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Functional Imaging Introduction: Gaining ne  w insight from biophotonic imaging
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Over the past 2 decades, there has beerxglosve calcium within sarcomeres with aadt confocal line
growth in the range of measurement modalitiesilable to  scanning methdd Two decades ago, such gradients could
the physiologist. @day a wery large part of the only be deduced from computer models of my rather poor
electromagnetic spectrum is used to probe and recagdality calcium signals obtained using aequdfinThat
physiological function from the il of the whole body to such equisitely sensitie methods can n@ be moutinely
tissue, cell and wven organelle. This use of photonic applied to follav cellular processes promises great insight
methods includes radio aves in the form of nuclear into cell plysiology This has been aided by the co-
magnetic resonance imaging, through light in, faaraple, development of better probes for cell function (as well as
microscoly and video imaging, and on to real timeinstrumentation).
fluoroscoly with Xrays. Even gamma rays from In the area of calcium metabolism, calcium imaging
radioisotopes find some imaging applications wi#imgna inside cells is not new; for example in 1928 Pollack
ray cameras. Perhaps the most common use of photonicénjected an amoeba with alarazin which precipitated as a
physiological research is in the area of microgcapd cell calcium salt at the site of pseudopod formationithw
biology. Here we see methods that enyp@most most of increasing wareness of the multiple roles of calciumwne
the fundamental features of light itself to generatmethods were deloped to image Ca and obtain sub-
physiological images; for example polarization andellular resolution. Autoradiographic imaging“‘€a with
interference are routinely used to help generate contratctron microscopwas applied to muscle in the 196%.
within unlabelled cells. The deedopment of calcium measurement techniques

The effort to clarify cell function has been aided byccurred quite rapidly around 1980 (see 10 forexe). To
the deelopment of a wide variety of probes thaweal improve tmporal response and the ability to directly
elements of cell function that cannot be directly obsgrv measure function in living cells required thevelepment
through other contrast enhancement methodish Wiese and application of more sens#i cmpounds (e.g. aequorin
probes we can moimage intracellular ion &ls, vesicle and metallochromic indicators) and ultimately fluorescent
trafficking and een protein synthesis and deadation probes such as furd®2 The high signal strength of the
within living cells. Although today we talk about “cell fluorescent probes made real time video fluorescence
biology” , “neuroscience” and “delopmental biology” as imaging possibE!4 The spatial resolution of the
cutting edge disciplines, in reality theare simply fluorescent microscope as been impned by the
physiological research repackaged to detach the temevelopment and application of laser scanning confocal
“physiology”. It is possible that a part of this has arisemicroscopy®!® Such laser scanning methods promise
from the viev that the more classical forms ofysinlogy resolution to the lel of single molecules within cells —
involved rather more quantification, mathematics analthough it is akays questionable whether the study of the
physics than is palatable for mastudents. This is a pity interactions of single molecules really falls under the
for careful measurement can often be moreakng than umbrella of “physiology”. More uncommon microscopic
cursory eamination. Br example, digital imaging imaging modalities are still #eloped in areas such as non-
microscop is routinely used in all of the ale dsciplines linear excitation in multiphoton microscgpfluorescence
but detailed analysis of the already digitized data is rarelgnegy transfer quantitatve brefringence and quantitag
performed. Unfortunatelythe massie anount of real data phase microscgp These methods are bringing awne
contained in microscopic images is frequently ignored armgkeneration of pysicists and engineers into the life sciences
image processing applied to only “beautify” images rathemd helping to further accelerate ourveepment and
than prwide feature extraction and quantification. | cannaapplication of nev methods.
help but wonder what Bernstein and Starling wouldeha That visible light has pred so wseful for studying
made of this “science”. cell function is easy to explain. In order to measure

Measurement within meimaging methods hasvgn  something it must be probed by emein some form and to
powerful insight in to cell function. As anxample, our maximize the signal to noise ratio, you need to eynfite
discovery and quantification of microscopic calciumhighest possible energyvis. Since the engy of the
sparkd® has shwn that signal transduction occurs invisible wavdength photon (2 eV) is somewhat lower than
microscopic domains where behaviour cannot be deduceht of a typical chemical bond, molecules can be
from whole cell measurementsSuch experiments kia repeatedly probed by visibleawdength photons without
firmly established the need for confocal microgcoplive destrying them. Of course, the energy difference is not so
cell imaging. Bday | am gill amazed that we k& keen large that damage can be ignored, but with careful
now been able to directly measure microscopic gradients ekperimental design we can record cell function and cell
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responses to mgnstimuli and bracket responses with9. Winegrad, S., Intracellular calcium mements of frog

controls. In e cll imaging, noisy signals are to be
expected and not to be confused with pagregimentation.
Therein lies the true artistry of vital imaging: to ackidhe
clearest possible imaging results while treading carefully
along the boundary of cell damage. In connection with this
point, we should also not fget that introducing anprobe
carries the risk of changing cell function and that molecular
biological manipulation to makthe cell report i8 own
functions is also not without the risk of changing cell
function/behaviour.
In summary | suggest that the greatest advances in
understanding physiological functiondegacome about from

the deelopment and application of we measurement 13.

