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TYPES OF DENDRITIC SPINES

reduce charge transfer [33,34!]. Long-necked spines are
essentially electrically silent at the soma, although Ca2+

indicators demonstrated that they are activated by unca-
ging of glutamate at their synapses. It will be interesting
to know whether the absolute dimensions of these spine
necks are in the special range where slight changes
modulate charge transfer [35] and whether these basilar
dendrites lack active properties that could boost charge
transfer to the soma (in contrast to apical dendrites of
hippocampal CA1 cells, where dendritic spikes can
amplify synaptic events [23]). ssTEM analysis of the
cortical spines would also reveal how the cytoarchitecture
and presence or absence of organelles could impact the
transfer of charge and the flow of biochemical signals.

Long-term potentiation converts ‘learning
spines’ into ‘memory spines’
Long-term potentiation (LTP) is an enduring enhance-
ment of synaptic transmission that is thought to be the
cellular correlate of learning and memory. In the imma-
ture hippocampus, one effect of LTP is to increase spine
head size [36,37,38!,39!!], which is followed by an
accumulation of AMPA receptors at the synapse
(Figure 2) [38!]. Both large and small spines undergo
the same absolute increase in head volume and surface
area [37,38!]. Recent work reveals a mobilization of
recycling endosomes and vesicles (RCs) and amorphous

vesicular clumps (AVCs) into spines within minutes after
the induction of LTP [39!!]. AVCs provide a source of
plasma membrane for spine enlargement and RCs prob-
ably transport AMPA receptors. By two hours after the
induction of LTP, polyribosomes redistribute into the
heads of dendritic spines that have enlarged synapses
[14]. A transient decrease in levels of F-actin occurs
immediately after the induction of LTP and this might
enable the transport of polyribosomes and other
plasticity-related proteins into the potentiated spines
[40]; however, sustained spine enlargement is accom-
panied by an increase in F-actin levels [41!]. New spines
are also formed in response to stimulation paradigms that
can induce LTP, and with time their spine heads also
enlarge [42,43].

Structural synaptic plasticity also occurs in the more
mature hippocampus after the induction of LTP. Poly-
ribosomes are significantly upregulated in dendritic
spines two hours after the induction of LTP, and spines
that have polyribosomes also have enlarged synapses [44].
The proportion of perforated and complex PSDs is
increased one hour after induction of LTP [45]. The
volume and area of thin and mushroom spines are
increased relative to control stimulation six hours after
the induction of LTP in the dentate gyrus in vivo [46].
ssTEM has shown that the size of the PSD is perfectly
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Figure 2

Model of LTP-related enlargement of dendritic spines and synapses. (a) Amorphous vesicular clumps (green, AVC) and recycling vesicles (red,
RC) are recruited to potentiated dendritic spines. (b) AVCs insert new membrane as the spine head enlarges. RCs that contain AMPA receptors
(blue lines) are inserted and then receptors migrate to the vicinity of the synapse; this migration might be facilitated by the fact that the newly
inserted membrane is less crowded with other proteins. (c) Polyribosomes (black dots, PR) are unmasked and/or recruited to the heads of potentiated
spines, where proteins are synthesized locally to stabilize the AMPA receptors and enlarge the postsynaptic density (PSD). At some point the
presynaptic axon enlarges, vesicles are recruited and a dense core vesicle (DCV) fuses to enlarge the presynaptic active zone to match the
enlarged PSD. Astroglial processes (AS) are attracted to the perimeter of the enlarged synapses, possibly by the spill-out of glutamate from the
synaptic cleft (orange arrow).
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Do thin spines learn to be mushroom spines that remember?
Jennifer Bourne and Kristen M Harris

Dendritic spines are the primary site of excitatory input on most

principal neurons. Long-lasting changes in synaptic activity are

accompanied by alterations in spine shape, size and number.

