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ARTICLE INFO ABSTRACT
Keywords: Hippocampus is the most widely studied brain area coupled with impairment of memory in a
PaPFZ circuit variety of neurological diseases and Alzheimer’s disease (AD). The limbic structures within the
White matter structures Papez circuit have been linked to various aspects of cognition. Unfortunately, the brain regions
Fornix . . . . . . . s P

. that include this memory circuit are often ignored in terms of understanding cognitive decline in
Hippocampus

these diseases. To properly comprehend where cognition problems originate, it is crucial to clarify
any aberrant contributions from all components of a specific circuit -on both a local and a global
level. The pharmacological treatments currently available are not long lasting. Deep Brain
Stimulation (DBS) emerged as a new powerful therapeutic approach for alleviation of the
cognitive dysfunctions. Metabolic, functional, electrophysiological, and imaging studies helped to
find out the crucial nodes that can be accessible for DBS. Targeting these nodes within the
memory circuit produced significant improvement in learning and memory by disrupting
abnormal circuit activity and restoring the physiological network. Here, we provide an overview
of the neuroanatomy of the circuit of Papez along with the mechanisms and various deep brain
stimulation targets of the circuit structures which could be significant for improving cognitive
dysfunctions in AD.

Entorhinal cortex
Deep brain stimulation

1. Introduction

Alzheimer’s disease (AD), is the most common form of dementia in the category of neurodegenerative disorders which is char-
acterised clinically by dysfunction in learning and memory [1,2]. Pathologically AD exhibits the presence of two hallmarks, the extra
and intra-neuronal amyloid plaques and neurofibrillary tangles formed due to the accumulation of amyloid beta (Af) fibrils [3] and the
hyperphosphorylation of the protein tau [4]. Initially, the Af deposition has been regarded as the key driver of AD pathology so, most
of the drug discovery research has been focused on the elimination of amyloid f. Even after the removal of amyloid p proteins, the
clinical trials did not produce success in achieving cognitive improvement. Also, the clinical trials targeting tau pathology produced
disappointing results [5,6]. Even though extensive research efforts have been dedicated to elucidating efficient drugs, however very
few currently available therapeutic strategies attenuate the cognitive loss [7].

Cognitive decline is the extremely striking feature of AD dementia which reduces the quality of life in patients. Although aging is a
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risk factor for AD pathogenesis, the disease is not a part of normal aging [8]. During the early stages of AD, the formation of new
memories is impaired, and as the disease progresses, other behavioral alterations such as disorientation and language problems start to
unveil and finally, leading to the loss of long-term memory [9,10]. Consistently, alternative therapeutic approaches for AD must be
seriously considered.

The most common cause for cognitive deterioration is the dysfunction of the memory circuit referred to as “Papez circuit” or
“circuit of Papez” (PC). Damage or injury to this circuit produces anterograde amnesia [9]. The Papez circuit, identified by James
Wenceslaus Papez in 1937 consists of the hippocampus, hypothalamus, anterior thalamus, cingulate gyrus, and their interconnections
[11]. Although it plays a part in limbic functions, memory processing is where it plays a bigger role [12]. Our knowledge of the in-
terconnections and fiber tracts in this circuit has intensified as a result of the current research studies. Past research has revealed that
the Papez circuit structures exclusively, the limbic thalamus and their mutual connections with the retrosplenial cortex [13], are
susceptible and can lead to prodromal phases of AD pathogenesis [14].

A novel therapeutic intervention for treating memory impairment in AD may be deep brain stimulation (DBS). It is a neurosurgical
procedure that facilitates, specifically targeting areas of the brain circuits and networks that are involved in the pathology of certain
neurological conditions [7]. Although the underlying mechanism remains elusive, it involves facilitating neural elements such as the
cell bodies, axons, glial cells and leading to the open and closure of voltage gated channels, hence producing the action potentials and
the release of neurotransmitters [15].

In the present study, we intend to review the current knowledge of the functionality of Papez circuit, and the DBS of the structures
associated in this circuitry. First, we discuss the structural and functional aspects of the Papez circuit and its pathological significance
in AD. Next, we review the deep brain stimulation and the research that assessed the influence of Papez circuitry structures DBS on
cognitive performance in AD.

1.1. Neuroanatomy of the “Circuit of Papez”

Circuit of Papez is a looped circuit contains the network of neural structures that are crucial for episodic memory consolidation for
determining the emotional significance of memory [11].

Anatomically the circuit comprises the grey matter structures and their white matter connections. The structures associated with
this circuit are extrahippocampal and mostly the limbic structures. They include hippocampal formation, mammillary bodies (MB) of
the hypothalamus, anterior thalamic nuclei (ATN), cingulate gyrus (CG), parahippocampal gyrus (PHG), and the entorhinal cortex
(EC). The fornix (fx), mammillothalamic tract (MTT) and the bundle of cingulum (CB) are the major white matter fibres within the PC,
which starts with the cingulum and works back to the fornix [16].