methods and the physiologist hasvals been quick and
creatve in goplying nev methods to problems in his/her
area of research. Application of thesewnenethods is

always harder than using well established methods but thd.

rewards are also greateéfhus while imaging is not mein
physiological research, meimaging modalities are \gng
fresh insight into cell belk#ur. The application of ne
imaging technologies within the life sciences islkto
continue to reeal unexpected complexity in physiology and
life. In the following four papers presented in this
symposium, we can see examples of the latest quarditati
imaging techniques. As we continue thisrk; we can also

take a noment to enjp the beauty of the images that can bd6.

made.
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Summary approximately 10@M° within 800 microseconds over
o distances of less thanpyim from the point of entry Ca?*
1. Our aim is to measure near-membrané*GX  microdomains are determinants of neurotransmitter rélease
within presynaptic terminals of central neurons byng play an important role in the modulation of synaptic
modifying nev genetically encoded éasgnsors to delop  gyrength. Historically, it has been a challengingecise to
tools capable of measuring Iocahse'oe’(xagnals. ~ measure C4 microdomains due to their small spatio-
2. We wsed standard recombinant BNechnologies  temporal profiles, with the most reliable data tifrom
to generate the DA coding for a fusion construct of a modelling and simulation studies The difficulty in
modified fluorescent “pericam” €a biosensor with @ measuring G microdomains means that a wide range of
presynaptic P2X7 receptor (P2X7R). The*Csensitivity Ca*-specific signalling processes may go undetected by the
of the biosensor as modified by rational site-directed cyrrent \olume-aeraged’ methods routinely used. There is
mutagenesis of the calmodulin portion of the pericam. clearly a need for a biosensor that is capable of sensing
3. Biosensoireceptor fusions were transfected intacz+ ‘microdomains. Genetically encoded 2Casensors
expression systems fprvaiuation. Expression studies in y55ed on green fluorescent protein (GFP)vide an
Human Embryonic Kidney-293 (HEK-293) cells sfetl  qyciting opportunity to deelop tools to measure these
that biosensereceptor fusion construct dedred protein |4calised signals.
was localised Eclusvely to the plasma membrane, GFP dened from Aequoea \ictoria jelly fish is a
confirming that fusion did not affect the ability of they3g amino acid protein with an apparent molecular weight
receptor to undgo normal protein synthesis andof 27.30kD4°. Several GFP mutants with distinct spectral
trafficking. ~qualities hae been established as sensors of cellular
4. The C&*-dependent fluorescence of the pericagynamics, for example, in monitoring local pH or2Ca
portion of the fusion protein was also retaingite-direct yncentration inside cells A powerful example of this
mutagenesis within the calmodulin moiety of the perica’féchnology has been the recenveiepment of pericanid
significantly reduced the €aaffinity of the comple&. The hat consist of a single GFP variant sewsiti D
dynamic range of the sensor folimg this modificatiqn ?s physiologically releant substrates such as &dons. ©
better matched to the higher Ldevels expected within ¢ongiryct the pericams, circularly permuted enhanced
presynaptic C& micro-domains. yellow fluorescent proteins (cpEYFP) were used in which
the amino and carboxyl portions had been interchanged and
reconnected by a short spacer between the original termini.
Calmodulin was fused to the C terminus of cpEYFP and its
C&* is a ubiquitous cellular messenger controlling &rget peptide, M13, to the N terminus. The pericaasw
diverse array of physiological processes from fertilisatioghovn to be fluorescent with its spectral properties
through to gene transcription, muscle contraction, cethanging reersibly with the amount of G4 Of the three
proliferation and migration, cell dérentiation and major pericams deloped, ratiometric-pericam (RP)
ultimately cell death. Tght control of the spatial, temporal appeared to be most promising, in that due to its capacity
and concentration profile of €ainflux is therefore for dual excitation nature, it has potential for quantieati
required to define specific functional roles in cells. This ignaging.
important in the neuronal setting, especially within the  Insertions of genetically encoded sensor into host
presynaptic terminal where the release of transmitter figceptors that already velocalisation signals offers awe
critically dependent upon small changes in 2'Castratgy for measuring localised €a Our goal is to
concentrations The irvasion of an action potential into the measure C& microdomains within presynaptic terminals.
presynaptic terminal opens voltage-dependent?* Cal'he requirement therefore is a receptor that localises to the
channels allowing the rapid influx of €dons, giving rise presynaptic membranepbdoes not play a critical role in
to a small local volume (microdomain) of elied C&* 24  evdked release. The P2X7Rs aredigd-gated ion channels
Ca* microdomains coincide with awé mnes that are that are gated by and other nucleotid€s'> Studies of
areas of presynaptic membrane densely g@akith C&*  expression patterns of P2X7Rugamnfirmed localisation
channels and docked with neurotransmittesieles. At in presynaptic neevterminals in both central and peripheral
these microdomains the €a concentration reaches neuron$®. Furthet immunoreactity studies in the

