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Ramelteon is used to ameliorate sleep disorders that negatively affect memory performance; however, it
remains unknown whether ramelteon strengthens neutral memories, which do not involve reward or
punishment. To address this, we monitored behavior of mice treated with vehicle/ramelteon while they
performed a novel object recognition task and a spontaneous alternation task. Object memory perfor-
mance in the novel object recognition task was improved only if ramelteon was injected before training,
suggesting that ramelteon specifically enhances the acquisition of object recognition memory. Ramelteon
also enhanced spatial working memory in the spontaneous alternation task. Altogether, acute ramelteon
treatment enhances memory in quasi-natural contexts.

© 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Memory and learning are diminished by age-related dementias.
Postmortem histological studies revealed that immunoreactivity of
melatonin MT1 and MT2 receptors was increased and decreased,
respectively, in the hippocampus of dementia patients,1e3 impli-
cating the clinical significance of the melatonin receptors. More-
over, memory formation and learning rely on long-term
potentiation in the hippocampus, a process by which certain con-
nections between neurons are selectively and cooperatively
strengthened by enhanced synaptic activity. The long-term
potentiation is impaired in hippocampal slices from mice lacking
MT2 receptors,4 suggesting participation of MT2 receptors in hip-
pocampal synaptic plasticity and memory processes.

Ramelteon, a clinical remedy used to alleviate circadian rhythm
sleep disorders,5 is a selective melatonin receptor agonist with high
affinity for MT1 and MT2 receptors.6 Consistent with the histolog-
ical and physiological investigations demonstrating a close rela-
tionship between memory formation and melatonin receptors,1,2,4
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a previous study concluded that ramelteon treatment did not
cause memory impairment in rats.5 In this previous study, the
delayed matching-to-position task, the conditioned place prefer-
ence task, and the Morris water maze task were used to investigate
the influence of ramelteon treatment on memory.5 However, the
delayed matching-to-position and conditioned place preference
tasks required animals to undergo operant and Pavlovian condi-
tioning, respectively; that is, the animals learned to associate lever
pressing with the delivery of food to them in the delayedmatching-
to-position task,7e11 whereas theywere forced to be injected with a
drug (i.e., an unconditioned stimulus) in a certain compartment in
an experimental box and came to prefer the drug-paired
compartment, which would eventually serve as a conditioned
stimulus in the conditioned place-preference task.12 Moreover, in
the Morris water maze task, animals must be physically capable of
swimming satisfactorily to escape from the water.13 The need to
escape repeatedly from the water over days of training is consid-
ered an aversive and stressful condition.14,15 Although these tasks
were valid for investigating the effect of ramelteon on memory
associated with reward and punishment, it is not fully understood
whether the treatment of ramelteon, a melatonin receptor agonist,
has an impact on memory in a more natural situation, a context
with neither reward nor punishment.

To address this question, we adopted the novel object recogni-
tion task in an open field and the spontaneous alternation task in a
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Y-maze, each of which measures memory performance in animals
based on their natural tendency to prefer (relatively) novel objects
and places.15e18 Taking advantage of this tendency, we allowed
ramelteon-treated and vehicle-treated mice to perform the novel
object recognition task and the spontaneous alternation task to
evaluate the effect of ramelteon on object recognition and spatial
memory.

2. Materials and methods

2.1. Ethical approval

Animal experiments were performed with the approval of the
Animal Experiment Ethics Committee at the University of Tokyo
(approval number: P4-6) and according to the University of Tokyo
guidelines for the care and use of laboratory animals. These
experimental protocols were carried out in accordance with the
Fundamental Guidelines for the Proper Conduct of Animal Experi-
ments and Related Activities in Academic Research Institutions
(Ministry of Education, Culture, Sports, Science and Technology,
Notice No. 71 of 2006), the Standards for Breeding and Housing of
and Pain Alleviation for Experimental Animals (Ministry of the
Environment, Notice No. 88 of 2006) and the Guidelines on the
Method of Animal Disposal (Prime Minister's Office, Notice No. 40
of 1995). All efforts were made to minimize animal suffering.

