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Abstract. The ability to count molecules is essential to elucidating cellular mechanisms, as these often depend
on the absolute numbers and concentrations of molecules within specific compartments. Such is the case at
chemical synapses, where the transmission of information from presynaptic to postsynaptic terminals requires
complex interactions between small sets of molecules. Be it the subunit stoichiometry specifying neurotrans-
mitter receptor properties, the copy numbers of scaffold proteins setting the limit of receptor accumulation at
synapses, or protein packing densities shaping the molecular organization and plasticity of the postsynaptic
density, all of these depend on exact quantities of components. A variety of proteomic, electrophysiological,
and quantitative imaging techniques have yielded insights into the molecular composition of synaptic complexes.
In this review, we compare the different quantitative approaches and consider the potential of single molecule
imaging techniques for the quantification of synaptic components. We also discuss specific neurobiological data
to contextualize the obtained numbers and to explain how they aid our understanding of synaptic structure and
function. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.NPh.3.4.041805]
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1 Introduction: Quantitative Neurobiology
The transmission of signals across chemical synapses entails a
precise sequence of events. Neurotransmitters released from the
presynaptic terminal into the synaptic cleft activate neurotrans-
mitter receptors in the postsynaptic membrane, thus giving rise
to ion fluxes and triggering complex signaling processes in the
receiving neuron (Fig. 1). Each of these steps is strongly depen-
dent on the numbers of molecules that are implicated. This is
because the rates of molecular interactions are determined by
the effective concentration of the reactants. Molecule numbers
at individual synapses are relatively small and highly variable,
meaning that the strength of synaptic transmission is equally
variable and shaped by stochastic events.1 For example, the
absolute number of glutamate receptors at excitatory synapses
may vary considerably between zero and more than 100,
depending on the activity state of the synapse (reviewed in
Ref. 2). Neurotransmitter receptors accumulate in the synaptic
membrane through molecular interactions with specific scaffold
proteins in the postsynaptic density (PSD). With up to several
hundred copies, the scaffold proteins generally outnumber the
bound receptor complexes. This excess of binding sites results
from a dynamic equilibrium between receptors and scaffold pro-
teins according to their binding properties, where changes in
affinity can tune receptor numbers and induce synaptic plastic-
ity. Correlated changes at presynaptic and postsynaptic termi-
nals indicate that the relative amounts of some synaptic
components are closely coregulated,3 whereas homeostatic
mechanisms show that protein levels can be maintained in

absolute terms also.4 In short, protein numbers are essential
to formulate reaction processes among interacting molecules
at synapses.

Numbers are equally relevant at the level of individual func-
tional protein complexes. Ligand-gated ion channels are stoi-
chiometric assemblies of several subunits that confer specific
properties to receptor subtypes. N-methyl-D-aspartate receptors
(NMDARs), for instance, are heterotetramers composed of two
GluN1 subunits along with two GluN2A-D and/or GluN3A/B
subunits.5 GluN2A and GluN2C-containing receptors display
very different decay kinetics and blockage by Mg2þ ions and
are deployed in a cell-type specific manner.6 The same is
true for other ionotropic channels such as the pentameric γ-ami-
nobutyric acid A receptor (GABAAR), whose function, pharma-
cology and cellular localization depends on the combination of
19 different subunits. For example, GABAARs containing sub-
unit α5 preferentially localize at extrasynaptic radixin clusters,7

thereby contributing predominantly to tonic inhibition.8 Other
subunits target GABAARs to inhibitory synapses, where they
compete with glycine receptors (GlyRs) for binding sites in
the postsynaptic scaffold.9

The importance of quantitative neurobiology thus lies in its
capacity to explain the function and behavior of proteins and
to build realistic models of complex processes. For decades,
tools have been developed to determine absolute numbers
and stoichiometries, including quantitative molecular biology
and proteomics, electrophysiological recordings and electron
microscopy (EM), as well as strategies based on calibrated fluo-
rescence imaging. Even though all of these techniques have spe-
cific strengths, single molecule localization microscopy
(SMLM) has a unique potential to gain quantitative information
about several molecule species at behaving synapses at once.
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Single molecule counting can, therefore, provide new insights
into the functioning of synapses that are not easily obtained
with earlier methods.

