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Photobiomodulation effects on active brain networks during a spatial memory task
Highlights
1. Photobiomodulation decreases CCO activity in many brain areas of control rats.
2. Both behavioural groups perform reversal memory task correctly.
3. Photobiomodulation decreases CCO levels in some brain areas involved in the task.

4. Photobiomodulation technique has more effects on active brain networks.
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Abstract

Photobiomodulation (PBM) or the use of red to near-infrared irradiation spectrum, is a non-
invasive intervention that produces neurostimulatory effects and reaches benefits in several
pathologies as well as in healthy subjects. The main objective of this study was to evaluate and
compare the effects of PBM in a rat brain network on basal state and functional activity during
the execution of a reversal task. Twenty-eight rats were divided into four groups: control group
(n=7), control photobiomodulation group (n=8), behavioural group (n=6) and behavioural
photobiomodulation group (n=7). Reversal memory was assessed using a Morris water maze
and cytochrome c oxidase (CCO) was used as a brain metabolic activity marker. After five days
of PBM, the control photobiomodulation group showed a decrease of CCO levels in the
striatum, medial septum, entorhinal, hippocampus, amygdala, thalamus, mammillary nuclei and
VTA. Both behavioural groups performed the task correctly, however, the behavioural
photobiomodulation group displayed CCO reduction in some regions involved in the execution

of the reversal task: septum, entorhinal, CA1, CA3, central amygdala and supramammilar, along
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with higher levels in accumbens. These results could show the effect of PBM on active brain
networks. Further studies will be necessary to elucidate its effects in different brain networks

that are involved in the execution of other memory tasks.

Keywords: photobiomodulation, near-infrared light, spatial memory, brain networks,

cytochrome ¢ oxidase.

Abbreviations: AccC, Accumbens Core; AccSh, Accumbens Shell; AD, Thalamus anterodorsal; AM,
Thalamus anteromedial; ATP, adenosine triphosphate; AV, Thalamus anteroventral; BC, behavioural
control group; BC+PBM, behavioural photobiomodulation control group; BLA, Basolateral Amygdala;
C, control group; CCO, cytochrome c oxidase; CeA, Central Amygdala; CG, Cingulate cortex; C+ PBM,
control photobiomodulation group; DG, Dentate Gyrus; ENT, Entorrinal cortex; IL, Infralimbic cortex;
LaA, Lateral Amygdala; LS, Lateral Septum; MML, Medial Lateral Mammillary; MMM, Medial Medial
Mammillary; MS, Medial Septum; MWM, Morris water maze; PBM, photobiomodulation; PL, Prelimbic
cortex; PRh, Perirhinal cortex; ROS, reactive oxygen species; STD, Dorsal Striatum; SuM,

Supramammilar; VTA, Ventral Tegmental Area.
1. Introduction

Currently, photobiomodulation (PBM) is one of the most promising therapies based on the
use of red to near-infrared irradiation spectrum (600-1100 nm) [1]. This non-invasive
intervention produces neurostimulatory effects and reaches numerous beneficial results in a
significant number of varied fields [2]. Thus, it is widely used to treat inflammatory conditions,
pain, wound healing of deep and superficial tissues and even for aesthetic purposes and welfare
[3,4]. Similarly, PBM has been proven effective in dentistry, dermatology and as well as clinical
pathologies such as traumatic brain injuries, neurodegenerative diseases, cancer, tumours and in
several psychiatric disorders [5-8]. Thus, PBM could become one of the most significant light

therapies in the near future [9].

The action mechanism of this therapy is the absorption of the light by the mitochondria,

specifically by the enzyme cytochrome ¢ oxidase complex (CCO), the terminal enzyme in the
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respiratory electron transport chain. This absorption has a large range of significant effects
being the improvement of metabolic function and the increase of adenosine triphosphate (ATP)
synthesis the most supported mechanisms of action [10]. Furthermore, it has been found that
PBM increases DNA synthesis, intracellular calcium, Delta CCO and oxygenated haemoglobin
concentrations and it activates many signalling pathways, such as the anti-apoptotic and pro-
survival signalling [3,6,10]. PBM also leads to a dissociation of nitric oxygen species that
follows the generation of reactive oxygen species (ROS) resulting in greater oxidation and the
activation of many transcription factors causing long-lasting cell effects [3,11]. In addition, this
technique can regulate the immune system response and stimulate neurogenesis, synaptogenesis
and neuroplasticity [6,12]. However, some studies have also described some adverse effects
induced by the use of PBM such as the increase of oxidative stress and the damage of DNA, the
existence of apoptosis in an hippocampal cell culture, a delay on brain repair on traumatic injury

in the mouse brain and increased diastolic pressure in major depression [13-16].