The responsiveness of thin spines to increases and decreases

in synaptic activity has led to the suggestion that they are

‘learning spines’, whereas the stability of mushroom spines

suggests that they are ‘memory spines’. Synaptic

enhancement leads to an enlargement of thin spines into

mushroom spines and the mobilization of subcellular resources

to potentiated synapses. Thin spines also concentrate

biochemical signals such as Ca2+, providing the synaptic

specificity required for learning. Determining the mechanisms

that regulate spine morphology is essential for understanding

the cellular changes that underlie learning and memory.
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Introduction
The majority of excitatory synapses in the brain occur on
dendritic spines. Mature spines have a bulbous head that
forms part of an excitatory synapse and is connected to the
dendrite by a constricted neck. Neighboring spines vary
dramatically in size and shape (Figure 1). In adult hippo-
campus and neocortex, spine shapes differ categorically
with>65% of spines being ‘thin’ and!25% being ‘mush-
room’, having head diameters >0.6 mm [1,2]. Under
normal circumstances, !10% of spines in the mature
brain have immature shapes: stubby, multisynaptic, filo-
podial or branched [1–4]. These shapes can be recognized
using light microscopy if the spine is properly oriented,
but accurate identification and measurement of spine
synapses, dimensions and composition requires recon-
struction from serial section transmission electron micro-
scopy (ssTEM). Here we evaluate evidence from the
past few years that addresses the question of whether
thin and mushroom spines represent distinct categories,

or whether they instead switch shapes depending on
synaptic plasticity during learning.

Maturation and stabilization of spines
Spines tend to stabilize with maturation [5"]; however, a
small proportion continues to turnover in more mature
brains [5"–7"]. The transient spines are thin spines that
emerge and disappear over a few days, whereas mush-
room spines can persist for months [5",6"]. Mushroom
spines have larger postsynaptic densities (PSDs) [1],
which anchor more AMPA glutamate receptors and make
these synapses functionally stronger [8–12]. Mushroom
spines are more likely than thin spines to contain smooth
endoplasmic reticulum, which can regulate Ca2+ locally
[13], and spines that have larger synapses are also more
likely to contain polyribosomes for local protein synthesis
[14]. Furthermore, large but not small spines have peri-
synaptic astroglial processes, which can provide synaptic
stabilization and regulate levels of glutamate and other
substances [15",16]. These features suggest that mush-
room spines are more stable ‘memory spines’ [17]. By
contrast, thin spines form or disappear relatively rapidly in
response to different levels of synaptic activity [18,19].
Thin spines have smaller PSDs that contain NMDA
receptors but few AMPA receptors, making them ready
for strengthening by addition of AMPA receptors [8–12].
Thin spines maintain structural flexibility to enlarge and
stabilize, or shrink and dismantle, as they accommodate
new, enhanced, or recently weakened inputs, making
them candidate ‘learning spines’ [5",6",17].

During the first postnatal week in rats, dendritic filopodia
emerge and interact with axons to form nascent synapses.
Most of these developmental filopodia contract resulting in
shaft synapses or stubby spines. During the second post-
natal week, thin and mushroom spines begin to emerge [3].
In more mature brains, filopodia-like protrusions can also
emerge and ssTEM shows that they lack synapses
[6",20"",21]; by contrast, spines with bulbous heads that
persist four or more days have synapses [20""]. Blocking
synaptic transmission in mature, but not immature, hippo-
campal slices results in a homeostatic spinogenesis that
significantly increases numbers of nonsynaptic filopodia,
shaft synapses, multisynaptic protrusions and stubby
spines, suggesting a recapitulation of early development
[21,22]. If the head of the filopodium swells to accommo-
date a PSD and other subcellular organelles, then it
becomes a dendritic spine. The adult neuropil is more
compact and might prevent contraction of nonsynaptic
filopodia back to the dendritic shaft. In addition, mature
dendrites might possess more local resources (e.g. proteins,
mRNA and organelles) that can be transported into a
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1. Microtubule (Tubulin)
2. Neurofilament
3. Microfilament (g-actin)
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Rate of fast axoplasmic transport in 
mammalian nerve fibres
Sidney Ochs 1972

https://physoc.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ochs,+Sidney


MEMBRANE TRAFFICKING

Mitochondria are transported from 
and to the RGC cell body (arrowhead) 
in the axon (asterisk). Long, snake-like mitochondria are 

transported smoothly through the curve of 
the RGC axon (asterisk).

Takihara et al., 2015
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NEUROGLIA

• Neuroglia, also called glial cells or 
simply glia, are non-neuronal cells that 
maintain homeostasis, form myelin, and 
provide support and protection 
for neurons in the central and peripheral 
nervous systems.

To surround neurons and hold them in place
To supply nutrients and oxygen to neurons
To insulate one neuron from another
To destroy pathogens and remove dead neurons.

