
Chapter 4

Helicoid arrangement of

myofibrillar z-disks, t-tubules and

calcium release sites

4.1 Background

The sarcomere is the fundamental contractile unit in striated muscle and also provides

the template for the organization of proteins that are responsible for activation and

regulation of contraction (See section 1.1.2). Ultrastructural features that are critical

in EC coupling in ventricular myocytes (such as t-tubules and junctions) are arranged

at sarcomeric periodicity along the length of the cell. Once viewed as a static struc-

ture, sarcomeres are now understood to be highly dynamic where structures including

actin and myosin (that make up the primary contractile components) are assembled and

maintained by a host of chaperones and regulatory proteins.

Conventional view of the cardiac muscle sarcomere organization is mostly extrapolated

from thin sectioning and EM data of skeletal muscle. The cellular ultrastructure is often

simplified to myofibrils that run in parallel to each other from one intercalated disk to

the other (Fawcett and McNutt, 1969) (See Figure 1.1). However, greater complexity has

been reported in skeletal muscle previously. Tiegs (1922) reported striations arranged

in a ‘zig-zag’ pattern in several species. He interpreted this as a structure that may

propagate the excitation impulse from the endplate along the muscle fibres. Peachy’s
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serial section EMs with staining of the t-tubular system showed that it formed large

helicoids which was suggestive of helicoid arrangement of the myofibrillar z-disks (Peachy

and Eisenberg, 1978). Laser diffraction patterns from skinned skeletal muscle could

be explained by the Bragg crystal formed by sarcomeres with tilt in the myofilament

orientation or misregistration between sarcomeres (Brenner, 1985). The physiological

significance or the origin of these structural features remain unknown. However, it is

likely that they are produced during the fusion of myoblasts in the development and

maturation of skeletal muscle. Brook et al. (1983) reported disorganized contractile

machinery in fetal cardiac myocytes where the myofibrils become aligned gradually as

the synchronous activation is established as they mature.

Compared to skeletal muscle, the forces experienced by cardiac muscle fibres are unique

as considerable shear forces are developed across the ventricular wall during systole

(Waldman et al., 1988, Ashikaga et al., 2004). This leads to the gradual reorganization

of the fibres into non-parallel orientation. Centrally located nuclei in cardiac myocytes

would apply additional shear stresses between myofibrils that extend around them. The

requirement for maintaining mechanical stability within these cells is underscored in

myofibril disorganization observed in chronic heart failure (Sharov et al., 1994). However,

these shear stresses may be central to the intrinsic regulation of contractile function

via integrin-linked stretch modulated ion channels (Dyachenko et al., 2008) and the

structural maintenance carried out by integrin-linked kinases (Hannigan et al., 2007).

Understanding how such signal transduction systems operate will depend on a detailed

view of the spatial and mechanical arrangements of sarcomeres.

This chapter outlines the first detailed report of the complex arrangement of myofibrils

across the width of cardiac myocytes. Dislocated appearance in the registration between

adjacent myofibrillar z-disks and the helicoid pattern followed by such dislocated z-disks

on the scale of few microns will be described. The consequence of this structure to the

arrangement of key cellular components (such as the t-system and Ca2+ release sites)

have been investigated.
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4.2 Experimental Technique

Enzymatic cell isolation, and fixation were performed as outlined in section 2.1. Section

2.2 details the immunocytochemistry and histochemistry protocols followed. Confocal

imaging and image enhancement deconvolution were performed as described in section

2.3.

For the species comparison showed in section 4.8, hearts from 6-month-old New Zealand

White rabbits (donated by Dr. Carolyn Barrett) were perfusion-fixed with 2% PFA and

prepared for immunohistochemistry, similar to the method described in section 2.2 for

preparing rat tissue. In order to increase the sarcomere spacing beyond slack length,

some rat hearts were inflated with a latex balloon after the method described in (Omens

et al., 1993) during perfusion fixation.

Human tissue was acquired from a clinically non-failing heart (that could not be trans-

planted due to poor histocompatibility) with the approval of the New Zealand Health

and Disability Ethics committee (NTY/05/08/050) with the informed consent of the

family of the donor. Immediately upon removal, the heart was rinsed in cold cardio-

plegic solution. Samples were cut from the mid-line region of the left ventricle and

incubated overnight at 4oC in PBS containing 2% PFA. Immunolabelling of this tissue

was performed as described in section 2.2. Sampling, immunohistochemistry and confo-

cal imaging of human tissue were peformed by Dr. David Crossman. Remaining image

analysis of the human data was performed by the author.

Myofibrillar z-disks were labelled with a Mouse monoclonal IgG primary antibody against

α-actinin and goat anti-mouse IgG Alexa 488 secondary antibody. T-systems in rat, rab-

bit and human tissue were visualized using Alexa 647-conjugated wheat germ agglutinin

(WGA). Ryanodine receptor clusters were labelled with a mouse anti-RyR2 primary

antibody.

4.3 Quantitative image analysis of RyR clusters and t-

tubules

The positions of RyR clusters were determined in deconvolved 3D images of cells in 3-4

sarcomere segments using the centroid detection algorithm described in section 3.2.1.



Chapter 4. Helicoid organization of z-disks, RyR clusters and t-tubules 82

The three-dimensional connectivity of t-tubules was visualized using the skeletonization

algorithm used by Soeller et al (Soeller and Cannell, 1999).

4.4 Reconstructing central planes of myofibrillar z-disks

from α-actinin staining

α-actinin is located at the z-disks of myofibrils and tethers actin at either end of the

sarcomere. In cells oriented vertically along the optical axis, α-actinin appears as thick,

∼ 1µm-wide bands. The centroid positions of these bands were calculated by fitting

a Gaussian function to their intensity profile along the long axis of the cell. This de-

termined the longitudinal position of the true α-actinin staining. The labelled bands

were replaced with a 1-pixel-wide centroid (∼ 0.06µm) which results in a thin sheet of

tightly localized α-actinin distribution. This could be visualized in 3D following mod-

erate smoothing with a kernel of 80 nm FWHM.

Three-dimensional visualization of processed α-actinin, RyR positions and t-tubule im-

ages were performed either with volume rendering in Voxx2 v2.09d (Clendenon et al.,

2002) or surface rendering in Opendx (www.opendx.org) which facilitated colour-coding

and 3D animation of isosurfaces.

4.5 Visualizing the longitudinal registration of myofibrillar

z-disks

α-actinin labelling in longitudinal confocal sections of isolated rat ventricular myocytes

appeared as narrow transverse bands. They were arranged at sarcomeric periodicity

throughout the entire volume of the cell, except for the nuclear and perinuclear re-

gions(Figure 4.1A, similar to previous accounts (Manisastry et al., 2009). Myofibrils

could be followed for 40-60% of the axial length of the cell before they either merged

with other myofibrils or split to give rise to multiple bundles. The observation that these

myofibrils often curved in regions around nuclei coincided with apparent misregistrations

of the α-actinin bands between such bundles. Inspection of 3D confocal stacks of such

regions revealed a ‘zig-zag’ arrangement of α-actinin between neighbouring myofibrils.
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Figure 4.1: Visualizing the topology of myofibrillar z-disks. (A) α-actinin labelling in
a longitudinal confocal section of an isolated rat ventricular myocyte. (B) A magnified
view of a 2µm-deep maximum intensity projection of a region containing the ‘zigzag’
arrangement or ‘dislocation’ of z-disks. Note that the cell has been fixed at a longer
sarcomere length of ∼ 2.2µm. (C) The transverse view of α-actinin staining shown
in a .8µm-deep maximum intensity projection of a cell imaged in vertical orientation.
Nuclear or perinuclear regions (’N’) were devoid of staining. (D) In transverse view of
the cell, connections of the SR visualized with SERCA labelling (green) were seen either
wrapping around (small arrows) or bisecting (large arrowhead) the regions of α-actinin
staining (red) suggesting that each correspond to either individual or groups of closely
packed myofibrils. (E) Before (upper) and after the reconstruction of the longitudinal
localization of α-actinin labelling. Scale bars: A, 5 µm; B, 2 µm; C, 2 µm; D, 1 µm
and E, 5 µm
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This pattern of misregistration was also seen in cells from hearts dilated by latex balloon

(Figure 4.1B). The mean sarcomere length in these samples was increased from a slack

length of 1.82 ± 0.03 µm (n = 10 cells) to 2.22 ± 0.06 µm (n = 10 cells). Such misreg-

istrations persisted for ≈ 15− 20 sarcomeres before returning to registry with adjacent

myofibrils.

A detailed transverse view of α-actinin staining was observed when myocytes were im-

aged in transverse confocal sections. Figure 4.1C demonstrates this by a maximum

intensity projection of a z-stack across a 1.8 µm depth in an isolated rat ventricular

myocyte. Spaces occupied by the contractile machinery appeared as irregular shapes of

fluorescence (typically 1 µm wide although sometimes as long as 3 − 4 µm long) that

were packed around the nuclear or perinuclear regions (‘N’) in the transverse view of the

cell. Smaller gaps between areas of α-actinin labelling were likely to be filled by mito-

chondria as demonstrated in Soeller et al. (2009) and observed in electron micrographs

(Fawcett and McNutt, 1969). Figure 4.1D shows an overlay of α-actinin labelling (red)

and SERCA2A (green) tracing the geometry of the SR in a transverse confocal section.

Notice that smaller regions of α-actinin labelling are encircled by the SR connections

while some of the larger regions of continuous α-actinin are bisected. This suggests

that these irregular shapes of α-actinin staining indicated either individual or groups

of closely packed myofibrils. For simplicity, each of these areas of α-actinin staining is

referred to as a ‘myofibrillar z-disk’.

Imaging vertically oriented cells in transverse confocal sections has allowed the visual-

ization of myofibrillar z-disks with sharp outlines at a resolution of ∼ 250 nm. However,

their localization in the axial direction was poorly resolved (∼ 1 µm). The upper panel

of Figure 4.1E is the lateral (x-z) view of the data shown in panel C after volume ren-

dering. The longitudinal position of each myofibrillar z-disk was calculated to within

∼ 100 nm with the centroid detection approach described in section 4.4. The improved

precision of the z-disk positions in the reconstruction is seen in the lower panel.
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Figure 4.2: 3-D visualization of helicoids and dislocations between myofibrillar z-
disks. (A) Transverse view of α-actinin labelling surface rendered and colour-coded for
axial distance from a reference plane using a colour table that repeats every 1.8 µm
(calibration shown in panel B. (B) The complexity of the z-disk positions is seen in the
lateral view of the data. (C) The data volume was manually segmented into regions
showing different topologies of z-disk arrangement. Regions I and II showed complete
helicoids (lateral views shown on the right).

4.6 Three dimensional visualization of the z-disk helicoids

and dislocations

The transverse α-actinin dataset was pseudocoloured by axial distance in order to illus-

trate the complexity in the alignments of myofibrillar z-disks in the longitudinal direction

(Figure 4.2A). The colour table repeated every 1.8 µm and indicated axial distance from

a reference plane that was orthogonal to the cell‘s long axis and minimized the squared
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distances of local label structures from that plane. The multiple colours present in dis-

tinct regions reflect the extent of misregistration of z-disks across the cross-sectional

area of the cell. Notice that a simple tilt of the z-disk planes relative to the reference

plane would give rise to a smooth gradation of the colours linearly across the cell-width.

A lateral view of the same data volume is shown in Figure 4.2B. This highlights the

extent of the z-disk misregistration across the entire width of the cell. To further clarify

this point, the data were manually segmented into sub-regions (Figure 4.2C left) that

could be viewed separately. Regions I and II, shown in lateral view on the right, ex-

hibited left- and right-handed helicoids respectively. Close examination of the 3D data

suggested that these helicoids would be the result of a non-random arrangement of dis-

located myofibrillar z-disks across a cross-sectional area of 5−10 µm. The pitch of these

helicoids was roughly equal to the sarcomere length. The red region also contained clear

dislocations between myofibrillar z-disks although they did not form a complete helicoid.

A 3-D animation of this data can be viewed in the supplementary data of Jayasinghe

et al. (2010).

Misregistrations between myofibrils were observed in almost every cell examined (n > 50

in all rat, rabbit and human ventricular cells; see section 4.8). However only ∼ 15% of

the 3D data of cells contained helicoid structures. However, it is possible that this figure

underestimates the true frequency of such structures. This could have arisen largely by

disregarding incomplete helicoids. Imaging complete longitudinal extent of helicoids is

limited by either the working distance of the objective or the strong spherical aberration

encountered when focussing deeper into the tissue.

4.7 Development of misregistrations between myofibrils

As reported above, misregistrations of myofibrillar z-disks were observed over a longi-

tudinal distance of 15-20 sarcomeres. Figure 4.3 illustrates this phenomenon with two

distinct myofibrils that have been segmented out using their α-actinin staining. As

shown in Figure 4.3A, registration of the red coloured myofilament bundle is gradually

lost starting from the left of the panel. The maximum displacement is reached after ∼ 10

sarcomeres before the z-disks start to re-register on the right (complete re-registration

was not seen over the depth of these transverse confocal sections). The orthogonal view

of this dataset is shown in Figure 4.3B where variable angle is observed between the
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two myofibrils. In Figure 4.3C which shows the transverse view of the z-disks of these

two bundles, a gradual rotation in the plane of the red coloured z-disk coincides with

a shift in its centroid which gives rise to this non-zero angle (seen in panel B). The

contribution of the myofibril curvature and the non-uniformity of the sarcomere length

to the relative displacement between the contractile bundles were calculated to be 1%

and 4% respectively. The principal difference between the two myofibrils is the number

of sarcomeres. The cyan coloured myofibril would have gained an extra sarcomere when

it returns to registry with the red. A 3D animation of this data is available among the

supplementary material of Jayasinghe et al. (2010).
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Figure 4.3: Development of misregistration between neighbouring myofibrils. (A)
Lateral view of a 5 µm-deep region of surface rendered α-actinin labelling. Z-disks of two
adjacent myofibrils (red and cyan) have been segmented for clarity. Notice departure of
red z-disks from registry with the cyan region (from left to right). (B) In the orthogonal
view of A, the misregistered red myofibril shows a difference in the sarcomere length
and a longitudinal curvature compared to the cyan region. (C) Shown, is a series of
transverse images of the numbered regions in panel B where the red myofibril appears
to rotate as it moves out of register with the cyan region. Scale bar in panel A: 5 µm

Considering two myofibrils that lose and re-establish registration over ∼ 20 sarcomeres,

it was clear that this gives rise to a discrepancy of one sarcomere for one of them

over this distance. Myofibrils from isolated ventricular myocytes contained a sarcomere

length of 1.86 µm (n = 10 cells) with a standard deviation of ∼ 30 nm. The mean
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sarcomere length in ventricular tissue that was stretched with a balloon prior to stretch

was 2.22±0.062 µm. Such non-uniformity in z-disk spacing (Roos, 1987) could contribute

to the development of the z-disk misregistrations. However, this variation alone could

not account for the above discrepancy.

4.8 Comparative study of z-disk topology and t-tubule ar-

rangements in mammalian ventricular muscle

α-actinin labelling in transverse confocal sections of rat, rabbit and human ventricular

myocytes was examined for studying their myofibrillar z-disk topologies. Figure 4.4

shows a comparison of the α-actinin labelling for the three species considered. In all three

species, α-actinin staining showed irregular shapes corresponding to individual or groups

of tightly packed myofibrils. Staining was absent in nuclear and interfibrillar regions that

were presumably occupied mainly by mitochondria. Example images of the transverse

view of rat, rabbit and human myocytes labelled with WGA (for visualizing the geometry

of the t-system) are shown in Figure 4.4A-C. This WGA labelling strongly suggested that

the looped geometry of t-tubules often observed in rat ventricular myocytes (Figure 3.4B)

was a dense mesh that wrapped around the myofibrils. The t-tubular geometry reported

by WGA was confirmed by CAV3 labelling in the regions stained by WGA in the same

samples (See supplementary data of Jayasinghe et al. (2010)). The longitudinal view of

the rat myocyte suggested that most t-tubules closely follow the z-disk topology reported

by α-actinin although many t-tubules appeared to extended between consecutive z-lines

as observed before in section 3.4. This is shown in a skeletonized image of the t-tubule

labelling shown in red (lower panel of Figure 4.4A).

In comparison to rat, t-tubules in the rabbit and human cells appear more discrete

and project towards the centre of the cell with fewer branch points (Figure 4.4B & C).

Bifurcations of t-tubules in these cells coincided more with sites of z-disk dislocations

(see lower panels). It was observed that the general morphology of the human t-system

was more similar to that of rabbit than rat.

Tilted and/or dislocated z-disks are observed in the lower panels of Figure 4.4 illustrating

the volume rendered longitudinal view of the 3 species of ventricular myocytes. Z-

disk misregistration was detected in every cell examined although such dislocations and
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CBA

Figure 4.4: Z-disk arrangement and the t-tubular networks in rat, rabbit and human
ventricular muscle. 2 µm-deep maximum intensity projections of α-actinin (green)
and WGA (red) labelling in (A) rat, (B) rabbit and (C) human ventricular tissue
illustrating the transverse (upper panels) and the longitudinal views (lower) of the
myofibrillar z-disks and t-tubular networks. Examples of misregistered myofibrillar
z-disks are indicated by arrows in the lower panels. Scale bars: A-C, 5 µm

helicoid arrangements were observed to varying degrees in these species. Helicoids, which

typically required 3D reconstruction of α-actinin staining and were limited by thickness

of z-stacks or the tissue section, were detected in 13% (n=30 cells) of rat, 22% (n=9)

of rabbit and 9% (n=11) of human cells examined. Due to the inability to image whole

cells (∼ 100 µm deep), these fequencies are likely to underestimate the true frequency

of helicoids.

Note that the collection, processing, immunolabelling and confocal imaging of the hu-

man tissue samples were performed by Dr. David Crossman. Image processing and

visualization for these data were carried out by the author.

4.9 Organization of Ca2+ release sites at dislocated z-disks

The cell-wide organization of Ca2+ release sites was observed as punctate rows in lon-

gitudinal confocal sections of rat ventricular myocytes labelled for RyR2 (Figure 4.5A).
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Figure 4.5: Organization of RyR clusters near dislocated and helicoid z-disks. (A)
A longitudinal confocal scan of a rat ventricular myocyte labelled for RyR2 containing
regions where the axial distance between clusters of RyR was less than the sarcomere
length (arrowheads). Scale bar, 5 µm. (B) Histogram of the distances between the
centroid of each RyR cluster and the centroid of the nearest z-line indicate that a large
majority of RyR clusters are closely associated with local myofibrillar z-disks. Note the
non-linear scale. (C) RyR centroids coloured by depth from the lateral view illustrate
the helicoid arrangement of RyR clusters (right). Scale bar, 5 µm. Transverse view of
this data within a 1.8 µm-deep volume colour-coded for z-depth showed the non-planar
arrangement of RyR clusters across the width of the cell (right).