2.2. Animals

A total of one hundred fourteen 8- to 10-week-oldmale ICRmice
(Japan SLC, Japan) weighing 35e45 g were housed in groups under
conditions of controlled temperature and humidity (22 ± 1 �C,
55 ± 5%) and maintained on a 12:12-h light/dark cycle (lights off
from 7:00 a.m. to 7:00 p.m.) with ad libitum access to food and
water. Mice were acclimated to an experimenter via daily handling
for at least 3 days before experiments.

2.3. Apparatus

The novel object recognition task took place in an open square
field measuring 40 cm in width, 40 cm in depth, and 40 cm in
height. The walls and floor of the open field were made of trans-
lucent corrugated plastic painted white or black, respectively. Each
of the four inner walls was independently colored partially with
green and/or blue tape so that mice could recognize their azimuth
in the field. The four objects used in this test consisted of two gray
plastic cylinders (one solid and one hollow) and two wooden
quadrangular prisms (one short and one tall). All objects were also
visually highlighted with colored tape. The spontaneous alterna-
tion task took place in a Y-shaped maze whose three arms were
evenly spaced (120� apart), equal in size (40 cm long � 6 cm wide)
and enclosed with opaque white corrugated plastic arms; the maze
sat on the floor of the room. The center platformwas triangular. For
both the novel object recognition task and the spontaneous alter-
nation task, a web camera was placed above the apparatus to
monitor the animals’ behavior.

2.4. Drug

Ramelteon (184-03371, FUJIFILM Wako, Japan) was dissolved in
dimethyl sulfoxide at a concentration of 30 mg/ml.19,20 This solu-
tion was diluted with saline solution to final concentrations of 0.1,
0.3, 1.0, and 3.0 mg/ml immediately before use. Saline with 1%
dimethyl sulfoxide (i.e., 0 mg/ml ramelteon) was used as the vehicle
control solution. Luzindole (L0316, Tokyo Chemical Industry,
Japan), a melatonin MT1 and MT2 receptor antagonist, was
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dissolved in 99.5% ethanol at a concentration of 300 mg/ml. This
solution was mixed with Tween 80 at a volume ratio of 1:1. This
mixed solution was further diluted with ultrapure water (Milli-Q
water) at a volume ratio of 1:49 to yield 3.0 mg/ml luzindole
solution.

2.5. Behavioral tests

The novel object recognition test consisted of habituation ses-
sions and subsequent training and test sessions on Days 1 and 2,
respectively.21 In the habituation sessions, eachmouse was allowed
5 min per day to freely explore the open field arena for 3 days
before the training and test sessions. On Day 1, two identical objects
were placed in two of the four quadrants of the open field. A mouse
was then allowed to freely explore the open field for 5 min. On the
next day (i.e., Day 2), one of the two objects was replaced with
another novel object in the same location. Once again, the mouse
was allowed to freely explore the field for 5 min. Each drug (vehicle
or ramelteon) was intraperitoneally injected into mice (i) 20 min
before the training session, (ii) immediately after the training ses-
sion, or (iii) 20 min before the test session to examine different
phases of memory: (i) acquisition, (ii) consolidation, and (iii)
retrieval.21 The objects used in each session were randomly pre-
determined, and their locations were randomized across mice.

The spontaneous alternation task was used to assess spatial
working memory and spatial reference memory in mice.22,23 To
assess spatial working memory, a mouse was placed into the distal
part of one arm and allowed to freely explore the Y-maze for 5 min.
To assess spatial reference memory, one of the arms was closed off
with a divider (made of corrugated plastic) to remain unexplored.
On Day 1, a mouse was placed on one of the remaining arms (called
a starting arm) and allowed to explore the two-arm maze for
15 min, after which the mouse was returned to its home cage. On
Day 2 (i.e., one day after the mouse explored the two-arm maze),
the divider was removed. The mouse was placed into the same
starting arm as is used in the previous run and allowed to explore
the Y-maze for 5 min. Note that 3.0 mg/kg of ramelteon was
intraperitoneally administered (i) 20 min before exploration to
probe spatial working memory and (ii) 20 min before the explo-
ration of the incomplete Y-maze on Day 1 to assess spatial reference
memory. The unexplored arm and the starting arm were random-
ized across mice.

