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The neural mechanisms underlying the impacts of noise on non-
auditory function, particularly learning and memory, remain largely
unknown. Here, we demonstrate that rats exposed postnatally
(between postnatal days 9 and 56) to structured noise delivered
at a sound pressure level of ∼65 dB displayed significantly de-
graded hippocampus-related learning and memory abilities.
Noise exposure also suppressed the induction of hippocampal
long-term potentiation (LTP). In parallel, the total or phosphory-
lated levels of certain LTP-related key signaling molecules in the
synapses of the hippocampus were down-regulated. However,
no significant changes in stress-related processes were found
for the noise-exposed rats. These results in a rodent model indi-
cate that even moderate-level noise with little effect on stress
status can substantially impair hippocampus-related learning and
memory by altering the plasticity of synaptic transmission. They
support the importance of more thoroughly defining the unap-
preciated hazards of moderately loud noise in modern human
environments.
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The noise pollution accompanying industrialization is a risk
factor to human health. Earlier studies have extensively ex-

amined the deleterious impacts of noise in the auditory systems
of both humans and animal models (1–6), showing that noise
exposure either early or late in life can induce progressive
hearing loss, change neural coding along the auditory pathway,
and alter auditory-related perception and behavior.
The auditory system, however, contains direct and indirect

pathways to other systems and structures of the brain that are
necessary for functional integration. For example, earlier studies
found that the hippocampus, the core area of the brain associ-
ated with learning and memory processes, receives neuronal in-
puts from the auditory system through the lemniscal and
nonlemniscal pathways (7–11). It is thus conceivable that noise-
evoked activities might be transmitted via these connections to
the hippocampus, thereby affecting learning and memory. In-
deed, animal studies have shown that exposure to loud noise
(e.g., above a sound pressure level [SPL] of 95 dB) that induces
temporary or permanent shifts in the auditory threshold disrupts
hippocampal histology, decreases neurogenesis in the hippo-
campus, and impairs hippocampus-related learning and memory
abilities (12–16). In addition, epidemiological studies have dem-
onstrated that environment noise has substantially negative effects
on children’s learning outcomes and cognitive abilities (17–19).
While the usual explanations for the origins of these noise-induced
effects on nonauditory functions have relied on stress-related pro-
cesses (15, 16, 20–23), the underlying neural mechanisms remain
largely unknown.
In this study, we exposed rat pups to structured noise delivered

at ∼65 dB SPL for a 7-wk period. Exposure to a moderate level
of modulated broad-spectrum noise more realistically models
the noise environments people encountered in industrial work-
places and other modern acoustic settings (2, 4, 24–26). We then

evaluated the behavioral consequences of noise exposure on
hippocampus-related learning and memory for these noise-
exposed rats. In addition, we explored the mechanisms under-
lying possible postexposure changes in learning and memory via
physiological and molecular assessments of the hippocampus.

Results
Rat pups were exposed to a moderate level of noise (∼65 dB
SPL) in a sound-shielded chamber from postnatal day 9 (p9) to
p56. These rats were thereafter referred to as the noise-exposed
(NE) rats (Fig. 1A). As shown in SI Appendix, Fig. S1, the av-
erage thresholds of the auditory brainstem response (ABR) for
the NE rats were comparable to that of the naïve rats, indicating
intact peripheral hearing of the rats after exposure to moderate-
level noise. In addition, no measurable changes were observed
for the NE rats in both the open field test (SI Appendix, Fig. S2)
and the elevated-zero maze test (SI Appendix, Fig. S3), mani-
festing normal locomotor activities and anxiety-related behaviors
of the NE rats. Furthermore, the plasmatic corticosterone con-
centrations that assess the intensity of stress were similar in the
NE and naïve rats (SI Appendix, Fig. S4). Thus, the moderate-
level noise exposure applied in this study had little effect on rats’
stress-related processes.