These rows reflected the strong z-line association of clusters of RyR. Regions of dislo-

cated rows that appeared in a ‘zigzag’ arrangement similar to the α-actinin labelling

observed in Figure 4.1 were observed in these image stacks. It was notable that the ax-

ial distance between RyR clusters located in such regions (indicated with arrowheads)

appeared to be smaller than the sarcomere length. The three-dimensional positions of

the RyR clusters in transverse confocal stacks were calculated using the centroid detec-

tion algorithm described in section 3.2.1 and their longitudinal distance to the nearest

myofibrillar z-line was analyzed. A histogram of these distances from the analysis of

4228 RyR clusters from 3 independent data sets (Figure 4.5B) shows that ∼ 89% of

RyR clusters were found within 250 nm of the nearest z-disk. Intriguingly, a small

sub-population of RyR clusters (<2%) was detected between 0.8 µm and 1.2 µm from

the nearest z-disk. Although the majority of RyR clusters were found in close associa-

tion with the local z-line, misregistration between myofibrillar z-disks caused the RyR

cluster distribution to appear non-planar across the width of the cell. This feature was
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strongly apparent when examining depth-coded x-z view of RyR clusters (Figure 4.5C

left). In transverse view of the RyR labelling colour-coded for z-depth (right), RyR

clusters appeared as ‘mats’ that reflected various planes of longitudinal organization of

z-disks shown in Figure 4.2.

4.10 Discussion

This chapter has presented deconvolved immunofluorescence 3-D confocal images that

were used for reconstructing the myofibrillar z-disks in ventricular myocytes. A complex

sarcomere organization within myocytes was revealed with the observation of misregis-

trations between neighbouring myofibrils and helicoidal organization of their z-disks in

local areas. Cellular structures important in EC coupling such as t-tubules and Ca2+

release sites appeared to follow this non-planar pattern of z-disks. A large majority

of the Ca2+ release sites were found close to the z-lines. Visual inspection of the small

remaining fraction of RyR clusters that were detected further than 0.8 µm revealed their

resemblance to the sub-population of RyR clusters that were observed in the middle of

the sarcomere (see section 3.6; Asghari et al. (2009)).

4.10.1 Geometric considerations on helicoidal sarcomere arrangement

Despite resolution limited to ∼ 250 nm, our data were useful in visualizing the z-disk

topology and the organization of t-tubules and RyR clusters across the entire cross-

section of the cell. This would be more labour-intensive to achieve with thin-section

EM or EM tomography. While most of the cells examined in this work were fixed at

slack length (sarcomere lengths of 1.8-1.9 µm), the sarcomere misregistration was still

observed in stretched myocytes (Figure 4.1). This consistency strongly supports the

existence of complex, non-uniform registry of sarcomeres in the living myocyte. It was

unclear in previous EM studies whether sarcomere misregistration may arise from non-

uniform forces exerted during specimen preparation (e.g. Peachy and Eisenberg (1978)).

However, the observation of dislocated z-disks in isolated cells that essentially have no

external load, as well as in stretched and relaxed tissue argues against this. Extrinsic

distortions of stretch and/or twist are unlikely to give rise to helicoid configuration of

z-disks with one sarcomere pitch to appear only in part of the cell’s cross-sectional area.
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This argument is further supported by the observation of both left- and right-handed

spirals within the same cross section of a myocyte (Figure 4.2). Therefore, it can be

suggested that these phenomena are unlikely to be due to mere sarcomere imperfections

but rather a consequence of myofibrils requiring to arrange in non-parallel directions

to allow space for cellular components such as central nuclei and determining sites of

adhesion at the cell boundary (Bray et al., 2008).

Some z-disk misregistration may be inevitable when the sarcomere length within a my-

ocyte can vary by ∼ 0.2 µm (Sanger et al., 2005, Bub et al., 2010). However, Figure 4.3

illustrates two different components that are likely to contribute to this phenomenon.

Firstly, variations in the sarcomere length were observed in both stretched and un-

stretched myocytes and was clearly different between misregistered myofibrils. Secondly,

non-zero angles between adjacent myofibrils that twist and/or curves around nuclei are

best observed using the 3D reconstructions presented here. In a grossly exaggerated

geometry (Bray et al., 2008), the angle of a myofibril running diagonally to opposite

ends of a myocyte with an aspect ratio of 5:1, the estimated contribution of this angle to

the magnitude of misregistration (4x/x) is no larger than ∼ 2%. However, such oblique

myofibrils were not apparent in the data. Additional angles introduced by myofibrils

passing around a nucleus (from the example discussed in Figure 4.3) can contribute to

a further ∼ 1%. These factors, in addition to the differences in the number of sarcom-

eres can allow neighbouring myofibrils to apparently lose and regain z-line registry over

20-40 µm.

4.10.2 Potential origins of dislocations between myofibrils

Helicoids of sarcomere arrangement was first described in skeletal muscle (Tiegs, 1922,

Peachy and Eisenberg, 1978) although this work (Jayasinghe et al., 2010) is the first

detailed report of similar structures in mammalian cardiac muscle. Although smaller in

cross-sectional area occupied (∼ 10 µm wide in cardiac muscle compared to 20-100 µm

in skeletal muscle), the cardiac helicoids are essentially analogous to those in skeletal

muscle (i.e. helicoids contain a pitch equivalent to a single sarcomere; Peachy and

Eisenberg (1978)). This also confirms that the cause of this helicoidal topology is not

purely a result of the space occupied by cytosolic organelles such as nuclei or abundant

mitochondria (as skeletal muscle contain peripheral nuclei and sparser mitochondria). A
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likely factor in the formation of dislocations between myofibrils may be the underlying

cytoskeleton during the development of the myofibrils. For example, the establishment

of the longitudinal framework appears to govern actin orientation of myofibril prior

to the laydown of α-actinin (Manisastry et al., 2009, Sanger et al., 2005). α-actinin

actinin itself takes a longitudinal fibrillar morphology in the immature myofibrils and

the deposition of obscurin, found at M-lines dictates the re-organization of α-actinin

into the z-line morphology (Kontrogianni-Konstantopoulos et al., 2006, Borisov et al.,

2008). The sarcomeric ‘molecular ruler’ titin is laid down either prior or simultaneously

to obscurin (Borisov et al., 2008). One or both of these two proteins may therefore

govern the number of sarcomeres in an individual myofibril independent of that in the

neighbouring myofibrils which can allow misregistrations to develop.

These non-uniformities may be the consequence of cell growth which may not be entirely

uniform due to areas of adhesion between cells and the extracellular matrix (Bray et al.,

2008). This is consistent with myocytes cultured on patterned substrate that do not

develop uniform myofibrillar arrangements (Bray et al., 2008). It is also likely to be an

adaptation to the transmural forces that occur during contraction (Waldman et al., 1988)

and relaxation (Ashikaga et al., 2004). The shear forces that continue to exist within

and between cells in the adult heart may explain why these misregistrations are retained

as the cells mature. Alternatively, the configuration of myofibrils laid down earlier in

development may remain less robust to remodelling that establishes the registry between

myofibrils.

Twisting of myofibrils was observed as they appeared to curve around the nuclei (Figure

4.3). It may appear that the spaces occupied by nuclei may distort a linear path of

the myofibrils as they wrap around the nuclei. However, the twisted geometry of the

myofibrils may act to stabilize these organelles during contraction similar to the way

Chinese finger traps can entrap a finger inserted to it. Furthermore, adjacent myofib-

rils that exhibit independent twist may minimize the shear forces in order to prevent

damage to delicate organelles that extend between them (such as t-tubules, SR and mi-

tochondria). It is also possible the the twisted geometry of myofibrils serve to transduce

changes in mechanical load into integrin-mediated signals that allow the cell to adapt

its contractility (Hannigan et al., 2007).
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4.10.3 Implications for cardiac EC coupling

The presented data show that dislocations between myofibrillar z-disks effectively reduce

the axial distance between Ca2+ release sites. Collaborative in silico simulations have

demonstrated that such organization of RyR clusters will improve the probability of

Ca2+ wave propagation by reducing the longitudinal distance that Ca2+ will need to

diffuse in order to trigger further release (Soeller et al., 2009, Li et al., 2009). Increasing

Ca2+ wave propagation probability can pose pathological problems by creating local

disturbances in membrane potential (Berlin et al., 1989), hence cardiac arrhythmias

(Venetucci et al., 2008). However, this could also be viewed as robustness in maintaining

the normal steady state Ca2+ transients and uniform contraction throughout the cell.

Since the t-system is a labile structure that is subject to remodelling (Page and Buecker,

1981, Vandewoude and Buyssens, 1992), it is likely that regions devoid of t-tubules may

exist within living cells (Soeller and Cannell, 1999). The electrical activation of Ca2+

release and the subsequent activation of the contractile apparatus in such regions would

be weak or delayed. In these regions dislocated z-disks would serve to increase the local

propagation velocity of Ca2+ waves to maintain the synchrony of contraction.

Interestingly, reducing the spacing between Ca2+ release sites has been predicted to

result in a four-fold increase in the wave propagation speed (Keizer et al., 1998). Fur-

thermore, it has been shown that speed and maintenance of a propagating wave critically

relies on the non-uniform axial spacing of Ca2+ release sites (Soeller et al., 2009, Subra-

manian et al., 2001). Therefore, it is intriguing how the speed of Ca2+ wave spread has

been observed to be very regular (Cheng et al., 1996), instead of a highly non-uniform

wave front. This apparent paradox may be explained in terms of the inverse relationship

between the speed of wave propagation and the wavefront curvature (Wussling and Salz,

1996). The arrival of a Ca2+ wave at a region of z-disk dislocations would lead to more

rapid activation of local RyR clusters, in turn increasing the local wavefront curvature.

This will lead to slowing of the wave spread to maintain its speed.



Chapter 5

Super-resolution imaging of

cardiac muscle ultrastructure

5.1 Background

The cytoplasmic Ca2+ transient that activates the mechanical contraction of the cardiac

myocyte is the result of spatial and temporal summation of elementary Ca2+ sparks.

These events originate from RyR channels (Cheng et al., 1993, Cannell et al., 1995)

residing on junctional membranes of the SR, which is the intracellular Ca2+ store of the

myocyte. Ca2+ sparks are initiated by stochastic opening of RyRs and given the large

single channel conductance of RyR, they are likely to be due to the opening of small

groups of these channels (Cheng et al., 1993, Bridge et al., 1999). Sparks can be evoked

with high degree of synchrony by the voltage-dependent opening of L-type Ca2+ channels

(DHPRs) that allows the influx of Ca2+ (ICa) which directly open RyRs (Cannell et al.,

1994). However, the effectiveness of ICa in opening the RyR channels within a junction

depends on the fine geometrical relationship between RyR and DHPRs, as well as the

size and shape of junctions that may be altered in failing hearts (Wehrens et al., 2005).

Structural organization of functional junctions is thought to involve the docking of ter-

minal SR at the sarcolemmal, mediated by a specialized protein - junctophilin (JPH)

which interacts with both membranes (Takeshima et al., 2000). However, details of the

mutual organization between RyRs and JPH in the molecular scale remain unclear. For

example, regions within junctions that are devoid of RyRs (as observed by Hayashi et al.

95
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(2009)) may be exclusively occupied by JPH. Whether such specialized anchoring do-

mains exist within a junction or whether the tethering proteins are interspersed between

RyRs are hypotheses that have not been tested.

Chapters 3 & 4 presented experimental data where immunofluorescence labelling of

ventricular muscle, combined with novel protocols of confocal imaging were used for

visualizing clusters of RyRs across the interior of the myocytes and their spatial rela-

tionship with the t-system. Chapter 4 illustrated misregistrations between sarcomeres

that in turn reduce the longitudinal inter-couplon distance. This geometry was thought

to enhance the propagation of Ca2+ waves and increase the synchronization of the cell-

wide Ca2+ transient. Chapter 3 investigated the distributions of the main triggers of

Ca2+ release along the t-system (DHPR and NCX) and estimated their degree of overlap

with junctions. A major limitation in the techniques used for the above experiments

is the optical resolution which is limited to ∼ 250 nm due to the diffraction of light.

Similarly, previous experiments using the same confocal imaging protocol by Soeller

et al. (2007) estimated that couplons deeper in the cell interior consisted of 120-260

RyR channels. However, this required a calibration of the intensity of punctate RyR

labelling because most clusters were below the optical resolution limit. Interaction of

the complex geometries of RyR clusters with the asymmetric PSF of the microscope left

a large window of uncertainty in this calculation. This limit in resolution also limited

the accuracy of co-localization measurements made on protein complexes such as RyRs,

DHPRs and NCX that interact at the nanometer scale. Noise present in data similar

to the confocal and TIRF data poses an additional problem of lowering the detection

sensitivity of structures such as t-tubules so that it becomes difficult to detect tubules

narrower than ∼ 50 nm (Soeller and Cannell, 1999). Fine inter-couplon spacings that

could promote the propagation of Ca2+ waves in Ca2+ overload conditions have been re-

ported based on EM tomography in the mouse myocardium (Hayashi et al., 2009). The

discrepancy between these measurements and the rat myocardial ultrastructure imaged

with conventional fluorescence techniques is a likely result of the resolution and noise

which lowers the detection sensitivity. These principal problems may be reconciled by

using alternative imaging techniques that offer sufficient resolution for visualizing the

molecular components of junctions and other membrane structures that are vital in EC

coupling.

EM tomography is capable of achieving the 3D resolution necessary for this purpose
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although it suffers from low through-put of sampling and lack of image contrast which

requires manual image processing and segmentation. In addition, detection of RyR ‘feet’

structures in thin sections of dyadic junctions is heavily dependent on the orientation

of the section (Franzini-Armstrong, 2010). The emergence of optical methods such as

STED that excite labelled fluorophores in volumes smaller than the confocal spot has

offered superior level of detail in resolving ultrastructures such as t-tubules (Wagner

et al., 2010). However, the advent of single fluorophore localization microscopy has

become an attractive alternative method of imaging that achieves resolution in the sub-

diffraction-limited scale. One of the primary reasons is that localization microscopy

techniques do not require complex purpose-built optical systems.

Techniques such as PALM, fPALM and STORM (Betzig et al., 2006, Hess et al., 2006,

Rust et al., 2006) all rely on the activation of a small fraction of the fluorophores within

a sample. Typically, photo-switchable fluorescent probes such as photo-activatible green

fluorescent protein are used for labelling the sample in PALM. Brief pulses of photoac-

tivation laser activate a sparse subset of the fluorophores that are then excited with

an excitation laser. Location of fluorophores can be determined by fitting a Gaussian

model (or a model of the PSF) at nanometer accuracy due to the sparsity of the single-

fluorophore ’blink’ events. This is further aided by the high contrast in the images

(resulting from the dark background). Activated and detected fluorophores are imaged

until they are bleached or quenched before activating another subset. Many iterations

of this process allow the locations of all or most fluorophores within the sample to

be sequentially resolved. They are then projected onto a map of the single molecule

positions that produce a super-resolution image. In more recent improvements to the

technique, conventional fluorophores that are commonly available have been combined

with mounting media containing oxygen radical species scavenging enzymes and reduc-

ing agents to favour the transition of excited fluorophores into a reversible dark state

and stochastically become bright, in single molecule events called ‘blinks’ (Fölling et al.,

2008, Heilemann et al., 2008, Baddeley et al., 2009a). Baddeley et al. (2009a) have

since demonstrated that the same effect can be achieved by high-intensity illumination

combined with mounting media of high viscosity. Super-resolution images reconstructed

from maps of single fluorophore localizations routinely achieve an effective lateral reso-

lution of ∼ 30 nm. Simultaneous recording on two spectral channels has been used to

ratiometrically separate fluorophores of different emission spectra, enabling multicolour
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super-resolution images to be constructed (Bossi et al., 2008).

This chapter presents results from analysis of RyR cluster distribution at the periph-

eral couplons using localization microscopy data. Multicolour super-resolution images

have been used for investigating the relationship between RyR clusters and a struc-

tural protein - JPH. In addition, CAV3 labelling of the surface sarcolemma has been

used for identifying the geometries of structures that are candidates for caveolae and

mouths of t-tubules. The connectivity of the SR network extending immediately beneath

the surface sarcolemma and its relationship to peripheral couplons has been described.

Co-localization analysis on super-resolution images has been used to quantify and high-

light the limitations on similar analyses performed on diffraction-limited data and to

re-investigate if NCX is located within peripheral junctional areas.

5.2 Experimental and analysis approach

5.2.1 Image acquisition

Enzymatically-isolated rat ventricular myocytes (section 2.1) were fluorescently-labelled

for RyR2, CAV3, NCX, SERCA2A and JPH2 in double labelling combinations as out-

lined in section 2.2.0.3. Primary antibodies were labelled with goat anti-mouse IgG and

goat anti-rabbit IgG antibodies that were linked to either Alexa 680 or Alexa 750. La-

belled myocytes were mounted on No. 1.5 glass coverslips embedded in the fluorophore

switching buffer (section 2.6).

Upon illumination with the 671 nm laser at 200-300 mW the fluorescence intensity

in the field appeared to drop near-exponentially and plateau at a non-zero intensity

(a few per cent of the maximum intensity (Baddeley et al., 2010)). This appeared

to be due to a combination of permanent photobleaching and the transition of most

of the remaining fluorophores into meta-stable dark states (Baddeley et al., 2009a).

With the drop in the overall intensity in the region of interest that was recorded, single

fluorophore ‘blink’ events started to emerge. These events represented fluorophores that

stochastically returned to bright states. Each of these events appeared to last one or a

few frames (at a frame rate of 20 Hz) and was approximately Gaussian in lateral shape.

Single molecule events were recorded using the imaging protocol outlined in section 2.5.
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Simultaneous localization analysis of the fluorophore positions was performed to monitor

the image acquisition process. Over an acquisition period of 10-20 minutes, the rate of

single fluorophore events appeared to drop due to permananent photobleaching. Image

acquisition was terminated after ∼ 20, 000 frames, which typically contained a total of

> 200, 000 detected events. Post-hoc examination of event positions suggested that some

fluorophores were repeatedly activated over time.