2 Absolute and Relative Proteomic
Quantification of Synaptic Components

In 1982, Betz and colleagues10 purified GlyRs from rat spinal
cord tissue. Sodium-dodecyl sulfate polyacrylamide gel electro-
phoresis and silver staining of the isolated receptors identified
bands of 48, 58, and 93 kDa that were thought to represent dif-
ferent subunits of the GlyR complex. It was found later that they
correspond to the GlyR subunits α1 and β and the inhibitory
synaptic scaffold protein gephyrin, respectively.11 Chemical
crosslinking finally revealed that GlyRs are in fact heteropenta-
meric complexes composed of α and β subunits with a putative
α3β2 stoichiometry.12 These studies exemplify the usefulness of
classical molecular biological techniques for bulk protein quan-
tification. X-ray crystallography has since demonstrated that the
pentameric structure is common to other ligand-gated ion chan-
nels such as theGABAARs and nicotinic acetylcholine receptors
(nAChRs) and has important implications for the pharmacologi-
cal profile of this receptor family.13

On a larger scale, a variety of proteomic strategies have been
developed for the quantification of neuronal proteins in complex
samples.14 These methods generally require the purification of
enriched fractions from intact tissue (e.g., PSDs, synaptosomes,
membrane fractions, or synaptic vesicles), followed by enzy-
matic cleavage of the proteins, the fractionation of peptide sam-
ples and mass spectrometric (MS) analysis. Accurate profiling
of peptide levels can be done using isobaric tags such as the
multiplex isobaric tagging for relative and absolute quantifica-
tion (iTRAQ) reagents that can be used for differential labeling
of up to eight samples. The MS spectra of the combined samples
reveal not only the peptide sequence but also the relative
amounts of the peptides in the different samples. Making use
of this approach, activity-dependent changes of about 900 syn-
aptic proteins were measured at four time points (0, 10, 20, and
60 min) after intraperitoneal injection of pilocarpine.15 This
showed that functionally related proteins such as various gluta-
mate receptor subunits and scaffold proteins (e.g., GluA1-3,
GluN1/2A/2B, PSD-95, and Shank1) are coregulated, pointing
to the existence of core complexes within the PSD whose com-
ponents act in concert to regulate synaptic activity.

For the absolute quantification of proteins using MS, known
concentrations of labeled standards that are chemically indistin-
guishable from the proteins/peptides of interest can be added to
the samples and processed simultaneously. As they behave sim-
ilarly to the analyzed material, their intensities are used to cal-
culate the concentration of the respective component. One such
absolute quantification approach (AQUA) has been applied to
32 core proteins at excitatory PSDs from rat forebrain.16 The
most abundant proteins were CaMKIIα and β, accounting for
7.4% and 1.3% (w/w) of the mass of the PSD. The scaffold pro-
tein PSD-95 was also highly enriched (0.7%) and exceeded the
copy number of glutamate receptor subunits by an order of mag-
nitude. The ratio among different α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR) subunits sug-
gested that forebrain synapses express mostly GluA1/GluA2
heteromers and only a minority of GluA2/GluA3. This subunit
stoichiometry is strongly region-dependent, as shown in a recent
quantitative proteomic characterization of purified AMPAR
complexes.17

Protein concentrations can be converted into absolute copy
numbers if the total mass of the PSD is known. A study based
on quantitative scanning transmission electron microscopy
and gel electrophoresis estimated the total mass of the
PSD to be 1.1 GDa.18 An average PSD contained ∼300 copies
of PSD-95 that contribute about 2.3% of its mass. If applied
to the data of Cheng et al.16, a structure of 1.1 GDa should
contain in the order of 100 molecules of PSD-95 (0.7% w/w).
The discrepancy between the two studies is probably due to
differences in sample preparation, and highlights one of the
main drawbacks of quantitative neuroproteomics that is the
biochemical purification of protein samples at the loss of
cell type and synapse-specificity (Table 1). Nonetheless,
the high throughput and versatility make quantitative MS a
powerful tool for large-scale protein profiling, including
the analysis of alternative splice variants or posttranslational
modifications (e.g., Ref. 19).

3 Quantification of Functional Receptors at
Synapses Using Electrophysiology

The strength of synaptic transmission results from the activity of
postsynaptic neurotransmitter receptors. It is influenced by sev-
eral parameters: the concentration of the neurotransmitter in the

number of vesicles 
release probability 
concentration of neurotransmitter

number / density of receptors 
subunit stoichiometry 
function (open probability, conductance) 
density of extrasynaptic receptors

number / density of scaffold proteins 
number of receptor binding sites 
size and internal organisation (packing)

points of interest relevant numbers

synaptic vesicles

receptors

postsynaptic density (PSD)