1.1.1. Hippocampus

The hippocampus is medially located in the temporal lobe (Fig. 1), and it is one of the most commonly explored brain structures in
neuroscience, which is essential for cognition, learning and memory. Based on the changes in the functional characteristics the
anterior, intermediate and posterior regions of the hippocampus are distinguished [17]. The hippocampus can be subdivided into three
regions based on cellular cytoarchitecture, the dentate gyrus (DG), subiculum (Sub), and the hippocampus proper {cornu ammonis-
CA} (CA4, CA3, CA2, CA1) [18] (Fig. 2). The entorhinal cortex afferents to hippocampus were categorised into perforant and tem-
poroammonic pathways, referred as indirect and direct pathways, implying to their relay connections to the CA1 [19]. The dentate
gyrus (DG), which is connected to the nearby parahippocampal gyrus, receives input from neurons in the entorhinal cortex.

The current state of the animal’s behaviour as well as hypothetical future locations are represented by hippocampal neuronal
populations implicated in spatial processing, that identify important places and relevant behavioral paths of previously remembered
locations [20].
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Fig. 1. Schematic representation of lateral and coronal sectional view of the Papez circuit structures: hippocampus, fornix and parahippocampal

gyrus (PHG), Sep.pell-septum pellucidum. The coronal section image procured from the Servier Medical Art by Servier under a Creative Commons
Attribution 3.0 Unported License.
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Dentate gyrus

Fig. 2. Schematic represenation of the hippocampus. The partial coronal section image procured from the Servier Medical Art by Servier under a
Creative Commons Attribution 3.0 Unported License.

1.1.2. Fornix (fx)

fx is a white matter fibre bundle and central component of the PC that connects numerous limbic circuitry nodes. It is situated in the
mesial part of the cerebral hemispheres and is known to play a role in the cognition and recall of memory. Fornix amounts to the
primary afferent and efferent pathway of the hippocampus[21] (Fig. 3).

The DTI (diffusion tensor imaging) results have shown constant FA (fractional anisotropy) changes in the fornix in mild cognitive
impairment (MCI), which indicate that forniceal indices correlated with episodic memory [22,23] not only in pathological situations
but also in aging [24,25].

Additionally, it has been suggested that decreased resting-state functional connectivity in MCI and AD may be largely attributable
to impairment to the integrity of the white matter [24,26], including the fornix [27,28]. Chen et al., 2015 examined diffusivity pa-
rameters like fractional anisotropy (FA), radial diffusivity (RD) and axial diffusivity (AD) in forniceal subregions of 20 healthy females
(23-66 years), where they identified fornix body showed age related alterations without significant change in hippocampal volume
[24]. This study also suggested an interesting fact that forniceal changes may precede hippocampal age-related alterations [24]. DTI on
2 demented and 21 subjects at-risk revealed a decreased FA in the columns of the fornix is found to be strong in early familial AD [27].
Studies carried out on 44-AD, 34aMClI, and 41 age-and-gender-matched normal controls found decreased FA values due to damage to
the fornix body, which is directly correlated to cognition [28].

1.1.3. Mammillary bodies (MB)& mammillothalamic tracts

The mammillary bodies are two spherical structures that can be found in the posterior extremity of the hypothalamus at the base of
the brain and can be easily recognized in the MRI coronal section [16]. Mammillary bodies were characterized into two nuclei groups,
the medial group (composed of 1-5 subnuclei) and the lateral group. The lateral mammillary nuclei include the largest cells in the MB
with compact structure while the medial nuclei are the larger group [29]. The third mammillary nucleus, the intercalatus, was oc-
casionally noticed [30] (Veazey et al., 1982).

The hippocampal formation regulates the mammillary body activity. While the MB cannot directly regulate hippocampus,
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Fig. 3. Schematic representation of anatomy of various limbic structures and the fornix.The image procured from the Servier Medical Art by Servier
under a Creative Commons Attribution 3.0 Unported License.
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however, can indirectly influence the ATN through the afferents from the limbic mesencephalon. (the pathway necessary for head
direction maintenance) [29] (Fig. 4). These MB have direct connections to the brain regions that are essential for episodic memory, and
these ATN are also vital [31]. The white matter tract comes next in the circuit which is the pathway from MB to the ATN called the
mammillothalamic tract and it is unidirectional.

1.1.4. Anterior nucleus of thalamus (ATN)

ATN is one of the essential elements for episodic memory The ATN entails three subnuclei that are specifically connected to the
mammillary bodies, retrosplenial cortex, and subicular cortex through its projections with the anterior cingulate and orbitomedial
prefrontal cortex [32]. The ATN is connected both directly and indirectly to the hippocampal formation [33]. The cingulum bundle is
the ATN’s direct pathway, and the retrosplenial cortex is its indirect conduit, both leading to the hippocampus. The ATN supports
hippocampal-prefrontal associations implicated in emotional and executive functioning [34,35].

1.1.5. Cingulum and cingulate posterior

Cingulum is the identical fibre tracts forming a ring along the dorsal region of the corpus callosum and down towards the temporal
pole. Cingulate (cortex) posterior (PCC) is a metabolically active and highly connected brain area [36,37]. It is a section of the
posteromedial cortex, which also includes the precuneus and retrosplenial cortex, and is in the medial aspect of the inferior parietal
lobe. According to Papez [11], the PCC is a solitary functional entity that is a part of the limbic system, tailored for processing
emotions.

