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The dynamic modulation of receptor diffusion-trapping at inhibitory synapses is crucial to synaptic transmission, stability, and plasticity. In this review article, we will outline the progression of understanding of receptor diffusion dynamics at the plasma membrane. We will discuss how regulation of reversible trapping of receptor-scaffold interactions in combination with theoretical modeling approaches can be used to quantify these chemical interactions at the postsynapse of living cells.
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INTRODUCTION

Synaptic organization is a dynamic multiscale process in neuronal cell networks. The role of receptor diffusion-trapping in the plasma membrane is now understood to be a molecular mechanism resulting from chemical interactions and is crucial for synapse formation, stability, and plasticity in neurons.

The fluid mosaic model postulated by Singer and Nicolson (1972) reflects the thermodynamics and interactions of the individual components which have a critical role in the composition and organization of biological membranes. This idea was further enforced when, in 1974, the receptor protein rhodopsin was shown to be in constant motion in the lipid bilayer (Poo and Cone, 1974). Beside molecular turnover, it became obvious that synaptic molecular components were dynamic, enabling activity-dependent regulation of synaptic functions. The importance of molecular turnover at the synapse, as a regulator of synaptic strength and memory, was suggested by Crick (1984). Crick noted that the individual molecular components of the synapse were subject to characteristic times of turnover shorter than that of memory. Crick postulated that post-translational modifications of the molecules at the synapse could explain a longer-term persistent state of synaptic strength contributing to memory, despite a molecular turnover within days. Since then, there has been a concentrated effort into uncoupling membrane composition, diffusion dynamics and activity-dependent synaptic regulation with long-term structural stability.

This review will focus on the recent advances in our understanding of molecule dynamics in inhibitory synapses, covering technological advancements that have enabled probing of receptor and scaffold protein dynamics, organization and regulation.



RECEPTOR DIFFUSION-TRAPPING DYNAMICS IN THE INHIBITORY SYNAPSE


Membrane Receptor Insertion

Underlying fundamental processes controlling synaptic receptor delivery and removal, and the implications of these in synaptic strength have been of intense interest over the last 20 years. It was previously known that regulation of receptor number at the post synapse influenced plasticity at both excitatory and inhibitory synapses (e.g., Nusser et al., 1998; Hayashi et al., 2000; reviewed in Turrigiano, 2000). It was originally postulated that the dynamic turnover was driven exclusively by endocytosis and exocytosis of receptors and scaffold molecules to the membrane following de novo receptor synthesis or recycling. GABAA receptor (GABAAR) exocytosis and endocytosis via a clathrin-mediated pathway demonstrated exchange between the surface and intracellular compartments of the synapse (Kittler et al., 2000). Further, it was shown glycine receptor (GlyR) exocytosis occurred predominantly at extrasynaptic sites in the cell body and initial portion of dendrites in spinal cord neurons, and that this exocytosis was not directed or synapse-specific (Rosenberg et al., 2001). GABAAR exocytosis was also shown to be extrasynaptic followed by recruitment to synapses via lateral diffusion in the membrane in hippocampal neurons (Thomas et al., 2005; Bogdanov et al., 2006). Studies of excitatory synapses have showed AMPAR GluR1 subunits are initially inserted at extrasynaptic sites, whereas the GluR2 subunit is inserted in spines closer to synapses (Passafaro et al., 2001) and thus subunit specificity may further regulate receptor delivery. Further, in hippocampal pyramidal neurons, AMPARs were shown to enter spines preferentially following membrane insertion in the adjoining dendritic shaft (Yudowski et al., 2007). The balance of exocytosis and endocytosis regulates the number of postsynaptic receptors and has long been regarded as the main cellular mechanism underlying long-term potentiation (LTP) and long-term depression (LTD) (Mammen et al., 1997; Nishimune et al., 1998; Lüthi et al., 1999; Song and Huganir, 2002; Park et al., 2004; Tanaka and Hirano, 2012; Fujii et al., 2018).



