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Abstract
A precise fear memory encoding a traumatic event enables an individual to avoid danger and identify safety. An impaired
fear memory (contextual amnesia), however, puts the individual at risk of developing posttraumatic stress disorder (PTSD)
due to the inability to identify a safe context when encountering trauma-associated cues later in life. Although it is gaining
attention that contextual amnesia is a critical etiologic factor for PTSD, there is no treatment currently available that can
reverse contextual amnesia, and whether such treatment can prevent the development of PTSD is unknown. Here, we report
that (I) a single dose of transcranial photobiomodulation (PBM) applied immediately after tone fear conditioning can reverse
contextual amnesia. PBM treatment preserved an appropriately high level of contextual fear memory in rats revisiting the
“dangerous” context, while control rats displayed memory impairment. (II) A single dose of PBM applied after memory
recall can reduce contextual fear during both contextual and cued memory testing. (III) In a model of complex PTSD with
repeated trauma, rats given early PBM interventions efficiently discriminated safety from danger during cued memory
testing and, importantly, these rats did not develop PTSD-like symptoms and comorbidities. (IV) Finally, we report that fear
extinction was facilitated when PBM was applied in the early intervention window of memory consolidation. Our results
demonstrate that PBM treatment applied immediately after a traumatic event or its memory recall can protect contextual fear
memory and prevent the development of PTSD-like psychopathological fear in rats.

Introduction

Experiencing a traumatic event leads to the formation and
then consolidation of several types of fear-influenced

memories, including context-associated and cue-associated
memories, each of which triggers the expression of fear
[1, 2]. While creating and retrieving these memories is
essential for avoiding danger and identifying safety [3, 4],
an improper balance in the strength of these memories can
lead to psychopathological fear states [1, 5]. Individuals
with developing posttraumatic stress disorder (PTSD) are
well-known for having an intrusive cued memory (cued
hypermnesia) that paradoxically coexists with an impaired
contextual memory (contextual amnesia) [5–9]. Contextual
amnesia indicates that individuals developing PTSD cannot
remember the dangerous context where and when the
traumatic event originally occurred [1]. In contrast, cued
hypermnesia indicates that individuals developing PTSD
cannot correctly identify the trauma-associated cue in a safe
context after memory recall [1, 10]. Despite living in a safe
environment, repeated encounters with trauma-associated
cues lead to cued memory retrieval outside of the dangerous
context, and eventually, the cued memory becomes patho-
genic [1, 11, 12]. This implies that protecting the integrity
of the contextual memory encoding the dangerous context is
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the key to the differentiation of a safe context (referred to as
context discrimination), thereby inhibiting cued-elicited fear
in the safe context and facilitating the process of fear
extinction, a weakened fear response following non-
reinforced exposure to a conditioned stimulus [13].

The process of context discrimination depends on hip-
pocampal input [14, 15] because the hippocampus is
essential for the formation and recollection of episodic
and contextual memories of past events [11, 16, 17].
The inability to appropriately perform context or cue dis-
crimination in animals is referred to as PTSD-like memory
impairments and has been manifested previously in rodent
models [1, 18]. Robust evidence has confirmed that stress
hormones, including norepinephrine and glucocorticoids,
released shortly after experiencing a traumatic event, can
facilitate memory consolidation and form long-term mem-
ories [4]. However, the high level of corticosterone in the
hippocampus, originating either from external perfusion or
prolonged restraint following fear conditioning training
with strong foot shock, is considered an inducer of con-
textual amnesia [1, 18]. Although contextual amnesia is
gaining attention as a critical etiologic factor for PTSD,
there is no treatment currently available that can reverse
contextual amnesia. Whether such treatment can prevent the
development of cued hypermnesia is unknown.

Photobiomodulation (PBM) is a non-invasive physical
therapy in which low energy near-infrared light is applied to
a tissue of interest and has been demonstrated to produce
complex treatment effects for diverse diseases, including
several brain disorders [19, 20]. PBM has also been
investigated as a potential treatment for psychiatric dis-
orders, both in animal studies and human pilot trials. Using
a prolonged stress model to induce a PTSD-like phenotype
in rats, the application of PBM to acupoints in both legs
reduced anxiety-like symptoms and increased neural acti-
vation at the anterior cingulate cortex [21]. In two clinical
pilot trials, transcranial PBM reduced depressive symptoms
and demonstrated safety in human patients with major
depressive disorder [22, 23]. In a study examining the
effects of transcranial PBM on generalized anxiety disorder,
patients treated with PBM displayed significant reductions
in measures of anxiety symptoms and had improvements in
their quality of sleep [24]. It is thought that the underlying
mechanism mediating these effects is, in part, related to the
ability of PBM to promote mitochondrial function and
beneficial trophic factor release by way of modulating
cytochrome c oxidase activity [25].

Cytochrome c oxidase has been identified as the primary
target of PBM treatment [19, 26, 27]. Photons from PBM
can dissociate inhibitory nitric oxide from cytochrome c
oxidase, leading to increased electron transport across the
mitochondrial inner membrane, resulting in boosted ade-
nosine triphosphate (ATP) production [26, 27]. PBM can

increase ATP production in diverse tissues [28, 29]. ATP is
the primary energy supply for not only basal metabolic
activities but also the memory formation process in neurons
[30]. It has been shown that metabolic agents that enhance
ATP can improve cognition [31]. This energy-boosting
effect from PBM inspired our hypothesis that PBM treat-
ment could protect contextual memory from impairment,
increase the contextual discriminability of a safe environ-
ment, and prevent the development of PTSD-like symptoms
and comorbidities in rats.

Materials and methods

Animals

Adult (3–5 months old) Sprague–Dawley rats of both sexes
were included in this study. For the experiments that include
animals of both sexes, 40–60% of rats in each group were
females in order to exclude the bias induced by sex dif-
ferences. Animals were bred in our campus animal facility
and were group-housed (2–4 rats/cage from the same litter)
in a temperature- and light-controlled room (23 °C with a
light/dark cycle of 6 a.m./6 p.m.). Litter-mates from the
same sex were randomly assigned to different treatment
groups. Typically the treatment group and its control group
had 8–15 rats. All experiments were conducted in accor-
dance with the animal use protocol that was approved by the
Institutional Animal Care and Use Committee of Augusta
University.

PBM treatment and restraint

The laser setup used in this study was based on our pre-
vious work [32] with improvements. The detailed proce-
dure for PBM application is illustrated in Supplementary
Fig. S1. The wavelength of the CW laser (PSU-III-LED,
model 808M100, Dragon Lasers, Jilin province, China) at
808 nm was selected because it is a near-infrared light with
the features of minimal thermal effects, deep penetration,
and minimal absorption through tissue media [33]. All rats
were shaved at least two days before applying PBM
treatment. During treatment, rats were restrained in a
transparent plastic cone (DecapiCone, DCL-120, Braintree
Scientific, Inc., MA). Eyes were covered with aluminum
foil in order to eliminate the interference from the visible
guide light (red). The laser beam spot (808 nm, invisible to
both humans and rats) was positioned using the red guide
light which allows it to target the scalp easily. The distance
between the end of the beam fiber lens (Imeter 400 µm
multi model; adjustable focus) and the rat scalp was
adjusted to 35 cm to generate a 1.5 cm2 laser spot size on
the scalp.
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To measure the beam intensity that penetrated into spe-
cific brain tissues, rats were decapitated, and the brains were
dissected out by breaking the basion bone, which left the
top of the skull intact. According to the rat brain atlas,
horizontal brain sections were prepared from ventral to
dorsal until the amygdala was first observed. Then, the
remaining parts of the brain were placed back under the
skull. The scalp and the plastic cone were placed on top of
the skull. The laser meter probe (#LP1, Sanwa, Japan;
#FM33-056, Coherent Inc, USA) was placed under the
brain section (Supplementary Fig. S1d). The beam intensity
that penetrated to the dorsal hippocampus and cortex was
measured following the same procedure as the amygdala
with smaller pieces of dissected brain tissues. The reading
on the laser meter probe was 25 mW/cm2 for the cortex,
12 mW/cm2 for the hippocampus, and 3 mW/cm2 for the
amygdala.

