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Highlights 

- Synaptic changes occur early in most neurodegenerative diseases. 

- Synaptic changes likely contribute to cognitive decline in ageing. 

- Targeting synaptic pathology is a promising therapeutic strategy. 

 
 

  



 

Abstract 

Synaptic proteomes have evolved a rich and complex diversity to allow the exquisite 

control of neuronal communication and information transfer. It is therefore not 

surprising that many neurological disorders are associated with alterations in synaptic 

function. As technology has advanced, our ability to study the anatomical and 

physiological function of synapses in greater detail has revealed a critical role for both 

central and peripheral synapses in neurodegenerative disease. Synapse loss has a 

devastating effect on cellular communication, leading to wide ranging effects such as 

network disruption within central neural systems and muscle wastage in the 

periphery. These devastating effects link synaptic pathology to a diverse range of 

neurological disorders, spanning Alzheimer’s disease to multiple sclerosis. This 

review will highlight some of the current literature on synaptic integrity in animal 

models of disease and human post-mortem studies. Synaptic changes in normal brain 

ageing will also be discussed and finally the current and prospective treatments for 

neurodegenerative disorders will be summarised. 
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Introduction 

The approximately one hundred billion neurons found within the human brain act in 

beautifully intricate arrangements to generate and control our every thought, memory, 

emotion and dream. They also control our ability to sense the world, to communicate 

those sensations to others and decide how to plan our lives. These remarkable abilities 

are only possible if neurons can efficiently coordinate with other cells in the network, 

and the transfer of information occurs at specialised compartments called synapses 

(Figure 1). 

 

Depending on the chemical signal released, synapses can have excitatory or inhibitory 

effects on the target cell. Excitatory synapses most commonly form on small dendritic 

protrusions known as spines, where the synapse can be isolated from the main 

dendritic branch and become highly specialised. Inhibitory synapses tend to form 

directly onto the dendritic branch or onto the neuronal cell soma, although some 

exceptions to this general rule do occur. Once formed, these synaptic contacts are not 

rigid and can strengthen in response to increased activity or become shrunken and 



even lost following lack of activity [1]. This plasticity is thought to play a 

fundamental role in the formation, storage and removal of memory [2]. Furthermore, 

spine dynamics can often be used as a quantifiable means of analysing circuit activity 

as spine number and morphology change in response to fluctuations in neuronal 

activity [1]. See Figure 1D for a summary of this concept. 

 

Given the critical role synapses play in normal neurophysiology, it is not surprising 

that loss of synaptic integrity may underlie many of the most common 

neurodegenerative diseases. Synaptic dysfunction or synaptic loss often precedes late-

stage features of many neurological conditions such as Alzheimer’s disease [3], 

Motor Neuron disease [4, 5], Huntington’s disease [6], Parkinson’s disease [7, 8] and 

multiple sclerosis [9]. While synaptic pathology is a common feature of these 

disorders, the nature of the synaptic change is not necessarily consistent, which 

illustrates how critical normal neuronal function is for brain health. Given the 

plasticity of synapses and the malleability of dendritic spines, it raises the possibility 

of exploiting these features as potential therapeutic targets. If we can prevent synaptic 

loss or strengthen existing connections between neurons, we may be able to slow or 

even reverse disease-driven neurological change.  

 

In this review, we will highlight a selection of neurodegenerative disorders that 

exhibit synaptic dysfunction as an early feature of the disease, discuss the changes 

that occur during normal brain ageing and discuss the current and prospective ways in 

which synaptic function can be targeted for therapeutic exploitation. 

 

Synapse Structure 

Synapses are the point of contact between two neurons and can exist as either 

electrical or, more often, chemical synapses. In both cases the cells don’t touch, but 

communicate by passing ions (electrical synapse) or neurotransmitters (chemical 

synapse) across a small gap known as the synaptic cleft. Adhesion proteins such as 

neuroligins and neurexins span this cleft, physically holding the synapse in place [10] 

(Figure 1C). Intriguingly, these cleft-spanning proteins are critical for synaptic 

integrity and mutations in the genes for these proteins have been implicated in 

neurological disorders [10]. 

 

The presynaptic bouton contains the complex machinery required for synthesis, 

storage and release of neurotransmitters [11] (Figure 1C). This is a tightly regulated 

process, ensuring efficient and accurate transmitter release following action potential 

propagation. Synaptic vesicles, packed with neurotransmitter, undergo calcium-

dependent fusion with the presynaptic membrane and release their contents into the 

synaptic cleft. Altered protein homeostasis in the presynaptic terminal has been linked 

to neurological disorders. The abundant presynaptic protein alpha-synuclein forms 

striking pathological aggregates in a group of neurological disorders known as 

synucleinopathies [12]. 

 

Once released from the presynaptic terminal, neurotransmitters cross the synaptic 

cleft and interact with receptors in the postsynaptic membrane. Ligand-gated ion 

channels (ionotropic receptors) open rapidly upon neurotransmitter binding and allow 

the direct flow of ions into the postsynaptic neuron, altering the local membrane 

potential. G-protein coupled receptors (GPCRs; metabotropic receptors) induce an 

array of downstream signalling cascades following neurotransmitter binding, which 



are important for local protein homeostasis and dendritic spine morphology (Figure 

1C). 

 

The receptors are held in place by a vast protein scaffold known as the postsynaptic 

density (PSD), which contains almost 1500 proteins [13] and can be seen as an 

electron-dense structure under the electron microscope (Figure 1B). Disruptions of 

this critical protein scaffold can have severely detrimental effects on synaptic 

function, and altered expression of PSD proteins are a common feature of many 

neurological disorders [13]. Figure 1 shows an example of a typical excitatory 

synapse with some important proteins highlighted. 

 

In summary, to ensure efficient information transfer between neurons, the synapse 

must be anatomically intact. Disruptions in synaptic composition can have severe 

effects on synaptic function, leading to altered network activity and ultimately the 

clinical manifestation of disease. 

 

Alzheimer’s Disease 

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder exhibiting 

striking brain atrophy.  The brains of AD patients contain two definitive hallmarks of 

the disease, insoluble beta-amyloid plaques and hyperphosphorylated-tau positive 

tangles. Plaques are formed extracellularly by the deposition of insoluble amyloid 

beta peptides, whereas the neurofibrillary tangles are found intracellularly as long tau 

fibrils characteristically tangled around the nucleus in neuronal cell soma. Neurons 

and synapses are progressively lost during the disease in tandem with the spread of 

tau pathology through the brain [14].  However, the early clinical manifestations of 

memory impairment are likely due to synapse dysfunction and loss rather than to 

neuron loss or the accumulation of plaques and tangles. A large amount of evidence 

suggests that the fibrillar plaques and neurofibrillary tangles are not in themselves 

toxic.  These lesions are often found in cognitively normal aged brains [15-17].  The 

strongest pathological correlate with cognitive change is synapse loss [18], suggesting 

that the loss of synapses is sufficient to drive AD-related cognitive decline, before the 

loss of neurons [3, 19]. What causes the synaptic loss is yet to be fully elucidated but 

it appears that both soluble amyloid and soluble tau have a role to play [20]. In mouse 

models of amyloid pathology and human post-mortem tissue, synapses are 

predominantly lost around mature, dense-core amyloid plaques [21, 22]. Interestingly, 

there is no increased synapse loss in or around diffuse plaques, which don’t appear to 

affect the surrounding neuropil and are made up of small scattered bundles of amyloid 

fibrils [23]. This may suggest that dense-core amyloid plaques release synaptotoxic 

molecules in their vicinity. In support of this idea, work in transgenic mouse models 

revealed a halo of oligomeric amyloid around the edge of plaques and some of this 

soluble amyloid is found within synapses [21, 22], as independently observed using 

electron microscopy [24]. The presence of soluble amyloid in the synapse appears to 

drive shrinkage and ultimately loss of that connection perhaps through microglial-

mediated mechanisms regulated by C1q and complement 3 [25]. Before synapses are 

lost synaptic function is significantly disrupted by the presence of soluble amyloid. 

Mouse models have shown that the application of synthetic amyloid species results in 

impaired LTP [26, 27] and enhanced LTD [28], ultimately weakening the synapse. 

These effects are due to the dysregulation of numerous signalling pathways, but it is 

evident that the synaptic AMPA [29] and NMDA [30] receptors play a critical role. 

LTP causes an increase in spine size and requires high calcium levels within the 



spine, as a result of rapid influx through NMDA receptors [31]. LTD causes spine 

shrinkage, as a result of a slower influx through NMDA receptors and ultimately a 

lower level of calcium in the spine [32]. Oligomeric amyloid can bind NMDA 

receptors and block NMDA-evoked currents resulting in slower calcium dynamics, 

which favours the induction of LTD in the spine [33]. Furthermore, the effect of 

numerous kinases within the spine critical for LTP induction such as JNK [34], p38 

MAPK [34] and CaMKII [35, 36] can be altered by oligomeric amyloid. Also, the 

calcium-dependent phosphatase Calcineurin is activated by amyloid [37], leading to 

the internalisation of AMPA [37, 38] and NMDA [33] receptors away from the 

synapse, leading to the loss of synapses and spines. This synapse-specific loss of 

NMDA receptors is important in a number of ways. Firstly, it reduces excitatory 

synaptic activity leading to synapse weakening and secondly, it leads to a change in 

the balance of synaptic and extra-synaptic signalling. Synaptic NMDA receptors are 

thought to induce pro-survival signalling pathways, whereas NMDA receptors outside 

the synapse (extrasynaptic) promote toxic, cell-death pathways [39], therefore a loss 

in synaptic signalling will lead to a greater influence of toxic, extrasynaptic 

signalling. It has been shown in cultured mouse cortical neurons and in synaptic/non-

synaptic fractions of homogenized mouse hippocampal slices that extrasynaptic 

NMDA receptor levels are not changed following amyloid-β treatment, whereas 

synaptic levels significantly decrease [33, 40]. Therefore, amyloid-β may induce 

synapse loss via a combination of synaptic weakening and a shift towards toxic 

extrasynaptic signalling. Another way in which amyloid-β may significantly alter 

synaptic function is by disrupting mitochondrial physiology. Mitochondria are critical 

for maintaining the high-energy supply required for efficient synaptic function and it 

is thought that mitochondrial dysfunction plays an important role in AD pathogenesis 

[41]. For example, a recent study has found a direct molecular link between amyloid-

β and Abeta-binding alcohol dehydrogenase (ABAD), leading to mitochondrial 

dysfunction, oxidative stress and cell death [42]. 

 

Intriguingly, a very recent study utilising human tissue and rodent models has shown 

that amyloid binds to and disrupts an adhesion protein that spans the synaptic cleft 

and holds the synapse in place. The authors suggest that amyloid-dependent 

breakdown of NCAM2 leads to synapse disassembly [43]. 

 

The role of tau in synapse loss is less well established. Tau is a microtubule binding 

protein which during the course of AD becomes hyperphosphorylated and 

accumulates in neuronal somata and dendrites [44]. Despite the historical belief that 

tau is confined to the axon, recent studies have revealed an important role for tau in 

the PSD [45]. Furthermore, imaging studies have revealed the abnormal accumulation 

of tau in spines from both mouse models and human AD post-mortem tissue [46-49]. 

Given the important role tau plays in microtubule stabilisation and subsequent protein 

trafficking, it is easy to imagine that pathological tau dislocation would result in failed 

trafficking of critical proteins required for synaptic function. In support of this, it has 

been shown that expression of hyperphosphorylated tau disrupts the trafficking of 

glutamate receptor subunits [50, 51]. Furthermore, mitochondrial transport is 

significantly disrupted when tau is overexpressed, resulting in disrupted ATP 

production and calcium buffering, and altered mitochondrial distribution in tau over-

expressing neurons in transgenic mice and post-mortem AD brain [49, 52, 53].  