The assessment of the CCO activity in numerous studies has shown that the brain energy
demand involved in neuronal activity during a specific behavioural task is increased in the brain
areas that are involved in the task execution and, also, this brain activity is related to the
difficulty of task performance [17-20]. Conversely, it has been found that after a learning
process in a behavioural task, there is a reduction in CCO activity, therefore increasing the
efficiency of the region’s activity in regard to metabolic costs [21]. Thus, Olson et al. [22]
showed a correlation between a decrease in blood flow and the improvement of the performance
in a serial response time task and, Gobel et al. [23] found a pattern of deactivation in several
areas, improving the efficiency of the visuomotor processing in the Serial Interception Sequence
Learning task. Inthe same way, El Khoury et al. [24] using PBM to examine its effects in
normal subjects after two different tasks, found an activity reduction in several brain areas
involved in one of the tasks. Consequently, they suggested that near-infrared light had
significant effects on brain activity but only when the brain region is functionally active

executing an specific task and, this activity reduction could be a light protective effect [24].
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Taking into account these potential benefits reached by PBM during a task and its effects on
the CCO activity, the use of this therapy could have a differential effect on the brain networks if
the areas are functionally active and these effects could be positive, prompting an enhanced
efficiency of the metabolic process. Our study aimed to assess and compare the metabolic
effects of PBM in a basal state network and in a functionally active neural brain network during
the execution of a spatial reversal memory test. This behavioural protocol entails the ability to
flexibly shift response patterns after a change in environmental conditions [25], a process that is
mainly mediated by the prefrontal cortex [26]. Reversal memory is mostly impaired in several
pathologies such as attention deficit hyperactivity disorder, autism, schizophrenia, Alzheimer’s
disease, and Parkinson’s disease [27,28]. It therefore becomes crucial to determinate if PBM
could be a potential treatment that could modulate brain activity underlying this cognitive
function. Thus, rats of the behavioural groups performed a reversal memory test in the Morris
water maze (MWM) and then, both experimental groups, one that performed the task and
another without learning, received PBM just behind the eyes to target mostly frontal areas.
Brain function was compared with control conditions studying brain metabolic activity of the

areas involved in the task by means of CCO histochemistry.
2. Materials and Method
2.1 Subjects

A total of 28 3-month-old male Wistar rats were used. All the animals were maintained
at constant room temperature (22 + 2 °C), with a relative humidity of 65-70% with an artificial
light-dark cycle of 12 h (8:00-20:00/20:00-8:00) and ad libitum access to food and tap water.
The procedures and manipulation of the animals were carried out according to European
Communities Council Directive 2010/63/ EU and Royal decree N° 53/2013 of the Ministry of
the Presidency related to the protection of animals used for experimentation and other scientific

purposes. The local committee for animal studies of the Oviedo University approved the study.
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Animals were randomly distributed into four groups: control group (C, n=7), control
photobiomodulation group (C+PBM, n=8), behavioural control group (BC, n=6) and
behavioural photobiomodulation control group (BC+PBM, n=7). We carried out two different
experiments in order to assess the metabolic effects of photobiomodulation therapy. In
experiment 1, we compared C and C+PBM groups to assess the effects of PBM on basal control
rats and, in experiment 2 we evaluated its effects on animals subjected to behavioural

procedures, comparing results of BC and BC+PBM groups.
2.2. Reversal task in the Morris water maze

Animals of BC and BC+PBM groups were trained in the MWM, a circular pool of 150
cm diameter placed in the centre of a 16 m® lit room (two lamps of 4000 Ix) surrounded by
black panels on which different spatial cues were placed. The water level was 30 cm, at a
temperature of 22 £ 2 °C. The scape platform used was a cylinder, 10 cm in diameter, placed 2
cm below the water. The pool was divided into four equal imaginary quadrants (A, B, C and D)
to locate start positions and platforms. The behaviour of the animal in the MWM was recorded
using a video camera (Sony V88E) connected to a computer with the software EthoVision Pro

(Noldus Information Technologies, Wageningen, the Netherlands).

