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Abstract Biological systems span multiple levels of structur-
al organisation from the macroscopic, via the microscopic, to
the nanoscale. Therefore, comprehensive investigation of
systems biology requires application of imaging modalities
that reveal structure at multiple resolution scales.
Nanomorphomics is the part of morphomics devoted to the
systematic study of functional morphology at the nanoscale
and an important element of its achievement is the combina-
tion of immunolabelling and transmission electron microsco-
py (TEM). The ultimate goal of quantitative immunocyto-
chemistry is to estimate numbers of target molecules (usually
peptides, proteins or protein complexes) in biological systems
and to map their spatial distributions within them.
Immunogold cytochemistry utilises target-specific affinity
markers (primary antibodies) and visualisation aids (e.g., col-
loidal gold particles or silver-enhanced nanogold particles) to
detect and localise target molecules at high resolution in intact
cells and tissues. In the case of post-embedding labelling of
ultrathin sections for TEM, targets are localised as a countable
digital readout by using colloidal gold particles. The readout
comprises a spatial distribution of gold particles across the
section and within the context of biological ultrastructure. The
observed distribution across structural compartments (whether
volume- or surface-occupying) represents both specific and
non-specific labelling; an assessment by eye alone as to
whether the distribution is random or non-random is not
always possible. This review presents a coherent set of quan-
titative methods for testing whether target molecules exhibit
preferential and specific labelling of compartments and for
mapping the same targets in two or more groups of cells as
their TEM immunogold-labelling patterns alter after

experimental manipulation. The set also includes methods
for quantifying colocalisation in multiple-labelling experi-
ments and mapping absolute numbers of colloidal gold parti-
cles across compartments at specific positions within cells
having a point-like inclusion (e.g., centrosome, nucleolus)
and a definable vertical axis. Although developed for quanti-
fying colloidal gold particles, the same methods can in prin-
ciple be used to quantify other electron-dense punctate nano-
particles, including quantum dots.
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Introduction

Biological systems span multiple levels of structural organi-
sation from the macroscopic (organism, organ), via the micro-
scopic (tissue, cell, organelle), to the nanoscale (organelle,
membrane, molecular assemblage, molecule). Therefore,
comprehensive investigation of systems biology requires the
application of imaging modalities that reveal and assess struc-
tural complexes at multiple resolution scales. By light micros-
copy (LM), immunochemistry allows the visualisation of
interesting target molecules or molecular assemblages within
cells and tissues. The process involves labelling each target
with the aid of a suitable marker (such as a fluorophore) and a
specifically bound affinity reagent (usually a primary anti-
body). Ultimately, the aim of immunocytochemistry (ICC) is
to localise targets more precisely in the context of fine struc-
ture and, in some instances, to quantify them. In order to
achieve this, we must venture beyond the lateral resolution
obtainable by conventional LM and confocal microscopy
(about 250 nm). By using super-resolution microscopes, such
as photoactivated localisation microscopy (PALM) and
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stochastic optical reconstruction microscopy (STORM), spa-
tial resolution can be improved to 25–90 nm in order to obtain
a more precise localisation of single molecules (Owen et al.
2013; Klein et al. 2014; Oddone et al. 2014; Sibarita 2014).
Resolution can be improved further, to 10 nm, by means of
scanning electron microscopy (SEM) and to less than 1 nm by
transmission electron microscopy (TEM). This brings us into
the realm of nanomorphomics, the systematic study of mor-
phology at the nanoscale (see Lucocq et al. 2014; www.
nanomorphomics.com).

For ICC at the TEM level, alternative technical procedures
and visualisation markers are available (Griffiths 1993; Roth
1996; Koster and Klumperman 2003; Nickel et al. 2008;
Webster et al. 2008; Killingsworth et al. 2012; Amiry-
Moghaddam and Ottersen 2013; Griffiths and Lucocq
2014). Visualisation markers include colloidal gold particles
and quantum dots and these can be bound to a secondary
reagent (e.g., protein A, streptavidin or IgG secondary anti-
body). These complexes can be coupled to the primary affinity
markers and attain close proximity to the target molecule.
Detection and localisation depend on the target specificity of
the primary antibody and the ability of TEM to resolve the
various compartments and visualisation markers. The ability
to identify and quantify the readout is facilitated by the avail-
ability of visualisation markers that are electron-dense and
point-like and that differ in size and/or shape (see Griffiths
1993; Philimonenko et al. 2014). For instance, colloidal gold
particles are available in various sizes (usually 5–20 nm). This
process allows the labelling of distributions (or, in the case of
multiple-labelling, codistributions) across various structural
compartments and/or the labelling intensities of those com-
partments to be quantified. Collectively, these characteristics
distinguish nanoparticle-based ICC (by using, say, colloidal
gold or quantum dots) from enzyme-based techniques (such
as the peroxidase–antiperoxidase method) that depend on a
reaction product that is difficult to quantify and a readout that
might be more diffuse.

Some ultrastructural compartments are volume-occupying
(VOCs) and others surface-occupying (SOCs). Examples of
VOCs include granules, mitochondria and nuclei, whereas
SOCs are generally some type of membrane such as the outer
mitochondrial membrane or the cisternal membrane of the
rough endoplasmic reticulum. The labelling intensities of
compartments on the cut surfaces of TEM sections have
usually been expressed as numerical densities, e.g., as num-
bers of gold particles per profile area for VOCs and numbers
per length of a membrane trace for SOCs (Griffiths 1993).

The observed distributions of marker particles across struc-
tural compartments (whether VOCs or SOCs) represent both
specific and non-specific labelling and a qualitative assess-
ment as to whether the distribution is random or non-random
is not always possible. Specificity is an important potential
source of bias in immunolabelling studies. Although it often

seems to affect mitochondria and nuclei, non-specific label-
ling can influence any compartment and arise in various ways.
It is influenced by factors such as primary antibody dilution,
salt concentration, use of detergents and addition of blocking
agents (Griffiths 1993).

Study designs for quantitative ICC at the TEM level should
incorporate random sampling procedures and estimation tools
that yield unbiased (or minimally biased) estimates of the
numbers of marker particles and sizes of compartments. Al-
though other methods of quantification are available (see
Nikonenko et al. 2000; Philimonenko et al. 2000; Anderson
et al. 2003; D’Amico and Skarmoutsou 2008a, b), a coherent
and fairly comprehensive set of stereology-based methods has
been developed for post-embedding (or on-section) labelling
based on the use of colloidal gold particles (Mayhew et al.
2002, 2003, 2004; Lucocq et al. 2004; Mayhew and Desoye
2004; Mayhew and Lucocq 2008a, 2011; Lucocq and
Gawden-Bone 2009, 2010; Mayhew 2011).

These stereology-based approaches permit efficient and
valid analyses to be made of digital readouts from single- or
multiple-labelling studies and estimates to be made of specific
labelling. In the case of a single-labelling study, the distribu-
tion of marker particles across compartments can be mapped
in three-dimensional (3D) space. Formulating appropriate null
hypotheses permits the rigorous testing of whether labelling
distributions (1) are random across compartments after single
labelling, (2) shift between compartments after single-
labelling and following experimental manipulation or (3) in
multiple-labelling studies, are independent and not indicative
of colabelling or colocalisation.

