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SUMMARY

This dissertation explores the fascinating world of cardiac function and dys-
function. Through application of various experimental and computational

techniques new insights into aspects of intracellular diUusion restrictions, causes
of hypertrophy, and development of cardiac energetics are gained. Experiments
on rat cardiomyocytes using raster image correlation spectroscopy reveal a coun-
terintuitive result, whereby diUusion of a smaller Wuorescent molecule is restric-
ted more than that of a larger one, when comparing diUusion in the cytosol to
that in solution. A stochastic computational model of diUusion is applied to Vnd
a possible explanation for this result. Modeling results suggest the existence of
regularly placed semi-permeable barriers in the cardiomyocyte situated ∼ 1 µm
apart and having very low permeabilities. Such structures in the intracellular en-
vironment could enact a signiVcant role in the function of cardiomyocytes, as
well as in dysfunctional states of the heart. Also discussed are experiments prob-
ing the causes of hypertrophic cardiomyopathy with the aim of studying muta-
tions that aUect signalling cascades and cause abnormalities in cardiomyocyte
calcium handling.
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KOK KUVÕT E

Käesolevas väitekirjas sisenetakse südame funktsioneerimise keerulisse aga
köitvasse maailma. Rakendades erinevaid eksperimentaalseid ja arvutuslikke

meetodeid saadakse uusi teadmisi rakusiseste diUusioonitakistuste, südame hüper-
trooVa ja südameenergeetika arenguliste muutuste valdkondadest. Raster korre-
latsioon-spektroskoopia katsed roti südamelihasrakus näitavad, et väiksemate
molekulide difusioon on raku sees rohkem takistatud kui suuremate molekulide
difusioon. Sellele intuitisioonivastasele tulemusele leitakse seletus kasutades stoh-
hastilist arvutuslikku mudelit modelleerimaks rakusisest takistatud diUusiooni.
Modelleerimistulemused vihjavad korrapäraste, osaliselt läbitavate barjääride ole-
masolule südamelihasrakkudes. Nimetatud barjäärid asuksid teine-teisest ∼ 1 µm
kaugusel ja oleks suhteliselt raskesti läbitavad. Sellised rakusisesed struktuurid
võivad omada olulist rolli nii südamelihasrakkude normaalses toimimises kui
ka patoloogilistes juhtudes. Antud töö esitab veel katsetulemusi südame hüper-
trooVa põhjuste uuringutest. Saadud tulemused selgitavad kuidas hüpertrooVat
põhjustavadmutatsioonid mõjutavad signaalikaskaade ning põhjustavad ohtlikke
kõrvalekaldeid kaltsiumiringluse normaalsest toimimisest südamelihasrakkudes.
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LSJuicer – a multi-platform tool for analysing Wuorescence vs. time data (e.g.,
linescan images from confocal microscopes, csv data from spectrophotometers,
Wuorimeters, etc). This open-source software was used for analyzing Ca2+ tran-
sients in Publication II and was also employed for Ca2+ spark analysis in [22].
Available at http://lsjuicer.googlecode.com
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P RE FACE

This dissertation contains selected results from my doctoral studies. The
main focus of these studies has been on applying RICS for determining prop-

erties of diUusion in cardiomyocytes. In the beginning stages of this project an
attempt was made to use existing equipment available at Tallinn University of
Technology. Unfortunately, after months of trials it became clear that this equip-
ment was not able to carry out the experimental protocol we had developed in a
satisfactory manner. As a result of this, we designed and built a confocal micro-
scopy setup of our own, optimized for performing RICS experiments.
Before the building and testing was complete, however, I travelled to New York

in order to spend 8 months at Mount Sinai School of Medicine in the laboratory
of Dr. Eric A. Sobie. This side-project, although also involving confocal micro-
scopy and cardiac muscle cells, was quite diUerent from what I had previously
been involved in. The collaboration developed into an article on hypertrophic
cardiomyocytes (Publication II) and resulted in the release of a software package
aimed at calcium transient analysis.
On my return to Estonia the work on RICS resumed. Although the technical

diXculties with the equipment had now been resolved, optimization of the ex-
perimental protocol remained. After a year of Vne-tuning and improvements, ex-
periments started to become reproducible. Parallel to conducting experiments, I
started working on a stochastic computational model of diUusion that I employed
for running RICS simulations in silico in order to obtain further insights into the
results yielded by biological experiments. The results of this combined approach
to study diUusion in cardiomyocytes are presented in Publication III and form
the main body of this text.
As RICS is only one method used in our laboratory in its quest to unravel the

subtleties of cardiac energetics, it is only suitable that we would monitor other
developments in the Veld. One direct result of this is an article (Publication I)
reviewing recent results in postnatal development of energetic microdomains in
mouse.
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TH ES I S





1
I N T RODUCT ION

The subjects that have been explored during my doctoral studies, employ
various methods and approaches. They all, however, deal with the common

underlying topic of function and dysfunction of cardiac cells.
The Vrst of these subjects relates to the study of how intracellular compart-

mentation and diUusion restrictions inWuence cardiac energetics. The existence
of diUusion restrictions has been shown in numerous experiments. For example,
studies on caUeine induced tension transients have revealed the restricted ac-
cess of externally supplied adenosine triphosphate (ATP) to intracellular enzymes
consuming ATP [11]. Measurements of O2 consumption by mitochondria during
oxidative phosphorylation in permeabilized cardiomyocytes also indicate exist-
ence of diUusion restrictions between mitochondria and extracellular solution
[13, 25]. The presence of such compartmentation can be visualized by looking
at oscillations of mitochondrial membrane potential induced by reactive oxy-
gen species (ROS) [14] and modulation of the ATP sensitive potassium channel
by phosphocreatine [1]. Compartmentation caused by such restrictions and how
this aUects energy transfer in the heart is a clinically relevant problem [9] and
concentrations of molecules involved in intracellular energy transfer can be used
as a predictive indicator of mortality in dilated cardiomyopathy patients [19].
Substantial diUusion restrictions have so far been suggested from indirect meas-

urements as mentioned above. In skeletal muscle, nuclear magnetic resonance
(NMR) experiments have found diUusion of ATP to be hindered compared to dif-
fusion in water [4, 15]. However, the decrease in diUusion coeXcients found in
these NMR experiments is not big enough to explain the experimental results
from oxygraphy measurements listed above. According to computational model-
ling attempting to reproduce results from oxygen consumption experiments [24],
a decrease several times higher than that found in NMR experiments in the dif-
fusion coeXcients of adenine nucleotides is necessary to account for the results
from oxygraphy measurements.
Employing a novel Wuorescence correlation spectroscopy (FCS) based technique

termed raster image correlation spectroscopy (RICS), diUusion of Wuorescent ATP
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introduction

has been measured in cardiac myocytes [29]. The RICS method makes use of the
fact that in a confocal image each pixel is separated from another not only in dis-
tance but also in time [6, 7]. Combining this knowledge with FCS methods allows
one to determine information about molecular dynamics, concentrations and dif-
fusion coeXcients from images obtained with most laser scanning confocal mi-
croscopes (LSCMs). When applied to estimating the diUusion coeXcient (DC) of
Wuorescently labelled ATP in rat cardiomyocytes [29], a more pronounced re-
duction was found compared to that determined by NMR. Due to the technical
diXculties experienced in [29] the RICS method was extended further and has
developed into what forms the main results of this dissertation.
The extended RICS technique developed herein was applied to estimate the

DCs of two diUerent Wuorescent molecules (ATTO633-ATP and Alexa647-dextran
10K) in rat cardiomyocytes. The results obtained from these measurements were
used to determine parameters of hypothesized diUusion restrictions in form of
semi-permeable barriers. This was carried out with the aid of a stochastic com-
putational model of restricted diUusion. The extended RICS method was applied
in analysis of both, experimental and modelled data. Chapter 2 introduces the
RICS method and the fundamentals of the extensions to it that have been em-
ployed in this dissertation. It is almost entirely composed of the Vrst chapter of
the Supporting Material of Publication III and is included in full to familiarize
the reader with the subject. Chapter 3 presents a summary of the experimental
results, while Chapter 4 lays out the results obtained from computational model
of restricted diUusion. Information presented in Chapters 3 to 4 are concise sum-
maries of the main results given in detail in Publication III and its supporting
material. In Chapter 5 some hitherto unpublished aspects concerning computa-
tional studies on one-dimensional regional RICS are presented.
The second topic explored in this work concerns hypertrophic cardiomyopathy

caused by the Noonan syndrome, which is a relatively common genetic disorder
(aUecting 1 in 1000-2500 births [5]). It causes abnormal development in many
parts of the body and can result in congenital heart defects [20, 27]. Chapter 6
covers results from the experimental study presented in full detail in Publica-
tion II, where three common mutations responsible for Noonan syndrome and
their eUect on downstream signalling pathways are investigated. Methods em-
ployed included immunoblotting for determining changes in expression levels of
several proteins playing vital roles in Ca2+ signalling and confocal Wuorescence
measurements to establish possible dysfunction of Ca2+ handling.
Chapter 7 summarizes the main conclusions from Publication I, where a review

of developmental changes in formation of energetic microdomains in cardiomyo-
cytes was presented.

20



introduction

In summary, this dissertation presents a concise overview of the work per-
formed during my doctoral studies. With the exception of Chapter 2, where the
details of the extended RICS method have been laid out to introduce the topic to
the reader, chapters present only the main results and conclusions from each of
the studied topics in order to avoid excessive duplication with respect to the full
publications given in the appendix. The reader is invited to consult the appen-
ded publications to gain more profound insight into the background information,
methods used and physiological implications of the results obtained.
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2
RAST ER IMAGE CORRELAT ION SP ECT ROSCOPY

Raster image correlation spectroscopy is based on merging the concepts
of LSCM, FCS and image correlation spectroscopy (ICS)[3, 6]. Detailed reviews

are available covering the method and how it relates to other FCS-based methods
[7, 10]. Here, a brief overview of the concepts behind RICS and to our modiVcation
to this method are presented.

2.1 fundamentals

2.1.1 Image acquisition

Fundamental to the method of RICS is the realization that in an image obtained by
a LSCM, pixels on the image are not only separated in space but also in time [6].
Photons emitted by excited Wuorescent molecules are recorded as raster images
as the mirrors scan the laser beam on the specimen. When recording a two di-
mensional raster image, the laser beam moves along one image axis (ξ), spending
τd seconds acquiring each pixel on the line (dwell time), then Wies back to the
beginning of the line with Wyback time τf, moves one pixel forward in the other
axis(ψ) and records the second line. This sequential processes is repeated until
the whole image has been scanned line by line (Fig. 1), resulting in a rectangular
grid of pixels separated in space and time.

2.1.2 Correlation function & diUusion

By calculating the correlation function (CF) of the scanned image it is possible to
extract information about the space-time relationship between the pixels and to
characterize, for example, reaction kinetics, translational and rotational diUusion,
conformational dynamics, molecular Wow, etc. [7, 10, 16]. This can be done by
Vtting experimentally obtained CF s with theoretical CF curves derived for the
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raster image correlation spectroscopy

Figure 1 – RICS image acquisition. A raster image consisting of a grid of pixels is acquired
within a cell. Pixels are separated by sξ,sψ µm spatially and by τd,nξ × τd + τf µs tempor-
ally in the ξ and ψ directions, respectively. In the default case the image coordinates ξ, ψ
align with the physical coordinates x, y. The image obtained (on the right) shows traces of
diUusing molecules within the cell.

phenomenon being observed. In this paper we focus on applying RICS on analysis
of diUusion of Wuorescent dyes.
The correlation functionG(∆ξ,∆ψ,∆ζ) indicates the similarity of an image to

a copy of itself shifted by ∆ξ in the ξ direction, ∆ψ in the ψ direction (see Fig. 2)
and, in case a 3D stack of images is analyzed, ∆ζ in the ζ direction (otherwise
∆ζ = 0).
The CF for a given shift is calculated by multiplying the Wuorescence values

in the original image with values in the shifted image and averaging over all the
pixels. The result is normalized to average image Wuorescence squared:

G(∆ξ,∆ψ,∆ζ) = (2.1)

〈F(ξ,ψ, ζ) · F(ξ+∆ξ,ψ+∆ψ, ζ+∆ζ)〉ξ,ψ,ζ

〈F〉2ξ,ψ,ζ
− 1,

where 〈. . .〉 signiVes averaging over the whole image.
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2.1 fundamentals

Figure 2 – The correlation function G(∆h) for the shift ∆h = (∆ξ,∆ψ) is calculated by
shifting a copy of the original image, multiplying the Wuorescence values and averaging over
the image. Arrows indicate the location of the correlation value for the shifts shown. The CF

here is normalized to the zero-shift correlation G(0) from Eq.2.7.

The CF can also be calculated in terms of Wuorescence Wuctuations from the
average δF = F− 〈F〉 by substituting F = δF+ 〈F〉 into Eq.2.1:

G(∆ξ,∆ψ,∆ζ) =
〈δF(ξ,ψ, ζ) · δF(ξ+∆ξ,ψ+∆ψ, ζ+∆ζ)〉ξ,ψ,ζ

〈F〉2ξ,ψ,ζ
.

It is more convenient to present the CF in vector form with image shift vector
∆h = [∆ξ,∆ψ,∆ζ] and position vector h = [ξ,ψ, ζ]:

G(∆h) =
〈δF(h) · δF(h +∆h)〉h

〈F〉2h
. (2.2)

The physical coordinates corresponding to image coordinates h are p = p0 +

hS. Here, p0 is the physical location at the 0-th pixel and S = diag(sξ, sψ, sζ) is
a diagonal matrix containing pixel sizes in each image dimension. Shift ∆h in im-
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raster image correlation spectroscopy

age coordinates converts to a shift ∆p = [∆x,∆y,∆z] in the physical coordinate
system:

∆p = ∆hS = [∆ξ,∆ψ,∆ζ]



sξ 0 0

0 sψ 0

0 0 sζ




= [∆ξ · sξ,∆ψ · sψ,∆ζ · sζ] = [∆x,∆y,∆z].

For simplicity we consider that the Wuorescence signal recorded at location p
is obtained from the convolution of the point spread function (PSF) of the micro-
scope and the concentration of the Wuorescent dye (c) in the PSF volume.

F(p) = B
∫
W(r) · c(p − r) dr,

where W is the PSF and B a parameter called brightness given by B = qσQ

[16]. Here, q is the quantum eXciency of detecting emitted photons, σ the cross-
section of absorption and Q the emission quantum yield of the Wuorescent mo-
lecule. Employing this relationship between recorded Wuorescence and concen-
tration, Eq.2.2 can be used to connect the Wuctuations of Wuorescence visible on
the recorded image to Wuctuations in concentration of the diUusing dye:

G(∆h) =
〈δF(p) · δF(p + q(∆h))〉p

〈F(p)〉2p
=

1

〈c(p)〉2p

∫∫
W(r)W(r ′)GD(r, r ′,∆h) dr dr ′. (2.3)

GD is the correlation due to diUusion and can be calculated analytically [28]:

GD(r, r ′,∆h) = 〈δc(p + r) · δc(p + r ′ + q(∆h))〉p

= 〈c〉
n∏
i=1

(4πDi)
−
1
2 exp

(
−
(r ′i + qi − ri)

2

4Di t(∆h)

)
, (2.4)

where δc(p) is the Wuctuation in concentration of the Wuorescent dye at location
p, 〈c〉 is the average concentration, Di are diagonal components of the diUusion
tensor [4] in the coordinate system composed of principal axes, collected here
into D = [Dx,Dy,Dz]. If diUusion is isotropic then all components in D are
equal. In the case of anisotropic diUusion, components of D can have diUerent
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2.1 fundamentals

values. The time delay t(∆h) indicates how much time has passed between ac-
quisition of two pixels separated by the shift ∆h. The number n indicates the
number of dimensions and in general n=3. The equations are still valid, however,
for lower n values as well.
Although the PSF is dependent on the microscope and should be measured

experimentally, an analytic estimate is often used [16, 28]:

W(r) =
n∏
i=1

exp
(
−2

r2i
w2i

)
(2.5)

Here, w is a vector describing the width of the PSF in spatial directions. It is
customary to perform calibrations using a Wuorescent molecule with a known
concentration in order to determine the w values. Furthermore, the x and y com-
ponents of w are often assumed to be equal.
Using the PSF deVnition from Eq.2.5 and GD from Eq.2.4 the integrals in Eq.2.2

can be calculated and the following analytic form obtained:

G(∆h) =
1

〈c〉

n∏
i=1


 1√

π
(
4Dit(∆h) +w2i )

) exp
(
−

q(∆h)2i
4Dit(∆h) +w2i

)
 .

(2.6)

From this result it can be seen that with zero shift (i.e., ∆h = (0, 0, 0)) the CF

gives:

G(0) =
1

〈c〉

n∏
i=1

1√
πwi

. (2.7)

As G(0) is independent of the diUusion of the Wuorescent molecule it can be
used to determine the global concentration of the molecule or, knowing that, the
properties of the PSF (i.e., components of w).

2.1.3 Time delay between pixels

Scanning a 2D raster image with nξ pixels in the ξ direction, with τd seconds
used as the dwell time for all pixels and τf being the time that it takes for the
beam to move from the end of one line to the beginning of the next, the time
delay between two pixels separated by the shift ∆h used in Eqs. 2.6 and 2.9 is:

t(∆h) = t(∆ξ,∆ψ) = ∆ξ · τd +∆ψ · (nξ · τd + τf). (2.8)
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raster image correlation spectroscopy

Inserting this relation in the CF Eqs. 2.6 and 2.9 will yield the function that can be
used for Vtting experimentally obtained data and obtaining diUusion coeXcients.

2.2 extensions to rics

2.2.1 Motivation for modiVcations

As we have demonstrated, RICS can be used to determine anisotropy of diUusion
by varying the time delay between physical location in the sample during a scan.
This can be achieved by altering the angle of scanning [29].

Also, diUusion dependent changes in the CF can be subtle, making them hard
to detect and Vt, especially with noisy data. Through changes in scanning resol-
ution additional aspects of the CF can be estimated, leading to a larger amount of
datapoints available for Vtting.

2.2.2 Variation of scanning angle

In order to detect anisotropy of diUusion, several scanning angles can be used to
alter the time delay between pixels acquired from the same location [29]. When
scanning is performed at an angle α relative to the physical coordinate axes, the

Figure 3 – ModiVed scanning for RICS. Scanning at an angle α rotates the image coordinates
with respect to the physical coordinates and results in a diUerent CF which can be used for
determining anisotropy of diUusion. The CF for 0◦ angle scanning from Fig. 2 is shown in
dotted lines and diUers from the CF obtained for an image scanned at a diUerent angle. In the
shown example, scanning is performed at a 90◦ angle, eUectively aligning the image ξ axis
with the physical y axis and image ψ axis with physical x axis.
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2.2 extensions to rics

CF equations need to be modiVed to account for this. For example, if scanning is
performed under a 90◦ angle, the image ξ and ψ axes actually correspond to the
physical y and x axes, respectively (see Fig. 3). The CF that takes the scanning
angle into account is:

G(∆h,α) =
1

〈c〉

n∏
i=1


 1√

π
(
4Dit(∆h) +w2i )

) exp
(
−

q(∆h,α)2i
4Dit(∆h) +w2i

)
 ,

(2.9)

where the physical shift ∆p is now a function of the rotation angle α:

∆p(∆h,α) = ∆h S (M (α))T (2.10)

M(α) is the rotation matrix for rotation angle α. For rotating around the z axis,
as is done in this paper, the rotation matrix is:

M(α) =




cosα − sinα 0

sinα cosα 0

0 0 1


 .

It is possible to do rotations around another axis or even multiple rotations
around diUerent axes by inserting a suitable rotation matrix in Eq.2.10 (assum-
ing that the microscope employed is able to perform such scans).
The physical shift vector from Eq.2.10 for rotation α around the z axis is:

∆p(∆h,α) = [∆x,∆y,∆z]

= ∆hS (M(α))T

=



∆ξ · sξ
∆ψ · sψ
∆ζ · sζ




T 


cosα sinα 0

− sinα cosα 0

0 0 1




=



∆ξ · sξ · cosα−∆ψ · sψ · sinα

∆ξ · sξ · sinα+∆ψ · sψ · cosα

∆ζ · sζ




T

.

It is easy to verify that when α = 0, M reduces to the identity matrix and Eq.2.9
simpliVes to Eq.2.6.
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Figure 4 – ModiVed scanning for RICS. Changing the scanning resolution also alters the
shape of the CF. In the example shown, the image is scanned at two times higher resolution
resulting in the CF depicted with solid lines. Since the pixel dwell time τd is not changed,
scanning one line takes two times longer. For comparison, the CF from Fig. 2 is shown in
dotted lines. The horizontal axis now shows physical shift values in µm since the pixel size
and count for the two CFs is diUerent.