Membrane Receptor Diffusion

However, in addition to receptor exocytosis and endocytosis, lateral receptor diffusion and trapping within the postsynaptic membrane has since been established as a key mediator of synaptic strength and plasticity. In 2001, Meier et al. (2001) demonstrated the lateral diffusion of the GlyR at the cell surface via the use of 500 nm latex beads. Additionally, they confirmed GlyR diffusion alternated between diffusive and confined states, with confinement spatially associated with the scaffold protein gephyrin. This led them to propose a dynamic equilibrium between pools of stabilized and freely mobile receptors (Figure 1). This lateral diffusion was then directly demonstrated via the tracking of quantum dots (QDs) bound to surface GlyRs (Dahan et al., 2003). This lateral movement from extrasynaptic pools and switching from free to confined Brownian motion has since been generalized for most neurotransmitter receptors (Thomas et al., 2005; Bogdanov et al., 2006; Pooler and McIlhinney, 2007; Lévi et al., 2008; Bannai et al., 2009; Choquet, 2010; Renner et al., 2017). Differences in diffusion of receptors at extrasynaptic and synaptic sites vary up to 10-fold, as shown for the GABAAR (Bannai et al., 2009; de Luca et al., 2017; Hannan et al., 2019) and the GlyR (Dahan et al., 2003; Lévi et al., 2008; Calamai et al., 2009). The characteristic time for receptor exchange by lateral receptor movement is much faster than that related to receptor recycling from internal stores or de novo receptor synthesis (Renner et al., 2008).
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FIGURE 1. Inhibitory receptor diffusion-trapping. (1) Overview schematic of pre- and postsynaptic inhibitory neuronal membranes, exocytosis, and lateral diffusion. (2) The dynamic equilibrium between stabilized and freely mobile receptors, at the synapse and extrasynaptically, respectively. (3) Receptor diffusion-trapping depends not only on chemical interactions with synaptic components but also on non-specific obstacles, such as lipid rafts, leading to molecular crowding. (4) Activity regulation of receptor mobility can affect post-translational modifications of receptors and scaffold proteins and subsequently their immobilization at synapses. Exchange of receptors between synapses can fine-tune network activity.





Multiple Factors Influence Receptor Diffusion

At the postsynaptic membrane, there are multiple aspects that may influence receptor lateral diffusion. The transient trapping at synapses of laterally diffusing molecules can result from interactions of receptors with other proteins at the membrane such as scaffold molecules, acting as diffusion traps, or from non-specific obstacles, such as molecular crowding, lipid composition and the sub-membrane cytoskeleton (Figure 1).

Interaction of receptors with scaffold molecules represents one of the primary effectors of synaptic diffusion. At the inhibitory synapse, gephyrin interactions have been analyzed for their influence on GABAAR (e.g., Jacob et al., 2005; Petrini et al., 2014) and GlyR (e.g., Meier et al., 2001; Meier and Grantyn, 2004) mobility. GlyRs and GABAARs diffuse far more freely at extrasynaptic sites than when confined in inhibitory synapses at gephyrin clusters. Specifically, gephyrin interaction with receptors at synapses causes transient receptor retention (Meier et al., 2001; Dahan et al., 2003; Calamai et al., 2009; Specht et al., 2011). Furthermore, the binding of the GABAAR to gephyrin and subsequent increased dwell time of GABAAR at gephyrin-positive synaptic sites affected the synaptic strength of inhibition (Mukherjee et al., 2011). A comparable decrease in diffusion of metabotropic- and AMPA-type glutamate receptors upon binding to their respective scaffold molecules has also been observed (Borgdorff and Choquet, 2002; Sergé et al., 2002).

