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Monitoring Alzheimer’s disease via
ultraweak photon emission

Niloofar Sefati,’1%'2 Tahereh Esmaeilpour,’-'? Vahid Salari,>** Asadollah Zarifkar,> Farzaneh Dehghani,’¢
Mahdi Khorsand Ghaffari,> Hadi Zadeh-Haghighi,?>*1" Noémi Csaszar,’ Istvan Bokkon,”-8
Serafim Rodrigues,”'%* and Daniel Oblak?34*

SUMMARY

In an innovative experiment, we detected ultraweak photon emission (UPE) from the hippocampus of
male rat brains and found significant correlations between Alzheimer’s disease (AD), memory decline,
oxidative stress, and UPE intensity. These findings may open up novel methods for screening, detecting,
diagnosing, and classifying neurodegenerative diseases, particularly AD. The study suggests that UPE
from the brain’s neural tissue can serve as a valuable indicator. It also proposes the development of a mini-
mally invasive brain-computer interface (BCl) photonic chip for monitoring and diagnosing AD, offering
high spatiotemporal resolution of brain activity. The study used a rodent model of sporadic AD, demon-
strating that STZ-induced sAD resulted in increased hippocampal UPE, which was associated with oxida-
tive stress. Treatment with donepezil reduced UPE and improved oxidative stress. These findings support
the potential utility of UPE as a screening and diagnostic tool for AD and other neurodegenerative dis-
eases.

INTRODUCTION

To the best of our knowledge, there is currently no brain implantable chip that is specifically designed to screen and diagnose Alzheimer's
disease (AD). While implantable brain chips have been developed for various purposes such as monitoring brain activity or delivering ther-
apeutic electrical stimulation, their use for screening or diagnosing AD is still an area of active research. Diagnosing AD typically involves a
combination of cognitive and memory tests, brain imaging studies, and other assessments performed by a clinician. Based on the observation
that the brain spontaneously emits photons, so-called ultraweak photon emissions (UPEs), " we suggest that a brain-computer interface with
an integrated photonic chip (BCIPC)® may be an efficient real-time method for monitoring early symptoms of AD and related dementias
(ADRDs). The envisaged technology would support clinicians by providing complementary data to efficiently screen and diagnose AD.
Indeed, we have previously discussed a pattern recognition approach for an efficient interpretation of UPE via the output signals on a pho-
tonic interferometer chip.® Supporting this vision is the fact that various research studies have shown that there are significant UPEs from neu-
rons across the electromagnetic spectrum.’* Such UPEs reflect cellular (and brain) oxidative status, as they are particularly intense during
heightened metabolic activity or stress.” Several studies point to direct correlations between UPE intensity and neural activity, oxidative re-
actions, EEG activity, cerebral blood flow, cerebral energy metabolism, and glutamate release.® Such correlations suggest that we may use
UPEs as a correlative signal to monitor different internal states across the stages of ADRD pathology and to expand the clinical criteria, partic-
ularly in the preclinical and mild cognitive impairment (MCI) stages where memory loss and other problems are not always evident. Discrim-
ination between the interferometric patterns of normal, and preclinical stages will be non-trivial but tractable via machine learning, based on
observation of highly synchronized brain activities with strong UPE correlations for specific cognitive tasks.® With an analysis of signals over
thousands of training trials, it will be possible to obtain an average pattern for feature extraction, enabling pattern recognition directly during
preclinical and premarket approval testing.

'Department of Anatomical Sciences, School of Medicine, Shiraz University of Medical Sciences, Shiraz, Iran
2Department of Physics and Astronomy, University of Calgary, Calgary, AB, Canada

3Institute for Quantum Science and Technology, University of Calgary, Calgary, AB T2N 1N4, Canada
4Quantum Alberta, University of Calgary, Calgary, AB T2N 1N4, Canada

SDepartment of Physiology, School of Medicine, Shiraz University of Medical Sciences, Shiraz, Iran
¢Histomorphometry and Stereology Research Center, Shiraz University of Medical Sciences, Shiraz, Iran
7Psychosomatic Outpatient Clinics, Budapest, Hungary

8Vision Research Institute, Neuroscience and Consciousness Research Department, Lowell, MA, USA
9MCEN Team, Basque Center for Applied Mathematics, Bilbao, Bizkaia, Spain

T0IKERBASQUE, Basque Foundation for Science, Plaza Euskadi 5, 48009 Bilbao, Spain

""Hotchkiss Brain Institute, University of Calgary, Calgary AB T2N 1N4, Canada

12These authors contributed equally

3Lead contact

*Correspondence: vahid.salari1@ucalgary.ca (V.S.), srodrigues@bcamath.org (S.R.), doblak@ucalgary.ca (D.O.)
https://doi.org/10.1016/].isci.2023.108744

Gheskior iScience 27, 108744, January 19, 2024 ©® 2023 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:vahid.salari1@ucalgary.ca
mailto:srodrigues@bcamath.org
mailto:doblak@ucalgary.ca
https://doi.org/10.1016/j.isci.2023.108744
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108744&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

The hippocampus is an important brain region that plays a crucial role in forming and retrieving memories.” In AD, one of the earliest symp-
toms is memory loss and difficulty in forming new memories, which is linked to hippocampus damage. Indeed, atrophy and shrinkage occur in
the hippocampus of AD patients, which can be seen on brain scans such as MRI. However, it's important to note that memory loss and
changes in the hippocampus can be caused by other factors as well, so it's not a definitive diagnostic tool for AD, hence a number of clinical
evaluations are undertaken to accurately diagnose AD.

The detection of biophotons through a photonic chip implanted in the hippocampus is an area of ongoing research, and its potential for
diagnosing AD is still unclear. Biophotons are extremely weak light emissions from biological systems and their relationship to neurodegen-
erative diseases such as AD is not yet fully understood, and there is currently no evidence to support its use as a reliable diagnostic tool for AD.
This motivates the present study where we investigate biophotons from the hippocampus® and correlate it with other neuropathological sig-
natures of AD, results of which enable us to propose a future development of BCIPC for screening and diagnosing AD.