Morris Water Maze Test. We used the Morris water maze test to
evaluate hippocampus-related spatial learning and memory
abilities (27–29). During the training phase, latencies for both
the NE and naïve rats to find the platform submerged in the
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water maze progressively decreased with training time (Fig. 1 B
and C; two-way ANOVA, P < 0.001). However, the NE rats
required a significantly longer time period to find the platform
compared to the naïve rats on each training day (Fig. 1C; two-
way ANOVA with Student-Newman-Keuls post hoc test, P <
0.05 to 0.01). During the test phase, the NE rats demonstrated
worse learning bias when navigating toward the target quadrant
that previously contained the platform; they spent less time in
this quadrant than did the naïve controls (Fig. 1 D and E, Left;
unpaired Student’s t test, P = 0.0041). The latencies for their first
entrance into the former platform position were also significantly
longer than those of the naïve rats (Fig. 1 E, Right; unpaired
Student’s t test, P = 0.0011). No significant difference in the total
swim distance, however, was found between the NE and naïve
rats (22.9 ± 0.9 m for the NE rats vs. 22.5 ± 0.5 m for the naïve
rats; unpaired Student’s t test, P = 0.74). These results indicate
that the NE rats had impaired spatial memory.

Y-Maze Test. We used the Y-maze test to assess the rats’ short-
term spatial memory and exploratory activity in a novel envi-
ronment, both of which are highly dependent on hippocampal
function (30). As shown in Fig. 2A, there was less path density for
the NE rat in the novel arm compared to the naïve rat during the
test period. A statistical analysis revealed that the NE rats
exhibited a significantly smaller number of entries to the novel
arm compared to the naïve rats (Fig. 2B; unpaired Student’s
t test, P = 0.023). They also spent less time in the novel arm than
did the naïve controls (Fig. 2C; unpaired Student’s t test, P = 0.0096).
These results indicate that early noise exposure disrupts the
short-term spatial memory and exploratory activity of rats.

Novel Object Recognition Test. The novel object recognition test,
which exploits rodents’ natural tendency to explore novel stimuli,
is a widely used test for hippocampus-related memory formation
(31). As described in the Materials and Methods section, we
evaluated the recognition memory of rats by calculating the
preference index. We did not find any significant differences in
the preference indices for both the NE and naïve rats during the
training phase (Fig. 3A; two-way ANOVA, P = 0.39), indicating
that they spent a comparable amount of time exploring the two
identical objects. While the naïve rats showed significantly
higher preference indices for the novel object than for the fa-
miliar one during the test phase (Fig. 3B; two-way ANOVA
with Student-Newman-Keuls post hoc test, P < 0.001), the NE
rats had comparable indices for both the novel and familiar
objects (two-way ANOVA with Student-Newman-Keuls post
hoc test, P = 0.38). The same was true for the discrimination
ratio; the NE rats had no preference for either object during the
training and test phases (Fig. 3C; two-way ANOVA with
Student-Newman-Keuls post hoc test, P = 0.342). This was in
significant contrast to the naïve rats, which displayed increased
exploration of the novel object during the test phase (two-way
ANOVA with Student-Newman-Keuls post hoc test, P = 0.028).
Taken together, these results indicate that early noise exposure
impacts the recognition memory of rats.

In Vivo Hippocampal Long-Term Potentiation (LTP) Induction. Hip-
pocampal LTP, a persistent increase in the strength of synaptic
connections between neurons, is a cellular mechanism that is
widely considered to underlie the processes of learning and
memory. The dentate gyrus (DG) has been proposed as the main
gateway for multisensory (including acoustic) information into
the hippocampus (32). Thus, it is plausible that the DG is one of
the hippocampal subregions that is most vulnerable to sensory
stimuli. We therefore assessed the effects of noise exposure on
the induction of LTP at the perforant path (PP)-DG granule cell
synapses (Fig. 4A). As shown in Fig. 4B, we successfully induced
PP-DG LTP in both groups of rats after high-frequency stimu-
lation (HFS) at the PP. However, average amplitudes of the
population spike (PS) following HFS in the NE rats were sig-
nificantly lower than those of the naïve rats (Fig. 4 C, Left; two-

Fig. 1. Behavioral performance in the Morris water maze test. (A) Experi-
mental timelines for the NE and naïve rats. Note that all tests started 2 d
after the end of noise exposure (i.e., on p58). (B) Sample swimming traces of
a NE rat (Left) and a naïve rat (Right) during the training phase. Small circles
show the escape platforms. (C) Average latencies to find the escape platform
during the training phase for the NE (n = 27) and naïve (n = 27) rats. Error
bars represent SEM. *P < 0.05; o, P < 0.01. (D) Sample swimming traces of a
NE rat (Left) and a naïve rat (Right) during the test phase. Small circles show
the position of former escape platforms that were removed during the test
phase. (E) Average time spent in the target quadrant (Left) and average
latencies of first entering the former platform position (Right) for the NE
and naïve rats during the test phase.