Competition between receptors, including their subunit composition, may further regulate lateral movement and accumulation into synapses. Lateral diffusion of GABAARs containing α5 or α2 subunits were reported to be modulated by GABABRs for binding to scaffold proteins (Gerrow and Triller, 2014). It was recently shown that GABAARs comprised of different subunit combinations have variable diffusion and synaptic retention rates (Hannan et al., 2019). Additional regulation of receptor diffusion may hence be inferred through subunit-specific regulations, leading to coordinated molecular and functional specificity. Likewise, different diffusion properties arise from contrasting affinities of GABAAR and GlyR subunits for gephyrin (Tretter et al., 2008; Maric et al., 2011; Kowalczyk et al., 2013). Finally, the multivalency of the gephyrin scaffold network is also likely to further regulate the molecular organization and diffusion of receptors at the membrane (Specht et al., 2013).

Physical barriers such as cholesterol, phospholipids, other receptors and the cytoskeleton can also regulate the diffusion-trap mechanism. The physical properties of the plasma membrane, including surface geometry, curvature and viscosity determine the flux of receptors (for review, see Marguet et al., 2006). Lipid raft domains can reduce lateral mobility of receptors (Allen et al., 2007), while cholesterol depletion affects apparent membrane viscosity and subsequently receptor diffusion properties (Renner et al., 2009). Thus controlling membrane lipid composition, including cholesterol, can have consequences on molecular flow in and out of the postsynapse. Furthermore, phospholipids within the membrane themselves can act as local messengers in neurotransmission (García-Morales et al., 2015). The tuning of GlyR lateral diffusion has been shown at synaptic and extrasynaptic sites upon F-actin and microtubule disruption respectively (Charrier et al., 2006). Increased lateral diffusion upon dissociation of GABAARs from their actin anchor, radixin, lead to increased synaptic expression (Loebrich et al., 2006; Hausrat et al., 2015). Additionally, gephyrin interacts with actin filaments via several proteins including profilin, Mena/Vasp (Mammoto et al., 1998; Giesemann et al., 2003). Thus the regulation of scaffold trafficking by the cytoskeleton can also affect receptor lateral diffusion and synapse accumulation. Furthermore, activity-dependent extracellular matrix (ECM) modifications may also have structural and functional consequences on receptor lateral mobility (Dityatev et al., 2010). In fact, the secreted ECM molecule Reelin has been shown to regulate the surface distribution and diffusion of NMDA receptors in hippocampal neurons (Groc et al., 2007). The ECM protein thrombospondin-1 increased the lateral diffusion and endocytosis of AMPARs and increased synaptic accumulation of GlyRs in rat spinal cord neurons (Hennekinne et al., 2013). These effects on GlyRs are also dependent on increased excitation as well as the presence of β-1 integrins. Gephyrin clustering itself has been shown to be tuned by integrin-mediated interactions leading to GlyR trapping at the synapse (Charrier et al., 2010). Consequently, the presence of other trans-membrane proteins, in particular those involved in ECM binding such as integrins, can affect neurotransmitter diffusion and synaptic trapping.

Hence surface availability is governed by a combination of processes, such as receptor exocytosis, lateral mobility, diffusion-trapping, dynamic interactions with membrane components, molecular crowding.