2.2.3 Variation of scanning resolution

Changes in scanning resolution [29] or pixel dwell time τd [8] will alter the time
delay function Eq.2.8 and result in diUerent correlation curves. An example for
scanning with double resolution but unchanged pixel dwell time τd in ξ axis is
shown on Fig. 4. An increased resolution increases the time taken to record a
line and decreases pixel size. Therefore, in order to compare the CF for diUerent
resolutions it is more suitable to present them as functions of physical distance
as is done in Fig. 4.

2.2.4 Two diUusing species

It is possible for the Wuorescent molecule to bind with other, larger, molecules in
the intracellular solution. As a result, two subspecies of the Wuorescent molecule
would be diUusing in the cell: the faster unbound form and the slower bound
form. Assuming that Wuorescent properties of the dye are not altered as a result of
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binding and that the two species are non-interacting (i.e., the binding/unbinding
is relatively slow), the CF for two species diUusing is [12, 16] :

G(∆h,α) =
1

〈c1(p) + c2(p)〉2p
·
∫∫
W(r)W(r ′) (〈c1〉 · gD1 + 〈c2〉 · gD2) dr dr ′, (2.11)

where 〈c1〉, 〈c2〉 are concentrations of the two components and gD1 and gD2
are given by GDk(r, r ′,∆h,α)/〈ck〉, (k =1, 2). Inserting the gaussian PSF given
in Eq.2.5 to calculate the CF for two components from Eq.2.11:

G(∆h,α) =
1

(〈c1〉+ 〈c2〉)2

·
[
〈c1〉

n∏
i=1

exp
(
−

q(∆h,α)2i
4D1,it(∆h)+w2i

)

√
π
(
4D1,it(∆h) +w2i )

)

+ 〈c2〉
n∏
i=1

exp
(
−

q(∆h,α)2i
4D2,it(∆h)+w2i

)

√
π
(
4D2,it(∆h) +w2i )

)
]

,

where D1,i, D2,i are diUusion coeXcients in direction i for the Vrst and second
component, respectively.

2.2.5 Triplet states

It is possible for a Wuorescent molecule to go into a so-called triplet state from
where it relaxes back to ground state after a delay much longer than it takes for
the normal excitation-emission cycle to complete. This phenomenon, if ignored,
could cause diUusion coeXcients to be overestimated. To account for this eUect,
we multiply the CF function (Eq.2.9 or Eq.2.11 ) with a compensation factor [8, 10,
12, 31] :

1+
T

1− T
exp

(
−
t

τ

)
, (2.12)

where T is the fraction of molecules in triplet state and τ the triplet state relaxa-
tion time.
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2.3 full form of correlation function

In this work the experimentally measured PSF was used instead of the approxim-
ated one (Eq.2.5), necessitating numerical integration for each CF evaluation:

G(∆h,α) =
1

〈F1(p) + F2(p)〉2p

(
1+

T

1− T
exp

(
−
t

τ

))

·
∫∫
W(r)W(r ′) (〈c1〉 · gD1 + 〈c2〉 · gD2) dr dr ′ (2.13)

This is the CF form used for Vtting experimental data in this work.
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3
E ST IMAT ION OF D I F F U S ION COEF F I C I EN TS I N RAT
CARD IOMYOCY T E S

3.1 cardiomyocyte preparation

Neither of the dyes used in this work (ATTO633-ATP and Alexa647-dextran
10K) are able to permeate the cell membrane. This can be seen on Fig.5,

where, contrary to the Wuorescent signal from the membrane permeable form of
Mitotracker Green dye (Fig.5A), ATTO633-ATP is not able to pass into the cytosol
(Fig.5B). In order to use RICS to estimate the DCs of these dyes, they have to be
allowed to enter into the cell. This can be achieved through saponin permeabiliz-
ation of the cell membrane [29]. Initially, saponin permeabilization was used also
in this work, but it became evident that exposure to saponin resulted in the cells
hypercontracting within a few hours. The full protocol for RICS measurements,
however, takes several hours to complete. This necessitated the need to come up
with an alternative method of introducing the dyes into the cell.

Figure 5 – Confocal images of rat cardiomyocytes in measurement solution. On the left
image (A) membrane permeable Mitotracker Green dye has permeated the membrane and
accumulates in the cell. On the right image (B) ATTO633-ATP is visible in the solution outside
the cell and is not able to enter the cytosol.

33



estimation of diffusion coefficients in rat cardiomyocytes

Figure 6 – The cell membrane is permeated mechanically with a glass pipette (tip �0.5 µm).
Both the pipette and the cell are shown on this transmission image.

Figure 7 – Confocal images of cardiomyocytes after “poking”. The Mitotracker Green signal
is unaltered (A) but Wuorescence from ATTO633-ATP is now visible in the cytosol.

In this work, viable permeabilized cells were obtained by using a glass pipette
with a diameter of 0.5 µm to mechanically “poke” 2-3 holes into the cell mem-
brane (Fig.5). Within minutes after completing this procedure, Wuorescence sig-
nal from ATTO633-ATP could be recorded from withing the cell. After this the
full RICS protocol was carried out. Compared to saponin permeabilization, the
viability of the “poked” cells was increased by several hours.

3.2 diffusion coefficients in cardiomyocytes

DiUusion coeXcient estimates were obtained by Vtting the experimentally cal-
culated CF with the theoretical CF from Eq.2.13 as explained in detail in Public-
ation III. A summary of the results obtained is presented in Table 1. The table
with full experimental results is given in Publication III. The two DCs shown for
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3.3 conclusions

DiUusion

Dye Media Cmp. DTR DL
µm2/s µm2/s

ATTO633-ATP water 326±13
solution 195±8

CM
1 0.7±0.3 0.8±0.2
2 24±6 35±8

Alexa647-dextran10K water 62±1
solution 53±1
CM 16±2 19±3

ATTO655-COOH water 454±3

Table 1 – DiUusion coeXcient values for ATTO633-ATP and Alexa647-dextran 10K in wa-
ter, solution and cardiomyocyte. In case of anisotropic diUusion, DC values for both trans-
verse(TR) and longitudinal(L) directions are given (DC in the z direction is assumed equal
to the DC in x direction). For isotropic diUusion only one DC is shown which applies for all
directions. Data shown is mean ± standard deviation.

ATTO633-ATP in cardiomyocyte (CM) are the slow and freely diUusing forms
of the dye. Separating ATTO633-ATP into two subspecies was necessary due to
ATTO633-ATP probably binding to some intracellular proteins and thereby creat-
ing a second, slower diUusing form of ATTO633-ATP. For Alexa647-dextran 10K
a second component was not necessary.
Also shown, are results for a third dye (Atto655-COOH) diUusing in water. The

DC of this dye has been determined in water [17], allowing us to use this data
to test the accuracy of our method. Our estimate of 454±3 µm2/s obtained at
26◦ is in good agreement with published data for Atto655-COOH: 426±6 µm2/s
obtained at 25◦ [17] after correcting for the temperature diUerence.
On Fig.8 results for ATTO633-ATP and Alexa647-dextran 10K are presented

graphically. From here the eUect of anisotropy of diUusion and the reduction
experienced by ATTO633-ATP and Alexa647-dextran 10K can be seen.

3.3 conclusions

The most striking result of this study is the fact that the DC of ATTO633-ATP is
reduced more than that of Alexa647-dextran 10K when comparing diUusion in
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estimation of diffusion coefficients in rat cardiomyocytes

Figure 8 – DiUusion coeXcients of ATTO633-ATP and Alexa647-dextran 10Kin solution and
cardiomyocyte. The percentages show the DCs relative to DC in solution.

CM and solution. This is visualized in Fig.9 where the ratio of DC of ATTO633-
ATP to that of Alexa647-dextran 10K is shown. As can be seen, the more than 3
time diUerence in solution is reduced to less than 2 in the cytoplasm, indicating
that the diUusion of the smaller molecule (ATTO633-ATP) is hindered more than
that of the larger one (Alexa647-dextran 10K). This is unexpected, as relative
decrease of DC is usually larger for larger molecules [18].
Secondly, longer viability of the cardiomyocytes during the duration of the

experimental protocol indicates that the employed “poking” technique is a good
alternative to saponin permeabilization. The drawback of the method is that it is
time consuming and requires more specialized equipment than is needed when
using saponin permeabilization. Furthermore, depending on how well the cells
attach to the laminin coated coverslip, several cells might need to be poked before
the procedure is successful and a permeated CM is obtained for performing RICS

measurements. A diUerent approach of localized permeabilization can be used as

Figure 9 – Ratio of DCs of ATTO633-ATP and Alexa647-dextran 10K in solution and in the
transverse and longitudinal directions of the cell.
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3.3 conclusions

well. In this approach saponin is applied locally by a micropipette in only one
region of the cardiomyocyte [1], whereby only a section of the cell is exposed
and permeabilized. However, this would require extra equipment in addition to
that used in the “poking” procedure.
Lastly, increasing the amount of physical phenomena taken into account when

deriving the theoretical correlation function increases the ability of the theoret-
ical Vt to match experimental data. Addition of anisotropic diUusion, two diUus-
ing components of the same dye and triplet state dynamics to the CF as demon-
strated in Chapter 2 increases the ability to produce consistent DC estimations.
Naturally, care has to be taken to avoid overparameterizing the theoretical model
used for Vtting experimental data. Additions to the theoretical CF are made only
in cases when the physical process being observed warrants it. For example,
when Vtting Alexa647-dextran 10K data from cardiomyocytes, a single compon-
ent model is used instead of a two component one, since the underlying physical
process is deduced to be of only one species of Alexa647-dextran 10K diUusing.
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4
NUMER ICAL S IMU LAT IONS OF RE ST R ICT ED D I F F U S ION

I n general, the diffusion coefficient of a smaller molecule is reduced less
during the transition from solution to the cytosol than the DC of a larger mo-

lecule [26]. For example, if we consider the diUusion restrictions imposed by
actomyosin, then the larger molecule, such as Alexa647-dextran 10K, would not
be able to pass through some of the openings in the spatial structure which are
traversable to smaller molecules such as ATTO633-ATP. This would results, pre-
dictably, in the DC of Alexa647-dextran 10K being reduced more in the cytosol
than ATTO633-ATP. However, as can seen from our experimental results from
Chapter 3, the DC of the smaller molecule is reduced more in transition from
solution to CM cytosol compared to the larger molecule. As shown by earlier
modelling studies of respiration kinetics, diUusion in CMs could be restricted by
local barriers [23, 30]. We explored this possibility be testing whether simple
planar permeable barriers could restrict diUusion of Wuorescent dyes to the ex-
tend established from experiments shown in Chapter 3.

4.1 computational model setup

A stochastic computational model of diUusion was used to perform RICS experi-
ments in silico.
Full details of the mathematical model are presented in Publication III. In short,

the model consisted of a lattice of permeable barriers separated from each other
by a certain distance (as depicted on Fig.10). Fluorescent dye molecules diUuse
in the inter-barrier space (IBS) with a DC that is reduced compared to the DC

in solution by a factor λ (i.e., DCIBS = λ ·DCsolution). Barrier permeability
(resulting from η pores of radius R nm per µm2 of barrier area) and barrier-to-
barrier distance (d), as well as the reduction of the DC in the inter barrier space
(λ) were parameters which were estimated with the aid of the computational
model. Parameters were allowed to be diUerent in diUerent spatial directions
(longitudinal - L and transverse - TR).
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numerical simulations of restricted diffusion

Together with simulating stochastic diUusion, the model generated images sim-
ilar to those obtained from confocal microscopy experiments. RICS analysis was
applied to these images and apparent DCs estimated. The apparent DC determ-
ined by RICS is the result of molecules diUusing in the inter-barrier space and
interacting with the permeable barriers. A collection of apparent ATTO633-ATP
DCs obtained from modelling are presented in Fig.11A. The dependence of the ap-
parent DC estimated from the model is plotted as a function of barrier-to-barrier
distance for various barrier permeability values. It can be seen that as barrier per-
meability increases, the eUect of the barriers on the apparent DC decreases. Since
the actual DC was estimated from experiments on cardiomyocytes as presented
in Chapter 3, it is possible to Vnd at which barrier-to-barrier distance and barrier
permeability values the model produces the same apparent DC as the experiment.
It is helpful to explain the procedure in terms of intersections on plots in para-
meter space. For this, the experimentally estimated DC is plotted on the graph of
model results (the horizontal line DexpTR in Fig.11A). At points where model res-
ult curves and the line representing the experimental value intersect, the model
yields the experimentally obtained DC. For clarity the intersection region is mag-

Figure 10 – Scheme of the computational model. Intracellular structure of the cell (top left) is
approximated by a 3D lattice of barriers which hinder molecule diUusion (top right). Barriers
are placed, depending on direction α, dα µm apart and have permeabilities pα. DiUusion
coeXcient in the space between barriers is reduced by a factor λ compared to solution (0 <
λ 6 1). Stochastically diUusing molecules interact with barriers and have a probability pα of
passing through (bottom left). Permeable barriers correspond to porous walls with η pores of
radius R per µm2 of barrier area (bottom right). Apparent diUusion coeXcients are estimated
over the entire lattice by employing RICS analysis on images acquired from the model.
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4.1 computational model setup

Figure 11 – (A) Apparent diUusion constant values for ATTO633-ATP are obtained from
simulations with varying barrier distances (horizontal axis) and permeabilities (indicated by
values on curves). Horizontal solid line shows ATTO633-ATP diUusion coeXcient estimated
from experiment (DexpTR ). Inset covers the region 0.5 . . . 1 µm where curves intersect with
experimental data. Intersection points are marked with triangles. (B) Points of intersection
from A with permeability converted to pores per µm2 for diUerent pore radius values (10,
15 and 20 nm). Intersections of ATTO633-ATP (4) and Alexa647-dextran 10K (◦) curves of
identical pore radius values signify points where model and experiment coincide for both mo-
lecules simultaneously(�). Intersections are curves in 3D space (barrier-to-barrier distance
vs. pore radius vs. pores per µm2).

niVed in the inset of Fig.11A. The same procedure is performed for Alexa647-
dextran 10K with the experimentally determined DC of Alexa647-dextran 10K in
CM used for Vnding intersections.
As a result of this we obtain a set of barrier-to-barrier, permeability value pairs

for both ATTO633-ATP and Alexa647-dextran 10K at which the computational
model of restricted diUusion yields experimentally obtained DCs. As explained
in Publication III, barrier permeability values for ATTO633-ATP and Alexa647-
dextran 10K are not directly comparable. It is possible, however, to convert from
barrier permeability to the number of pores per unit barrier area (η) by Vxing
a certain pore radius (R). These two parameters are independent of the diUus-
ing dye, allowing the model parameter values obtained for ATTO633-ATP and
Alexa647-dextran 10K to be compared. This is done by plotting them together
for diUerent pore radius values (Fig.11B). At points where ATTO633-ATP and
Alexa647-dextran 10K curves intersect, the computational model is able to re-
produce the experimentally estimated DCs for both ATTO633-ATP and Alexa647-
dextran 10K simultaneously. From Fig.11B it is possible to establish the range of
parameters (d, η, R) at which the model is able to match results from experiments
on cardiomyocytes.
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numerical simulations of restricted diffusion

Direction

Model transverse longitudinal

parameter TR (x,z) L (y)

min max min max

Distance d [µm] 0.68± 0.10 0.87± 0.07 0.73± 0.13 1.02± 0.10
Pore radius R [nm] 7.4± 2.1 30± 8 6.7± 1.8 38± 10
Pore density η [1/µm2] 1.2± 0.1 29± 23 1.1± 0.1 48± 37
λAATP 0.78± 0.13 1.0 0.78± 0.13 1.0
λADEX 0.77± 0.14 1.0 0.77± 0.14 1.0

Table 2 – Properties of barriers restricting diUusion predicted by stochastic model on the
basis of RICS measurements. Data presented is mean±standard deviation.

4.2 barrier properties estimated from computational model

The ranges collected from intersections in Fig.11B represent parameter values
where both ATTO633-ATP and Alexa647-dextran 10K are able to simultaneously
match experimental DCs and are presented as the results from the computational
model in Table 2. In general, barriers need to be spaced ∼ 1 µm from each other,
have a small number of nanometer scale pores, and the DC in the inter-barrier
should be comparable to DC in solution in order for the model to reproduce ex-
perimental results.
Errors for the model parameters were estimated by Monte Carlo simulation

outlined in the Supporting Material of Publication III. Since the minimal and
maximal values of some of the parameters do not follow a normal distribution,
the mean and standard deviation values are less informative than the shape of the
actual distribution for which the Supporting Material of Publication III should be
consulted.

4.3 conclusions

The stochastic model for simulating restricted diUusion with regular permeable
barriers can match experimentally found DCs for ATTO633-ATP and Alexa647-
dextran 10K in the case when:

• barriers in the model are located relatively close to each other (<1 µm
apart)
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4.3 conclusions

• permeability of these barriers is relatively low (containing ∼ 1. . .40 pores
of radius 7. . .30 nm per µm2)

• the DC in the inter-barrier space is lower than that of diUusion in solution
by a factor 0.8. . .1.

DiUusional anisotropy results in the ranges of the parameters diUering slightly
in diUerent spatial directions as visible from Table 2.
The choice of model geometry employed here, whereby regularly placed semi-

permeable barriers cause restrictions to diUusion, is not the only geometry that
can explain the paradoxical result where a smaller molecule is restricted more
than a larger one. Our model setup was motivated by its relative simplicity com-
pared to more complex geometries. Although already this simple geometry was
able to give an answer to the raised question, more complicated model geomet-
ries with sub-volumes excluding the larger dye could be explored in the future.
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5
ONE -D IMENS IONAL COMP U TAT IONAL R IC S

According to our analysis, profound barriers to diUusion exist in cardiomyo-
cytes. To test whether it is possible to localize such diUusion obstacles in

RICS measurements we again turned to mathematical modelling.

5.1 motivation & model setup

So far in this dissertation, RICS analysis has been performed and DCs estimated
from the entire region acquired in either experiment or computational model.
Here, a diUerent approach is used. One-dimensional RICS simulations are per-
formed as previously (see Chapter 4 and Publication III). Two barrier-to-barrier
distances (5 and 1 µm) and several barrier permeabilities (p) ranging from 0 to
75% are used as model parameters. Molecules diUuse in the inter-barrier space
with a given DC (DIBS) in one dimension. When coming in contact with a bar-
rier they can either pass through the barrier or bounce back. The probability of
doing either is determined by the permeability of the barrier. The computational
model produces linescan images of a 20 µm region. In subsequent processing
the region is divided into smaller subregions and RICS analysis is performed on
each of these independently and apparent DCs found (Dapp). For comparison,
analysis on the whole 20 µm region is performed also, similarly to the analysis
in Chapter 4.

5.2 barrier effects on regional diffusion coefficients

From performing the regional analysis described above, a sequence of DCs can be
obtained. An example of simulation and regional analysis results is presented on
Fig. 12. Here, the DC in the IBS is set to DIBS =40µm2/s and within the 20 µm
space there are 4 barriers restricting diUusion, placed at 5 µm from each other.
The permeabilities of these barriers are varied in order to study the eUect of
permeability on the estimated apparent DCs obtained from RICS analysis. Results

45



one-dimensional computational rics

Figure 12 – DCs obtained from regional RICS analysis of linescan data obtained from a com-
putational model. Barriers (indicated by short vertical lines) are places 5 µm apart and their
permeability(p) is varied between model runs. DCs obtained for varying permeability values
are shown with diUerent lines. The value shown at any x location is the DC obtained from
RICS analysis on the 1 µm segment centered at that location.

obtained for a range of barrier permeability values are represented by diUerent
curves in Fig. 12. It is visible that the apparent DC reduces almost twofold in
regions with a barrier in the center.
The relative decrease in DC (∆D/DIBS = (DIBS −DAPP)/DIBS), calculated for the

region around a single barrier is averaged for equivalent neighbourhoods around
each barrier and the curves shown in Fig. 13A are obtained. The solid horizontal
line indicates the position of the barrier, dashed lines show the 5 µm region
centered at the barrier. It can be seen from the plot that even in cases when
the region used for RICS estimation does not include the barrier (i.e., any point
outside of the dashed lines), the barrier still aUects the DC.
A similar analysis for a model with barriers separated by 1 µm is shown on

Fig. 13B. In this case the region used for RICS analysis is limited to 1 µm but is
plotted on the same scale as Fig. 13A to make comparison easier. Compared to the
5 µm barrier distances on Fig. 13A, the presence of more closely placed barriers
causes a decrease in the apparent DC further away from the barrier.
When the maximum relative decrease of DC relative to the DC in IBS is calcu-

lated as a function of permeability, the eUect of the region size used for DC estim-
ation in RICS becomes visible. On Fig.14 curves showing the maximum relative
decrease for 3 diUerent region sizes are plotted. From here it can be seen that as
the region size increases the eUect barriers have on the apparent DC is lessened.
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Figure 13 – (A) Average relative decrease in DC at various barrier permeabilities in the
neighbourhood around a barrier for barriers placed 1 µm apart. ε indicates the distance of
the center of the region used for DC estimation from the barrier. (B) Same as A except for
barriers place 1 µm apart.

Figure 14 – Maximum relative decrease in DC as a function of barrier permeability. DiUerent
curves indicate analysis region lengths of 2,1 and 0.5 µm. The 20 µm region signiVes analysis
performed on the entire image.

