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GENERAL INTRODUCTION 
 

 

 

1. HIPPOCAMPUS 

 
The hippocampus is a small but complex brain structure, which owes its name to the 

similarity with the sea horse (from the Latin hippocampus). Some anatomist divides it 

into hippocampus proper, dentate gyrus (DG), subiculum and entorhinal cortex (EC); 

entire set is called as hippocampal formation. Glutamate is the main neurotransmitter in 

the hippocampus; the interneurons of the hippocampal formation are GABAergic. These 

brain regions play a pivotal role in learning, memory formation and consolidation, 

novelty detection and spatial navigation. Beyond these cognitive functions, the 

hippocampus is also critically involved in the regulation of emotion, fear, anxiety, and 

stress. Besides, the hippocampus is a plastic and vulnerable structure that gets affected 

in a variety of neurological and psychiatric disorders such as Alzheimer's disease, 

epilepsy, neuroinflammation, etc.1. 

 
1.1 Anatomical and morphological aspects 

 
The hippocampus is located in the medial temporal lobe of the brain and lies a group of 

many millions of neurons organized into a network quite different from that found 

anywhere else in the nervous system. It is a bulb-like shape structure which protrudes 

over the temporal horn of the lateral ventricle and occupies the medial region of its 

floor. Humans and other mammals have two hippocampi, one on each side of the brain, 

which joined at the stems by the hippocampal commeasure that crosses the midline 

under the anterior corpus callosum (Fig. 1a). 

The hippocampus is an elaboration of the edge of the cerebral cortex, that can be 

distinguished as a zone where the cortex thins from six layers to the three or four layers 

of densely packed neurons, which curls into a tight S shape 2. It consists of two 

interlocking gray matter folds: Cornu Ammonis, hence the subdivisions CA1 through 

CA4, and the dentate gyrus. It is a three-layered allocortical structure that is reciprocally 

connected to other cortical and subcortical areas. The principal neurons of the 

hippocampus are organized in layers and receive unidirectional polymodal input from 

the EC, where layer II neurons project via the perforant path to granule cells in the DG. 

The trisynaptic pathway from the DG to CA3 via mossy fibers and onward to CA1 via 

Schaffer collaterals is the principal feed-forward circuit involved in the processing of 

information through the hippocampus. Additionally, layer III neurons from the EC 
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directly project to CA1 neurons, the major output relay neurons, which in turn project 

via the subicular complex back to deep layers of the EC and various subcortical and 

cortical areas. The CA1 fields are separated into four layers (pyramidal, stratum oriens, 

stratum lucidum, stratum radiatum) and use pyramidal cells as the principal excitatory 

cells. The DG with its three layers (molecular, granular and polymorphic layers) 

consists mainly of granule cells and receives polymodal input from the EC. 

Furthermore, the synaptic connectivity within the hippocampal formation is much more 

complex than the classic ‘trisynaptic pathway’, with several parallel input pathways and 

feedback pathways . Finally, the CA2 hippocampal region, which has traditionally been 

considered a transition zone between CA1 and CA3, has its own functions and must be 

regarded as a distinct computational unit on par with CA3 and CA1 3. The anatomy of 

the hippocampus is of chief importance to its function. Hippocampus receives input 

from and sends output via entorhinal cortex (EC), a structure located in the 

parahippocampal gyrus, which is strongly and reciprocally connected with many other 

parts of the cerebral cortex. In addition to EC, several other connections play important 

roles in hippocampal function. The hippocampus receives direct inputs from the 

perirhinal and postrhinal cortex. It also receives major subcortical inputs from the 

medial septum, which sends cholinergic and GABAergic fibers to all parts of the 

hippocampus, locus coeruleus, raphe nucleus, nucleus reuniens, and amygdala. The 

CA3 and CA1 regions have a major output to the lateral septum via the fornix. CA1 also 

projects to the nucleus accumbens, amygdala, and prefrontal cortex. This list is 

incomplete and is presented here as an indication that the hippocampal anatomy is more 

complex than the classic trisynaptic circuit. This basic layout of cells and  fiber 

pathways holds across the full range of mammalian species, from hedgehog to human, 

although the details vary (Fig. 1b). 

 

a 

 

 

 

 

 

 

 

 
 

Figure 1 - Anatomy of the Hippocampus 

a) The C-shaped hippocampus is shown in a trasparent shell of the rodents brain indicating the longitudinal axis 
(Adapted from Witter MP and Amaral DG, 2004). b)Schematic rapresentation of hippocampal excitatory trisynaptic 
pathway (EC–dentate gyrus–CA3–CA1–EC) is depicted by solid arrows. The axons of layer II neurons in the EC 

project to the dentate gyrus and directly to CA3, through the PP. CA1 receives direct input from EC layer III neurons 
and sends back-projections to EC. EC: entorhinal cortex ; CA1, CA2, CA3: cornu ammonis fields 1–3; PP: perforant 
pathway; TA: temporoammonic pathway. (Adapted from Deng W, Aimone JB and Gage FH, 2010). 

b 

https://www.nature.com/articles/nrn2822#auth-1
https://www.nature.com/articles/nrn2822#auth-2
https://www.nature.com/articles/nrn2822#auth-3
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1.2 Hippocampal functions 
 

Over the years, a variety of functions have been assigned to the hippocampus including 

learning and memory, emotion, olfaction, and navigation 4. Since hippocampus receives 

direct inputs from the olfactory bulb, it was considered to be involved in olfaction for a 

long time 5. 

The hypothesis that hippocampus is related to memory started dominating in 1957 

and was supported by studies and observations in which hippocampal removal resulted 

in a loss of the ability to form new memories. Although it had historical precursors, this 

idea derived its main impetus from a famous report by Scoville and Milner describing 

the results of surgical removal of portions of the medial temporal lobes, including the 

hippocampus, in an attempt to cure a patient H.M. of epileptic seizures 6. Following the 

surgery, his cognitive functions were mostly intact; however, he lost the ability to create 

new memories for facts and events, a condition known as anterograde amnesia 7. In the 

ensuing years, other patients with similar levels of hippocampal damage and amnesia 

have been studied as well, and thousands of experiments have studied the physiology of 

activity-driven changes in synaptic connections in the hippocampus. There is now 

almost universal agreement that the hippocampus plays some sort of important role in 

memory. 

Hippocampus is important also in spatial navigation and emotional responses. The 

discovery of place cells in the 1970s led to a theory that the hippocampus might act as a 

cognitive  map,  a  sort  of  device   used   by   the   brain   for   mapping   layouts   of 

the environment 8. Studies conducted on freely moving rats and mice have shown that 

many hippocampal neurons have "place fields", that is, they fire bursts of action 

potentials when a rat passes through a particular part of the environment. As with the 

memory theory, there is now almost universal agreement that spatial coding plays an 

important role in hippocampal function, but the details are widely debated 9. A 

neuroanatomical hypothesis proposed by Papez suggested that the hippocampus was 

part of a circuit called limbic system, which includes also cingulate cortex, olfactory 

cortex, and amygdala. Paul MacLean once suggested, as part of his triune brain theory, 

that the limbic structures comprise the neural basis of emotion and they are associated 

with the functions of feeling and reacting. Yet, the hippocampus is anatomically 

connected to parts of the brain that are involved with emotional behavior—the septum, 

the hypothalamic mammillary body, and the anterior nuclear complex in the thalamus— 

therefore its role as a limbic structure cannot be completely dismissed 10. 

https://www.merriam-webster.com/dictionary/cognitive
https://www.britannica.com/science/amnesia
https://www.merriam-webster.com/dictionary/environment
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A less well-known function of the hippocampus is its role as a negative feedback 

regulator of the Hypothalamic Pituitary Axis (HPA). The high concentration of adrenal 

steroid receptors in the hippocampus and the hippocampal projections to the 

hypothalamus provide an indirect link between the hippocampus and regulation of the 

stress response 11. 

Finally, the hippocampus is involved in mood disorders; this is suggested by 

magnetic resonance imaging studies demonstrating a small reduction in hippocampal 

volume in depressed patients 12. 

1.2.1 Functional differentiation along the hippocampal longitudinal axis 
 

The hippocampus is an elongated structure with a longitudinal axis extending in a C- 

shaped fashion. In rodents, this axis is referred to as the dorsal (septal)-ventral 

(temporal). The dorsal hippocampus is the most rostral part of the hippocampus. At 

more caudal levels, the hippocampus curves ventrally (see Fig. 1a). In primates, the 

entire hippocampus is arranged primarily in an anterior-posterior orientation. Although 

this intrinsic pattern of connectivity repeats itself along the axis, there are connectivity 

changes as one moves from one pole to the other. Specifically, the dorsal hippocampus 

is preferentially connected to the retrosplenial and posterior parietal cortices while 

ventral hippocampus is connected to the amygdala, prefrontal cortex (PFC), and 

hypothalamus 13,14. This suggests that the dorsal and ventral parts of the hippocampus 

may be responsible for dissimilar and dissociable functions 15,16. Studies based on 

targeted lesions, electrophysiological recording and selective pharmacological blockade 

suggest that dorsal region is mainly involved in cognitive and spatial processing, while 

ventral region is thought  to  be  involved  principally  in  the  regulation  of  emotion 

and stress 17,18. Several studies based on gene expression, anatomical and behavioral 

measurements have suggested that the hippocampus has different functional 

organizations along its longitudinal axis. In particular, it has been proposed that either 

this brain region is organized in multiple functional domains or it is structured  

according to a spatial gradient 19,20. 

 

1.3 Hippocampus-associated disorders 

The hippocampal formation has been implicated in a growing number of disorders, from 

Alzheimer's disease and cognitive aging to schizophrenia and depression, but only in 

rare instances, the hippocampus is the sole site of pathological damage. It is subject to 

the same pathologies that can affect other cortical areas, such as tumors, vascular 

https://www.merriam-webster.com/dictionary/cognitive
https://www.britannica.com/science/stress-psychology-and-biology
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malformations, and cortical dysgenesis; it is also notable for its particular vulnerability 

to damage as a consequence of ischemia/hypoxia, trauma, and hypoglycemia. How can 

the hippocampal formation be involved in a range of such phenotypically and 

mechanistically distinct disorders? Neuroimaging findings indicate that these disorders 

differentially target distinct subregions of the hippocampal circuit 21. 

One of the earliest studies of hippocampal dysfunction was that of “patient H.M.”, 

which as described above, after having undergone surgical removal of the hippocampus 

to treat epileptic seizures, showed a condition known as anterograde amnesia. Such 

amnesia is typical in  disorders  that  involve  hippocampal dysfunction.  For  example, 

in Alzheimer disease, the hippocampus undergoes massive cell loss, which is associated 

with memory deficits that manifest in the early stages of the disease. 

Notably, the hippocampus is also particularly vulnerable to neuropsychiatric disease, 

such as depression. It has been reported that stress and depression are associated with a 

loss of ability to generate new cells in the dentate gyrus, as well as a loss of dendritic 

spines and reduced dendritic branching throughout the hippocampus. The hippocampus 

contains high levels of glucocorticoid receptors, which make it more vulnerable to long- 

term stress than most other brain areas 22. 

Besides, the involvement of the hippocampus is being increasingly recognized in 

schizophrenia and associated disorders. Individuals who survive a hypoxic episode, a 

temporary deprivation of oxygen in the brain, often sustain hippocampal damage and 

anterograde amnesia. Finally, the hippocampus often is the focus of epileptic seizures, 

which can lead to hippocampal sclerosis, a pathological loss of hippocampal cells. 

https://www.britannica.com/science/amnesia
https://www.britannica.com/science/Alzheimer-disease
https://www.britannica.com/science/memory-psychology
https://www.merriam-webster.com/dictionary/manifest
https://www.merriam-webster.com/dictionary/vulnerable
https://www.britannica.com/science/depression-psychology
https://www.britannica.com/science/oxygen
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2. SYNAPTIC PLASTICITY 
 

"When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes part in firing it, some growth process 

or metabolic change takes place in one or both cells such that A’s efficiency, as one of the cells firing B, is increased." (Hebb, 1949) 

 

One of the most important and fascinating properties of the mammalian brain is its 

plasticity. Synaptic plasticity is the ability of intrinsic or extrinsic stimuli such as 

changes in the environment, development or lesions, to modify neural circuit function 

and thereby modify subsequent thoughts, feelings, and behavior. Principally it refers to 

the ability of synapses to strengthen or weaken over time as a result of increases or 

decreases in their activity 23. Synaptic plasticity plays a central role in  early 

development of neural circuitry and in the capacity of the brain to incorporate transient 

experiences into persistent memory traces; furthermore, it is also the basis of much  

brain pathology as seen in various neurological disorders, and maladaptive synaptic 

plasticity may contribute to neuropsychiatric disorders 24. 

Synaptic plasticity implies a direct regulation of pre- and/or postsynaptic neurons 

through alterations of the synaptic machinery such as changes (i) of the number of 

neurotransmitter receptors in the postsynaptic membrane, (ii) in the quantity of 

neurotransmitters released from the presynaptic neuron into a synapse, or (iii) in 

receptor sensitivity to the released neurotransmitters 25. Synaptic plasticity has been 

found at synapses that convey glutamate-mediated excitation or at other synapses that 

mediate GABAergic inhibition, and these changes span temporal domains ranging from 

milliseconds to hours, days, and presumably even 26. Therefore, it can be classified as 

either short term, which occurs at periods from sub-second to minutes, or long term 

which changes the efficacy of synapses for hours to years and is thought to form lasting 

memories that are stored in brain circuits. 

 

2.1 Glutamate receptors 

Synaptic plasticity has been most intensively studied at synapses that release glutamate, 

the major excitatory neurotransmitter in the mammalian brain. Glutamatergic terminals 

typically connect to postsynaptic “spines”, morphologically diverse membrane 

protrusions, ~1 μm in diameter, that decorate complex dendritic projections from 

postsynaptic cell bodies 27. A narrow neck between the heads of mature spines and the 

main dendritic shaft represents a significant electrical and chemical barrier to the 

communication of electrical and chemical changes between the two subcellular 

compartments. 
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Glutamatergic synaptic transmission is mediated by the ionotropic receptors α- 

amino-3-hydroxy-5-methyl-4-isoazolepropionicacid (AMPARs), N-methyl-d-aspartate 

(NMDARs) and kainate receptors. Furthermore, glutamate exerts a prominent 

modulatory role of the fast excitatory tone set by the ionotropic receptors by activation 

of the metabotropic glutamate receptor (mGluR) family. Ionotropic and metabotropic 

glutamate receptors interact in the fine-tuning of neuronal responses under different 

conditions of activity and their co-localisation indicates that glutamate modulates 

neurotransmission and neuronal excitability at the same synapses. The actions of 

glutamate on ionotropic receptors are responsible for numerous physiological processes, 

including basic neuronal communication, axonal pathfinding, mood regulation, and 

memory formation. It has been suggested that dysregulation of the glutamatergic system 

is implicated in a variety of psychiatric and neurological disorders such as 

schizophrenia, major depression disorder, and Parkinson’s disease 28. 

2.1.1 AMPA receptors 
 

AMPA receptors (AMPARs) are the mediators of fast excitatory neurotransmission in 

the CNS. They occur at almost all excitatory synapses in the hippocampus and gate a 

cation-selective channel. At resting membrane potentials, Na+ influx accounts for most 

of the current, but the channel is also permeant to other small monovalent cations, so K+ 

efflux can also occur at depolarized potentials. Developmentally and activity-regulated 

changes in the numbers and properties of AMPARs that are localized at the postsynaptic 

membrane are essential for excitatory synapse formation, stabilization, synaptic 

plasticity and neural circuit formation 29. 

AMPARs are heterotetrameric assemblies of combinations of four subunits 

(GluRA1-4) that are products of separate genes. Each subunit has an identical 

membrane topology and core structure comprising ~900 amino acids with a molecular 

weight of ~105 kDa. The amino terminus is extracellular, and there are three membrane-

spanning domains, one re-entrant loop domain, and an intracellular carboxy (C)-

terminal domain 30. This C-terminal domain is a highly variable region that provides a 

platform for both the protein interactions and the post-translational modifications that 

regulate subunit-dependent trafficking and regulation 31. Depending on their subunit 

composition, AMPA receptors can also show significant permeability to Ca2+ ions. This 

permeability is determined by the presence or absence of an arginine (R) in a pore- 

lining segment of the GluR2 subunit. This subunit undergoes post-transcriptional RNA 

editing resulting in a change of the amino acid at this position from glutamine (Q), 
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encoded by the genomic sequence, to arginine. The presence of the edited form of 

GluR2 ensures that the receptor is impermeable to Ca2+; if the GluR2 subunit is absent, 

the receptor has significant Ca2+ permeability 32. Some studies indicate that in the 

hippocampus and amygdala, AMPA receptors lacking edited GluR2 predominate in 

inhibitory interneurons, whereas in pyramidal neurons are largely non-Ca2+-permeable, 

being GluR1-2 or GluR2-3 tetramers 33,34. In addition, some fetal GluR2 subunits are 

not edited. 

AMPARs have very fast binding kinetics and a high opening probability. Although 

most kinetic schemes assume that two glutamate molecules must bind for the receptor to 

open, it has also been proposed that four binding steps to a tetrameric receptor take 

place, and that the conductance level of an individual channel increases with the number 

of glutamate molecules bound 30. 

Both the opening probability and the conductance of the channel can be modulated 

by phosphorylation, phenomena that may play an important role in synaptic plasticity 35-
 

37. Bound receptors do not remain open continuously but they flicker between open and 

closed states; even in their open state, they fluctuate among distinct preferred 

conductance levels. Following clearance of synaptic glutamate, native AMPA receptors 

deactivate rapidly. Deactivation is probably sufficient to explain the termination of 

AMPA receptor-mediated EPSCs because glutamate is cleared from the synaptic cleft 

faster than this. If glutamate is not cleared, however, AMPA receptors close rapidly and 

enter a desensitized state from which they recover relatively slowly. The time course of 

desensitization depends on the subunit composition of the receptors. 

