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Preface

It has been more than 400 years since the hippocampus was first described. As early 
as 1578, Arantius described the processes at the bottom of the temporal angle as the 
hippocampus. Based on the ventricular morphology, in 1732 Winslow suggested 
using the noun “ram horn” for the structure. In the same period, De Garengeot 
used the term Cornu Ammonis for the hippocampus, referring to the Egyptian god 
Amun, who has the head of a ram. Research has made the structure and function of 
the hippocampus clearer and clearer, but there are still many unknown secrets.

The hippocampus is a bicortical structure composed of the Cornu Ammonis and 
dentate gyrus. They are interlaced with each other, and separated from each other, 
bounded by the hippocampal sulcus. The hippocampus belongs to the oldest part of 
the evolution of the brain, namely, the paleocortex. The Cornu Ammonis has three 
layers: the molecular, pyramidal, and pleomorphic layers. The cortex of the dentate 
gyrus is also divided into three layers: the molecular, granular, and pleomorphic 
layers. In the granular cell layer, the marginal area near the hilus is called the 
subgranular layer, where in the 1960s and 1970s it was found that there are neural 
stem cells with self-renewal and multi-differentiation potential in adult mammals. 
The subgranular layer is one of the few areas of the nervous system where postnatal 
neurogenesis occurs. Studies have shown that the dentate gyrus of primates still 
retains proliferative precursor cells in adulthood, but few in the aged. Therefore, the 
hippocampus has the ability of neurogenesis, and the existence of neural stem cells 
also provides a basis for hippocampal structure and functional plasticity.

There are extensive fiber connections between the hippocampus and other brain 
regions. The afferent fibers of the hippocampus mainly include perforating fibers 
from the entorhinal cortex and septal-hippocampal fibers from the septal nucleus. 
The fimbria fornix is the main efferent pathway of the hippocampus. In addi-
tion to terminating the mammillary body, there are fibers ending in the cingulate 
gyrus, septal nucleus, preoptic area, lateral hypothalamic area, anterior thalamic 
nucleus, and so on. Because of these connections, the hippocampus is involved 
in a variety of functions, such as learning, memory, attention, emotion, sensory 
information processing, and motor function. The hippocampus plays a crucial role 
in learning and memory, involving all aspects of narrative memory. Information 
from the neocortex converges to the entorhinal region and then further reaches the 
hippocampus. Therefore, the newly acquired information is filtered through the 
hippocampus before reaching the neocortex. The hippocampus can judge whether 
it is new or recent information, and the identification of old information mainly 
depends on the neocortex.

The first part of this book consists of four chapters that introduce the cytoarchi-
tecture and functions of the hippocampus. Chapter 1 by Jing et al. describes the 
learning and memory-related circuits and fiber connections of the hippocampus. 
Chapter 2 by Bastos et al. states the correlation between fiber autofluorescence and 
postsynaptic zinc dynamics of pyramidal CA3 neurons. Chapter 3 by Luo et al. 
focuses on the pattern formation process of entorhinal cortex grid cells. Chapter 4 
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by Burman demonstrates the influence of the hippocampus across a variety of 
cognitive domains.

Hippocampal injury can lead to obvious neurological and mental diseases such as 
Alzheimer's disease (AD), epilepsy, and so on. AD is a latent progressive neurode-
generative disease. Clinically, it is characterized by comprehensive dementia such 
as memory impairment, aphasia, apraxia, agnosia, and impairment of visuospatial 
skills. The characteristic pathological changes include atrophy of the hippocampus 
and cerebral cortex with β-amyloid deposition, neurofibrillary tangles, and loss of 
neurons. Hippocampal atrophy is associated with early memory impairment, which 
indicates the possible occurrence of AD. Acetylcholine (ACh) and choline acetyl-
transferase (ChAT) in the hippocampus and neocortex of AD patients is decreased 
significantly, which is considered to be one of the causes of memory and cogni-
tive impairment. At present, there is no specific treatment or reversal of disease 
progression.

The second part of this book focuses on hippocampal-related diseases, including 
their pathogenesis and treatment. Chapter 5 by Chu and Liu introduces the role of 
tau protein in physical conditions and the pathological changes related to neurode-
generative diseases, as well as the treatment research based on tau. Chapter 6 by Xu 
et al. describes the role of TREM2 and microglia in the occurrence and development 
of AD. Chapter 7 by Wen and Guohua summarizes AD-related circRNAs. Chapter 8 
by Jara et al. focuses on the effects of red-light transcranial LED therapy on age-
related hippocampal memory. Chapter 9 by Jiang et al. discusses experimental and 
clinical research using stem cells to treat AD. The stem cells involved include embry-
onic stem cells, neural stem cells, mesenchymal stem cells, induced pluripotent 
stem cells, and others. Finally, Chapter 10 by Vafaei-Nezhad et al. talks about the 
effects of maternal diabetes on multiple brain regions including the hippocampus 
before and after birth.

I am honored to have had the chance to work on this book with more than thirty 
authors. In this book, we attempt to provide the basics of hippocampal physiological 
function, cytoarchitecture, circuits, diseases, and treatment. I’d like to thank the 
staff IntechOpen, particularly Ms. Maja Bozicevic, who coordinated the publication 
of this book with great patience and encouragement. We hope this book will be 
useful for readers interested in hippocampal formation, disease, and treatment.

Xinhua Zhang
Medical College of Nantong University,

Nantong, China
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Chapter 1

Neural Circuits and Some New 
Factors Involved in Hippocampal 
Memory
Ruiying Jing, Qiujie Cai, Wen Li and Xinhua Zhang

Abstract

Humans and other primates have memory, and the hippocampus plays a critical 
role in this process. The neural circuitry is one of the structural foundations for the 
hippocampus in exerting memory function. To understand the relationship between 
the hippocampus and memory, we need to understand neural circuits. Past research 
has identified several classical neural circuits involved in memory. Although there 
are challenges with the study of hippocampal neural circuits, research on this topic 
has continued, and some progress has been made. Here, we discuss recent advances 
in our understanding of hippocampal neural circuit mechanisms and some of the 
newly discovered factors that affect memory. Substantial progress has been made 
regarding hippocampal memory circuits and Alzheimer’s disease. However, it is 
unclear whether these novel findings regarding hippocampal memory circuits hold 
promise for human memory studies. Additional research on this topic is needed.

Keywords: hippocampal, memory, neural circuits, Alzheimer’s disease

1. Introduction

Since the description by Scoville and Milner of profound anterograde amnesia in 
a patient known as H.M. following bilateral temporal lobe resection [1], the hip-
pocampus and surrounding temporal lobe structures have been extensively studied 
for their role in memory. Subsequently, our understanding of the neurophysiologi-
cal bases of hippocampal function was greatly enhanced by two breakthroughs: 
Bliss and Lomo’s finding [2] of activity-dependent long-term potentiation (LTP) 
of synaptic transmission in the hippocampus, and the discovery of hippocampal 
place cells and neurons that encoded the spatial position of an animal reported 
by O’Keefe and Dostrovsky [3]. These discoveries stimulated researchers to study 
the types of memories related to the neural circuits of the hippocampus. Here, we 
discuss neural circuits and efferent or afferent fibers related to the hippocampus, 
including the entorhinal cortex to the hippocampus [4], hippocampus to the pre-
frontal cortex [5], and vDBChATs-dNGIs [6]. We also discuss LIS1, Fos, SynCAM1, 
BDNF, Smad3, Oxytocin, and DISC1, factors that influence memory insofar as 
they relate to the development of memory and memory consolidation. With recent 
technological advances, causal investigations of specific neural circuits relating to 
the hippocampus and Alzheimer’s disease (AD) have helped us to understand the 
pathogenesis of AD and improve the clinical treatment of AD patients.
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2. Cytoarchitecture and functional characteristics in the hippocampus

The hippocampus is an elongated structure with a longitudinal axis extending 
in a C-shaped fashion, which can be functionally divided into dorsal, intermediate, 
and ventral parts [7, 8]. Along the transverse axis, it can be further divided into the 
CA1, CA3, and dentate gyrus (DG). There is a canonical trisynaptic pathway within 
the hippocampus, involving information proceeding from the entorhinal cortex 
(EC) to the DG, then to the CA3, and finally to the output node CA1 [9].

The DG has three layers, including the molecular layer, granule cell layer, and 
polymorphic cell layer [10]. The molecular layer mainly comprises dendrites of 
the dentate granule cells and the fibers of the perforant path that originate in the 
entorhinal cortex. The granule cell layer is the principal cell layer, which is largely 
composed of densely packed granule cells. The granule cell layer encloses a cellular 
region and forms the third layer of the DG, which is called the polymorphic cell 
layer. The DG plays a key role in learning, memory, and adult neurogenesis [11]. 
This region generates new neurons that are integrated into brain circuits [12].

The CA3 area is the largest in the hippocampus and forms the major route of 
information flow [13]. One of the most prominent features of the CA3 is that there 
are extensive interconnections among the principal cells via the circulating col-
lateral fiber system [14]. The axon collateral branches of CA3 pyramidal cells form 
synapses with the apical dendrites of CA3 pyramidal cells in other regions and 
spread throughout most of the region to form an associative network [15].

The CA1 area, with its widespread projections, is a key output node of the 
hippocampal memory circuit, which transfers excitatory information out of the 
hippocampus proper via direct projections to deep layers of the EC or subiculum 
[16]. The CA1 is composed of densely packed large pyramidal neurons that play an 
important role in long-term memory and related spatial tasks and behavior [17]. 
Human CA1 pyramidal neurons exhibit distinctive morphological complexities, 
which have important computational implications [18]. Many additional functions 
have been proposed for the CA1, including novelty detection, input comparison, 
and enrichment of hippocampal output, possibly by redistributing information 
from the CA3 to a larger number of output neurons [19].

3. The hippocampus and memory

Memory is the ability to use the past to serve the present or future. Without it, we 
are destined to enter the eternal present. In the twentieth century, Richard Simon intro-
duced the term “engram” to describe the neural matrix used to store and recall memo-
ries [20]. Memory is actually a continuous process between nerve cells [21]. Essentially, 
a population of neurons is activated that undergoes persistent chemical and/or physical 
changes to become an engram; the neurons reactivate the engram by cues available at 
the time of the experience [22]. The criteria and experimental strategies in the study 
discussed by Morris and colleagues to evaluate synaptic plastic memory have become 
landmarks in evaluating the importance of the existence of engrams [23, 24].

The hippocampus is important for the storage and retrieval of declarative 
memories, including memories for perception, imagination, and recall of scenes and 
events [25, 26]. Studies have shown that spatial memory is closely related to the hip-
pocampus. This is because the “place cells” in the hippocampus make the hippocam-
pus necessary for spatial memory activities [27]. If the hippocampus is damaged, 
humans may not be able to remember where they have been and how to get to where 
they want to go. For example, AD is a progressive and neurodegenerative disorder 
of the cortex and hippocampus, characterized by progressive cognitive decline and 
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a prominent loss of hippocampal-dependent memory [28]. Degeneration of basal 
forebrain cholinergic neurons is a hallmark of AD. Its function depends on the nerve 
growth factor (NGF), which is transported retrogradely from the synthetic sites in 
the cortex and hippocampus [29]. Studies have found that patients with Parkinson’s 
disease (PD) also experience a variety of nonmotor symptoms, the most important 
being cognitive impairment that in many cases can lead to dementia [30]. There is 
also evidence that the CA1, CA2–3, CA4-DG, and the subiculum are involved in the 
poor neurocognitive scores of PD memory caused by impairment. Furthermore, 
because the CA3 is essential for recall, it is expected that atrophy of the CA3 subre-
gion will also affect the episodic memory recollection process in PD patients.

4.  Neural circuits and neurite connections involved in hippocampal 
learning and memory

4.1 The Papez circuit

In the 1930s, Papez et al. discovered that there was a major circuit in the lim-
bic system, called the Papez circuit, involving hippocampus→fornix→papillary 
body→papillary thalamic tract→prethalamic nucleus→cingulate gyrus→ 
hippocampus [31, 32] (Figure 1). The hippocampus is the central part of this circuit. 
This circuit acts as the neural basis for emotional expression. It has been shown that 
axons transmitting emotional impulses originate from the hippocampus and are 
projected to the thalamus through the papillary body, where physiological emotional 
effects such as changes in heartbeat, respiration, and body temperature are produced, 
and nerve fibers are projected to the cingulate gyrus and the frontal lobe of the cere-
bral cortex after cell replacement to produce a clear emotional experience. Finally, 
the signal returns to the hippocampus through the projection of the cortex, and then 
emotional memory will be generated. Later studies have shown that the Papez circuit 
is also an important brain structure closely related to learning and memory [33, 34]. 
Therefore, if this circuit is damaged, it will lead to the amnestic syndrome, and dif-
ferent lesions will produce different forms of memory impairment.

4.2 The trisynaptic circuit

The trisynaptic circuit transmits signals between the entorhinal area and the 
hippocampus structure (Figure 2). This circuit first starts in the cortex of the 

Figure 1. 
The Papez circuit.
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entorhinal area, where neuronal axons form a perforating circuit and end in the DG 
granular cell dendrites [35]. The axons of the DG granular cells then form mossy 
fibers projecting to the hippocampal CA3 area, where they form a second synaptic 
connection with the dendrites of pyramidal cells. The third synaptic connection 
occurs between the axons of pyramidal cells in the CA3 area and dendrites of pyra-
midal cells in the CA1 area, and then the CA1 pyramidal cells transmit the axons to 
the entorhinal area. The trisynaptic circuit is, therefore, closely related to and forms 
an important foundation for learning and memory.

4.3 The entorhinal cortex (EC)

The EC is generally perceived as a major input and output structure of hip-
pocampal formation and contributes to cognitive processes and memory formation 
[36]. The EC is subdivided into two components, the lateral EC (LEC) and medial 
EC (MEC), according to the differential distribution of EC projections to the DG 
[37]. In 1893, Santiago Ramon y Cajal [38] described two classical pathways from 
the EC to the hippocampus (Figure 3). One is the long-range pathway: EC layer 
2 → DG → CA3 → CA1 area; the other is the short-range or direct pathway: EC layer 
3 → CA1 area. However, it is unclear how the hippocampal neurons form specific 
connection pathways to transmit different information, and how they participate 
in hippocampal learning functions. Recently, a study [4] found a direct lateral 
EC-dorsal CA1 (dCA1) circuit that was critically involved in olfactory associative 
learning. Studies have shown that excitatory pyramidal cells in the hippocampal 
CA1 region have highly variable molecular, morphological, and electrophysiological 

Figure 3. 
Pathways from the entorhinal cortex to the hippocampus.

Figure 2. 
The trisynaptic circuit.
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characteristics along the dorso-ventral [39, 40], proximal-distal [40–42], and 
radial (superficial-deep) axes [39, 40, 43–47]. Subdivisions of deep and superficial 
pyramidal cells in the CA1 have been recognized for many years, especially along 
the radial axis. Deep and superficial pyramidal cells are generated at different times 
and express different genes [39, 40, 43, 48]. In vivo recording studies have reported 
different spiking patterns between these two sublayers; deep cells are more likely to 
burst and exhibit more spatially tuned firing than superficial cells, and they spike 
differentially in the hippocampal theta rhythm and during sharp-wave ripple activi-
ties [46]. Further study revealed that inhibition of the excitatory synaptic transmis-
sion from the LEC to CA1 complex pyramidal cells, or the discharge activity of the 
CA1 complex pyramidal cells using optogenetic methods, significantly delayed the 
olfactory association during mice learning [49]. The optogenetic method mentioned 
above is injecting NpHR or Arch into some mice’s hemispheres and then using yellow 
illumination to identify the mice that include NpHR or Arch. Then researchers can 
make a comparison between special mice and normal mice. The study also implanted 
optetrodes into mices’ dCA1 to record the olfactory-related firing activities of neu-
rons in the CA1 region of the hippocampus, it was found that the firing of complex 
pyramidal cells established different preferences for odor cues during learning 
[49]. These experimental findings revealed that there was a specific neural pathway 
involved in brain-related learning in the classic circuit from the EC to hippocampus 
involving cells, synaptic connections, learning behaviors, and neural discharges.

4.4 The prefrontal cortex

The hippocampus and the prefrontal cortex are closely related to advanced 
cognitive functions of the brain such as learning and memory [50]. Previous studies 
showed that neural projections from the hippocampus to the prefrontal cortex had 
the characteristics of a single synapse, were unidirectional, and displayed ipsilat-
eral projections [51]. In brief, the hippocampus-prefrontal lobe projection mainly 
originates from the subiculum of the ventral hippocampus and the CA1 and ends 
in the medial, orbitofrontal, and lateral parts of the prefrontal lobe (Figure 4). 
The projection from the prefrontal lobe to the hippocampus is indirectly from the 
prefrontal lobe to the cingulate gyrus, parahippocampal gyrus, entorhinal cortex, 
then to the hippocampus [52], which transmits information from prefrontal lobes 
to important nuclei of the hippocampus [53, 54]. There are also reports that some 
nerve fibers in the prefrontal lobe project directly to the hippocampus, but the 
number was low [55, 56].

Figure 4. 
The pathway from the hippocampus to the prefrontal cortex.
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Humans are faced with different environments every day and need to make the 
right choices through learning and memory in order to find their goals. A recent 
study [5] found that when an animal runs a specific route and then stops to rest 
or sleep, place cells [3] are repeatedly released in the same (forward) or opposite 
(reverse) order as when it ran, and at a faster rate than animals’ running. This 
phenomenon is called memory replay, and this replay has a very important role in 
the prefrontal cortex circuit which helps the animal remember the path it has taken 
in the past and makes the right choice among multiple alternative paths.

To understand hippocampus-prefrontal cooperative activities during memory 
replay and whether memory replay affects animal learning and decision-making, 
researchers trained rats to learn to find their way in a W-maze [57]. In this task, the 
rat needs to learn two different rules to get the reward, a simple task and a complex 
task—in the simple task, the animal only needs to remember the beginning and 
end positions, then they can successfully find and get the reward; in the complex 
task, the animal needs to remember the path it has just run and then select the path 
it has not passed yet among the two available paths to get a reward, this process 
requires working memory. In this task, most of the memory replay occurred when 
the animals stayed at the reward site, had just completed a path, or were about to 
choose the next path [58–61]. The study found that the hippocampus was involved 
in the processes of both reverse and forward replay. Further studies analyzed 
whether the content of the hippocampus forward and reverse memory replays 
changed with learning. They found that the content of forward and reverse replay 
is different in the different learning stages. In the early stage of learning, reverse 
replay preferred to the paths that the animal had actually passed before, and thus 
researchers could accurately predict the animal’s past choices from the content of 
the hippocampal reverse replay. In contrast, forward replay referred to the pathway 
that the animal will choose next, but this correspondence does not become apparent 
until later in learning. The dynamic processes of hippocampal reverse and forward 
replays in the learning process showed that reverse memory replay was very impor-
tant for animals to remember the past path for learning, and the forward replay was 
very important for action planning after zoological learning [62, 63]. Besides the 
W-maze, we can also use the Barnes maze [64] to get the same conclusion. In sum-
mary, this study first distinguished the different functions of hippocampal reverse 
and forward memory replays in spatial learning memory tasks. Reverse memory 
replay helps to weigh and remember the path to the goal in the past, while forward 
memory replay is important for planning actions in the future. Moreover, this 
study for the first time quantitatively described the replay of cooperative memory 
between the prefrontal cortex and the hippocampus and confirmed its association 
with animal behavioral choices, to suggest a possible mechanism for the prefrontal 
cortex to participate in spatial learning.

4.5 vDBChATs-dNGIs

Acetylcholine modifies neuronal excitability, alters presynaptic neurotransmit-
ter release, and coordinates the firing of groups of neurons [65–67]. Recently, 
researchers used optogenetics, single synaptic tracing, and electrophysiological 
recording techniques to show that cholinergic neurons in the vertical diagonal band 
of Broca (vDBChATs) and newly generated immature neurons (NGIs) in the dorsal 
hippocampus (dNGIs) of adult mice formed a single synaptic connection (vDB-
ChATs-dNGIs synaptic connection) (Figure 5); this synaptic transmission was 
essential for the survival of dNGIs, andthe vDBChATs directly innervate dNGIs. 
This circuit is mediated by muscarinic cholinergic receptor 1 (M1) on neonatal neu-
rons [68]. In this study, researchers injected a kind of virus that includes mCherry 
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into the vDB region of some mice. Three days later, in the dDG, mCherry was 
exclusively expressed in a group of granular cells that were predominately located in 
the inner one-third of the granule cell layer. Most of these mCherry+ cells expressed 
doublecortin (DCX, mCherry+DCX+). DCX has been widely established as a 
marker of immature neurons [69], so mCherry+DCX+ cells are one kind of newly 
generated NGIs in the dNGIs mentioned above. The study found that using opto-
genetic technology to enhance vDBChATs-dNGIs synaptic transmission improved 
spatial learning memory. Furthermore, in the AD transgenic mouse model, the 
use of optogenetic technology to enhance the synaptic transmission of the neural 
circuit saved the spatial memory loss of the model mice [70].

5. Factors affecting hippocampal learning and memory

5.1 LIS1

An interesting candidate molecule supporting synaptic integrity is LIS1, which 
is related to lissencephaly [71, 72]. LIS1 deficits in specific hippocampal neuron 
populations significantly changed the excitatory synaptic transmission in adult-born 
Lis1+/− DG projection neurons and dendritic spine density and excitatory synaptic 
aggregation on hippocampal CA1 projection neurons that lost Lis1 expression from 
postnatal 20 days [73, 74]. Moreover, the loss of LIS1 after childhood destroys the 
structure and cell composition of the hippocampus, the connection with other brain 
regions, and the dependence on the cognition of hippocampal circuits [75, 76].

5.2 Fos

Increasing evidence has shown that sparse neuron groups distributed in many 
areas of the brain constitute the neural matrix of various behaviors [22, 77]. One 
sign of these active neuron sets is the instantaneous expression of a group of genes 
called immediate early genes, one of which encodes the Fos transcription factor, 
composed of eight members with at least partial functional redundancy (Fos, Fosb, 
c-Fos, Fosl1, Fosl2, Jun, Junb, and Jund) [78–81]. A long-standing hypothesis is that 
once activated by a significant stimulation, the neurons expressing Fos will undergo 
modification, which is helpful to encode specific experience characteristics, so 

Figure 5. 
The vDBChATs-dNGIs circuit.
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that even if a subset of these neurons are subsequently reactivated, it is enough to 
trigger memories of the initial experience [82]. Compared with non-Fos-activated 
neurons, Fos-activated neurons in the hippocampal CA1 region have been shown to 
stably encode context information [77].

5.3 SynCAM 1

The expression of the synaptic cell adhesion molecule, SynCAM 1, in forebrain 
neurons, which is also known as a cell adhesion molecule 1 (Cadm1) and Necl-2, is 
a candidate protein used to evaluate the role of different regions of synaptic tissue 
proteins [83]. SynCAM 1 belongs to four homophilic and heterophilic membrane 
protein families of the immunoglobulin superfamily, which are expressed at the peak 
of synaptic formation and exist until adulthood. This marks the edge of excitatory 
postsynaptic sites, which is sufficient to induce functional excitatory presynaptic 
specialization [84]. Studies on knockout and overexpression of the hippocampal 
CA1 region in mice have shown that SynCAM 1 is necessary to promote excitatory 
synaptic input of excitatory neurons in vivo [85]. SynCAM 1 also accelerated synapse 
maturation, which improved the stability of newly formed synapses and in turn 
increased the likelihood of survival of adult-born neurons [86]. SynCAM 1, there-
fore, regulates the input of excitatory mossy fibers into the interneurons and major 
neurons in the hippocampal CA3 region to balance network excitability [87].

5.4 Brain-derived neurotrophic factor (BDNF)

BDNF is one of the most widely distributed and studied neurotrophic factors in 
mammalian brains. It has a direct impact on memory through various mechanisms. 
BDNF regulates many different cellular processes involved in the maintenance and 
development of normal brain function, by binding and activating the TrkB, which 
is a member of the larger family of Trk receptors [88]. For example, during embryo-
genesis, BDNF–TrkB signaling promotes the differentiation of cortical progenitor 
cells and then promotes differentiation of cortical progenitor cells into neurons 
(i.e., neurogenesis) [89]. The single nucleotide polymorphism of BDNF most 
likely affects memory through long-term potentiation (LTP), which is important 
for memory persistence [90]. In the human BDNF gene, a single nucleotide poly-
morphism leads to an amino acid substitution of valine (Val66Val) to methionine 
at amino acid residue 66 (Val66Met), which changes the secretion of the mature 
peptide. This alteration has been related to cognitive deficits among carriers [91]. 
The effects of BDNF on LTP are also mediated by the TrkB receptor. Especially in 
the hippocampus, this neurotrophin is thought to act on both pre and postsynaptic 
compartments, modulating synaptic efficacy, not only by changing the presynaptic 
transmitter release but also by increasing postsynaptic transmitter sensitivity to 
induce a long-lasting increase in synaptic plasticity [92, 93].

In the elderly with normal cognition, the presence of BDNF Val66Met is associ-
ated with greater hippocampal atrophy and faster cognitive decline [94]. BDNF 
polymorphism is associated with larger DG volumes within the anterior hippocampus 
(head) in Met-carriers compared to Val/Val homozygotes. The total hippocampal 
volume predicted the performance on visuospatial memory tasks in Met-carriers [95]. 
Although little is known about the process of memory consolidation, it is known that 
a hippocampal BDNF-positive autoregulatory feedback loop is necessary to mediate 
memory consolidation via the CCAAT-enhancer-binding protein β (C/EBPβ) [96].

BDNF also mediates the influence of many factors on memory. First, 
TLQP62, which is a neuropeptide derived from the neurotrophin-inducible VGF 
(nonacronymic) protein, is capable of inducing increased memory in the mouse 
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hippocampus by promoting neurogenesis and synaptic plasticity through BDNF 
and its receptor tyrosine receptor kinase B (TrkB) [97, 98]. When TLQP62 promotes 
BDNF expression, which in turn activates the BDNF/TrkB/CREB (cAMP response 
element-binding protein) pathway that upregulates VGF expression, there is a VGF-
BDNF regulatory loop that appears to regulate neurogenesis [99]. In addition, as is 
well known, exercise can promote the formation of memory, which is also insepa-
rable from BDNF levels. Lactate, a metabolite released during exercise by muscles, 
crosses the blood–brain barrier and accumulates in the hippocampus, where it 
promotes the formation of learning and memory by inducing BDNF expression 
through silent information regulator 1-dependent induction of the PGC1a/FNDC5 
pathway [100]. In addition, the increase of the microglia-dependent proBDNF/
BDNF ratio following persistent inflammatory pain leads to cell death of the CA1 
and DG neurons. Then, this subsequently causes a cognitive deficit in learning and 
spatial memory functions [29]. Furthermore, in postmenopausal women, the lower 
plasma BDNF levels are associated with significantly worse memory performance 
and changes in the function of the working memory circuit [101].

5.5 Smad3

Smad3 is an intracellular molecule involved in the transforming growth factor-β 
signaling cascade, which is strongly expressed by granulosa cells of the DG of adult 
mice [102]. Smad3 deficiency promotes dopaminergic neurodegeneration and 
α-synuclein aggregation in substantia nigra striatum [103]. Endogenous Smad3 
signaling plays important role in neurogenesis and LTP induction of adult DG, 
which are two forms of hippocampal plasticity related to learning and memory, and 
which decrease with age and neurological diseases [102].

5.6 Oxytocin

Oxytocin is a brain plasticity regulator of neuronal growth factors, cytoskeleton 
proteins, and behavioral changes, and is important for short-term hippocampal-
dependent memory [104] and regulates neuronal excitability, network oscillatory 
activity, synaptic plasticity, and society memory [105]. In the SH3 domain and 
ankyrin repeat-containing, the protein 3 (SHANK3) deficient model related to 
autism, abnormal neuronal morphology and altered synaptic protein levels are 
recovered by oxytocin [106]. Early changes of the oxytocin signal may interfere 
with the maturation of neurons and could have both short-term and long-term 
pathological consequences [107]. At the molecular level, neurodevelopmental dis-
orders include numerous changes in cytoskeleton rearrangement and neurogenesis, 
leading to various synaptic diseases [108].

5.7 Disrupted-in-schizophrenia 1 (DISC1)

DISC1 is a strong candidate susceptibility gene for a series of neuropsychiatric 
diseases [109, 110]. Reports of both DISC1 point mutations (L100P and Q31L) 
heterozygotes and DISC1 transgenic mice [111, 112] found that the combination of 
adolescent isolation (from 5 to 8 weeks) and DISC1 L100P mutation damaged the 
social memory of adults. In addition, adolescent isolation aggravates adult neu-
rogenesis defects in the hippocampus of L100P mice, but has no similar effect on 
WT mice, and leads to long-term continuous changes in synaptic transmission and 
plasticity of the hippocampal network of DISC1 L100P mice [113, 114]. There is also 
a possible sex-dependent effect of DICS1. In the test of significant gene–environ-
ment interactions in the amphetamine-induced anxiety in male animals and the 
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amphetamine-induced locomotion in female animals, we surprisingly found that 
gene–environment interactions improved social memory in not only male but also 
female animals, but JIA alone disrupted spatial memory and recognition memory 
only in male animals [115].

6. Expectations

The hippocampus, as an important part of the limbic system involved in learn-
ing and memory, has been extensively studied for many years. With increased 
aging in China, the incidence of AD, a progressive degenerative brain disease, is 
increasing every year. The main clinical symptoms are memory loss and cognitive 
impairment. Entropic cortex to the hippocampus, hippocampus to the prefrontal 
cortex, and vDBChATs-dNGIs with the hippocampus as the central link may play 
important role in spatial memory and declarative memory. Moreover, the damage 
of any link in the cycle leads to the loss of recent memory. By studying the hippo-
campal memory circuit and various influencing factors, we hope to improve spatial 
memory and declarative memory by intervening in every link of the hippocampal 
memory circuit. At the same time, we can provide new ideas and methods for the 
treatment of memory impairment-related diseases such as AD, which are helpful 
to the recovery and improvement of memory function in the damaged hippocam-
pus. Considering the influence of BDNF and other factors on the memory circuit 
and the effects of various diseases related to memory impairment, we should also 
extensively study some influencing factors as intervention targets for Huntington’s 
disease, depression, schizophrenia, bipolar disorder, and other diseases. These stud-
ies can provide prevention strategies and treatment methods for memory decline 
caused by force majeure factors such as sex and age. Furthermore, studies on its 
influencing factors will open other research avenues.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Glutamatergic vesicles in hippocampal mossy fiber presynaptic boutons release 
zinc, which plays a modulatory role in synaptic activity and LTP. In this work, a 
fluorescence microscopy technique and the fluorescent probe for cytosolic zinc, 
Newport Green (NG), were applied, in a combined study of autofluorescence and 
zinc changes at the hippocampal mossy fiber-CA3 synaptic system. In particular, 
the dynamics of flavoprotein (FAD) autofluorescence signals, was compared to 
that of postsynaptic zinc signals, elicited both by high K+ (20 mM) and by tetra-
ethylammonium (TEA, 25 mM). The real zinc signals were obtained subtracting 
autofluorescence values, from corresponding total NG-fluorescence data. Both 
autofluorescence and zinc-related fluorescence were raised by high K+. In contrast, 
the same signals were reduced during TEA exposure. It is suggested that the ini-
tial outburst of TEA-evoked zinc release might activate ATP-sensitive K+ (KATP) 
channels, as part of a safeguard mechanism against excessive glutamatergic action. 
This would cause sustained inhibition of zinc signals and a more reduced mito-
chondrial state. In favor of the “KATP channel hypothesis”, the KATP channel blocker 
tolbutamide (250 μM) nearly suppressed the TEA-evoked fluorescence changes. It 
is concluded that recording autofluorescence from brain slices is essential for the 
accurate assessment of zinc signals and actions.

Keywords: autofluorescence, Newport Green, KATP channels, TEA, tolbutamide, 
hippocampal slices

1. Introduction

Glutamatergic vesicles in hippocampal mossy fiber presynaptic boutons seques-
ter and actively release zinc together with glutamate [1, 2]. Once released, zinc dif-
fuses in the synaptic cleft and binds to specific sites mainly in the postsynaptic CA3 
neuronal membrane, crossing it via calcium-permeable glutamate receptors and 
voltage-dependent calcium channels (VDCCs) [3–8]. Thus, zinc plays significant 
modulatory roles in synaptic activity and possibly also in long-term potentiation 
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(LTP) [2, 9–12]. A negative feedback action at presynaptic sites seems also to occur, 
when released zinc activates the ATP-sensitive K+ (KATP) channels [13, 14], besides 
inhibiting VDCCs [15, 16] on the boutons. These processes are thought to protect 
synapses from excessive neurotransmitter release and, consequently, too much 
postsynaptic activity.

In previous studies, performed using intracellularly trapped fluorescent dyes as 
zinc probes, it has been shown that single and tetanic stimulation of mossy fibers 
evoke zinc release and postsynaptic intracellular zinc rises [17–19]. It has also been 
reported that the application of high external potassium concentrations elicits a 
strong depolarization in the cells [20, 21], as well as postsynaptic zinc enhance-
ments [22]. However, the application of intense tetanic stimulation caused a depres-
sion of zinc and glutamate release, which was reduced by the application of the KATP 
channel blocker tolbutamide [14]. Furthermore, in the presence of the potassium 
channel blocker tetraethylammonium (TEA), which induces a weaker depolariza-
tion in the mossy fiber region [23], the zinc signals were reversibly depressed being 
this depression also reduced by tolbutamide [24]. Since the depolarizing effect of 
KCl is stronger than that of TEA, it is expected that the increase of the synaptic 
activity will be more intense in the presence of KCl. The postsynaptic actions of zinc 
may not be limited to the membrane or the cytosol, as there is evidence that this 
cation is taken up by cell organelles including the endoplasmic reticulum and mito-
chondria [4, 25, 26]. Recording zinc probe fluorescence from slices is not devoid 
of artifacts. A potential problem is the tissue autofluorescence, which depends on 
the excitation wavelengths, which may arise from both NAD(P)H (near-UV) and 
flavoprotein-bound FAD (visible) [27–29]. In the present experiments, which were 
performed using the fluorescent zinc indicator Newport Green (NG), the prevailing 
contributor to autofluorescence was the FAD-linked fluorescence, since NG was 
excited with visible light. The redox couple FAD/FADH2 operates in the citric acid 
cycle and respiratory chain, and this autofluorescence component might originate 
mostly, if not exclusively from mitochondria [30–32]. Furthermore, dehydroge-
nases are calcium-sensitive [33], suggesting that FAD-linked autofluorescence 
might change following stimulation of hippocampal mossy fibers. Thus, an impor-
tant objective of this study was to determine whether mossy fiber autofluorescence 
might affect the zinc signals and, if so, to extract the real dynamics of the zinc 
signals from the total fluorescence recordings. Autofluorescence of mitochondrial 
origin reflects the metabolic activity of the cells. Therefore, carrying out parallel 
autofluorescence recordings offers the possibility of correlating the postsynaptic 
zinc dynamics of pyramidal CA3 neurons with changes in tissue metabolic activity.

2. Experimental procedures

All experiments were carried out in accordance with the Directive 2010/63/EU 
of the European Parliament and Council. In agreement with the Portuguese law, 
the animal care review committee is the Direção- Geral de Alimentação e Veterinária 
(DGAV). All efforts were made to minimize animal suffering and to use only the 
number of animals necessary to produce reliable scientific data.

The experiments were performed in the synaptic system mossy fibers-CA3 
pyramidal cells, using the brain of pregnant Wistar rat females (16–18 weeks old), 
kindly provided by the CNC (Center for Neurosciences) laboratory (as stated in the 
acknowledgments). The hippocampal slices were prepared as previously described 
[22, 24]. Briefly, after cervical dislocation, the isolated brain was rapidly cooled 
(5–8°C) in oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF), 
containing (in mM): NaCl 124; KCl 3.5; NaHCO3 24; NaH2PO4 1.25; MgCl2 2; CaCl2 
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2 and D-glucose 10, pH 7.4. Then, the hippocampus was separated and the slices 
(400 μm thick) were cut transversely and immersed in ACSF at room temperature. 
After a resting period of about 1 h, the slices were transferred to the experimental 
chamber and perfused with ACSF, at a rate of 1.5 to 2 ml/min, T = 30–32°C.

Autofluorescence measurements were carried out in slices immersed in ACSF 
or in the medium of interest. For the detection of zinc changes, the slices were 
incubated during one hour in an ACSF solution containing 5 μM of the permeant 
form of the fluorescent zinc indicator Newport Green (NG). The preparation of the 
solution was performed as follows: 1 mg of NG was dissolved in 250 μl of DMSO 
and then 5 μl of this mixture (DMSO + NG) were diluted in 5 ml of ACSF contain-
ing 5 μl of pluronic acid F-127. The indicator NG has a moderate affinity for zinc 
(Kd ~ 1 μM) and a relatively low affinity for calcium (Kd > 100 mM).

The fluorescence signals recorded from NG loaded slices contain an autofluores-
cence and a zinc-NG components. Having been realized that the first component 
varies both with time and with the perfusing medium, fluorescence signals from 
dye-free slices were recorded using similar experimental protocols as those applied 
in the NG containing slices. The real zinc signals were thus obtained from those 
measured from the indicator-loaded slices, after point-to-point subtraction of the 
intrinsic fluorescence records. Both types of records were normalized by the average 
of the baseline (first ten points) values prior to the mentioned subtraction, to avoid 
non-intrinsic and non-dye associated fluorescence. For the correction procedure, 
the following equations were used:
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FA0 – basal autofluorescence; FAi – autofluorescence; FT0 – basal total fluores-
cence; FTi – total fluorescence; Fi -. zinc fluorescence; F0 – basal zinc fluorescence.

In order to study the role of zinc in autofluorescence changes evoked by 
chemical stimulation with KCl, the zinc chelator ethylenediaminetetraaceticacid 
disodium calcium salt (Ca-EDTA), (25 mM), was, in some experiments, added to 
the medium. The KCl solution consisted of ACSF but with 20 mM concentration 
of KCl. The tetraethylammonium (TEA) solution consisted of ACSF with higher 
concentrations of CaCl2 and KCl, 10 mM and 5 mM, respectively, and with TEA 
at a concentration of 25 mM. The KATP channel blocker tolbutamide (250 μM) was 
directly applied to the perfusion medium, which was recirculated. All solutions 
were applied for periods of 30 min, except the KCl + Ca-EDTA solution that was 
perfused for 1 h.