Alzheimer’s disease, ROS, and ultraweak photon emission

AD is the most common type of dementia and is a progressive neurodegenerative brain disorder causing a significant disruption of normal brain
structure and function.” Sporadic Alzheimer's disease (sAD), which begins after the age of 65 without a family history, is the most common type of
AD and has several causes and risk factors.'” The risk factors and reasons associated with sAD include the accumulation of amyloid plaques, the
formation of neurofibrillary tangles, decreased activity or the number of cholinergic neurons in the brain, neuroinflammation, insulin signaling
impairments, mitochondrial disorders, and oxidative stress.'"'? In the brain of an AD patient, the most consistent neurotransmitter-related
change is the reduction of cholinergic innervation in the cortex and hippocampus caused by the loss of neurons in the basal forebrain.'* Among
the pharmacological agents, acetylcholinesterase (AChE) inhibitors, like donepezil, seem to be the most effective agent for improving cholin-
ergic deficits and reducing the symptoms of AD."* As the most potent approved drug, donepezil affects various events of AD, such as inhibiting
cholinesterase activities, anti-Ag aggregation, anti-oxidative stress, etc.'” In sAD, the initiating causes of the neurodegenerative cascade are un-
known, but some studies suggest increased levels of oxidative stress and impaired energy metabolism as the initiating cause of the disease.'®
Oxidative stress is an imbalance between the antioxidant defense system and the production of reactive oxygen species (ROS). Mitochondria are
susceptible to oxidative damage despite the presence of an antioxidant system, and damaged mitochondria produce more ROS than ATP."
Spontaneously, when ROS are produced during the metabolic processes, the ultraweak photons are emitted through the relaxation of electron-
ically excited species formed during the oxidative metabolic processes'®; therefore, the biophoton emission rate could be utilized in order to
investigate tissue oxidative state.'” The UPE produces a very weak luminescence and can be performed by living organisms,'®*° comprising mi-
croorganisms, plants, and humans. It is mainly named biophoton emission.?’?” The UPE intensity changes are related to different physiological
and pathological conditions, such as different kinds of stress, mitochondrial respiratory chain, cell cycle, and cancerous growth. It has been shown
that the measurement of delayed luminescence emitted from the tissues provides valid and predictive information about the functional status of
biological systems.”*** Several studies repeatedly illustrated that the intensity of photon emission changes in an abnormal condition, and
abnormal cells emit significantly more biophotons than healthy cells. It has also been shown that changes in biophotonic activity are indicative
of changes in mitochondrial ATP energy production manifested in physiological and pathological conditions.?>?¢ Having considered that ROS
production is related to inflammatory diseases and impaired metabolic processes,”’ it is reasonable to expect that UPE can also be associated
with inflammatory disease and/or metabolic processes.” Therefore, UPE might be used practically for the diagnosis of inflammation and inflam-
mation-related diseases.”® Reports have considered UPE as a potential diagnostic tool, and some studies have found evidence for diagnosing
patients with type 2 diabetes®” and breast cancer.™

Transgenic mouse models are associated with familial AD, which is observed in approximately 5% of AD patients, while the remaining 95%
of AD cases are sporadic in nature. However, despite the promising results obtained in transgenic animal models, the majority of new drug
candidates approved based on these models have failed to show efficacy in clinical studies. Many studies target mechanisms that aim to
improve the obvious symptoms described in the pathogenesis of AD. Nevertheless, due to the lack of consideration for the underlying dis-
turbances causing these symptoms, the error rate in drug development remains high.*"** Our study focused on non-transgenic mouse
models associated with non-familial AD due to metabolic perturbation. It is essential to recognize that the current transgenic mouse models
of AD do not fully replicate the entire disease course, which includes plaque and tangle formation, cognitive decline, synaptic loss, and pro-
gressive neurodegeneration. Even when expressing familial AD (FAD)-linked mutations, these mouse models fail to encompass all patholog-
ical pathways observed in humans. Ref. **** provide a summary of brain pathology similarities between the icv-STZ rat model and human
cases of sporadic AD. Furthermore, we encountered challenges when manipulating the hippocampus in mice, as compared to rats. The
dissection of the mouse hippocampus requires swiftness, and larger tissue samples are preferred for better detection of UPE signals. Intra-
cerebroventricular (ICV) injection of low doses of streptozotocin (STZ) leads to neuropathological, biochemical, and behavioral changes
similar to non-hereditary sAD in the rat brain, so it is used as a laboratory model to investigate the process and treatment of sAD in rat brain.*
STZ possibly desensitizes neuronal insulin receptors and reduces the activities of the glycolytic enzyme.® It causes oxidative stress and de-
creases cerebral energy metabolism resulting in cognitive dysfunction by inhibiting the synthesis of adenosine triphosphate (ATP) and acetyl
CoA, which in turn leads to cholinergic deficiency supported by reduced choline acetyltransferase (ChAT) activity in the hippocampus®’-* and
increased AChE activity in rat whole brain.*” To investigate the metabolic-centric aspect of AD, we employed the icv-STZ model in rats. It has
been demonstrated that icv-STZ induces neuropathological, biochemical, and behavioral changes similar to non-hereditary Alzheimer’s dis-
ease (sAD) in the rat brain. This model serves as a valuable laboratory tool to study the processes and potential treatments for sAD. Partic-
ularly, the icv-STZ model is associated with glucose utilization disorders and subsequent changes in energy metabolism. Importantly, these
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Figure 1. Morris water maze test

(A) Line chart of block mean of escape latency in trial days.

(B) Line chart of velocity in trial day.

(C) The target quadrant time spent in the probe trial.

(D) The platform zone crossing frequency in the probe trial.

(E) Escape latency in visible platform trial. Data were expressed as mean + SEM (n = 8) and analyzed by two-way. Repeated measures ANOVA for acquisition trial
and velocity, and one-way ANOVA for probe and visible trial followed by Tukey’s multiple comparison test. (a), Compared to the control group; (b), Compared to
the sham group; and (c), Compared to the STZ group; 1p < 0.05, 2p < 0.01, 3p < 0.001, 4p < 0.0001. STZ: Streptozotocin, Donp: Doneperzil.

metabolic disruptions occur earlier than cognitive impairment and plaque formation in AD patients.**~** The rationale behind our focus on AD
was the exclusive measurement of memory and hippocampus markers, as well as the utilization of UPE. Additionally, we put forward an inno-
vative proposal for monitoring the brain’s temporal lobe. However, due to the specificity of our results to the hippocampus, our discussion did
not extend to other brain diseases. It is essential to note that morphological changes observed in Alzheimer's patients encompass enlarged
brain ventricles and progressive medial temporal lobe atrophy, which becomes more pronounced as the disease advances. Brain MR assess-
ments of Alzheimer's patients have consistently indicated that hippocampal atrophy occurs earlier than in other brain regions.** The present
study aims to evaluate the UPE intensity of the hippocampus in the normal, pathological, and therapeutic state and also investigate the re-
lationships between the intensity of UPE, memory, oxidative stress, and AChE activity for AD diagnosis and treatment success.

RESULTS
Morris water maze

There was no significant difference in escape latency between groups on the first day of the acquisition trial. On the 2nd and 3rd days, there
was a significant difference in escape latency between the control group and other groups (STZ p < 0.0001, STZ+Donp p < 0.05). STZ group
had significantly higher scape latency in comparison with the sham group (p < 0.0001). Also, on this day, the escape latency of the STZ+Donp
group significantly decreased in comparison with the STZ group (p < 0.001). Our results demonstrated that escape latency in the donepezil-
treated group was significantly lower than in the STZ group (p < 0.001) (see Figure 1A). No significant differences were observed in swim speed
between groups on all days of the trial (Figure 1B). In the probe trial, the STZ-injected groups significantly spent lower time in the target quad-
rant compared with the control group (STZ p < 0.0001, STZ+Donp p < 0.01). Still, only the STZ group was significant with the sham group
(p < 0.001). Whereas the donepezil-treated group significantly spent higher time in the target quadrant in comparison with the STZ group
(p <0.05) (Figure 1C). In this trial, platform zone crossing in the STZ group significantly decreased compared with the control and sham groups
(p < 0.0001). Moreover, the STZ+Donp group had a significant difference from the STZ group (p < 0.01) and the control group (p < 0.05) (Fig-
ure 1D). Escape latency in visible platform trials was not significantly different between the groups (Figure 1E).