Behavioural procedures carried out were described in Banqueri et al. [29] and the
learning protocol consisted of six days. The first day was devoted to the habituation of the
animals to the task in which the animals carried out four trials with a visible platform situated in
the centre of the pool. On the following four days, animals were training with a reference
memory test where they received four acquisition trials per training session or day, in which the
platform was hidden in the centre of quadrant D. Each animal was placed in the water in one
pseudo-randomized quadrant and then, given 60 seconds to find the platform. If the rat did not
reach the platform after this time, it was placed on the platform for 15 seconds. During the inter-
trial interval, they were placed in a black bucket for 30 seconds. Daily, at the end of the session,
a 25-second transfer learning trial was performed, where the platform was removed to measure

the percentage of time spent in each quadrant.
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On the last day, the sixth day, reversal learning was tested. The rats carried out eight acquisition
trials where the scape hidden platform was moved to the quadrant opposite to its previous
location, quadrant C. Experimental conditions were the same as in the memory training. Escape

latencies and the time of permanence in each quadrant were recorded during the acquisition.
2.3. Photobiomodulation Therapy

The photobiomodulation therapy performed was described in Banqueri et al. [29].
Animals of C+PBM and BC+PBM groups were housed in individual cages and received
photobiomodulation for five days coinciding with the habituation day and the four days of the
reference  memory test. Three days before therapy, animals were habituated to
photobiomodulation. In this habituation, we attached Velcro to their previously shaved heads,
on the first third of the head just behind the eyes, in attempts to target mostly frontal areas.
During the following five days, the animals received 60 cycles (20 seconds ON and 40 seconds
OFF) with a total duration of one hour, daily, using a wavelength of 1,064nm with an applied
power of 30mW. Approximately 1.1% of the applied power reaches the brain tissue and the

applied dose was 20J/cn?.
2.4. Cytochrome oxidase histochemistry

Ninety minutes after the end of the reversal task, the animals were decapitated. Brains
were removed, frozen rapidly in N-methyl butane (Sigma-Aldrich, Madrid, Spain), and stored at
-40°C. The protocol carried out for the tissue treatment was described by Banqueri et al. [29].
Coronal sections (30 pm) of the brain were cut at -22 °C in a cryostat (Leica CM1900,
Germany). To quantify enzymatic activity and control staining variability across different baths,
sets of tissue homogenate standards from the Wistar rats' brains were cut at different thicknesses

(10, 30, 50 and 70 pum) and included with each bath of slides.

Sections and standards were fixed for 5 min in 0.1 M phosphate buffer with 10% (w/v)
sucrose and 25% glutaraldehyde, pH 7.6. Next, baths of 0.1M phosphate buffer with 10% (w/v)

sucrose were given for 5 min each, and one bath of 0.05M Tris buffer, pH 7.6 (0.275 mg/|
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cobalt chloride (Aldrich, Germany), 10% (w/v) sucrose (Sigma, Germany), 6 g/l Trizmabase
(Sigma, USA), and 0.5% (v/v) dimethyl-sulfoxide (Sigma-Aldrich, Madrid, Spain) for 10 min.
Then, they were maintained in 0.1M phosphate buffer, pH 7.6, for 5 min and incubated in a
solution of 0.0075% (w/v) cytochrome c¢ oxidase (Sigma-Aldrich, Madrid, Spain); 0.002% (w/v)
catalase (Sigma, Spain); 5% (w/v) sucrose (Sigma, Germany); 0.25% (v/v) dimethyl-sulfoxide
(Sigma- Aldrich, Madrid, Spain); and 0.05% (w/v) diaminobenzidine tetra-hydrochloride
(Sigma-Aldrich, Madrid, Spain) in 800 ml of 0.1M phosphate buffer at 37 °C for 1 h.
Subsequently, the reaction was stopped by fixing the tissue in buffered 4% (v/v) formalin.
Finally, sections were dehydrated, cleared with xylene (Avanter, Poland), and cover-slipped

with Entellan (Merck, Germany).
2.5. CCO optical density quantification

The densitometric quantification of CCO activity was carried out by means of analysing
the images of the regions of interest of the brain using a high precision illuminator, a digital
camera and a computer equipped with the MCID Core 7.0 program (MCID, Interfocus Imaging
Ltd., Linton, England). The mean optical density of each region was measured using three
consecutive sections from each subject. In each section, four non- overlapping readings were
taken, using a square-shaped sampling window adjusted for each region size. These
measurements were averaged to obtain one mean per region for each subject. Then, optical
density values were converted to CCO activity units, determined by the enzymatic activity of

the standards measured spectrophotometrically [30].