Fig. 2. Behavioral performance in the Y-maze test. (A) Sample movement
traces of an NE rat (Left) and a naïve rat (Right) during the test phase. (B)
Average numbers entering the novel arm for the NE (n = 12) and naïve (n =
11) rats during the test phase. Error bars represent SEM. *P < 0.05. (C) Av-
erage time spent in the novel arm for the NE and naïve rats during the test
phase. o, P < 0.01.
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way ANOVA with Student-Newman-Keuls post hoc test, P <
0.01 to 0.001). Summarized data recorded 5 to 60 min after HFS
were also lower for the NE rats than for the naïve controls
(Fig. 4 C, Right; unpaired Student’s t test, P < 0.0001). We
recorded reduced LTP in the NE rats 8 wk after cessation of
noise exposure (SI Appendix, Fig. S5). Thus, early noise exposure
enduringly reduces synaptic functional plasticity in the
hippocampus of rats.

Expressions of LTP-Related Signaling Molecules. Multiple signaling
cascades, particularly the calcium/calmodulin-dependent protein
kinase II (CaMKII) cascade, have been implicated in the in-
duction of hippocampal LTP (33–38). To detect the molecular
mechanisms underlying the decrease in LTP amplitude after
noise exposure, for both groups of rats, we determined the total
and phosphorylated levels of the CaMKII and α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
subunit GluR1 (two LTP-related key signaling molecules within
the CaMKII cascade) in synaptosome-enriched fractions that we
prepared from the DG of the hippocampus after HFS.
As shown in Fig. 5 A and B, noise exposure significantly de-

creased the expression level of phosphorylated (p)-CaMKII
(thr286) (unpaired two-tailed Student’s t test, P = 0.017) but had
little effect on the level of CaMKII (unpaired Student’s t test,
P = 0.24). As a result, the p-CaMKII/CaMKII ratio was signifi-
cantly decreased in the NE rats compared to the naïve controls
(Fig. 5 C, Left; unpaired Student’s t test, P = 0.0015), indicating
dramatically reduced CaMKII phosphorylation. In addition, the
expression levels of both GluR1 and p-GluR1 (ser831) were
lower for the NE rats than for the naïve controls (Fig. 5 A and B;
unpaired Student’s t test, P = 0.031 and 0.040). However, no

significant difference in the p-GluR1/GluR1 ratio (i.e., GluR1
phosphorylation) was found between the NE and naïve rats
(Fig. 5 C, Right; unpaired Student’s t test, P = 0.36).

Discussion
In their daily lives, people are continuously bombarded by oc-
cupational and recreational noise with highly variable temporal
patterns and intensities. Although most of this noise is at a
moderate level, the majority of studies investigating the effects of
noise on learning and memory have applied traumatic or
threatening noise of intensity larger than 95 dB SPL that invoked
stress-related mechanisms (12–16). In this study, we chronically
exposed rat pups to structured noise delivered at a moderate
level, ∼65 dB SPL, which is currently considered to be a safe
level that does no structural damage to the cochlea and thus
hardly affects peripheral hearing (in addition to the results of
this study, see 2,4,26,39). We found that noise exposure had little
apparent effect on normal locomotor activities and anxiety-
related behaviors in the NE rat group. The serum corticoste-
rone concentrations of the NE rats were also comparable to
those of the naïve rats. Thus, exposure to moderate-level noise
used in this study can be considered nonstressful. However, noise
exposure significantly degraded hippocampus-related learning
and memory abilities, decreased LTP induction in the hippo-
campus, and down-regulated certain LTP-related key signaling
molecules in the hippocampal synapses. These results demon-
strate that moderate-level, nonstressful noise has negative im-
pacts on hippocampus-related behavior and synaptic processes.
More recently, we have shown that a similar noise exposure
regimen significantly and persistently degrades auditory cortical
processing and auditory-related perceptual abilities (39–42).