Novel object recognition test

No differences in the spent time exploring the two identical objects during the familiarization phase were found among animals (Figure 2A).
ICV-STZ injection impaired responding in the NOR test, as was indicated by failure to discriminate between familiar and novel objects during
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Figure 2. Novel object recognition test

(A) Exploration time during the familiarization phase.

(B) Exploration time during the testing phase.

(C) Discrimination index. Data were expressed as mean = SEM (n = 8) and analyzed by paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the
exploration time of familiar objects during the testing phase of respective groups. Data were analyzed by one-way ANOVA followed by Tukey's multiple
comparison tests. (a), Compared to the control group; (b), Compared to the sham group; (c), Compared to the STZ group; 1p < 0.05, 2p < 0.01, 3p < 0.001.
STZ: Streptozotocin, Donp: Donepezil.

the testing phase 1 h after the familiarization phase. In control and sham groups, a significantincrease (p < 0.001) in exploration time toward a
novel object was observed in comparison with a familiar object. Administration of donepezil improved memory in STZ-injected rats, as was
shown by a significant increase (p < 0.01) in the exmeansation time of the novel object compared with the familiar object (Figure 2B). When
results were expressed as discrimination index, the STZ group had a significantly lower discrimination index compared with control and sham
groups (p < 0.01, and p < 0.001 respectively), two-way ANOVA analyzed data significantly higher discrimination index in comparison with the
STZ group (p < 0.05) (Figure 2C).

Photon emitting evaluation of the hippocampus

The mean of the total photon emission of the hippocampus during the 300 s was shown in Figure 3. ICV-STZ injection significantly increased
hippocampus photon emission of STZ-injected rats compared with control and sham groups (p < 0.0001). The STZ+Donp rats had signifi-
cantly lower hippocampus photon emission in comparison with the STZ group rats (p < 0.01).

Hippocampus MDA concentration

MDA concentration (index of lipid peroxidation) in the STZ-injected groups was significantly higher than in control and sham groups (p < 0. 0001).
Also, lipid peroxidation decreased in the STZ+Donp group (p < 0.001) compared with the STZ group but was still significant with control and
sham groups (p < 0.001, p < 0.05, respectively) (Figure 4).

AChE activity of the hippocampus

The hippocampal AChE activity significantly (p < 0.0001) increased in the STZ-group compared with control and sham groups. In the done-
pezil-treated group, AChE activity of the hippocampus significantly decreased in comparison with the STZ group (p < 0.01) but had signifi-
cantly higher AChE activity than in the control group (p < 0.01) (Figure 5).

Correlation matrix of UPE with MDA & AChE activity of the hippocampus

UPE had more correlation strange with MDA as was proven by Pearson correlation analysis, UPE vs. MDA (r = 0.8552); UPE vs. AChE activity
(r = 0.7793). The Coefficient of determination (r2) in this analysis showed that 73% of the UPE variance could be explained by MDA con-
centration, while 60% of UPE variance could be explained by AChE activity (Figure 6).

DISCUSSION

To the best of our knowledge, this is the first study that investigates UPE emission from the hippocampus as a potential clinical tool for the
diagnosis of sporadic AD. The focus of our discussion on AD was primarily on memory and hippocampus markers, as well as the utilization of
UPE measurements. Furthermore, we proposed an innovative approach for monitoring the temporal lobe of the brain. Alzheimer's patients
exhibit morphological changes in their brains, including enlarged brain ventricles and progressive medial temporal lobe atrophy, which
worsens as the disease advances. Notably, hippocampal atrophy is observed earlier than in other brain regions during brain MRI assess-
ments of Alzheimer’s patients.*® Due to the specificity of our results to the hippocampus, we were unable to delve into other brain diseases,
such as Parkinson’s, which is associated with brain striatum and dopaminergic neurons, as we primarily measured hippocampus and cholin-
ergic activity. Additionally, we evaluated memory impairment, the main symptom of AD, and found no evidence of mobility impairment, as
demonstrated by the absence of significant differences in swim speed between rats during the MWM test. Our focus was solely on
measuring UPE-related markers, specifically assessing the hydrolysis chemical reaction related to UPE, where AChE hydrolyzes Ach. Addi-
tionally, MDA serves as a marker for lipid peroxidation, providing insights into the oxidative metabolic state of the tissue. The generation of
UPE occurs through redox reactions, involving the transfer of electrons between species and resulting in orbital changes. The reason for
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15000 - Figure 3. Representation of hippocampus total photon emission during the 300 s

The result was expressed as mean + SEM (n = 8). Data were analyzed by one-way ANOVA
followed by Tukey's multiple comparison test. (a), Compared to the control group; (b),
Compared to the sham group; (c), Compared to the STZ group; 1p < 0.05, 2p < 0.01,

4p < 0.0001. STZ: Streptozotocin, Donp: Donepezil.

Count per 300s

emphasizing AD in our study was to evaluate memory impairments and their correlation with hippocampus markers and UPE. Memory
impairment stands as the principal and initial symptom of AD, and the hippocampus plays a crucial role in AD pathogenesis and memory
deficits. SAD is recognized as a multifactorial condition with several risk factors, including vascular and metabolic impairments, nutritional
deficiencies, depression, brain trauma, and genetic factors (such as apolipoprotein E).** Consequently, any disorder that could lead to brain
damage, especially in the hippocampus, is considered arisk factor for AD. Biologically, all damage in AD originates from oxidative stress or
metabolic changes. For instance, neuroinflammation prompts microglia and astrocytes to release significant amounts of superoxide via
NADPH oxidase, resulting in cytotoxicity to nearby injured cells and ultimately leading to apoptosis. Amyloid plaque alone may not induce
damage, but when surrounded by neuroinflammation, it leads to oxidative damage. Notably, brain metabolism imbalance and oxidative
stress precede the formation of amyloid plagues and neurofibrillary tangles, indicating that oxidative stress may be a primary event in AD
progression.”®*> Moreover, an excessive increase in BACE1 activity and levels, related to amyloid-beta, has been observed in the brains of
both mice and humans. Reports suggest that the BACE1 promoter includes stress-sensitive genome areas and proinflammatory cytokines,
further linking AD pathology to oxidative stress and inflammation.””** To test the viability of the proposed diagnostic tool we focused on
ICV-STZ-induced sporadic AD models and compared with control, Sham and ICV-STZ rats treated with the most potent treatment of AD
(donepezil).