2.1.2 NMDA receptors 

 

NMDA receptors (NMDARs) are glutamate-gated ion channels that mediate a Ca2+- 

permeable component of excitatory neurotransmission in the CNS. They play key 

physiological roles in synaptic function, such as synaptic plasticity, learning, and 

memory, but are also implicated in numerous neurological disorders and pathological 

conditions 38. NMDARs consist of subunits belonging to two relatively distinct 

subtypes; they exist as heteromultimers of NR1 and NR2A-D subunits 39. The NR1 

subunit is encoded by one gene but exists in several alternatively spliced isoforms. It 

does not bind glutamate but, instead, contains an important binding site for glycine or 

D-serine, which acts as a co-agonist. The NR2A-D subunits, on the other hand, contain 

the glutamate-binding site. They are encoded by four genes and are variably expressed 

in different regions of the brain and at different stages of development. NMDAR 
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subunits all share a common membrane topology characterized by a large extracellular 

N-terminus, a membrane region comprising three transmembrane segments plus a re- 

entrant pore loop, an extracellular loop and a cytoplasmic C-terminus, which varies in 

size depending upon the subunit and provides multiple sites of interaction with 

numerous intracellular proteins 40. 

NMDA receptors show many striking properties that mark them out as quite different 

from AMPA receptors; they have very slow kinetics and can continue to mediate an ion 

flux for several hundreds of milliseconds after the glutamate pulse has terminated. That 

is, once glutamate molecules have become bound to NMDA receptors, they remain 

bound for a long time, during which time the ionophore can undergo repeated opening. 

In addition to their slow kinetics, NMDARs have other important features: i) their 

requirement for the binding of two agonists, glutamate and glycine (or D-serine). 

Synaptic NMDA receptors are temporally controlled by the synaptic release of 

glutamate for activation, because extracellular agonists are thought to be continuously 

present at a fairly constant concentration. The distinction of glycine or D-serine appears 

to depend on brain region in addition to the subcellular localization of the receptor  41-43; 

ii) a highly permeability to Ca2+ ions and monovalent cations. Accompanying the high 

Ca2+ permeability of NMDA receptors is a relatively high single-channel conductance, 

which is greater than that of most AMPA receptors; iii) Mg2+ ions  block the ionophore 

in a voltage-dependent manner 44. Thus, at resting membrane potentials NMDA 

receptors are unable to mediate an EPSC even if glutamate and glycine (or D-serine) are 

present. They mediate an ion flux only when the membrane is depolarized. Ca2+ influx 

occurs only if there is a conjunction of presynaptic glutamate release and postsynaptic 

depolarization, a situation that arises when pre- and post-synaptic activity occur 

together. 

 

2.2 Short-term plasticity 

 
A neurotransmitter is released when an action potential invades the axon terminal 

causing activation of voltage-dependent Ca2+ channels. The ensuing Ca2+ influx greatly 

increases the probability that vesicles docked at active sites in the axon terminal will 

fuse with the presynaptic membrane. These use-dependent changes in the efficacy of a 

presynaptic terminal to liberate neurotransmitter define a synapse-specific property, 

known as short-term plasticity 45. Most forms of short-term synaptic plasticity are 

triggered by short bursts of the activity causing a transient accumulation of calcium in 

presynaptic nerve terminals. This increase in presynaptic calcium, in turn, causes 
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changes in the probability of neurotransmitter release by directly modifying the 

biochemical processes that underlie the exocytosis of synaptic vesicles. Every synapse 

exhibits numerous different forms of short-term synaptic plasticity that play important 

roles in short-term adaptations to sensory inputs, transient changes in behavioral states, 

and short-lasting forms of memory 24. 

2.2.1 Paired-Pulse ratio (PPR): a measure of the release probability 

 
PPR, it has been used as an easy measure of the probability of transmitter release at the 

synapse. It consists of applying two consecutive stimuli with a variable interval time 

and in evaluating the ratio of the amplitude of the second response to that of the first. 

When pair of stimuli are delivered within a short interval (less than 20 ms) the response 

to the second stimulus is considerably reduced compared to the first, a phenomenon 

known as paired-pulse depression (PPD); on the other hand, when two stimuli are 

applied at longer inter-stimulus intervals (20 to 500 ms) the second response is larger 

than the first, and this process is known as PPF 46. 

Facilitation can be attributed to the transient increase in the concentration of 

intraterminal calcium produced by an invading action potential. A small fraction of the 

Ca2+ that enters the terminal in response to the first action potential declines to basal 

values over a few hundred milliseconds, but the calcium influx at the time of the second 

stimulus adds to the residual calcium from the first, resulting in an enhanced calcium 

concentration and hence to an increase in the probability of release. Depression of 

synaptic efficacy also occurs to the second of a pair of stimuli. This may result from 

inactivation of voltage-dependent sodium or calcium channels or from a transient 

depletion of the synaptic vesicles that are ‘‘docked’’ adjacent to the presynaptic plasma 

membrane, waiting to be released. It results in a decrease in the probability of release. 

Whether a synapse exhibits paired-pulse facilitation or depression depends on the recent 

history of activation of the synapse. There is the possibility that transient modulation, by 

activation of protein kinases, of some of the presynaptic phosphoproteins that are 

involved in the control of transmitter release may play an important role in very short- 

term synaptic plasticity. 

 

2.3 Long-term plasticity 

 
The brain encodes external and internal events as complex spatio-temporal patterns of 

activity in large ensembles of neurons that can be conceptualized as ‘neural circuits’. A 

corollary to this hypothesis is that new information is stored (i.e., memories are 
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Input specificity 

generated) when activity in a circuit causes a long-lasting change in the pattern of 

synaptic weights 24. This simple idea was put forth by Ramon y Cajal almost 100 years 

ago and was further advanced in the late 1940s by Donald Hebb, who proposed that 

associative memories are formed in the brain by a process of synaptic modification that 

strengthens connections when presynaptic activity correlates with postsynaptic firing 47. 

Experimental support was lacking until the early 1970s when Bliss and colleagues 

reported that repetitive activation of excitatory synapses in the hippocampus caused a 

potentiation of synaptic strength that could last for hours or even days. This 

phenomenon, termed long-term potentiation (LTP), has been the object of intense 

investigation because it is widely believed that it provides an important key to 

understanding some of the cellular and molecular mechanisms by which memories are 

formed and, more generally, by which experience modifies behavior 48,49. LTP is only 

one of several different forms of long-term synaptic plasticity that exist in specific 

circuits in the mammalian brain; most synapses that exhibit LTP also express one or 

more forms of long-term depression (LTD). Thus, a key concept is that synaptic  

strength at excitatory synapses is bidirectionally modifiable by different patterns of 

activity. 

2.3.1 LTP: from induction to expression 

 
Several basic properties of LTP make it an attractive cellular mechanism for rapid 

information storage: i) cooperativity means that it can be induced by the coincident 

activation of a critical number of synapses; ii) input specificity indicates that LTP is 

elicited only at activated synapses and not at adjacent, inactive synapses on the same 

postsynaptic cell, and iii) associativity which is the capacity to potentiate a weak input 

(a small number of synapses) when it is activated in association with a strong input (a 

larger number of synapses) (Fig. 2). 

 

Cooperativity Associativity 

 

 

Figure 2 - Basic properties of long-term potentiation 

Three key properties of long-term potentiation (LTP) were elucidated in the 1970s and early 1980s. 

All of these can be explained mechanistically by the biophysical properties of the NMDA receptors 

that are required to trigger LTP. (From Malenka RC, 2003). 
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LTP has been defined in many different synapses in the brain and may manifest itself in 

many different forms in different synapses; the most widely studied forms is NMDAR- 

dependent LTP because it is a suitable model for associative learning. LTP consists of a 

complex interplay of biophysical and cell-biological mechanisms operating at the 

cellular and local circuit levels. In approaching this complexity, it can be distinguished 

in an induction phase, which comprises the collection of short-lived events that trigger 

changes in synaptic weight but do not themselves affect it, and in an expression phase, 

which includes all those mechanisms, whether presynaptic or postsynaptic, that directly 

enhance synaptic efficacy. Thus, events associated with the activation of NMDA 

receptors, relief of the magnesium block, permeation of Ca2+ through the NMDA 

receptor and activation of Ca2+-dependent protein kinases can all be considered 

components of induction. Expression mechanisms include increases in the probability of 

transmitter release, phosphorylation of AMPA receptors and their insertion into the 

postsynaptic density. It was already known that under normal resting membrane 

potential NMDARs are potently blocked by Mg2+ ions. Thus, two conditions are 

necessary for generating an NMDA receptor-mediated response: presynaptic activity to 

release glutamate and strong postsynaptic depolarization; when spines become strongly 

depolarized, the Mg2+ block is relieved and Ca2+ permeates through the receptor leading 

to an increase in its postsynaptic concentration. Ca2+ influx activates signaling pathways 

that ultimately lead to changes in synaptic responsiveness (Fig. 3). These conditions 

offer a molecular mechanism for both LTP induction and the properties of associativity 

and input specificity. 

NMDARs activation is not, or at least not always, a sufficient condition; neither 

NMDA nor glutamate, when applied alone to hippocampal slices, readily induces long- 

lasting potentiation 50,51. These results suggest that the expression of LTP is dependent, 

in part, on presynaptic mechanisms. This point garnered significant attention because it 

required the production of a retrograde messenger that was released by postsynaptic 

cells and acted on presynaptic terminals. Popular candidates, such as nitric oxide and 

arachidonic acid, have largely fallen by the wayside and no longer receive significant 

attention 52. Neurotrophins, such as BDNF, have also been proposed to play this role, 

but there is evidence that a role for BDNF in LTP involves its release from presynaptic, 

not postsynaptic, sources 53. Prime additional candidates for synaptic retrograde 

messengers during LTP include a large number of synaptic cell adhesion molecules, 

which physically connect and align the presynaptic transmitter release apparatus with 

the postsynaptic density 54. On the other hand, numerous studies indicate as major 
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mechanism of LTP expression, the changes in postsynaptic neurons such as an increase 

in the numbers of AMPARs within the postsynaptic density (PSD) 55. This hypothesis 

began to emerge with the discovery of "silent synapses" that contain only NMDARs 

with few or no AMPARs, such that at normal resting membrane potentials these 

synapses exhibit no detectable postsynaptic responses to synaptically released glutamate 

56. The "unsilencing" of these synapses during the  induction of LTP is thought to occur 

through the incorporation of AMPARs into the postsynaptic membrane. These findings 

led to a large investigative effort into the molecular mechanisms regulating the 

trafficking of AMPARs 31,57,58. Evidences suggest that recycling endosomes in the 

dendrites contain a reserve pool of AMPARs that are mobilized during LTP via a 

process that requires the small GTP-binding protein, Rab11a 59. AMPARs do not appear 

to be inserted directly into the PSD but rather are exocytosed in the perisynaptic regions 

and then they laterally diffuse in the plasma membrane. PSD-95 has received the most 

attention and its level appears to be particularly important for controlling the number of 

AMPARs at individual synapses as evidenced by the findings that its overexpression 

increases synaptic strength and occludes LTP, whereas knockdown of  PSD-95 

decreases surface expression of AMPARs and synaptic strength 60-62. The mechanism 

that results in AMPAR insertion into the membrane, depends on Ca2+ influx into the cell 

following NMDARs activation. The increase in intracellular calcium activates multiple 

signaling enzymes including the kinases calcium/calmodulin-dependent protein kinase 

II (CaMKII), and other Ca2+-dependent enzymes such as PKA, different PKC isoforms, 

MAPK and tyrosine kinases. The activation of CaMKII is necessary and sufficient for 

the early phase of LTP in which biochemical events and trafficking of proteins begin, 

without de novo protein synthesis 63. CaMKII, along with PKC, phosphorylates Ser831 

in the intracellular C terminus of GluA1 subunit to an increase in single-channel 

conductance of AMPA receptors 64,65. However, the exact role of Ser831 

phosphorylation in vivo is still unclear, since mice lacking phosphorylation at 

Ser831still show CaMKII-dependent synaptic insertion and normal hippocampal LTP. 

Other phosphorylation sites may be important: GluA1 is phosphorylated by PKA at 

Ser845 to regulate the open probability of the channel and promote receptor exocytosis 

and anchoring at perisynaptic sites 66-68. CaMKII also phosphorylates the AMPAR- 

interacting protein stargazin, one of the transmembrane AMPA receptor regulatory 

proteins (TARPs), that favors its interaction with the synaptic scaffold protein PSD-95, 

and this interaction helps anchor AMPARs at synaptic sites 69. Although it remains 

unclear  how  CaMKII  activation drives the  insertion of AMPARs  during  LTP,  it has 
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been reported that the molecular motor protein myosinVa is required for this effect. 

MyosinVa associates with AMPARs and this interaction is enhanced through activation 

of the small GTPase Rab11. This mediates the short-range endosomal transport of 

GluA1-containing receptors from pools in the dendritic shaft, to the spine head where it 

can be inserted at the synapse during LTP 70. The role of phosphorylation in synaptic 

plasticity also extends beyond the synapse to enable these changes to persist in the long 

term. The persistence of LTP, called late phase of LTP (defined as the potentiation 

present more than 1–2 h after LTP induction) depends upon local dendritic protein 

synthesis and transcription in the nucleus 71. The signaling to the nucleus depends on a 

number of protein kinases which activate key transcription factors that may include 

cAMP response element-binding protein (CREB) and immediate-early genes such as c- 

Fos. In particular, CREB and other transcription factors are activated via a complex 

kinase cascade. Calcium entry through NMDARs increases levels of Ras-GTP, which 

activates the protein kinase Raf; activated Raf stimulates MAPK/extracellular signal- 

related kinase (ERK) kinase (MEK), which activates ERK1 and ERK2, which in turn, 

phosphorylate the transcription factors Elk1 and CREB 72,73. These transcriptional 

complexes promote expression of effector genes that are required for maintaining the 

synaptic enhancement and memory consolidation. Several mRNAs can be found in 

dendrites, including those of the AMPARs themselves and proteins which may function 

to regulate receptor trafficking 74. 
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Figure 3 – Molecular mechanism of NMDA- 

dependent LTP 

a) During basal synaptic transmission, glutamate 
binds their receptors but no current will flow through 

NMDAR channel because of its Mg2+ block. 

b) Depolarization of postsynaptic cell activates 

NMDAR, which promote Ca2+ influx and following 

activation of postsynaptic processes that enhance 

sensitivity of receptors to glutamate and release of 

transmitter substance (early LTP, red arrows); for 

LTP to last, the events must also lead to changes in 

protein synthesis and formation of new  synapses 

(late LTP, blue arrows). (From Kandel ER, Schwartz 

JH and Jessell TM, 2000). 
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2.3.2 Extracellular field potential: an electrophysiological recording to measure LTP. 

 
Field potentials are extracellular potentials recorded from groups of nerve cells in 

response to synaptic or antidromic stimulation. In laminated structures, field potentials 

provide surprisingly detailed information on cellular activity. In the hippocampal 

formation, the dense packing of the cell bodies, the roughly parallel position of the 

apical dendrites of hippocampal neurons, and the ease with which they can be 

synchronously activated are three histological features that make this brain structure 

high favorable for field potential studies. 

A field potential is generated by extracellular current flowing across the tissue 

resistance between the recording electrode and, in general, the ground electrode. 

Although measurable extracellular voltages are generated by action potentials in  a 

single neuron and form the basis of single-unit recording, synaptic currents generated by 

single neurons are generally too small to be detected. In laminated structures, the 

synchronous and localized currents generated by synaptic activation of population 

neurons gives rise to a characteristic and easily measured response called field 

extracellular postsynaptic potential (fEPSP). Synaptically generated current flows into 

the dendrites in the activated region; inside the cells, current flows proximally and 

distally away from the synaptic region, exiting where membrane area is greatest,  

notably in the region of the soma. The current loop is completed extracellularly, with 

current flowing radially from distal and proximal sources towards the sink in the 

synaptically active region. With a distal ground electrode, these synchronous 

extracellular currents give rise to fEPSPs that are negative in the region of current sinks 

and positive in regions of strong current sources 75. In particular, in the hippocampus, 

the current sink generated by synaptic activation is in the molecular layer, while the 

passive source is in the cell body region and in distal dendrites. Such negative field 

potentials were taken as a measure of the intensity of excitatory synaptic  activity and 

the efficacy of postsynaptic activation. 

In electrophysiology experiments, a train of electrical pulses is generally used to 

depolarize the neuron with high stimulus frequency to induce a rapid Ca2+ influx 

through NMDA receptors and following postsynaptic modifications. LTP is dependent 

on NMDA receptors (NMDAR) in synapses between CA3 and CA1 hippocampal 

neurons. Specifically, for field electophysiological recordings, a stimulating electrode is 

placed in the stratum radiatum of Schaffer collateral terminals and a glass micropipette 

(0.5–1MΩ) filled with artificial cerebrospinal fluid (ACSF) is placed in the CA1 

hippocampal region, at 200–600 μm from the stimulating electrode, in order to measure 
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fEPSP (Fig. 4a). Stimulus intensity was adjusted to evoke fEPSPs of amplitude about 

50% of maximal amplitude with minimal contamination by a population spike. Evoked 

responses are recorded until reaching stability in the amplitude of fEPSP (at least 10 

minute) and only once this is achieved, LTP is induced by an high-frequency  

stimulation such as trains of 2 x 100 Hz stimulation with a 200-ms interval between 

bursts. This strong presynaptic stimulation causes a rapid and substantial Ca2+ influx at 

the postsynaptic level which initiates LTP (Fig. 4b). This is believed to resemble the 

physiological activity that takes place in the brain during learning processes. 
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Figure 4 – Extracellular field recording at hippocampal CA1 synapses. 

(a) Recording configuration and typical physiologic responses in a hippocampal slice recording experiment. 