When the whole image is analysed as a single 20 µm region, the decrease in DC is
reduced compared to all regional cases. Therefore, localized diUusion restrictions,
represented here by barriers, result in more pronounced decreases in DCs when
estimated on a smaller scale. On the large scale, however, this eUect is lessened
and appears as a uniform reduction in the apparent DC.

5.3 conclusions

Applying RICS to 1D diUusion reveals that barriers aUect estimation of DCs even
if the area from which image data used for DC estimation was acquired does not
contain a single barrier, but is nearby a region where a barrier is present. The
distance at which this eUect is observable depends on the permeability of the
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barrier, the DC of the dye in the inter barrier space and the size of the segment
used for apparent DC estimation.
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6
HY P ERT ROF IC CARD IOMYOPATHY I N RAF 1 MU TAN TS

Noonan and LEOPARD syndromes are developmental disorders characterized
by distinct facial features, chest deformities, short stature and a wide array

of congenital heart diseases [2]. These diseases are linked to a variety of germline
gain-of-function mutations. Mutations in serine/threonine-protein kinase (RAF1)
have been determined to be the cause behind 3-5% of cases of Noonan and LEO-
PARD syndrome in aUected individuals [20]. 90-95 % of patients with Noonan
RAF1 mutations exhibit hypertrophic cardiomyopathy (HCM), whereas Noonan
syndrome caused by mutations in other locations often lead to diUerent cardiac
defects. This suggests an important role for RAF1 in modulation of cardiac hyper-
trophy. RAF1 is a serine/theonine kinase which is part of a signalling pathway
involved in transducing signals from the cell membrane to the nucleus. RAF1 reg-
ulation is intricate and is aUected by protein-protein interactions, localization of
the protein and phosphorylation at multiple residues. In Publication II the ability
of RAF1 to regulate hypertrophy in cardiomyocytes was studied.
Three common RAF1 mutations were explored in order to determine whether

and how these ultimately result in hypertrophy. It was established that two of
the studied mutations, S257L and L613V, localized close to phosphorylation sites
S259 and S621, promote HCM. The third mutation (D486N) was found not to cause
HCM. Overexpression of wild-type RAF1 also stimulated hypertrophy. Treatment
with cyclosporine-A (inhibitor of calcineurin) prevented both wild-type RAF1 and
L613V induced HCM.
Wild-type RAF1 overexpression and L613V both result in dysregulation of Ca2+

signalling which was exempliVed by spontaneous Ca2+ transients, slower decay
rates and, in case of L613V, an increased sarcoplasmic reticulum Ca2+ load. This
Vnding was attributed to down-regulation of sarco/endoplasmic reticulum Ca2+

ATPase (SERCA) through overexpression of wild-type and L613V RAF1.
The study conducted in Publication II established a link between HCM and

arrhythmogenic Ca2+ dysregulation, found an interaction between calcineurin
and RAF1, and identiVed a link for mutant RAF1 induced pathological HCM.
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7
DEV ELOPMEN T OF CARD IAC EN ERGET IC S I N POSTNATAL
MOUSE H EART

Compartmentation of energy metabolites in cardiomyocytes aims to lessen
the impact of abrupt changes in energy consumption and allows for high

phosphorylation potential to exist where it is most required. Not much is known
about the nature, structure and development of barriers responsible for such com-
partmentation. In the study reviewed in Publication I we summarize and com-
ment on some of the aspects presented in a extensive investigation into how the
structural and energetic properties of mouse heart muscle change during post-
natal development [21].
The original paper concluded that energetic microdomains are formed very

early in postnatal development and that the maturation of cellular architecture
has an important role to play ensuring maximal Wexibility in regulation of ATP
production by mitochondria. Although an impressive amount of work had been
invested by the authors of the original paper, we found several issues with the
conclusions and questions left unanswered by the authors. We pointed out the
misinterpretation of one derived variable used by the authors to propose an in-
crease in the functional coupling between the adenine nucleotide translocase
(ANT) and mitochondrial creatine kinase (CK). We proposed an alternative ex-
planation of an increase in diUusion restrictions in the cytosol and suggested
an experiment for measuring the coupling between ANT and mitochondrial CK.
Furthermore, we used a diUerent approach from the original authors to interpret
their data and to focus on the changes of the role of energy supply pathways
by eliminating auxiliary eUects. We also suggested some possible directions for
future research in this area. Namely, accounting for the changing role of glyco-
lysis during maturation and employing computational models in analysing the
data, which could help unravel the interplay between diUerent factors during cell
maturation.
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CONCLUS IONS

This dissertation explores various aspects of cardiac function and dysfunc-
tion. The main conclusions deriving from this work are listed below, grouped

according to the research topic.

extended rics technique

a) The extended RICS protocol developed during these doctoral studies is a use-
ful tool for determining concentrations, diUusion coeXcients and diUusional
anisotropy of Wuorescent dyes in cells.

b) The RICS method, when applied to estimating diUusion in water, is able to
reproduce the known DCs of the dye ATTO655-COOH with high accuracy.

c) The “poking” technique is a good alternative to saponin permeabilization. It
requires dedicated hardware in form of controllable micromanipulators and
extra preparation in order to ensure cells remain on the coverslip after mech-
anical permeabilization. However in cases like anisotropic RICSmeasurements,
where one protocol run can take several hours, good viability of cells is a ne-
cessity.

d) Taking into account the possibility of Wuorescent molecules entering into a
triplet state enhanced the ability of the method to estimate DCs.

e) Assuming two sub-species of the same dye to be diUusing in the cytosol,
one slowly diUusing bound form and one freely diUusing form improved the
results greatly when estimating DCs of ATTO633-ATP. In case of Alexa647-
dextran 10K adding a second component was not necessary and did not im-
prove Vts to CF curves. This indicates that ATTO633-ATP is more actively
binding to intracellular proteins or structures, whereas Alexa647-dextran 10K
remains relatively inert.
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estimation of diffusion coefficients of fluorescent dyes

f) Employing the RICS method, DCs of ATTO633-ATP were determined to be
326±13, 195±8, 24±6, 35±8 µm2/s in water, artiVcial intracellular solution,
transverse direction and longitudinal direction in the cardiomyocyte, respect-
ively. Similarly, DCs of Alexa647-dextran 10K were determined to be 62±1,
53±1, 16±2, 19±3 µm2/s in water, artiVcial intracellular solution, transverse
direction and longitudinal direction in the cardiomyocyte, respectively.

g) The relative decline in DCs when transitioning from solution to the intracel-
lular environment was higher for ATTO633-ATP than for Alexa647-dextran
10K. Considering the fact that the molecular mass of ATTO633-ATP is ∼9
times less than that of Alexa647-dextran 10K makes this result counterintu-
itive, whereby a smaller molecule is hindered more in the cytosol than the
larger one.

mathematical modelling of restricted diffusion

h) The stochastic model of restricted diUusion with regular permeable barriers
is able to reproduce the experimentally found DCs for ATTO633-ATP and
Alexa647-dextran 10K when: barriers in the model are placed relatively close
<1 µm apart, permeability of these barriers is low (containing ∼ 1. . .40 pores
of radius 7. . .30 nm per µm2), diUusion coeXcient in the inter barrier space
is lower than diUusion in solution by a factor 0.8. . .1.

i) The model geometry used in this work is not the only one that is able to repro-
duce experimentally obtained DCs. Our choice was motivated by the relative
simplicity of the employed geometry of the model.

j) Computational experiments applying RICS to 1D diUusion reveal that barriers
aUect estimation of DCs even if the region used for estimation does not contain
a barrier itself but is close to one. The distance at which this eUect is observ-
able depends on the permeability of the barrier, the DC of the dye in the inter
barrier space and the size of the segment used for apparent DC estimation.

cardiomyocyte hypertrophy in noonan syndrome

k) The study conducted in Publication II established a link between hypertrophic
cardiomyopathy (HCM) and overexpression or mutation of serine/threonine-
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protein kinase. Both wild-type and L613V RAF1 signal through calcineurin to
induce hypertrophy in aUected cardiomyocytes.

l) RAF1 impairs calcium signalling by down-regulating SERCA but does not aUect
expression levels of other proteins involved in intracellular calcium signalling.

m) Wild-type RAF1 overexpression and L613V both result in arrhythmogenic dys-
regulation of calcium signalling, indicated by spontaneous calcium transients
during electrical stimulation, slower decay rates and, in case of L613V, an in-
creased sarcoplasmic reticulum calcium load.

n) Treatment with cyclosporine-A prevented both wild-type RAF1 and L613V in-
duced HCM.

development of energetic microdomains

o) Regeneration of energy metabolites through glycolysis is an important factor,
especially during maturation, and should be included in the analysis of devel-
opmental changes in energy transfer pathways.

p) Computational models could help interpret existing data and could reveal
novel aspects of the interplay between various factors during cell maturation.
Using statistical methods, diUerent mathematical models could be compared
to establish the existence of metabolite pools or compartmentation in the CM.
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Production and transfer of metabolites like
ATP and phosphocreatine within cardio-
myocytes is crucial for the robust availability
of mechanical work. In mammalian cardio-
myocytes, mitochondria, the main suppliers
of usable chemical energy in the form
of ATP, are situated adjacent to both the
ATPases near the mechanical apparatus,
and the sarco(endo)plasmic reticulum
Ca2+-ATPase (SERCA) calcium pumps.
Operation of these ATPases requires a high
ATP/ADP ratio, which is maintained by two
parallel energy transfer systems – creatine
kinase (CK) and direct adenine nucleotide
channelling (DANC). Compartmentation
of energy metabolites works to lessen
the impact of dynamic changes in the
availability of usable energy on the
operation of these ATPases, and allows for
a higher phosphorylation potential where it
is required most.

The operational mechanism, structure
and development of the barriers responsible
for energetic compartmentation within
cardiomyocytes have yet to be elucidated
despite intensive research in this area. A
recent article in The Journal of Physiology
by Piquereau et al. (2010) is an extensive
investigation into how the structural and
energetic properties of mouse heart muscle
change during postnatal development.
It includes observations on structural
changes and cellular morphology using
electron microscopy, quantification
of mitochondrial, myofibrillar and
SR proteins, assessment of organelle
functionality, and the quantification of the
energy flux in both the CK and DANC
transfer systems. SERCA function was
measured via calcium mediated tension
generation, while myosin ATPase function
was quantified by measuring rigor tension
development. Total activity of CK and
mitochondrial CK (mi-CK) were estimated.

The article by Piquereau et al. builds
upon a strong research tradition at Inserm
U769, Univ. Paris-Sud, which focuses on
studying how cardiac mechanisms function
in response to both pathological and physio-
logical stimuli. This includes work on
contractile, sarcoplasmic reticulum (SR),
and mitochondrial proteins, membrane
receptors, ion channels and signalling. Their
work has inspired new areas of inquiry into
the function of energy compartmentation
in the heart with various implications
for therapeutic targets to improve both
function and clinical outcomes.

As main results of their recent publication,
Piquereau et al. concluded that the
formation of energetic microdomains
occurs very early in postnatal development,
and that the maturation of cellular
architecture plays an important role in
achieving maximal flexibility in regulation
of ATP production by mitochondria.
They found that the development of
regulatory energetic pathways does not
happen simultaneously. Throughput of
energy transfer between mitochondria and
myosin ATPases is correlated with the
changes in the cytoarchitecture in contrast
to the CK supported energy transfer which
seems to depend on specific localization
and expression of CK. Development
between days 3 and 7 is crucial in
increasing the capacity of energy trans-
fer and involves major remodelling of the
contacts between organelles. The density
of intracellular organelles increases at the
expense of free cytosolic space. Contacts
between mitochondria and longitudinally
oriented myofibrils and between SR and
mitochondria are established to form an
effective intracellular energetic unit. After
the first week (post natum), a different
phase of hypertrophy occurs without major
structural changes to the contacts between
organelles. After 3 weeks, the respiratory
capacity of mitochondria increases, whereas
heart weight to body weight ratio decreases.
The main results of the article are
summarized in Fig. 1.

Considerable effort has been invested by
Piquereau et al. in determining various
changes during cardiomyocyte maturation.
Several questions arise, however, when
comparing the publication with previous
studies. Firstly, in 3-day-old cells, based
on results from electron microscopy and

SR protein expression experiments, the
authors deduce SR not to be present
in quantities high enough to enable
SR Ca2+ content measurement. However,
volume measurements from electron micro-
scopy are known to be very sensitive to
sample preparation procedures, especially
as dimensions of different organelles
can change in different ratios as a
result of fixation. The low level of
SR protein expression in 3-day-old cells
could be explained by results obtained
in embryonic mouse cardiomyocytes
(Takeshima et al. 1998), where SR Ca2+

release channels do not play a major role
in excitation–contraction (EC) coupling
but, instead, are required for cellular Ca2+

homoestasis. Full SR function develops
rapidly in neonates, possibly explaining
both the dramatic increase in SR Ca2+

content between day 3 and day 7 fibres, and
the difficulty the authors had in conducting
the experiment with fibres from 3-day-old
mice.

Secondly, the authors concluded that the
functional coupling of adenine nucleotide
translocase (ANT) and mi-CK (‘functional
activity’ in Piquereau et al. 2010) was
considerably higher in adult myocytes. This
conclusion, however, seems to be based on
misinterpreting the KmADP/KCr ratio graph
(article Fig. 5F). As is evident from the K m

plots in the article (article Fig. 5E), K mCr

is constant throughout the ageing process,
whereas K mADP increases notably in older
fibres. The increase in K mADP/K Cr ratio
stems from the increase of K mADP and is
not, in this case, indicating increases in
mi-CK–ANT coupling nor mi-CK activity.
Rather, it can be interpreted as indication
of an increase in diffusion restrictions to
adenine nucleotides in the cytosol caused
by changes in either mitochondrial outer
membrane or myofibrillar and other cyto-
solic structures, or both (Vendelin &
Birkedal, 2008; Sepp et al. 2010). In order
to measure the coupling between mi-CK
and ANT, different experimental techniques
need to be employed, such as measuring
changes in respiration in response to ATP
titration.

Two observations can be made from
further analysing SR calcium uptake and
rigor tension sensitivity results from the
article (article Figs 2 and 4). By looking at
ratios of values obtained during different

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society DOI: 10.1113/jphysiol.2010.199901
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conditions, it is possible to eliminate
auxiliary effects and focus on how the
role of energy supply pathways change in
relation to one another as the cell matures.
Two examples are given in Fig. 1 (bottom
row). Firstly, from the difference in rigor
tension levels (�pMgATP50) supported by
CK and ATP energy supply systems (Fig. 1,
line b), it is evident that myosin ATPase
activity supported by CK is consistently
higher than exogenous ATP throughout
the growing process. On the other hand,
the capacity of the CK system to load
the SR increases ∼2 times by day 61
(Fig. 1, line d). We suggest that this is
further evidence of the role of SR trans-
itioning from maintaining Ca2+ homo-
estasis (Takeshima et al. 1998) to playing
an essential role in EC coupling. A possible
explanation for this could be activation of
SR-bound CK by day 21, whereas myo-

fibril bound CK is already active from
day three. Secondly, pMgATP50(DANC) –
pMgATP50(ATP) (Fig. 1, line a) indicates
that after an initial increase caused by
changes in mitochondrial positioning,
myofibrils stay constantly more sensitive
to stimulation via direct channelling
compared to exogenous ATP. At the
same time, however, direct channelling is
able to maintain an increasingly higher
SR load than exogenous ATP (Fig. 1,
line c). This can be explained by
structural changes in the cell, whereby
SR becomes more closely situated with
respect to mitochondria (article Fig. 8D).
Clearly, these interpretations should be
verified through further experiments and
modelling.

Building on results obtained by Piquereau
et al. some directions could be explored in
the future. One matter of interest would

be how the role of glycolysis changes
during maturation. It has been shown
that embryonic mouse heart responds in
a similar manner to inhibition of either
glycolysis or oxidative phosphorylation
and that in early stages of postnatal
development, ATP consumed by ion pumps
is preferentially supplied through glycolysis
(Chen et al. 2007). Additionally, in
1-day-old rabbit, 44% of consumed ATP
comes from glycolysis, whereas by day 7 this
goes down to 7% (Lopaschuk et al. 1992).
In the paper under discussion, the possible
contribution of glycolysis to ATP supply was
not directly addressed. Especially in young
mouse cells, the effect from this could be
considerable and might impact some of the
conclusions of the article.

Another possible area to explore in the
future could be to analyse these results
with the aid of a computational model.

Figure 1. Summary of results from the article by Piquereau et al.
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This would help in further unravelling the
interplay between different factors during
cell maturation, especially in questions
where experimental methods fail to yield
clear results. Different mathematical models
could be compared with statistical methods
in order to determine the role of various
pathways and the existence of metabolite
pools or spatial compartmentation in the
developing cell (Sepp et al. 2010).

In summary, the extensive experimental
work performed in the work by Piquereau
et al. covers various aspects of energy
metabolism and morphological changes
in the cell during maturation. The work
provides new information on postnatal
development of heart energetics in mice –
a popular animal model used for studying
the effects of genetic manipulation.
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RAS activation is implicated in physiologic and pathologic cardiac hypertrophy. Cross-talk between the Ras
and calcineurin pathways, the latter also having been implicated in cardiac hypertrophy, has been suspected
for pathologic hypertrophy. Our recent discovery that germ-line mutations in RAF1, which encodes a
downstream RAS effector, cause Noonan and LEOPARD syndromes with a high prevalence of hypertrophic
cardiomyopathy provided an opportunity to elaborate the role of RAF1 in cardiomyocyte biology. Here, we
characterize the role of RAF1 signaling in cardiomyocyte hypertrophy with an aim of identifying potential
therapeutic targets. We modeled hypertrophic cardiomyopathy by infecting neonatal and adult rat
cardiomyocytes (NRCMs and ARCMs, respectively) with adenoviruses encoding wild-type RAF1 and three
Noonan/LEOPARD syndrome-associated RAF1mutants (S257L, D486N or L613V). These RAF1 proteins, except
D486N, engendered cardiomyocyte hypertrophy. Surprisingly, these effects were independent and dependent
of mitogen activated protein kinases in NRCMs and ARCMs, respectively. Inhibiting Mek1/2 in RAF1
overexpressing cells blocked hypertrophy in ARCMs but not in NRCMs. Further, we found that endogenous
and heterologously expressed RAF1 complexed with calcineurin, and RAF1 mutants causing hypertrophy
signaled via nuclear factor of activated T cells (Nfat) in both cell types. The involvement of calcineurin was also
reflected by down regulation of Serca2a and dysregulation of calcium signaling in NRCMs. Furthermore,
treatment with the calcineurin inhibitor cyclosporine blocked hypertrophy in NRCMs and ARCMs
overexpressing RAF1. Thus, we have identified calcineurin as a novel interaction partner for RAF1 and
established a mechanistic link and possible therapeutic target for pathological cardiomyocyte hypertrophy
induced by mutant RAF1. This article is part of a Special Issue entitled ‘Possible Editorial’.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cardiac hypertrophy is elaborated via several intracellular signaling
pathways including the calcineurin/nuclear factor of activated T cells
(NFAT) andRAS/mitogen-activatedprotein kinase (MAPK) cascades [1].
Activation of RAS is implicated in cardiac hypertrophy, with cross-talk
between the RAS and calcineurin pathways being suspected for
pathologic hypertrophy but its basis being poorly understood [2]. Re-
cently, RAF1missensemutationswith gain-of-function effects on RAF1's
kinase activity were found to cause Noonan and LEOPARD syndromes
(NS and LS, respectively) with a high prevalence of hypertrophic car-

diomyopathy (HCM) [3,4]. The majority of RAF1 mutations causing NS
and LS cluster around Ser259 and Ser621. Those HCM-associated
mutations exhibited high kinase activities and increased Erk activation
in Cos cells highlighting the significance of those two phosphorylation
sites, particularly as it pertains to cardiac hypertrophy (e.g., S257L and
L613V). Mutations in the activation segment, which are infrequently
associated with HCM (e.g., D486N), showed impaired kinase and
reduced Erk activation in Cos cells. Here, we elucidated the role of RAF1
in cardiac hypertrophy by expressing wild-type RAF1 and three NS/LS-
associated RAF1 mutants representing the three mutation clusters,
(S257L, D486N and L613V), in rat cardiomyocytes. Overexpression of
the mutants from the Ser259 and Ser621 clusters (e.g., S257L or L613V)
induced hypertrophy that was independent and dependent of Erk1/2
activation in NRCMs and ARCMs, respectively. The activation segment
mutant, D486N, failed to induce hypertrophy. By analyzing various
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Fig. 1.Overexpression of wild-type and L613V RAF1 proteins induces cardiomyocyte hypertrophy. Neonatal rat cardiomyocytes were infected with adenoviruses encoding GFP alone
(Ad.GFP), wild type RAF1 (Ad.RAF1WT) or amutant RAF1 (Ad.RAF1L613V) and harvested after 72 hours. (a) Representative immunoblots with total lysates that were probed with anti-
Raf1 (top panel), anti-Gapdh (middle panel) and anti-Gfp (lower panel) antibodies. Gapdh levels were used as loading control and Gfp levels were indicative of the efficiency of viral
production. Uninfected cardiomyocytes (UC) were used as a negative control. Protein expression levels were normalized to respective Gapdh and expressed as relative expression.
Data are mean values±SD of three independent experiments §pb0.05 vs. Ad.GFP; ⁎pb0.01 vs. Ad.GFP; #pb0.05 vs. WT (b) Cardiomyocytes infected with the viruses indicated at the
right expressing GFP (left column) and stained with phalloidin to detect sarcomeric α-actinin(middle column) and merged (right column). Cells were imaged with confocal laser
microscopy. Scale bar- 387×387 nm. (c) [3H]-leucine incorporation in infected cardiomyocytes as an assessment of protein synthesis rates. ⁎pb0.001 vs Ad.GFP. Data are mean
values±SD of three independent experiments. (d–f) Quantitative reverse transcription PCR analysis of fetal gene re-activation. Steady-state mRNA levels of (d) atrial natriuretic
factor (Anf), (e)α-skeletal actin (Acta1) and (f) β-myosin heavy chain (Myh7) were performed. Expression levels were normalized to β-actin and expressed as fold change compared
to level in the Ad.GFP cells. The mean fold induction±SD of three independent experiments is shown. §pb0.05 vs. Ad.GFP; ⁎pb0.001 vs. Ad.GFP; #pb0.01 vs. Ad.GFP.
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hypertrophic signaling pathways to identify molecules that RAF1 may
regulate in cardiomyocytes, we identified calcineurin (also known as
protein phosphatase 2B) as a major interacting partner of RAF1 in
cardiomyocytes in NRCMs and ARCMs. Strikingly, the wild type and the
mutants (S257L or L613V) RAF1-calcineurin complexes regulated
calcium signaling and initiated hypertrophy in NRCMs and ARCMs.
However, wild-type RAF1 signals through Mef2 in NRCMs but not in
ARCMs. L613V RAF1 signals through Nfat in both cell types. In contrast,
D486N RAF1 failed to activate Nfat or Mef2. Blocking the Erk pathway
using a dominant negative form of Mek1 blocked hypertrophy in
ARCMs, but not in NRCMs, overexpressing RAF1. In contrast, inhibiting
calcineurin with cyclosporine blocked the induction of cardiomyocyte
hypertrophy inNRCMs andARCMs. Thus,wehave identified calcineurin
as a novel interaction partner for RAF1 and established a novel in-
teraction between two nodal pathways in hypertrophy that has thera-
peutic implications for pathological cardiomyocyte hypertrophy
induced by RAF1 mutants.