Illustration of the four different types of glial cells found in the 
central nervous system: ependymal cells (light pink), astrocytes 
(green), microglial cells (dark red), and oligodendrocytes (light 
blue).
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ASTROCYTE

Astrocytes (Astro from Greek astron = star and cyte
from Greek "kytos" = cavity but also means cell), also 
known collectively as astroglia, are characteristic star-
shaped glial cells in the brain and spinal cord. The 
proportion of astrocytes in the brain is not well defined.
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Haydon, Philip G., and Giorgio Carmignoto. Astrocyte Control of Synaptic Transmission and Neurovascular Coupling.
Physiol Rev 86: 1009–1031, 2006; doi:10.1152/physrev.00049.2005.—From a structural perspective, the predominant glial cell of
the central nervous system, the astrocyte, is positioned to regulate synaptic transmission and neurovascular coupling: the
processes of one astrocyte contact tens of thousands of synapses, while other processes of the same cell form endfeet on
capillaries and arterioles. The application of subcellular imaging of Ca2! signaling to astrocytes now provides functional data
to support this structural notion. Astrocytes express receptors for many neurotransmitters, and their activation leads to
oscillations in internal Ca2!. These oscillations induce the accumulation of arachidonic acid and the release of the chemical
transmitters glutamate, D-serine, and ATP. Ca2! oscillations in astrocytic endfeet can control cerebral microcirculation through
the arachidonic acid metabolites prostaglandin E2 and epoxyeicosatrienoic acids that induce arteriole dilation, and 20-HETE
that induces arteriole constriction. In addition to actions on the vasculature, the release of chemical transmitters from
astrocytes regulates neuronal function. Astrocyte-derived glutamate, which preferentially acts on extrasynaptic receptors, can
promote neuronal synchrony, enhance neuronal excitability, and modulate synaptic transmission. Astrocyte-derived D-serine,
by acting on the glycine-binding site of the N-methyl-D-aspartate receptor, can modulate synaptic plasticity. Astrocyte-derived
ATP, which is hydrolyzed to adenosine in the extracellular space, has inhibitory actions and mediates synaptic cross-talk
underlying heterosynaptic depression. Now that we appreciate this range of actions of astrocytic signaling, some of the
immediate challenges are to determine how the astrocyte regulates neuronal integration and how both excitatory (glutamate)
and inhibitory signals (adenosine) provided by the same glial cell act in concert to regulate neuronal function.

I. INTRODUCTION

The nervous system consists of two classes of cell,
the neuron and glia. Although it is without doubt that

neurons are essential for nervous system function, studies
over the past decade are raising our awareness about the
diversity of roles played by glial cells in nervous system
function. In this review we focus on one of the subtypes

Physiol Rev 86: 1009–1031, 2006;
doi:10.1152/physrev.00049.2005.
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Glutamate exocytosis from astrocytes controls
synaptic strength
Pascal Jourdain1,6, Linda H Bergersen2,6, Khaleel Bhaukaurally1,6, Paola Bezzi1, Mirko Santello1,
Maria Domercq3, Carlos Matute3, Fiorella Tonello4, Vidar Gundersen2,5 & Andrea Volterra1

The release of transmitters from glia influences synaptic functions. The modalities and physiological functions of glial release
are poorly understood. Here we show that glutamate exocytosis from astrocytes of the rat hippocampal dentate molecular layer
enhances synaptic strength at excitatory synapses between perforant path afferents and granule cells. The effect is mediated
by ifenprodil-sensitive NMDA ionotropic glutamate receptors and involves an increase of transmitter release at the synapse.
Correspondingly, we identify NMDA receptor 2B subunits on the extrasynaptic portion of excitatory nerve terminals. The receptor
distribution is spatially related to glutamate-containing synaptic-like microvesicles in the apposed astrocytic processes. This glial
regulatory pathway is endogenously activated by neuronal activity–dependent stimulation of purinergic P2Y1 receptors on the
astrocytes. Thus, we provide the first combined functional and ultrastructural evidence for a physiological control of synaptic
activity via exocytosis of glutamate from astrocytes.

Brain communication via vesicular exocytosis and quantal release of
transmitter has long been considered to be specific to neuronal synapses.
There is strong evidence, however, that astrocytes release transmitters,
such as glutamate, through a Ca2+-regulated mechanism1–5. Recently,
the direct observation of exocytic fusions of glutamatergic vesicles in
cultured astrocytes6–8 and the ultrastructural identification of synaptic-
like microvesicles (SLMVs) equipped with the machinery for storing
and releasing glutamate in astrocytes of the adult hippocampus6,9,10

have considerably substantiated the evidence for an exocytotic pathway
of glutamate release from astrocytes.