As for the novel object recognition memory and spatial working
memory, luzindole (30 mg/kg) was intraperitoneally injected into
mice. 120 min after luzindole administration, mice were further
injected with ramelteon (3.0 mg/kg). Then, 20 min after ramelteon
administration, the mice underwent the training session of the
novel object recognition task or the probe trial for spatial working
memory.

Behavioral tests were conducted during the nocturnal (dark)
period for mice (i.e., from 7:00 a.m. to 7:00 p.m.). Every time each
behavioral test was finished, the apparatus was wiped, cleaned, and
disinfected using 70% ethanol to eliminate as much of the residual
mouse scent as possible before the next mouse was placed in the
apparatus.

2.6. Immunohistochemistry

Six mice were intraperitoneally injected with saline or ramel-
teon (3 mg/kg). Twenty min after the injection, they were allowed
to explore objects in the open field for 5 min. Approximately 1.5 h
after the exploration, they were anesthetized with overdose of
urethane. Anesthesia was confirmed by the lack of reflex responses
to tail and toe pinches. They were transcardially perfused with
chilled 0.01 M phosphate-buffered saline (PBS) followed by 4%
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paraformaldehyde in PBS. The animals were then decapitated, and
their brains were carefully removed. These brains were postfixed in
4% paraformaldehyde overnight and washed with PBS three times
for 10 min each, and coronal sections were prepared using a
vibratome at a thickness of 100 mm from the anterior region to the
posterior region.

Basic immunohistochemistry procedures have been described
previously.24e28 Sections were blocked with 5% bovine serum al-
bumin and 0.3% Triton X-100 in PBS for 1 h at room temperature
and incubated with rabbit primary antibody against c-Fos (1:1000,
226008, Synaptic Systems, Germany) for 16 h at 4 �C. Sections were
washed with PBS three times for 10 min each and then incubated
with NeuroTrace 435/455 blue fluorescent Nissl stain (1:200,
N21479, Thermo Fisher Scientific, USA; hereafter, Nissl) for 4 h at
room temperature. The sections were further incubated with Alexa
Fluor 488-conjugated goat secondary antibody against rabbit IgG
(1:500, A11034, Thermo Fisher Scientific, USA) for 1.5 h at room
temperature, followed by another three 10-min washes with PBS.
Stained sections were mounted onto microscope slides using
aqueous mounting medium.

2.7. Image acquisition

Images of stained sections including the medial prefrontal cor-
tex and hippocampus were acquired using a fluorescence micro-
scope (BZ-X810, Keyence, Japan) equipped with a 10�objective.

2.8. Data analysis

All data analyses were performed using custom-made routines
of MATLAB (MathWorks, USA), Python, and ImageJ. The summa-
rized data are reported as the mean ± the standard error of the
mean (SEM). Unless otherwise specified, the null hypothesis was
statistically rejected when P < 0.05 by Student's t-test. When
multiple pairwise comparisons between ramelteon-treated and
vehicle-treated groups were required, statistical analysis was per-
formed with Dunnett's test (Fig. 1C and D).29 When multiple pair-
wise comparisons among arms of the Y-maze were needed,
significance levels were adjusted based on the Bonferroni correc-
tion after P values were computed by Student's t-test (Fig. 2B, C, D,
F, G, H).