2. Methods

All animal procedures were performed with the approval of IACUC
at the Mount Sinai School of Medicine and in accordance with the
National Institute of Health's Guide for the Care and Use of Laboratory
Animals. The methods used in this study are detailed in [5] and in the
online data as supplement methods.

3. Results

3.1. Effect of a RAF1mutant at the Ser621 cluster (Ad.RAF1L613V) in NRCMs

We infectedNRCMswith recombinant adenoviruses encodingeither
wild-type or L613V RAF1. After 72 h, Ad.RAF1WT and Ad.RAF1L613V

infections resulted in increased RAF1 protein levels compared to control
cells infectedwith Ad.GFP. Of note, RAF1 levels inNRCMs expressing the
L613V mutant were lower than in those expressing the wild-type
protein, which was not due to a difference in infection efficiency or
expression from that virus since GFP levels were comparable among all
infected cells (Fig. 1a). Treatment with the proteasomal inhibitor,
MG132, equalized RAF1 levels among infected NRCMs (Supplementary
Fig. 1a). Since the stability of RAF1 is dependent upon the phosphor-
ylation of Ser621 [6], which is near the mutation site, we considered the
possibility that the L613V substitutionmight affect the phosphorylation
status of that regulatory residue. Using phospho-specific antibodies, we
found that Ser621 of L613V RAF1 wasminimally phosphorylated, which
was different fromwild-type RAF1, while the phosphorylation status of

Ser259, a residue that cooperatively regulates RAF1's function with
Ser621, was normally phosphorylated (Supplementary Fig. 1b and c).
Collectively, these data suggest that the L613V mutation negatively
affects the phosphorylation of Ser621 in cardiomyocytes, resulting in
enhanced proteasomal degradation of this mutant RAF1 protein.

3.2. RAF1 overexpression induces cardiomyocyte hypertrophy with cell
elongation in NRCMs

To determine whether expression of the L613V RAF1 in NRCMs
promoted cardiomyocyte hypertrophy, modeling the HCM observed in
NS and LS patients, cell surface area, sarcomeric organization, protein
synthesis rate and fetal gene expression were analyzed. Seventy-two
hours after adenoviral infection, NRCMs overexpressing wild-type and
L613VRAF1 had significantly increased average surface areas compared
to Ad.GFP-infected NRCMs, attributable to dramatic increases in cell
length (Table 1, Fig. 1b and Supplementary Fig. 1d and e). As generally
observed with cardiomyocyte hypertrophy, NRCMs overexpressing
wild-type RAF1 showed an increase in sarcomeric reorganization but
those overexpressing the mutant RAF1 showed a disorganized and
diffused pattern of sarcomeric architecture, which were not present in
GFP-overexpressing cells (Fig. 1b and Supplementary Fig. 1d). We
examined protein synthesis rates of NRCMs overexpressing wild-type
and L613V RAF1 using the [3H]-leucine incorporation method and
observed marked increases compared to GFP-expressing cells (Fig. 1c).
Wealso found that the steady-state expression levels of atrial natriuretic
factor (Anf), α-skeletal actin (Acta1) and β-myosin heavy chain (Myh7)
were increased significantly in NRCMs overexpressing wild-type and
L613V RAF1 compared to GFP-expressing cells (Fig. 1d–f), evidence of
re-activation of the fetal gene program. Collectively, these data support
the conclusion that overexpression of wild-type and L613V RAF1
promotes cardiomyocyte hypertrophy, but only L613V RAF1 causes
sarcomeric disorganization.

3.3. RAF1 overexpression induces cardiomyocyte hypertrophy independent
of Mapk activation in NRCMs

Raf1 phosphorylatesMek1/2,which then activate Erk1/2. To test our
hypothesis that Erk activation was modulating the hypertrophy in
cardiomyocytes overexpressing RAF1 proteins, we assessed the phos-
phorylation status of Erk1/2. Surprisingly, we observed that the ratio of
phospho Erk1/2 to total Erk1/2 was unchanged in NRCMs over-
expressing wild-type and L613V RAF1 compared to GFP-expressing
cells respectively (Fig. 2a). Since this result was unexpected, we
considered the possibility that RAS signaling was being desensitized

Table 1
Morphometric analysis of cardiomyocytes.

Cell treatment Area (μm2) Major axis (μm) Minor axis (μm) Major/minor

Ad.GFP 2123±632 62±11 40±10 1.42±0.32
Ad.RAF1 WT 3540±1050 136±35 33±13 4.70±1.98⁎

Ad.RAF1L613V 3821±1000 140±38 32±13 4.98±2.15⁎

Ad.GFP+Ad.MEKDN 1982±870 6515.34 43±17.62 1.00±0.41
Ad.RAF1 WT+Ad.MEKDN 3780±1100 142±37.02 35±11.43 4.50±2.00⁎

Ad.RAF1 L613V+Ad.MEKDN 3928±1032 141±40 34±13.72 4.62±2.15⁎

Ad.GFP+Ad.ASKDN 1962±670 54±15 44±13.56 1.00±0.21
Ad.RAF1 WT+Ad.ASKDN 3092±890 142±37.73 37±9.2 4.60±2.05⁎

Ad.RAF1 L613V+Ad.ASKDN 3789±980 136±43.98 34±13 4.90±4.15⁎

Ad.GFP+Ad.VIVIT 1937±423 51±02 41±11 1.20±0.01
Ad.RAF1 WT+Ad.VIVIT 3370±992 132±41 34±11.2 4.59±1.88⁎

Ad.RAF1 L613V+Ad.VIVIT 2003±312 59±13 39±15 1.35±0.12
Ad.GFP+Ad.MEF2DN 1999±356 49±3 40±8 1.01±0
Ad.RAF1 WT+Ad.MEF2DN 1890±567 49±02 39±6.87 0.99±0.2
Ad.RAF1 L613V+Ad.MEF2DN 3800±890 141±33 29±12 4.99±1.68⁎

Values are means of SD of three independent experiments.
⁎ P≤0.01 versus GFP cells.
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as cardiomyocyte hypertrophy progressed. To test this, we expressed a
dominant-negative form ofMek1 alongwith the RAF1 proteins to block
signaling to Erk1/2 and found no abrogation of the cardiomyocyte
hypertrophy (Table 1 and Fig. 2b–e). Since overexpressed RAF1 proteins
were able to induce cardiomyocyte hypertrophy independently of Erk1/
2 activation in NRCMs, we explored whether activation of other Mapks
was mediating this effect. Activation of Jnk (c-Jun N-terminal kinase)
and p38 Mapk was similar and decreased, respectively, in NRCMs
overexpressing wild-type and L613V RAF1 as compared to GFP-
expressing cardiomyocytes (Supplementary Figs. 2 and 3). We then
examined the status of Erk5 because its activation has been associated
with cardiomyocyte elongation [7], but found that it was also
unchanged in RAF1-expressing NRCMs (Supplementary Fig. 4a). Thus,
we concluded that the overexpressed RAF1 proteins were able to signal
independently of Mapk to engender NRCM hypertrophy.

3.4. Search for the mechanism underlying RAF1-Induced hypertrophy in
NRCMs

Next, we assessed the status of several phosphoproteins partici-
pating in signaling pathways previously implicated in cardiac hyper-
trophy. We observed that the levels of phospho-Stat3 (Signal
transducers and activators of transcription), -Akt (Protein kinase B),
-Gsk3β (Glycogen synthase kinase), and -Acc (Acetyl-CoA carboxyl-
ase) (Supplementary Figs. 4b, 5a-b & 6) were not altered in NRCMs
expressing wild-type or L613V RAF1 compared to GFP-expressing
cells. These results suggested that signaling through the Jak-Stat, Akt-
Gsk3β, and Ampk-Acc pathways was not engendering the RAF1-
induced cardiomyocyte hypertrophy.

Ask1 (Apoptosis signal-regulating kinase 1) is known to interact
directlywithRaf1 andhas roles in cardiomyocyte cell death and, possibly,
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hypertrophy [8–10]. Calcineurin dephosphorylates Ask1 at Ser967,
resulting in a loss of 14-3-3 binding andAsk1 activation [9].We observed
that NRCMs overexpressing L613V RAF1 had notably lower levels of
pAsk1 (Ser967) compared to those overexpressingwild-type RAF1 or GFP
(Fig. 3a) suggesting that Ask1was activated by themutant. However, co-
expression of a dominant-negative form of Ask1 with RAF1 L613V failed
to suppress cardiomyocyte hypertrophy (Table 1, Fig. 3b–e). Therefore,
we concluded that Ask1 activationwas not mediating this phenomenon.

3.5. Wild-type and L613V RAF1 signal through calcineurin to induce
cardiomyocyte hypertrophy

Next, we explored a possible role of the calcineurin–Nfat pathway in
RAF1-mediated cardiomyocytehypertrophy since signaling through the
Nfat transcription factors has been associated with pathologic cardiac
hypertrophy. This seemed particularly plausible since p38Mapk, which

can inhibit signaling via Nfat [11,12], showed reduced activity inNRCMs
overexpressing wild-type and L613V RAF proteins (Supplementary
Fig. 2). Using a luciferase reporter with nine multimerized Nfat binding
sites, we observed that the Nfat activity in NRCMs expressing the L613V
RAF1 was increased approximately 16 fold compared to cells infected
with Ad.GFP or Ad.RAF1WT (Fig. 4a). To determine whether the
increased transcriptional activity of Nfat was necessary for RAF1
L613V-induced cardiomyocyte hypertrophy, we co-infected cells with
an adenovirus expressing VIVIT (Ad.VIVIT), a peptide that selectively
blocks calcineurin's Nfat binding site without affecting its phosphatase
activity. VIVIT expression nearly completely abrogated cardiomyocyte
hypertrophy for NRCMs expressing L613V RAF1 but not for those
expressing wild-type RAF1 and had minimal effect on cardiomyocytes
expressing only GFP (Table 1 and Fig. 4b–e).

Since the cardiomyocyte hypertrophy engendered by overexpres-
sion ofwild-typeRAF1 could not be attributed to signaling throughNfat,

Fig. 3. ASK1 is not involved in RAF1-induced cardiomyocyte hypertrophy. (a) Representative immunoblots analysis of phospho-Ask1 (Ser967) and total Ask1 in neonatal rat
cardiomyocytes overexpressing GFP, wild-type RAF1 and L613V RAF1. Protein expression levels were normalized to total Erk and expressed as relative expression. Data are mean
values±SD of three independent experiments. *pb0.01 vs. Ad.GFP. Neonatal rat cardiomyocytes were infected with Ad.GFP, Ad.RAF1WT and Ad.RAF1L613V along with Ad.ASK1DN

(treated). Seventy-two hours post infection, the cardiomyocytes were analyzed for protein synthesis rates (b) and steady-state mRNA levels of Anf (c), Acta1 (d) and Myh7 (e).
*pb0.01 vs. untreated Ad.GFP; #pb0.01 vs. treated Ad.GFP. Mean values±SD of three independent experiments are shown.
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we considered the possibility that Mef2, another major downstream
effector of calcineurin, was relevant [13]. Using a luciferase reporter
with eight multimerizedMef2 binding sites, we observed that theMef2
activity in NRCMs expressing wild-type RAF1 was increased approxi-
mately 15 fold compared to cells that were expressing GFP or L613V
RAF1 (Fig. 5a). To determine whether the increased transcriptional
activity of Mef2 was necessary for cardiomyocyte hypertrophy induced
by wild-type RAF1, we co-infected cells with an adenovirus expressing
dominant-negative Mef2. Dominant-negative Mef2 nearly completely
abrogated cardiomyocyte hypertrophy for NRCMs expressingwild-type
RAF1 but not for those expressing L613V RAF1 and had minimal effect
on cells expressing only GFP (Table 1 and Fig. 5b–e).

The foregoing results support the idea that wild-type and L613V
RAF1 induce cardiac hypertrophy by signaling through calcineurin,

albeit through different effectors (Mef2 and Nfat, respectively).
To provide evidence that this signaling required calcineurin, we
used a pharmacologic approach. Treatment with the calcineurin-
inhibitor, cyclosporine A, eliminated cardiomyocyte hypertrophy for
NRCMs expressing wild-type or L613V RAF1 as assessed by cell area,
protein synthesis rate and re-expression of fetal markers (Table 1,
Fig. 6a–d).

3.6. RAF1 directly interacts with calcineurin

Since wild-type and L613V RAF1 proteins were signaling through
calcineurin, we considered the possibility that there was a physical
interaction between the RAF1 and calcineurin. Using co-immuno-
precipitation, we detected RAF1 and calcineurin immunologically in

Fig. 4. L613V RAF1 but not wild-type RAF1 causes cardiomyocyte hypertrophy via Nfat. (a) Nfat activity was determined in neonatal rat cardiomyocytes infected with Ad.GFP, Ad.
RAF1WT and Ad.RAF1L613V along with Ad.NFAT-LUC. Luciferase activity shown as relative light units (RLU) represent mean values±SD of three independent experiments. *pb0.001
vs Ad.GFP. Neonatal rat cardiomyocytes were co-infected with Ad.GFP, Ad.RAF1WT and Ad.RAF1L613V along with Ad.VIVIT (treated) that blocks NFAT specifically. Seventy-two hours
post infection, cardiomyocytes were analyzed for protein synthesis rates (b) and steady-state mRNA levels of Anf (c), Acta1 (d) andMyh7 (e). *pb0.01 vs. untreated Ad.GFP; #pb0.01
vs. treated Ad.GFP. Mean values±SD of three independent experiments are shown.
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immunoprecipitates from cells overexpressing RAF1 (Fig. 6e and f).
More importantly, we detected Raf1-calcineurin complexes in
uninfected NRCMs, documenting that this interaction was not an
artifact of RAF1 overexpression. Taken together, these data suggest
that the interaction of Raf1 and calcineurin is likely to mediate
physiological and pathological signaling in cardiomyocytes.

3.7. RAF1 impairs calcium signaling by down-regulating sarco/
endoplasmic reticulum Ca2+-ATPase 2a (SERCA2a)

Calcineurin/Nfat signaling has been implicated as a critical
transducer that uniquely links changes in intracellular calcium
handling in cardiac hypertrophy [14,15]. Thus, the observed interac-

tion also pointed to the possibility that RAF1might target components
of calcium regulatory proteins through calcineurin and regulate
calcium activity. We measured the total expression levels of several
proteins (Serca2a, sodium-calcium exchanger (Ncx1) and inositol 1, 4,
5-triphosphate (Ip3)) that are known to play vital roles in calcium
signaling in conjunction with calcineurin. We found that Serca2a
was significantly down regulated in NRCMs overexpressing wild-
type and L613V RAF1 but that the other proteins were unchanged
(Fig. 7a–c). To evaluate whether altered signaling through the RAF1-
calcineurin complex perturbed intracellular Ca2+ handling, intracel-
lular cytoplasmic Ca2+ transients weremeasured.With slow pacing at
0.2 Hz, Ca2+ transients in cardiomyocytes expressing GFP followed
electrical stimuli with a 1:1 correspondence, whereas the RAF1-

Fig. 5.Wild-type RAF1 but not L613V RAF1 causes cardiomyocyte hypertrophy via Mef2. (a) Mef2 activity was determined in neonatal rat cardiomyocytes infected with Ad.GFP, Ad.
RAF1WT and Ad.RAF1L613V along with Ad.MEF2-LUC. Luciferase activity shown as relative light units (RLU) represent mean values±SD of three independent experiments. *pb0.001
vs Ad.GFP.Neonatal rat cardiomyocytes were co-infected with Ad.GFP, Ad.RAF1WT and Ad.RAF1L613V along with Ad.MEF2DN (treated). Seventy-two hours post infection,
cardiomyocytes were analyzed for protein synthesis rates (b) and steady-state mRNA levels of Anf (c), Acta1 (d) andMyh7 (e). *pb0.01 vs. untreated Ad.GFP; #pb0.01 vs. treated Ad.
GFP. Mean values±SD of three independent experiments are shown.
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overexpressing cells exhibited spontaneous Ca2+ transients that were
unassociated with electrical stimuli, indicative of unstable Ca2+

handling (Fig. 8a–c). To quantify the degree of Ca2+ handling dys-
function, we computed three measures as described in Methods and
Supplementary Methods. During 0.2-Hz pacing, the wild-type and
L613V RAF1-overexpressing cardiomyocytes exhibited slower aver-
age Ca2+ transient rates of decay (Fig. 8d) and greater percentages of
cells exhibiting spontaneous Ca2+ transients (Fig. 8e) compared to
control cardiomyocytes expressing GFP. Pacing at 2 Hz induced
irregular Ca2+ transients to a greater extent in the wild-type and
L613V RAF1-overexpressing cardiomyocytes than in control cells
(Fig. 8f). Further, the sarcoplasmic reticulum (SR) calcium load in the
L613V RAF1-overexpressing cardiomyocytes was increased compared
to wild type and GFP (Fig. 8g). Thus, the present data establish a
potential link between signaling from RAS through RAF1 for
pathologic hypertrophy and calcium dysregulation, which could be
potentially arrhythmogenic.

3.8. Effects of RAF1mutations at the Ser259 cluster and activating segment

The L613V mutation is representative of the HCM-associated
mutations that cluster at the C-terminus near Ser621. To understand the
effects of mutations at the Ser259 cluster and the activating segment, we
infected NRCMs with representative recombinant adenoviruses encod-
ing either S257L or D486N RAF1 and performed key experiments
including assessments of the phosphorylation status of RAF1, Erk1/2
activation, cellular hypertrophy, Nfat and Mef2 signaling, and RAF1-
calcineurin complexing as well as determining the effect of treating with
cyclosporine to rescue the hypertrophic phenotype. As anticipated, we
found that S257L RAF1 negatively affected the phosphorylation of Ser259

but phosphorylation of that residue was normal in the D486N protein
(Supplementary Fig. 7). The levels of pErk1/2 activationwere unchanged
in NRCMs overexpressing the S257L or D486N RAF1 proteins (Supple-
mentary Fig. 8). Overexpression of the S257L RAF1 induced cardiac
hypertrophy similarly to L613Vproteinwhereas thekinase-deadmutant,
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D486N, failed to inducehypertrophyas assessedbyprotein synthesis rate
and fetal gene expression (Supplementary Fig. 9a–c). Further, transcrip-
tion activity from Nfat, but not Mef2, was increased in cardiomyocytes
overexpressing S257L RAF1 whereas overexpression of D486N protein
failed to induce Nfat or Mef2 activity (Supplementary Fig. 10a and b). As
with endogenous Raf1 and overexpressed wild-type and L613V RAF1
proteins, S257L RAF1 complexed with calcineurin; that interaction was
abrogated for overexpressed D486N RAF1 (Supplementary Fig. 11).
Finally, we were able to rescue the hypertrophic phenotype engendered
by S257L RAF1 overexpression using cyclosporine (Supplementary
Fig. 9). Collectively, these results suggest that RAF1 mutations at the
Ser259 and Ser621 clusters inNRCMsmediate cardiomyocyte hypertrophy
through a comparable mechanism dependant upon signaling through
calcineurin but not Erk1/2 and also explain the negative association of
HCM with RAF1 mutations residing in the activation loop.