In this research, specifically, we analyzed the associations between memory, oxidative stress, AChE activity, and UPE intensity of the hip-
pocampus. Following ICV administration of STZ, the rats exhibited memory impairment while testing for their behavioral parameters via
MWM and novel object recognition NOR tests. This is consistent with previous studies where ICV-STZ-treated rats showed impairment in
memory without any significant changes in escape latency time in MWM™"*® and NOR tests. Other studies showed that ICV-STZ rats had
poor discrimination index and reflected no reaction to novel objects.”®*? We subsequently studied the effects of an anticholinesterase inhib-
itor (donepezil), which in previous studies showed that donepezil inhibits memory deficits induced by ICV-STZ in rats.”*°! Indeed, we also
found that donepezil prevented ICV-STZ-induced memory impairment in all behavioral paradigms. Noteworthy, differences between groups
in behavioral paradigms were not associated with any changes in vision and loco-motor activity, as was demonstrated by no sign between
groups in swim velocity and visible platform trials. In the case of ICV-STZ injected rats, we note that STZ injection interferes with various mech-
anisms essential to cognitive function, such as, an increase in ROS, neuroinflammation, disruption of the mitochondrial membrane potential
and function which leads to H,O, production, decrease in ATP generation.>’>° Interestingly, an increase in ROS during the metabolic pro-
cesses leads to UPE increase due to electron energy level changes in a chemical reaction of electron excited species to electron ground me-
tabolites.'® This is accentuated particularly during hypermetabolism.*® Moreover, when brain slices are examined under an inhibitor of the
mitochondrial electron transport chain, photon emission intensity increases, indicating electron leakage from the respiratory chain.”” Thus,
these studies suggest that UPE can used to non-invasively detect a pathophysiological state (e.g., oxidative damage of living tissue) driven
by the excessive production of ROS and oxidative stress.”® In agreement with this evidence, we detected a significant elevation in UPE from
the hippocampus of ICV-STZ-injected rats. We further substantiated results by finding a significant increase in MDA concentration in the hip-
pocampus of ICV-STZ-injected rats. MDA is the index of lipid peroxidation and is known as an oxidative stress marker. The literature hypoth-
eses that excited species are formed through a radical reaction with intracellular substances. Particularly regarding unsaturated fatty acids,
excited species are generated as the result of a lipid peroxidation process.*® The combination of previous studies and our results, in particular
Pearson correlation analysis of UPE vs. MDA, leads us to conclude that elevated UPE of the hippocampus in ICV- STZ-injected rats is linked
with ROS production and MDA concentration and thus UPE could be used for early detection of AD. Indeed, sporadic AD has a long latent
period before the actual manifestation of disease symptoms and in MCI subjects (during this latent period) subjects exhibit significant
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Figure 4. Representation of MDA concentration
Data were expressed as mean + SEM (n = 8) and analyzed by one-way ANOVA followed by Tukey's multiple comparison test. (a), Compared to the control group;
(b), Compared to the sham group; (c), Compared to the STZ group; 1p < 0.05, 3p < 0.001, 4p < 0.0001. STZ, Streptozotocin; Donp, Donepezil.

oxidative imbalance compared with age-matched controls. Moreover, oxidative stress occurs before forming plaques and NFTs.”” " In the
case of ICV-STZ injected rats treated with donepezil we observed a significant reduction in UPE. This suggests that donepezil causes a
decrease in ROS production and oxidative stress, as was shown by the MDA concentration decrease in donepezil-treated rats compared
with the STZ group. In agreement with our results, previous studies showed that treatment with donepezil had an antioxidative effect in
the ICV-STZ rat model, and the treatment decreased MDA and increased GSH levels, showing the reduction of oxidative stress in the brain
of ICV-STZ rats.*”? ICV-STZ injection in rats causes reduced energy metabolism and synthesis of acetyl CoA, ultimately resulting in cholin-
ergic deficiency; and, thereby, memory deficit. This process is supported by reducing ChAT activity®® and increasing acetylcholinesterase
(AChE) function®” in the hippocampus of ICV-STZ-injected rats. Corroborating with these observations, we show an AChE activity increase
in ICV-STZ-injected rats. Thus, UPE may also be correlated with metabolic systems involved in neurotransmission, as evidenced by the
61% coefficient of determination (r2) between UPE and AChE activity. A study identified associations between UPE intensity and neurotrans-
mitter metabolites.”®

AD is a complex condition with multiple potential causative mechanisms, including oxidative stress, chronic inflammation, impairment in
insulin metabolism, and cholinergic deficits.** Studies have indicated an increase in acetylcholinesterase (AChE) activity along with a simul-
taneous decrease in ChAT activity within the hippocampal region following ICV-STZ induction. This elevated AChE activity leads to a signif-
icant reduction in cholinergic neurotransmission,®” similar to observations in AD patients, where cholinergic transmission is disrupted.
Furthermore, alterations in glucose metabolism have been reported in both sporadic AD patients and the icv-STZ model, resulting in
decreased synthesis of adenosine triphosphate (ATP) and acetyl coenzyme A (acetyl-CoA). These changes contribute to cholinergic dysfunc-
tion characterized by the inhibition of ChAT activity and an increase in AChE and butyryl-cholinesterase (BChE) activities in the nervous
system. The icv-STZ injection also impairs insulin signaling, leading to reduced ChAT activity and increased oxidative stress, which is associ-
ated with the upregulation of AChE in the rat brain.***-*” Oxidative stress has been shown to modify biomolecules and influence AChE regu-
lation and activity. Both AChE and BChE belong to the hydrolase family and are capable of hydrolyzing ACh at a rapid rate. In a healthy brain,
BChE is responsible for approximately 20% of ACh hydrolysis. However, in AD, brain BChE activity increases, and elevated BChE levels are
associated with the development of cortical and neocortical neuritic plaques. The induction of neuroinflammation through icv-STZ adminis-
tration may contribute to the elevation of cholinesterase activity.”””’? Additionally, icv-STZ administration has been shown to decrease
Na+,K + -ATPase activity and increase Ca2+-ATPase activity, suggesting that disturbances in the electrolytic concentrations of Na+ and
Ca2+ could lead to excitotoxicity. The increase in AChE activity may be related to faster cholinergic firing rates due to neuronal damage
in the vicinity of cholinergic synapses.”

Doneperzil, a second-generation cholinesterase inhibitor, is used therapeutically for mild to moderate dementia of AD. It inhibits AChE
reversibly and non-competitively.”* Thus, donepezil treatment can decrease the hippocampus’s AChE activity in the STZ-injected rats, and
this AChE metabolism reduction may be a reason for significant UPE reduction in donepezil-treated rats.
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Figure 5. Representation of the AChE activity of the hippocampus
Data were expressed as mean + SEM (n = 8) and analyzed by one-way ANOVA followed by Tukey's multiple comparison test. (a), Compared to the control group;
(b), Compared to the sham group; (c), Compared to the STZ group; 1p < 0.05, 2p < 0.01, 3p < 0.001, 4p < 0.0001. STZ, Streptozotocin; Donp, Donepezil.