Introduction
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hippocampus indicate that P2X7Rs colocalise with thie vitro pectroscopy
vesicular glutamate transporteivGLUTL1), placing them o
within excitatory terminafS. This makes P2X7R an ideal To &ssess the spectral characteristics of the RP and
tool for targeting C3 sensors to xeitatory presynaptic RPE31Q proteins, HEK-293 cells were transfected with
nene terminals in the hippocampus. Smart and colleagu€8Ch DM construct using  Lipofectamin2000 (Life
have revealed that fusion of the purinergic P2X7R to GFP echnologies). Transfected HEK-293 cells were lysed 3
directed the compieto the plasma membrane in the simpledays post transfection and liberated cytosollc proteins (RP
HEK expression systelh Here we use this simple and RPE31Q) were collec_ted.@'determme t_he Kds of RP
+

expression system to characterise a RP-P2X7R constri@d RRE31Q) a G2 Calibration Buffer Kit (Molecular
determining its trafficking and asensing ability. Probc_as, C-3009) was used. The_ spectral prope_rtles of the

As C&* concentrations within the presynapticpmte'”s were measured using a Hltach_l F-4010
microdomains are thought to be in the 50-100uM range, thé!orescence Spectrophotometlr separate periments
dissociation constant (Kd) of RReported to be 1.7uM, is RP and RAHE31Q)were excited at 480nm, with an emission
therefore lower than required. As part of fine-tuning thw@elength scan performed from 480 to 650nm. The
ca&* affinities of a previous G4 sensor cameleon¥, a solut|_0ns_, were maintained at pH 7.20 and 247@e Kd of
number of mutations were performed in the calmodulifoth indicators (RP and RE§1Q) was calculated from a
moiety of this construct to optimise the Kd for thidinearised (Hill) plc_Jt of fluorescence intensity asafur)ctlon
reporting range. In particular a substitution mutation in tHef Ca?Jr concentration. Data were generated by scanning the
first C&* binding loop of calmodulin, where the8amino  €Mmission spectrum of _the indicator in the presence of
acid was changed from glutamic acid (E) to glutamine (Qﬂn‘ferent C4&" concentrations. All data for RP or AE31Q) _
shifted the titration cuer of ameleon-1 to the right Were _C(_)rrected for the fluorescence or a reference solution
reflecting an increase in the Kd of itswloaffinity —Ccontaining non-transfected HEK-293 cells
component from 4IM to 700uM™°. Here we use a similar (@utofluorescence).
stratgy to lower the affinity of the RPmaking it more
suitable for measuring the high Laconcentrations
expected in presynaptic microdomains. Fluorescence-based approaches were used to

characterise the €asensors. Wo o three days after
Methods cDNA transfection with Lipofectamid&2000, HEK-293
Gene construction adherent on poly-L-lysine-coatedvenslips were analysed
microscopically Cells bathed in HEPESuffer (mM: NacCl

