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Compartmentalization of the membrane is essential for cells to perform highly specific tasks and spatially constrained
biochemical functions in topographically defined areas. These membrane lateral heterogeneities range from nanoscopic
dimensions, often involving only a few molecular constituents, to micron-sized mesoscopic domains resulting from the
coalescence of nanodomains. Short-lived domains lasting for a few milliseconds coexist with more stable platforms lasting
from minutes to days. This panoply of lateral domains subserves the great variety of demands of cell physiology,
particularly high for those implicated in signaling. The dendritic spine, a subcellular structure of neurons at the receiving
(postsynaptic) end of central nervous system excitatory synapses, exploits this compartmentalization principle. In its most
frequent adult morphology, the mushroom-shaped spine harbors neurotransmitter receptors, enzymes, and scaffolding
proteins tightly packed in a volume of a few femtoliters. In addition to constituting a mesoscopic lateral heterogeneity of
the dendritic arborization, the dendritic spine postsynaptic membrane is further compartmentalized into spatially delimited
nanodomains that execute separate functions in the synapse.
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| 1. Introduction

In the central nervous system (CNS), most of the excitatory synapses occur on a specialized subcellular formation in
neuronal arborizations, so-called dendritic spines. These spines constitute highly differentiated subcellular compartments
of the receiving (postsynaptic) neuron, concentrating in a very small volume an abundant collection of neurotransmitter
receptors, enzymes, scaffolding proteins, and cytoskeletal elements. Various neurotransmitter receptor systems harbored
in the spine postsynaptic membrane have been shown to be associated with liquid-ordered, raft-type lipid domains [L12I3]
[ These lipid domains not only harbor the receptor proteins but also recruit them from extra-synaptic regions; once
receptors reach the active zone of the spine, the more rigid liquid-ordered domains contribute to reducing their lateral
mobility I8l These neurotransmitter receptor-containing lipid assemblies have dimensions in the order of nanometers,
hence the designated term “nanodomains”. The surface of the mature spine, a morphological entity of <1 ym diameter, is
thus sub-compartmentalized into much smaller parcels that contribute to the lateral heterogeneity of the postsynaptic
membrane. This description of the dendritic spine is, however, fragmentary inasmuch it does not contemplate its highly
dynamic nature, especially of some of its patchy nanodomains. Thus both stable and dynamic platforms coexist in the
spine postsynaptic complex, and the dynamic range of the two combined is quite ample, from a few milliseconds to days
[, providing spatio-temporal stability to some of its components while allowing fast turnover and agile redistribution in
others.

Pre- and postsynaptic membranes share the property of organizing their constituents in the form of nanodomains
characterized by high molecular densities and transient duration. A characteristic feature of this organizational principle is
that it is asymmetric (see review in &), in accordance with the vectorial nature of the synapse.

2. Dendritic Spines, Discrete Subcellular Compartment of the Neuronal
Membrane

Dendritic spines constitute fundamental units of information endowed with processing synaptic (mostly excitatory)
chemical neurotransmission in the mammalian brain. Spines compartmentalize biochemical and electrical signals, thus
modulating the functional properties of synapses. Based on the relative length of their neck and the diameter of their
head, dendritic spines have been arbitrarily classified into five categories: mushroom, thin, stubby, filopodia, and
bifurcation- or cup-shaped spines . However, this represents a fragmentary, anatomically static view of the dendritic
spine: in fact, they also have a dynamic dimension, allowing them to modify their size and shape within seconds to



minutes and undergo more lasting changes in the time scale of hours to days. In mature neurons spine motility declines
[, Spine head volumes range from 0.01 to 1 ym?, and spine necks vary between 50 and 500 nm in diameter and up to 3
um in length RARIRZ] The size of the spine head has been shown to correlate with the size of the postsynaptic density
(PSD) a characteristic morphological differentiation of the postsynapse LLULZ] and with the amplitude of the excitatory
postsynaptic current (EPSC) [131124],

One of the most important functions of the brain is enabling the neural activity generated by an experience to modify
neural circuit functionality in a process referred to as synaptic plasticity. This property of individual synapses affects higher
brain functions like thought, feeling, and behavior 1. Morphological correlates of synaptic plasticity at the dendritic spine
level have been described, involving the remodeling of the PSD to regulate the number of intervening receptors and
scaffolding proteins. The so-called long-term potentiation (LTP) and long-term depression (LTD), two mechanisms that
have been thoroughly studied in the mammalian hippocampus, are induced by recent patterns of activity that strengthen
or depress synapse activity, respectively 28 (Figure 1).