Electrode placements and responses from stratum pyramidale (cell body layer) and stratum radiatum 

(dendritic regions) are shown. In addition, the typical waveform of a population EPSP is illustrated, showing 

the stimulus artifact, fiber volley, and population EPSP. (From Sweatt JD, 2010). (b) Inset, fEPSP waveforms 

recorded during basal synaptic trasmission (1) and after LTP induction (2). Bottom, sample experiments 

illustrating stratum radiatum CA1-LTP. Time course of fEPSP slope normalized to baseline is plotted as a 

function of time. Panel demonstrates LTP  elicited by high-frequency stimulation ( black arrow).  (from Citri 

A and Malenca RC, 2008) . 

https://www.sciencedirect.com/book/9780123749512
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3. NEUROINFLAMMATION 

 
Although the CNS is an immune-privileged site, due to the presence of the blood-brain- 

barrier (BBB) which partially separates the CNS from the peripheral immune system, 

inflammatory reactions can occur within the CNS 76. Indeed, neuroinflammation is 

recognized to be a prominent feature in the pathology of several acute and chronic brain 

diseases 77. Neuroinflammation is a term used to describe the broad range of immune 

responses of the central nervous system, differing from peripheral inflammation in 

several ways, primarily concerning the principle cells involved. It consists of a 

protective response to harmful stimuli, such as pathogens, damaged cells, or irritants. It 

is the protective attempt by the organism to remove the injurious stimuli and initiate the 

healing process for the tissue 78. This process is orchestrated by the mobilization and 

interaction of several cell types and signaling molecules, producing a response that is 

both local and systemic (Fig. 5). The cell types that play a central role in the 

inflammatory response are microglia, considered the immune resident cells of the CNS, 

and the astrocytes, which perform many functions including maintenance of the 

extracellular ion balance and support of the BBB. These cells regulate both the 

induction and limitation of neuroinflammatory processes 79. 

 
3.1 Molecular components of neuroinflammation 

 
Cytokines and chemokines are neuromodulatory molecules involved in the regulation of 

CNS-immune system interactions and mediation of neuroinflammation. They are 

important for the coordination of immune responses throughout the body and for the 

brain’s immune function that serve to maintain immune surveillance, facilitate 

leukocyte traffic, and recruit other inflammatory factors. These molecules are produced 

not only by white blood cells or leukocytes but also by a variety of other cells as a 

response to various stimuli under both pathological and physiological conditions. 

Cytokines cause the exacerbation or reduction of neuroinflammation: pro-inflammatory 

cytokines such as interleukin (IL)-1  and tumor necrosis factor (TNF) play an integral 

role in pathological inflammation and acceleration of disease; conversely, several 

cytokines, including IL-4, are largely anti-inflammatory. Chemokines are small 

chemotactic cytokines and although they have very low physiological concentrations 

within the CNS, levels of certain chemokines such as monocyte chemoattractant protein 

(MCP)-1 are strongly up-regulated in chronic neuroinflammation 80. They are involved 

in the up-regulation and chemotaxis of astrocytes and microglia in response to an 
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inflammatory stimulus and may also disrupt neuronal function and adversely affect 

neurogenesis. Besides, cytokines and chemokines have adverse effects on the integrity 

of the BBB, allowing it to become more permeable and enabling the entry of leukocytes 

into the brain 81. Upon stimulation by pathogens or abnormal cells, immune cells, as 

well as cells of the nervous system such as microglia, astrocytes, and even neurons, can 

release cytokines and chemokines that in turn interact with their receptors 82. The 

binding of a cytokine or chemokine ligand to its receptor results in the trigger of a 

cascade of signaling events that regulate various cellular functions such as  

phagocytosis, cytokine secretion, cell activation, cell proliferation, etc.; for example, IL- 

1 , when bound to the IL-1 receptor, starts a signal transduction cascades, namely 

mitogen-activated protein kinase pathways (MAPK) 83. p38 MAPK is a stress-activated 

protein kinase and its activation results in many pro-inflammatory responses and the 

production of IL-8 and IL-6 84. 

The complement cascade, activated by the lectin-binding pathways, is an important 

feature of immunity and inflammation; it contributes to processes such as mast cell 

degranulation, chemotaxis, and cell lysis. Complement was not perceived to play a role 

within the CNS until relationships between complement proteins and glial cells were 

observed such as the roles of C3a, C3b, C5a in the chemotaxis and phagocytic functions 

of microglia in neuroinflammation 85. As with many aspects of innate immunity, the 

complement cascade is generally considered a double-edged sword within the CNS 

exhibiting a protective effect at physiological and acute levels but causing damage if 

stimulated chronically. 

The enzyme cyclooxygenase (COX) converts arachidonic acid to thromboxanes and 

eicosanoid groups such as prostaglandins (PGs), lipid metabolites that are involved in 

several physiological and pathological processes, including inflammation. Two distinct 

COX isoforms have been characterized, COX-1 and COX-2, that differ in terms of 

regulatory mechanisms, tissue distribution and preferential coupling to upstream and 

downstream enzymes in the CNS. The pathways of its two common isoforms COX-1 

and COX-2 are becoming increasingly associated with neuroinflammation and 

neurodegeneration, as well as COX inhibitors, such as non-steroidal anti-inflammatory 

drugs (NSAIDs), therapeutic potentials 86. Both these isoforms have different roles both 

in normal physiology and pathology. COX-1, which is constitutively expressed in most 

tissues, has been classically considered as the isoform primarily responsible for 

homeostatic PG synthesis; COX-1expression leading to prostaglandin synthesis is seen 

in microglia 87, and it is thought that activation of these cells could lead to an excessive 



22  

release of prostaglandins. Many aspects of the COX-1 pathway are pro-inflammatory, 

resulting in damaging neuroinflammation and cognitive impairment 88. Pathological 

associations have also been observed in traumatic brain injury and neurodegenerative 

diseases such as Alzheimer’s disease 89. By contrast, COX-2 is mainly induced in 

response to inflammatory stimuli, which led to the concept that selective inhibition of 

COX-2 can reduce inflammation 90,91. However, in the CNS, COX-2 is also 

constitutively expressed, mainly in hippocampal and cortical glutamatergic neurons 

where it has a pivotal role in synaptic activity and long-term synaptic plasticity 92 . 

The strong involvement of COX-1 in neuroinflammation compared to COX-2 could 

be related to its expression in microglia, whereas COX-2 overexpression may only be 

exhibited in neuronal damage. Cytokine signaling also interacts with these pathways. 

IL-1    induced MAPK activation promotes COX-2 gene expression and the 

cyclooxygenase pathway itself stimulates the production of IL-6, which shows one of 

many positive feedback loops in the systemic inflammatory response 93. The 

complexities of eicosanoid signaling in neuroprotection and neurodegeneration 

highlights the difficulties in forming therapeutic strategies. 

 
3.2 Microglia: a central player in neuroinflammation 

 
Microglia plays a crucial role in the process of neuroinflammation because these innate 

immune cells perform the primary immune surveillance and macrophage-like activities 

of the CNS. Indeed, much of the innate immune capacity of the CNS is mediated by 

microglia. These cells are the resident macrophages of the CNS that populate all regions 

of the CNS and reside in both the white matter and gray matter of the brain and spinal 

cord. They are derived from the yolk sac, and takes up residence in the brain during 

development, representing up to 12% of the cells of the CNS 94. In the mature CNS, 

microglia have an active role in immune surveillance of their microenvironment by 

acting as scavengers of debris and microbial pathogens using their processes. Other 

immune-related activities include the propagation of inflammatory signals that are 

initiated in the periphery; these responses are pivotal in the coordinated communication 

between the immune system and the brain. In response to cytokines and other signalling 

molecules from acute inflammation as well as in the case of pathological states within 

the nervous system including lesions, ischemic stroke and infection or in case of severe 

or chronic stressful conditions, microglia transform from a surveying, ramified state to 

an activated, phagocytic one; activated microglial cells rapidly alter their transcriptional 
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profile and produce proinflammatory factors like cytokines and chemokines, glutamate, 

and reactive oxygen species among others and help mobilize the adaptive immune 

response and cell chemotaxis, leading to trans-endothelial migration of immune cells 

across the BBB. Furthermore, these alterations allow microglia to migrate towards sites 

of injury or infection and potentially increase their phagocytic efficiency 95,96. Active 

microglia also undergo cytoskeletal rearrangements that alter the pattern of receptor 

expression on the cell surface. Toll-like receptors (TLRs) are important signal 

transduction proteins in the innate immune system and inflammatory response. These 

are pattern recognition receptors that are activated on detection of a foreign microbe and 

initiate downstream signaling cascades. TLR-4 is of particular importance as it is 

induced by lipopolysaccharide (LPS), an endotoxin found in the outer membrane of 

gram-negative bacteria and commonly used to induce an inflammatory response in 

animal  models  97. TLR-4  activation  induces TNF    and  IL-1   release and is a key 

receptor in proinflammatory signaling. Microglia express a range of TLRs that activate 

these cells and initiate a neuroinflammatory reaction. Besides, microglia express the two 

classes of major histocompatibility complex, MHC class 1and MHC class 2, and 

although these antigen presenters are mainly involved in the reaction to infectious 

disease, they are thought to play a role in the development of neuroinflammation 98. 

In general, microglial activation and the increased expression of cytokines are 

intended to protect the CNS and benefit the host organism. Nonetheless, these cells can 

remain activated for extended periods, so that an amplified, exaggerated, or chronic 

microglial activation can establish a feedback loop that perpetuates inflammation and 

ultimately results in pathological changes and neurobehavioral complications such as 

depression and cognitive deficits 99. Thus, a critical balance between repair and 

proinflammatory factors determines the rate of progression and outcome of a 

neurodegenerative process 100. 

 
3.3 Neuroinflammation and synaptic plasticity: the role of immune system 

 
Over the past two decades, it became evident that the immune system plays a central 

role in modulating learning, memory and neural plasticity 101. Although the immune 

mechanism has an essential neuroprotective role in the brain, it is also physiologically 

implicated in the remodeling of synaptic circuits. The CNS and the immune systems are 

known to be engaged in intense bidirectional crosstalk, and glial cells are considered as 

a crucial third element of the synapse, contributing to neurotransmission and several 
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forms of synaptic plasticity like LTP. However, a status of neuroinflammation rapidly 

disrupts this system altering neuronal networks functioning and leading to cognitive 

impairments. The increased production of immune diffusible mediators, such as 

cytokines and prostaglandins, can disturb the delicate balance needed for the 

neurophysiological actions of immune processes and generate deleterious effects on 

synaptic transmission and brain plastic phenomena. Cognitive impairments are very 

common in inflammatory disorders, such as trauma, neurological diseases, severe or 

chronic stress and aging 102-105 but the mechanisms responsible of these deficits are still 

poorly understood. Immune responses are complex, being either neuroprotective or 

detrimental, and largely depending on the stimulus, the context, the duration of the 

inflammatory process and the type of activated inflammatory cells. Certainly, a greater 

understanding of the immune-mediated control mechanisms of synaptic plasticity could 

represent the basis for the development of a novel immune-centered therapeutic 

approach to neurological disorders. Moreover, the effects of these conditions are 

mediated by some immune diffusible mediators, as will be described below. 

3.3.1 TNF and IL1- 

 

Among others proinflammatory cytokines, IL-1β and TNF are the best-studied 

molecular actors in both physiological and pathological conditions and have been 

associated with LTP. 

TNF is a proteolytically cleaved transmembrane protein  whose  activity  is 

performed through TNF receptor type 1 (TNFR1) and type 2 (TNFR2) 106. In a 

physiological state, the glial pathway that regulates TNF release is itself controlled by 

TNFa, but when the balanced system is strongly disturbed, the homeostatic mechanism 

fails 107. This cytokine is an important regulator of synapse function and its involvement 

in neural plasticity processes has been much studied. It was shown that  TNF  is 

involved in LTP maintenance by binding to both TNFR1 and TNFR2 108. The 

detrimental effect of TNF on memory was first demonstrated by showing impaired 

learning in adult mice that over-express TNF within the CNS 109. Consistently, several 

data suggest that TNF massively released during neuroinflammation exerts different 

brain area-specific effects; it has been shown that microglia-released TNF improves 

LTP at C-fiber synapses in spinal dorsal horn, whereas it impairs hippocampal LTP at 

CA3-CA1 synapses and the same effect was observed after intrahippocampal injection 

of TNF in healthy mice 110,111. In contrast with these findings, most studies reported less 
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consistent effects of excess TNF signaling on memory functioning and one study 

showed that chronic exposure to TNF potentiates LTP in CA1 region 112-114. These 

contradictory data do not provide definitive conclusions regarding the role of TNF in 

memory processes; however, they can suggest that basal levels of  TNF  are  not 

required for memory, as TNF -deficient mice demonstrate  no  memory impairments, 

and the negative influence of TNF appears to be both dose- and age-dependent. 

IL-1β is the product of the proteolytic cleavage of its mature form pro-IL-1β. IL-1β 

exerts its biological action by binding to IL-1 receptor type 1 (IL-1RI), competing with 

IL-1 receptor antagonist (IL-1ra), the endogenous inhibitor of IL-1β. A bulk of data 

indicates the detrimental effect  of IL-1  in synaptic mechanisms, like LTP, underlying 

learning and memory. It was demonstrated that increased levels of IL-1β inhibit LTP in 

CA1, CA3, and DG of the hippocampus, either after in vitro application of the cytokine 

or in vivo intracerebroventricular administration 101. To explore the effects of chronic 

exposure  to  IL-1 , a recent study examined the effects of chronic transgenic over- 

expression of IL-1  within the hippocampus, showing that sustained elevation of IL-1  

levels, which resulted in neuroinflammation, produced marked memory deficit 115,116. 

IL-1   has also been shown to dose-dependently affect Ca2+ conductance through 

NMDARs, being able to improve or inhibit Ca2+ influx at low or high concentration, 

respectively 117. Among others, these are the putative mechanisms by which IL-1  

improves or impairs LTP induction. Studies conducted in animal models of disease 

associated with an inflammatory state show that LTP is impaired in correlation with IL- 

1   levels and memory deficits are recovered by treatment with antagonist of IL1-β 

receptor 118. Thus, these data clearly demonstrate a detrimental effect of elevated IL-1  

levels on memory functions. 

3.3.2. Prostaglandins 

 
Prostaglandins (PGs) are important inflammatory mediators, synthesized from 

arachidonic acid by the enzyme COX 1 and 2. Within the brain, PGs are mainly 

produced following the induction of COX-2 by various stimuli, including inflammatory 

challenges, particularly IL-1 , as well as synaptic activity 101. Among the others, PGE2 

exert a variety of biological activities in the brain; however, it is only recently shown 

that PGs are involved in memory functioning and synaptic plasticity 119. Basal levels of 

PGE2 seem to have a role in neural plasticity; this has been demonstrated by several 

lines of research showing that COX-2 activity is upregulated during LTP, PGs 
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production by COX-2 can occur in postsynaptic dendritic spines, and inhibition  of 

COX, but not COX-1, activity results in impaired hippocampal LTP, which can be 

completely rescued by exogenous application of PGE2 
90,120-122. Although basal  levels 

of PGE2 seem to be required for LTP, the increase of PGE2 levels,  which occurs  in 

some pathological conditions, may be detrimental for LTP. Specifically, selective 

inhibition of COX-2 was found to reverse memory and synaptic plasticity impairments 

produced by several conditions associated with neuroinflammation, including 

Alzheimer’s disease, acute and chronic LPS administration, stress and aging 123-126 . 

Besides, the transgenic over-expression of COX-2 resulting in marked elevation of 

brain PGE2 levels, as well as a direct administration of PGE2 into the brain,  was found 

to impair memory functioning but only in aged mice, suggesting that developmental 

compensatory mechanisms are sufficient to counteract the detrimental effects of 

elevated PGE2 levels in young animals, and that memory deficits occur when these 

mechanisms are deteriorating during aging 127. Finally, memory impairments induced  

by  IL-1   administration were found to be blocked by co-administration of the non- 

specific COX  inhibitors suggesting that the detrimental effects of IL-1  on LTP are at 

least partly mediated by elevated PGE2 levels 128. However, the mechanism  that 

explains how PGE2 affect synaptic plasticity is complex and not well understood 

because they act on different receptor subtypes, which have different functions in 

intracellular signal transduction based on the cell type involved, the action site (pre- or 

post-synaptic), and the amount of prostaglandins 119. 

Four subtypes of G-protein coupled receptors for PGE2 have been identified: EP1, 

EP2, EP3, and EP4, each encoded by distinct genes. It was been shown that these EPs 

subtypes are heterogeneously expressed both in neurons and astroglial cells, whit EP2 

and EP3 abundantly expressed in the hippocampus and cortex, while EP1 and EP4 only 

at detectable levels 129. Interestingly, EP2 and EP4 are well merged with synaptophysin, 

but not PSD-95, indicating that these two subtypes of EPs are expressed in presynaptic 

terminals and providing important avenues for PGE2 signaling in synaptic activity. 

Binding of PGE2 to these receptor subtypes initiates a signal transduction via secondary 

messengers, such as cAMP. Specifically, the activation of EP1 results in a release of 

intracellular Ca2+ from inositol trisphosphate (IP3) stores, whereas EP2 or EP4 

activation stimulates adenylate cyclase, resulting in increased levels of intracellular 

cAMP; conversely, activation of EP3 inhibits adenylate cyclase 130. These opposite 

effects of EP2 and EP3 on the production of cAMP could be involved in the modulation 

of synaptic plasticity. Another important aspect is that an high-frequency stimulation, 
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that induces LTP, causes a bidirectional trafficking of EP2 and EP3, which are mainly 

located in the cytosol and at the membrane, respectively, resulting in an increase in EP2 

and a decrease in EP3 at the membrane; this predominant location of EP2 at the 

membrane, can easily induce the production of a large amount of cytosolic cAMP, wich 

in turn activates PKA, leading to the activation of CREB, a transcription factor involved 

in maintenance of LTP 131. It is also possible that in the hippocampus, PGE2 works as a 

retrograde messenger, acting at the presynaptic site where EP2 is distributed 132. 

Therefore, it is important to regulate the production of PGE2 for the maintenance and 

successful accomplishment of ordinary synaptic function. 

3.3.3. BDNF 

 

Most research on the relations between immune mechanisms and neurotrophins 

concerning neurobehavioral plasticity focused on BDNF. This is understandable given 

that the production and signaling of BDNF via the TrkB receptor has been implicated in 

almost every aspect of neural and behavioral plasticity, including hippocampal- 

dependent memory and LTP 133,134. BDNF and its receptors are expressed not only by 

neurons but also by astrocytes and microglia. For example, BDNF secreted by activated 

microglia can influence neuronal functioning, producing neuroprotective effects, but it 

can also act in an autocrine manner to promote proliferation and survival of microglia 

135. BDNF, acting via Trk-B receptors on microglia, can also induce sustained elevation 

of intracellular Ca2+ in these cells, which in turn can have anti-inflammatory effects 136. 