ANALYZING RECEPTOR DIFFUSION DYNAMICS

Several approaches have been utilized with the aim of quantifying molecular-scale dynamics in cells. Single-molecule fluorescence imaging via low-density antibody labeling of GluR2-containing AMPARs enabled visualization of receptor entry and exit at synapses (Tardin et al., 2003). Advances in super-resolution imaging techniques, such as single-particle tracking (SPT) using QDs or coupled with photoactivated localization microscopy (PALM), or universal point accumulation for imaging in nanoscale topography (uPAINT) have enabled further analysis within synapses. uPAINT relies on the binding of fluorescently-labeled ligands or dye-coupled antibodies to the molecule of interest (Sharonov and Hochstrasser, 2006; Giannone et al., 2010). SPT using QDs relies on QD-conjugated antibodies, whereas sptPALM relies on endogenous expression of fluorescent proteins tagged to the target molecule. SPT and uPAINT techniques produce thousands of trajectories generating dense diffusion information with high spatiotemporal resolution. Although it depends on the length of the trajectories, this enables differentiation of active, confined or random movements. These movements can be followed on the cell surface and the landscape of the diffusion dynamics mapped. The most common parameters calculated from these techniques include the diffusion coefficient (D) reflecting the area explored and the mean squared displacement (MSD), the function (f(t)) of which, describes the diffusion behavior over time i.e., Brownian, confined or directed (e.g., Kusumi et al., 1993; Saxton and Jacobson, 1997). QDs bound to receptors and their diffusion provided the first direct demonstration that receptors enter and exit the postsynapse via lateral diffusion (Dahan et al., 2003). Although they blink, QD fluorescence is more stable than that of conventional fluorophores with an average size of ~10–15 nm (or bigger if one includes the binding components). Multiple exchanges of GlyRs between extrasynaptic and synaptic domains were observed, with free and confined states respectively. GlyRs were also tracked from one synaptic site to another 4–5 μm away demonstrating synaptic exchange by lateral diffusion of receptors. The D was ~0.1 μm2/s outside of the synapses, matching that expected for free Brownian diffusion in a lipid bilayer. The D then decreased to ~0.02 μm2/s (or lower) as it entered the synapse, corresponding to confined movement. QD tracking allows for relatively long acquisition times, yielding long trajectories where changes in diffusion properties can be mapped, however labeling density is low. In comparison, sptPALM, due to the fast bleaching of the fluorophores used, produces much shorter trajectories, but in far larger numbers. Thus, multiple-target tracing (MTT) has been employed to reconnect the single-molecule trajectories and extract their molecular dynamics (Sergé et al., 2008).

Recently, methods to analyze the movement of single molecule trajectories have been advanced with the aim to describe more accurately kinetics of individual interactions in native cell environments. Measuring the D of a whole trajectory does not take into account transient stabilizations via interactions with other molecules at given locations. Instead, the localized effective binding energy is more ideally suited to analyzing such biochemical interactions (Masson et al., 2014). Therefore, Masson et al. (2014) suggested an approach using Bayesian inference and overdamped Langevin equations to analyze the molecular motion. This generates an energy landscape which takes into account the heterogeneous diffusivity in the cell membrane. The depth of the energy trap is modulated by biochemical interactions between the receptor and scaffold proteins (Masson et al., 2014). This spatial cartography demonstrated that the presence of gephyrin clusters coincided with energy minima and hence was consistent with transient stabilization of receptors at synapses (El Beheiry et al., 2015). Consequently, the neuronal membrane has to be considered as a statistical field with constantly moving and transiently trapped molecules rather than formed by the juxtaposition of domains with fixed compositions. Using computer simulations and mathematical modeling, insight into molecular dynamics and the relationship between transient receptor trapping and local chemical reactions has been estimated. Moreover, using a Markovian approach, synaptic weight could be expressed as fluctuations in the number of bound receptors in the postsynapse (Holcman and Triller, 2006). Langevin equation models have enabled an analysis of molecular interactions of AMPARs (Hoze et al., 2012) and GlyRs (Masson et al., 2014; El Beheiry et al., 2015) in the postsynaptic membrane. Additionally, the geometrical effect of membrane curvature on the 2D projected stochastic trajectory of a molecule affects diffusion properties (Domanov et al., 2011; Renner et al., 2011). The introduction of another parameter different from MTT based tracking and reconnection, the packing coefficient (Pc), allows characterization of the movement of a given molecule along its trajectory, thus as a function of time, independently of its overall diffusivity (Renner et al., 2017). It can also be utilized to derivate the effective Kon and Koff of a receptor to its scaffold. A cooperative mesoscopic model of the reciprocal stabilization of synaptic receptors and scaffolding proteins allowed accounting for the synapse “stability” as a quasi-equilibrium (Sekimoto and Triller, 2009). Then, using an out-of-equilibrium model, it has been proposed that the size of the scaffold clusters can be explained by the aggregation of gephyrin proteins diffusing in the sub-membrane space whilst bound to the GlyR, balanced against membrane turnover “aggregation-removal model” (Ranft et al., 2017).