Glual

A ""I.J =l
(J\f’t{;\.—-') a7 nAChR :r_-;,"" e Py
Z tCa "

'l |'- R el L

LTP Basal state LTD

Figure 1. Schematic diagram highlighting the role of nanoscale sub-compartmentalization of the dendritic spine in
synaptic plasticity. The “basal” state can be depicted as a homeostatic equilibrium between synthesis, lateral diffusion,
internalization, degradation, and recycling of neurotransmitter receptors at the dendritic spine. Activation of a7 nicotinic
acetylcholine receptor (07 nAChR) in the hippocampus by agonist on postsynaptic sites promotes LTP (left) by
depolarizing the spine which induces glutamatergic GIuAl receptors to cluster at the PSD. This incorporation of GluAl
receptor molecules further contributes to calcium entry, thus strengthening synaptic transmission. The opposite
phenomenon (LTD, right) is induced by activation of presynaptic cannabinoid receptors (CBRS): neurotransmitter release
is inhibited, thereby weakening synaptic transmission, and GIuAl receptors are depopulated from the PSD. ABP: actin
binding proteins; AN: anandamine.

These functional readouts have straightforward morphological correlates: spine head enlargement in LTP 18 and
conversely, shrinkage of the spine head and increased spine loss, as observed in hippocampal synapses after electrical
induction of LTD 1229 The width of the spine neck has been associated with the degree of compartmentalization of
synaptic signals 21, and its length with the modulation of synaptic membrane tension 22. Upon induction of LTP, spine
necks become shorter and wider 21! (Figure 2).
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Figure 2. Schematic depiction of the enlargement and acquisition of mature mushroom-like shape of dendritic spines
following induction of long-term potentiation (LTP) during synaptic plasticity.



Compartmentalization of dendritic spines spatially constrains the diffusion of second messenger molecules to small
volumes [23], thus circumscribing biochemical cascades and regulating information processing in individual synapses to
smaller regions thereof. For example, presynaptic stimulation can elicit Ca*? transient currents that are confined to hot
spots of activity in spines 2423 The biochemical compartmentalization of the membrane requires membrane-bound
enzymes, lipids and proteins to be organized into delimited regions of varying size and composition 28, In addition to the
delimitation in space, membrane domains vary in duration, thereby intervening in the timing of biochemical events at the
synapse. This spatio-temporal organization extends to the coordination between pre- and postsynaptic components of the
synaptic micro-cosmos (Figure 3).

Figure 3. Schematic diagram of a vomposite synapse summarizing the pre- and postsynaptic components participating in
synaptic signaling dissected in this review. Glutamatergic (Glu) and cholinergic (a7 nAChR) activation promotes Ca®*
entry into the dendritic spine, inducing endocannabinoid (eCB) synthesis through hydrolysis of lipid precursors from the
cell membrane. Cannabinoid receptor (CBR) activation in dendritic spines inhibits Racl/WAVE/Arp 2/3 and limits the
conversion of G actin to F-actin, whereas a7 nAChR promotes formation and maturation of dendritic spines through F-
actin stability by activating the Racl/WAVE/Arp2/3 signaling pathway. Phospholipase C (PLC) converts PIP2 into
diacylglycerol (DAG) and in turn DAG lipase (DAGL) generates the eCB 2-AG. In parallel, phospholipase D (PLD)
converts N-arachidonoyl phosphatidylethanolamine into the eCB AN. 2-AG and AN are liberated into the synaptic cleft and
activate CBRs in the presynaptic compartment. Upon activation, CBRs stimulate Gi-protein and inhibit AC activity,
membrane hyperpolarization ensues after the modulation of K* and Ca2* channels that inhibit neurotransmitter release
from the presynaptic compartment. Finally, the mitogen-activated protein kinase (MAPK) pathway is stimulated. AC:
adenyl cyclase; cAMP: cyclic AMP; ACh; acetylcholine; 2-AG, 2-arachidonyl glycerol.