Several lines of evidence suggest that decreased BDNF signaling seems to contribute to 

the detrimental effects of immune processes on learning, memory, and LTP. For 

instance, it was shown that, following learning and memory tasks, mice exhibit 

increased expression of BDNF as well as ERK1/2 activation, which underlies BDNF’s 

effects on memory consolidation; whereas IL-4 deficient mice or IL-1ra transgenic 

mice, which display impaired performance, do not shows such an increase 137. In 

addition,  it  seems  that  the  detrimental  effect  of  IL-1   on memory is mediated by 

alteration in BDNF signaling cascades; this hypothesis is supported by studies in which 

intra-hippocampal IL-1  or LPS administration reduces BDNF and TrkB expression, 

while the block of LPS effect increases the expression of this neurotrophin 138,139. The 

inhibition of prostaglandin synthesis, which disturbs learning, memory, and LTP, is also 

accompanied by diminished production of PGE2 and BDNF following spatial learning 

and LTP. Moreover, the endogenous elevation of BDNF levels is sufficient to reverse 

this detrimental effect and restore a parallel increase in LTP and learning-related BDNF 



28  

and PGE2 
122. Together, these converging lines of data suggest that a reduction in BDNF 

expression may underlie the detrimental effect of immune activation on memory. 

Moreover, not all findings are consistent with a role for BDNF because it has been 

shown that BDNF expression did not vary following LPS administration, which causes 

marked learning deficits 123. 

 
 

 
Figure 5 - Schematic description of the complex interplay between immune system and brain in regulating 

neural plasticity and behavioral processes at molecular and cellular level. 

During learning or high frequency stimulation (HFS) that induces LTP, the external glutamatergic, monoaminergic 

and adrenocortical input can activate neurons, microglia and astrocytes (blue arrows). Signaling via specific receptors 

expressed on these glia cells induces the production of various mediators. For example microglial cells can release IL-

1, as well as other inflammatory mediators, (red arrows) which can in turn further activate astrocytes, inducing the 

secretion of several compounds that are critical for memory formation and synaptic plasticity, such as D-serine, 

BDNF, TNFa and additional glutamate (green arrows). IL-1 has also been shown to facilitate glucose uptake and the 

production of lactate by astrocytes, which are important for long-term memory consolidation. Microglia and 

astrocytes also secrete various compounds that directly influence neuronal functioning and neural precursor cells 

(NPCs) (which underlie hippocampal neurogenesis), including BDNF, IGF-1, TGFb, and low levels of TNFa and 

PGE2. Microglial-derived IL-1 can also directly influence neurons by upregulating NMDA receptor functioning. 

Importantly, the production of IL-1 and other glial mediators is tightly regulated by neuronal-derived factors , 

including GABA, CD200 and fractalkine. (black arrows). Microglial expression of IL-1, MHC-II and various 

chemokines can influence T cells, which play an important role in learning and neurogenesis (light blue arrows). 

Finally, IL-1 can activate endothelial cells, which produce various trophic factors important for memory, neural 

plasticity and neurogenesis (purple arrows). ( From Yirmiya R and Goshen I, 2011). 



29  

4. MAJOR DEPRESSIVE DISORDERS 

 
The most common form of depression is the Major Depressive Disorder (MDD), a 

seriously disabling public health problem of very high prevalence affecting more than 

300 million people across the globe, an increase of more than 18% between 2005 and 

2015 140. This disorder is twice as common in women as in men, with an incidence that 

is more than 12% in men and 20% in women 141. The age-of-onset is prevalent for the 

entire lifespan though the most common time of onset is between the ages of 20 and 30 

years, with a later peak between 30 and 40 years 142. Clinically, it is a mental disorder 

characterized by the prolonged presence of specific somatic and cognitive abnormalities 

in combination with sad, empty or irritable mood, low self-esteem, and loss of interest 

or pleasure in normally enjoyable activities, or anhedonia; in addition, there are several 

other symptoms causing marked functional impairment, such as poor concentration and 

memory, sleep disturbance, lack of energy and appetite disorders 143. In severe cases, 

depressed people may have symptoms of psychosis including delusions or 

hallucinations, and recurrent morbid thoughts about death and suicidal ideation; this last 

one is a serious problem because about 60% of people who commit suicide had 

depression 144. Furthermore, it is important to note that depression is often accompanied 

by other psychiatric disorders, especially substance use disorder, impulse control 

disorder, and anxiety disorders 141.everal aetiological and pathophysiological factors 

contribute to the development and maintenance of depressive symptoms; MDD can be 

described in terms of dysfunctions on neurochemical, neuroendocrine, immunological, 

functional and structural anatomical, and cognitive levels (Fig. 6). Although so far there 

is no clear understanding of the neurobiological basis underlying the pathology of 

depression, it's known that many brain regions, such as amygdala, thalamus, 

hippocampus, prefrontal and so on, are involved in this disorder. Human brain imaging 

studies on autopsy of depressive patients have demonstrated many abnormities in these 

regions and the most frequently reported findings obtained by this technology are 

diminished grey-matter volumes and reduced glial densities of hippocampus and 

prefrontal cortex (PFC) in depressive patients, while it is still inconclusive  whether 

these alterations in hippocampus and PFC represent a precipitating factor or are just a 

result of major depression. 

 

4.1 Neurobiology of depression 

Depressive disorders are complex neurobiological conditions for which there is no 

simple explanation as to what causes it. It is clear now that MDD is associated with a 
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wide range of risk factors that, over the years, have stimulated the development of a 

whole array of hypothesis of depression concerning the development of clinical 

symptoms in terms of dysfunctions on different neurobiological levels. Only some 

hypothesis of depression will be described below. 

4.1.1 Neurochemical hypothesis 

 
The most influential neurobiological discoveries related to depression have probably 

been neurotransmitter-related abnormalities with the monoamines having received most 

attention. Monoamines are neurotransmitters and neuromodulators that include 

serotonin (5-HT), dopamine, norepinephrine, and epinephrine. The monoamine 

hypothesis of depression not only proposes that the biological basis for depression is 

directly related to decreased monoaminergic transmission, especially serotonergic, but 

also that many antidepressant drugs acutely increase synaptic levels of the monoamine 

neurotransmitters tending to restore normal function in depressed patients. Early 

observations of the ability of tricyclic antidepressants to relieve depressive symptoms 

and potentiate serotonin and noradrenaline activity triggered a wide range of 

neurochemical investigations in patients with depression. It has been shown, for 

example, that depression is associated with decreased serotonin transporter binding in 

the midbrain and amygdala, decreased 5-HT1A receptor binding in frontal, temporal  

and limbic regions and increased density of monoamine oxidase A (MAO-A), an 

enzyme which metabolizes monoamines 145-147. All these findings are consistent with 

the idea of some sort of monoaminergic dysfunction. Furthermore, studies exploring the 

effects of experimental manipulations of monoaminergic pathway activity, for example, 

through restricting the availability of the serotonin precursor tryptophan, report that  

only those who had previously suffered from depressive episodes or who have a family 

history of depression develop depression-like symptoms in response to impaired 

monoamine function 148. The inability to induce depression in those without 

vulnerability to the disorder thus suggests that impaired monoamine pathway activity 

alone is probably not sufficient to cause depressive episodes. 

The  monoamine  hypothesis  has enjoyed considerable support  since  it  attempts  to 

provide a pathophysiologic explanation of depression and it has been of great 

importance in the development of safe and effective pharmacologic agents for its 

treatment. However, it does not address key issues such as why antidepressants are also 

effective  in other  disorders such as panic disorder, obsessive-compulsive disorder, and 

https://en.wikipedia.org/wiki/Antidepressant
https://en.wikipedia.org/wiki/Chemical_synapse
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bulimia, or why all drugs that enhance serotonergic or noradrenergic transmission are 

not necessarily effective in depression. 

Despite the main focus has been on monoamines in the last decades, there is also 

accumulating evidence for changes in other neurotransmitter systems associated with 

depression, specifically the gamma-aminobutyric acid (GABA) system and the 

glutamate system. For instance, it was shown that in depressed patient, GABA levels 

appears to be lowered in the plasma and cerebrospinal fluid and the density of specific 

GABAergic interneurons is reduced in prefrontal and occipital cortical regions 149,150. 

Abnormalities of glutamate in plasma, serum, cerebrospinal fluid, and brain tissue have 

also been described in patients with depression and magnetic resonance spectroscopy 

imaging has yielded some evidence for decreased levels of glutamate especially in 

anterior brain regions 151,152. Furthermore, ketamine, a glutamatergic NMDA receptor 

antagonist, has repeatedly been shown to exert rapid antidepressant effects 153. 

4.1.2 Neurotrophic hypothesis 

 
The brain-derived neurotrophic factor (BDNF) is a neurotrophin widely expressed in the 

brain where it is implicated in neuronal growth, synaptic plasticity, neuronal survival, 

and it has been suggested as a biomarker of depressive disorders 154. Clinical findings 

have detected decreased BDNF expression in the hippocampus of depressed suicide 

patients, and increased levels in patients medicated with antidepressants before death 

155,156. Furthermore, serum BDNF in living depressed patients is abnormally low but can 

be restored following pharmacological antidepressant treatment 157. These observations 

provided a basis for neurotrophin theory stating that depression is caused by decreased 

levels of this neurotrophic factor in both human depression and a range of rodent 

models of the disorder and that antidepressants neutralize this deficit 158. Because 

BDNF is known to enhance synaptic plasticity in various brain regions, it is reasonable 

to postulate that improving BDNF function may be beneficial and, supporting this idea, 

direct injection of BDNF into the hippocampus of experimental animals induces 

behavioral changes similar to antidepressant treatment. Thus, BDNF and its tyrosine 

related kinase (Trk) B receptor, seems to be promising targets of novel antidepressant 

therapies. 

Despite these observations, this hypothesis of depression has never received 

universal support, with a considerable number of studies generating evidences that 

directly contradict the existence of a simple relationship between total brain BDNF 

levels and mood. For instance, while the antidepressant efficacy is suppressed in 
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experiments using inducible BDNF knock-out mice, depression-related behaviors are 

only seen in females, showing significant gender differences 159; moreover, forebrain- 

specific conditional TrkB receptor knockout mice do not exhibit depression-related 

behaviors such as increased behavioral despair in the forced swim test, whereas it has 

been demonstrated that activation of TrkB receptor is required for antidepressant- 

induced behavioral effects 160,161. Furthermore, while a loss of BDNF may not generate 

spontaneous depressive traits, it may represent a predisposing factor, and manipulation 

such as chronic stress is necessary for its manifestation and subsequent detection. 

One hypothesis that can explain this contradictory role of BDNF has been put 

forward by Castren et al. (2007), who suggests that BDNF may act as a ‘critical tool’ in 

modulating activity-dependent plasticity within emotional processing networks, the 

integrity of which may be compromised in depression 162. The physiological function of 

such plasticity, as well as the extent to which it is modulated, may determine the 

magnitude and the direction of the impact BDNF levels have on mood. 

4.1.3 Genetic factors 

 
There is strong evidence that genetic factors may play a significant role in the onset of 

MDD. Depression is known to run in families, suggesting that genetic factors contribute 

to the development of this disease with about 40% risk if a biological parent has been 

diagnosed with the illness. However very little is known for certain about the genetic 

basis of the disease; it is clear from studies of families that major depression is not 

caused by any single gene but variations in many genes, each with a small effect, 

combine to increase the risk of developing depression and predispose some people to 

become ill. 

Several studies have identified chromosomal regions with linkage to the disorder, 

and some of these loci have been replicated in more than one study, although no single 

chromosomal region has been replicated in every family study of genetic linkage in 

depression. Holmans et al. (2007) found evidence of linkage of recurrent, early-onset 

depression to chromosome 15q25-q26, but the population attributable risk was small 163. 

No specific molecular risk factor has been reliably identified. One common 

polymorphic variant of the serotonin-transporter–linked polymorphic region (5- 

HTTLPR), which affects the promoter of the serotonin transporter gene, causes reduced 

uptake of the neurotransmitter serotonin into the presynaptic cells in the brain and 

confers a predisposition to depression; brain imaging reveals functional differences in 

emotion-related areas of the brain among carriers of the different common 
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polymorphisms of 5-HTTLPR although a direct relation to depression is unclear 164. In  

a large epidemiologic study, Caspi et al. (2003) found that 5-HTTLPR predicted 

depression only in association with defined life stresses 165. Some environmental factors 

could confer a predisposition to depression by affecting the genome epigenetically; for 

example, increased maternal care in rodents causes an epigenetic change in  the 

promoter region of the glucocorticoid-receptor gene 166. 

Other hypothesized genomic influences are BDNF polymorphisms; BDNF Val66Met 

(G196A, rs6265) polymorphism is located at an exon and changes an amino acid at 

codon 66 from Val to Met. Positive association studies have been published; however, 

whether the Met or Val allele is a risk allele for depression has not been confirmed. 

Frielingsdorf et al. (2010) reported that Met homozygotes may have a greater risk for 

major depressive disorder 167. Another study found that Val homozygotes have an 

increased chance of depression 168. However, negative association results have also been 

found and a meta-analysis involving 14 studies reported that BDNF Val66Met was not 

significantly associated with depression in a total sample and that a significant effect 

was found only in men 169. Taken together, these results indicate that the genetic effect 

of BDNF Val66Met on depression is not fully understood. 

The largest genome-wide study to date failed to identify variants with genome-wide 

significance in over 9000 cases 170. Recently, the first genetics study has been published 

with positively identified two variants in intronic regions near SIRT1 and LHPP with 

genome-wide association with major depressive disorder 171. 

 
4.2 Is major depression an inflammatory disorder? 

 
Despite MDD cannot be considered a pure ‘inflammatory’ disease, evidence is 

accumulating to show a link between inflammation and depression and the fact that 

these two conditions are closely connected and may fuel each other in a bidirectional 

pathway. Despite the mechanisms by which inflammatory mediators modulate the 

pathways that are implicated in the etiology of depression is not completely understood, 

it is becoming increasingly clear that inflammation is able to affect cognition, increase 

the complexity and severity of illness presentation and contribute to the production of a 

pattern of symptoms, clustering in a syndrome named ‘sickness behaviour’ closely 

related to depression 172-174. Several studies have pointed to the presence of increased 

expression of pro-inflammatory cytokines, whose main cellular source in the brain is 

microglia, and their receptors both in peripheral blood and cerebrospinal fluid (CSF) of 

some depressed subjects 175; also, patients treated with cytokines are at increased risk of 
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developing this disease, while the blockade of cytokines or inflammatory signaling 

pathway components, such as COX-2, has been shown to reduce depressive symptoms 

176,177. Thus, these studies indicate an association between inflammatory markers and 

MDD but not the causal relationship and it has not been found yet a correlation between 

inflammatory levels and the severity of depressive symptoms. Interestingly, it was 

demonstrated that inflammatory cytokines can change brain function and structure 

through mechanisms that include an increase in glutamate-induced  neurotoxicity, 

effects on monoamine neurotransmission and HPA axis. Besides, proinflammatory 

cytokines increase the activity of serotonin transporter (SERT) proteins, resulting in an 

increase of serotonin reuptake and in a reduction of extracellular serotonin, and they are 

able to up-regulate enzymes such as tryptophan 2,3-dioxygenase (TDO) and 

indoleamine 2,3-dioxygenase (IDO), with a resulting decrease in tryptophan (TRP) 

availability for serotonin synthesis 178. 

Another interesting point that correlates neuroinflammatory processes and major 

depression is that patients suffering from this disorder display many cognitive 

dysfunctions. It's known that neuroinflammation plays a central role in modulating 

synaptic plasticity and other cellular mechanisms that underlie cognition  through 

several mechanisms, including alteration of gene expression, modification in neuronal 

function, decreased neurogenesis, and impaired long-term potentiation. Despite 

inflammatory mediators influence synaptic plasticity processes through mechanisms 

described in the section 3.3, a growing body of evidence links inflammatory etiology, 

depression and cognitive impairment to a cytokine-induced imbalance in the kynurenine 

pathway, which is responsible for tryptophan degradation and hence plays a major role 

in serotonin synthesis 179. 

 
4.3 The life environment: a key factor in the pathogenesis of major depression 

 
Environmental   factors   also   play   critical   roles   in   a   person's   risk   of 

developing depression. A number of environmental factors have been found to 

contribute to depression vulnerability, including in utero exposure to infection, lack of 

nutrients, maternal stress, social disadvantage, childhood maltreatment, bullying, 

traumatic events, endocrine abnormalities, cancers and exposure to stress 180,181. Among 

these environmental factors, stressful life experiences, especially those occurring early 

in life, have been suggested to exert a crucial impact on brain development leading to 

permanent functional changes that may contribute to lifelong risk for mental health 

outcomes. Indeed, the results of a large number of experimental and clinical studies as 
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well as many meta-analyses demonstrated that stressful life events have a potent 

relationship with the risk of depression 165,182; during periods of heightened neural 

plasticity throughout development, brain regions involved in the regulation of emotion 

and the mediation of the stress response appear to be particularly sensitive to the effects 

of stressful events. Such experience-dependent plasticity may produce altered neural 

circuits and maladaptive responsiveness to the environment that, ultimately, lead to an 

enhanced risk for depression 183. The mechanisms that mediate the impact of life 

environment on depression risk have been studied for decades. 

4.3.1 Stress, Hypothalamic–Pituitary–Adrenal Axis and depression 

 
The brain is a target of stressful experiences, and increasing attention has been focused 

on the influence imposed by stressful life events over depression. Stress response a wide 

range of physical responses that occur as a direct effect of a stressor causing an upset in 

the homeostasis of the body; upon immediate disruption of either psychological or 

physical equilibrium, the body responds by a series of changes including nervous, 

endocrine and immune systems, which provide the maintenance of homeostasis. 

Nevertheless, long-time activation of the stress system can cause harmful or even fatal 

consequences by elevating the risk of depression and other disorders. 