The detection and measurement of zinc signals was performed using an experi-
mental transfluorescence setup based on a microscope (Zeiss Axioskop), equipped 
with a halogen light source (12 V, 100 W). Excitation and emission wavelengths 
were selected by means of a narrowband filter (480 nm, BW 10 nm) and a high pass 
filter (> 500 nm), respectively. The capture of the transmitted light was done by a 
water immersion lens (40x, N.A. 0.75), being that light focused on a photodiode 
(Hammamatsu, 1 mm2). Subsequently, the current of the photodiode was converted 
in an electrical signal by a current/voltage converter (I/V), with a feedback resis-
tance of 1 GΩ. The signal was digitally processed by a 16 bit analog/digital converter 
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(ƒ = 1.67 Hz) and analyzed using the Signal Express™ software from National 
Instruments. The average value of each group of 100 consecutive points was used in 
order to illustrate the results.

All data are expressed as mean ± SEM. The results of the statistical studies were 
obtained using the Mann–Whitney U test (p < 0.05).

In the experiments, the chemical products used were: NG, Pluronic acid F-127 (Life 
technologies, Carlsbad, CA); DMSO, TEA, Tolbutamide (Sigma-Aldrich, Sintra, PT).

3. Results

In this study, fluorescence changes evoked by the application of KCl and TEA 
media were measured both from non-incubated and from NG loaded slices. In 
most figures the first 10 min represent data from slices exposed to the ACSF solu-
tion, the next 30 min data evoked by the media of interest (KCl or TEA) and in the 
following 30 min ACSF was again perfused. Since the excitation wavelength used 
was 480 nm, the recorded fluorescence emission from dye-free slices is considered 
essentially autofluorescence, with flavoprotein origin. Taking into account the 
spectral characteristics of the intrinsic fluorescence of FAD and of zinc-bound NG, 
the fluorescence signals obtained from slices incubated in NG, using excitation light 
of 480 nm and recording above 500 nm, have two different components: autofluo-
rescence and the fluorescence of the zinc-NG complex. The results of a group of 
experiments designed to extract the real zinc signal, as the difference between those 
two components, are shown in Figure 1.

The autofluorescence trace (Figure 1a) reveals that the KCl (20 mM) solution 
caused an increase of the signals, of 11 ± 2% in the period 35–40 min (n = 4). The 
total fluorescence signals (Figure 1b) were enhanced by 36 ± 5% above the basal 
values in the same period (n = 3). Thus, it can be observed that the zinc signals 
(Figure 1c), obtained as the total fluorescence minus the autofluorescence changes, 
reached a stable value having an amplitude of 27 ± 3% during the last 5 min in 
KCl. The autofluorescence changes continued to increase during the reperfusion 
of ACSF, reaching a maximum between 45 and 50 min after the beginning of the 
experiment, corresponding to an amplitude of 20 ± 2% above baseline. Afterwards 
they decreased again to 11 ± 2%. The total fluorescence trace decreased less during 
washout, having an amplitude of 29 ± 4% during the last 5 min. The zinc signals 
decreased during the first 10 min of washout but were maintained in the remaining 
period at 16 ± 4% above baseline.

Unlike the behavior observed with KCl, both the autofluorescence and the total 
fluorescence signals were reduced in the presence of 25 mM TEA, recovering, upon 
its removal, to a value above the baseline (Figure 2a and b). The application of 
TEA caused a decline of the amplitude of the total signal (Figure 2b) by 17 ± 3% of 
control (35–40 min., n = 8). In these experiments, autofluorescence (Figure 2a) was 
responsible for almost half of the depression since the intrinsic signals decreased by 
8 ± 2% (35–40 min, n = 5). Consequently, it can be concluded that the zinc signals 
(Figure 2c), obtained again as the difference between the traces in panels b and a, 
were reduced by 9 ± 1%, in the same period.

The superimposed results of the autofluorescence and of the corresponding zinc 
signals are shown in Figure 3, for the experiments performed with KCl (Figure 3a) 
and TEA (Figure 3b). They reveal that the signals from the unincubated and the 
NG-treated slices have different time courses in the case of KCl, rising the autofluo-
rescence transients more slowly than the zinc ones (Figure 3a). TEA causes roughly 
similar autofluorescence and zinc changes (Figure 3b). It should also be noticed 
that the KCl evoked zinc changes remained potentiated upon washout, while, fol-
lowing TEA removal the zinc signals recovered completely.
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Figure 1. 
Autofluorescence, total fluorescence and zinc signals evoked by KCl. (a) KCl-induced changes in 
autofluorescence (n = 4). (b) Total fluorescence data obtained in slices incubated with NG (n = 3). (c) Zinc 
signals obtained as the difference between data in panels (b) and (a). The application of KCl (20 mM) was 
made at the times indicated by the bars. All values were normalized by the average of the first 10 responses and 
represent the mean ± SEM. FA, autofluorescence; FT, total fluorescence; F, zinc signals; FA0, FT0, F0, basal auto-, 
total and zinc fluorescences, respectively.
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Figure 2. 
Pooled data of autofluorescence, total fluorescence and zinc signals evoked by TEA. (a) Effect of the 
application of TEA (25 mM) on autofluorescence changes (n = 5). (b) Total fluorescence signals obtained 
from slices incubated with NG (n = 8). (c) Zinc signals given by the difference between the traces in panels 
(a) and (b). The solution with TEA (25 mM) was perfused during the period indicated by the bars. 
All values were normalized by the average of the first 10 responses and represent the mean ± SEM. FA, 
autofluorescence; FT, total fluorescence; F, zinc signals; FA0, FT0, F0, basal auto-, total and zinc fluorescences, 
respectively.
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In order to verify the involvement of KATP channels in the TEA induced fluores-
cence depression, tolbutamide, a KATP channel blocker was applied with TEA, at the 
concentrations of 250 μM and 25 mM, respectively. In the control group of experi-
ments, the TEA solution was perfused twice, circulating ACSF for 30 min after each 
TEA application, in order to determine the degree of recovery upon washout. In the 
other group of experiments, the second TEA solution contained also tolbutamide.

According to the results in Figure 4, both perfusions of the TEA solution caused 
similar declines in the intensity of the autofluorescence signals, which have also 
similar time courses as illustrated in Figure 4a. The first depression had an ampli-
tude of 11 ± 1%, with respect to baseline (35–40 min, n = 3). The second one had an 
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Figure 3. 
Superimposed curves of the KCl- and TEA-evoked fluorescence signals. (a) Autofluorescence (blue, n = 3) 
and zinc (green) signals induced by KCl (20 mM). (b) Autofluorescence (blue, n = 5) and zinc (orange) 
changes evoked by TEA (25 mM). The solutions of KCl and TEA were applied at the times indicated by the 
bars. All values were normalized by the average of the first 10 responses and represent the mean ± SEM. FA, 
autofluorescence; F, zinc fluorescence; FA0, F0, basal auto- and zinc fluorescences.
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amplitude of 10 ± 2% (95–100 min, n = 3). The washout of the TEA solution was, 
as expected, accompanied by the recovery of the autofluorescence signal, which 
reached, at the end of the subsequent 30 min period in ACSF, a small potentiation, 
3 ± 1% at 65–70 min and 2 ± 1% at 125–130 min.

In a similar type of experiments, the second TEA application was combined 
with tolbutamide (250 μM) (Figure 5). This compound had no effect on the 
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Figure 4. 
Fluorescence signals induced by two consecutive applications of TEA. (a) Autofluorescence responses (n = 3). 
(b) Total fluorescence data (n = 8). (c) Zinc signals calculated subtracting trace (a) from trace (b). The 
solution with TEA (25 mM) was circulated during the period indicated by the bars. All values were normalized 
by the average of the first 10 responses and are represented as mean ± SEM. FA, autofluorescence; FT, total 
fluorescence; F, zinc signals; FA0, FT0, F0, basal, auto-, total and zinc fluorescences, respectively.
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autofluorescence signal since the second depression was similar to the first one 
(Figure 5a), as observed in the experiment with two consecutive TEA applica-
tions (Figure 4a). On the other hand, the application of tolbutamide significantly 
blocked the depression of the total (Figure 5b) and of the zinc (Figure 5c) signals, 
having the latter been, once more, obtained subtracting the autofluorescence 
component from the total fluorescence changes. As noticed before, tolbutamide 
applied only in ACSF had essentially no effect on the autofluorescence depression. 
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Figure 5. 
Tolbutamide significantly blocks zinc signals evoked by TEA. (a) Effect of the application of TEA (25 mM) 
followed by TEA (25 mM) plus tolbutamide (250 μM) on autofluorescence (n = 2). (b) Similar records for total 
fluorescence (n = 3). (c) Zinc signals determined as trace (b) minus (a). The solutions of TEA and TEA plus 
tolbutamide were applied at the times indicated by the bars. The data were normalized by the average of the 
first 10 responses and represent the mean ± SEM. FA, autofluorescence; FT, total fluorescence; F, zinc signals; 
FA0, FT0, F0, basal auto-, total and zinc fluorescences, respectively.
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Figure 6. 
Schematic representation of the major cellular mechanisms and ionic fluxes involved in KCl depolarization 
(20 mM) at the hippocampal mossy fibers-CA3 pyramidal cells synapses.

The application of TEA evoked a depression of the zinc signal with an amplitude of 
8 ± 1% (35–40 min, n = 3), while in the presence of tolbutamide, the corresponding 
amplitude was only 3 ± 1% (35–40 min, n = 3). Thus, tolbutamide blocks about two 
thirds of the TEA evoked zinc signal inhibition, suggesting that the zinc, but not the 
autofluorescence depression, is mainly mediated by the activation of KATP channels.

4. Discussion

The experiments presented in this work, performed at the hippocampal mossy fiber 
synapses from CA3 area, allow the comparison of autofluorescence signals, recorded 
from non-incubated slices, with fluorescence zinc changes obtained from NG-loaded 
slices, after subtraction of the autofluorescence component. At these synapses, it 
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was observed that chemically induced depolarization by KCl (20 mM), evoked clear 
autofluorescence changes that recovered partially during the 30 min period following 
washout. These changes have a lower amplitude and a slower time course than those of 
the similarly evoked fluorescence signals observed in slices incubated with the zinc indi-
cator Newport Green. The latter signals, corresponding to the total fluorescence changes 
in this work, have previously been described by Bastos et al. [22]. The application of 
20 mM KCl promotes the depolarization of the presynaptic membrane, mediated by 
voltage dependent potassium channels (VDKCs), to a resting value of about −54 mV 
[13]. This increase in the membrane potential activates presynaptic VDCCs, triggering 
glutamate and zinc co-release, as illustrated in Figure 6.

Presynap�c region Postsynap�c region 

Ac�va�on of the K ATP channels. 
Membrane hyperpolariza�on 

Decrease in 
zinc release 

Smaller zinc influx through NMDA 
and AMPA/KA receptor channels 

and through L- type VDCCs 

 Reduc�on of the zinc signals 

Decrease in 
glutamate release 

Reduced Na+ and Ca2+ influx 
through AMPA, KA and NMDA 

receptor channels

Blockade of VDKCs. 
Membrane depolariza�on 

Zinc release Glutamate release 

Membrane hyperpolariza�on  

Hippocampal mossy fiber synapses TEA (25 mM) 

Figure 7. 
Diagram of the principal mechanisms and ionic movements involved in TEA depolarization at the 
hippocampal mossy fiber-CA3 synaptic system.
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Subsequently, after diffusion in the cleft and binding to specific pre- and post-
synaptic sites, zinc flows into the postsynaptic region through several channels and 
receptors, including NMDA and calcium permeable AMPA/KA receptors and L- and 
T-type VDCCs [3–5, 8, 34]. There is also experimental evidence that zinc can be 
released from intracellular sources following blockade of ERs [35, 36]. Consequently, 
at the postsynaptic region, calcium and zinc entry through both glutamate receptor 
channels and VDCCs leads to cytosolic calcium and zinc accumulation that may 
cause the flow of both ions to mitochondria, through the activation of the mitochon-
drial Ca-uniporter [30, 37–43].

TEA also causes membrane depolarization that may trigger various cellular 
processes, as described in Figure 7.

In this work, the autofluorescence changes evoked by a single or by consecu-
tive identical TEA applications were all similar. Interestingly, the time course of 
these changes is similar to that of the corresponding fluorescence signals recorded 
from Newport Green loaded slices. The TEA triggered fluorescence changes are 
depressed during the perfusion of TEA and recover to or above the baseline level 
upon washout, as previously reported [24]. In the present study, after subtracting 
the autofluorescence component, the real zinc signals evoked by TEA have about 
half the amplitude of that of the total fluorescence traces.

The changes of both autofluorescence and total fluorescence TEA induced 
signals are the opposite of those evoked by KCl. As previously mentioned, the 
membrane depolarization is higher in the presence of KCl than in TEA. The block-
ade of presynaptic VDKCs by TEA evokes a weak depolarization [23], followed by 
glutamate and zinc release and the activation of KATP channels by this ion. This leads 
to membrane hyperpolarization with a lower amplitude than that of the KCl evoked 
depolarization. Consequently, the hyperpolarizing effect of the zinc induced activa-
tion of presynaptic KATP channels can be occulted by the large increase in the resting 
potential, due to the strong KCl evoked depolarization, mediated by VDKCs [13].

5. Conclusions

The amount of calcium entry is related to the intensity of autofluorescence 
because increased intracellular calcium and zinc can trigger an increase in FAD 
(flavoprotein) and NAD, as well as in the oxidation of FADH2 and NADH [28, 44]. 
In the present experimental conditions (excitation wavelength of 480 nm, emission 
light collected above 500 nm) and taking into account the spectral properties of 
FAD, the autofluorescence detected is considered to have FAD origin. As previously 
mentioned, KCl depolarization causes the entry of both calcium and zinc ions 
to the postsynaptic region [10, 22, 24, 45, 46]. When increases in cytosolic zinc 
concentration are high, zinc ions enter the mitochondria, and if in excess may have 
neurotoxic effects [4, 47, 48]. Thus, the origin of the KCl evoked autofluorescence 
signals is, under our experimental conditions and based on previous studies, the 
flavoproteins. For example, Pancani [49], have found, using the complex I inhibitor 
rotenone a KCl induced NADH fluorescence decrease of mitochondrial origin. This 
is in agreement with the observed FAD enhancement since the NADH and FAD 
fluorescence changes are opposite [29, 44, 50].
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Chapter 3

Grid Cells Lose Coherence in
Realistic Environments
Yifan Luo, Matteo Toso, Bailu Si, Federico Stella
and Alessandro Treves

Abstract

Spatial cognition in naturalistic environments, for freely moving animals, may
pose quite different constraints from that studied in artificial laboratory settings.
Hippocampal place cells indeed look quite different, but almost nothing is known
about entorhinal cortex grid cells, in the wild. Simulating our self-organizing adap-
tation model of grid cell pattern formation, we consider a virtual rat randomly
exploring a virtual burrow, with feedforward connectivity from place to grid units
and recurrent connectivity between grid units. The virtual burrow was based on
those observed by John B. Calhoun, including several chambers and tunnels. Our
results indicate that lateral connectivity between grid units may enhance their
“gridness” within a limited strength range, but the overall effect of the irregular
geometry is to disable long-range and obstruct short-range order. What appears as a
smooth continuous attractor in a flat box, kept rigid by recurrent connections, turns
into an incoherent motley of unit clusters, flexible or outright unstable.

Keywords: spatial cognition, realistic environments, grid cells, place cells,
recurrent connections

1. Introduction

The nervous system acquires from experience multiple representations of the
external world. Extensively studied examples are in the hippocampus and adjoining
cortices of rodents and other small mammals, near the apex of their cortical hierar-
chy [1]. There, the position of the animal in its immediate surroundings and other
spatial variables are clearly prominent correlates of neural activity, as exemplified
by 50 years of research on place cells [2], but high level representations have been
described also for other variables, including time [3, 4], auditory frequency [5],
odors [6, 7] and taste [8]. Spatial representations have been thoroughly studied in
the laboratory, yielding amazing results [9] but in conditions rather different from
those prevailing in the wild. The medial entorhinal cortex (mEC), one synapse
upstream of and a major source of inputs to the hippocampus, includes numerous
functionally-defined cell types contributing to spatial representations. Significant
fractions of its cells have been characterized as grid cells [10], border cells [11],
head direction and conjunctive cells [12], speed cells [13] and irregular spatial cells
[14]. Should we understand this characterization as encompassing the different
components of a precisely engineered system, or as a list of some of the most salient
properties expressed by this population of neurons, which is however not rigidly
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partitioned into cell classes? The question is made more relevant by the failure, over
the years, to identify a precise correspondence of such putative classes with cell
properties observed in other species, notably in primates.

Place cells fire action potentials when the animal moves through locations in the
environment, specific to each cell, called place fields. A simple intuitive model
envisages place cells as being assigned, at random, each a location in the environ-
ment to represent with its activity, so that at a population level from the list of cells
active at a moment in time one can easily decode the position of the animal – who
effectively, then, has available a spatial map with its own position annotated on it.
This model does not seem outrageously inappropriate, particularly given that the
majority of place cells show only one field in the classical laboratory environment,
typically smaller than 1m2. Several recent experiments, however, show that in larger
environments place cells often have multiple and irregularly arranged place fields
[15–18]. Still, since the multiple fields are irregularly arranged, one expects that a
different list of active cells will uniquely identify each location. Thus place cells, on
their own, should effectively represent or map a number of locations in space
exponential in the number of cells considered. Even huge environments could be
mapped by a sufficient number of place cells.

The effectiveness of the spatial code would appear more doubtful with grid cells,
discovered later in the medial entorhinal cortex (mEC) [10]. At least in the simplest
intuitive model, each grid cell fires at multiple discrete spaced locations, regularly
arranged on a hexagonal pattern that tiles the entire space available to the animal in
a laboratory environment. Taken to the extreme, the model would predict that the
list of active cells is the same at all locations situated on the hexagonal pattern,
which the code would then be unable to distinguish. But are the intuitive models
abstracted from experiments in the lab relevant to ecological conditions, where
these neural systems have evolved over millions of years?

In this paper, we focus on the pattern formation process of grid cells, based on
feed-forward spatial information contributed by place cells, as expressed in our self-
organizing adaptation model.

The spatial representations expressed by grid cells and place cells have been
reported to differ substantially in the amount of local information they incorporate.
Place cells can show global remapping, given sufficient changes in the external
environment [19], indicating that they are highly influenced by local spatial infor-
mation. Grid cells, at least in flat regular environments, do not show global
remapping, once the population as a whole has been anchored to the local environ-
ment [20]. Major changes in the environment, which cause the global remapping of
place cells, on an individual basis, appear to induce only a coherent population
realignment by grid cells [21]. Subsequent experiments have partially qualified
these results, by showing that the grid pattern is influenced by walls [22], unstruc-
tured but oddly shaped environments [23], local cues [24], goals [25]. The simple
radical notion that grid cells provide a universal spatial metric has therefore been
challenged. In addition, in the search of grid patterns in 3D environments, only local
order, expressed e.g. by relatively uniform inter-field distances, has been seen to be
partially preserved [26], in agreement with the theoretical predictions of the self-
organizing adaptation model in 3D [27].

To better understand the spatial selectivity expressed by grid cells, it seems
increasingly urgent to move out of artificial laboratory settings. Grid cells have been
observed in several species, including rats [10], mice [28] and crawling bats [29],
with related cellular selectivity also in monkeys [30] and humans [31, 32], pointing
at some degree of universality underlying the phenomenon. These animals experi-
ence space in their natural environment, whether large scale 2D where they roam,
or 3D where they swim, jump, climb and fly, or curved and crooked, for those who
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live in burrows. One could start by considering three simple types of geometry, flat
2D, 3D, and curved.

Flat 2D [33–36], 3D [27], and curved [37–39] environments have indeed all been
considered in studies of the grid pattern emerging with the self-organizing adapta-
tion model.

In this paper, we aim to further our understanding of grid patterns in burrows,
where rats, arguably the most frequently used species for the study of spatial
representations, usually live in the wild [40, 41].

Norway rats, amost common strain of rats widely used in research, usually referred
to as the common rat, have seen their burrowing habits meticulously described by John
B. Calhoun [40],with the originalmotivation to control their proliferation in the city of
Baltimore. Calhoun has produced estimates of the quantitative characteristics of typical
burrows housing ca. 11 adult rats: on average 10 chambers (2 terminal; 8 with at least 2
entrances), linked by 40 tunnels (including on average 13 to exits; 20 internuncial; 7
blind).A sketch is shown inFigure 1 left [40].On these descriptionswebase our virtual
burrows, generated by an in-house algorithm, one of which is shown in Figure 1 right.
The yellow line is an example of a simulated trajectory.

2. Simulation

2.1 The construction of the burrows

Our computer model generates virtual burrows with a simple geometry, in
which the chambers are represented by spheres, of variable diameter, while the
tunnels are schematized as sequences of short curved cylinders (i.e. sections of tori)
of variable length and external (curvature) radii, and fixed internal diameter – just
enough for a virtual rat to run through. Spheres are thus assigned a center and a
diameter, while curved cylinders are defined by a circular basis (with a fixed
diameter and a centre and normal versor such that it lies on a sphere, or at the end
of another tunnel segment) which is then translated along an arc of circumference
(with parameters the versor and magnitude of the curvature radius, and the arc
length). Additionally, we draw on the work of Calhoun [40] to define probability
distributions for e.g. the diameters of the spheres and the lengths of the tunnels.

Burrow construction proceeds by generating a given number of spheres, with
diameters and center-center distances compatible with the observed chamber sizes
and distribution of tunnel lengths. Then, the internal burrow connectivity develops,
randomly split between chamber-chamber and tunnel-chamber tunnels. Finally,
some blind and exit tunnels are added.

Figure 1.
(Left) Sample map of a Norway rat burrow [40]. (Right) A simulated rat burrow environment which contains
10 sphere representing chambers and 29 tunnels.
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The tunnels start with an existing object - sphere or tunnel - and define the
initial segment of the new tunnel as a short, straight cylinder with the basis cir-
cumference tangent to the preexisting object at a random location, then new curved
segments are added, with a basis that coincides with the top of the previous one
(same centre, radius and normal versor), while the remaining parameters are
randomly generated. The tunnels terminate after randomly growing in random
directions for a random length if blind tunnels, when penetrating a target sphere or
tunnel if internuncial tunnels, or upon reaching a predefined horizontal plane (i.e.
the ground) if exit tunnels. In the last two cases, the direction of growth is biased
towards the target destination, with a probability inversely proportional to the
distance to the target, and we restrict the choice of the plane of the radial curvature
so as to point towards the desired outcome.

2.2 Trajectories

In the simulations, a virtual rat explores one of the virtual burrows described
above with a constant speed v ¼ 40cm=s. Each time step in the simulation is taken to
correspond to 10ms in real time. The total length of a simulation is 100 million steps
(which would correspond to nearly 12 days of continuous running, to ensure that
the self-organization process has approached its asymptote). To obtain smooth
random trajectories, resembling those observed in experiments, the change in run-
ning direction in the chambers is sampled from a Gaussian distribution with zero
mean and standard deviation σRD ¼ 0:2 radians; in tunnels, since the size of the
tunnels normally can only allow a single rat to pass, the running direction of the
virtual rat is always following the tunnels. If the random trajectories lead the virtual
rat to the junctions, the virtual rat changes sub-environment (from chamber to
tunnel, from tunnel to chamber, or from tunnel to another tunnel). If the tunnel has
a dead end, the virtual rat turns back when it reaches the end. The trajectories are
limited to the lower half of the environment because of gravity.

2.3 Network model

The model is comprised of two layers. The input layer represents, for example,
the CA1 region of the hippocampus and contains Nhip ¼ ρSþ Lt=lc model place
cells, which we refer to as place units below, where ρ ¼ 8000=m2 is the density of
input units in chambers, S is the total area of the chambers, Lt is the total length of
the tunnels, lc is the mean local inter distance of place units in tunnels. This
guaranteed that the place units are equally distributed and cover the whole envi-
ronment. The output layer represents a population of NmEC ¼ 100model mEC cells,
which we refer as grid units below.

The input to grid unit i at time t is given by

hti ¼
X
j

Wt
ijr

t
j (1)

The weight Wt
ij connects place unit j to grid unit i

Here we assume that grid units develop their maps from scratch, receiving
spatially modulated inputs from the place units which have already developed, in
line with observations in rat pups, which show that place cells mature earlier than
grid cells [42, 43].

Although weak spatial input is sufficient for grid pattern formation [33], regu-
larly arranged place cells are ideal for this function and reduce the averaging
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necessary for learning with respect to more irregular inputs. Here the activity of
each place input unit in space is modeled as a Gaussian place field centered at
preferred position x!j0

rtj ¼ exp �
x!
t � x!j0

���
���
2

2σ2p

0
B@

1
CA (2)

where x!
t
is the current location of the virtual rat. k � k is the shortest distance

(distances in chambers are calculated along great circles, and in tunnels longitudi-

nally, adding them up if x!
t
and x!j0 are not in the same sub-environment). σp ¼ 5cm

is the radius of the place fields.

2.3.1 Single-unit dynamics

The firing rate ψ t
i of grid unit i is determined through a threshold-nonlinear

transfer function

ψ t
i ¼ ψ sat arctan gt αti � μt

� �� �
Θ αti � μt
� �

(3)

where ψ sat ¼ 2=π normalizes the firing rate into arbitrary units. Θ �ð Þ is the
Heaviside function. The variable μt is a threshold while α t

i represents a time-
integration of the input hi, adapted by the dynamical threshold βi

αti ¼ αt�1
i þ b1 ht�1

i � βt�1
i � αt�1

i

� �
,

βti ¼ βt�1
i þ b2 ht�1

i � βt�1
i

� � (4)

where βi has slower dynamics than αi, and b2 is set to b2 ¼ b1=3, b1 ¼ 0:1. These
adaptive dynamics make it more difficult for a neuron to fire for a long period of
time, and endow grid units with fatigue dynamics [33]. The gain gt and threshold μt

are iteratively adjusted at every time step to fix the mean activity a ¼Piψ
t
i=N and

the sparsity s ¼ P
iψ

t
i

� �2
= N

P
iψ

t
i
2

� �
within a 10% relative error bound from

pre-specified values, a0 ¼ 0:1 and s0 ¼ 0:3 respectively.

2.3.2 Head direction modulation and collateral connections

Head direction (HD) modulation and collateral connections are important for
grid alignment, as suggested by the detailed analysis in [33, 34]. The head direction
in the chambers (spheres) is defined as the angle between a vector and the vector
pointing towards the north pole.

With the addition of HD modulation and collateral connections, Eq. (1) for the
inputs to grid unit i is rewritten

hti ¼ f θi ωtð Þ
X
j

Wt�1
ij rtj þ ρt1

X
k

Wt�1
ik ψ t�τ

k

 !
(5)

where ψ t�τ
k is the activity of other grid unit k reverberated by collateral connec-

tions Wt
ik with a delay τ ¼ 25 steps. ρt1 ¼ φt=T when t<T and φ when t≥T, where

T ¼ 5� 106 for each simulation, and φ is a set value controlling the strength of
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recurrent connections. Then the time-dependent strength ρt1 is gradually increasing
from zero, in order to reduce the influence of the initial random weights.

f θi ωtð Þ is the HD tuning function that has maximal value when the current head
direction ωt of the simulated rat is along the preferred direction θi.

f θ ωð Þ ¼ cþ 1� cð Þ exp v cos θ � ωð Þ � 1ð Þð Þ (6)

and c ¼ 0:1 and v ¼ 0:8 are parameters determining the baseline activity and the
width of head direction tuning.

2.3.3 Synaptic plasticity

All weights in the network self-organize while the virtual rat explores the envi-
ronment and the updating following the Hebbian rule.

Weights between place units and grid units are changed according to

ΔWt
ij ¼ εt ψ t

ir
t
j � ψ t�1

i rt�1
j

� �
(7)

where εt ¼ ξ 1� 0:9t=Tð Þ when t<T and 0:1ξ when t≥T, here T ¼ 5� 106,
ξ ¼ 0:01. ψ t

i and rtj are estimated mean firing rates.

ψ t
i ¼ ψ t�1

i þ η ψ t
i � ψ t�1

i

� �
,

rti ¼ rt�1
i þ η rti � rt�1

i

� �
,

(8)

and η ¼ 0:05 is a positive averaging factor.
The collateral weights between grid units are adapted according to

ΔWt
ik ¼ ζψ t

i ψ t�τ
i � κ

� �
(9)

Here ζ ¼ 6:6� 10�5 is a learning rate smaller, at least initially, than the learning
rate for feed-forward weights between place units and grid units. κ ¼ 0:1 is an
inhibition factor.

All the weights in the network are initialized as random numbers 1� γð Þ þ γu:
γ ¼ 0:1, and u is a random variable uniformly distributed in 0, 1½ �.

After initialization or weight changes, all weights are normalized to a unitary L2
norm

X
j

Wt
ij
2 ¼ 1 (10)

3. Results

In the simulations, grid units may have been expected to form highly regular
patterns, as they do in flat 2D environments [33]. However, in our burrows,
modeling the natural environment of real rats, the activity patterns that get
established are not nearly as regular. Figure 2 shows the grid map of one sample
grid unit. The lower half of the sphere, representing a chamber, was projected to a
horizontal plane, while the upper half was discarded, as trajectories are limited to
the lower half to model gravity. Tunnels were straightened into 1D segments.
Sufficiently explored chambers show clearly identifiable fields, while those where
the virtual rat spent less time show only blurred, often overlapping fields. Longer
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simulations make for little improvement. Tunnels, as they are 1D structures, are
easier to learn and show clear fields even in shorter simulations.

The grid maps in a chamber include very few fields, as indicated in Figure 2 top.
In fact, chamber width is at most 0.3 m (reported as 298 mm, with median 221 mm

Figure 2.
Grid maps in burrows and their stability. (Top and center) The maps of one unit in chambers (the lower half of
each chamber is shown), and in tunnels (straightened and taken to be 1D). Chambers (tunnels) are shown in
order of radius (length), with the percent time spent in each by the virtual rat indicated top left, top right indicates
the maximum firing rate (always in the range [0,1], given Eq. (3)). (Bottom) Correlation with the map at the
reference time. From the first to the third row, the initial learning rate is lowered from ξ ¼ 0:01 through ξ ¼
0:001 to ξ ¼ 0:0001; while from the first to the third column, the reference time points are 2� 105, 6� 105,
10� 105.
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and minimum 155 mm [40]), unlike the 2 m diameter of the flat circular enclosure
used in the Moser lab [10], and even considerably smaller than the small square
boxes used earlier and in several later studies (e.g., 1:0� 1:0m [44]). Due to this
reason, to be able to study the layout of the fields in a spherical chamber we have
used larger diameters in our model curved environments, so they would include e.g.
the 12 fields of the most regular pentagonal arrangement [37, 39] (on the entire
sphere, top and bottom, with 6 in the lower half).

For grid patterns to be stable, the feed-forward learning rate between place units
and grid units has to be very small. As shown in Figure 2 bottom, with learning rate
ξ ¼ 0:01 grid units may keep shifting their fields as the simulation proceeds, so that
their correlation with those at any reference time keeps changing; with learning rate
ξ ¼ 0:001 the stability is markedly improved, and with ξ ¼ 0:0001 grid units
appear to form stable maps both in chambers and in tunnels.

The gridness score has been widely used to quantify the spatial periodicity of
grid patterns, but it can be applied only to patterns with six-fold symmetry. Results
from simulations in curved environments show regular grid patterns with five-fold
or lower symmetry for constant positive curvature, and seven-fold or higher sym-
metry for negative curvature [37, 38]. In the burrows simulated here, inter-field
distances vary also within chambers (light blue distribution in Figure 3 top), indi-
cating that spatial periodicity is not a property of grid cells in natural environments.

The inter field distances in tunnels (green distribution in Figure 3 top) have a
larger peak value than in chambers. In chambers, in fact, our simulated trajectories
are curved as the running direction keeps changing, unlike the trajectories in tun-
nels which can only follow the 1D tunnels, so the distance traveled over the adap-
tation time scale is longer in tunnels than in chambers. For real rats, of course, the
distance traveled in each sub environment depends strongly on their prevailing

Figure 3.
(Top) Inter fields distributions of fields in the same chambers and tunnels, indicating the location of the peaks.
(Bottom left) Field A and field B are the closest fields to a junction, and y and x represent their distance to the
junction from the chamber and tunnel side. (Bottom right) The correlation between the x and y measures.
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speed, likely contributing to the different representation of grid cells in tunnels and
chambers.

The virtual rat learns the entire environment at the same time, since the ran-
domly generated trajectories span it all. We asked, then, whether grid units form a
continuous representation of the whole environment, by checking whether the
junctions connecting chambers and tunnels break the continuity. In Figure 3
bottom left, field B and field A are the closest fields to a junction, from the tunnel
and chamber side, respectively, and x and y represent their distance from the
junction, so that x ¼ field distance� y. As shown in Figure 3 bottom right, x and y
do not show the expected negative correlation (with �1 or with any other clear
slope), but rather a loose relationship. This indicates that spatial representations by
simulated grid units are effectively independent in distinct portions of the environ-
ment, as this is in practice partitioned up by the junctions.

Realistic simulated burrows like that in Figure 1 right require enormous CPU
time to be explored with sufficient statistics, and even then the maps that form
especially in the chambers often present rather unclear fields, as in Figure 2.
Therefore, in the following analyses we consider a simplified burrow, with only
three chambers and three tunnels connecting them, and compare the maps emerg-
ing there with those in a square box or in/on a sphere. Since the gridness score
cannot be readily applied, we use instead the distributions of inter field distance
(left column of Figure 4) and of the angles between triplets of nearby fields (right
column of Figure 4); such triplets are defined by mutual distance in the range of
50–150% of the first peak in the field distance distribution. We generated data for
the square box environment setting the strength of recurrent connections at φ ¼
0:125, much stronger than in the sphere and burrow, where it was set at φ ¼ 0:05,
in order to have in each environment as regular grid patterns as they could be
(see Figure 5). The effect of recurrent strength in different environments will be
described in details later. Other parameters were kept constant.

The inter-field distance distribution in the box environment (of size 1:5� 1:5m2)
has clear peaks, shown in Figure 4 upper left. The fourth and fifth peaks are shifted
to the left compared with those of perfectly regular six-fold grids, probably because
the virtual trajectories are limited by the hard border (which reflects the trajectory
as in a mirror when it hits the border). The angles have a distribution centered at 60
degrees, shown in Figure 4 upper right.

The spherical environment, with radius r ¼ 0:5m, allows most grid units to
develop 12 fields. Their distribution of field distances also has clear peaks (Figure 4
center left). The angle distribution is centered at 71:8 degrees (Figure 4 center
right), just 0:2 degrees below the 72 degrees value of the perfectly regular five-fold
grid pattern.

In the burrow environment, simulations have parameters consistent with those
in the sphere. The field distance distribution does not have clear peaks, however
(Figure 4 lower left). The angle distribution shows more variability than in the box
and in the sphere (Figure 4 lower right). This suggests that the formation of regular
grid patterns in natural environments, like rat burrows, is very challenging for the
same system that produces them easily in laboratory conditions.

The grid maps of cells recorded at the same electrode position show generally a
small correlation or rather an anti-correlation [10], because even with similar grid
spacing and orientation, a relative phase shift between cells is sufficient to remove
the correlation between them. The results from simulations in the flat box environ-
ment point at the same phenomenon, with in fact most pairs of grid units ending up
negatively correlated, as shown in Figure 6 top. Away from six-fold symmetry,
however, things are a bit different. In the sphere, units can form five-fold symmet-
ric grid patterns, when they have 12 fields, fields which cannot be translated on top

47

Grid Cells Lose Coherence in Realistic Environments
DOI: http://dx.doi.org/10.5772/intechopen.100310



of each other, because translations do not exist on curved surfaces. So the bulk of
the units are less anti-correlated, and the peak correlation shifts to less negative. In
the burrow, without regular grid patterns, map correlations show a peak located at
even higher values, near zero.

Both in the box and sphere environments, the correlation between some units
reaches to almost 1, while most pairs of units are actually anti-correlated. The
distribution is much less spread out in the burrow environment where, as we said
(Figure 6 top), most pairs of units have correlation close to zero, and the most
correlated ones hardly reach above 0.6 spatial (Pearson) correlation. Despite this,
the examples in Figure 6 bottom show that a standard K-means algorithm identifies

Figure 4.
Inter field distance and angles from local triangles. (Left) Distribution of inter field distance in box, spherical
and burrow environments. Shown in red for the box and sphere is the distribution valid for regular grids, with
the first peak aligned with that in our simulations. All peaks are indicated. (Right) The angle distribution,
where again the red dotted curve refers to regular grids; the blue indicates simulation data, with standard
deviation are annotated.
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6 clusters of units in the burrow data, with the same or even greater ease than in the
box or sphere data. It appears that the reason is that in the sphere, and even more in
the box, different units map out with their fields a low-dimensional spatial contin-
uum, so that breaking them into clusters is quite arbitrary – an intuitive example
would be that of grid units with fields equi-spaced on a 1D ring, that would them-
selves describe a ring if randomly spread out, and not a clustered structure. In the

Figure 5.
Standard deviation in local angles for the square box, trapezoid, and sphere environments varying the strength
of recurrent connections. The square box environment is 150cm� 150cm, while the trapezoid has parallel
walls 87cm and 174cm long, with symmetric 179:4cm side walls. The sphere has a 50cm radius, suited to
include 12 fields per unit. The solid line is the mean value of the standard deviation, the shaded regions indicate
its own standard deviation.

Figure 6.
(Top) Map correlation between pairs of simulated units, in different environments. What is shown is the
distribution of Pearson correlation values across pairs. (Bottom) Map clusters visualized with t-distributed
stochastic neighbor embedding method (TSNE). The map distance between pair of units is defined by 1 minus
their Pearson correlation, and units were clustered with a K-means algorithm into 6 clusters.
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multi-chamber environment of the simplified burrow, clusters apparently emerge
spontaneously (see Figure 6 bottom).

Local recurrent connections have been identified as a key element of grid
pattern formation [45], in particular to align the grids in a flat environment
[35, 46, 47]. We asked how the strength of recurrent connections affects the pattern
formation process in our model environments. We simulated the adaptation model
in flat and curved environments, and took the standard deviation of the angles from
local triangles as a measure of the regularity of the grid pattern.

Considering two flat environments, a square box and a trapezoid with the same
area, grid patterns show minimal standard deviation in the square box when the
strength of recurrent connections takes a specific value φ ¼ 0:14, as shown in
Figure 5; and a larger minimum value (Figure 5) for somewhat weaker recurrent
connections (φ ¼ 0:12) in the trapezoid, known to distort the grid pattern of real
cells [23].

In the sphere, however, the minimum standard deviation, comparable with that
in the box environment (as both allow for regular tessellation, five-fold in one case
and six-fold in the other), is reached with much weaker recurrent connections,
φ ¼ 0:05, as shown in Figure 5. In even the simplified burrow, the standard
deviation of the angle distribution is inherently higher, because of the lack of long-
range order even in the absence of recurrent connections, and recurrent connec-
tions are bound to increase the irregularity further (see Figure 4 lower left).

In general, the strength of the recurrent connections might contribute to the
rigidity of the grid pattern across environments, but also perhaps to its flexibility in
the interaction with walls [22], changes in the boundary [48] and the appearance of
local cues [24], including goals [25].