3.9. Effects of RAF1 mutant (L613V) on adult cardiomyocytes (ARCMs)

To understand the effects of the RAF1 mutations in ARCMs, we
infected those cells with representative recombinant adenoviruses
encoding either WT or L613V RAF1 and performed key experiments
including assessments of the cell surface area, phosphorylation status of

RAF1, Erk1/2 activation, cellular hypertrophy, Nfat and Mef2 signaling,
and RAF1-calcineurin complexing as well as determining the effect of
treating with cyclosporine to rescue the hypertrophic phenotype. Cell
surface areas were increased in the ARCMs overexpressing WT and
L613V compared to GFP (Supplementary Fig. 12 a and b). As observed
with NRCMs, the overexpression of L613V was low compared to WT
(Supplementary Fig. 13a) and phosphorylationwas reduced at S621 but
unchanged at S259 (Supplementary Fig. 13b). In contrast to thefindings
with NRCMs, overexpression of L613V RAF1 increased the levels of
pErk1/2 in ARCMs (Supplementary Fig. 14). Overexpression of the WT
and L613V RAF1 induced cardiac hypertrophy as assessed by fetal gene
expression (Supplementary Fig. 15a, b and c). Further, transcription
activity from Nfat was increased in cardiomyocytes overexpressing
L613VRAF1whereas overexpressionofWT failed to induceNfat orMef2
activity (Supplementary Fig. 16a). WT and L613V RAF1 interact with
calcineurin in ARCMs as had been observed in NRCMs (Supplementary
Fig. 16b). Finally, we were able to rescue the hypertrophic phenotype
engendered by RAF1 overexpression by co-expressing a dominant
negative form of MEK or by treating with cyclosporine (Supplementary
Figs. 15 and 17 a, b and c). Collectively, these results suggest that the
hypertrophic effects of RAF1 in ARCMs depend upon signaling through
Mek/Erk and calcineurin.

Fig. 7. Serca2a is downregulated, but other calcium regulatory proteins are unchanged, in cardiomyocytes expressing RAF1. Representative immunoblots with total lysates from
neonatal rat cardiomyocytes expressing GFP, wild-type RAF1 or L613V RAF1 that were probed with anti-Serca2,-Gapdh, p-Ip3, -Ip3, -Ncx, and -Gapdh antibodies in panels from top
to bottom (a–c). Protein expression levels were normalized to indicated antibodies and expressed as Relative Expression. Data are mean values±SD of three independent
experiments. *pb0.01 and #pb0.01 vs. Ad.GFP.
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4. Discussion

Collectively, our results provide important, molecular and clinical-
ly-relevant insights into the signaling pathways leading to cardiac
hypertrophy. Cardiac hypertrophy is stimulated by biomechanical and
neurohumoral mechanisms. Neurohumoral stimuli include ligands
such as growth factors, hormones and cytokines that utilize G-protein-
coupled receptors, gp-130-linked receptors and receptors kinases,
particularly receptor tyrosine kinases (RTKs). Activation of RAS, which
is a well-described result of RTK stimulation, occupies a critical role in
cardiac hypertrophy as first established with in vitro studies with
cardiomyocytes and in vivo studies with transgenic mice expressing
constitutively active Hras (G12V) [16,17]. Transgenic mice with
cardiac-specific expression of Hras G12V developed HCM with myo-
fibrillary disarray and Anf re-expression, phenocopying human HCM
observed in individuals with sarcomeric gene defects as well in NS.

The canonical signaling pathway downstream from RAS is RAF–
MEK-ERK. Numerous studies have examined the role of this pathway in
cardiac hypertrophy with interesting, if complex, results. Overexpres-
sion of activated Mek1 in the mouse heart resulted in concentric
hypertrophy with Erk1/2 activation and re-activation of Anf expression
but did not cause cardiac fibrosis, diastolic dysfunction or lethality,
consistent with physiologic rather than pathologic hypertrophy [18].
Pharmacologic inhibition of Raf and Mek in cultured cardiomyocytes
blocked endothelin-1 and phenylephrine-induced hypertrophy and
Mek inhibition prevented L-NAME-induced hypertrophy in rats [19,20].
Transgenic expression of a dominant-negative Raf1 in mouse heart

resulted in a reduced hypertrophic response to pressure overload with
diminished Erk1/2 activation and no re-activation of Anf expression
[21]. In contrast, genetic reduction of Erk activation per se (Erk1−/− and
Erk2+/− mice as well as Dusp6 transgenic mice) did not abrogate the
hypertrophic response to pressure overload [22]. Recently, Erk1/2 has
also been shown to be a critical regulator of cell growth and size in
cardiac hypertrophy. Eccentric (elongated) hypertrophy does not in-
volve Erk1/2 whereas concentric (width wise) hypertrophy requires
Erk1/2 [23]. Our data are consistent with these findings as over-
expression of RAF1 proteins induced elongated growth without Erk1/2
activation in NRCMs but concentric growth with Erk1/2 activation in
ARCMs. Taken as a whole, it appears that signaling from RAS to ERK1/2
plays some role in cardiac hypertrophy but the involvement of other
pathways is suggested.

Our results provide new insights into how RTK activation signaling
through RAS induces hypertrophy. We showed that overexpression of
wild-type and gain-of-function RAF1 in ARCMs caused cardiomyocyte
hypertrophy by activating the Erk1/2 and calcineurin pathways
whereas similar RAF1 overexpression in NRCMs only activated cal-
cineurin signaling. Activation of multiple pathways either in parallel
or independently by RAS-MAPK members including RAS, SOS1 and
MEK are widely observed. For example, overexpression of Hras G12V
in NRCMs resulted in increased Jnk and Nfat activity [24]. Also,
activated Mek expression in NRCMs and in transgenic mice increased
Erk1/2 [23] and Nfat activity in a calcineurin-independent manner [7].
Interestingly, cardiac tissue from Sos1 mouse model also showed
upregulation of multiple pathways including Erk1/2, Rac and Stat3

Fig. 8. Intracellular calcium handling is dysregulated in neonatal rat cardiomyocytes expressing wild-type and L613V RAF1. (a–c) Intracellular Ca2+ transients from the three groups,
as indicated, expressed as space-time images (bottom) and average intracellular fluorescence (units of F/F0, top). Image scaling and Ca2+ transient scale bars are different in the
three cases because of different baseline Ca2+ transient amplitudes. Top scale bars indicate F/F0 ranges of 1.0–1.5 (left), 1.0–2.0 (middle), and 1.0-2.0 (right). Red arrows indicate
timing of electrical stimuli, here delivered every 5 seconds. Spatial scale bars indicate 2 μm in all cases. (d) Ca2+ transient decay time constants, calculated from the following
numbers of cells: n=42 (GFP), n=39 (WT RAF1) and n=36 (L613V RAF1). *pb0.05 vs. GFP by two-tailed Student's t-test. (e) Percentage of cells in each group exhibiting
spontaneous Ca2+ release when paced at 0.2 Hz. *pb0.05 vs. GFP by two-tailed Fisher's exact test. (f) Percentage of cells in each group showing unstable beat-to-beat Ca2+ release
when paced at 2 Hz. *pb0.05 vs. GFP by two-tailed Fisher's exact test. (g) SR Ca2+ load, quantified as peakΔF/F0 in response to 20 mM caffeine. Bars calculated from n=30 cells from
each group. *pb0.05 vs. GFP by two-tailed Student's t-test. See Supplementary Methods for details of calculation of these metrics.

13P.S. Dhandapany et al. / Journal of Molecular and Cellular Cardiology 51 (2011) 4–15

Publication II 88



[25]. Our observations that RAF1 overexpression induced hypertrophy
via multiple pathways (Erk1/2 and calcineurin) depending on the
developmental stage of heart, and that RAF1 and calcineurin interact
directly outlines a crucial role for these pathways in the pathogenesis
of cardiomyopathy in NS. Following the seminal discovery of the role
of signaling via calcineurin–NFAT in pathologic hypertrophy [26],
interactions between that pathway and RAS signaling have been
contemplated. Based on our present data, we suggest that the level of
cross-talk between the RAS and calcineurin pathwaysmight be crucial
at the RAF1 level. However, RAF1 regulation is highly intricate,
depending upon various factors including the type of cardiomyocte,
localization, time, dose, type of stimulus and feedback mechanisms.
Further adding to the complexity, NRCMs and ACMs have overlapping
and significant physiological and functional differences as reviewed
[27]. Thus, it is possible that in vitro overexpression may result in
complex results. Clearly, additional studies using a Raf1 mouse model
at various cardiac developmental stages addressing the differences in
the activation of Erk1/2 and/or calcineurin–Nfat pathways will shed
light on this particular hypertrophic signaling pathway.

Clinical observations concerning inherited RAS pathway disorders
correlate well with the experimental data about the roles of specific
proteins in that pathway vis à vis cardiac hypertrophy. To date, germ-
lineMEK1 andMEK2mutations have been identified in 28 individuals
with cardio-facio-cutaneous syndrome, of whom 8 (29%) had HCM
[28–31]. Data about HCM severity or its outcome were not provided
save the single case described by Dentici et al., in which the HCM was
described as mild [31]; no arrhythmia has been associated with aMEK
mutation. Of note, all MEK mutants that have been characterized
biochemically demonstrate increased kinase activity with some being
constitutively active [31,32]. The prevalence of HCM among patients
with Noonan syndrome caused by RAF1 defects is considerably higher
27/35 (77%) if all mutations are included and 26/29 (90%) for gain-of-
function mutations clustering near Ser259 and Ser621 [3,4,32,33].
Moreover, the severity of the HCM appears to be greater with several
instances of sudden death and one of atrial ectopic tachycardia [34].
Of interest, HRAS Gly12 and Gly13 missense mutations underlying
Costello syndrome also engender HCM and atrial arrhythmias (19 and
17 of 40 patients for prevalence rates of 47% and 42%, respectively)
[35]. The commonest allele, constituting 82% of cases, is G12S, which
has substantially less GTPase activity than the G12V allele that caused
remarkable hypertrophy in NRCMs and transgenic mice. Thus,
germline gain-of-function RAF1 and MEK1/2 mutations in humans
are experiments of nature that provide evidence that RAF1 occupies a
more important role in pathologic cardiac hypertrophy than do
MEK1/2. These clinical observations are consistent with our current
findings showing that RAF1 can signal through multiple pathways
depending on the developmental stage of the heart to induce
pathologic hypertrophy, even bypassing the Erk1/2

Finally, calcium handling in cardiomyocytes with increased Ras
signaling has previously been shown to be altered. In transgenic mice
expressing Hras G12V in themyocardium, Serca2a protein levels were
modestly depressed [36]. These findings are consistent with our
observations with NRCMs overexpressing gain-of-function RAF1, in
which Serca2a was also reduced and there was decreased decay of
calcium transients with spontaneous calcium transients. These abnor-
malities in calcium handling may provide the rationale for the atrial
arrhythmias observed in Costello syndrome and RAF1-associated
Noonan syndrome as well as the sudden death risk associated with
the latter.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.yjmcc.2011.03.001.
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Intracellular diffusion in muscle cells is known to be restricted. While char-
acteristics and localization of these restrictions is yet to be elucidated, it has
been established that ischemia-reperfusion injury reduces the overall diffusion
restriction. Here we apply an extended version of raster image correlation
spectroscopy to determine directional anisotropy and coefficients of diffusion
in rat cardiomyocytes. Our experimental results indicate that diffusion of a
smaller molecule (1127 MW fluorescently labeled ATTO633-ATP) is restricted
more than that of a larger one (10000 MW Alexa647-dextran), when compar-
ing diffusion in cardiomyocytes to that in solution. We attempt to provide a
resolution to this counterintuitive result by applying a quantitative stochastic
model of diffusion. Modeling results suggest the presence of periodic intracel-
lular barriers situated ∼1µm apart having very low permeabilities and a small
effect of molecular crowding in volumes between the barriers. Such intracel-
lular structuring could restrict diffusion of molecules of energy metabolism,
reactive oxygen species and apoptotic signals, enacting a significant role in
normally functioning cardiomyocytes as well as in pathological conditions of
the heart.
Keywords: rat cardiomyocytes; raster image correlation spectroscopy; fluo-
rescence correlation spectroscopy; mathematical modeling

INTRODUCTION

Of the different processes active in a functioning cell, there are not many which are
unaffected by diffusion. The composition, geometry and solvent properties of the in-
tracellular environment determine the characteristics of diffusion for everything from
the smallest signalling molecules to enzymes to DNA/RNA. Generally three restric-
tions for diffusion are considered: viscosity of the fluid phase, binding of the diffusing
molecule to other molecules or structures, and molecular crowding which effectively
reduces the volume available for diffusion (1). In heart and oxidative skeletal mus-
cle cells diffusion of smaller molecules, such as ADP, has been found to be severely
restricted when analyzing kinetics of respiration in permeabilized fibers or cells in
respirometer (2, 3), autofluorescence of single cells (4), sarcoplasmic reticulum Ca2+

ATPase (5), and response of ATP-sensitive K+ channel (6). Diffusion restrictions es-
timated from mitochondrial respiration kinetics have partially been attributed to mito-
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chondrial outer membrane (3, 7, 8). In addition to outer membrane and sub-membrane
diffusion restrictions (6), there are diffusion obstacles in cardiomyocytes that group
ATPases and mitochondria (5). Those diffusion obstacles have been attributed to the
regular arrangement of intracellular organelles such as mitochondria (9, 10) leading
to anisotropic diffusion in rat cardiomyocytes (11) as well as dependence of apparent
diffusion coefficient (DC) on diffusion time in lobster muscle fibers (12). The role of
diffusion obstacles in heart regulation is not clear. However, it has been established
that ischemia-reperfusion injury reduces the overall diffusion restriction regardless of
whether ischemia is induced globally (13) or regionally (14), an effect that can be
reduced by ischemic preconditioning (15). Such correlation between the state of the
heart muscle and diffusion obstacles suggests that obstacles to diffusion play an im-
portant role in regulation of intracellular processes and could be a target of therapies
in heart failure treatment.

So far, diffusion restrictions have been suggested from indirect measurements such as
kinetics of mitochondrial respiration in permeabilized cells and fibers. Although for
larger molecules, diffusion has been found to be significantly restricted (1, 16–18),
direct assessment of diffusion in muscle cells has not confirmed the existence of large
diffusion restrictions for smaller molecules, for which intracellular DC was found to
be ∼2× smaller than in water (19). In experiments performed using 31P-NMR, a
small reduction of DC was observed for ATP and phosphocreatine (PCr) when com-
pared to DC in solution at short diffusion distances. It was found, however, that the
transverse DC was dependent on diffusion time (12, 20). To reproduce 31P-NMR data,
it was suggested that the diffusion is mainly restricted by intracellular structures with
overall cylindrical orientation (12, 20), such as sarcoplasmic reticulum (12). Such
intracellular diffusion obstacles were not identified in a recent 31P-NMR study of the
human calf muscle (21). Large influence of intracellular structures on diffusion of
smaller molecules in cytoplasm has not been demonstrated using fluorescence-based
methods either.

Recently, we extended raster image correlation spectroscopy (RICS) (22–24) to take
into account possible anisotropy of diffusion and determined the diffusion coefficient
for fluorescently labelled ATP (11). We found only a small reduction of the DC at-
tributable to anisotropy. In that study, however, several limitations emanated from us-
ing a commercial confocal microscope. In particular, using an analog photomultiplier
tube as a detector demands that long pixel acquisition times be used to avoid interfer-
ence between pixels (11, 23). As a result, only a small amount of pixels is acquired
at relatively slow laser scanning speeds, limiting correlation analysis to pixels in the
same image line. In this paper, we custom built a confocal microscope that allowed us
to significantly increase the precision of DC estimation. We determined DCs for two
different molecules of different size and found that the diffusion of a larger molecule
(Alexa647-dextran 10K) was hindered less than of a smaller one (ATTO633-ATP). To
explain such counterintuitive result, we composed a mathematical model that mimics
the diffusion pathway in the heart muscle cell and found parameters describing intra-
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cellular diffusion obstacles. Whereas our main results are discussed in this text, we
provide an extensive Supporting Material giving an introduction to the RICS method;
extended experimental and mathematical method descriptions and a section on statis-
tical analysis of model parameter estimates.

MATERIALS AND METHODS

Experimental procedures

Adult outbred Wistar rats of both sexes weighing 300-500g were used in the ex-
periments. Animal procedures were approved by Estonian National Committee for
Ethics in Animal Experimentation (Estonian Ministry of Agriculture). Cardiomy-
ocytes (CMs) were isolated as described in (3).

Solutions and chemicals

The following fluorescent dyes were used in this work: ATTO633-ATP (Cat.no:NU-
808-633, Jena Bioscience GmbH, Germany), Alexa647-dextran 10K(Cat.no: D-22914,
Invitrogen, USA), ATTO655-COOH (Cat.no: AD655-21, ATTO-TEC GmbH, Ger-
many), MitoTracker Green (Cat.no: M-7514, Invitrogen, USA) Mitotracker Green
was used in concentration of 0.25 µM. Dyes for which DCs were estimated were used
in a concentration of 8 nM and 16 nM for ATTO633-ATP and Alexa647-dextran 10K
respectively. Solutions are described in detail in the Supporting Material.

Determination of diffusion coefficients using RICS

To perform imaging for RICS, we designed and built a confocal microscope. This
allowed us to automate image acquisition under varying laser scanning angles and
frequencies. For analysis, triplet states and experimentally obtained point spread
function (PSF) were taken into account. See the Supporting Material for the math-
ematical and experimental details of RICS analysis and for the setup of the confocal
microscope.

Statistics

Raw data were analyzed using homemade software. All results are shown as mean ±
std. dev.

Mathematical model

Stochastic diffusion simulations and data analysis were performed using custom writ-
ten Python and C++ code on a computational cluster (96 dual-core AMD Opteron
2216 CPU’s). Diffusion in three dimensions was simulated to establish independence
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of DCs in x,y and z directions. A faster 1D model was then used for each spatial di-
rection separately. Diffusion was simulated inside a 20 µm×20 µm×5 µm region for
the 3D model and a 20 µm region for the 1D model. Possible intracellular structures
in direction α (α represents any of the directions x,y and z) were approximated with
periodically placed barriers dα µm apart, having permeabilities pα (probability for a
particle to traverse the wall after an interaction). Diffusion in direction α in the inter
barrier space (IBS) was assumed to be reduced by a factor of 0 < λα ≤ 1 compared to
that in free intracellular solution. Reduction factors λ were considered to be different
for ATTO633-ATP and Alexa647-dextran 10K and for distinct spatial directions. At
each timestep ∆t = 1µs, every simulated particle undertook a random displacement
in all of the directions x,y and z, drawn from a normal distribution N (0,

√
2Dα∆t),

where Dα is the DC in direction α. Timestep value 1µs was chosen to match pixel
acquisition timestep in experiments so as to obtain similar images from the stochastic
model. Also, a timestep of 1µs ensured that diffusing particles would have a very
low probability of diffusing out of the PSF during acquisition. This was estimated
by using the relation of root mean square displacement to time and diffusion coeffi-
cient of the dye in water. If a particle’s trajectory intersected with a barrier it had a
probability pα of passing that barrier and 1 − pα of bouncing back elastically. Con-
current to simulating diffusion, confocal microscope image acquisition with various
scanning speeds and pixel sizes was simulated using in order to obtain images for
use in RICS analysis. For the 3D model, analysis methods identical to those used
analysing experimental data were used. For the 1D model, theoretical 1D autocorre-
lation functions used in fitting were derived (see the Supporting Material for details).
Obtained apparent DCs in direction α were functions of barrier parameters pα, dα and
λα values. Comparison of simulated and experimental results yielded sets of model
parameters with which simulations for both molecules simultaneously matched exper-
imental data. In subsequent analysis permeability values were reinterpreted as η pores
of radius R per µm2 of barrier surface. This interpretation required knowledge of radii
of the diffusing molecules. These were estimated from DCs in salt solution using the
Stokes-Einstein relationship, yielding 0.92 nm for the radius of ATTO633-ATP and
4.1 nm for Alexa647-dextran 10K .