1.1.6. Para hippocampal cortex (PHC)

Anatomically PHC is encompassed in the medial temporal lobe [38] and is classically categorised into anterior and posterior
parahippocampal cortices, the anterior PHC is a major part of the Papez circuit. The anterior and posterior parahippocampal cortices
were known to differ by their functional connectivity. The anterior PHC is known to be associated with the retrosplenial complex and
parietal cortices while the posterior PHC is known to be connected to the regions associated with visual processing [39,40]. Lesions of
PHC in rodents presented deficits in spatial [41,42], recognition [43] and navigational [42] memories which may crucially impact the
long-term spatial memory.

2. Deep brain stimulation (DBS) and Alzheimer’s disease

In many individuals with disorders of motor control now have prospects due to deep brain stimulation, which has recently pro-
duced promising results for enhancing cognitive function [44]. DBS is a neurosurgical method that entails the delivery of electrical
current into specific brain regions via implanted electrodes [45]. In this technique, the stimulation electrodes are stereotactically
implanted into targeted regions of the brain. This method includes three main components the pulse generator, the lead/electrode, and
an extension [46-48]. The main characteristic features of DBS are the adjustability, non-ablative and reversible nature of parameters
based on the requirements of the patients. DBS has achieved success in treating many symptoms of AD by modulating circuit
dysfunction [6]. However, the underlying mechanism that mitigates the disease/symptoms is not clear. One of the commonly accepted
mechanisms was the excitation of axons near the electrode and the functional inhibition of cell bodies [48].

Lesions in the Papez circuit can have a deep impact on cognitive performance. DBS targeting different regions of the memory circuit
for AD is currently under investigation [49-52]. The structures of this memory circuit were being targeted now-a-days to achieve target
specific therapy for treating cognitive dysfunction in AD. Stimulating the crucial nodes in the memory circuit may accomplish more
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than simply influencing circuit neural activity. An interesting feature of this work is that DBS may be connected with the hippocampal
neurogenesis and generate stimulation-induced neuroregenerative actions [53]. The fornix, entorhinal cortex, and anterior thalamic
nuclei were the promising targets for DBS in the memory circuits. Besides, the nucleus basalis of Meynert (NBM) and medial septal
nuclei also serve as crucial targets of DBS in AD [54]. Animal models have produced great results in DBS of AD and other CNS pa-
thologies. Cautious translation of preclinical AD studies to clinical trials could be beneficial.

2.1. Alzheimer’s disease and surgical trials

Alzheimer’s disease (AD) is a neuro degenerative disorder due to an aberrant neuronal circuitry [55,56]. It has a long preclinical
stage in which amyloid pathology and neurodegeneration occur prior to the start of cognitive impairment. The presence of tau in
particular cognitive grids implies domain-specific cognitive impairment [57].

Surgical attempts to treat Alzheimer’s disease have not proven effective beyond phase I studies. Various trials including ven-
triculoperitoneal (VP) shunt placement for Af clearance [58], intraventricular nerve growth factor (NGF) infusion [59], intra-
cerebroventricular administration of mesenchymal stem cells using stereotaxis [60], vagal nerve stimulation [61] have been carried
out. VP shunt study in 167 subjects did not produce significant results, NGF infusions to 3 subjects did not show any significant effects.
Mesenchymal stem cells infused via implants in nine patients were found to be safe [60] while the vagal nerve stimulation was proven
to be most effective in 17 subjects and improved cognitive function [61].

2.2. History of DBS

Deep brain stimulation is a novel neurosurgical procedure, where most of the research occurred in the past 20 years. Various
surgical trials have been performed such as craniotomy, and thalamotomy before the development of DBS [62]. However, these
procedures were proven to be effective for movement disorders (tremors, Parkinson’s disease, dystonia).

In 1961 [63] investigated stimulation thresholds in various areas of the internal pallidum and ventrolateral thalamus in 62 Par-
kinson’s disease (PD) patients before lesioning. They stimulated at 60 Hz and found that stimulation have the ability to cause or
interrupt tremors. Walker, 1982 found that intraoperative stimulation with a current of 50-100 Hz had a higher predictive value for
arresting tremors compared to facilitation or initiation. Several authors observed that “low frequency” stimulation exacerbated tremor
whereas “high frequency” stimulation improved that symptom [64-66]. In 1979, Latinen found emotional responses to subcortical
stimulation in 135 patients. The targets were in the cingulum and the subcaudate regions of “substantia innominate”. He found that
stimulation frequency had a vital impact, with “high frequency (60 Hz)" being by far the most successful in creating emotional re-
sponses, and “low frequency stimulation (3-6 Hz) rarely caused such responses.” [67]. Meanwhile, 1970 saw few clinical applications
of DBS in the psychiatric symptoms. Later in 1997, FDA approved DBS for the treatment of tremors. Several studies have been con-
ducted on DBS for PD. Although DBS for AD has not been approved by the FDA, potential research is being carried out for DBS on AD.

