memory consolidation and reconsolidation in this 
model have been extensively studied (Rose, 2000; Crowe et al., 
2008). In addition, this model has been proposed as a valuable 
tool for Alzheimer’s disease research due to the close homology 
between the amyloid precursor protein (APP) of chick and 
humans. In chicks, APP plays a critical role in memory 
consolidation, and disruption of its synthesis results in amnesia 
(Mileusnic and Rose, 2010). 

A single administration of β-amyloid peptides (Aβ1−42 or 
Aβ12−28) has previously been used as a model of amyloid 
pathology in chicks (Mileusnic et al., 2004, 2005; Gibbs et al., 
2010; Gibbs, 2015). Administration of Aβ fragments from 24 h 
before to 15 min after training in the passive avoidance model 
impaired recall when tested from 35 min to 24 h after training 
(Gibbs et al., 2010). However, the eects of β-amyloid fragments 
on memory reconsolidation in chicks has not been previously 
studied. Accordingly, the first objective of this study was to 
investigate the eect of β-amyloid on memory reconsolidation. 
In the second stage, we tested the possibility of preventing 
reminder-associated retrograde amnesia by administering the 
NMDA receptor antagonist MK-801 prior to memory reactivation. 
Finally, we compared the eects of MK-801 and memantine, a drug 
that is also a non-competitive NMDA receptor antagonist and is 
used clinically to treat Alzheimer’s disease (Peng et al., 2023; Tang 
et al., 2023; Karimi Tari et al., 2024). 

2 Materials and methods 

2.1 Subjects 

The study was carried out in accordance with the 
recommendations of the Directive 2010/63/EU of the European 
Parliament and of the Council of the European Union issued 22 
September 2010, on the protection of animals, used for scientific 
purposes (Section 27). The protocol was approved by the Animal 
Ethics Committee of the Lomonosov Moscow State University. 

Domestic chicks (Gallus gallus domesticus, Panzirevskaya Black 
strain) of both sexes were delivered from the Research and 
Technological Poultry Institute, Moscow Region, on the next day 
after hatching. The chicks were placed in pairs in metal pens 
(20 × 25 × 20 cm) with access to food and water and allowed to 
acclimatize overnight. The experimental room was maintained at 
30◦C and 12:12 h dark/light cycle. The chicks were taken in the 
experiments on the following morning, i.e., at the age of 2 days. 

In total, 906 chicks were used for the experiments and 823 
of them were used in the data analysis. The withdrawal (9.2%) 
was applied to the chicks that did not peck in the pre-training or 
training trials and to those which pecked at the aversive bead during 
the reminder session (see below). Each chick was used only once for 
training, reminder, and testing. 

All behavioral procedures were carried out by a researcher 
blind to the injected solutions and to which experimental group 
each chick belonged. 

2.2 Passive avoidance learning 

Passive avoidance learning is based on the innate predisposition 
of young chicks to try and peck at novel small objects. To stimulate 
their pecking activity, the chicks were first pre-trained with two 
10 s presentations of a 3 mm dry metal bead on a rod, with 
5 min interval between the presentations. Only chicks that pecked 
at the bead (normally over 90% of the total) were included in 
the experiment. Twenty minutes after the second pre-training, 
the chicks underwent training with a 2 mm white plastic bead 
on a rod coated with a bitter substance, methyl anthranilate 
(Sigma). After pecking at the bead, the chicks exhibited a species-
specific disgust reaction (head shaking, beak wiping, distress calls) 
and afterward avoided pecking an identical but dry bead during 
subsequent presentations. 

2.3 Reminder procedure 

Two hours post-training, the chicks were presented for 10 s 
with a dry white bead identical to the training bead. Normally, 
the chicks did not peck at the bead and displayed typical 
noticeable avoidance behavior, such as backing away and distress 
calls (> 80% of the total). This procedure served as reminder 
that reactivated the memory formed after the training (Anokhin 
et al., 2002). The response of pecking or avoiding the dry 
bead was recorded and those that pecked were excluded from 
further experiments. 
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2.4 Testing 

The retention test was given either 4 or 24 h after the training. 
The testing procedure was identical to the reminder, involving 
presentation of the same dry white bead. Responses (peck or avoid) 
were recorded, and a percentage avoidance score was calculated 
for each experimental group as a proportion of avoiding animals 
(Tiunova et al., 2024). 