But activity was not reached in the sham or control group because AChE activity was evaluated six days after the last dose. Overall our
results show the viability of using UPE as indicator of AD progression, however far more research will be required to classify photon emission
(possibly based on photon interference patterns) and associate to specific neurophysiological processes. Nevertheless, our work contributes
to a growing literature that put forward the use of UPE as a novel potential cost-effective and minimally invasive tool for monitoring spatio-
temporal photon emission in diverse biological processes.”””” For instance, beyond our present work, UPE has been used to detect cancer,
track proliferation of human esophageal carcinoma cells, monitor tumor progression® % and can be used to study of normal and patholog-
ical states in various mammalian organs.” The advantage of UPE over traditional methods can be understood via the following example: ROS
production has been analyzed by photometry, luminometry, flow cytometry, and precipitation reaction techniques.®® All of these traditional
techniques measure at only a single time point or require chemical labels. Moreover, these techniques are biopsy-dependent and not neces-
sarily feasible for diagnostic purposes. In contrast, UPE overcomes these invasive and labor-intensive procedures and thus there is a need to

develop novel UPE-based technologies for monitoring health and diseases,”® such as AD as we subsequently discuss.

Discussion of envisaged BCIPC for AD

Our compelling results calls for the development of an advanced BCI photonic chip (BCIPC) for detecting, diagnosing and classifying neuro-
degenerative diseases (and associated syndromes), such as in AD. The envisaged BCIPC would be minimally invasive, cheap, high-speed,
scalable providing high spatiotemporal resolution of brain’s activity when compared to electrical chips, which have stronger limitations on
the number of electrodes. The BCIPC would longitudinally capture brain’s UPE and appropriate data processing would complement existing
neuropathological parameters to provide an enhanced clinical assessment of AD. The envisaged BCIPC is rendered in Figure 7, and shows the
possibility of connecting the BCIPC to a smart wristwatch or smartphone via its wireless connection. This technological proposal is timely,
since photonic technologies are rapidly advancing. They are poised to overtake many electrical technologies due to their unique advantages,
such as miniaturization, high speed, low thermal effects, and large integration capacity that allow for high yield, volume manufacturing, and
lower cost. Here we provide some predictions and discuss the feasibility of the technology and its limitations for ADRDs. To implant a pho-
tonic chip for monitoring photon emissions from the hippocampus, a minimally invasive approach is preferred. This can be achieved through
low-invasive chip transplantation surgery that involves placing the chip on the surface of the temporal skull. The temporal lobe, particularly the
medial region, is closely related to memory and time episode formation, and is often affected earlier in dementia patients compared to other
brain regions. Therefore, detecting UPE from the temporal lobe using a minimally invasive surface skull transplantation of a photonic chip is
likely to be more feasible than monitoring hippocampal formation, which requires more invasive procedures and is more challenging to

iScience 27, 108744, January 19, 2024 7




¢? CellPress iScience
OPEN ACCESS

A 15000 B 5000+
< <
£ . 5
5 10000 L
a &
- [=
§ g 5000
S 5000 = 2, °
w o ° Pearson r
& Pearsonr 35 o 0.7793
= 08552 0 1 T 1 T 1
0 T T T 1 0 5 10 15 20 25
0 5 10 15 20 AChE activity
MDA (nmol/mg protein) (nmol/min/mg protein)

Figure 6. Correlation matrix of right hippocampus UPE vs. left hippocampus MDA concentration and Ache activity
(A) UPE vs. MDA; (B) UPE vs. AChE activity.

transplant. Using a photonic interferometer to distinguish wavelengths of UPEs, the efficiency decreases significantly. This low number of pho-
tons is still interpretable since the chip will be fitted with single-photon detectors that receive a relatively high number of photons compared
to the quantum limit (i.e., 10-10° photons/sec). Moreover, the signal will be further discriminated from noise (e.g., dark noise and shot noise)
via appropriate machine-learning training data (for a detailed discussion we refer the reader to our previously published work?). The integra-
tion time of the detector is estimated to be on the order of nanoseconds. Generally, biological systems exhibit UPE spectra from the near-
ultraviolet and extend to the range 700-1000 nm, an optimal range for our photonic detector. Similar results may be achieved in the ultraviolet
and visible spectra. These combined advantages enable for the future development of a "brain photonics" detection device to passively im-
age the brain’s spontaneous (Figure 7).

The effect of ambient light and scar on photon detection via chip

Sunlight or ambient light emits approximately 100 lumens per watt, translating to roughly. 3 x 1072 W/cm?. However, this value diminishes as
it reaches the photonic chip. The photonic chip’s front side, equipped with a photonic sensor, faces the brain’s surface, while the opposite
side shields against incoming ambient light. Several potential biocompatible materials can provide this shielding, such as biopolymer nano-
composites with added nanomaterials, synthetic bio-based materials derived from biomolecules and petrochemicals, aqua-Fe (Ill) complexes
stabilized within a layered silicate scaffold, or biodegradable active layers composed of organics, perovskites, or inorganic luminescence ma-
terials. Itis essential to note that ambient light in the UV and Visible range faces challenges when trying to pass through the skull. The skin acts
as a barrier to UV radiation. Similarly, visible light needs to go through hair, skin, and the cranial bone, where it mostly gets absorbed by these
layers. Sunlight consists of a range of wavelengths, spanning from approximately 300 nm-2500 nm. The majority of its energy is concentrated
within the visible spectrum, which falls between 400 nm and 700 nm. The journey of sunlight to the brain involves passing through hair, skin,
and the skull. The skin functions as a protective barrier against UV light (100-400 nm), making it improbable for UV light to directly penetrate
the skull and reach the brain. Similarly, visible light (400-700 nm) struggles to penetrate all layers of hair, skin, and skull effectively to reach the
brain. In contrast, near-infrared light (700-1000 nm) exhibits better penetration capabilities through the skull and head skin compared to other
wavelengths. Beyond 950 nm, near-infrared light can delve deeply, even penetrating bone, the cerebrospinal fluid, and the brain. However,
this falls outside the visible range of sunlight. The depth of penetration varies due to factors like tissue type and blood flow. As a result, only a
small amount of sunlight manages to reach the photonic chip in the visible spectrum. To address this, a suitable material can be applied to the
back of the implanted photonic chip, effectively reducing this limited penetration. Additionally, it's important to mention that despite the
near-infrared (near-IR) spectrum of sunlight that can go deeper into the brain, the photonic chip cannot detect this kind of light based on
the range of detection. Regarding the sensor’s placement on the chip, it should be positioned very close to the brain’s surface. Its primary
role is to detect UPE rather than the general ambient light or the light that is around it. In order to have a minimal scar effect and efficient
measurement of UPE of the hippocampus, the concept of implanting a photonic chip in close proximity to the cochlea presents an intriguing
and potentially groundbreaking avenue for the measurement of UPE originating from the hippocampus. This innovative approach capitalizes
on the existing anatomy of the inner ear, offering a minimally invasive pathway to access neural activity-related light emissions. By strategically
positioning the photonic chip within the ear’s cochlear region, it becomes possible to capture UPE associated with hippocampal function.
This novel technique not only sidesteps the complexities and invasiveness of traditional cranial implantation methods but also taps into
the neural-ear interface to obtain valuable insights into hippocampal activity. Importantly, given the enclosed nature of the cochlea, concerns
about ambient light interference are alleviated, allowing for focused measurement of biophotonic signals. To minimize the impact of ambient
light exposure, the chip’s design and measurement methods can be adapted. Strategies include integrating shielding materials onto the
chip, calibrating the chip to eliminate noise, controlling the measurement duration, and rigorously validating measurement accuracy and
reliability.