This review summarises these developments in quantita-
tive molecular nanomorphmics and illustrates the requisite
calculations by using worked examples. It updates earlier
reviews on the same topic (Mayhew and Lucocq 2008b;
Mayhew et al. 2009; Mayhew 2011) and provides further
discussion of alternative markers including quantum dots
and other nanoparticles that differ in shape from colloidal gold
and extend the range of possibilities of multiple-labelling.

Preliminary issues

The aim here is not to cover the technical aspects and require-
ments of immunocytochemical labelling per se. These have
been addressed more thoroughly elsewhere (Griffiths 1993;
Webster et al. 2008; Amiry-Moghaddam and Ottersen 2013;
Griffiths and Lucocq 2014). Instead, the reader can take for
granted that the investigation is undertaken by paying proper
regard to relevant factors including the use of effective anti-
bodies and appropriate cell/tissue preparation procedures for
TEM ultrathin sectioning. The following provides advice on
the way in which to sample specimens, select structural
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compartments, abstract quantitative data and subject them to
appropriate statistical testing.

[a] Ways of sampling. Biological specimens (whether from
cell replicates, inbred strains of animals or domestic/wild
populations) exhibit natural differences that contribute to
natural or biological variation. To account for this in
study designs, more than one specimen (between 3 and
5 randomly selected specimens might be a reasonable
starting point) needs to be sampled as part of the overall
sampling scheme. Another important point is to remem-
ber that specimens exist in 3D space and are not, in
general, homogeneous or isotropic. Rather, their external
and internal morphology varies with both position and
orientation in 3D space.

Physical, optical and tomographic sectioning reveal
internal morphology. Two important issues arise from the
process of producing ultrathin physical sections for view-
ing by TEM: (1) a loss of dimensional information about
the specimen occurs and (2) only a miniscule fraction of
each specimen can be examined. Therefore, if the final
set of TEM fields of view (FOVs) is to be a fair repre-
sentation of the composition of the intact specimen, it
needs to be selected carefully and appropriately. Howev-
er, images appearing on independent sections can be
misleading in terms of the size, shape and number of
the real structures that gave rise to them (Lucocq and
Hacker 2013). Consequently, we need to select multiple
sampling items that cover a range of positions and ori-
entations within the specimen.

A fair and unbiased sample of the specimen can be
obtained by using a multistage random sampling scheme.
On such a scheme, each specimen might provide a min-
imum of two tissue blocks (in order to cater for between-
block differences), which are sampled further by cutting
ultrathin sections. Next, parts of those sections are sub-
sampled to generate a minimum of two microscopical
FOVs per section (in order to cater for between-FOV
differences) on which quantitative assessments will be
undertaken (Fig. 1). By randomly sampling at each of
these stages, all positions and all orientations within the
specimen can be given equal chances of being chosen. If
the aim of the study involves the investigation of a set of
compartments all, of which are VOCs, the randomisation
of positions within the specimen is sufficient. However,
when dealing with SOCs or a mixture of SOCs and
VOCs, both position and orientation must be
randomised. Design-based stereological sampling proce-
dures for meeting these requirements have been de-
scribed in detail elsewhere (Baddeley et al. 1986;
Gundersen and Jensen 1987; Mattfeldt et al. 1990;
Nyengaard and Gundersen 1992; Lucocq et al. 2004;
Howard and Reed 2005; Mayhew 2008, 2011).

Notably, whereas all types of random sampling are
unbiased, they might vary in their efficiencies. In inde-
pendent or simple random sampling, the position and
orientation of each item is randomised. In systematic
uniform random (SUR) sampling, the position and ori-
entation of the first item are randomised. Thereafter, a
pre-determined pattern, dictated by the chosen sampling
interval, decides the positions and orientations of all
other items (Fig. 2). This approach produces a more even
coverage of the specimen than independent random sam-
pling and, as long as the chosen sampling interval does
not correspond to some inherent periodicity in the spec-
imen itself, this has the advantage that SUR sampling
tends to provide greater precision and efficiency
(Gundersen and Jensen 1987; Gundersen et al. 1999;
Howard and Reed 2005; Mayhew 2008; Lucocq 2012;
Lucocq and Hacker 2013). All the quantitative proce-
dures presented in this review are based on random
(preferably SUR) sampling.

[b] Selection of cell compartments. Although compart-
ments can be volume-, surface- or length-occupying
(e.g., organelles, membranes and filaments, respectively;
see Mayhew et al. 2002), the focus here is on VOCs and
SOCs. These might be heterogeneous or homogeneous.
As an example of a homogeneous VOC, consider the
sum total of all mitochondria within a cell (sometimes
referred to as the chondriome). As an example of a
heterogeneous SOC, consider the functionally and spa-
tially distinct plasma membrane domains (apical and
basolateral) of a polarised epithelial cell.

The choice of type and number of compartments
depends on the aims of the individual study and prior
knowledge of the biological processes being investigat-
ed. Ideally, the choice should include not only the la-
belled compartments of primary interest but also some
classed as unlabelled or background-labelled. If neces-
sary, these can be handled together for convenience as a
natural or artificial composite compartment, e.g., differ-
ent Golgi cisternae and vesicles might be described
under the heading “Golgi complex” or early and late
endosomes simply as “endosomes” (Mayhew et al.
2002). For statistical reasons, the number of compartments
should lie somewhere between 3 and 12. Selection of too
few could compromise the biological interpretation. Selec-
tion of too many will improve the precision of topological
localisation but reduce estimation precision. The latter is
related to the variation of gold counts within a compart-
ment and, if estimation precision is too low, this might
compromise statistical evaluations and require a rethink of
the study design in order to reduce the number of com-
partments or to be able to count more gold particles.

[c] Assignment of gold particles to compartments and
their enumeration.Colloidal gold is available in various
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particle sizes making it attractive for multiple-labelling
experiments in which two or more different target mole-
cules are localised simultaneously (Geuze et al. 1981;
Bendayan 1982; Slot and Geuze 1985). In relating gold
particles to compartments, to assign a gold particle to a
VOC is sensible if its centre lies on that compartment.
For SOCs, a useful rule is to assign a gold particle to a
membrane trace if its centre lies within a distance equiv-
alent to twice the gold particle diameter (Mayhew and
Lucocq 2008a).

Estimation of the numerical or percentage frequency
distributions of gold particles offers a quick and simple
way of showing where target molecules reside but these
frequencies depend partly on compartment size. Larger
compartments have a greater chance of being cut by
section planes than smaller compartments. Even when
two compartments share the same concentration of label
and labelling efficiency (Lucocq 1992; Griffiths 1993),
more gold particles will appear on the larger compart-
ment. Therefore, a better approach is to estimate a label-
ling intensity for each compartment and this can be
expressed as a labelling density (LD; Griffiths 1993) or
a relative labelling index (RLI; Mayhew et al. 2002).

Another consideration is how many gold particles to

count. Imagine an experimental group of cells that com-
prises n=3 independent replications. A reasonable work-
load is to count no more than 200 gold particles per
replication. To account for within-specimen variation, this
total should be based on at least two ultrathin sections per
replication (one section from each of two blocks) and
spread across the selected microscopic FOVs and com-
partments from that specimen (Lucocq et al. 2004).