4. Discussion

The structure of the natural habitat of any species would appear to be a prime
determinant of exactly how that species has adapted to live in that habitat; yet in
exploring the spatial memory and navigation abilities in rodents, and in particular
the neural systems that subserve them, early experiments have focused on artificial
laboratory environments, incongruent with those prevailing in the wild. The dis-
covery of the remarkable spatial selectivity of grid cells, evident in such laboratory
set-ups, has raised the issue of what grid cell firing patterns would look like, in an
ecological setting.

More recent experiments have pointed at increased irregularity and plasticity of
grid activity patterns, whether due to large environments [20], non-standard
shapes [23], modulation by local cues [24], boundary changes [48] or the presence
of goals [25]. These observations, however, were largely framed as deviations or
perturbations from the ideal notion of a regular tessellation of the environment,
exhibiting long-range order ad infinitum, which had been evoked by the early
findings.

The possibility that long-range order may not apply at all in an ecological setting
was raised initially by looking at the activation patterns that emerge, with the
adaptation model, in 3D [27] or on curved 2D surfaces [37, 38], and is confirmed in
a long-running experimental study in bats [26]. While bats fly, rats are burrowing
animals, and natural burrows are much more complicate structures than open
arenas or other schematic laboratory settings.

In the present study, we have modeled the burrow environment based on the
detailed quantitative descriptions by John B. Calhoun, and we have let a virtual rat
randomly explore it; then using our self-organizing adaptation model we have
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observed grid pattern formation in model units. Grid units can attain stable repre-
sentation of the whole environment, if acquiring it slowly, but less explored sub
environments tend to be represented by blurred maps. The limited size of the
chambers in natural burrows only allows grid units to express very few fields,
challenging the very idea that grid cells may show long-range order outside the lab.
One may wonder whether the reports of a six-fold symmetry in imaging data from
humans, a putative signature of an underlying grid-like representation, might be
due to large virtual arenas used in those studies [31]. It comes as no surprise, then,
that the characteristic signature was not observed in the limited and non-flat vowel
space [49], although of course there may be many other reasons for a null result.

The continuity of spatial representations depends on the exploration. In [50],
with a multi-compartment environment, real grid cells firing patterns could estab-
lish a single, continuous representation that spanned both compartments after
prolonged experience. In natural burrows however, tunnels are so narrow that they
are effectively 1D structures, and as such they necessarily break any potential
continuity in the representation of the chambers. What is left, at least when studied
with the adaptation model, is effectively a representation in terms of disjoint spatial
fragments, which coincide, in our modeling framework, with the better explored
chambers.

The fragmentary nature of these spatial representations finds expression also at
the level of neural populations. Compared with simulations in regular environments
(in the square box, but also to some extent in the large hemi-sphere which can
accommodate 6 fields), grid units simulated in burrows have more of a tendency to
cluster in groups with similar fields. This might be part of the drive that leads to the
observed modularity of grid activity [36, 51].

In flat environments recurrent connections promote regularity (and can align
out-of-spatial-phase patterns). In simple environments with constant non-zero
curvature, recurrent connections promote irregularity [39]. In real-life environ-
ments, it is likely that they cause both irregularity and clustering into groups of
units with similar selectivity, running against the principle of representing space
evenly, expressed in the most idealized conceptual model by the notion of a con-
tinuous attractor.

Experiments in artificial laboratory settings, which utilize well-controlled and
simplified paradigms, thus gave us the opportunity to admire a most impressive feat
of the rodent nervous system, its ability to approximate a regular tiling of an infinite
plane. While an exhilarating experience, this may have distracted us from under-
standing the characteristics of grid cells in ecological conditions, and possibly their
function in an evolutionary perspective.
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Chapter 4

Hippocampal Influences on 
Movements, Sensory, and 
Language Processing: A Role in 
Cognitive Control?
Douglas D. Burman

Abstract

Beyond its established role in declarative memory function, the hippocampus 
has been implicated in varied roles in sensory processing and cognition, particu-
larly those requiring temporal or spatial context. Disentangling its known role in 
memory from other cognitive functions can be challenging, as memory is directly 
or indirectly involved in most conscious activities, including tasks that underlie 
most experimental investigations. Recent work from this lab has examined the 
directional influence from the hippocampus on cortical areas involved in task 
performance, including tasks requiring movements, sensory processing, or lan-
guage judgments. The hippocampus shows preferential connectivity with relevant 
cortical areas, typically the region critically involved in task performance, raising 
the possibility that the hippocampus plays a role in cognitive control. Minimal 
criteria for a role in cognitive control are proposed, and hippocampal connectivity 
with sensorimotor cortex during a non-mnemonic motor task is shown to meet this 
standard. Future directions for exploration are discussed.

Keywords: hippocampus, cortex, connectivity, PPI, cognitive control, sensorimotor, 
language

1. Introduction

Since its earliest description in 1587, many different functions have been 
ascribed to the hippocampus, each based on the available techniques and prevail-
ing understanding of brain function. The earliest hypotheses were based on its 
observed anatomical connections. The hippocampus was first believed to be 
olfactory, based on erroneous observations suggesting direct olfactory input [1]. 
Olfactory input to the hippocampus is in fact indirect; except for a role in odorous 
memories, olfaction is no longer believed to be the hippocampus’ primary function.

By the early twentieth century, a role of the brain in emotional and cognitive 
states had been well-established, and procedures were developed to better trace 
brain pathways and identify brain lesions. The hippocampus was identified as one 
structure within the “limbic lobe”. Including the entire hippocampal formation, 
cingulate gyrus, and associated areas, Papez theorized this region to be involved in 
the expression of emotional behaviors [2, 3]. Support for this idea was seen in the 
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experiments of Klüver and Bucy, who reported that resection of the medial tempo-
ral lobe (including the hippocampal formation and nearby amygdaloid complex) 
had extreme effects on emotional behaviors [4–6].

In the 1950s, the spontaneous activity of the hippocampus was noted to bear a 
consistent relationship to various states of consciousness [7], generating several 
hypotheses about high-level cognitive functions. These ideas were largely dis-
missed, as researchers had demonstrated that lower mammals could still function 
(albeit with deficits) after the hippocampus was experimentally removed [8]. 
Anatomical studies further refined our knowledge of hippocampal connections 
across the brain. After several stages of processing, information from every sensory 
modality funnel into the hippocampus via the entorhinal cortex, with multiple 
senses sometimes combined; the hippocampus indirectly projects to the entire 
cerebral cortex, mostly via the subiculum [9].

When Scoville and Milner surgically resected a patient’s hippocampus in an 
attempt to relieve epileptic seizures, the patient was unable to form new episodic 
and declarative memories (i.e., those that can be verbalized) [10]. This finding 
firmly established a role for the hippocampus in these types of learning and mem-
ory, eventually replacing the prevailing inhibition theory of the hippocampus. The 
inhibition theory had been based on observations of hyperactivity and difficulty 
learning to inhibit responses following hippocampal damage [11, 12].

An additional theory of hippocampal function was developed in 1971 with 
O’Keefe’s discovery of hippocampal place cells in rats [13]. The intensity of these 
cells’ activity depended on the animal’s location within a baited maze. Extensive 
study was undertaken to identify which environmental cues were used by the ani-
mal to recognize its spatial position, and whether activity of the place cells showed 
spatially selectivity when the animals were placed in a different environment [14, 
15]. Navigational problems were observed following hippocampal lesions [16, 17]. 
Whether the mnemonic and spatial properties are functionally distinct or different 
facets of the same overarching function was a matter of debate, however, which 
continues to this day [18–21].

Through most of the twentieth century, theories of hippocampal function relied 
on evidence from lesion and anatomical studies, plus recordings of electrical activ-
ity. The advent of neuroimaging methodologies, particularly functional magnetic 
resonance imaging (fMRI), allowed hippocampal function to be studied non-
invasively in humans. This technique detects regional changes in oxygenated blood 
resulting from increased neuronal activity, providing the means to identify brain 
areas based on their functional activity. With the advent of fMRI, investigators 
could verify in humans the patterns of functional activity observed in non-human 
animals, adding more complex tasks to further elucidate functional properties.

Early neuroimaging studies examined mean changes in neural activity that 
differentiated between blocks of time where different tasks were performed, tasks 
that differed in their cognitive requirements (e.g., memory). Soon, methods were 
enhanced to identify neural activity during individual trials [22]. Consistent with 
its theorized mnemonic function, regional increases in hippocampal activity were 
observed during learning and recall; furthermore, greater activity was observed 
during those learning trials where a stimulus was presented that was later recalled 
successfully [23, 24]. Similarly, hippocampal activity during virtual navigation 
experiments could be correlated with spatial cues [25–27], consistent with its 
proposed function as a cognitive map. Thus, the two prevalent theories of hippo-
campal function were both supported. Additional studies described new properties, 
such as sensitivity to the temporal duration or spatial relationships [28–30], and a 
role in scene perception and reconstruction [31]. Some interpret these properties as 
contextual elements required for memory recall [19, 28, 32]; others suggest a more 
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fundamental perceptual role in identifying changes in the environment, which may 
consequently be incorporated into memories [33, 34]. Differences between these 
viewpoints are often nuanced. As more information about hippocampal activity has 
accrued, other roles for the hippocampus have also been suggested, including a role 
in conscious perception [35–37] and cognitive control [38–40].

The traditional “activation” analysis of fMRI data is patterned on traditional 
methods for analyzing electrical activity from localized regions of the brain. 
It assumes all information in a neuron’s electrical activity is carried through its 
frequency of discharge, yet additional information is carried in the hippocampal 
temporal pattern of activity [41–43]. Cognitive functions also require interactions 
between neural structures. With the development of connectivity analysis from 
fMRI data early this century, influences between brain regions could be inferred 
based on the temporal pattern of neural activity. Early connectivity studies used 
functional connectivity, any of several statistical methods that examines correlations 
in neural activity between brain regions. Although useful for broadly identifying 
connections and identifying their abnormalities, the direction of influence in 
these studies cannot be known with certainty; two regions with correlated activity, 
for example, might both be influenced from a third region. Methods were soon 
developed to analyze effective connectivity, the influence of one brain region over 
another.

This chapter will focus on the influence of the hippocampus across a variety of 
cognitive domains; as such, effective connectivity studies will be emphasized, with 
particular attention to those that use psychophysiological interactions (PPI). This form 
of effective connectivity analysis reveals task-specific influences between regions. 
Results show a pattern whereby the hippocampus consistently influences activity in 
cortical areas involved in task performance, including tasks requiring movements, 
sensory processing, language judgments, and memory. Careful consideration of 
results and the cognitive requirements of these tasks suggests hippocampal con-
nectivity could play a role in cognitive control, perhaps in parallel with the role of 
prefrontal cortex in translating thoughts into action.

2. Task-specific connectivity of the hippocampus

2.1 Connectivity with sensorimotor regions during movement tasks

Known hippocampal properties of memory or navigation are not required by 
common daily movements, such as walking or even “automatic driving” behav-
iors, so few human studies have examined hippocampal connectivity with motor 
regions. Initially, those that did examined hippocampal connectivity during 
sequence learning [44–46], where subjects learn an unfamiliar pattern of finger 
movements. Hippocampal connectivity was observed with the striatum, suggesting 
a mnemonic-motor interaction [46], perhaps culminating in striatal-associated 
movements derived from habits [47, 48].

Hippocampal connectivity with sensorimotor cortex (SMC) was recently 
studied with PPI during two paced motor tasks, only one of which involved motor 
learning [49]. For both tasks, subjects were instructed to listen to a 2 Hz metronome 
for 2 s before initiating movements, then tap the appropriate finger in synchrony 
with the taps from a metronome. Subjects quickly anticipated the timing of the 
taps, moving shortly before the sound; thus, cognitive awareness of the expected 
timing informed motor behavior. During the sequence learning task, the temporal 
precision and variability of right-handed finger movements improved with repeti-
tion; no such learning effects were observed in the repetitive tapping task.
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Sensorimotor cortical activation during these tasks (Figure 1A) was consistent 
with previous studies. The sequence learning task was performed with the right 
hand only, evoking focal activation in left sensorimotor cortex, both in pre- and 
postcentral gyrus; repetitive tapping was performed with both hands, evoking 
bilateral sensorimotor activation. Although positive connectivity during sequence 

Figure 1. 
Sensorimotor activation during performance of motor tasks. (A) Group analysis revealed unilateral activation 
in left sensorimotor cortex during performance of the unimanual sequence learning task and bilateral 
activation during the bimanual repetitive tapping task. (B) Inverse connectivity was generated from three 
structural seeds in both tasks, evident in the left sensorimotor cortex during sequential learning and the 
right sensorimotor cortex during repetitive tapping. The extent of connectivity was larger using combined 
(“bilateral”) activity from corresponding regions of the left and right hippocampus (bottom). Images are 
shown in the neurological format (left side of axial images represents left side of brain); structural and 
functional seeds refer to the method of selecting hippocampal seed regions for connectivity analysis, as described 
elsewhere [49].
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learning was also observed from localized hippocampal regions, inverse (negative) 
connectivity was more prevalent. During sequence learning, inverse connectivity 
from central and central-medial regions of the left hippocampus was observed in 
left SMC (Figure 1B, left); the volume of connectivity was slightly improved when 
examining joint connectivity from the hippocampus in both hemispheres. Inverse 
connectivity from anterior middle and lateral regions of the hippocampus was 
observed during repetitive tapping in the right SMC, most evident examining joint 
connectivity from the hippocampus in both hemispheres (Figure 1B, right).

During both tasks, hippocampal connectivity selectively targeted the hand 
representation within SMC, overlapping the region activated by the task.

2.2 Connectivity with sensory regions during sensory tasks

Sensory information passes into the brain passively through bottom-up 
processes, but can be enhanced or filtered through top-down processes [50–53]. 
Top-down processes modify neural responses based on expectations or attentional 
processes.

Hippocampal influences on cortical processes were examined on tasks that 
enhanced sensory activation. The Stroop task requires particular attention to col-
ors. On separate trials, words that name colors and cross symbols were presented 
in colored inks. The word meaning may or may not represent the same color as the 
ink in which it is written, but the correct behavioral response depends on the ink 
color. Due to interference from the automatic recognition of the word meaning, 
subjects require extra time to respond on word trials, especially on mismatch trials; 
to respond correctly, they must attend to the stimulus color while suppressing 
the behavioral response suggested by the word meaning. Activation by colored 
words (vs. colored crosses) was observed in the left inferior frontal gyrus and 
ventrolateral visual cortex (see Figure 2A). Within the activated region, a ven-
trolateral visual cortex specialized for color [54, 55] showed inverse connectivity 
from the hippocampus (Figure 2B). Despite activation in the left inferior frontal 
gyrus, an area involved in language function, no hippocampal connectivity was 
observed there.

Images and sounds that evoke a strong emotional response evoke strong activa-
tion in sensory cortices. Figure 3 shows activation and connectivity associated with 
a task where subjects were instructed to pay attention to music and images, allowing 
an emotional response to what they viewed. Pictures were presented from a national 
database where thousands of subjects had rated images for the intensity and sign of 
their affective response [56]; harsh dissonant music accompanied negative images, 
upbeat classical music accompanied positive images, and bland jazz music accom-
panied neutral images, interspersed between positive and negative images. Figure 3 
shows brain activity evoked by negative stimuli. Figure 3A shows bilateral activa-
tion in visual cortex along the calcarine sulcus, plus auditory association cortex 
within the superior temporal gyrus; a similar pattern of activation was observed 
for positive stimuli (not shown). Hippocampal connectivity was not observed in 
visual cortex, whereas inverse connectivity was observed bilaterally in the activated 
region of the superior temporal gyrus (Figure 3B).

Tactile brain activation was tested by rubbing the arms of thirty-five patients 
with brain tumors evaluated during pre-operative planning. Patients were 
instructed to attend to the spatial pattern of tactile stimuli, which were applied 
bilaterally; analysis was carried out separately for those patients with tactile impair-
ments on the left vs. right sides. Bilateral activation was generated in the postcentral 
gyrus, weaker in the sensory cortex contralateral to the sensory deficit (not shown). 
Hippocampal connectivity was absent.
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As illustrated above, hippocampal connectivity was never observed in a primary 
sensory region, but was observed in activated regions of sensory association cortex 
(for example, the activated color association cortex during the Stroop task and audi-
tory association cortex during dissonant music). This pattern of results has functional 
implications. Patterns of visual cortex activity are constrained by attentional pro-
cesses and cognitive expectations [57], and the hippocampal mechanism of pattern 
completion reflects cognitive expectations [58]. Visual responses in the hippocampus 
are retinotopic, suggesting their joint function in sensations and memory [59]. Visual 
and auditory areas specialized for language also receive hippocampal input (as shown 
in the next section). This pattern of results suggests consistent hippocampal cognitive 
input to sensory areas that extract features relevant to task performance.

Figure 2. 
Activation and hippocampal connectivity during performance of Stroop task. (A) Activation was observed in 
the left inferior frontal gyrus (a language area), the left inferior parietal lobe, and bilateral occipital cortex, 
extending into the fusiform gyrus (visual areas). (B) Inverse connectivity from bilateral seeds in the center of 
the hippocampus was observed in fusiform regions associated with color processing.
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2.3 Connectivity with language regions during language tasks

The language network consists of interconnected brain regions that vary in 
linguistic properties. The left inferior frontal gyrus (Broca’s area) is typically active 
during all language tasks, although subregions have been identified with various 
linguistic functions [60, 61]. Occipital and temporal regions are specialized for pro-
cessing specific linguistic components [62–67]. The default mode network typically 
shows decreased activity during language judgment tasks, yet the magnitude of its 
activation and connectivity with language areas can be correlated with performance 
accuracy [68, 69].

Representative activity during three language tasks is shown in Figure 4. 
Figure 4A shows results from both a t-test analysis (representing positive activa-
tion, yellow) and an anova F-test (red); overlap appears in orange. The t-test 
analysis shows the traditional language network, including the left inferior frontal 

Figure 3. 
Activation and hippocampal connectivity during presentation of multisensory emotionally-charged stimuli. 
(A) Activation was observed bilaterally in the occipital cortex along the calcarine gyrus and the superior 
temporal gyrus. Emotionally-charged photographic images accompanied by dissonant music were contrasted 
with neutral images of furniture, faces, and scenery. (B) Hippocampal connectivity was limited to auditory 
association cortex within the superior temporal gyrus.
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gyrus, middle and adjacent superior temporal gyrus, and the fusiform gyrus. 
The F-test analysis additionally shows deactivation in the default mode network, 
including the precuneus, angular gyrus, and ventromedial prefrontal cortex. 
Regions with hippocampal connectivity during the auditory version of these tasks 
is shown in Figure 4B, both for adults (yellow) and children (red). In the orthog-
raphy task, inverse connectivity was observed for children in the left fusiform 
gyrus and the posterior default mode network; all other regions reflect positive 
connectivity. A larger area of connectivity was observed in adults for phonology 

Figure 4. 
Activation and hippocampal connectivity during language tasks. (A) Activation during language tasks was 
evaluated both with an F-test (red) and t-test (yellow). Areas identified from the t-test are traditionally 
associated with language activation, including the left inferior frontal gyrus, middle/superior temporal gyrus, 
and fusiform gyrus; the F-test additionally demonstrated areas in the default mode network (precuneus, 
angular gyrus, and ventromedial prefrontal cortex). (B) Hippocampal connectivity varied across different 
language tasks. During the orthography task, hippocampal connectivity in the fusiform gyrus was more anterior 
in children than adults, who also showed connectivity in the angular gyrus. Hippocampal connectivity in the 
phonology and semantic tasks overlapped in the temporal gyrus, extending further posterior during semantics; 
the semantics task additionally showed connectivity in the left inferior frontal gyrus and ventromedial 
prefrontal cortex.
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and semantic tasks, encompassing the area of connectivity observed in children. 
In addition, adults showed connectivity in the left insula/inferior frontal gyrus 
(Broca’s area) in the semantics task, as well as ventromedial prefrontal cortex of 
the default mode network.

These three language tasks varied only in the linguistic judgment required 
for accurate performance [70, 71]. Three words were presented sequentially; the 
required response depended on the rule designated for that task (the third word 
must be spelled the same, rhyme, or be related in meaning to either of the two 
previous words). Hippocampal activity likely reflected its memory for the first two 
words, consistent with its mnemonic function, yet its connectivity with language 
areas depended on the task requirements. The three language tasks preferentially 
activated different areas in the language network (Figure 5A): fusiform gyrus 

Figure 5. 
Language task selectivity and developmental changes in hippocampal connectivity. (A) Task-preferential 
activation was observed in the left fusiform gyrus (orthography), posterior middle/superior temporal gyrus 
(semantics), and adjacent superior temporal gyrus (phonology). (B) Hippocampal connectivity showed the 
same task-dependent pattern. (C) Developmental increases in hippocampal connectivity were observed in 
most language areas (left fusiform, posterior middle/superior temporal gyrus, inferior frontal gyrus), plus 
part of the default mode network (precuneus, angular gyrus). Different regions of the hippocampus showed 
developmental increases with different cortical areas.
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for orthography, superior temporal gyrus for phonology, and posterior middle 
temporal gyrus for semantics. These same areas showed task-specific connectivity 
from the hippocampus (Figure 5B). Language deficits are associated with abnormal 
activity or connections in these areas [72, 73]; thus, hippocampal connectivity 
altered the activity in those language areas necessary for performing the task.

Hippocampal connectivity with language areas increased through adulthood, 
with different hippocampal regions showing developmental increases in connectiv-
ity with different cortical areas (Figure 5C). Areas with increased connectivity 
included the fusiform and posterior middle temporal regions (associated with spell-
ing and semantics, respectively), but also the inferior frontal gyrus and parts of 
the default mode network. Developmental changes have also been observed within 
the language network, both in activation [71, 74–76] and connectivity [77–80]. 
Developmental changes have been tied to changes in language skills [81, 82]. 
Developmental changes in hippocampal connectivity may reflect cognitive changes 
associated with these language skills.

2.4 Connectivity with prefrontal regions during memory tasks

Different types of memory are often differentiated by interactions between 
different brain regions. Many memories are believed to involve the hippocampus, 
either during memory formation, the search for a specific memory (“construction” 
for autobiographical memories), its elaboration during recall, or updating {“inte-
grating”) memories to incorporate new content.

In autobiographical memories, posterior hippocampal regions interact with 
visual perceptual areas [83, 84]; during the construction of these memories and 
imagined future events, anterior hippocampal regions show increased connectiv-
ity with prefrontal regions [83]. New information inconsistent with a previous 
schema changes hippocampal-prefrontal connectivity [85]. Successful integration 
of recalled information in an inference task results in enhanced hippocampal theta 
power, plus coherence in medial prefrontal cortex [86], suggesting a directional 
flow of information from the hippocampus to prefrontal areas. During a working 
memory task, hippocampal activity precedes frontal activity during successful 
trials [86], reflecting successful retrieval and suggesting a directional flow of 
information from the hippocampus to prefrontal cortex. In combined EEG-fMRI 
recordings, recollection-specific theta-alpha (4–13 Hz) effects are correlated with 
increases in hippocampal connectivity with the PFC and the striatum, areas that 
have been linked repeatedly to retrieval success [87, 88].

Information also flows in the reverse direction. Ventromedial prefrontal 
cortex drives the hippocampus during the generation and processing of mismatch 
signals; the hippocampus then integrates this information into a new schema, 
modifying existing memories [89]. Elaboration of emotional autobiographical 
memories generates connectivity from ventromedial prefrontal cortex to the hip-
pocampus, with greater connectivity generated during highly emotionally arous-
ing events than those with neutral or positive affect [83]. Prefrontal feedback may 
thus reinforce the strength of hippocampal activity based on emotional content, 
explaining why emotionally-charged events are more likely to be remembered 
[90, 91]. Bidirectional interactions between the hippocampus and medial pre-
frontal cortex also play a role in working, episodic, and spatial memory [92, 93], 
with dysfunction in these pathways likely contributing to psychiatric disorders 
[94, 95]. The pattern of information flow suggests that the context of ongoing 
experience (the schema) is required to retrieve relevant memories, allowing pat-
terns of neural activity from the original event to be recreated in sensory  
association cortices [96, 97].
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In summary, the flow of information between the hippocampus and prefrontal 
cortex is bidirectional during memory-related tasks: the hippocampus provides 
contextual information when novel stimuli or patterns appear, with feedback from 
the prefrontal cortex resetting the contextual schema in perceptual areas that 
provide input to the hippocampus.

3. Implications for cognitive control

3.1  Hippocampal properties are consistent with a role in cognitive control 
during volitional movements

Cognitive control has variously been defined as a psychological construct for 
the coordination of thoughts and actions under conditions of uncertainty [98], the 
collective processes that organize different thoughts and memories, allowing the 
separation of currently relevant and irrelevant information [40], brain processes 
involved in regulating behavior according to internal goals or plans [38], and the 
ability to coordinate multiple streams of information to prevent confusion and 
select appropriate behavioral responses, especially when presented with competing 
alternatives [39]. Cognitive control processes allow us to efficiently process infor-
mation and generate appropriate responses.

The essence of cognitive control is that neural processes involved in cognitive 
(psychological) processes act upon those regions of the brain needed to translate 
our thoughts into action. In this sense, “action” includes processes involved in 
making decisions, accessing memories, attentional control, response inhibition, 
and mental computations – i.e., any process that can potentially result in changes in 
behavior due to ongoing mental activity. Early explorations used tasks that unam-
biguously require cognition, such as:

• the Wisconsin card sorting task. A rule has to be identified to select the correct 
card for a reward, then the rule changes.

• the Stroop task. The subject’s response must be based on ink color, ignoring the 
meaning of presented words that refer to a different color.

• the n-back task. Letters are presented sequentially, and the subject indicates 
whether the currently-presented letter matches the letter appearing n-stimuli 
previously.

Neural activity that correlates with these task behaviors is observed in prefrontal 
cortex [99–102], and prefrontal lesions in animals [103, 104] or humans [105] 
impair task performance. Neurological disorders associated with impaired frontal 
function, such as schizophrenia, also show impairments on these tasks [106]. The 
prefrontal cortex exerts top-down influences on sensory areas by functioning as a 
filtering mechanism that biases bottom-up sensory information toward the optimal 
response for a given context [107, 108]. This feedback loop may also be involved in 
memory recall, since the act of remembering evokes activity in the same sensory 
areas as the original event [96, 97]. The accumulated evidence supports a role of the 
prefrontal cortex in cognitive control.

Nonetheless, not all aspects of complex cognition benefit from prefrontal regula-
tion, and the prefrontal cortex is not the sole source of cognitive control [109–111]. 
Indeed, the role for the prefrontal cortex in some functions may be limited. 
Prefrontal influence on activity in the primary motor cortex is indirect via dorsal 
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premotor cortex when learning to perform sequential finger movements, and absent 
during repetitive movements [112–114]. However, repetitive finger movements 
paced by a metronome do reflect cognitive control, as movements soon anticipate the 
auditory cue [49]. Under these conditions, the hippocampus provides connectivity 
selectively to the sensorimotor cortex hand representation, as shown in Figure 1.

An unequivocal set of criteria for a role in cognitive control has never been 
established, most studies relying on correlations between cognitive task perfor-
mance and neural activity. In proposing minimal criteria for the cognitive control 
of movements [38], Burman noted an analogy between the skeletal movement 
system and the frontal eye field (FEF), which plays a critical role in volitional eye 
movements [115, 116]. Modifiable by cognitive influences, FEF cells only have three 
response properties, providing the basis for his proposed criteria:

1. Neural activity must be tied to a cognitive/volitional state of consciousness.

2. Cognitive influences must be selective for the time period required for task 
performance (temporal selectivity).

3. Cognitive influences must be selective for the spatial region to be acted upon 
(spatial selectivity).

Hippocampal connectivity with sensorimotor cortex during the repetitive 
tapping task arguably meets these criteria. Topographical connectivity maps were 
identified from single-voxel functional seeds that differentiated between move-
ments of adjacent fingers [38]. Using the finger representations identified from an 
earlier study [117], the intensity of connectivity from each functional seed was then 
compared statistically across time periods for movement of each finger. The criteria 
for cognitive control were met:

1. The repetitive tapping task involved a volitional state of consciousness. The tim-
ing of movements resulted from a cognitive schema, as movements anticipated 
the auditory cue in this task, whereas the hippocampus is unresponsive during 
implicit learning of movements [118].

2. At each finger representation, maximal connectivity was observed during the time 
period when the represented finger was moving (temporal selectivity). Connectiv-
ity tapered during the time period when the adjacent finger moved, with residual 
activity likely resulting from coupled movements between adjacent fingers.

3. Throughout the task, maximal connectivity was observed at the representation 
of the finger that was currently moving (spatial selectivity). With the fingers 
and response pad at a fixed location, movement of each finger represented 
movement in a specific region in space.

The extent to which these results can be generalized is limited, as the spatial 
area covered by finger movements was restricted, only one temporal pattern of 
movements was tested, and only finger movements were involved. Nonetheless, 
known hippocampal properties are consistent with these conclusions: hippocampal 
function is associated with conscious states such as declarative memories, and the 
hippocampus is sensitive to the timing of events as well as their spatial properties. 
Exploring a wider range of spatial regions involved in physical manipulation, as 
well as varied durations of movements, could more fully delineate the extent of its 
cognitive control over volitional movements.
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3.2  Evidence for cognitive control suggested by prefrontal and hippocampal 
connectivity studies

Figure 6 summarizes cortical connections between areas involved in sensory, 
language, memory, and motor functions. Sensory input from primary sensory corti-
ces passes to association cortex for feature extraction (yellow arrows), then to higher 
centers involved in language, memory formation and cognition. The higher centers 
have bidirectional connections (blue arrows); in addition, the hippocampus and pre-
frontal cortex modify activity in sensory, language, and motor areas (red arrows). As 
described below, the red arrows represent candidates for cognitive control.

Cognitive control requires influence from a higher center to modify neural activ-
ity in those areas required to perform a task. The prefrontal cortex and hippocam-
pus [40] have both been suggested to play such a role, and both have connections 
appropriate for a role in cognitive control over sensory input, language, and mem-
ory (as shown in Figure 6). Connectivity from prefrontal cortex to motor areas is 
indirect and limited to sequential movement learning tasks; otherwise, there is little 
in the pattern of connectivity to differentiate between these candidates. The hippo-
campus and prefrontal cortex show strong interactions, suggesting they may often 
work jointly to exert cognitive control. Such redundancy would have an evolution-
ary advantage, since damage to either area by itself will be less crippling. As shown 
in Figure 6, hippocampal effects on sensory areas may also be indirectly mediated 
through prefrontal cortex. This could explain a number of curious findings, such 
as why the hippocampus is needed for memory formation (to provide contextual 
information to prefrontal cortex) but not for memory recall (when prefrontal 
cortex provides memory recall by reactivating sensory areas involved in sensory 

Figure 6. 
Summary diagram of cortical connections. Sensory pathways are colored yellow, modulatory feedback pathways 
red, and bidirectional connections blue. Red pathways in this summary originate from prefrontal cortex and 
the hippocampus, which are both likely to play a role in cognitive control, informed by their mutual connections 
and feedback.
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perception). Such redundancy can also account for residual cognitive abilities dur-
ing neurological disorders that disrupt function in either region.

A recent study compared functional connectivity during tasks and the resting 
state condition, the latter representing the intrinsic architecture of the brain [119]. 
Small but consistent changes were observed across dozens of task states, suggesting 
both task-specific and task-general network changes. Appearing within the resting 
state network, the hippocampus (but not prefrontal cortex) accounted for most 
variance in connectivity across all tasks. This finding suggests that the hippocam-
pus, unique from prefrontal cortex, plays a primary role in regulating task behavior.

3.3 Testing for cognitive control in the hippocampus and prefrontal cortex

Regardless of the brain region studied, the same criteria can be applied to estab-
lish a role in cognitive control. It was previously noted that early studies used tasks 
that unambiguously required cognition to perform, such as the Stroop and n-back 
tasks; prefrontal cortex was implicated because response properties correlated with 
task performance. This approach addresses the first of the three criteria proposed 
above: the neural activity is tied to a cognitive or volitional state of consciousness. 
For the hippocampus, the need to relate hippocampal activity to a cognitive or 
volitional state may not initially be apparent due to its association with declarative 
memory, yet hippocampal activity has also been reported during the formation of 
implicit memories [120–122]. Until we know the functional role of hippocampal 
activity during implicit learning conditions (decision-making? context? associa-
tion pairings?), we cannot assume that hippocampal activity necessarily reflects a 
volitional state of consciousness. Behaviors acquired through hippocampus from 
repeated stimulus–response associations, for example, require little thought and 
may ultimately be mediated by the cerebellum and striatum [48, 123–125].

Involvement in cognitive processes does not in itself indicate a role in cognitive 
control. The left inferior frontal gyrus (Broca’s area) was activated by words in the 
Stroop task, for example, yet the behavioral response suggested by the meaning 
of conflicting words had to be suppressed for accurate performance. To play a role 
in cognitive control, brain regions involved in cognition must act upon brain areas 
required to achieve the goal of a task. Effective connectivity tools provide a method 
to study such effects, particularly useful when demonstrable effects are task-
specific. (This is the advantage of the PPI technique, which is both directional and 
task-specific).

Such a task-specific influence must be relevant to task performance. This is the 
purpose of the temporal- and spatial-selectivity criteria suggested above: task perfor-
mance is always delimited in time, and typically involve perceptual stimuli or voli-
tional movements appearing within a spatial environment. Cognitive processes such 
as emotional associations may not be invariably linked to a concrete stimulus, yet the 
provocative stimulus in an experiment can still be spatially delimited. Any additional 
constraints imposed by a task should also be reflected in a signal for cognitive control.

A role in cognitive control can be confirmed when loss of the control signal 
results in the inability to perform the task. As noted above, however, the behavioral 
deficit will not be complete unless signals are removed from all areas involved, 
which may include both the hippocampus and prefrontal cortex.

4. Conclusions

The hippocampus provides task-specific influences on sensory, motor, language, 
and mnemonic areas of the brain. Detailed analysis in sensorimotor regions during 
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Chapter 5

Tau in Health and 
Neurodegenerative Diseases
Dandan Chu and Fei Liu

Abstract

Tau, one of the major microtubule-associated proteins, modulates the dynamic 
properties of microtubules in the mammalian nervous system. Tau is abundantly 
expressed in the brain, particularly in the hippocampus. Insoluble and filamentous 
inclusions of tau in neurons or glia are discovered in neurodegenerative diseases 
termed ‘tauopathies’, including Alzheimer’s disease (AD), argyrophilic grain disease 
(AGD), corticobasal degeneration (CBD), frontotemporal dementia (FTD), Pick’s 
disease (PiD) and progressive supranuclear palsy (PSP). Accumulation of intracel-
lular neurofibrillary tangles (NFTs), which are composed of hyperphosphorylated 
tau, is directly correlated with the degree of Alzheimer's dementia. This chapter 
reviews the role of tau protein in physiological conditions and the pathological 
changes of tau related to neurodegenerative diseases. The applications of tau as a 
therapeutic target are also discussed.

Keywords: tau, neurodegenerative diseases, pathology, Alzheimer’s disease, therapy

1. Introduction

The human hippocampus is critically involved in spatial navigation, the form-
ing, storing and retrieval of episodic memory and the processing of many other 
types of memory [1]. In the normal human brains, the hippopotamus volume 
remains relatively stable before the age of 60, and then gradually atrophies. In 
Alzheimer’s disease (AD) patients, the pattern of brain atrophy follows a stereotypi-
cal pathway that initiates from the entorhinal cortex and the hippocampus, and 
then spreads to the medial parietal, lateral temporal and frontal regions, eventually 
to the neocortex. As the connections between the hippocampus and its neighboring 
cortical structures are selectively vulnerable to neurodegeneration in AD, hippo-
campal volume loss is considered an important indicator of AD neuropathology [2]. 
In addition, since neurogenesis in adult brain only occurs in the dentate gyrus of the 
hippocampus and the olfactory bulb, hippocampus atrophy in AD also alters the 
production of newborn neurons [3].

Tau, initially isolated as a microtubule-associated protein from the porcine brain 
in 1975, is predominantly expressed in the hippocampus [4, 5]. In the previous year, 
neurofibrillary tangles (NFTs) and a paired helical filament (PHF) protein had 
been identified from the brains of patients with Alzheimer’s disease (AD) [6], but 
it was not until 1986 that tau was discovered to be a major component of PHF [7]. 
Subsequently, tau was implicated in the pathogenesis of over 25 human neurological 
disorders (termed “tauopathies”), including Alzheimer’s disease (AD), argyrophilic 
grain disease (AGD), corticobasal degeneration (CBD), frontotemporal dementia 
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(FTD), globular glial tauopathy (GGT), primary age-related tauopathy (PART), 
Pick’s disease (PiD) and progressive supranuclear palsy (PSP) [8–10].

As the most common neurodegenerative disease, AD is characterized by early 
impairments in learning and memory, followed by progressive loss of complex 
attention, executive function, language, orientation and self-care ability, changes 
in mood, loss of motivation, and impairments in thinking, behavior and/or social 
comportment [11]. The two major neuropathological hallmarks of AD are the 
extracellular deposition of β-amyloid (Aβ) plaques and the intracellular neurofibril-
lary tangles (NFTs) consisting of aggregated hyperphosphorylated tau [12]. NFTs 
pathology in AD is initiated in the locus coeruleus and transentorhinal cortex, from 
where it spreads to the limbic system (e.g., entorhinal cortex and hippocampus) 
and further to the neocortex, leading to six Braak stages [13]. The progression of 
cognitive decline in AD correlates with the accumulation of NFTs and loss of hip-
pocampal volume, but not deposition of Aβ plaques [14, 15]. Since most therapies 
targeting Aβ failed in late-stage clinical trials for AD in the past decades, increasing 
research revealing the roles of tau in disease has inspired tau-targeting approaches 
in the treatment of AD and related tauopathies [16, 17].

This chapter reviews the expression and functions of tau in physiological condi-
tions, the pathological changes of tau in diseases, such as genetic variants, post-
translational modifications (PTMs) and prion-like seeding and propagation. Recent 
advances in the development of tau-based therapies for AD and other neurodegen-
erative diseases are also discussed.

2. Tau gene

Human tau protein is encoded by the microtubule-associated protein tau 
(MAPT) gene, which locates on chromosome 17q21.31 and consists of 16 exons. In 
the central nervous system (CNS), the alternative splicing of exons 2, 3, and 10 gives 
rise to six tau isoforms with zero (0 N), one (1 N) or two (2 N) N-terminal inserts 
and three (3R-tau) or four (4R-tau) microtubule-binding repeats (Figure 1) [18]. 
The longest isoform of human brain tau consists of 441 amino acids (2N4R, tau441) 
with an apparent molecular weight (MW) of 46 kDa. Exons 4a and 6 are predomi-
nantly expressed in the peripheral nervous system (PNS), producing proteins of 
apparent MW of 110 kDa, named big tau [19].