Astrocytes in situ respond to synaptically released neurotransmitters
and other signaling substances with intracellular Ca2+ ([Ca2+]i) eleva-
tions that may, in turn, activate the astrocytes to release glutamate10.
Synaptic glutamate triggers its own release from astrocytes by stimulat-
ing astrocytic metabotropic glutamate receptors (mGluRs)2,6,11. ATP,
released from neurons or astrocytes during synaptic activity, induces
[Ca2+]i elevations mediated by G protein–coupled purinergic receptors
of the P2Y1 type (P2Y1Rs) in hippocampal astrocytes12. We recently
found that P2Y1R signaling in astrocytes is coupled to Ca2+-dependent
glutamate exocytosis7.

Together, the above data strongly suggest that a bidirectional
neuron-astrocyte communication involving exocytosis of glutamate
from astrocytes exists in vivo. However, the occurrence of this phenom-
enon is not fully documented and no information exists about the
structural-functional relationships that would govern it. Consequently,
its physiological significance remains unknown.

To address these questions, we studied communication between
astrocytes in the hippocampal dentate molecular layer and excitatory
synapses on dentate granule cells using a combination of patch-clamp
electrophysiology, Ca2+ imaging and high-resolution immunogold
cytochemistry. We show that glutamate exocytosis from astrocytes
enhances synaptic strength at these synapses. The effect is mediated via
presynaptic NMDA ionotropic glutamate receptor 2B subunit (NR2B)-
containing NMDA receptors (NMDARs) that increase the probability
of transmitter release at the synapse. We consistently identified NR2B
subunits on the extrasynaptic portion of excitatory nerve terminals
making synapses on granule cell spines, mostly lying within
synaptic distance from SLMVs in the facing astrocytic processes. The
astrocytic control is endogenously activated by activity-dependent
stimulation of astrocytic purinergic P2Y1Rs during normal functioning
of these synapses.

RESULTS
Astrocyte-induced synaptic potentiation
We took dual whole-cell patch-clamp recordings from cell pairs
consisting of a molecular layer astrocyte and a dentate granule cell in
rat hemibrain horizontal slices, bathed in Mg2+-containing medium
with the GABAA receptor blocker picrotoxin added. This approach
allowed us to stimulate the astrocyte selectively and to perfuse it
internally with agents preventing exocytosis, while simultaneously
monitoring excitatory activity in the granule cell (see Methods). In
each experiment, we initially verified the electrical properties of the

Received 29 September 2006; accepted 16 January 2007; published online 18 February 2007; doi:10.1038/nn1849
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borate buffer (pH 7.7) and placed in an autosampler
HPLC system (Merck-Hitachi, Darmstad, Germany)
that automatically performs the fluorenyl methoxy-
carbonyl (FMOC) derivatization by adding 250 ml of a
15 mM solution of 9-fluoromethoxycarbonylchloride
(FMOC-Cl; Sigma-Aldrich, Milano, Italy) in acetone
and, after 45 s, removing the excess reagent by two
pentane extractions (900 ml). HPLC-grade reagents
were purchased from Romil (Cambridge, UK).
rpHPLC analyses of the FMOC-derivatized com-
pounds were performed under the following condi-
tions: A column RP-8 Superspher 60 LiChroCart
was used; eluents were H2O/CH3CN (80:20) and 40
mM CH3COONa (pH 4.6) (A); H2O/CH3CN (20:80)
and 10 mM CH3COONa (pH 7.0) (B); and CH3CN
(C). Gradient: 0 min, 100% A; 30 min, 50% A, 50% B;
40 min, 100% C; 45 min, 100% C; 50 min, 100% A.
Flow was at 1.25 ml/min at a temperature of 45°C;
ultraviolet monitoring was used (wavelength, 263
nm). The concentration of thiols in the samples was
determined by comparison with calibrated amounts
of standard solutions of cysteine, GSH, GSSG, and

the mixed disulfide between cysteine and glutathione
(Cys-SG). The identity of individual peaks in the chro-
matograms was further confirmed by time-of-flight
matrix-assisted laser desorption ionization mass
spectrometry (4) [ T. Tanaka et al., Rapid Comm.
Mass Spectrom. 2,151 (1988)].

25. For pulse and chase analysis, injected oocytes were
cultured overnight at 20°C in modified Barths’ saline,
washed, and resuspended in modified Barths’ saline
(5 ml per oocyte) containing [35S]methionine-cysteine
(1 mCi/ml) (PRO-MIX, Amersham). After the pulse, the
medium was removed, and the oocytes were washed
thoroughly with modified Barths’ saline and incubated
in the same medium supplemented with excess cold
methionine and cysteine. After the medium was har-
vested, each oocyte was homogenized in 40 ml of
homogenization buffer (19), supplemented with 50
mM iodoacetamide. Media and homogenates were
frozen in liquid nitrogen and stored at –80°C.