Fig. 1 Where numbers count: quantitative parameters of synaptic components. Synaptic transmission
ultimately depends on the activity of postsynaptic receptor complexes. The release of neurotransmitters
from the presynaptic terminal controls the activation of these receptors, whereas scaffold proteins in the
PSD regulate their number and subsynaptic distribution. Precise knowledge of the relevant parameters
can help model the underlying molecular mechanisms on a quantitative level.
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synaptic cleft, the number of available receptors in the postsy-
naptic membrane, and their channel properties (open probabil-
ity, conductance, and kinetics). Hence, ion fluxes can serve as a
readout of receptor numbers, provided that the other parameters
can be measured somehow. Essentially, the number of receptors
activated by a neurotransmitter quantum (Nopen) can be calcu-
lated as the response of a population of receptors (postsynaptic
current) divided by the response generated by a single receptor.
In some cases, the currents conducted by single receptors can be
directly observed through patch-clamp recordings,20,21 as illus-
trated by the discrete single channel conductance steps of
GABAARs of 14 and 23 pS.22 With a conductance of 140 to
400 pS, inhibitory postsynaptic currents (IPSCs) evoked by sin-
gle quanta in dentate gyrus granule cells hence involve the activ-
ity of a maximal range of 6 to 30 GABAARs, on the assumption
that the extrasynaptic and synaptic receptor populations are
the same.

When the channel properties prohibit the detection of single
channel conductance steps, these can be calculated using non-
stationary fluctuation analysis.23 The relationship between cur-
rents (I) and their variance around the mean (σ2) is fitted with a
parabolic function that gives the single channel current (i), the
number of available receptors (Ntotal) and their open probability
(p). Using this approach, Jonas et al.24 have recorded AMPA/
kainate receptor currents evoked with 3-mM glutamate in out-
side-out patches of hippocampal CA3 pyramidal neurons, and
determined an elementary channel conductance of 8.5 pS and an
open probability of 0.71. If applied to unitary excitatory post-
synaptic currents at mossy fiber synapses on CA3 pyramidal
neurons (121 to 553 pS), this results in a number of 14 to 65
open receptors per quantal event and 20 to 92 total receptors.

Direct comparison between nonstationary fluctuation
analysis and observable conductance steps often shows good
correspondence. Single channel conductance derived from gly-
cinergic miniature mIPSCs and from outside-out patches of

motoneurons in the brain stem was almost identical with chan-
nel closings in the decay trace of the patch currents (∼45 pS),
implying a homogeneous GlyR population.25 Taking into
account the open probability in response to 1-mM glycine,
the total numbers of synaptic GlyRs were 27 in neonate and
39 in juvenile rats. However, variations in the decay time course
suggested developmental changes as well as possible differences
between synaptic and extrasynaptic GlyRs.25 In other words,
this quantification strategy relies on certain assumptions, such
as the neurotransmitter concentration in the synaptic cleft, the
homogeneity of the receptor population, or the electric proper-
ties resulting from the morphology of the neuron. It also has to
be kept in mind that electrophysiology is restricted to the quan-
tification of active receptors (Table 1). The existence of tran-
siently inactive (desensitized) receptors or differences in
receptor occupancy following the release of a single, nonsatu-
rating quantum may lead to significant underestimation of the
total number of synaptic receptors.26 To address some of
these issues, patch-clamp recordings have been used together
with immuno-EM in what is a great combination of techniques
that provides at once absolute numbers of receptor subunits at
individual synapses and ultrastructural information.

4 Quantification of Receptor Subunits Using
Calibrated Immunogold Labeling

Immunogold labeling of the GABAAR subunit α1 in cerebellar
stellate cells showed a large variability in particle numbers in
serially reconstructed synapses, ranging from 6 to 184 around
a mean of 56 gold particles per PSD.26 The mIPSC amplitudes in
these neurons had a similar, skewed distribution, indicating that
the number of immunogold particles correlates with GABAAR
activity, even though the two types of data had been obtained
independently in fixed tissue and acute slices, respectively.
Using nonstationary fluctuation analysis of mIPSCs, the authors
determined a number of 140 total receptors at an average

Table 1 Comparison of quantification strategies and readouts.