[d] Choice of a suitable method.A coherent set of methods
for quantifying gold labelling intensities and patterns in
various compartments and experimental groups has been
devised (Mayhew et al. 2002, 2003, 2004; Lucocq et al.
2004; Mayhew and Desoye 2004; Mayhew and Lucocq
2008a, 2011; Lucocq and Gawden-Bone 2009, 2010;
Mayhew 2011). The methods are based on multistage
random sampling (from specimens to FOVs), unbiased
counting and/or stereological estimation and inferential
statistical evaluation of a null hypothesis. Although the
choice of method depends on the aim(s) of a particular
study (see Fig. 3), it can be related conveniently to the
following set of questions:

Question 1 In a single-labelling study, is the observed
distribution of gold particles between

Fig. 1 Multistage sampling cascade for generating fields of view (FOV)
for transmission electron miscroscopy (TEM). The statistical value of the
final set of fields is only as good as the selection process adopted at each
successive stage. Here, at the highest sampling level, a group of speci-
mens is selected and each specimen produces a set of, say, 2–5 blocks.
Each block is sampled in order to provide at least two widely separated
ultrathin sections and these are sampled in turn to provide FOVs (say 20–

30 per specimen). With the aid of stereological test probes and sampling
tools, a coherent set of methods for quantitative immunogold cytochem-
istry can be applied. The test probes can be points, lines, areas (i.e.,
section planes) or volumes (i.e., physical disectors). Each stage of the
process should involve random sampling of which an efficient variant is
systematic uniform random (SUR) sampling (see also Fig. 2)
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compartments different from that expected
by the null hypothesis of random labelling?
For compartments within a given study
group, this question can be answered by
comparing the observed distribution of gold
particles with an expected distribution calcu-
lated by randomly superimposing lattices of
stereological test probes (test points for a
pertinent set of VOCs or test lines for a set
of SOCs). The labelling intensities are
expressed as compartmental LDs or RLIs
and distributions compared by chi-squared
(χ2) analysis for which, ideally, no expected
value should be < 1 and no more than 20 %
should be < 5 (Daly and Bourke 2000; Petrie
and Sabin 2000).

Question 2 In a single-labelling study, what is the
observed distribution of specific labelling
between compartments and does it depart
from the null hypothesis of random
labelling? An effective way of addressing
this question is to introduce a specimen-

based control (Lucocq and Gawden-Bone
2010) and to alter the expression or location
of the target molecule in some fashion. Ex-
amples include knockdown of protein ex-
pression (by using gene deletion, small in-
terfering RNA or mutation), introduction of
the target (by microinjection or endocytosis)
and chemical modification of the target on
the TEM section. The easiest outcome to
interpret is if controls show little or no sig-
nal. By using separate groups of cells that
show normal and reduced expression, spe-
cific labelling estimates can be abstracted
from the observed distributions.

Question 3 In a single-labelling study, does the ob-
served distribution of labelling between
compartments change after experimental
manipulation? This question can be an-
swered by comparing directly the observed
numerical frequency distributions of gold
particles in two or more experimental
groups by contingency table analysis

Fig. 2 Illustration of SUR sampling at the stage of selecting FOVs from
ultrathin sections. A ribbon of two sections lies on a copper support grid.
The windows of the grid provide a convenient template for SUR sam-
pling. Beginning at a starting point independent of the ribbon, windows
are scanned in a predetermined pattern indicated by red arrows (moving
to every second window in “horizontal” and “vertical” directions). The

sampled windows are shown containing FOV frames (red rectangles)
and, of these, only those indicated (green stars) will be recorded, because
they contain areas from one of the sections. In probability terms, this SUR
scheme (sampling interval 1 in 4) samples ¼ of the upper ultrathin
section. SUR schemes can be applied at other stages of a multistage
scheme
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(Mayhew et al. 2002, 2003; Mayhew and
Desoye 2004). Ideally, no expected value
should be < 5 (Petrie and Sabin 2000). The
null hypothesis is that of no change in ob-
served distributions between the groups.

Question 4 In a multiple-labelling study, do different
sizes of gold particle colocalise in the cho-
sen set of compartments? Evidence for
colocalisation can be accepted if the distri-
bution of labelling between compartments
or the labelling of a given compartment
does not change significantly for the differ-
ent targets localised by using different sizes

of gold particle. The question can be an-
swered by applying the same method used
to answer Question 3 (Mayhew and Lucocq
2011). Again, the null hypothesis is that of
no change in observed distributions of dif-
ferently sized gold particles.

Question 5 In a dual-labelling study, do different sizes
of gold particle colabel the same set of VOC
profiles? This question can be tackled by
examining whether a VOC profile (e.g., a
transected vesicle, granule or vacuole) iden-
tified as containing one target molecule la-
belled with, say, small gold particles also

Fig. 3 Workflow for quantitative molecular nanomorphomics by TEM
on-section immunogold cytochemistry. Key decision steps are identified
in a multistage random sampling scheme followed by stereology-based
quantification. From each study group, a set of specimens is selected and
taken through the appropriate preparation procedures. Sampling require-
ments for selecting the positions and orientations of blocks, sections and
FOVs are influenced by the study aim(s) and the choice of compartments

(volume-occupying [VOCs] or surface-occupying [SOCs] or a mix of
both) to be investigated. Stereological sampling and estimation tools can
be used to select and count items (viz. gold particles, random test points
and line intersections, VOC profiles) and to classify the locations of gold-
labelled molecules with respect to a fixed vertical axis of a rotator.
Thereafter, outcomes are used to test an appropriate null hypothesis
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labels for a second target identified by large
gold particles (Mayhew and Lucocq 2011).
Here, individual VOC profiles must be se-
lected by SUR sampling with the aid of a set
of unbiased counting frames such as forbid-
den line frames (Gundersen 1977; Sterio
1984). If any expected value is < 5, a com-
parison of the various classes of labelled and
unlabelled VOC profiles in a 2×2 table by
Fisher’s exact probability test is preferable
(Petrie and Sabin 2000; Mayhew 2011;
Mayhew and Lucocq 2011). The null hy-
pothesis is that of independence of labelling
by the two sizes of gold particle marker.

Question 6 In a single-labelling study, can the spatial
distribution of gold particles across com-
partments be mapped in a 3D sense? To
answer this question, a stereological tool
known as the vertical rotator can be applied
(Vedel-Jensen and Gundersen 1993;
Mironov and Mironov 1998). First, cells
are sampled uniformly by using another
stereological test probe, namely a volume
probe known as the physical disector (Sterio
1984). Next, the distances of gold particles
falling on identified compartments are mea-
sured or classified with respect to a vertical
axis that passes through some identifiable
cellular feature (e.g., nucleolus or centro-
some/centrioles). By this approach, esti-
mates of numbers of particles at specific
locations within 3D space can be obtained
(Nyengaard and Gundersen 2006; Lucocq
and Gawden-Bone 2009).

Worked examples of various methods

[a] Tackling Question 1. The aim is to test whether the
observed distribution of gold particles between compart-
ments within a given study group is random or preferen-
tial (Mayhew et al. 2002). A potential use is in the early
stages of a more detailed study in order to identify
compartments that are labelled preferentially.

On the cut surface of a TEM ultrathin section, a
random distribution can be simulated by applying simple
geometric probes (test points and lines). Consider the
example of a study in which only VOCs are of interest
(i.e., compartments that are membranes or filaments are
not included). Test point probes randomly positioned on
randomly selected section planes will hit VOCs with

probabilities determined by their fractional sectional
areas and, in 3D, by their fractional volumes (Howard
and Reed 2005). Hence, if a given VOC accounts for
20 % of cell volume, then, on average, 20 % of randomly
applied test points should hit that VOC. By counting test
points that fall on each compartment in the final set of
FOVs, the resulting numerical frequency distribution can
be taken to represent the expected spread of randomly
positioned gold particles.