2.1 Alternative splicing of tau pre-mRNA

The expression of tau isoforms is developmentally and pathologically regulated. 
3R-tau isoforms are expressed throughout life, including in the fetal brain, whereas 
4R-tau isoforms are specifically expressed in adults, resulting in approximately 
equal levels of 3R-tau and 4R-tau in the adult human brain [18]. Rodent tau shares 
about 90% homology with human tau. Unlike humans, rodents express 3R-tau only 
in fetus and infant, and mainly 4R-tau in adulthood [20].

Tau pre-mRNA contains multiple cis-elements that allow the interaction of 
trans-acting factors like the serine and arginine-rich (SR) proteins and heteroge-
neous nuclear ribonucleoproteins (hnRNPs), including an SC35-like enhancer, a 
polypurine enhancer (PPE) and an A/C-rich enhancer (ACE) at the 5′ terminus, 
and an exonic splicing silencer (ESS) and an exonic splicing enhancer (ESE) at the 
3′ end of tau exon 10, and an intronic splicing silencer (ISS) and an intronic splic-
ing modulator (ISM) at 5′ end of intron 10 [21]. Binding of trans-acting factors to 
these cis-elements either suppresses (SRSF3, SRSF4, SRSF7, SRSF11, U2AF, PTB 
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and hnRNP G) or promotes (hTRA2-beta1, CELF3, CELF4, SRSF1, SRSF2, SRSR6, 
SRSF9, RNA helicase p68, RNA binding motif protein 4 and Tar DNA-binding 
protein 43) the inclusion of exon 10 [22].

Mutations in the MAPT gene or dysregulation of the splicing factors that alter 
the expression of tau exon 10 are involved in the pathogenesis of neurodegenera-
tive diseases [21]. PiD is a prototypical 3R-tauopathy with spherical tau inclusions 
(Pick bodies), whereas PSP, CBD, AGD and GGT are primary 4R-tauopathies. AD, 
FTD and chronic traumatic encephalopathy (CTE), progressive neurodegenera-
tion associated with repetitive mild traumatic injury, comprise both 3R and 4R-tau 
pathologies [23]. Studies on the amount of the six tau transcripts in AD brain have 
been contradictory [24, 25]. However, 4R- and 3R-tau proteins appear equally in 
the early-stage and some late-stage AD cases [26, 27]. In some cases of late-stage 
AD, 3R-tau protein is predominantly expressed in the subiculum, entorhinal cortex 
and area CA1 of the hippocampus [27], implying that dysregulation of tau exon 10 
splicings could be related to AD progression rather than initiation.

2.2 Tau mutations

So far, 112 mutations have been identified in human the MAPT gene, of which 
13 were located in an intron (https://www.alzforum.org/mutations). Not all the 
mutations are pathogenic, and at least 27 benign mutations are not responsible for 
significant clinical symptoms. The largest number of MAPT mutations (55) is found 
in FTD. Second, 15 mutations are identified in AD, most of which are benign muta-
tions causing no significant neuropathology. The rest mutations are correlated to 
PSP (10 mutations), Parkinson’s disease (PD) (8), PiD (7), CBD (4), AGD (1) and 
other tauopathies (Table 1). As genetic risk factors for neurodegenerative diseases, 
pathogenic tau mutations alter the protein sequence or/and the balance between 
4R- and 3R-tau by changing alternative splicing [28].

Figure 1. 
Gene structure and expression of human MAPT gene. MAPT gene is localized to chromosome 17 and consists of 
16 exons. Exons 4a, 6, and 8 are expressed in PNS. Alternative splicing of tau exon 2 (green, encodes N1) or exon 
3 (yellow, encodes N2) produces isoforms with zero (0 N), one (1 N) or two (2 N) N-terminal inserts. Exons 9, 
11 and 12 encode the microtubule-binding repeats R1, R3, and R4 (blue). Alternative splicing of exon 10 (red, 
encodes R2) generates isoforms containing four (4R-tau) or three (3R-tau) microtubule-binding repeats.
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Two major extended haplotypes cover the MAPT gene: H1 and H2 [29]. The 
frequency of the haplotypes differs between population groups; the H2 haplotype 
is found primarily in Caucasian and southwest Asians, but barely reported in the 
Chinese Han population [29, 30]. H1 haplotype was shown overrepresented in 
Caucasian patients with PSP [31]. Nevertheless, the relationship between MAPT 
haplotype and AD is still contradictory [32].

3. Tau protein

3.1 Protein structure of tau

Tau is a highly water-soluble and basic protein with little secondary structure. 
As an intrinsically disordered protein, tau consists of a large number of serine/
threonine and arginine/lysine/histidine residues, which makes the protein easy 
to be hyperphosphorylated. Full-length human tau (tau441) is composed of four 
domains: (i) an acidic amino-terminal projection domain that projects away from 
the surface of the microtubule, (ii) a proline-rich region required for the interaction 
with SH3-domain-containing proteins like tau kinases, (iii) a microtubule-binding 
domain involved in mediating tubulin assembly and tau aggregation, and (iv) a 
C-terminus (Figure 1) [33].

3.2 Localization of tau

Human tau is highly expressed in the frontal and temporal cortices and is 
decreased to approximately a quarter in the cerebellum. In rodent brains, the highest 
levels of tau are detected in the hippocampus and entorhinal cortex. The cerebel-
lum and olfactory bulb showed the lowest total tau level, being about 2/3 of that in 

Clinical Phenotype Mutations

Argyrophilic grain 
disease

S305I

Alzheimer’s Disease A90V, A152T, G213R, V224G, Q230R, K280del, V287I, A297V, S318L, R406W, 
L410F*, S427F*, P512H*
Duplication 17q21.31, IVS10 + 16 C > T

Corticobasal 
Degeneration

A152T, C291R, P301T, N410H

Frontotemporal 
Dementia

R5H, G55R, V75A, A152T, A239T, D252V, I260V, L266V, G272V, G273R, N279K, 
K280del, L284L, N296D, N296N, N296H, P301L, P301P, P301S, P301T, S305N, 
S305S, L315L, L315R, S320F, P332S, G335A, G335S, G335V, Q336R, V337M, E342V, 
S356T, V363I, P364S, G366R, K369I, E372G, G389_I392del, G389R, G389R, P397S, 
R406W, T427M
IVS9–10 G > T, IVS9–15 T > C, IVS10 + 3 G > A, IVS10 + 4 A > C, IVS10 + 11 T > C, 
IVS10 + 12 C > T, IVS10 + 13 A > G, IVS10 + 14 C > T, IVS10 + 15 A > C, IVS10 + 19 
C > G, IVS10 + 16 C > T

Pick’s disease G272V, K280del, S320F, Q336R, Q336H, K369I, G389R

Progressive 
Supranuclear Palsy

R5L, A152T, L284R, S285R, N296N, N296del, G303V, S305S, D285N*
IVS10 + 16 C > T

Parkinson’s Disease R5C, A41T, A152T, N296del, I360V, S427F*, T427M, R448*

*The position of this variant is about the longest isoform of peripheral tau, which is 776 amino acids in length.

Table 1. 
MAPT mutations found in main neurodegenerative diseases.



87

Tau in Health and Neurodegenerative Diseases
DOI: http://dx.doi.org/10.5772/intechopen.101299

the frontal cortex [5]. The expression of 3R-tau is comparable throughout different 
regions in the adult rat brains, such as the hippocampus, entorhinal cortex, frontal 
cortex, occipital-temporal cortex, parietal–temporal cortex, striatum, thalamus, 
olfactory bulb and cerebellum. However, the distribution of 4R-tau showed signifi-
cant regional differences, with the highest levels in the entorhinal and frontal corti-
ces and the lowest in the cerebellum. The uneven expression of tau protein in brain 
regions may contribute to distinct vulnerability/resistance to tau pathology [5].

In the human brain, tau is primarily expressed in neurons and also expressed at 
lower levels in oligodendrocytes and astrocytes [34]. In physiological conditions, tau 
was believed to be predominantly localized to axons, but limited in the soma and 
dendrites of neurons. Tau levels are comparable in gray matter and white matter in 
normal elderly brains, but higher in gray matter than whiter matter in AD brains 
[35]. Normally, tau monomer is difficult to be immunostained. Only aggregated 
tau or microtubule-binding tau can be detected by immunostaining. Although high 
levels in axons, a pre-synaptic abundance of tau is low. The mechanism for polarized 
neuronal distribution of tau could be (i) relocalization of tau from axon to soma may 
be blocked by the axon initial segment (AIS), (ii) Annexin A2 in the distal part of the 
axon interacts with tau and provides a sink for the redistribution of tau [16]. Under 
pathological conditions, endogenous tau translocates from axon to the soma and 
dendrite, and into the post-synapse. Early studies in AD and FTD have revealed that 
NFTs composed of aggregated hyperphosphorylated tau are localized in the soma 
and dendrites [36]. Translocation of tau depends on its interaction with microtubules 
[37] and are modulated through multiple mechanisms involving pathological post-
translational modification (e.g., hyperphosphorylation) and/or non-physiological 
overexpression of tau protein [38], imbalanced expression of tau isoforms (e.g., 2 N 
tau) [39] and dysregulation of extracellular signals [16]. Furthermore, tau messenger 
RNA (mRNA) might be recruited to the dendrite and post-synapses, resulting in 
local somatodendritic translation of tau protein [40, 41]. Lastly, tau is also detected in 
the nucleus, where it is likely to protect DNA integrity from stress [42].

3.3 Function of tau

Microtubules are more stable in mature neurons than in non-neuronal cells [43], 
probably due to posttranslational modifications of the tubulin subunits as well as 
their interaction with specific neuronal microtubule-associated proteins (MAP) 
such as tau [44]. Tau binds to the interface between tubulin heterodimers through 
its microtubule-binding repeats [45] and stabilizes microtubules in the test tube and 
cultured cells [46, 47]. 4R-tau isoforms have a stronger affinity for microtubules 
than 3R-tau isoforms [48] and are more prone to promote microtubule assembly 
[49]. Besides, tau can nucleate and bundle microtubules in vitro [50] as well as in 
axons of mammalian neurons [51]. Recent studies have shown that tau not only 
acts as a microtubule stabilizer but also positively regulates the elongation of labile 
domains of microtubules at the plus ends [43]. Additionally, tau is involved in medi-
ating intracellular transport along the axon [52], synaptic structure and function, 
and signaling pathways in neurons [53].

In AD and other tauopathies, pathological tau would detach from microtubules, 
leading to decreased microtubule stability, impaired axonal transport and synaptic 
function [54]. First, tau is more abundant on the labile domains of microtubules to 
protect them from severing proteins like katanin. Under a pathological condition, 
hyperphosphorylated tau disassociates with the microtubules and causes rapid 
and selective shrinkage of microtubule labile domains [55]. Disease-associated tau 
mutants, like K369I, G389R found in FTD, also showed decreased associations rate 
with microtubules, resulting in reduced ability in promoting microtubule assembly 
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[56]. Second, the ability of tau to regulate axonal transport alters under pathological 
conditions. Amino acids (aa) 2–18 of tau protein, termed the phosphatase-activating 
domain (PAD), activate a signaling cascade involving protein phosphatase 1 (PP1) and 
glycogen synthase kinase 3β (GSK-3β) that results in disruption of kinesin-1-mediated 
anterograde fast axonal transport. Y18 (tyrosine 18) phosphorylation of tau, which is 
stronger in monomers than in filaments, shows reduced inhibition of kinesin-1 and 
is significantly reduced in disease-associated tau species [57]. Moreover, intracel-
lular tau aggregates have been shown to impair fast axonal transport by increasing 
the run length, run time and instantaneous velocity of membranous organelles [58]. 
Third, pathological tau accumulates on both pre- and post-synapses in the AD brain. 
Presynaptic accumulation of tau induces the depletion of the synaptic vesicle pool, 
followed by impaired synaptic transmission and plasticity [59]. On the other hand, 
toxic Aβ oligomers trigger N-methyl-D-aspartate receptor (NMDAR)-mediated 
excitotoxicity depending on the presence of endogenous tau [16].

Besides, glial tau pathology is also a common feature of many tauopathies and 
contributes to pathogenesis [34]. Oligodendrocytic tau pathology disrupts the 
maintenance of myelin sheath [60]. Although found at trace levels in astrocytes 
[61], tau has been shown to accumulate in astrocytic end feet directly apposed 
to vascular endothelial cells, and therefore impair the blood–brain barrier (BBB) 
integrity [62] and cause neuron degeneration without neuronal tau inclusions [63]. 
Filamentous recombinant tau also activates astrocytes via integrin signaling [64]. 
The expression and function of tau in microglia remain unclear [34]. However, 
microglia may regulate the uptake and exosomal secretion of tau, therefore involved 
in the spreading of tau pathology across the brain [65].

4. Post-translational modifications (PTMs) of tau

Tau is post-translationally modified by multiple mechanisms, including phos-
phorylation, ubiquitination, acetylation, methylation, glycosylation, glycation, nitra-
tion, lipoperoxidation, sumoylation and truncation [22]. Recently, up to 95 PTMs 
have been identified in human brains by high-resolution quantitative proteomics 
(Table 2) [70]. In neurodegenerative diseases, tau undergoes a series of pathological 
changes, such as PTMs alterations and the prion-like seeding and propagation, many 
of which not just accompany the diseases and indicate the pathology progression and 
individual heterogeneity, but are also the driving force of diseases.

4.1 Phosphorylation

Tau is a phosphoprotein. Theoretically, 80 serine/threonine and 5 tyrosine residues 
of the longest CNS tau isoform-tau441 can potentially be phosphorylated. In the 
brains of normal elderly, tau contains 2–3 mol phosphate/mole of the protein [71]. 
Phosphorylation sites like pT231, pT181, pS404 are found with high frequency (> 
50%) [70]. However, tau phosphorylation increases 2–3 times in AD brains, i.e. hyper-
phosphorylation [71]. At least 55 phosphorylation sites are detected on pathological 
tau (Table 2) [70]. Hyperphosphorylation of soluble, oligomeric and seed-competent 
tau all exhibit substantial patient-to-patient heterogeneity, even though certain hot 
spots are present in AD brains, including pT181, pT217, pT231/S235, pS262, pS396 and 
pS400/T403/S404 [70, 72]. Among these sites, the phosphorylation levels of pT231/
S235 and pS262 are positively correlated to the seeding capacity of tau species [72].

Rodent tau exhibits approximately 90% homology with human tau. Profiling of 
PTMs showed modifications on up to 63 sites on tau protein in the wild-type mouse 
brain, of which 27 were phosphorylation sites [73]. Phosphorylation of tau at specific 
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sites was different in the brains of human and AD model mice. For example, 3 × 
TG-AD mice, the commonly-used AD model which contains three mutations associ-
ated with familial AD (APP Swedish, MAPT P301L, and PSEN1 M146V), are not 
significantly hyperphosphorylated at pS199, pS214, pS396/S400 and pS422 as in AD 
brains, implying a limitation of a mouse model in studying human tau pathology [74].

Abnormal hyperphosphorylation of tau is a pivotal step in neurofibrillary degen-
eration in AD and other tauopathies [71]. Taking the AD brain as an example, tau 
can be separated into three pools according to the phosphorylation state and solubil-
ity: (i) non-hyperphosphorylated normal tau (AD-tau), (ii) hyperphosphorylated 
tau (AD P-tau) and (iii) polyubiquitinated, hyperphosphorylated and aggregated 
tau in the insoluble PHFs (PHF-tau) [75]. Hyperphosphorylation of tau induces 
pathology through multiple mechanisms. First, hyperphosphorylation reduces tau 
affinity for microtubules. Natural tau forms a “paper clip” structure, with the N- and 
C-terminus fold over the microtubule-binding domain to prevent self-aggregation 
[76]. Hyperphosphorylation changes the net charge of tau protein and alters tau 
conformation to expose the microtubule-binding domain, thereby facilitating 
self-oligomerization and aggregation. Hyperphosphorylated and/or aggregated tau 
detach from the microtubules and lose their ability to stabilize microtubules [71]. 
Besides normal, AD P-tau captures microtubule-associated proteins other than tau, 
such as MAP1 and MAP2 [77], leading to further disruption of microtubules. Second, 
hyperphosphorylated tau redistributes from axons to the somatodendritic compart-
ment and impairs synaptic function (see Section 3.3) [16, 54]. Third, phosphoryla-
tion may change the interaction of tau with other regulatory proteins [28]. Recently, 
75 proteins specifically bound to phosphorylated tau in NFTs have been identified 
by quantitative proteomics coupled with affinity purification-mass spectrometry; 
most enriches in the protein ubiquitination pathway and phagosome maturation [78]. 
Whether hyperphosphorylation of tau alters its affinity to these proteins and directly 
leads to the damage of relevant pathways deserves more extensive investigation.

Tau phosphorylation is regulated by both proline-directed [GSK-3β, cyclin-
dependent-like kinase-5 (CDK5), dual-specificity tyrosine phosphorylation regulated 

Modification Sites

Phosphorylation Y29, T30, T39, S46, S56, S68, T69, T71, T102, T111, S113, T153, S185, S184, T181, 
T175, S191, S198, S199, S202, T205, S210, T212, S214, T217, T220, T231, S235, S237, 
S238, S241, S258, S262, T263, S289, S293, S305, Y310, S316, S352, S356, T361, T386, 
Y394, S396, S400, T403, S404, S409, S412, S413, T414, S422, S433, S435

Ubiquitination K163, K180, K190, K224, K228, K234, K240, K254, K257, K259, K267, K274, K280, 
K281, K290, K298, K311, K317, K321, K331, K340, K343, K353, K369, K375, K383, 
K385, K395

Acetylation K24, K44, K240, K267, K274, K280, K281, K298, K311, K317, K331, K343, K347, K353, 
K375, K370, K369, K385, K395

Methylation K44, K67, K87, K163, K174, K180, K254, K267, K290, R406, K438

SUMOylation K340

Nitration Y18, Y29, Y197, Y394

Truncation M1-A2, M11-E12, V10-M11, D13-H14, D25-Q26, K44-E45, T102-A103, T123-Q124, 
R126-M127, A152-T153, R155-G156, I171-P172, A173-K174, G186-E187, Y197-S198, 
P223-K224, R230-T231, S237-S238, A239-K240, R242-L243, N255-V256, S258-K259, 
I260-G261, N279-K280, K281-L282, S305-V306, Q307-I308, I308-V309, Y310-K311, 
D314-L315, H330-K331, K340-S341, N368-K369, A390-E391, E391-I392, Y394-K395, 
D402-T403, D421-S422

Table 2. 
Tau PMTs found in AD brains [50, 66–69].
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kinase 1A (DYRK1A) and extracellular signal-related protein kinase (Erk)] and 
non-proline-directed protein kinases [calcium/calmodulin activated protein kinase 
II (CaMKII), protein kinase A (PKA), casein kinase 1 (CK1) and microtubule 
affinity-regulated kinase 110 (MARK p110)] in vivo, which are activated and/
or overexpressed in AD brains [22]. On the contrary, tau is dephosphorylated by 
protein phosphatases, in particular protein phosphatases 2A (PP2A), which is 
responsible for over 70% of the total tau phosphatase activity in the human brain 
[79]. Dephosphorylation of AD P-tau with PP2A restores tau activity in promoting 
microtubule assembly in vitro and diminishes AD P-tau-induced propagation of tau 
pathology in mouse brain [80]. In disease conditions, phosphatase activity against tau 
is reduced to half, further increasing the imbalance between kinase and phosphatase 
activities, eventually resulting in excessive phosphorylation of tau [79]. It should be 
noted that tau is rapidly dephosphorylated during postmortem in a site-specific man-
ner, suggesting timely dissection and proper cooling of the brain tissues [81].

4.2 Ubiquitination

Ubiquitination, a PTM that covalently conjugated ubiquitin (a highly conserved 
76 amino acid protein) to the ε-amino group of target lysine residues in a protein, is 
usually involved in cellular protein degradation as well as non-degradative pathways 
including cell signaling, mitochondrial homoeostasis and DNA damage responses 
[82]. Ubiquitin positive pathological aggregates are present in AD, FTD, PD, CBD 
and other neurodegenerative diseases [83]. Quantitative analysis of ubiquitylome in 
AD brain reveals 28 ubiquitination sites in tau protein, which are the most abundant 
PTMs except phosphorylation (Table 2) [83]. Most of these ubiquitylation sites are 
located in the proline-rich region and the microtubule-binding domain.

Ubiquitination of tau is catalyzed by various ubiquitin ligases (E3 ligases), for 
instance, the C-terminus of the Hsc70-interacting protein (CHIP), TNF receptor-
associated factor 6 (TRAF6) and axotrophin/MARCH7 [22]. High molecular weight 
(HMW) tau extracted from AD brain is shown to be polyubiquitinated, likely 
through K6-, K11- or K48-linkages [83], while PHF-tau is mostly monoubiquity-
lated, making it insufficient to trigger the ubiquitin-proteasome system (UPS)-
mediated proteolysis [84]. Both polyubiquitylation and monoubiquitylation of tau 
contribute to the formation of insoluble protein inclusions [85, 86].

As a natively unfolded protein, tau is degraded by ATP/ubiquitin-independent 
20S proteasome in physiological conditions [87]. Misfolded tau is typically ubiq-
uitylated and is sent to the proteasome for degradation [88]. However, misfolded 
oligomers and aggregates cannot be fully degraded by the proteasome, but also 
directly damage the proteasome activity [89]. The autophagy-lysosome system 
provides a more potent pathway to degrade tau aggregates, which also relies on 
ubiquitination modification for recognition [88]. Therefore, activating ubiquitin 
degradation for toxic tau species is considered as one of the potential therapeutic 
strategies for the treatment of AD and related tauopathies.

4.3 Acetylation

Acetylation is a co- or post-translational modification that utilizes acetyl-CoA 
as the acetyl source to modify the N-termini or specific lysine residues in proteins 
[84]. Tau acetylation is catalyzed by the histone acetyltransferase p300 (EP300) 
or CREB-binding protein (CBP), and removed by sirtuin 1 (SIRT1) and histone 
deacetylase 6 (HDAC6) [22]. Tau is also able to catalyze self-acetylation by using 
cysteine residues C291 and C322 in the R2 and R3 repeats, respectively. 4R-tau 
displays the higher activity of autoacetylation than 3R-tau because the latter lacks 
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the R2 repeat [90]. 19 distinct acetylation sites have been mapped in tau protein 
isolated from AD brains, most of which are located within the microtubule-binding 
repeats and the flanking region (Table 2) [70].

The pathological effect of tau acetylation depends on specific modification sites. 
For example, high levels of tau acetylation are found at Lys163, Lys174, Lys180, Lys274, 
Lys280, Lys281 and Lys369 in AD brains, which may be related to the impairment of 
tau function [84]. Acetylation at these sites could prevent the polyubiquitylation and 
degradation of hyperphosphorylated tau, thus accelerating the accumulation of phos-
phorylated tau and promoting NFTs formation, accompanied by increased cognitive 
impairment. Acetylated tau also mislocalizes to the somatodendritic compartment 
and disrupts cytoskeleton dynamics, postsynaptic protein localization and receptor 
trafficking, consequently giving rise to synaptic plasticity deficits and memory loss 
[91]. Moreover, auto-acetylation of tau in C291 and C322 is coupled to its auto-prote-
olysis at K281-L282 and K340-S341 [90]. On the contrary, Lys259, Lys290, Lys321 and 
Lys353 within the KXGS motifs, which are found hypoacetylated in the AD brain, are 
normally acetylated to inhibit tau phosphorylation and aggregation [92].

4.4 Truncation

As an intrinsically disordered protein, tau is sensitive to proteolysis. In addition 
to acetylation-induced auto-proteolysis, tau can be cleaved by a variety of proteases 
both in vitro and in vivo including a disintegrin and metallopeptidase domain 10 
(ADAM-10), asparagine endopeptidase (AEP), Calpain-1, Calpain-2, Caspase-3, 
Caspase-6, chymotrypsin, thrombin, cathepsins, human high-temperature require-
ment serine protease A1 (HtrA1) and puromycin-sensitive aminopeptidase (PSA). 
Besides, many fragments of tau in the brain have been found with undefined 
proteases (Table 2) [74, 93, 94]. In NFTs, at least three site-specific cleavages of tau 
(N368, E391 and D421) have been identified to be correlated with the progression 
of Braak stages [95]. Similar cleavage sites are also detected in several mouse models 
of tauopathies [28]. To date, more than 50 truncated forms of tau have been identi-
fied and over 30 are present in AD brains [94].

Truncation of tau plays a crucial role in its pathology. Truncation opens 
up the “paper clip” tertiary structure of tau protein, increases its site-specific 
phosphorylation, self-aggregation and affinity to oligomeric tau derived from AD 
brain (AD O-Tau), and thus promotes tau capture and seeded-aggregation by AD 
O-Tau [28, 96]. Tau truncation alone is sufficient to trigger hyperphosphorylation 
and aggregation [97]. Some fragments of tau can spread transcellularly, resulting 
in the propagation of tau pathology [94]. Additionally, Tau truncation can also 
induce toxic responses like apoptosis which is independent of its function on 
aggregates [98].

The characteristics of tau fragments depend on their amino acid composition. The 
C-terminal truncation increased tau fibrillization in vitro [66], while N-terminal trun-
cations are found more associated with hyperphosphorylated high molecular weight 
tau oligomers (HMW-tau) isolated from AD brains [74, 93]. Tau fragments containing 
the aggregation-prone elements (Table 3) are prone to assemble the protease-resistant 
pathological core, which has various compositions in the different tauopathies [99]. 
Some specific fragments are secreted from the cytosol into the interstitial fluid and 
further released to the cerebrospinal fluid (CSF) or plasma, making them potentially 
biomarkers to indicate the progression of AD and other tauopathies [100]. Early study 
using immunoprecipitation showed that tau in CSF is predominantly the N-terminus 
fragments with an apparent molecular weight of approximately 20–40 kDa [101]. 
A 20–22 kDa NH2-truncated form of tau (aa 26–230) identified in CSF is found to 
be neurotoxic due to its damages to mitochondrial oxidative phosphorylation [102]. 
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High-resolution mass spectrometry revealed at least 19 tau fragments in the CSF, of 
which tau aa 156–224 is the most abundant peptide [67, 68]. Nonetheless, the prion-
like seeding activity of CSF tau fragments is quite limited [69].

4.5 Other PMTs

In addition to the above modifications, tau can also be modulated by methyla-
tion, SUMOylation, nitration, glycosylation and glycation. The contributions of 
these PMTs to tau pathology are mostly unelucidated.

Tau methylation mainly occurs on lysine residues in the proline-rich region 
and the microtubule-binding domain, and a few arginine residues [73]. Up to 11 
methylation sites were found in the human brain [70]. Methylated tau is highly 
concentrated in NFTs particularly in late-stage AD brains [103]. Lysine methylation 
suppresses tau binding to the microtubule-binding domain, increases abnormal 
phosphorylation of tau and blocks the UPS-mediated tau degradation. However, the 
role of methylation on tau self-aggregation is still controversial [84].

K340 residue is the major site of tau that be modified by the small ubiquitin-like 
modifier protein (SUMO) [104]. SUMO-1 colocalizes with phosphorylated tau in 
the AD brain. Sumoylation reciprocally stimulates tau phosphorylation at T231 
and S262, and competes against K340 ubiquitylation and consequently suppresses 
degradation [105].

Tau can be nitrated on four Tyr residues, Y18, Y29, Y197 and Y394, which are 
found in AD and non-AD tauopathies [106]. The effect of nitration on tau assembly 
depends on the specific nitration sites in vitro. Y18 nitration is reported to be associ-
ated with astrocyte activation [107].

In addition, the complexity of PTM is reflected more in the cross-talk between 
various modifications, not just in the types of modifications. First, a single amino acid 
residue could be modified by different PMTs. Taking lysine residues as an example, 
some of these residues in tau protein are competitively modified by ubiquitylation, 
methylation, acetylation, or SUMOlyation in the AD brain (Table 2). The competi-
tion between these PMTs will determine whether tau will undergo degradation or 
pathological transformation [84]. Secondly, PMTs at different sites cross-talk with 
each other. Many phosphorylation and ubiquitination sites of tau are located within 
the KXGS motifs in the microtubule-binding domain. Tau hyperphosphorylation is 
shown to facilitate ubiquitylation of NFT tau [83]. Therefore, further investigations 
focusing on the cross-talk between tau PMTs are required to reveal and intervene in 
the pathological changes of tau.

5. Propagation of tau aggregation

In AD brains, the progression of tau aggregation follows a stereotypical pattern of 
spread (the Braak stages): initiates from the locus coeruleus and transentorhinal cortex 

Disease Aggregation-prone elements

AD 3R Q273-E380, 4R-tau: G304-E380

CBD K274-E380

CTE 3R-tau: K274-R379, 4R-tau: S305-R379

PiD K254-F378

Table 3. 
Aggregation-prone elements of tau in representative tauopathies [5, 188].
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(Braak stages I and II), gradually spread to the limbic system (Braak stages III and IV) 
and eventually to the neocortex (Braak stages V and VI) [108]. The stereotypical trans-
mission of tau pathology is highly correlated with the cognitive impairment in AD [13]. 
Remarkably, tau pathology can be induced in rodent brains by injecting aggregates 
isolated from AD brains, and propagating to anatomically connected brain regions, in 
a similar spreading pattern to that observed in AD patients [80]. Besides, injection of 
tau aggregates extracted from other neurodegenerative diseases, such as AGD, CBD 
and PSP, also recapitulated the hallmark lesions of corresponding diseases [109]. A 
large amount of evidence indicates that the prion-like propagation of misfolded tau 
may explain the diverse characteristics of tauopathies [10].

5.1 Tau aggregation

The term “prion”, originally defined by Prusiner, refers to a ‘proteinaceous 
infectious particle’ that causes degeneration of the CNS [110]. In addition to prion, 
other misfolded proteins, most notably Aβ, tau, α-synuclein and TAR DNA-binding 
protein 43 (TDP43), also act as proteopathic seeds to template the physiological 
alterations of the same protein, transmit between cells and spread to neuroanatomi-
cal connected regions, described as the ‘prion-like property’ [110].

The natively unfolded and highly soluble tau monomer contains a minimal 
content of ordered secondary structure, which shows little tendency to undergo 
aggregation [111]. An initial disruption likely changes tau conformation to obtain 
more β-sheet structures required for the interaction between monomers [94]. Two 
hexapeptide motifs of tau, 275VQIINK280 and 306VQIVYK311, are crucial for the con-
formational switch and filament assembly [112]. As the intrinsic cause of fibrillation, 
the aggregation-prone sequence elements are found in multiple tauopathies (Table 3) 
[10]. Once the partially folded tau monomers are stimulated, they may sequentially 
aggregate to form dimmers, soluble oligomers, and eventually the insoluble PHFs 
and NTFs [113]. The microtubule-binding domains that contain β-sheet structures 
assemble into the rigid core of PHFs, while the N- and C-terminus of tau protein 
form a ‘fuzzy coat’ surrounding the core [99]. All six isoforms of CNS tau are 
detected in AD PHFs [114]. Oligomeric tau and PHF-tau isolated from AD brains can 
serve as prion-like seeds to induce the aggregation of normal tau both in vitro and 
in vivo, while monomeric heat-stable and straight filament (SF)-tau showed limited 
prion-like properties. However, AD O-tau is the most potent toxic species to induce 
pathological tau aggregation and propagation in vivo [80, 96, 115–117].

Tau fibrils isolated from the brains of patients with different tauopathies show 
disease-specific folding. In some cases, even in the same disease, the protofilaments 
of tau pack in distinct ways to form different polymorphs although the conforma-
tion of tau monomer is relatively preserved [10, 118]. Tau strains from different 
sources exhibit variant ability in inducing aggregation in vivo. For example, both 
the structures of PHF and SF in AD contain eight β-sheets in a C-shaped fold, but 
the intermolecular organization between the two kinds of protofilament is differ-
ent [119]. PHF-tau, but not SF-tau, dramatically seeds tau aggregation in vitro and 
triggers the propagation of tau pathology in vivo [116]. Furthermore, the induced 
pathology in specific cell types is related to the origin of tau species. Injection of AD 
pathological tau to mouse brain induces pathology only in neurons, while injection 
of CBD or PSP pathological tau gives rise to pathology in neurons as well as astro-
cytes and oligodendrocytes [120].

Truncation and hyperphosphorylation are two major PMTs that contribute to 
tau aggregation. Truncation of tau may expose the microtubule-binding repeats that 
are responsible for aggregation. Tau truncation alone is sufficient to induce site-spe-
cific phosphorylation and self-aggregates [97]. Among various truncations of tau, 



Hippocampus - Cytoarchitecture and Diseases

94

deletion of the first 150 aa and the last 50 aa (tau151–391) promotes its pathological 
characteristics most significantly. Compared with full-length tau, tau151–391 is 
more prone to phosphorylation, self-aggregation and seeded aggregation by AD 
O-tau [96]. Hyperphosphorylation alone is not sufficient to induce tau aggregation, 
but only when it occurs together with truncation [121]. Phosphorylation at several 
sites (e.g. pT231, pS235 and pS262) flanking the microtubule-binding domains 
inhibits tau-mediated microtubule assembly and facilitates tau aggregation into 
PHFs [122]. Interestingly, the phosphorylation levels of these sites are positively 
correlated to the seeding capacity of tau species isolated from AD patients. Notably, 
the effect of phosphorylation on tau seeding activity seems to be site-specific. For 
instance, phosphorylation levels at pS198/S199/S202 and pS400/T403/S404 show a 
negative correlation with tau seeding activity [72].

Mutation, dysregulation of tau alternative splicing and local contextual factors 
are also risks for tau aggregation [22]. Moreover, some chemical factors with strong 
negative charges (e.g. heparin, RNA, dextran sulphate and arachidonic acid) can 
induce tau aggregation in vitro [10]. Nevertheless, it should be pointed out that none 
of the fibrils synthesized in vitro resemble patient-derived fibrils so far, because the 
structures of chemical-induced tau filaments are quite different from those in dis-
eases [118]. In addition to neurons, microglias also take up both soluble and insoluble 
tau [123] and are involved in promoting the spread of tau pathology [124].

5.2 Propagation of tau pathology

Once formed in the coeruleus/subcoeruleus region, the prion-like tau seeds are 
transmitted from a “donor cell” to a “recipient cell” to template more aggregation, 
and progressively spread the pathology along synaptically connected neurons 
to large-scale human brain networks. Propagation of tau pathology involves the 
following steps: 1) uptake of tau seeds, 2) seeded aggregation, 3) secretion of new 
seeds and 4) transcellular transmission of the toxic seeds [125].

The proteopathic seeds released from neurons can be engulfed by interconnected 
neurons at the somatodendritic compartment and the axon terminals, and are trans-
ported both anterogradely and retrogradely [126]. Endocytosis is the primary pathway 
for the internalization of proteopathic seeds, although the specific mechanisms vary 
[120]. It has been reported that pathological tau could be taken up by macropinocyto-
sis, heparan sulfate proteoglycans (HSPGs)-dependent endocytosis, clathrin-mediated 
endocytosis, phagocytosis and tunneling nanotubes (TNT)-dependent direct intercel-
lular transport, of which HSPGs-mediated endocytosis is the most predominant way 
[127]. The mechanisms of tau uptake are mainly similar for both vesicle-bound and 
free proteins [126]. Diverse tau strains display different uptake efficiency. Tau trimers 
are the minimal fragment that can be spontaneously internalized by primary neurons, 
while no clear upper limit is observed [128]. However, the soluble HMW-tau isolated 
from AD brain is the most efficiently internalized species [129].

After internalization, tau seeds are transported to the endo-lysosomal system, 
and some of them are degraded in the lysosomes [130]. Due to age-related dysfunc-
tion or other unknown mechanisms [131], a part of the seeds disrupt the endosomal 
vesicle and enter the cytoplasm, where they template amplification of new fibrils 
[132]. The danger receptor galectin-8 could protect against the release of seeds by 
monitoring endomembrane integrity and activating autophagy [133].

Tau contains no signal peptides. But it is secreted into the culture medium, 
interstitial fluid or CSF in a monomeric and/or truncated non-phosphorylated 
form lacking the C-terminal portion in physiological conditions [125], implying a 
potential physiologic role. Nonetheless, the transmission of tau monomer is unlikely 
to mediate transcellular propagation of tau pathology [134].
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The proteopathic tau seeds are released from neurons through multiple 
pathways, including exocytosis [135], exosome [136], synaptic vesicles [137], 
presynapse membrane penetration [138] or even direct translocation across 
neurons [139]. Truncation and hyperphosphorylation of tau or increased synaptic 
activity facilitate its secretion [94]. The released proteopathic seeds are taken up 
by postsynaptic neurons and subsequently propagate tau pathology in the inter-
connected cells.

6. Tau-based therapeutics strategies

So far, the US Food and Drug Administration (FDA) has granted seven prescrip-
tion drugs for the treatment of AD. Three of these drugs, Donepezil (Eisai Co., 
Ltd., Pfizer), Galantamine (Janssen, Ortho-McNeil Pharmaceutical, Sanochemia 
Pharmazeutika, Shire, Takeda Pharmaceutical Company) and Rivastigmine 
(Novartis Pharmaceuticals Corporation), are cholinesterase inhibitors that prevent 
the breakdown of acetylcholine in the brain. Rivastigmine has also been approved 
for the treatment of PD. Applications of Donepezil in the treatment of dementia 
with Lewy bodies, Down’s syndrome and PD are under clinical trial. The forth 
drug Memantine (Forest Laboratories, Inc., H. Lundbeck, Merz Pharma) is a 
non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist. The fifth 
drug Suvorexant (Merck), an orexin receptor antagonist, is approved for treating 
sleep disorders in AD. The sixth drug Tacrine is a reversible acetylcholinesterase 
inhibitor, but has been discontinued because of its hepatotoxicity (Pfizer, Shionogi 
Pharma). In 2021, Aduhelm (Aducanumab), a human IgG1 monoclonal antibody 
against Aβ (Biogen, Neurimmune), was approved as the first immunotherapy for 
AD. However, most therapies exhibit limited benefits and do not prevent or slow 
down the progression of the disease [122].

Based on the extensive understanding of AD pathogenesis, a large number of 
therapies targeting tau have been developed recently. To data, among the 137 active 
therapeutic clinical trials for AD, FTD and PSP, 17 targeted tau (https://www.
alzforum.org/therapeutics).

6.1 Immunotherapy

Although the mechanism is not fully elucidated, tau immunotherapy, either 
active or passive, shows protective effects on tau pathology and cognitive perfor-
mance in AD model animals and is consequently becoming an essential strategy in 
the development of AD therapies [17]. Two vaccines for active immunotherapy of 
AD, AADvac-1 which is a synthetic peptide of tau (aa 294–305) and ACI-35 which 
is a phosphorylated tau peptide containing pS396/S404 are now in clinical trials 
(Table 4) [140]. Since active immunization may increase the risk of autoimmune 
reaction and other disadvantages [141], passive immunization currently accounts 
for the majority of the immunotherapy for tau (Table 4).