Fig. 3. Behavior performance in the novel object recognition test. (A) Average preference indices of the NE (n = 13) and naïve (n = 18) rats during the
training phase. Error bars represent SEM. (B) Average preference indices for both groups of rats during the test phase. +, P < 0.001. (C) Average discrimination
ratios for both groups of rats during the training and test phases. *P < 0.05.

Fig. 4. In vivo hippocampal LTP induction. (A) Schematic illustration of stimulating and recording electrode positions in the coronal plane of the hippo-
campus. EC, entorhinal cortex. MF, mossy fiber. SC, Schaffer collateral. (B) Sample PS evoked before and after the HFS recorded in the NE and naïve rats. (C)
Time courses of PS amplitudes (Left) and average LTP amplitudes (Right) following HFS for the NE (n = 14) and naïve (n = 14) rats. Error bars represent SEM. o,
P < 0.01; +, P < 0.001; #, P < 0.0001.
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Taken together, these results in a rodent model provide direct
evidence that even moderate-level noise with little effect on
peripheral hearing and stress-related processes can substantially
affect auditory and nonauditory functions. However, noise-
induced auditory deficits plausibly do not interfere with the im-
paired behavioral performance for the Morris water maze,
Y-maze test, and novel object recognition recorded in the NE
rats, because these tests do not involve any auditory tasks.
Early experiences, particularly those in the critical period,

have major and long-lasting impacts on brain processing (43–47).
Previous studies have documented multiple feature-dependent
critical periods for auditory cortical development in the rodent
models, which extend to the second month after birth (48, 49).
The critical period for development of the hippocampus, how-
ever, appears to be within the first month after birth (47). In the
present study, noise exposure was applied between p9 and p56,
which covers critical periods for development of both auditory
cortex and hippocampus in rats. In addition, earlier studies have
shown that auditory cortical plasticity is modulated by sound
input dynamics (5, 39, 41, 50, 51). While structured noise ex-
posure persistently degrades cortical processing and advances
the closure of the critical period for cortical plasticity (39, 41),
continuous noise exposure prolongs the duration of the critical
period (50, 51). It remains to be investigated whether structured
and continuous noise also differentially affects developmental
plasticity of the hippocampus.
Learning and memory are widely believed to result from

changes in connectivity within neuronal circuits due to synaptic
plasticity. Thus, the LTP of synaptic transmission, which reflects
enhancements in synaptic plasticity, is considered to be an im-
portant cellular model for learning and memory processes (36,
38, 52). Manipulations that facilitate or reduce the induction of
LTP in the hippocampus are expected to enhance or impair
learning and memory abilities (35, 37, 38, 53). For example, the
overexpression of N-methyl-D-aspartate (NMDA) receptor 2B
(NR2B) in the forebrains of transgenic mice leads to enhanced
NMDA-dependent LTP in the cornu ammonis 1 (CA1) of the
hippocampus and better performance in learning and memory
tasks (54). Mice lacking the nociceptin receptor also show larger
LTP in the hippocampal CA1 region and possess greater learn-
ing abilities compared to control mice (55). In contrast, knock-in
mice with the point mutant T286A of CaMKII exhibit no NMDA
receptor-dependent LTP in the hippocampus and show strong
learning and memory impairments (56). These studies provide
compelling evidence that synaptic plasticity is critical for
hippocampus-related learning and memory. Consistent with these
conclusions, we found that noise significantly decreased the in-
duction of PP-DG LTP, which plausibly accounts for at least part

of the impaired behavioral performance seen in the learning
and memory tasks of the NE rats.
Multiple signaling cascades, particularly the CaMKII cascade,