The moment-to-moment positions of the mice were tracked by
DeepLabCut, a markerless tracking system,30,31 or by manual
detection with ImageJ (National Institutes of Health, USA). For the
novel object recognition test, the discrimination ratio in the test
session was calculated as (T2 � T1)/(T2 þ T1), where T1 and T2
represented the time spent in an area (~25 cm2) around the familiar
and novel objects, respectively. The discrimination ratio in the
training session was calculated with the same formula, but T1 and
T2 represented the time that mice spent exploring the object that
would remain and the object that would be replaced, respectively,
in the subsequent test session; ideally, the ratio would be zero in
the training session. For the spontaneous alternation task, correct
alternations (i.e., a-b-g (arm a to arm b, then to arm g), a-g-b, b-a-g,
b-g-a, g-a-b, and g-b-a) were counted based on triplet combina-
tions of arm entries, and then an alternation index was calculated
as 100 � (the number of correct alternations/(the total number of
arm entries � 2)).23 Arm reentries (e.g., a-a) were not excluded
from the triplet data, such that the chance level of the alternation
index would be 33.3.32 To quantify sleep onset latency and total
sleep time, mice were intraperitoneally injected with vehicle or
ramelteon, and their behavior wasmonitored for up to 90min since
the drug administration. Sleep was behaviorally defined as a state
of immobility lasting for more than 2 min based on the video
analysis. The moment when the first sleep was started was
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regarded as the sleep onset (Fig. S1). The total sleep time was
represented as the percentage of immobility in the monitoring
period (Fig. S1). The density of c-Fos positive cells was quantified
using custom-made ImageJ routines (Fig. S2).

3. Results

We first examined whether ramelteon treatment affected the
acquisition of memory regarding object recognition in mice.21 We
intraperitoneally injected 0, 0.1, 0.3, 1.0, and 3.0 mg/kg ramelteon
into mice 20 min before the training session for the novel object
recognition test (i.e., acquisition group) and then began the training
(Fig. 1A). On the next day, we monitored mouse behavior and
assessed behavioral and cognitive performance (Fig. 1B). None of
the tested concentrations of ramelteon significantly affected the
locomotor activity or cognitive performance of mice in the acqui-
sition group on Day 1 (Fig. 1C and D). However, we found that
compared with a control treatment, 3.0 mg/kg ramelteon signifi-
cantly improved memory acquisition (based on the discrimination
ratio) without any effects on locomotor activity, whereas 0.1, 0.3,
and 1.0 mg/kg ramelteon failed to have significant effects on
memory acquisition (Fig. 1C and D, Table S1). Intraperitoneal pre-
treatment of luzindole, a melatonin receptor antagonist, blocked
the ramelteon-mediated improvement of memory acquisition
indicated by the discrimination ratio (0.02 ± 0.06, n ¼ 6 mice,
Fig. 1D), and did not affect locomotion of mice (28.6 ± 1.9 m, n ¼ 6
mice, Fig. 1C). To assess the acute effects of ramelteon treatment on
memory consolidation or retrieval, we also injected other cohorts
of mice with 3.0 mg/kg ramelteon after the training session or
before the test session, confirming that there was no significant
difference in locomotion ormemory performance between vehicle-
treated and ramelteon-treated mice in the consolidation phase
(Fig. 1E and F, Table S2) or the retrieval phase (Fig. 1G and H,
Table S3). As ramelteon is known to shorten the sleep onset latency
and increase the total sleep time,19,33 we quantified the sleep la-
tency and total sleep time of mice after administration of vehicle or
3.0 mg/kg ramelteon and examined whether the effects on sleep
were involved in the enhancement of memory acquisition. Video
analysis confirmed that there was no significant difference in the
sleep latency (Fig. S1A, Table S4) or total sleep time (Fig. S1B,
Table S4) between the two groups, indicating that at least in the
current experimental paradigm, sleep-promoting effects of ramel-
teonwere not involved in the enhancement of memory acquisition.
To examine which brain region was activated in the training ses-
sion, we immunostained brain sections of mice treatedwith vehicle
or ramelteon for c-Fos protein (Fig. S2A). We found that there were
significantly more c-Fos positive cells in the hippocampal CA1, CA2/
CA3 areas, and dentate gyrus in the ramelteon-treated mice than
vehicle-treated mice (Fig. S2B, Table S5), whereas we failed to find
any difference in the density of the c-Fos positive cells in themedial
prefrontal cortex between the two groups (Fig. S2B, Table S5). These
results confirmed that ramelteon treatment facilitated the acqui-
sition phase of object recognition memory through hippocampal
plasticity.