To exclude the possibility of a generalized avoidance behavior, 
20 min after testing memory for an aversive bead, a neutral bead 
of a dierent color was presented. Only the chicks that peck at it 
and thus distinguished an aversive bead from a neutral one, were 
included in the analysis. 

Avoidance levels between groups of chicks were compared 
using the two-sided prop.test in R statistics and post hoc χ2 test of 
independence. Dierences were considered significant at P < 0.05. 

2.5 Drugs and injections 

Amyloid: β-amyloid (Aβ1−42, Bachem) was dissolved in DMSO 
(1 mg/100 µl) and stored at −80◦C in aliquots. Immediately before 
use the aliquots were diluted with physiological saline to the final 
concentration of Aβ1−42 1 µg/µl. The solution was used within 
30 min after preparation to avoid aggregation. The control peptide, 
scrambled Aβ1−42 (Bachem), was prepared in the same way. 

Bilateral intracranial injections of Aβ1−42 and scrambled 
Aβ1−42 were performed 45 min prior to training or to reminder 
using a 10 µl Hamilton syringe and a specialized headholder 
to target the lateral ventricles and adjacent brain areas (Davis 
et al., 1979). In the dose-dependency experiment each chick of the 
experimental groups received 0.5–4 µg of the peptide in the volume 
of 2 µl/hemisphere. Chicks from the control groups received 4 µg 
of scrambled peptide or physiological saline in the same volume. 

MK-801: MK-801 [(+)-MK-801 hydrogen maleate, Sigma] was 
administered intraperitoneally at a dose of 0.25 mg/kg in 0.1 ml 
saline, 30 min before the reminder. 

Memantine: Memantine hydrochloride (Sigma) was 
administered intraperitoneally at a dose of 0.73 mg/kg in 0.1 ml 
saline, 30 min before the reminder. 

In chicks, 0.1 ml of 0.1 mM memantine solution was shown 
to improve memory in weak learning and reactivation of weak 
memory (Samartgis et al., 2012). A 10-fold higher dose (0.1 ml of 
1 mM solution) prevented scopolamine-induced amnesia (Barber 
and Haggarty, 2010) and enhanced memory in observational 
learning (Barber and Kimbrough, 2015). Memory was also 
improved in isolation-induced stress by 0.1 ml of 5 mM solution 
(Barber et al., 2010). Based on these data, we chose a 0.1 ml of 
1 mM memantine (0.73 mg/kg) to test the possibility of preventing 
reminder-associated memory deficit modeled by Aβ1−42. 

2.6 Experimental groups 

In each experiment with memory reactivation there was 
a control group that received no injections and no reminder 
(Control). The other controls included groups receiving memory 
reactivation along with physiological saline or scrambled peptide 

injection, and groups with β-amyloid injection without the 
reminder. In the experimental groups the memory was reactivated 
along with administration of Aβ1−42, MK-801, memantine, or 
their combinations. 

3 Results 

3.1 Aβ1−42 impairs memory consolidation 

In the first experiment, we tested the eect of a single 
administration of β-amyloid on memory during its formation 
(consolidation). β-amyloid Aβ1−42 was administered 45 min before 
passive avoidance training in doses ranging from 0.5 to 4 µg. 
Control groups were administered with scrambled peptide (Scrmb, 
4 µg) or saline. Testing 24 h later showed that Aβ1−42 at a dose of 
4 µg significantly reduced the level of avoidance (Figure 1A, group 
Aβ/4µg, χ2 = 10.1, P < 0.001 compared with the Saline group; 
χ2 = 11.91, P < 0.001 compared with the Scrmb group). These 
results are consistent with data previously obtained in the same 
learning model (Mileusnic et al., 2005). 