The combination of theoretical modeling with single-molecule experimental data can now provide a quantification of synapse receptor dynamics in relation to the chemical modulation of these dynamics in the live cell environment, thus the concept of “chemistry in-cellulo” (Salvatico et al., 2015). This mixed experimental and theoretical approach will enable comprehension of how the dynamic movement of receptors and their interactions with other proteins can lead to longer-term stabilizations as well as the chemical determinants of receptor number and synapse function.



ACTIVITY REGULATION OF INHIBITORY RECEPTOR DIFFUSION

Many studies in recent years have concentrated on molecular mechanisms of inhibitory neurotransmission and synaptic scaffold protein modification that influence the local interactions and diffusion events underlying synaptic plasticity. It is now established that receptor diffusion-trapping at synapses can be affected by neuronal activity (Figure 1). Increased mobility of QD-labeled GlyRs and GABAARs has been seen upon increased excitatory neuronal activity (Lévi et al., 2008; Bannai et al., 2009; Muir et al., 2010). Application of TTX to spinal cord neurons demonstrated reduced lateral diffusion of GlyR with an increase in receptor cluster number, but not for GABAARs (Lévi et al., 2008). However the same effect was not seen for GABAARs in hippocampal cells, instead, TTX application reduced GABAAR lateral diffusion by means of an NMDA-calcineurin-dependent mechanism (Bannai et al., 2009), suggesting cell type and receptor type plays an additional regulatory role. In fact the involvement of NMDARs in the exocytosis of GABAARs is CaMKII-dependent, and consequently potentiates inhibitory transmission (iLTP) (Marsden et al., 2007). It should be noted NMDAR-induced iLTP leads to a moderate intracellular calcium recruitment and activation of CaMKII (Lucchesi et al., 2011; Petrini et al., 2014). Conversely, iLTD via NMDARs and voltage-gated calcium channels leads to a massive increase in intracellular calcium and subsequent recruitment of calcineurin to inhibitory synapses (Bannai et al., 2009; Muir et al., 2010). These converging pathways constitute a fine-tuning of activity-dependent GABAAR diffusion dynamics and thus inhibition. More precisely, calcineurin-induced phosphorylation of GABAARs following NMDA activation confirmed the GABAAR dispersal with important implications for activity-dependent control of synaptic inhibition (Muir et al., 2010). Conversely, GABAAR cluster promotion at the postsynapse and enhanced GABAergic signaling via a metabotropic glutamate receptor-induced IP3 and PKC signaling pathway show spatiotemporal signaling patterns of calcium can fine-tune GABAAR availability (Bannai et al., 2015). As shown in spinal cord neurons, PKC also phosphorylates the GlyR β-subunit at residue S403 (Specht et al., 2011). Consequently cross talk and competition between GABAARs and GlyRs, at mixed GABA-Gly synapses in the spinal cord, adds an additional layer of complexity to the regulation of synaptic inhibition. Combining experimental work and theory it has been hypothesized that the long-term stability of synaptic cluster size obeys a dynamic equilibrium between the attraction of scaffold molecules to each other and the repulsion of receptor-receptor interactions (Haselwandter et al., 2011). Other synaptic components also impact these interactions. Upon chemical iLTP, GABAARs are immobilized at synapses following active gephyrin recruitment in hippocampal neurons, the mechanism of which requires phosphorylation of GABAAR-β3 by CaMKIIα (Petrini et al., 2014). Whilst gephyrin plays a critical role in GABAAR membrane clustering, gephyrin-independent mechanisms of GABAAR stabilization also exist. Following sustained excitatory activity GABAAR mobility and clustering was shown to be independent of gephyrin clustering in hippocampal neurons (Niwa et al., 2012). More recently, QD-SPT combined with optogenetics to control calcium flow with high temporal precision showed inter-synaptic lateral diffusion of GABAARs in a desensitized state in hippocampal neurons (de Luca et al., 2017). Synapses were typically 2–4 μm apart, with intersynaptic diffusion occurring in ~15% trajectories at a D of 0.07 μm2S−1. Further, they showed that glutamatergic activity limits this inter-synaptic diffusion via trapping GABAARs at excitatory synapses. They suggested this might present a mechanism by which a memory of recent activation is transmitted to neighboring synapses. In addition to regulation of inhibitory synaptic receptors via direct neuronal activity, microglia have also been implicated in receptor dynamics. Prostaglandin E2 from microglia was recently shown to regulate GlyR diffusion dynamics and synaptic trapping but not GABAergic synapses (Cantaut-Belarif et al., 2017). Importantly, this demonstrated that microglia could regulate the plasticity of glycinergic synapses by tuning GlyR diffusion-trapping. Hence diffusion-trapping is not a cell-autonomous event. Additional fine-tuning of receptor diffusion dynamics may further occur in certain inflammatory states.