5.2.2 Image rendering and co-localization analysis using binary masks

of labelled regions

Single fluorophore event positions in double-labelled samples were separated into the two

channels as described in section 2.5 and Figure 2.2. Figure 5.1A illustrates an example

of the event positions (indicated by white dots) in a small region from a sample labelled

for RyR. Panel B shows the the diffraction-limited image of the same region before ex-

posing to intense laser illumination for single molecule detection. The regions where the

fluorophore positions appeared to cluster clearly corresponded to areas of RyR labelling

in the diffraction-limited image (panel B). The events were rendered into a greyscale

image using the protocol described in section 2.5.1. The result was a smooth appear-

ance to the labelled regions where local intensity was proportional to the point density

(Figure 5.1C). Therefore, it could be analyzed similarly to a conventional fluorescence

micrograph. Compared to the diffraction-limited image (example shown in panel B),

the rendered super-resolution images afford superior contrast due to the lack of blurring

of labelled structures into surrounding regions. As a result, resolved structures could be

visualized with clearly-defined edges (panel C).

Application of a co-localization analysis similar to that presented in section 3.2.2 re-

quired the binarization of the super-resolution image to accurately represent labelled

regions. Rendered super-resolution images showed superior contrast of labelled regions

compared to the equivalent diffraction-limited images. Therefore, in principle, standard

thresholding such as isodata thresholding was expected to produce an accurate binary

representation of labelled regions. However, observing a variation in intensity between

labelled clusters (Figure 5.1C) suggested that an adaptive binarization protocol was

required instead of a linear intensity threshold. This was achieved by Delauny triangu-

larization and subsequent discarding of triangles with sides that were longer than 30 nm
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Figure 5.1: Intensity rendering and co-localization analysis of single-molecule local-
ization data. (A) Localization positions of single fluorophores of RyR labelling are
indicated by white pixels. (B) Diffraction-limited image of RyR labelling in the same
region. (C) Greyscale rendered image of the super-resolution RyR data. (D) Binary
mask of RyR constructed using Delauny triangularization of the fluorophore positions.
Small gaps within the RyR clusters are indicated with white arrows. (E) An overlay of
the super-resolution RyR image (red) and the Euclidean distance map used for analyz-
ing labelling in the second channel as a function of distance away from the edge of RyR
clusters (white contours). Distances are indicated in µm. (F) Overlay of JPH labelling
seen in the second channel (green) and the Euclidean distance map indicating regions
co-localizing with RyR. Scale bar: 0.2 µm
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and merging the remaining triangles (see section 2.5.1). Figure 5.1D shows the result-

ing binarized region for RyR labelling. This method was initially adopted by Baddeley

et al. (2009b) for measuring the area of RyR clusters in super-resolution data. For the

co-localization analysis, these binary images were used for generating Euclidean distance

maps that were then used for classifying the integrated pixel intensities in the second

channel as a function of the distance from the RyR cluster edge (Figure 5.1E & F). It

was observed that most RyR clusters contained 30-50 nm wide gaps that appeared as

gaps in the binary masks (indicated by white arrows in panel D). These could be due to

incomplete labelling and/or discontinuities in the underlying RyR channel arrangement

(Baddeley et al., 2009b, Hayashi et al., 2009). The total area of these gaps accounted

for ∼ 33% of the area marked by the RyR cluster boundary. It was appropriate to con-

servatively classify them as co-localized, considering that proteins located next to these

spaces were likely to ’see’ the same [Ca2+]i as those directly apposing RyR channels (See

discussion 5.9.1).

A limitation in some dual colour datasets was the low density of Alexa 750 fluorophore

positions. This was the result of a poorer blinking rate of Alexa 750 which seemed to vary

due to a poorly understood property of the mounting medium. Images with lower event

densities suffered from effectively poorer resolution due to limitations in spatial sampling

(See Baddeley et al. (2010)). This required that datasets with an effective resolution

poorer than 70 nm be discarded. Such variation in point density also affected the size

of the binary objects rendered through triangularization. To minimize this effect, the

single molecule points in datasets of the same primary label that contained varying point

densities were randomly sub-sampled to obtain a standardized point density in a typically

labelled area. The threshold for the discarded triangle length was then adjusted to match

the resolution in the sub-sampled images (typically 60 − 70 nm). Although there was

a more faceted appearance in the binary masks constructed from the triangularization

(Figure 5.1D), averaging the co-localization across a large image area ultimately yielded

a smooth distribution of labelling over the distance scale considered in the histograms.

Super-resolution images and spatial analyses presented in this chapter have a primary

focus on the surface sarcolemma, peripheral couplons and the SR network that extends

immediately underneath the surface membrane.

However, the illumination sheet achieved by the oblique illumination (Tokunaga et al.,
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2008) extends over a ∼ 2 µm-deep volume. Therefore, no additional improvement in the

axial resolution is achieved over conventional widefield microscopy. This resulted in a

poorer accuracy at which single-fluorophore events could be localized in the z dimension.

This z-resolution (of ∼ 600 nm) was expected to be insufficient to resolve the complex

geometries of interior couplons, t-tubules and the dense SR network. A full 3D super-

resolution modality is under development but was not available when these experiments

were performed. Therefore, the studies presented here focused on the surface sarcolemma

as a flat, two-dimensional geometry of RyR arrays, surface sarcolemma and a parallel

SR network could be assumed in the 2D analyses presented in below.

5.3 Resolving the fine ultrastructure of ventricular my-

ocytes using localization microscopy

Fluorescence near the surface of isolated rat ventricular myocytes was examined with

both confocal microscopy and localization microscopy in single-labelling experiments.

Samples prepared for confocal imaging were labelled with Alexa 488-linked secondary

antibodies. Cells used for localization microscopy contained Alexa 680-conjugated sec-

ondary antibodies, which were more suitable for single molecule detection. Figure 5.2

illustrates the differences in the resolution and level of ultrastructural detail observed

between the two types of imaging.

Myocytes lying horizontally on the coverslip were imaged. RyR labelling appeared punc-

tate in longitudinal confocal sections taken near the cell surface directly adjacent to the

coverslip. Figure 5.2A shows a single section from a deconvolved confocal z-stack. The

punctate RyR labelling shows weak transverse double-rows at sarcomeric periodicity,

strongly resembling the double rows of RyR clusters seen in TIRF images (See Figure

3.10). In a 2D super-resolution image constructed from single-fluorophore localization

of RyR antibody labelling near the surface of a similar cell, the RyR clusters appear

as clearly resolved patches that are arranged in double rows aligned with the z-lines

(Figure 5.2B). In contrast to the confocal and TIRF images, the RyR clusters in super-

resolution images show irregular but clearly defined edges. Examining these images in

magnified view (red channel in Figure 5.2C) showed a number of features that were not

detectable in the confocal or TIRF data. RyR clusters appeared markedly diverse in
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Figure 5.2: Comparison between confocal and super-resolution images of RyRs, CAV3
& SERCA labelling. (A) A longitudinal confocal section of RyR labelling near the
surface of a rat ventricular myocyte. (B) A reconstructed super-resolution image of RyR
labelling in a similar region of an identical sample indicating transverse bands of RyR
clusters arranged at sarcomeric periodicity. (C) A magnified region of a super-resolution
image indicating RyR clusters (red) of varying shapes and sizes. These clusters appear
as smooth puncta in the diffraction-limited epifluorescence micrograph (green overlay).
Smaller RyR clusters (arrow) correspond to very weak fluorescent puncta with low
contrast compared to background regions. (D) CAV3 labelling in a single confocal
section near the cell surface appears as smooth structures with a complex longitudinal
and transverse morphology. (E) Super-resolution image of CAV3 labelling in a similar
region. (F) A magnified view of a super-resolution image of CAV3 labelling shows a
non-uniform labelling morphology and circular structures with typical diameters 100-
200 nm (arrowheads). (G) A confocal section of SERCA2A labelling near the cell
surface traces a smooth but dense network resembling the SR network which extends
parallel to the surface sarcolemma. (H) Super-resolution image of SERCA2A labelling
in a similar region. (I) Magnified view of a super-resolution image shows a punctate
morphology of SERCA labelling in addition to a weak, quasi-uniform component of
labelling that traced the SR. Scale bars; A,B,D,E,G & H: 2 µm; C,F & I: 0.2 µm
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size compared to those previously observed in diffraction-limited puncta (Figure 3.10).

The green channel of panel C is an overlay of the diffraction-limited epifluorescence mi-

crograph of the RyR labelling in the same region. Note the uniformity in the lateral

area of blurring around each RyR cluster, seemingly independent of the differences in

the complex shapes and sizes. Certain regions of RyR labelling appeared no wider than

25 nm and were likely to correspond to single antibodies labelling solitary RyRs. An

example is indicated with an arrow in panel C. In the diffraction-limited image, these

small clusters appeared as weak regions of poor contrast generally indistinguishable from

background regions. This is indicative of superior contrast in the localization images

which improved the sensitivity in detecting RyR labelling. Close examination of labelled

regions of RyR clusters revealed local non-uniformity in the intensity of labelling (which

is proportional to non-uniformity in the local density of detected single molecule events).

In contrast to RyR labelling, CAV3 labelling near the cell surface followed a more

complex morphology in confocal micrographs. Figure 5.2D shows a single longitudinal

section in a deconvolved confocal z-stack of a rat ventricular cell labelled for CAV3. The

labelling pattern was scarcely indicative of the locations of z-lines. Fine elements of near-

uniform labelling no narrower than ∼ 250 nm were observed. This labelling morphology

resembled a highly incomplete mesh with strong extensions along the longitudinal axis

of the cell. Panel E illustrates the CAV3 labelling from a super-resolution image of the

surface of a similar cell. CAV3 appeared as dense patches with similar connectivity to

that seen in the confocal image. Binarization (as described in section 5.2.2) of labelled

regions in CAV3 images suggested that these patches occupied ∼ 6.7% of the apparent

area of the field of view. However, unlike in the confocal image, the labelling on these

patches in the super-resolution images appeared non-uniform, which suggests a finer

substructure. Upon closer examination, some of these regions in the rendered localization

images abundantly contained punctate labelling (Figure 5.2F). Characteristically, CAV3

images also contained some regions of torus-shaped structures with diameters ranging

from 100 to 200 nm. However, the placement of torus-shaped structures did not follow

a clear sarcomeric spacing or a square grid-arrangement similar to the mouth of t-

tubules seen by Soeller and Cannell (1999). Their diameters were comparable with the

head diameters of caveolae (50-120 nm) measured by Yamada (1955) and this labelling

morphology was consistent with the belt-like arrangement of caveolin around caveolar

heads (Westermann et al., 2005). The apparent density of these complete or partial
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torus-shaped structures was 0.26±0.13 per µm2 of surface membrane (6 cells). However,

the density of caveolae in the surface sarcolemma of rat ventricular muscle was measured

in EM data is more than an order of magnitude higher (6.1 µm−2; Rothberg et al.

(1992)). However, caveolae at this density would occupy ∼ 3.5% of the apparent surface

sarcolemmal area of a 2D projection (assuming an average caveolar head diameter of

85 nm (Westermann et al., 2005)). This fraction is similar to the fraction of the image

area occupied by the patches of CAV3, suggesting that that the labelling is consistent

with an exclusively caveolar localization of CAV3.

Figure 5.2G shows a single confocal section near the surface of a myocyte labelled for

SERCA2A. SERCA labelling reports a highly-connected SR network close to the cell

surface. Note that the labelling appears smooth along these connections and shows

no obvious striated pattern similar to that seen in the RyR labelling. Panel H shows

a super-resolution image of SERCA2A labelling in a similar region. This illustrates a

non-uniformity in the width of the SR tubules traced by SERCA as well as a highly

patchy appearance in the distribution of the labelling. Upon close examination of these

super-resolution data, it was apparent that the SR connectivity was traced by a weak

component of labelling as well as a strong punctate component. These images could be

skeletonized to trace the SR network and the SR puncta were automatically detected

using the protocol described in section 3.2.1. Puncta of SERCA labelling in super-

resolution images were detected at a density of ∼ 1900 per µm2 of SR membrane. This

was calculated based on the estimate that the network SR membrane area to cell volume

ratio of 3.2% for rat ventricular muscle (Bers, 2001) and assuming that the SERCA

labelling seen in the super-resolution images is projected across a z-depth of 600 nm.

The above experimental data therefore illustrate the improvement in resolution of-

fered by the super-resolution single molecule localization technique. It directly visu-

alizes cellular structures that are central to EC-coupling such as Ca2+ release sites,

the SR and patches of CAV3 which may indicate caveolae. In all cases, non-uniform

labelling patterns were revealed with the localization microscopy, while their correspond-

ing diffraction-limited confocal images show near-uniform labelling of puncta that are

no smaller than 250 nm in FWHM.
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5.3.1 Fine-structure of labelled regions and improvements in co-localization

analysis

With the observation that the super-resolution images offer additional information of

the sub-structure within labelled regions, it was interesting to compare these fine spatial

features between two different protein distributions. Figure 5.3 compares dual-colour

confocal and super-resolution images of NCX and CAV3 (see section 2.5 for experimental

methodology) to illustrate the fine features of their co-localization that become apparent

with the improved resolution. NCX labelling appeared as a dense distribution of puncta

with FWHM of 250-270 nm in TIRF images (See section 3.9). The green channel of

Figure 5.3A shows a very similar surface sarcolemmal NCX distribution observed in a

single section of a deconvolved confocal stack. Patches of CAV3 labelling (shown in

cyan) showed considerable overlap with puncta of NCX labelling (See magnified view in

panel B).

Figure 5.3C illustrates an overlay of the NCX and CAV3 distributions from a dual-

channel super-resolution image where the mouse anti-NCX1 IgG and rabbit anti-CAV3

IgG were labelled with Alexa 680 goat anti-mouse IgG and Alexa 750 goat anti-rabbit

IgG secondary antibodies respectively. Note that the NCX (green) labelling in the super-

resolution image appears as fine puncta on the cell surface. In contrast to the TIRF

(Figure 3.10) and confocal data, these NCX puncta had typical FWHM of 25-100 nm.

They were similar in size and appearance to small clusters of RyR that were estimated

to be one or a few secondary antibodies. Upon close inspection, it appeared that these

fine puncta were often distributed either within or bordering larger CAV3 patches (see

magnified view in panel D). Punctate NCX detected within regions of CAV3 labelling

often coincided with a subtle drop in the CAV3 labelling. These morphologies therefore

gave rise to a consistently anti-correlated pattern to the NCX and CAV3 labelling. Figure

5.3E is a plot of the intensity profiles of NCX (green) and CAV3 (cyan) along the dashed

line indicated in panel D. The alternating behaviour between the peaks of labelling in

the two channels confirm this anti-correlated behaviour. Pearson’s correlation analysis

performed within a 100 nm wide moving window on super-resolution images of NCX

and CAV3 suggested of a weak anti-correlation (mean Pearson’s coefficient −0.06±0.02;

n=5 cells). In a histogram of the mean correlation coefficient plotted as a function of the

distance from the edge of CAV3 labelling, two negative peaks were observed inside and
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immediately outside the boundary of CAV3 (Figure 5.3F). This was strongly suggestive

of absence or weak intensity in CAV3 labelling in areas of punctate NCX labelling.

Co-localization analysis performed on diffraction-limited data reported that ∼ 52% of

NCX labelling was co-localized with CAV3 and ∼ 48% of the CAV3 labelling was in

overlap with NCX. Panel G illustrates a histogram of the percentage of NCX labelling as

a function of the distance from the edge of CAV3 labelling. The histogram of the same

analysis performed on super-resolution data shows a considerably smaller percentage

of NCX labelling co-localizing with CAV3. ∼ 16% of the NCX appeared in direct

overlap with regions of CAV3 labelling in the super-resolution images, as indicated by

the grey bars (See table 5.1 for summary of co-localization measurements made on

super-resolution images). This reduction in co-localization is consistent with Sedarat

et al. (2004) who demonstrate a drop in apparent co-localization between two non-

overlapping structures as resolution is improved. If the CAV3 binary mask was dilated

by 100 nm, the co-localization fraction for NCX increased up to ∼ 55%. A random

distribution of NCX was simulated by replacing the experimental NCX image with one

containing a similar average puncta density where puncta were placed randomly across

the surface. When the co-localization analysis was performed on the simulated data

combined with the super-resolution CAV3 binary mask, only ∼ 9% of the NCX was

calculated as co-localized. When the area immediately outside the CAV3 patches were

considered by dilating the mask by 100 nm, this co-localizing fraction increased only

upto ∼ 39%. This difference in the co-localization fractions (χ2= 5.06, p< 0.0001 when

df=20) between the experimental and simulated uniform distribution of NCX labelling

strongly suggests a non-random association between NCX and CAV3.

The above analysis demonstrates the effect of improved resolution on the apparent over-

lap between non-overlapping proteins. Compared to diffraction-limited fluorescence mi-

crographs (similar to those presented in Chapters 3 & 4), the super-resolution images

from localization microscopy have produced ∼ 10-times finer resolution and nanometer

detail in the morphology of protein clusters. This demonstrates that the dual-colour

approach of localization microscopy can resolve two protein distributions with minimal

cross-talk with greater reliability in estimating protein co-localization. The 30-nm reso-

lution has afforded a more sensitive co-localization analyses that capture the structural

features that are likely to affect EC coupling directly. Experiments presented below were
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Figure 5.3: Co-localization analysis in super-resolution images illustrated with NCX
and CAV3 distributions. (A) An overlay of CAV3 (cyan) and NCX (green) labelling
in a confocal section near the surface of a rat ventricular myocyte. (B) Magnified view
of the region indicated in panel A shows considerable overlap between the two protein
distributions. (C) An overlay of CAV3 (cyan) and NCX (green) distributions observed
in dual-colour super-resolution image near the cell surface. (D) Magnified view of the
sub-region indicated in panel C indicates fine punctate labelling of NCX that appear
either within or near the edge of the patches of CAV3 labelling. (E) The intensity
profiles of the CAV3 (cyan) and NCX (green) along the dashed line in panel D show
an alternating arrangements of the peaks of NCX and CAV3 labelling. (F) Histogram
of Pearson’s correlation coefficient calculated in 100 nm-wide local windows plotted
as a function of the distance from the edge of the nearest CAV3 patch. The local
correlation coefficient shows negative values both within and immediately outside the
region of CAV3 labelling. Histograms of the percentage of NCX labelling at the surface
sarcolemma as a function of distance from the edge of CAV3 labelling in confocal images
(G) and localization images (H) are shown. Grey bars indicate the fractions of labelling
that appeared to co-localize. Scale bars, A & C: 2 µm
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therefore designed to capture the fine features of Ca2+ handling protein distributions

within and around junctions with the use of single or dual-colour localization microscopy.