The regions of interest were defined according to the stereotactic atlas of Paxinos and
Watson [31], and the distance in mm of the regions counted from bregma was the following:
+3.20mm for the cingulate (CG), prelimbic (PL) and infralimbic (IL) cortices; +1.56 mm for the
dorsal striatum (STD) and the ventral striatum (Accumbens Core; AccC, Accumbens Shell;
AccSh), +1.92 for septum (medial; MS and lateral; ML); -1.20 for the anterodorsal,
anteromedial and anteroventral thalamus (AD, AM, AV); -2.28 mm for the CAl, CAS3, and

dentate gyrus (DG) subfields of the dorsal hippocampus, perirhinal cortex (PRh) and amygdala
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(Basolateral; BLA, Central; CeA, Lateral; LaA) and -4.56 mm for the supramammillary (SuM),
medial medial mammillary (MMM), medial lateral mammillary (MML), ventral tegmental area

(VTA) and entorhinal cortex (ENT) (Fig. 1).

Fig. 1. Regions of interest. Sampling frames of CCO histochemistry in the brain regions of interest. Cingulate
cortex= CG, Prelimbic cortex=PL, Infralimbic cortex=IL, Dorsal Striatum=STD, Accumbens Shell=AccSh,
Accumbens Core=AccC, Medial Septum=MS, Lateral Septum= LS, Thalamus anterodorsal=AD, Thalamus
anteromedial=AM, Thalamus anteroventral=AV, Basolateral Amygdala=BLA, Central Amygdala=CeA, Lateral
Amygdala=LaA, field CAl of hippocampus=CAl, field CA3 of hippocampus=CA3, Dentate Gyrus=DG,
Supramammilar=SuM, Medial Medial Mammillary=MMM, Medial Lateral Mammillary=MML, Ventral Tegmental
Area=VTA, Perirhinal cortex=PRh, Entorrinal cortex=ENT.

2.6. Statistical analysis

The data obtained was analysed using the software Sigma-Stat 12.5 (Systat Software
Inc., Richmond, California). The significance level was defined as p <0.05. Graphic
representation of the results was performed with the SigmaPlot 12.5 software (SPSS Inc. and

IBM Company, USA). All data was expressed as mean + SEM.
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Regarding behavioural data, escape latencies were analysed separately for each group
and day using a one-way repeated-measures ANOVA. Post hoc comparisons were done when
significant differences were found using Tukey test. The time spent in each quadrant (A, B, C,
D) was analysed using one t-test per group and day comparing the target quadrant permanence
(D in reference memory training and C during reversal memory training) with the other three
guadrants. A non-parametric Mann-Whitney U-test was performed when the normality test

failed.

Statistical comparisons of CCO activity values in each brain region were analysed using a t-test.
Mann-Whitney U test was applied when the normality assumption failed. Group differences
CCO activity in each brain region of interest were analysed using one-way ANOVAs, following
by post hoc comparisons using the Holm-Sidak method. Kruskal-Wallis One-Way Analysis of
Variance o Ranks (H) was performed when equal variance failed, and Dunn’s Method was used

as a multiple comparison procedure.
3. Results
3.1.Behavioural results of BC and BC+PBM groups

Analysis of the escape latencies during reference memory training did not show a main
effect of day in BC group (Fs15=1.479, p=0.260). Nevertheless, BC+PBM group showed
statistically significant differences throughout the days (F31s=5.655, p=0.007), but only between

the first and fourth training day (p = 0.004) (Fig. 2A).

In regards to the time spent in the quadrants, BC group spent more time in the target quadrant
(D) during the probe trials of the reference memory training (D1: t, = -4.872, p<0.001; D2:
to) = -4.625, p<0.001; D3: t;) = -2.111, p= 0.046; D4: tyy) = -3.394, p= 0.003). The analysis of
the probe trial of the reversal memory training data of day 5 showed preserved cognitive
flexibility, with preference to the new reinforced quadrant (C) over the others (D5: t,) = -2.250,
p<0.035) (Fig. 2B). Similarly, BC+PBM group showed a preference for the rewarded quadrant

(D) during all days of reference memory training (D1: U=27.000, n;= 7, n,= 21, p= 0.015; D2:
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tes) = -3.721, p<0.001; D3: te = -3.989, p< 0.001; D4: t = -4.738, p<0.001) and also more
permanence in the target quadrant (C) during reversal memory training (D5: tyg = -2.211, p=