Recent work into the organization within synaptic clusters of receptor proteins and scaffold molecules have revealed the existence of subsynaptic domains in both excitatory (e.g., MacGillavry et al., 2013; Nair et al., 2013) and inhibitory (e.g., Specht et al., 2013; Crosby et al., 2019) synapses. In spinal cord neurons the stoichiometry of gephyrin to GlyR binding sites was estimated to be approximately 1:1 (Specht et al., 2013). Incorporating super-resolution microscopy and model simulations, gephyrin stabilization in nano-domains was visualized upon iLTP which in turn stabilized the number of GABAARs in mouse hippocampal neurons (Pennacchietti et al., 2017). In a separate study, QD-SPT of GABAAR diffusion in rat hippocampal neurons showed GSK-3β and ERK1/2 differentially altered the gephyrin scaffold mesh, which as a result affected GABAAR surface dynamics (Battaglia et al., 2018). They found that gephyrin microdomain compaction was regulated by phosphorylation in an activity-dependent way. Future work into this nano-organization and its control on intrasynaptic diffusion will allow understanding of long-term synaptic stability and GABAAR/GlyR competition at inhibitory synapses.



FUNCTIONAL CONSEQUENCES OF DIFFUSION REGULATION

Diffusion trapping of receptors at synapses tunes receptor number, hence regulating neuronal activity with functional consequences on synaptic plasticity (Choquet and Triller, 2013; Petrini and Barberis, 2014). Plasticity associated changes in lateral mobility have been shown in inhibitory (e.g., Bannai et al., 2009; Petrini et al., 2014) and excitatory synapses (e.g., Ehlers et al., 2007; Makino and Malinow, 2009). In one such example, tracking surface GABAARs on cultured hippocampal neurons during chemical iLTP showed synaptic recruitment of gephyrin from extrasynaptic regions was promoted by CamKII-dependent phosphorylation of GABAAR-β3 at Ser838 (Petrini et al., 2014). Further, they showed that impairment of gephyrin assembly prevented chemical iLTP with an associated decrease in GABAAR immobilization at synapses. Concurrently, changes in the exocytosis of inhibitory receptors can also occur upon neuronal activation, but over slower time courses (Marsden et al., 2007). This activity-dependent plasticity is hence determined by diffusion of the molecular synaptic components and the underlying mechanisms that regulate receptor availability across multi-time scales.