In all subsequent experiments, β-amyloid was administered 
at a dose of 4 µg. Since the main objective of our work was to 
investigate the eects of β-amyloid on reactivated memory, we 
examined whether the eect of Aβ1−42 administration would be 
evident when tested 4 h after training. We found that the avoidance 
level in the Aβ1−42 group was significantly reduced compared with 
the saline and scrambled peptide groups and was not dierent 
from the avoidance behavior in the Aβ group tested 24 h later 
(Figure 1B, χ2 = 51.06, P < 0.001; groups Aβ_4 h and Aβ_24 h: 
P < 0.001 compared with the Saline group and the Scrmb _24 h 
group). These results are consistent with those previously reported 
in a passive avoidance model (Gibbs et al., 2010). As shown in this 
study, administration of Aβ1−42 45 min before training impaired 
memory when tested as early as 35 min after training, and the 
memory deficit persisted for at least 24 h. 

3.2 Aβ1−42 impairs memory 
reconsolidation 

β-Amyloid was administered 45 min before memory 
reactivation by a reminder, i.e., 75 min after training. The 
Control (no memory reactivation and no injections) and Reminder 
(Sal/Rem, memory reactivation with saline) groups were used as 
controls. To exclude the eect of Aβ1−42 itself, without association 
with memory reactivation, an additional control group was 
administered Aβ1−42 75 min after training, but no reminder was 
presented (Aβ/NoRem group). To test the specificity of the Aβ1−42 

peptide eects, another group received scrambled peptide (Scrmb) 
45 min before memory reactivation. An additional group of 
animals was administered scrambled peptide 75 min after training 
and no reminder was presented. 

Administration of Aβ1−42 45 min before memory reactivation 
by the reminder resulted in a decrease in the level of avoidance 
when tested 4 h after training (Figure 2A, Aβ/Rem group: P < 0.001 
compared with Control, χ2 = 8.96, and Sal/Rem, χ2 = 8.7, 
groups). Administration of Aβ1−42 without reminder did not aect 
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FIGURE 1 

Administration of β-amyloid (1–42) prior to training impairs memory retention. Data are shown as the percentage of chicks showing avoidance. 
Numbers of chicks in each group are shown in the bars. (A) Experimental groups: Saline, pre-training saline injection; Aβ, pre-training injection of 
Aβ1 −42 (0.5, 1 or 4 µg); Scrmb, pre-training injection of scrambled peptide (4 µg). Avoidance levels in the retention test 24 h after the training. 
Injections 45 min pre-training. **P < 0.01 compared to Saline; +++P < 0.001compared to Scrmb group. (B) Experimental groups: Saline, 
pre-training saline injection; Aβ_4 h, pre-training injection of Aβ1 −42 (4 µg), test 4 h after the training; Aβ_24 h, pre-training injection of Aβ1 −42 

(4 µg), test 24 h after the training; Scrmb_24 h, pre-training injection of scrambled peptide (4 µg), test 24 h after the training. ***P < 0.001 
compared to Saline; +++P < 0.001 compared to Scrmb_24 h group. 

memory (Figure 2A, χ2 = 11.19, P < 0.001 between Aβ/Rem and 
Aβ/NoRem groups). Administration of scrambled peptide either 
with or without reactivation did not aect the level of recall when 
tested (Figure 2A, Scrmb/Rem and Scrmb/NoRem groups). 

Thus, our results show that memory reactivation combined 
with administration of β-amyloid results in memory impairment, 
suggesting that Aβ is capable of not only disrupting memory 
consolidation but also damaging previously acquired memory. 

In the next experiment, we tested whether the amnestic eect 
of β-amyloid persisted when tested 24 h after training. The same 
groups were used in the experiment as in the previous one. Testing 
after 24 h showed that the level of avoidance in the group receiving 
a reminder in the presence of β-amyloid was significantly reduced 
compared to the control groups that did not receive a reminder or 
received a reminder in the presence of saline or scrambled peptide 
(Figure 2B, χ2 = 29.23, P < 0.001). 