RESULTS

RICS extensions

RICS was extended by using multiple scanning speeds and angles during imaging
with the aim of altering the contribution of diffusional anisotropy in acquired images.
For image acquisition we used 19 angles uniformly spanning the range from 0 to 360
degrees. Scanning resolution was altered in tandem with scanning axes rotation. This
was all done in a random sequence in order to eliminate bias. As explained in the
Supporting Material, these additions were done in order to maximize the amount of
data for fitting with theoretical correlation curves.
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FIGURE 1: Diffusion of ATTO633-ATP in rat CM analyzed by RICS. In the beginning of the
experiment, intact rat CMs labeled with Mitotracker Green are positioned into solution con-
taining ATTO633-ATP (confocal images A,B). Since cells are intact, ATTO633-ATP does not
penetrate sarcolemma and fluorescence is recorded in solution surrounding the cells as well as
T-tubules (B). Holes are introduced into sarcolemma by poking one of the cells with a glass
pipette (transmission image of approaching pipette in C). As a result, ATTO633-ATP is able to
diffuse into the cell (E) while the structure of the cell is intact (D). RICS analysis is presented
in F, G, H, and I. Experimental data (points) acquired at different laser scanning frequencies
and directions are fitted by a model (lines). Spatial and temporal components of the correla-
tion function are shown in F and G, respectively. On F and G, imaging was performed with
the laser scanning along a line parallel to axis x at different frequencies (frequencies noted
in legend on the right bottom). Correlation along the same line is shown in the main graphs
(F,G) while correlation of the signal between pixels in adjacent lines is shown in the insets.
Due to the laser backtracking and variation in scan frequencies, temporal component has gaps
visible in the inset of G. Due to asymmetry of PSF, laser scanning in different directions leads
to modification of correlation function between pixels in the same line (H) and in the adjacent
lines (I). Note how the slow component leads to significant correlation in pixels in adjacent
lines (I and insets of F and G).

We tested the method by estimating DCs of ATTO633-ATP, Alexa647-dextran 10K
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TABLE 1: Diffusion constants (DTR and DL in transverse and longitudinal directions, respec-
tively) obtained from raster image correlation spectroscopy at 26◦C. Listed values were ob-
tained in water, measurement solution (solution), or CMs. On the basis of n experiments, sev-
eral parameters were determined in addition to diffusion coefficient(s): concentration, triplet
time constant τ and triplet state contribution T . Correlations between fluctuation of fluo-
rescence signal were fitted by isotropic model (diffusion coefficient specified only as DTR),
anisotropic model (DTR and DL specified), or model with two components (Cmp).

and ATTO655-COOH in water and measurement solution. The estimated DC for
ATTO655-COOH in water, 454±3 µm2/s at 26◦C, is in good agreement with pub-
lished data: 426±8 µm2/s at 25◦C (25). Full results are given in Table 1. Accord-
ing to our results, small anisotropy of diffusion (<20%) is not resolvable with this
method. Further technical details concerning our extension to RICS can be found in
the Supporting Material.

Experimental results

To determine the intracellular DCs of ATTO633-ATP and Alexa647-dextran 10K,
the dye has to be present inside the cell. For both our dyes, which are not able to
permeate intact sarcolemma, we used a “poking” procedure demonstrated in Fig.1A-
E. In short, we introduced small holes (of diameter ∼ 1µm) into the cell membrane
with a glass pipette, leading to diffusion of the dye from the surrounding solution into
the cell. These small holes were open throughout the experiment resulting in constant
exchange of solution with the intracellular environment. For Alexa647-dextran 10K,
a higher concentration had to be used in order to get a sufficient signal for RICS
analysis.
Representative correlation functions (CFs) estimated for ATTO633-ATP in the cell
and the fit with two components are shown in Fig.1 F-I. The two components repre-
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sent a slower, bound form of the dye and the freely diffusing form. In case of one
component, only the free form is present. See Supporting Material on how the num-
ber of components modifies the form of the theoretical CF. Slower diffusion in the
cell can be seen from the relatively high correlation (especially when comparing to
CFs in water, see the Supporting Material) between pixels in adjacent lines (inset in
Fig.1F,G). A slight lack of fit observable in Fig.1F,G is caused by the fact that the fit
for only one of the 19 angles recorded in experiment is shown. The optimization pro-
cess attempts to fit all angles simultaneously (Fig.1H,I), resulting in slight per-angle
deviations.

Summary of the DCs determined by anisotropic models is presented in Table 1. Note
that when fitting ATTO633-ATP data using a single component model, triplet state
time constant increases to more than 40 µs and has a large contribution to the CF
(39%). Such triplet state parameters in the fit can be explained by an additional dif-
fusing component that is not accounted for in the single component model. When a
two-component model is used, more acceptable triplet state parameters are obtained.
In the two component model, contribution of the very slow fraction (probably bound
fraction) is ∼30% with the rest attributed to freely moving ATTO633-ATP.

As can be seen from Table 1, the triplet state time constant for Alexa647-dextran
10K in cells is not as large as obtained with single-component model for ATTO633-
ATP and the single component fit is sufficient for Alexa647-dextran 10K data. Using
saponin permeabilization in lieu of “poking” did not result in markedly different re-
sults from Table 1. DCs obtained with saponin permeabilization were 15 ± 2 µm2/s
in the transverse and 19± 1 µm2/s in the longitudinal directions (n=7).

On the basis of our analysis, we conclude that the DC of the freely moving fraction
of ATTO633-ATP in CMs is 5.6–8.1× reduced (depending on direction) compared
to the coefficient in the measurement solution. For Alexa647-dextran 10K, reduction
of the DC was considerably smaller: 2.8–3.5 times. Thus, our experimental results
indicate, that the diffusion of a smaller molecule is restricted more in the intracellular
environment than the larger molecule.

Analysis by stochastic model

In order to find an explanation for our counterintuitive experimental results, we turned
to computational modelling. Diffusion of ATTO633-ATP and Alexa647-dextran 10K
was simulated in three dimensions with periodically placed permeable barriers in x, y
and z directions using a stochastic computational model (Fig.2A). This geometry was
chosen as the simplest and least computationally intensive approximation to intra-
cellular diffusion restrictions. Concurrently with the processes of molecule diffusion
and interaction with barriers, confocal microscope data acquisition was simulated and
images similar to those in physical experiments were obtained. Apparent diffusion
coefficients in the 3 dimensions were calculated from simulated results by applying
numerical methods identical to those employed on experimental data. Our goal was to
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FIGURE 2: Analysis of diffusion in the cell using the stochastic model. (A) Scheme of the
computational model. Intracellular structure of the cell (top left) is approximated by a 3D
lattice of barriers which hinder molecule diffusion (top right). Barriers are placed, depending
on direction α, dα µm apart and have permeabilities pα. Diffusion coefficient in the space
between barriers is reduced by a factor λ compared to solution (0 < λ ≤ 1). Stochastically
diffusing molecules interact with barriers and have a probability pα of passing through (bot-
tom left). Permeable barriers correspond to porous walls with η pores of radius R per µm2

of barrier area (bottom right). Apparent diffusion coefficients are estimated over the entire
lattice. (B) Apparent diffusion constant values for ATTO633-ATP are obtained from simula-
tions with varying barrier distances (horizontal axis) and permeabilities (indicated by values
on curves). Horizontal solid line shows ATTO633-ATP diffusion coefficient estimated from
experiment (Dexp

TR ). Inset covers the region 0.5 . . . 1µ m where curves intersect with experi-
mental data. Intersection points are marked with triangles. (C) Points of intersection from B
with permeability converted to pores per µm2 for different pore radius values (10, 15 and 20
nm). Intersections of ATTO633-ATP (4) and Alexa647-dextran 10K (◦) curves of identical
pore radius values signify points where model and experiment coincide for both molecules
simultaneously(�). Intersections are curves in 3D space (barrier-to-barrier distance vs. pore
radius vs. pores per µm2). (D) View of intersection curves from C in barrier-to-barrier dis-
tance and pores per µm2 axes. Lines indicate different λAATPTR and λADEXTR values. Squares
show the example intersection points from C. (E): Same as D, but for pore radius and pores
per µm2 values. (F): Same as D, but for barrier-to-barrier distance and pore radius values.
AATP and ADEX represent ATTO633-ATP and Alexa647-dextran 10K, respectively.

determine barrier parameters with which DC values obtained from the model coincide
with those from experiments.

The apparent DC estimated by RICS is a macroscopic variable comprised of two
components: diffusion in inter-barrier space (IBS) and restrictions from barriers. We
assume the x and z axis (both represented by the transverse TR direction) to have
identical diffusion restrictions and, consequently, identical barrier parameters. The
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y axis corresponds to the longitudinal L direction and can have barrier parameters
different from the transverse direction.

Barriers in spatial direction α (α is TR or L) are described by two parameters - their
permeability (pα) and barrier-to-barrier distance (dα). DC in IBS is reduced compared
to solution,DIBS = λα ·Dsol, where the reduction factor λα depends on the direction
α and the diffusing molecule. In our simulations we scan IBS diffusion reduction
factors in the whole range 0 . . . 1 for all directions and molecules.

We estimated apparent DC values (Dapp
α ) for various barrier distances, permeabilities

and IBS diffusion reduction factors. From calculations performed with the 3D model
we determined that diffusion in any spatial direction is dependent on barrier parame-
ters in that direction only and is not affected by the existence or properties of barriers
in any orthogonal direction. This allowed us to derive and use a computationally
faster 1D RICS model to study diffusion in the transverse and longitudinal directions
separately.

Results for simulations performed with λAATPTR = 0.9 are shown in Fig.2B. Points
where computational results intersect with the experimentally obtained Dexp

TR values
give us a combination of barrier parameters in the transverse direction at which the
stochastic model is able to reproduce experimental results. Surprisingly, in order for
the model to match experimentally obtained Dapp

TR values, very small permeabilities
(p < 0.1%) and closely spaced barriers (d < 1µm) are necessary.

We performed analogous numerical experiments and analysis for Alexa647-dextran
10K with the intention of: finding parameters where simulation results for both ATTO633-
ATP and Alexa647-dextran 10K simultaneously match experimental data; and relat-
ing these values to physical barrier characteristics. Permeability values obtained for
ATTO633-ATP and Alexa647-dextran 10K are not directly comparable. They can,
however, be related to the radius of the diffusing molecule (r), the radii of permeable
pores in the barriers (R) and the number of pores per µm2 (η) by: p = πη(R − r)2
(see the Supporting Material for derivation).

TABLE 2: Diffusion obstacles predicted by stochastic model on the basis of RICS measure-
ments

Direction
Barrier transverse longitudinal

TR (x,z) L (y)
min max min max

Distance d [µm] 0.68± 0.10 0.87± 0.07 0.73± 0.13 1.02± 0.10
Pore radius R [nm] 7.4± 2.1 30± 8 6.7± 1.8 38± 10
Pore density η [ 1

µm2 ] 1.2± 0.1 29± 23 1.1± 0.1 48± 37

λAATPα 0.78± 0.13 1.0 0.78± 0.13 1.0
λADEXα 0.77± 0.14 1.0 0.77± 0.14 1.0
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Fixing a particular R value for the pore radius we can convert p values to η and com-
pare barrier characteristics obtained for ATTO633-ATP and Alexa647-dextran 10K
(Fig.2C). Intersections between ATTO633-ATP and Alexa647-dextran 10K curves
now indicate physical parameter values where computational and experimental con-
straints are satisfied for both molecules simultaneously. By varying R values we get a
range of suitable parameters for a combination of λAATP and λADEX in both trans-
verse and longitudinal directions. Some combinations of λAATP and λADEX do not
result in intersections and are therefore discarded as unsuitable. In addition, we as-
sumed that λAATP ≥ λADEX , as diffusion of larger molecules is restricted more by
molecular crowding than the small ones (18).

The relationship between R and η values in the transverse direction is shown on Fig.
2D,E,F for λAATPTR , λADEXTR values where intersections occur. Summary of parame-
ters satisfying all constraints is shown in Table 2. Error estimates for the table entries
were obtained from Monte Carlo (MC) simulations detailed in the Supporting Mate-
rial. Data in the table represent the mean and standard deviation obtained from MC
simulations. A number of parameter estimates do not follow a normal distribution.
For those the mean and standard deviation do not illustrate the actual distribution well
and the histograms given in the Supporting Material should be consulted instead. For
DC reduction ratio the maximum estimate no error is given as the result was always
100% of the DC in solution for both ATTO633-ATP and Alexa647-dextran 10K.

DISCUSSION

The major experimental finding of the present study is that the diffusion of the freely
moving fraction of a smaller molecule (ATTO633-ATP) is hindered considerably
more by intracellular diffusion obstacles than the diffusion of a larger molecule (Alexa647-
dextran 10K). In general, fractional reduction of the diffusion coefficient is expected
to be larger for larger molecules (18). To explain our counterintuitive result, we as-
sumed that diffusion obstacles are formed by permeable barriers arranged in a 3D
lattice. The major finding from numerical simulations performed with this assump-
tion is that such diffusion barriers can reproduce the overall DCs of ATTO633-ATP
and Alexa647-dextran 10K estimated from experiments conducted on rat CMs. Ac-
cording to our simulations, the diffusion barriers are ≤1 µm apart with relatively few
small openings (∼1. . .30 openings per µm2 of radius 7. . .30 nm).

Intracellular structures acting as diffusion obstacles

Barrier parameters obtained from our computational model imply that only ∼0.3%
of barrier surface is covered with pores. Intuitively this would appear a prohibitively
small percentage for diffusion to be able to have a significant role in cellular metabolism.
However, it can be shown that if there are (4R · d)−1 pores of radius R per unit area
in a barrier that is at distance d from neighbouring barriers, then the diffusion current
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FIGURE 3: Internal structure of the cardiac muscle cell. A regular arrangement of intracel-
lular structures and organelles is present (26–28). Mitochondria are separated 1.8 µm in the
transverse direction and 1.0 or 1.8 µm (depending on whether there are one or two mitochon-
dria per sarcomere) in the longitudinal direction (9). Sarcomere Z lines are separated by 1.9
µm in the longitudinal direction identically with t-tubules, whereas in the transverse direction
t-tubules are 1.0 µm apart on average (29–31).

through the barrier is half of what it would be if there was no barrier at all (32). Sub-
stituting our parameters this means that just ∼1.2 % of the barrier would need to be
penetrable to obtain half maximal diffusion current.

The distances found between barriers are consistent with the morphology of rat CMs
(Fig.3). The predicted distance between barriers (∼0.8µm) is in agreement with the
reported transverse distance between t-tubules (26, 29–31). In transversal direction,
the distance between centers of adjacent mitochondria is ∼1.8µm (9) indicating that
there are two barriers at this distance. In longitudinal direction, two possible distances
between adjacent mitochondria have been found (∼1µm and∼1.8µm) due to the diffi-
culty of distinguishing whether there is one or two mitochondria per sarcomere (9). It
is possible to make this distinction, however, from following reactive oxygen species
(ROS) induced depolarization of mitochondria. While ROS-induced mitochondrial
depolarization typically occurs synchronously for mitochondria within the same sar-
comere (33), depolarization of a single mitochondrion with half-sarcomere length can
occasionally be observed (34). This suggests that there is a pair of mitochondria per
sarcomere with ∼1µm between the centers, similarly to the distance between barriers
predicted for longitudinal direction in this work. Thus, distances between diffusion
barriers are consistent with the internal periodicity of rat CM morphology.

It is not clear, however, which structures can cause such obstacles to diffusion. It
has been shown that internal membranes can have an effect on intracellular diffu-
sion (35). This raises the possibility that in restricting diffusion a role is played by
sarcoplasmic reticulum (SR), which can form planular cisternae (26) and invaginate
the space between sarcomeres (28), or the t-tubular system, both of which are found
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with periodicity (Fig.3) similar to that determined by us. As we found very dense
placement of diffusion barriers, we suggest that intracellular proteins in the heart cells
could be associated with SR and other inner membrane structures leading to such
profound diffusion obstacles. Additionally, enzymes can be associated with M and Z
lines of sarcomeres (36, 37). This suggestion is in line with our previous analysis of
permeabilized fiber measurements using a 3D mathematical model which predicted
very small permeability for restrictions imposed by the SR (8).

Model geometry

The model geometry used by us is not the only one able to explain our experimental
data. Other more complex geometries can be conceived and modelled. For example, a
geometry with volumes accessible only to the smaller molecule could result in the ap-
parent DC reducing more than the DC of a molecule that can not access these volumes
leading to the same paradoxical smaller relative decrease in DC of a larger molecule.
Our choice was motivated by the relative simplicity of the geometry employed and,
stemming from this, relatively fast computation times. However, already for this ba-
sic model, calculations on our cluster of 96 dual core machines took several months.
More complex geometries would increase this time manifold. We consider our result
not be the definitive indication of wall-like porous barriers in cardiomyocytes, but a
useful approximation presenting new questions to be investigated.

Diffusion between barriers

According to Sneyd (38), the reduction factors of diffusion (λ-s) of ATTO633-ATP-
sized molecule in sarcomeres are 0.6 and 0.8 in transverse and longitudinal directions,
respectively. We consider IBS to contain sarcomeres, mitochondria and free cytosolic
space (up to 11 %, (39)) and, based on this, expect hindrance to diffusion in IBS to
be less than or equal to that in sarcomeres. As in our study, viscosity in mitochon-
dria has been found to be moderate when intramitochondrial structure with internal
membranes is taken into account (40). Our results suggest moderate crowding in IBS
leading to a small influence of crowding on kinetics of reactions in the cell. Addition-
ally, our results are in agreement with the small (5-15%) reduction of DC of unbound
PCr and ATP in rat skeletal muscle compared to the value in solution, determined by
31P-NMR diffusion spectroscopy (20).

Overall diffusion coefficient

The overall reduction of DC found in this work was larger than the DC reduction
determined in (19). The reasons for the differences in results could be related to our
use of larger molecules or the morphological differences between rat CMs and frog
skeletal muscle. Reduction of ATTO633-ATP DC was considerably larger than the
one we previously found for Alexa647-ATP (11). This is probably due to the use of
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dedicated confocal setup in this work, leading to a more accurate determination of
CFs used in analysis.

In this paper we were able to use dedicated hardware which allowed us to obtain
data at a faster time resolution, which made it possible to fit several lines of the CF,
compared to just one line as it was done in (11). Additionally, faster scan speeds
that we can now obtain increase the amount of data that can be fitted. We have also
included triplet states to the CF analysis, which were missing earlier. Furthermore,
in our earlier study, saponin was kept in the solution throughout the experiment. We
speculate that all these aspects contribute to the smaller reduction in DC obtained in
(11)

While in several studies diffusion of ATP or PCr has been found to be anisotropic in
skeletal muscle (12, 20), diffusion of larger molecules has been found to be isotropic
in rat CMs (16). Here, diffusion was found to be moderately anisotropic for both stud-
ied molecules. As a result, distances and permeabilities of diffusion barriers differed
for different directions.

We found that ATTO633-ATP has two components when diffusing in the cell: a bound
form and a freely diffusing form. This partitioning is indicated by large triplet state
time-constant when using only one component in the fit (Table 1). For Alexa647-
dextran 10K only a single, freely diffusing component was necessary. Adding a sec-
ond component resulted in the slow component having a small contribution to overall
signal (∼ 5% from total concentration, results not shown). Thus, while properties
of the used dyes are different, we compared only freely diffusing components in our
analysis which should remove possible bias.

Used technique

In our analysis we fitted CFs found by RICS using a one- or two-component model,
taking into account triplet states of the molecule. During measurements, we var-
ied scanning speed and direction to determine how correlation relates to temporal
and spatial components. With this approach, anisotropy of diffusion can be assessed
and two DCs can be determined. However, there are several aspects that make the
application of our technique non-trivial. For smaller molecules with fast diffusion
rates, photon counting detectors are required to increase the number of acquired data
points used in fitting. When studying anisotropic diffusion, measurements have to
be performed at different scanning angles. Due to the variation of scanning speeds
and angles, measurements take a long time, with typical experiments lasting for 2-3
hours. Our measurements were performed on a dedicated microscope with a custom
built confocal detection unit that allowed us to automate measurements, to random-
ize scanning speed and angle sequences to avoid bias, and to track movements of the
cell in order to acquire images in the same region. The main advantage of having a
custom-built confocal arises from the ability to program it ourselves. Although some
commercial confocal software allows writing macros, the extendability of such solu-
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tions is limited. While there are several solutions that allow automating aspects of
image acquisition on commercial confocal microscopes, we are not aware of any so-
lution that allows the level of control we require. Furthermore, RICS analysis benefits
greatly from having a photon counter instead of an analog detector (11, 23). However,
we expect that for studying diffusion of larger molecules, commercial microscopes
with analog detectors can be adequate and would allow to determine DCs also in an
anisotropic case.

When analysing the CFs found in RICS measurements, we used the actual PSF of the
optical system (41), rather than approximate analytical functions, as PSF asymmetry
was found to influence CF’s dependence on scanning direction. In calculations of
RICS analysis, knowledge of correlation of fluctuations in concentration is required.
This information is conveyed by the so-called propagator, which determines the form
of the diffusional correlation term GD given in Eq. 2 in Supporting Materials. The
propagator is a function that makes it possible to determine the probability of finding
a diffusing particle at a distance from the starting position after a given time period.
While the propagator for the case pertinent to this work is described by simple an-
alytical functions, it may not always be applicable. For example, when employing
anomalous diffusion, one has to find solutions for the fractional Fokker-Planck equa-
tion or apply numerical approximations (42) in order to find the propagator. This may
be an important limitation that has to be considered when applying our approach.