Method Quantitative readout Strength Weakness References

Proteomics Relative quantification of synaptic
proteins

Large-scale parallel
expression profiling

Loss of structure identity 15, 16

Crystallography Structural analysis of molecular
complexes and interactions

Atomic-level resolution
(0.1 nm)

Requires protein purification
and crystallization

35, 36

Electrophysiology Quantification of receptor numbers
and functional properties

Single synapse resolution Restricted to active receptors 24, 25

Immuno-EM Morphological and quantitative
characterization of synapses

High spatial resolution
(0.5 to 10 nm)

Dependent on antibody
labeling

26, 27

Fluorescence microscopy

Calibrated fluorescence
microscopy

Absolute quantification of synaptic
proteins

Simultaneous
quantification of multiple
target proteins

Low spatial resolution
(∼200 nm)

29, 30

Single fluorophore
bleaching

Quantification of receptor
stoichiometry

Single protein complex
resolution

Limited to sparsely labeled
compartments

33, 37

Single molecule
localization microscopy

Morphological and quantitative
characterization of synapses

Absolute quantification
combined with high spatial
resolution (10 to 100 nm)

Complicated data analysis 51, 54, 56,
58
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synapse, resulting in a conversion factor of 140∕56 ¼ 2.5
GABAAR complexes per gold particle. In this way, the immu-
nogold data could be calibrated in absolute terms.

The high spatial resolution of EM makes it possible to relate
these numbers to the ultrastructure of the synapse. For instance,
the linear relationship between receptor number and PSD area
demonstrated that GABAARs are distributed at a uniform den-
sity of about 1250∕μm2 at synapses.26 In principle, the calibra-
tion of immunogold labeling can be applied to any other cell
type or subcellular compartment. For example, GABAAR
densities at synapses in cerebellar granule cells are about two
orders of magnitudes higher than those in the extrasynaptic
membrane.27 The synaptic enrichment is dependent on the avail-
ability of binding sites and the affinity of receptor-scaffold inter-
actions. The comparison of protein densities in absolute terms
may therefore reveal new types of information about the strength
of these biochemical interactions within cells. Due to the time-
consuming nature of immuno-EM, however, no comprehensive
quantifications of different receptor subunits across brain
regions have been conducted.

5 Quantification of Synaptic Protein
Populations Using Calibrated Fluorescence
Microscopy

The determination of protein levels based on fluorescence
microscopy has become a widely used tool in neurobiological
research due to its relative simplicity and the possible detec-
tion of almost any molecular target. Populations of proteins
are usually visualized with specific antibodies coupled with
organic fluorophores or by expressing recombinant proteins
fused with a fluorescent protein. Relative changes in protein
abundance can easily be measured either in fixed or in living
cells, and are expressed in arbitrary units of fluorescence
intensity. Absolute quantification, however, is less straightfor-
ward, since it requires knowledge of the fraction of labeled
molecules and of the fluorescence associated with a single
fluorophore (Table 1). As a way to convert fluorescence
into molecule numbers, the intensity of single GFP fluoro-
phores was used to calibrate beads to which increasing
amounts of GFP had been bound.28 The exact amount of pro-
tein on the beads was determined by quantitative amino acid
analysis, suggesting that at least 85% of GFP molecules were
functional (i.e., fluorescent).

The proportion of labeled proteins within a cell is often
unknown due to the variability of antibody labeling or the over-
expression of recombinant proteins. The use of knock-in ani-
mals that express fluorescently tagged proteins at endogenous
levels offers a solution. This is illustrated by a fluorescence cal-
ibration study measuring the absolute numbers and densities of
the GABA transporter GAT1 at inhibitory synapses.29

Endogenous GAT1-GFP was visualized with confocal micros-
copy and calibrated with beads and polyacrylamide gel slices
containing known concentrations of GFP. The analysis showed
that GAT1 levels differ strongly between synapses, with an aver-
age of 1200 copies at presynaptic boutons in hippocampus and
9000 in cerebellar basket cells. Considering the respective size
of these boutons, however, the calculated membrane densities
were far less variable at about 800 to 1300 molecules∕μm2.
This may indicate that the two-dimensional packing of GAT1
is relatively equal despite the large differences in their total
amounts.

The use of knock-in models to quantify copy numbers may
not always be necessary, if the degree of overexpression of a
recombinant protein can be assessed. In a detailed quantification
of scaffold proteins at excitatory synapses, the level of overex-
pression was calculated by comparing the immunoreactivity in
neurons expressing enhanced (E)GFP-tagged recombinant pro-
teins with those in control neurons.30 Small fluorescent micro-
spheres were used to calibrate the fluorescence intensity of
single EGFP molecules. Taking into account the chromophore
formation efficiency (65% to 80%), the authors concluded that
an average excitatory PSD contains about 300 copies of endog-
enous proteins of the MAGUK family, 200 of which are PDS-
95. In addition, 170 GKAPs, 310 Shank proteins, and 350 cop-
ies of the Homer family of scaffold proteins were found. Their
relative abundance differed somewhat from that obtained by
quantitative proteomic analysis (6∶2∶2∶1).16 The most likely
cause for this discrepancy is the loss of PSD components during
biochemical purification, which may differentially affect scaf-
fold proteins according to their stability in the PSD.31