5.4 Characterization of peripheral RyR clusters using super-

resolution localization microscopy

Clusters of RyR labelling were segmented by applying Delaunay triangularization to

single molecule localization points and subsequently rejecting the triangles that were

longer than 30 nm. This effectively grouped the data points belonging to the same RyR

cluster together. Figure 5.4A shows a map of the binarized RyR clusters reconstructed

using this approach. Note the large variety of shapes and sizes of the segmented clusters

within the same region of the cell surface. Furthermore, most clusters contained hollow

regions or sub-regions that were poorly connected to the overall cluster. These regions

reflected areas of incomplete filling, resulting from a likely absence of antibody and/or

RyRs. Based on previous measurements by others that RyR2 homo-tetramer, similar to

the RyR1 channel (the skeletal muscle isoform) occupies an area of 29×29 nm on the SR

membrane (Meng et al., 2007) and that it can pack densely (∼ 30 nm centre-to-centre)

into a quasi-crystalline lattice (Franzini-Armstrong and Protasi, 1997), it was possible to

calculate the area of a single RyR. The colour-coding in panel A of Figure 5.4 illustrates

the estimated number of RyRs within each cluster region. The main panel of Figure

5.4B shows a histogram of the percentage of RyR clusters that contained a given number

of RyR channels. The cluster size ranged from 1 to ∼ 100 RyRs per cluster with a mean

cluster size of 13.6 (n=22 cells). This estimate was more than an order of magnitude

smaller than previous estimates of ∼ 182 RyRs per cluster made on couplons detected

throughout the interior of rat myocytes using the confocal imaging technique outlined in

Chapter 3 (Soeller et al., 2007). The inset of panel B illustrates an example of an RyR

cluster observed in rendered super-resolution images (left) and the expected crystalline

arrangement of RyR channels within this geometry (right). Sub-cluster regions that

were poorly connected to the overall ‘super-cluster’ were commonly observed (indicated

with the yellow arrowheads). Regions within the overall RyR cluster that contained a

low density of single-molecule localization points reflected regions that were unlikely to

contain RyR.
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Figure 5.4: Characterization of RyR clusters within peripheral couplons of rat ven-
tricular myocytes. (A) A map of the RyR clusters from localization data, colour-coded
for the cluster-size. Calibration is shown in the number of RyRs within a given cluster.
(B) A histogram of the RyR cluster sizes shows a large fraction of cluster containing
less than 20 RyRs (Mean cluster size was 13.6 per cluster). Shaded regions represent
±1SD. Inset illustrates a typical RyR cluster observed in a rendered super-resolution
image (left) and a schematic illustration of expected RyR arrangement within that
cluster (right). Arrowheads indicate sub-cluster regions detected within overall RyR
super-cluster. (C) A series of randomly selected RyR clusters from the cell periphery
shows a diverse range of shapes and sizes. Note that some clusters are incompletely
filled while a commonly occurring morphology was crescent- or torus-shaped clusters.
(D) The histogram of the aspect ratios of RyR clusters shows a large fraction of clusters
with aspect ratios larger than 1 confirming their elongated shape. Scale bars, A: 1 µm;
B & C: 0.2 µm

Figure 5.4C is a series of randomly selected peripheral RyR clusters from a rat ventricular

myocyte. Among the diverse shapes and sizes, elongated, crescent- or torus-shaped

clusters were commonly observed. A histogram of the percentage of RyR clusters with

a given aspect ratio (Figure 5.4D) confirms this elongated geometry (i.e clusters with

aspect ratio > 1).

The mean nearest neighbour distance between the centroids of RyR clusters in the super-

resolution data was 308 nm. A main determinant of the speed of Ca2+ wave propagation
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however is the edge-to-edge distance. The mean edge-to-edge distance between RyR

clusters was 50 nm while ∼ 50% of all clusters were located within 100 nm of each other.

It was also observed that smaller RyR clusters (containing < 10 RyRs) were more often

arranged to achieve a higher local cluster density than larger clusters.

The image analysis in this section was performed by Dr. David Baddeley and has been

published in Baddeley et al. (2009b). Sample preparation and imaging were jointly

performed by the author, Leo Lam, Sabrina Roßberger, Assoc. Prof. Christian Soeller

and Dr. David Baddeley.

5.5 Organization of JPH2 and RyR clusters near the cell

surface

In order to investigate the spatial relationship between RyR and JPH2, which has been

implicated in the formation of dyadic junctions, isolated rat ventricular myocytes were

double labelled for the two proteins. Figure 5.5A shows an overlay between the JPH

(green) and RyR (red) labelling in a single confocal section near the cell surface. Puncta

of labelling arranged in transverse striations were seen in both channels. Many of these

puncta between the two channels appeared in strong overlap (intense yellow regions in

the overlay). The co-localization analysis presented in section 3.2.2 was applied to these

2D images to calculate that ∼ 87% of JPH labelling was co-localized with RyR. ∼ 86% of

the RyR labelling in these data was co-localized with JPH labelling. Figure 5.5B shows

a histogram of the percentage of JPH labelling as a function of the distance from the

edge of the RyR binary mask. The grey region in the histogram indicates the fraction

that was calculated to be co-localized. See table 5.1 for summary of co-localization

measurements made in localization data.

In localization microscopy experiments, Alexa 680-linked goat anti-mouse IgG was tar-

getted towards the mouse anti-RyR primary antibody. An Alexa 750 goat anti-rabbit

IgG was used for labelling the rabbit anti-JPH2 IgG. An overlay of the localization

images of JPH (green) and RyR (red) near the surface sarcolemma is shown in Figure

5.5C. Similar to the confocal image shown in panel A, most clusters of RyR labelling

contained JPH labelling. The more complex shapes and variation in sizes of labelled

clusters observed in the super-resolution data were a clear difference from those in the
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Figure 5.5: Co-localization of JPH and peripheral RyR clusters. (A) An overlay of
JPH (green) and RyR (red) labelling in a single confocal section obtained near the
surface of a rat ventricular myocyte. Abundant regions of yellow were highly suggestive
of strong overlap between the labelling clusters of the two proteins. (B) Histogram of
the percentage of JPH labelling as a function of distance from the edge of the RyR
clusters in confocal data suggests ∼ 87% of the labelling (grey bins) are found within
the RyR binary mask. (C) Overlay of JPH (green) and RyR (red) labelling in a super-
resolution image near the cell surface. (D) A magnified view of the overlay in the
region of a single RyR cluster shows strong overlap between the two proteins at the
∼ 30 nm resolution of the localization data. Note that the outlines of the labelled
regions are not identical. Additional regions of JPH (lower left corner) or RyR (upper
left) labelling with no detectable labelling in the reciprocal channel. (E) Histogram of
the percentage of JPH labelling as a function of the distance from the RyR cluster edge
in the super-resolution data shows a similar fraction of co-localization (grey bins). (F)
Histogram of the size of RyR clusters that contained detectable JPH labelling (main
panel). The histogram showing RyR clusters containing no JPH labelling (inset) show
that a majority of non-co-localized clusters containing less than 10 RyRs (Note the
shorter x-range of the plot). Scale bars, A: 5 µm; C: 1 µm; D: 0.2 µm
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diffraction-limited confocal image. Panel D shows a magnified view of a region containing

a typical RyR cluster (red). The green overlay shows that JPH extends across most of

the overall RyR cluster. Co-localization analysis performed on the super-resolution data

revealed that ∼ 93% of JPH labelling was found within the RyR binary mask. ∼ 89% of

the RyR labelling was co-localized with JPH. In addition to the regions where both pro-

teins were co-localized, smaller regions of JPH labelling containing no detectable RyR

labelling (lower left of panel D) and other regions of RyR labelling with no coinciding

JPH labelling (upper left region of panel D) were observed. The main panel in Figure

5.5F shows a histogram of the sizes of the RyR clusters that co-localized with JPH. The

mean size of co-localized RyR clusters was 25.2 RyRs (n=5 cells), which is about twice

the size of the overall mean cluster size estimated in section 5.4. Intriguingly, the non-

co-localized RyR clusters accounted for ∼ 45% of the total RyR clusters. The mean size

of this subset of clusters was ∼ 2.96 RyRs (8.5 times smaller than co-localized clusters).

The inset in panel F illustrates a frequency distribution of the sizes of non-co-localized

RyR clusters. Similarly, co-localized JPH clusters were ∼ 11-times larger than those

containing no detectable RyR labelling.

Close examination of labelled regions in these super-resolution images (e.g. Figure 5.5D)

revealed a remarkable similarity between the shapes of RyR and corresponding JPH

clusters. Figure 5.6 details this strong resemblance between overlapping RyR and JPH

labelling. Panel A illustrates a series of 6 RyR clusters (red) and the corresponding

JPH clusters (green) that show similar cluster shapes. However, a smaller fraction of

RyR clusters was co-localized with a JPH cluster of somewhat dissimilar shape. A

series of examples is shown in panel B. Manual examination in 5 datasets revealed

that ∼ 4% of all peripheral RyR clusters coincided with a JPH cluster of dissimilar

shape. (This was based on the mere visual impression of cluster shape. A somewhat

more quantitative analysis which investigates the similarity in cluster oritentation is

presented below.). The frequently-observed crescent- or torus-shaped RyR clusters were

consistently accompanied by JPH labelling in a similar shape. (examples shown in

Figure 5.6C.)

Visual examination of the two labels in the scale of individual clusters and the co-

localization analysis performed above (Figure 5.5) suggested a strong alignment between

JPH and RyR clusters. Observing that most RyR clusters showed a high aspect ratio

and irregular cluster outlines, similarity in cluster shape would imply a strong angular
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Figure 5.6: Analysis of JPH and RyR cluster shapes. (A) A series of peripheral RyR
cluster of rat ventricular myocytes (red) and corresponding patches of JPH labelling
(green). Note the strong similarity in the cluster shapes between the RyR and JPH
channels. (B) The series of RyR clusters containing JPH labelling illustrate examples
of a small fraction of regions where the shapes of the labelled regions did not agree
strongly between the two labels. (C) Examples of crescent-shaped RyR clusters and
the JPH labelling that also follow a very similar cluster shape. (D) A series of plots
showing Pearson’s correlation coefficient as a function of the angle of rotation of the
RyR cluster before being correlated with the original JPH cluster. Clusters with an
aspect ratio > 1 showed the highest correlation at a rotation of 0o while correlation
coefficient was largely unaffected by rotation of clusters with aspect ratio of ∼ 1. (E)
The average correlation coefficient as a function of the rotation angle in 25 randomly
selected RyR clusters. Error bars represent ±1SD Scale bars, A-C: 0.2 µm
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alignment between such clusters. To test this hypothesis, a rotated image containing an

individual RyR cluster was correlated with the corresponding area of JPH labelling and

the Pearson’s correlation coefficient was recorded as a function of the angle by which the

RyR image was rotated. Figure 5.6D illustrates the plots of the correlation coefficient as

a function of the angle of rotation of 5 randomly selected RyR clusters. For each example,

the correlation coefficient was maximal at a rotation of 0o, suggesting that the optimal

registration between the two clusters are achieved in the raw image. It also suggests that

the relative orientation of these clusters is non-random. For most RyR clusters with a

high aspect ratio, the correlation value showed minima at angles of rotation approaching

90o or −90o (See inset on right in panel D). A secondary peak corresponding to elongated

clusters was observed at 180o. This was most prominent in clusters that showed mild

rotational symmetry and reflected the re-alignment of the principal axis of the RyR

cluster with that of JPH at a 180o rotation. In contrast, clusters with an aspect ratio

close to 1 maintained the correlation co-efficient independent of the angle of rotation.

Figure 5.6E illustrates the mean correlation coefficient at a given rotation of the RyR

image in reference to the JPH image in 25 regions near the cell surface.

The strong similarity in the shapes of JPH and corresponding RyR clusters is very

suggestive of an interspersed JPH distribution between RyRs. Intensity variations within

JPH clusters may correspond to underlying variations in protein density. Compared to

RyRs, individual JPH proteins are much smaller (∼ 100 kDa (Komazaki et al., 2003)

which is unlikely to be larger than a few nanometers) and remain unresolved in the super-

resolution images. Therefore, a spatial calibration could not be used for quantifying the

local densities of JPH molecules within junctions.

5.6 Co-localization between RyR and CAV3

Single labelling of rat ventricular myocytes showed patches of CAV3 labelling that were

likely candidates for caveolar structures (Figure 5.2D-F). To investigate the spatial re-

lationship between RyR clusters and the membrane patches and other likely topologies

reported by CAV3, cells were double-labelled with Alexa 680 anti-mouse IgG targetting

a mouse anti-RyR and Alexa 750 anti-rabbit IgG against a rabbit anti-CAV3 antibody.

Figure 5.7A shows an overlay of the RyR (red) and CAV3 (cyan) labelling in a 2D

localization image near the surface of a ventricular myocyte. The main morphological
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Figure 5.7: Simultaneous imaging and co-localization of RyR and CAV3 using local-
ization microscopy. (A) An overlay of CAV3 (cyan) and RyR (red) labelling near the
surface of a rat ventricular myocyte. (B) A magnified view of the overlay indicating the
abundant arrangement of CAV3 patches around RyR clusters. Note the localization of
some of the circular structures in the CAV3 labelling (indicated by arrowheads) close to
RyR clusters. (C) Shown, are a series of CAV3/RyR overlays in regions where crescent
or torus-shaped RyR clusters were observed. Intense labelling of CAV3 appeared to fill
the concave regions of some of the clusters (3 clusters on the left) while bright CAV3
labelling was not associated with other RyR clusters with these characteristic shapes.
(D) Histogram of the percentage of integrated CAV3 labelling observed in confocal mi-
crographs near the cell surface, plotted as a function of distance from the edge of the
nearest RyR cluster. (E) Shown, is the histogram of the same analysis performed on
super-resolution images using localization microscopy. Note the fractions of labelling
that appears to be co-localized (indicated by grey bars in panels D & E). Scale bars,
A: 2 µm; B: 1 µm; C: 0.5 µm
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difference between the two protein distributions is that CAV3 was spread out, occupying

a larger area of the cell surface compared to the z-line associated double rows of discrete

RyR clusters. Close examination of this data revealed very few RyR clusters that showed

direct overlap with CAV3 (see magnified view in panel B). However, patches of CAV3

labelling were observed in the immediate vicinity outside the RyR clusters. Among these

closely associated regions of CAV3, hollow circular structures were commonly (but not

exclusively) placed near RyR clusters. Such structures are indicated with arrowheads in

panel B. Visual inspection also revealed an apparently close interaction between CAV3

labelling and crescent- or torus-shaped RyR clusters reported above. Figure 5.7C shows

a series of CAV3 and RyR overlays within regions of RyR clusters arranged in these

characteristic shapes. Intense CAV3 labelling appeared to fill the hollow region of the

concave side of the RyR cluster, resembling the cross-section of a t-tubule that has been

partially encircled by a terminal cisternae forming a dyadic junction. However examples

shown in panel C also illustrate that there are RyR clusters that coincide with no CAV3

labelling in the immediate vicinity. Therefore, whether these curved clusters represent

RyRs residing within junctions between t-tubules and TSR is not entirely conclusive

from this data.

Co-localization analysis (see section 3.2.2) performed between CAV3 and RyR on confo-

cal sections taken near the cell surface suggested a fraction of ∼ 27% of CAV3 labelling

was detected within the binary mask of RyR. Figure 5.7D shows the histogram of the

percentage of CAV3 labelling against the distance from a given RyR cluster edge. A sim-

ilar analysis performed on super-resolution localization images showed that the shape

of the histogram of the percentage of integrated CAV3 labelling as a function of dis-

tance was very similar, despite a much smaller fraction of the labelling (a mere ∼ 6%)

appeared to show overlap with the RyR clusters (Figure 5.7E). However, if the RyR bi-

nary mask was dilated by 100 nm, this fraction of co-localizing CAV3 steeply increased

to 26.4 ± 3.7% (n=5 cells). These measured fractions of co-localizing CAV3 labelling

are similar to the co-localization calculated on a simulated random labelling distribu-

tion with single-molecule localization point densities similar to the CAV3 images. In

simulated data, ∼ 7% of the labelling was co-localized with the RyR binary mask while

dilation of the mask by 100 nm resulted in an increase in the co-localization fraction (up

to 22.4%) that was similar to the measured fraction. This observation provides strong

evidence of a lack of preferrential association between CAV3 and RyR. A small fraction
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of the RyR labelling appeared to co-localize with CAV3 (∼ 15%), although the strong

blurring in the z dimension in regions in the image containing orthogonally extending

t-tubules (labelled with CAV3) could account for this. See table 5.1 for summary of

co-localization measurements.

5.7 Re-examination of co-localization of NCX in relation

to peripheral junctions using localization microscopy

Co-localization analyses presented in sections 5.3.1 and 5.6 confirm that the apparent

overlap between two protein distributions could be considerably over-estimated when the

effective resolution is limited by diffraction since the protein domains are often < 100 nm

in diameter. With the double-labelling experiments of CAV3/RyR where the proteins

appear to have negligible overlap, diffraction-limited images suggested ∼ 27% of CAV3

labelling was co-localized with RyR clusters. Intriguingly, the fraction of NCX that was

co-localized with RyR clusters in peripheral couplons imaged using diffraction-limited

TIRF microscopy was also ∼ 27%. This observation warranted a re-examination of the

junctional co-localization of NCX using super-resolution imaging.

In a double-labelling experiment, Alexa 680-linked goat anti-mouse IgG targetted to

mouse anti-NCX1 and Alexa 750 anti-rabbit IgG targetted to rabbit anti-JPH2 were

used to labelling NCX and JPH. JPH was preferred over RyR as an marker of the junc-

tions because the rabbit anti-JPH primary antibody permitted the use of conventional

secondary antibodies that could distinguish between primary antibodies from different

host species. This approach of labelling peripheral junctions was preferred over the

direct conjugation of the fluorophores to the anti-RyR primary antibody (section 3.7)

due to greater reproducibility and greater single molecule event numbers that could

be observed when using secondary antibodies and is justified by the almost complete

co-localization of RyR and JPH.