 



Intriguingly, the spread of phosphorylated tau follows a remarkably predictable 

pattern throughout the brain. Abnormal deposits of tau first appear in the 

transentorhinal region before spreading into the nearby entorhinal cortex [54]. The 

pathological spread then appears to follow the flow of synaptic connections from the 

entorhinal cortex into the hippocampus and then from there, out into other cortical 

and subcortical regions [54]. This predictable spread of pathology has led some to 

believe that phosphorylated tau is passed between neurons that are synaptically 

connected [55-58]. However, the route of transmission and the identity of the 

propagating toxic tau species are yet to be fully elucidated [59, 60]. Research is now 

beginning to focus on potential synergistic or hierarchical effects of amyloid and tau 

in synapse loss [20]. One interesting potential link between amyloid-β and tau 

pathology is the finding that specific activation of extrasynaptic NMDA receptors 

enhances tau phosphorylation in cultured mouse hippocampal neurons [61]. This may 

suggest that amyloid-β not only induces synaptic dysfunction, but drives tau 

pathology via extrasynaptic NMDA receptor signalling.  Treating primary neurons 

with physiological concentrations of amyloid-β induces synapse loss, which has 

recently been associated with tau mislocalization to dendrites [62].  Further, 

genetically removing endogenous mouse tau prevents some of the synaptic deficits 

associated with overexpressing mutant amyloid [63, 64]. 

 

In summary, the vulnerability of synapses in AD is striking and is supported by a vast 

literature describing presynaptic, postsynaptic and even trans-synaptic sites of damage 

following the generation of pathological species of amyloid and tau.  

 

α-synucleinopathies: Parkinson’s disease and Dementia with Lewy Bodies 

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) belong to a group of 

neurodegenerative disorders called α-synucleinopathies. Patients’ brains contain 

pathological aggregates of the presynaptic α-synuclein protein, which can exist as 

neuronal cytoplasmic aggregates called Lewy bodies or longer fibril-like structures in 

the neuronal processes, known as Lewy neurites. Aggregates can also be found in 

glial cells in other α-synucleinopathies, such as multiple system atrophy. It is 

currently unknown why this protein leaves the synapse, or why it aggregates. 

 

The loss of dopaminergic neurons in the substantia nigra causing a dramatic reduction 

of striatal dopamine release leads to the clinical motor problems (rigidity, tremor, 

bradykinesia, freezing and postural instability) which are characteristic of PD [65]. 

However, pathology is not restricted to the substantia nigra, as evidenced by a number 

of other non-motor clinical symptoms such as constipation, hyposmia, depression and 

sleep disturbance [66]. In PD it is proposed that the presence of Lewy bodies begins 

before overt clinical symptoms as evidenced by the widely reported incidental Lewy 

body disease (iLBD). The hypothesis put forward by Heiko Braak states that Lewy 

bodies spread in a predictable pattern from the brainstem to subcortical structures and 

finally throughout the cortex in severe late stage cases [67]. Whether Lewy body 

formation is a result or cause of neuronal degeneration is a matter of debate, although 

the progression and severity of disease appears to follow their presence [68].  

 

DLB is a common form of dementia, following Alzheimer’s disease, vascular 

dementia, and mixed AD/vascular dementias in prevalence. The classical core 

features of DLB include fluctuating cognitive impairment with loss of attention and 

executive function, visual hallucinations and Parkinson’s-like motor problems 



(rigidity, tremor, bradykinesia, freezing and postural instability) [69]. As in PD, the 

loss of neurons in the nigrostriatal pathway can account for the motor symptoms 

observed in DLB, yet the number and location of cortical Lewy bodies in DLB don’t 

necessarily track with the severity of disease [69]. However, high incidence of Lewy 

bodies in the anterior and inferior temporal lobe, which is important for forming 

complex visual images, does associate with the presence of visual hallucinations [69]. 

 

In both PD and DLB the severe brain degeneration observed post-mortem cannot be 

explained purely by the presence of Lewy bodies and alternative factors likely play a 

role. One alternative is that small synaptic α-synuclein inclusions may drive a loss of 

synapses in the brain of patients. Indeed, loss of excitatory synapses in the striatum 

has been described in animal models of PD and in human post-mortem brain [7, 70-

72]. Using a PET blot technique, a sucrose gradient fractionation technique and 

electron microscopy, one group have suggested that up to 90% of aggregated α-

synuclein exists in small presynaptic inclusions rather than large somatic Lewy 

bodies, in PD and DLB brains [73, 74]. In DLB cases, this associated with a 

significant decrease in the levels of presynaptic proteins such as synaptophysin. 

Furthermore, filled neurons in DLB brain had significantly fewer dendritic spines, 

corresponding with a decrease in synaptic levels of PSD95. In an α-synuclein 

overexpressing mouse model of DLB, significant loss of presynaptic terminals are 

observed in the hippocampus at 8 months, a few months after α-synuclein aggregates 

begin to appear [75]. However, when the overexpressing transgene was later switched 

off, the synapse loss was reversed and the α-synuclein pathology cleared. 

 

Vesicular monoamine transporter 2 (VMAT2) and the dopamine transporter (DAT) 

are important for the vesicular storage of dopamine in the presynaptic terminal and 

studies have shown a significant reduction in levels and activity of these in human PD 

[76, 77]. Importantly, these proteins appear to inversely correlate with the level of α-

synuclein in the substantia nigra suggesting that increased α-synuclein deposition 

leads to decreased levels of VMAT2 and DAT [77]. In support of a presynaptic 

dysfunction in Parkinson’s, mouse models of the disease exhibit a redistribution of 

numerous critical presynaptic proteins to sites of aggregated α-synuclein, resulting in 

reduced dopamine release in the striatum [78]. Human brain imaging has reinforced 

the case for synaptic failure in PD pathology and has revealed presynaptic disruption 

of numerous neurotransmitter systems [79].  

 

Despite the growing literature describing presynaptic dysfunction in PD, it is clear 

that other synaptic compartments can be affected. For example, exogenously applied 

oligomers of α-synuclein to rat hippocampal slices can disrupt LTP via postsynaptic, 

NMDA receptor-dependent mechanisms [80], and in cultured dopaminergic neurons, 

application of α-synuclein to the culture media leads to internalisation of NMDA 

receptors [81]. In cultured hippocampal neurons, α-synuclein also internalises NMDA 

receptors and affects NMDA-induced Ca
2+

 changes, leading to decreased NMDA-

dependent currents [82]. Given the importance of these receptors in synaptic 

signalling and spine morphogenesis, it is no surprise to find in human post-mortem 

tissue and numerous models of PD that spine densities are altered [83, 84]. 

Furthermore, postsynaptic calcium disruption has been shown in striatopallidal 

medium spiny neurons, leading to rapid loss of glutamatergic axospinous synapses 

and disconnection of the motor system [7]. 

 



It is also clear that mitochondrial dysfunction plays a prominent role in PD and DLB 

pathogenesis and may explain some of the synaptic deficits. Some of the known genes 

associated with familial PD play important roles in normal mitochondrial function, 

such as PINK-1 and Parkin [85]. Also, in numerous model systems, over-expression 

of mutated human α-synuclein can lead to mitochondrial degeneration [86, 87]. 

Furthermore, one of the most common models of PD is the MPTP-induced 

breakdown of dopaminergic neurons and this neuronal death occurs due to inhibition 

of mitochondrial complex I, resulting in massive reactive oxygen species 

accumulation and mitochondrial damage [88, 89]. In DLB post-mortem tissue it has 

been shown that there is a significant loss of mitochondria from neuronal processes, 

with aggregation of mitochondria around cytoplasmic Lewy bodies [90]. Furthermore, 

once the mitochondria are engulfed by the expanding Lewy body their membranes 

rupture and the mitochondria are destroyed [90]. In both PD and DLB, mitochondrial 

dysfunction will hamper energy supply to synapses and this may be a driving force in 

synaptic disconnection. 

 

The overall picture emerging from the current literature is that synaptic pathology is 

an early feature of PD and DLB and that α-synuclein aggregation and deposition can 

affect the synapse both pre- and post-synaptically. This assault from both sides of the 

synapse leads to significant neurophysiological disruption and subsequent anatomical 

change, resulting in spine alterations which affect overall neuronal function and 

circuit activity, leading to neuronal death and clinical manifestation. 

 

Motor Neuron Disease 

Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron 

disease and is characterised by the loss of upper and lower motor neurons. This leads 

to progressive muscle weakness and atrophy, and the denervation of respiratory 

muscles is often the cause of death, commonly occurring within 5yrs of diagnosis 

[91]. Catastrophic motor neuron loss represents the final step in disease progression, 

however mounting evidence suggests that synaptic disconnection at the 

neuromuscular junction occurs prior to cell death [4, 5, 92]. This has led to the “dying 

back” hypothesis of disease progression, which states that following toxic insult at the 

neuromuscular synapse, the axon disconnects from the target muscle, leading to 

axonal degeneration and finally neuronal death. Both cell autonomous and non-

autonomous factors have been suggested as the initiating insult [91]. Betz cells are 

giant pyramidal cells residing in layer five of the motor cortex and project directly 

onto the lower motor neurons in the spinal cord. Research has shown that synaptic 

terminals on the soma of normal-looking Betz cells in ALS patients appear 

dysmorphic and exhibit a degenerative appearance [93]. Loss of synaptic input may 

contribute to the dysfunction and loss of these critical cells in muscle control. Recent 

studies using ALS mouse models have revealed that cortical synapse loss may be an 

early presymptomatic feature of ALS. Presymptomatic spine loss was observed in the 

motor cortex of the hSOD1
G93A

 transgenic model [94] and an early shrinkage/loss of 

synapses was observed in the sensorimotor cortex of the FUS-R521C mouse [95]. 

Furthermore, disconnection of the upper and lower motor neuron circuit appears to be 

supported by a loss of synapses onto lower motor neurons in the ventral horn of the 

spinal cord [96-98].  

 

Although the source of the synaptotoxic insult has yet to be fully elucidated, 

interestingly, as described above for Alzheimer’s and Parkinson’s disease, protein 



aggregates also feature in the neuropathology of motor neuron disease. Mutations in 

the Cu/Zn superoxide dismutase (SOD1) gene are found in approximately 20% of 

familial forms of ALS which corresponds to 1-2% of all ALS cases and much of the 

pre-clinical work has been performed in mouse models containing mutations in SOD1 

[91]. SOD1 protein is located on the outer mitochondrial membrane and plays an 

important role in mitochondrial physiology [99]. Aggregated forms of mutant SOD1 

are found in sporadic and familial ALS, as well as in SOD1 transgenic models, in the 

form of cytoplasmic inclusions [100-102]. Whether these inclusions are also found in 

synapses has yet to be fully elucidated. Intriguingly, cultured motor neurons show a 

propensity for accumulating SOD1 aggregates when compared to cultured dorsal root 

ganglion or hippocampal neurons transfected with similar levels of mutant SOD1 

[103]. However, things are further complicated by the fact that these aggregates often 

include one or more other proteins known to play a role in ALS such as TAR DNA-

binding Protein 43 (TDP-43), ubiquitin, Fused in Sarcoma (FUS) and Sequestesome-1 

(p62/SQSTM1) [104].  Interestingly, the two RNA-binding proteins TDP-43 and FUS 

have been shown in cultured mouse neurons to traffic into dendritic spines and their 

synaptic levels significantly increase following neuronal activity [105, 106]. 

Therefore, given the high incidence of cytosolic protein aggregates it’s possible that 

sequestration of these important synaptic proteins away from their target site 

contributes to synaptic failure and loss. In support of this, it was recently shown in 

primary mouse neurons and human-derived motor neurons that ALS-associated 

mutations in TDP-43 led to reduced motility of TDP-43+ve mRNA granules along 

axons and a decrease in synapse-associated mRNA [107]. New protein synthesis is 

critical for long-lasting changes in synaptic remodelling and local synaptic mRNA 

trafficking and processing plays an important role. Therefore, disrupting either the 

temporal or spatial processing of synaptic mRNAs can have severely deleterious 

effects on neuronal function. 

 

Further evidence of synaptic disruption in ALS is the growing revelation of 

excitotoxicity in the disease. The strongest argument for a role of excitotoxicity in 

ALS is that the only drug capable of slowing disease progression in patients is 

riluzole, a suppressor of excitatory synaptic activity [108]. Furthermore, in human 

synaptoneurosomes preparations it has been found that glutamate re-uptake is 

significantly decreased compared to samples from control or non-ALS patients [109] 

and that CSF levels of glutamate are significantly higher in ALS patients [110, 111].  