In a similar fashion, expected distributions of gold
particles on a set of membranes (SOCs) can be obtained
by applying random test line probes. Test lines randomly
distributed and oriented on random section planes inter-
sect various membrane domains with probabilities deter-
mined by the relative trace lengths (on the section plane)
of those membranes and by their relative surface areas (in
3D).

As stated above, labelling intensities can be expressed
as LDs or RLIs. LD values relate numbers of gold
particles to the sizes of compartments. Although LD
values can be expressed as numbers of gold particles
per square micrometer (VOC profiles) or per micrometer
(SOC membrane traces) on the section plane (Griffiths
1993), design-based stereology offers simpler, unbiased
and efficient estimators (Mayhew 1991; Lucocq 1994;
Howard and Reed 2005). These take the form of numbers
of gold particles per test point (VOC profiles) or per test
line intersection (SOC membrane traces) and, thereby,
avoid the need to know the final FOV magnification or
the lattice constants used to convert test point totals into
organelle profile areas or to convert intersection counts
into membrane trace lengths (Mayhew et al. 2003). Lat-
tices of test points and lines are randomly superimposed
on section planes and used to identify and count chance
encounters with images of VOCs and SOCs, respective-
ly. For a mixture of VOCs and SOCs or for SOCs alone,
unbiased estimation depends crucially on randomised
sampling for the position and orientation of section
planes and test lattice lines (Gundersen and Jensen
1987; Gundersen et al. 1999; Mayhew 2008). For VOCs
alone, only the positions of section planes and test points
must be randomised.

If all compartments label randomly, they should all
share the same LD value and this should correspond to
that of the cell as a whole. Therefore, the ratio LDX/LDC

(where X represents a compartment and C the whole cell)
provides a convenient measure of the degree to which the
observed labelling of a compartment deviates from the
expected (random) pattern. This measure is known as the
RLI (Mayhew et al. 2002) and can be calculated directly
(from raw gold counts and counts of chance encounters
between test probes and sectional images of compart-
ments) or indirectly (from LD values).
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The procedures about to be described were devised
originally for compartments of the same type, i.e., they
are either all VOCs or all SOCs (Mayhew et al. 2002).
However, some target molecules might be found in other
types of compartments or translocate from one to another
(Mayhew and Lucocq 2008a). The following worked
examples address these alternative scenarios.

Scenario 1 Dealing with a set of VOCs.Direct estimates
of RLI can be obtained by simulating a ran-
dom distribution and then by comparing it
with the observed raw counts of gold parti-
cles. The random distribution of gold parti-
cles is simulated by randomly superimposing
test points on randomly positioned section
planes. Consider the example in Table 1 in
which counts are based on a sample of la-
belled cells of the same type or from the
same study group. For the sake of illustra-
tion, the cell is divided into a set of five
VOCs.

The observed total of gold particles falling on all the FOVs
from this cell type (ΣoNG) is 204 and the total number of
random test points (ΣP) is 215. Totals of 74 gold particles and
12 test points are associated with VOC1.What is the expected
number of gold particles (eNG) for VOC1? These totals sug-
gest that, if 204 gold particles were randomly distributed on
the ultrathin sections, eNG is expected to be 12×204/215=
11.386. The RLI for VOC1 is estimated as oNG/eNG, which
gives 74/11.386=6.50. This suggests that the labelling inten-
sity of compartment VOC1 is almost seven times greater than
expected for a random dispersal of gold particles. The partial
χ2 value for a compartment is obtained from observed and
expected gold counts as

oNG– eNGð Þ2
.
eNG:

For VOC1, the value is (74–11.386)2/11.386=344.33.

For the full dataset in Table 1, total χ2 is 592.52 and, for 4
degrees of freedom (df, determined by 2–1 groups × 4–1
compartments), the probability level is P-value<0.001. This
means that we must reject the null hypothesis that the labelling
pattern is random.

When observed and expected distributions are found to be
significantly different, two criteria for deciding on the prefer-
ential labelling of a compartment must be satisfied: (1) the
compartmental RLI must be > 1 and (2) the partial χ2 value
must account for a significant proportion (10 % or more) of
total χ2. With these criteria, the cells show preferential label-
ling of compartments VOC1 and VOC2 (Table 1).

For χ2 analysis, a mixture of labelled and unlabelled com-
partments should be selected for inclusion in the study, espe-
cially if the labelled compartments have similar RLI values
(Mayhew et al. 2002). The test also imposes conditions on the
numbers of expected gold particles on individual compart-
ments (Mayhew et al. 2004) and this will affect the choice of
compartments and numbers of gold particles needed to be
counted. If small, rare or poorly labelled compartments are
included in the study, extra effort in terms of sampled FOVs
will be required in order to count the gold particles associated
with them. If the compartment is of minor interest only, then it
can be treated as part of some larger compartment such as
“residuum” or “rest of cell”.

To obtain indirect estimates of RLI, the LD of any VOC is
first estimated simply and efficiently as

LDX ¼ oNG

.
PX

where PX is the sum of test points falling on that VOC
(Mayhew et al. 2003). The RLI value is then estimated as

RLIX ¼ LDX

.
LDC:

Table 2 provides LD values for the same dataset as in
Table 1. For example, the LD for VOC1 is 74/12=6.167 gold

Table 1 Testing the null hypothesis that the observed distribution of gold
particles between volume-occupying compartments (VOCs) in a single
group of cells is random. Relative labelling index (RLI) is estimated
directly from the observed and expected numbers of gold particles before
undertaking a χ2 analysis (oNG observed number of gold particles, eNG

expected number of gold particles, P number of random test points hitting
VOC, subscript C across whole cell). The distribution of gold particles
across compartments is not random (P-value<0.001). Compartments
VOC1 and VOC2 are preferentially labelled (RLI > 1 and χ2 accounts
for > 10 % of total)

Compartments oNG P eNG RLI (= oNG/eNG) χ2 χ2 as %

VOC1 74 12 11.386 6.50 344.33 58.1

VOC2 62 15 14.233 4.36 160.31 27.1

VOC3 18 15 14.233 1.26 1.00 0.2

VOC4 17 20 18.977 0.90 0.21 0.0

VOC5 33 153 145.172 0.23 86.67 14.6

Column totals 204 215 204 RLIC = 1.00 592.52 100
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particles per test point and LDC is 204/215=0.949 gold parti-
cles per test point. Consequently, the RLI for VOC1 is 6.167/
0.949=6.50 and the partialχ2 is 344.33 (as in Table 1). Again,
preferential labelling of VOC1 and VOC2 is apparent.

Scenario 2 Dealing with a set of SOCs. For this scenar-
io, the example is a sample of labelled cells
divided into a set of five SOCs and the
simulated distribution is generated by
counting intersections (I) with random test
lines (see Table 3). The calculations are per-
formed in a similar way to those described
above for direct and indirect RLI estimates
for VOCs. To avoid unnecessary duplication,
the example is confined to direct estimation
of RLI. For the full dataset, total χ2 is 56.62
and P-value<0.001. The null hypothesis that
the labelling pattern is random is rejected.
With the criteria for deciding on preferential
labelling, these cells appear to show prefer-
ential labelling of compartments SOC1,
SOC3 and SOC4.