To incorporate the E31Q mutation into RP a total 0147, KCI 2, HEPES 10, Glucose 10, CaAClpH: 7.4) were
three PCR reactions were performed. First theADNthe imaged at 24°C on a laser scanning confocal (Biorad
5’ portion of RPE310Q was amplified with a sense primerMRC-1024ES) employing an argon-ion lasesupled to a
containing a Hindlll restriction site and aveese primer 5° Nikon Diaphot 300 microscope. Both the tagged and
C GGT GCC AAG TT G CTT TGT GGT GA GG (with  untagged RPs were illuminated at 488 nm, whictited
the base change introducing the mutation of interest beitite  YFP portion of the constructs. YFP fluorescence
underlined). For both RP and HB1Q a dycine-rich emission of the RP as collected through a 510 long pass
spacer sequence, GGA GGT GCA GGT AGT GGA GGTichroic mirror and OG515 emission filter (>515nm).
corresponding to Gly-Gly-Ala-Gly-SdBly-Gly, was Fluorescence distnittion patterns of tagged and untagged
included upstream of the start codon in the fodvprimer  biosensors were achia by ollecting 51%512 pixel
In the second PCR reaction, the o®Nf the 3’ portion of confocal images (sho scan rate — 1 s/image), a bright field
RPE31Q was amplified with a forard primer: 5CC AC  or transmitted image, and a simultaneous imagevisigo
ACC ACA AAG C AACTT GGC ACC G, and a nerse  the colocalisation of the confocal signal with the
primer containing a Xhol restriction site. Finally the entirdransmitted image which vealed fluorescent cellular
cDNA of RP(E31Q was amplified with the Hindlll and structures. Some images were taken as \amage of 4
Xhol sites containing primers by using a mixture of the firstonsecutie <ans (Kalman algorithm) to smooth random
and second PCR fragments as the template. The restricteise fluctuations. & assessment of the Tasensing
product vas cloned in-frame into the HindIll/Xhol sites ofability of the C&"' sensors the acquisition package
pcDNA3.1 (Invitrogen) ector To generate the chimeric ‘Timecourse’ was used. Inamjiven field of cells seeral
sensors, P2X7R-RP and P2X7R-EB{Q, a subcloning regions of interest (ROI) were defined. Examination of the
stratgyy was employed. The cDNencoding P2X7R ws C&" sensing properties of the RRP(E31Q)or chimeric
amplified by using primers containing 5’'Nhei and 3’Hindlllconstructs was performed in transfected HEK-293 cells
restriction sites. The restricted PCR fragments weeddily being exposed to 24/ ionomycin (Sigma).
to the 5’end of RP or REG1Q gene in pcDNA3.1 to yield
the tagged Ca sensor constructs of P2X7R-RP and
P2X7R-RPE31Q.

Imaging
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membrane in the HEK xpression systeth P2X7R-RP
exhibits an identical xgression pattern (Figure 1C) to that
RP of P2X7R-GFP suggesting that the normal P2X7R

trafficking is not disrupted by the addition of RFRhe
signal sequence on the P2X7R therefore directed the
ratiometric pericamsxelusively to the plasma membrane.
Confirming the locality of the sensors piges us with the

RP E31Q potential for &clusively reporting neamembrane CA
signals.

Fine-tuning the Kd of ratiometric pericams to meadugh
Ca* concentrations

P2X7wt - RP The high affinity of RP mads it unsuitable to
accurately measure the large 2Caflux expected at
presynaptic microdomains. Site-directed mutagenesis
within the calmodulin portion of the €a sensor,
cameleon-1, shifts the fluorescence~Caelationship®. A
single glutamic acid to glutamine mutation (EBLQ)
wealens the interaction betweenand its binding loop,
decreasing the fafity of the sensor and increasing its
dynamic rang®. The mutation was introduced using a
standard PCR protocol and it was confirmed by direct
PCDNA3.1 sequencing. RP and REZ1Q)displayed virtually identical
emission spectra, with an emission maximum at
approximately 515nm, coinciding with the emission peak of
the YFP portion of each pericam (Figure 2A). This
obsenation confirms that th&31Q mutation did not alter
the spectral characteristics of the proteifihe E31Q
cells. . . mutation in RP altered the Kd from 2.1pyM to 19.1uM
'"?5‘95 vere captu_red_ using a Ias_er_ scanning COmcocaleffectively improving the dynamic range of 0428-19uM
microscope (488>e:|tat|0n,_>510_em|SS|on)_e_ft par_lelrep-_ to approximately @M-170uM (Figure 2B). RFE31Q)
resents the fluores_cence_ iges, displayed at |o_lent|qal gan expressed in HEK cells is uniformly distributed through the
and blak lewel settingsRight paneis the co-egstration of cytoplasm, but is xcluded from the nucleus (Figure 1B).
the fluorescence inga with transmission light imge d the The P2X7R-RFE31Q) construct vas also generated and
same field. fansmission light imges reveal the cell outline displayed an identical expression pattern to P2X7R-RP
and presence of qrganelles. Scale bargb limited to the plasma membrane (Figure 1D). Theelo

A Rat!ometr!c Per!cam (RP) fluorescent signal seen with FX1Q)is consistent with its

B Ratiometric PericanE31Q(RPE31Q) lower C& affinity (Figure 1C,D).