26. Homogenates and incubation media were diluted to 1
ml with Net-gel buffer (14) and incubated with specific
antibodies for 4 hours on ice before addition of 50 ml

of a 10% suspension of protein A–Sepharose CL 4B
(Pharmacia, Uppsala, Sweden). After overnight incu-
bation at 4°C, the beads were washed three times
with NET-gel buffer and eluted by heating at 95°C in
SDS–polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer [0.062 M tris-HCl (pH 6.8), 2%
SDS, 10% glycerol, and 0.001% bromophenol blue].

27. We thank F. Cozzolino, D. Fesce, I. Haas, A. Hele-
nius, A. Malgaroli, J. Meldolesi, M. Neuberger, A. T.
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helpful discussions and suggestions; C. Fagioli for
technical help; and S. Trinca for secretarial assist-
ance. This work was supported through grants from
the Associazione Italiana per la Ricerca sul Cancro
(AIRC), Consiglio Nazionale delle Ricerche (CNR),
and Ministero della Sanità (AIDS Special Project) to
R.S. S.C. was supported by a fellowship from the
Fondazione San Raffaele, in partial fulfillment of a
Ph.D. from the Open University, London. A.Ca. is the
recipient of a fellowship from AIRC.
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Synaptic Efficacy Enhanced by
Glial Cells in Vitro

Frank W. Pfrieger*† and Barbara A. Barres

In the developing nervous system, glial cells guide axons to their target areas, but it is
unknown whether they help neurons to establish functional synaptic connections. The
role of glial cells in synapse formation and function was studied in cultures of purified
neurons from the rat central nervous system. In glia-free cultures, retinal ganglion cells
formed synapses with normal ultrastructure but displayed little spontaneous synaptic
activity and high failure rates in evoked synaptic transmission. In cocultures with neu-
roglia, the frequency and amplitude of spontaneous postsynaptic currents were poten-
tiated by 70-fold and 5-fold, respectively, and fewer transmission failures occurred. Glial
cells increased the action potential–independent quantal release by 12-fold without
affecting neuronal survival. Thus, developing neurons in culture form inefficient synapses
that require glial signals to become fully functional.

Brain development and function depends
on glial cells, as they guide the migration of
neuronal somata and axons (1), promote
the survival and differentiation of neurons
(2), and insulate and nourish neurons (3,
4). It is not known, however, whether glial
cells also promote the formation and func-
tion of synapses, although glial processes
ensheath most synapses in the brain (4, 5).
The recent development of methods to pu-
rify (6) and culture a specific type of neuron
from the central nervous system (CNS) (7)
has allowed us to investigate whether CNS
neurons can form functional synapses in the
absence of glial cells.

We cultured purified postnatal rat reti-
nal ganglion cells (RGCs) without glial
cells under serum-free conditions (Fig. 1A)

(8) that supported neuronal survival (57 6
5% of neurons survived after 20 days;
mean 6 SEM; n 5 3), electrical excitabil-
ity, and the differentiation of axons and
dendrites (7). In order to monitor the for-
mation of functional synapses, we recorded
spontaneous postsynaptic currents from
RGCs (Fig. 1B) (9). After 5 days in culture,
50% of the RGCs tested (15 of 31 cells)

showed low levels of synaptic activity with
excitatory postsynaptic currents (EPSCs)
occurring at a mean frequency of 3 6 1
min–1 and with a mean peak amplitude of
–11 6 1 pA (Fig. 2A). After 20 days of
culture, 63% of the RGCs tested (n 5 24)
displayed spontaneous synaptic activity.
The frequency and amplitude of the EPSCs
had increased to mean values of 18 6 7
min–1 and –16 6 1 pA (n 5 15; Fig. 2A),
respectively.

To study the effect of neuroglia on syn-
apse formation, we cultured RGCs with
glial cells from their target region, the su-
perior colliculus (10). After 5 days of serum-
free culture with glial cells, 90% of the
RGCs tested (n 5 34) showed spontaneous
EPSCs. Coculture with collicular glia in-
creased the mean frequency and the mean
amplitude of spontaneous EPSCs to 41 6
12 min–1 and –29 6 3 pA (n 5 30), respec-
tively (Fig. 2A). After 20 days of coculture
with glia, every RGC tested (n 5 20)
showed spontaneous synaptic activity, and
the mean EPSC frequency and amplitude
were increased to 1265 6 212 min–1 and
–78 6 8 pA, respectively (n 5 20; Fig. 2A).
A nearly identical glia-induced enhance-
ment of synaptic activity was observed
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Fig. 1. Spontaneous synap-
tic activity in purified RGCs
that were cultured for 5 days
in defined, serum-free medi-
um in the absence (left) or
presence (right) of collicular
glia. (A) Hoffmann-modula-
tion contrast micrographs of
RGCs. Scale bar, 50 mm.
The density of neurons was
similar in both cultures. (B)
Whole-cell patch-clamp re-
cordings of spontaneous
EPSCs from RGCs at a
holding potential of –70 mV.
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MICROGLIA



MICROGLIA

• Microglia are a type of neuroglia (glial cell) located throughout the brain and 
spinal cord. Microglia account for 10–15% of all cells found within the brain. 