A major limitation of conventional fluorescence microscopy
comes from its low spatial resolution. This is exemplified by the
detection of labeled receptors or scaffold proteins in the PSD
that can be easily visualized and quantified in relative terms
[Fig. 2(a)]. The fluorescence intensity of labeled GlyRs at syn-
aptic gephyrin clusters, for example, is about twofold to three-
fold higher than in dendrites.32 This apparent enrichment factor
is a serious underestimation, due to the low resolution of con-
ventional fluorescence microscopy that magnifies the apparent
size of the synaptic domain. According to high resolution EM
data, receptors are concentrated to a much greater extent at
synapses.27 Hence, the quantification of protein concentrations
in small cellular compartments requires not only the conversion
of arbitrary fluorescence units into molecule numbers, but also
precise spatial information (see Sec. 7).

6 Counting of Single Receptor Subunits
with Conventional Fluorophores

The use of fluorescence microscopy for the characterization of
receptor stoichiometry was first done by counting single bleach-
ing steps of EGFP-tagged NMDARs.33 Tagged receptor subu-
nits were coexpressed with nonfluorescent subunits in
Xenopus laevis oocytes. Sparsely distributed receptor complexes
on the cell surface were imaged with total internal reflection
microscopy until fully bleached. Discrete steps of photobleach-
ing in the decay trace correspond to the number of fluorescent
proteins in the receptor complex [Fig. 2(b)]. These experiments
confirmed that NMDARs contain two GluN1 subunits per
tetramer34 in support of crystallographic data.35,36

A minority of the visualized spots of GluN1-EGFP displayed
a single bleaching step due to the existence of nonfluorescent
EGFP molecules.33 In other words, since the probability to
detect the target proteins is <100%, the presence of two subunits
results in a binomial distribution of either one or two observed
bleaching steps [Fig. 2(c)]. To calculate the fraction of nonfunc-
tional EGFP, the distribution of counts for a given stoichiometry
can be fitted with a binomial distribution, with the probability of
detection (pd) as free parameter. In these experiments EGFP
fusion proteins had a probability pd of about 80%, similar to
previous studies.30 Zero bleaching steps consequently occur
with a frequency of 0.04 if neither of the two subunits is
fluorescent, but these events are obviously not recorded.
Overcounting (>2 steps) can happen if more than one protein
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complex is located within a diffraction-limited spot. The diffi-
culty in quantifying these data thus lies in the few available data
points for fitting (bins 1 and 2) and the strong influence of count-
ing errors (discussed in Ref. 37, supporting material).

Nonetheless, this method has been widely employed to study
heteromeric receptor complexes as it does not require very

specialized optical equipment. Dual-color recordings have
shown the number of binding sites of AMPARs for auxiliary
transmembrane AMPAR regulatory proteins as well as the occu-
pancy of these sites (Ref. 38, see also Ref. 39). The number of
bungarotoxin binding sites of nAChRs was determined by
counting the bleaching steps of Alexa Fluor 647-conjugated
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Fig. 2 Molecule counting using conventional and single molecule imaging. (a) Conventional fluores-
cence microscopy of a dissociated hippocampal neuron expressing Dendra2-tagged GABAARγ2.
(b) Idealized representation of an intensity-time trace displaying photobleaching steps. (c) Histogram
of fluorophore counts (black bars) and data fitting with a binomial distribution corresponding to two fluo-
rophores and a probability of detection pd of 80% (gray). Note that some overcounting may occur in these
experiments. The counts have been corrected for missed events where both fluorophores are inactive
(0.2 × 0.2 ¼ 0.04). (d) Pointillist image of Dendra2-GABAARγ2 detections of the neuron shown in (a).
Clusters of detections belonging to the same molecule can be spatially resolved in sparse areas
(inset). (e) Illustration of a time trace of PALM detections. Bursts of detections originating from different
fluorophores can be separated temporally to determine molecule numbers. The number of bursts can be
fitted with a binomial distribution to account for the photoactivation efficiency of the fluorophore [as in (c)].
(f) Pulsed photoconversion of subsets of fluorophores in a dense structure. Steps in the decay traces
correspond to the bleaching of single fluorophores [as in (b)]. The total number of fluorophores can be
calculated as the sum of the peak intensities expressed in absolute numbers. (g) Quantitative analysis of
fluorescence decay kinetics. The number of molecules in a dense structure can be calculated as
N ¼ A∕ðiτÞ, where A is the area under the curve (total intensity of the structure), i is the average intensity
of individual fluorophores, and τ is the lifetime of the fluorophores. (h) Pair correlation analysis of the
spatial distribution of fluorophores. Deviations from a random distribution (dots) identify clustering
due to recurrent fluorophore detections (gray) or the presence of protein complexes (black curve) at
characteristic distances.
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ligand.37 Furthermore, GlyR stoichiometry was assessed using
YFP-tagged α or β subunits coexpressed with unlabelled subu-
nits in Xenopus oocytes.40 The results lend support to a model
whereby heteromeric GlyRs are composed of three α and two β
subunits,12,41,42 although an α2β3 stoichiometry has also been
proposed.43,44 This has important consequences for the accumu-
lation of GlyRs at synapses since the β subunit mediates the
interaction with the scaffold protein gephyrin.9