Loss of glutamate transporters in ALS is found in both post-mortem tissue and rodent 

models [112, 113]. Motor neurons appear to be intrinsically vulnerable to 

excitotoxicity due to their high expression of Ca
2+

-permeable AMPA receptors and 

low expression of Ca
2+

 buffering proteins [114]. Therefore, subtle changes in their 

Ca
2+

 buffering capacity could render the postsynapse vulnerable to Ca
2+

-dependent 

excitotoxicity. In support of this idea it has been shown that mutated SOD1 can 

accumulate within vacuolated mitochondria [115], significantly disrupt mitochondrial 

function [116] and diminish the Ca
2+

-buffering capacity of these organelles [117]. 

Furthermore, corticostriatal plasticity is significantly altered in a mutated SOD1 

mouse model. In acute slices, tetanic stimulation (100 Hz, 1-s, 6-s interval) induced 

LTD in control slices but induced LTP in SOD1 mutants [118]. This synaptic 

alteration would shift the excitatory/inhibitory balance and transfer a physiological 

network into a hyperexcitable one. Altered physiology is not just limited to the brain 

however, as SOD1 transgenic mice also show alterations in spinal motor neuron 

activity. Electrically stimulated motor neurons from transgenic mice fired shorter 



action potentials in a higher frequency, due to decreased repolarization time [119]. 

Also, spinal motor neuron hyperexcitability appears to be a presymptomatic feature in 

SOD1 mouse models [120]. 

 

In summary, although it has been well established that neuromuscular synaptic loss is 

an early presymptomatic feature of ALS progression, the nature and source of the 

initiating toxic insult has yet to be convincingly described. Furthermore, the multi-

faceted pathology suggests that ALS is a multifactorial disorder, likely affecting 

synapses in numerous diverse ways, ultimately rendering them extremely vulnerable 

in the early stages of disease pathogenesis. 

 

Huntington’s Disease 

Huntington’s disease (HD) is caused by a trinucleotide (CAG) repeat expansion in the 

huntingtin gene, resulting in a polyglutamine expansion in the huntingtin protein. 

Patients exhibit classical movement disorders such as chorea and bradykinesia, 

cognitive deficits which progress into dementia and psychiatric symptoms such as 

depression [121]. These clinical features can be attributed to significant neuronal cell 

death in the striatum in the early stages (up to 95% loss of striatal medium spiny 

neurons), followed by more global brain atrophy [122]. Preceding neuronal death, 

alterations in spines and synapses are evident in both human post-mortem tissue and 

animal models of the disease [123]. In human post-mortem striatum, dendrites of 

medium-sized spiny neurons appear tortuous with recurved endings and exhibit a loss 

of spines [124, 125]. Similar findings are described in layer five of the prefrontal 

cortex [126]. Rodent models expressing mutant huntingtin transgenes (R6/1 HD mice) 

have revealed changes in dendritic spine density and anatomy, in HD-relevant brain 

regions [127]. Earlier attempts to generate rodent models of the disease involved 

intrastriatal injections of quinolinic acid, an endogenous NMDA receptor agonist, 

which produced neurodegenerative lesions that appeared neurochemically similar to 

those in human post-mortem tissue [128]. This suggested a prominent role for the 

excitatory glutamatergic system in HD pathogenesis. Furthermore, it has been shown 

in a mouse model of HD that an early increase in extrasynaptic NMDA receptor 

signalling may contribute to disease pathogenesis [129]. The authors revealed a 

significant increase in extrasynaptic NMDA-dependent currents, which coincided 

with increased extrasynaptic NMDA receptors. Environmental enrichment induces 

synapse formation and delays symptom onset and ameliorates symptoms in mouse 

models of HD, potentially by rescuing axonal transport of BDNF to the striatum and 

hippocampus [130-132]. Furthermore, it has been shown that wild-type huntingtin 

protein exists in postsynaptic membranes, binds PSD-95 [133, 134] and mutant 

protein can interfere with correct trafficking of postsynaptic receptors [135, 136]. 

Interestingly, specific loss of PSD-95 and GluR1-containing glutamatergic receptors 

occurs before the onset of spine loss [137], which suggests that spine loss is a result of 

synaptic dysfunction rather than a cause. As expected from the anatomical changes 

described, electrophysiological alterations are apparent in numerous model systems, 

with both resting and activity-dependent changes in neuronal physiology [138-140].  

 

Mitochondrial dysfunction is also evident in HD and appears to be a very early stage 

of pathogenesis, occurring presymptomatically [141, 142]. Striatal mitochondria 

containing mutant huntingtin have a reduced calcium uptake capacity than wild type 

cells [143]. Furthermore, mutant huntingtin binds to the mitochondrial outer 

membrane and directly lowers the threshold required for Ca
2+

-induced mitochondrial 



permeability [144]. Therefore, studies suggest that the dysfunction of mitochondrial 

Ca
2+

 handling may render HD neurons unable to cope with excessive neuronal 

activity, leading to early synaptic loss, followed by cell death.  

 

From the current literature, one can imagine a scenario in which mutated huntingtin 

initiates a cascade of disruption, starting with perturbed protein trafficking, synaptic 

dysfunction and spine loss, leading to network disconnection and ultimately neuronal 

death. 

 

Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic, autoimmune disorder exhibiting inflammatory 

lesions in the CNS and subsequent axonal demyelination and neurodegeneration. The 

pathological hallmarks of the disease are sclerotic plaques, which represent the end-

point of a destructive process involving inflammation, demyelination, gliosis and 

axonal/neuronal death [145]. Clinically, neurodegeneration leads to progressive 

physical disability as neuronal networks and muscle control are lost [145]. Also, in 

addition to the sensory and motor deficits, up to 65% of MS patients present with 

cognitive deterioration [146]. The clinical course is complex, as the disease tends to 

wax and wane under the control of the inflammatory episodes with patients improving 

during remission. However, recovery from each relapse is usually incomplete and 

65% of patients will advance into a secondary progressive form of neurodegeneration 

[145]. 

 

Despite the well-described pathology, the exact order of events that lead to the 

formation of sclerotic plaques is hotly debatable. Recently, focus has centred on the 

role of inflammation-driven synapse alteration in MS pathogenesis. Using a non-

invasive imaging technique called Transcranial Magnetic Stimulation (TMS) to 

measure cortical activity in MS patients, it has been shown that intracortical 

facilitation is evident in MS patients [147] and that cortical hyperexcitability 

correlates with increased levels of pro-inflammatory cytokines in the CSF [148]. 

Furthermore, elevated levels of glutamate have been found in the CSF [149] and brain 

[150] of MS patients, pointing towards glutamate-induced excitotoxicity in the CNS. 

In support of this hypothesis, pharmacological blockade of glutamate receptors in 

rodent models of MS (experimental autoimmune encephalitis (EAE)), perturb disease 

progression and severity, reduce neurological deficits and decrease damage to axons 

and myelinating cells (oligodendrocytes), despite having no effect on CNS 

inflammation [151, 152]. Furthermore, in acute brain slices from EAE models it has 

been shown that LTP is enhanced and LTD is reduced, leading to an overall 

hyperexcitable environment, similar to the human cortex [153-155].  

 

In human post-mortem hippocampi, dramatic demyelination is observed [156, 157]. 

The loss of myelin associates with synaptic dysfunction, as although neuron number 

remains stable, synaptic density is significantly decreased [156, 157]. Interestingly. A 

role for the compliment system (C1q and C3) has been implicated in hippocampal 

synapse loss [157], which is a system thought to play an important role in 

supernumerary synapse elimination during development, but may be erroneously 

activated during disease [158]. Furthermore, in demyelinated hippocampi the levels of 

astrocytic glutamate uptake transporters EEAT1 and EEAT2 were significantly 

decreased [156], likely driving increased synaptic glutamate levels and subsequent 

synaptic breakdown. This is an important finding as approximately 50% of MS 



patients exhibit impaired long-term memory, a process that requires functional 

hippocampi [159]. Synapse loss has also very recently been documented in the cortex. 

In demyelinated areas of the post-mortem human insular and frontotemporal lobes, 

there were fewer intracortical axons and a dramatic decrease in spine numbers [160]. 

Interestingly, even in MS patients with normal appearing grey matter (without 

demyelination), spine density was significantly lower than control and not different to 

the densities in demyelinated patients [160]. Thus in the cortex, it appears synapse 

loss does not necessarily associate with demyelination. 

 

Excessive excitatory signalling could result from uncontrolled glutamate release, 

decreased glutamate clearance or increased postsynaptic expression of receptors. In 

fact, it appears all three may play a role. Glutamate transporters and metabolizing 

enzymes are lost from oligodendrocytes in and around active MS lesions and 

infiltrating immune cells express high levels of glutamate-synthesising enzymes, all 

contributing to the increased levels of synaptic glutamate and localised axon damage 

[161, 162]. Also, increased expression of glutamate receptors in glial cells and ectopic 

expression in axons is observed around active MS lesions [163, 164].  

 

Another condition in which network excitation can become excessive, is if inhibitory 

control is lost. Almost one quarter of neurons in the cortex are inhibitory [165] and 

they play an important role in regulating rhythmic firing across cortical networks. 

Numerous studies have shown that the inhibitory GABAergic system is disrupted in 

MS patients. It has been known for more than 30yrs that GABA levels in the CSF of 

MS patients are lower that controls [166] and around 10yrs ago it was shown by 

microarray and confirmed by RT-PCR and western blotting that many components of 

the GABAergic system were significantly down regulated in MS patients [167]. The 

authors reported a decrease in GABA receptor subunits, receptor associated proteins 

and presynaptic proteins involved in GABA synthesis. Also, they discovered that the 

cortical area covered in parvalbumin (Ca
2+

-binding protein highly expressed in a 

subpopulation of inhibitory cells) -positive cells and their processes was almost 30% 

lower in MS patients. These findings suggest that GABA release is lower in MS 

patients and the machinery required to send and receive inhibitory signals is 

significantly hindered in the MS brain. 

 

Another pathological feature described by Dutta et al. [167] in post-mortem MS 

motor cortex, was the breakdown of mitochondrial function. Interestingly, 

mitochondrial number and protein composition were the same in MS and control 

motor cortex preparations, however mitochondrial respiratory chain function was 

reduced by approximately 50% in MS samples [167]. Mitochondrial DNA (mtDNA) 

damage can induce significant mitochondrial dysfunction and in human MS cortical 

grey matter, there are extensive mtDNA deletions, leading to respiratory dysfunction 

[168]. In the EAE animal model of MS, mitochondrial breakdown and dysfunction 

appeared as early as three days after EAE sensitisation, long before leukocyte 

infiltration into the CNS [169]. Due to the mounting evidence in animal models and 

human tissue, mitochondrial dysfunction is becoming more appreciated as an 

important factor in MS pathogenesis [170], which may play a significant role in 

neuronal physiology, leading to synaptic breakdown. 

 

In summary, mounting evidence supports the supposition that changes in the neuronal 

milieu during inflammatory relapse leads to early synaptic dysfunction and a shift 



towards increased excitatory transmission, resulting in hyperexcitation and 

excitotoxic neurodegeneration. Furthermore, increased energy demands required to 

propagate signal transduction along demyelinated axons, coupled with decreased 

energy production due to dysfunctional mitochondria, leads to a virtual hypoxic state, 

further enforcing neurodegenerative processes. 

 

Normal cognitive ageing 

Despite the wealth of literature describing pathological changes in the diseased brain, 

we are yet to fully understand the changes that occur during normal ageing of the 

brain and it’s important to remember that age is a major risk factor for most 

neurodegenerative diseases. Normal cognitive ageing is likely influenced by a number 

of underlying factors and the term refers to age-related changes in cognition in the 

absence of any known neurologic disease [171]. Interestingly, this trait of age-related 

cognitive change is not restricted to humans and can be found in other aged species 

such as rodents and non-human primates [172]. Declarative and working memory are 

mediated by the hippocampus and dorsolateral prefrontal cortex respectively and are 

the most vulnerable cognitive processes in ageing [172]. Furthermore, it is known that 

regional coordination, required for higher order tasks, begins to breakdown during 

ageing [173] and is thought to be a result of alterations in the connections between 

these brain regions, driven by a deterioration of white matter physiology [174]. Post-

mortem, a number of structural changes are evident such as neuronal loss, white 

matter deterioration, gliosis, neurovascular changes and increased deposition of 

pigments and proteins inside cells [175]. Furthermore, glutamatergic signalling and 

glutamate homeostasis are disrupted in normal brain aging and this has knock-on 

deleterious effects on other neurotransmitter systems [176]. For example, the 

breakdown of important neurotransmitter systems such as the dopaminergic and 

serotonergic systems appears to be an age-dependent process [177, 178]. However, 

despite all these diverse changes it has been frequently shown that synaptic health is 

essential in maintaining cognitive performance in older age and it is synaptic density, 

not neuronal loss, that associates most strongly with age-related cognitive decline 

[172].  