C P2X7R-RP

D P2X7R-RPE31Q) Will the sensos be &nsitive enough to measure

E pcDNA3.1 vector (control) whicshows no fluorescence Ca?*microdomains?

P2X7wt - RP E31Q

Figure 1. Sub-cellular localisation of tagged and
untagged C&" sensor constructs expressed in HEK-293

In turtle hair cells the Ca concentration in G4
microdomains was found to be at leagui@8. Others hae
Results and Discussion reported microdomain Gaconcentrations of 100-2QM,
necessary to produce rapid neurotransmitter secretion
With a dynamic range of 0.AM-19uM the original RP
A fusion between a ratiometric pericam and indicator vyould be expected to satura?ed at thesg high
membrane taeted protein, the P2X7R was carried oufoncentrations. Heever, the RPE31Q), with a dynamic
using standard molecular biology techniques. Thiss wange of 21M-17+1pM, is ideally suited to the xpected
revealed by imaging HEK-293 cells transfected with eithelevels of C&"  concentrations  within  presynaptic
the tagged (localised) or untagged (unlocalised) pericarfficrodomains.
and comparing fluore_scencg dis_tribution pattg-rns. A§ensing C% in a mammalian expression system using
expected, untagged ratiometric pericams (RP) d'Splayedgaqetically encoded sensors
bright fluorescence intensjtyvhich was confined to the
cytosol but excluded from the nucleus (Figure 1A). Our HEK-293 cells transfected with each pericam were
tageting strategy of fusing the RP to P2X7Rismested exposed to the ionophore ionomycin (2.5uM). Both the
next. P2X7R-GFP is known to localise to the plasm@2X7R-RP and P2X7-RBB81Q sensors demonstrated an

Development of a near-membrane’*Caensor
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Figure 2.In-vitro properties of ratiometric pericams.

A Fluorescence emission spectrum of ratiometric peri€hQ (RPE31Q). HEK-293cells transfected with REG1Q)

were lysed and the liberated cytosolic proteins containingB83RQ)were dluted in phosphobuffered saline (PBS). Emis-
sion wavelength scans (490nm-650nm)enddtained using a specphotometerThe spectrum was measured at 24°C and
pH 7.20, and the results corrected for with eference solution identical in composition to the sampleept for the
absence of RIF31Q) The results wex dmilar to YFP spect, showing an emission peak at approximately 515nm. A very
similar emission spectrum was obtained for REs(its not shown) with a maximum peak at 510nm, indicating the mainte-
nance of YFP spectral properties.

B Dose response curves of ratiometric pericams, showing relative fluorescence intensity (RFI) as a function of pCa
('|0910[C32+]free)- Thecurves wee geneilted by scanning the emission of the indicator (RP ERPQ) at 515nm. The
concentation of free C&' ions in solution was varied by cross dilution of?C&high Ca?* solution”) and EGR (“low

Ca’* solution”) to produce a series of eleven solutions with increasing*Gahile keeping the conceation of the indi-
cator (RP or RPE31Q) constant. The pH was kept at 7.2 duringp@rimentation. Th&31Q mutation shifted the dose
response curve to the right, reflecting a chaingKd fom 21.M for RP to 19.LM for RPE31Q).

increase in fluorescence intensity in response to applicatiavil the sensor only measaiCa?* from presynaptic CA

of ionomycin (Figure 3). As expected, P2X7R-RPvebda microdomains?

significantly larger change in fluorescence intensity than the . ) ) )

lower affinity sensqrP2X7-RPE31Q). These Eperiments .Usmg.smulatlon s.tudles', Fogelson and colleajjues
demonstrate that the Easensing abilities of the RP andPredicted with a three dimensional model that Ganters
RPE31Q are not altered when fused to the P2X7R anf'® Presynaptic terminal through discrete membrane
expressed in a mammalian cell line. Further studies afbannels and acts to release transmitter within 50nm of the

required to demonstrate this in primary neuronal cultur&try point. In turtle hair cells the initial diameter of“Ca
and other neuronal preparations. microdomains was found to be less thamni, as estimated

by confocal microscog. Hence, C& microdomains can
have vay restricted spatial profiles and restrictingere a
sensor to the membrane may not guarantee localisation
within Ca&* microdomains (e.g. in neurons). Wever, one
could still expect much better signal-to-noise ratios with a
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Conclusion and Future Directions