Taken together, these studies illustrate the impact that the dis-
covery of GFP and its variants has had not only on fluorescence
microscopy as such, but also on quantitative imaging. GFP-cal-
ibration strategies can be used to study most membrane-associ-
ated or intracellular proteins, as there are no general constraints
on the class of molecules that can be fluorescently tagged. A
serious limitation arises from the low spatial resolution of
light microscopy, whereby two structures at a distance of
<200 nm cannot be spatially resolved. This is why the counting
of bleaching steps is restricted to sparsely expressed protein
complexes. A related source of error lies in the calculation of
absolute protein densities in small cellular compartments
such as the PSD, which requires both accurate molecule num-
bers as well as ultrastructural information to resolve the distri-
bution and packing of synaptic proteins.

7 Counting Synaptic Proteins with Single
Molecule Localization Microscopy

Several recent super-resolution imaging techniques bypass the
limitations of conventional fluorescence microscopy (reviewed
in Ref. 45). Among these, photoactivated localization micros-
copy (PALM) and stochastic optical reconstruction microscopy
(STORM) hinge on the detection of single photoactivatable or
switchable fluorescent proteins or organic dyes.46–48 As these
probes change their emission spectrum in a controlled manner
(e.g., upon illumination with near–UV light), single molecule
data are gathered by temporally resolving individual fluoro-
phores. Their locations can be calculated with a precision in
the nanometer range (typically ∼10 nm with currently available
probes, Table 1). The information belonging to many fluoro-
phores is then combined to obtain a super-resolution pointillist
image [Fig. 2(d)]. As an example, the subsynaptic distribution
of several pre- and postsynaptic proteins at excitatory synapses
(e.g., Piccolo, Bassoon, GluA1, GluN2B, CaMKII, PSD-95,
Shank, and Homer) was mapped using multicolor three-dimen-
sional-STORM.49 The data provide striking evidence that recep-
tors and scaffold proteins are organized in laminar fashion and
lie at different distances from the synaptic cleft (discussed in
Ref. 50). Similarly, the combination of various super-resolution
techniques including PALM-based single particle tracking
(sptPALM) and STORM disclosed the presence of nanodomains
of AMPARs and PSD-95 at hippocampal synapses.51 These
studies give insight into the internal organization of synapses
that underlies signaling processes on the molecular scale.

The recording of discrete numbers of detections makes
SMLM an inherently quantitative approach, where the number
of detections reflects the number of fluorophores (e.g., Ref. 52).
Unfortunately, the ill-defined photophysical properties of fluo-
rophores complicate the use of SMLM for absolute
quantification.53 Since a fluorophore may be active for several
consecutive frames and its calculated location varies due to sto-
chastic fluctuations, each fluorophore is in fact represented by a
small cluster of points in a pointillist image [Fig. 2(d)]. As a

consequence, the number of detections that constitute the poin-
tillist image is not equal to the number of molecules present.
Instead, bursts of detections must be translated into absolute
molecule numbers. The conversion is relatively straightforward
when the events are well separated in space and time [Figs. 2(d)
and 2(e)]. The stoichiometry of GlyR complexes expressed in
Xenopus oocytes was analyzed in this way.54 As for the counting
of bleaching steps, the observed burst frequencies were fitted
with a binomial distribution to calculate the underlying stoichi-
ometry as well as the photoactivation efficiency of the fluoro-
phores [in analogy to the probability of detection pd; Fig. 2(c)].
The data reaffirm the α3β2 model discussed earlier. What is
more, this study compared the behavior of different photoacti-
vatable proteins used for SMLM. About 60% of mEos2, 50% of
Dendra2, but only 40% of PA-GFP molecules were successfully
photoactivated and detected under the chosen experimental
conditions.54