Physiological implications

Our results suggest small distances between intracellular barriers to diffusion and a
limited amount of holes in them in rat CMs. Such partitioning of the cell may have
important physiological and pathophysiological implications. Energy transfer can be
influenced if the localization of the barriers is such that ATP-consuming and ATP-
producing parts of the cell are separated. Such separation would indicate a prominent
role for energy transfer systems, such as the creatine kinase shuttle. Since diffu-
sion restrictions are expected to decrease after ischemia (13, 14), such positioning
of barriers could lead to a change in the role of energy transfer system in patholo-
gies. Whether it is consistent with modulation of energy transfer depending on the
workload, as shown in the analysis of 31P-NMR inversion and saturation transfer ex-
periments (43), is not clear and requires further studies. Alternatively, barriers could
group ATP-producing and ATP-consuming parts of the cell together, as suggested by
coupling between ATPases and mitochondrial respiration (3, 5). In this case, barriers
would influence synchronization between different parts of the cell and would restrict
local ATP production to local consumption. Prominent diffusion obstacles separating
the cell into smaller segments are also consistent with formation of clusters during
mitochondrial oscillations (44, 45) and may play an important role in pathologies by
restricting diffusion of ROS, apoptosis signals and Ca2+ waves (46).
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SUPPORTING MATERIAL & CITATIONS

The supporting material contains extra information: a brief overview of the RICS
method and our extensions to it; description of experimental methods, including con-
focal microscope setup; description of the analysis of RICS images and demonstration
by analysis of diffusion of molecules in water and measurement solution; description
of stochastic computational model together with derivations used to relate barrier per-
meability to physical parameters of the barrier and molecule size; statistical analysis
of model parameters estimation.

References (47–55) appear in the Supporting Material.
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The supporting material is split into several sections. First, a brief overview of the
RICS method and our extensions to it is given. Second, description of experimen-
tal methods, including confocal microscope setup is presented. Then, description of
the analysis of RICS images is described and demonstrated by analyzing diffusion of
molecules in water and measurement solution. Forth, description of stochastic com-
putational model is given together with derivations used to relate barrier permeability
to physical parameters of the barrier and molecule size. Lastly statistical analysis of
model parameters estimation is presented.
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FIGURE S1: Explanation of the RICS protocol.(A) A raster image consisting of a grid of
pixels is acquired within a cell. Pixels are separated by sξ,sψ µm spatially and by τd,nξ ×
τd + τf µs temporally in the ξ and ψ directions, respectively. In the default case the image
coordinates ξ,ψ align with the physical coordinates x,y. The image obtained shows traces of
diffusing molecules within the cell. (B)The CFG(%) for the shift % = (∆ξ,∆ψ) is calculated
by shifting a copy of the original image, multiplying the fluorescence values and averaging
over the entire image. Arrows indicate the location of the correlation value for the shifts
shown. The CF here is normalized to the zero-shift correlation G(0) from Eq.7

1 RASTER IMAGE CORRELATION SPECTROSCOPY

1.1 Basics

Raster image correlation spectroscopy (RICS) is based on merging the concepts of
scanning confocal microscopy, FCS and image correlation spectroscopy (1, 2). While
more detailed reviews are available covering the method and how it relates to other
FCS-based methods (3, 4), we here present a brief overview of the concepts behind
RICS and to our modification to this method.

The fundamental idea behind RICS is the realization that in an image obtained by
a laser scanning confocal microscope, pixels on the image are not only separated
in space but also in time (2). Photons emitted by excited fluorescent molecules are
recorded as raster images as the mirrors scan the laser beam on the specimen. When
recording a two dimensional raster image, the laser beam moves along one image
axis (ξ), spending τd seconds acquiring each pixel on the line (dwell time), then flies
back to the beginning of the line with flyback time τf , moves one pixel forward in
the other axis(ψ) and records the second line. This sequential processes is repeated
until the whole image has been scanned line by line (Fig. S1A), resulting in a rect-
angular grid of pixels separated in space and time. By calculating the correlation
function (CF) of the scanned image it is possible to extract information about the
space-time relationship between the pixels and to characterize, for example, reaction
kinetics, translational and rotational diffusion, conformational dynamics, molecular
flow, etc. (3–5). This can be done by fitting experimentally obtained CFs with theo-

Publication III Supporting Material 112



Supporting material: Obstructed molecular movement in cardiomyocytes S3

retical CFcurves derived for the phenomenon being observed. In this paper we focus
on applying RICS on analysis of diffusion of fluorescent dyes.
The correlation function G(∆ξ,∆ψ,∆ζ) indicates the similarity of an image to a
copy of itself shifted by ∆ξ in the ξ direction, ∆ψ in the ψ direction (see Fig. S1B)
and, in case a 3D stack of images is analyzed, ∆ζ in the ζ direction (otherwise ∆ζ =
0).
The CF for a given shift is calculated by multiplying the fluorescence values in the
original image with values in the shifted image and averaging over all the pixels. The
result is normalized to average image fluorescence squared:

G(∆ξ,∆ψ,∆ζ) = (1)
〈F (ξ, ψ, ζ) · F (ξ + ∆ξ, ψ + ∆ψ, ζ + ∆ζ)〉ξ,ψ,ζ

〈F 〉2ξ,ψ,ζ
− 1,

where 〈. . .〉 signifies averaging over the whole image.
The CF can also be calculated in terms of fluorescence fluctuations from the average
δF = F − 〈F 〉 by substituting F = δF + 〈F 〉 into Eq.1:

G(∆ξ,∆ψ,∆ζ) =

〈δF (ξ, ψ, ζ) · δF (ξ + ∆ξ, ψ + ∆ψ, ζ + ∆ζ)〉ξ,ψ,ζ
〈F 〉2ξ,ψ,ζ

.

It is more convenient to present the CF in vector form with image shift vector % =
[∆ξ,∆ψ,∆ζ] and position vector h = [ξ, ψ, ζ]:

G(%) =
〈δF (h) · δF (h + %)〉h

〈F 〉2h
. (2)

The physical coordinates corresponding to image coordinates h are p = p0 + hS.
Here, p0 is the physical location at the 0-th pixel and S = diag(sξ, sψ, sζ) is a diag-
onal matrix containing pixel sizes in each image dimension. Shift % in image coordi-
nates converts to a shift q = [∆x,∆y,∆z] in the physical coordinate system:

q(%) = %S = [∆ξ,∆ψ,∆ζ]



sξ 0 0
0 sψ 0
0 0 sζ




= [∆ξ · sξ,∆ψ · sψ,∆ζ · sζ ] = [∆x,∆y,∆z].

For simplicity we consider that the fluorescence signal recorded at location p is ob-
tained from the convolution of the point spread function (PSF) of the microscope and
the concentration of the fluorescent dye (c) in the PSF volume.

F (p) = B

∫
W (r) · c(p− r) dr,
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where W is the PSF and B a parameter called brightness given by B = qσQ (5).
Here q is the quantum efficiency of detecting emitted photons, σ the cross-section of
absorption andQ the emission quantum yield of the fluorescent molecule. Employing
this relationship between recorded fluorescence and concentration, Eq.2 can be used to
connect the fluctuations of fluorescence visible on the recorded image to fluctuations
in concentration of the diffusing dye:

G(%) =
〈δF (p) · δF (p + q(%))〉p

〈F (p)〉2p
=

1

〈c(p)〉2p

∫∫
W (r)W (r′)GD(r, r′,%) dr dr′. (3)

GD is the correlation due to diffusion and can be calculated analytically (6):

GD(r, r′,%) = 〈δc(p + r) · δc(p + r′ + q(%))〉p

= 〈c〉
n∏

i=1

(4πDi)
−1

2 exp

(
−(r′i + qi − ri)2

4Di t(%)

)
, (4)

where δc(p) is the fluctuation in concentration of the fluorescent dye at location p, 〈c〉
is the average concentration,Di are diagonal components of the diffusion tensor in the
coordinate system composed of principal axes, collected here into D = [Dx, Dy, Dz].
If diffusion is isotropic then all components in D are equal. In the case of anisotropic
diffusion, components of D can have different values. The time delay t(%) indicates
how much time has passed between acquisition of two pixels separated by the shift
%. The number n indicates the number of dimensions and in general n = 3. The
equations are still valid, however, for other n values as well.

Although the PSF is dependent on the microscope and should be measured experi-
mentally, an analytic estimate is often used (5, 6):

W (r) =

n∏

i=1

exp

(
−2

r2
i

w2
i

)
(5)

Here, w is a vector describing the width of the PSF in spatial directions. It is custom-
ary to perform calibrations using a fluorescent molecule with a known concentration
in order to determine the w values. Furthermore, the x and y components of w are
often assumed to be equal.

Using the PSF definition from Eq.5 and GD from Eq.4 the integrals in Eq.2 can be
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FIGURE S2: Modified scanning for RICS. (A) Scanning at an angle α rotates the image
coordinates with respect to the physical coordinates and results in a different CF which can
be used for determining anisotropy of diffusion. The CF for 0◦ angle scanning from Fig. S1B
is shown in dotted lines and differs from the CF obtained for an image scanned at a different
angle. In the shown example, scanning is performed at a 90◦ angle, effectively aligning the
image ξ axis with the physical y axis and image ψ axis with physical x axis. (B) Changing
the scanning resolution also alters the shape of the CF. In the example shown, the image is
scanned at two times higher resolution resulting in the CF depicted with solid lines. Since the
pixel dwell time τd is not changed, scanning one line takes two times longer. For comparison,
the CF from Fig. S1B is shown in dotted lines. The horizontal axis now shows physical shift
values in µm since the pixel size and count for the two CF-s is different.

calculated and the following analytic form obtained:

G(%) =
1

〈c〉
n∏

i=1


 1√

π
(
4Dit(%) + w2

i )
)

· exp

(
− q(%)2

i

4Dit(%) + w2
i

)]
. (6)

From this result it can be seen that with zero shift (i.e., % = (0, 0, 0)) the CF gives:

G(0) =
1

〈c〉
n∏

i=1

1√
πwi

. (7)

As G(0) is independent of the diffusion of the fluorescent molecule it can be used to
determine the global concentration of the molecule or, knowing that, the properties of
the PSF (i.e., components of w).

1.2 Time delay between pixels

Scanning a 2D raster image with nξ pixels in the ξ direction, with τd seconds used as
the dwell time for all pixels and τf being the time that it takes for the beam to move
from the end of one line to the beginning of the next, the time delay between two
pixels separated by the shift % used in Eqs. 6 and 9 is:

t(%) = t(∆ξ,∆ψ) = ∆ξ · τd + ∆ψ · (nξ · τd + τf ). (8)

115 Publication III Supporting Material



Supporting material: Obstructed molecular movement in cardiomyocytes S6

Inserting this relation in the CF Eqs. 6 and 9 will yield the function that can be used
for fitting experimentally obtained data and obtaining diffusion coefficients.

1.3 Motivation for modifications

As we have demonstrated, RICS can be used to determine anisotropy of diffusion by
varying the time delay between physical location in the sample during a scan. This
can be achieved by altering the angle of scanning (7).

Also, diffusion dependent changes in the CF can be subtle, making them hard to detect
and fit, especially with noisy data. Through changes in scanning resolution additional
aspects of the CF can be estimated, leading to a larger amount of datapoints available
for fitting.

1.4 Changes in scanning angle

In order to detect anisotropy of diffusion, several scanning angles can be used to alter
the time delay between pixels acquired from the same location (7). When scanning
is performed at an angle α relative to the physical coordinate axes, the CF equations
need to be modified to account for this. For example, if scanning is performed under
a 90◦ angle, the image ξ and ψ axes actually correspond to the physical y and x axes,
respectively (see Fig. S2A). The CF that takes the scanning angle into account is:

G(%, α) =
1

〈c〉
n∏

i=1


 1√

π
(
4Dit(%) + w2

i )
)

· exp

(
− q(%, α)2

i

4Dit(%) + w2
i

)]
, (9)

where the physical shift q is now a function of the rotation angle α:

q(%, α) = %S (M(α))T (10)

M(α) is the rotation matrix for rotation angle α. For rotating around the z axis, as is
done in this paper, the rotation matrix is:

M(α) =




cosα − sinα 0
sinα cosα 0

0 0 1


 .

It is possible to do rotations around another axis or even multiple rotations around
different axes by inserting a suitable rotation matrix in Eq.10 (assuming that the mi-
croscope employed is able to perform such scans).
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The physical shift vector from Eq.10 for rotation α around the z axis is:

q(%, α) = [∆x,∆y,∆z]

= %S (M(α))T

=




∆ξ · sξ
∆ψ · sψ
∆ζ · sζ



T 


cosα sinα 0
− sinα cosα 0

0 0 1




=




∆ξ · sξ · cosα−∆ψ · sψ · sinα
∆ξ · sξ · sinα+ ∆ψ · sψ · cosα

∆ζ · sζ



T

.

It is easy to verify that when α = 0, M reduces to the identity matrix and Eq.9
simplifies to Eq.6.

1.5 Scanning resolution

Changes in scanning resolution (7) or pixel dwell time τd (8) will alter the time delay
function Eq.8 and result in different correlation curves. An example for scanning with
double resolution but unchanged pixel dwell time τd in ξ axis is shown on Fig. S2B.
An increased resolution increases the time taken to record a line and decreases pixel
size. Therefore, in order to compare the CF for different resolutions it is more suitable
to present them as functions of physical distance as is done in Fig. S2B.

1.6 Two diffusing species

It is possible for the fluorescent molecule to bind with other, larger, molecules in the
intracellular solution. As a result, two subspecies of the fluorescent molecule would be
diffusing in the cell: the faster unbound form and the slower bound form. Assuming
that fluorescent properties of the dye are not altered as a result of binding and that the
two species are non-interacting (i.e., the binding/unbinding is relatively slow), the CF
for two species diffusing is (5, 9) :

G(%, α) =
1

〈c1(p) + c2(p)〉2p
·
∫∫

W (r)W (r′) (〈c1〉 · gD1 + 〈c2〉 · gD2) dr dr′, (11)

where 〈c1〉, 〈c2〉 are concentrations of the two components and gD1 and gD2 are given
by GDk(r, r

′,%, α)/〈ck〉, (k =1, 2). Inserting the gaussian PSF given in Eq.5 to
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calculate the CF for two components from Eq.11:

G(%, α) =
1

(〈c1〉+ 〈c2〉)2

·
[
〈c1〉

n∏

i=1

exp
(
− q(%,α)2i

4D1,it(%)+w2
i

)

√
π
(
4D1,it(%) + w2

i )
)

+ 〈c2〉
n∏

i=1

exp
(
− q(%,α)2i

4D2,it(%)+w2
i

)

√
π
(
4D2,it(%) + w2

i )
)
]
,

where D1,i, D2,i are diffusion coefficients in direction i for the first and second com-
ponent, respectively.

1.7 Triplet states

It is possible for a fluorescent molecule to go into a so-called triplet state from where
it relaxes back to ground state after a delay much longer than it takes for the normal
excitation-emission cycle to complete. This phenomenon, if ignored, could cause
diffusion coefficients to be overestimated. To account for this effect, we multiply the
CF function (Eq.9 or Eq.11 ) with a compensation factor (4, 8–10) :

1 +
T

1− T exp

(
− t
τ

)
, (12)

where T is the fraction of molecules in triplet state and τ the triplet state relaxation
time.

1.8 Full form of correlation function

In this work the experimentally measured PSF was used instead of the approximated
one (Eq.5), necessitating numerical integration for each CF evaluation:

G(%, α) =
1

〈F1(p) + F2(p)〉2p

(
1 +

T

1− T exp

(
− t
τ

))

·
∫∫

W (r)W (r′) (〈c1〉 · gD1 + 〈c2〉 · gD2) dr dr′ (13)

This is the CF form used for fitting experimental data in this work.

2 DETAILED METHODS

2.1 Confocal setup

To perform imaging for raster image correlation spectroscopy (RICS), we designed
and built a confocal microscope. This allowed us to automate image acquisition under

Publication III Supporting Material 118



Supporting material: Obstructed molecular movement in cardiomyocytes S9

FIGURE S3: Scheme of the confocal microscope setup. See text for description of the parts.

varying laser scanning angles and frequencies.

The confocal microscope was built around Olympus IX71-FVSF-2, using the left side
port with the mounted scanning lens (FV3-PLI2-2, Olympus). Images were acquired
using water-immersion 60× objective (UPLSAPO, NA 1.2, Olympus, indicated by A
on Fig. S3) mounted on piezoelectric objective-lens positioning system (MIPOS 250
SG driven by 12V40 CLE piezo amplifier, Piezosystem Jena, Germany, B on Fig. S3
). Excitation laser beam was guided and fluorescence signal descanned (i.e., emitted
light from the sample returns along the path taken by excitation light, reflecting from
the scanning mirrors (C) before heading to the detector (D) from the dichroic mirror
E) on the image plane of the scanning lens using galvo mirrors (6210H 3mm 6121H
2-mirror system, Cambridge Technology, MA, USA; C on Fig. S3 ).

Two lasers were used in the experiments: 633 nm 05-LHP-151 (Melles Griot, USA;
F on Fig. S3 ) and 473 nm SDL-473-LN-O1OT (Shanghai Dream Lasers Technology
Co. Ltd, China, G on Fig. S3). Beams of the lasers were combined using LM01-503
dichroic (Semrock, Rochester, NY, USA; H on Fig. S3); all following dichroics and
filters are from this company), passed through an acousto-optical tunable filter (AOTF;
J on Fig. S3) to select the laser line and regulate power of the excitation (AOTFnC-
VIS-TN, AA Sa Opto-Electronic Division, France). Laser beam was expanded and
filtered by spatial filter KT310 using C220TME-A (FD 11mm) as focusing lens, P25S
(25 µm) pinhole, and LA1608-A (FD 75mm) as a collimating lens (all from Thorlabs,
NJ, USA, K on Fig. S3 ). After the spatial filter, the beam was passed through iris
SM1D12C (Thorlabs) set at 2.4 mm. Excitation light and fluorescence emission were
separated by dichroic FF500/646-Di01-25x36 (E on Fig. S3). Fluorescence signal
passed an emission filter (FF01-550/88-25 or FF01-725/150-25 for 473 nm or 633 nm
excitation, respectively) which was selected using motorized filter wheel FW102B
(Thorlabs; L on Fig. S3). After passing the emission filter, fluorescence signal was
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focussed by AC254-500-A1-ML (FD 500 mm; M on Fig. S3 ) on photon counter
SPCM-AQRH-13 (PerkinElmer, USA; D on Fig. S3). In this design, photon counter
detector (nominal diameter 170 µm) was used as a pinhole. The optical scheme was
mounted on honeycomb table top 1HT12-15-20 positioned on pneumatic vibration
isolation system 1VIS95-065-08-70 (Standa, Lithuania). The scheme was covered
by custom cover with internal wall separating excitation light processing before the
dichroic that splits excitation and emission light. To avoid signal contamination from
emitted radiation by galvo mirrors, a wall was mounted that prevented the radiation to
reach the detector from mirror motors. In addition, filter wheel LED position indicator
was turned off during acquisition to avoid emission signal contamination. Optical
scheme was adjusted to optimize for maximal emission signal and symmetry of point
spread function (PSF). Resulting PSF has been published earlier (11).

Confocal microscope was controlled using custom made software. Galvo mirrors,
piezoelectric objective-lens positioning system and AOTF were driven by PCIe-6259
(National Instruments, Texas, USA) using analog (mirrors and piezomotor) and dig-
ital outputs (AOTF). Feedback from galvo mirrors and piezomotor was recorded via
analog input channels of the same card. This feedback signal was used to optimize
the driving signal to ensure that the specified region of interest was scanned. Photon
counter pulses were counted using PCI-6602 card (National Instruments) and read
out by the software with the specified pixel time (1 µs for RICS measurements, 25
µs or larger for imaging). Excitation light was reduced during flyback using AOTF
ensuring that it fully recovered by the beginning of each imaged line. The cards and
the software was running on Linux (OpenSUSE) PC with National Instruments cards
interfaced using NI-DAQmx 8.0.1 driver (National Instruments).

Imaging for RICS was performed in a ∼20×20 µm region with line scanning fre-
quencies 167, 289, and 500 Hz. The signal was acquired during half of the scan time
with the other half used for flyback. Imaging was performed with different scan di-
rections by changing the angle of acquisition from -180◦ to +180◦ with a step of 20◦.
Images were acquired in sets of 90 (scanning frequency 500 Hz), 60 (289 Hz), and 30
(167 Hz) frames. The order with with images with different scanning frequencies and
directions were recorded was randomized.