Figure 5.8A shows an overlay of NCX (green) and JPH (red) of a super-resolution image

near the surface of a rat ventricular myocyte. Upon close examination of this data it

was clear that clusters of JPH were larger but lower in density than the small NCX

puncta. Panel B shows a magnified view of the labelling in the sub-region indicated in

panel A. Comparing this image to the TIRF image of a cell labelled for NCX and RyR
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(Figure 3.10C & D) suggested that the density of NCX puncta was higher in the super-

resolution image although in size, they were considerably smaller in the super-resolution

images. Furthermore, the TIRF images suggested of a small fraction of NCX puncta

that appeared to be up to 10-times brighter than the majority. Such large variation in

the NCX puncta intensities are not observed. The corresponding diffraction-limited view

of the labelling shown in panel A was simulated by convolving the localization image

with a widefield PSF (Figure 5.8C). NCX puncta in this image appeared in similar size

and density to the diffraction-limited TIRF image in Figure 3.10C. In addition, regions

of NCX labelling where the intensities varied ∼ 10-fold were also observed, suggesting

that the puncta of NCX labelling observed in TIRF images were the result of blurring of

multiple NCX puncta. The intensity of the diffraction-limited puncta therefore would be

a product of the local density of unresolved NCX puncta. The non-uniform distribution

of these puncta in the super-resolution image (panel B) supports the possibility that a

large variation in the local intensity of NCX labelling could exist in the blurred NCX

image.

Co-localization analysis performed on the super-resolution images of NCX and JPH

labelling reported that ∼ 15% of the NCX labelling was co-localized with the junctional

area reported by JPH. Figure 5.8D is a histogram of the percentage of the integrated

NCX labelling plotted as a function of the distance from the edge of the JPH cluster.

Note that the fraction of labelling determined as co-localized (indicated by grey bars)

is smaller than that in the corresponding histogram based on diffraction-limited TIRF

data (Figure 3.10E). If the NCX labelling around the 100 nm band outside the edge of

each JPH cluster is also included the co-localizing fraction of NCX labelling increases to

39.4±8.6%. In the TIRF image analysis, a steep increase in the density of NCX labelling

was observed within the area occupied by RyR labelling. This non-uniformity in the

apparent NCX labelling density was attributed to the strong overlap of intense NCX

puncta with RyR clusters in TIRF images. However, observing that these bright puncta

are likely to be a result of optical blurring of much smaller regions of labelling that

are closely packed, it was interesting to clarify whether such a non-uniform distribution

exists. The equivalent analysis performed on the super-resolution data is illustrated by

the histogram of the NCX labelling density as a function of distance from the nearest

JPH cluster edge (Figure 5.8E) which suggests a small decrease in the NCX density

in the surrounding regions compared to the areas labelled for JPH. Compared to the
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Figure 5.8: Co-localization of NCX at peripheral junction analyzed using localization
super-resolution images. (A) An overlay of NCX (green) and JPH (red) labelling re-
constructed in a super-resolution image near the surface of a rat ventricular myocyte.
(B) A magnified view of the region indicated in panel A shows that the dense punctate
NCX labelling extends largely between the patches of JPH labelling while some puncta
are seen within the junctional membrane area reported by JPH. (C) The overlay shown
in panel A was convolved with a widefield PSF to simulate the diffraction-limited TIRF
image of the same structures. Note the similarities to the overlay of experimental TIRF
images (Figure 3.10C). (D) The percentage of NCX labelling and (E) the density of
NCX labelling in localization images plotted as a function of the distance from the edge
of the JPH clusters. (F) Histograms illustrate the sizes of the JPH clusters that were
co-localized with NCX (blue) and clusters that contained no overlapping NCX (red).
Scale at the top of the panel indicates the maximum number of RyRs contained in each
cluster assuming that JPH is a reliable marker of the RyR cluster geometry. Scale bar,
A: 2 µm
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histogram constructed from TIRF data (Figure 3.10F), this decrease is subtle. When

a random arrangement of NCX was simulated, the apparent percentage of co-localizing

NCX dropped to ∼ 10%. This observation supports a denser localization of punctate

NCX within junctional regions, even at the superior resolution. Histograms shown in

Figure 3.10F illustrate 2D area of the JPH clusters that were co-localized with NCX

(plotted in blue) and clusters that contained no overlapping NCX. If it was assumed

that the area of JPH labelling in each cluster is a reliable representation of the RyR

array, the number of RyR channels present within each cluster can be calculated (See

section 5.4). Therefore the scale bar indicated at the top of panel F indicates the

maximum number of RyRs that could be packed into each JPH cluster. This analysis

suggested that the mean area of co-localized JPH clusters was 17330.8 nm2 (and would

hold an average of 15.3 RyRs). In comparison, the mean area of non-co-localized clusters

was 10322.4 nm2 (corresponding to 10.5 RyRs).

Protein A Protein B % of Protein A co-
localizing with Protein
B

% of Protein B co-
localizing with Protein
A

n (cells) n (animals)

NCX CAV3 16.35 ± 2.52 8.11 ± 2.37 7 3
JPH RyR 92.97 ± 2.89 72.16 ± 7.10 5 2
NCX JPH 14.54 ± 4.91 17.56 ± 3.76 5 2
CAV3 RyR 5.76 ± 2.41 14.91 ± 4.45 5 3

Table 5.1: Mean co-localizing percentages of NCX, JPH, CAV3 and RyR imaged with
localization microscopy (± SD). All measurements were made in two dimensional super-
resolution images constructed from single molecule events that were detected with an
illumination similar to that described by Tokunaga et al. (2008) when the cell surface
was in focus.

5.8 Analysis of SERCA distribution and relationship of

network SR to junctional SR and CAV3 patches

Figure 5.2 illustrates the architecture of the SR network which extends close to the

surface sarcolemma, using SERCA2A as an antigenic marker of the SR membrane. In

deconvolved confocal sections, SERCA labelling appears in a uniform distribution along

the dense SR network (Figure 5.9A). To visualize the location of peripheral junctions

in relation to the SR network, double-labelling of JPH and SERCA was performed.

Overlay in Figure 5.9B shows a magnified view of the SERCA (purple) and JPH (green)

staining. Punctate JPH labelling appeared in strong alignment with the SR network.

Skeletonization of the SERCA labelling clearly suggested that each JPH punctum (which
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is likely to report a single terminal cisterna (Franzini-Armstrong, 2010)) is connected by

2-3 tubules of network SR. Figure 5.9C shows a localization image with a magnified view

of a region near the cell surface. The SERCA staining appeared strikingly non-uniform

in contrast to the morphology observed in the confocal images. However, the low-

intensity regions of SERCA staining appeared to trace the SR network and illustrate the

connectivity with the junctions. Visual examination of the overlay showed that SERCA

labelling traced the SR membrane up to the boundary of JPH clusters. Close inspection

revealed that there was an apparent anti-correlation between SERCA labelling and large

regions labelled by JPH. An absence of SERCA labelling at larger clusters of JPH is

interesting considering that the localization images are a projection of the labelling across

a z-depth ∼ 600 nm. Assuming that the terminal cisterns at all peripheral couplons are

collapsed into cisternae no wider than ∼ 50 nm (Gabella, 1978), this suggests of an

exclusion of SERCA2A labelling both from the junctional cleft as well as the reverse

side of terminal cisternae. Smaller JPH clusters (similar in size to cluster that were not

co-localized with RyR) were observed along the SR network (arrowhead in panel C).

The SR labelling near the cell surface also appeared to closely associate with CAV3

labelling. Figure 5.9D shows an overlay of CAV3 (cyan) and SERCA2A (purple) la-

belling scanned in a single confocal section near the surface of a rat ventricular myocyte

(magnified view shown in panel E). Patches of CAV3 labelling were resolved in the

super-resolution images (Figure 5.9F). Upon skeletonization of the SR network (traced

by SERCA2A), patches of CAV3 labelling appeared to fit within the loops of SR tubules,

resembling the TEM images acquired from glancing thin sections beneath the surface

sarcolemma (Gabella, 1978) (See Figure 5.10). If these patches of CAV3 labelling indeed

report the location of caveolae, this labelling morphology is consistent with a distribution

of caveolae that fit between the fine mesh of network SR.

5.9 Discussion

5.9.1 Architecture of RyR clusters and junctional structure

Peripheral RyR clusters studied through super-resolution images had complex shapes

with irregular outlines and sizes compared to the smooth, diffraction-limited punctate

morphology observed in confocal and TIRF images. In addition, complex sub-structure
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Figure 5.9: Visualization of SR architecture beneath the cell surface using super-
resolution localization microscopy. (A) A single confocal section of SERCA2A labelling
near the cell surface, which traces the dense network of SR tubules extending beneath
the surface sarcolemma. (B) A magnified view of the region indicated in panel A with
the smooth morphology of SERCA2A labelling shown in purple and JPH labelling in
green. Clusters of JPH labelling consistently appear in strong alignment with the SR
connections traced by SERCA. (C) A magnified view of SERCA and JPH labelling in
a localization image. SERCA labelling appears non-uniform along the SR connections
that extend between junctions. Note that little overlap is observed between JPH la-
belling and SERCA. (D) Overlay of CAV3 (cyan) and SERCA (purple) distributions in
a single confocal section near the surface of a ventricular myocyte. (E) Magnified view
shows close association between the smooth SR connections and extended patches of
CAV3 labelling. (F) Magnified view of a super-resolution image from a similar sample
shows that patches of CAV3 labelling fit within the loops of SR connections (skele-
tonized geometry shown in white lines) traced by SERCA labelling. Scale bars, A &
D: 5 µm; C & F: 0.1 µm
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Figure 5.10: Architecture of the SR network extending underneath the surface sar-
colemma of a rat ventricular myocyte. A transmission EM of a 100-nm-thick section
taken immediately underneath the surface sarcolemma shows the network of SR tubules
that encircle circular or alveolar shaped caveolar heads. Scale bar: 200 nm. (Adapted
from Gabella (1978)

was observed within RyR clusters that often contained small gaps indicating the absence

of marker molecules.

Resolved peripheral clusters were considerably smaller in size than the size of couplons

estimated by immunofluorescence confocal microscopy (Soeller et al., 2007) and thin

section EM (Franzini-Armstrong et al., 1999). Cluster sizes ranging between 1 and

> 100 RyRs suggest of a much smaller mean size of couplons compared to the range

of 100-260 RyRs per couplons estimated in previous studies. Both previous studies

estimated RyR clusters assuming circularity and uniform packing of channels within

couplons. Abundant gaps within RyR clusters and high aspect ratios of clusters (Figure

5.4) suggest that these assumption may lead to considerable error in the estimates of

cluster size. This observation was consistent with the gaps in RyR arrays observed

through EM tomography (Hayashi et al., 2009, Asghari et al., 2009) and could adequately

explain the large variation in the integrated fluorescence density within RyR puncta

imaged with diffraction-limited TIRF microscopy (Chapter 3). In addition, a large

fraction of couplons containing no more than a few RyRs were resolved in localization
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data due to the high contrast of rendered super-resolution images. These were likely to

be missed in confocal and EM images that produce poorer contrast. For example, the

appearance of RyRs as electron-dense ‘feet’ structures in EM is due to the projection of

parallel rows of RyRs across the thickness of the section (Franzini-Armstrong, 2010). A

non-parallel orientation of the crystalline grid of RyR relative to the plane of sectioning

or the lack of multiple rows of RyRs within a couplon can both be unfavourable towards

the detection of RyRs. Therefore, it could very likely result in a skewed shape in

the distribution of the apparent cluster size. Discrepancies between measurements in

cluster size could also reflect a fundamental difference in the size and structure between

peripheral couplons and couplons associated with the t-system. However, the magnitude

of this difference cannot be explained purely by subtle differences in the sizes as suggested

by measurements of Franzini-Armstrong et al. (1999). Assuming a flat geometry of

peripheral RyR clusters observed in TIRF data (Chapter 3), the estimated membrane

fraction that appeared within junctions was ∼ 13% of the total sarcolemmal membrane

area. The equivalent fraction calculated using the super-resolution images was 6.7%

(Baddeley et al., 2009b) which was similar to that calculated by Page and Surdyk-

Droske (1979). This discrepancy between the measurements made through TIRF and

localization microscopy techniques suggests of a higher likelihood of over-estimating the

area of RyR clusters when the image resolution is poorer.

Gaps (typically 30-50 nm wide) within large RyR clusters were filled post-hoc for the

co-localization analyses because the focus here was on estimating the size of junctional

areas and the gaps were unlikely to reflect discontinuities in the underlying area of the

junction. In connection to this point, the difference in the [Ca2+]i seen by an NCX

located directly apposing such a gap and one directly apposing an RyR channel may be

negligible compared to an NCX residing outside the dyadic cleft (Lines et al., 2006). Data

of Hayashi et al. (2009) confirm that the terminal cisternae within similar regions that

are devoid of ‘feet’ are intact. The presence of JPH within these gaps (see Figure 5.1)

strengthens this point. Based on a typical binding stoichiometry between secondary and

primary antibody of 1:1 (McCloskey et al., 2001, Ianoul et al., 2005), Soeller et al. (2007)

estimated a binding efficiency of ∼ 42% for the mouse anti-RyR2 antibody. Considering

the likelihood that up to 4 primary antibodies can label an RyR channel (1 per each

subunit), a 30-50 nm-wide gap would report 4-9 unlabelled neighbouring RyR subunits.

In a binomial distribution, an antibody binding efficiency of 42% would result in ∼ 20%
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of the RyR tetramers being missed. However, filling the gaps in the super-resolution

images increased the RyR cluster area by a factor of 1.5 times suggesting that stochastic

variation in antibody binding alone cannot account for these gaps. In this case, some

of these spaces would indicate true voids in a crystalline RyR array. The small increase

in the mean cluster size from ∼ 17RyRs to ∼ 21RyRs (Baddeley et al., 2009b) upon

the inclusion of the area of such gaps suggests that the estimated number of RyRs in a

given cluster is largely unaffected by incomplete labelling of the epitopes.

The morphology of small gaps within RyR clusters was distinctly different from the

torus- or crescent-shaped clusters that were frequently observed in 2D super-resolution

images near the cell surface. The typical ∼ 600 nm z-resolution was expected to pro-

vide a projection of the potentially three-dimensional structure of RyR clusters. While

the assumption of flatness in most peripheral RyR arrays is well supported by evidence

from EM data (Franzini-Armstrong et al., 1999, Gabella, 1978), this could also lead to

the projection of t-tubule-associated couplons located close to the surface sarcolemma.

The torus- or crescent-shape therefore was hypothesized as end-on projections of termi-

nal cisternae that may be wrapping around the mouth of cylindrical t-tubules. Strong

resemblance in the shapes of the corresponding JPH cluster suggested that these char-

acteristic shapes were likely to reflect a geometry of the terminal cisternae that were

more complex than the flat peripheral couplons. Intense patches of CAV3 labelling that

appeared to fit into the curved region of these RyR clusters were consistent with the

geometry of a t-tubule (containing CAV3 in its membrane) extending orthogonally to

the image plane. Therefore, the crescent-shaped RyR clusters were likely candidates for

dyadic junctions along the t-system but this hypothesis will need to be re-tested when

a suitable super-resolution marker for the t-system membrane is identified..

Noise analysis of confocal scans of Ca2+ sparks suggested small variability in the ampli-

tude of recurring sparks at the same location compared to those from different locations

(i.e. different couplons) (Bridge et al., 1999). Such variations could be explained if the

number of RyRs within a functional cluster was typically > 18. This figure is similar

to the average cluster size estimated using super-resolution images and consistent with

the observation that a large fraction of RyRs reside within clusters that contain ∼ 25

channels (Baddeley et al., 2009b).

Relating the unitary RyR Ca2+ conductance to calibrated Ca2+ indicator fluorescence
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recordings at peripheral couplons, Wang et al. (2001) reported ∼ 6 quanta giving rise

to a typical Ca2+ spark. However, the large range of the number of RyRs consisting of

a cluster (1-100 RyRs) is striking in context of the ∼ 6-fold variations observed in Ca2+

spark amplitudes. The smaller inter-cluster distance between clusters of < 5 RyRs could

suggest that they may open in concert. Some sub-clusters that make up super-clusters

are separated by < 100 nm and may belong to the same junction (Franzini-Armstrong,

2010) that may be regulated by the same SR luminal Ca2+ (Brochet et al., 2005). RyR

opening may be coupled by the depletion of luminal Ca2+ (Terentyev et al., 2002) and

cleft Ca2+-dependent inhibition (Sham et al., 1998), which has lead Xie et al. (2010) to

suggest that these closely-packed sub-clusters and their collective super-clusters indicate

different levels of inter-RyR coupling. Relatively loose coupling between RyRs from

neighbouring sub-clusters could therefore lead to stochastic activation of subsets of sub-

clusters within the overall junction. This may account for the quanta of RyR openings

(Wang et al., 2004) which is necessary to explain the polymorphic appearance of Ca2+

sparks (Shen et al., 2004).

Examining the published super-resolution RyR images Baddeley et al. (2009a), Xie et al.

(2010) propose that the small areas of labelling indicating solitary or small RyR clusters

are strong candidates for the so called ‘rogue’ RyRs that have been implicated in the re-

lease (or leak) of Ca2+ that is below the detection sensitivity of fluorescence microscopes

(Sobie et al., 2006). Xie et al. (2010) infer that leak from these RyRs, given their close

proximity could give rise to CICR in neighbouring sub-clusters to evoke spontaneous

sparks. Size analysis of RyR clusters that did not co-localize with JPH (which may

be a vital component of a functional couplon (Gómez et al., 1997)) revealed that they

broadly consisted of only a few RyRs. If JPH organization is an essential prerequisite

for the recruitment of RyRs into a dyad (Franzini-Armstrong et al., 2005), the above

observation would place these small clusters outside the dyadic cleft. This raises an

alternative possibility that they may belong to reservoirs of (potentially inactive) RyRs

that help cope with the turnover of protein or channels that are being assembled or

degraded. When the RyR clusters that did not co-localize with JPH were disregarded,

the mean cluster size exceeded 25 RyRs, which is consistent with the estimate of the

number of RyRs underlying a given Ca2+ spark (Bridge et al., 1999). Investigating

whether these smaller RyR clusters that lack JPH co-localize with calsequestrin may

provide insight into their ability to release Ca2+. However confirming that these are
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indeed the elusive ‘rogue’ receptors would require combining super-resolution imaging

with an ultra-sensitive technique to visualize the currently ‘invisible’ Ca2+ release events

(if they indeed exist).