| 3. Cannabinoids and Cannabinoid Receptors

Cannabinoids have been shown to alter the organization of the actin cytoskeleton in various cell types 4. Njoo and
collaborators highlighted the functional significance of CBR1 interactions with the Wiskott-Aldrich syndrome protein-family
verprolin-homologous protein 1 (WAVE1)/SCAR1 complex 28, These authors stated that the complex plays a key role in
dynamically regulating the actin cytoskeleton in developing and adult neurons, thus contributing to the most salient
functions of eCBs in the brain and spinal cord. Furthermore, they showed that cannabinoids structurally remodel dendritic
spines by regulating the activity levels of WAVEL, and reported a novel function for WAVEL in mediating inflammatory pain
via structural and functional plasticity of spinal neurons (28!,

Although CBR1s are mainly expressed presynaptically, several studies have indicated that CBR1 can be additionally
localized in neuronal dendrites 2% colocalizing with the PSD protein PSD-95 in spines [28. Rac1 activity decreases
within minutes of CBR1 activation, limiting the conversion of G-actin to F-actin in dendritic spines of mature cortical
neurons. This in turn produces a depletion of mature spines with the characteristic adult-type, elaborate mushroom
morphology, which are believed to mediate increased synaptic efficacy such as observed in LTP B, In agreement with
these findings, chronic treatment with the synthetic cannabinoid agonist WIN 55212-2 (WIN) reduced spine density in the
nucleus accumbens (Nac) 24 h after the last injection B2. Spiga and collaborators 23124l also reported a decrease in spine
density in the Nac (core) after a 1 h withdrawal period.

Activation of CBR1 in hippocampal neurons elicits a decrease in presynaptic F-actin and other cytoskeletal proteins,
including ARPC2 and WASF1/WAVE1 that correlate with morphological changes (e.g., reduction in bouton size) 3, as



seen at the postsynapse.

4. Cholinergic Signaling Contribution to Glutamatergic Receptor
Compartmentalization

Crosstalk between the dopaminergic and glutamatergic systems enables them to initiate and organize normal behavior
[36] NMDARSs can act as a scaffold to recruit laterally diffusing dopamine D1 receptors (D1Rs) to spines. The activation of
these NMDARSs alters the topography and movement of D1Rs by trapping them in dendritic spines 4. D1Rs selectively
interact with the NR1 subunit of the NMDAR through its C-terminal tail to form dimeric hetero-complexes. Induction of LTP
in the striatum requires activation of D1Rs since antagonizing these receptors blocks NMDAR-dependent LTP; while in
the cortex, working memory is altered by this antagonism 28391491 Activation of D1Rs via DA release, caused e.g., by
cholinergic signaling activation, can then recruit DIR-NMDAR complexes in a regulated manner (411,

Cholinergic signaling pathways thus contribute to sub-compartmentalize glutamatergic neurotransmission, spatially
restricting its sphere of action. More generally, the ubiquitous distribution of nicotinic receptors in brain enables them to
regulate many important high-level cognitive functions such as attention, working memory, learning processes 42,
cognitive flexibility ¥ and social interactions “4l. They are also involved in addiction and dependence 451461,

| 5. Cannabinoids and Nicotinic Receptors

In the activated spine, Ca2* entry through postsynaptic a7 nAChRs 4 or NMDA receptors and/or voltage-gated Ca?*
channels 481 can promote the activation of multiple signaling pathways with specific spatio-temporal patterns that
orchestrate and regulate different aspects of cytoskeletal dynamics in the stimulated spines. Within the spine, Ca?* binds
to calmodulin (CaM), a Ca®'-binding protein which subsequently activates Ca?'/CaM-dependent kinases and
phosphatases such as CaMKII and calcineurin 4259 CaMKII activates small GTPases and these in turn further modulate
several downstream kinases 2] that have the ability to activate many ABPs, including Cofilin and Arp2/3, two proteins that
play essential roles in actin remodeling B3 Thus cannabinoids, through racl/WAVE 1 modulation and a7 nAChR
activation, contribute to actin structural remodeling of dendritic spines. Whereas activation of Rac1/WAVE1 induces a
depletion of mushroom type spines, a7 nAChR activation contributes to the formation and maturation of dendritic spines
(Figure 1).