“Poking” of cells was performed with 1.0 mm diameter glass pipettes (World Preci-
sion Instruments, USA) manufactured into 0.5 µm diameter tips using a pipette puller
(PC-10 puller, Narishige, Japan). Cell membranes were permeated by controlling
the pipette with a micromanipulator (PatchStar Micromanipulator System PS-8300C,
Scientifica, England).

2.2 Determination of diffusion coefficients using RICS

Measurements were performed using different laser scanning frequencies and direc-
tions, similar to our earlier study (12). Through variation of scanning speed and di-
rection, we change t(%). As a result, several components of diffusion coefficients can
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be estimated and fits can be optimized against measurements obtained with different
scan frequencies. In total we used 19 angles spanning the range from 0 to 360 degrees
and 3 different scanning speeds. In our analysis, we assumed that the shape of rat
cardiomyocyte can be approximated as a cylindrical rod. In experiments, cells were
aligned along the y axis. Thus, Dy corresponded to longitudinal diffusion coefficient
DL and Dx = Dz — to the transverse one DTR.

DCs, concentrations, and triplet state parameters were determined by fitting Eq.13
with the correlation function estimated from measurements. Here, correlation be-
tween pixels on the same line as well as pixels on two adjacent lines was used. Fit
was performed using the least squares method by the Levenberg-Marquardt algorithm
(13). Integral in Eq.13 was determined numerically to take into account the asymme-
try of the PSF, as in (12). PSF measurements were conducted regularly so as to verify
that it remains stable throughout the experiment series. Fits were performed with the
PSF obtained for the current alignment.

Effect of fluorophore photobleaching can be compensated for by using the approach
applied in (8, 14). This involves correcting the correlation curves obtained for the i-th
image by multiplying it with the ratio of average intensity of the i-th image to that of
the first image. We did not apply this correction, however, as we perform RICS anal-
ysis only to an subsection of the recorded images where the average image intensity
did not change over time. This selectivity effectively means that a separate compen-
sation factor is not necessary. Due to the high photostability of the dyes employed (as
indicated by long stable ranges in image sequences) we considered triplet states as the
main cause for loss of fluorescence that would interfere with DC estimation.

For calibration, the PSF was scaled with the scaling factor that was optimized together
with other parameters when fitting the measurements recorded in water and solution.
The scaling factor was found to be 1.042±0.014 (n=24). Value of 1.04 was used when
analysing data recorded in cardiomyocytes.

When estimating DCs with RICS in cells, images are first processed by removing the
immobile fraction of the signal using moving average, as in (2, 15). For that images
were blurred with a 3x3 kernel (each pixel’s value was taken as the average of the
pixel together with its closest neighbors) to reduce interference with DC estimation
(see Supporting results). This is similar to the approach used in (8).

2.3 Solutions

The measurement solution contained (in mM) 0.5 EGTA (Sigma, 03778), 3.0 KH2PO4

(Sigma, P0662), 3.0 MgCl2 (Sigma, 63068), 20 HEPES (Sigma, H3375), 110 sucrose
(Sigma, S1888), 20 taurine (Sigma, 86329), 0.5 dithiothreitol (Sigma, D0632) and 60
lactobionate (Sigma, L2398), 5 glutamate (Sigma, 49449), 2 malate (Sigma, M6413).
In addition, 5 mg/ml BSA (Roche, 10 775 835 001) was added, and pH was adjusted
at 25◦C to 7.1 with KOH.

The simplified solution with reduced content of macromolecules contained (in mM)
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FIGURE S4: Probability p of particle of radius r located at xr, yr diffusing through a pore
of radius R within timestep τ . α1 and α2 are the angles within which it is possible for the
particle to permeate the pore (shown approximately on the figure)

0.5 EGTA, 3.0 KH2PO4, 3.0 MgCl2, 20 HEPES, 0.5 dithiothreitol and 60 lactobion-
ate. pH was adjusted at 25◦C to 7.1 with KOH.

3 MATHEMATICAL MODEL

3.1 Relation of barrier permeability to barrier and molecule properties

Motivation. In our stochastic diffusion model we employ a permeability parameter
p that describes the probability of a particle to traverse a barrier after coming into
contact with it. This would, in reality, correspond to a distribution of permeable pores
with a given radius on the surface of the barrier. If pore and particle dimensions are
of the same order of magnitude then different particles would have different proba-
bilities of being able to pass through the same pore, i.e., a permeability value of 1%
for ATTO633-ATP would correspond to a smaller permeability for Alexa647-dextran
10K. Our goal is to determine the relative permeability values between particles of
different sizes and to find a relationship between permeability and particle and pore
dimensions.

Derivation. We take a circular object of radius r located at (xr, yr). The object is
diffusing with diffusion coefficient Dx. Centered at (0, 0) is wall with an opening of
radius R (see Fig. S4.)

The particle makes a random step, consisting of two independent steps in x and y
directions : dx ∼ N (0, σ) and dy ∼ N (0, σ), where σ =

√
2Dx τ . Total distance

travelled L =
√
dx2 + dy2, follows the Rayleigh distribution:

L ∼ Rayleigh(L, σ) =
L

σ2
exp

(
− L2

2σ2

)
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Probability of the particle passing through the hole is:

pa =

α2∫

α1

∞∫

yr
sinα

Rayleigh(L, σ) dL dα

2π∫

0

∞∫

0

Rayleigh(L, σ) dL

︸ ︷︷ ︸
=1

dα

=

α2∫

α1

exp
(
− y2r

2σ2 sin2 α

)
dα

2π
, (14)

where α1 and α2 are the minimum and maximum angles at which the object can still
pass through the hole and yr

sinα is the minimal distance to travel to pass through at
angle α. From Fig. S4 it is visible that α1 and α2 change as xr, yr, r and R change. It
is possible to calculate α values iteratively with increasing accuracy or by numerically
solving the exact equation relating all the parameters. The integral in Eq.14 can not be
represented in elementary functions and we must calculate the probabilities we seek
numerically. Example probabilities for ATTO633-ATP and Alexa647-dextran 10K
are shown on Fig. S5. As can be seen, the probabilities for ATTO633-ATP compared
to Alexa647-dextran 10K to go through the pore are greater at all locations.

FIGURE S5: Probabilities for ATTO633-ATP (left) and Alexa647-dextran 10K (right) of
going through a 10nm diameter pore (shown with white lines). Color at a given location
indicates probability of the particle going through the pore in one random step. The area in
black shows the region from where it is impossible for the particle to go through the pore.

The probability for a particle to get out from the inside of a square D with side length
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FIGURE S6: Ratio of probability of Alexa647-dextran 10K to ATTO633-ATP going through
a pore of radius R. As pore radius increases, the ratio approaches 1, i.e., both particles are
almost as like to permeate the pore. Dots indicate numerical calculations based on Eq.17,
solid line is an approximate fit.

d covered with n pores of radius R on each side is:

Pa =

4n ·

.
=Q︷ ︸︸ ︷∫∫

D

pa dxr dyr

∫∫

D

dxr dyr

=
4n ·Q
d2

, (15)

where Q is the value of the numerically calculated surface integral of pa.

Probability Pa from Eq.15 gives the combined probability of a particle reaching the
wall from anywhere inside the square and then passing through a pore, i.e., Pa = p·Pb,
where Pb is the probability of the particle reaching the wall, and p is the probability of
permeating the wall (the barrier permeability parameter used in our stochastic diffu-
sion model). In order to calculate Pb we first need to find the probability of reaching
the wall from a given position (xr, yr). This is given by:

pb =

π∫

0

exp
(
− y2r

2σ2 sin2 α

)
dα

π∫

0

∞∫

0

Rayleigh(L, σ) dL dα

= erfc
yr

σ
√

2
,
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where erfc is the complementary error function. For Pb we get:

Pb =

4 ·
∫∫

pb dxr dyr
∫∫

dxr dyr

=
4dσ

√
2
π

d2
. (16)

Combining Eqs. 15 and 16 we get for permeability p:

p =
Pa
Pb

=
nQ

dσ
√

2
π

.

When we compare two molecules with different radii and diffusion coefficients (i.e.,
r1 6= r2 and σ1 6= σ2, whereby Q1 6= Q2), then the ratio of their respective perme-
abilities is:

p1

p2
=
Q1 · σ2

Q2 · σ1
. (17)

The dependence of this ratio on pore radius R for ATTO633-ATP and Alexa647-
dextran 10K is shown on Fig. S6. The fit depicted on the figure is: p1p2 ≈

R−r1
R−r2 . The fit

can match the theoretical values closely and is trivial to calculate compared to finding
exact theoretical values which require time consuming numerical calculations. The
formula itself can be justified by the following: n pores of radius R on a otherwise
impermeable line of length d gives n·R

d as the ratio of permeable to impermeable
sections of the line i.e., permeability. For a particle with radius r the effective radius
of a pore would be R − r, giving n·(R−r)

d as permeability. Introducing pore density
η = n/d we can write: p = η(R − r). It is easy to see that using this result for
two different particles and taking the ratio would yield the formula used for the fit in
Fig. S6.

In two dimensions, total permeability for n circular pores of radiusR on a surface with
area A would be n·πR2

A . Again, for a particle this translates to effective permeability

of p = n·π(R−r)2
A . Defining η as the number of pores per unit area, we get:

p = η · π(R− r)2,

which is the relationship between permeability, pore radius and particle radius used in
our calculations.

3.2 Theoretical correlation function for 1D RICS

In order to analyze images obtained from the simplified 1D stochastic diffusion model,
an analytic expression for the correlation function is used in fitting. This is obtained
for the 1D case from Eq.3. The correlation function showing correlation between
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pixels separated from each other by image shift ∆ξ and time t, can be calculated
from:

G(∆ξ) =

∞∫

−∞

∞∫

−∞

W (x1)W (x2)GD(x1, x2,∆ξ) dx1 dx2


〈c〉

∞∫

−∞

W (x) dx




2 .

Here, GD is the correlation due to diffusion (from Eq.4 with n = 1)

GD(x1, x2,∆ξ) =
c√

4πDx t
exp

(
−(x2 + ∆ξ · sξ − x1)2

4iDx · t

)
,

with 〈c〉 representing concentration. Dx the diffusion coefficient, sξ the pixel size
in ξ direction and t = t(∆ξ) is the delay time between acquisition of two pixels
separated by ∆ξ.

W is the 1D PSF (from Eq.5 with n = 1):

W (x) = exp

(
−2x2

w2
x

)
,

where wx determines the width of the PSF.

After taking all the integrals and similar to Eq.6 with n = 1:

G(∆ξ) =
exp

(
− (sξ·∆ξ)2

4Dx t+w2
x

)

〈c〉√π
√

4Dx t+ w2
x

.

This formula was used to fit numerical experiments performed with the 1D stochastic
model.

4 SUPPORTING RESULTS

4.1 RICS extensions

To demonstrate the extended RICS protocol, we determined diffusion coefficients
(DCs) of fluorescent dyes in water. Representative correlation functions (CF) calcu-
lated from measurements of ATTO633-ATP and Alexa647-dextran 10K are shown in
Fig. S7. By varying the frequency of laser scanning while acquiring images in confo-
cal microscope, we varied the relationship between spatial and temporal components
of fluctuations of the signal (Fig. S7A and B). The plots in Fig. S7A and B contain
the same data and theoretical fits. However, since we alter the scanning frequency it
is easier to visually discern the differences in correlation if it is shown as a function
of time (Fig. S7B) rather than space (Fig. S7A), which is the classical representation
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FIGURE S7: Diffusion of ATTO633-ATP (red) and Alexa647-dextran 10K (blue) in water
analyzed by RICS. Experimental data (points) acquired at different laser scanning frequencies
and directions are fitted with theoretical correlation curves given in Eq.13 (lines). By using
dyes with different diffusion coefficients, we demonstrate the influence of diffusion coefficient
on spatial (A) and temporal (B) components of correlation functions. Data and theoretical fits
shown on A and B are identical. A is the classical way of presenting correlation functions in
RICS analysis. As we use multiple scanning speeds, plotting correlation as a function of time
(as in B) illustrates the differences caused by changes in scanning speed. Converting between
A and B plots can be done by employing Eq.8. On A and B, imaging was performed with
the laser scanning along a line parallel to axis x at different frequencies (frequencies noted
in legend on the right bottom). Correlation along the same line is shown in the main graphs
(A,B) while correlation of the signal between pixels in adjacent lines is shown in the insets.
Due to the laser backtracking and variation in scan frequencies, temporal component has gaps
visible in the inset of B. Due to asymmetry of PSF, laser scanning in different directions leads
to modification of correlation function between pixels in the same line (C) and in the adjacent
lines (D). This is demonstrated by showing correlation function estimated from the experiment
(dots connected by dashed lines) and results of the fit (solid blue line) for Alexa647-dextran
10K. Correlation between pixels in the same line is not as sensitive to anisotropy of diffusion
as correlation between neighbouring lines, resulting in an overlap between fits having a two
time difference in diffusion coefficients in the y direction, as seen on C. Distinction between
isotropic and anisotropic fits is mainly visible on correlation between pixels in adjacent lines
(D).

for RICS. In both cases Eq.13 was used for the theoretical fit. While for Alexa647-
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dextran 10K a significant correlation of fluorescence fluctuations can be observed
between pixels in two consecutive scan lines (Fig. S7A and B insets), the correlation
is rather small for ATTO633-ATP. This is due to the larger DC of ATTO633-ATP
leading to a smaller probability of a molecule staying in the same neighborhood while
the laser is scanning two consecutive lines. For Alexa647-dextran 10K, correlation of
fluctuations between pixels depends on laser scanning frequency, as demonstrated in
Fig. S7A and B insets. By taking into account asymmetry of the point spread func-
tion (PSF), we can fit CFs obtained from measurements at different laser scanning
frequencies and directions with a theoretical CF from Eq.13 . The resulting fits are
represented in Fig. S7 by solid lines. From analysis of the CFs for Alexa647-dextran
10K in water, dependence of CF on scanning angle in Fig. S7C and D demonstrates
that asymmetry of PSF is mainly influencing correlation between pixels in the same
line of an image. When fitting the CFs with a model that assumes a two time differ-
ence in DCs in x and y directions (green solid line in Fig. S7C and D), we observed
that the model solution was different from isotropic case mainly in the signal correla-
tion between pixels in adjacent lines (Fig. S7D). Correlation of the signal in the same
line was not that much influenced by anisotropy (green and blue lines in Fig. S7C are
very close to each other). Note that this observation can depend on the DCs.

Obtained diffusion coefficients, triplet time constants (τ ) and triplet state contribution
(T ) to correlation functions for ATTO655-COOH, ATTO633-ATP, and Alexa647-
dextran 10K are shown in Table 1 (main text). To test our method, we analyzed
diffusion of ATTO655-COOH in water at 26◦C. According to our measurements, the
DC for ATTO655-COOH is 454±3 µm2/s. This is similar to the DC in water deter-
mined for the same dye using 2-focal fluorescence correlation spectroscopy measure-
ments (16), 426±8 µm2/s at 25◦C. Taking into account the difference in temperatures,
this would correspond to ∼437 µm2/s in our conditions. DCs for ATTO633-ATP and
Alexa647-dextran 10K which we used to study diffusion in cardiomyocytes (CM)
were smaller in water as well as in the measurement solution (Table 1). Comparing
DCs in water and solution, we can see that exposure to solution reduces the DC of
Alexa647-dextran 10K and ATTO655-COOH to 80-85% of the value in pure water.
For ATTO633-ATP, the reduction is considerably larger: DC in solution was only 60%
of the value in water. We checked whether this reduction of DC could be attributed
to the binding of a fraction of ATTO633-ATP to proteins in measurement solution.
However, RICS analysis was not able to resolve two components (slow and fast) of
ATTO633-ATP (both components had the same DC when the slow component’s DC
was not limited). However, when exposed to a simplified solution with a reduced
amount of macromolecules (see Detailed Methods of Supporting Material for solu-
tion composition), we observed a reduction of the DC of ATTO633-ATP to 265±10
µm2/s (n = 4), i.e., to ∼80% of the value in water. In contrast, the DCs of Alexa647-
dextran 10K and ATTO655-COOH in this simplified solution remained similar to their
DCs in water : 60±1 (n = 4) µm2/s and 451±10 µm2/s (n = 5), respectively. This
suggests that diffusion of ATTO633-ATP in the measurement solution is influenced
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in part by interaction of ATTO633-ATP salt with ions in the solution, leading to an
increase in the apparent hydrodynamic radius of ATTO633-ATP. To avoid any bias
induced by such interaction, we compared the DCs of dyes in the cell to the DCs in
the measurement solution, not to the coefficients in water.

We fitted the CFs estimated from the measurements in water and solution using the
anisotropic model. According to our fits, DCs in longitudinal y (L) direction was
systematically overestimated (Table 1) leading to up to 22% difference in DCs (the
largest anisotropy was estimated for ATTO633-ATP in solution). Thus, small differ-
ences in DCs due to anisotropy cannot be resolved with our method. We found that
the predicted anisotropy can depend on the model used. In estimating DCs, we used a
model where the x and z direction were taken to represent the transverse TR direction.
When taking y and z as the transverse direction instead, the predicted anisotropy was
much smaller. The exception was a relatively high anisotropy predicted for Alexa647-
dextran 10K in water (25%). We think that such dependence on the model is induced
by inaccuracies in the PSF.

When estimating DCs with RICS in cells, images are first processed by removing the
immobile fraction of the signal using a moving average. We applied the same pre-
processing to images recorded in water and solution. As a result, we found that such
pre-processing affects RICS analysis. Influence on DC was found to be relatively
small with DC estimated after removal of the average being 0.95× to 1.13× larger
than DC estimated from the original images. However, triplet state characteristics
were influenced more profoundly with triplet state time constant increasing by 1.17×
to 1.52× and triplet state contribution increasing by 1.05× to 1.36×. To reduce the
influence of pre-processing on RICS analysis, we took advantage of sub-PSF pixel
sizes and performed averaging by using images blurred with a 3x3 kernel (each pixel’s
value was taken as the average of the pixel together with its closest neighbors). Using
such a kernel reduced the influence of average signal subtraction on DC (1.02× to
1.05× larger than before pre-processing), triplet state time constant (1.08× to 1.16×),
and triplet state contribution (0.92× to 1.04×). On the basis of these observations, we
used blurring by 3x3 kernel in analysis of diffusion in cardiomyocytes.

4.2 Diffusion obstacle parameter sensitivity

Parameters presented in Table 2 of the main text were obtained by finding intersections
between curves of experimental and computational results. As visible from Figures
2C,2D and 2E in the main text, a range of barrier-to-barrier distance, pore radius and
pore density values satisfy the constraints of the model and computational results.
The experimentally obtained DC values have a error associated with them. In order to
estimate the uncertainties caused by measurement errors in the parameters we found,
Monte Carlo analysis was applied. Similar to the procedure depicted on Figure 2B and
2C, random DC for ATTO633-ATP and Alexa647-dextran 10K were chosen from a
normal distribution with the mean and standard deviation equal to the values from
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FIGURE S8: Distributions of random generated pairs of ATTO633-ATP and Alexa647-
dextran 10K diffusion coefficients in transverse(A) and longitudinal directions (300000 values
each). Pairs were randomly generated from normal distributions having the mean and stan-
dard deviation obtained from experiment (shown in Table 1 of the main text. Experimental
mean values are shown with a cross. Ellipses indicate distances 1,2 and 3 standard deviations
from the mean. Dotted line show DC values of ATTO633-ATP and Alexa647-dextran 10K
are equal. As explained in the text, values left of this line are discarded and not included in
analysis. The middle region(shown in yellow) contains DC value pairs where density of pores
in barrier would be less then 1 per barrier. For the DC values in the green region intersections
are found as in the main text and collected for statistics.

experiments presented in Table 1 (i.e., N (24, 6), N (16, 2) for ATTO633-ATP and
Alexa647-dextran 10K in the transverse direction and N (35, 8), N (19, 3) in the lon-
gitudinal direction). For each randomly generated ATTO633-ATP Alexa647-dextran
10K DC value pair, intersections were found and from those a range of suitable pa-
rameter values determined. Random sampling was performed 300000 times for both
transverse and longitudinal directions. The resulting distribution of random DC value
pairs are shown on Fig. S8A and B for the transverse and longitudinal directions, re-
spectively. Of possible combinations two types were discarded. First, cases where
DC of Alexa647-dextran 10K was larger than ATTO633-ATP (left of the dashed lines
and on Fig. S8) and, secondly, cases where the pore density value was so low that
less than one would be present on a single barrier element (the middle, light region
on Fig. S8). For all other pairs model parameter maximum and minimum values were
obtained and collected. Histograms for obtained maximum and minimum parameter
values are presented in Figs. S9 and S10. Histograms for maximum estimate of DC
reduction values are not shown as they were always 100% of the DC in solution. The
results presented in Table 2 in the main text are the mean and standard deviations of
these distributions.
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FIGURE S9: Histograms showing distributions of minimum and maximum model parameter
values obtained from Monte Carlo simulations in the transverse direction.
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FIGURE S10: Histograms showing distributions of minimum and maximum model parame-
ter values obtained from Monte Carlo simulations in the longitudinal direction.
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