We have tried three different time durations of PBM
treatment of 1, 2, and 4 min following the repeated fear
conditioning training protocol. Our data demonstrate that
2 min treatment duration can generate the optimal beneficial
effects on PTSD symptoms (data not shown). Therefore, we
went with 2 min treatments throughout the rest of the study.
We compared local temperature on the rat scalp after
PBM treatment or restraint, using an infrared thermometer
(NUB8380, Nubee). At room temperature (25 °C), we
observed a 1 °C temperature increase on the scalp of living
rats following 2 min of 350 mW/cm2 PBM treatment on
the scalp (31.79 ± 0.17 °C for Res-group, n= 11; 32.79 ±
0.13 °C for PBM-group, n= 10). However, when we used
the same setting as described in Supplementary Fig. S1d and
monitored the temperature increase on the brain tissue after
PBM treatment, we could not detect temperature changes on
the cortex when compared with the tissue temperature prior
to PBM treatment. Therefore, PBM inevitably imparts a
thermal effect on the scalp, but it is unlikely that the PBM
can generate thermal effects on brain tissue.

Behavior tests

Based on our previous protocols [32, 34, 35], behavior
tests were performed between 3 p.m. and 6 p.m. (light of at
6 p.m.) and analyzed by “ANY-Maze” software (Stoelting
Co., Wood Dale, IL, USA). Data collection and analysis
were performed blind to the experimenter.

Fear conditioning

The fear conditioning chamber (context-A) is equipped with
steel rods on the floor for delivering electric shocks controlled
by a stimulus isolation unit (SIU-102B, Warner Instruments,
Hamden CT, USA). Freezing behavior (no noticeable
movement for ≥1 s) was analyzed by “ANY-Maze” software.

After rats were placed in the conditioning chamber for 90 s,
three 30 s tones, each of which co-terminated with a 2 s
foot shock, were presented every 2 min. The percentage of
freezing for every 2 min conditioning session was plotted
as conditioning response. Tones were 2.8 kHz sine waves
(90 dB).

Contextual memory test

Contextual fear memory was tested in context-A for 5 min
without tone presentation. The percentage of freezing time
(1–5 min) was plotted to evaluate contextual memory.

Cued memory test

Cued fear memory was tested in a different chamber named
context-B (for a different visual context) with sawdust
bedding (for different odor). A rat was placed in context-B
for 90 s and then presented with three 30 s tones every 2 min
(the same as conditioning training without foot shock). The
percentage of freezing before the first tone presentation was
calculated as baseline freezing to the neutral context-B, and
the average percentage of freezing to three tones was plotted
as cued memory.

Memory recall test

Rats were pre-exposed to context-A for 5 min at day 0, then
were conditioned (three 1.5 mA foot shocks) in context-A
on day 1. On day 2, a 2 min reminder session (rats were
placed in the context-A chamber for 90 s, then a 30 s tone
was presented) was introduced. Immediately after the
reminder tone, rats were restrained either with or without
PBM treatment. Rats were then returned to their home cage.
Two weeks later, on day 16, contextual memory in context-
A (5 min) and cued memory (2 min, accompanied with a
30 s tone at the end) in context-B were measured.

Extinction test

Rats were conditioned (three 0.5 mA foot shocks per day) in
context-A on days 1–2, followed by extinction training
(cued memory test in context-B) on days 3–6. During
extinction training, rats were placed in the extinction
chamber (context-B) for 90 s and then presented with three
30 s tones (90 dB) every 2 min (the same tone as con-
ditioning training without foot shock). The decrease of
freezing to tone was interpreted as an extinction effect.

Corticosterone detection

Rats were anesthetized by inhalation of isoflurane and
cardiac perfusion with ice-cold PBS. The plasma and
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dorsal hippocampus were collected quickly and tested for
corticosterone using an ELISA kit (EIACORT; Invitro-
gen, Carlsbad, CA, USA). Blood was collected in a 1.5 ml
tube containing 25 mg EDTA and then centrifuged at
2000 rpm for 10 min. According to the manual, 0.5 ul
plasma per well was assayed for ELISA. The dorsal
portion of the hippocampus was homogenized in ice-cold
lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl,
12 mM beta-glycerophosphate, 1% Triton) with a protease
inhibitor cocktail (Sigma-Aldrich, Allentown, PA, USA).
The lysis was then sonicated for 30 s and centrifuged at
12000 rpm for 10 min at 4 °C. The protein concentration
was measured using a BCA protein assay kit (Thermo
Scientific; Guilford, CT, USA), and 5 µg of total protein
from hippocampus lysis samples per well was aliquoted
for ELISA. The final concentration of corticosterone from
plasma and the hippocampus was calculated according to
the standard curve.

Norepinephrine detection

The same tissue lysate from the above preparation for cor-
ticosterone measurement was used for norepinephrine
detection by the ELISA method (KA1891; Abnova Cor-
poration, Taipei, Taiwan). Total 300 µg protein lysis and
100 µL plasma were assayed for measuring norepinephrine
according to the manual.

ATP detection

The hippocampal lysate from the above preparation for
corticosterone measurement was used for ATP detection
(Firefly Luciferase Bioluminescence Assay, Invitrogen;
Guilford, CT, USA). A 5 µg aliquot of the total protein
sample was assayed for ATP content according to the
manual. ATP concentration was quantified according to a
standard curve.

Statistics analyses

All data were presented as mean±S.E.M. Statistical com-
parisons between different groups across multiple con-
secutive time points (days, minutes) were analyzed with
two-way ANOVA using SigmaStat 3.5 software. After
ANOVA, Student–Newman–Keuls method post hoc tests
were used for pairwise comparisons between two groups.
Other comparisons between two groups were analyzed via
student’s t-test (two tailed). A level of P < 0.05 was con-
sidered statistically significant. Detailed methods of statis-
tical analyses method are listed in supplementary materials
as Supplementary Table S1.

Results

Contextual amnesia is prevented by applying PBM
immediately after fear conditioning training

It has been established that increasing stress intensity by
applying restraint immediately after fear conditioning with a
strong foot shock induces contextual amnesia [1]. Here, we
first attempted to create an impaired contextual memory in
rats and tested whether PBM could protect it. As females
have a twofold higher risk of developing PTSD than males
[36], both sexes were included. Twelve groups of rats were
conditioned with either three mild (0.5 mA) or strong (1.5
mA) foot shocks and accompanying tones in context-A
(Fig. 1A), then were restrained for 0, 2, or 10 min imme-
diately after conditioning. Contextual and cued memory
was tested 24 h later in context-A and context-B, respec-
tively. We established Res-group as the control group for
PBM treatment because rats must be transiently restrained
to administer PBM treatment. To be noted, restraint applied
immediately after fear conditioning acts as a second stressor
and has been reported as a critical factor that can interfere
with the fear-conditioning event’s memory consolidation
process [1]. Therefore, we also set up a No res-group as a
reference for adaptive fear memory, and rats in this group
were not restrained following fear conditioning. No res-
group’s total stress intensity is abbreviated as 0.5+ 0 (0.5
mA foot shock followed by 0 min restraint). Compared with
No res-group (0.5+ 0), a much higher freezing percentage
was observed in Res-group (0.5+ 2) during the contextual
memory test (Fig. 1B) (t (14)= 3.036, P= 0.0089 for
females; t (17)= 2.218, P= 0.0405 for males), which
suggests that restraint stress applied immediately after foot
shock can greatly enhance contextual memory.