 

Using genome-scale microarrays it has been shown that genes involved in the 

regulation of synaptic function are significantly down regulated in aged human brain 

[179, 180]. Also, genetic variability within genes coding for postsynaptic proteins 

preferentially associates with the inherent variability in general intelligence [181]. 

Evidence supporting an age-dependent change in synapses is not merely genetic. In 

non-human primates there is a significant age-related decrease in volume of the 

dorsolateral prefrontal cortex, which is not caused by neuronal loss but associates 

with a dramatic loss of glutamatergic, axospinous synapses [182]. Furthermore, this 

synaptic loss (specifically in cortical layer 3) correlates with the degree of cognitive 

decline in the aged animals. This is similar to human ageing studies that have shown 

an association between high presynaptic protein levels and lower odds of dementia 

diagnosis in later life [183]. Also, human post-mortem studies have revealed a 

decrease in synaptic density in an array of cortical regions, including the prefrontal 

cortex, without changes in neuron number [184-187]. Thus it appears that synaptic 

loss is a feature of normal brain ageing across a variety of distinct species, but what 

drives or initiates this process? Interestingly, some genes involved in vital processes 

such as mitochondrial function, immune regulation and inherent stress responses are 

changed in an age-dependent manner and these changes are evolutionarily conserved 



throughout the animal kingdom from humans to nematode worms [188]. Thus it 

appears that the brain ages in a similar way across species and that common factors 

likely drive synaptic loss. For example, genes encoding mitochondrial proteins are 

decreased across species in aged individuals [180] and studies have shown significant 

mitochondrial dysfunction in many animal models of ageing [189]. Human 

mitochondrial DNA deletions increase with age [190], and interestingly deletions 

were common in the cortex but largely absent from the cerebellum. This may partly 

explain the more prominent cognitive decline associated with ageing. In rodents, 

mitochondrial enzyme activity correlates with neurological performance and median 

life span and ageing associates with increased mitochondrial dysfunction and fragility 

[189]. Furthermore, in non-human primates, mitochondrial number and morphology 

in the presynapse correlates with performance in working memory tasks, which 

declines with age [191].  

 

As the brain ages, postmitotic neurons that have worked diligently for decades, begin 

to tire. Underlying degeneration of DNA repair mechanisms and mitochondrial 

function begin to take their toll on neuronal physiology and the critical points of 

contact and communication between cells (synapses) start to breakdown. As synapses 

are lost during ageing, there is an inevitable change in neuronal electrophysiology, 

and for a long time it has been known that aged animals showing a brain region 

specific decrease in LTP [192-195]. Also, as Ca
2+

 homeostasis alters, likely due to 

dysfunction in Ca
2+

-buffering organelles, synaptic plasticity favours LTD induction 

rather than LTP [196]. Synapse loss and physiological alterations occur as a prelude 

to neuronal loss and synapse loss correlates with early cognitive change. However 

given the inherent malleability of spines and synapses, this could provide a 

therapeutic opportunity for slowing the progression of not only ageing but also some 

neurodegenerative diseases, such as those described above.  

 

Current and potential therapies in neurodegenerative disease 

During neurodegenerative disease, the processes regulating synaptic signalling and 

adaptation are hindered and as a result, physiological plasticity is lost. However, by 

pharmacologically altering synaptic function to regain the delicate balance of synaptic 

physiology, we could potentially prevent synaptic loss and even induce synaptic 

growth. This is critically important given that synapse loss often occurs in the early 

prodromal phases before overt and irreversible neuron death has occurred. This would 

considerably widen the therapeutic window for such disorders, providing aid to 

millions of patients around the world.  

 

Most of the treatments currently licenced for neurodegenerative diseases act by 

boosting diminishing synaptic function or blocking excessive synaptic activity in 

overactive circuits. For example, acetylcholinesterase inhibitors are used to prevent 

the breakdown of the neurotransmitter acetylcholine in the brain and thus boost 

cholinergic signalling. These treatments are based on the early Cholinergic 

Hypothesis of Alzheimer’s pathogenesis from the observations in the 1970s that 

cholinergic neurons are lost early in the disease process [197]. While these treatments 

ameliorate symptoms to some extent in some stages of the disease, they do not slow 

progression because the loss of cholinergic neurons is not the primary cause of the 

disease.  One example of a cholinesterase inhibitor is Donepezil which is used in AD 

to enhance the signalling capacity of the degenerating cholinergic cells of the basal 

forebrain, having a small positive effect on cognition and daily living in patients with 



mild-to-moderate AD [198]. Rivastigmine (cholinesterase inhibitor) is the favoured 

treatment for DLB and has produced significant improvement in patients’ 

hallucinations, cognition and behavioural changes in DLB patients over a 96-week 

treatment period [199], but again this symptomatic relief does not alter disease 

progression. In PD, the treatments are more effective because loss of a single 

neurotransmitter, dopamine, does appear to drive the disease process. Levodopa is 

currently the most effective treatment for the motor symptoms of PD and is used in 

combination with carbidopa, which inhibits the peripheral breakdown of levodopa 

allowing more drug to enter the brain [200]. Levodopa counteracts the loss of 

dopamine producing neurons in the substantia nigra by replacing dopamine in the 

brain. Another common therapeutic approach is to block excessive excitatory 

signalling. Memantine is a non-competitive NMDA receptor antagonist that appears 

to have specificity for open, extrasynaptic channels thus preventing glutamatergic 

excitotoxicity but leaving normal synaptic function unhindered, however the exact 

mechanism of action is still debated [201, 202].  Memantine can enhance cognition in 

patients with moderate-to-severe dementia [203]. Riluzole is used as a 

neuroprotective drug in ALS. It has many effects on neuronal physiology and 

certainly inhibits neurotransmitter release and glutamate receptors, leading to the 

hypothesis that it’s effects in ALS are to dampen excitotoxicity [204]. Interestingly, 

Riluzole is currently in Phase II trials as a combination therapy with two other drugs 

for treating MS [205-207]. Tetrabenazine has an unknown mode of action, but is 

believed to deplete levels of monoamines in the presynapse, by inhibiting vesicular 

monoamine transporter 2 (VMAT2) and is effective at controlling chorea in HD 

[208].  

 

The number of licensed drugs for these disorders may seem encouraging, however 

none of these can be cured and most of the drugs have very limited effect if any on 

slowing disease progression. In fact, despite Riluzole being the only available 

medication with any proven effect in ALS, it can only prolong life by around two to 

three months [209], thus new therapeutics and novel approaches are desperately 

needed. One approach being pursued in a number of diseases is gene therapy. Gene 

therapy trials have already been run for PD, however despite positive safety results 

the trials have yet to yield clinical efficacy [210]. Encouraging success in the 

treatment of the motor neuron disease, spinal muscular atrophy (SMA) has inspired 

hope in the field of ALS, however given the genetic heterogeneity of the disease, it 

will likely not prove a viable therapy available for all patients [211]. Gene therapy 

approaches are also being considered for HD [212], however the fine balance of 

huntingtin levels will be crucial as conditional removal of the gene in adult mice led 

to neurodegeneration [213]. While gene therapy represents an exciting potential 

approach for some neurological disorders, vector properties, cellular targeting and 

precise control over transgene expression remain considerable hurdles to be cleared 

before widespread use [214]. Another approach that has reached clinical trial stage for 

AD, PD, DLB and HD is the specific targeting of the pathological proteins (amyloid-

 tau, α-synuclein and huntingtin) associated with the disease and aiding clearance 

from the brain. These include increasing protein clearance by enhancing proteasomal 

function, dampening post-translational modifications associated with pathological 

forms of protein and preventing protein aggregation [121, 215]. However, this 

approach should be treated with extreme caution and lessons must be learned from 

AD in which trials aimed at clearing toxic amyloid from the brain have so far all 



failed to reach their primary clinical endpoints [216], highlighting the difficulty of 

translational medicine in the field of neurodegenerative diseases. 

 

It is clear that new medications are required for neurodegenerative disease, potentially 

to prevent or reverse synapse loss.  One potentially interesting novel approach is the 

targeting of neuronal extracellular matrix components. The formation of perineuronal 

nets (PNNs) is thought to be a critical stage of neurodevelopment and results in the 

formation of neuroprotective barriers around cells, and helps stabilise mature synaptic 

contacts [217]. Interestingly, in AD it appears that PNNs are lost in plaque cores and 

cells that retain these nets are devoid of tau pathology, despite being surrounded by 

severely affected cells [218]. Furthermore, cultured neurons with an intact PNN were 

protected against treatment with exogenous Aβ1-42, whereas cells without a PNN, 

degenerated [219]. Many of the extracellular matrix molecules are found at synapses, 

although their exact role in synaptic physiology and whether they are 

synaptoprotective has yet to be elucidated [217]. However, this interesting therapeutic 

avenue is not without it’s paradoxes. Recent data suggests that digesting PNNs with 

chondroitinase actually reverses memory deficits in mouse tauopathies by specifically 

aiding synaptic plasticity, without altering pathological load [220]. Therefore more 

research is required into the role(s) of the extracellular matrix in disease pathogenesis, 

however it is interesting to consider the possibility of altering the PNN defences 

around synapses to inhibit or even reverse synapse loss in neurodegenerative disease. 

 

Conclusion 

While the neurodegenerative diseases mentioned above appear distinct in their 

causative factors and end-point pathologies, examining their early-stage pathogenesis 

reveals a coalescent point at the synapse (see Table 1). Our understanding of synaptic 

structure has expanded immeasurably since the beautiful observations and drawings 

of dendritic spines by Ramon Cajal in the 19
th

 century. Modern technology now 

allows us to probe neuronal and network function with a flash of light [221] and to 

visualise numerous proteins within a 3-dimension nanometre scale, at individually 

identified synapses  [222]. While these are amazing advances for academic research, 

most are only applicable to transgenic model systems and our ability to perform such 

experiments in living patients is a long way off. If such techniques were available to 

assess synaptic function in living patients, neurodegenerative diseases could be 

diagnosed at prodromal stages. 

 

Currently, most neurodegenerative diseases have their own distinct therapeutic 

programmes for tackling the disease, with varying levels of successes. Most drugs 

treat the symptoms of the disease, but a better approach may be to combine efforts in 

an attempt to identify common factors and focus on preventing or delaying disease 

pathogenesis. As described above, some medications are useful for more than one 

disease, which suggests common features must play a part in disease pathogenesis. 

With greater collaboration between researchers working on different diseases, both in 

and outside the clinic, our hopes of finding novel synaptoprotective therapies can be 

achieved. 