3.3 MK-801 prevents amnesia produced 
by pre-reminder administration of 
β-amyloid 

We recently found that administration of a non-competitive 
NMDA receptor antagonist MK-801 prevents the reminder-
associated amnestic eect of protein synthesis inhibitors on 
reactivated memory in chicks trained in passive avoidance task 
(Tiunova et al., 2024). 

Therefore, in the next experiment, we tested whether MK-801 
could prevent the retention deficit produced by administration of 
Aβ1−42 coupled with memory reactivation. 

As in the previous experiments, β-Amyloid was administered 
45 min before reminder-induced memory reactivation. MK-801 
was administered intraperitoneally at a dose of 0.25 mg/kg in 0.1 ml 
saline, 30 min before the reminder (Tiunova et al., 2024). 

Testing 4 h after training showed that the administration 
of Aβ1−42 in combination with memory reactivation impaired 
retrieval (Fig. 3, group Aβ/Rem, χ2 = 14.53, P < 0.001 compared to 
the Control group). At the same time, the administration of Aβ1−42 

alone, without memory reactivation, did not lead to any notable 
decrease in the level of avoidance (Figure 3, group Aβ/NoRem). 
Memory reactivation along with the introduction of a scrambled 
peptide also had no significant eect on the level of avoidance 
during testing (Figure 3, group Scrmb/Rem). The administration 
of MK-801 produced an eect similar to the eect of β-amyloid. 
In combination with memory reactivation, MK-801 significantly 
impaired memory (Figure 3, group MK/Rem, χ2 = 13.17, P < 0.001 
compared to the Control group). Administration of MK-801 
without memory reactivation did not aect the level of avoidance 
(Figure 3, MK/NoRem group, χ2 = 6.7, P < 0.01 compared with 
MK/Rem group). 

In the group that received a reminder combined with both 
β-amyloid and MK-801, the level of avoidance was significantly 
higher than in the groups that received a reminder in combination 
with β-amyloid alone or MK-801 alone (Figure 3, Aβ/MK/Rem 
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FIGURE 2 

Administration of β-amyloid (1–42) prior to reminder impairs memory retention. Data are shown as the percentage of chicks showing avoidance. 
Numbers of chicks in each group are shown in the bars. (A) Experimental groups: Control, no reminder, no injections; Sal/Rem, reminder coupled 
with vehicle injection; Aβ/NoRem, injection of Aβ1 −42 , no reminder; Aβ/Rem, injection of Aβ1 −42 prior to reminder; Scrmb/NoRem, injection of 
scrambled peptide, no reminder; Scrmb/Rem, injection of scrambled peptide prior to reminder. Avoidance levels in the retention test 4 h after the 
training. Injections 45 min pre-reminder. **P < 0.01, ***P < 0.001 compared to Aβ/Rem group. (B) Experimental groups: Control, no reminder, no 
injections; Sal/Rem, reminder coupled with vehicle injection; Aβ/NoRem, injection of Aβ1 −42 , no reminder; Aβ/Rem, injection of Aβ1 −42 prior to 
reminder; Scrmb/NoRem, injection of scrambled peptide, no reminder; Scrmb/Rem, injection of scrambled peptide prior to reminder. Avoidance 
levels in the retention test 24 h after the training. Injections 45 min pre-reminder. *P < 0.05, **P < 0.01, ***P < 0.001 compared to Aβ/Rem group. 

group, P < 0.01 compared with Aβ/Rem group, P < 0.05 compared 
with MK/Rem group). 

Thus, while β-amyloid and MK-801 alone impaired the 
retrieval of reactivated memory, no memory impairment was 
observed when both substances were administered. 