0.036), exhibiting cognitive flexibility (Fig. 2C).
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Fig. 2. Morris water maze behavioural results (Mean £ SEM). A. Escape latencies of BC and BC+PBM groups. The
x-axis shows the days. Only BC+PBM group showed a decrease in escape latency on the fourth day (* p<0.05). B.
Permanence of BC group in each quadrant (A, B, C, D) during the probe trials. BC subjects reached the learning
criteria on the first day and showed intact cognitive flexibility (* p<0.05). C. Permanence of BC+PBM group in each
quadrant (A, B, C, D) during the probe trials. This group also reached the learning criteria on the first day and showed
intact cognitive fiexibility (* p<0.05). The x-axis shows the days. Grey bars show percentage of permanence in
reinforced quadrant (D during reference memory training and C, on day 5, during reversal memory training). Black
bars represent the average permanence in the rest of the quadrants. Behavioural control group=BC, Behavioural
photobiomodulation control group=BC+PBM.

3.2.CCO activity

In experiment 1, analysing the differences on CCO activity between C and C+PBM group,
we found that PBM treatment reduced CCO wunits in dorsal and ventral striatum
(STD: tu3 = 3.684, p=0.003; AccC: tu3 = 2.857, p=0.013; AccSh: U=9.000, n,= 7, n,= §,
p= 0.029), MS (tus = 6.962, p<0.001), ENT (tu = 3.513, p=0.004), hippocampus

(CAL: tus = 3.294, p=0.006; CA3: tu3 = 3.727, p=0.003; DG: t3 = 3.034, p=0.010), amygdala
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(CeA: tay = 7.706, p<0.001; LaA: U=4.000, n;= 7, n,= 7, p= 0.007; BLA: U=1.000, n;= 7,
n,= 7, p= 0.001), thalamus (AD: tus = 2.346, p=0.035; AV: tus = 2.969, p=0.011,
AM: tuz = 2.686, p=0.019), mammillary nuclei (MMM: ty, = 3.112, p=0.011; MML:
U=4.000, n;= 6, n;=6, p= 0.026; SuM: U=0.000, n,= 6, n,=6, p= 0.002) and ATV (tug =

3.341, p=0.007) (Fig. 3A)

Likewise, in experiment 2, BC+PBM group showed fewer CCO units than BC group in MS
(tany = 3.262, p=0.008), ENT (tu; = 2.438, p=0.033), CAl (tg = 3.569, p=0.005),
CA3 (tuo = 3.314, p=0.008), CeA (tuy = 2.256, p=0.045), and SUM (to = 2.390, p=0.038),
but not in AccC (U=6.000, n;= 6, n,= 7, p= 0.035), where BC+PBM group had higher CCO

units (Fig. 3B).
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Fig. 3. CCO results (mean £ SEM). A. CCO values in C and C+PBM groups. There were significant differences
between the groups in STD, AccC, AccSh, MS, ENT, CA1, CA3, DG, CeA, LaA, BLA, AD, AV, AM, MMM,
MML, SuM and VVTA (*p<0.05). B. CCO values in BC and BC+PBM groups. Significant differences were found in
AccC. MS, ENT, CAL, CA3, CeA and SuM (*p<0.05). Groups: control group=C, Control photobiomodulation group
= C+PBM, Behavioural control group = BC, Behavioural photobiomodulation control group=BC+PBM.
Avreas: Cingulate cortex= CG, Prelimbic cortex=PL, Infralimbic cortex=IL, Dorsal Striatum=STD, Accumbens
Shell=AccSh, Accumbens Core=AccC, Medial Septum=MS, Lateral Septum= LS, Thalamus anterodorsal=AD,
Thalamus anteromedial=AM, Thalamus anteroventral=AV, Basolateral Amygdala=BLA, Central Amygdala=CeA,
Lateral Amygdala=LaA, field CAl of hippocampus=CALl, field CA3 of hippocampus=CA3, Dentate Gyrus=DG,
Supramammilar=SuM, Medial Medial Mammillary=MMM, Medial Lateral Mammillary=MML, Ventral Tegmental
Area=VTA, Perirhinal cortex=PRh, Entorrinal cortex=ENT.