 

 

Table 1: Summary of common disease-related synaptic pathologies 

Disease Synapse loss 
Synaptic 

accumulation 

Disrupted 

synaptic 

Disrupted 

mitochondria 

Alterations 

in synaptic 



of disease-

related 

protein 

plasticity machinery 

AD 

Early synapse 

loss even before 

amyloid plaque 

formation and 

loss correlates 

with cognitive 

decline 

(18, 20, 21, 23, 

41) 

Amyloid-β and 

pTau 

(21, 24, 44-47) 

Disrupted 

LTP and 

enhanced 

LTD 

(26-30, 33, 

48, 49) 

Amyloid-β 

induces 

mitochondrial 

dysfunction and 

pTau disrupts 

mitochondrial 

trafficking 

(41, 42, 47, 50, 

51) 

Disrupted 

trafficking of 

synaptic 

receptors 

(33, 37, 38, 40, 

48, 49) 

PD 

Early loss of 

synapses in the 

striatum 

(7, 70-72) 

α-synuclein 

(73-75) 

Disrupted 

LTP 

(80, 81) 

PD genetic risk 

factors are 

associated with 

mitochondrial 

dysfunction 

(85-89) 

Presynaptic 

disruption of 

numerous 

neurotransmitter 

systems 

(76-79) 

DLB 

Loss of 

hippocampal 

and cortical 

synapses  

(74, 75) 

α-synuclein 

(74, 75) 

Disrupted 

LTP 

(80, 81) 

Mitochondria 

accumulate and 

breakdown 

around Lewy 

bodies 

(86, 87, 90) 

α-synuclein-

induced 

internalisation 

of synaptic 

receptors 

(80-82) 

MND 

Early synapse 

loss in the 

motor and 

sensorimotor 

cortices and 

onto lower 

motor neurons 

of the spinal 

cord 

(92-96) 

Unknown 

Increased 

excitability 

and 

enhanced 

LTP 

(118-120) 

SOD1 is a 

mitochondrial 

protein, when 

mutated it 

accumulates in 

mitochondria 

and disrupts 

their function 

(91, 99, 115-

117) 

Decreased 

glutamate 

clearance in 

motor cortex 

and spinal cord 

(109-113) 

HD 

Presymptomatic 

loss of synapses 

and spines 

(123-127) 

Huntingtin 

(133-137) 

Disrupted 

LTP 

(138-140) 

Mitochondrial 

calcium handling 

defects occur 

early in disease 

pathogenesis 

(141-144) 

Disrupted 

trafficking of 

synaptic 

receptors 

(135, 136) 

MS 

MS cortex and 

demyelinated 

hippocampi 

contain less 

synapses 

(156, 157, 160) 

Unknown 

Disrupted 

LTD and 

enhanced 

LTP 

(147, 148, 

153-155) 

Mitochondrial 

dysfunction 

occur early in 

mouse models of 

MS and defects 

are commonly 

found in patients 

(167-170) 

Altered 

glutamate 

release and 

uptake  

(147-152, 156, 

161-164) 

Ageing 

Age-dependent 

synapse loss 

correlates with 

cognitive 

decline 

(172, 179-187) 

Unknown 

Disrupted 

LTP and 

enhanced 

LTD 

(192-195) 

Mitochondrial 

dysfunction 

increases with 

age 

(180, 189-191) 

Age-related 

decline in 

numerous 

neurotransmitter 

systems  

(176-178) 
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Figure Legends 

Figure 1: Synaptic structure  

A. Neurons within a network frequently communicate by passing excitatory messages 

from one cell (pink) to another (blue) at small compartments known as synapses. 

Excitatory synapses often occur between a presynaptic axon terminal and a 

postsynaptic dendritic spine (lower panel) and this is known as an axospinous 

synapse. B. Electron micrograph from the mouse nucleus accumbens showing an 

axospinous synapse. The presynaptic terminal (pink) contains the machinery required 

to release small packets of neurotransmitter inside synaptic vesicles (s.v.) which when 

released, cross the synaptic cleft and act on the next cell (blue). Synapses require a lot 

of energy and two small mitochondria (m) can be seen inside the presynaptic 

terminal. The postsynaptic cell contains a clearly identifiable spine, protruding from 

the dendritic shaft. The spine head receives the synaptic message from the presynaptic 

cell at an electron dense accumulation of proteins known as the PSD (within the red 

arrowheads). Note the dendritic mitochondria (m) in close proximity to the spine. 

Scale bar = 100nm. C. Diagram highlighting a select few of the presynaptic and 

postsynaptic components of the synapse. Presynaptically, the microtubule-binding 

protein Tau can be found bound to microtubules and Ca
2+

-permeable ion channels are 

located on the terminal’s plasma membrane. Synaptic vesicles are presynaptic and 

contain α-synuclein in the membrane and neurotransmitters within their lumen. 

Neurexins protrude into the synaptic cleft, looking for their postsynaptic neuroligin 

partners and help hold the synapse in place. Postsynaptically, ionotropic 

glutamatergic receptors such as NMDA and AMPA receptors are found directly 

opposing the presynapse. These are held in place by scaffolding proteins such as 

PSD95 and SAP102, which form an integral part of the PSD. Other important 

scaffolding molecules such as Homer, GKAP and Shank combine to hold 

metabotropic glutamate receptors such as mGluR5 in place, in perisynaptic regions. 

Spine architecture is maintained by important structural proteins such as F-actin, 

which are found in the spine neck and base of the spine head. It is believed that 

interactions between Shank and cortactin allow synaptic changes to influence spine 

dynamics, via alterations in F-actin. 

 

References: 

1. Trachtenberg, J.T., et al., Long-term in vivo imaging of experience-
dependent synaptic plasticity in adult cortex. Nature, 2002. 420(6917): p. 
788-94. 

2. Lamprecht, R. and J. LeDoux, Structural plasticity and memory. Nat Rev 
Neurosci, 2004. 5(1): p. 45-54. 

3. Selkoe, D.J., Alzheimer's disease is a synaptic failure. Science, 2002. 
298(5594): p. 789-91. 

4. Fischer, L.R., et al., Amyotrophic lateral sclerosis is a distal axonopathy: 
evidence in mice and man. Exp Neurol, 2004. 185(2): p. 232-40. 

5. Frey, D., et al., Early and selective loss of neuromuscular synapse subtypes 
with low sprouting competence in motoneuron diseases. J Neurosci, 2000. 
20(7): p. 2534-42. 



6. Li, J.Y., M. Plomann, and P. Brundin, Huntington's disease: a synaptopathy? 
Trends Mol Med, 2003. 9(10): p. 414-20. 

7. Day, M., et al., Selective elimination of glutamatergic synapses on 
striatopallidal neurons in Parkinson disease models. Nat Neurosci, 2006. 
9(2): p. 251-9. 

8. Bellucci, A., et al., Parkinson's disease: from synaptic loss to connectome 
dysfunction. Neuropathol Appl Neurobiol, 2015. 

9. Mandolesi, G., et al., Synaptopathy connects inflammation and 
neurodegeneration in multiple sclerosis. Nat Rev Neurol, 2015. 

10. Sudhof, T.C., Neuroligins and neurexins link synaptic function to cognitive 
disease. Nature, 2008. 455(7215): p. 903-11. 

11. Südhof, T.C., The presynaptic active zone. Neuron, 2012. 75(1): p. 11-25. 
12. Goedert, M., Alpha-synuclein and neurodegenerative diseases. Nat Rev 

Neurosci, 2001. 2(7): p. 492-501. 
13. Bayes, A., et al., Characterization of the proteome, diseases and evolution of 

the human postsynaptic density. Nat Neurosci, 2011. 14(1): p. 19-21. 
14. Ingelsson, M., et al., Early Abeta accumulation and progressive synaptic 

loss, gliosis, and tangle formation in AD brain. Neurology, 2004. 62(6): p. 
925-31. 

15. Perez-Nievas, B.G., et al., Dissecting phenotypic traits linked to human 
resilience to Alzheimer's pathology. Brain, 2013. 136(Pt 8): p. 2510-26. 

16. Price, J.L. and J.C. Morris, Tangles and plaques in nondemented aging and 
"preclinical" Alzheimer's disease. Ann Neurol, 1999. 45(3): p. 358-68. 

17. Price, J.L., et al., Neuropathology of nondemented aging: presumptive 
evidence for preclinical Alzheimer disease. Neurobiol Aging, 2009. 30(7): p. 
1026-36. 

18. Terry, R.D., et al., Physical basis of cognitive alterations in Alzheimer's 
disease: synapse loss is the major correlate of cognitive impairment. Ann 
Neurol, 1991. 30(4): p. 572-80. 

19. DeKosky, S.T. and S.W. Scheff, Synapse loss in frontal cortex biopsies in 
Alzheimer's disease: correlation with cognitive severity. Ann Neurol, 1990. 
27(5): p. 457-64. 

20. Spires-Jones, T.L. and B.T. Hyman, The intersection of amyloid beta and tau 
at synapses in Alzheimer's disease. Neuron, 2014. 82(4): p. 756-71. 

21. Koffie, R.M., et al., Oligomeric amyloid beta associates with postsynaptic 
densities and correlates with excitatory synapse loss near senile plaques. 
Proc Natl Acad Sci U S A, 2009. 106(10): p. 4012-7. 

22. Koffie, R.M., et al., Apolipoprotein E4 effects in Alzheimer's disease are 
mediated by synaptotoxic oligomeric amyloid-β. Brain, 2012. 135(Pt 7): p. 
2155-68. 

23. Masliah, E., et al., Diffuse plaques do not accentuate synapse loss in 
Alzheimer's disease. Am J Pathol, 1990. 137(6): p. 1293-7. 

24. Takahashi, R.H., et al., Oligomerization of Alzheimer's beta-amyloid within 
processes and synapses of cultured neurons and brain. J Neurosci, 2004. 
24(14): p. 3592-9. 

25. Hong, S., et al., Complement and microglia mediate early synapse loss in 
Alzheimer mouse models. Science, 2016. 



26. Walsh, D.M., et al., Naturally secreted oligomers of amyloid beta protein 
potently inhibit hippocampal long-term potentiation in vivo. Nature, 2002. 
416(6880): p. 535-9. 

27. Shankar, G.M., et al., Amyloid-beta protein dimers isolated directly from 
Alzheimer's brains impair synaptic plasticity and memory. Nat Med, 2008. 
14(8): p. 837-42. 

28. Li, S., et al., Soluble oligomers of amyloid Beta protein facilitate 
hippocampal long-term depression by disrupting neuronal glutamate 
uptake. Neuron, 2009. 62(6): p. 788-801. 

29. Hsieh, H., et al., AMPAR removal underlies Abeta-induced synaptic 
depression and dendritic spine loss. Neuron, 2006. 52(5): p. 831-43. 

30. Shankar, G.M., et al., Natural oligomers of the Alzheimer amyloid-beta 
protein induce reversible synapse loss by modulating an NMDA-type 
glutamate receptor-dependent signaling pathway. J Neurosci, 2007. 
27(11): p. 2866-75. 

31. Volianskis, A., et al., Long-term potentiation and the role of N-methyl-D-
aspartate receptors. Brain Res, 2015. 1621: p. 5-16. 

32. Collingridge, G.L., et al., Long-term depression in the CNS. Nat Rev 
Neurosci, 2010. 11(7): p. 459-73. 

33. Snyder, E.M., et al., Regulation of NMDA receptor trafficking by amyloid-
beta. Nat Neurosci, 2005. 8(8): p. 1051-8. 

34. Wang, Q., et al., Block of long-term potentiation by naturally secreted and 
synthetic amyloid beta-peptide in hippocampal slices is mediated via 
activation of the kinases c-Jun N-terminal kinase, cyclin-dependent kinase 5, 
and p38 mitogen-activated protein kinase as well as metabotropic 
glutamate receptor type 5. J Neurosci, 2004. 24(13): p. 3370-8. 

35. Zhao, D., J.B. Watson, and C.W. Xie, Amyloid beta prevents activation of 
calcium/calmodulin-dependent protein kinase II and AMPA receptor 
phosphorylation during hippocampal long-term potentiation. J 
Neurophysiol, 2004. 92(5): p. 2853-8. 

36. Gu, Z., W. Liu, and Z. Yan, {beta}-Amyloid impairs AMPA receptor trafficking 
and function by reducing Ca2+/calmodulin-dependent protein kinase II 
synaptic distribution. J Biol Chem, 2009. 284(16): p. 10639-49. 

37. Wu, H.Y., et al., Amyloid beta induces the morphological neurodegenerative 
triad of spine loss, dendritic simplification, and neuritic dystrophies through 
calcineurin activation. J Neurosci, 2010. 30(7): p. 2636-49. 

38. Dineley, K.T., et al., Amyloid-beta oligomers impair fear conditioned 
memory in a calcineurin-dependent fashion in mice. J Neurosci Res, 2010. 
88(13): p. 2923-32. 

39. Hardingham, G.E. and H. Bading, Synaptic versus extrasynaptic NMDA 
receptor signalling: implications for neurodegenerative disorders. Nat Rev 
Neurosci, 2010. 11(10): p. 682-96. 

40. Li, S., et al., Soluble Abeta oligomers inhibit long-term potentiation through 
a mechanism involving excessive activation of extrasynaptic NR2B-
containing NMDA receptors. J Neurosci, 2011. 31(18): p. 6627-38. 

41. Reddy, P.H. and M.F. Beal, Are mitochondria critical in the pathogenesis of 
Alzheimer's disease? Brain Res Brain Res Rev, 2005. 49(3): p. 618-32. 

42. Lustbader, J.W., et al., ABAD directly links Abeta to mitochondrial toxicity in 
Alzheimer's disease. Science, 2004. 304(5669): p. 448-52. 