3.4 Memantine prevents amnesia 
produced by pre-reminder 
administration of β-amyloid 

To test the ability of memantine to prevent amnesia caused 
by memory reactivation combined with β-amyloid, memantine 
was administered 30 min before the reminder. Testing 4 h after 
training showed that memantine administration alone or paired 
with memory reactivation had no eect on memory. The level 

of avoidance in the memantine-treated groups did not dier 
significantly from the level of avoidance in the control group, 
which did not receive either a reminder or injections (Figure 4A, 
Mem/Rem and Mem/NoRem groups). 

As in previous experiments, β-amyloid administration 75 min 
after training did not aect memory recall during testing, and 
the level of avoidance in this group did not dier from the 
control (Figure 4A, Aβ/NoRem group). At the same time, memory 
reactivation along with Aβ1−42 administration significantly 
reduced the level of avoidance during testing (Figure 4A, Aβ/Rem 
group, χ2 = 4.91, P < 0.05 compared with Aβ/NoRem group). 
Reminder in combination with scrambled peptide did not aect the 
level of avoidance during testing (Figure 4A, Scrmb/Rem group). 

Administration of memantine before memory reactivation 
paired with β-amyloid prevented the amnestic eect: the level of 
avoidance in the group receiving the reminder together with both 
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FIGURE 3 

MK-801 prevents reminder-associated amnesia produced by β-amyloid. Experimental groups: Control, no reminder, no injections; Aβ/NoRem, 
injection of Aβ1 −42 , no reminder; Aβ/Rem, injection of Aβ1 −42 prior to reminder; MK/NoRem, injection of MK-801, no reminder; MK/Rem, injection 
of MK-801prior reminder; Aβ/MK/Rem, injection of Aβ1 −42 and MK-801 prior to reminder; Scrmb/Rem, injection of scrambled peptide prior to 
reminder. Avoidance levels in the retention test 4 h after the training. Injections of Aβ1 −42 and scrambled peptide 45 min pre-reminder, MK-801 
30 min pre-reminder. ***P < 0.001 compared to the Control group; +P < 0.05, ++P < 0.01 compared to Aβ/MK/Rem group; ××P < 0.01 compared 
to MK/NoRem group. 

β-amyloid and memantine was significantly higher than in the 
group receiving the reminder in combination with β-amyloid only, 
and did not dier from the level of avoidance in the control groups 
(Figure 4A, Aβ/Mem/Rem group, χ2 = 5.12, P < 0.05 compared 
with Aβ/Rem group). 

The next experiment tested whether the protective eects 
of memantine would persist when tested 24 h after training. 
As with testing 4 h after training, administration of β-amyloid 
in combination with memory reactivation significantly reduced 
the level of avoidance (Figure 4B, Aβ/Rem group, χ2 = 4.25, 
P < 0.05 compared with the Control group, χ2 = 10.9, 
P < 0.01 compared with the Scrmb/Rem group). The level 
of avoidance after administration of Aβ1−42 without memory 
reactivation did not dier from the level of avoidance in the 
Control group and was significantly higher than in the group 

receiving Aβ1−42 in combination with a reminder (Figure 4B, 
Aβ/NoRem group, χ2 = 5.04, P < 0.05 compared with the 
Aβ/Rem group). Memantine administration did not aect memory 
either by itself or in combination with memory reactivation 
(Figure 4B, Mem/Rem and Mem/NoRem groups). At the same 
time, memantine administration prevented memory impairment 
caused by combination of its reactivation with Aβ administration 
(Figure 4B, Aβ/Mem/Rem group, χ2 = 13.58, P < 0.001 compared 
with Aβ/Rem group). 