However, a large fraction of co-localized RyR clusters also consisted of no more than a

few channels (Figure 5.5). This coincides with the measurement that about half of all

RyR clusters (smaller clusters in particular) are located within 100 nm of the edge of the

nearest neighbour (Baddeley et al., 2009b). This is similar to the observation of (Hayashi

et al., 2009) who reported of a mean edge-to-edge distance of ∼ 50 nm in the interior

couplons in mouse ventricular myocytes. Simulations have suggested that ∼ 10 µM

[Ca2+]i may exist within a 100 nm range outside a cluster of opened RyRs (Sobie et al.,

2006). Santana et al. (1996) predict that a similar level of [Ca2+]i is sufficient to increase

the spark rate by four orders of magnitude, which may result in the concerted opening

of multiple clusters in giving rise to a Ca2+ spark. However, Baddeley et al. (2009b)

suggest that stochastic variation in the activation would permit relatively loose coupling

between sub-cluster activation which could explain an apparently-quantal behaviour in

spark amplitude (Shen et al., 2004). They also propose a that the super-clusters may

represent the unit of a ‘triggered saltatory’ mechanism that rapidly recruits surrounding

RyR clusters upon the activation of one cluster (Baddeley et al., 2009b). In connection

with this point, the observation of a considerable fraction of RyR clusters that did

not co-localize with DHPR (based on diffraction-limited confocal images; Chapter 3)

could be consistent with those clusters being activated by neighbouring clusters that are

directly activated by DHPRs.

5.9.2 Detection of JPH within RyR clusters

Both confocal and localization data from double-labelling experiments suggested a strong

overlap (∼ 90%) between JPH and RyR labelling. JPH labelling was detected across

almost the entire area of most RyR clusters. Analysis presented in Figure 5.6 illustrates

that the shapes and size of co-localized JPH and RyR clusters are strongly correlated.

These observations favour a configuration where JPH molecules (which are considerably

smaller in size at ∼ 100 kDa (Komazaki et al., 2003) compared to the 2240 kDa RyR

channel (Takeshima et al., 1989)) are arranged in between individual RyRs through-

out the entire cluster. Known as the protein responsible for tethering the SR terminii
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to the plasma membrane (Takeshima et al., 2000), this co-localization morphology be-

tween JPH and RyR argues against a junctional architecture that contains specialized

signalling domains (i.e. those areas containing Ca2+ release channels) that are separate

from structural domains that tether the two membranes together.

Computer simulations by Baddeley et al. (2009b) proposed that the approximately-

exponential distribution of RyR cluster sizes is consistent with that resulting from a

stochastic self-assembly process. At the time of publication, this was interpreted as a

potential mechanism of RyR cluster assembly that did not rely on a tightly constrained

template. It was observed that RyR assembly into the terminal cisternae of neonatal

mice is preceded by the docking between the two membranes mediated primarily by

JPH located on the terminal SR membrane (Franzini-Armstrong et al., 2005). This is

consistent with the observation that knocking out of JPH2 is lethal at embryonic stage

- an outcome that is similar to the knocking out of RyR2 (Takeshima, 2002). Therefore,

the localization of JPH proteins interspersed between RyR channels suggest of a scaffold

that would occupy the location of the RyR cluster, if not dictate the assembly of the

RyR cluster. Close examination of Figure 1.4 showing a cross-section through a dyad

reveals uniformly-spaced ‘pin’-like structures resembling of a scaffold that bridges the

junctional cleft. Frank (1990) identifies them as ‘feet’ (that are commonly related to

RyR). However, considering the proportional thickness of these bridging structures, it

is possible that this EM is demonstrating JPH or a similar scaffolding protein that

tethers the dyad together. Franzini-Armstrong (2010) infers that a JPH scaffold may

serve as a ‘trapping’ mechanism that may be necessary in the tight packing of RyRs

and other sarcolemmal proteins into a junction. JPH morphology observed in the data

presented in this chapter support the possibility that it may form a scaffold that is

capable of ‘trapping’ other components of an assembling junction. If such a mechanism

of assembly exists, the stochastic self-assembly model of Baddeley et al. (2009b) would

apply to the assembly of JPH. However, there is no experimental data to suggest whether

the expansion of a JPH scaffold preceeds or causes the arrangement of RyR in the dyad.

Small clusters of JPH containing no detectable RyR labelling were observed in super-

resolution images. These areas were ∼ 11 times smaller than co-localized JPH clusters

and most likely represented individual or small clusters of JPH proteins that were either

being assembled or trafficked to their targets. The turnover rate for RyR2 in cardiac

muscle is ∼ 14 days (Bidasee et al., 2003). Detection of small, non-colocalized JPH



Chapter 5. Super-resolution imaging of cardiac muscle ultrastructure 130

clusters in a similar density may reflect a simultaneous turnover of the JPH scaffold

that may be linked to the departure of t-tubules from terminal cisternae that causes

the ‘orphaning’ of RyRs in the failing ventricles (Song et al., 2006). In more recent

work, a reduction in the JPH2 expression has been linked to the t-tubule remodelling

in hypertrophy-induced heart failure (Wei et al., 2010). They also demonstrated a more

pronounced disruption to the t-system in cultured myocytes upon 50% knockdown of

JPH2. This evidence strongly suggests the possibility that JPH is one of the major

anchoring mechanisms of the t-system to terminal SR. Therefore, patches of crescent-

shaped JPH observed in the super-resolution data may indicate key anchoring points of

the t-tubular membranes. Alternatively, JPH may serve as a vital signalling complex in

the maintainance of the interface between the t-tubules and the terminal SR and/or in

the recruitment of cytoskeletal components that anchor the t-tubules.

5.9.3 CAV3 labelling reporting possible caveolar structures and lipid

rafts compartmentalizing key sarcolemmal proteins

Super-resolution images of CAV3 labelling near the surface sarcolemma showed a com-

plex morphology of labelling. As discussed above, a subset of the labelled regions were

likely candidates for projected fluorescence from CAV3 residing within the t-tubular

membranes. Another component of the labelling appeared to form hollow circular struc-

tures with diameters of 100-200 nm. Westermann et al. (2005) demonstrate a ‘belt-like’

arrangement of CAV3 around caveolar heads that are typically 50-120 nm in width. The

circular appearance of CAV3 labelling in super-resolution images is consistent with this

caveolin arrangement considering that a primary and secondary antibody complex la-

belling caveolae along the intracellular side of the membrane could increase the projected

diameter by up to ∼ 60 nm (assuming that the length of an IgG is ∼ 14.5 nm; Silver-

ton et al. (1977)). The apparent density of these torus-shaped structures of CAV3 la-

belling was more than 50-fold lower than the caveolae density directly measured through

rapid-frozen deep-etch scanning EM on cardiac muscle (Rothberg et al., 1992). This dis-

crepancy could be explained through the combination of a low binding efficiency of the

primary antibody and varying orientations of caveolar heads in relation to the focal

plane (which projects these flask shaped structures at varying angles). The latter could

result in a patch-like morphology consisting little indication of circular belt-like struc-

tures, similar to those seen in Figures 5.2, 5.3 & 5.7. If caveolar pits were fully lined by
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caveolin, a projection of this labelling could give rise to a solid patch-like appearance.

However, it is important to note that caveolin proteins are not exclusive to caveolae and

can be present in non-caveolar lipid rafts (Sowa et al., 2001). Non-torus-shaped patches

of CAV3 labelling therefore are strong candidates for regions containing non-caveolar

lipid rafts. Confirming whether the labelled regions reliably report caveolar structure

would therefore require either correlative EM coupled with localization microscopy or a

super-resolution microscopy approach that offers a resolution ∼ 50 nm or better in x,y

and z dimensions.

CAV3 is known as a molecule that induces curvature to the lipid bilayer upon polymer-

ization; hence is thought to be critical to the assembly of caveolae (Razani et al., 2002,

Chidlow and Sessa, 2010). The small fraction of CAV3 that appears to be co-localized

with RyR, at face-value, appears to be consistent with a random distribution on the

surface sarcolemma. However, The possibility that much of this fraction arises from the

axial blurring of t-tubular CAV3 suggests that this fraction is likely to decrease further

if superior axial resolution is achieved. Such a protein distribution is consistent with a

complete exclusion of CAV3 from the junctions as simulations presented in Chapter 3

demonstrate. It is likely that the curved surface membrane topology induced by CAV3

is not compatible with the correct configuration of junctional components, resulting in

its complete exclusion.

Analysis of the relative labelling morphologies of NCX & CAV3 suggested a weak anti-

correlation between NCX puncta and areas of CAV3 labelling. This was reflected by

a negative Pearson’s correlation co-efficient. However, analysis of equivalent confocal

images suggested a high co-localization of NCX with CAV3. Such a discrepancy was

consistent with the likelihood for overestimating the co-localization with images of poorer

resolution (Sedarat et al., 2004). Intriguingly, dilation of the CAV3 binary mask in super-

resolution images by 100 nm showed a marked increase in the co-localizing NCX fraction

from 0.16 to 0.55. All these measurements confirmed the visual observation that punc-

tate NCX was commonly located immediately outside the boundary of CAV3 labelling.

This is consistent with the report that only a small fraction of NCX1 co-fractionates

with homogenized membrane vesicles containing caveolin (Cavalli et al., 2007). There-

fore, it is possible that the above labelling morphology reports a compartmentalization

of NCX at the edge of caveolae.
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Torus-shaped structures of CAV3 labelling were observed close to some RyR clusters.

These may be examples of caveolae containing endothelial nitric oxide synthase (Garca-

Cardea et al., 1997) that could play a vital role as a regulatory membrane compartment

located near junctions. For example, nitric oxide is effective in countering β-adrendergic

stimulation of DHPR (Xu et al., 1999) while at concentrations of 100-1000 nM it can

strongly inhibit ICa (Mry et al., 1993). Exclusion of caveolae from junctions (supported

by the lack of CAV3 in the areas labelled strongly for RyR) would therefore serve to

enhance ICa and its potency in evoking CICR. Furthermore, it has been shown that

reactive nitrogen species originating from nitic oxide can stimulate SERCA2A to promote

Ca2+ reuptake independent of cyclic GMP and protein kinase G (Adachi et al., 2004).

The close localization between caveolae and the SR suggested by the data presented

above support the role of caveolae as a membrane compartment that can regulate SR

function independent of intracellular second messengers.

5.9.4 Visualization of sarcoplasmic reticulum and SR Ca2+ ATPase

Confocal micrographs of isolated ventricular myocytes labelled for SERCA2A indicated

the connections of a dense SR network that extend underneath the surface sarcolemma.

The FWHM of the intensity profiles across most of these SR connections was measured

to be > 270 nm, which was nearly 10-fold larger than the tubule widths observed in

the super-resolution images and the measured diameters based on thin section EMs

(Gabella, 1978). The smooth appearance of SERCA labelling similar to data from

previous studies (Jorgensen et al., 1993) contrasted with the highly punctate morphol-

ogy observed in the super-resolution images. Both these differences can be attributed

to the blurring of the fine SERCA labelling pattern in the diffraction-limited images.

Density of the punctate SERCA labelling that was estimated assuming a cylindrical

topology of the SR membrane with a mean diameter of 40 nm was ∼ 1900 per µm2.

Analysis of ∼ 8 nm particles observed on the SR membrane (inferred to be individual

SERCA proteins) in EMs of rat skeletal muscle were arranged at a density at 3000-6000

per µm2 (Franzini-Armstrong, 1975). The density of SERCA puncta estimated from

super-resolution images is ∼ 1.5 − 3.1-times smaller and is therefore compatible with

the approximately 5 times smaller Ca2+ pumping capacity measured in the rabbit my-

ocardium compared to rabbit skeletal muscle (Baskin and Deamer, 1969). Hence, the

puncta of SERCA labelling are strong candidates for the 8 nm particles observed by
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Franzini-Armstrong (1975). Apparent widths of 30-50 nm across these puncta can be

explained by the 30 nm resolution in the images which is limited by the typical point

densities obtained with the fluorophores that have been used.

In double labelling experiments, punctate SERCA labelling was consistently excluded

from the junctional area (reported by JPH labelling). However, given the three-dimensional

geometry of peripheral couplons, this labelling appearance is also consistent with the

a distinct lack of SERCA protein from the reverse side of the terminal cisternae which

faces away from the surface sarcolemma. A similar observation where SERCA labelling

appears to be excluded from the location of RyR clusters has been reported by Jorgensen

et al. (1993) who propose a specialization of Ca2+ release and Ca2+ sequestration func-

tions in the terminal and network SR respectively. If confirmed, the complete exclusion

of SERCA from the terminal cisternae of peripheral couplons could serve to prevent the

rapid re-uptake of Ca2+ that diffuses towards the cell interior. Unpublished confocal

data have previously demonstrated a > 1 µm separation between surface couplons and

the first couplons placed along the t-system, while typical inter-cluster distance in con-

focal data is ∼ 0.65 µm (Soeller et al., 2007). Removing the SR Ca2+ pump from the

reverse side of the terminal cisterna therefore could be seen as an adaptation to slow the

Ca2+ re-uptake. This may help achieve maximal activation of the myofibrils located in

this wide gap immediately underneath the surface sarcolemma.

Smaller clusters of JPH that resembled those lacking RyR labelling also appeared to align

with connections of the SR network. It is possible that these localizations are regions on

the SR or the endoplasmic reticulum that specialize in protein synthesis and quaternary

assembly (Fawcett and McNutt, 1969). Dual colour data with JPH/SERCA2A combi-

nation of labels have had limited success due to the difficulties in accurately focusing on

the cell surface in the absence of a surface membrane fluorescent marker.

5.9.5 Re-examination of the junctional localization of NCX

In double labelling experiments, JPH was used as the preferred target for antibody

labelling instead of RyR in determining the junctional co-localization of NCX. Previ-

ous experiments for confocal microscopy (Chapter 3) involved direct conjugation of the

mouse anti-RyR2 antibody with the fluorophore to achieve species compatibility with the

mouse anti-NCX antibody. However, direct conjugation achieved a poorer fluorophore
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to primary antibody ratio (< 5 per antibody) compared to using a secondary antibody

(∼ 9 per antibody). Maximizing the availability of fluorophores in the sample was vital

in evoking a single molecule event rate that would be sufficient to adequately sample

the labelled structures. The rabbit anti-JPH2 antibody allowed the use of a secondary

antibody while eliminating any species-dependent cross-reactivity with the anti-NCX

antibodies. In connection with this point, a high degree of co-localization between JPH

and RyR and the strong similarity in their cluster shapes and sizes in junctional regions

justified the choice of JPH as an alternative junctional marker.

Super-resolution images of NCX showed a dense punctate morphology across the sur-

face sarcolemma. Puncta of NCX seen in localization data were considerably smaller

and less variable in peak intensities than those observed in TIRF and confocal images.

Convolving the 2D image of the resolved NCX labelling with a typical widefield PSF

resembled TIRF images of NCX. With this approach, it was possible to re-create the

morphology observed in diffraction-limited data, demonstrating a considerable difference

in the underlying NCX distribution compared to previous data. In particular, intense

puncta that appeared to be preferentially located near junctions were not observed in

the super-resolution image. Simulations suggested that puncta of NCX labelling seen in

the localization data are arranged in a slightly higher density within areas labelled for

JPH (which was used as a marker of the junctions) compared to that expected from a

purely random distribution of NCX. Its spatial relationship with CAV3 also could not be

simulated by a random distribution, which suggests that the localization of NCX is more

likely to be affected by the protein compartmentalization arising from the organization

of lipid rafts.

Co-localization analysis performed between NCX and JPH super-resolution images showed

∼ 15% of NCX in direct overlap with regions of JPH labelling. Although this is a con-

siderable reduction in the apparent co-localization compared to the TIRF image analysis

(which showed a∼ 27% co-localization), NCX does not appear to be completely excluded

from the junctional area. This measurement is compatible with the computer simula-

tions by Sher et al. (2008) that suggest the presence of a mere 10% of the NCX within

the junction significantly amplifies the initial transient inward component of INaCa by

allowing the exchanger to see an elevated [Ca2+]i. This large [Ca2+]i would cause much

of the initial phase of INaCa to be inward (extruding Ca2+) (Weber et al., 2002). It is

therefore, predicted that one of the primary means by which this fraction of junctional
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NCX can augment DHPR as the primary trigger is by extruding junctional Ca2+ suffi-

ciently to antagonize Ca2+-dependent inactivation of DHPR thereby improving its open

probability (Pott et al., 2007). The increase in [Ca2+]i resulting from initial outward

component of INaCa is expected to be insignificant compared to the effect of ICa (Sher

et al., 2008). However in connection to this point, previous simulations on a canine

ventricular muscle model suggested that a mere 10% co-localization of NCX with dyads

is sufficient for it to compensate for ∼ 75% of the loss in the gain in EC coupling when

the primary trigger is compromised (i.e. when open time is reduced by 40%). This role

of reverse mode INaCa in CICR may be further underscored by the experiments of Lines

et al. (2006). They demonstrate that the inhibition of the voltage gated Na+ channels

increases the latency between the trigger and Ca2+ transient. This change was abolished

when cells were treated with KB-R7942 (intended to block the reverse-mode exchange).

However, simulations of Langer and Peskoff (1996) suggest that the [Na+]i in the 100 nm

band immediately outside a junction (assuming the presence of Na+ channels facing the

cleft) would be elevated to 14-27 mM. In the super-resolution data, an additional 25%

of NCX labelling was found in the 100 nm band outside the junction reported by JPH

clusters. In a model incorporating > 10% of NCX within the dyad and an additional 50%

in the surrounding sub-memebrane regions, Sher et al. (2008) predict that late emergence

(∼ 100 ms from the beginning of the action potential) of the delayed outward INaCa

following the large inward current would critically rely on the rapid removal of Ca2+

from the sub-sarcolemmal regions. In the case of peripheral couplons of rat myocytes,

the detection of SERCA labelling (along the 2-3 network SR connections feeding the

terminal cisterna) immediately outside the junctions (reported by JPH clusters) could

augment a rapid removal of Ca2+ in close vicinity of junctions; hence a late reversal of

the exchange.