43. Leshchyns'ka, I., et al., Abeta-dependent reduction of NCAM2-mediated 
synaptic adhesion contributes to synapse loss in Alzheimer's disease. Nat 
Commun, 2015. 6: p. 8836. 

44. Grundke-Iqbal, I., et al., Abnormal phosphorylation of the microtubule-
associated protein tau (tau) in Alzheimer cytoskeletal pathology. Proc Natl 
Acad Sci U S A, 1986. 83(13): p. 4913-7. 

45. Mondragon-Rodriguez, S., et al., Interaction of endogenous tau protein with 
synaptic proteins is regulated by N-methyl-D-aspartate receptor-dependent 
tau phosphorylation. J Biol Chem, 2012. 287(38): p. 32040-53. 

46. Kopeikina, K.J., et al., Tau causes synapse loss without disrupting calcium 
homeostasis in the rTg4510 model of tauopathy. PLoS One, 2013. 8(11): p. 
e80834. 

47. Kuchibhotla, K.V., et al., Neurofibrillary tangle-bearing neurons are 
functionally integrated in cortical circuits in vivo. Proc Natl Acad Sci U S A, 
2014. 111(1): p. 510-4. 

48. Hoover, B.R., et al., Tau mislocalization to dendritic spines mediates 
synaptic dysfunction independently of neurodegeneration. Neuron, 2010. 
68(6): p. 1067-81. 

49. Kopeikina, K.J., et al., Tau accumulation causes mitochondrial distribution 
deficits in neurons in a mouse model of tauopathy and in human 
Alzheimer's disease brain. Am J Pathol, 2011. 179(4): p. 2071-82. 

50. Ittner, L.M., et al., Dendritic function of tau mediates amyloid-beta toxicity 
in Alzheimer's disease mouse models. Cell, 2010. 142(3): p. 387-97. 

51. Crimins, J.L., A.B. Rocher, and J.I. Luebke, Electrophysiological changes 
precede morphological changes to frontal cortical pyramidal neurons in the 
rTg4510 mouse model of progressive tauopathy. Acta Neuropathol, 2012. 
124(6): p. 777-95. 

52. Ebneth, A., et al., Overexpression of tau protein inhibits kinesin-dependent 
trafficking of vesicles, mitochondria, and endoplasmic reticulum: 
implications for Alzheimer's disease. J Cell Biol, 1998. 143(3): p. 777-94. 

53. Stoothoff, W., et al., Differential effect of three-repeat and four-repeat tau 
on mitochondrial axonal transport. J Neurochem, 2009. 111(2): p. 417-27. 

54. Braak, H. and E. Braak, Staging of Alzheimer's disease-related 
neurofibrillary changes. Neurobiol Aging, 1995. 16(3): p. 271-8; 
discussion 278-84. 

55. de Calignon, A., et al., Propagation of tau pathology in a model of early 
Alzheimer's disease. Neuron, 2012. 73(4): p. 685-97. 

56. Liu, L., et al., Trans-synaptic spread of tau pathology in vivo. PLoS One, 
2012. 7(2): p. e31302. 

57. Mohamed, N.V., et al., Spreading of tau pathology in Alzheimer's disease by 
cell-to-cell transmission. Eur J Neurosci, 2013. 37(12): p. 1939-48. 

58. Ahmed, Z., et al., A novel in vivo model of tau propagation with rapid and 
progressive neurofibrillary tangle pathology: the pattern of spread is 
determined by connectivity, not proximity. Acta Neuropathol, 2014. 
127(5): p. 667-83. 

59. Clavaguera, F., F. Grueninger, and M. Tolnay, Intercellular transfer of tau 
aggregates and spreading of tau pathology: Implications for therapeutic 
strategies. Neuropharmacology, 2014. 76 Pt A: p. 9-15. 



60. Spillantini, M.G. and M. Goedert, Tau pathology and neurodegeneration. 
Lancet Neurol, 2013. 12(6): p. 609-22. 

61. Talantova, M., et al., Abeta induces astrocytic glutamate release, 
extrasynaptic NMDA receptor activation, and synaptic loss. Proc Natl Acad 
Sci U S A, 2013. 110(27): p. E2518-27. 

62. Zempel, H., et al., Abeta oligomers cause localized Ca(2+) elevation, 
missorting of endogenous Tau into dendrites, Tau phosphorylation, and 
destruction of microtubules and spines. J Neurosci, 2010. 30(36): p. 11938-
50. 

63. Roberson, E.D., et al., Reducing endogenous tau ameliorates amyloid beta-
induced deficits in an Alzheimer's disease mouse model. Science, 2007. 
316(5825): p. 750-4. 

64. Shipton, O.A., et al., Tau protein is required for amyloid {beta}-induced 
impairment of hippocampal long-term potentiation. J Neurosci, 2011. 
31(5): p. 1688-92. 

65. Jankovic, J., Parkinson's disease: clinical features and diagnosis. J Neurol 
Neurosurg Psychiatry, 2008. 79(4): p. 368-76. 

66. Chaudhuri, K.R. and A.H. Schapira, Non-motor symptoms of Parkinson's 
disease: dopaminergic pathophysiology and treatment. Lancet Neurol, 
2009. 8(5): p. 464-74. 

67. Braak, H., et al., Staging of brain pathology related to sporadic Parkinson's 
disease. Neurobiol Aging, 2003. 24(2): p. 197-211. 

68. Selikhova, M., et al., A clinico-pathological study of subtypes in Parkinson's 
disease. Brain, 2009. 132(Pt 11): p. 2947-57. 

69. Walker, Z., et al., Lewy body dementias. Lancet, 2015. 386(10004): p. 
1683-97. 

70. Stephens, B., et al., Evidence of a breakdown of corticostriatal connections 
in Parkinson's disease. Neuroscience, 2005. 132(3): p. 741-54. 

71. Mathai, A., et al., Reduced cortical innervation of the subthalamic nucleus in 
MPTP-treated parkinsonian monkeys. Brain, 2015. 138(Pt 4): p. 946-62. 

72. Villalba, R.M., A. Mathai, and Y. Smith, Morphological changes of 
glutamatergic synapses in animal models of Parkinson's disease. Front 
Neuroanat, 2015. 9: p. 117. 

73. Schulz-Schaeffer, W.J., The synaptic pathology of alpha-synuclein 
aggregation in dementia with Lewy bodies, Parkinson's disease and 
Parkinson's disease dementia. Acta Neuropathol, 2010. 120(2): p. 131-43. 

74. Kramer, M.L. and W.J. Schulz-Schaeffer, Presynaptic alpha-synuclein 
aggregates, not Lewy bodies, cause neurodegeneration in dementia with 
Lewy bodies. J Neurosci, 2007. 27(6): p. 1405-10. 

75. Lim, Y., et al., alpha-Syn suppression reverses synaptic and memory defects 
in a mouse model of dementia with Lewy bodies. J Neurosci, 2011. 31(27): 
p. 10076-87. 

76. Pifl, C., et al., Is Parkinson's disease a vesicular dopamine storage disorder? 
Evidence from a study in isolated synaptic vesicles of human and nonhuman 
primate striatum. J Neurosci, 2014. 34(24): p. 8210-8. 

77. Kovacs, G.G., et al., Nigral burden of alpha-synuclein correlates with striatal 
dopamine deficit. Mov Disord, 2008. 23(11): p. 1608-12. 



78. Garcia-Reitbock, P., et al., SNARE protein redistribution and synaptic failure 
in a transgenic mouse model of Parkinson's disease. Brain, 2010. 133(Pt 7): 
p. 2032-44. 

79. Nikolaus, S., C. Antke, and H.W. Muller, In vivo imaging of synaptic function 
in the central nervous system: I. Movement disorders and dementia. Behav 
Brain Res, 2009. 204(1): p. 1-31. 

80. Diogenes, M.J., et al., Extracellular alpha-synuclein oligomers modulate 
synaptic transmission and impair LTP via NMDA-receptor activation. J 
Neurosci, 2012. 32(34): p. 11750-62. 

81. Cheng, F., et al., alpha-Synuclein promotes clathrin-mediated NMDA 
receptor endocytosis and attenuates NMDA-induced dopaminergic cell 
death. J Neurochem, 2011. 119(4): p. 815-25. 

82. Chen, Y., et al., alpha-Synuclein-induced internalization of NMDA receptors 
in hippocampal neurons is associated with reduced inward current and 
Ca(2+) influx upon NMDA stimulation. Neuroscience, 2015. 300: p. 297-
306. 

83. Guo, L., et al., Dynamic rewiring of neural circuits in the motor cortex in 
mouse models of Parkinson's disease. Nat Neurosci, 2015. 18(9): p. 1299-
309. 

84. Smith, Y., R.M. Villalba, and D.V. Raju, Striatal spine plasticity in 
Parkinson's disease: pathological or not? Parkinsonism Relat Disord, 2009. 
15 Suppl 3: p. S156-61. 

85. Narendra, D.P., et al., PINK1 is selectively stabilized on impaired 
mitochondria to activate Parkin. PLoS Biol, 2010. 8(1): p. e1000298. 

86. Martin, L.J., et al., Parkinson's disease alpha-synuclein transgenic mice 
develop neuronal mitochondrial degeneration and cell death. J Neurosci, 
2006. 26(1): p. 41-50. 

87. Stichel, C.C., et al., Mono- and double-mutant mouse models of Parkinson's 
disease display severe mitochondrial damage. Hum Mol Genet, 2007. 
16(20): p. 2377-93. 

88. Schapira, A.H., et al., Mitochondrial complex I deficiency in Parkinson's 
disease. J Neurochem, 1990. 54(3): p. 823-7. 

89. Exner, N., et al., Mitochondrial dysfunction in Parkinson's disease: 
molecular mechanisms and pathophysiological consequences. Embo j, 2012. 
31(14): p. 3038-62. 

90. Power, J.H., O.L. Barnes, and F. Chegini, Lewy bodies and the mechanisms of 
neuronal cell death in parkinson's disease and dementia with lewy bodies. 
Brain Pathol, 2015. 

91. Boillee, S., C. Vande Velde, and D.W. Cleveland, ALS: a disease of motor 
neurons and their nonneuronal neighbors. Neuron, 2006. 52(1): p. 39-59. 

92. Pun, S., et al., Selective vulnerability and pruning of phasic motoneuron 
axons in motoneuron disease alleviated by CNTF. Nat Neurosci, 2006. 9(3): 
p. 408-19. 

93. Sasaki, S. and M. Iwata, Ultrastructural change of synapses of Betz cells in 
patients with amyotrophic lateral sclerosis. Neurosci Lett, 1999. 268(1): p. 
29-32. 

94. Fogarty, M.J., P.G. Noakes, and M.C. Bellingham, Motor cortex layer V 
pyramidal neurons exhibit dendritic regression, spine loss, and increased 



synaptic excitation in the presymptomatic hSOD1(G93A) mouse model of 
amyotrophic lateral sclerosis. J Neurosci, 2015. 35(2): p. 643-7. 

95. Qiu, H., et al., ALS-associated mutation FUS-R521C causes DNA damage and 
RNA splicing defects. J Clin Invest, 2014. 124(3): p. 981-99. 

96. Sasaki, S. and S. Maruyama, Decreased synaptophysin immunoreactivity of 
the anterior horns in motor neuron disease. Acta Neuropathol, 1994. 87(2): 
p. 125-8. 

97. Sasaki, S. and S. Maruyama, Synapse loss in anterior horn neurons in 
amyotrophic lateral sclerosis. Acta Neuropathol, 1994. 88(3): p. 222-7. 

98. Nagao, M., et al., Loss of cholinergic synapses on the spinal motor neurons of 
amyotrophic lateral sclerosis. J Neuropathol Exp Neurol, 1998. 57(4): p. 
329-33. 

99. Rothstein, J.D., Current hypotheses for the underlying biology of 
amyotrophic lateral sclerosis. Ann Neurol, 2009. 65 Suppl 1: p. S3-9. 

100. Bruijn, L.I., et al., ALS-linked SOD1 mutant G85R mediates damage to 
astrocytes and promotes rapidly progressive disease with SOD1-containing 
inclusions. Neuron, 1997. 18(2): p. 327-38. 