Scenario 3 Dealing with a mixed set of VOCs and
SOCs. For this scenario, we must first deal
with two practical issues: (1) sectional

images of VOCs and SOCs are not equiva-
lent because SOCs appear on TEM ultrathin
sections as membrane trace lengths, whereas
VOCs occur as profile areas and (2) not all
membrane traces are clearly visible on TEM
ultrathin sections (some of them are vague or
indistinct because their membranes were not
cut orthogonally by the section plane and so
are tilted away from the electron axis at
various angles; Mayhew and Reith 1988).

To overcome non-equivalence, membrane trace lengths
can be converted to profile areas by defining a “zone of
acceptance” on both sides of each membrane trace (Mayhew
and Lucocq 2008a). The width of this zone is taken to be twice
the diameter of the gold particles. The profile area of the
acceptance zone can be calculated by multiplying its overall
width by its trace length (estimated by counting intersections
with random test lines) or by counting the number of equiv-
alent test points after randomly superimposing a lattice of test
points (Mayhew and Lucocq 2008a, b).

To deal with membrane tilt in the section, observed num-
bers of gold particles falling onmembranes can be obtained by
restricting counts to membrane traces that are clearly visible
because they are sectioned at favourable angles. Of course,

Table 2 Testing the null hypothesis that the observed distribution of gold
particles between VOCs in a single group of cells is random. RLI is
estimated indirectly from LDX/LDC before undertaking a χ2 analysis
(oNG observed number of gold particles, P number of random test points

hitting VOC, LDX labelling density of compartment, LDC labelling den-
sity of whole cell, RLI relative labelling index, subscript C across whole
cell). The distribution of gold particles is not random (P-value<0.001).
Compartments VOC1 and VOC2 are preferentially labelled

Compartments oNG P LDX (= oNG/P) RLI (= LDX/LDC) χ2 χ2 as %

VOC1 74 12 6.167 6.50 344.33 58.1

VOC2 62 15 4.133 4.36 160.31 27.1

VOC3 18 15 1.200 1.26 1.00 0.2

VOC4 17 20 0.850 0.90 0.21 0.0

VOC5 33 153 0.216 0.23 86.67 14.6

Column totals 204 215 LDC = 0.949 RLIC = 1.00 592.52 100

Table 3 Testing the null hypothesis that the observed distribution of gold
particles between surface-occupying compartments (SOCs) in a single
group of cells is random. RLI is estimated directly from the observed and
expected numbers of gold particles before undertaking a χ2 analysis (oNG

observed number of gold particles, eNG expected number of gold

particles, I number of intersections between SOC and random test lines,
RLI relative labelling index, subscript C across whole cell). The distribu-
tion of gold particles across compartments is not random (P-value<
0.001). Compartments SOC1, SOC3 and SOC4 are preferentially labelled
(RLI > 1 and χ2 accounts for > 10 % of the total)

Compartments oNG I eNG RLI (= oNG/eNG) χ2 χ2 as %

SOC1 99 72 64.454 1.54 18.52 32.7

SOC2 56 121 108.319 0.52 25.27 44.6

SOC3 23 15 13.428 1.71 6.82 12.0

SOC4 20 13 11.638 1.72 6.01 10.6

SOC5 7 8 7.162 0.98 0.00 0.0

Column totals 205 229 205 RLIC = 1.00 56.62 100
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these raw counts must be corrected for image loss in order to
obtain corresponding eNG values. Correction factors can be
derived by goniometry or from stereological estimates
(Mayhew and Reith 1988; Mayhew and Lucocq 2008a, b).

Imagine a group of cells and a set of VOCs and SOCs
labelled with 10-nm gold particles. The overall width (w) of
the membrane acceptance zone from one side to the other
would be 2(2×10) = 40 nm or 0.04 μm. Imagine that only
clear or near-orthogonal membrane traces (tilted no more than
5° from the electron axis) were examined. For a critical angle
of 5°, the correction factor for membrane image loss would be
9.03 (Mayhew and Reith 1988; Mayhew and Lucocq 2008a,
b). Table 4 presents a possible dataset from such a study. A
total of 13 gold particles were counted on clear membrane
images of compartment SOC2 and so the corrected number
would be 13×9.03=117.39. With 60 test line intersections (I)
counted with the same clear images, the corrected total should
be 60×9.03=541.80. By employing a lattice of “vertical” and
“horizontal” test lines with a spacing of d=0.5 μmon the scale
of the specimen (equivalent to an area of 0.25 μm2 per test
point), this equates to a total of (π/4×I×d×w)/0.25=(3.1416/
4×541.80×0.5×0.04)/0.25=34.04 test points falling within
the acceptance zone of SOC2 membranes.

For each compartment, eNG values can be estimated from
the corrected point totals and oNG counts and corresponding
LD and RLI values can be calculated. For the complete
dataset, total χ2 is 123.28 and, for df = 4, P-value<0.001.
The RLIs (1.80 and 1.81) and partial χ2 values (∼29 and 34%
of total) indicate that compartments SOC1 and SOC2, respec-
tively, are preferentially labelled.
[b] Tackling Question 2. The aim here is to distinguish

specific from non-specific labelling of target molecules.
To achieve this, Lucocq and Gawden-Bone (2010) de-
veloped a method relying on the use of specimen-based
control cells. One group of cells, here denoted by the
symbol “+”, represents normal expression (e.g., wild-
type) and another, symbol “−”, represents reduced

expression (e.g., knockout or knockdown).
The virtual dataset in Table 5 uses data in Table 1 and

treats the cells as belonging to the normal expression
group. Observed numbers of gold particles associated with
selected compartments (here, VOCs) are counted separate-
ly in the two group of cells to give the totals oNG+ and
oNG-. By superimposing lattices of test points on random-
ly sampled FOVs, the observed gold counts are converted
into labelling densities, LD + and LD-, expressed as gold
particles per test point. The specific labelling density for
each compartment, LDsp, is estimated as

LDsp ¼ LDþ −LD−:

For example, LD+ for the compartment VOC1 is estimated
to be 6.167 gold particles per test point in normal expression
cells but its LD- after reduced expression is only 1.333 (Ta-
ble 5). Therefore, LDsp for this VOC1 is equal to 4.834 gold
particles per test point. This implies that about 78 % of the
observed labelling of VOC1 is specific.