have been implicated in the hippocampal LTP elicited by various
types of stimulation (33–38). CaMKII is highly enriched in the
postsynaptic densities of excitatory synapses. It has been pro-
posed that the CaMKII serves as a “molecular switch” that is
essential for LTP induction and memory processes (34). After
tetanic stimulation, CaMKII is activated by calcium influx
through the NMDA receptor/channel. It then translocates to the
synapse and binds to the NMDA receptors (e.g., the NR2B
subunit), thereby producing postsynaptic potentiation via phos-
phorylating the principal and auxiliary subunits of AMPA re-
ceptors (e.g., the GluR1 subunit). In addition, CaMKII is also
involved in regulating the insertion of additional AMPA recep-
tors into postsynaptic densities (35, 37). Thus, alterations in the
expression and activity of either CaMKII or its downstream
molecules could have profound effects on synaptic plasticity and
LTP induction (34, 57–59). In this study, we observed that noise
exposure significantly down-regulated the expression level of
p-CaMKII (thr286) but had little effect on the expression of
CaMKII after HFS, resulting in reduced phosphorylation of
CaMKII compared to the naïve controls. Noise exposure also
reduced the expression levels of both GluR1 and p-GluR1
(ser831). These parallel changes after noise exposure in LTP-
related key signaling molecules might translate into altered
synaptic function, thereby resulting in LTP alteration in the
hippocampus.
Interestingly, while both GluR1 and p-GluR1 were down-

regulated after noise exposure, the phosphorylation level of
GluR1 remained stable. Earlier studies have proposed that the
phosphorylation of GluR1 is associated with increased AMPA
conductance during LTP introduction (60, 61). This finding
suggests that noise exposure hardly affects AMPA conductance
after tetanic stimulation.
While some earlier studies have revealed that noise (particu-

larly that with a high intensity) impacts learning and memory, the
usual explanations for the origins of such effects have invoked
stress-related mechanisms (15, 20–23). Indeed, it has been shown
that noise-induced stress affects the induction of LTP in the
hippocampus by mediating glutamatergic neurotransmission
(62). Noise stress also triggers peroxidative damage along the
lemniscal afferent pathway to the hippocampus, resulting in
hyperphosphorylation of the tau protein and reduced neuronal
density in the hippocampus (20, 23). In this study, we showed
that chronic exposure to moderate-level noise significantly im-
paired the hippocampus-related learning and memory abilities of
rats. However, we did not observe any significant changes in the
plasmatic corticosterone concentrations of the NE rats when

Fig. 5. Expressions of LTP-related signaling molecules. (A) Representative Western blots for the CaMKII, phosphorylated (p)-CaMKII (thr286), GluR1, and
p-GluR1 (ser831). (B) Expression levels of the CaMKII, p-CaMKII, GluR1, and p-GluR1 in the NE (n = 12) and naïve (n = 12) rats. Error bars represent SEM. *P <
0.05. (C) Ratios of p-CaMKII/CaMKII and p-GluR1/GluR1. o, P < 0.01.

4 of 7 | PNAS Zhang et al.
https://doi.org/10.1073/pnas.2017841118 Environmental noise degrades hippocampus-related learning and memory

https://doi.org/10.1073/pnas.2017841118


determined during or after noise exposure. Additionally, loco-
motor activities and anxiety-related behaviors were comparable
between the NE and naïve rats. It has been shown that the
hippocampus receives acoustic inputs from the auditory system
through the lemniscal and nonlemniscal pathways (7–11). We
propose that ongoing early noisy inputs via these connections
into the hippocampus might derail the normal course of hippo-
campal development, thereby resulting in degraded hippocampal
function as demonstrated by the present study. Interestingly, a
recent study also reported that noise exposure at a high level
(123 dB SPL) decreased neurogenesis in the hippocampus and
impaired the spatial learning and memory of mice. These long-
lasting effects were thought to be attributed to reduced auditory
inputs as a result of noise-induced permanent hearing loss,
rather than transient changes in initial oxidant stress (63). Nev-
ertheless, to the extent to which a stress response might con-
tribute to the modified hippocampus-related behaviors, LTP
induction, and molecular expressions of the NE rats in this study
remains an open question.
The DG of hippocampal formation receives multisensory (e.g.,