Analysis comparing the sizes of co-localizing JPH clusters with those that did not co-

localize with NCX suggested that the former could reflect slightly larger junctions that

may harbour a larger number of RyR channels. If this apparent size-dependent hetero-

geneity in the junctional co-localization of NCX is true, it could suggest a stronger role

of NCX in augmenting ICa in evoking CICR from larger RyR clusters. If larger RyR

clusters give rise to a steeper rise in the junctional [Ca2+]i, a preferential co-localization

of NCX could act to dampen this in order to improve the DHPR open probability (Pott

et al., 2007). However, this point requires further investigation, considering that the
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analysis presented in section 5.5 revealed that JPH clusters that co-localized with RyR

were ∼ 11 times larger than those that did not contain overlapping RyR labelling. A

size-dependent co-localization between JPH and RyR could significantly skew the size

distributions of JPH clusters that are co-localized with NCX. Therefore, a direct com-

parison of RyR and NCX labelling is appropriate for investigating the possibility of

preferential co-localization of NCX with larger RyR clusters.

5.10 Super-resolution localization microscopy as a tech-

nique for examining fine ultrastructure of cardiac mus-

cle

5.10.1 Consideration of sample preparation

A significant advantage in the localization microscopy approach adopted for this work

(Baddeley et al., 2009a) is the ability to use widely available fluorophores that are linked

to highly purified secondary antibodies that consistently produced minimal background

levels. The non-requirement for using genetically expressed photoswitchable molecules

allowed standard immunocytochemistry protocols used on normal rat ventricular muscle

to be adapted conveniently to this technique of microscopy.

It was observed that inadequate washing of samples prior to mounting gave rise to

a diffusive background that resulted in large fractions of single molecule points that

correspond to no apparent structure. Therefore, the high level of contrast observed in

super-resolution images was obtainable following an increase in the number of washing

steps. The single molecule event density was more than an order of magnitude smaller

in control experiments (See chapter 2) where the primary antibodies had been excluded

from the sample preparation. Such a background (non-specific) event density was not

adequate to explain the small RyR clusters observed in the localization data.

The mounting medium containing cysteamine appeared to be the largest source of vari-

ation in the single molecule (particularly Alexa 750) event rates between datasets. It

was expected that cysteamine would reduce photoionization and promote the return of

fluorophores from the dark stated to the activated bright state (Vogelsang et al., 2008).



Chapter 5. Super-resolution imaging of cardiac muscle ultrastructure 137

The optimal concentration of this component appears to be within a narrow but un-

known window before it quenches the fluorescence from activated molecules (personal

communication with Assoc. Prof. Christian Soeller). On this basis, there were large

variations in the point densities between datasets and also between the Alexa 680 and

Alexa 750 channels. The point densities within images strongly affected the effective res-

olution, hence requiring additional standardization of the image binarization parameters

and careful selection of datasets for analysis.

The configuration of the imaging system used for these experiments still suffered from

a poor z-resolution, which limited the experiments to the cell surface where it could

be assumed that most structures observed were largely two-dimensional. This require-

ment restricted the sample types to isolated and fixed cardiac myocytes. Considering

the observation that DHPR labelling (Chapter 3) was poor at the surface of isolated

cells, it also limited the proteins that could be studied with this approach. However, a

novel development in localization microscopy is the ability to perform 3D localization of

single-molecule events with a fine z-resolution by introducing an astigmatism to the PSF

(Huang et al., 2008). This would permit the study of more three-dimensional ultrastruc-

ture deeper in the cells, although it requires greater sampling of fluorophore positions

in order to perform 3D reconstruction. Practically, this requires improved performance

of the fluorophores and mounting media that are currently being re-assessed.

5.10.2 Image visualization and co-localization analysis

The visualization approach based on averaging between triangularized point positions

was preferred primarily due to its reliability in accurately representing the pixel intensity

in proportion to local point density while retaining the image resolution (Baddeley et al.,

2010). In addition, this method also appeared to automatically suppress the effect of

diffusive background and spurious structures that arise from inadequate sampling. The

binarization approach which also required triangularization of point data appeared to be

a highly reproducible method given that the point densities in labelled regions between

different datasets could be standardized (Baddeley et al., 2009b). This was conveniently

achievable by randomly sub-sampling datasets containing higher numbers of points to

match the density on poorer datasets. However, this was only reproducible for datasets

with an effective resolution no worse than 70 nm. This method was preferred over
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standard linear intensity thresholds on the rendered images because it captured labelled

clusters that were relatively smaller in size and lower in intensity.

In addition to the gaps observed within RyR clusters, a considerable level of substructure

was observed within intensely labelled regions. Observing that their sizes are no larger

than 30 nm , interpreting this fine structure (for example, as patterns reflecting the

crystalline RyR array) was largely avoided. It is noteworthy that a crystalline pattern

is unlikely in the super-resolution images at the current resolution. The large size of the

primary and secondary antibodies (length of an IgG can be as large as 14.5 nm, Silverton

et al. (1977)) would have introduced additional blurring to the underlying structure.

In the case of NCX and CAV3 distributions, an anti-correlation and small co-localization

fractions indicates poor overlap. However, simulation of a random uniform distribution

of NCX puncta shows that despite poor co-localization, these proteins may have a pre-

ferred spatial association. Although it is appreciated that no two proteins can occupy

the same position in space, the 30 nm-resolution offered in this data may not always

resolve closely-packed protein complexes. However, it is likely that loosely-packed pro-

tein clusters (that could appear to be poorly co-localized) may yet show co-clustering

at this spatial scale. The functional significance of the close location of NCX puncta

albeit outside CAV3 labelling in the 30 nm scale is unknown. However it underscores

the importance in reporting measurements on a spatial scale that is both structurally

and functionally meaningful.

Data presented throughout this chapter illustrated comparisons between co-localization

analyses performed on confocal images and super-resolution images. A consistent obser-

vation was that the co-localization between partially over-lapping protein distributions

appear to decrease with the improved resolution. This is likely due to the smaller size and

superior contrast of labelled regions compared to the blurry diffraction-limited images.

A similar explanation is made by Sedarat et al. (2004), who demonstrate that improve-

ment in image resolution through deconvolution avoids over-estimating the actual over-

lap between different structures. The fact that the apparent fraction of co-localization

did not significantly change between RyR and JPH that showed near-perfect overlap

is consistent with this hypothesis. If the underlying structure is identical in shape and

size, the blurred images are expected to show the same extent of overlap. However, it

is intriguing that different protein distributions that appear to have similar fractions of
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co-localization in diffraction-limited images can show significantly different behaviours

once resolved. For example, the fractions of NCX and CAV3 that appeared to co-localize

with RyR in diffraction-limited images near the cell surface were both ∼ 27%. In the

super-resolution data, these fractions were 16% and 6% respectively. The explanation

is likely to be related to the fine morphology in the protein distributions. In the case of

CAV3, the resolved labelling showed patches of intense labelling. The ranges of inten-

sities observed between patches were comparable. In diffraction-limited images, these

appeared as streaks or patches of uniform labelling. In contrast, NCX labelling showed

a punctate labelling pattern in super-resolution images. Although the peak intensities of

puncta were comparable, regional variations in puncta densities were observed. When

optical blurring was simulated by convolving this data with a wide-field PSF, large

(∼ 10-fold) intensity variations were observed between regions that appeared as larger

puncta (FWHM ∼ 270 nm). These structures (regarded in TIRF images as candidates

for small assemblies of NCX proteins) therefore, are the product of the interaction of

the PSF with non-uniform distributions of the protein and are often misleading of the

underlying structure. This is sufficient grounds to conclude that co-localization analy-

ses using diffraction-limited data of sub-resolution structures should only serve as crude

estimates of the relative overlap.

5.11 Summary

By adapting conventional immunocytochemistry techniques for use with super-resolution

localization microscopy, the sites of Ca2+ release have been visualized at unprecedented

levels of detail. Data presented in this chapter reveal that diffraction-limited puncta of

RyR labelling observed in previous work (and Chapters 3 & 4) correspond to a more

complex ultrastructure. Resolved RyR clusters contain fewer RyRs than previously es-

timated using diffraction-limited images and are located at much smaller inter-cluster

distances. It was observed that smaller clusters had particularly smaller edge-to-edge

distances and form super-cluster, which is geometrical model that can adequately ex-

plain the polymorphisms in Ca2+ sparks in ventricular muscle. Simultaneous analysis

of RyR and JPH distributions through dual-colour localization microscopy suggested a

strong correlation between the cluster shapes of RyR and JPH which suggests that JPH

molecules may be interspersed between RyRs within a junction. The architecture of
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the SR network extending underneath the surface sarcolemma was visualized through

SERCA2A labelling. Super-resolution images illustrated the connectivity between the

network SR and terminal cisternae and suggested that the Ca2+ sequestration function

may be exclusive to network SR, as reflected by the SERCA distribution. Dual colour

imaging of CAV3, NCX and JPH suggested a compartmentalization of NCX around

regions of CAV3 labelling. The fraction of NCX co-localizing with junctions (visualized

using JPH as a marker) was smaller than that estimated through diffraction-limited im-

ages in Chapter 3. This discrepancy was attributed to the improved resolution offered

by localization microscopy.

The junctional architecture described by the super-resolution images highlights the

nanometer scale of organization of proteins that are central in EC coupling. This is

a further spatial scale which needs to be considered when studying the overall con-

traction of the cell. Chapter 6 discusses the fine details of the junctional organization

(Chapter 5), the architecture of the t-system (Chapter 3) and the complexity in the

z-line topology (Chapter 4) in this context.



Chapter 6

Multiscale parameters in cardiac

EC-coupling

Experiments presented in this thesis were focused on optical techniques that offered

improvements to the resolution at which ultrastructural components of ventricular my-

ocytes could be visualized (as compared to previous optical methods). Optimizing the

optical resolution to better resolve structures such as the SR, t-system etc involved the

orientation of myocytes orthogonally to the focal plane of the microscope (Chapters 3

& 4). This method achieved an image resolution superior to data on which prior co-

localization analyses had been performed (examples include Scriven et al. (2000, 2005),

Scriven et al. (2010), Dan et al. (2007), Cavalli et al. (2007), Lin et al. (2009)). Pro-

tein distributions such as RyR clusters, CAV3 (which lined the t-tubules) and NCX

(both punctate and uniform features) were visualized at unprecedented optical resolu-

tion, which allowed more reliable co-localization analyses than possible before. However

when analysed using confocal data, most of the key Ca2+ handling proteins considered

(RyR, DHPR & NCX) appeared as sub-resolution puncta (similar in shape to an elon-

gated 3D Gaussian) whose underlying morphology were unknown. This meant that

co-localization measurements performed with conventional optical images (confocal and

TIRF) were limited to gross characterization of the cell-wide distributions of these pro-

teins. These measurements were mere upper-bounds of the extent of protein overlap in

the spatial scale where rapid Ca2+ signalling (that is vital for contraction) occurs.

141
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3D visualization approaches combined with segmentation algorithms that enhanced the

effective z-resolution of confocal data obtained with the same approach revealed a topol-

ogy of the z-disks that was more complex than the planar geometry assumed before (see

Chapter 4). The helicoid topologies of the z-disks (arising from misregistrations be-

tween myofibrils) occupied large fractions of the cell volume and dictated a complex

inter-couplon geometry and a t-system architecture in regions as long as 20 sarcomeres.

A > 10-fold improvement in the resolution at which antibody labelling in isolated my-

ocytes could be visualized was achieved with the adaptation of a conventional wide-

field epifluorescence and TIRF microscope for single fluorophore localization microscopy

(Chapter 5). Oblique (TIRF-like) illumination restricted the effective working distance

which limited the study to regions near the surface sarcolemma of isolated myocytes

that were mounted horizontally on the coverslip. Fine details of the RyR clusters at

near-single-channel resolution was attainable, allowing the characterization of the ul-

trastructure of individual junctions, organization of surface sarcolemmal NCX and pu-

tative architectures of caveolae and SR near the cell surface. Labelling features that

were highly suggestive of individual protein complexes (such as solitary RyRs, NCX

and SERCA puncta) allowed more sensitive and accurate co-localization analyses and

estimates of local protein densities.

Ultrastructural features discussed in this thesis range between nanometer and sub-

millimeter spatial scales and warrant integration into a multi-scale model in order to

understand the EC coupling within individual ventricular myocytes. The following sec-

tions will discuss the major findings of this thesis and raise new hypotheses that require

careful testing in future experiments.

6.1 Structure and function of Ca2+ release units, junctions

and network SR

The primary finding in localization data from RyR-labelled samples was a complex

geometry and a large range of sizes of RyR clusters that appeared as smooth puncta of

fluorescence in confocal images. The Figure 6.1 is a schematic view of the on-face view

of four peripheral couplons and the complex RyR arrangements suggested by super-

resolution images. RyR channels were expected to pack into quasi-crystalline arrays at
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29-nm periodicity (Meng et al., 2007) within the area of the terminal cisterna (JSR).

Incomplete filling of labelling within RyR clusters in super-resolution data and poor

correlation between the apparent area of RyR puncta and their integrated intensity in

TIRF data were consistent with gaps in the RyR arrays reported by Hayashi et al. (2009).

Individual clusters of RyR observed in super-resolution data contained between 1-100

RyRs although a large fraction of these sub-clusters were located within a < 50 nm

distance from their respective edges. Such closely packed ‘sub-clusters’ appeared to

compose ‘super-clusters’ that typically corresponded to the diffraction-limited puncta in

conventional fluorescence micrographs. A considerable discrepancy between the cluster

size estimates made through super-resolution and confocal images underscores the high

likelihood in over-estimating the couplon size in confocal images. For example, a typical

RyR cluster with 20 RyRs placed adjacent to a t-tubule would appear as a 3D Gaussian

with a lateral FWHM of > 250 nm and 700−1000 nm axially (depending on orientation

of the couplon). It has been inferred that these super-clusters may correspond to sub-

clusters located within the same JSR (Franzini-Armstrong, 2010, Xie et al., 2010) that

may be coupled by the same SR luminal Ca2+ and the standing Ca2+ gradients within

the cleft (See the JSR on lower left of Figure 6.1 for an example). Moderately tightly

coupled sub-clusters residing within the same cleft could activate separately or in various

combinations to give rise to spontaneous Ca2+ sparks of varying amplitudes and rates of

rise (Shen et al., 2004). However, with sufficiently strong stimuli, the strong activation

of one sub-cluster could evoke CICR from neighbouring sub-clusters in a ‘triggered

saltatory’ mechanism, ensuring the maximal activation of the super-cluster (i.e. the

RyRs in the entire junction). Resolving whether the RyR super-clusters are equivalent

to a single junction or couplon will require simultaneous visualization of the entire RyR

array and the membrane of the terminal cisterna using a super-resolution microscopy

technique.

Investigating the distribution of JPH in relation to RyR revealed that JPH followed a

similar (although not identical) cluster shape to RyR. This was reflected by the high co-

localization between the two proteins and strong angular alignment. If JPH molecules

that tether the sarcolemma to the JSR are indeed the regular array of ‘pin’-like structures

observed in the EM image of Frank (1990) seen in Figure 1.4, the JPH arrangement

within a junction can be indicated as a regular grid as indicated by the purple symbols
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in Figure 6.1. Evidence that JPH is essential for the formation of junctions (Franzini-

Armstrong et al., 2005) and that most RyR clusters co-localized with JPH are larger

(mean of ∼ 25 RyRs per cluster) suggests that the presence of overlapping JPH is a

strong indication that an RyR cluster resides within a junction.

NSRC

JSR

JPH

RyR

Figure 6.1: Schematic representation of the ultrastructure of junctional and net-
work SR based on super-resolution images near the surface of rat ventricular myocytes.
Shown in on-face view, are junctional SR (JSR) forming couplons with the surface sar-
colemma, network SR (NSR) and the putative locations of caveolar heads (C). Scale
bar: 200 nm.

In addition to the RyR sub-clusters, a large number of regions corresponding to just

a few or solitary RyR channels were observed. With many of them not coinciding

with JPH labelling, they were unlikely to be junctional and were strong candidates for

channels that are either being trafficked from the ER or Golgi to junctions via the SR

or those being degraded. Xie et al. (2010) infer that they are likely candidates for the
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‘rogue RyRs’ that give rise to Ca2+ leak from the SR. The blurred diffraction-limited

images of regions containing small RyR clusters were low in intensity and were unlikely

to be detected as ‘puncta’ of RyR in confocal images presented in Chapter 3. The

∼ 600 nm inter-cluster distances for RyR labelling observed with similar confocal data

(Soeller et al., 2007) is about an order of magnitude larger than the edge-to-edge distance

estimated through EM tomography. The presence of small clusters that go undetected

in confocal images can explain this discrepancy if a similar RyR cluster size distribution

is found in the cell interior. It has been suggested that so called ‘rogue’ receptors could

release considerable amounts of Ca2+ in the form of invisible events which could amount

to a large fraction of cytosolic [Ca2+]i. However, direct validation of this hypothesis

will require combining super-resolution imaging of RyRs with more sensitive modalities

of Ca2+ imaging (than those currently available). It is also a possibility that these

tiny clusters (or single RyRs) do not functionally release Ca2+ and maybe trafficking

or otherwise functionally disabled. Finally, it is not even a priori clear that the release

flux scales directly with the number of RyRs in the cluster. For example, if the supply

with Ca2+ from the terminal cistern is the limiting factor, widely varying cluster sizes

may give rise to similar fluxes.

Puncta of RyR labelling were consistently observed in strong alignment with the SR

network (which was reported by confocal images of SERCA2A labelling) both near the

cell surface and deeper in the cell interior. This suggested that solitary RyR channels are

likely to be restricted to regions of the SR membrane which is continuous with the ER and

Golgi (Fawcett and McNutt, 1969). Similarly, small, non-co-localized JPH clusters may

be seen in the network SR (NSR). Membranes of the NSR appeared to harbour puncta of

SERCA labelling (detected only in super-resolution images) whose density resembled the

density of SR membrane particles (inferred to be individual SERCA pumps) estimated

before (Franzini-Armstrong, 1975). An apparent exclusion of the SERCA from JSR

completely, suggests that the NSR is likely to specialize in the Ca2+ re-uptake and that

the 2-3 SR tubules connecting each JSR has to cope with recovering the Ca2+ released

at the corresponding junction. However, the close placement of caveolae (indicated by

red dashed lines in Figure 6.1) may serve to bring regulatory complexes such as eNOS

to the close proximity to enhance SERCA function (Adachi et al., 2004).