Interestingly, when stress intensity was increased to 1.5+
2, the same high-stress intensity induced a contextual memory
impairing effect (Fig. 1B downward arrowhead) in the
females of Res-group (lower freezing at 1.5+ 2 compared
with 0.5+ 2, t (18)= 2.411, P= 0.027), but a contextual
memory-enhancing effect in the males of Res-group (higher
freezing at 1.5+ 2 compared with 0.5+ 2, t (21)= 3.935, P
= 0.0008). This result indicates that contextual fear memory
in females is more prone to damage than in males. When the
stress condition was further increased to 1.5+ 10, contextual
memory impairment (Fig. 1B downward arrowhead) was
observed in the males of Res-group (1.5+ 10 vs. 1.5+ 2, t
(15)= 5.073, P= 0.0001). Strikingly, PBM prevented
memory impairment in both females (t (20)= 3.196, P=
0.005, PBM vs. Res) and males (t (14)= 4.006, P= 0.0013)
(Fig. 1B). Unlike contextual memory, cued memory was not
impaired, and PBM had no treatment effects (Fig. 1C).
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The percentage of freezing response during contextual
and cued memory tests represents a summated fear
response that includes not only the fear response elicited by
the memory to the conditioned context and tone, but also a
basal emotional fear state [37]. The basal emotional state
could be monitored by recording baseline freezing (Fig. 1A
lower right corner), the freezing response prior to tone
presentation in a novel context. By subtracting the baseline,
the conditioned fear response elicited by the conditioned
tone can be used as a numerator for calculating the tone
conditioning ratio [38]. In this study, the tone conditioning
ratio was calculated as [% freezing during tone

presentation − baseline]/[% freezing during tone pre-
sentation + baseline]. Using similar logic, the context
conditioning ratio was also calculated as [% freezing dur-
ing contextual memory test − baseline]/[% freezing during
contextual memory test + baseline]. The context con-
ditioning ratio reflects the context discriminability of the
conditioned context-A against the novel context-B. From
these new calculations, we found that PBM can prevent the
dropdown of context conditioning ratio (Fig. 1D) in both
sexes when stress intensity is high (t (20)= 2.098, P=
0.049, PBM vs. Res at 1.5+ 2 for females; t (14)= 2.468,
P= 0.027, PBM vs. Res at 1.5+ 10 for males). The tone
conditioning ratio remains stable (Fig. 1E), and PBM has
no effect.

By choosing female animals, we compared the treatment
efficacy of 6 h delay (6 h post-group) with immediate
(PBM-group) or no treatment (Res-group) group (Supple-
mentary Fig. S2). We found that PBM’s protective effect is
compromised when PBM is postponed to 6 h outside of the
consolidation window. Taken together, these results suggest
that (I) applying restraint immediately after fear condition-
ing training with strong foot shock can disrupt the memory
consolidation process and induce contextual amnesia, and
(II) PBM treatment applied during restraint can preserve the
consolidation process and protect contextual memory from
impairment.

PBM increases ATP in the hippocampus but has no
effect on corticosterone under high-stress
conditions

To test whether PBM influences the levels of corticosterone in
the hippocampus, rats were conditioned with the high-stress

Fig. 1 Contextual amnesia is prevented by applying PBM imme-
diately after fear conditioning training. A The behavioral test
paradigm for contextual amnesia. B As stress intensity rises, the
strength of contextual memory increases. Contextual memory was
impaired after a turning point, indicated by a black arrowhead, from
0.5+ 2 (abbreviation of 0.5 mA foot shock followed by 2 min
restraint) (Res, n= 9; PBM, n= 10) to 1.5+ 2 (Res & PBM, n= 11
each) for females ($P < 0.05, t-test, 0.5 mA vs. 1.5 mA) and from 1.5
+ 2 (Res & PBM, n= 9 each) to 1.5+ 10 for males (Res & PBM, n=
8 each) ($$P < 0.01, t-test, 2 min vs. 10 min). PBM treatment prevented
such memory impairment in both sexes (**P < 0.01, t-test, PBM vs.
Res). A group of rats (Females, n= 7; Males, n= 5), named as No res-
group, was fear-conditioned but did not receive restraint. #P < 0.05,
##P < 0.01, t-test, Res vs. No res. C Cued memory was not impaired
and unaffected by PBM. D The context conditioning ratio was cal-
culated for all groups with different stress levels. E The tone con-
ditioning ratio. F Representative occupancy plot of the animal’s center
point for males of Res-group and PBM-group during contextual
memory testing at stress intensity 1.5+ 10. Compared with Res-group,
rats in PBM-group exhibited a much shorter exploration track and
higher freezing behavior (white arrow denotes a high-occupancy
location), which indicates a preserved contextual memory after PBM
treatment. Data are mean ± S.E.M.
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intensity conditions, as described above, which previously
induced contextual amnesia (1.5+ 2 for females; 1.5+ 10 for
males). Rats were sacrificed 20min after fear conditioning
when systemic corticosterone levels reached their highest
plateau (Fig. 2A). Despite a stark increase in corticosterone
observed in both plasma and the hippocampus (t (11)=

6.406, P < 0.0001 for females, Res vs. Naive; t (13)= 4.161,
P= 0.0011 for males) of Res-group rats compared to Naïve-
group rats, PBM did not exhibit a treatment effect on the high
levels corticosterone in either plasma or the hippocampus
(Fig. 2B, C) (t (16)= 0.1352, P= 0.8942 for females, PBM
vs. Res; t (18)= 0.6617, P= 0.5165 for males). This result

Fig. 2 PBM increases ATP, but has no effects on the toxic corti-
costerone (CORT) in the hippocampus following stress which
could induce contextual amnesia. A The stress conditions for indu-
cing contextual amnesia are 1.5+ 2 for females (Res & PBM, n= 9
each) and 1.5+ 10 for males (Res & PBM, n= 10 each). The stress
conditions are 1.5+ 0 for No res-group (females & males, n= 4 each)
and 0+ 0 for Naïve-group (females & males, n= 4 each). Naïve-
group rats were sacrificed at their home cage. Other rats were sacri-
ficed at 20 min after the last foot shock. B Females had higher basal
levels of CORT in the hippocampus than males (t (7)= 3.584, P=
0.009). Fear conditioning increased hippocampal CORT only in males
(t (7)= 4.034, P= 0.005), not females (t (6)= 1.744, P= 0.132). The
restraint increased CORT in the female hippocampus (t (11)= 3.791,
P= 0.003), not males (t (12)= 1.445, P= 0.174). Compared with

Res-group, PBM had no effect on either plasma CORT (females,
t (16)= 0.532, P= 0.602; males, t (18)= 0.507, P= 0.618) or hip-
pocampal CORT (females, t (16)= 0.0639, P= 0.95; males, t (18)=
0.662, P= 0.517). ##P < 0.01, No res vs. Res; @@P < 0.01, Naïve vs.
No res. C Females had higher basal level of circulating CORT in
plasma than males (t (7)= 0.2552, P= 0.038). Fear conditioning
greatly increased plasma CORT in both sexes (Naïve vs. No res;
females, t (6)= 8.879, P < 0.001; males, t (7)= 7.297, P < 0.001). The
restraint further increased CORT in males (t (12)= 4.633, P < 0.001),
but not females (No res vs. Res; t (11)= 1.254, P= 0.236). D PBM
increased ATP production in the hippocampus of both females and
males. E, F PBM has no effect on norepinephrine in either the hip-
pocampus or plasma. **P < 0.01, PBM vs. Res, Student’s t-test. Data
are mean ± S.E.M.
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suggests that PBM is not directly targeting corticosterone
levels, but rather it is targeting memory interference down-
stream of corticosterone release.