Although surgical scars could influence oxidative stress and UPE, these effects are more noticeable in the short term. It is crucial to empha-
size that the chip is designed for extended use over months and years. To ensure precise data collection and analysis, recording procedures or
monitoring can begin once the potential scars have fully healed. The case of implanting a photonic chip in close proximity to the cochlea, as a
neural-ear interface, is less invasive compared to direct cranial surgery. In this case, the effect of scars can be even trivial in the short term.
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Figure 7. Potential application of a photonic chip implant for monitoring Alzheimer’s disease

A schematic representation for futuristic monitoring hippocampus UPE variations and pattern recognition that may help better diagnosis of Alzheimer’s disease
in the short- and long-term. The photonic chip can be connected to a smart wristwatch and monitor the brain state continuously. The figure is an update from the
previously published work.? For more details about the chip structure, see Ref.’

Photonic chip advantage

The photonic chip offers a significant advantage in the early detection of AD by enabling the detection of UPE signals originating from the
hippocampus. This advantage stems from the fact that oxidative stress, a precursor to AD, occurs at an earlier stage, and the UPE signals
possess the capability to robustly detect this early sign. There are several approaches (e.g., MRI, PET, and fluorescence imaging®™ ") applied
for AD detection and diagnosis with noninvasiveness and in vivo imaging capability. However, the above imaging methods are reliant on
relatively costly, intricate, and stationary devices, often necessitating the injection of contrast agents during certain detection processes.
In contrast, the UPE-detecting device offers mobility and eliminates the need for injections. In the advanced form of MR, functional magnetic
resonance imaging (fMRI), subjects must remain still while specific brain functions such as hearing, thinking, watching, and emotions are moni-
tored. This monitoring is based on changes in blood supply and heat patterns. On the other hand, the UPE monitoring technique based on a
chip enables the detection of a broader spectral range compared to fMRI, ranging from UV to NIR, and can be employed on freely moving
subjects. At least, the long-term continuous monitoring of the brain can provide a better diagnosis method compared to the traditional
methods in the short term.

Conclusion

Treatment with donepezil improved spatial and recognition memory deficits via oxidative stress regulation and AChE inhibition in ICV-STZ-
injected rats. Correlations with UPE led us to the conclusion that hippocampus UPE is associated with the redox state of the tissue. Since
oxidative stress is one of the primary patho-neurophysiological signatures in the progression of AD, then it stands to reason that UPE detec-
tion of the brain will provide complementary clinical parameters for AD screening and diagnosis. Moreover, UPE could be used to monitor
recovery from neurodegenerative diseases upon suitable future therapeutic treatments, as suggested by our experiment involving donepezil
which decreases the patho-neurophysiological signatures and in a correlated way with UPE. In the cytosol of cholinergic presynaptic neurons,
Ach neurotransmitter is produced from choline and acetyl-coenzyme A (acetyl-CoA) by means of ChAT. Acetyl-CoA is a key energy precursor
intermediate in all cells of our body. Acetyl-CoA is almost entirely synthesized in the brain by the pyruvate dehydrogenase multi-enzyme com-
plex (PDHC), which supplies 97% of the energy.”’ Current AD therapy is mainly based on inhibitors of AChE by AChE inhibitors such as do-
nepezil, rivastigmine, memantine, and galantamine, which enhance cholinergic transmission.”” The use of donepezil is particularly promising,
as it also has potent anti-inflammatory effects, inhibits neuronal death and cognitive decline, and reduces pro-inflammatory gene expres-
sion.” In the AD model, ICV-STZ injection induces AD disease-like symptoms that look like biomolecular, pathological, and behavioral fea-
tures of AD.”*?* ICV-STZ produces mitochondrial dysfunctions such as anomalous morphology, decreased ATP synthesis, and increased ROS
generation.””> This may explain why ICV-STZ injection significantly increased UPE and MDA concentrations in the hippocampus compared
to the sham and control groups. Furthermore, donepezil inhibits AChE, which catalyzes the breakdown of acetylcholine (and some other
choline esters that function as neurotransmitters). This may reduce mitochondrial acetyl-CoA production, i.e., mitochondria produce less
acetyl-CoA, which changes the mitochondrial redox state and various mitochondrial mechanisms. As a result, these processes reduce
UPE. However, the mitochondrion is the major redox, cellular signaling, and energetic hub of cells and neurons.” In our experiments, treat-
ment with donepezil improved spatial and recognition memory deficits via oxidative stress regulation and AChE inhibition in ICV-STZ-injected
rats. Therefore, based on the obtained results, it could be concluded that hippocampus UPE is associated with the redox state of the tissue.
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Pearson correlation analysis revealed that 73% of the UPE variance could be explained by MDA concentration, while 60% of the UPE variance
could be explained by AChE activity of the hippocampus. In addition, studies have suggested that mitochondria can have key roles in neuro-
genesis.”” " Increasing evidence suggests that the dysfunction of cellular organelles, particularly mitochondria, has important roles in neuro-
degenerative disorders.”” These above-mentioned results and facts support the hypothesis that perturbed redox (oxidative stress) and mito-
chondrial mechanisms may play key roles in the development of AD. Thus, the UPE detection of the brain may be useful for a better
understanding of the development of AD, its diagnosis, and the development of possible drugs. Therefore, it is possible that a photonic
chip that can efficiently detect biophotons from the hippocampus could be a tool for the diagnosis or monitoring of AD. Biophoton emissions
from the brain have been suggested as a potential diagnostic marker for various neurological disorders, and here we have shown that it can
include AD, in which detecting changes in biophoton emissions from the hippocampus could help monitor the progression of AD. Since the
results for UPE measurement are obtained with PMT in our experiments, we suggest that the photonic chip with a similar quantum efficiency
as PMT can be a helpful tool for the diagnosis of AD. The CMOS quantum efficiency is about 75%, which is about three times higher than PMTs
with a quantum efficiency of about 20-25%. According to the estimations in Ref. °, the amount of total photon loss from the receiver optical
plane (ROP) to the output of the optical interferometer (Ol) is about 50%. The QE of CMOS at the output of the Ol is estimated to be 25% in
body temperature under the implant conditions to have a final SNR of about 2. However, still, further research is needed to validate the use of
UPE as a diagnostic tool and determine the specific changes in UPE associated with AD, while we have now a piece of evidence to be hopeful
for designing new and cheaper methods for AD diagnosis. The association between oxidative stress'® and AD is firmly established.'®'='%
Moreover, evidence suggests a connection between UPE and oxidative stress.'%'% The mechanisms underlying the generation of ROS
have also been extensively investigated.'®”'%'%” Consequently, the development of a mathematical model holds promise as a framework
for prospective investigations. Another avenue warranting exploration for future research is the utilization of magnetic fields. Notably, there
is empirical support for the influence of magnetic field exposure on AD."%*""'9 Magnetic phenomena are pervasive in biological systems,
prompting the proposition of a quantum model grounded in spin correlation of radical pairs to explain these effects.”'’ Furthermore, recent
work by Zhang et al. demonstrated that shielding the geomagnetic field (hypomagnetic conditions) led to cognitive impairments in mice, with
such impairments being correlated with ROS levels.''? A contemporary study put forth a radical pair model to elucidate this observation.'™
Consequently, a compelling avenue emerges for investigating the impact of magnetic fields on AD, alongside the interplay between these
effects, levels of ROS, and UPE within the context of AD.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