Crescent- and torus-shaped RyR clusters seen in super-resolution images were tenta-

tively identified as couplons that were associated with t-tubules. This was confirmed
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by super-resolution images of JPH clusters that followed similar shapes and patches of

CAV3 labelling that were highly suggestive of the encircled t-tubules. Confocal images

of myocytes labelled for CAV3 and RyR revealed that ∼ 84% of RyR clusters are located

next to t-tubules (and are likely to reside in similarly shaped junctions). The curved

geometry of dyads remained unresolved in diffraction-limited fluorescence micrographs

that do not offer sufficient resolution to resolve t-tubular membranes in rat myocytes.

The 30-nm lateral resolution offered by localization microscopy technique used in ex-

periments presented in Chapter 5 is adequate for resolving the such complex shape.

However, these data were limited by a 600-nm axial resolution. Considering the com-

plex geometries of t-tubules observed in Chapter 3, an interaction of this elongated PSF

with the non-planar dyad structure is likely to result in poorly resolved RyR clusters

despite the high in-plane resolution. EM tomography or localization microscopy that

offer superior localization accuracy of single molecule events in the z-dimension (such

as that described by Huang et al. (2008)) are better-suited for studying these struc-

tures. However, dyads associated with longitudinal elements of the t-system (reported

in Chapter 3) are predictably parallel to the surface sarcolemma and may be resolved

with the existing single-molecule localization imaging protocol.

Although indirect estimates of Franzini-Armstrong et al. (1999) suggest that dyads con-

tain more RyRs than peripheral couplons, data of Hayashi et al. (2009) confirm that the

features of dyadic RyR arrangement in the mouse ventricles are similar to those observed

in super-resolution images of peripheral couplons presented in this thesis. However, the

detailed architecture of the t-system visualized via CAV3 labelling in confocal stacks re-

vealed that ∼ 16% of all RyR clusters in the cell interior are non-junctional. Examining

the intensity and their distance to the nearest junctional couplon, these were unlikely

candidates for the small clusters or solitary RyRs observed in localization data. La-

belling intensities that were comparable to the junctional clusters suggested that these

were likely to contain more than a few RyRs and may be equivalent to ‘corbular SR’

reported earlier (Sommer and Waugh, 1978, Jorgensen et al., 1993, 1985). While the

irregularities in the RyR arrays within the same JSR may be consistent between periph-

eral couplons (Baddeley et al., 2009a) and dyads (Hayashi et al., 2009, Asghari et al.,

2009), RyR (and JPH) distributions on such non-junctional terminal cisternae is yet

to be characterized. If they represent RyR clusters that were ‘orphaned’ as a result

of acute t-tubule remodelling, an RyR arrangement and density similar to junctional
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clusters would not be unexpected.

6.2 Localization of NCX and DHPR in relation to junc-

tions

TIRF images of cells labelled for NCX suggested densely arranged punctate labelling

at the surface sarcolemma, with intense puncta located within or bordering junctions.

Super-resolution images revealed puncta of NCX that were much smaller (that most

likely corresponded to individual or small groups of exchanger proteins). Bright puncta

appeared to correspond to localized regions containing a higher density of small NCX

puncta. Figure 6.2A shows a schematic view of the junctions with DHPRs and RyRs

placed as suggested by the data presented in this thesis. The shown region contains 4

peripheral couplons and the surface sarcolemma harbouring a widespread distribution

of NCX (dark blue symbols) that extends outside the junctions. A magnified on-face

view of an individual peripheral junction is shown in panel B. Analysis of TIRF images

estimated that ∼ 27% of surface sarcolemmal NCX was co-localized with the junctions

(reported by RyR) although this figure was revised to ∼ 15% following the analysis of

super-resolution images that resolved the junctinal geometry as well as the sarcolemmal

NCX distribution.

Super-resolution images of NCX and CAV3 at the surface sarcolemma broadly suggested

a highly concentrated arrangement of NCX around the patches of CAV3 labelling (that

were strong candidates for caveolae). While it has been suggested that NCX is excluded

from caveolae (Cavalli et al., 2007), data presented in Chapter 5 could suggest a weak

‘compartmentalization by exclusion’ as an explanation of the observed morphology. This

is consistent with the poor correlation observed between CAV3 and the NCX puncta

that were spaced at regular intervals along the t-tubules. Observing that CAV3 is

strongly excluded from junctions at the cell surface and on the t-system, this would

result in the placement of a larger fraction of NCX than that could be predicted by a

random distribution of NCX puncta. ∼ 27% of the NCX labelling in the t-system was

in apparent overlap with RyR labelling in diffraction-limited confocal images, although

the true fraction is likely to be smaller.
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A

B

DHPR

NCX

Junction

Figure 6.2: Schematic representation of the expected surface sarcolemmal distribu-
tion of DHPR (red) and NCX (blue) in relation to the peripheral couplons. Surface
sarcolemma is indicated indicated in light blue and the underlying terminal cisternae
(beige) containing arrays of RyR are shown in (A) moderate and (B) high magnification.
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If the fraction of NCX co-localizing with dyads is indeed similar to that estimated on

the surface sarcolemma, this would place sufficient NCX to augment DHPR in evoking

CICR (Sher et al., 2007). NCX co-localized with RyR sub-clusters or solitary RyRs

that are co-localized with no or little DHPR (consider the upper left sub-clusters in

the example illustrated in Figure 6.2B) could give rise to ‘invisible’ quantities of Ca2+

release subsequent to activation by reverse-mode exchange (Xie et al., 2010).

Co-localization analysis of the labelling distributions of DHPR and RyR using confocal

images revealed only ∼ 40% of punctate DHPR labelling was in direct overlap or within

150 nm of the centroid of the RyR cluster. This estimated fraction is smaller than

the DHPR co-localization measured in previous studies (Scriven et al., 2000, Scriven

et al., 2010, Sedarat et al., 2000). While the differences in the effective resolution in

the fluorescence images and the sensitivity in co-localization algorithms can largely ex-

plain these discrepancies, careful visual examination of confocal data made it clear that

punctate DHPR labelling could be seen in regions of no detectable RyR. Additionally,

observing a considerable fraction of junctional RyR puncta that did not co-localize with

DHPR labelling does not support the hypothesis that DHPR is exclusively concentrated

within junctions (Scriven et al., 2000, Sun et al., 1995) and that junctional RyR clusters

essentially require DHPR as a trigger that initiates CICR.

However, super-resolution images have revealed a more complex architecture of junctions

and RyR clusters that could support synchronous Ca2+ release evoked by a sub-optimally

co-localized DHPR distribution (Consider the example illustrated schematically in Fig-

ure 6.2B). Clusters of up to 6 DHPRs that can open in tandem (Navedo et al., 2010) may

be located either within or near the edge of a junction. Such a spatial configuration can

give rise to a considerable separation between the apparent centroids of DHPR and RyR

puncta in the diffraction-limited image. Coupled gating of these clustered DHPRs is ex-

pected to improve their fidelity in activating the closest RyR sub cluster (for example,

the sub-cluster in the bottom right of panel B). Forward mode exchange of NCX located

close to DHPR clusters could act to reduce the Ca2+-dependent inactivation on DHPR

and improve its open time (Sher et al., 2008). This would further improve its proba-

bility of activating the directly apposing RyR cluster. Given that the RyR sub-clusters

in the top left region of panel B co-localize with less or no DHPR, their activation may

be sub-optimal. However, Ca2+ released from the sub-cluster on the bottom right can
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activate the remaining RyRs within the junction in a rapid series of saltatory trigger-

ing events. Therefore, Ca2+ release within this junction could appear as a ‘mini Ca2+

wave’ rapidly propagating from the bottom right to the top left of the region shown

in panel B. In the case of dyads, DHPRs residing outside the junction may participate

in evoking CICR if the mitochondria that flank the terminal cisternae (Hayashi et al.,

2009) can effectively extend the junctional cleft. However, this hypothesis requires more

rigorous testing either with in silico simulations or a means of selectively blocking or

buffering trigger Ca2+ outside the junctional cleft that would allow the study of CICR

by non-co-localized DHPRs.

The considerable fraction of DHPR that did not co-localize with RyR raises additional

questions about their role in EC coupling. It is known that ICa contributes to ∼ 10%

of the cytoplasmic Ca2+ transient in rat ventricular muscle (Wier et al., 1994), and

the inward current of these non-colocalized DHPRs is likely to account for some of

this Ca2+. Observing that abundant caveolae reside outside junctions, some or most of

these DHPRs may be located within caveolae. This hypothesis is supported by a high

degree of co-immuno-precipitation of DHPR with CAV3 (Cavalli et al., 2007). Ca2+

flux through DHPR located in caveolae could be suppressed by nitric oxide produced

by eNOS which is known to be harboured in the same compartments. Therefore, the

junctional component of ICa may still appear disproportionate to the fraction of DHPR

localized within junctions.

6.3 Inter-couplon Ca2+ signalling

Visualizing the architectures of the t-system using confocal microscopy allowed the de-

tection of a subset of RyR clusters that were not closely associated with t-tubules. Based

on the punctate RyR labelling in this data, a centre-to-centre distance of ∼ 660 nm was

estimated between these clusters and the nearest junctional clusters. Assuming that

these dyadic and non-junctional RyR clusters both contain an average of ∼ 25 RyRs

in a circular RyR cluster with a radius of ∼ 80 nm (both of these hypothesis require

testing), this would suggest that Ca2+ would need to diffuse over 0.5 µm from the edge

of an activated junctional RyR cluster to the edge of a non-junctional cluster. However,

the poor detection sensitivity of smaller RyR clusters in confocal images would suggest

that this edge-to-edge distance is likely to be much smaller; a hypothesis supported
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by ∼ 50 nm edge-to-edge distance measured between peripheral RyR clusters through

super-resolution imaging (Baddeley et al., 2009a, Hayashi et al., 2009).

Although an overwhelming majority of RyR clusters (∼ 90%) were located at the z-

disk, the longitudinal diffusion distance of Ca2+ in order to activate the sarcomere is

typically smaller than the length of the sarcomere due to the non-planar toplogy of

z-disks. Chapter 4 discussed that this is a likely consequence of the development of

myofibrils within immature myocytes, which leads to misregistration between sarcomeres

(hence, the z-disks). A computer model based on experimentally determined RyR cluster

geometry has demonstrated that this reduction in longitudinal inter-cluster distance

by the presence of misregistrations between neighbouring myofibrils helps sustain the

propagation of Ca2+ wave spread (Soeller et al., 2009, Li et al., 2009). In connection to

this point, the presence of ‘rogue’ receptors (Lu et al., 2010) (which Xie et al. (2010)

identify as the functional equivalents of the solitary RyRs observed in super-resolution

images) has been a vital component in some computer simulations of a propagating Ca2+

wave. The fact that Soeller et al. (2009) demonstrate that the complex geometry of the

RyR cluster distribution alone can make a Ca2+ wave propagate suggests that the role

of ‘rogue’ receptors in EC coupling may be overstated. However, RyR clusters residing

within junctions that are located at the middle of the sarcomere (See Chapter 3) can also

effectively reduce the longitudinal distance between Ca2+ release sites. This complex

geometry of RyR clusters is likely to be useful in ensuring near-uniform activation of

the contractile machinery in the working myocyte. For example, propagation of a local

Ca2+ wave could ensure CICR in regions that may be transiently detubulated albeit

the lack of a direct voltage-dependent trigger. More precise computer simulations of

the steady state Ca2+ transients and Ca2+ wave propagation are achievable through the

incorporation of all these geometrical considerations and could provide further insight

into the details of EC coupling.
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6.4 Mechanical and architectural features of the ultrastruc-

ture

Chapter 3 demonstrated that t-tubules of ventricular myocytes follow a complex network

that spans the cross-sectional area of the myocytes. A majority of t-tubules in mam-

malian myocytes was detected in close proximity to the z-disks. Dislocated and helicoid

arrangement of the myofibrillar z-disks therefore would result in regions consisting of

dense and helicoid connectivity in the t-system. Furthermore, the observation of lon-

gitudinal tubules that labelled for CAV3 (and frequently coincided with RyR clusters)

strongly supports the modern view of the t-system as a dense network that is not re-

stricted to planar arrays of z-disks (Soeller and Cannell, 1999). It was observed that the

geometry of t-tubular connections did not vary significantly between consecutive z-lines.

This, along with the observation of strong longitudinal alignment between Ca2+ release

sites (Soeller et al., 2007), are consequences of the strong streamlining of individual or

groups of myofibrils along the long axis of the cell (to achieve a series arrangement of

sarcomeres), which results in limited geometries in which t-tubules can wrap around

them. Confocal images of the SR network in transverse view of the cell suggested a

much denser connectivity in the SR network. While t-tubules wrap around groups of

myofibrils, the SR tubules appeared to encircle individual myofibrils. This fine geometry

would favour the role of the SR membrane as the principal mechanism of retrieving Ca2+

from the contractile machinery in order to effect relaxation.

The non-planar z-disk topology appeared to be the consequence of both subtle non-

uniformities in the length of individual sarcomeres (Bub et al., 2010, Sanger et al.,

2005) and a complex twisted geometry of neighbouring myofibrils which was commonly

observed in those passing around nuclei. A non-parallel geometry is thought to stabilize

the large central nuclei and mitochondria that are arranged between these myofibrils. It

was observed that splitting or merging of myofibrils in such regions can also contribute

to misregistration between sarcomeres in adjacent myofibrils.
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6.5 Ultrastructural changes in pathological conditions

Helicoid z-disk topology that can augment Ca2+ wave propagation were observed in

healthy rat, rabbit and human ventricular muscle. Considering that Ca2+ waves can

give rise to disturbances in the membrane potential (Berlin et al., 1989) increasing the

risk of cardiac arrhythmias (Venetucci et al., 2008), it would be intriguing to investigate

if the frequency of helicoid or dislocated z-disk topologies is higher in ventricular muscle

of failing hearts. It is possible that a progressive increase in myofibril misregistration

could underlie the pathogenesis of cardiac arrhythmias. The 3D visualization approaches

presented in Chapter 3 could be useful in studying this further.

Increases in ‘rogue’ RyRs (if they indeed exist) and longitudinally extending junctions

is likely to have the same effect. Although Song et al. (2006) report a marked increase

in the longitudinal elements of the t-system in failing hearts from SHR, their images of

RyR labelling do not suggest a similar change in the RyR cluster distribution. However,

the nature of t-tubule remodelling could be further detailed by adapting the confocal

imaging protocol used in chapters 3 & 4 which offers superior resolution compared to the

conventional methods of fluorescence imaging. Non-junctional RyR clusters observed at

z-lines (Chapter 3) resembled the RyR clusters that are reportedly ‘orphaned’ as a result

of t-tubule remodelling (Song et al., 2006). Asynchronous activation of RyR clusters

resulting from the reduced coupling between DHPR and RyR as t-tubules depart from

junctions have been attributed to the contractile deficit observed in the SHR hearts.

It is more likely that these ‘orphaned’ clusters exist in healthy rat hearts and simply

increase in frequency as the t-system remodels during the development of heart failure.

In a recent report, Wei et al. (2010) suggest that a loss of JPH accompanies the t-tubule

remodelling. JPH is known as a vital component in maintaining the terminal cisternae

docked onto the sarcolemma (Takeshima, 2002) while data presented in Chapter 5 sug-

gest that it could also regulate the size and shape of RyR clusters. It is possible that loss

of JPH in the development of heart failure could also result in remodelling of the RyR

clusters themselves. For example, smaller RyR clusters that are further apart from each

other may become more weakly coupled and difficult to recruit via a triggered saltatory

mechanism. The localization microscopy technique used in this study is a powerful tool

that could address such questions, while JPH has emerged as a strong candidate for a

target or source of ultrastructural remodelling observed in the failing heart.



Chapter 6. Multiscale parameters in cardiac EC-coupling 154

6.6 High-resolution imaging as a method of studying car-

diac EC coupling

Image data and analyses presented in this thesis have demonstrated that fluorescence

imaging modalities with superior resolution are useful in furthering our understanding

and improving the accuracy of spacial measurements of the fine ultrastructure in cells.

Careful design of experiments aiming to maximize the image resolution is important

towards visualizing finer features of protein distributions and estimating protein co-

localization. The latter should be analyzed with the image resolution in mind, although

it is important to highlight the co-localization fractions based on a spatial scale that is

physiologically meaningful. In addition, this thesis underscores the advantages of using

3D visualization techniques for studying the ultrastructure in three dimensional data.

Understanding the rapid events in EC coupling in ventricular muscle thus far has prin-

cipally involved the use of electrophysiological, spectroscopy or microscopy techniques.

Although mathematical modelling has demonstrated that the spatial features of the my-

ocyte ultrastructure is a key determinant of this process (e.g. Stern (1992), Soeller and

Cannell (2004)), understanding of the structural basis of EC coupling through conven-

tional fluorescence microscopy has been limited by the resolution due to the diffraction of

light. The advent of localization microscopy and EM tomography however has overcome

this resolution limit and allowed ths study of the three-dimensional structure. Improved

spatial measurements will prove invaluable for constructing accurate computer models

to capture fine features of the Ca2+ signalling, while facilitating new hypotheses that

can be tested using electrophysiological and pharmacological interventions. Further-

more, the prospect of resolving intracellular remodelling that underlie alterations in EC

coupling in pathological conditions is indeed exciting.



Appendix A

Characterization of rabbit

anti-Cav1.2 α1C antibody

To investigate the specificity of binding of the rabbit polyclonal anti-Cav1.2 α1C IgG

(ACC003; Alomone Labs) used in section 3.8, a Western blotting was performed. Figure

A.1 shows the Western blots performed on homogenized human ventricular tissue where

the antibody was applied with (lane 2) and without (lane 1) preabsorption of the peptide:

(C)TTKINMDDLQPSENEDKS (residues 848-865 of rat Cav1.2 α1C, that show 100%

sequence homology to the human equivalent), which the polyclonal antibody was raised

against. Two bands of staining are observed in the ∼ 116 and ∼ 220 kDa ranges

molecular weight of lane 1, that have been previously been reported as a possible result

of proteolytic degradation in homogenates. The lack of any detectable staining in lane

2 confirms that the antibody binds specifically to the above peptide sequence.

This data was supplied by Dr. David Crossman.
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Figure A.1: Western blot of rabbit polyclonal anti-Cav1.2 α1C IgG performed on
human ventricular tissue homogenate. Lane 1: Ab applied at dilution of 1:500. Lane 2:
Ab preabsorbed with 1:5 molar ratio of blocking peptide. Western blotting experiment
was performed by Dr. David Crossman; published with permission.
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