Next, to assess spatial memory, we used a Y-maze to perform a
spontaneous alternation task in mice (Fig. 2).22,23 To determine the
effects of ramelteon on spatial working memory, we intraperito-
neally injected 3.0 mg/kg ramelteon or vehicle into mice before
exploration andmonitored their spontaneous exploratory behavior
(Fig. 2A, E). Neither the vehicle-treated mice nor the ramelteon-
treated mice exhibited any preference among the arms of the
maze (Fig. 2AeH, Table S6, 7). Neither the total distance traveled by
mice nor the total number of arm entries was significantly different
between the two groups of mice (Fig. 2I and J, Table S8). However,
we found that spontaneous alternation was significantly improved



Fig. 1. Ramelteon enhances memory acquisition but not consolidation or retrieval in the novel object recognition task. A, Trajectories (red) of mice in the acquisition group during
the training session on Day 1. The trajectories were taken by mice intraperitoneally injected with 0 (first (leftmost), vehicle), 0.1 (second), 0.3 (third), 1.0 (fourth), and 3.0 (fifth) mg/kg
ramelteon before the training, 3.0 mg/kg ramelteon after the training (sixth), and 3.0 mg/kg ramelteon before the test (seventh). B, The same as A, but during the test session on Day
2. C, Distance traveled by mice in the acquisition cohort on Day 1 (left) and Day 2 (middle and right). The mice were treated with vehicle (black) or different concentrations of
ramelteon (green) before the training session. The other mice were first treated with luzindole, and then treated with 3.0 mg/kg ramelteon before the training session (jade). D, The
same as C, but for the discrimination ratio. E, Distance traveled by mice in the consolidation cohort on Day 1 (left) and Day 2 (right). The mice were treated with vehicle (black) or
3.0 mg/kg ramelteon (green) after the training session. F, The same as E, but for the discrimination ratio. G, The same as E, but for mice in the retrieval cohort that were treated with
drugs before the test session. H, The same as G, but for the discrimination ratio.
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in the ramelteon-treated mice compared with the vehicle-treated
mice (Fig. 2K, Table S8). This ramelteon-induced improvement of
spatial working memory was blocked by luzindole-pretreatment as
indicated by an alternation index (0.57 ± 0.02; Fig. 2L). To further
evaluate the performance of spatial reference memory, we
administered 3.0 mg/kg ramelteon before the exploration of the
two-arm maze on Day 1 and conducted probe trials using a com-
plete Y-maze on Day 2 (Fig. 3); however, on Day 2, ramelteon-
treated mice did not make significantly more entries into or
spent significantly more time in the novel arm than vehicle-treated
mice. Neither the total distance traveled by mice nor the total
number of arm entries significantly differed between the two
groups (Fig. 3C and D, Table S9). We also did not find any significant
difference in the amount of time spent in the novel arm or the
entries into the novel arm between the two groups (Fig. 3E and F,
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Table S9). Together, these results suggest that acute ramelteon
treatment enhanced working memory but not reference memory
for spatial novelty.

4. Discussion

In this study, we found that ramelteon treatment enhanced
memory acquisition but not consolidation or retrieval in the novel
object recognition task. Moreover, we demonstrated that ramel-
teon improved spatial working memory in the spontaneous alter-
nation task. In contrast to novel object recognition memory, we
should be cautious with interpretation of spatial ‘novelty’ in this
study; by a strict definition, the spatial working memory assessed
here is for less recently experienced (but still familiar) stimuli, not
for truly novel stimuli, as mice alternate arms many times in a