NaCl Sigma-Aldrich Cat# S5886
KCI Sigma-Aldrich Cat# P5405
MgCl Sigma-Aldrich Cat# M8266
CaCl Sigma-Aldrich Cat# C4901
Dextrose Sigma-Aldrich Cat# D9434
Stereptozocin Sigma-Aldrich Cat# S0130
Acetylthiocholine iodide Sigma-Aldrich Cat# A5751
Dithiobisnitrobenzoic acid Sigma-Aldrich Cat# D8130
Phosphate buffered saline Sigma-Aldrich Cat# P4417
2-Thiobarbituric acid Sigma-Aldrich Cat# T5500
Trichloroacetic acid Sigma-Aldrich Cati# T4885
1,1,3,3-Tetraethoxypropane Sigma-Aldrich Cat# 79889
Donepezil hydrochloride Sigma-Aldrich Cat# D6821

Experimental models: Organisms/strains

Rat: Sprague-Dawley; 7-9 week old males

Comparative and Experimental
Medical Center of the Shiraz
University of Medical Sciences

Biomed1@sums.ac.ir

Biological samples

Adult rat hippocampus tissue Collected in the lab N/A
Critical commercial assays
Pierce Bradford Protein Assay Kit Thermo Fisher Cat# 23200

Software and algorithms

EthoVision XT 14
GEN 5 3.05

Prism 8.0
G*power 3.1.9.7

Noldus
Agilent

GraphPad

Heinrich-Heine-Universitat Dusseldorf

https://www.noldus.com/ethovision-xt
https://www.agilent.com.cn/en/support/
biotek-software-releases
https://www.graphpad.com/
https://www.psychologie.hhu.de/
arbeitsgruppen/allgemeine-psychologie-

und-arbeitspsychologie/gpower

Other

Orion Lab Star PH111 Bench pH Meters
Mechanical Pipette

Microplate reader

T 10 basic ULTRA-TURRAX

Microliter syringe

Dual Lab Standard Stereotaxic
Instrument, Rat

Photomultiplier tube

G.G.104 converter

Thermo Fisher Scientific
Eppendorf Research plus
Agilent

IKA

Hamilton

Stoelting

Hamamatsu

Parto Tajhiz Besat

Cat# LSTAR1118
Cat# 3123000098
BioTek Synergy H1
Cat# 0003737000
Cati# 80300

Cat# 51603

Cat# R6095
https://rghp.ir
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact Niloofar Sefati (Niloofar.
Sefati89@gmail.com).

Materials availability

This study did not generate new materials.

Data and code availability

Raw data and any additional information about this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The whole method is graphically represented in Figure S1. The details are as follows:

Animals and ethical statement

In this study, 7-9 week old/adult Sprague-Dawley male rats (220-250 g), were obtained from the Comparative and Experimental Medical Cen-
ter of the Shiraz University of Medical Sciences. All rats were housed under standard conditions (temperature: 22 + 2 °c, relative humidity:
50%, with a 12-h light/dark cycle) and had free access to laboratory food and water. The animals were subjected to an acclimatization period of
one week before the beginning of the experiments. To prevent seasonal disturbances, experiments were started on all groups at the same
time. All procedures in the study were based on the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals
(NIH Publications No. 8023, revised 1978) and were approved by the Ethics Committee of the Shiraz University of Medical Sciences (approval
number: IR.SUMS.REC.1400.191).

METHOD DETAILS

Sample size

To determine the appropriate sample size, we conducted a power analysis using the G*Power 3.1.9.7 software, focusing on the novel object
recognition (NOR) test due to its highest recorded standard deviation among the outcomes. By extrapolating the effect size (0.69) from our
prior NOR findings, we performed a power analysis for a one-way ANOVA F-test. This analysis revealed that approximately 32 participants
would be the minimum sample size needed to achieve a statistical power of 0.9, assuming an alpha of 0.05 and an effect size of 0.69.

Experimental design

The rats were divided with simple randomized sampling into four groups (n = 8), including Control, Sham, STZ, and STZ+Donp groups. The
Control group underwent without any intervention. Sham and experimental groups underwent ICV cannulation of both lateral ventricles. To
produce the ICV-STZ rat model and memory impairment in rats, after cannulation, ICV injection of STZ on days 1 and 3 of the experiment was
done. For this purpose, 3 mg/kg STZ (Sigma, St. Louis, USA) was dissolved in 10 pL sterile saline 0.9% and injected slowly into both lateral
ventricles (each side 5uL). The Sham rats were treated identically with 10 pL sterile saline 0.9%. One week after the second injection of
STZ, the intraperitoneal (IP) treatments were initiated on the rats until day 23. Sham and STZ group received 0.2 mL saline 0.9% daily/IP,
and the STZ+Donp group received 0.75 mg/kg donepezil daily/IP. From days 24-29 of the experiment, rats were subjected to MWM and
NOR tests. Finally, on day 30, the rats were dislocated, and their brains were removed (see Figure S2).

Artificial cerebrospinal fluid (aCSF) preparation

Avrtificial cerebrospinal fluid (aCSF) was prepared as follows: (in mmol/L) 147 mM NaCl, 2.9 mM KCl, 1.6 mM MgCl2, 1.7 mM CaCl2, and 2.2 mM
dextrose. Then solution PH adjusted to 7.4 with PH meter (Orion Lab Star, Thermo Fisher Scientific).

Intracerebroventricular cannulation

On the zero-day of the experiment, we carried out ICV cannulation of both lateral ventricles. Briefly, rats were anesthetized with an IP injection
of ketamine HCI 10% (70 mg/kg) and xylazine HCI 2% (10 mg/kg). Their heads were placed in a stereotaxic frame (Dual Lab Standard Stereo-
taxic Instrument, Stoelting) and a midline incision was made sagittally in the scalp. The bregma boundary was visible after removing the re-
maining tissue. Holes were drilled in the skull with a dental handpiece with a burr size of 1 mm on both sides over the lateral ventricles using
the following coordinates from Paxinos atlas (0.8 mm posterior to bregma, 1.5 mm lateral to the sagittal line). Two cannulas with a height of
3 mm were inserted in these holes. Then, holes and cannula were covered with dental cement to fix the position. For ICV injection, the injec-
tion needle with 3.5 mm height was connected to the 10 ulL syringe (Hamilton, Bonaduz, Switzerland) by a short piece of narrow polyethylene
tube. The needle was inserted into the tip of the cannula.
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Morris water maze