A 60 The C&' microdomains within presynaptic nerv
terminals are highly localised and the concentrations of
m a0 k——‘_‘ Ca* within these rgions are thought to be significantly
20 larger than the global ytosolic concentration. By
? measuring “elume-aeraged’ global signals in response to
0 stimuli, important information about these
. compartmentalised functions remains undetected. In this
30 study biosensors ke keen designed with characteristics
ol T T —r suited to iwestigating C&* microdomains within
s presynaptic terminals. 8/generated a fusion protein of a
10 ratiometric pericam (with modified €asensing ability)
f — and a P2X7 receptoa potein knavn to localise to the
0 presynaptic membrane of excitatory neurons. Fusion
proteins successfully trfédked to the plasma membrane
B distribution of HEK cells and were capable of responding to

changes in intracellular €a Our next goal is to
characterise these sensors in a neuronal setting, confirming
localisation and CA sensing ability and refining these
properties where necessatyitimately, we hope to study
C&* dynamics in brain slices deed from various mouse
and rat models of relant human diseases. The generation
of genetically encoded fluorescent biosensors described is
expected to continue to expand and provide exciting ne
insights into normal physiological and pathological
processes in neurons.
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ative fluorescence intensity in éamse but the esponse of NeurosciApr 15 1998;18(8):2849-2855. _
P2X7R-RPE31Q)was smaller as compared to thesponse 2 Augustine  GJ.  Hav  does  calcium  trigger
of P2X7R-RPAIl experiments wer performed in HEPES neurotransmitter releas&€urr Opin Neuobiol. Jun
solution containing 1mM CagClFor eat trace the hori- ) 2001;11(3):32_0'326; . . .
sontal bar indicates 1 minute. 3. LlinasR, Sugimori M, Silver RB. Microdomains of high
B Collated responses of HEK-293 celkpeessing ed of cal_cium concentration in a presynaptic terminal.
the chimeric C& sensor constructs, P2X7R-RP (n=13 ScienceMay 1 1992;256(5057):677-679.
cells), P2X7R-RAE31Q (n=9 cells) to 2.5uM ionomycin. 4. Jarvis SE, .Zampom GwW Interact|or_13 between
F/FO indicates peak fluorescence intensitgrobasal fluo- presynaptic C# channels, cytoplasmic messengers
rescence intensityResponses arexpressed as mean F/RO and proteins of the synaptic vesicle release carple
s.em. # P<0.05 (one-way Anova) significantlyfefiént to Trends Pharmacol ScDct 2001;22(10):519-525.
P2X7R-RRE31Q) 5. Heldelbgger R, Heinemann C, Neher E, MangG.
Calcium dependence of the rate abeytosis in a
membrane-delimited sensor as opposed to a generalised synaptic terminal.  Nature. Oct 6
cytosolic sensor Therefore, a localised biosensor 1994;371(6497):513-515.
responding seleatily to C&* signals near the presynaptic6. Sugimori M, Lang EJ, Silver RB, Llinas R. High-
membrane will provide aaluable tool to more accurately resolution measurement of the time course of
measure these signals. Furtheperiments will determine calcium-concentration microdomains at squid
how close we can get. presynaptic  terminals. Biol. Bull.  Dec

1994;187(3):300-303.
7. Tucker T, Fettiplace R. Confocal imaging of calcium
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Functional imaging: ne w views on lens structure and function

Paul J. Donaldson, Angus C. GreyB. Rachelle Merriman-Smith, A.M.G. Sisley,
Christian Soeller, Mark B. Cannell & Mar ¢ D. Jacobs

Department of Physiolog$chool of Medical Sciences,
The University of Auckland, Auckland,gealand

Summary fiore cell$. This system is thought to be generated by

] . _spatial diferences in ion transport processes that generate a
1. We have developed an experimental imaging circulating flux of ions which enters the lens via the

approach that allows the diswiion of lens membrane gyracellular clefts between fibre cells, crosses fibre cell
proteins to be mapped with subcellular resolutioer targe membranes, then flows from cell to celivends the sudce
distances, as a function of fibre cell differentiation. of the lens, via an intracellular pathy mediated by ap

. 2. Using' this r:}pproa_ch in _the rat lens, wevéha junction channels. This circulating current creates a net flux
precisely localised histological sites of Cx46 Ui, of solute that generates fluidiloThe extracellular flov of
quantitatvely mapped changes imeg junction distriition \ygter coveys rutrients tevard the deeper-lying fibre cells,
and fibre cell morphologyend correlated these changes tQypjle the intracellular flo removes wastes and creates a
differences in intercellular dye transfer. well-stirred intracellular compartment.