From the above, we can estimate the number of gold
particles that represents specific labelling for each compart-
ment (Table 5). Thus, LDsp for VOC1 is 4.834 gold particles
per point but this compartment in the LD+ group contains 12
test points. Therefore, oNGsp for VOC1 is predicted to be
4.834×12=58.01. The total points falling on the cell (Σ =
215) and the total number of specific gold particles (Σ =
122.96) provide the expected number of specific gold particles
for each compartment, eNGsp. Hence, the expected number
falling on VOC1 is 12×122.96/215=6.86 gold particles and
the specific RLI is given by 58.01/6.86= 8.46. VOC1 appears
to show at least eight times stronger labelling than that ex-
pected for a purely random spread of gold particles. The
partial χ2 for VOC1 is 381.39 and total χ2 for the whole
dataset is 609.31. For df = 4, P-value<0.001. Calculations

Table 4 Testing the null hypothesis that the observed distribution of gold
particles in cells with a mixture of VOCs and SOCs is random. Orthog-
onally sectioned membranes are treated as profiles and membrane image
loss is corrected before estimating RLI from LDX/LDC and undertaking a
χ2 analysis. Here, the correction factor (based on examining clear mem-
brane images only) is taken to be 9.03 (see values in parenthesis; oNG

observed number of gold particles, eNG expected number of gold parti-
cles, P number of random test points hitting VOC, I number of intersec-
tions between SOC and random test lines, LD labelling density, RLI
relative labelling index, subscript C across whole cell). The distribution
of gold particles between compartments is not random (P-value<0.001).
Membrane compartments (SOC1 and SOC2) are preferentially labelled

Compartments oNG P or I Corrected P eNG LDX RLIX χ2 χ2 as %

VOC1 31 P=28 28 53.40 1.107 0.58 9.40 7.6

VOC2 23 P=16 16 30.52 1.438 0.75 1.85 1.5

VOC3 63 P=68 68 129.70 0.926 0.49 34.30 27.8

SOC1 11 (99.33) I=51 (460.53) 28.93 55.18 3.433 1.80 35.32 28.7

SOC2 13 (117.39) I=60 (541.80) 34.04 64.92 3.449 1.81 42.41 34.4

Column totals 333.72 174.97 333.72 LDC = 1.907 RLIC = 1.00 123.28 100
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for the other VOCs indicate that only VOC1 and VOC2 are
preferentially and specifically labelled.
[c] Tackling Question 3. The aim here is to test whether the

distribution of gold particles across compartments alters
in two or more different groups of cells. The method
might also be useful for examining patterns of labelling
at various antibody dilutions. With this method, observed
numerical frequency distributions of raw gold counts in
various groups of cells are compared directly by contin-
gency table analysis (Mayhew et al. 2002, 2003;
Mayhew and Desoye 2004).

Consider the virtual dataset in Table 6. For a compart-
ment in a given study group (here, control and treated A
and treated B), the expected number of gold particles is
calculated bymultiplying the relevant column sum by the
corresponding row sum and dividing by the grand row
sum. For instance, the expected number of gold particles
on membrane compartment SOC1 is given by 205×310/
814=78.07. For the observed gold count of 99, partial χ2

amounts to (99–78.07)2/78.07=5.61.
Total χ2 for all three groups is 22.46 and, for df = 8

(3–1 groups × 5–1 compartments),P-value<0.01. There-
fore, the null hypothesis (no difference in distributions
between groups) is rejected. Inspection of partial χ2

values shows that control cells have greater-than-
expected labelling of SOC1 but less-than-expected label-
ling of SOC2 and SOC5. In contrast, cells in the treated B
group exhibit less-than-expected labelling of SOC1 but
greater-than-expected labelling of SOC5.

With this method, magnification need not be known
or standardised between groups. Statistical evaluation by
contingency table analysis prefers that the expected num-
bers of gold particles should not be < 5. Aiming for
similar column sums for total gold counts in each group
of cells is prudent so that statistical handling is not
distorted by large discrepancies between groups.

A constraint of this method is its limited ability to
facilitate mechanistic interpretations of shifts in gold

labelling distributions. In such situations, analysis can
be advantageously supported by estimates of labelling
intensities (for a real example, see Schmiedl et al. 2005).

[d] Tackling Question 4. The aim here is to test whether, in
a multi-labelling study, targets labelled with two or more
different sizes of gold particle show evidence of
colocalisation. Consider a triple-labelling study examin-
ing colocalisation in a set of SOCs by using gold parti-
cles of diameters 5 nm, 10 nm and 20 nm (Table 7). The
method is essentially a variant of that described under
Question 3.

Using 5-nm gold particles, the following numbers of
particles were associated with SOC1 (100), SOC2 (14),
SOC3 (50), SOC4 (12) and SOC5 (26). Corresponding
totals for 10-nm and 20-nm particles are summarised in
Table 7. For these data, total χ2 amounts to 1.82 and, for
df=8, P-value=0.99. The distributions do not differ sig-
nificantly and the data are consistent with colocalisation.

[e] Tackling Question 5. The aim now is to test whether
individual organelles that form a particular VOC exhibit
colabelling (Mayhew and Lucocq 2011). The method
presented here is limited to VOCs and to dual-labelling.
Alternative approaches will be required to deal with large
SOCs that are not associated with small vesicles or
granules.

The analytical method involves assessment of wheth-
er a VOC profile (identified as containing a given target
by labelling with a smaller gold particle) also labels for a
second target (identified by a larger gold particle). To this
end, individual VOC profiles are selected by using an
SUR set of unbiased counting frames such as forbidden
line frames (Gundersen 1977; Sterio 1984). Profiles are
selected provided that they are entirely within the frame
or touch its acceptable borders but do not touch its
forbidden borders or their extensions. Profiles meeting
these criteria are counted and assigned to one of four
classes in a 2×2 table. The classes are: double-positive,
positive only for one target, positive only for the other

Table 5 Estimating specific labelling densities (LDsp) in two cell groups
representing normal (+) and reduced (−) expression and testing the null
hypothesis that the specific-labelling distributions of gold particles be-
tween VOCs is random. The normal expression cell is the same as that in
Tables 1, 2 (oNG observed number of gold particles, eNG expected

number of gold particles, P number of random test points hitting VOC,
LD labelling density, RLI relative labelling index, subscript C across
whole cell). The specific-labelling distribution of gold particles is not
random (P-value<0.001). Compartments VOC1 and VOC2 are prefer-
entially labelled

Compartments oNG+ P+ LD+ oNG- P- LD- LDsp oNGsp eNGsp RLIsp χ2 (as %)

VOC1 74 12 6.167 16 12 1.333 4.834 58.01 6.86 8.46 381.39 (62.6)

VOC2 62 15 4.133 14 12 1.167 2.966 44.49 8.58 5.19 150.29 (24.7)

VOC3 18 15 1.200 11 15 0.733 0.467 7.01 8.58 0.82 0.29 (0.0)

VOC4 17 20 0.850 10 21 0.476 0.374 7.48 11.44 0.65 1.37 (0.0)

VOC5 33 153 0.216 29 164 0.177 0.039 5.97 87.50 0.07 75.97 (12.5)

Column totals 204 215 LDC+0.949 80 224 LDC- 0.357 LDCsp 0.592 122.96 122.96 RLICsp 1.00 609.31 (100)
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target and double-negative.
In the example provided in Table 8, VOC profiles

were labelled by using 5-nm and 15-nm gold particles.
Overall, 87 profiles were selected by the counting
frames: 22 were found to be double-positive and 49 were
double-negative. Only five profiles were labelled with 5-
nm gold particles alone and 11- with 15-nm particles
alone. Fisher’s exact probability test reveals that the
labelling of profiles by the two sizes of gold particle is
not independent (P-value<0.001). Double-positive la-
belling differs from that which is to be expected for a
random process. To help interpret the outcomes, an odds
ratio is calculated. First, the ratio of labelled:unlabelled
profiles for 15-nm gold particles is computed separately
for each of the groups that are positive and negative for 5-
nm gold. Then, an odds ratio is calculated from these
initial ratios. The size of the odds ratio indicates whether
a higher proportion of labelling by 15-nm particles oc-
curs on profiles that are also labelled by 5-nm gold
particles. For the data in Table 8, the odds ratio (4.400/
0.224=19.60) indicates dual-labelling of these VOC
profiles.