4 Discussion 

The present study was based on the hypothesis of self-
degradation of already consolidated memory in Alzheimer’s disease 
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FIGURE 4 

(A) Memantine prevents reminder-associated amnesia produced by β-amyloid. (A) Experimental groups: Control, no reminder, no injections; 
Aβ/NoRem, injection of Aβ1 −42 , no reminder; Aβ/Rem, injection of Aβ1 −42 prior to reminder; Mem/NoRem, injection of memantine, no reminder; 
Mem/Rem, injection of memantine prior reminder; Aβ/Mem/Rem, injection of Aβ1 −42 and memantine prior to reminder; Scrmb/Rem, injection of 
scrambled peptide prior to reminder. Avoidance levels in the retention test 4 h after the training. Injections of Aβ1 −42 and scrambled peptide 45 min 
pre-reminder, memantine 30 min pre-reminder. +P < 0.05 compared to Aβ/Mem/Rem group; ×P < 0.05 compared to Aβ/NoRem group. 
(B) Experimental groups: Control, no reminder, no injections; Aβ/NoRem, injection of Aβ1 −42 , no reminder; Aβ/Rem, injection of Aβ1 −42 prior to 
reminder; Mem/NoRem, injection of memantine, no reminder; Mem/Rem, injection of memantine prior reminder; Aβ/Mem/Rem, injection of Aβ1 −42 

and memantine prior to reminder; Scrmb/Rem, injection of scrambled peptide prior to reminder. Avoidance levels in the retention test 24 h after the 
training. Injections of Aβ1 −42 and scrambled peptide 45 min pre-reminder, memantine 30 min pre-reminder. *P < 0.05 compared to the Control 
group; ×P < 0.05 compared to Aβ/NoRem group; +++P < 0.001 compared to Aβ/Mem/Rem group; ooP < 0.01 compared to Scrmb/Rem group. 

due to impairment of its reconsolidation mechanisms in the brain 
damaged by amyloid pathology. If this hypothesis is correct, then it 
is possible to slow down the progressive memory loss in Alzheimer’s 
disease by preventing the destabilization of old memories during 
their reactivation. 

To test these two hypotheses, we first investigated the eect 
of a single intraventricular injection of β-amyloid Aβ1−42 on 
reactivated memory in the passive avoidance model in young 
chicks. The ability of this peptide to disrupt memory consolidation 
in this model has been already shown (Mileusnic et al., 2004, 2005; 
Gibbs et al., 2009, 2010; Gibbs, 2015). We also studied the eects of 
dierent doses of Aβ 45 min before training, and our results showed 
that Aβ1−42 at a dose of 4 µg disrupted memory when tested after 

4 and 24 h, which is consistent with previously obtained data. This 
dose and time of administration were used in further experiments 
to test the eect of β-amyloid on reactivated memory. 

We found that administration of Aβ1−42 45 min before the 

reminder led to a recall deficit in the test 4 h after memory 

reactivation. Moreover, the eect of β-amyloid on reactivated 

memory persisted for 24 h. Our data are consistent with 

findings from mammalian studies on the vulnerability of memory 

during reconsolidation in the amyloid-compromised brain. In 

5XFAD transgenic mice, a model of Alzheimer’s disease, memory 

reactivation following fear conditioning resulted in a significant 
impairment of previously consolidated memory compared to 
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both wild-type controls and 5XFAD mice that were not re-
exposed to the memory cue (Ohno, 2009). These results indicate 
that in the presence of amyloid pathology, the reconsolidation 
process is impaired, resulting in the weakening of previously 
established memories. Similarly, in rats, injection of the Aβ25−35 

peptide during the reactivation of an object recognition memory, 
impaired its subsequent retrieval (Álvarez-Ruíz and Carrillo-Mora, 
2013), providing further evidence that amyloid interferes with the 
reconsolidation process. APP/PS1 mice with Alzheimer’s disease 
trained in a water maze at 3 months of age and tested at 
7 months showed worse memory than wild-type animals (Rai 
et al., 2020). However, if they were “overtrained,” i.e., pre-trained 
at 2 months of age, their performance in the test at 7 months 
was as good as that of the control group. The authors argue 
that this improvement involved reconsolidation processes that 
were impaired in Alzheimer’s disease but could be enhanced by 
overtraining. These mammalian results are consistent with our 
data in the chick model, where memory impairment occurs only 
if Aβ1−42 is administered at the time of memory reactivation, but 
not without it. 