Fig. 2. Ramelteon enhances spatial working memory as assessed by the spontaneous alternation task in a Y-maze. A, Trajectories (red) followed during the spontaneous alternation
task by mice pretreated with vehicle. B, The distance traveled by mice in the vehicle group was not significantly different between arms. C, The time spent by vehicle-treated mice
was not significantly different between arms. D, The number of arm entries was almost the same among arms for the vehicle-treated mice. EeH, The same as AeD, respectively, but
for mice treated with 3.0 mg/kg ramelteon. I, The total distance traveled in the Y-maze was not significantly different between the vehicle-treated (black) and ramelteon-treated
(green) mice. J, The total number of arm entries was not significantly different between the two groups. K, Spontaneous alternation was significantly higher in the ramelteon group
(green) than in the vehicle group (black). n ¼ 6 vehicle-treated mice and 7 ramelteon-treated mice. L, The same as K, but for the luzindole-pretreatment group (jade). n ¼ 6 mice
treated with luzindole before ramelteon administration.
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session. In any case, however, we speculate that the arm visited
least recently is relatively novel in terms of the capacity of mice to
store information about the temporal order of visits to the arms.
Taken together, our results suggest that ramelteon administration
enhances memory for novel environmental stimuli.

To assess memory performance, we chose the novel object
recognition task for nonspatial memory and the spontaneous
alternation task for spatial memory. A number of tasks to probe
memory have been proposed thus far,34 but among them, neither
the novel object recognition task nor the spontaneous alternation
task bestows rewards or inflicts punishment35; rather, animals
instinctively explore novel objects or enter recently unvisited lo-
cations due to their natural propensity for novelty.16,22 In this light,
both tasks are able to measure more ‘natural’ memory at a rudi-
mentary level than other behavioral tasks that require remunera-
tion or punishment. Thus, our findings highlight the contribution of
ramelteon to memory performance in a more natural and realistic
situation than explored in previous studies.

Although we did not identify the mechanisms underlying the
modulatory role of ramelteon in memory performance, the most
plausible mechanism would be an impact of ramelteon on mela-
tonin MT2 receptors36 expressed in memory-related brain regions
across various species.37,38 In particular, MT2 receptors are
expressed in the hippocampus in mice39 and rats.40e42 Moreover,
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electrophysiological studies have suggested that melatonin per se
or a melatonin receptor agonist has the potential to depolarize
neurons partly throughMT2 receptors.42 Nonspatial object memory
as assessed by the novel object recognition task has been attributed
to the perirhinal cortex according to previous compelling studies of
rodents;43,44; it should be noted that lesions of the rodent peri-
rhinal cortex spared spatial memory.43 However, a recent study has
demonstrated that a longer period (more than approximately 40 s)
of exploration makes object memory dependent on the hippo-
campus and has concluded that the hippocampus is also respon-
sible for object recognition memory.45 Indeed, we selected 5 min as
the exploration time in the training session in our experimental
paradigm using the novel object recognition task (Fig. 1). Therefore,
memory for the novel object evaluated in our task was dependent
on the hippocampus and could have been modulated by
ramelteon-mediated activation of neurons through MT2 receptors.
These notions are indeed experimentally supported by increased
expression patterns of c-Fos protein in the hippocampus of the
ramelteon-treated mice (Fig. S2) and consistent with a previous
literature that discussed a role of immediate early genes in synaptic
plasticity that serve as the underpinning of the memory trace.46

In contrast to nonspatial memory, we examined the spatial
memory of ramelteon-treated mice using the spontaneous alter-
nation task (Figs. 2 and 3). Previous studies have demonstrated that



Fig. 3. Ramelteon does not affect the acquisition of spatial reference memory as assessed by the spontaneous alternation task. A, Mice treated with vehicle before the spontaneous
alternation task on Day 1 took the trajectories shown in red. One of the arms (marked with dotted lines) was closed so that the mice could not visit it on Day 1, but the closed arm
was opened and regarded as the novel arm on Day 2. B, The same as A, but for mice treated with 3.0 mg/kg ramelteon. C, The total distance traveled by mice was not significantly
different between the vehicle-treated (black) and ramelteon-treated (green) mice on Day 2. D, The total number of arm entries was not different between the two groups on Day 2. E,
The time spent in the novel arm was not different between the two groups. F, The percentage of entries into the novel arm out of the total number of arm entries was not different
between the two groups. n ¼ 6 vehicle-treated mice and 6 ramelteon-treated mice.
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the success of spontaneous alternation requires integrity of the
medial prefrontal cortex,47e49 hippocampus,50,51 and other re-
gions.52,53 Among these regions, we consider it possible that the
hippocampus may account for the ramelteon-mediated enhance-
ment of spatial working memory. Molecular studies demonstrated
that melatonin MT2 receptors were enriched in the hippocampal
CA2/CA3 subregions in mice39 and rats.41,42 Furthermore, a previ-
ous behavioral investigation in combination with optogenetic
silencing of neural activity suggested a significant contribution of
the CA3 area to short-term spatial working memory in the spon-
taneous alternation task in mice.54,55 Hence, we speculate that
ramelteon enhanced spatial working memory in the Y-maze
through the MT2 receptors in the hippocampus, although this type
of memory enhancement cannot be accounted for by themelatonin
receptors in the hippocampus alone.