| 6. Importance of Lipids in Dendritic Spine Compartmentalization

At the synapse, cholesterol interacts with several neurotransmitter receptors through consensus linear binding sequences
like the so-called cholesterol recognition/interaction amino acid consensus motifs (CRAC and its mirror image CARC 4],
These consensus domains have been proposed to facilitate membrane protein incorporation into cholesterol-rich domains
in a great variety of membrane proteins, including the superfamily of pentameric ligand-gated ion channels (pLGICs) and
the superfamily of G-protein coupled receptors (GPCRs). The prototypic LGIC, the nAChR, exhibits a CRAC motif
adjacent to the transmembrane helix M1, and a CARC sequence on the M4-facing surface of M1 adjacent to one of the
proposed cholesterol-binding cavities 241551 | ikewise, the transmembrane helix 7 of human cannabinoid receptor 1
(CBR1) displays a CRAC sequence 8. A cholesterol molecule was recently identified in a crystal structure B2 and a cryo-
electron microscopy (EM) structure 28l of the CBR1.

Sphingolipids participate as plasma membrane lipids and signaling molecules such as ceramide, sphingosine, and
sphingosine-1-phosphate that are produced after the metabolism of plasma membrane sphingolipids B2, Among
sphingolipids, sphingomyelins are enriched in brain membranes. The elimination of dendritic spines upon reduction of
cholesterol and sphingomyelin levels was described almost 20 years ago £, highlighting the importance of these lipids
for neuronal communication. Ceramide promotes spine maturation by contributing to the transformation of dendritic
filopodia to mature spines 611,

Phosphoinositides (PIPs) are important players in postsynaptic excitability since they have an exceptional high rate of
metabolic turnover and compartmentalization €2, There are multiple enzymes at dendritic spines that interconvert
different PIPs contributing to the dynamic role of lipids in the plasma membrane. Phosphatidylinositol (4,5) diphosphate
(PIP2) is converted to phosphatidylinositol (3,4,5) triphosphate (PIP3) by phosphatidylinositol-4,5-bisphosphate 3-kinase.
PIP3 content at the spines is higher than that in dendritic shafts under basal conditions. Furthermore, upon glutamate
stimulation PIP3 redistributes contributing to the formation of fine spinules projecting from spines [E3l841. Additionally, PIP3,
because of its capacity regulate the activity of multiple Rho GTPase effectors €2, has also been implicated in the
interaction of membrane-cytoskeleton crosstalk at spines, and is able to regulate the Akt-mTOR pathway to participate in



dendritic spine morphogenesis B8I67 The PIP2-clustering molecule myristoylated alanine-rich C kinase substrate
(MARCKS) reversibly sequesters PIP2 on the plasma membrane, upon local increases in intracellular calcium (€81,
MARCKSs contributes to spine morphogenesis by promoting the transition from immature dendritic spines to larger and
more stable mushroom-shaped spines by controlling actin cytoskeleton 2. Moreover, association of MARCKS to
cholesterol at the membrane is necessary for its ability to crosslink F-actin B2, In addition, PIP3 contributes to the
accumulation of PSD-95 at spines whereas conversion of PIP2 by phospholipase C favors synaptic actin
depolymerization and PSD-95 degradation, thus contributing to spine remodeling 9.