2.3. DBS mechanisms proposed and AD

Despite much research, the specific mechanism of DBS remains unknown. One predominant hypothesis is that electrical stimulation
modulates abnormal circuits toward a more physiological state. DBS utilises electrical fields to stimulate neural elements, such as
axons, causing voltage-gated sodium channels to open and close, generating action potentials and controlling neurotransmitter release
[68]. It is unclear whether this is an inhibitory or excitatory mechanism, or if the effects are local or network wide. There are four major
mechanistic theories proposed to explain the underlying mechanisms: 1) direct neural activity inhibition, 2) direct neural activity
excitation 3) information interruption, and 4) synaptic filtering.

The direct inhibition theory proposes that DBS inhibits neuronal activity, similar to how lesioning procedures like thalamotomies,
pallidotomies, capsulotomies, and cingulotomies have shown advantages for movement disorders [69,70]. Electrical stimulation can
affect ionic balance by redistributing charged particles (e.g., Na+ and Cl— ions), which inactivates voltage-gated currents [71,72] and
activates inhibitory afferents [73]. Moreover, research demonstrated that DBS could uncouple neurons from their axons, resulting in
functional deafferentation from both efferent and afferent components [74,75].

On the other hand, the excitation hypothesis suggests that DBS causes direct excitation of neural activity. Stimulation produces
antidromic excitation of afferent axons as well as excitation of efferent axons to the target nucleus and post synaptic activity [75].

According to the disruption hypothesis, electrical stimulation disrupts information flow across specific brain structures. DBS has
been shown to suppress both cortically evoked responses and spontaneous discharges, supporting this idea [76]. The synaptic filtering
hypothesis suggests that synapses act as low-pass filters for signals with low frequencies. DBS can inhibit oscillatory activity within a
circuit [77]. Stimulated axons can fire at around 100 Hz, but synaptic transmission lacks the same reliability [78]. Research suggests
that high-frequency stimulation (>100 Hz) causes distinct network alterations compared to low-frequency stimulation (1-10 Hz).
Neurotransmitter reserves deplete quickly, leading to frequent depression of postsynaptic receptors [79].

Though present theories encompassing the mechanism of DBS are mostly focused on abrupt effects, there is evidence that DBS may
cause synaptic and neuronal plasticity. Besides, research mentions that DBS can cause neurogenesis, synaptogenesis, and possible
neuroprotection. Despite its therapeutic benefits in different pathological conditions, the exact mechanism(s) of DBS remains unclear.
The most compelling argument is that multiple mechanisms are at work.

DBS is known to upsurge the neuronal activity in the Papez circuit of the brain by activating in the hippocampal, para hippocampal,
salience and default mode network neurons [49,80,81]. The utmost commonly targeted structure of PC for DBS in AD is the fornix,
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direct and immediate neuronal activation with fornix DBS has been observed in the temporal lobe which has been shown to increase
glucose metabolism [80] and utilization in the cortico-thalamic and cortico-hippocampal networks [82]. This is associated with better
clinical outcomes and also mitigates neuronal loss and synapse reduction [83], leading to greater hippocampal volume [50].

Functional improvements were supplemented with structural modifications under DBS. A total increase in hippocampal volume
was observed after one year of the therapy and successfully correlated to the improvement in glucose metabolism [50]. A significant
correlation of the size of the hippocampus, forniceal and mammillary volume focuses the fornix DBS on the PC. This, increase in the
hippocampal volume was found to be significantly higher than AD patients without DBS. Whereas the hippocampal electrical stim-
ulation has shown to be effective in epilepsy patients [84].

Likewise, the nucleus basalis of Meynert (NBM)appears to have similar effects on DBS. Multiple phase I clinical trials have shown
that stimulation of the NBM decelerated Alzheimer’s Disease Assessment Scale (ADAS) scores and stabilization of Mini-Mental State
Examination (MMSE) augmented cortical glucose uptake, and reduced motor disability [85,86]. Moreover, it is hypothesized this may
be the consequence of increased cortical acetylcholine levels, which leads to improved cognitive functions [87,88].

The other potentially successful approach of DBS in AD is the stimulation of the ventral capsule/ventral striatum (VC/VS). In a non-
randomised phase I trial on 3 subjects, DBS markedly increased glucose metabolism without significant adverse effects [89].

Data from the preclinical studies on mice models also reveal that DBS on the PC structures increased hippocampal volume and
improved neurogenesis (Table 1). Despite these diverse and widespread effects observed with DBS in AD, it remains uncertain why
these changes did not result in clinical outcome. Further research is needed to understand the underlying mechanism that DBS affects

AD pathogenesis and how it can be regulated by treatments.