Passive immunotherapy is a short-term immunization administered by continu-
ous injection of antibody that is designed specifically to pathological epitopes. 
Intravenously injection of tau antibody decreases both Aβ and tau pathologies in 
animal models, implying a therapeutic potential in the treatment of AD and related 
tauopathies [142]. There are 8 specific tau antibodies in clinical trials up to now. 
Their targets mainly focus on the N-terminus (ABBV-8E12 and Semorinemab), 
phosphorylation sites (Lu AF87908 and JNJ-63733657) or microtubule-binding 
region (Bepranemab and E2814) of tau protein (Table 4). Some antibodies (e.g. 
Bepranemab) also show potential in the treatment of other neurodegenerative diseases 
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Approach Agent Mechanism of action Sponsor Clinical 
trial

Status

Active AADvac1 A synthetic peptide 
derived from tau

Axon Neuroscience 
SE

Phase 2 Completed

Active ACI-35.030
JACI-35.054

Synthetic 
tau fragment 
phosphorylated at 
pS396/S404 anchored 
into a lipid bilayer

AC Immune SA Phase 1
Phase 2

Recruiting

Passive ABBV-8E12 A monoclonal 
antibody recognizes 
tau’s N-terminus

AbbVie Phase 2 Completed

Passive BIIB076 A monoclonal anti-tau 
antibody

Biogen Phase 1 Completed

Passive Semorinemab A monoclonal 
antibody recognizes 
tau’s N-terminus

Genentech, Inc. Phase 2 Completed

Passive LY3303560 A humanized 
antibody against 
soluble tau aggregates

Eli Lilly and 
Company

Phase 2 Active, not 
recruiting

Passive Lu AF87908 A monoclonal 
antibody recognizes 
phosphorylated tau

H. Lundbeck A/S Phase 1 Recruiting

Passive JNJ-63733657 A monoclonal 
antibody recognizes 
phosphorylated tau

Janssen Research & 
Development, LLC

Phase 2 Recruiting

Passive Bepranemab A monoclonal 
antibody recognizes 
tau235–250

UCB Biopharma 
SRL

Phase 2 Recruiting

Passive E2814 A monoclonal 
antibody recognizes 
an HVPGG epitope 
of tau

Eisai Inc. Phase 1
Phase 2

Recruiting

PTM Salsalate Inhibit tau acetylation Adam Boxer Phase 1 Active, not 
recruiting

PTM LY3372689 A inhibitor of the 
O-GlcNAcase

Eli Lilly and 
Company

Phase 1 Completed

PTM ASN51 A small-molecule 
inhibitor of 
O-GlycNAcase

Asceneuron Pty 
Ltd.

Phase 1 Recruiting

ASO BIIB080 An antisense 
oligonucleotide 
(ASO) targeting tau 
expression

Ionis 
Pharmaceuticals, 
Inc.

Phase 1
Phase 2

Active, not 
recruiting

Data from: https://clinicaltrials.gov/, https://www.alzforum.org/therapeutics/

Table 4. 
Tau-based therapies for AD.

like PSP (https://www.alzforum.org/therapeutics) [143]. Of course, tau-based passive 
immunization also faces some challenges, of which the key problem is how to deliver 
the antibodies more efficiently through the blood–brain-barrier (BBB) into specific 
brain region with tau pathology [144].
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6.2 Therapies targeting tau PTMs

Acetylation at specific sites of tau is shown to inhibit the degradation of  
hyperphosphorylated tau, obstruct synaptic plasticity and promote cognitive 
impairment in AD mouse models [91]. Salsalate, a non-acetylated dimer of salicylic 
acid commonly used as a non-steroidal anti-inflammatory drug, can inhibit acetyl-
transferase p300-induced tau acetylation, thus enhancing tau turnover and reduc-
ing tau levels [145]. O-GlcNAcylation negatively regulates tau phosphorylation by 
competing for the phosphorylation sites [146]. Two small molecular inhibitors of 
O-GlycNAcase (LY3372689 and ASN51) are currently undergoing clinical trials.

Hyperphosphorylation is the crucial PTM that determines the propagation of 
tau pathology. Inhibition of tau hyperphosphorylation has long been considered 
as a potential therapeutic strategy. Tau phosphorylation can be modulated by the 
balance between protein kinases and phosphatases. Nasal insulin and the GSK-3 
inhibitor Lithium that inhibit tau phosphorylation via activating PI3K signaling, 
and PP2A activator Metformin aimed at tau dephosphorylation are currently under 
development or evaluation in clinical trials [122].

6.3 Other therapies

Knockout of MAPT gene induces no obvious phenotype except for behavioral 
deficits in aged mice [147]. Reducing the levels of endogenous tau shows protection 
against cognitive impairments and behavioral abnormalities in AD mice [148]. 
BIIB080, the first antisense oligonucleotide (ASO) targeting the translation of 
tau mRNAs, has just started Phase 1 and Phase 2 clinical trials. Recently, a selec-
tive protein degradation approach achieved by the proteolysis targeting chimeras 
(PROTACs) is utilized to decrease tau protein in the brain [82, 149]. PROTACs form 
a ternary complex with the target protein and ubiquitin E3 ligase. E3 ubiquitin 
ligase stimulates polyubiquitination of the targets and facilitates its following 
recognition and degradation by the 26S proteasome [149]. PROTACs targeting tau 
remarkably decreased tau levels and improved synaptic and cognitive functions in 
wildtype and AD mice [150].

In the past few years, inhibitors of tau aggregation were considered as potential 
therapies for AD for their roles in preventing the prion-like seeding and propagation 
of tau pathology. Unfortunately, the clinical trials of corresponding small molecular 
drugs, such as methylene blue, Rember TM, and LMTX, did not show the expected 
effect and are thus discontinued. NPT088, a fusion protein consisting of human-IgG 
1-Fc and an active fragment binds to and remodels misfolded aggregates of tau, also 
exhibited no effect on brain plaques, tau aggregates or AD symptoms [151].

What’s more, the disruption of microtubules is one of the main consequences of 
tau-induced neurotoxicity. Therefore, stabilization of microtubules may also be a 
potential therapeutic approach associated with tau. However, the efficacy of microtu-
bule stabilizers (e.g. TPI-287) in the treatment of AD still requires further evaluation.

7. Conclusions and perspectives

In summary, tau-mediated microtubule dynamics and assembly play essential 
roles in neuronal transport and the maintenance of synaptic structure and func-
tion. In neurodegenerative diseases, tau undergoes a series of pathological changes, 
including mutation, abnormal alternative splicing, abnormal PTMs and prion-like 
seeding and propagation. Certain benefits of therapeutic approaches targeting 
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pathological tau have emerged in the treatment of AD and related tauopathies. 
Recently, proteomics results indicate significant heterogeneity of tau pathology in 
different patients, raising the possibility that personalized approaches according to 
the biochemical characteristics of tau may achieve better therapeutic effects [10]. It 
is also worth noting that tau interacts with other risk factors of neurodegenerative 
diseases, such as Aβ [152], apolipoprotein E [153], α-synuclein [154], metal dys-
regulation [155], defective mitophagy [156], stress and inflammation [157] and so 
on. Therefore, further investigation of the comprehensive map of tau interactions 
will better reveal the pathogenesis of neurodegenerative diseases.
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Abstract

Alzheimer’s disease (AD) is one of the most common causes of dementia all 
around the world. It is characterized by the deposition of amyloid-β protein (Aβ) 
and the formation of neurofibrillary tangles (NFTs), which contribute to neuro-
nal loss and cognitive decline. Microglia, as innate immune cells in brain, plays 
dual roles in the pathological process of AD. Expression in different subtypes of 
microglia is diverse in AD genes. Triggering receptor expressed on myeloid cells 2 
(TREM2) is a transmembrane glycoprotein mainly expressed on microglia in the 
central nervous system (CNS). Soluble TREM2 (sTREM2), a proteolytic product 
of TREM2, which is abundant in the cerebrospinal fluid, shows a dynamic change 
in different stages and ameliorates the pathological process of AD. The interplay 
between the different subtypes of apolipoprotein and TREM2 is closely related to 
the mechanism of AD and serves as important regulatory sites. Moreover, several 
therapeutic strategies targeting TREM2 have shown positive outcomes during clini-
cal trials and some novel therapies at different points are in progress. In this review, 
we mainly talk about the interrelationships among microglia, TREM2, and AD, and 
hope to give an overview of the strategies of AD.

Keywords: Alzheimer’s disease (AD), microglia, TREM2, sTREM2, APOE

1. Introduction

Nowadays, Alzheimer’s disease (AD) is one of the most common causes of 
dementia in the United States [1]. Alois Alzheimer discovered AD in 1907 and 
characterized AD as amyloid plaques, brain atrophy, neurofibrillary tangles, loss of 
neurons and synapses, and dystrophic neurites in histopathology [2].

Microglia are the resident immune cells in the CNS. They derive from erythro-
myeloid progenitor cells and then migrate to the brain [3]. Developing and adult 
microglia demonstrate distinct morphological features as ramified or ameboid [4], 
which was proved by recent comprehensive transcriptomic analyses [5]. Relative 
analyses also demonstrate the heterogeneity, abundance, steady state in embry-
onic, postnatal, juvenile, and adult mouse models [6, 7]. They are also featured as 
self-renewing, which requires several factors such as colony-stimulating factor-1 
receptor (CSF1R) and transforming growth factor β (TGF-β) [8–10]. Moreover, 
the murine signature of microglia in AD was present in human microglial sub-
types, especially clusters 4, 5, 7, and 8. Among which, cluster 7 stands out in the 
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consequence of its high expression of AD gene decrease in the tissue sections in 
both AD dementia and pathological AD [11]. This can be a diagnostic standard for 
AD when the frequency of cluster 7 was diminished.

Hippocampus is an elongated structure that is part of the cerebral cortex [12]. It 
is one of the most severely affected structures in neurodegenerative diseases like AD 
[13]. Hippocampus, along with its accessory structure, was suggested to be related 
to space [14, 15], time [16, 17], and the creation of declarative memories (memories 
that can evoke conscious awareness and be verbalized) [18].

Hippocampus is vulnerable to the harmfulness of diseases such as epilepsy, 
hypoxia, ischemia, or encephalitis [18]. The entorhinal cortex is usually the 
first region that demonstrates tau pathology in AD patients [18]. Somatostatin-
positive interneurons are also found lost in the hippocampus of AD patients [19]. 
In AD patients, degenerative cholinergic neurons in the basal forebrain were 
proved to lead to dysfunctional cholinergic neurotransmission in regions like 
hippocampus [20].

2. Harmful and beneficial effects of microglia

Microglia play the role of phagocytes in the CNS, thus, maintaining the homeo-
stasis of the brain [21]. In aging brains, microglia will cause synaptic clearance 
leading to forgetting via complement pathway [22]. In AD pathology, microglia 
also prove to be phagocytose synapses [23, 24]. Nevertheless, with CSF1R blockade 
to remove microglia in Aβ models, increased Aβ is detected [25]. Despite negative 
outcomes of microglia, synapse loss and behavior deficits can be avoided [26, 27]. 
The production of neurotoxic inflammatory cytokines and reactive oxygen spe-
cies are found to be related to chronic activation of microglia [28]. However, it still 
remains unclear whether microglia play positive or negative roles in the process of 
neurodegenerative diseases.

In recent research, microglia in patients with AD show specific characteristics 
such as aging and upregulation of apolipoprotein E (APOE) [29]. The fat droplets 
appearing in microglia of aged mice suggest that the main manifestations of aging 
are the accumulation of fat droplets and excessive secretion of pro-inflammatory 
factors [30], which may be a new biological hallmark of AD. Additionally, it is not 
difficult to find that the branching of microglia has been reduced in aged brains, 
thus cutting the size of microglia’s area for surveillance and leading to the harm of 
homeostatic functions [31–34]. One important function of microglia in AD is the 
phagocytosis of Aβ amyloid. For instance, microglia can mediate clearance of Aβ 
via receptors including β1 integrin in neurodegenerative diseases [35]. The acute 
inflammatory response can also promote phagocytosis of impaired neurons and 
neuronal toxic accumulation [36]. Despite the protection of microglia, prolonged 
inflammatory reaction will exacerbate neuronal degeneration [37]. The TAM 
receptor tyrosine kinases (RTKs) are a distinct family of three protein tyrosine 
kinases, namely Tyro3, Axl, and Mer3, which play an important role in phagocytosis 
and phagocytic clearance of apoptotic cells and cell membranes in the adult tis-
sues [38, 39]. Axl and Mer play pivotal roles in macrophages like phagocytosis of 
apoptotic cells and negative feedback inhibition of toll-like receptor and cytokine 
receptor signaling. In AD mice with double knockout of Axl or Mer, the ability of 
microglia to phagocytize the plaque is weakened, suggesting the inhibition of TAM 
signal promotes plaque formation [40]. A cluster of differentiation-22 (CD22), a 
canonical B-cell receptor and a negative regulator of phagocytosis, is found highly 
expressed in microglia of aged brains, and rarely in young brains [41]. The find-
ing suggests that the inhibition of CD22 can delay aging-related dysfunction and 
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neurodegenerative diseases. The pellino-1 (peli1) is a ubiquitin E3 ligase, expressed 
in many kinds of nerve cells in the mouse brain, and with the highest expression 
level of microglia [42]. Similarly, Peli1 negatively regulates the ability of phagocyto-
sis of microglia to Aβ, resulting in the inability of clearance of deposition, leading to 
the deterioration of AD [43].

Perineuronal nets (PNNs), with their structure remaining unknown in detail, 
surround the cell bodies and dendrites, and spare free space for synaptic contact 
[44]. In the AD mice model and human cortical tissue, PNNs are largely lost in pro-
portion to plaque burden and depletion of microglia. Loss is prevented regardless of 
plaque persistence and suggests that microglia can enhance the loss of PNNs in the 
AD brain [45]. Besides, CD163-positive amyloid-responsive microglia are depleted 
in TREM2 and APOE variants in AD like TREM2 R47H and APOE4 [46].

Microglia may be detrimental to neurons in the pathological process. Recently, 
interleukin 3 (IL-3) from astrocytes was found to re-encode microglia, thus 
improving the situation of Aβ pathology [47]. Injection of IL-3 enables microglia to 
focus on clearing amyloid deposition and neurofibrillary tangles instead of causing 
extensive neuroinflammation [47]. This signaling pathway is expected to provide 
ideas for new drug research and development in the future and bring new drugs 
for the treatment of AD. A study suggested that some damaging characteristics of 
microglia behavior may be reversible by short-term treatment with CSF1R inhibi-
tors [48–50]. In the mice model, removal of microglia did not improve the cognitive 
ability in a traumatic brain injury (TBI) [51]. Interestingly, repopulating microglia 
can reverse the decrease of nerve regeneration caused by brain injury and improve 
cognitive dysfunction in mice in an IL-6-dependant manner [51]. This study opens 
up a new understanding of the role of microglia in the brain injury. Remarkably, 
the ubiquitin ligase COP1 (also called RFWD2) is shown to dampen the neuroin-
flammation through inhibiting the expression of the transcription factor CCAAT/
enhancer-binding protein beta (c/EBPβ), which regulates the pro-inflammatory 
gene of microglia [52], marking a new target for suppressing neuroinflammation in 
AD patients.

Disease-associated microglia (DAM), which was identified in AD patients 
by single-cell RNA sequencing (RNA-seq) [53], has recently become a hot topic, 
characterized by molecules including Iba1, Cst3, and Hexb, typically expressed 
in microglia. DAM also experiences downregulation of physiologically expressed 
genes such as P2ry12, P2ry13, Cx3cr1, CD33, and Tmem119 [9]. It is remarkable to 
find that DAM is identified in areas that are affected by diseases such as cortical tis-
sue [53] and postmortem human AD brain [54]. The evidence suggests that DAM is 
specifically expressed in CNS pathological process, serving as an important patho-
logical diagnostic standard. However, in the late set of neurodegenerative diseases, 
its role still remains unclear, which needs further investigation.

3. Physiological function on microglia of TREM2

Recent years have witnessed the central role of TREM2 as a hub in diverse 
pathology. TREM2 is a receptor that interacts with a variety of ligands, many of 
which are markers of tissue damage. TREM2 is a single-pass transmembrane protein 
known to regulate immune responses in peripheral macrophages through lipopoly-
saccharide binding and bacterial phagocytosis [55–57]. RNA-seq data were analyzed 
across human tissues to investigate TREM2 expression, and it has been confirmed 
that TREM2 is expressed physiologically in a small group of macrophages that are 
tissue specific [58]. In CNS, TREM2 is mostly expressed on microglia. In addition to 
the expression on microglia, the analysis also showed its expression in macrophages 
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from the adrenal gland, placenta, and adipose tissue [59]. TREM2 was thought to 
bind a wide range of molecules [60], and the interaction with different ligands can 
regulate the signal intensity and direction of TREM2 in turn [61]. Downstream 
signals mainly consist of those arrangements; for example, DAP10 is the key to 
activate extracellular signal regulated-kinase (ERK) and serine/threonine protein 
kinase (AKT1), while in murine macrophages, DAP12 is necessary for calcium 
mobilization [61–63]. Functional loss of TREM2 is related to polycystic lipomem-
branous osteodysplasia with sclerosing leukoencephalopathy (PLOSL) [64].

Mice lacking TREM2 had defects in survival and differentiation of myeloid cells 
[65], as well as osteopenia and loss of microglia in CNS [62, 66]. TREM2-lacking 
cells may undergo a similar differential process as normal cells do despite a reduced 
life cycle [67]. Microglia deprived of TREM2 or expressing T66M variant demon-
strated the impaired process of brain glucose metabolism and cerebral perfusion 
[68]. Mice TREM2 was involved in synaptic pruning through a microglia-depen-
dent way to shape neuronal circuitry [69]. In rodents, TREM2-positive macro-
phages are found to be important regulators related to hair follicle stem cells [70]. 
Additionally, in TREM2-deficient microglia, increased autophagic vesicles can be 
found with defective activation of mTOR pathways [63], which partially regulate 
autophagy [71].

Deletion or impairment of TREM2 was proved to be detrimental to phago-
cytosis of lipoproteins, cellular debris, bacteria, and Aβ [68, 72, 73]. Moreover, 
overexpression of TREM2 in cells that are not functionally phagocytic like Chinese 
hamster ovary (CHO) cells showed induced phagocytosis of apoptotic cells and 
bacteria [57, 72].

TREM2 was also found to ameliorate neuroinflammation and neuronal apopto-
sis via PI3K/AKT signaling pathway in 5xFAD mice [74, 75]. TREM2 overexpression 
can also rescue cognitive barriers by reducing neuroinflammation via JAK/STAT/
SOCS pathway [76] and the suppression of TREM2 demonstrated a defective ability 
to regulate the PI3K/Akt and NF-κB signaling pathways [77].

Recently, genome-wide association studies (GWAS) demonstrated a link 
between single-nucleotide polymorphisms (SNPs) and inflammation-related genes 
to increased AD risk, such as the R47H variant in TREM2 [78], which is one of the 
strongest genetic risk factors for AD [79]. TREM2 variant R47H, whose foundation 
was dysregulated peroxisome proliferator-activated receptor-γ (PPARγ)/p38MAPK 
signaling [80], was shown to decrease the expression of TREM2, thus deteriorating 
myeloid cell responses to Aβ pathology [81]. Furthermore, the R47H variants and 
R62H variants of TREM2 demonstrate a defective microglial transcriptional activa-
tion, implicating fully functional TREM2 seems to be the key for development of 
the human DAM [82].

4. TREM2 and AD

TREM2 gives protection against neurodegenerative disease. Depletion of TREM2 
can induce impaired phagocytosis of the critical substrates such as APOE [83] and 
exacerbates tau pathology in AD [84].

4.1 TREM2 gets involved in AD pathogenesis via microglia

TREM2 is found to reduce tau seeding in neuritic plaques [85], which is essential 
for synapse clearance in the early stage of brain development, and TREM2-KO mice 
demonstrate altered sociability [69]. Moreover, TREM2 can induce microglia to 
gather around Aβ and restrict plaque expansion found in murine models of AD [86]. 
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Similar conditions can also lead to exacerbation of axonal dystrophy and dendritic 
spine loss [87]. Another research shows that a dosage of TREM2 can reprogram the 
microglial response in downregulating the expression of DAM genes and amelio-
rating the pathological phenotype in AD mice [88]. In the absence of functional 
TREM2, amyloid plaque seeding increased, and microglial aggregation decreased 
[88]. A similar study shows that in human pluripotent stem cell (PSC), monocytes 
and transdifferentiated microglia-like cells, TREM2 R47H variant and loss of TREM2 
on heterozygous or homozygous, display a significant decreased in phagocytosis 
[89]. On a recent finding, IL-4 and IL-10 enhance the phagocytosis of microglia via 
upregulation of TREM2 [90]. These findings support the hypothesis that reactive 
microglia and TREM2 are functionally necessary to alleviate neuronal damage. 
However, other studies give opposite outcomes that loss of TREM2 may be protective 
in AD mice [91].

Genetically, the immune cell-specific phospholipase C isoform γ2 (PLCG2), 
a rare coding variant, is identified [92]. Recent research has demonstrated that 
TREM2 can mediate phagocytosis, cell survival, lipid metabolism, and process 
neuronal debris through PLCG2 of microglia derived from human-induced pluripo-
tent stem cell (iPSC) [93]. PLCG2 P552R variant has protective functions including 
weak-enhancing enzyme functions [94] and promoting survival functions of 
microglia in Plcγ2-P522R knock in mice [95]. These studies highlighted the critical 
role of the TREM2 pathway in AD and provided genetic evidence for the increase of 
TREM2 in the pathologic process of AD.

In recent years, different TREM2 ligands have been found and proposed, such 
as β-amyloid peptide [96] and APOE [97]. APOE-dependent molecular signature 
in microglia is identified in AD patients, mediating a switch from homeostatic to 
neurodegenerative status [98]. This can be a target in treating AD patients through 
restoring the homeostatic microglia.

4.2 TREM2 regulates APOE mediating AD risk

Although there is no difference in the quantity of activated microglia and reac-
tive astrocytes between APOE4 carriers and noncarriers in the postmortem neocor-
tex [99], relative transcriptomic studies have shown the connection between APOE 
and glia. Human APOE is expressed in three allelic variants, APOE2, APOE3, and 
APOE4, which exhibit different receptor binding properties [100]. APOE upregula-
tion has been proved to be TREM2-dependent [101]. To some extent, TREM2 and 
APOE may have some special links [102], and the lack of TREM2 leads to a decrease 
of APOE4, while APOE3 remains unchanged [103]. Microglial plaque coverage and 
TREM2 are the highest in APOE3 male mice while significantly low in both APOE4 
genotype and female sex [104], implicating a possible mechanism of AD between 
sex and APOE genotype. A reduction in plaque-associated APOE is also found in 
the brains of AD patients [105]. In another research, APOE3 is shown to promote 
the proliferation of microglia to injected Aβ, contribute to the uptake of Aβ, and 
improve cognition related to Aβ in preclinical models of AD [106]. Moreover, APOE 
was proven to stimulate different signal transduction cascades, ApoE4 > ApoE3 > 
ApoE2, in proportion to their AD risk [107]. This suggests that neuronal pathways 
may be related to the pathogenesis of AD. Human TREM2 (hTREM2) was bind 
to APOJ and APOE that are ligands of TREM2 under normal circumstances [73]. 
However, this binding is reduced in diseases or TREM2 KO mice microglia, lead-
ing to the impaired uptake of Aβ [73]. TREM2 is also an attractive target for drug 
regulation, but needs to be cautious because it is an important upstream mediator 
of microglia activation and phenotypic changes [53, 98]. In addition, single-cell 
transcriptomic studies pointing at microglia have shown a fascinating TREM2 
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ligand gal-3 that is related to neurodegenerative diseases [108]. Increased gal-3 is 
found in AD patients and 5xFAD mice, while decreased gal-3 shows improved cog-
nitive ability and attenuates immune responses related to the TREM2-DAP pathway 
[109]. Therefore, suppressing gal-3 in the AD process may be a potential target in 
treatment.

5. sTREM2

sTREM2, a soluble form of TREM2, is derived from the non-proteolytic-
mediated secretion of some TREM2 isoforms or due to extracellular domain of 
TREM2 being cleaved by different sheddases [110]. Years before the onset of 
dementia symptoms, sTREM2 increased in cerebrospinal fluid (CSF) of people 
with AD biomarker characteristics [111–114]. Recently, it is found that in preclini-
cal AD, CSF sTREM2 changes are dynamic. In the absence of tau deposition and 
neurodegeneration, sTREM2 is decreased with Aβ pathology [115]. Different 
mutants of sTREM2 showed differences in concentration in CSF [114]. sTREM2 
has a protective effect on Aβ and AD, such as reducing amyloid plaque load and 
restoring spatial memory [116]. Similarly, in the absence of TREM2 [105], sTREM2 
enhances microglial proliferation, migration, clustering around Aβ, and contribut-
ing to the uptake and degradation of Aβ [116]. sTREM2 administration can also 
stimulate the expression of inflammatory cytokines and induce morphological 
changes of microglia such as decreased cell process and increased cell body size, 
thus enhancing microglial survival [117]. In TREM2 KO mice, administration 
of sTREM2 also showed positive feedback, like rescuing apoptosis upon colony-
stimulating factor (GM-CSF) withdrawal, inducing the proliferation and cell 
viability of the primary microglia [118, 119], compared with WT mice [117]. These 
results indicate the tremendous therapeutic potential of sTREM2, but warn that 
pro-inflammatory activation in the brain may lead to negative functional out-
comes. Under stress, sTREM2 can promote myeloid cell survival too in a manner 
dependent on PI3K/AKT [117, 120]. Consequently, sTREM2 can be a target for AD 
therapy. But it is shown less potent for sTREM2-R47H and sTREM2-R62H variants 
to suppress apoptosis in AD context [117]. Among the three polymorphic forms 
(APOE2, APOE3, and APOE4), APOE4 proved to be more related to AD [121] and 
high levels of sTREM2 are associated with the decrease of APOE4 [122] and slower 
rates of Aβ accumulation [123]. In conclusion, the changes of sTREM2 can also be a 
biological hallmark for AD.

6. The prospect of treatment of AD

For a long time, it is considered that Aβ accumulation is the central and initial 
event in the pathological process of AD. The famous amyloid cascade hypothesis 
thinks that the increase of Aβ levels leads to the pathological events of AD [124, 125]. 
Extensive clinical medicine trials of Aβ finally come to an end, and results showed that 
reduced Aβ load does not affect the cognitive ability of patients with AD [126, 127]. 
So, finding a new target rather than Aβ may be our priority. Microglia play pivotal 
roles in the pathological process, and interfering with their detrimental process in AD 
can become our next focus.

Microglia are shown to maintain the function of neurons by clearing toxic 
damage in the early stage of AD [128]. Consequently, interfering with the activation 
of microglia to lengthen the period of anti-inflammatory seems to be a therapy for 
AD [129]. Other anti-inflammatory cytokines such as IL-2, IL-4, and IL-33 have 
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the potential to ameliorate AD pathology by regulating microglial activation [128], 
despite its results are not decisive [130].

Moreover, TREM2 is shown to be a positive target for treating AD. Recently, 
AL002c, an anti-human TREM2 agonistic monoclonal antibody (mAb), gives a 
positive outcome in 5xFAD mice expressing both the R47H variant and the com-
mon variant (CV). Prolonged administration of AL002c ameliorates filamentous 
plaques, causes neurodystrophy, and regulates microglial inflammation. AL002 
is a derivative product of AL002c, which is modified for clinical use. AL002 is 
proven safe and well-tolerated in a first-in-human phase I clinical trial [131]. 
Overexpression of TREM2 can attenuate the pro-inflammatory effect caused by 
LPS, which can contribute to the increase of NO, LDH, TNF-α, IL-1b, and the 
activation of AKT [132]. Thus, relative experiments can be conducted in CNS.

Another way to increase TREM2 expression in microglia is by preventing 
ADAM10/17 family proteases from shedding extracellular domain [133, 134]. To 
stabilize TREM2 on the cell surface and enhance its activity, a specific mAb against 
TREM2 called 4D9 was screened to selectively compete for α-secretase-mediated 
shedding [133]. Shedding is considered to end cell-autonomous TREM2 signaling, 
and data show an increased phagocytic capacity of cells that express TREM2 by 
inhibiting ADAM proteases [135]. Combined with another research, Aβ clearance 
is TREM2-dependant [136], and future treatments can combine anti-Aβ antibodies 
with microglia-stimulating antibodies (4D9). This view opens a new door to the 
treatment of AD. Another study evaluated aducanumab as another antibody that 
may treat AD, but clinical trial results are still unsatisfactory [137]. In addition to 
cross-linking and activating the TREM2-DAP12 signal, 4D9 also inhibits the shed-
ding of TREM2, resulting in the decrease of soluble TREM2 in vitro and the increase 
of total TREM2 in the brain [133]. This research may consider the role of sTREM2 in 
AD [91]. Since TREM2 is expressed in peripheral myeloid cells, any effects of treat-
ment for TREM2 should be evaluated for peripheral adipose tissue in liver, lung, 
bone, and spleen. However, this has not been thoroughly investigated [91].

A novel property, cyclocreatine, the creatine analog, which can generate a 
supply chain for ATP demand regardless of the TREM2-mTOR pathway [138], is 
found to ameliorate autophagy, induce microglia around Aβ, and decrease neuronal 
dystrophy during dietary administration in 5xFAD mice [63]. Based on metabolism, 
this is a new era for treating AD.

Another research provides a creative angle in treating AD. It is known that men-
ingeal lymphatic vessels drain macromolecular substances from the brain into the 
deep cervical lymph nodes [139], in which meningeal lymphatic serves as a channel 
to transport substances such as an antibody. But ablation of meningeal lymphatic 
vessels in 5xFAD mice can lead to a switch of microglia from homeostasis to DAM 
[140] and inhibit the transportation of antibodies to specific locations, thus exacer-
bating the cognitive ability of AD patients. It may bring unexpected clinical effects 
to patients with AD, if the treatment is placed in the early stage, thus enhancing the 
meningeal lymphatic function and combined with immunotherapy, to better play 
the role of meningeal lymphatic vessels.

Recently, tau pathology is the study focus. Tau hyperphosphorylation causes 
abnormal aggregation and neurodegeneration in AD brains [141], and protein 
phosphatase 2A (PP2A) has the most robust dephosphorylation activity to tau 
protein in vitro and in vivo [142]. A novel DEPho-sphorylation Targeting Chimaera 
(DEPTAC) was designed to enhance the combination of tau and PP2A-Bα, which 
shows high efficiency in preventing tau accumulation in vitro and in vivo [143]. 
Further studies showed that DEPAC significantly improved the microtubule 
assembly, neurite plasticity, and hippocampus-dependent learning and memory in 
transgenic mice [143].
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7. Conclusion

Microglia play important roles in the pathological process of AD. The dual role 
it plays (positive or negative outcomes), its distinctive phenotype, DAM, which is 
specifically expressed in certain regions in AD, still needs further investigation. In 
most findings, TREM2 exhibits positive feedback in inhibiting detrimental factors. 
sTREM2, a soluble form of TREM2 in CSF, and its soluble form in CSF and sTREM2 
can be biological hallmarks for diagnosis. Moreover, a close relationship between 
the TREM2-APOE pathway and AD demonstrates an important pathological 
feature. A new therapeutic method based on TREM2 to manipulate the function 
of microglia is currently being tested. Although there are still numerous obstacles 
ahead to treating AD, it is expected that this field will move closer to understand-
ing the influence of microglia regulation in AD, which is a breakthrough result for 
patients. Most therapeutic treatments targeting Aβ do not get expected feedback. 
Thus, genetic evidence and metabolic mechanism related to AD should be more 
explored in future studies.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Chapter 7

The circRNA and Role in 
Alzheimer’s Disease: From 
Regulation to Therapeutic and 
Diagnostic Targets
Wen Li and Guohua Jin

Abstract

Alzheimer's disease (AD) is a devastating neurodegenerative disorder and the 
most common form of dementia worldwide. Although the great progress on the 
prevention and treatment of AD, no effective therapies are available as yet. With 
the increasing incidence of AD, it has brought a growing burden to the family and 
society. Histopathologically, AD is characterized by the presence of myloid β (Aβ) 
plaques composed of Aβ and neurofibrillary tangles (NFTs) composed of hyper-
phosphorylated tau proteins, which lead to neuronal loss. However, the full spec-
trum of precise molecular mechanism that contribute to AD pathogenesis remains 
largely unknown. circular RNAs (circRNAs) are a novel class of endogenous non-
coding RNAs that play a vital role in post-transcriptional regulation. Recent reports 
showed circRNAs to be an important player in the development of neurodegenera-
tive diseases like AD. In this chapter, we review recent progress on understanding 
the role of circRNAs in AD, and many studies implicating specific circRNAs in the 
development of the disease. Moreover, we explore the potential promise of these 
findings for future diagnosis and treatment.

Keywords: Alzheimer’s disease, circular RNA, molecular mechanism, therapy

1. Introduction

Non-coding RNAs (ncRNAs) are a broad spectrum of functional RNA molecules 
that are transcribed from DNA but not translated into proteins [1]. The discovery 
of microRNAs (miRNAs) in 1993 followed by developments and discoveries in 
small RNA biology have hinted the importance of RNA in the post-transcriptional 
regulation of genes, especially in eukaryotes [2, 3]. With the development of high-
throughput RNA sequencing technologies and bioinformatics methods, thousands 
of new ncRNAs have been discovered. Circular RNAs (circular RNAs, circRNAs) 
are a novel class of highly conservative endogenous ncRNA generated by pre-
mRNA back splicing, which is characterized by a covalently closed-loop structure 
(Figure 1) [4]. It was originally discovered that circRNAs are universally present 
in human and mouse, but then they were found to be common across essentially 
all eukaryotes [5]. Although most circRNAs are generally expressed at low levels, 
some of them are more abundant than their linear counterparts and often exhibit 
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cell-type-specific and tissue-specific patterns [6, 7]. CircRNA levels are highly 
enriched in the brain, both embryonic and adult stage, and many of them play 
important roles in synaptic plasticity and neuronal function [8, 9]. Accumulating 
data suggest key roles for circRNAs in Alzheimer’s disease (AD) by affecting mecha-
nisms such as neuronal plasticity, autophagy, apoptosis, and inflammation [10]. 
This review covers the expression and function of circRNAs in the brain, as well as 
their role involvement in initiation and progression of AD.

2. Characteristics of circRNAs

2.1 Abundance of circRNAs

In the 1970s, circRNAs were first discovered in eukaryotic cytoplasm, but due to 
their low abundance and circular isoforms, these RNAs were perceived as mis-splicing 
occurrences [11]. With the advancement of high-throughput sequencing technology, 
circRNAs have been found to be abundant and widespread not only in metazoans 
including mice, Drosophila, and zebrafish but also in protists, fungi, and plants [7]. 
Although most of these covalently linked transcripts generally are expressed at low 
levels, in some cases, their abundance can exceed that of related linear mRNAs due 
to higher expression accumulation [12, 13]. For example, the expression of CDR1as 
within the brain is highly and independent of the expression of its linear isoform [14]. 
You et al. [15] discovered that the expression of some circRNAs exhibited strong up-
regulation in brain during development, and their expression independent of their 
host linear transcripts. Jeck et al. [16] found that the abundance of some circRNAs 
exceeded associated linear mRNA by >10-fold in human fibroblasts.

2.2 Stability of circRNAs

CircRNAs are found mostly in the cytoplasm, and most undesired splicing 
products accumulate at the transcription site [17]. Because they do not have 5′-3′ 
polarities and polyadenylated tails, which make them much more stable than 

Figure 1. 
Back-splicing and canonical splicing of a single pre-mRNA.
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linear RNA and resistant to RNase R, an exonuclease that efficiently degrades 
linear RNAs [13]. The average half-life of circRNAs in cells exceeds 48 hours, while 
mRNAs only maintaine for the average of 10 hours [14]. Besides, circRNAs may 
also be sensitive to many other RNases, such as RNase A, RNase T1, and RNase T2 
[18], which suggests that circRNA may serve as an ideal biomarker for a variety 
of disease. Recent studies have shown that circRNAs are enriched and stable in 
exosomes, which can be transported to distant tissues and organs via exosomes 
[19]. Moreover, circRNAs can be detected in blood cells like red blood cells, white 
blood cells, and platelets [20]. Besides blood, circRNAs can also be detected in 
other bodily fluids, such as saliva and seminal plasma [14, 21].

2.3 Profile and localization of circRNA

The expression of circRNA has tissue specificity, subcellular location specific-
ity and developmental stage specificity. It is reported that circRNAs in Drosophila, 
mice, and humans are highly enriched in the nervous system [22]. RNA sequenc-
ing of human adult and fetal tissues showed that up to 50% of circRNAs were 
tissue-specific and development-specific fashion, and the number and expression 
levels of circRNAs were higher in fetal tissue than adult tissue [23]. Notably, the 
expression of circRNAs within the brain is highly specific and increases during 
neuronal differentiation and development, which may be involved in brain diseases 
[24]. CircRNAs are mostly found in the cytoplasm, and many of them in neurons 
localized to axons, dendrites, and synaptosomes, which is modulated by neuronal 
activity [15]. Reports show that compared with total brain RNA, circRNAs in 
murine synaptoneurosome fractions and micro-dissected neuropil from hip-
pocampal slices were more enriched in cytoplasmic RNA [25]. This is supported 
by the detection of circRNAs in cultured hippocampal neurons and hippocampal 
slices [15]. Moreover, some circRNAs show a regulated switch in their nuclear and 
cytoplasmic positioning during development [24].

2.4 Classification of circRNAs

According to different combinations of sequences and domains, circRNAs can 
be divided into three categories: exonic circRNAs (EciRNAs), intronic circRNAs 
(CiRNAs) and exon-intron circRNAs (EIciRNA) (Figure 2) [26]. There are three 
hypothetical models explaining the formation of exonic circRNAs. Most circRNAs 
are formed by exon skipping during pre-mRNA transcription to produce specific 
regions, called lariat structures. Lariat structures contain exons, in which the 
intron sequence is then removed by splicing [27]. Other than exon skipping, due to 
the presence of reverse complement sequences in introns of pre-mRNA, circular 
structures can be formed by base-pairing between two introns, and some introns 
are then removed [28].