Memory reactivation combined with administration of 
amnestic agents in some cases leads only to transient amnesia, 
and over time the memory is spontaneously recovered (Litvin 
and Anokhin, 2000; Milekic and Alberini, 2002; Lattal and Abel, 
2004; Salinska et al., 2004; Power et al., 2006; Prado-Alcalá et al., 
2006). Studies in a passive avoidance model in chicks have shown 
that memory reactivation following administration of antagonists 
of glutamate NMDA, AMPA, and metabotropic receptors (AP5, 
CNQX, MPEP), cyclin-dependent kinase 5 (roscovitine), RNA 
synthesis inhibitors (DRB), and inhibitors of protein synthesis 
or glycosylation (anisomycin, cycloheximide, 2-deoxygalactose) 
resulted in memory deficits when tested up to 4 h after reactivation, 
and in all cases no deficits were observed when tested 24 h later 
(Litvin and Anokhin, 2000; Anokhin et al., 2002; Summers et al., 
2003; Salinska, 2006; Sherry and Crowe, 2008a,b; Sherry et al., 
2010). In contrast, the administration of these agents during 
training leads to development of permanent amnesia. Thus, the 
eect of antagonists on consolidation of memory diers from their 
eect on the reconsolidation of reactivated memory. In contrast 
to these data, administration of amyloid peptide (Aβ1−42) before 
memory reactivation in our experiments resulted in retrieval 
deficits even 24 h later, indicating that its eects dier from those 
of other amnestic agents. 

Next, we investigated the possibility of preventing amnesia 
produced by administration of β-amyloid paired with memory 
reactivation. We tested whether the NMDA receptor antagonist 
MK-801 would be able to prevent amnesia caused by 
administration of Aβ1−42 during memory reactivation. This 
possibility was partly suggested by our previous data on the 
ability of MK-801 to prevent reminder-associated amnesia caused 
by protein synthesis inhibitors. Indeed, as our experiments 
showed, administration of MK-801 to chicks that received 
Aβ1−42 paired with the reminder had a protective eect, 
preventing memory deficit. 

In addition to the amnesic eects MK-801 in doses above 
0.1 mg/kg causes hyperlocomotion, stereotypy, ataxia, and 
anxiolytic/anxiogenic behavior (Janus et al., 2023). However, in 
chicks MK-801 was administered intraperitoneally without visible 
side eects at doses up to 0.4 mg/kg (Burchuladze and Rose, 

1992; Bullock et al., 1993; Freeman and Rose, 1995; Tiunova 
et al., 2020). In the present study, we administered MK-801 in a 
dose of 0.25 mg/kg without noticeable behavioral changes. In our 
experimental conditions hyperlocomotion and anxiolytic eects, 
if present, would have resulted in an increase in the number of 
chicks pecking during the reminder, which was not observed. 
Ataxia, if present, would have been noticeable as unsuccessful 
pecking attempts, but we did not observe such impairments. 
Anxiogenic eects, if present, would have resulted in more 
distress and fear calls–no such eects were noticed. Our data also 
show that the reminder procedure influenced subsequent testing 
(Figure 3, MK/Rem and MK/NoRem groups), thereby confirming 
that the chicks were able to pay attention to the bead during the 
reminder procedure. 

Normally, the eects of endogenous β-amyloid and NMDA 
receptors (NMDARs) appear to interact in several ways. On the one 
hand, Aβ synthesis requires the activity of extra synaptic NMDA 
receptors containing the NR2B unit, and, in turn, an increase in Aβ 
concentration enhances their activity (Li and Selkoe, 2020; Babaei, 
2021; Cheng et al., 2021). In addition, soluble Aβ oligomers impair 
glutamate reuptake by neurons and astrocytes, which also increases 
the activity of extrasynaptic NMDA receptors (Li and Selkoe, 2020; 
Li and Stern, 2022). On the other hand, soluble Aβ forms suppress 
the functions of synaptic NMDA receptors and enhance their 
internalization, thereby disrupting the balance of the glutamatergic 
network (Babaei, 2021; Zhang et al., 2022). Hyperactivation of 
extrasynaptic NMDA receptors leads to excessive Ca2+ entry, 
which triggers a chain of toxic reactions leading to cell membrane 
destruction, disruption of synaptic transmission, and cell death. 
The ability to prevent this chain is usually attributed to the action of 
the NMDA receptor antagonist memantine, used in the treatment 
of Alzheimer’s disease (Karimi Tari et al., 2024; Nystuen et al., 2024). 