There are few papers reporting the behavioral effects of MT1/
MT2 receptor deficiency, but one literature described such effects
using MT1 receptor- or MT2 receptor-deficient knockout mice.56

Pistono et al. launched a 16-day chronic treatment on the
knockout mice with melatonin in drinking water (or pure water;
that is, control) and performed the novel object recognition test.
They demonstrated that the lack of MT2 receptors, not MT1 re-
ceptors, precluded memory-enhancing effect of melatonin in the
object recognition task. In fact, they chronically administered
melatonin to mice and insisted that the memory ‘retention’ was
enhanced by melatonin treatment. Compared with the context of
our behavioral test, such chronic administration made it difficult to
understand which phase (i.e., acquisition, consolidation, or recall)
was affected; that is, we cannot exclude the possibility that the
acquisition phase of memorywasmodulated bymelatonin receptor
activation. In this sense, their conclusion is (partially) consistent
with our current finding. Moreover, hippocampal long-term
potentiation was impaired in melatonin MT2 receptor-deficient
mice,4 suggesting that MT2 receptors are required for
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hippocampal long-tern potentiation. This discovery is also consis-
tent with our speculation that MT2 receptors are involved in
memory acquisition. On the other hand, to the best of our knowl-
edge, the involvement of MT1 and MT2 receptors in spatial working
memory has not been reported thus far.

We examined the pharmacological effects of the exogenous
factor, ramelteon, on cognitive performance, but it is unknown
whether endogenousmelatonin is released from the pineal gland of
naïve mice. This issue could be addressed by chronic biochemical
sample collection57 from the brain region downstream of the pineal
gland. Moreover, whether melatonin receptors in the hippocampus
and other memory-related regions are activated during the acqui-
sition of memory is of interest, although it is technically difficult to
experimentally address this question. Since the melatonin receptor
is one of G protein-coupled receptors (GPCRs),3 direct evidence of
the activation of GPCRs could be secured by investigating the
conformational changes of the melatonin receptors (with the li-
gands).36,58 However, such demonstration of GPCR activation dur-
ing behavior has not been performed thus far. Instead, we
examined c-Fos expression in the hippocampus and medial pre-
frontal cortex (Fig. S2), and demonstrated that luzindole pretreat-
ment blocked the memory acquisition improved by ramelteon
(Figs. 1D and 2L). We thus consider that these results provide in-
direct evidence of the activation of melatonin receptors.

Currently, ramelteon is suggested to induce quasi-natural
sleep59,60 and is used as a remedy for insomnia,61,62 a condition
that sometimes negatively affects memory.63,64 Various neural ac-
tivity patterns during sleep are crucial for memory,65 such as sharp-
wave ripple complexes24,66e68 and theta oscillations69 emerging in
the hippocampus and slow oscillations and spindles in the
neocortex.70 Accordingly, the ramelteon-mediated improvement in
object recognition memory in the present study may be attribut-
able to preceding and subsequent sleep and associated with
miscellaneous neural activity. Moreover, spatial workingmemory is
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related to theta oscillations in the hippocampus and neocortex.71,72

Chronic electrophysiological recordings from the hippocampus and
neocortex of ramelteon-treated animals during behavioral tasks
and sleep will allow us to precisely probe physiological evidence of
memory modulation by melatonin receptors and possible nootro-
pic therapeutics.
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