Finally, CCO units of C, BC and BC+PBM groups were contrasted to analyse more deeply
the potential differences in their metabolic activity. Significant group differences in CCO
activity were found in the prefrontal cortex (CG: F,16=7.768, p=0.004; PL: F,:=5.857,
p=0.012; IL: F;16=4.715, p=0.025), dorsal and ventral striatum (STD: F,,=22.243, p<0.001,;

AccC: H,=12.247, p=0.002; AccSh: H,=12.121, p=0.002), septum (MS: F,,,=14.117, p<0.001;
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LS: F,17,=3.957, p=0.039), ENT (F,1;=5.355, p=0.016), hippocampus (CAl: F,.,=22.485,
p<0.001; CA3: F,16=6.491, p<0.009; DG: F,16=3.860, p=0.043), amygdala (BLA: F,:,=12.291,
p<0.001; CeA: F,17=46.678, p<0.001; LaA: H,=13.566, p=0.001), thalamus (AD: F,1,=14.000,
p<0.001; AM: H,=7.898, p=0.019; AV: F,1;=9.999, p=0.001) and in mammillary nuclei (SuM:
F215=23.280, p<0.001; MMM: F,15=4.753, p=0.025; MML: F,5=18.808, p<0.001) but not in
PRh (F;17=2.957, p=0.079) and VTA (F,15=2.972, p=0.082). The statistical analysis of pair-
wise differences between groups using the Holm-Sidak method showed an overall pattern of

CCO activity increase in C group as compared to BC group in prefrontal cortex (CG: t= 3.635,
p=0.007, PL: t= 3.296, p=0.014, IL: t= 2.533, p=0.044), dorsal and ventral striatum (STD:
t= 6.066, p<0.001, AccC: Q= 3.494, p<0.05, AccSh: Q= 3.313, p<0.05), CA1 (t= 3.732,
p=0.004), amygdala (BLA: t= 2.612, p=0.036; CeA: t= 6.496, p<0.001; LaA: Q= 2.633,
p<0.05), AD (t= 4.280, p=0.001), AV (t= 4.123, p=0.002) and in mammillary nuclei (SuM:

t= 4.161, p=0.002; MMM: t= 2.822, p=0.038; MML: t= 5.936, p<0.001).

In addition, C group showed greater CCO activity than BC+PBM group in CG (t= 3.030,
p=0.016), IL (t= 2.709, p=0.046), STD (t= 5.346, p<0.001), AccSh (Q= 2.530, p<0.05),
septum (MS: t= 5.278, p<0.001; LS: t= 2.812, p=0.036), ENT (t= 3.018, p=0.023),
hippocampus (CA1l: t= 6.665, p<0.001; CA3: t= 3.521, p=0.008; DG: t= 2.666,
p=0.050), amygdala (BLA: t= 4.951, p<0.001; CeA: t= 9.394, p<0.001; LaA: Q= 3.524,
p<0.05), thalamus (AD: t= 4.785, p<0.001; AM: Q= 2.711, p<0.05; AV t= 3.499,
p=0.005) and in mammillary nuclei (SuM: t= 6.764, p<0.001; MMM: t= 2.487, p=0.050;

MML: t= 4.304, p=0.001).

Also, BC group showed higher CCO activity than BC+PBM group in MS (t= 3.075,
p=0.014), ENT (t= 2.560, p=0.040), CAl (t= 2.826, p=0.012), CA3 (t= 2.481,
p=0.049), BLA (t= 2.144, p=0.047), CeA (t= 2.529, p=0.022), SuM (t= 2.603, p=0.020)

(Table 1).
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Table 1. Cytochrome oxidase activity of the selected brain regions in the studied groups (means and S.E.M.)

Regions C BC BC+PBM
Prefrontal cortex
Cingulate cortex 31,31 +1,48 * 24,62 +0,87 #2573 +1,43
Prelimbic cortex 30,57 £ 1,27 *24,65+1,44 26,21 +1,14
Infralimbic cortex 29,01 +£0,95 *2480+1,03 #2450+ 157
Dorsal Striatum 35,84 +1,06 *26,20+0,74 #27,68+1,34
Ventral Striatum
Accumbens Core 39,02 + 0,89 *28,14+1,12 32,93+1,84
Accumbens Shell 46,80 +1,31 *33,19+1,12 #36,01 +£1,65
Septum
Medial septum 27,49+1.31 23,99 +0,78 & # 18,58 +1,37
Lateral septum 33,39 +1,37 31,11 +1,07 #28,61+1,18
Perirhinal 27,87 +1,51 25,39 +1,23 22,73+1,73
Entorhinal 27,63+ 1,29 26,92 +1,75 & #2152 +1,40
Hippocampus
CAl 25,23+ 0,74 *22,04 +£0,48 & # 19,53 + 0,52
CA3 26,57 +1,25 25,24 +0,79 & #21,64+0,75
Dentate gyrus 43,11 + 2,05 37,17 +1,76 #34,89+273
Amygdala complex
Basolateral n. 35,12+ 0,94 *30,76 £ 1,15 & #2719+1,34
Central n. 34,32 + 0,50 *27,78 £0,62 & # 25,24 + 0,89
Lateral n. 27,75+ 0,50 *23,53+0,62 #21,92 +£1,02
Thalamus
Anterodorsal thalamus 49,88 + 2,00 *39,05+0,88 #38,25+ 1,95
Anteromedial thalamus 31,37 +1,11 26,11 +1,36 #2511 +2,13
Anteroventral thalamus 41,72 +1,73 *32,70 £ 1,52 #34,37+1,27
Mammillary nuclei
Supramammillary n. 31,20+£0,71 *25,52 +1,01 & # 21,96 + 1,09
Medial medial mamm. 30,39 + 1,68 *24,42 £0,52 #2513 +1,77
n.
Medial lateral mamm. n. 29,82 +0,77 *23,69+0,50 #25,37 +£0,82
Ventral Tegmental area 22,67 +1,06 19,57 +1,18 18,85+1,19