vestibular, olfactory, visual, auditory) inputs, mainly through the
PP from the entorhinal cortex. This establishes it as the main
gateway for sensory information into the hippocampus (32). The
DG mediates a variety of mnemonic processes associated with
multisensory inputs, and it could be one of the hippocampal
subregions that is most vulnerable to sensory stimuli. Indeed,
recent studies have shown that auditory learning specifically al-
ters the parvalbumin expression of GABAergic interneurons in
the DG rather than other subregions of the hippocampus (64).
Thus, we primarily focused on the induction of LTP at the PP-
DG granule cell synapses when investigating the effects of noise
on synaptic plasticity. Further studies are needed to identify the
roles of other pathways in the hippocampus (e.g., mossy fiber-
CA3 and Schaffer collateral-CA1) in terms of how noise affects
synaptic function and behavior.
It should be noted that responses to noise exposure might

involve activation of a network of various brain regions other
than the hippocampus, possibly including parts of the limbic
structures (e.g., the amygdala and medial prefrontal cortex) (21,
23, 65–67). While the behavioral assessments we applied in the
present study (the Morris water maze test, Y-maze test, and
novel object recognition test) mostly reflect the function of the
hippocampus (27–31), we certainly cannot exclude the possibility
that neurobiological changes in these limbic structures following
noise exposure might also contribute to the observed behavioral
deficits in the NE rats.

Materials and Methods
All procedures were approved by the Institutional Animal Care and Use
Committee and complied with NIH standards.

Noise Exposure. Female offspring of timed-pregnant Sprague–Dawley rats
were used in the experiments. Offspring were cross-fostered to achieve
groups of 10 per litter on p1. Pups and their mothers were then placed in the
sound-shielded chamber for noise exposure 10 h per day (8:00 to 18:00),
from p9 to the weaning day (i.e., p21). These NE pups after weaning were
thereafter housed in groups of 3 to 4 per cage (41 × 26 × 20 cm, length ×
width × height) and were continuously exposed to noise in the sound-
shielded chamber until p56. During noise exposure, 50-ms noise pulses (5-
ms ramps) delivered at ∼65 dB SPL were applied from a speaker placed
∼15 cm above rats at 6 pulses per second (pps). There was an interval of
silence (randomly set at 0.5 or 1 ms) between every six noise pulses to
minimize adaptation effects. Energy for pulsed noise stimuli was essentially
flat across a broad frequency spectrum (0.8 to 30 kHz). Rats were given free
access to food and water under a 12-h light/12-h dark cycle. The naïve rats
were reared under the same conditions but without exposure to noise. Re-
searchers were held blind to the group identity of the rats.

Open Field Test. The apparatus for the open-field test was a rectangular box
(42 × 42 × 37 cm, length × width × height), with side walls made of

transparent plastic. During the test, the rats were placed at the center of box
facing the wall, and were left to freely explore over a 10-min period. Total
distance traveled and time spent in the central zone (i.e., central area of
28.9 × 28.9 cm) were analyzed using the True-Scan System (Coulbourn In-
struments). The box was wiped clean with 75% ethanol after each session.

Elevated-Zero Maze Test. The elevated-zero maze is an annular platform
(5.5 cm width) with an outer diameter of 92 cm, divided into two open parts
and two opposite closed parts (SI Appendix, Fig. S3A). While the closed parts
were enclosed by side walls of 20 cm height, there were no walls for the
open parts. The apparatus was elevated 50 cm above the floor.

During the test, the rats were placed into one of the open parts facing the
closed part, and were allowed to freely explore the maze for 5 min. The
behavior of each rat was recorded by a digital camera andwas analyzed using
the Any-maze system (Stoelting). The maze was wiped clean with 75%
ethanol after each session.

Morris Water Maze Test. The water maze consisted of a circular tank (150 cm
diameter, 50 cm height) with a black inside wall, a digital camera, and a
computer with a tracking system. The circular tankwas elevated 30 cm off the
ground on a secure platform and was filled with water. An escape platform
(10 cm diameter) was placed at the center of the southeast quadrant, ∼2 cm
below the water surface.