Among the systems involved in stress response, hyperactivity of the hypothalamic- 

pituitary-adrenal (HPA) axis is one of the most consistent neurobiological findings in 

major depression psychiatry; excessive activation of the HPA axis is observed in about 

70% of depressed people, and continuous administration of antidepressants helps to 

attenuate this activation 184. The HPA axis is responsible for adaptation to changed 

environmental conditions and mobilization of the organism’s reserves during exposure 

to stress of different etiologies. Briefly, in response to a stressor, neurons in the 

hypothalamic paraventricular nuclei secrete corticotropin-releasing hormone (CRH), 

which exerts its action on the hypophysis to initiate the release into the blood circulation 

of adrenocorticotropic hormone (ACTH), which stimulates the release of 

corticosteroids, particularly cortisol, from the adrenal cortex. The final hormonal 

product of this axis, cortisol, binds to mineralocorticoid and glucocorticoid receptors to 

form hormone–receptor complexes, which are then transported into the cell nucleus 

where they interact with specific DNA regions, the glucocorticoid-response elements, to 

activate the expression of hormone-dependent genes. Cortisol, in turn, induces feedback 

inhibition in hypothalamus and hypophysis, suppressing the production of CRH and 

corticotropin, respectively. 
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There is considerable evidence supporting the hypothesis according to which 

dysfunction of the HPA system is characteristic of a depressive state. Depressed patients 

frequently show elevated cortisol levels in plasma and urine, elevated CRH levels in 

cerebrospinal fluid, and increased levels of CRH messenger RNA and protein in limbic 

brain regions 185; they also exhibit increased size of the hypophysis and suprarenal 

glands or decreased function of corticosteroid receptors 186,187. Besides, in many patients 

with depression has been found a decreased size of the hippocampus due to elevated 

levels of cortisol that can reduce neurogenesis and a decreased numbers of neurons and 

glia, possibly reflecting reduced neurogenesis or due to reduced BDNF levels, which is 

known to be affected by stress and cortisol 188-190. 

4.3.2 Microglia as mediator of the effects of the living enviroment in major depression 

 
The nervous and the immune systems are engaged in an intense bidirectional interplay, 

along with the ongoing changes in the living environment 191. In this perspective, 

microglia cells has recently attracted a lot of interest in the biological psychiatry field 

192. These cells can modify their features and function according to the inputs from the 

environment because equipped with receptors for a plethora of molecules through which 

they can sense environmental changes and respond performing either beneficial or 

harmful functions, accordingly to the context. For instance, these cells respond to 

sensory and behavioral experience by modulating their interactions with neuronal 

circuits, notably regulating adult hippocampal neurogenesis and elimination and 

formation of synapses 193. 

The role of microglia in interfacing environmental stimuli and changes in brain 

function has suggested that these cells may underlay the interplay between 

environmental stimuli and vulnerability to major depression; however,  its specific role 

is only beginning to be explicated. Preclinical study have provided an interesting 

demonstration of the role played by microglial cells in mediating the effects of stress on 

depression, showing that stress exposure produces dynamic bi-directional alterations in 

microglia status that, in turn, are causally involved in stress-induced depressive-like 

behavior 194. Yirmiya et al. (2015) found that microglia modifications are dependent on 

the duration of the stress exposure 195. In particular, a short-term exposure to  stress, 

such as unpredictable stress (US) paradigm, results in microglial activation consisting in 

i) rapid and targeted movement of microglial processes, (ii) proliferation and resultant 

increase in the density of microglial cells, (iii) morphological alterations, including 

enlargement  of the soma,  increase  in the diameter of primary processes,  shortening of 
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distal processes, and, in fully activated microglia, complete retraction of all processes 

and assumption of an amoeboid morphology, (iv) enhanced phagocytic activity, and (v) 

production and secretion of inflammatory cytokines and other mediators. On the other 

hand, exposure to chronic stress regimens induces an intense and prolonged microglial 

activation leading to the microglial decline, senescence, and dysfunction. For example, 

using the chronic unpredictable stress (CUS) model of depression in mice, it has been 

found that some microglial cells, following an initial period of proliferation and 

activation, undergo apoptosis with a consequent reduction in their number and 

assumption of a dystrophic morphology characterized by smaller soma size and shorter 

and thinner processes 196. In addition, it has been showed that counteracting the changes 

in microglial activity induced by stress, through pharmacological manipulations, can 

prevent or reverse the depressive-like phenotype. In particular, during the early phase of 

stress exposure, the administration of minocycline, a drug used to inhibit microglial 

activation, or imipramine, an antidepressant with anti-inflammatory properties prevents 

specific stress-induced effects on microglia and behavior 197. Thus, microglia represent  

a promising therapeutic target for the treatment of depression; either microglia- 

suppressing or -stimulating drugs can serve as antidepressants, depending on the 

microglial status of the patient. 

 

 

 
 

 
Figure 6 – Relationship between inflammation and major depressive disorders. 

Living environment is an important factor in the occurrence of depression symptoms. 

Adverse living enviroment can lead to i) disorderly release of neurotransmitters; ii) 

excessive activation of microglial cells, causing them to release toxic substances to 

disrupt the balance of inflammation and anti-inflammation, and (iii) release of 

inflammatory cytokines by immune macrophage, indirectly causing neurological 

circuit disorders. (Adapted from Zhang L, Zhang J and You Z, 2018). 
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4.4 Antidepressant treatment 
 

Antidepressants are drugs used for the treatment of major depressive but have proven 

effective for a broad range of psychiatric illnesses, including several anxiety disorders, 

bulimia, and dysthymia. Among the various classes of antidepressants, such as tricyclic 

antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs), and others, the advent 

of selective serotonin reuptake inhibitors (SSRIs) in the early 1990s represented a 

turning point in the treatment of depression 198. 

4.4.1 How antidepressant work on neuroplasticity? 

 
If depression entails a deficit in neuroplasticity, then antidepressant treatments may 

enhance neuroplasticity and even reverse cognitive deficits produced during the 

symptomatic period. A small literature does address the improvement of cognitive 

deficits, and even of structural damage, in depressed patients treated with a variety of 

antidepressant drugs. The possible mechanisms of how typical antidepressants could 

contribute to cellular survival and plasticity processes in the brain have  been reviewed 

in several articles and could be explained by different pathways. First, the hypothesis 

that an up-regulation of CREB by antidepressants and activation of monoaminergic 

systems has been characterized in some studies indicating that CREB can be activated 

directly by the cAMP–PKA pathway or it can be directly induced by Ca2+-dependent 

protein kinases and PKC via stimulation of 5-HT receptors and CREB can also be 

directly phosphorylated by activating the Ras–MAPK signaling pathway 199,200. It has 

also been shed light on how changes in CREB function at the molecular level could 

produce persistent changes in behavior 201. The transcription factor CREB is responsible 

for gene expression of many proteins involved in the neuroplasticity of hippocampus, 

such as BDNF, GluR1, etc 202. Since the atrophy of hippocampus has been consistently 

found to play a key role in the vulnerability, chronicity, and treatment-resistance of 

MDD, improving the neurogenesis of hippocampus through activation of postsynaptic 

monoamine receptors may effectively promote depression recovery 203. Thus, taken 

together, these data provide direct evidence that CREB can contribute to the therapeutic 

actions of antidepressants. Second, antidepressants would regulate neuroplasticity by 

reducing the release of presynaptic glutamate, especially the depolarization-evoked 

release of glutamate 204. The reduced glutamate release may imply decreased neurotoxic 

efficacy and strengthened synaptogenesis, synaptic connections, and neurogenesis. 

Third, the antidepressants may work on neuroplasticity through enhancing AMPA to 

NMDA throughput; antidepressants can bind to the glycine-binding site of NMDA 
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receptor and inactivate this site 205. The inactivation of NMDA receptor activity would 

result in inhibition of eukaryotic elongation factor 2 (eEF2) and enhance the expression 

of BDNF through subsequent signaling 206. Besides, antidepressants would upregulate 

the expression of AMPA subunits GluR1 and potentiate the function of AMPA 207. The 

depolarization of AMPA receptor would activate the voltage-dependent calcium 

channels (VDCCs) and induce the influx of Ca2+ into cytoplasm, which would further 

trigger the exocytosis of BDNF. Then the extracellular BDNF would further stimulate 

its membrane receptor TrkB and regulate gene expression and neuroplasticity through 

subsequent signaling 208. Thus stimulation of AMPA and inactivation of NMDA would 

work synergistically to improve neuroplasticity in the brain. Fourth, antidepressants  

may improve neuroplasticity directly through LTP-like process. It has been repeatedly 

revealed that hippocampal synaptic plasticity was suppressed by stress through 

diminished amount of LTP, while antidepressant would reverse the negative efficacy of 

stress and potentiate synaptogenesis and synaptic connectivity through inducing LTP- 

like processes 209. Last but not least, antidepressants may also improve neurogenesis in 

the hippocampus through activation of the 5-HT1A receptor 210. 

 
4.5 SSRIs 

 
SSRIs are the first-line treatments for major depression because of its specificity for the 

serotonin reuptake proteins, lack most of the adverse side effects of TCAs and MAOIs. 

SSRIs are no more efficacious or have rapid onset of action than the older 

antidepressants drugs but their improved safety and tolerability in clinical use have led 

to being the most widely used of all antidepressants. SSRIs are frequently prescribed 

also for anxiety disorders, occasionally for posttraumatic stress disorder (PTSD) and 

also to treat depersonalization disorder, although generally with poor results. The exact 

mechanism of SSRIs is unknown. SSRIs are believed to inhibit the reuptake of 

neurotransmitter serotonin into the presynaptic cell, increasing its extracellular level in 

the synaptic cleft available to bind postsynaptic receptors 211. Specifically, in the brain, 

presynaptic cells that send information releasing neurotransmitters, including serotonin, 

into the synaptic cleft. The neurotransmitters are then recognized by surface receptors 

expressed by postsynaptic cells. About 10% of the neurotransmitters are lost in this 

process while the other 90% are released from the receptors and taken up again by 

monoamine transporters into the presynaptic cells, a process called reuptake. SSRIs 

inhibit the reuptake by allowing the serotonin to remain in the synaptic cleft longer than 

normal and thus to repeatedly stimulate its receptors at the postsynaptic level. The 
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observation that the increase of the synaptic concentrations of serotonin leads to the 

improvement of the depressive symptoms drove to the adoption of the monoamine 

hypothesis of depression (Fig. 7). However, there is no widely accepted theory on the 

beneficial effects of SSRIs on mood and anxiety, even because a large number of 

studies show conflicting results of pharmacotherapy with SSRIs and patient's success in 

achieving remission often depends on several factors. Clinical studies and meta- 

analyses have shown that 30-50% of patients treated with SSRI do not show a 

significant response and 60-70% do not achieve remission 212. Partial remission is 

characterized by the presence of residual symptoms that are predictors of relapse. A 

second unexplained feature of antidepressant drug action is the temporal disconnection 

between the onset of the serotonin uptake inhibition in the CNS and the onset of the 

antidepressant activity; the former occurs within hours of the first administration while 

the latter takes at least three weeks. Thus, if the effect alone was sufficient to mediate an 

antidepressant response, SSRIs should work within hours rather than weeks. However, 

antidepressants tend to lose efficacy during treatment even if in clinical practice some 

strategies are used to try to overcome this limit, including switching medication, the 

increase in the dose and the combination with other drugs 213. 

 

 

Figure 7 - The mechanism of SSRIs action 

 

Depression is associated with reduced levels of the 

monoamines in the brain, such as serotonin (5-HT). 

The selective 5-HT re-uptake inhibitors (SSRIs) are 

thought to restore the levels of 5-HT in the synaptic 

cleft by binding at the 5-HT re-uptake transporter 

preventing the re-uptake and subsequent degradation 

of 5-HT. This re-uptake blockade leads to the 

accumulation of 5-HT in the synaptic cleft and the 

concentration of 5-HT returns to within the normal 

range. This action of SSRIs is thought to contribute 

to the alleviation of the symptoms of depression. In 

the presence of the SSRI, small amounts of 5-HT 

continue to be degraded in the synaptic cleft. (From 

Rang HP, Dale MM and Ritter JM, 2001). 

 

 

 

 

 

4.5.1 “Undirected susceptibility to change” hypothesis 

 
To  explain the  incomplete  efficacy of SSRIs,  a  novel  view  of the  role  SSRI action 

named the  “undirected susceptibility to  change” hypothesis (USC)  has  been proposed 

214. According to such view, the relationship between SSRIs administration, the 

consequent change in serotonin levels, and the recovery from depression is not a direct 
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one. In particular, increasing serotonin levels per se does not univocally lead to recover 

from MDD, but may even worsen the symptomatology. The reason is that high 

serotonin levels increase brain plasticity and thus enhance biological sensitivity to 

context, that is, susceptibility to the quality of the environment. Consequently, an 

individual treated with SSRI is more affected by environmental stimuli, both favorable 

and adverse, compared to an untreated individual. SSRI treatment is effective because it 

enhances individual’s reactivity to the environment, allowing, in the case of a favorable 

environment, to be beneficially affected. This hypothesis claims thus that increasing 

serotonin levels is not the direct cause of recovery from depression but a permissive 

factor (Fig. 8). The USC hypothesis has been recently demonstrated at preclinical and 

clinical levels. In particular, it has been showed in a mouse model of depression that the 

treatment with fluoxetine, one of the most commonly prescribed SSRIs, affects the 

molecular and behavioral depression-like phenotype according to the quality of the 

living environment: when administered in an enriched environment, it led to an 

improvement, while, when administered in a stressful environment, to a worsening; at 

clinical level, it has been confirmed that the effects of the SSRI citalopram are 

dependent on the environment 215,216. 

 

 

 
Figure 8 - Schematic description of the undirected change susceptibility model. 

Serotonin levels determine vulnerability to MDD and capacity to recover from it. Low serotonin 

levels are associated to reduced neural plasticity. This condition does not allow to shift from an 

healthy condition to a depression condition (i.e., vulnerability) and vice versa (i.e., capacity to 

recover). By contrast, when serotonin levels are high, the increased levels of  neural plasticity allow  

to shift from one condition to the other, increasing both vulnerability and capacity to recover. The 

change in neural plasticity levels can be induced by SSRI administration that increase the  

extracellular level of serotonin (modified from Branchi, 2011). 

 

 

 

4.5.2 SSRIs induce neuroplasticity 

 
Serotonin metabolism has been widely associated with brain plasticity and potentiality 

for modification. Indeed, it shapes neuronal networks during development and 

modulates a wide spectrum of essential brain functions ranging from perception and 
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cognitive appraisal to emotional responses in the mature brain 217. For instance, 

modifications in mouse aggressive behavior associated with social status are been 

shown to be mediated by changes in the levels of this monoamine 218. At the brain level, 

serotonin is involved in neural plasticity through a number of mechanisms, including 

neurite outgrowth, synaptogenesis, neurogenesis, and cell survival during brain 

development and at adulthood. Such effects seem to be mediated, among other factors, 

by BDNF pathway and this is supported by several studies showing that the BDNF 

pathway and the serotonergic system activity are strongly connected. In particular, it has 

been shown that serotonin modulates BDNF mRNA levels in the brain and in turn, an 

increase in BDNF levels leads to an enhanced brain serotoninergic activity 219-221. These 

modifications that appear to mediate, at least partially, the therapeutic effects of 

antidepressants overlap with the molecular and cellular mechanisms of neural plasticity 

and more in particular synaptic plasticity. This suggests that an intimate relationship 

between these two phenomena is likely to exist. A direct evidence of the role of SSRIs 

in inducing neural plasticity has been provided by a study on an animal model of 

amblyopia, whose induction or recovery is possible only early in development, during a 

critical period in which the visual brain areas are highly plastic and thus can be wired 

according to the stimuli provided. The results obtained in this study showed that the 

neural plasticity can be restored after the end of the critical period, through a fluoxetine 

chronic administration, with a consequent full recovery of visual functions from 

amblyopia in adult rats 222. These findings clearly show the strong effect exerted by 

SSRIs, in particular fluoxetine, on neural plasticity. 

 
4.6 The Bidirectional Relationship between Diabetes and Major depression 

 
The main challenge for medicine in the 21st century is the management of comorbidity 

of mental and metabolic disorders. Diabetes is one of the largest global health 

emergencies; it is a metabolic disorder of multiple aetiologies characterized by chronic 

hyperglycemia with disturbances of carbohydrate, fat and protein metabolism resulting 

from defects in insulin secretion, insulin action, or both 223. 

Over the last 20 years, several lines of evidence suggest comorbidity between 

diabetes and depression: diabetic patients are twice as likely to experience depression 

than nondiabetic individuals, and the majority of the cases remain under-diagnosed. On 

the other hand, depression occurrence is a well-established risk factor for the onset of 

diabetes. Diabetic patients with depression have poor glycemic control, reduced quality 

of life, and an increased risk of diabetes complications, consequently having an 
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increased mortality rate. Evidence exists on the biological mechanisms that may explain 

the link between these two disorders. Lifestyle factors are hypothesized to play a role in 

priming or reinforcing the comorbidity of depression and diabetes; for example, people 

with depression are more likely to be sedentary and eat diets rich in saturated fat and 

refined sugars, which may contribute to the increased risk of developing diabetes 224,225. 

A meta-analysis study also found that depression was significantly associated with 

nonadherence to diabetes treatment recommendations including missed medical 

appointments, diet, exercise, medication use, glucose monitoring, and foot care 226. This 

suggests the possibility that there may be a mutually-reinforcing phenomenon. In 

addition, there are a number of shared biological changes that occur in diabetes and 

depression and offer a novel perspective in considering this association. It is  well 

known that both hypoglycemia and hyperglycemia can have major effects on brain 

function in areas of cognition and; in particular, it has been shown that diabetes 

negatively affects hippocampal integrity and neurogenesis, which may interact with 

other aspects of neuroplasticity and contribute to mood symptoms in diabetes 227. 