Table 1
Studies on deep brain stimulation of various structures of Papez circuit in preclinical models.
Structure Animal model Stimulation Results Reference
parameters
fornix rat model of dementia 10/100Hz, 100 ps, Cognitive improvement [90]
100-200 pA,
Fornix AB1-42 rat model 130 Hz, 90 ps, 500 Improved spatial memory [91]
pA
Fornix Rat model 130 Hz, 90 ps, 2.5V Expression of neurotrophic factors and markers of synaptic [92]
plasticity
Fornix Mice model 130 Hz, 90 ps. Hippocampal neurogenesis and memory [93]
Fornix Rat model 100 Hz, 100 ps, 100 Increase in hippocampal acetylcholine levels; c-Fos increase in [48]
pA CA1 and CA3
Fornix Rat model 100 Hz, 100 ps,100 Improved spatial memory [94]
pA
Fornix C57B6/J mice 130 Hz, 90 pis,100 p)A  Improved hippocampal glucose metabolism and promoted [95]
aerobic respiration
Fornix Mice model 130 Hz, 60 ms, 50 Promoted neurogenesis, upregulated cell survival genes and [96]
mA synaptic plasticity
Fornix TgF344 rat model 130 Hz, 80 ps, 100 Decreased inflammation, neuronal loss [971
pA
Fornix 3xTg mice 100 Hz, 100 ps, 100 Improved long-term memory [98]
pA
Fornix Cdkl5/" mice 130 Hz, 60 ps Improved hippocampal memory and synaptic plasticity [99]
Hippocampus Scopolamine induced 100 Hz, 100 ps, 100 Improved performance in object location [100]
AD-Rat model pA
Entorhinal cortex 3xTg mice 130 Hz, 90 ps, 0-500  Improved spatial memory and increased neurotrophic factors [101]
pA
Entorhinal cortex TgCRND8 130 Hz, 90 ps Rescued contextual fear and spatial memory deficits [102]
Entorhinal cortex Mice model 130 Hz, 90 ps, 0-500  Improved spatial memory and hippocampal neurogenesis [103]
pA
Entorhinal cortex 3xTg mice 130 Hz, 90 ps, 50 pA  Reduced level of CA1 amyloid and hippocampal tau, improved  [104]
memory
Entorhinal cortex Rat model 130 Hz, 90 ps, 50 pA  Promoted adult hippocampal dentate gyrus neurogenesis and [105]
facilitated cognition and memory partly via insulin receptors
Entorhinal cortex Rat model 130 Hz, 90 ps, 2.5V Increased neurogenesis [106]
Entorhinal cortex Rat model 130 Hz, 90 ps, 500 Increased episodic memory-like enhancement [107]
pA
Entorhinal cortex C57BL/6J mice 130 Hz, 90 ps, 100 Increased hippocampal neurogenesis and exploratory behavior. [108]
A
Entorhinal cortex Rat model 20 Hz, 1 mA Modulated brain activity and improved memory [54]
Anterior thalamic nucleus Rat model 130 Hz, 80 ps, 2.5V Induced hippocampal neurogenesis and improved memory [109]
Anterior thalamic nucleus Rat model 130 Hz, 90 ps, 2.5V Induced hippocampal neurogenesis and cognition [110]
Anterior thalamic nucleus &  Ap1-42 rat model 130 Hz, 90 ps, 500 Induced neurogenesis in the dentate gyrus and improved [91]

Entorhinal cortex

iy

spatial memory

Stimulation parameters in frequency/amplitude/pulse width.
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2.4. Criteria for subjects/applicants of DBS in AD

According to ICMJE’s (International Committee of Medical Journal Editors) clinical trial registration policy, the applicants get
enrolled. Evidence has shown that different types of selection criteria have been utilised, including ADAS scores, MMSE, and CDR
(Clinical Dementia Rating). ADAS is a cognitive assessment tool used to quantify the progression of disease in AD subjects. The MMSE
is a similar type but meant to rate the severity of cognitive impairment and acts as a quantifiable metric to estimate memory decline.
Usage of ADAS along with MMSE had shown a significant correlation between the two tests. On the other hand, CDR is a standardised
scale that measures the progression of dementia in patients. The risk of bias tool proposed by Cochrane for randomised-clinical trials
and the Newcastle-Ottawa Quality Assessment Scale for observational studies were used to evaluate the quality of eligible studies.

Based on the type of study, different criteria have been used to assess the suitability of the participants. In a prospective open label
trial (NCT04856072), 12 participants were recruited and enrolled in the study, the inclusion criteria for these subjects include age
between 45 and 85 years, with probable AD according to the National Institute of Aging Alzheimer’s Disease Association criteria, with
CDR global rating of 0.5-1 at screening, ADAS-cog-11 score of 12-30 inclusive at screening AND baseline or a MMSE of 16-28, general
medical health rating (GHMR) >3, plus patient should be taking a cholinesterase inhibitor (donepezil, galantamine or rivastigmine) for
at least 60 days prior to signing the informed consent form. While the exclusion criteria include the Cornell Scale of Depression and
Dementia (CSDD) score >10, Young Mania Rating Scale (YMRS) >11 or any other psychiatric disorder candidates were excluded from
the study. In another study led by Ref. [111], (NCT01094145) candidates with AD assessed by DSM-IV (Diagnostic and statistical
Manual of Mental Disorders,4th Edition) ICD 10 (International classification of diseases), and the National Institute of Neurological
and Communicative Disorders and Stroke- Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) scale, MMST >18
and <26, age between 60 and 80-years were the inclusion criteria. Therefore, it is difficult to draw definitive conclusions from the
trials.