3. Profiling of glucose transporter isoform expression The experimentalwdence in support of this model
shaved tha@ Iens. epithelial cells express G.LUT.1. whilg)t |ens circulation has primarily been provided by
deeper cortical fibre cells express the highaffinity  macroscopic measurements of whole-lens  electrical
GLUT3 isoform. Near the lens peripherBLUT3 was  propertied. More recently our laboratory has puided
located in the cytoplasm of fibre cellgjtht underwent a qgitional evidence inafour of the model by identifying,
differentiation-dependent membrane insertion. ~and localising at the cellularve, key mmponents of the
. 4. Similarly, the putatre alhesion protein MP20 is circylation systerh This work has imolved a number of
inserted into the fibre cell membranes, at the stage when ffjactional imaging approaches which correlate membrane
cells lose their nuclei. This redistation is strikingly rapid rotein distrilution to function in spatially distinct géons
in terms of fibre cell dferentiation and correlates with ayf the leng® Here we compare and contrast the results
barrier to extracellular diffusion. 3 obtained for three dérse types of membrane proteins: cell-
5. Ourimaging-oriented approach has facilitated ne,_ce|| channel proteins (connexins); glucose transporter
insights into  the relationships  between fibre  celhroteins (GLUTS); and an adhesion protein (MP20). While
differentiation and lens function.Taken togethey our g initial goal was to prade a molecular wentory of key
results indicate that a number of stgas are utilised by components of the lens circulation system, our results ha
the lens during the course of normalf@iéntiation, 10 a,ealed that the lens uses a number of different sfiete
change the subcellular distifion, gross spatial location g estaplish and maintain spatial differences in membrane
and functional properties of el membrane transport yansport proteins during the course of fibre cell

proteins. differentiation.
) Mapping spatial differences in transport proteins: a
Introduction question of scale
The transparerncof the lens is closely linked to the To investigate these questions wevieacevdoped an

unique structure and function of its fibre cells. These highb&perimental approach that alle the distribution of lens
differentiated cells are deed from equatorial epithelial embrane proteins to be mapped with subcellular
cells, which eit the cell cycle and embark upon aresolution wer lame distances. Since fibre cells continually
differentiation process that producesteasve cllular gifferentiate from epithelial cells at the lens periphery and
elongation, the loss of cellular ganelles and nuclei and the 5, progressely internalised with age, the spatial layout of
expression of fibre-specific protefr’s Since this process fipre cells from the lens periphery to the centre also
continues throughout life, a gradient of fibre cells &gpresents a temporal profile of fibre cellfefiéntiation.
different stages of differentiation is established around ghe technical procedures we via cevdoped to map
internalised core of mature, anucleate fibre cells. Tnemprane protein distributions across thidedéntiation
maintain its structural genization, and hence, itS gragient, utilize high-quality cryosections that are
transpareny, the lens is belieed to have an intemal  gygtematically imaged to produce a continuous, high-
microcirculation system that ded&rs nutrients, remes egojution data set (Figure 1). Such an image data set
waste products, and imposes thegaie membrane cgntains information not only on ¥Wwothe gross spatial
potential required to maintain the steady-state volume of tQ&tribution of a labeled membrane protein changes as a
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function of fibre cell differentiation, but also on theFibre ell gap junctions: structw, dspersal and ge-
changing subcellular distribution of the protein (Figure 2Xdependent processing

This is important because differentiating fibre cells are ) ) _
essentially elongated epithelial cells, which retain distinct _ Because of their central importance to lens function,
apical, basal and lateral membrane donfins these cells the fibre cell gap junctions e keen atensvely _stud|ec}_1.

the lateral membranes are further divided into broad a®fP Jjunctions are formed by the connexin family of
narrov sides, which contribute to the distinei hexagonal proteméz and lens fibre cells express awconnexin
profile of the fibre cells. Thus in addition to radialiSOforms, Cx463 and Cx504. Functional studies indicate
differences in membrane protein disation which can that the density ofap ju_nctions is highest near the equator
occur as a consequence of fibre celfedéntiation, other ©f the lens so as to direct the oatd component of the
changes may beviglent in an axial direction (pole-equator circulating current to the equatorial epithelial cells, which

pole) along the length of a fibre cell or between the latergPntain the highest density of Na/K pur%ﬁnsQue_llitaf[ive
membrane domains (broad versus narsigle). assessments showed that in the young, equatorial fibre cells,

g& junctions are particularly concentrated on the broad
sides while in olderinner fibre cells, the gap junctions are
more &enly distributed throughout the cell membrdfid®
Anterior Furthermore, biochemical studiesvhasown that the
cytoplasmic tails of Cx46° and Cx50°%2% are cleaed in
the lens, the latter by the protease cafjaim order to
maintain cell coupling at V@ pH deep in the lerfd.