*: Significant differences between C and BC group (p<0.05). #: Significant differences between C and BC+PBM
group (p<0.05). &: Significant differences between BC and BC+PBM group. Mamm=mammillary; n=nucleus;
C=control group; BC=behavioural control group; BC+PBM=behavioural photobiomodulation control group.

4. Discussion

The present study aimed to evaluate the effects of PBM in a functionally active neural rat
brain network during the execution of a reversal test. We found that after five days of PBM
there was a reduction of CCO activity in some limbic regions that are involved in the execution

of the reversal task (MS, ENT, CAL, CA3, CeA and SuM), along with higher levels in AccC.
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Moreover, we also assessed the effect of this technique in control rats, without learning, and we
found a decrease on the oxidative metabolic activity in striatum, medial septum, ENT,
hippocampus, amygdala, thalamus nuclei, mammillary nuclei and VTA. Despite applying PBM
on the first third of the head, this technique might show a systemic effect causing changes in

CCO levels in remote regions through the transmission of its effect in the brain networks.

PBM uses near-infrared light to stimulate, heal and even regenerate damaged tissues and
several physiological processes [6,32]. Studies have demonstrated that PBM can reverse
apoptotic processes, promote the survival and longevity of the brain cells, leading to brain
neuroprotection, and also stimulate angiogenesis [3,10]. It has also displayed photoaging effects
and anti-tumor actions through the inhibition of cancer cell proliferation [3]. This breadth of
changes is possible due to the absorption of the photons by the CCO which increases ATP
levels and leads to numerous biological modifications [33]. However, it should be noted that all
these results are dependent on the dose of light fluence applied, being between 600 and 1,200

nm, the higher range of penetration and-absorption by the CCO [34].

PBM has been used not only as a treatment of several pathological conditions but also it has
been applied to healthy subjects with no clinical symptoms to study its basal effects [35].
Therefore, some studies, such as the research carried out by Wang et al. [36] and Zomorrodi et
al. [37], have found that after the application of PBM in human population there is a rise of
alpha, beta and gamma frequencies and a reduction of delta and theta frequencies of several
brain networks, exhibiting a modulator effect of PBM on brain waves. Some studies have
shown that theta rhythm is critical for hippocampal functions and the alteration of these
oscillations could impair spatial and nonspatial memory and learning [38,39]. Therefore, several
research lines have been focused on PBM’s consequential effects during the execution of
different tasks and they have found cognitive enhancements. Hence, PBM has reported
improvements in human executive and mnesic functions, in learning and attentional capacity
[40-42]. Animal research has yielded similar results regarding improving memory and spatial

performance and halting cognitive decline [43,44].