It has been proposed that glucocorticoids endanger hip-
pocampal neurons by impairing their energy metabolism
[39]. In the minutes following a stressful event, nor-
epinephrine promotes glucose metabolism; hours into the
stress response process; however, glucocorticoids act to
suppress energy metabolism [39, 40]. Interestingly, when
the same tissue lysate for hippocampal corticosterone
measurement was assayed for ATP concentration, an
increase of ATP content was observed in PBM-group
compared with Res-group (t (16)= 3.564, P= 0.0026 for
females; t (18)= 2.974, P= 0.0081 for males) (Fig. 2D).
The increase of ATP supply following a high-stress event in
PBM-group rats implies that an improved energy supply in
the hippocampus during the memory consolidation window
may contribute to the contextual memory protection

imparted by PBM. Using the same batch of sample aliquots
from corticosterone analysis, we also measured the nor-
epinephrine concentration. We found that PBM does not
affect norepinephrine in either plasma or hippocampus
(Fig. 2E and F).

PBM reduces contextual fear following memory
recall

The above results demonstrate that PBM treatment applied
at the consolidation window can protect contextual memory
from impairment, and therefore we next investigated whe-
ther PBM has a treatment effect if PBM is applied after
memory recall, another early intervention window [41, 42].
Rats were pre-exposed to context-A on day 0 (Fig. 3A), and
were conditioned on day 1 (1.5 mA foot shock without
subsequent restraint was chosen to generate an unimpaired
contextual memory to facilitate full memory recall,

Fig. 3 The overall contextual fear is reduced by applying PBM
after memory recall. A The behavioral test paradigm for memory
recall. B In female Res-group rats, a strengthened cued memory was
observed at day 16 compared with No res-group (n= 8) ($P < 0.05, t-
test, percentage of freezing to tone was shaded with gray as cued
memory), which indicates a step towards the development of cued
hypermnesia. Compared with Res-group (n= 10), female rats in PBM-

group (n= 12) exhibited less freezing response during the contextual
and cued memory test (**P < 0.01, two-way ANOVA with repeat
measures). C In males (Res & PBM, n= 8 each), both contextual and
cued memorries were intense, and PBM had no effects. The baseline is
the percent of freezing before tone presentation in a novel context-B.
D The context and tone conditioning ratio calculated at day 16 for both
sexes. Data are mean ± S.E.M.
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according to the results in Fig. 1A). A single tone in
context-A was introduced as a reminder to provoke memory
recall on day 2. PBM was applied immediately after the
tone reminder. Contextual and cued memory was tested on
day 16 in context-A and context-B, respectively. Consistent
with the sexual dimorphism observed in Fig. 1, males in
Res-group exhibited a much higher freezing response to
context-A than females during the 0–1.5 min time duration
of the reactivation session (a shorter contextual memory
test) (t (17)= 2.361, P= 0.030). During cued memory tests
(Fig. 3B), female rats in Res-group exhibited higher freez-
ing to the tone on day 16 compared with the No res-group
(t (16)= 3.090, P= 0.007). This exaggerated freezing
response in Res-group suggests a reconsolidation-related
step towards the development of cued hypermnesia, but this
phenomenon is not observed in the rats from PBM-group
(t (18)= 1.092, P= 0.289, PBM vs. No res). It should be
noted that rats received foot shock only on day 1, one out of
four days (day 0, 1, 2, 16) in which they visited context-A.
Therefore, revisiting context-A at days 2 and 16 may gen-
erate a fear extinction effect according to trace dominance
theory [43]. It is well-accepted that extinction memory is a
new memory that coexists and competes with the original
fear memory [44]. In fact, compared with Res-group, we
found that female rats in the PBM-group exhibited less
freezing response both near the end (4–5 min) of the con-
textual memory test in context-A (F1, 20= 6.087, P=
0.023), and throughout the following cued memory test in
context-B (F1, 20= 10.106, P= 0.005) (Fig. 3B). These
results suggest that the PBM-treated rats have a greater
contextual memory extinction towards context-A. As
compared with the rats in Res-group, the much lower
freezing baseline (Fig. 3B, 0–1.5 min of cued memory test
before tone presentation) suggests that PBM-treated rats can
better differentiate the safe context-B during their first visit.
It is unlikely that, at the end of the contextual memory test,
the decreased freezing behavior in PBM-treated female rats
compared to Res-group is a phenomenon of contextual
amnesia (or forgetting). This is because during the 3rd

minute of the context memory test session, both groups
exhibit their highest peak of freezing behavior but lack
group differences (t (20)= 1.465, P= 0.161). In males,
both contextual and cued memories were intense (Fig. 3C),
and PBM had no treatment effects.

PTSD-like symptoms and comorbidities in rats are
prevented by early PBM interventions

Since PBM exhibited treatment effects when applied either
in the consolidation window or after memory recall, we next
investigated whether PTSD-like symptoms and comorbid-
ities can be prevented by early PBM intervention. We
established a model for complex PTSD, a psychological

disorder that develops after an individual experiences pro-
longed and repeated trauma [45]. Rats were repeatedly
conditioned (0.5 mA) on odd days, followed by repeated
memory tests (contextual followed by cued 1 h later) on
even days as reminders (Fig. 4A, 8 days in total). PBM was
applied daily, immediately after every fear conditioning and
cued memory test. Consistent with the findings in Fig. 1,
restraint applied to the rats in Res-group (Fig. 4) dramati-
cally strengthened contextual memory, as compared with
the No res-group. This suggests that immediate restraint
boosts hippocampal engagement in contextual encoding.
Strikingly, compared with the Res-group, we found that
both sexes of the PBM-group exhibited less freezing to cue
(Males, F1, 19= 4.399, P= 0.039; Females, F1, 17= 14.139,
P < 0.001), not context (Males, F1, 19= 2.100, P= 0.151;
Females, F1, 17= 2.249, P= 0.139) (Fig. 4B, C). To be
noted, the cued memory tests performed in context-B on
even days, wherein rats repeatedly hear the conditioned tone
but never receive foot shocks, could generate a greater
extinction effect to context-B, according to trace dominance
theory [43]. As such, the abated freezing behavior during
the later days of cued memory testing suggests PBM-treated
rats can efficiently discriminate “safety” from “danger.”
Importantly, after a long interval of three weeks, the PBM-
treated rats developed no symptoms or comorbidities of
PTSD, while rats in Res-group did (including anxiety,
depression, cognition, and social interaction deficits, illu-
strated in Supplementary Fig. S3). In addition, PBM-treated
male rats gained body weight over the days of repeated fear
condition training, while treatment control rats (Res-group)
lost weight (Supplementary Fig. S4). These results indicate
that PBM treatment promotes the correct appraisal of safety
during the period of repeated trauma and prevents the
development of PTSD-like symptoms and comorbidities in
the long run.