During the training phase, the rats were given 90 s to find the platform
each trial. The rats were then allowed to rest at the platform for 20 s before
the next trial. Each rat was trained four trials per day for four days. After four
days’ training, the rats underwent a 90-s test period in the following day
when the platform was removed. The behavior of each rat during the
training and test phases was recorded by a digital camera and was analyzed
using the Any-maze system (Stoelting).

Y-Maze Test. The Y-maze apparatus is composed of three identical arms (45 ×
15 × 35 cm, length × width × height; labeled as the start arm, the other arm,
and the novel arm, respectively) arranged 120° apart around a central
joining region (Fig. 2A).

During the training phase, the rats were placed at the start arm facing the
wall, and were allowed to explore the maze for 10 min with one of the arms
(i.e., the novel arm) closed. The rats were then returned to the home cage
until the test phase 1 h later, during which the previously blocked arm was
accessible and the rats were allowed to investigate all arms for 8 min. Be-
havior of each rat during the test was recorded by a digital camera and
analyzed using the Any-maze system (Stoelting). The maze was wiped clean
with 75% ethanol after each session.

Novel Object Recognition Test. The apparatus for the novel object recognition
test is a nontransparent plastic box (40 × 40 × 40 cm, length × width ×
height). The test consisted of a habituation phase on day 1 and 2, and a
training phase followed by a test on day 3. For the habituation phase, the
rats were placed in the box (with no stimulating objects inside) facing the
wall, and were allowed to roam in the box for 10 min each day. During
the training phase, the rats were again placed in the box and allowed to
explore two identical objects inside for 5 min. The rats were returned to the
home cage at the end of the training phase. After a 1-h interval, the rats
were placed back into the box for the test phase, during which the rats were
exposed to a new novel object and the familiar object, which are the same
ones from the training phase, for an additional 5 min. The box and the
objects inside were wiped clean with 75% ethanol after each session.

The exploration time of each object was defined as time during which the
rat was touching the object with the nose and/or directing the nose to the
object at a distance of no more than 2 cm. The preference index was cal-
culated as the percentage of time spent at each object divided by the time
spent exploring both objects. The discrimination ratio was then calculated as
the difference between preference indices of two objects at both the training
and test phases.

ABR Measurement. ABR was measured in the shielded, double-walled sound
chamber. The rats were anesthetized with an intraperitoneal injection of
sodium pentobarbital (50 mg/kg body weight). Tone pips of 3, 10, 15, or 20
kHz at different intensities were generated using TDT System III
(Tucker-Davis Technologies), and were delivered to the ear through a cali-
brated earphone with a sound tube positioned inside the external auditory
meatus. ABRs were recorded by placing silver wires subdermally at the scalp
midline, posterior to the stimulated ear, and on the midline of the back 1 to
2 cm posterior to the neck. During the recording, a state of areflexia was
maintained with supplemental doses of 8 mg/mL diluted pentobarbital
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injected intraperitoneally. The animal’s body temperature was monitored
using a rectal probe and maintained at ∼37 °C by a feedback-controlled
heating blanket.

ABR signals were acquired, filtered, amplified, and analyzed using
equipment and software (BioSig) manufactured by Tucker-Davis Technolo-
gies. The ABR threshold was defined as the lowest stimulus intensity capable
of eliciting a response pattern characteristic of that seen at higher intensities
(SI Appendix, Fig. S1A).

In Vivo LTP Induction. The experiment was conducted in the shielded, double-
walled sound chamber. Briefly, the rats were anesthetized with sodium
pentobarbital (50 mg/kg body weight) and were fixed in a stereotaxic head
holder. After making an incision along the midline of the head, the skin
freed and the skull tissues were removed to make the sutures visible. A
concentric bipolar-stimulating electrode (FHC) was then placed in the PP
(AP: −7.8 mm from bregma; ML: +4.3 mm from bregma; DV: 3.2 mm from
the skull surface), and a glass micropipette recording electrode (filled with
2 M NaCl with resistance of 1 to 3 MΩ) was lowered into the granular cell
layer of the ipsilateral DG (AP: −3.8 mm from bregma; ML: +2.3 mm from
bregma; DV: 2.7 to 3.2 mm from the skull surface) (Fig. 4A). Throughout the
surgical procedures and during the recording session, a state of areflexia was
maintained with supplemental doses of 8 mg/mL diluted pentobarbital in-
jected intraperitoneally. The animal’s body temperature was monitored
using a rectal probe and maintained at ∼37 °C by a feedback-controlled
heating blanket.