• As the resident macrophage cells, they act as the first and main form of active 
immune defense in the central nervous system (CNS).



EPENDYMA AND CHOROID PLEXUS

Where is the ventricle?

The ependyma is made up 
of ependymal cells called 
ependymocytes, a type of 
glial cell. These cells line the 
CSF-filled ventricles in the 
brain and the central canal of 
the spinal cord.

Choroid plexusVentricle



DISEASE



ABNORMAL AGGREGATION



A BETA PEPTIDE

• The findings, published March 2 in the journal Neuron, come from positron 
emission tomography (PET) of 53 adults. Five were young adults aged 20-26, 
33 were cognitively healthy adults aged 64-90 and 15 were patients aged 53-
77 who had been diagnosed with probable Alzheimer’s dementia. The PET 
scanner is located at the Lawrence Berkeley National Laboratory.

Amyloid beta (Aβ or Abeta) 
denotes peptides of 36–43 
amino acids that are crucially 
involved in Alzheimer's disease 
as the main component of the 
amyloid plaques found in the 
brains of Alzheimer patients.
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Parkinson’s disease is a progressive, neurodegenerative
disorder that is characterized by severe motor symp-
toms, including uncontrollable tremor, postural imbal-
ance, slowness of movement and rigidity. The main
pathological hallmark of this disorder is a pronounced
loss of dopamine-producing neurons in the substantia
nigra pars compacta,which results in a drastic depletion
of dopamine in the striatum, to which these neurons
project. Additional neuronal systems, including other 
CATECHOLAMINERGIC nuclei, are also affected, albeit less
severely.

In addition to sporadic forms of Parkinson’s disease,
which have been linked to environmental risk factors,
there are various familial forms of the disease, including
those linked to mutations in α-synuclein and parkin.
Furthermore, the age of onset, rate of disease progres-
sion and precise profile of symptoms vary between
patients. Recent findings show that many cases that pre-
viously would have been grouped into one category and
referred to as ‘idiopathic’might have distinct underlying
aetiologies1. In a few of these cases, a clear genetic influ-
ence has been identified, although the steps from
mutant gene to neurodegeneration are only beginning
to be elucidated1,2. In patients without a clear genetic

inheritance, pathogenic mechanisms have been more
difficult to understand, and a range of factors, including
environmental toxins, OXIDATIVE STRESS and mitochondrial
dysfunction, have been implicated3. Fortuitously, the
anatomical pattern of neurodegeneration in Parkinson’s
disease provides an important clue to the pathogenic
mechanisms that underlie the loss of nigral neurons 
in this disorder, and suggests that the final common
pathway in the demise of these cells might involve
dopamine-dependent oxidative stress.

In this review, we provide a general overview of
potential pathogenic mechanisms that might underlie
the loss of dopaminergic neurons in Parkinson’s dis-
ease.We suggest that the first neurodegenerative change
that occurs in this disorder is a loss of terminals in the
striatum, accompanied by the accumulation of aggre-
gated proteins in nigral processes known as Lewy neu-
rites. Indeed, a recent study reported extensive axonal
pathology, abnormal accumulation of monomeric and 
aggregated α-synuclein, and Lewy neurites in the stria-
tum of patients with LEWY BODY diseases4. Furthermore,
in a neurotoxin-induced rat model of Parkinson’s 
disease, intrastriatal injections of 6-hydroxydopamine
(6-OHDA), which is thought to induce oxidative stress,

PATHOGENESIS OF PARKINSON’S
DISEASE: DOPAMINE,VESICLES 
AND α-SYNUCLEIN
Julie Lotharius* and Patrik Brundin

Parkinson’s disease is a devastating neurological condition that affects at least four million

people. A striking feature of this disorder is the preferential loss of dopamine-producing neurons

in the midbrain. Several aetiological triggers have been linked to Parkinson’s disease, including

genetic mutations and environmental toxins, but the pathway that leads to cell death is unknown.