During the biogenesis of circRNAs, some RNA binding proteins (RBPs) are con-
sidered to participate in the circularization of circRNA, such as Quaking, Muscleblind 
and Fused-in sarcoma [29]. In some cases, during the formation of EciRNAs, 
introns that surround the exons are not removed, and EIciRNAs are generated [30]. 
The formation of CiRNAs depends on a consensus motif containing a conserved 
7-nucleotide GU-rich motif at the 5′ splicing site and the 11-nucleotide C-rich motif 
at the 3′-branch site. it bypasses the action of the debranching enzyme, then gener-
ates a linear intron and form a circularized RNA lariat, leading to the production of 
ciRNA [9, 31]. EciRNAs mainly locate in the cytoplasm, which is the focus of current 
research, accounting for almost 80% of the total circRNAs [6]. CiRNAs and EIciRNAs 
locate in the nucleus, and regulate the expression of their parental genes [32].
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3. Biological functions of circRNAs

circRNAs play key role in gene regulation at the post-transcriptional or tran-
scription level, thereby affecting the level of gene expression. Here, we will intro-
duce how circRNAs work at the molecular level and the underlying mechanisms 
involved in the interaction with other molecules (Figure 3).

3.1 circRNAs can act as microRNA (miRNA) sponges

Some long non-coding RNAs were described as a sponge for miRNAs, which 
can regulate the level or activity of miRNAs by selective sponging [33]. It was 

Figure 2. 
Formation and classification of circRNAs.

Figure 3. 
Functions of circRNAs.
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initially observed that some circRNAs have many miRNA-binding sites, leading 
to speculation that these molecules could act as miRNA sponges. Some circRNAs 
possess multiple binding sites for specific miRNAs, and some circRNAs harbor 
many different types of miRNA binding sites. For example, circRNA Cdr1as 
(ciRS-7) is extensively expressed in the mammalian brain and upregulated dur-
ing neuronal development, which harbors 74 seed binding sites for miR-7 [34]. 
Intriguingly, miR-7 has been implicated, as a key regulator to modulate the 
expression of several oncogenes [35] and hold potential for slowing Parkinson’s 
disease (PD) progression [36]. Similarly, circ-SRY (sex-determining region Y), 
is a master regulator of mammalian sex determination and specifically expressed 
in testis, which has 16 binding sites for miR-138 [37, 38]. Additionally, circHIPK3 
is observed to sponge to 9 miRNAs with 18 potential binding sites [39]. cir-ITCH 
may act as a sponge of miR-7, miR-17, and miR-214 [40]. circHIPK3 was reported 
to bind to miR-124, miR-30a, and miR-558 [39, 41, 42]. So far, circRNA-miRNA 
axis in diseases have been expanded [43], and can be used as an advanced molecu-
lar technology to simulate or manufacture therapeutic agents, which indicates that 
this regulatory function of circRNAs should be a hotspot in the field of RNA. For 
instance, circHomer1 is upregulated in Hepatocellular carcinoma and regulates cell 
proliferation, migration, and invasion by inhibition of miR-1322 [44]. circTLK1 is 
upregulated during the acute period after focal ischemia, which can be functioned 
as an endogenous miR-335-3p sponge, leading to neuronal injury and neurological 
deficits [45]. Through deep RNA sequencing, novel_circ_0003012 and mmu-miR-
298-3p were identified dysregulated in the hippocampus of APP/PS1 mice. Besides, 
novel_circ_0003012/mmu-miR-298-3p axis may regulate the pathological mecha-
nism of AD by the cGPM-PKG signaling pathway [46].

3.2 circRNAs can interact with proteins

The most well-known proteins interacting with RNA molecules are the RBPs. 
RBPs are a large class of over 2000 proteins, that interact with transcripts to par-
ticipate in forming ribonucleoprotein (RNP) complexes to influence the RNA fate 
[47]. Many circRNAs are predicted to interact with RBPs, although bioinformatic 
analyses of circRNA sequences revealed very little enrichment in binding sites 
of RBPs [48]. Human antigen R (HuR), an extensively studied RBP, regulates 
protein expression patterns by associating with a wide range of noncoding RNAs 
(ncRNAs), including miRNAs, long ncRNAs (lncRNAs), and circRNAs [49]. Li 
et al. [50] found that circPABPN1 blocked HuR binding to Atg16l1 mRNA, and 
represses HuR-induced ATG16L1 translation, thereby modulating Autophagy in the 
Intestinal Epithelium. Chen et al. [51] showed that oncogenic circAGO2 physically 
interacts with HuR, resulting in repression of AGO2/miRNA-mediated gene silenc-
ing during cancer progression. Quaking (QKI) is a member of the STAR family of 
KH domain-containing RNA-binding proteins, which is involved in pre-mRNA 
splicing, microRNA regulation, and formation of circRNA [52]. Gupta et al. [53] 
found that overexpression of Quaking 5 (Qki5) strongly attenuates doxorubicin-
induced apoptosis and atrophy in cardiomyocytes via regulating a set of cardiac 
circRNAs. Zhu et al. [54] discovered that Qki5 is significantly downregulated 
in Hepatocellular carcinoma tissues, leading to the reduction of circZKSCAN1. 
Furthermore, circ-Foxo3 was observed to function as a scaffold to regulate the 
expression of its binding proteins by modulating protein–protein interaction. For 
example, circ-Foxo3 interacts with p21 and CDK2, promoting the inhibition of 
CDK2 by p21, and regulating cell cycle progression [17]. circ-Foxo3 can bind to p53 
and Mdm2, to promote Mdm2-induced p53 ubiquitination and subsequent degrada-
tion, resulting in increased levels of Foxo3 protein [48]. circ-Foxo3 can interact with 
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ID-1, E2F1, FAK, and HIF1α, leading to these proteins retaining in the cytoplasm 
and no longer exerting their anti-senescent and anti-stress roles [55].

3.3 m6A modification regulates circRNA translation

N6-methyladenosine (m6A), the most prevalent internal RNA modification in 
mammalian cells, regulates RNA transcription, processing, splicing, degradation, 
and translation [56–58]. m6A modification occurs by RNA methylation on the sixth 
N atom of adenylate (A) in RNAs [59]. m6A modification sites tend to be found 
in the stop codon and 3′ untranslated region with a consensus sequence RRACH 
(in which R represents A or G and H represents A, C or U) [60]. The regulation 
function of m6A is consisted of three factors referred to as “writers”, “erasers” 
and “readers” [61]. m6A “writers” are proteins involved in the formation of the 
methyltransferase complex, including methyltransferase-like 3/14/16 proteins 
(METTL3/14/16), Wilms tumor 1-associated protein (WTAP), RNA-binding 
motif protein 15/15B (RBM15/15B), and Vir-like m6A methyltransferase associated 
(VIRMA, also known as KIAA1429) [62, 63].

m6A methylation is dynamic and, and can be reversed by some demethylases 
(erasers). Erasers include FTO and AlkB homolog 3/5 (ALKBH3/5) [63, 64]. m6A 
regulates gene expression through m6A recognition factors, known as “readers,” 
including YT521-B homology YTH domain family (YTHDF1/2/3), YTH domain 
containing 1 (YTHDC1/2), heterogeneous nuclear ribonucleoproteins (HNRNPs), 
eukaryotic translation initiation factor 3 (eIF3), and insulin-like growth factor-2 
mRNA-binding proteins 1/2/3 (IGF2BP1/2/3) [61, 65].Recent studies have identi-
fied that m6A-modified circRNAs are related with pathophysiological processes. 
For example, m6A-modified RNA immunoprecipitation sequencing (m6A-RIP-seq) 
and RNA sequencing (RNA-seq) revealed the level of m6A abundance in total 
circRNAs was decreased in the lens epithelium cells (LECs) from cortical type of 
ARCs (ARCCs), and ALKBH5 was significantly upregulated [66]. Sun et al. [67] 
found that.

m6A modification are present on circPVRL3, which promoted gastric cancer cell 
proliferation. Huang et al. [68] found that circSTAG1 can bind ALKBH5 to inhibit 
its nuclear entry and increase the level of m6A modification of RNA, which attenu-
ated depressive-like behaviors.

4. Role of circRNAs in AD

There is rising recognition that ncRNAs differences in the context of AD have 
yielded insight into the pathogenic mechanisms underlying this disease as well as 
biomarkers and potential therapeutic targets. Here, we provide the latest informa-
tion on potential circRNAs involved in AD pathology.

4.1 AD pathogenesis

Reported histopathological characteristics of AD are Aβ plaques and NFTs, 
composed of Aβ protein accumulation and phosphorylated tau protein (p-tau) [69].

Amyloid pathogenesis starts with altered cleavage of amyloid precursor protein 
(APP) by β-secretases (BACE1) and γ-secretases, leading to the production of Aβ, 
which is then dumped into the extracellular space [70]. Consequently, accumulat-
ing Aβ forms Aβ oligomers and gradually polymerizes into amyloid fibrils that 
aggregate into plaques [71]. Tau is a microtubule-associated protein in neurons and 
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plays an important role in maintaining the stability of microtubules [72]. Abnormal 
phosphorylation of tau makes it insoluble, reduces its ability to bind tubulin and 
promote microtubule assembly, and makes it self-associate into paired helical 
filament [73]. Additionally, microgliosis is consistently found around plaques in the 
brain [74]. This facilitates microglial activation and inflammatory response, and 
contributes to neuritic damage.

4.2 Aβ production and clearance in AD

Except for some antisense transcripts and microRNAs involved in accumula-
tion, oligomerization, aggregation and formation of Aβ plaques, recent studies have 
shown that circRNAs may play a role in the of production and clearance Aβ [75, 76]. 
For example, circHDAC9 acted as a miR-138 sponge, decreasing miR-138 expres-
sion, Inhibiting the production of Aβ, and alleviating synaptic and learning/memory 
deficits in APP/PS1 mice. Moreover, circHDAC9 was remarkably decreased in the 
serum of both mild cognitive impairment and AD patients [77]. Shi et al. [78] found 
that ciRS-7 promotes the expression of UCHL1, reduces the protein levels of APP and 
BACE1 by promoting their degradation, and inhibits translation of NF-κB, thereby 
reducing the generation of Aβ. Shi et al. [79] demonstrated that circAβ-a, contain-
ing the corresponding Aβ coding sequence, served as a template for the synthesis of 
a novel Aβ-containing Aβ175 polypeptide in both cultured cells and human brain. 
Utilizing deep RNA sequencing, Zhang et al. [80] observed that there are 235 signifi-
cantly dysregulated circRNA transcripts in a 7-month-old senescence-accelerated 
mouse prone 8. Additionally, circRNA-related ceRNA networks in this AD mouse 
model were mainly involved in the regulation of Aβ clearance.

4.3 Neuroinflammation in AD

A number of studies have proven that in addition to Aβ and NFTs, neuroinflam-
mation is exhibited in the brains of AD patients and contributes to the pathogenesis 
of this disease [81, 82]. Not only Aβ can activate the microglia, but also Tau protein 
can trigger inflammation through interaction with microglia. Due to the accumula-
tion of Aβ and hyperphosphorylation of Tau, microglia are persistently activated, 
which produce inflammatory cytokines and chemokines, contributing to the neuro-
inflammation process [81, 83]. For instance, TNF-α can stimulate γ-secretase activ-
ity, which results in increased levels of Aβ and the following cognitive decline in AD 
[84]. IL-1 increases generation of Aβ and phosphorylation of tau protein, leading 
to dysfunction of the cholinergic system [85]. Studies have shown that CCL2 and 
CCL5 expression are increased in the AD brain. Up to now, there are few reports 
in this field. Wang et al. [86] found that in OGD-activated microglia, circPTK2 
regulates neuronal apoptosis via sponging miR-29b. it can be inferred that circRNAs 
may be involved in the activation of AD microglia. One study on circRNAs involved 
in neuroinflammation indicates that circ_0000950 inhibits miR-103 expression and 
increases prostaglandin-endoperoxide synthase 2 (PTGS2) expression in AD mod-
els. Moreover, circ_0000950 promotes neuron apoptosis, neurite outgrowth, and 
affects the level of IL-1β, IL-6 and TNF-α via directly sponging miR-103 in AD [87].

4.4 Oxidative stress in AD

Emerging evidences demonstrate that oxidative stress has been recognized as a 
contributing factor in the progression of AD. It has been confirmed that elevated 
levels of Aβ are associated with increased levels of oxidation products, and protein 
and lipid oxidation was observed in brain regions rich in Aβ [88, 89]. Moreover, 
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due to the role of protein Tau both in the modulation microtubule dynamics and 
morphology and physiology of neurons, Tau alteration would constitute to a target 
for oxidative stress in AD [90, 91]. Recently, important regulatory roles of some 
circRNAs in the oxidative stress have been identified. Previous studies have shown 
that panax notoginseng saponins (PNS) could protect neurons in AD brain from 
oxidative stress damage injury via attenuating the production of 8-hydroxydeoxy-
guanosine (8-OHdG), enhanceing the expressions and activities of superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-PX) [92]. 
Through circRNA Microarray, it was found that PNS treatment leads to five 
circRNAs upregulation and two circRNAs downregulation. Next, mmu_cir-
cRNA_013636 and mmu_circRNA_012180 were selected, and GO and KEGG 
analyses were showed that mmu_circRNA_013636 and mmu_circRNA_012180 
were involved in AD-associated biological process [93]. Based on these results, the 
mmu_circRNA_013636 and mmu_circRNA_012180 may be associated with the 
mechanisms by which PNS attenuates AD progression, and may be highly related to 
the regulation of oxidative stress. Zhu et al. [94] found that the expression level of 
circular ribonucleic acid 0001588 was suppressed in model of AD, which promoted 
cell growth, reduced levels of lactate dehydrogenase, caspase-3, and caspase-9. 
Besides, circular ribonucleic acid 0001588 reduced reactive oxygen species produc-
tion via activation of the silent information regulator 1 pathway.

4.5 Autophagy in AD

Substantial studies reveal that deficits in autophagy are involved in AD patho-
genesis. Defective autophagy and mitophagy, which is responsible for synaptic 
dysfunction and cognitive deficits, are triggered by Aβ and Tau accumulation [95]. 
Recently, several reports have described potential roles for circRNAs in autophago-
some assembly or vesicular transport-mediated pathways [96]. For example, Chen 
et al. [97] found that circNF1–419 regulates autophagy through PI3K-I/Akt-AMPK-
mTOR and PI3K-I/Akt–mTOR signaling pathways, and reduces the expression 
of AD marker proteins Tau, p-Tau, Aβ1–42, and APOE in AD-like mice. Using 
circRNA microarray, GO analysis revealed that mmu_circRNA_017963 is highly 
associated with autophagosome assembly, exocytosis, apoptotic process, transport 
and RNA splicing in an AD mouse model. Moreover, KEGG pathway analysis indi-
cated that mmu_circRNA_017963 was strongly related with synaptic vesicle cycle, 
spliceosome, glycosaminoglycan, and SNARE interactions in vesicular transport 
[98]. All of these biological processes are reported to play an important role in the 
development of AD [98, 99].

4.6 Therapeutic targets and diagnostic biomarkers in AD

Due to the high stability with covalently closed continuous loop, circRNAs 
are not sensitive to ribonucleases, such as RNase R, and have a longer half-life 
compared to linear RNAs [100]. An accumulating number of studies have shown 
that dysregulated circRNAs are significantly related to AD, which are considered 
to be potential biomarkers. For instance, Dube et al. [101] found that circRNA 
expression significantly associated with the diagnosis of AD, the severity of clini-
cal dementia, and the severity of neuropathology. Lo et al. [102] profiled circRNA 
expression at different AD stages in brain samples from four brain regions: anterior 
prefrontal cortex, superior temporal lobe, parahippocampal gyrus and inferior 
frontal gyrus using a public RNA-sequencing dataset. There are 147 differentially 
expressed circRNAs to be found in the four regions, and most circRNAs in AD 
patients with severe symptoms are enriched in the parahippocampal gyrus. This 
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finding could help to distinguish the disease severity of patients, and further 
implying that circRNAs may serve as biomarkers of AD. In addition, circRNAs can 
stably exist in blood plasma and cerebrospinal fluid. Liu et al. [103] discovered 
that hsa_circ_0003391 is significantly downregulated in the peripheral blood, and 
closely related to clinical features of patients with AD. By microarray, Li et al. [104] 
found 112 circRNAs were upregulated and 51 circRNAs were downregulated in 
cerebrospinal fluid of AD patients. Among the up-regulated circRNAs, circ-AXL 
was negatively correlated with Aβ42 and positively correlated with t-Tau and p-tau, 
suggesting it hold the clinical value for predicting disease risk and disease severity 
of AD. Moreover, research on circRNAs sponges may help to design and develop 
effective artificial sponges to regulate disease progression. As a stable and effective 
miRNA inhibitor, artificial miRNA sponge technology may be a new strategy for 
RNA gene therapy in the future.

5. Conclusions and future perspectives

circRNAs have gained increased attention because of their involvement in differ-
ent biological processes. With the rapid progress of high throughput sequencing and 
bioinformatics technology, multiple circRNAs have demonstrated to be closely asso-
ciated with various diseases. Although the function and modulation of circRNA has 
not been clearly understood, studies have started to excavate effect of AD-related 
circRNAs, which brought us many surprising findings. As a class of stable RNA, 
circRNAs have natural advantages and may play vital roles as therapeutic targets 
and prognostic factors for AD. Recently, with the emergence of CRISPR-Cas13d 
screening tools [105], lipid nanoparticle (LNP) delivery system [106], the in vitro 
engineered preparation of circRNA can be realized, and make the application of 
circRNA in clinical therapy possible. In addition, Lavenniah et al. [107] constructed 
a circmiR sponge targeting the known cardiac pro-hypertrophic miRs-132 and 
miRs-212, and delivered it to cardiomyocytes in vivo by Adeno-associated viruses 
(AAVs). Subsequently, the hypertrophic characteristics of the disease were attenu-
ated, thus supporting the therapeutic potential of Engineered circRNAs. However, 
there are some some questions that deserve attention. Firstly, most of the current 
studies on circRNAs rely on the results of RNA-sequencing and microarray. There 
are significant differences between the output of different algorithms, emphasizing 
that these circRNAs need urther validation. Secondly, many circRNAs have been 
identified to be differentially expressed at different developmental stages, but the 
precise mechanisms are still not clear. Thirdly, at present, most studies on circRNAs 
mainly focus on miRNA sponge, and there are few studies on other mechanisms. In 
conclusion, circRNA research is still in its infancy and their molecular mechanism 
and functional role need to be further elucidated. circRNAs are widely involved in 
the regulation of physiological and pathophysiological processes, and may have the 
potential to be new biomarkers and novel therapeutic targets.
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Chapter 8

Transcranial Red LED Therapy: 
A Promising Non-Invasive 
Treatment to Prevent Age-Related 
Hippocampal Memory Impairment
Claudia Jara, Débora Buendía, Alvaro Ardiles, 
Pablo Muñoz and Cheril Tapia-Rojas

Abstract

The hippocampus is an integral portion of the limbic system and executes a 
critical role in spatial and recognition learning, memory encoding, and memory 
consolidation. Hippocampal aging showed neurobiological alterations, including 
increased oxidative stress, altered intracellular signaling pathways, synaptic impair-
ment, and organelle deterioration such as mitochondrial dysfunction. These altera-
tions lead to hippocampal cognitive decline during aging. Therefore, the search 
for new non-invasive therapies focused on preserving or attenuating age-related 
hippocampal memory impairment could have of great impact on aging, consider-
ing the increasing life expectancy in the world. Red light Transcranial LED therapy 
(RL-TCLT) is a promising but little explored strategy, which involves red light LED 
irradiation without surgical procedures, safe and at a low cost. Nevertheless, the 
precise mechanism involved and its real impact on age-related cognitive impair-
ment is unclear, due to differences in protocol, wavelength applied, and time. 
Therefore, in this chapter, we will discuss the evidence about RL-TCLT and its 
effects on the hippocampal structure and function, and how this therapy could 
be used as a promising treatment for memory loss during aging and in age-related 
diseases such as Alzheimer’s Disease (AD). Finally, we will mention our advances in 
Red 630-light-Transcranial LED therapy on the hippocampus in aging and AD.

Keywords: aging, hippocampus, memory, LED therapy, mitochondria

1. Introduction

Aging is a biological process characterized by a general decline in cell function. 
Life expectancy is increasing and has turned aging into a social problem in the 
world. The brain is one of the organs that is most affected by age [1, 2], therefore 
new investigations into safe and non-invasive treatments to reduce age-related brain 
damage and subsequent cognitive impairment are of critical importance. The aging 
brain displays synaptic alterations that negatively affect cognitive capacity, especially 
memory. The hippocampus mediates the formation of new memories and age-
related hippocampal dysfunction compromises learning and memory processes [3].  
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Interestingly, in hippocampal memory loss, mitochondrial dysfunction plays a 
central role. Synaptic and mitochondrial dysfunction are early events in aging, mutu-
ally influenced, triggering age-associated memory defects [4]. Then, the need arises 
to find new strategies that can help elderly people to pass a better old age, without 
forgetting their memories or their history.

A promising but little explored strategy is the application of non-invasive cell 
stimulation with specific light types. Photobiomodulation is the use of light to 
stimulate or regenerate organs and tissues. Red-near-infrared (800-1100 nm) and 
red (600 nm) wavelengths of light-emitting diodes (LED) have been used for a 
range of therapeutic purposes [5–7]. These wavelengths could penetrate through 
the skin and have the potential to improve the cellular function of compromised 
tissue [5, 7]. Red-near-infrared and red LED therapy involves the interaction of 
photons with molecules in the cells [5, 8, 9]. Specifically, Transcranial LED therapy 
(TCLT) defines the limited application of LED therapy to the brain. The LED light 
travels through the layers of the scalp and skull to reach brain cells [10–12]. The 
brain is commonly irradiated with red (RL) or near-infrared (NIR) light (600-
1100 nm), with a total output power of 1-10,000 mW, a power density that has 
no thermal effects [9]. Several studies have reported the use of brain irradiation 
with red or near-infrared (600-1100 nm) LED improving tissue repair, blood flow, 
cicatrization, and recovery following trauma [12–14]; however, the results are 
variable due to differences in protocols and wavelengths, LED potential, stimula-
tion time the tissue target, the animal model used, as well as the doses or treatment 
period [13, 15–17].

Diverse experimental and clinical studies have been performed to test tran-
scranial LED therapy with promising results in brain function [9, 14, 16]. Thus, 
in vivo studies using 660 nm and 810 nm Red-light Transcranial LED therapy 
(RL-TCLT) in a mice model of aging induced by D-galactose in BALB/c mice 
improved spatial memory and increased mitochondrial function [18]. In trans-
genic AD mice, RL-LED treatment of the whole body recovered interstitial fluid 
flow, reduced Aβ deposition in the brain, and alleviate cognitive deficits [19]. 
Furthermore, studies in patients victims of severe traumatic brain injury (TBI) 
showed positive effects after RL-TCLT, enhancing their quality of life, by improv-
ing their memory, and decreasing affections such as pain, depression, nervous-
ness, and insomnia (Figure 1) [12, 20, 21].

Also, complementary in vitro studies with 600–850 nm LED irradiation 
showed light absorption by the cytochrome c oxidase (COX) enzyme, the complex 
IV of the oxidative phosphorylation (OXPHOS) system located in the electron 
transport chain (ETC) from the mitochondria [5], leading to the upregulation 
of the mitochondrial respiratory capacity and increased ATP production [4, 22]. 
In vitro assays also propose that mitochondrial COX act as a photoreceptor that 
mediates the beneficial effects of photobiomodulation [23]. Nevertheless, until 
is unclear how COX mediates the beneficial effect regulating energy production, 
and for this reason, most of the reports concluded that the mechanism underlying 
the neuroprotective actions of RL-TCLT is not completely understood. More stud-
ies are required to determine the biological events that lead to neuroprotection or 
neuronal repair.

In this chapter, we will summarize the evidence about the studies using Red 
Light Transcranial LED therapy (RL-TCLT), mainly focused on their positive 
effect in the brain, and particularly in the hippocampal structure and function. 
In addition, we will discuss the possible mechanisms involved in the beneficial 
effects of RL-TCLT, putting particular emphasis on the mitochondria. Finally, we 
will briefly comment on our main finding using RL-TCLT, as a potential anti-
aging therapy.
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2.  Red light transcranial LED therapy (RL-TCLT): types, devices, uses, 
an d effects

The use of transcranial photobiomodulation is promising in therapeutic and 
medical benefits for health, with increasing application and projection also in aging 
and neurodegenerative diseases [9, 24, 25]. The light presents different character-
istics that could be used advantageously in the field of health, principally by recent 

Figure 1. 
Beneficial effects of red and near-infrared light on the brain. Diverse reports have shown that irradiation 
of the brain with red and near-infrared light improves different conditions, including cerebral aging and 
age-related memory loss, stroke, depression, neurodegeneration in several neurodegenerative diseases, pain and 
trauma, tissue repair and cicatrization, and atrophy among others.
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lighting technologies based on an extensive range of diverse light sources, that have 
been used for photobiomodulation [8]. Light for therapeutic purposes corresponds 
to a small fraction of the spectrum of luminous radiation, generally in the visible 
spectrum [8, 25], where it has a biological effect based on the premise of mamma-
lian cellular metabolism from photoreceptors and chromophores molecules [25].

Diverse devices have been used, including Light Amplification by Stimulated 
Emission of Radiation (Laser) devices, Low-level light laser therapy, and light-
emitting diodes (LED) devices [26]. LED devices are semiconductors that present a 
high efficiency of electrical energy conversion into optical energy, dissipating little 
thermal energy [26]. Furthermore, these devices can have widely fluctuating power 
levels depending on the size, number, and power of the individual diodes [16, 27, 
28]. LED devices have been compared with lasers; however, devices irradiating LED 
are bandwidth (approx 40 nm), beam divergence, incoherent radiation emission, 
and high optical output power; favoring the absorption of energy by different 
molecular structures [5, 8]. In addition, LED devices have been considered as a 
safety by the US Food and Drug Administration (FDA) [29].

Red-Light Transcranial Led Therapy (RL-TLTC) involves power-efficient, low 
heat-producing light sources that have the potential to deliver high-intensity RL of 
600-690 wavelengths, that can be pulsed or continuous [30]. In this therapy, the 
light goes through the layers of the skin and skull, to stimulate the brain and specific 
cerebral regions, causing biological responses that result in benefits for the indi-
vidual [7, 8, 31]. In particular, RL-LED mediated a vibrational absorption process, 
which produces a photochemical effect that leads to the absorption of photons by 
specific molecules in the cell [5]. In addition, the wavelength (nm), energy density 
(J/cm2), and power density (mW/cm2) are parameters that determine the effective-
ness of RL-TLTC. The wavelength of light used is critical since not all ranges of light 
used have a similar effect, some ranges present reduced effects such as wavelength 
in the 700–750 nm range. In contrast, RL-LED at 600–690 nm or 760–900 nm has 
more impact on the biological tissues [5, 8]. Considering that these parameters 
of light radiation interact with biological tissue, they cause optical phenomena of 
reflection, transmission, propagation, and absorption. These characteristics also 
can present variations depending on tissue irradiated, for example by different 
concentrations of photoreceptor and chromophores molecules that contain biologi-
cal tissues, like water, cytochromes, and organic molecules as flavins, hemoglobin, 
and melanin, among others [5]. When light is absorbed, the photon energy reaches 
the target molecules producing vibrational, rotational, or electronic processes, 
which generate diverse effects including photochemical, photo-thermal, photo-
mechanical, or photo-electrical stimulation [5].

Interestingly, in the use of RL-TLCT, no standard protocol has been established 
in the literature; moreover, a few reports have shown studies using diverse param-
eters as varied wavelength ranges, time (sec/min), irradiance, or power density, and 
energy density with similar results, and important benefits in the brain health [5]. 
For example, studies applying Transcranial LED therapy bilaterally with wave-
lengths of 633 and 870 nm, have shown significant progress in both animals models 
with acute traumatic brain injury, and patients with acute stroke. In both cases 
also have been observed an improvement in the cognitive capacity post-treatment 
with this therapy [20]. Other studies using Low-level Laser Therapy (LLLT), with 
parameters of energy of 3 J/cm2, a wavelength of 810 nm, and power density of 
20 mW/ cm2, in primary cultured cortical neurons exposed to oxidative stress 
reveal that LLLT increased the mitochondrial membrane potential and reduced high 
ROS levels, reducing neuronal death [32]. Similarly, other studies showed that LLLT 
has a positive impact on neuronal function in both in vitro and in vivo, enhancing 
the metabolic capacity of neurons and cognitive functions including memory [14].
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Thus, while the transcranial research using RL LED or laser remains in the 
initial stages, growing evidence showed that although the RL and NIR-light therapy 
presents a wide range of characters, can modulate cell activity, including energy 
metabolism and cell function [25]. This is relevant since these therapies can lead 
to the improvement of pathological conditions and be in future significant clinical 
contribution, for example performing clinical treatments that allow helping older 
persons to prevent or mitigate the age-related cognitive impairment (Figure 1).

3. Effects of RL-TCLT on hippocampal structure and function

The effects of RL-TCLT on the nervous system, neuronal repair, and improv-
ing cognition are growing, and have been well-documented in cellular, animal 
models, and human studies [8]. Since the past decade, the use of RL-TCLT as an 
advanced and non-invasive therapeutic method in several brain-related condi-
tions has attracted interest from researchers in biomedical science, including those 
conditions or pathologies that manifest memory loss. Nevertheless, the underlying 
neural mechanisms are not well understood. The hippocampus is a brain structure 
of special importance in studying aging and cognitive decline, its main function is 
learning and memory [33]. It is a dorsoventrally elongated area, composed of the 
dentate gyrus (DG), the cornu ammonis (CA) fields CA1, CA2, and CA3, and the 
subiculum cortex [34]. The trisynaptic circuit is the main excitatory hippocampal 
synaptic pathway, formed by 3 neuronal groups: granule cells in the DG, and 
pyramidal neurons of the CA1 and CA3 [35]. This circuit receives inputs from the 
superficial layers of the entorhinal cortex via the perforant path to the DG. The DG 
projects to the CA3, which in turn projects to the CA1. Thus, CA1 projects to the 
deep layers of the entorhinal cortex, closing the circuit [33, 35, 36]. The hippocam-
pus mediates recognition and spatial memory, by a highly regulated circuit with a 
high-energy demand [37]. Besides, is important to highlight that the hippocampus 
is highly susceptible to factors such as mitochondrial dysfunction, stress, inflam-
mation, or physiological process such as aging, accumulating damage that gradually 
lead to a loss of hippocampal function [33].

Spatial memory gradually decreases with the age, since the hippocampus is criti-
cal for this type of memory, and the impairment of hippocampal neurons unequiv-
ocally results in spatial memory diminishing [37]. Studies from our and other 
groups have shown the reduced capacity of aged mice to learn and remember spatial 
tasks [4, 38, 39]. This is indicated by increased time to find a hidden platform in the 
Morris Water Maze (MWM) or a hidden chamber in the Barnes Maze (BM), two 
classic probes to evaluate hippocampus-dependent spatial memory [4, 22]. A report 
using the senescence-accelerated prone 8 (SAMP8) mice, a mouse model widely 
used to study oxidative impairment, and age-related brain damage, showed that 
RL-TCLT at 630 nm for two consecutive months prevents spatial memory loss in 5 
month-old (mo) SAMP8 mice, and more importantly rescued the cognitive deficits 
in SAMP8 mice of 7 mo [40]. This last was accompanied by reduced ROS levels in 
the brain and increased activity of antioxidant enzymes such as catalase and form-
aldehyde dehydrogenase [40]. Similarly, TCLT with NIR laser at 810 nm applied in 
mice exposed to acute sleep deprivation showed reduced hippocampal oxidative 
damage, increasing the activity of antioxidant enzymes, including superoxide dis-
mutase (SOD) and glutathione peroxidase (GPx) [16]. Additionally, several studies 
with cells, animals and in clinical trial conclude that RL-TCLT may have a potential 
effect on the brain since that has been observed that RL-TCTL protect nerve cells 
from a future impairment, reducing permanent neuronal damage and increasing 
their survival. For example, the treatment of K369I tau (K3) mice, a transgenic 
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mouse model of tauopathies and Alzheimer’s Disease, with NIR (600–1000 nm) 20 
times four weeks reveal a reduction in the size and number of amyloid-β plaques in 
the neocortex and hippocampus [41].

Besides, RL-TCLT may have a potential effect promoting both synaptogenesis 
and neurogenesis [42]. Both processes are essential to facilitating connectivity, 
neural regeneration, and generate structural changes that help to maintain exist-
ing neurons, and to encourage the growth of new neurons and synapses process 
[43, 44]. In this context, IR-light at 808 nm (350 mW/cm2 and 294 J) was applied 
in the scalp of a photothrombotic model of ischemic stroke in rats for seven days 
during 2-minute daily. The authors observed that IR-light therapy significantly 
attenuated behavioral deficits and infarct volume in cortical regions induced by 
photothrombotic stroke. This improvement was accompanied by neurogenesis 
and synaptogenesis, as is indicated by increased immunoreactivity of the prolif-
erative and differentiation markers BrdU, Ki67, DCX, MAP2, spinophilin, and the 
synaptic marker synaptophysin [45]. Also, other clinical studies reveal positive 
effects of transcranial LED therapy on cerebral blood fluid (CBF) in patients in 
a vegetative state or with major depression and anxiety. LED treatment by 20 
or 30 min per session, thrice per week over 6 weeks, or two times daily for over 
seventy days, with different wavelengths of 610, 627, and 810 nm increase CBF, 
improving cerebral vascular perfusion and reducing brain disorders [9, 46, 47]. 
Similarly, the application of TC-LLL therapy at 810-nm in mice model of corti-
cal impact and traumatic brain injury reveal increased proliferating neural cells 
around the lesion, possibly activating regenerative mechanisms such as induc-
ing neurogenesis in the dentate gyrus of the hippocampus [48]. Besides, they 
observed that the mice treated improved learning and memory reducing cognitive 
impairment [48, 49].

Thus, while its positive effects have been demonstrated countless times in ani-
mal models, they have yet to be proven in broad-scope clinical testing. However, the 
research that does exist is very promising, strongly indicating that RL-TCLT could 
be a viable treatment for a broad range of neurological diseases including stroke, 
traumatic brain injury, Parkinson’s disease, Alzheimer’s disease, and depression, in 
addition to providing cognitive enhancement for healthy subjects of advanced age 
that manifest cognitive impairment.

4.  Effects of RL-TCLT on synaptic neurotransmission and synaptic 
plasticity

Considering that irradiation with RL between 600 and 1200 nm produces 
changes at molecular, cellular, and tissue levels [50, 51] improving cognitive 
capacities [52], this enhancement in brain function will result in synaptic neuro-
transmission and synaptic plasticity potentiation after light treatment [53, 54]. 
Neurotransmission and synaptic plasticity represent the capacity of synaptic 
connections to adapt structurally and functionally in a stimulus-dependent manner 
[43]. Both synaptic neurotransmission and synaptic plasticity can be affected by 
different factors, such as mitochondrial dysfunction and increased oxidative stress, 
as well as physiological events including aging, stroke, brain injuries, or neuro-
degenerative disease, among others [22, 55, 56]. Therefore, treatments focused 
in maintain or promote neurotransmission and synaptic plasticity are attracting 
increasing attention. In this context, despite the beneficial effects showed for 
RL-TCLT on cognition, practically not exist electrophysiological studies using this 
therapy. As an approximation, we will discuss the studies using transcranial low-
level laser light (TC-LLL).
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Studies both in vitro and in vivo have shown that TC-LLL therapy supports neu-
ral function, this has been observed principally in reports using transgenic mouse 
models of Alzheimer’s disease (AD) [57]. Meng et al. observed that TC-LLL therapy 
at 632.8 nm in primary hippocampal neurons treated with full-length Aβ1–42 peptide 
reduced Aβ-induced neurotoxicity. In addition, TC-LLL therapy shows neuropro-
tective effects decreasing Aβ-induced dendrite atrophy [57]. Also, TC-LLL treat-
ment increased the expression of brain-derived neurotrophic factor (BDNF) in cell 
line and cultured neurons derived from APP/PS1 transgenic mice, suggesting that 
this neurotrophin will be modulating dendritic structure, promoting the survival 
of neurons and dendrite growth, and potentiating synaptic transmission in the 
CNS [57, 58]. All these results can be explained by the activation of the ERK/CREB/
BDNF pathway mediated by TC-LLL therapy [45] because this pathway is involved 
in the dendritic development of neurons [45, 57, 59]. Therefore, the TC-LLL therapy 
can induce activation of signaling transduction pathways, and gene transcription, 
which increases protein expression of different synaptic effectors and modulators, 
effects that also are potential therapeutic in treating neurodegenerative disease.

Interestingly, the NIR-LED light treatment at 670 nm in the Tg2576 mice model 
of AD, which progressively accumulated Aβ in their brain [60], indicate that NIR-
LED therapy decreased the levels of Aβ1–42 at the synapses and Aβ oligomer-induced 
reduction in long-term potentiation (LTP), relevant processes of neuroplasticity 
that correlates with memory formation [61]. Therefore, NIR-LED light therapy 
recovered crucial processes related to synaptic function, necessary to the preserva-
tion of cognition abilities [62]. Additionally, studies with photobiomodulation 
transcranial therapy with wavelengths of 635 nm in a mouse model of depression 
showed that this treatment reduces glutamate levels and neurotoxicity, improving 
the depressant behavior. These beneficial effects can be explained by the activation 
of the PKA pathway and the increased levels of the α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors. In addition, reduce the expression of 
GluA1, decreasing the glutamatergic neurotransmission. Thus this therapy could 
rescue excitatory synaptic transmission, improve synaptic plasticity, and have also a 
potential anti-depressive effect [63].

Thus, several pieces of evidence suggest that the application of transcranial 
therapy light could be used to improve cellular components associated with the syn-
aptic function [42], which is essential in the maintenance and preservation of cog-
nition, including learning and memory [43]. In addition to the therapeutic effects at 
the molecular level, it is proposed the generation of changes at the behavioral level, 
such as cognitive improvement, antidepressant effects, and sleep improvement 
[42]. Furthermore, this therapy can stimulate neuronal organization or reorganiza-
tion, therefore it could be extremely promising as a method of stabilization and/
or improvement of various brain disorders or nervous system, and neurodegenera-
tive diseases [30, 42]. However, more extensive studies are necessary to evidence 
all the cellular and molecular mechanisms involved in these encouraging results. 
This last especially considering that the evidence summarized here consider severe 
differences in the device and light type used, the protocol of administration, and 
the study model. Is imperative to advance understanding the multiple targets of red 
light in the synaptic structure and function.

5. RL-TCLT mechanisms: improving mitochondrial function

Considering the multiple reports revised previously, now known that Red Light 
therapy, including Red and InfraRed LED light and Red Laser light, have favor-
able effects on brain structure and function, and especially in the hippocampus 
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improving cognitive functions [9, 25, 42]. This enhances in cognitive capacity could 
be explained by the activation of neurogenesis and synaptogenesis [9, 42], as well 
as by the stimulation of processes related to synaptic plasticity such as LTP [62]. 
However, any of these events reveal a potential mechanism by which Red light treat-
ment results therapeutic to different affections such as aging, neurodegenerative 
disease, stroke, and depression among others [42].