2.5. Fornix DBS

It was found that DBS at 130 Hz, 3-5 V and 60 ps pulse width in a 50-year-old individual, retrieved autobiographical memories [9,
49], as the fornix is an integral part of the memory circuit and the primary bundle connecting the hippocampus and hypothalamus
which triggers the function of declarative memory [112]. Observing the significant improvement with DBS, an open-label phase I trial
was conducted in mild-AD patients to investigate the actions of DBS of fornix [80]. In an open label trial with five mild-AD patients who
underwent 1 year follow up after fornix DBS, the functional connectivity analysis revealed improved cognition and cerebral glucose
metabolism in frontal-temporal-parietal-occipital-hippocampal and frontal-temporal-parietal-striatal-thalamic networks [82]. In a
single case study of a female aged 71-years, fornix DBS has improved memory scores specifically, chronic stimulation with 130 Hz, 210
ps, 2.5 V produced significant memory improvement [113].

A multicentred randomised double blinded trial with 42 AD subjects aged between 45 and 85 was carried out by Lozano et al.,
2016. These AD subjects received bilateral DBS for 12 months. Glucose metabolism was assessed at 1, 6 and 12 months according to
ADNI (Alzheimer’s disease neuroimaging initiative). Cerebral glucose metabolism of younger subjects was decreased than the older
subjects (>65), active stimulation of older subjects increased glucose metabolism. Overall, this trial confirmed the safety, and
tolerability of fornix DBS in mild AD subjects aged above 65 years [51].

It was found by the structural MRI studies that DBS of fornix could affect the brain structure in AD patients by improving the volume
of fornix [50]. A cross-sectional association was observed between fornix DTI measurements (like FA values, diffusivity) and cognitive
performance in mild cognitive impairment individuals. Significant correlation was observed between fornix FA, hippocampal volumes,
and memory performance [114]; and found that the integrity of fornix could be a biomarker for the progression to AD. Later Miller and
colleagues evidenced that forniceal DBS stimulation enhanced visual-spatial memory [84] with no impairment in verbal memory.

In a single registered clinical trial on 81-year-old female patient with 2-year history of AD diagnosis underwent fornix DBS (130 Hz,
3.9/7.5 mA, 90ps pulse width), the patient exhibited cognitive fluctuations over the period, the magnetoencephalography results
revealed low functional connectivity at baseline and a consequent increase in the number of connections specifically the theta band at
12 months, DBS fornix was found to be safe in early AD [115].

Safety, tolerability, and adverse effects associated with DBS were evaluated in a double-blind, randomized controlled study of
fornix DBS in mild AD individuals, and found zero neurological deficits and mortality [116]. The long term-safety, adverse events, and
clinical actions of sustained and delayed DBS of fornix was examined in mild AD after two years where possible benefits were observed
among older participants with favourable safety profiles [113,117].

After an extensive review, it was observed that mild AD patients were more likely to be suitable candidates for the therapy of fornix
DBS due to the relative preservation of structural integrity in their targeted memory circuits [112]. Maintenance of optimum voltage is
the key to producing significant outcomes without any adverse events. Increased voltage may produce sensory and autonomic effects
[118]. At longer latencies after stimulation of fornix significant activation of the cingulate gyrus (mid & posterior) and precuneus was
observed [112]. Based on these findings it was evident that stimulation of fornix leads to sequential activation of downstream targets
and memory circuit pathways which drive learning and memory.

Electrical stimulation in animals has been used for decades in physiological mechanisms to investigate learning and memory.
Rodent studies have revealed that high intensity stimulation during the learning stage in behavioral tasks induces impairment of
memory [119]. In contrary, significant memory improvements were observed when stimulated at lower amplitudes [120]. Theta-burst
stimulation (tbs) of fornix in Sprague-Dawley rats improved cognitive dysfunction, low-frequency stimulation (5Hz) and
high-frequency stimulation (130Hz) and theta-burst stimulation (200Hz) was performed in rats where tbs improved deficits in learning
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and memory when compared with low and high frequency stimulations [121]. Fornix DBS increased neural activity and mitigated
cognitive deficits in a mouse model. Fornix DBS was applied in freely moving mice with the same stimulation frequency as in humans,
stimulation intensities were adjusted to avert seizures, and the DBS restored hippocampal dependent contextual fear and spatial
memory [93]. Fornix DBS induced activation of CA1 and CA3 subfields of hippocampal formation, with the rise in the levels of
acetylcholine in the hippocampal neurons along with induction of growth factors in rats and hence, memory [48].

2.6. Hippocampal and entorhinal DBS

Stimulation of hippocampus proper directly has been shown to disrupt memory, thus confirming the role of hippocampus in
cognition [122]. The new clinical studies that directly stimulate hippocampus involve the use of several milliamperes in a bipolar way
via 2-mm contacts separated by millimetres [53]. This type of macrostimulation influences multiple layers and subregions of the
hippocampus and it is complicated to say that how it could interact physiologically with the hippocampal neuropil. Direct stimulation
of hippocampus produced conflicting results. Certainly, the stimulation of hippocampus has led to negative [68,123,124] or neutral
[125-127] outcomes for memory. In a clinical study on 49-patients, where DBS of hippocampus and EC at 50 Hz, 0.5-1.5 mA, and 300
ps impaired spatial memory [124]. Indeed, anatomical changes in the hippocampus and the entorhinal cortex were known to occur
before the onset of cognitive symptoms in AD [128], and the EC-hippocampal interaction plays a critical role in the processing of
memory [129,130].