Fear extinction is facilitated by early PBM
interventions

To test whether PBM improves fear extinction, rats were
conditioned on days 1-2 in context-A, followed by extinc-
tion training on days 3–6 in context-B (Fig. 5A, no sex
difference was observed; data from females and males were
pooled together). Two days of conditioning training was
selected to induce an intense cued memory before extinction
training. PBM applied immediately after each extinction
training (Fig. 5B) did not result in a treatment effect on cued
memory (F1, 18= 0.572, P= 0.459). Interestingly, when
PBM was applied immediately after conditioning on day
1–2 (Fig. 5C), a greatly reduced percentage of freezing to
tone (F1, 16= 27.465, P < 0.001) and less intense baseline
freezing (F 1, 16= 52.499, P < 0.001) were observed in the
PBM-group, compared to Res-group. Notably, even before
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extinction training on day 3, PBM-treated rats had less
baseline freezing (P < 0.001, post hoc pairwise comparison)
and freezing to tone (P= 0.02, post hoc pairwise compar-
ison). This result suggests that PBM-treated rats correctly
discriminated the neutral context-B from the “dangerous”
context-A during their first visit to context-B on day 3.
Moreover, when the PBM application was postponed to 6 h
(Fig. 5D) and applied outside of the consolidation window,
the treatment effect disappeared (F1, 18= 0.250, P= 0.623).
These findings indicate that PBM is generating a specific
effect on the memory consolidation process and that early
intervention immediately after foot shock is necessary to
maximize the extinction facilitation effect of PBM. It is
worth pointing out that the PBM treatments applied
immediately after extinction training can also facilitate fear
extinction, as PBM-treated rats exhibited a significantly

lower tone conditioning ratio on days 4 and 5 (Fig. 5E top
panel).

The hippocampus and amygdala respond to PBM
treatment

To explore the cellular and molecular changes triggered by
PBM, ERK phosphorylation (pERK) [46] was selected as a
marker for monitoring changes in neuronal activity. As
shown in Supplementary Fig. S5, PBM increased pERK in
both the hippocampus and the amygdala. Immunostaining
further confirmed that the increased pERK observed in the
hippocampus was co-localized with low-parvalbumin (PV)
stained cells. This result suggests that PBM treatment is
generating a specific effect on this population of inhibitory
neurons in the hippocampus.

Fig. 4 PBM early interventions inhibit trauma-associated fear in a
PTSD model of repeated trauma. A Rats were conditioned with mild
foot shock on odd days (days 1, 3, 5, 7), followed by memory tests on
even days (days 2, 4, 6, 8). PBM was applied immediately after the last
tone every day. A group of rats without restraint (No res-group,
Females, n= 7; Males, n= 5) was also included. In both females (B)

and males (C), restraint greatly strengthened the contextual, not cued,
memory (No res vs. Res). PBM relieved the intense cued memory in
both females (Res, n= 9; PBM, n= 10) and males (Res, n= 12; PBM,
n= 9). D The tone conditioning ratio for both sexes.*P < 0.05, **P <
0.01, two way ANOVA, PBM vs. Res; ##P < 0.01, two way ANOVA,
No res vs. Res. Data are mean ± S.E.M.
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Discussion

Approaches to erase maladaptive fear memory, especially
cued hypermnesia, are currently the primary focus in
developing treatments for PTSD [47–49]. Although cued
hypermnesia is a major symptom of PTSD, another coex-
isting symptom, contextual amnesia, has been somewhat
overlooked [5]. Contextual memory contains spatial and
temporal information about a traumatic event and provides
reference points to make conscious judgments of whether
the current combination of context and cue are dangerous or
safe [5, 14]. Here we report that PBM treatment applied
after rats experience a traumatic event can boost ATP pro-
duction in the hippocampus, protect contextual memory
from impairment, increase contextual discrimination of a

“safe” context, facilitate fear extinction, and, finally, prevent
the development of PTSD-like symptoms and comorbidities
(outlined in chronological order in Supplementary Fig. S6).

It has been shown that using a tone-shock unpairing pro-
tocol (in mice using a 65 dB tone) induced concomitant
contextual amnesia with cued hypermnesia [1]. Meanwhile,
we found that a tone-shock pairing protocol (in rats with 90
dB tone) can also induce PTSD-like memory impairments,
and that the time window for the occurrence of cued
hypermnesia lagged behind contextual amnesia. In our
experiment setting, contextual amnesia was observed when
the contextual memory was tested for the first time (Fig. 1),
but cued hypermnesia was observed when the cued memory
was tested more than one time (Figs. 3, 4). Throughout this
study, the use of the tone-shock pairing procedure implies that

Fig. 5 Fear extinction is facilitated by PBM early interventions. A
Rats were conditioned on days 1–2 in context-A, followed by
extinction training on days 3–6 in context-B. B PBM exhibited no
treatment effect on fear extinction when PBM was applied immedi-
ately after extinction training (n= 10 each). C Extinction was facili-
tated when PBM was administered immediately after conditioning on

days 1 and 2 (Res & PBM, n= 9 each). D This facilitation effect
disappeared when PBM was postponed to 6 h after the last tone (n=
10 each). E PBM decreased tone conditioning ratio when PBM was
applied immediately after extinction training (F1, 18= 4.962, P=
0.029). **P < 0.01, two way ANOVA, PBM vs. Res. Data are mean ±
S.E.M.
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the combined presentation of conditioned context and cue
during memory testing is the correct predictor for the
upcoming foot shock. Therefore, both the memory to context-
A and tone could be considered adaptive fear responses.
However, when the same tone-shock pairing paradigm was
tandemly replicated many times (Fig. 4) or when the tone was
repeatedly presented in extinction context (Fig. 5), the tone in
context-B predicted the absence of foot shock and indicated a
“safe” signal instead. Therefore, a more persistent freezing
response to tone specifically on the later rounds of cued
memory testing can be considered as cued hypermnesia and a
maladaptive fear response. To be noted, this type of cued
hypermnesia is associated with a learning deficit of fear
extinction to the simple tone. Indeed, as illustrated in Fig. 4,
this was validated by the great difference in % freezing
between Res- and PBM-group on days 4 and 6 of cued
memory testing. Importantly these two groups have divergent
phenotypes on whether they develop PTSD-like symptoms
and comorbidities (Supplementary Fig. S3). These findings
demonstrate that the cued hypermnesia we observed is
maladaptive and psychopathological.

Similar to the cue-triggered involuntary memory recall
present in PTSD patients, every memory recall event occurs
under a specific contextual background. Cued memory
testing in animals involves presenting a conditioned tone in
a context that is different from the conditioned (or danger-
associated) context. When used as a measurement for cued
memory, the percentage of freezing to tone has two com-
ponents, a freezing response to the background context
before tone presentation (baseline or pre-tone) and the
freezing response to the conditioned tone [38]. In our
results, PBM did not exhibit a treatment effect on the tone
conditioning ratio (Figs. 1E, 3D, and 4D), with the excep-
tion of the fear extinction results (Fig. 5E). The central
unifying effect of PBM we observed between experiments
is that PBM-treated rats always display a lower fear
response to the background context (Figs. 3B, 4B, and 5C),
compared with Res-group. The decreased freezing baseline
implies a precise contextual memory at the beginning sev-
eral minutes of each test, which can later facilitate context
discrimination and fear extinction.