Interestingly, all pathological conditions mentioned previously involve, almost 
in part, dysfunction of hippocampal neurons attributable to mitochondrial defects 
[64, 65]. For example, mitochondrial dysfunction is considered a hallmark of aging 
and could be considered one of the factors leading to neurodegeneration [4, 22, 66]. 
Studies in humans and animal models showed that decreased memory correlates 
with reduced cerebral energetics metabolism and more specifically to mitochon-
drial bioenergetics deficits [4, 22, 66]. Therefore, the mitochondrial focus of aging 
and neurodegenerative diseases is of great interest for the development of a potent 
and ideally non-invasive anti-aging intervention to improve or attenuate cognitive 
impairment in the elderly.

Notably, enhanced metabolic functioning is one of the most identifiable proper-
ties of irradiate neuronal cells with RL or NIR light, resulting in increased intracel-
lular ATP production [8]. Thus, mitochondrial ATP production is one of the most 
strongly suggested mechanisms of action of RL therapy [5, 8]; for example, studies 
using RL-TCLT at 660 nm for 15 sec daily for 2 weeks in aged 18 mo mice improved 
ATP concentration [16]. More specifically, studies in vitro with RL and NRL LED 
radiations with a wavelength between 600 and 850 nm have shown that the effects 
of this treatment are principally attributed to photon absorption by complex IV of 
the mitochondrial respiratory chain [5]. This mitochondrial complex corresponds 
to the cytochrome c oxidase (COX) enzyme [22] and it seems that RL increases the 
activity of this enzymatic complex, leading to enhancement of oxygen consumption 
and ultimately to mitochondrial respiration [5]. COX is a photo acceptor of RL and 
NIR light, which generates a redox change in the enzyme [5, 8]. In turn, this causes 
a transient change in mitochondrial membrane potential (mψ) and increases ATP 
production [5, 16]. Thus, wavelengths corresponding or near to red will be improv-
ing the mitochondrial production of ATP, potentiating the synaptic and cognitive 
function [5, 42]. Nevertheless, is important to highlight that other works report 
that RL could inhibit the COX enzyme. In particular, NIR wavelengths of 750 nm 
and 950 nm reduced the activity of the COX complex. This results in decreased 
mitochondrial respiration and a loss of mitochondrial membrane potential (ΔΨm) 
[67]. Is surprising to note that the attenuation of mitochondrial function and the 
concomitant production of superoxide radical reduce neuronal death exposed to 
oxygen–glucose deprivation and in a mice model of ischemia, an effect that is not 
observed after other NIR wavelengths that activate COX [67]. Altogether, these 
contradictory results question the real effect of RL on COX responsible for the 
beneficial effects of this therapy (Figure 2).

On the other hand, several reports showed that RL-LED modulates the levels 
of reactive oxygen species (ROS) [30, 40]. Studies using RL-LED illumination at 
630 nm reduces brain H2O2 levels in cultured cells and the brain of SAMP8 mice 
[40]. This could be explained by an increment in the activity of antioxidant enzymes 
such as catalase or also could be a consequence of increased mitochondrial func-
tion with reduced electron leak [5, 16]; more studies are necessary to evaluate these 
possibilities. Besides, in this study, the authors showed that RL-LED absorption 
activates transcription factors that regulate long-lasting effects on gene expres-
sion [16], therefore this suggests that Red Light therapy could be a more complex 
mechanism, at a long time, and not only a transient activation of several enzymes. 
Other results also showed that Red 635 nm irradiation inhibits the expression of COX 
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enzyme, reducing ROS levels and mRNA of cytosolic phospholipase A2 (cPLA2) and 
secretary phospholipase A2 (sPLA2) [68]. This also consequently inhibits the release 
of PGE2, suggesting an additional anti-inflammatory effect (Figure 2).

Additional mechanisms that will be involved in the positive effects of RL-LED 
implicate Ca2+ ions modulation [8, 40]. RL and NIR LED are recognized by water 
groups formed in the heat/light-gated Ca+2 channel. This induces vibrational water 
energy, which in turn disorganizes the protein structure of the Ca+2 channel. This 
conformational change finally leads to channel opening; modulating intracellular 
Ca+2 levels [5]. This possible mechanism is relevant in neurons, considering that 
intracellular Ca+2 levels are critical to trigger survival or death pathways related to 
synaptic activity [69].

In summary, despite various mechanisms that could be mentioned such as the 
potential molecular target of RL and NRL, still is necessary additional research 
in the field to understand the events that result in synaptic and cognitive func-
tion. Possibly these improvements are the result of diverse events occurring 
simultaneously.

6.  Future perspectives of transcranial Red630-light-transcranial LED 
therapy preventing age-related memory loss: Our advances

Despite diverse studies shown possible molecular targets of RL-LED therapy  
[5, 8], the precise mechanism underlying the neuroprotective actions of RL-TCLT is 
not completely understood. Therefore, more studies are required to determine the 

Figure 2. 
Mechanism of action proposed to red and near-infrared light and its cellular effects. Transcranial therapy 
using red and near-infrared light has been proposed to photoactivate the cytochrome c oxidase (COX) enzyme, 
the complex IV of the electron transporter chain of the mitochondria. However other reports propose that 
several wavelengths inhibit COX enzyme; modulating ROS and ATP production, calcium homeostasis, and 
inflammatory processes.
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biological events that lead to neuroprotection or neuronal repair in both aging and 
neurodegenerative diseases. Possibly, the main problem related to the incapacity of 
determining a detailed mechanism is based on the variability of wavelengths, times 
of treatment, and models used [15, 16, 40, 63, 70]. Therefore, this highlights the 
need for complete studies using the same mice model, LED dispositive, and therapy 
protocol, to understand and describe the mechanism(s) underlying the benefits of 
RL-TCLT.

Interestingly, RL-TCLT at 630 nm in patients with traumatic brain injuries, using 
a helmet that emits radiation for 30 min, three times per week, for six weeks showed 
a great reduction in post-traumatic stress symptoms, insomnia, and depression, 
suggesting improved cognitive function [71]. More importantly, the same RL-TCLT 
used in aged patients with mild cognitive impairment improves memory in these 
aged humans. For this reason, and to study the complete effects and mechanisms 
of RL-TCLT in aging, we designed a unique RL-TCLT device to emit homogeneous 
light at a wavelength of 630 nm, with 100 J of energy, a power density of 0,35 w/
cm2, and an energy density of 43.5 J/cm2 in the brain of mice, specifically in the 
hippocampus.

We applied RL-TCLT to the hippocampus of 7.5mo SAMP8 mice, a mice model of 
accelerated aging, with an irradiation time of 125 s daily (excluding weekends) for 
5 weeks. This protocol is equivalent to the applied to patients with mild cognitive 
impairment described previously, and the mouse lifespan. We started the RL-TCLT 
in SAMP8 at 7.5mo because we and other authors showed that the non-transgenic 
SAMP8 mice present age-related hippocampal memory loss since 6mo and is more 
evident from 7mo onwards [72]. Interestingly, our results reveal that 7.5mo SAMP8 
mice treated with RL-TCLT at the hippocampus improves spatial learning and 
memory of aged SAMP8 mice. This cognitive improvement will be due to a possible 
remodeling of the synaptic structure toward more active synapses reducing the risk 
of excitotoxic events. This is suggested by i) an increase in presynaptic proteins such 
as synaptophysin (SYP) and Synapsin (SYN) that increase the neurotransmitter 
release [73], ii) a decrease in the NMDAR subunit NR2B, whose protein levels are 
related to excitotoxicity [74] and iii) higher Arc protein levels, a marker of synaptic 
plasticity [75] (Jara et al., manuscript in preparation).

Considering that both memory formation and synaptic activity are highly 
dependent on energy [76], that mitochondria are the main ATP producer of the 
cell [22], and that the suggested mechanisms by RL-TCLT target the mitochondria 
[5], we evaluated different mitochondrial functions in the hippocampus of treated 
SAMP8 mice with RL-TCLT. Relevantly, we observed increased ATP production, 
higher activity of the OXPHOS complex II-III, and IV (COX enzyme); suggesting 
that RL-TCLT directly stimulates mitochondrial bioenergetics function enhancing 
the activity of other OXPHOS complexes in addition to COX (Jara et al., manuscript 
in preparation). Similarly, we observed decreased levels of the mitochondrial cal-
cium uniporter (MCU), suggesting that it will result in reduced mitochondrial Ca+2 
overload and swelling, enhancing mitochondrial Ca+2 buffering. In fact, this last 
was validated in Ca+2 overload assays in hippocampal mitochondria from RL-TCLT 
SAMP8 mice (Jara et al., manuscript in preparation), indicating that RL-TCLT also 
improves the calcium buffering capacity of the aged hippocampal mitochondria. 
Whether bioenergetics and calcium buffering enhancing are directly related or are 
independent mechanisms requires future analysis.

Thus, our results indicated RL-LED-mediated mitochondrial stimulation, 
which could be transient or permanent. But it is difficult to think that only tran-
sient activation of mitochondrial function could explain the improved cognitive 
effects produced by RL-TCLT treatment. Although mitochondrial ATP produc-
tion is vital for synaptic communication, it is probably not solely sufficient to 
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result in improved hippocampal memory. Therefore, is highly probable that other 
mechanisms are involved in the beneficial effects of RL-TCLT, which result in gene 
transcription and the consequent cellular remodeling. In concordance with the 
anterior, we also observed higher PGC-1α protein levels, a transcriptional coactiva-
tor considered the main inducer of mitochondrial biogenesis that also regulates 
mitochondrial function [77]. This suggests that RL-TCLT will stimulate the gen-
eration of new mitochondria or the activation of gene-dependent mitochondrial 
reparation pathways that result in increased mitochondrial function. However, this 
requires a robust study.

7. Conclusions

In conclusion, despite the majority of treatments using RL-LED therapy are 
focused on cosmetic applications, RL-TCLT generates cellular effects that will be 
used to treat different affections including aging and neurodegenerative disease. 
For this, is necessary to be prudent to decide the more adequate wavelength, light 
intensity, and duration of therapy, because according to these parameters will found 
positive or negative effects. In addition, RL-TCLT seems to improve antioxidant 
defenses and mitochondrial function by enhancing COX IV activity. In concordance 
with these findings, we also propose that RL-TCLT stimulates mitochondrial func-
tion, both enhancing OXPHOS-mediated mitochondrial bioenergetics and calcium 
buffering capacity. Finally, we suggest that prolonged exposition to RL-TCLT result 
in a permanent remodeling of the cell, by a mechanism that involves gene transcrip-
tion, which results in higher synaptic and cognitive function. Future studies are 
extremely necessary to solve all the questions regarding the benefits of RL-TCLT.
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Chapter 9

New Prospects for Stem Cell 
Therapy in Alzheimer’s Disease
Kun Jiang, Yongqi Zhu and Lei Zhang

Abstract

Alzheimer’s disease (AD) is a kind of neurodegenerative disease with insidious 
onset and progressive progression. The etiology of AD may be related to the loss 
of neurons, astrocytes, and microglial in the nervous system. Exogenous stem cell 
transplantation has brought hope to the treatment of AD. Stem cell transplantation 
can reduce amyloid β-protein (Aβ) deposition and Tau phosphorylation, and provide 
secretory factor support to improve learning and memory deficits. The purpose of 
this review is to provide an overview of the relationship between different stem cell 
species and the treatment of AD, and also summarize current experimental stem cell 
therapy strategies and their potential clinical applications in the future.

Keywords: Stem cells, Therapy, Alzheimer’s disease (AD)

1. Introduction

According to the World Alzheimer Report 2019, more than 50 million people 
worldwide suffer from dementia. It is expected to grow to 152 million by 2050. The 
current cost of treating dementia is $1 trillion a year, and that cost is expected to 
double by 2030. There are more than 200 subtypes of dementia, of which 50 to 60 
percent are caused by Alzheimer’s disease (AD). The concept of the disease was 
proposed by Alois Alzheimer in 1907. It was later recognized as the most common 
neurodegenerative disease. Although decades have passed since the discovery of the 
pathological mechanism of Alzheimer’s disease, we still do not know what causes 
the disease. It is well known that Alzheimer’s disease is a sporadic, age-related 
disease, with only a small proportion caused by genetic factors. The disease is char-
acterized by a progressive decline in cognitive function. Clinically, these patients 
present with short-term memory impairments that interfere with activities of daily 
living, followed by impairments in other cognitive areas such as language, logical 
understanding, orientation, executive function, judgment, behavior, and finally 
motor impairments [1]. The pathological features of AD include: Senile Plaques 
(SP) formed by the deposition of amyloid β-protein (Aβ) outside neurocyte; The 
abnormal phosphorylation of intracellular Tau protein results in the neurofibrillary 
tangles (NFTs); Synaptic loss, neuroinflammation, neurocyte apoptosis in the neo-
cortex and hippocampus of the brain. The pathological manifestations were brain 
atrophy [2–5]. In this review, we believe that the most effective strategies should 
target the biological feature which is most associated with symptoms, the loss of 
synapses, to treat the disease. Specifically, we focus on recent advances in cell-
based therapies that aim at repopulation or regeneration of degenerating neuronal 
networks in AD [6].
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2. Alzheimer’s Disease’s neuropathology

As mentioned in the background, we group the pathological changes of 
Alzheimer’s disease into two types, which provide evidence of the disease’s occur-
rence and progression: (1) Positive lesions. The main findings include SP caused 
by Aβ deposition and NFTs caused by abnormal phosphorylation of intracellular 
Tau protein. Otherwise, dystrophic neurites, neuropil threads and various other 
sediments found in the brains of patients with AD also falls into this category. (2) 
Negative lesions, which can also called loss type lesions. The main clinical mani-
festation is brain atrophy due to loss of synapses. At the same time, other factors, 
including neuroinflammation, oxidative stress, and damage to cholinergic neurons, 
are all important factors leading to the occurrence of neurodegenerative diseases.

2.1 Senile plaques (SP)

The SP are extracellular deposits of Aβ with different morphological forms, 
including neuritic, diffuse, dense-cored, or classic and compact type plaques [5].

The formation of Aβ is from the amyloidogenic cleavage of human amyloid 
precursor protein (APP) [7]. The anomalous processing of APP by β-secretases and 
γ-secretases leads to production of Aβ40 and Aβ42 monomers, which further oligo-
merize and aggregate into SP [8, 9]. Although soluble Aβ40 is much more abundant 
than soluble Aβ42, Aβ42 exhibits a higher propensity for aggregation, due to hydro-
phobicity within its two terminal residues. Indeed, Aβ42 is the main component 
of amyloid plaques and is shown to be neurotoxic [10]. Recent neuroimaging and 
neuropathology researches reveal that Aβ sedimentation is mainly related to cogni-
tive disorder of the old, and it is not very relevant with other clinical features [11].

2.2 Neurofibrillary tangles (NFTs)

Tau protein is mainly distributed in neurons. Repeated Pro-Gly-Gly-Gly frag-
ments help it bind to tubulin and maintain the structural stability of microtubules. 
The presence of Tau protein contributes to the maintenance of cytoskeleton and 
the integrity of axon transport [12]. NFTs are filamentous structures filled in the 
cytoplasm of neurons -- paired helical fibers (PHF). The reason of Tau hyper-
phosphorylation is the increased protein kinase activity. Protein kinase activity 
such as glycogen synthase kinase 3β (GSK-3β) activity can be decreased to reduce 
phosphorylation. Meanwhile, decreased phosphatase activity is also the reason of 
hyperphosphorylation. In addition, the lack of glucose in the brain can make Tau 
hyperphosphorylated by mediating the signal pathway of p38 mitogen-activated 
protein kinase (MAPK). Increasing the level of glucose in the brain may provide a 
new idea for treating AD, by using a pharmacological model of glucose deprivation 
and investigated its effect on Tau phosphorylation, synaptic function and cognition 
in a relevant transgenic mouse model of tauopathy, the h-Tau mouse [13]. It has 
been shown that phosphorylation of Tau protein at the early stage of AD inhibits Aβ 
toxicity, being that Tau phosphorylation-mediated by p38 MAPK can antagonize 
the postsynaptic excitation toxicity caused by Aβ [14, 15].

2.3 Synaptic loss

Soluble Aβ collaborate with pTau to induce synapse loss and cognitive impair-
ment in AD [16]. Metabolism of Aβ and Tau proteins is crucially influenced by 
autophagy. Autophagy is a lysosome-dependent, homeostatic process, in which 
organelles and proteins are degraded and recycled into energy [17]. Neuroplasticity 
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is an ongoing process that responds to the activity, injury, and death of neurons, 
including the regulation of the structure and function of axons, dendrites and 
synapses [18]. Overdeposition of Aβ and abnormal phosphorylation of Tau both 
lead to decreased neuroplasticity, which is manifested in a series of clinical symp-
toms caused by synaptic loss in AD [12, 19]. Aβ and Tau both trigger mitochondrial 
alterations. Some evidence suggests that mitochondrial perturbation acts as a key 
factor that is involved in synaptic failure and degeneration in AD [20]. Synaptic 
plasticity and long-term potentiation (LTP) are all about N-methyl-D-aspartate 
receptor (NMDAR). Aβ oligomer facilitates astrocytes (AS) to release glutamate by 
a7nAChR and activates NMDAR, making extracellular regulated protein kinases 
(ERK) signaling pathway to be suppressed and finally suppressing LTP, therefore 
the synaptic damages caused by NMDAR hyperactivation are the possible mecha-
nisms of AD occurring [21].

2.4 Neuroinflammation

The AD pathophysiology entails chronic inflammation involving innate immune 
cells including microglia, astrocytes, and other peripheral blood cells. Inflammatory 
mediators such as cytokines and complements are also linked to AD pathogenesis 
[22, 23]. Activation of microglia can induce the production of inflammasomes, 
which in turn increase inflammatory cytokines, and may eventually result in Aβ 
deposition [24, 25]. Studies have shown that after being activated, astrocytes 
will release the corresponding cytokines, which can lead to the enhancement of 
neuronal toxicity, as well as a decreased outgrowth of neuronal processes and an 
overall decreased activity rate [26]. Recent studies have shown that there is a direct 
interaction between microglia and astrocytes. In the form that once microglia are 
activated, they can lead to activation of astrocytes, thus forming feed-forward loops 
that are harmful to the surrounding environment [26]. The mechanism showed 
that when being activated, microglia release IL-1α, TNFα and C1q and astrocytes 
become activated. Microglia and astrocytes are major modulators of inflammation 
in the brain, and they are also the major sources of apolipoprotein E (ApoE) in the 
brain. ApoE is a multifunctional protein with central roles in lipid metabolism. 
It transports lipids, including cholesterol, through the cerebrospinal fluid (CSF) 
and plasma [27, 28]. Earlier studies have shown that the presence of ApoE helps 
to inhibit glial activation of lipopolysaccharides in glial cell culture experiments, 
suggesting that ApoE may exert a protective anti-inflammatory effect [29, 30]. 
Moreover, the exacerbated proinflammatory state that occurs during this period of 
AD can trigger the hyperphosphorylation of Tau. Several of the kinases responsible 
for Tau phosphorylation are activated by proinflammatory mediators and have been 
shown to worsen Tau pathology [31].

2.5 Cholinergic neurons’ injuries

The Acetylcholine (ACh) receptor (AChR) is a vital membrane protein on which 
ACh acts as a neurotransmitter. The cholinergic receptors are broadly categorized 
as muscarinic ACh receptors (mAChR) and nicotinic ACh receptors (nAChR) on 
the basis of their exogenous agonists [32]. ACh plays an important role in human 
memory function and is strongly associated with age-related dementia such as AD, 
in which hippocampal dependent learning dysfunction is prominent. Cholinergic 
neurons densely dominate the hippocampus and mediate the production of episodic 
and semantic memory [33]. In patients with AD, the synthesis, release and uptake 
of ACh in the hippocampus, neocortex and cerebrospinal fluid were decreased, the 
choline acetyltransferase (AChE) was significantly decreased, and the activity of 
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acetylcholinesterase was decreased [34]. Clinically, the main method of drug treat-
ment for AD is to improve the function of the brain’s cholinergic system. Although 
inhibitors of acetylcholinesterase is a symptomatic relief treatment with marginal 
benefits, it is currently the most available clinical treatment which gives desperate 
AD patients a glimmer of hope [35].

3. Stem cell therapy for AD

There are some theoretical approaches to treat early AD. One is to target upregu-
lation of resident neural stem cells (NSCs) niches within the adult brain. In fact, 
this regulation is to stimulate the development of adult hippocampal nerve, which 
has reached the purpose of compensating the degenerated nerve. Adult hippocam-
pal neurogenesis may play a key role in learning and memory, so promoting this 
endogenous process may help improve amnesia in patients with early AD. Another 
approach is to up-regulate growth factors that are known to modulate neurogenesis 
integrally, either through drug therapy or gene therapy or, as we describe in this 
paper, through stem cell therapy. This type of growth factor includes brain-derived 
neurotrophic factor (BDNF) [36, 37], insulin growth factor-1 (IGF-1) [38], nerve 
growth factor (NGF) [39–42], vascular endothelial growth factor (VEGF) [43, 
44] and so on. Stem cell therapy aims to rescue cognitive function by introducing 
exogenous stem cells to restore degenerated neural networks. These stem cells 
can be used as cell delivery systems through the natural or induced production of 
neuroprotective growth factors utilizing the paracrine “bystander” mechanism. 
Alternatively, therapeutic recovery may occur through the differentiation and 
involvement of stem cells in refilling degenerated neuronal circuits. It’s a finely 
balanced, complex, multi-step process.

Some of stem cells are now in clinical use, such as embryonic stem cells (ESCs) 
derived from the inner cell mass of preimplantation embryos and induced plu-
ripotent stem cells (iPSCs) derived from the epiblast layer of implanted embryos 
[45, 46]. Mesenchymal stem cells (MSCs) can promote tissue repair through the 
secretion of extracellular vesicles that carry a variety of cytokines, growth factors 
and microRNAs (miRNAs) [47]. Adipose tissue-derived stem cells (ADSCs) are 
a replacement therapy for MSCs, with the similar mechanism which secretion 
extracellular vesicles (EVs) to multiple proteins possessing neuroprotective and 
neurogenesis activities [48]. NSCs participate extensively in mammalian brain 
homeostasis and repair and exhibit pleiotropic intrinsic properties which makes 
them a good method for the treatment of AD [49].

3.1 ESCs

ESCs are cells isolated from early embryos or primitive gonads. It has the charac-
teristics of infinite proliferation, self-renewal and multidirectional differentiation 
in vitro culture. Both in vitro and in vivo, ESCs can be induced to differentiate into 
almost all cell types in the body, so they can be used to improve the recovery of 
neurodegenerative diseases (such as AD). Therefore ESCs have a broad application 
prospect in autologous stem cell therapy [50, 51]. Thymic epithelial progenitor cells 
derived from mouse ESCs with deleted amyloid precursor protein gene have been 
proved to have the ability to alleviate AD symptoms [52]. Early human embryonic 
stem cells (hESCs)-derived neural populations consist of various embryonic neural 
progenitors (ENPs) with broad neural developmental propensity. The hESC-ENP-
enriched neural transcription factors (TFs) can directly transform human cells 
into ENP phenotypes. Induced ENPs (IENPs) and their derivatives summarize the 
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signature pathological characteristics of AD and hold promise for future strategies 
for disease modeling and clinical intervention [53].

Although ESCs are good candidates for AD cell therapy, they may bring some 
ethical and practical problems. Even if we overcome the problem of immune rejec-
tion, there have been reports of teratomas resulting from transplanted ESCs [54].

3.2 NSCs

NSCs have the ability to differentiate into neuronal astrocytes and oligodendro-
cytes, which are self-renewing and sufficient to provide a large number of brain 
tissue cells [55, 56]. In the past, it was thought that NSCs lost their ability to regener-
ate during the prenatal period or several months after birth. However, some recent 
studies have shown that NSCs also exist in adult brain tissues, mainly located in the 
subventricular zone (SVZ) and hippocampus dentate gyrus (DG) [57–60]. Due to 
their multidirectional differentiation and self-renewal, NSCs play an important role in 
maintaining brain homeostasis, promoting normal nerve development and repairing 
damaged nerves, which provides a possible choice for stem cell therapy for AD [49, 61]. 
A large number of studies have shown that the gradual accumulation of Aβ leading to 
the loss of synapses related to cognitive deficits is an important mechanism of AD [62]. 
In the hippocampus of AD mice after NSCs transplantation, the level of Synaptophysin 
(SYP), postsynaptic density protein 95 (PSD-95) and microtubule-associated protein 
(MAP-2) were significantly increased, which are important protein markers related 
to synaptic plasticity and play an important role in synaptic plasticity and stability, 
indicating improved learning and memory ability in AD mice [63–65]. Damage of 
cholinergic neurons in the basal forebrain is another important feature of AD [66]. 
Reduced cholinergic function due to cholinergic neuron injury may results in learning 
and memory impairments [67]. Transplantation of NSCs into the basal forebrain will 
increase the level of choline acetyltransferase (ChAT) protein, restoring the damaged 
neurons and improving the learning and memory ability [68, 69].

Recent studies have demonstrated the mechanism of NSCs transplantation to 
improve cognitive function, which is replacing damaged neurons with the dif-
ferentiation of transplanted NSCs and enhancing synaptic density by releasing 
neurotrophic factors [61, 70, 71]. Neurotrophic factors have been shown to improve 
cognitive impairment [72, 73]. Although NSCs transplantation has great potential to 
be an excellent choice of cell therapy for AD in the future, there are many problems 
in its application: (1) The attribution that supports the differentiation of NSCs 
into a specific cell type is not clear. (2) Although NSCs transplantation can salvage 
synaptic damage and participate in the interaction of endogenous neuronal circuit 
function, there is no accurate answer to the duration of this effect. (3) The localiza-
tion of the transplanted area and the viability of the transplanted cells are only the 
initial challenges of NSCs therapy, and subsequent interactions with cells in the host 
environment are also important. In some studies, NSCs after transplantation is dif-
ficult to trace, and in the cases where NSCs can be traced, the number of activated 
cells is also difficult to quantify [74]. (4) Many studies have identified transplanted 
NSCs have potential risk of developing brain tumors, such as glioblastoma [75, 76]. 
(5) Extrinsic NSCs transplantation also involves ethical issues. Direct isolation of 
NSCs from the primary tissue is dangerous. Non-patient-specific NSCs are more 
likely to result in immune rejection [54, 77].

3.3 MSCs

MSCs are pluripotent stem cells, which have all the common features of stem 
cells, namely self-renewal and multidirectional differentiation. As major stem cells 
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that have undergone extensive clinical trials, MSCs bring hope for the treatment 
of a variety of diseases [78]. MSCs come from a wide range of sources. The most 
common ones are bone marrow mesenchymal stem cells (BMSCs), adipose-derived 
stem cells (ADSCs), umbilical cord derived mesenchymal stem cells (UC-MSCs), 
etc. Their biological characteristics are also different [79].

MSCs have the ability of immune regulation, neuroprotection and regenera-
tion. The main mechanisms of MSCs in the treatment of AD are as follows [80]: 
(1) Secrete growth factors: MSCs secrete a variety of pro-cytokines that may play 
a beneficial role in AD [81]. (2) Secrete exosomes: Exosomes refer to extracellular 
vesicles, which are biocompatible nanoparticles with lipid membranes. These 
vesicles can transmit messages across biological barriers. Studies have shown that 
intercellular exchange of miRNA and proteins through EVs can reduce neuroin-
flammation, promote neurogenesis and angiogenesis, save learning disabilities 
and improve functional recovery [82, 83]. (3) Reduce neuroinflammation by 
regulating autophagy: MSCs can affect the autophagy of immune cells involved 
in injury-induced inflammation, thereby reducing their survival, proliferation 
and function, and facilitating the regression of inflammation. In addition, MSCs 
can affect the autophagy of endogenous adult or progenitor cells, promote their 
survival, proliferation and differentiation, and support the recovery of functional 
tissues [84]. In addition, foreign proteins conveyed by MSCs can regulate microglia 
function and enhance neurogenesis, so as to alleviate early memory deficits in AD 
[85]. Transplantation of MSCs carrying CX3CL1 (a multifunctional inflammatory 
chemokine with a single receptor CX3CR1) [86] and Wnt3a (CX3CL1-Wnt3a-MSC) 
can regulate phosphoinositide 3-kinase/activated protein kinase B (PI3K/AKT) sig-
naling to inhibit the activity of glycogen synthase kinase 3 beta (GSK3β), improving 
the neurobehavioral function of mice by transplanting microglia with neurotoxicity 
and promoting hippocampal neurogenesis.

Reports have shown that EVs secreted by adipocytes derived from ADSCs may 
treat AD by alleviating neuronal damage, promoting neurogenesis and reducing the 
increase of neuronal apoptosis [48, 87]. EVs secreted by BMSCs can reach astro-
cytes to promote synaptic development and improve cognitive impairment [88, 89]. 
Hepatocyte growth factor (HGF), a core functional factor secreted by UC-MSCs, 
plays a key role in regulating the recovery of damaged nerve cells [90]. MSCs 
derived from ESCs have a better effect than BMSCs in the treatment of AD [91].

Modified MSCs pretreated with different conditions or reagents can signifi-
cantly enhance the therapeutic effect of AD and improve cognitive impairment, 
such as cytokine pretreated MSCs [92], hypoxia preconditioned MSCs (PCMSCs) 
[93], MSCs modified by lin28B [94], MSCs prepared by cerebrospinal fluid of AD 
patients [95], ADSCs pretreated by melatonin (MT) [96], UC-MSCs combined with 
resveratrol [97].

3.4 iPSCs

Using defined reprogramming factors to reprogram fully differentiated somatic 
cells into iPSCs has become a novel strategy to produce pluripotent cells derived from 
patients that enable autologous transplantation [98]. The apolipoprotein E4 (ApoE4) 
variant is the single greatest genetic risk factor for sporadic Alzheimer’s disease 
(sAD) [27–30]. sAD iPSCs convert ApoE4 to ApoE3 in brain cell types. This conver-
sion can reduce many AD-related diseases [99]. The generation of neural precursors 
from iPSCs has also been extensively studied. In the production of astrocytes, the 
mutation in presenilin1 (PSEN1) increased Aβ production and oxidative stress. At 
the same time, it also altered cytokine release and Ca2+ homeostasis. These changes 
reducing neuronal support function in PSEN1 astrocytes [100, 101]. EVs of either 
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50–200 nm in size (called exosomes) or 200 nm−1 μm in size (called micro-vesicles) 
are membrane-bounded vesicles. They can carry RNAs, proteins, and other metabo-
lites. They are secreted from all cell types and present in biological fluids such 
as serum and plasma [50, 102]. Human iPSCs can be cultured infinitely under a 
chemically defined medium. The properties and functions of exosomes and micro-
vesicles (called EMVs) from human iPSCs are different with the ones secreted by 
human MSCs. Purified EVs produced by both stem cell types have similar sizes, but 
human iPSCs produced 16-fold more EVs than MSCs [103]. Neurons from patients 
with early-onset familial Alzheimer’s disease (fAD) and patients with late-onset sAD 
showed increased phosphorylation of Tau protein at all investigated phosphorylation 
sites. Relative to the control neurons, neurons derived from patients with fAD and 
patients with sAD exhibited higher levels of extracellular amyloid-β 1–40 (Aβ1–40) 
and amyloid-β 1–42 (Aβ1–42) [104–106]. Using iPSCs-derived neurons to recapitulate 
AD pathology in vitro has significant applications in the study of pathogenesis and 
screening for potential therapeutic drugs. They are now the subject of extensive 
study in vitro [107]. Studies have also shown that EVs from iPSCs can play an impor-
tant role in heart repair [108].

3.5 Clinical trials and results in humans

Due to the inconsistent results of various preclinical studies, stem cell therapies 
other than MSCs are still difficult to be applied clinically. Some articles specifically 
showed us the application of MSCs-based stem cell therapy in human clinical trials 
[6, 80, 109, 110]. In recent years, more studies have been conducted on rodents. The 
effects of MSCs on AD pathology and cognitive mouse models may be mediated by 
the regulation of neuroinflammation [111, 112]. In recent years, clinical trials using 
mesenchymal stem cells have been conducted around the world. A completed clini-
cal trial in the United States (Trial identifier: NCT03117738) investigated the safety 
and efficacy of autologous ADSCs. At the same time, a team studied the efficacy 
of UC-MSCs (Trial identifier: NCT01297218). Compared with cholinergic drugs 
that only improve symptoms, UC-MSCs are immunologically stable and not-toxic, 
and have better therapeutic effect on AD. UC-MSCS remain a common cell choice, 
although there are key differences in cell number, dose quantity, and dose schedule 
(Trial identifier: NCT03172117). Two separate trials, both currently undergoing 
recruitment, will utilize alternative MSC sources. One studies human MSCs (Trial 
identifier: NCT02833792) and evaluates its safety and efficacy. The other utilizes 
the exosomes derived from allogenic adipose mesenchymal stem cells (MSCs-Exos) 
(Trial identifier: NCT04388982) to treat patients with mild to moderate dementia 
due to AD. While many of these trials employ an intravenous infusion administra-
tion route, one trial (Trial identifier: NCT03724136) administered BMSCs to the 
nasal mucosa topically, to investigate whether there was an improvement in efficacy 
in combination with intravenous injection.

4. Future directions

Numerous preclinical studies have revealed the different mechanisms of various 
stem cells and demonstrated the great potential of stem cells to treat AD. However, 
the biggest problem in this area of research is that it is difficult to translate animal 
studies into human trials. In fact, researchers have used nearly a hundred meth-
ods to effectively treat AD in transgenic mouse models. Disappointingly, almost 
every approach has failed in human clinical trials or has never even been tested in 
humans. Clearly, rodent models and their pathological assumptions are insufficient 



Hippocampus - Cytoarchitecture and Diseases

170

Author details

Kun Jiang, Yongqi Zhu and Lei Zhang*
Department of Human Anatomy, Institute of Neurobiology, Jiangsu Key 
Laboratory of Neuroregeneration, Medical School, Nantong University, 
Nantong, Jiangsu Province, China

*Address all correspondence to: zhanglei@ntu.edu.cn

to predict clinical outcomes in humans. Therefore, the establishment of more accu-
rate models is needed for cell therapy of AD. Since the goal of truly simulating the 
pathological progress of AD in human body has been achieved, more experiments 
on cell therapy need to be carried out.

At the same time, key questions remain to be addressed, including the safety of 
treatment, optimal cell source and delivery system. While cell therapies may not be 
able to fully compensate for the loss of extensive synapses, they can help to tem-
porarily improve existing depleted circuits enough to improve cognitive function, 
restore basic daily living functions, and improve quality of life. For us, stem cell 
therapy for AD still has a long way to go.

5. Conclusion

AD is a neurodegenerative disease, which is characterized by excessive depo-
sition of Aβ and abnormal phosphorylation of Tau protein and synaptic loss. 
Studies and clinical trials in recent years are also based on these basic mechanisms. 
Although the role of stem cell therapy in AD is not fully understood, many preclini-
cal studies have provided a number of promising results. However, human clinical 
trials are still in their infancy, and most current research is still centered on animal 
experiments. But it also shows the broad prospects of stem cell therapy for the AD. 
A large number of preclinical studies have demonstrated the theoretical basis, and 
new studies are continuing to reveal the underlying mechanisms. Among many 
stem cells, MSCs-based therapies are widely accepted and have met certain clinical 
trial standards. The vast majority of cell therapies for AD have been conducted 
on rodents, and we must be aware of a wide range of physiological differences 
between humans and rodents. We need to understand the mechanism of treatment 
through animal experiments and establish the correct translation model for human 
application.
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Abstract

Maternal Diabetes is one of the most common metabolic disorders resulting an 
increased risk of abnormalities in the developing fetus and offspring. It is estimated 
that the prevalence of diabetes during pregnancy among women in developing 
countries is approximately 4.5 percent and this range varies between 1 to 14 percent 
in different societies. According to earlier studies, diabetes during pregnancy is 
associated with an increased risk of maternal and child mortality and morbidity as 
well as major congenital anomalies including central nervous system (CNS) in their 
offspring. Multiple lines of evidence have suggested that infants of diabetic women 
are at risk of having neurodevelopmental sequelae. Previous studies reveal that the 
offspring of diabetic mothers exhibit disturbances in behavioral and intellectual 
functioning. In the examination of cognitive functioning, a poorer performance 
was observed in the children born to diabetic mothers when compared with the 
children of non-diabetic mothers. Therefore, it is important to study the possible 
effects of maternal diabetes on the hippocampus of these infants.

Keywords: Maternal diabetes, Central nervous system, Hippocampus, 
Hyperglycemia

1. Introduction

1.1 Hippocampus

The hippocampus in humans is a part of the cortical region that is connected to 
the limbic system and consists of two cortical structures: the hippocampal forma-
tion and the parahippocampal region. Hippocampal formation refers to a group of 
structures with a unique cellular structure and arrangement that accompany the 
hippocampus and include: dentate gyrus, hippocampus, subiculum, presubiculum, 
and parasubiculum [1, 2]. The main difference between these two structures is the 
number of cortical layers and their general connections. The hippocampus in the 
coronal sections is a C-shaped structure located into the lower horn of the lateral 
ventricle. Its general shape is similar to a seahorse (Figure 1A) [3].

The most common classification for the hippocampus in non-human primates 
and other laboratory animals is, the hippocampus is divided into 4 subfields, 
CA1-CA4. In humans, most parts of the hippocampal formation are located on 
the floor of the temporal horn of the lateral ventricle (Figure 1B). The part of the 
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hippocampus that is located in the floor of the lateral ventricular temporal horn 
(most parts of CA1 and CA2 and the distal part of CA3) is about 4 cm long [1].

1.1.1 Evolution of hippocampal formation in humans

By the ninth week of pregnancy, the primary hippocampus develops within the 
cerebral hemispheres but does not resemble an adult hippocampus. At the middle 
of the third trimester of pregnancy (weeks 19–15), immature dentate gyrus, the 
subiculum, and different areas of the hippocampus can be identified. The hippo-
campal groove deepens and different areas of the hippocampus appear to be more 
developed, at the end of the 25th week of pregnancy. Although cell layers are more 
pronounced in CA1 and CA2-CA3; But the boundary between CA1 and subiculum 
is not clear. By the last trimester of pregnancy (34 weeks), the hippocampal groove 
is narrower and the boundary between CA1 and subiculum is distinguishable; 
CA1, CA2, and CA3 are recognizable and seem the dentate gyrus has a mature 
appearance.

It should be noted that a decrease in hippocampal cell density is observed in the 
postnatal period, which is probably due to the apoptosis and the growth of neurons 
and filaments. No significant morphological changes are seen until puberty and, 
and the only myelination is gradually completed [4, 5].

1.1.2 Hippocampal functions

The first theory suggested that the hippocampus has a key role in olfactory func-
tions. But this theory was not accepted because Studies in later years showed that 
the hippocampus did not receive any nerve fibers directly from the olfactory bulb; 
However, the further study indicated that the hippocampus may be involved in 
olfactory responses, and in particular in olfactory memory [6]. In addition, Jeffrey 
Gray suggested that the hippocampus might play a role in anxiety [7].