Recent developments have shed light on the pathogenic mechanisms that underlie the

degeneration of these cells. We propose that defective sequestration of dopamine into vesicles,

leading to the generation of reactive oxygen species in the cytoplasm, is a key event in the

demise of dopaminergic neurons in Parkinson’s disease, and might represent a common

pathway that underlies both genetic and sporadic forms of the disorder.
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CATECHOLAMINE
A neurotransmitter that is
characterized by a catechol ring
and an alkylamine side chain;
examples are dopamine,
adrenaline and noradrenaline.

OXIDATIVE STRESS
A state of imbalance between the
production of reactive oxygen
species and their clearance by
cellular antioxidant systems.
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Abstract
Peptides or proteins convert under some conditions from their sol-
uble forms into highly ordered fibrillar aggregates. Such transitions
can give rise to pathological conditions ranging from neurodegen-
erative disorders to systemic amyloidoses. In this review, we identify
the diseases known to be associated with formation of fibrillar aggre-
gates and the specific peptides and proteins involved in each case. We
describe, in addition, that living organisms can take advantage of the
inherent ability of proteins to form such structures to generate novel
and diverse biological functions. We review recent advances toward
the elucidation of the structures of amyloid fibrils and the mecha-
nisms of their formation at a molecular level. Finally, we discuss the
relative importance of the common main-chain and side-chain inter-
actions in determining the propensities of proteins to aggregate and
describe some of the evidence that the oligomeric fibril precursors
are the primary origins of pathological behavior.
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SUMMARY

Think about major difference of neuron from other cells!



WHAT’S NEXT…

Action potential

Myelination

Brain Anatomy



TWO PAPERS

Glutamate exocytosis from astrocytes controls
synaptic strength
Pascal Jourdain1,6, Linda H Bergersen2,6, Khaleel Bhaukaurally1,6, Paola Bezzi1, Mirko Santello1,
Maria Domercq3, Carlos Matute3, Fiorella Tonello4, Vidar Gundersen2,5 & Andrea Volterra1

The release of transmitters from glia influences synaptic functions. The modalities and physiological functions of glial release
are poorly understood. Here we show that glutamate exocytosis from astrocytes of the rat hippocampal dentate molecular layer
enhances synaptic strength at excitatory synapses between perforant path afferents and granule cells. The effect is mediated
by ifenprodil-sensitive NMDA ionotropic glutamate receptors and involves an increase of transmitter release at the synapse.
Correspondingly, we identify NMDA receptor 2B subunits on the extrasynaptic portion of excitatory nerve terminals. The receptor
distribution is spatially related to glutamate-containing synaptic-like microvesicles in the apposed astrocytic processes. This glial
regulatory pathway is endogenously activated by neuronal activity–dependent stimulation of purinergic P2Y1 receptors on the
astrocytes. Thus, we provide the first combined functional and ultrastructural evidence for a physiological control of synaptic
activity via exocytosis of glutamate from astrocytes.

Brain communication via vesicular exocytosis and quantal release of
transmitter has long been considered to be specific to neuronal synapses.
There is strong evidence, however, that astrocytes release transmitters,
such as glutamate, through a Ca2+-regulated mechanism1–5. Recently,
the direct observation of exocytic fusions of glutamatergic vesicles in
cultured astrocytes6–8 and the ultrastructural identification of synaptic-
like microvesicles (SLMVs) equipped with the machinery for storing
and releasing glutamate in astrocytes of the adult hippocampus6,9,10

have considerably substantiated the evidence for an exocytotic pathway
of glutamate release from astrocytes.

Astrocytes in situ respond to synaptically released neurotransmitters
and other signaling substances with intracellular Ca2+ ([Ca2+]i) eleva-
tions that may, in turn, activate the astrocytes to release glutamate10.
Synaptic glutamate triggers its own release from astrocytes by stimulat-
ing astrocytic metabotropic glutamate receptors (mGluRs)2,6,11. ATP,
released from neurons or astrocytes during synaptic activity, induces
[Ca2+]i elevations mediated by G protein–coupled purinergic receptors
of the P2Y1 type (P2Y1Rs) in hippocampal astrocytes12. We recently
found that P2Y1R signaling in astrocytes is coupled to Ca2+-dependent
glutamate exocytosis7.

Together, the above data strongly suggest that a bidirectional
neuron-astrocyte communication involving exocytosis of glutamate
from astrocytes exists in vivo. However, the occurrence of this phenom-
enon is not fully documented and no information exists about the
structural-functional relationships that would govern it. Consequently,
its physiological significance remains unknown.