Chronic inflammation, as well as dysfunction of HPA axis, may also underlie the 

comorbidity 228. For instance, cytokines and other inflammatory markers, such as 

increased C-reactive protein, TNF-α, and proinflammatory cytokines, are increased in 

diabetes and the metabolic syndrome and are implicated in causing sickness behavior in 

animal models and depression in humans. These shared biological mechanisms provide 

a model by which environmental factors, ranging from the intrauterine environment to 

the surrounding environment, can influence the risk of comorbidity. Numerous 

environmental factors, including childhood adversity, the neighborhood environment 

and poverty influence the susceptibility to depression and diabetes 229. Despite the 

complex nature of the available body of evidence, comorbidity of depression and 

diabetes is highly possible. Thus, a more precise understanding of the underlying 

mechanisms of this bidirectional relationship would ideally open the door for new and 

advanced therapeutic and preventive options for both conditions. 
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5. CURRENT STATE OF THE ART AND AIM OF THE STUDIES 

 
5.1 Current state of the art 

 
Major depression constitutes an enormous medical, individual, societal and economical 

challenge. SSRIs are the most commonly prescribed antidepressant; however, their 

efficacy is variable and incomplete and a new and effective pharmacological approach  

is warranted. The USC hypothesis, positing that SSRI treatment does not affect mood 

per se but, by increasing brain plasticity, makes the individual more susceptible to the 

influence of the environment, could explain the apparent inconsistency of the findings 

reported so far on the SSRI efficacy 214. The finding currently available identifies the 

living conditions, such as socioeconomic status and lifestyle, as a key moderator of the 

outcome of SSRI treatment. Few clinical studies have attempted to investigate the 

influence of the environment on antidepressant action, showing that antidepressants are 

more effective in patients with a good quality of life, while having no or even 

detrimental consequences in patients experiencing stressful conditions. Thus, though the 

influence of the living environment in driving SSRI effects on depressive 

symptomatology starts to be unraveled, no information on its role in moderating SSRI 

effects on the inflammatory response is available. In the study published on Molecular 

Psychiatry in 2017, it was investigated whether treatment with fluoxetine (FLX), an 

SSRI, affects molecular, cellular and behavioral endophenotypes of depression 

according to the quality of the living environment 216. In particular, it has been 

investigated the modifications in molecular and cellular processes previously described 

to be affected by SSRI administration including BDNF expression, HPA axis activity, 

LTP, neurogenesis, and behavior. The results obtained have shown that the 

administration of fluoxetine, in a mouse model of depression exposed to a favorable 

environment, promotes a significant recovery from the depression-like phenotype, 

whereas in stressful conditions this antidepressant treatment led to a worse prognosis. 

Other parameters, such as neurogenesis, and signaling pathways involving mitogen- 

activated protein kinase and CREB, were affected only when the drug was administered 

in the stressful environment. Furthermore, FLX treatment potentiates BDNF expression, 

as well as the reduction of corticosterone levels, in the enriched condition, but not in the 

stressful condition (Table 1). Finally, FLX affect CA1 synaptic plasticity in mice 

exposed to stress condition, while, in the enriched condition, both treated and untreated 

mice developed a robust LTP; such potentiation might have masked the effect of FLX 

because of a ceiling effect due to the saturation of LTP magnitude (Table 1). These 
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results represent a critical step in the development of a personalized medical approach 

and strategies aimed at improving the effectiveness of antidepressant treatment by 

controlling environmental conditions. 

 

 
 

 
Table 1. The effects of the SSRI fluoxetine are highly dependent on the quality of the living environment. 

Fluoxetine administration in an enriched condition leads to a significant recovery from the depression-like phenotype 

compared with vehicle, while fluoxetine treatment under stress led to a worsening of the depression-like phenotype. 

Such environment-dependent effect is pervasive, as it concerns most of the features analyzed at  the  molecular, 

cellular and behavioral level. (From Alboni S et al., 2017). 

 

 

Inflammation is one of the most recent and promising targets of therapeutic strategies 

for MDD 230. It has been hypothesized that SSRIs affect mood through changes in 

immune function. Though some studies showed that antidepressants have anti- 

inflammatory effects, an increasing number of studies are reporting a pro-inflammatory 

action 231-234. In addition, the bi-directional crosstalk between SSRI administration and 

inflammation has been described also by studies investigating the effects of anti- 

inflammatory drugs on antidepressant efficacy. Indeed, experimental and  clinical 

studies have shown that anti-inflammatory drugs, such as celecoxib or aspirin,  can 

either improve or impair treatment outcome 235,236. Such opposite results suggest that 

additional factors may moderate the complex interplay between antidepressants and 

inflammation; the influence of the quality of the living environment may, at least 

partially, explain this apparent incongruence regarding the effects of SSRI treatment on 

the inflammatory response. Alboni et al. (2016) investigated whether fluoxetine 

treatment could affect the inflammatory response, which notably involves microglial 

cells, according to the quality of the living environment 237. To investigate possible 

changes in microglial function, it has been measured the expression levels of pro- and 

anti-inflammatory markers in isolated hippocampal microglial cells and whole 

hippocampus, as well as microglial density, distribution, and morphology to investigate 

the surveillance state of these cells. The results obtained have shown that the increased 

neural plasticity, induced by fluoxetine, leads to opposite effects on inflammation, 

according to the starting inflammatory conditions of the animals. In particular, when the 

inflammatory levels were low, as in the enriched environment, SSRIs increase them, 
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while when the inflammatory levels were high, as in the stressful environment, SSRIs 

decrease them. In addition, neural plasticity requires inflammatory responses to be kept 

within a tightly controlled range; indeed, brain plasticity processes, such as learning and 

memory, neurogenesis, neuronal excitability, and synaptic scaling are dependent on the 

highly regulated interaction among microglia, cytokine production and neurons; 

consequently, any deviation from such range, caused either by immune activation or 

suppression, results in plasticity impairment 101 (Fig. 9). Therefore, it can be 

hypothesized that since fluoxetine enhances neural plasticity, fluoxetine keeps 

inflammation within a range that is permissive for plasticity. This dual effect of 

fluoxetine on inflammatory markers may explain the inter-individual differences in 

SSRI action and effects confirming the complexity of the crosstalk among 

antidepressant effects, inflammatory processes and microglial activity, which is 

moderated by the quality of the living environment. 

 
 

 
Figure 9 - Memory, neural plasticity and neuronal excitability as a function of brain inflammation. 

Immune processes in the brain, including microglial activation and inflammatory cytokine production play a complex 

dual role in learning, memory, and neural plasticity (blue graph), as well as neuronal excitability (red graph). Locally 

controlled and properly timed activation of immune processes is involved in the increased neuronal excitability that 

underlies neural plasticity and memory consolidation (section A in graph). Any deviation from the physiological 

range, either by excessive immune activation or by immune suppression, results in memory and plasticity 

impairments: insufficient activation of immune parameters, exemplified by genetic models of immune/cytokine 

deficiency or treatment with immune-suppressive drugs, produces impairments in learning and memory, associated 

with reduced excitability, inability to mount LTP and suppressed neurogenesis (section B in graph). On the other 

hand, the intense brain immune activation and ‘‘cytokine storm’’ that characterizes infections, injury, and exposure to 

extreme stress, can induce hyper-excitability of neuronal circuits. The inflammation-induced pathological hyper- 

excitability is associated with disturbances in learning, memory, and neural plasticity (section C in graph). If the 

immune over-activation is even more severe and/or chronic, excitotoxicity, apoptosis and neurodegenearation may 

ensue, resulting in reduced neuronal excitability and further impairments in learning, memory and neural plasticity 

(section D in graph) (From Yirmiya R and Goshen I, 2011) 

 

 

As mentioned above, the view offered by the USC hypothesis leads to new 

perspectives on how to improve SSRI efficacy by controlling the living conditions. 

However, it is not always possible to act on the quality of the patient’s living 

environment and his personal history is unchangeable. In these cases, a pharmacological 
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approach could be used to modulate the factors underlying the link between living 

environment and SSRI efficacy, in order to improve the antidepressant outcome even in 

patients who live in unfavorable conditions. Several publications report an association 

between the quality of the living condition and metabolism. For instance, it is well 

known that having an active physical and social life profoundly modulates the  

metabolic markers, including hormones and adipokine levels 238. On the other hand, the 

neuroendocrine pathway, which consists in the brain-adipocyte axis, is reportedly 

involved in the vulnerability to MDD and antidepressants efficacy; indeed, it has been 

shown that metabolic syndrome and obesity are associated with MDD and are involved 

in the vulnerability of this disorder 229. Therefore, modification of metabolism could 

represent a potential approach to modulate the interplay between environment and 

SSRIs to improve antidepressant treatment outcome. 

Although the hippocampus has long been considered as a functionally unitary 

structure with properties preserved along its extension, recently a dichotomous view, 

under which the hippocampus has different physiological and functional properties 

along its dorsal-ventral axis, has emerged 16-19,239-244. These variations could result from 

structural differences in hippocampal neurons, Different GABAergic control, as well as 

changes in glutamate release. However, increasing evidence highlights the role that 

microglial cells play in regulating neuronal networks and functions, neuronal 

transmission and synaptic plasticity 193. For instance, it is well known that the disruption 

of CX3CL1-CX3CR1 signaling, which mediate the interaction between neuron and 

microglia, leads to impairments in the development and plasticity of neuronal circuits as 

well as electrophysiological properties of excitatory synapses in hippocampus 245-249. 

Therefore, it is possible to hypothesize that microglial cells in the dorsal and ventral 

hippocampus could have different characteristics and that these could somehow explain 

the physiological and functional differences found along the dorsal-ventral hippocampal 

axis. 

 
5.2 Aim of the studies 

 
The general aim of the following studies is to explore the interplay between neural 

plasticity and inflammation which are involved in the vulnerability and recovery from 

psychiatric disorders such as MDD, and are widely reported act as key factors in 

determining SSRI outcome. Indeed, microglia and inflammatory system are 

increasingly emerging as effectors translating the influence of the living environment 

into changes in brain function. To this purpose, we modulate the inflammatory levels 
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with two different pharmacological agents, who modulate in opposite way molecules 

related to a pro- or anti-inflammatory action, and we evaluated their effects on neural 

plasticity at both molecular and cellular level. 

As further step, we investigated the effects of the combined administration of 

fluoxetine and metformin, a drug able to improve metabolic profile, in a mouse model 

of depression. The aim of the this study was to verify whether the pharmacological 

modulation of metabolism, which is reported to mimic the quality of the  living 

condition on mood, may improve the limited efficacy of FLX when administered in a 

stressful environment. In particular, we wanted identify the metabolic targets in the 

brain-adipocyte axis that lead to a beneficial effect on depressive symptoms, even when 

the patient is treated in non-supportive conditions. 

 
Finally, we verified if the known electrophysiological differences along the 

hippocampal longitudinal axis could be due to different properties of microglia in dorsal 

and ventral hippocampus and, accordingly, if these cells may differently be involved in 

modulating synaptic plasticity in these two hippocampal regions, with the final goal of 

elucidating the mechanisms underlying the cross-talk between neurons and microglia. 

 
5.3 Experimental approach and outline of the thesis 

 
In Study 1, we investigated the interplay between neural plasticity and inflammation, 

assessing the level of plasticity following a decrease or increase levels of molecules 

related to inflammatory response. It is well known that neural plasticity is influenced by 

several factors including inflammation and we hypothesized that neural plasticity varies 

in function of inflammatory activity in an inverted U-shape relation. To investigate such 

interaction, we acutely treated adult male mice with different doses of the nonselective 

non-steroidal anti-inflammatory drug (NSAID), ibuprofen (IBU), or the endotoxin 

lipopolysaccharide (LPS), which respectively decrease and increase inflammatory 

levels, and we assessed the effects of treatments on hippocampal neural plasticity both 

at molecular and cellular levels, and the expression levels of inflammatory and plasticity 

markers. The results showed that LPS and IBU have different effects on behavior and 

inflammatory response. Specifically, LPS treatment induced a reduction of body 

temperature, a decrease of body weight and a reduced food and liquid intake. Besides, it 

led to increased expression of inflammatory markers, both in the total hippocampus and 

in isolated microglia cells, and enhanced concentration of PGE2. On the other hand, 
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IBU increased the level of anti-inflammatory markers, decreased tryptophan 2,3- 

dioxygenase (TDO2), the first committed step in the kynurenine pathway, which is 

involved in inflammation, and PGE2 levels. Though LPS and IBU administration 

differently affected mediators related to pro- or anti-inflammatory responses, they 

produced overlapping effects on neural plasticity. Indeed, higher doses of both LPS or 

IBU induced a statistically significant decrease in LTP, expression levels of BDNF, the 

neurotrophic factor most involved in plasticity process, and  in the phosphorylation of 

the AMPA receptor subunit GluR1, compared to the control group. Such effect appears 

to be dose-dependent since only the higher, but not the lower, dose of both compounds 

led to plasticity impairment. Overall, these findings indicate that the two extreme 

inflammatory conditions lead to an impairment of the brain function, suggesting that the 

neural plasticity is possible only within a strict range of inflammatory levels and that  

any deviations from such range results in reduced plasticity. 

With the Study 2, we explored whether the combined administration of fluoxetine 

and metformin, a widely used drug to treat type II diabetes and other metabolic 

syndromes, could enhance the limited effectiveness of the treatment with fluoxetine 

alone when administered in stressful conditions. Indeed, metabolism could be an 

important target to modulate the influence of the environment on the individual; in 

particular, metformin affects the metabolic profile at both peripheral and central levels 

since it crosses the BBB, and, though its molecular mechanisms of action are yet to be 

fully determined, preclinical studies reported that MET affects brain plasticity and 

modulate neurotrophic factor levels, such as BDNF 250. Thus, in our study, adult 

C57BL/6 male mice were exposed to stressful condition for 6 weeks, the first two aimed 

at inducing a depression-like phenotype. During the remaining 4 weeks, mice received 

vehicle, fluoxetine, metformin or a combination of fluoxetine and metformin. We 

measured behavioral phenotypes of depression and we assessed the expression levels of 

several genes involved in MDD and antidepressant response in the dorsal and ventral 

hippocampus. Our results showed that the combined treatment was more effective than 

FLX alone in ameliorating the depression-like phenotype in a  stressful environment, 

and this was associated with an increase in IGF2 mRNA expression, enhanced LTP and 

BDNF expression, specifically in the dorsal hippocampus. Overall, these findings 

suggest that this polypharmacological approach could be more effective to treat MDD 

compared to the currently antidepressant therapy, especially when patients experience 

stressful living conditions. 
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It is well known that microglial cells, in addition to their function as resident immune 

cells, interacting directly with neurons, regulate neuronal networks and functions, 

neuronal transmission and synaptic plasticity 193. In Study 3, we verified a possible 

contribution of microglial cells in regulating the different features observed in terms of 

synaptic plasticity and neurotrasmission along the longitudinal axis of hippocampus, as 

described previously 18. In particular, we focused our attention on how these cells may 

differently modulate plasticity processes in the dorsal and ventral hippocampal region, 

with the ultimate goal to highlight the mechanisms underlying the interaction between 

neuronal and immune cells. First of all, we quantitatively and qualitatively characterized 

microglial cells in dorsal and ventral hippocampus of adult C57BL/6 male mice. Thus, 

to explore the role assumed by microglia in the two hippocampal poles, we interfered 

with these cells using both pharmacologic and genetic approaches. In particular, we 

used PLX5622, a microglial colony-stimulating factor 1 receptor (CSF-1R) inhibitor 

that causes a rapid and transient depletion of microglia, or minocycline, a tetracycline 

antibiotic which inhibits the physiological functioning of microglia. In addition, we used 

mice genetically deleted for CX3CR1 (CX3CR1KO/KO), the fractalkine receptor 

expressed exclusively on microglia that interacts with its unique nauronal ligand, the 

fractalkine (CX3CL1). The results show that microglial cells differ in terms of 

distribution and morphology in the CA1 region of dorsal and ventral hippocampus. 

Specifically, the dorsal pole has an increase in the number of microglia which, however, 

appear to have a smaller soma area than those of ventral hippocampus; instead, the 

microglial arborization area is not different in these two regions. Electrophysiological 

analyses show that the pre-synaptic probability of glutamate release in CA1 

hippocampal region differs in the two hippocampal poles and that the pharmacological 

and genetic strategies used to interfere with microglia cells do not affect this property. 

On the contrary, CA1-LTP, which is more potentiate in the dorsal region than the 

ventral, results inverted by PLX5622 and minocycline treatments as well as in 

CX3CR1KO/KO mice. Based on our results, we can hypothesize that hippocampal 

plasticity processes are regulated by microglia- in a region-dependent manner along the 

dorsal-ventral axis. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tetracycline-antibiotics
https://www.sciencedirect.com/topics/medicine-and-dentistry/tetracycline-antibiotics
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STUDY  3  -  Microglia  modulation  of  synaptic  plasticity  in dorsal and ventral 

hippocampus (unpublished data). 

 

 
Abstract 

 

Although it was initially believed that the hippocampus could act in a unitary manner 

with properties preserved along its extension, recent evidence highlighted differences 

concerning physiological and functional properties along the longitudinal axis of 

hippocampus (Fanselow and Dong, 2010; Dougherty et al., 2012; Malik et al., 2015; 

Maruki et al., 2001; Maggio and Segal, 2007; Papatheodoropoulos and Kostopoulos, 

2000a,b; Milior et al., 2016). In parallel, increasing evidence are emerging about the  

role that microglial cells play in regulating neuronal networks and functions, neuronal 

transmission and synaptic plasticity, supporting the existence of a close relationship 

between the central nervous system and the immune system (Tremblay, 2011). Here, for 

the first time, we examined the possible contribution of microglial cells in modulating 

short- and long-term plasticity in the CA1 region of dorsal and ventral hippocampus. To 

this purpose, we interfered with physiological functioning of microglial cells, using 

different approaches: i) a pharmacological depletion with PLX5622 in vivo, ii) a 

pharmacological inhibition with the tetracycline antibiotic minocycline in vitro, and iii) 

a mice model of genetic microglial deletion for CX3CR1 (fractalkine receptor) in which 

the microglia-neuron communication, mediated by CX3CR1 and its unique neuronal 

ligand CX3CL1 (fractalkine), is interrupted. In addition to having confirmed that short- 

and long-term plasticity are considerably different in dorsal and ventral hippocampus, 

we found that both minocycline and PLX5622 treatment, inverts the LTP amplitude 

compared to the control group in both hippocampal regions, without affecting the pre- 

synaptic probability of glutamate release; the same results were obtained in CX3CR1 

knockout mice. Analysis of microglial distribution and morphology in the two 

hippocampal poles also shows significant differences, supporting our hypothesis that 

microglia could differently modulate neuronal functions in the dorsal and ventral 

hippocampus. 