[f] Tackling Question 6. The aim now is to map labelling
across cell compartments in 3D (Lucocq and Gawden-
Bone 2009). An efficient sampling tool is the vertical
rotator, which is used to provide random sections

orthogonal to a convenient reference plane that might
be intrinsic to the cells themselves (e.g., the basal mem-
brane domain of a polarised epithelial cell or the meta-
phase plate of a cell undergoing mitosis) or external to
them (e.g., the substratum of cultured cells).

Individual cells are selected by means of unbiased 3D
counting tools (physical disectors) in order to identify
those with a single point-like feature such as the nucleo-
lus or centrosome. A short series of ultrathin sections
spanning the feature is taken and immunolabelled. Cells
displaying the feature are chosen if they appear on one
section plane of the physical disector (the reference sec-
tion) but not on a parallel section (the look-up section).
These reference and look-up sections are separated by a
known distance, t, equivalent to section thickness. FOVs
are recorded and a vertical axis is identified on them that
passes through the chosen feature of the selected cells.

On the sampled FOVs, gold particles associated with
compartments (VOCs or SOCs) are identified and the
distances (dv) from these gold particles to the vertical
axis are classified with the help of a test lattice of sys-
tematic points (Nyengaard and Gundersen 2006) or lines
running parallel to the vertical axis (Lucocq and Gawden-
Bone 2010; Mayhew 2011). Alternatively, a ruler gradu-
ated into equidistant classes can be used. Numbers of gold
particles falling into each compartment are summed for

Table 7 Testing the null hypothesis of identical membrane (SOC)
colocalisation of three different antigens labelled using 5-, 10- and 20-
nm gold particles. Observed (expected) numbers of gold particles are

estimated by contingency table analysis. The three distributions of gold
particles do not differ significantly (P-value=0.99) giving evidence of
colocalisation

Compartments 5-nm gold 10-nm gold 20-nm gold Row totals χ2

SOC1 100 (97.40) 96 (96.92) 102 (103.67) 298 0.07, 0.01, 0.03

SOC2 14 (15.04) 15 (14.96) 17 (16.00) 46 0.07, 0.00, 0.06

SOC3 50 (53.93) 53 (53.67) 62 (57.40) 165 0.29, 0.01, 0.37

SOC4 12 (10.79) 10 (10.73) 11 (11.48) 33 0.14, 0.05, 0.02

SOC5 26 (24.84) 27 (24.72) 23 (26.44) 76 0.05, 0.21, 0.45

Column totals 202 201 215 618 1.82

Table 6 Testing the null hypothesis that no difference exists between the
observed distributions of SOC-associated gold particles in three groups of
cells. Observed (expected) numbers of gold particles are estimated by
contingency table analysis. The three distributions are different (P-value<
0.01). Control cells have greater-than-expected labelling of SOC1

membranes (χ2 is ∼25 % of total) and less-than-expected labelling of
SOC2 and SOC5membranes (χ2∼17% and ∼22% of total respectively).
Cells in the treated B group have less-than-expected labelling of SOC1
membranes (χ2∼11 % of total) but greater-than-expected labelling of
SOC5 membranes (χ2∼12 % of total)

Compartments Control Treated A Treated B Row Totals χ2 χ2 as %

SOC1 99 (78.07) 110 (113.87) 101 (118.06) 310 5.61, 0.13, 2.46 25.0, 0.5, 11.0

SOC2 56 (72.53) 112 (105.79) 120 (109.68) 288 3.77, 0.36, 0.97 16.8, 1.6, 4.3

SOC3 23 (22.67) 32 (33.06) 35 (34.28) 90 0.00, 0.03, 0.02 0.0, 0.2, 0.1

SOC4 20 (15.87) 21 (23.14) 22 (23.99) 63 1.08, 0.20, 0.17 4.8, 0.9, 0.7

SOC5 7 (15.87) 24 (23.14) 32 (23.99) 63 4.95, 0.03, 2.67 22.1, 0.1, 11.9

Column totals 205 299 310 814 22.46 100
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each class and then multiplied by the corresponding class
mid-points. The sum of all these values (Σdv), multiplied
by π/t, provides an estimator of the number of gold parti-
cles in the cell (Lucocq and Gawden-Bone 2010). The
factor π/t is appropriate for post-embedding labelling be-
cause, clearly, the same gold particles cannot be present on
both the reference and look-up sections.

Aworked example is offered in Table 9 for a set of n=15
cells sampled by using the physical disector and vertical
rotator. The section thickness is 70 nm and the vertical axis
passes through nucleoli appearing on the reference but not
on the look-up section. A ruler with six size classes and a
class interval of 0.8 μm on the specimen scale is employed
and distances from gold particles to the vertical axis are
classified for a set of three VOCs.

For VOC1, 17 gold particles were found within class 1,
the mid-point for which was 0.4 μm. The sum of these
distances was therefore 17×0.4=6.8 μm. For class 2, cor-
responding values were 44 gold particles, mid-point
1.2 μm and sum 52.8 μm. Summing across all classes,
the cumulative distances for VOC1 amounted to Σdv =
267.6 μm. The number of gold particles in this set of cells
was subsequently estimated as NG = Σdv × π/t = 267.6 ×
(3.1416/0.07) = 12009.9. Since this was obtained from n=
15 sampled cells, the number of gold particles labelling
VOC1 was ∼801. Totals for VOC2 and VOC3 compart-
ments were ∼1552 and 505 gold particles, respectively.

Discussion

The methods reviewed here comprise the first coherent set of
methods for quantitative ICC at the ultrastructural level. All
are based on sound principles of sampling, estimation and
inferential statistics that are beneficial in terms of two cardinal
statistical qualities, viz. precision and bias. The methods are
also relatively simple and straightforward to apply. Although
the presently worked examples are all synthetic (rather than
based on real experimental data), the methods that they illus-
trate have been applied in a wide variety of studies involving

bacteria, viruses and animal and plant cells and tissues (for a
list of references, see Mayhew 2011). Moreover, they have
been adopted in areas other than ICC in order to analyse, for
instance, spatial distributions of nanoparticles within cells/
tissues (Mühlfeld et al. 2007, 2008; Geiser et al. 2013) and
the association of viruses with the symbiotic pair of
Paramecium and Chlorella (Yashchenko et al. 2012). In prin-
ciple, they could also be applied in immuno-quantum dot
cytochemistry (e.g., Nisman et al. 2012; Killingsworth et al.
2012). Use of the disector and rotator tools offers the possi-
bility for studying polarised, oriented or dividing cells and
systems characterised by the movement of VOCs from one
region to another (Lucocq and Gawden-Bone 2009). The
combination of gold counting with other stereological tools
opens up the further possibility of estimating LDs for VOCs as
numbers of particles per cubic micrometer.

Apart from specificity, labelling efficiency (LE, a measure
of the number of gold particles per target molecule) is another
factor influencing the quantitation of gold labelling. Unfortu-
nately, post-embedding labelling does not ensure that all of the
target is labelled by gold particles and, sometimes, a target
molecule might be associated with more than one particle. In
practice, LE is influenced by various technical steps including
fixation, embedding, labelling protocols, penetration of label-
ling reagents into the section and gold particle size. Methods
for estimating LE have been discussed in greater detail else-
where (Lucocq 1992; Griffiths 1993; Mayhew and Lucocq
2008b; Mayhew et al. 2009). Interestingly, a further potential
development of the estimation procedure for labelling speci-
ficity (Lucocq and Gawden-Bone 2010) is to apply correction
factors to apparent LE estimates. The method could be
adapted also to incorporate an iterative approach to test the
impact of various levels of knockdown between some arbi-
trary minimum level and 100 % knockout.