Among other factors, actin dynamics is modulated by membrane lipids. A reduction in membrane cholesterol levels
produces a rapid collapse of spine morphological integrity associated with redistribution of F-actin from the spine proper to
the dendritic shaft 9. Sphingolipids also play a relevant role in the spine plasma membrane-actin cytoskeleton crosstalk.
Sphingomyelins modulate membrane binding and activity of the Rho GTPases, key regulators of the actin cytoskeleton in
the synapse. Accumulation of sphingomyelins at postsynaptic membranes, as observed in a Niemann-Pick disease type A
mouse model defective in acid sphingomyelinase, induces a reduction of metabotropic glutamate receptors that impairs
the membrane attachment of RhoA and its effectors ROCK (RhoA kinase) and profilin lla. This impairment results in the
diminution of F-actin content, ultimately reducing spine number and size [Z1l. The conversion of sphingomyelin to ceramide
at the plasma membrane is catalyzed by neutral sphingomyelinase-2 Z2. This enzyme can, in turn, modulate spine actin
cytoskeleton. Activation of the neutral sphingomyelinase restores F-actin content of dendritic spines by enhancing the
RhoA pathway in mice defective of the acid sphingomyelinase, which present high sphingomyelin synaptic levels Z1,
Conversely, inhibition of the sphingomyelinase decreases the abnormally high levels of F-actin in spines of neurons in
mice lacking Wiskott—Aldrich syndrome protein interacting protein (WIP) 23 Thus, through various protein and lipid
interactions, actin promotes compartmentalization of the plasma membrane and has an important role in the modulation of
neuronal strength.

Impact of the Lipid Microenvironment on nAChRs and CBRs

The best documented example of the influence that the lipid microenvironment and cholesterol exert on the topography
and function of a neurotransmitter receptor is provided by the paradigm rapid LGIC, the nAChR (see reviews in Z4I[Z5)),
Changes in cholesterol levels alter the translational mobility of the receptor in the plane of the plasma membrane, as
measured by fluorescence recovery after photobleaching and fluorescence correlation spectroscopy 28 and single-
molecule localization microscopy A8, Cell-surface trafficking of NAChRs is dependent on cholesterol metabolism 2189,
Pharmacological long-term inhibition of cholesterol biosynthesis by the statin lovastatin differentially augments cell-surface
levels of 042 and a7 nAChRs in neurites and soma of rat hippocampal neurons B9, Misbalances in brain cholesterol
homeostasis affect cholinergic signaling involving a4f32 and a7 nAChRs and indirectly impact on the number and
distribution of other neuroreceptors at dendritic spines, with important consequences for brain function. Sphingolipids are
also necessary for NAChR export in the early secretory pathways B, Thus, any modification in sphingolipid levels will
impact on nAChR expression.

7. Contribution of Actin Dynamics to the Compartmentalization of the
Dendritic Spine

The eukaryotic plasma membrane is connected to the intracellular milieu via many adapter proteins €2, The plasma
membrane domains are associated with intracellular structures, and the submembrane cytoskeletal meshwork is one of
the important elements that regulate cell mechanics and morphology, contributing to delimiting the extension of membrane
domains. The actin cytoskeleton modulates plasma membrane dynamics and introduces barriers to the diffusion of
membrane proteins, with the formation of micrometer-sized corrals and smaller domains where membrane proteins can
experience anomalous diffusion [B3IB4I85IIEE] These actin meshwork-driven compartments play an important role in the
dendritic spine. For instance, disruption of PDZ-containing scaffolds (PDZ domains are protein—protein interaction
modules that recognize specific C-terminal sequences) or of actin filaments in chick ciliary ganglion neurons has been
shown to increase the mobility of a7 nAChRs 84, In contrast, making the sub-membrane cortical actin network more
stable by cholesterol depletion 8 reduces receptor mobility. Cholesterol depletion diminishes nAChR mobility at the cell
surface; mobility can be partially restored upon treatment with Latrunculin A 28],

Actin polymerization and depolymerization dynamics are active modifiers of presynaptic morphology, with important
functional implications B9 Thus, the actin cytoskeleton provides the adequate scaffold for synaptic vesicles and the
active zone 81192 Changes in the size of presynaptic terminals have been correlated with the postsynaptic response 93!
(941195 5nd thus with synapse strength [9296IS7II98] At the postsynapse, actin filament dynamics provide a framework for
the formation of transient protrusions and modifications of dendritic spine morphology by interacting with a variety of actin-



binding proteins (ABPs) 2. These ABPs are important in actin dynamics, including actin polymerization-depolymerization,
nucleation, branching, capping, cross-linking and trafficking 199,