Journal Pre-proof

In our study, in experiment 1, we examined the effects of five days of 1,064nm PBM on the
oxidative metabolic activity of basal control healthy rats. Results showed that, in contrast with
the rats that did not receive the PBM treatment, the C+PBM group showed fewer levels of CCO
in the striatum, medial septum, ENT, hippocampus, amygdala, thalamus nuclei, mammillary
nuclei and VTA. Hence, according to other studies, PBM generated changes in the brain activity
of healthy subjects. However, in experiment 2, we assessed the changes in CCO activity after
the use of PBM in animals whose known brain networks have been activated by performing a
memory task. CCO changes reflect modifications in neural metabolic activity because of
learning processes [18]. It has been shown that after this learning there is a reduction in
metabolic costs, increasing the efficiency of the areas involved in the task [21]. Furthermore,
such pattern of reduction in brain activity has been also related to the difficulty of the task [17].
Similarly, we found that the BC+PBM group displayed lower CCO levels in several limbic
areas that were involved in the execution of the memory tasks: MS, ENT, CA1, CA3, CeA, and
SuM and higher levels in AccC in comparison with BC group. Therefore, hippocampal regions
(CA1, CA3 and ENT) are strongly required for spatial learning [45,46] and they are connected
with the SuM, via fornix [47]. The hippocampus also sends and receives afferences from the
MS, structure that also send projections to the SuM, generating an active spatial network
[46,47]. Conversely, we also found a reduction in the metabolic activity of the amygdala. This
region could be linked to the emotional aspects of the task and the lower levels could display
fewer levels of stress or anxiety in BC+PBM group [20]. So, the use of PBM could have made
easier the execution of the task and could have decreased the metabolic activity of BC+PBM
group enhancing the efficiency of this brain active network involved in the spatial memory task.
Equivalent results were found by Méndez-L6pez et al. [17]: they showed that there was a CCO
activity reduction in several regions involved in a memory task along with, a behavioural
improvement when the animals were submitted to only one more trial of this memory task.
These results support the idea that an easier execution of the task could be related to the brain
changes. Although the animals performed a reversal task that had high difficulty, they were

submitted to eight trials after the transfer trial. The large number of trials was enough training to
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perform the task correctly and such overtraining could explain why we did not observe
behavioural differences between groups that obviously display the effect of PBM in brain active
networks. Finally, in BC+PBM group we found a rise of CCO activity in AccC. This area is
related to relief learning, the induction of positive emotional states due to the association of a
neutral stimulus with the cessation of an aversive event [46,48]. Higher levels of CCO in this
area could demonstrate that the BC+PBM group were attributing greater levels of reinforcement
to the hidden platform and this could be increasing their seeking behaviours. These brain
metabolic changes found by the use of PBM, might explain the marginal difference found in the
behavioural tasks because, despite the accurate execution of both groups in the reference
memory and reversal task, BC+PBM group displayed a significant latency reduction between

day 1 and 4 while BC group remained invariable during all days.

Finally, considering these results, we compared the oxidative metabolic activity of C, BC
and BC+PBM groups. Results showed that there was a similar pattern of CCO reduction in BC
group compared with C group in several limbic areas: prefrontal regions, striatum, CAL,
amygdala, AD, AV and mammillary nuclei. Similarly, BC+PBM group also displayed lower
levels of CCO compared with C group but in this case, we found a different pattern of CCO
reductions that involve a larger number of limbic regions: prefrontal regions, STD, AccSh,
septum, ENT, hippacampus, amygdala, thalamus and mammillary nuclei. As described above,
all these regions are distinctly involved in spatial memory, therefore, groups that performed and
learned the behavioural tasks showed fewer levels of CCO. Moreover, the BC+PBM group
displayed more differences with C group than BC group, showing that PBM prompts changes in
many regions involved in the task, making them more efficient and reducing the metabolic cost.
Lastly, we found that BC+PBM displayed less CCO levels in MS, ENT, CAL, CA3, BLA and
SuM than BC group. This confirm our hypothesis with regards to the effects of PBM on active
networks: PBM made the task easier and decreased metabolic activity in the limbic system that
was active in the execution of the spatial memory task. In further research, it could be also

useful to examine the effects of this technique during the execution of other behavioural tests
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that entails other types of learning to elucidate the effects of PBM in diverse active brain

networks.
5. Conclusions

The results of the present study show the effects of PBM on brain networks of healthy control
rats and on brain networks that were active during the execution of a reversal memory task.
Oxidative metabolic activity was evaluated using CCO histochemistry and showed that control
rats that received PBM therapy showed less CCO levels in the striatum, medial septum, ENT,
hippocampus, amygdala, thalamus nuclei, mammillary nuclei and VTA. Conversely, the
administration of PBM in rats that performed a reversal memory task, resulted in lower levels of
CCO in several limbic areas that were involved in the execution of the task (MS, ENT, CA1,
CA3, CeA, and SuM) and higher levels in AccC, along with a slight difference in scape
latencies. These results could show the differential effect of PBM on active brain networks but
further studies are necessary to elucidate its effects in different brain networks that are involved

in the execution of other memory tasks.
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