However, our work was based on a dierent hypothesis of the 
protective eect of NMDAR antagonists on reactivated memory, 
namely their ability to prevent engram labilization. This hypothesis 
is supported by the literature (Ben Mamou et al., 2006; Balaban 
et al., 2014; Bal et al., 2017; Nikitin et al., 2021; Rossato et al., 
2023) and our previous results (Tiunova et al., 2024) showing 
that NMDAR antagonists prevent reminder-associated amnesia 
regardless of the agent that caused the impairment of reactivated 
memory. Accordingly, we tested the ability of memantine to 
prevent amnesia induced by memory reactivation in the presence 
of Aβ1−42. 

Systemic administration of memantine 30 min before a 
reminder prevented the amnesia induced by β-amyloid associated 
with memory reactivation when tested 4 or 24 h after training. The 
eect of memantine was comparable to that of MK-801, except 
that memantine itself, unlike MK-801, did not impair reactivated 
memory. A possible explanation could be that memantine has lower 
aÿnity to NMDAR compared to MK-801 (Cheng et al., 2021). 
In addition, the eect of memantine on NMDARs demonstrates 
an order of magnitude faster kinetics than the eect of MK-801 
(Rogawski and Wenk, 2003). Additionally, although we could not 
directly compare the doses of these two antagonists on NMDARs, 
the doses of memantine we used were significantly lower than those 
used in clinical settings (Danysz and Parsons, 2003; Parsons et al., 
2007; Karimi Tari et al., 2024). 

In addition to NMDA receptor antagonist properties, 
memantine has been shown to enhance cholinergic signaling 
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(Tang et al., 2023). This ability may also contribute to its protective 
eect on memory by preventing acetylcholine deficiency - one of 
the main neuropathological features of Alzheimer’s disease. In rats, 
memantine prevented the loss of cholinergic innervation to the 
neocortex induced by Aβ1−42 (Nyakas et al., 2011). It also reverses 
scopolamine-induced learning deficits in mice, chicks, and rats 
(Drever et al., 2007; Barber and Haggarty, 2010; Bali et al., 2019). 
Since cholinergic transmission is involved in passive avoidance 
learning in chicks (Rose et al., 1980; Zhao et al., 1997; Mezey et al., 
1999), the eects of memantine on the cholinergic system may also 
have contributed to memory protection in our experiments. 

Thus, our results demonstrate a reconsolidation-related 
mechanism of Aβ-induced amnesia. The fact that memory 
impairment occurred only when Aβ was administered before the 
reminder, but not without such reactivation, strongly suggests 
that Aβ targets the destabilization phase that precedes memory 
reconsolidation. This is consistent with the notion that memories 
become transiently unstable after reactivation and require NMDA-
dependent restabilization, a process vulnerable to pathological 
interference. In contrast to consolidation deficits that aect newly 
formed memories, our data indicate that even well-established 
memories can be disrupted by reconsolidation impairment in Aβ-
compromised brains. 

Overall, our data are consistent with the hypothesis that 
impaired reconsolidation may play a role in the weakening of 
old consolidated memory in neurodegenerative diseases such as 
Alzheimer’s disease. In addition to providing another explanation 
for the therapeutic eect of memantine, this hypothesis also 
suggests the possibility of a similar eect of other NMDA receptor 
antagonists, including those used or tested clinically for other 
purposes (e.g., riluzole, amantadine, neramexane). Testing the 
possibility of protecting old memory from reactivation-associated 
impairment with these and other NMDA receptor antagonists 
may open up a promising new approach for the treatment of 
neurodegenerative diseases. 
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