101. Watanabe, M., et al., Histological evidence of protein aggregation in mutant 
SOD1 transgenic mice and in amyotrophic lateral sclerosis neural tissues. 
Neurobiol Dis, 2001. 8(6): p. 933-41. 

102. Wong, P.C., et al., An adverse property of a familial ALS-linked SOD1 
mutation causes motor neuron disease characterized by vacuolar 
degeneration of mitochondria. Neuron, 1995. 14(6): p. 1105-16. 

103. Durham, H.D., et al., Aggregation of mutant Cu/Zn superoxide dismutase 
proteins in a culture model of ALS. J Neuropathol Exp Neurol, 1997. 56(5): 
p. 523-30. 

104. Blokhuis, A.M., et al., Protein aggregation in amyotrophic lateral sclerosis. 
Acta Neuropathol, 2013. 125(6): p. 777-94. 

105. Fujii, R., et al., The RNA binding protein TLS is translocated to dendritic 
spines by mGluR5 activation and regulates spine morphology. Curr Biol, 
2005. 15(6): p. 587-93. 

106. Wang, I.F., et al., TDP-43, the signature protein of FTLD-U, is a neuronal 
activity-responsive factor. J Neurochem, 2008. 105(3): p. 797-806. 

107. Alami, N.H., et al., Axonal transport of TDP-43 mRNA granules in neurons is 
impaired by ALS-causing mutations. Neuron, 2014. 81(3): p. 536-43. 

108. Doble, A., The pharmacology and mechanism of action of riluzole. 
Neurology, 1996. 47(6 Suppl 4): p. S233-41. 

109. Rothstein, J.D., L.J. Martin, and R.W. Kuncl, Decreased glutamate transport 
by the brain and spinal cord in amyotrophic lateral sclerosis. N Engl J Med, 
1992. 326(22): p. 1464-8. 

110. Spreux-Varoquaux, O., et al., Glutamate levels in cerebrospinal fluid in 
amyotrophic lateral sclerosis: a reappraisal using a new HPLC method with 
coulometric detection in a large cohort of patients. J Neurol Sci, 2002. 
193(2): p. 73-8. 

111. Rothstein, J.D., et al., Abnormal excitatory amino acid metabolism in 
amyotrophic lateral sclerosis. Ann Neurol, 1990. 28(1): p. 18-25. 

112. Howland, D.S., et al., Focal loss of the glutamate transporter EAAT2 in a 
transgenic rat model of SOD1 mutant-mediated amyotrophic lateral 
sclerosis (ALS). Proc Natl Acad Sci U S A, 2002. 99(3): p. 1604-9. 



113. Rothstein, J.D., et al., Selective loss of glial glutamate transporter GLT-1 in 
amyotrophic lateral sclerosis. Ann Neurol, 1995. 38(1): p. 73-84. 

114. Van Den Bosch, L., et al., The role of excitotoxicity in the pathogenesis of 
amyotrophic lateral sclerosis. Biochim Biophys Acta, 2006. 1762(11-12): 
p. 1068-82. 

115. Jaarsma, D., et al., CuZn superoxide dismutase (SOD1) accumulates in 
vacuolated mitochondria in transgenic mice expressing amyotrophic lateral 
sclerosis-linked SOD1 mutations. Acta Neuropathol, 2001. 102(4): p. 293-
305. 

116. Mattiazzi, M., et al., Mutated human SOD1 causes dysfunction of oxidative 
phosphorylation in mitochondria of transgenic mice. J Biol Chem, 2002. 
277(33): p. 29626-33. 

117. Damiano, M., et al., Neural mitochondrial Ca2+ capacity impairment 
precedes the onset of motor symptoms in G93A Cu/Zn-superoxide dismutase 
mutant mice. J Neurochem, 2006. 96(5): p. 1349-61. 

118. Geracitano, R., et al., Altered long-term corticostriatal synaptic plasticity in 
transgenic mice overexpressing human CU/ZN superoxide dismutase 
(GLY(93)-->ALA) mutation. Neuroscience, 2003. 118(2): p. 399-408. 

119. Pieri, M., et al., Altered excitability of motor neurons in a transgenic mouse 
model of familial amyotrophic lateral sclerosis. Neurosci Lett, 2003. 
351(3): p. 153-6. 

120. Kuo, J.J., et al., Hyperexcitability of cultured spinal motoneurons from 
presymptomatic ALS mice. J Neurophysiol, 2004. 91(1): p. 571-5. 

121. Ross, C.A. and S.J. Tabrizi, Huntington's disease: from molecular 
pathogenesis to clinical treatment. Lancet Neurol, 2011. 10(1): p. 83-98. 

122. Halliday, G.M., et al., Regional specificity of brain atrophy in Huntington's 
disease. Exp Neurol, 1998. 154(2): p. 663-72. 

123. Nithianantharajah, J. and A.J. Hannan, Dysregulation of synaptic proteins, 
dendritic spine abnormalities and pathological plasticity of synapses as 
experience-dependent mediators of cognitive and psychiatric symptoms in 
Huntington's disease. Neuroscience, 2013. 251: p. 66-74. 

124. Graveland, G.A., R.S. Williams, and M. DiFiglia, Evidence for degenerative 
and regenerative changes in neostriatal spiny neurons in Huntington's 
disease. Science, 1985. 227(4688): p. 770-3. 

125. Ferrante, R.J., N.W. Kowall, and E.P. Richardson, Jr., Proliferative and 
degenerative changes in striatal spiny neurons in Huntington's disease: a 
combined study using the section-Golgi method and calbindin D28k 
immunocytochemistry. J Neurosci, 1991. 11(12): p. 3877-87. 

126. Sotrel, A., et al., Evidence for neuronal degeneration and dendritic plasticity 
in cortical pyramidal neurons of Huntington's disease: a quantitative Golgi 
study. Neurology, 1993. 43(10): p. 2088-96. 

127. Spires, T.L., et al., Dendritic spine pathology and deficits in experience-
dependent dendritic plasticity in R6/1 Huntington's disease transgenic 
mice. Eur J Neurosci, 2004. 19(10): p. 2799-807. 

128. Beal, M.F., et al., Replication of the neurochemical characteristics of 
Huntington's disease by quinolinic acid. Nature, 1986. 321(6066): p. 168-
71. 



129. Milnerwood, A.J., et al., Early increase in extrasynaptic NMDA receptor 
signaling and expression contributes to phenotype onset in Huntington's 
disease mice. Neuron, 2010. 65(2): p. 178-90. 

130. van Dellen, A., et al., Delaying the onset of Huntington's in mice. Nature, 
2000. 404(6779): p. 721-2. 

131. Spires, T.L., et al., Environmental enrichment rescues protein deficits in a 
mouse model of Huntington's disease, indicating a possible disease 
mechanism. J Neurosci, 2004. 24(9): p. 2270-6. 

132. Mo, C., A.J. Hannan, and T. Renoir, Environmental factors as modulators of 
neurodegeneration: insights from gene-environment interactions in 
Huntington's disease. Neurosci Biobehav Rev, 2015. 52: p. 178-92. 

133. Suopanki, J., et al., Interaction of huntingtin fragments with brain 
membranes--clues to early dysfunction in Huntington's disease. J 
Neurochem, 2006. 96(3): p. 870-84. 

134. Sun, Y., et al., Polyglutamine-expanded huntingtin promotes sensitization of 
N-methyl-D-aspartate receptors via post-synaptic density 95. J Biol Chem, 
2001. 276(27): p. 24713-8. 

135. Twelvetrees, A.E., et al., Delivery of GABAARs to synapses is mediated by 
HAP1-KIF5 and disrupted by mutant huntingtin. Neuron, 2010. 65(1): p. 
53-65. 

136. Fan, M.M., et al., Altered NMDA receptor trafficking in a yeast artificial 
chromosome transgenic mouse model of Huntington's disease. J Neurosci, 
2007. 27(14): p. 3768-79. 

137. Nithianantharajah, J., et al., Gene-environment interactions modulating 
cognitive function and molecular correlates of synaptic plasticity in 
Huntington's disease transgenic mice. Neurobiol Dis, 2008. 29(3): p. 490-
504. 

138. Klapstein, G.J., et al., Electrophysiological and morphological changes in 
striatal spiny neurons in R6/2 Huntington's disease transgenic mice. J 
Neurophysiol, 2001. 86(6): p. 2667-77. 

139. Usdin, M.T., et al., Impaired synaptic plasticity in mice carrying the 
Huntington's disease mutation. Hum Mol Genet, 1999. 8(5): p. 839-46. 

140. Cepeda, C., et al., Transient and progressive electrophysiological alterations 
in the corticostriatal pathway in a mouse model of Huntington's disease. J 
Neurosci, 2003. 23(3): p. 961-9. 

141. Browne, S.E., et al., Oxidative damage and metabolic dysfunction in 
Huntington's disease: selective vulnerability of the basal ganglia. Ann 
Neurol, 1997. 41(5): p. 646-53. 

142. Guidetti, P., et al., Early degenerative changes in transgenic mice expressing 
mutant huntingtin involve dendritic abnormalities but no impairment of 
mitochondrial energy production. Exp Neurol, 2001. 169(2): p. 340-50. 

143. Milakovic, T. and G.V. Johnson, Mitochondrial respiration and ATP 
production are significantly impaired in striatal cells expressing mutant 
huntingtin. J Biol Chem, 2005. 280(35): p. 30773-82. 

144. Choo, Y.S., et al., Mutant huntingtin directly increases susceptibility of 
mitochondria to the calcium-induced permeability transition and 
cytochrome c release. Hum Mol Genet, 2004. 13(14): p. 1407-20. 

145. Compston, A. and A. Coles, Multiple sclerosis. Lancet, 2008. 372(9648): p. 
1502-17. 



146. Rao, S.M., et al., Cognitive dysfunction in multiple sclerosis. I. Frequency, 
patterns, and prediction. Neurology, 1991. 41(5): p. 685-91. 

147. Vucic, S., et al., Cortical dysfunction underlies disability in multiple sclerosis. 
Mult Scler, 2012. 18(4): p. 425-32. 

148. Rossi, S., et al., Interleukin-1beta causes synaptic hyperexcitability in 
multiple sclerosis. Ann Neurol, 2012. 71(1): p. 76-83. 

149. Stover, J.F., et al., Neurotransmitters in cerebrospinal fluid reflect 
pathological activity. Eur J Clin Invest, 1997. 27(12): p. 1038-43. 

150. Srinivasan, R., et al., Evidence of elevated glutamate in multiple sclerosis 
using magnetic resonance spectroscopy at 3 T. Brain, 2005. 128(Pt 5): p. 
1016-25. 

151. Wallstrom, E., et al., Memantine abrogates neurological deficits, but not 
CNS inflammation, in Lewis rat experimental autoimmune 
encephalomyelitis. J Neurol Sci, 1996. 137(2): p. 89-96. 

152. Pitt, D., P. Werner, and C.S. Raine, Glutamate excitotoxicity in a model of 
multiple sclerosis. Nat Med, 2000. 6(1): p. 67-70. 

153. Nisticò, R., et al., Synaptic plasticity in multiple sclerosis and in 
experimental autoimmune encephalomyelitis, in Philos Trans R Soc Lond B 
Biol Sci. 2014. 

154. Kim do, Y., et al., Inflammation-mediated memory dysfunction and effects of 
a ketogenic diet in a murine model of multiple sclerosis. PLoS One, 2012. 
7(5): p. e35476. 

155. Di Filippo, M., et al., Effects of central and peripheral inflammation on 
hippocampal synaptic plasticity. Neurobiol Dis, 2013. 52: p. 229-36. 

156. Dutta, R., et al., Demyelination causes synaptic alterations in hippocampi 
from multiple sclerosis patients. Ann Neurol, 2011. 69(3): p. 445-54. 

157. Michailidou, I., et al., Complement C1q-C3-associated synaptic changes in 
multiple sclerosis hippocampus. Ann Neurol, 2015. 77(6): p. 1007-26. 

158. Perry, V.H. and V. O'Connor, C1q: the perfect complement for a synaptic 
feast? Nat Rev Neurosci, 2008. 9(11): p. 807-11. 

159. Chiaravalloti, N.D. and J. DeLuca, Cognitive impairment in multiple 
sclerosis. Lancet Neurol, 2008. 7(12): p. 1139-51. 