To address these questions, we studied communication between
astrocytes in the hippocampal dentate molecular layer and excitatory
synapses on dentate granule cells using a combination of patch-clamp
electrophysiology, Ca2+ imaging and high-resolution immunogold
cytochemistry. We show that glutamate exocytosis from astrocytes
enhances synaptic strength at these synapses. The effect is mediated via
presynaptic NMDA ionotropic glutamate receptor 2B subunit (NR2B)-
containing NMDA receptors (NMDARs) that increase the probability
of transmitter release at the synapse. We consistently identified NR2B
subunits on the extrasynaptic portion of excitatory nerve terminals
making synapses on granule cell spines, mostly lying within
synaptic distance from SLMVs in the facing astrocytic processes. The
astrocytic control is endogenously activated by activity-dependent
stimulation of astrocytic purinergic P2Y1Rs during normal functioning
of these synapses.

RESULTS
Astrocyte-induced synaptic potentiation
We took dual whole-cell patch-clamp recordings from cell pairs
consisting of a molecular layer astrocyte and a dentate granule cell in
rat hemibrain horizontal slices, bathed in Mg2+-containing medium
with the GABAA receptor blocker picrotoxin added. This approach
allowed us to stimulate the astrocyte selectively and to perfuse it
internally with agents preventing exocytosis, while simultaneously
monitoring excitatory activity in the granule cell (see Methods). In
each experiment, we initially verified the electrical properties of the
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Parkinson’s disease is a progressive, neurodegenerative
disorder that is characterized by severe motor symp-
toms, including uncontrollable tremor, postural imbal-
ance, slowness of movement and rigidity. The main
pathological hallmark of this disorder is a pronounced
loss of dopamine-producing neurons in the substantia
nigra pars compacta,which results in a drastic depletion
of dopamine in the striatum, to which these neurons
project. Additional neuronal systems, including other 
CATECHOLAMINERGIC nuclei, are also affected, albeit less
severely.

In addition to sporadic forms of Parkinson’s disease,
which have been linked to environmental risk factors,
there are various familial forms of the disease, including
those linked to mutations in α-synuclein and parkin.
Furthermore, the age of onset, rate of disease progres-
sion and precise profile of symptoms vary between
patients. Recent findings show that many cases that pre-
viously would have been grouped into one category and
referred to as ‘idiopathic’might have distinct underlying
aetiologies1. In a few of these cases, a clear genetic influ-
ence has been identified, although the steps from
mutant gene to neurodegeneration are only beginning
to be elucidated1,2. In patients without a clear genetic

inheritance, pathogenic mechanisms have been more
difficult to understand, and a range of factors, including
environmental toxins, OXIDATIVE STRESS and mitochondrial
dysfunction, have been implicated3. Fortuitously, the
anatomical pattern of neurodegeneration in Parkinson’s
disease provides an important clue to the pathogenic
mechanisms that underlie the loss of nigral neurons 
in this disorder, and suggests that the final common
pathway in the demise of these cells might involve
dopamine-dependent oxidative stress.

In this review, we provide a general overview of
potential pathogenic mechanisms that might underlie
the loss of dopaminergic neurons in Parkinson’s dis-
ease.We suggest that the first neurodegenerative change
that occurs in this disorder is a loss of terminals in the
striatum, accompanied by the accumulation of aggre-
gated proteins in nigral processes known as Lewy neu-
rites. Indeed, a recent study reported extensive axonal
pathology, abnormal accumulation of monomeric and 
aggregated α-synuclein, and Lewy neurites in the stria-
tum of patients with LEWY BODY diseases4. Furthermore,
in a neurotoxin-induced rat model of Parkinson’s 
disease, intrastriatal injections of 6-hydroxydopamine
(6-OHDA), which is thought to induce oxidative stress,
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Julie Lotharius* and Patrik Brundin

Parkinson’s disease is a devastating neurological condition that affects at least four million

people. A striking feature of this disorder is the preferential loss of dopamine-producing neurons

in the midbrain. Several aetiological triggers have been linked to Parkinson’s disease, including

genetic mutations and environmental toxins, but the pathway that leads to cell death is unknown.

Recent developments have shed light on the pathogenic mechanisms that underlie the

degeneration of these cells. We propose that defective sequestration of dopamine into vesicles,

leading to the generation of reactive oxygen species in the cytoplasm, is a key event in the

demise of dopaminergic neurons in Parkinson’s disease, and might represent a common

pathway that underlies both genetic and sporadic forms of the disorder.
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