Years later, three main ideas for hippocampal function were explained: response 
inhibition, learning and memory, and spatial cognition [8]. The majority of psy-
chologists and neuroanatomists believe that the hippocampus plays a principal role 
in the formation of new memories about experienced events (episodic or autobio-
graphical memory), which is part of the role of the hippocampus in its activity in 
discovering new events, places, and stimuli [9, 10]. Some researchers believe that 
the hippocampus is responsible for declarative memory in addition to episodic 
memory [11, 12]. Severe damage to the hippocampus can cause problems with 
the formation of new memory, as well as impairment of earlier formed memory. 

Figure 1. 
Isolated hippocampus of human which is similar to seahorse (A). The shape and location of the hippocampus 
in humans (B).
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However, the memory from years before the hippocampal injury may remain intact, 
which appears to be due to the transfer of memory from the hippocampus to other 
parts of the brain over the years [8].

Interestingly, damage to the hippocampus does not affect some types of mem-
ory, such as motor memory and the ability to learn new motor and cognitive skills, 
such as playing a musical instrument and solving a variety of tables. This implies 
that these abilities depend on other types of memory called working memory, 
which involve different areas of the brain [13]. Several researchers distinguish 
between conscious recollection and familiarity which depends on the hippocampus 
and portions of the medial temporal lobe, respectively [14]. The hippocampus 
and related areas are necessary for the systematic formation and organization of 
memory, their retrieval, and the repetition of learned experiences. Hippocampal 
neurons encode a large amount of information received in the form of senses and 
experiences and are implicitly organized [9].

The hippocampal/internal temporal lobe (HC/MTL) complex seems to be neces-
sary for the formation of spatial memory. This memory requires the interpretation 
and processing of sensory information received from the environment. In mammals 
in general, the proper functioning of the hippocampus, especially CA1, is essential 
for the formation and processing of space-related memory. Evidence suggests 
that the right hippocampus in humans plays a key role in spatial memory, and in 
rodents, the amount and accuracy of spatial memory are directly related to the 
number of hippocampal mossy fibers [15–17].

1.2 Diabetes

According to the World Health Organization (WHO), the term diabetes 
mellitus refers to a metabolic disorder with a variety of causes, including chronic 
hypoglycemia and impaired metabolism of carbohydrates, fats, and proteins 
due to impaired insulin secretion, insulin function, or both. Diabetes mellitus 
can have long-term effects and involve a variety of organs, including the central 
and peripheral nervous system, cardiovascular system, kidneys, and muscles. 
According to the World Health Organization, approximately 347 million people 
worldwide suffer from diabetes. However, 80% of these patients live in develop-
ing countries, and this number is increasing day by day [18, 19]. In addition, 
the number of people suffering from this metabolic disease in 2000 was 171 
million, which will increase to 366 million in 2030 if proper prevention and 
treatment strategies are not implemented [20]. It is also estimated that by 2050 
the incidence of diabetes in the world will increase by 198%, which will have 
a significant impact on increasing health care costs [20, 21]. As well as, global 
estimates suggest that by 2030, most people with diabetes will be 45 to 64 years 
old. The prevalence of type 2 diabetes is much faster than type 1, due to the 
increasing prevalence of obesity and reduced physical activity, which is one of the 
 consequences of the industrialization of countries [22].

1.2.1 Diabetes can be divided into three general categories

1.2.1.1 Type 1 diabetes (T1D)

Type 1 diabetes, or insulin-dependent diabetes, is caused by the destruction of 
pancreatic beta cells as a result of insufficient insulin release. This type of diabetes 
is most common in adolescence and young adulthood and accounts for 10% of all 
diabetes cases [23].
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1.2.1.2 Type 2 diabetes (T2D)

Type 2 or non-insulin-dependent diabetes, which is more common than type 1 
diabetes, occurs due to insensitivity and resistance to insulin in the body along with 
insufficient insulin release. This type of diabetes is more common in the elderly, 
especially women [22].

1.2.1.3 Gestational diabetes mellitus (GDM)

Gestational diabetes mellitus is another type of diabetes that can be diagnosed 
during pregnancy and is defined as any amount of glucose intolerance that develops 
or is first diagnosed during pregnancy. However, in most cases, it is type 2 diabetes, 
which obviously leads to type 2 diabetes in 30 to 50 percent and in some cases has a 
similar course to type 1 diabetes [24]. According to this issue, diabetics and preg-
nant people can be divided into two groups: a group of people with diabetes who 
had diabetes before pregnancy (pre-existing diabetes) and may have one type of 
diabetes (T1D or T2D); The second group of people in whom gestational diabetes is 
diagnosed for the first time during pregnancy [25, 26].

1.2.2 Diabetes during pregnancy

Diabetes mellitus is the most common and important metabolic complication in 
pregnancy that can affect maternal and fetal health [27]. According to studies, dia-
betes is seen in around 7% of pregnancies and its prevalence depends on the study 
population and diagnostic tests from 1 Up to 14% have also been reported [24, 28]. 
Gestational diabetes is one of the leading causes of mortality in pregnant women 
which can be elevating the risk for spontaneous abortion, stillbirth, congenital 
malformations, and perinatal morbidity and mortality [29]. It is well documented 
that maternal glycemic control during pregnancy can markedly decrease congeni-
tal malformation outcomes in the fetus. Studies have shown that infants born to 
diabetic mothers have a higher risk of congenital disorders in the nervous, cardio-
vascular, kidney, and gastrointestinal tracts [26, 30–32].

1.2.2.1 Pathophysiology of gestational diabetes on embryonic development

In healthy mothers and under normal conditions, pregnancy causes hyperplasia 
of pancreatic beta cells and increases insulin levels in the mother’s bloodstream [33]. 
On the other hand, at the beginning of pregnancy, insulin sensitivity is observed in 
pregnant women, which turns into insulin resistance as the pregnancy progresses. 
Maternal insulin resistance appears to occur due to the production of placental 
diabetogenic hormones such as growth hormone, placental lactogen, corticotropin-
releasing hormone, and progesterone [33, 34]. This insulin resistance decreases 
after the placenta leaves the mother’s body and increases the risk of hyperglycemia 
in mothers 7 to 15 weeks after delivery [35, 36].

Previous studies have illustrated that increase in the level of maternal blood 
glucose and a decrease in insulin is the main reason for diabetes during pregnancy 
[37]. In the above conditions, glucose can easily pass through the placenta into the 
fetal bloodstream, leading to fetal hyperglycemia. During the first few weeks of 
pregnancy, fetal islet cells (beta cells) cannot release enough insulin in response to 
hyperglycemia, which is the main cause of fetal hyperglycemia. In response to this 
condition, after week 20, the fetal pancreas is stimulated and the pancreatic beta 
cells begin to hypertrophy and hyperplasia, which eventually leads to increased 
fetal insulin levels. In addition to impairing the development of various organs, this 
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complication can be followed by hypoglycemia and hyperinsulinemia in the first 
few days after birth [30, 37–39].

Results from previous experiments have shown that insulin can influence 
carbohydrate, fats, and protein metabolism, membrane transport of glucose, amino 
acids, and ion exchange in cells as well as protein and DNA synthesis. In addition, 
insulin can stimulate or inhibit the activity of certain enzymes and regulate gene 
expression [40]. On the other hand, alters and reduction of ions transfer can lead to 
the reduction level of some vital ions such as zinc. Thereby, this process has a nega-
tive effect on the migration of marginal layer cells in the fetus of diabetic mothers 
which increases defects in the central nervous system [41]. In this regard, some 
studies indicate that high concentrations of beta-hydroxybutyric acid, which occurs 
in diabetes mothers, can delay the development of the central nervous system of the 
fetus [42–44].

Although hyperglycemia is believed to be the most important teratogenic element 
in diabetic pregnancy; Some researchers suggest that changes in maternal metabolic 
status (i.e., triglyceride and β-hydroxybutyrate levels and branched-chain amino 
acids) lead to disrupted fetal metabolism of inositol, sorbitol, prostaglandins, and 
arachidonic acid could have a teratological effect and therefore be important for the 
incidence of fetal disorders. An excess of fetal reactive oxygen species (ROS) has also 
been linked to the etiology of congenital malformations induced by diabetes. These 
free radicals may cause increasing neuronal death by oxidizing proteins, damaging 
DNA, and inducing the lipoperoxidation of cellular membranes. In vitro and in vivo 
studies have shown that the disturbed development of embryos in a diabetic milieu 
can be normalized by treatment with different antioxidant factors [27, 45–47].

1.2.3 The effects of gestational diabetes on fetal development and infant health

It is well documented that fetuses of mothers with diabetes during pregnancy 
are in a completely different environment than a healthy mother. Glucose, alanine, 
and free fatty acids are transported in large quantities from the mother’s blood to 
the fetus. As a result, the concentration of insulin in the amniotic fluid increased, 
which indicates a compensatory response of the fetus to an increase in these factors 
[48]. Hyperglycemia in the first trimester of pregnancy increases significantly the 
risk of congenital malformations and stillbirth [49].

Several studies have shown that maternal hyperglycemia during pregnancy 
causes fetal hyperglycemia and neonatal hypoglycemia; Because circulating glucose 
simply crosses the placenta by facilitating diffusion, resulting in fetal hyperglyce-
mia [35, 37]. In contrast, to compensate for this event, the fetal pancreas is stimu-
lated and the pancreatic beta cells begin to hypertrophy, which causes increased 
fetal insulin levels. Due to the inability of the growing beta cells in the pancreas to 
secrete enough insulin, this condition soon leads to fetal hypoinsulinemia [37, 50]. 
Although this complication is temporary; However, studies show that fetuses from 
mothers with diabetes develop hyperinsulinemia in the last trimester of pregnancy. 
This condition in the fetus, in addition to affecting various organs, puts infants 
at risk for hypoglycemia in the few first days after birth, which is one of the most 
important causes of infant mortality in diabetic mothers [51, 52]. Previous studies 
report that gestational diabetes can increase the risk of impaired fetal and neonatal 
development, mortality, and also problems in infancy, childhood, and adulthood 
[31, 32]. Abundant human studies have identified type 1 diabetes during pregnancy 
as an important factor in the development of fetal and neonatal complications such 
as stillbirth, fetal macrosomia, respiratory distress syndrome, diabetes, jaundice, 
asphyxia, hypertension, neonatal hyperglycemia, hypocalcemia and hypomagnese-
mia, cardiac abnormalities, hypoxia, and neonatal polycythemia [53–55].
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Studies have also shown that diabetes can have teratogenic effects and also nega-
tive effects on embryogenesis, organogenesis, and fetal growth [56]. The frequency 
of the mentioned problems is the same for both types of diabetes and the incidence 
of these complications depends directly on the severity of maternal diabetes 
[57]. Studies have shown that in gestational diabetes, there is a linear relationship 
between maternal glucose levels in early pregnancy and the incidence of birth 
defects [58].

1.2.3.1 Fetal and infant mortality

In past years, the rate of infant mortality from diabetic mothers has been signifi-
cantly high. But nowadays, due to advances in medical and obstetrical management 
in the pregnancy period, this rate has decreased significantly. But despite these 
advances, the mortality rate in these infants is still reported to be 3 to 10 times 
higher than in infants under normal pregnancy conditions, as well as the prevalence 
of congenital malformations is 4 to 10 times higher than that of healthy mothers 
[29, 33]. Studies show that fetal malformations are the reason 30 to 40 percent of 
infant deaths in diabetic mothers. However, it has been clearly shown that precise 
control of blood glucose during pregnancy reduces maternal and neonatal mortality 
[59, 60].

1.2.3.2 Neonatal hypoglycemia

A sharp drop in plasma glucose concentration after delivery is a characteristic 
feature of newborns born to poorly controlled diabetic mothers. This event occurs 
due to chronic maternal hyperglycemia resulting in fetal pancreatic cell hyperplasia. 
Subsequently, this hyperplasia causes stimulation of fetal pancreatic beta cells to 
release a high level of insulin. In addition to stimulating somatic growth, hyperinsu-
linemia is also one of the main causes of hypoglycemia in the first few minutes after 
birth [24, 49].

1.2.3.3 Congenital malformations

Fetal malformations, which usually occur between 7 and 10 weeks, account for 
30 to 40 percent of prenatal deaths. Studies show that the rate of severe malforma-
tions in children of healthy mothers is 7.8%, but 15% in children of diabetic moth-
ers. These malformations usually affect the central nervous system, heart, kidneys, 
and urinary system [27, 33].

1.2.3.4 Macrosomia

It is more common in infants of mothers with diabetes and increases the risk of 
death at birth. Diabetes during pregnancy can double the incidence of macrosomia 
and other neonatal anthropometric indexes in diabetic mothers compared to babies 
born to non-diabetic mothers. Previous studies have clearly established that mater-
nal diabetes can induce macrosomia in most fetal organs except the brain. These 
events are closely related to fetal hyperinsulinemia and maternal hyperglycemia 
[24, 61].

1.2.3.5 Neuropsychological effects of gestational diabetes on infants

Previous studies have shown that infants of diabetic mothers have a significant 
decrease in brain weight and size compared to healthy mothers [37]. Moreover, 
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multiple lines of evidence indicated that offspring of diabetic mothers exhibit dis-
turbances in behavioral and intellectual functioning. In this way, other studies have 
shown a link between brain size and intelligence. These children also show poorer 
cognitive function than children of healthy mothers, which is related to the effects 
of maternal metabolic changes on the development of the fetal central nervous 
system (CNS) [62–64]. Long-term studies of offspring born to diabetic mothers 
have shown that diabetes during pregnancy reduces IQ in these children [65].

Researchers believe that gestational diabetes is a teratogen for the development 
of the central nervous system [66]. Since the brain is one of the major organs using 
up glucose in the body, any defect in the process of supplying glucose to the brain, 
even for a short time, can cause brain disorders [67]. In humans, the differentiation 
and maturation of the cerebral cortex occur at the end of the second trimester of 
pregnancy, and therefore at this time, any change in blood glucose levels can have 
irreversible effects [65, 67, 68]. It is believed that hypoglycemia due to hyperinsu-
linemia in infants born to mothers causes neuronal damage in the internal temporal 
region and also memory-related areas [69].

Smoak and Sadler examined the role of glucose in brain development in mouse 
embryos. The researchers showed that a 50 percent reduction in blood glucose levels 
for 2 hours in mice at the stage of neural tube formation causes developmental 
disorders in the nervous system [70]. Habituation is a sign of proper functioning 
of the central nervous system. Studies have shown that fetuses of diabetic mothers 
have poorer habituation than fetuses of healthy mothers. This reduction is indica-
tive of the effect of gestational diabetes on suitable central nervous system function 
[62, 71].

1.2.3.6 Attention deficit disorder and hyperactivity

Neural damage in infants of mothers with diabetes during pregnancy is not only 
limited to a negative effect on their intelligence but also can reduce their concentra-
tion [65]. Studies have indicated a higher incidence of developmental delay and 
behavioral problems including short attention span, over-activity, and attention-
seeking in children born to mothers with diabetes [58]. Moreover, growth motor 
skills and speech and language delay were the main development areas of concern 
that could link between maternal diabetes and development in children aged 
1–6 years [72]. Other studies demonstrated that school-age children younger than 
9 years, born to diabetic mothers, had a higher rate of attention deficit, lower cogni-
tive scores, and lower gross and fine motor achievements than matched control 
children did. as well as the period might affect the later cognitive and behavioral 
function of progeny by influencing developing brain cells in utero [73, 74].

In general, it can be said that diabetes during pregnancy disrupts the develop-
ment, function, and maturity of the CNS in the children of diabetic mothers, which 
manifests itself in the form of intelligence, educational and behavioral problems. 
It should be noted that both increase and decrease in blood sugar during brain 
development can lead to a decrease in various cognitive functions [64, 65, 75].

1.2.3.7 Intelligence and memory disorders

Children born to diabetic mothers suffer from neuropsychiatric disorders, 
including decreased intelligence and memory disorders. In 1997, Rizzo and col-
leagues followed 139 women with gestational diabetes and reported that their chil-
dren’s intelligence was directly related to maternal glucose metabolism in the second 
and third trimesters of pregnancy [76]. In animal studies, the hippocampus, which 
is particularly involved in memory, has been identified as the most susceptible area 
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to the negative effects of hypoglycemia, which can occur in the fetus or immediately 
after birth. Overall, the results of various studies indicate the negative impact of 
maternal diabetes on cognitive functions, which can cause memory and intelligence 
deficits [75, 77, 78].

1.3 Effects diabetes during pregnancy on hippocampus

As mentioned before, the hippocampus is an important brain structure crucial 
for spatial learning and memory. In diseases that cause memory loss and other 
intellectual functions, such as Alzheimer’s disease, hippocampus cells are among 
the first cells to undergo degenerative changes. it is well documented that the 
hippocampus provides a stimulus that converts short-term memory to long-term 
memory, and whatever its mechanism, it would not have happened without the 
hippocampus [3].

Studies have shown hippocampus is very sensitive to changes in glucose con-
centration during development. in this regard, there is a bulk of studies that show 
children born to diabetic mothers are more likely to have neurodevelopmental 
abnormalities including impairments in memory, learning ability, activity level, 
attention span, and motor functioning. These infants also show lower IQ scores 
compared to infants born to healthy mothers [37, 58].

When pregestational and gestational diabetes-exposed children were grouped 
together in the study of DeBoer et al., it was demonstrated a negative link between 
maternal diabetes and development of memory, circuitry, and behavioral mne-
monic performance in children at 1-year of age. Moreover, they showed that the 
metabolic abnormalities due to diabetes during pregnancy alters prenatal develop-
ment, which can influence memory performance on a delay recall task. It is well 
documented that metabolic abnormalities which occur in diabetes during preg-
nancy can impair fetal CNS development, which leads to structural and functional 
defects, especially in the hippocampus [79].

Experimental models of diabetes during pregnancy in animals have shown a 
decrease in the numerical density of neurons in some parts of the fetal CNS, par-
ticularly in the hippocampus, which is reflected in decreased memory and learning 
and impaired memory storage and recall of information [37].

In the study by Sadeghi et al., stereological change in the hippocampus of rat 
offspring due to diabetes in pregnancy was evaluated. In that study, the authors 
found a significant reduction in total volumes of the hippocampus in offspring 
born to diabetic mothers when compared to the control group. In addition, their 
results have been shown the hippocampal subfields volumes, especially the CA1, 
DG, and subiculum, were significantly decreased. Moreover, they reported a 
significant decrease in the number of hippocampal cells in infants born to diabetic 
 mothers [80].

A study by Tehranipour and Khakzad examines the effect of maternal diabetes 
on neural density in the hippocampus of newborn rats immediately after birth. 
Their results showed that diabetes during pregnancy can decrease the number of 
neurons in the hippocampus, especially in the CA3 area [81].

Synaptogenesis is one of the key events which happen throughout the develop-
ment of the central nervous system. The chemical synapses in the central nervous 
system contain the presynaptic apparatus, the synaptic cleft, and the postsynaptic 
region. During synaptic transmission, In the presynaptic part, neurotransmit-
ters stored in the synaptic vesicle through the exocytosis process, release into the 
synaptic cleft and then fuse with their receptors in the postsynaptic membrane. 
This process is highly regulated in CNS. The bulk of studies were performed to 
recognize and specify the components of the synaptic vesicle membrane. These 
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studies have been found several proteins, including synaptophysin, synaptobrevin, 
and synaptogamin that functions as the regulators of exocytosis. In recent studies, 
synaptophysin has been utilized as a valid marker for synaptic density and synapto-
genesis [66, 82, 83].

In a study by Vafaei-Nezhad et al., researchers revealed that the SYP expres-
sion levels were significantly reduced in hippocampus sub-regions of pups born to 
diabetic animals, especially at P7 and P14, compared with the control group [66]. 
SYP as a major protein of the synaptic vesicle membrane may play an important 
role in transmitter release. Thus, the early decrease in SYP expression may reflect 
a down-regulation of synaptic functions and may be related to the release of 
the neurotransmitters. Since SYP and other synaptic vesicle proteins have been 
implicated in the mechanisms of cellular plasticity underlying learning, a decrease 
in the expression of this protein might disrupt memory formation [84–86]. SYP 
is also a reliable indicator of synaptic plasticity, and has previously been demon-
strated to correlate well with the loss of cognitive function in animal models with 
neurodegeneration and in humans with Alzheimer’s disease [87]. Earlier study also 
demonstrated a correlation between aging-related deficits in cognitive functions 
and disturbances in SYP expression in the hippocampus. There are also documents 
showing that upregulation of SYP expression may contribute to the mechanisms 
that underlie learning and memory [85, 86].

In another investigation by Sadeghi et al., the effects of maternal diabetes 
on neurogenesis in the developing hippocampus were examined. in the study, 
researchers probe NeuN and DCX markers changes. They found a significant higher 
mean number of DCX-positive cells and an up-regulation in mRNA expression of 
DCX in neonates born to diabetic mothers. Moreover, they demonstrated a signifi-
cant reduction in the mean number of NeuN-positive cells and down-regulation in 
NeuN expression in the newborns to diabetic animals [88].

This author in another study also revealed that maternal diabetes could result 
in developmentally induced increase in the hippocampal GFAP expression and 
numerical density of GFAP positive cells in the DG hippocampal subfield of the 
offspring born to diabetic mothers compared to healthy mothers [89].

In experimental animals, it is reported that diabetes during pregnancy can 
increase apoptosis in the central nervous system in neonates. In this context, 
research by Lotfi et al. revealed that maternal diabetes in newborns of diabetic 
mothers leads to a marked increase in the number of apoptotic cells in the CA3 
subregion of the hippocampus. They also suggested that hyperglycemia during 
pregnancy could cause a developmental change in the density of neuronal cells in 
the offspring’s hippocampus [90]. In consist with this study, in another research 
has been reported that diabetes during pregnancy leads to up-regulate in Bax and 
down-regulated in Bcl-2 gene expression (apoptosis-regulatory genes) in the hip-
pocampus of rat neonates born to mothers with diabetes [91].

Nowadays, neurotrophic factor such as brain-derived neurotrophic factor 
(BDNF) is considered for its role in regulating the development of the fetal nervous 
system. In the experiment by Sardar et al., they assessed the effects of maternal 
diabetes on gene expression and distribution pattern of BDNF in the hippocampus 
of neonatal rats. The results of the present study showed that diabetes during 
pregnancy causes marked BDNF downregulation and numerical density of BDNF+ 
cells reduction in both sides’ hippocampi of the male/female diabetic group [92].

In another study by Hami et al., the effects of diabetes in pregnancy on gene 
expression and protein concentration of IGF1R and IR in the developing rat hip-
pocampus at postnatal days 0, 7, and 14 were evaluated. In that study, the authors 
found a markedly upregulation of both IR and IGF1R expression in the hippocam-
pus of diabetic group newborns at first postnatal day. At the same time point, they 
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showed only slight changes in their hippocampal protein transcripts. In 7-day, old 
rats, there was a significant decreased in IGF-1R gene expression and protein levels 
in the newborns born to diabetic dams. Moreover, they found a down regulation in 
hippocampal IGF1R transcripts in 14-day old diabetic group offspring. Two weeks 
after birth, the IR gene expression was significantly declined in the hippocampus of 
diabetic newborns [18].

1.4 Effects diabetes on the hippocampus in adults

A bulk of studies have been demonstrated that all types of diabetes have adverse 
effects on the central nervous system such as disruption in hypothalamic and 
hippocampal neuropeptides gene expression, a change in hippocampal function 
and decreased hippocampal synaptic plasticity, glutamate neurotransmission 
abnormalities, and neurotoxicity [93, 94]. Studies have shown that people with 
diabetes have a higher risk of developing memory and learning disorders and also 
Alzheimer’s disease, depression, stroke, and dementia compared to healthy people 
[95]. A previous study showed that diabetes induction in animal models can elevate 
corticosterone levels and defects hippocampal synaptic plasticity, learning, and 
long-term potentiation in the CA1-field [96, 97]. Recent studies showed that STZ-
induced diabetes notably decreased the number of proliferating cells in the dentate 
gyrus of rats by changing the hippocampal synaptic plasticity [98].

There is some evidence that diabetes can decrease hippocampal cell proliferation 
and survival, while some researchers suggest that diabetes also has adverse effects 
on neuronal differentiation. Several preclinical studies revealed the bulk of evi-
dence that diabetes has adverse effects morphological integrity of the hippocampus 
and that it reduced hippocampal neurogenesis. These hippocampal dysfunctions 
may cause cognitive and mood disorders in diabetic’s people [99].

In the study by Revsin et al., Neuronal and astroglial alterations in the hip-
pocampus of a mouse model for type 1 diabetes have been evaluated. Their results 
showed that diabetic condition in mice can cause a significant increase in the 
number of astrocytes positive for apolipoprotein-E (Apo-E), a marker of ongoing 
neuronal dysfunction, abnormal expression of Jun + neurons in CA1 and CA3 
layers and dentate gyrus, and Fos-expressing neurons in CA3 layer, and augmented 
activity of NADPH-diaphorase which is linked to oxidative stress, in CA3 region. 
They state that these changes could be one of the reasons for the negative effects of 
diabetes on the hippocampus [94]. Similar to the results of this study Stereological 
studies have shown that there is no significant change in the total neuron number 
values and the volume of the hippocampus in diabetic animals compared to healthy 
animals [94, 100].

It is well known that type 2 diabetes mellitus can lead to cognitive deficits in 
patients. In this regard, a study by Liu et al., has been revealed that diabetes could 
alter effective connectivity (EC) between hippocampus and default mode network 
(DMN), which is interpreted to be related to cognitive disorders in patients with 
T2DM especially affecting learning and memory [101].

In experimental animals by Kamal et al., they assessed Synaptic transmis-
sion changes in diabetic rat s’ hippocampus. Their data illustrated that intracel-
lular recording from the pyramidal hippocampal cells of the AMPA summation 
responses in the diabetic animals was markedly lower than control animals. Hence, 
they suggest that diabetes can change pre and postsynaptic cells functions which 
may play a key role in in the synaptic plasticity disorder observed in diabetic 
animals [93].

Defects in glucose metabolism in the nervous system are not only important for 
neural cells function but also normal astrocyte activity is related to it. Astrocytes 
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have many important roles in central nervous system such as glucose uptake. 
Astrocyte dysfunction in the hippocampus have been seen in pathological condi-
tions such as aging, stress, autoimmune diseases, neurodegenerative diseases, and 
diabetes. In the hippocampus of the animal diabetic model has been reported a sig-
nificant increase in GFAP immunoreactivity, glial fibrillary acidic protein (GFAP), 
an astrocyte intermediate filament cytoskeletal protein which is considered the 
main indicator of astroglial activation caused by CNS injury [102]. In line with 
this study, a study by Lebed et al. showed that diabetes can alter GFAP and S100B 
levels in the hippocampus. These findings propose that the reaction of astroglial 
cells can be the first reaction to impaired glucose metabolism, which is likely to 
play a crucial role in the mechanisms underlying diabetes-related disorders of CNS 
 function [103].

In a study by Pamidi et al., the Effect of streptozotocin-induced diabetes on 
rat hippocampus was assessed. They used Cresyl violet staining for evaluating the 
number of surviving neurons in the subfield of the hippocampus. Their findings 
revealed that the number of survived neurons in the subfield of the hippocampus 
(CA1, CA2, CA3, dentate hilus, dentate gyrus) in diabetic animals was significantly 
reduced compared to controls. Hence, researchers suggested that uncontrolled and 
long-term diabetes could cause intense hippocampal neurodegeneration [104].

In another study, researchers examined the effects of STZ-induced diabetes on 
NCAM protein expression in various parts of the nervous system, including the hip-
pocampus. The results of this study have been demonstrated that diabetic animals 
developed remarkable defects in learning and memory behaviors which were 
evaluated by passive avoidance and water maze tests. Their results also indicate that 
streptozotocin-induced diabetes disrupts cognitive functions and causes an imbal-
ance in NCAM expression in some parts of the brain, particularly the hippocampus, 
which is involved in memory and learning. Based on the results of their study, the 
researchers concluded that changes in the expression of NCAM in the hippocam-
pus of diabetic people could be one of the main causes of memory and learning 
 disorders [105].

Axonal transport has a critical role in normal CNS function and disruption of 
this process has been linked to various neurodegenerative diseases and could also 
play a role in diabetes-related diseases that affect the nervous system. Given the 
importance of this process, Baptista et al. assessed the impact of diabetes on axonal 
transport in the hippocampus. in this regard, they evaluated KIF1A, KIF5B, and 
dynein in the hippocampus. Their results showed a significant increase in KIF1A 
and KIF5B mRNA and protein levels, in CA1, CA3, and DG hippocampal sub-
region, in the diabetic animals. Nevertheless, no changes in dynein protein were 
observed [106].

The animal experiment has been revealed that diabetes can cause a reduction 
of nuclear and perikaryon diameters as well as neuronal density in the sub-region 
of the hippocampus (CA1, CA2, CA3, and dentate gyrus) [107]. In addition, it has 
been reported that levels of Caspase-3, Bax, and Bcl-2 in the hippocampus increase 
after diabetes [108].

1.5 Effects of diabetes during pregnancy on the other parts of CNS

The source of the mammalian neural tube is the ectoderm layer in the embryo. 
During the first few months of pregnancy which is called the embryonic period, 
part of the ectoderm becomes a neural plate. Then, this plate is folded, raised, 
and connected in the midline, which becomes the neural tube [109, 110]. The 
mentioned procedure is mediated by several signaling molecules and transcription 
elements [111, 112]. There is strong evidence that diabetes during pregnancy causes 
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abnormalities in the development of the nervous system, including the neural tube, 
which itself can cause neural tube defects (NTD) [113, 114]. Neural tube formation 
during the embryogenesis period is tightly regulated by several cellular mechanisms 
such as proliferation, migration, differentiation, and apoptosis of neural progeni-
tor cells. Previous studies have shown that pregnancy-related hyperglycemia can 
disrupt cell migration and proliferation, as well as induce programmed cell death 
during embryogenesis. Studies have revealed that any changes in the mentioned 
processes can cause NTDs [95, 115].

Spina bifida, which is one of the common NTD, results from failure of neural 
tube fusion in the spinal area. This abnormality is a common congenital defect that 
occurs in infants of diabetic mothers [116]. The exact mechanism underlying the 
teratogenic effects of diabetes during pregnancy is not entirely understood, but it 
is suggested that the incidence and intensity of congenital malformations in infants 
born to diabetic mothers are correlated with the degree of maternal metabolic 
control [37].

Diabetes during pregnancy causes biological changes in the mother that can 
affect the development of the fetal nervous system. These biological changes can 
affect nervous system development and neurological abnormalities in the fetus by 
affecting neurotransmitters, synaptic membranes, and the expression of growth 
factors that are involved in nervous system development. Studies have shown that 
increased oxidative stress plays an important role in fetal development and indi-
rectly can cause some of the nervous system developmental disorders that occur in 
fetuses from diabetic mothers [22]. Free radicals can also alter the biological activity 
of proteins and peptides, increase neuronal death, and cause DNA damage [37, 
117, 118]. Experimental research showed that maternal hyperglycemia can lead to a 
significant decrease in the volume of gray and white matter, and also can reduce the 
number of neurons in the gray matter of the CNS in this offspring [119].

Evaluations of cognitive functioning and the behavior of the children born to 
diabetic mothers provide the chance to functionally assess the CNS development. 
Hence, behavioral and cognitive assessments in neonates of diabetic mothers can 
shed light on the effects of maternal diabetes on CNS development [64, 65, 72, 73].

Animal models of diabetes during pregnancy indicate a decrease in the 
numerical density of neurons in some parts of the fetal central nervous system, 
particularly in the brain, hippocampus, and cerebellum, due to diabetes during 
pregnancy, which may be followed by decreased memory and learning ability, and 
memory defects and information retrieval [37, 58, 80, 120]. Studies by Khaksar 
on gestational diabetes have shown that gestational diabetes can affect the infant 
CNS and reduce the number of cells and the thickness of the white and gray matter 
of the infant cerebrum, cerebellum and spinal cord [119]. Earlier research on the 
neurologic development in infants of diabetic mothers illustrated fundamental CNS 
deficits even when there were no structural abnormalities. These alterations were 
markedly less serious when maternal diabetes was controlled and treated, but some 
alterations in cognitive function may continue all over childhood [37].

The study by Hami et al. showed that diabetes during pregnancy in infants 
born to diabetic mothers can lead to a significant decrease in cerebellar volume, the 
thickness of cerebellar cortical layers, and also decreases in the numerical densi-
ties of cerebellar Purkinje and granular cells. They suggested that this event may 
delay the normal development of the cerebellum and may be a cause of the motor, 
behavioral, structural, and cognitive disorders seen in the offspring of diabetic 
mothers [120].

It is well documented that diabetes during pregnancy has structural and func-
tional effects the on central nervous system in both human and animal studies. 
Despite much research in the field, the exact mechanism by which diabetes affects 
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the development of the nervous system during pregnancy is not yet clearly under-
stood. Some studies have suggested that diabetes itself may have teratogenic effects 
that can increase the risk of abnormal fetal development in the fetal organs [37].

Some studies suggested that hyperglycemia conditions during pregnancy can 
induce programmed cell death and impair cell proliferation in mouse embryo 
neural tubes. Recent experiments suggest that tumor necrosis factor (TNF) plays an 
important role in neurodevelopmental disorders in babies born to diabetic mothers. 
TNF could cross the placenta and enter the embryo’s bloodstream, which has neu-
rotoxic effects on fetal brain development and can also lead to white matter damage 
and cerebral palsy [35, 121].

Other investigations implicated that infants born to diabetic mothers have iron 
metabolism abnormalities. This deficiency can lead to neurodevelopmental and 
neurobehavioral disorders. Experimental studies in animal models have shown 
that iron impairment during pregnancy and after childbirth has negative effects on 
myelination, the metabolism of neurotransmitters in the brain, and the regulation 
of brain energy. The perinatal iron disorder can elevate the vulnerability of the 
neonatal brain, especially the hippocampus, to the hypoxic–ischemic insult which 
leads to abnormal cognitive processing in the newborn period [122, 123].

Kinney et al. found that the only female offspring born to diabetic dams showed 
deficits in long-term memory and learning. These results have suggested that the in 
utero diabetic condition has gender-specific effects on CNS development [78]. In a 
study by Plagemann et al., alterations in catecholamines levels in the hypothalamic 
nuclei of newborns born to diabetic animals were evaluated. They reported an 
increased hypothalamic dopamine (DA) and norepinephrine (NE) concentra-
tions in the offspring born to diabetic rats at birth. Twenty-one day- old pups 
born to diabetic mothers, NE levels were strikingly increased in the ventromedial 
hypothalamic nucleus and the lateral hypothalamic area (LHA), while DA levels 
were significantly elevated in the paraventricular hypothalamic nucleus and the 
LHA. The authors concluded that there are strikingly differences in hypothalamic 
catecholaminergic systems during early development in the rat newborns born to 
diabetic animals [124].

Studies have shown that brain weight in infants born to diabetic mothers is sig-
nificantly lower than in infants born to healthy mothers [66]. Interestingly, Xiang et 
al. explained a close correlation between diabetes during pregnancy with an elevated 
risk of autism spectrum disorder (ASD) in infants [125]. Animal models of diabetes 
during pregnancy indicate a decrease in the numerical density of neurons in some 
parts of the fetal central nervous system, particularly in the brain, hippocampus, and 
cerebellum, due to diabetes during pregnancy, which may be followed by decreased 
memory and learning ability, and memory defects and information retrieval [37, 58].

Much research has shown that fetal hyperglycemia during pregnancy can alter 
gene expression that is involved in the proliferation and differentiation of nerve 
cells. These changes can be the basis of the neurocognitive and neurodevelopmental 
disorders seen in babies of diabetic mothers [37, 58].

Previous studies have shown that insulin and insulin receptor (InsR), and 
insulin-like growth factor-1 (IGF-I) and IGF-1 receptor (IGF-1R) play key roles 
in regulating the growth and development of the CNS. It is well documented that 
insulin and IGF-1 stimulate the proliferation of neuronal progenitor cells, increases 
the survival of neurons and oligodendrocytes, elevate synaptogenesis and neurotic 
outgrowth, inhibit neural cell apoptosis, and induces differentiation of neurons. 
With this in mind, the researchers examined the effects of maternal diabetes on the 
expression of this factor in the nervous system. Their results have been revealed that 
maternal diabetes can strongly influence the regulation of these factors at the level 
of mRNA and protein in neonates’ central nervous system [18, 37, 58, 126, 127].
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Synaptic transmission and information transfer are highly regulated processes 
in the nervous system. Information transfer occurs when neurotransmitters stored 
in synaptic vesicles release into the synaptic cleft and attach to their receptors in 
the postsynaptic cell membrane. Synaptic vesicles are responsible for collecting 
neurotransmitters and releasing them into the synaptic cleft through exocytosis. 
The exocytosis process during the release of neurotransmitters has been extensively 
studied [82, 83]. Several families of proteins that are present in the membranes of 
synaptic vesicles which involved in the regulation of this process have been identi-
fied [82]. One of these proteins is synaptophysin. This protein is widely found in the 
membranes of vesicles containing neurotransmitters in neurons.

Synaptophysin is a protein involved in the construction of synaptic vesicles 
that researchers use as a suitable marker of synaptic density, synaptogenesis [128]. 
Studies have also shown that synaptophysin may be involved in the exocytosis of 
synaptic vesicles [129]. It is well documented that synaptophysin levels also change 
in pathological brain conditions such as Alzheimer’s, Parkinson’s, schizophrenia, 
and bipolar disorder [87, 130–132]. Previous studies illustrated that diabetes during 
pregnancy can reduce significantly downregulate synaptophysin gene expression in 
different layers of the neonate cerebellum which is born to diabetic mothers [74].

2. Conclusions

As the prevalence of diabetes increases in various societies, particularly in devel-
oping countries, the total number of fetuses born to diabetic mothers will continue 
to increase in the coming decades. The metabolic changes caused by maternal 
diabetes disrupt glucose homeostasis in the fetus and cause numerous problems 
for the fetus. Nowadays, these metabolic disorders are discussed in various studies. 
Previous studies have clearly shown an association between maternal blood sugar 
levels and an increased risk of birth defects. Researchers have found that maternal 
hyperglycemia can have teratogenic effects on fetuses. However, the exact mecha-
nism of the cause of the malformations in the fetuses of diabetic mothers is not yet 
known. It is well documented that diabetes during pregnancy has significant effects 
on fetal central nervous system development, particularly the hippocampus, which 
can lead to disorders in learning, memory, and attention in newborns and adults. In 
this regard, it is suggested that suitable management of hyperglycemia and dissect-
ing out the mechanisms responsible for diabetes-related changes in the functions of 
the hippocampus, could help to prevent impaired cognitive and memory functions 
in offspring and adults.
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