A disadvantage of quantitative PALM consists in the diffi-
culty to count large numbers of proteins in dense compart-
ments,55 as is the case for scaffold proteins at synapses. A
combination of methods has allowed us to estimate the abso-
lute number of gephyrin scaffold proteins at inhibitory
synapses.56 As a first approach, we analyzed the fluorescence
decay traces of small subsets of photoconverted Dendra2-
tagged gephyrin to identify bleaching steps. This is ultimately
the same strategy as the one described by Ulbrich and Isacoff,33

only that it was applied to subsets of a large population of flu-
orophores using pulsed photoconversion. We could then trans-
late the peak intensities into absolute numbers, the sum of
which represents the total number of scaffold molecules in a
given cluster [Fig. 2(f)]. According to our data, inhibitory syn-
apses in cultured spinal cord neurons contained an average of
200 recombinant gephyrin molecules.56 As an independent
approach, we measured the decay kinetics of endogenous
mRFP-gephyrin clusters in spinal cord neurons from knock-
in mice. The total fluorescence intensity of a cluster is
given by the area under the decay trace [Fig. 2(g)]. This
value was divided by the total unitary fluorescence, calculated
as the product of the intensity of single blinking events (i)
and the average lifetime of the fluorophore population (the
decay time constant τ). Again, we found about 200 gephyrin
molecules at an average spinal cord synapse, meaning that
gephyrin clustering is closely regulated and that absolute mol-
ecule numbers are maintained independently of protein expres-
sion. In addition, the reconstruction of PALM-like images
from the single fluorophore blinking events enabled us to esti-
mate protein densities at synapses. With concentrations of
∼5000 gephyrinmolecules∕μm2 the density of scaffold pro-
teins exceeded that of bound inhibitory receptor complexes
several-fold (e.g., 1250 GABAARs∕μm2 at stellate cell
synapses26).

The relatively large population of AMPARs at excitatory
synapses has been counted directly with a quantitative
STORM approach.51 Here, the signals of sparse, extrasynaptic
GluA2 subunits were used to estimate the number of receptor
complexes at synapses in cultured hippocampal neurons. As
had been seen in earlier studies49,57 the subsynaptic distribution
of AMPARs was not homogenous. The receptors were typically
concentrated in nanoclusters at synapses, each containing about
27 receptors. Quantitative STORM has also been employed to
count absolute numbers of Bruchpilot protein (Brp) in the active
zone (AZ) ofDrosophila neuromuscular junctions.58 Brp plays a
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crucial role for presynaptic function as it binds both Ca2þ chan-
nels and synaptic vesicles. In this study, primary and secondary
antibody titrations were carried out to determine the labeling
efficiency and the conversion factor, in order to translate fluo-
rophore detections into molecule numbers. It was calculated that
137 Brp proteins are present at an average AZ. Of these, 75%
were clustered in about 15 complexes, each containing ∼7 Brp
proteins.58 Together, these studies demonstrate how quantitative
data in conjunction with precise subsynaptic distributions yield
essential structural information that has direct relevance for syn-
aptic function.

8 Dark Side of Multiple Detections
Multiple detections of the same fluorophore in consecutive
movie frames make it possible to reconstruct molecule trajecto-
ries and extract diffusion parameters in live sptPALM
experiments.59 In fixed samples, however, multiple detections
complicate single molecule counting as described earlier. In
addition to successive detections, the existence of intermittent
blinking must be considered in the analysis of PALM datasets
to avoid major counting artifacts. Once activated, common pho-
toconvertible proteins such as mEos2 or Dendra2 can be either
irreversibly bleached or enter into long-lasting reversible dark
states that are interrupted by stochastic blinking events.55,60

As a direct consequence, single fluorophores produce clusters
of temporally separated detections that can be wrongly assigned
as belonging to different molecules. Recurring detections need
to be grouped according to their temporal and/or spatial distri-
bution for an accurate quantification or to further improve the
localization precision of the emitting fluorophores. Calibration
standards with a known number of fluorophores may be consid-
ered to validate analytical strategies.52,61

A self-evident approach to account for photoblinking is to
define a correct time window to join the detections of single
fluorophores [Fig. 2(e)]. A systematic analysis of PALM data
has shown that the estimation of fluorophore dark times (toff )
can lead to counting errors.55 Whereas a short dark time thresh-
old will produce overcounting by assigning blinking events to
separate fluorophores, long dark times cause undercounting by
merging the detections from different fluorophores, particularly
in dense samples. By choosing a dark time threshold that bal-
ances over- and undercounting, the absolute density of mEos2-
tagged β2 adrenergic receptors could be measured in HeLa
cells.55 However, finding the correct dark time threshold is
not trivial when the kinetic properties of fluorescent proteins
are not well characterized. A more detailed four-state kinetic
model was used to compare the photoblinking of Dendra2
and mEos2, and to establish a photoactivation protocol that
maintains a constant number of active fluorophores with optimal
temporal separation.60 The results indicate that Dendra2 is a bet-
ter photoconvertible probe for counting purposes as it bleaches
more readily and blinks less than mEos2.