Notably, other quantitative methods and imaging modalities
are available for immunogold quantification. In multiple-
labelling studies, colocalisation has been analysed by other
approaches including correlation functions (Philimonenko
et al. 2000; Anderson et al. 2003; D’Amico and Skarmoutsou
2008b), which, for example, have been applied to HeLa cells to
test for the colocalisation of nascent DNA and nuclear proteins.

Table 8 Testing for the null hypothesis of colabelling independence of
individual VOC profiles by antigens labelled by using 5-nm or 15-nm
gold particles. Observed numbers are counted in variously labelled VOC
profiles selected with unbiased counting frames and analysed by the

Fisher exact test. The two labelling patterns are not independent (Fisher’s
exact test yields P-value<0.001). The odds ratio (4.400/0.224∼19.6) is
consistent with dual-labelling

Presence of particle 15 nm+ 15 nm− Row totals Ratios 15 nm+/15 nm−

5 nm+ 22 5 27 4.400

5 nm− 11 49 60 0.224

Column totals 33 54 87 Odds ratio = 19.60
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The correlation function approach tends to require more com-
plex computations than those described here and the same is
true of computer simulations for analysing spatial patterns of
gold labelling on membranes (Nikonenko et al. 2000).

Several practical constraints ensue with regard to the use of
various sizes of colloidal gold nanoparticles for multiple-
labelling ICC. One factor is the ability to recognise unambig-
uously diverse sizes of particle and, in consequence, most
studies have limited themselves to localising only two or three
target molecules. Another factor is the observation that the
efficiency of antibody binding is inversely related to particle
size. For example, freeze-fracture immunolabelling of neutro-
phil leucocytes has shown that higher labelling intensities are
obtained with ultrasmall (0.8–1.5 nm) gold particles in com-
parison to 5–15 nm colloidal gold particles (Robinson et al.
2000). Alternative approaches have been developed in at-
tempts to deal with this issue.

One approach has involved the use of equally-sized nano-
particles made of different metals, e.g., gold, platinum and
palladium particles of about 6 nm in diameter, bound to
different primary antibodies (Bleher et al. 2008). To this end,
multiply-labelled cryosections of skeletal muscle have been
analysed for elemental composition by electron spectroscopic
imaging via energy-filtering TEM. Avariant on this approach
has been the use of colloidal gold and quantum dot particles in
combination with scanning transmission electron microscopy
(STEM) and elemental composition analysis (Loukanov et al.
2010). An alternative approach (Philimonenko et al. 2014) has
utilised other electron-dense nanoparticles identifiable on the
basis of their differences in shape rather than size. With this
approach, five different targets have been localised simulta-
neously in the nuclei of Hela cells by using two different sizes
of colloidal gold (6 nm and 12 nm) together with gold-silver
core-shell nanoparticles (doughnut-shaped, ∼13 nm), palladi-
um nanoparticles (cubic, ∼15 nm) and gold nanoparticles

(rod-shaped, ∼16 nm×6 nm). Clearly, this approach has the
potential to extend the range of multiple-labelling and the
investigation of interactions between three or more targets.

As alluded to above, limitations of TEM include the tiny
volume of specimen that can be processed and the thickness of
section (50–90 nm) that needs to be cut to ensure good lateral
resolution. In order to image larger volumes of the specimen,
3D reconstructions can be undertaken by serial physical sec-
tioning or some form of tomography. Technical issues are
associated with serial sectioning including section compres-
sion and damage/loss, knife score marks, specimen hardness
and the maintenance of the faithful registration of reconstruct-
ed sections. At the TEM level, these problems are particularly
acute and the production of ultrathin sections is a time-
consuming and less efficient procedure. However, physical
ultrathin sectioning underlies various forms of array tomogra-
phy: for example, ribbons of sections can be deposited on
suitable substrates and viewed by SEM (Micheva and Smith
2007;Wacker and Schroeder 2013) or uncoated block-faces of
TEM sections can be viewed by using SEM in backscattering
mode (Denk and Horstmann 2004). Both SEM and TEM can
be used in conjunction with array tomography and ICC
(Micheva et al. 2010; Kay et al. 2013).

Reconstruction in 3D by physical slicing can be avoided by
electron tomography (Vanhecke et al. 2007) and STEM to-
mography (Baudoin et al. 2013). The techniques can be com-
bined with pre-embedding immunolabelling. Interestingly,
stereological tools can be combined with electron tomography
(Vanhecke et al. 2007) to estimate compartment volumes,
surface areas and numbers. Indeed, the smaller section thick-
nesses (down to a few nanometers) serve to reduce sources of
bias that are difficult to correct in other ways. Application to
pre-embedded immunogold-labelled sections (Griffiths 1993)
would be required to determine absolute numbers of gold
particles and to express LDs per cubic micrometer of VOC

Table 9 Estimating the 3D spatial distribution of gold particles across
three VOCs in n=15 cells sampled by using the rotator. Distances in
micrometers from a vertical axis (orthogonal to the cell substratum and

passing through the nucleolus) are classified by using equidistant
(0.8 μm) class intervals. Section thickness is 70 nm (equivalent to
0.07 μm)

Class Mid-class point (μm) Observed gold particles, oNG Sum of distances, Σdv

VOC1 VOC2 VOC3 VOC1 VOC2 VOC3

1 0.4 17 116 80 6.8 46.4 32.0

2 1.2 44 32 47 52.8 38.4 56.4

3 2.0 29 47 3 58.0 94.0 6.0

4 2.8 2 51 25 5.6 142.8 70.0

5 3.6 1 1 0 3.6 3.6 0

6 4.4 32 44 1 140.8 193.6 4.4

Column totals 125 291 156 267.6 518.8 168.8

NG=Σdv×π/0.07 12009.9 23283.7 7575.7

NG per cell ∼801 ∼1552 ∼505
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or per square mucrometer of SOC. Again, these 3D recon-
struction methods are more demanding in terms of computing
power and time. Moreover, they generate a large amount of
information about a small sampling volume. This re-
emphasises the need to embark on rigorous sampling proto-
cols that balance noise (sampling variation + estimation pre-
cision) against the signal represented by the biological varia-
tion between independent items (e.g., cell groups, organisms)
selected at the highest level of the multistage sampling cas-
cade (Gundersen and Østerby 1981; Gupta et al. 1983;
Mühlfeld et al. 2010).

Finally, although the stereological methods described here
are performed manually, they offer the advantage of low cost
and the twin statistical benefits of reasonable precision and
minimal or no bias. Steps towards automatic or semi-
automatic counting of immunogold particles on TEM ultra-
thin sections have been taken (see Lebonvallet et al. 1991;
Brandt et al. 2001; Monteiro-Leal et al. 2003; D’Amico and
Skarmoutsou 2008a, b; Wang et al. 2011) but these do not
form a coherent and comprehensive set in the sense of the
present methods. Although not bias-free, the approach de-
scribed by Wang et al. (2011) can detect particles on single-
and dual-labelled sections with low incidences of false-
negative and false-positive recognition and of particle size
misclassification. The approach can also be applied to pre-
embedding labelling studies. Further developments to include
efficient and minimally biased estimates for statistical analysis
of spatial distributions of gold labelling are awaited.
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