However, Short-term electrical stimulation of the human amygdala increased long-term recognition recall for images of neutral
items while generating no emotional response [131]. This brief stimulation was assessed in 14 epileptic patients with low amplitude
electric stimulation (50Hz, 0.5 mA). This memory augmentation was accompanied by neural oscillations during retrieval, indicating
enhanced interactions between the amygdala, hippocampus, and perirhinal cortex. In a study by Qasim et al., when the participants
correctly encoded emotional inputs, high-frequency activity (HFA), which correlates with neuronal spiking activity, increased in both
the hippocampus and the amygdala. However, direct stimulation of the hippocampus selectively weakened memory for emotional
stimuli and declined HFA [132]. Basolateral amygdala stimulation is proven to alter synaptic strength in hippocampal structures
[133]. These findings also point to a significant involvement of the hippocampus and perirhinal cortex in amygdala-mediated
enhancement of long-term memory [133].

Seven participants underwent presurgical surveillance of epileptic foci and provided intracranial electroencephalography (iEEG)
recordings. In these subjects, Zhang et al., examined intracranial recordings following emotional memory acquisition, demonstrating
that ripple-locked activity in the amygdala and hippocampus predicts subsequent recollection. The amygdala and hippocampus share
ripple-locked stimulus similarity, which predicts correct memory discrimination. This study also gave electrophysiological evidence
that post-encoding ripples improve recall for emotional events [134].

EC is strongly associated with hippocampal dentate gyrus through the perforant pathway and stimulation of this perforant pathway
induced long-term potentiation by triggering theta phase resetting [135]. EC can be considered as a possible target for DBS in cognitive
disorders. In a study on 7 patients diagnosed with epilepsy, electrical stimulation of EC at 50 Hz, 300 ps, 0.5/1.5 mA improved
cognitive performance specifically, the spatial memory [127]. In a clinical study by Titiz and colleagues in 13-pharmacoresistant
epilepsy patients, micro-stimulation (150 pA) using small microwires (100 pm for more precise stimulation) to EC, targeted the EC
projections into hippocampus in a theta-burst pattern, induced long-term potentiation (LTP) and micro-stimulation in the right EC
during learning improved memory specificity for novel portraits [136], they found that the effect was strongest when the stimulating
electrode was positioned in the white matter of the entorhinal area as it comprises the dense perforant pathway fibers which is the most
common site of stimulation for the research on studies involving the induction of LTP [53]. In a clinical study involving direct
stimulation of hippocampus at 50 Hz, 300 ps, 2 mA, improved word-pair memory task and subsequent recollection of memory [137].

Studies of rodent (Table 1) and non-human primates also produced significant improvement in memory while targeting the EC.
Electrical stimulation of EC in mice exhibited significant improvements in spatial memory, after 6.5weeks of surgery behavioral
improvement was observed and BrdU quantification revealed increased proliferation in the dentate gyrus [103]. In another mice
model, the chronic EC DBS increased the expression of CAl synaptophysin levels [101]. Stimulation of EC induced the activation of
prefrontal and hippocampal networks along with improved functional connectivity in various brain regions such as the prefrontal
cortex, EC, CAl, CA2 and dentate gyrus as evidenced by functional MRI studies. It also enhanced the episodic-like memory in
Sprague-Dawley rats [138]. Bilateral electrical stimulation of the entorhinal cortex in rats rescued spatial memory deficits and also
enhanced markers of long-term potentiation [106]. While the DBS of the hippocampus has modulated the gene expression in the
macaque model [139]. Recently Wu et al. [54], utilised orientation-specific DBS (OS-DBS) with a planar 3-channel electrode for EC
stimulation in rats, to advance the spatial selectivity of neuromodulation with DBS and the responses were monitored by fMRI studies.
OS-DBS at 20 Hz significantly activated the perforant pathway of the hippocampus and also activated various downstream brain
regions.

2.7. Anterior nucleus of thalamus deep brain stimulation (ATN-DBS)

DBS of ATN has been tested initially in rodents. Short-term stimulation was found to be ineffective [100], while the chronic DBS
produced promising results and promoted hippocampal neurogenesis [109]. In a rat model, high frequency electrical stimulation of
500 pA disturbed the acquisition of contextual fear and impaired spatial memory [140], while ATN unilateral stimulation modulated
memory performance along with increased c-Fos expression in the rat model and DBS-ATN had a significant impact on the other
structures which are far from the target [110,141]. Interestingly, the ATN stimulation mitigated epilepsy in various clinical [142-144]
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and preclinical [141] observations and currently DBS-ATN has been approved for the treatment of refractory epilepsy. ATN-DBS was
associated with subjectively reported depression and memory deficits [140]. An increase in the levels of GABA and glutamate were
observed in rodent model after ATN-DBS [145]. In a pilot study, with five-temporal lobe epilepsy patients investigated PC evoked
potentials during the ATN stimulation using hippocampal sensing found a long-term seizure reduction more than 50 % as compared to
baseline [28]. In a recent study on eight patients with refractory epilepsy, DBS-ATN with a pulse width of 300 ps, 0.2 mA amplitude and
at 50 Hz frequency produced significant improvement in working memory precision with increased hippocampal gamma-activity
[146] (Table 2).