Numerous evidence has confirmed that physical treat-
ment can generate specific effects on memories if the
treatment is applied at special time windows. For example,
electroconvulsive shock applied at the consolidation and
reconsolidation windows can produce retrograde contextual
amnesia [50, 51]; deep-brain stimulation of the entorhinal
area during a learning phase can enhance memory [52];
exposing rats to a magnetic field can impair memory
acquisition and consolidation for contextual fear memory
[53–55]; and transcranial magnetic stimulation, when
applied after cue, can produce a reemergence of latent short-
term memory in human subjects [56]. Here we report that

PBM treatment can prevent contextual amnesia if PBM is
applied in the consolidation window after rats experience a
high threat traumatic event. It is worth noting that PBM can
prevent cued memory from intensifying if PBM is applied
after memory recall (Fig. 3). This finding broadly extends
the limited treatment window of PBM beyond consolida-
tion. For example, in the clinical setting, PBM could be
applied immediately after the PTSD patient has involunta-
rily retrieved the traumatic memory. As adjuvant therapy
during exposure psychotherapy for PTSD, PBM can be
applied immediately after the fear memory has been recalled
and may help prevent patient dropout because of excessive
fear during psychotherapy [57].

Freezing behavior is a natural defensive response in
rodents and does not unequivocally prove that a rat is
subjectively experiencing a feeling of fear. For example,
unlike males, female rats may use “darting” (non-freezing
behavior) as an active fear response [58]. In addition,
freezing behavior could be affected by factors unrelated to
fear, such as changes in sensory input (vision, audition,
pain, etc.) or mobility [58, 59]. Therefore, the effect we
observed might be non-specific. However, we found that
PBM-treated rats from both sexes (data from males may
lack the “darting” artifact found in females) displayed a
decreased freezing response to the “safe” context and tone
(Figs. 3, 4, and 5), but exhibited an increase of freezing
behavior to the “danger” context (Fig. 1), compared with
treatment control rats. This diverse effect suggests that
PBM-treated rats can better differentiate the “safe” context
from the “dangerous” one. In addition, we have monitored
body weight loss as another parameter for measuring the
general pathology from stress. We found that, during the
days of repeated fear conditioning testing (Supplementary
Fig. S4), males of PBM-treated rats did not lose, but instead
gained, body weight at almost the same rate as Naïve-group
rats that did not receive any fear conditioning training.
Together with the data indicating the absence of other
PTSD-like symptoms and comorbidities in PBM-treated
rats (Supplementary Fig. S3), these findings support that
freezing behavior does reflect a fear state in rats and that
PBM-treated rats have less psychopathological fear but a
more precise contextual fear memory, which indicates
improved context discriminability.

It is possible that PBM may have no effect on the
memory of the fear conditioning event and instead may only
generate beneficial effects relating to the stress from
restraint. Since rats were restrained during PBM treatment
and both restraint and fear conditioning training generate
stress, it is difficult to dissect whether PBM has an effect
specifically on the stress from restraint, fear conditioning
training, or the contextual memory itself. For example,
although we demonstrated that the beneficial effects of
PBM were compromised when PBM was applied 6 h after
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conditioning (Supplementary Fig. S2), and this finding
suggests that PBM may target memory consolidation, there
is an important limitation on the interpretation of this
finding. Because PBM must be applied during a restraint
stress episode, we cannot rule out whether the missing
beneficial effect is due to the 6 h shift of PBM per se or to
the shift of restraint stress. Nevertheless, we found that
PBM-treated male rats displayed a significantly attenuated
freezing response during cued memory tests compared with
No res-group (F1, 13= 4.454, P= 0.038, Fig. 4B). This
result suggests that PBM generates beneficial effects
beyond the stress from restraint. To be noted, (I) our results
and others [1, 18] demonstrate that restraint stress applied
immediately after fear conditioning is necessary for indu-
cing a PTSD-like phenotype in rodents, (II) the same set of
stress hormones, norepinephrine, and glucocorticoids, are
released regardless of the source of stressful events, (III)
these stress hormones influence the memory consolidation
process for the stressful event [4].

We observed a significant sexual dimorphism during the
contextual memory test. Under high-stress conditions with a
strong foot shock, male rats exhibited a much higher
freezing response to the context compared with females
(Figs. 1 and 3). In contrast, such sexual dimorphism on
contextual memory was not observed when the stress
intensity was low. These findings imply that males and
females have different memory processing patterns for
contextual information for high threat events. Together with
the higher basal level of corticosterone in females’ hippo-
campus and plasma (Fig. 2), these findings may explain
why females are more sensitive to stress and have a higher
risk of developing PTSD [36]. While we did observe gender
differences in PBM-treated animals in this study, we believe
that they are associated with PTSD psychopathology rather
than the treatment itself. PTSD is well known to affect
women differently, both in rates and symptoms, than men.
Meanwhile, we cannot completely rule out sex differences
in PBM response, because our previous studies did not
reveal any gender differences in PBM treatment of unin-
jured rats or in multiple models of brain injury.

The molecular mechanism of contextual amnesia is an
interesting research area that, unfortunately, is still under-
developed. Early work has shown that the combination of a
relatively high stressful situation and corticosterone injection
is associated with hypofunction of the hippocampus in con-
text coding and appears as the primary cause of contextual
amnesia [1, 38]. This concept is further supported by a recent
study that reports optogenetic activation of the dorsal hippo-
campus prevents the occurrence of contextual amnesia [38].
To explore whether the hippocampus responds to PBM
treatment, we compared ERK phosphorylation levels between
Res- and PBM-group (Supplementary Fig. S5) without the
interference of fear conditioning training [60]. We found that

PBM treatment can induce transient activation of ERK
phosphorylation in the hippocampus for at least 30 min after
PBM treatment. Although PBM does not affect corticosterone
release in our results, PBM can increase ATP production
nearly twofold 20min after fear conditioning (Fig. 2).
Experiments using different tissues show that PBM’s ATP
boosting effect can last up to 3 h [28, 29], which covers the
most critical part of the memory consolidation phase. As a
direct energy supplier, ATP can induce long-term potentiation
and facilitate synaptic transmission [61, 62]. This may explain
the consolidation protection effect from PBM. To be noted,
these results did not provide causal relationships between
PBM and prevention of contextual amnesia at the molecular
level; nevertheless, these findings give a hint on how a ther-
apeutic approach may reverse contextual amnesia.

In this preclinical study, we demonstrate an early inter-
vention treatment can prevent the development of PTSD-
like symptoms and comorbidities in rats. Because PBM is
applied to the skull and delivers light to the whole
brain, which brain regions benefit from PBM is worthy of
further investigation. Since human skulls are much thicker
than rats, the limited penetration depth of PBM in the
human brain could be a barrier for translational application.
Future work should focus on optimizing the treatment
parameters for human application to assist those coping
with catastrophe and reduce their persistent psychopatho-
logical fear.

Acknowledgements This study was supported by research grants from
the United States of America: NS086929 from the National Institute of
Neurological Disorders and Stroke; AG058603 from National Institute
of Aging, National Institutes of Health. This material is based upon
work supported in part by the Department of Veterans Affairs,
Veterans Health Administration, Office of Research and Development,
Biomedical Laboratory Research and Development, I01BX001978
and I01BX00389 and NSF 1258111.