 
Introduction 

 

The hippocampus is a medial temporal lobe structure extending in a C-shaped fashion 

from dorsal (septal)-to-ventral (temporal), corresponding to a posterior-to-anterior axis 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tetracycline-antibiotics
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in human (Strange et al., 2014). While intrinsic circuitry is conserved along the 

longitudinal axis, dorsal and ventral regions have different connectivity with cortical 

and subcortical areas; specifically, dorsal hippocampus receives visual and spatial 

information from sensory cortices via the medial entorhinal cortex, while, ventral 

hippocampus is connected to the amygdala, prefrontal cortex (PFC) and hypothalamus 

(Amaral and Witter, 1989; Pitkanen et al., 2000); these differences lead the dorsal 

hippocampus to be involved mainly in cognitive functions, while the ventral in 

regulating emotional responses (Fanselow and Dong, 2010). Several studies based on 

gene expression, anatomical, behavioral and electrophysiological measurements have 

suggested that hippocampus has different functional organizations along its longitudinal 

axis. In particular, it has been proposed that either this brain region is organized in 

multiple functional domains or it is structured according to a spatial gradient 

(Cembrowski et al. 2016; Thompson et al. 2008; Kjelstrup et al. 2008). Longitudinal 

variations in the electrophysiological properties of hippocampal neurons showed that 

CA1 pyramidal cells differ in excitability, short- and long-term plasticity (Dougherty et 

al., 2012; Malik et al., 2015; Maruki et al., 2001; Maggio and Segal, 2007; 

Papatheodoropoulos and Kostopoulos, 2000a,b; Milior et al., 2016). In parallel, that is 

emerging that microglia, in addition to their function as resident immune cells in the 

brain parenchyma, are also involved in regulating neuronal networks and functions, 

neuronal transmission, and synaptic plasticity (Tremblay, 2011), supporting the 

existence of a close relationship between the central nervous system and the immune 

system. Among the candidate pathways which could mediate the communication 

between microglial cells and neurons, fractalkine signaling is critical in various contexts 

of health and disease (Sheridan and Murphy, 2013). This chemokine is expressed by 

neurons, either as membrane-bound or soluble form, while its unique receptor CX3CR1 

is considered to be exclusively present on microglia in the healthy brain (Jung et al., 

2000). Fractalkine signaling was recently found to control key microglial functions, 

such as the regulation of maturation, function and modification of synapses, adult 

neurogenesis and synaptic activity (Paolicelli et al., 2011; Tremblay et al.,  2010a; 

Maggi et al., 2011; Bachstetter et al., 2011). 

The aim of the present study was to assess whether the known electrophysiological 

differences present along the hippocampal longitudinal axis could be due to different 

properties of microglia in dorsal and ventral hippocampus and, accordingly, if these 

cells may differently be involved in modulating short- and long term synaptic plasticity 
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in these two hippocampal regions, with the final goal of elucidating the mechanisms 

underlying the cross-talk between neurons and microglia. 

In particular, first we analyzed the microglial distribution and morphology in dorsal and 

ventral hippocampus; then, we investigated the consequences of interfering with 

microglial cells, using pharmacological approaches (minocycline or PLX ) or through 

fractalkine signaling deficiency, on short- and long-term plasticity in dorsal and ventral 

hippocampus. 

 
Materials and Methods 

 

 
Animals 

All experiments were conducted in conformity with European Directive 2010/63/EU 

and the Italian D.lg. 4.05.2014 and all methods were carried out in accordance with 

relevant guidelines and regulations. Adult (8–12 weeks old) male mice were used: 

C57BL/6J wild-types and CX3CR1GFP/GFP, on a C57BL/6J background (from the 

Jackson Laboratory, Charles River, where the Cx3cr1 gene was replaced by a green 

fluorescent protein (GFP) reporter) (Jung et al., 2000). In this work we refer to these 

mice as CX3CR1KO/KO mice. Mice were housed under a12-h light–dark cycle at 22–25 

°C with food and water provided ad libitum. All efforts were made to minimize the 

number of animals used and their suffering. 

 
Electrophysiology 

Hippocampal slice preparation - In order to perform electrophysiological experiments, 

acute hippocampal slices were collected. Animals were anesthetized by inhalation of 

halothane (Sigma-Aldrich S.r.l., Milan, Italy) and decapitated. The brain was rapidly 

removed from the skull and immersed in ice-cold artificial cerebrospinal fluid (ACSF) 

solution composed of the following (in mM): NaCl 125, KCl 4, CaCl2 2.5, MgSO4 1.5, 

NaHPO4 1, NaHCO3 26, and glucose 10. ACSF was continuously bubbled with 95% 

O2 + 5% CO2 to maintain a pH close to 7.4. Following removal, the brain was 

hemisected along the longitudinal fissure to separate the two hemispheres. Brain 

dissection was carried out according to the slicing plane chosen and the structure to be 

investigated. Specifically, for experiments on the ventral hippocampus, slices were cut 

perpendicular to the longitudinal axis from the temporal pole of the brain. For 

experiments on the dorsal hippocampus, coronal slices were cut from the frontal pole. 

Dorsal and ventral slices have been identified as the distance, in μm, from the frontal 
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and temporal pole, respectively (approximately from 400 to 1750 μm). The brain tissues 

were blocked on the stage of a vibrating microtome (Thermo Scientific, USA), and 350 

μm-thick slices were cut in ice-cold ACSF. The slices were then transferred to an 

incubation chamber containing oxygenated ACSF, where they were allowed to recover 

for 1 h at 30°C prior to electrophysiological recording. Dorsal and ventral slices were 

prepared from separate hemispheres of the same brain and were obtained alternately 

from the right or left hemisphere. 

 
Extracellular field recordings - For field recordings,  individual slices were transferred 

to an interface slice-recording chamber (BSC1, Scientific System Design Inc) with a 

total fluid dead space of about 3 ml where they were visualized with a Wild M3B 

stereomicroscope (Heerbrugg, Switzerland). They were maintained at 30–32 °C and 

superfused with ACSF at 2 ml/min by a peristaltic pump. A concentric bipolar 

stimulating electrode (SNE-100×50 mm long, Elektronik–Harvard Apparatus GmbH) 

was placed at a constant distance in the stratum radiatum to stimulate Schaffer collateral 

fibres in the CA1 region. Stimuli consisted of 100 μs constant current pulses of variable 

intensity, applied at 0.05 Hz. An ACSF-filled glass micropipette (0.5–1 MΩ ) was 

placed at 200–600 μ m from the stimulating electrode to measure orthodromically- 

evoked field extracellular postsynaptic potentials (fEPSP). They were recorded and 

filtered (low pass at 1 kHz) with an Axopatch 200 A amplifier (Axon Instruments, CA) 

and digitized at 10 kHz with an A/D converter (Digidata 1322 A, Axon Instruments). 

Stimulus intensity was adjusted to evoke fEPSPs of amplitude about 50% of maximal 

amplitude with minimal contamination by a population spike. Evoked responses were 

monitored online, and stable baseline responses were recorded for at least 10 min. Only 

the slices that showed stable fEPSP amplitudes were included in the experiments. LTP 

was induced by high-frequency stimulation (HFS) (2 train of stimuli at 100Hz, of 1 s 

duration and separated by 3s) and recorded for 1 hour. To analyze the time course of the 

fEPSP amplitude, the recorded fEPSP was routinely averaged over 1 min. fEPSP slope 

changes following the LTP induction protocol were calculated with respect to the base 

line (30 min after vs 1 min before LTP induction). Averaged fEPSPs at 35 min after 

these trains were normalized to baseline values before high-frequency stimulation. The 

paired-pulse ratio (PPR) was measured from responses to two synaptic stimuli at 50 ms 

inter-stimulus interval. The PPR was calculated as the ratio between the fEPSP 

amplitude evoked by the second stimulus (A2) divided by that induced by the first (A1; 

A2/A1). fEPSP were recorded and filtered (low pass at 1 kHz) with an Axopatch 200A 
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amplifier (Axon Instruments, CA) and digitized at 10 kHz with an A/D converter 

(Digidata 1322A, Axon Instruments). Data were stored on a computer using pClamp 9 

software (Axon Instruments) and analyzed off-line with Clamp-fit 10.4 program (Axon 

Instruments). 

 
Treatments 

Only wilt-types mice were subjected to pharmacological treatments. Specifically, to 

inhibit microglial functions, dorsal and ventral hippocampal slices has been treated with 

the tetracycline antibiotic minocycline at 1 µM for 1 hour prior of experiments and for 

all the duration of electrophysiological recordings. To transiently deplete microglia, 

mice were treated for seven consecutive days with a selective inhibitor of CSF1 

receptor, essential for microglia proliferation, differentiation and survival (Elmore et al., 

2014). The inhibitor, PLX5622, was gently provided by Plexxikon inc. (Berkeley, USA) 

and formulated in standard chow at 1200 mg/kg by Research Diets. 

 
Light microscopy 

Immunoperoxidase staining – Transverse sections of the brain (50 lm thick) were cut in 

sodium phosphate buffer (PBS; 50 mM at pH 7.4) using a vibratome and stored at _20 

_C in cryoprotectant (30% glycerol and 30% ethylene glycol in PBS) until further 

processing (Tremblay et al., 2010b). For light microscopy, sections were washed  in  

PBS to remove the cryoprotectant, quenched with 2% H2O2 in 70% methanol for 10 

min at room temperature (RT), washed in Tris–buffered saline (TBS; 50 mM at pH 7.4) 

containing 1% Triton X100, and processed freely-floating for immunoperoxidase 

staining. Briefly, sections were pre-incubated for 1 h at RT in a blocking solution of 

TBS containing 10% fetal bovine serum, 3% bovine serum albumin, and 1% Triton 

X100. They were incubated overnight at 4 °C with primary antibody against IBA1 

(rabbit-anti-IBA1; Wako Pure Chemical Industries) and rinsed in TBS. Incubation in 

secondary antibody (goat anti-rabbit) was followed by incubation with ABC solution 

(Vectastain). Finally, sections were stained with 3,3'-diaminobenzidine 

tetrahydrochloride (DAB) and mounted onto glass slides, dehydrated in ascending 

concentrations of ethanol, cleared in citrisol, and coverslipped with DPX (Electron 

Microscopy Sciences; EMS). 

Light microscopy imaging and analysis - Color pictures were acquired in CA1 stratum 

radiatum of dorsal and ventral hippocampus using an Infinity 2 camera (5 MP; 

Lumenera), at 10X for the cellular density and spacing analysis, and at 40X for the 
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morphology analysis. All the analysis was performed with the ImageJ software 

(National Institutes of Health). To determine cellular densities and spacing, the CA1 

stratum radiatum was delineated in 10X pictures by using the freehand selection tool, 

based on the stereotaxic atlas of Paxinos and Franklin (2013), and its area measured in 

pixels and converted into mm2. The center of each microglial cell body was marked 

with a dot using the paintbrush tool. The analyze particles function was then used to 

automatically record cell numbers as well as spatial coordinates, enabling to determine 

the nearest neighbor distance for each cell by using the nearest neighbor  distance 

plugin. Total cell number was divided by the total area to determine cellular density on 

a per animal basis. A spacing index was calculated as the square of the average nearest 

neighbor distance multiplied by microglial density on a per animal basis (Tremblay et 

al., 2012). To analyze morphology only cells whose cell body and proximal processes 

were perfectly in focus were included in the analysis. Every IBA1-immunopositive 

microglia in a particular picture was analyzed before moving on to the next picture as to 

not introduce selection bias (Tremblay et al., 2012). For each microglia, the soma area 

was determined by drawing a line around the cell body by using the freehand selection 

tool. The arborization area was determined with the polygon selection tool to connect 

the most distal extremities of every process. The soma and arborization areas were 

calculated in pixels and converted into micrometers. A morphological index was 

determined by using the formula: soma area/arborization area. The analyzes were 

performed with the GraphPad Prism software (v. 6.01, GraphPad Software, San Diego, 

CA, USA). 

 
Statistical analysis 

Tests of significance were made with with one-way ANOVA or Student's t-test. When a 

significant main effect was found, selected pairwise comparisons were made using 

Tukey post hoc analysis. Levels of significance were set as *p < 0.05; **p < 0.01. All 

parameters are reported as mean±SEM and n/N refers to numbers of slices/number of 

animals analysed. 

Results 

 
Dorsal and ventral hippocampus differs in terms of microglial distribution and 

morphology. 

Based on the differences concerning the physiological and functional properties along 

the longitudinal axis of hippocampus (Milior et al., 2016) and the  emerging 

involvement of microglial cells in regulating neuronal networks and functions, 
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b) c) 

neuronal transmission and synaptic plasticity (Tremblay, 2011), we first investigate 

whether, in C57BL/6J mice, the dorsal and ventral hippocampus can differ in microglial 

distribution and morphology. By IBA1 immunostaining analysis, we found that 

microglial density is different in the two hippocampal regions; in particular, in dorsal 

hippocampus microglial cells are significantly more dense (0,29 ± 0,01 cells/mm2 ) than 

in the ventral (0,22 ± 0,01 cells/mm2; p<0.01). By contrast, for what  concerns 

microglial spacing index, the dorsal pole (0,46 ± 0,01 a.u.) doesn't differ from the 

ventral one (0,43 ± 0,01 a.u.) (Fig. 1a,b). Besides, microglial cell body area is increased 

in ventral hippocampus (24,16 ± 0,99 μm2) compared to the other region (20,37 ± 0,67 

μm2; p<0.05), but any difference was observed in the arborization area(1105,14 ± 42,15 

μm2 and 1152,82 ± 88,23 μm2, respectively) (Fig. 1c). These quantitative and 

morphological results could be related to differences in microglial basal  properties 

along the longitudinal axis of hippocampus. 

 

 
 

a) 
 

 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 1. Quantitative and qualitative analysis of microglial cells in dorsal and ventral hippocampus. 

a) Representative images of IBA1-stained microglia captured at low (10X) magnification from dorsal and ventral 

hippocampal sections of wild-types mice. Histograms represent b) microglial density and spacing index and c) 

microglial cell body area and arborization area. *p < 0.05 and **p < 0.01 One Way ANOVA, Tukey post  hoc test. 

n/N refers to the number of microglial cells on total number of mice analyzed (n=5-6, N=4). Arbitrary units (a.u.). 

(Data obtained by Tremblay ME) 

Dorsal Ventral 
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Microglial inhibition or depletion doesn't affect the pre-synaptic probability of 

glutamate release. 
 

To investigate the possible repercussion of changes in microglial distribution and 

morphology on the synaptic and neuronal properties, we performed electrophysiological 

recordings on acute hippocampal slices. Specifically, in order to explore if microglia 

cells may differently control short-term synaptic plasticity of excitatory synapses made 

by Schaffer collaterals onto CA1 neurons in dorsal and ventral hippocampus, we 

measure changes in the paired-pulse ratio (PPR), a form of short-term plasticity 

generally associated with changes in transmitter release probability 70. As reported in 

previous publications (Milior et al., 2016; Maggio and Segal, 2007, Maruki et  al., 

2001), we found that PPR values changes along the hippocampal longitudinal axis; in 

particular, post hoc comparison shows that PPR is significantly increased in dorsal 

hippocampus (1.64 ± 0.03) compared to the ventral one (1.21 ± 0.03; p<0.01) (Fig. 2). 

Since PPR depends on a transient increase of transmitter release due to residual 

presynaptic calcium, this difference means that the ventral region has a higher 

probability of glutamate release compared to the dorsal 12,15. Following minocycline 

treatment, we found that PPR remains significantly higher  in dorsal (1.50 ± 0.04) than 

in ventral region (1.23 ± 0.05; p<0.01); similarly, PLX5622 treated-mice show an 

increased PPR in dorsal region (1.47 ± 0.04) compared to the ventral (1.19 ± 0.04; 

p<0.01) (Fig. 2). These results suggest that the pharmacological inhibition or depletion 

of microglial cells doesn't affect the pre-synaptic probability of glutamate release. 

 

 

 

 

 

Figure 2. Short-term plasticity at Schaffer 

collateral synapses in dorsal and ventral 

hippocampus. 

Averaged PPR values in control condition and 

in groups treated with minocycline and 

PLX5633. Data are shown as mean ± s.e.m. 

** p<0.01 One Way ANOVA, Tukey post hoc 

test. n/N refers to the number of slices on total 

number of mice analyzed (n=5-11, N=4-8). 

 

 

 

 

 

Microglial inhibition or depletion affects long-term potentiation. 
 

To investigate the role of microglial cells in modulating synaptic/neuronal properties, 

we evaluated long-term plasticity (LTP) at the CA1 region of dorsal and ventral 
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hippocampus by measuring changes in fEPSP amplitude with time after a high- 

frequency stimulation (HFS). In the control group, we found that the amplitude of LTP, 

measured at 35 min after HFS, is increased in slices prepared from the dorsal 

hippocampus (1.56 ± 0.03) compared to the ventral (1.26 ± 0.03; p<0.01) (Fig. 3a), 

confirming what previously published (Milior G. et al., 2016). Then, we performed 

electrophysiological recordings in the experimental groups in which microglial cells 

activity was blocked through the pharmacological strategies; we found that microglial 

inhibition in vitro, using minocycline (at 1 M), modifies LTP amplitude, which results 

to be significantly higher in ventral (1.47 ± 0.04) than in dorsal hippocampus (1.36 ± 

0.03; p<0.05) (Fig. 3b). Similarly to minocycline, we observed that in mice treated with 

PLX5622, LTP is more potentiated in ventral hippocampus (1.47 ± 0.04) than in the 

dorsal (1.32 ± 0.04; p<0.05) (Fig. 3c). In addition, the statistical comparison of LTP 

amplitude (35 minutes after LTP induction) showed that LTP recorded in dorsal 

hippocampal slices is significantly reduced by both pharmacological treatments 

compared to the control group (p<0.001 for each comparison); by contrast, in  the 

ventral hippocampus, both treatments significantly increase the amplitude of LTP 

compared to the control group (p<0.001 for each comparison) (Fig. 3d). 
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Figure 2. Long-term plasticity at Schaffer collateral synapses in dorsal and ventral hippocampus. 