The evoked potential was extracellularly recorded from the granule cell
layer of the DG in response to electrical stimulation of the PP. The intensity of
the test stimulation (0.15 ms duration at intervals of 30 s) was set to a level
which evoked a PS of 40% of the maximum amplitude. After a 20-min stable
baseline, HFS (8 pulses per burst at 100 Hz with bursts repeated at 5 Hz for a
total of 10 bursts) was applied to the PP at the same stimulus intensity. LTP
was evaluated by measuring changes in the amplitude of PS (recorded every
30 s for 60 min following the cessation of HFS).

The Master-8 stimulator (AMPI), MultiClamp 700B amplifier (Molecular
Devices), and Clampex 9.0 Software (Molecular Devices) were used to gen-
erate the stimuli, amplify the signal, and acquire and store the data for
offline analysis.

At the end of each recording session, small electrolytic lesions were made
to permit histological verification of the tip position of the electrodes (SI
Appendix, Fig. S6).

Corticosterone Analysis. The rats were anesthetized with isoflurane and a
lateral tail vein sampling was used for the blood collection. Blood samples
were obtained between 9:00 to 10:00 for both the NE and naïve rats. Plasma
was separated by centrifugation at 4 °C for 20 min at 1000 × g and stored

at −80 °C. Corticosterone concentration was quantified using an enzyme-
linked immunosorbent assay (ELISA) kit (X-Y Biotechnology).

Protein Isolation. The rats were deeply anesthetized with sodium pento-
barbital (80 mg/kg body weight). The hippocampus of each rat was removed
and the DG was dissected out at 4 °C. As described previously (68), the tissue
was homogenized in Buffer A containing 0.32 M sucrose, 1 mM MgCl2, a
protease inhibitor mixture using a Teflon/glass homogenizer. The homoge-
nates were centrifuged at 800 × g for 10 min to yield Pellet 1 (P1) and Su-
pernatant 1 (S1) fractions. The S1 fraction was centrifuged at 10,000 × g for
10 min to yield the cytoplasmic S2 and the P2 that contains membranes and
synaptosomes. The P2 pellet was resuspended in 3 mL of 0.32 M sucrose,
layered onto 2.25 mL of 0.8 M sucrose, and centrifuged at 9,100 × g for
15 min using a swinging bucket rotor. Synaptosomes were collected from
the 0.8 M sucrose layer and concentrated by centrifugation at 20,800 × g for
1 h. Synaptosomes were resuspended in Buffer B containing 30 mM Tris (pH
8.5), 5 mM magnesium acetate, 8 M urea, and 4% W/V CHAPS.

Western Blotting. A portion of each sample (40 μg) was separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
was transferred to nitrocellulose filter membranes (Millipore). The mem-
branes were blocked with 5% nonfat dry milk in Tris-buffered saline (TBS)
(150 mM NaCl, 20 mM Tris·HCl, pH 7.4) for 1 h at room temperature (RT) and
then incubated overnight at 4 °C with primary antibodies. After washing
with TBST (containing 0.1% Tween 20 in TBS) for 3 times, horseradish-
peroxidase coupled secondary antibodies were applied for 1 h at RT. After
additional washes, the membranes were analyzed by the ChemiDoc XRS+
System (Bio-Rad) and quantified by the Quantity One (Bio-Rad).

The following primary antibodies were used in this study: rabbit anti-
GluR1 (1:2,000; Abcam), rabbit anti-CaMKII (1:2,000; Abcam), rabbit
anti-phospho-GluR1 (ser831) (1:1,000; Cell Signaling Technology), rabbit
anti-phospho-CaMKII (thr286) (1:1,000; Cell Signaling Technology), and rab-
bit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:5,000; Abways).

Data Availability. All study data are included in the article and SI Appendix.
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