Compliance with ethical standards

Conflict of interest MRH declares the following potential conflicts of
interest. Scientific Advisory Boards; Transdermal Cap Inc, Cleveland,
OH; BeWell Global Inc, Wan Chai, Hong Kong; Hologenix Inc. Santa
Monica, CA; LumiThera Inc, Poulsbo, WA; Vielight, Toronto,
Canada; Bright Photomedicine, Sao Paulo, Brazil; Quantum Dynamics
LLC, Cambridge, MA; Global Photon Inc, Bee Cave, TX; Medical
Coherence, Boston MA; NeuroThera, Newark DE; JOOVV Inc,
Minneapolis-St. Paul MN; AIRx Medical, Pleasanton CA; FIR
Industries, Inc. Ramsey, NJ; UVLRx Therapeutics, Oldsmar, FL;
Ultralux UV Inc, Lansing MI; Illumiheal & Petthera, Shoreline, WA;
MB Lasertherapy, Houston, TX; ARRC LED, San Clemente, CA;
Varuna Biomedical Corp. Incline Village, NV; Niraxx Light Ther-
apeutics, Inc, Boston, MA. Consulting; Lexington Int, Boca Raton,
FL; USHIO Corp, Japan; Merck KGaA, Darmstadt, Germany; Philips
Electronics Nederland B.V. Eindhoven, Netherlands; Johnson &
Johnson Inc, Philadelphia, PA; Sanofi-Aventis Deutschland GmbH,
Frankfurt am Main, Germany. Stockholdings: Global Photon Inc, Bee
Cave, TX; Mitonix, Newark, DE. The other authors report no financial
interests or potential conflicts of interest.

Photobiomodulation prevents PTSD-like memory impairments in rats 6677



Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Kaouane N, Porte Y, Vallee M, Brayda-Bruno L, Mons N,
Calandreau L, et al. Glucocorticoids can induce PTSD-like
memory impairments in mice. Science. 2012;335:1510–3.

2. Maren S, Phan KL, Liberzon I. The contextual brain: implications
for fear conditioning, extinction and psychopathology. Nat Rev
Neurosci. 2013;14:417–28.

3. Sangha S, Diehl MM, Bergstrom HC, Drew MR. Know safety, no
fear. Neurosci Biobehav Rev. 2020;108:218–30.

4. McGaugh JL. Making lasting memories: remembering the
significant. Proc Natl Acad Sci USA. 2013;110:10402–7.

5. Desmedt A, Marighetto A, Piazza PV. Abnormal fear memory as
a model for posttraumatic stress disorder. Biol Psychiatry. 2015;
78:290–7.

6. American Psychiatric Association. Desk reference to the diag-
nostic criteria from DSM-5. Washington, DC: American Psy-
chiatric Publishing; 2013. xlviii, 395 p.pp

7. van der Kolk BA, Hopper JW, Osterman JE. Exploring the nature
of traumatic memory. J Aggress, Maltreat Trauma. 2001;4:9–31.

8. Brewin CR, Holmes EA. Psychological theories of posttraumatic
stress disorder. Clin Psychol Rev. 2003;23:339–76.

9. Brewin CR, Dalgleish T, Joseph S. A dual representation theory
of posttraumatic stress disorder. Psychol Rev. 1996;103:670–86.

10. Atsak P, Hauer D, Campolongo P, Schelling G, McGaugh JL,
Roozendaal B. Glucocorticoids interact with the hippocampal
endocannabinoid system in impairing retrieval of contextual fear
memory. Proc Natl Acad Sci USA. 2012;109:3504–9.

11. Yonelinas AP, Ranganath C, Ekstrom AD, Wiltgen BJ. A con-
textual binding theory of episodic memory: systems consolidation
reconsidered. Nat Rev Neurosci. 2019;20:364–75.

12. Garfinkel SN, Abelson JL, King AP, Sripada RK, Wang X,
Gaines LM, et al. Impaired contextual modulation of memories in
PTSD: an fMRI and psychophysiological study of extinction
retention and fear renewal. J Neurosci. 2014;34:13435–43.

13. Myers KM, Davis M. Mechanisms of fear extinction. Mol Psy-
chiatry. 2007;12:120–50.

14. Frankland PW, Cestari V, Filipkowski RK, McDonald RJ, Silva AJ.
The dorsal hippocampus is essential for context discrimination but
not for contextual conditioning. Behav Neurosci. 1998;112:863–74.

15. Ramanathan KR, Ressler RL, Jin J, Maren S. Nucleus reuniens is
required for encoding and retrieving precise, hippocampal-dependent
contextual fear memories in rats. J Neurosci. 2018;38:9925–33.

16. Tayler KK, Tanaka KZ, Reijmers LG, Wiltgen BJ. Reactivation
of neural ensembles during the retrieval of recent and remote
memory. Curr Biol. 2013;23:99–106.

17. Teyler TJ, Rudy JW. The hippocampal indexing theory and episodic
memory: updating the index. Hippocampus. 2007;17:1158–69.

18. Finsterwald C, Steinmetz AB, Travaglia A, Alberini CM. From
memory impairment to posttraumatic stress disorder-like pheno-
types: the critical role of an unpredictable second traumatic
experience. J Neurosci. 2015;35:15903–15.

19. Hamblin MR. Shining light on the head: photobiomodulation for
brain disorders. BBA Clin. 2016;6:113–24.

20. Cassano P. Photomedicine and pharmaceuticals: a brain new deal.
Photobiomodul Photomed Laser Surg. 2019;37:575–6.

21. Qu X, Liu H, Yang Y, Liu L, Shen X, Liu S. The effects of laser
stimulation at acupoint ST36 on anxiety-like behaviors and
anterior cingulate cortex c-Fos expression in a rat post-traumatic
stress disorder model. Lasers Med Sci. 2021;36:279–87.

22. Kerppers FK, Dos Santos K, Cordeiro MER, da Silva Pereira MC,
Barbosa D, Pezzini AA, et al. Study of transcranial photo-
biomodulation at 945-nm wavelength: anxiety and depression.
Lasers Med Sci. 2020;35:1945–54.

23. Cassano P, Petrie SR, Mischoulon D, Cusin C, Katnani H, Yeung
A, et al. Transcranial photobiomodulation for the treatment of
major depressive disorder. The ELATED-2 pilot trial. Photomed
Laser Surg. 2018;36:634–46.

24. Maiello M, Losiewicz OM, Bui E, Spera V, Hamblin MR,
Marques L, et al. Transcranial photobiomodulation with near-
infrared light for generalized anxiety disorder: a pilot study.
Photobiomodul Photomed Laser Surg. 2019;37:644–50.

25. Askalsky P, Iosifescu DV. Transcranial photobiomodulation for the
management of depression: current perspectives. Neuropsychiatr Dis
Treat. 2019;15:3255–72.

26. Karu T. Primary and secondary mechanisms of action of visible to
near-IR radiation on cells. J Photochem Photobio B. 1999;49:1–17.

27. Passarella S, Karu T. Absorption of monochromatic and narrowband
radiation in the visible and near IR by both mitochondrial and
non-mitochondrial photoacceptors results in photobiomodulation.
J Photochem Photobiol B. 2014;140:344–58.

28. Ferraresi C, Kaippert B, Avci P, Huang YY, de Sousa MV, Bagnato
VS, et al. Low-level laser (light) therapy increases mitochondrial
membrane potential and ATP synthesis in C2C12 myotubes with a
peak response at 3-6 h. Photochem Photobiol. 2015;91:411–6.