160. Jurgens, T., et al., Reconstruction of single cortical projection neurons 
reveals primary spine loss in multiple sclerosis. Brain, 2016. 139(Pt 1): p. 
39-46. 

161. Werner, P., D. Pitt, and C.S. Raine, Multiple sclerosis: altered glutamate 
homeostasis in lesions correlates with oligodendrocyte and axonal damage. 
Ann Neurol, 2001. 50(2): p. 169-80. 

162. Pitt, D., et al., Glutamate uptake by oligodendrocytes: Implications for 
excitotoxicity in multiple sclerosis. Neurology, 2003. 61(8): p. 1113-20. 

163. Newcombe, J., et al., Glutamate receptor expression in multiple sclerosis 
lesions. Brain Pathol, 2008. 18(1): p. 52-61. 

164. Geurts, J.J., et al., Altered expression patterns of group I and II metabotropic 
glutamate receptors in multiple sclerosis. Brain, 2003. 126(Pt 8): p. 1755-
66. 

165. Hendry, S.H., et al., Numbers and proportions of GABA-immunoreactive 
neurons in different areas of monkey cerebral cortex. J Neurosci, 1987. 
7(5): p. 1503-19. 



166. Manyam, N.V., et al., Levels of gamma-aminobutyric acid in cerebrospinal 
fluid in various neurologic disorders. Arch Neurol, 1980. 37(6): p. 352-5. 

167. Dutta, R., et al., Mitochondrial dysfunction as a cause of axonal 
degeneration in multiple sclerosis patients. Ann Neurol, 2006. 59(3): p. 
478-89. 

168. Campbell, G.R., et al., Mitochondrial DNA deletions and neurodegeneration 
in multiple sclerosis. Ann Neurol, 2011. 69(3): p. 481-92. 

169. Qi, X., et al., Mitochondrial protein nitration primes neurodegeneration in 
experimental autoimmune encephalomyelitis. J Biol Chem, 2006. 281(42): 
p. 31950-62. 

170. Trapp, B.D. and P.K. Stys, Virtual hypoxia and chronic necrosis of 
demyelinated axons in multiple sclerosis. Lancet Neurol, 2009. 8(3): p. 280-
91. 

171. Blazer, D.G., K. Yaffe, and C.T. Liverman, Cognitive Aging: Progress in 
Understanding and Opportunities for Action, ed. C.o.t.P.H.D.o.C. Aging, 
B.o.H.S. Policy, and I.o. Medicine. 2015, Washington DC: National Academy 
of Sciences. 

172. Morrison, J.H. and M.G. Baxter, The ageing cortical synapse: hallmarks and 
implications for cognitive decline. Nat Rev Neurosci, 2012. 13(4): p. 240-
50. 

173. Andrews-Hanna, J.R., et al., Disruption of large-scale brain systems in 
advanced aging. Neuron, 2007. 56(5): p. 924-35. 

174. Valdes Hernandez Mdel, C., et al., Brain white matter damage in aging and 
cognitive ability in youth and older age. Neurobiol Aging, 2013. 34(12): p. 
2740-7. 

175. Mrak, R.E., S.T. Griffin, and D.I. Graham, Aging-associated changes in 
human brain. J Neuropathol Exp Neurol, 1997. 56(12): p. 1269-75. 

176. Segovia, G., et al., Glutamatergic neurotransmission in aging: a critical 
perspective. Mech Ageing Dev, 2001. 122(1): p. 1-29. 

177. Hedden, T. and J.D. Gabrieli, Insights into the ageing mind: a view from 
cognitive neuroscience. Nat Rev Neurosci, 2004. 5(2): p. 87-96. 

178. Wenk, G.L., et al., Age-related changes in multiple neurotransmitter systems 
in the monkey brain. Neurobiol Aging, 1989. 10(1): p. 11-9. 

179. Loerch, P.M., et al., Evolution of the aging brain transcriptome and synaptic 
regulation. PLoS One, 2008. 3(10): p. e3329. 

180. Yankner, B.A., T. Lu, and P. Loerch, The aging brain. Annu Rev Pathol, 
2008. 3: p. 41-66. 

181. Hill, W.D., et al., Human cognitive ability is influenced by genetic variation 
in components of postsynaptic signalling complexes assembled by NMDA 
receptors and MAGUK proteins. Transl Psychiatry, 2014. 4: p. e341. 

182. Dumitriu, D., et al., Selective changes in thin spine density and morphology 
in monkey prefrontal cortex correlate with aging-related cognitive 
impairment. J Neurosci, 2010. 30(22): p. 7507-15. 

183. Honer, W.G., et al., Cognitive reserve, presynaptic proteins and dementia in 
the elderly. Transl Psychiatry, 2012. 2: p. e114. 

184. Liu, X., C. Erikson, and A. Brun, Cortical synaptic changes and gliosis in 
normal aging, Alzheimer's disease and frontal lobe degeneration. Dementia, 
1996. 7(3): p. 128-34. 



185. Huttenlocher, P.R., Synaptic density in human frontal cortex - 
developmental changes and effects of aging. Brain Res, 1979. 163(2): p. 
195-205. 

186. Adams, I., Comparison of synaptic changes in the precentral and postcentral 
cerebral cortex of aging humans: a quantitative ultrastructural study. 
Neurobiol Aging, 1987. 8(3): p. 203-12. 

187. Masliah, E., et al., Quantitative synaptic alterations in the human neocortex 
during normal aging. Neurology, 1993. 43(1): p. 192-7. 

188. Bishop, N.A., T. Lu, and B.A. Yankner, Neural mechanisms of ageing and 
cognitive decline. Nature, 2010. 464(7288): p. 529-35. 

189. Boveris, A. and A. Navarro, Brain mitochondrial dysfunction in aging. 
IUBMB Life, 2008. 60(5): p. 308-14. 

190. Corral-Debrinski, M., et al., Mitochondrial DNA deletions in human brain: 
regional variability and increase with advanced age. Nat Genet, 1992. 2(4): 
p. 324-9. 

191. Hara, Y., et al., Presynaptic mitochondrial morphology in monkey prefrontal 
cortex correlates with working memory and is improved with estrogen 
treatment. Proc Natl Acad Sci U S A, 2014. 111(1): p. 486-91. 

192. Burke, S.N. and C.A. Barnes, Neural plasticity in the ageing brain. Nat Rev 
Neurosci, 2006. 7(1): p. 30-40. 

193. Weber, M., et al., Cognitive Deficits, Changes in Synaptic Function, and 
Brain Pathology in a Mouse Model of Normal Aging(1,2,3). eNeuro, 2015. 
2(5). 

194. Landfield, P.W. and G. Lynch, Impaired monosynaptic potentiation in in 
vitro hippocampal slices from aged, memory-deficient rats. J Gerontol, 
1977. 32(5): p. 523-33. 

195. Barnes, C.A., G. Rao, and F.P. Houston, LTP induction threshold change in 
old rats at the perforant path--granule cell synapse. Neurobiol Aging, 2000. 
21(5): p. 613-20. 

196. Norris, C.M., D.L. Korol, and T.C. Foster, Increased susceptibility to 
induction of long-term depression and long-term potentiation reversal 
during aging. J Neurosci, 1996. 16(17): p. 5382-92. 

197. Schliebs, R. and T. Arendt, The cholinergic system in aging and neuronal 
degeneration. Behav Brain Res, 2011. 221(2): p. 555-63. 

198. Courtney, C., et al., Long-term donepezil treatment in 565 patients with 
Alzheimer's disease (AD2000): randomised double-blind trial. Lancet, 2004. 
363(9427): p. 2105-15. 

199. Grace, J., et al., Long-Term use of rivastigmine in patients with dementia 
with Lewy bodies: an open-label trial. Int Psychogeriatr, 2001. 13(2): p. 
199-205. 

200. Connolly, B.S. and A.E. Lang, Pharmacological treatment of Parkinson 
disease: a review. Jama, 2014. 311(16): p. 1670-83. 

201. Danysz, W. and C.G. Parsons, The NMDA receptor antagonist memantine as 
a symptomatological and neuroprotective treatment for Alzheimer's 
disease: preclinical evidence. Int J Geriatr Psychiatry, 2003. 18(Suppl 1): p. 
S23-32. 

202. Parsons, C.G., A. Stoffler, and W. Danysz, Memantine: a NMDA receptor 
antagonist that improves memory by restoration of homeostasis in the 



glutamatergic system--too little activation is bad, too much is even worse. 
Neuropharmacology, 2007. 53(6): p. 699-723. 

203. Reisberg, B., et al., Memantine in moderate-to-severe Alzheimer's disease. N 
Engl J Med, 2003. 348(14): p. 1333-41. 

204. Bellingham, M.C., A review of the neural mechanisms of action and clinical 
efficiency of riluzole in treating amyotrophic lateral sclerosis: what have we 
learned in the last decade? CNS Neurosci Ther, 2011. 17(1): p. 4-31. 

205. Kalkers, N.F., et al., The effect of the neuroprotective agent riluzole on MRI 
parameters in primary progressive multiple sclerosis: a pilot study. Mult 
Scler, 2002. 8(6): p. 532-3. 

206. Arun, T., et al., Targeting ASIC1 in primary progressive multiple sclerosis: 
evidence of neuroprotection with amiloride. Brain, 2013. 136(Pt 1): p. 106-
15. 

207. Mostert, J.P., et al., Effects of fluoxetine on disease activity in relapsing 
multiple sclerosis: a double-blind, placebo-controlled, exploratory study. J 
Neurol Neurosurg Psychiatry, 2008. 79(9): p. 1027-31. 

208. Tetrabenazine as antichorea therapy in Huntington disease: a randomized 
controlled trial. Neurology, 2006. 66(3): p. 366-72. 

209. Miller, R.G., J.D. Mitchell, and D.H. Moore, Riluzole for amyotrophic lateral 
sclerosis (ALS)/motor neuron disease (MND). Cochrane Database Syst Rev, 
2012. 3: p. Cd001447. 

210. Bartus, R.T., M.S. Weinberg, and R.J. Samulski, Parkinson's disease gene 
therapy: success by design meets failure by efficacy. Mol Ther, 2014. 22(3): 
p. 487-97. 

211. Nizzardo, M., et al., Research advances in gene therapy approaches for the 
treatment of amyotrophic lateral sclerosis. Cell Mol Life Sci, 2012. 69(10): 
p. 1641-50. 

212. Kay, C., et al., Personalized gene silencing therapeutics for Huntington 
disease. Clin Genet, 2014. 86(1): p. 29-36. 

213. Reiner, A., et al., Wild-type huntingtin plays a role in brain development and 
neuronal survival. Mol Neurobiol, 2003. 28(3): p. 259-76. 

214. Weinberg, M.S., R.J. Samulski, and T.J. McCown, Adeno-associated virus 
(AAV) gene therapy for neurological disease. Neuropharmacology, 2013. 
69: p. 82-8. 

215. Dehay, B., et al., Targeting alpha-synuclein for treatment of Parkinson's 
disease: mechanistic and therapeutic considerations. Lancet Neurol, 2015. 
14(8): p. 855-66. 

216. Cummings, J.L., T. Morstorf, and K. Zhong, Alzheimer's disease drug-
development pipeline: few candidates, frequent failures. Alzheimers Res 
Ther, 2014. 6(4): p. 37. 

217. Soleman, S., et al., Targeting the neural extracellular matrix in neurological 
disorders. Neuroscience, 2013. 253: p. 194-213. 

218. Morawski, M., et al., Involvement of perineuronal and perisynaptic 
extracellular matrix in Alzheimer's disease neuropathology. Brain Pathol, 
2012. 22(4): p. 547-61. 

219. Miyata, S., Y. Nishimura, and T. Nakashima, Perineuronal nets protect 
against amyloid beta-protein neurotoxicity in cultured cortical neurons. 
Brain Res, 2007. 1150: p. 200-6. 



220. Yang, S., et al., Perineuronal net digestion with chondroitinase restores 
memory in mice with tau pathology. Exp Neurol, 2015. 265: p. 48-58. 

221. Deisseroth, K., Optogenetics: 10 years of microbial opsins in neuroscience. 
Nat Neurosci, 2015. 18(9): p. 1213-25. 

222. Zhong, H., Applying superresolution localization-based microscopy to 
neurons. Synapse, 2015. 69(5): p. 283-94. 

 

  



 