Time course of normalized averaged amplitudes of fEPSPs made from dorsal (light gray) and ventral (dark gray) 

hippocampal slices in a) control, b) minocycline, and c) PLX5622 groups. Arrows indicate LTP induction by HFS (2 

trains at 100 Hz of 1 s duration with 3 s inter-train interval). * p < 0.05, One Way ANOVA, Tukey post hoc test. 

d) LTP of fEPSP amplitude measured 35 minutes after HFS from dorsal (light gray) and ventral (dark gray) 

hippocampal slices of three experimental groups. **p<0.01, Two Way ANOVA, Tukey post hoc test. Data are shown 

as mean ± s.e.m. n/N refers to the number of slices on total number of mice analyzed (n=5-8, n=4-8). 

 

 
Genetic deletion of the CX3CR1 microglial receptor modifies the LTP amplitude. 

 
In order to further validate the results obtained we repeat the same experiment in 

animals with a genetic deletion of CX3CR1, a microglial receptor that guarantees the 

communication between neurons and microglia and which is known to influence 

synaptic plasticity processes. We evaluated the short-term plasticity and we found that, 

similarly to control, the PPR is significantly higher in dorsal (1.58 ± 0.07) than in 

ventral region (1.25 ± 0.05; p<0.01) (Fig. 3a). Concerning long-term plasticity we 

observed that the amplitude of LTP was higher in the ventral (1.36 ± 0.05) compared to 

the dorsal hippocampus (1.19 ± 0.03; p<0.05) (Fig. 3b), resembling results obtained 

with minocycline and PLX5622 treatments. These results showed that an impairment of 

a neuron-microglia signaling is sufficient to affect LTP amplitude in the two 

hippocampal regions. 
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Figure 3. Short- and long-term plasticity recorded in dorsal and ventral hippocampus of CX3CR1
KO/KO mice 

a) Histogram represents averaged PPR values. ** p<0.01 One Way ANOVA, Tukey post hoc test. Data are shown as 

mean ± s.e.m. n/N refers to the number of slices on total number of mice analyzed (n=7-8, N=5). b) Time course of 

normalized averaged amplitudes of fEPSPs made from dorsal (light gray) and ventral (dark gray) hippocampal slices 

Arrows indicate LTP induction by HFS (2 trains at 100 Hz of 1 s duration with 3 s inter-train interval). * p<0.05, One 

Way ANOVA, Tukey post hoc test. Data are shown as mean ± s.e.m. n/N refers to the number of slices on total 

number of mice analyzed (n=5-8, N=5). 
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Discussion 

 
Although for a long time it was thought that the hippocampus acted as a unitary 

structure, recent evidence demonstrated different physiological and  functional 

properties along the hippocampal longitudinal axis (Fanselow and Dong, 2010). In 

parallel, it is emerging that microglia, in addition to their function as resident immune 

cells in the brain parenchyma, is also involved in regulating neuronal networks and 

functions, neuronal transmission and synaptic plasticity (Tremblay, 2011) supporting 

the existence of a close interaction between the central nervous system and the immune 

system. In this study we focused our attention on understanding whether microglial cells 

act in a region-specific manner in modulating short- and long-term hippocampal 

synaptic plasticity, which are reported to vary considerably along the longitudinal axis 

of hippocampus (Maruki et al., 2001; Maggio and Segal, 2007; Milior et al., 2016). For 

the first time, our results demonstrated that microglial cells have a different distribution 

and morphology along the longitudinal axis of hippocampus, being more dense and with 

a smaller cell body area in the dorsal hippocampus compared to the ventral. 

Morphological remodeling is an important requisite for all microglial activities, from 

monitoring synaptic information flow to phagocytosis, and it is associated with changes 

in transcriptional activity and functional state of microglia (Walker et al., 2014). 

Therefore, the morphological variation that we observed in the two hippocampal  

regions could be related to transcriptional and functional differences of microglial cells. 

For a better characterization, additional analysis on microglial cells isolated from dorsal 

and ventral hippocampus, is underway; in particular, the evaluation of expression levels 

of phenotypic and functional microglial markers (e.g. cytokines), as well as the gene 

expression of microglial targets involved in the interactions with the neuronal 

counterpart (e.g. CX3CR1) will clarify the functional status of these cells in the two 

hippocampal regions. Future studies of electron microscopy, aimed at evaluating the 

microglial phagocytosis of synaptic elements and the physical interaction between 

microglia and synaptic terminals in the two hippocampal regions, will help to 

understand if microglial cells differently act on the remodeling and activity of neuronal 

circuits in dorsal and ventral hippocampus. 

To investigate the possible microglia-mediated effects on neural plasticity in the two 

hippocampal regions, we have pharmacologically depleted or inhibited microglial cells, 

using PLX5622, an inhibitor of colony-stimulating factor 1 receptor (CSF-1) which is 

essential for microglial proliferation, differentiation and survival (Elmore et al., 2014), 
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or the tetracycline antibiotic minocycline, respectively. Exploiting extracellular 

recordings at the Schaffer collateral synapse, we demonstrated that microglial 

functionality loss doesn’t influence short-term plasticity which was significantly higher 

in the dorsal hippocampal region than in the ventral one, similarly to the control group; 

this evidence indicates that microglial cells don’t play a relevant role in regulating the 

presynaptic probability of glutamate release in the two hippocampal poles. By contrast, 

microglia seems to take action in modulating long-term potentiation (LTP), one of the 

most striking examples of strengthening synapses efficiency. In the control group, we 

confirmed the reported decrease in LTP amplitude along the dorsal-ventral hippocampal 

axis (Milior et al., 2016); interestingly, we showed that following pharmacological 

microglial inhibition or depletion, LTP was more potentiated in the ventral region than 

in the dorsal, suggesting that an impaired microglial functionality inverted the  

amplitude of LTP compared to the control condition. These findings, besides 

confirming the involvement of microglia in modulating neuronal transmission and 

plasticity, highlight that microglial cells act in a region-specific manner on the 

regulation of hippocampal LTP. 

In addition to these results, we analyzed mice with a genetic deletion of fractalkine 

receptor CX3CR1 (CX3CRKO/KO), which is expressed specifically on the surface of 

microglia and binds its unique neuronal ligand, fractalkine CX3CL1 (Jung et al., 2000). 

CX3CR1-CX3CL1 signaling was found to crucially control key microglial functions 

such as regulation of synaptic activity and remodeling and/or maturation of synaptic 

circuits (Paolicelli et al., 2011; Tremblay et al., 2010a; Maggi et al., 2011; Ragozzino et 

al., 2006; Bertollini et al., 2006), suggesting that it is critical for mediating neuron- 

microglia crosstalk. The results that we obtained in CX3CRKO/KO mice suggest that 

fractalkine signaling strongly influence neuroplasticity in these two hippocampal 

regions. In particular, in mice lacking CX3CR1, LTP amplitude was significantly 

augmented in ventral hippocampus compared to the dorsal, while the presynaptic 

probability of glutamate release remains higher in the dorsal hippocampal region 

compared to the ventral one, summarizing the effects obtained following 

pharmacological blockade of microglial functions. Taken together, these evidences 

support the idea that differences in synaptic plasticity reported along the hippocampal 

longitudinal axis could be strongly influenced by microglial activities in a region- 

specific manner. 

These preliminary evidences need further investigations to implement and clarify 

differences in microglial cells activity and neuronal interactions in the two hippocampal 
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regions. For example, it will be interesting to analyze factors released  by microglial 

cells involved in neuronal plasticity modulation such as the brain-derived neurotrophic 

factor (BDNF), that modulates inhibitory neurotransmission and NMDA receptors 

(Ferrini and Koninck, 2013; Crozier et al., 2008). Indeed, it has been demonstrated that 

selective deletion of microglial or genetic removal of BDNF reduces the synaptic 

expression of two specific glutamate receptor subtypes, GluN2B and GluA2, without 

affecting the density of neurons or synapses in the cortex and hippocampus. These 

results suggest that microglial BDNF may alter synaptic levels of NMDA receptor 

subunit (Parkhurst et al., 2013). A role in LTP modulation could be also played by IL-1 

β, a soluble factor produced by microglia, which crucially influences AMPA receptors 

(Lai et al., 2006) and at higher doses it significantly inhibit LTP induction (Di Filippo et 

al., 2008). Therefore, it could be possible that microglial cells differ in the amount of 

BDNF and/or IL1-b released in dorsal versus ventral hippocampus, which in turn could 

specifically affect LTP induction and expression in the two regions. Interestingly, it has 

been reported that BDNF is differently expressed along the hippocampal axis, with 

higher levels in the dorsal region (Faure, et al., 2007). BDNF binds to tropomyosin- 

related kinase (Trk) B receptor, highly expressed also on microglia; TRkB activation 

increases increases synaptic strength synaptic protein expression, induces LTP, 

modulates dendritic arborization and spine morphology, and increases synaptic strength 

(Chen et al., 2010). Therefore, the differences observed in LTP amplitude along the 

hippocampal axis could be due to a different activation of BDNF-TrkB signaling in 

dorsal and ventral hippocampus. 

Additionally, it would be important to evaluate the expression levels of microglial 

neurotransmitter receptors in dorsal versus ventral hippocampus. Microglial cells are 

well known to express receptors for glutamate, GABA, as well as other 

neurotransmitters, which induce microglia to increase or decrease the release of some 

neuroactive molecules, known to exert profound effects on neurons (Liu et al., 2016). 

For example, the microglial response to glutamate mediated by NMDA and kainate 

receptors enhance the release of Tumor Necrosis Factor (TNF)α, while the activation of 

AMPA receptors inhibit it (Hagino et al., 2004; Acarin et al., 1996); indeed, the 

GABAergic microglial receptors attenuates the release of proinflammatory microglial 

cytokines such as ILs and TNF-a (Kuhn et al., 2004; Lee et al., 2011), in response to 

GABAergic tone. It has been well established that microglial activation and consequent 

overproduction of proinflammatory cytokines have detrimental effects on hippocampal 

LTP induction and maintenance (Liu et al., 20117; Bellinger et al., 1993; Ikegaya et al., 
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2003). Based on this evidence, the region-specific modulation of hippocampal LTP 

exerted by microglia could also arise from different expression levels of microglial 

neurotransmitter receptors. 

Interestingly, our results highlighted a relevant role of CX3CR1-CX3CL1 signaling in 

modulating neuronal plasticity along the longitudinal axis of hippocampus. It has 

already been shown that neuronal CXCL1 significantly inhibits LTP in wild-type mice 

but not in CX3CR1KO/KO mice, and this impairment requires the activation of AR3 

receptors (Maggi et al., 2009). Besides, it has been demonstrated that mice lacking 

microglial CX3CR1 show enhanced plasticity compared to wild-type mice indicating 

that microglial cells drive alterations of plasticity phenomena (Maggi et al. 2011). 

Moreover, since CX3CL1 reduces spontaneous glutamate release and postsynaptic 

glutamate currents (Limatola et al., 2005) linked to dephosphorylation of the GluR1 

AMPA receptor subunit (Ragozzino et al., 2006), we can imagine that the disruption of 

CX3CL1-CX3CR1 signaling results in different phosphorylation state of GluR1 AMPA 

receptors in dorsal versus ventral hippocampus, producing an inversion of LTP 

amplitude. In view of this consideration, we are evaluating the expression levels of 

CX3CR1 in microglia isolated cells, as mentioned above, and CX3CL1 in the neuronal 

counterpart, as well as the AMPA receptor functionality by measuring phosphorylation 

of the GluR1, known to be modulated at Ser845 during plasticity. 

All these investigations will implement and clarify the role of microglial cells in 

regulating the physiological properties of CA1 pyramidal neurons along the longitudinal 

axis of the hippocampus. 
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GENERAL DISCUSSION AND CONCLUSION 

 

MDD represents a relevant global public health burden at clinical, social and economic 

levels. One of the most relevant causes of this disorder is the incomplete efficacy of 

antidepressant treatments. In the present studies, we endeavored to identify factors 

involved in determining the SSRI outcome with the potential translational aim of 

developing a more effective antidepressant treatment. 

Previous studies report that the administration of antidepressant fluoxetine, an SSRI, 

leads to an opposite effect on inflammation according to the starting inflammatory 

conditions, maintaining inflammatory levels in a strict range which appears permissive 

for brain plasticity processes 101,237. 

Here, we demonstrated that, following LPS or Ibuprofen administration, the 

increased production of molecules related to both pro- or anti-inflammatory action 

determines plasticity impairment at molecular and cellular levels, reducing LTP 

amplitude, BDNF expression levels, as well as the GluR1 subunit phosphorylation at 

Ser845. Therefore, these and other reported evidences suggest a clear interplay between 

neural plasticity and inflammation, indicating that these are mutually regulating 

processes and that inflammatory levels should be kept within a strictly controlled range 

to establish the neural plasticity needed for the SSRIs beneficial action. In a 

translational perspective, this concept implies that to improve the efficacy of the 

antidepressant treatment in clinical settings, patients’ inflammatory levels should be 

controlled before and during pharmacological therapy. In addition, by combining the 

antidepressant treatment with pro- or anti-inflammatory compounds aimed at 

counterbalancing any deviation in inflammatory levels, a more effective antidepressant 

strategy could be achieved. Although the beneficial effects of a co-treatment involving 

an SSRI and an anti-inflammatory compound have already reported in both pre-clinical 

and clinical studies 251,252, new studies should be devoted to evaluating whether, as 

suggested by the theoretical framework proposed here, a pro- or anti-inflammatory add- 

on could improve the outcome of antidepressant treatment. 

An important emerging factor involved in the antidepressant outcome is the living 

environment; the treatment with SSRIs in a stressful environment leads to a worse 

depressive prognosis, enhancing brain plasticity and thus amplifying the influence of 

the environment on the individual. Since, in most cases, it is not possible to act on the 

living environment because of constraints due to patients’ personal history, we proposed 

the pharmacological regulation of metabolism as a potential new approach to improve 



95  

antidepressant treatment outcome. The combined treatment with fluoxetine, used to 

enhance neural plasticity, and metformin, a drug able produce metabolic effects 

overlapping with those induced by a healthy lifestyle, ameliorates depressive-like 

behavior compared to just SSRI treatment in adverse living conditions; however, it has 

not long-lasting beneficial effects and should be used for subacute interventions. 

Interestingly, the therapeutic action of this polypharmacological approach potentiates 

LTP and increases the expression of IGF2, a key molecule involved in the vulnerability 

to stress 253 and in modulating biological processes related to neuronal plasticity, 

specifically in the dorsal hippocampus which was recently indicated as an important 

target for antidepressants treatments 254-258. The expression of IGF2, which rescues the 

neurobehavioral effects of stress exposure and improves learning and memory, suggests 

that it could be a potential molecular target capable of triggering the antidepressant 

action and therefore the recovery from MDD. To support this, IGF2 has been reported 

to be a key target of ketamine, an antidepressant drug that has a rapid but not long- 

lasting action 259,260, similar to the effect concerning our polypharmacological treatment; 

this suggests that IGF2 could be mainly involved in the first-phase recovery from MDD. 

Other markers related to MDD, such as IGF1, leptin, p11, and BDNF are not affected  

by co-treatment in adverse environmental conditions, but they result more expressed in 

hippocampal dorsal region compared to the ventral one. Among the other, the result 

concerning BDNF supports the neurotrophic hypothesis of depression, according to 

which the psychopathology is associated with the reduction of brain BDNF levels and 

antidepressant treatments alleviate depressive symptoms increasing its levels 261, and the 

involvement of dorsal hippocampus in the antidepressant outcome. 

Similar to gene expression, also hippocampal LTP is differentially modulated by 

stress in dorsal and ventral hippocampus. It is largely proven that several types of stress 

affect neuronal plasticity, generally inhibiting it, but mechanisms underlying this 

modulation are still under explorations. 

Based on the described interplay between inflammation and hippocampal plasticity 

processes, we decided to further investigate whether the dorsal and ventral hippocampal 

regions, show differences in the function of cells highly involved in inflammatory 

responses, i.e. microglia cells, that could underlie a selective sensitivity to 

antidepressant treatment. From our preliminary study, it emerged for the first time that 

in standard environmental conditions, microglial cells show specific distribution and 

cell body morphology in the dorsal versus ventral hippocampus and that they regulate 
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long-term plasticity in a region-specific manner, further strengthening the relevant role 

of these cells in modulating plasticity process. 

It is reported that the expression of neurotransmitter receptors (such as AMPA and 

NMDA receptors) varies gradually along the hippocampal axis 15, as well as BDNF, a 

neurotrophic factor involved in modulating inhibitory neurotransmission, NMDA 

receptors and LTP 262,263. We can speculate that differences in microglia number, 

functionality or activation state along the hippocampal axis, could specifically modulate 

the amount of factors known to affect plasticity, producing the observed differences in 

LTP levels. To investigate this possibility, it would be necessary to measure microglial 

and neuronal expression of neurotransmitter receptors and their phosphorylation levels 

(e.g. GABAergic and glutamatergic receptors) 264, transcriptional activity and functional 

status of microglia as well as microglial phagocytosis of synaptic elements and physical 

interaction between microglia and synaptic terminals. This would greatly implement  

and clarify the role of these cells in regulating the physiological properties of CA1 

pyramidal neurons along the longitudinal axis of the hippocampus in a standard living 

environment as well as in adverse conditions, i.e. following stress. 

Overall, this study indicates that neuroinflammatory processes, as well as microglia 

cells which are highly involved in inflammatory responses, must be strictly regulated to 

instate the neural plasticity needed for the SSRI beneficial action, and that, in adverse 

environmental conditions, the co-administration of compounds affecting the metabolic 

profile can improve the antidepressant efficacy, affecting hippocampal synaptic 

plasticity. In a translational view, our evidences support the idea that, to improve the 

efficacy of antidepressant drugs, information concerning not only the mood of the 

patients but also their living environment and selected physiological endpoints (e.g. 

inflammatory levels) should be considered, in order to develop a more effective 

antidepressant therapy. This implies the development of personalized therapeutic 

interventions based on a global assessment of the biological and psychosocial 

characteristics of patients. This is relevant for MDD, a disorder whose onset and 

progression are multifactorial rather than triggered by a single chemical imbalance. 
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