29. Ferraresi C, de Sousa MV, Huang YY, Bagnato VS, Parizotto NA,
Hamblin MR. Time response of increases in ATP and muscle
resistance to fatigue after low-level laser (light) therapy (LLLT) in
mice. Lasers Med Sci. 2015;30:1259–67.

30. Magistretti PJ, Allaman I. A cellular perspective on brain energy
metabolism and functional imaging. Neuron. 2015;86:883–901.

31. Owen L, Sunram-Lea SI. Metabolic agents that enhance ATP can
improve cognitive functioning: a review of the evidence for glu-
cose, oxygen, pyruvate, creatine, and L-carnitine. Nutrients. 2011;
3:735–55.

32. Lu Y, Wang R, Dong Y, Tucker D, Zhao N, Ahmed ME, et al.
Low-level laser therapy for beta amyloid toxicity in rat hippo-
campus. Neurobiol Aging. 2017;49:165–82.

33. Chung H, Dai T, Sharma SK, Huang YY, Carroll JD,
Hamblin MR. The nuts and bolts of low-level laser (light) therapy.
Ann Biomed Eng. 2012;40:516–33.

34. Li Y, Kim J. Distinct roles of neuronal and microglial CB2
cannabinoid receptors in the mouse hippocampus. Neuroscience.
2017;363:11–25.

35. Li Y, Kim J. CB2 cannabinoid receptor knockout in mice impairs
contextual long-term memory and enhances spatial working
memory. Neural Plast. 2016;2016:9817089.

36. Keiser AA, Turnbull LM, Darian MA, Feldman DE, Song I,
Tronson NC. Sex differences in context fear generalization and
recruitment of hippocampus and amygdala during retrieval.
Neuropsychopharmacology. 2017;42:397–407.

37. Jacobs NS, Cushman JD, Fanselow MS. The accurate measure-
ment of fear memory in Pavlovian conditioning: Resolving the
baseline issue. J Neurosci Methods. 2010;190:235–9.

6678 Y. Li et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


38. Al Abed AS, Ducourneau EG, Bouarab C, Sellami A, Marighetto
A, Desmedt A. Preventing and treating PTSD-like memory by
trauma contextualization. Nat Commun. 2020;11:4220.

39. Sapolsky RM. Glucocorticoid toxicity in the hippocampus: reversal
by supplementation with brain fuels. J Neurosci. 1986;6:2240–4.

40. Osborne DM, Pearson-Leary J, McNay EC. The neuroenergetics
of stress hormones in the hippocampus and implications for
memory. Front Neurosci. 2015;9:164.

41. Buchanan TW. Retrieval of emotional memories. Psychol Bull.
2007;133:761–79.

42. Gisquet-Verrier P, Riccio DC. Memory reactivation effects inde-
pendent of reconsolidation. Learn Mem. 2012;19:401–9.

43. Eisenberg M, Kobilo T, Berman DE, Dudai Y. Stability of
retrieved memory: inverse correlation with trace dominance.
Science. 2003;301:1102–4.

44. Lacagnina AF, Brockway ET, Crovetti CR, Shue F, McCarty MJ,
Sattler KP, et al. Distinct hippocampal engrams control extinction
and relapse of fear memory. Nat Neurosci. 2019;22:753–61.

45. Taylor S, Asmundson GJ, Carleton RN. Simple versus complex
PTSD: a cluster analytic investigation. J Anxiety Disord. 2006;20:
459–72.

46. Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD. The
MAPK cascade is required for mammalian associative learning.
Nat Neurosci. 1998;1:602–9.

47. Quirk GJ, Pare D, Richardson R, Herry C, Monfils MH, Schiller
D, et al. Erasing fear memories with extinction training. J Neu-
rosci. 2010;30:14993–7.

48. Pizzorusso T. Neuroscience. Erasing fear memories. Science.
2009;325:1214–5.

49. Kindt M, Soeter M, Vervliet B. Beyond extinction: erasing human
fear responses and preventing the return of fear. Nat Neurosci.
2009;12:256–8.

50. Squire LB, Chace PM, Slater PC. Retrograde amnesia following
electroconvulsive therapy. Nature. 1976;260:775–7.

51. Zornetzer S, McGaugh JL. Effects of frontal brain
electroshock stimulation on EEG activity and memory in rats:

relationship to ECS-produced retrograde amnesia. J Neurobiol.
1970;1:379–94.

52. Suthana N, Haneef Z, Stern J, Mukamel R, Behnke E, Knowlton
B, et al. Memory enhancement and deep-brain stimulation of the
entorhinal area. N Engl J Med. 2012;366:502–10.

53. McKay BE, Persinger MA, Koren SA. Exposure to a theta-burst
patterned magnetic field impairs memory acquisition and con-
solidation for contextual but not discrete conditioned fear in rats.
Neurosci Lett. 2000;292:99–102.

54. Mach QH, Persinger MA. Behavioral changes with brief expo-
sures to weak magnetic fields patterned to stimulate long-term
potentiation. Brain Res. 2009;1261:45–53.

55. Jadidi M, Firoozabadi SM, Rashidy-Pour A, Sajadi AA, Sadeghi
H, Taherian AA. Acute exposure to a 50 Hz magnetic field impairs
consolidation of spatial memory in rats. Neurobiol Learn Mem.
2007;88:387–92.

56. Rose NS, LaRocque JJ, Riggall AC, Gosseries O, Starrett MJ,
Meyering EE, et al. Reactivation of latent working memories with
transcranial magnetic stimulation. Science. 2016;354:1136–9.

57. Kar N. Cognitive behavioral therapy for the treatment of
post-traumatic stress disorder: a review. Neuropsychiatr Dis Treat.
2011;7:167–81.

58. Gruene TM, Flick K, Stefano A, Shea SD, Shansky RM. Sexually
divergent expression of active and passive conditioned fear
responses in rats. Elife. 2015;4:e11352.

59. Kozlowska K, Walker P, McLean L, Carrive P. Fear and the
defense cascade: clinical implications and management. Harv Rev
Psychiatry. 2015;23:263–87.

60. Chwang WB, O’Riordan KJ, Levenson JM, Sweatt JD. ERK/
MAPK regulates hippocampal histone phosphorylation following
contextual fear conditioning. Learn Mem. 2006;13:322–8.

61. Wieraszko A, Seyfried TN. ATP-induced synaptic potentiation in
hippocampal slices. Brain Res. 1989;491:356–9.

62. Sobieski C, Fitzpatrick MJ, Mennerick SJ. Differential pre-
synaptic ATP supply for basal and high-demand transmission. J
Neurosci. 2017;37:1888–99.

Photobiomodulation prevents PTSD-like memory impairments in rats 6679


	Photobiomodulation prevents PTSD-like memory impairments in�rats
	Abstract
	Introduction
	Materials and methods
	Animals
	PBM treatment and restraint
	Behavior tests
	Fear conditioning
	Contextual memory test
	Cued memory test
	Memory recall test
	Extinction test
	Corticosterone detection
	Norepinephrine detection
	ATP detection
	Statistics analyses

	Results
	Contextual amnesia is prevented by applying PBM immediately after fear conditioning training
	PBM increases ATP in the hippocampus but has no effect on corticosterone under high-stress conditions
	PBM reduces contextual fear following memory recall
	PTSD-like symptoms and comorbidities in rats are prevented by early PBM interventions
	Fear extinction is facilitated by early PBM interventions
	The hippocampus and amygdala respond to PBM treatment

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS
	References