The link between lateral diffusion of receptors and their confinement at synapses with behavior is not yet understood. However, one mechanism has recently been described, linking RhoA/ROCK activity-dependent phosphorylation of radixin which in turn uncouples GABAAR-α5 from extrasynaptic sites enabling their enrichment at synapses (Hausrat et al., 2015). This radixin phosphorylation was shown to occur in wild-type mice during short-term memory and reversal learning. In excitatory synapses, interfering with AMPAR surface diffusion impaired synaptic potentiation of Schaffer collaterals and commissural inputs to the CA1 of the mouse hippocampus in cultured slices and in vivo (Penn et al., 2017). Moreover, they showed AMPAR immobilization in the hippocampus in vivo inhibited fear conditioning. Thus, lateral diffusion of receptors and their temporal confinement at both excitatory and inhibitory synapses is likely to be a fundamental mechanism involved in learning and memory.

Affecting local and network-wide activity, diffusion dynamics may be implicated in certain neuropathologies. Benzodiazepines (BZDs) are widely used to treat many neurological and psychiatric diseases. It is now thought that in addition to their effects on receptor gating, membrane dynamics are also affected. SPT experiments of GABAARs in mouse hippocampal neurons upon addition of the GABAAR agonist muscimol showed accelerated GABAAR diffusion, which was subsequently abolished upon addition of the BZD agonist diazepam (Gouzer et al., 2014). Using SPT in hippocampal neurons, diazepam was shown to increase synaptic stabilization and clustering of GABAARs and decreased their lateral diffusion upon sustained neuronal activity but not at rest (Gouzer et al., 2014; Lévi et al., 2015). Acute estradiol treatment has also been demonstrated to decrease the confinement of GABAARs, reducing their dwell time in synaptic compartments and increasing the D at extrasynaptic sites (Mukherjee et al., 2017). These results have a direct impact on the design of therapeutic compounds for diseases arising from dysregulation of inhibition.



CONCLUSIONS AND PERSPECTIVES

The plasma membrane is dynamic and trans-membrane molecules such as receptors diffuse laterally. These processes provide mechanisms for regulation of receptor number at synapses and thus function and plasticity. Recent results have isolated various pathways involved in receptor diffusion control, however, there are many important questions still to be answered. The contribution of receptor dynamics in synapse development, maturation, and refinement in both health and disease is yet to be fully explored. The interplay of GABAAR and GlyR competition within inhibitory synapses in different brain regions, alongside distance and distribution of inhibitory and excitatory receptors is likely to underpin activity-dependent modification of synapse strength.

Whilst there have been huge technological advancements over a relatively short period of time, there remains inherent limitations in the currently used techniques for analyzing lateral membrane diffusion. QDs are a popular choice due to their photostability, bright fluorescence, long trajectories and ability to multiplex (Cutler et al., 2013; Kakizuka et al., 2016; Renner et al., 2017). However, their large size complexed with antibodies can sterically hinder lateral mobility (Abraham et al., 2017) and low-density labeling strategies mean only a fraction of the molecules are probed. The use of sptPALM enables direct genetic tagging of target molecules with a fluorescent protein, either by lentiviral expression or knock-in animal models, allowing tracking of all target molecules and analysis of endogenous molecule copy number (Lee et al., 2012; Specht et al., 2013). However incorrect protein folding and targeted degradation of the fluorescent protein-target complex can occur (Tanudji et al., 2002; Stepanenko et al., 2013; Guo et al., 2014) and trajectories are shorter than those of QDs. uPAINT relies on binding of high affinity fluorescently tagged antibodies or ligands to the target (Giannone et al., 2010). The main drawback of this technique is the saturation of the target with bleached ligands. Future technical developments will include the manipulation of fluorescent proteins and organic probes to be smaller and brighter, improvements in microscope set-ups to track multiple proteins simultaneously, improved resolution in 3D imaging and tracking, and use of brain slices and in vivo set-ups will provide additional comprehension of diffusion dynamics within a biologically relevant microenvironment.
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