We employed the Morris Water Maze (MWM) to assess spatial memory. MWM test was performed from days 24-27 of the experiment.
The maze consisted of a circular pool (160 cm in diameter, 60 cm in height), and up to 35 cm in height, it is filled with water (the temperature
at22 + 10C). The pool is geographically divided into four-quarters, equal north, south, east, and west, and in each quarter of the circle, a point
is intended to leave the animal in the water. A transparent platform (diameter, 10 cm) was positioned in the middle of the target quadrant and
submerged approximately 1 cm below the water's surface. All rats underwent four daily trials for three consecutive days for spatial learning
assessment. The starting quadrant was changed each day. If the rat failed to find the hidden platform within 60's, it was guided to the platform
by the experimenter. The rats stood on the platform for 10 s for spatial examination of the platform zone. Then, they were removed from the
pool into the cage and rested for 1 min under a heater inside the cage. A probe trial was performed 24 h after the last acquisition trial to assess
spatial memory. In this phase, the hidden platform was removed, and rats were abandoned from the opposite quadrant of the target quadrant
into the water and given 60 s to swim in the pool. A visible platform trial was performed after the probe trial to check the rat’s vision and plat-
form perception. Time to reach the platform (escape latency), time spent in the target quadrant, the number of platform site crossings, and
swimming speeds were automatically estimated with a video tracking system (EthoVision XT, Noldus Information Technology) for measuring
mobility accurately; the software must be calibrated.

Novel object recognition test

On the 28th day of the experiment, recognition memory was evaluated by a novel object recognition test. The testing apparatus was a box
with dimensions 65 x 65 x 45 cm this test was performed for two days. On the first day, to familiarize themselves with the test box, the rats are
located in the test box for 5 min without any objects. On the second day in the familiarization phase, two similar objects were placed in two
corners of the box, and the rats were placed in the box for 5 min to explore objects. Then the rats returned to the cage. After 60 min, the rats
were retrial in the box for the testing phase, and one of the familiar objects was replaced with a new object. The time spent to check each
object was measured for 5 min. The animals were evaluated when facing, sniffing, or biting the object. some equipment, such as a test
box and objects, were cleaned with 70% ethanol between trials. Eventually, the discrimination index (the spent time identifying a novel object
divided by the spent total time exploring either object) was measured for recognition memory assessment.

Hippocampus sampling
Finally, the rats cervical dislocated on day 30, and the brains were rapidly removed. Then, the right and left brain hemispheres separated, the
right hippocampus was dissected for biophoton emission evaluations, and the left one was stored at —80 C for MDA and AChE activity mea-
surements (see Figure S3).

Detection of UPE

In this study, UPE were detected with the photomultiplier tube (PMT) placed in a dark box in a dark room. PMT is an intensely sensitive detector
amplifying entrance photons from a field of view to electrical signals. The PMT was connected to the G.G.104 (Parto-Tajhiz-Besat co - PTB) con-
verter, which was also connected to the laptop for data to be digitally visible. A photon counting system (R6095 Hamamatsu Photonics K.K.,
Electron Tube Center, Hamamatsu, Japan) was used to observe time-dependent photon emission intensity. PMT provides detection of photons
in the range of 300-700 nm wavelength, with the highest quantum efficiency (30%) at 420 nm. The collecting gate time from the PMT was set at 1s.
Dark noise was detected with the number of counts in an empty dark box for 5 min (c.p.5 min) before sample UPE detection and subtracted from
the results. Noise is reduced by modifying the upper and lower thresholds via PMT software. The distance between the sample and the PMT
sensor was 0.5 cm. In each trial period, the medium’s emission and then the UPE of samples were measured in a 5 min period. The right hippo-
campus was dissected and transferred to a 3 cm Petri dish containing oxygenated aCSF (O2 95%, CO2 5%), which was placed under the sensor.

For declining any possible delayed luminescence, Petri dish was placed in the darkroom for 10 min.”?

Sample preparation for biochemical analysis

The left hippocampus was removed, weighed, and homogenized in the 10-fold ice-cold phosphate buffer saline. The homogenizing was
accomplished using Homogenizer (IKA T10 basic, Germany) apparatus for about 3 m. Next, centrifuging (12000 rpm) at 4°C for 5 m was per-
formed, and the supernatant was isolated for the following assessments.

MDA assessment

Oxidative stress can lead to damage in various biological molecules, with proteins and DNA being particularly susceptible to early injury,
while lipid peroxidation typically occurs at a later stage in the injury process. Malondialdehyde (MDA) serves as a marker for lipid peroxidation,
and its levels are indicative of the degree of oxidative stress.''*""> To measure MDA, 200 pL of supernatant was added to 800 pL of TCA 20%/
TBA 0.8% solution. Then, the microtubes were placed in an incubator at 87°C for 1 h away from the sunlight. After 1 h, color produced during
the reaction of thiobarbituric acid (TBA) with MDA and the microtubes were located on ice for 2-3 min. After chilling, they were centrifuged at
4000 rpm for 10 min. Afterward, 200 plL of each microtube solution was transferred to the microplate, and absorption of supernatants was read
by an Elisa plate reader (Bio-Tek Instruments, Inc) at a wavelength of 532 nm. MDA concentration was estimated using 1,1,3,3-tetra ethoxy
propane as a standard.'"® Results expressed as nmol/mg protein.
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Acetylcholinesterase activity assessment

The activity of AChE was carried out according to the Ellman method, which uses acetylthiocholine as a substrate. To measure the activity
0.4 mL aliquot of the supernatant was added to a cuvette containing 2.6 mL of phosphate buffer (pH 8.0, 0.1 M) Then 100 pL Dithiobisnitro-
benzoic acid (DTNB) 0.01 M were added. The absorbance was measured at 412 nm; when this had stopped increasing, the photometer slit
was opened so that the absorbance was set to zero then 20 uL Acetylthiocholine iodide 0.075 M was added. Changes in absorbance per min
was recorded and the activity rate calculated by following formula:

R = AA/1.36 (104) « 1/ (400 /3120) CO

where R = rate, in moles substrate hydrolyzed per min per g of tissue; AA = change in absorbance per min; CO = original concentration of
tissue (mg/mL). Thiocholine, produced by AChE, reacts with DTNB to form a colorimetric product proportional to the AChE activity and ex-
pressed as nmol/min/mg protein.'"” Protein concentration of supernatant was measured by protein assay kit (Thermo Fisher) according to the
method of Bradford.""®

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented as the mean + SEM, and p < 0.05 was considered statistically significant (four group; n = 8). The normality of data was
evaluated by the Kolmogorov-Smirnov test. To assess escape latency and swim velocity (Morris water maze) changes during the time, a two-
way repeated-measures analysis of variance (TWRM-ANOVA) was done. Also, for other parameters, one-way ANOVA followed by Tukey's
post hoc test was utilized for comparing various groups. In the NOR test, exploration time during the testing phase was analyzed by paired
t-test. To evaluate relation of the hippocampus UPE with MDA concentration and AChE activity, a Pearson correlation analysis was done. All
statistical analyses were performed using GraphPad software (Prism Software Inc., San Diego, CA, USA).
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