The temporal distribution of blinking events was further
characterized using independent time traces of purified
mEos2 fluorophores.62 Based on the same four-state model,
it was observed that the stochastic blinking of mEos2 followed
a geometric distribution with a probability pbl that the fluoro-
phore is bleached. This means that the number of fluorophores
N within a complex is convoluted with the distribution of
blinking events. Since mEos2 particles behave similarly
under identical imaging conditions, the histogram of blinks
produced by more than one fluorophore could be fitted with

a negative binomial distribution for a known pbl value to cal-
culate the underlying number of molecules. The analysis of
protein complexes with known stoichiometry was used to esti-
mate the photoactivation efficiency of mEos2 (∼90%), and to
identify unknown stoichiometries of membrane proteins in
HeLa cells.62 One advantage of this analytical approach lies
in the fact that the fitting of blinking frequencies to extract
pbl and N is based on a wide range of data points and is
hence more accurate than the binomial fitting of the reduced
molecule counts discussed earlier.

Alternatively, various mathematical algorithms (e.g.,
Ripley’s function and DBSCAN) have been used to analyze
the spatial distribution of fluorophore detections (discussed in
Ref. 53). Among these, pair correlation (PC) is a statistical
approach to identify nonrandom patterns in pointillist images,
be it bursts of detections of the same fluorophore or accumula-
tions of several proteins.63 By comparing the characteristic spa-
tial signature of multiple detections from a single fluorophore to
that of genuine protein clusters, it is possible to calculate the
size, density, and absolute number of molecules in protein com-
plexes [Fig. 2(h)]. An independent evaluation of the photoacti-
vation efficiency is required to estimate absolute molecule
numbers, since PC-PALM on its own does not correct for missed
photoconversions.

Another algorithm, SR-Tesseler, was recently proposed to
identify spatially defined clusters of detections in an unbiased
fashion.64 It is based on Voronoï tessellation that segments
space into polygons centered on a point or seed. If applied to
PALM data, each localization acts as a seed, creating polygons
with a set of parameters (area and density). Adjacent polygons
can be merged based on statistical criteria, hence defining discrete
objects in the pointillist image such as clusters of detections
belonging to single fluorophores or groups of fluorophores.
SR-Tesseler was tested on SMLM data from GlyR complexes.
Sparse clusters of detections were automatically selected by
applying a density threshold. The analysis suggested a GlyR stoi-
chiometry of α3β2 in agreement with the earlier interpretation of
the data.54 Similarly, SR-Tesseler was used to identify AMPAR
nanodomains at excitatory PSDs. The mean diameter (∼80 nm)
and number of the nanodomains per spine (2.5) was in agreement
with previous analyses.51 Furthermore, spatiotemporal grouping
of detections suggested that nanodomains contain on average
14 AMPARs, validating tessellation techniques for the identi-
fication of clusters of detections and groups of molecules. The
same approach could be applied to measure other spatially
regulated molecular parameters, such as diffusion properties
of membrane receptors or the strength of receptor-scaffold
interactions.65,66 The combination of super-resolution tech-
niques with fluorescence correlation spectroscopy (FCS) is
particularly promising as it joins the high spatial and the
high temporal resolution of the two methods.67 FCS thus pro-
vides another analytical framework to determine not only mol-
ecule concentrations but also biophysical properties within
defined subcellular compartments.68 These parameters are
equally important to establish accurate models of diffusion-
reaction processes at synapses.

9 Conclusion
The complex molecular events during synaptic transmission
need to be described by models that account for the numbers
of interacting molecules and their precise distribution, and
that reflect the stochasticity of synaptic processes.1 The ultimate
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aim must be to gather absolute numbers of several molecule
types in real time and at high spatial resolution. Among various
quantitative approaches, only SMLM fulfills all these require-
ments. This is illustrated by recent SMLM studies that have
implemented quantitative, multicolor, synapse-specific, and
dynamic super-resolution imaging. In addition to single mol-
ecule counting, tracking techniques can be used to extract
other pertinent quantitative parameters such as diffusion proper-
ties and binding energies.69 It is therefore anticipated that
SMLM will drive an impending progress in quantitative
neurobiology.
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