8. Nanodomain Cluster Organization Emerges as a Common Organizing
Principle at CNS Synapses

Neuronal activity regulates receptor fluxes at the PSD through the interaction of receptors with scaffolding molecules and
lipids 20U The PSD scaffolding proteins are distributed heterogeneously and form nanodomains within the synapses,
termed sub-synaptic domains (SSD) 292, The characteristic output of LTP induction, spine enlargement, is paralleled by
the increase in the number of PSD-95 (an SSD-resident protein) copies 193! This augmentation in PSD-95 biosynthesis
occurs within hours of LTP induction 1041,

During development, proteins organized in nanoclusters at the pre- and postsynapse control the differentiation of the
dendritic spine. The cholesterol-binding protein TSPAN5, which belongs to the tetraspanin superfamily, is localized
postsynaptically in pyramidal excitatory neurons, and is the master controller of spine maturation. Control is exerted by
promoting the clustering of the postsynaptic molecule neuroligin-1 at the spine surface 2251 which in turn recognizes and
binds to presynaptic neurexins. TSPAN5 knockout mice have an extremely low number of spines, reinforcing the view that
this tetraspanin plays a key role in excitatory synapse maturation.

At excitatory glutamatergic synapses, the lateral exchange of receptors between extrasynaptic and synaptic areas is
responsible for neuronal plasticity LOUIOGII07] |n the CNS, endocytosis occurs predominantly, if not exclusively, in
extrasynaptic areas [L08IL09N1I01 and hence receptors have to diffuse out of the PSD to be internalized 14, In turn,
mobilization of receptors from the spine shaft to the PSD partly depends on the morphology of the spine. As the spine
neck diameter diminishes, it is energetically and mechanically more costly to transport endosomal vesicles from the ER
outposts in the dendrite to the PSD through the spine actin meshwork 22, Dendritic ER and Golgi outposts are well
documented in rodent hippocampal neurons, particularly at dendritic branching points 213 and high-pressure freezing
fixation (without chemical fixation) combined with transmission electron microscopy has revealed smooth ER and Golgi
outposts inside dendritic spines 124! (Figure 4).
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Figure 4. Diagrammatic depiction of dendritic spine remodeling during synaptic plasticity and associated neurotransmitter
receptor clustering in nanodomains. (A) remodeling of the submembrane actin meshwork and incorporation of newly
synthesized/laterally diffusing receptors from non-active areas of the spine head and neck into the PSD area, thereby
increasing neurotransmitter receptor number at the site of contact with presynaptic boutons. At the crest of the spine
receptors become entrapped by actin corrals, which might also present a lipid composition distinct from the bulk lipid
bilayer. Golgi outpost in the dendrite and satellite Golgi outposts are found in the spine head, as well as smooth ER
outposts. (B) Top view of the PSD. NMDARs (blue) are predominantly located at the center of the PSD in a single
nanocluster, whereas AMPARs (red) are segregated into several hanodomains (sub-synaptic domains, SSD) surrounding
the central NMDAR nanodomain. In contrast, mGIuR5 (yellow) are aggregated into small clusters or homogeneously
distributed at the PSD.

| 9. Concluding Remarks

Compartmentalization provides the plasma membrane with discrete 2-D platforms where biochemical reactions or
signaling mechanisms can be simultaneously executed with maximal efficacy, without interference from competing
processes. The dendritic spine, a highly differentiated subcellar compartment distinct from the rest of the neuronal
membrane, maximizes its operational capacity by incorporating nanodomain compartments at its surface. One of the
mechanisms exploited by the dendritic spine to parcel out its cell-surface membrane is through the formation of reversible



biological barriers via the actin meshwork. This sub-membrane network dynamically interacts with the plasmalemma,

creating barriers that transiently hinder protein translational diffusion, thereby secluding molecules from the rest of the

bilayer and transiently retaining them in nanodomain compartments.

Advances in the field of dendritic spine compartmentalization should provide important clues about the mechanisms

involved in the regulation and function of neurotransmitter receptors and their interplay with scaffolding proteins, lipids,

and enzymes at brain synapses in health and disease.
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