The mammillothalamic tract is also a major component of the memory circuit which projects into ATN. However, in experimental
models, deep brain stimulation of MMT/ATN exhibited anti-epileptic activities [149-152], while the DBS of cingulate white matter has
emerged as a therapeutic approach to treat depression [153,154].

2.8. Strengths

DBS is an effective long-term treatment for various disease including Parkinson’s disease, dystonia’s, epilepsy, bipolar disorders,
and other conditions. DBS patient registries is one of the potential advantages of DBS systems. This would enable stakeholders, in-
vestigators, scientists, clinicians, and regulators to access trial specific information such as study design, types of electrodes used,
parameters, results, or any adverse effects reported. Access to this registry enables other scientists and clinicians to plan/implement
patient/target specific designs. Current, clinical investigations indicate a promising application of DBS in treating AD. In phase I and II
trials on AD subjects, bilateral fornix DBS was found to improve symptoms. The current clinical trials reversed cognitive decline in mild
cognitive impairment and in AD subjects.

2.9. Limitations of DBS

Implantation of electrodes into deep brain areas to influence their activities presents significant ethical concerns for DBS. Although
DBS is a minimal invasive procedure but involves serious surgical risk such as haemorrhage and infection. This procedure requires a
lifelong implant, with successive battery replacements, which can be challenging for some patients. Due to this fact, willingness/
consent of the patient/participant could be difficult. Resource allocation, equitable access to neurotechnology, and the financial
impact of costly therapies are all important considerations. Consent in vulnerable populations and ethical considerations must be
addressed properly with rigorously designed, hypothesis driven clinical trials.

3. Challenges & future directions

Similar to other treatments and therapies, DBS also entails proper dosing. Dosing is nothing but the stimulation parameters that
regulate the extent and shape of voltage/electric field being used is under limits. Though DBS influences different neural elements,
monitoring optimal dosage is required for the excitation of axons of various conduction velocity which is accountable for maximum
clinical effects.

Rapid developments over the past two decades have made DBS a powerful tool for many illnesses/conditions, and various trials
have also looked into its effectiveness for a variety of CNS pathologies. Preclinical, neurophysiological, and computational

Table 2
Studies on deep brain stimulation of various structures of Papez circuit in clinical trials on AD and Mild cognitive impairment (data obtained from
clinicaltrials.gov) (accessed on 18 March 2024).

Structure Laterality = Parameters Duration of study Number of subjects/Type  Status of the Reference
(months) of study study
Hypothalamic/ Bilateral 130 Hz, 60 ps, 3-5V  DBS done twice 12months 1 Completed [49]
Fornix apart
Fornix Bilateral 130 Hz, 90 ps, 3-3.5 12 months continuous 6 (Phase I) Completed [80]
\Y stimulation
Fornix Bilateral 130 Hz, 90 ps, 3-3.5 12 months continuous 5 (Phase I) Completed [82]
v stimulation
Hypothalamic/ Bilateral 130 Hz, 210 ps, 2.5V 24 months 1 Completed [113]
Fornix
Fornix Bilateral 130 Hz, 90 ps, 3-3.5 12 months continuous 6 completed [50]
v stimulation
Fornix Bilateral 130 Hz, 90 ps, 12 months continuous 42/(phase 1I) Completed [51]
3.0-35V stimulation
Fornix Bilateral 130 Hz, 60 ps, 1-7 V 12 months 42 Completed [116]
Fornix Bilateral Not disclosed 6 months 1 Completed NCT01608061
[147]
Fornix Bilateral 130 Hz,90 ms, 1-5V 9 months 5 Completed NCT03115814/
[148]
Fornix Bilateral 130 Hz, 90 ps, 24 months 1 Completed [115]
3.9-7.5 mA
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investigations that aim to characterize its mechanisms and define its effects on neuronal circuits have played a significant role in the
development of DBS. Technological advancements aimed at increasing efficiency and tolerability, improved integration with imaging
and other modalities, and better study designs and registries for collecting the worldwide experience are all significant potential and
unmet needs in the sector. The DBS field is still very much in development now-a-days in many aspects for different conditions, with
one consistent objective: to treat brain disease as securely and effectively as possible.

Preclinical and clinical studies have suggested that the DBS of very few regions of the Papez circuit such as the fornix and the
entorhinal cortex mitigated cognitive deficits in AD by modulating the neural, metabolic, functional, and synaptic integrity in the
hippocampus besides hippocampal neurogenesis and neurotransmitter release. Extensive studies targeting DBS on other structures of
this circuit such as mammillary bodies of hypothalamus, posterior cingulate and cingulum are required.

The main goal is to maximise the clinical effectiveness of DBS with minimal side effects. AD clinical trials showed that DBS achieved
more significant therapeutic outcomes in mild-to-moderate patients, due to preservation of the brain cytoarchitecture. However, DBS
need to expand its trails on moderate to severe AD patients whose brain architecture is degenerating, in this regard it can be chal-
lenging to clinicians and scientists to achieve therapeutic benefits in moderate to severe AD patients. Another important point is that
the elderly patients (>65years) exhibited significant improvements in learning and memory while resolving which AD patients are not
likely to respond to DBS remains another point of investigation. Altogether, DBS has shown cognitive improvements and a better
understanding of the mechanisms involved could be helpful in improving current applications and more answers can be obtained by
further research.
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