In a more recent study which utilised our high-
resolution imaging techniques, wevhgrecisely localised
the histological sites of Cx46 cleme, by quantitatie
analysis of signal density profiles obtained from antibodies
directed against the cytoplasmic loop and tail of Ck46
Our analysis nreealed that Cx46 cleage occurs at tw
distinct stages during fibre cell differentiation (Figure 3A).
The major stage occurs at a normalized radial distarae
= [0.9 in 3-week-old lenses, and coincides with an axial

Posterior dispersal of fibre cell nuclei; the second stage occura at
Pole 0.7 and is associated with the complete loss of fibre cell
nuclei.
Figure 1. High-resolution long-range imaging in the lens. In addition to Cx46 clesge, we hee quantitatiely

This digram illustrates our application of quantitative mapped the changingg junction distributions (Figure 2A-
two-photon, and confocal ingang in the equatorialegon  C) as a function of fibre cell differentiation. Radial changes
of the lens. Overlappindarge imege sacks(1-3) can be in cell shape andap junction plaque size and distriton
collected from high-quality cryosections atfdi€tion-lim- were measured automatically by quanttmorphometric
ited resolution, and precisely aligned by correlation analyanalysis of our image détaA fibre cell ‘ellipticity indec
sis’ to form a continuous 3D data set spanning @&apo-  was found to increase smoothly from the lens periphery
portion of the lensadius (see fgure 2. Expession pat- inward, reflecting a gradual change from theagenal
terns of immunofluorescence-labeledtpins can bexam-  peripheral cell cross-section to a more circular cross-
ined qualitatively by sdracting high-magnification wes section. V¢ dso quantified a rapid peripheral decrease in
from exact locations within the data set, or analyzed quanthe size of broad side plaques which is fokol by an
tatively as a function of fibreell age wsing custom-written apparent fragmentation and dispersal of the plaques around
image pocessing softwa: Hbre cell nuclei dispese axi- the cell perimeterThese precise radial measurements of
ally (i.e. towad the poles) and dgade as the cellsge, fibre cell changes sho that the sudden gap junction
providing a convenient dérentiation marker when stained cleavage and shrinkagevents do not correspond to sudden
with a DNA-binding fluarchome sub as popidium changes in cellular morphologyHoweve, the loss of the
iodide Nuclear dgradation, and proteinxression in fibe  hexagonal cell profileis closely associated with ag
cell lateral membkaine domains, can be precisely localisequnction plaque dispersal, and both fellthe major stage
in equatorial sections showingamsvese views of fil of Cx46 cleaage, suggesting a possible role for vk in
cells. Nuclear dispersal, deadation and longitudinal @  gap junction and cell remodelifig
tein expression patterns, can be localised in axial sections  To investigate the functional consequences of these
showing the fike cell lengths. changes, we performed two-photon flash photolysis (TPFP)
on lenses loaded with CMNB-caged fluorescein and
assessed regionalag junction coupling patterhs By
applying TPFP inside a single fibre cell, a microscopic
source of uncaged fluoresceimsvcreated and its @ision
to neighbouring cells as monitored by simultaneous
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Figure 2. Differentiation-dependent changes in the subcellular distribution of 3 diverse lens proteins.

Top: Four 1024 x 1024 imge sadks wee assembled as describedigbre 1) to brm a continuous, highesolution
immunofluoescence data set extending over half the rat lens radius. Tige #maws cell memianes labeled with wheat
germ aggdlutinin conjugated to AlexaFluor 350High-magnification imaes of he proteins (A-l) wer extracted from the
approximate locations designated with white boxes w ganges in their distribution as a function of &hell age

A-C: The gap junction protein Cx46 formsdarpgaques on the broad sides of &lells near the lens periphenyith small
punctate plaques on the narrow sides (A). Afietls ege hey become ounder the lage paques become smaller (B),
and thg fragment and disperse around the cell membrane by the timeehehr/a 0.7 (C).

D-F: The GLUT3 glucose transporter protein labels the cytoplasm of peripheraldilis (D) but this signala-locates
predominantly to the narrow sides of the cellg/fay 0.8 (E); later at r/a 0.7, GLUT3 signal is widely distributedaamd
the rounded fite cell membranes.

G-I: The membrane protein MP20 is distributed in a granular pattesembling cytoplasmic vesicles, from the lens
periphery tor/a [0.7 (G, H), wheg it is rapidly tageted to the plasma menane (I). Scale ba: Top, 50 um; A-C, D-F
and G-I, 5um.

confocal microscop These experimentswvealed diferent more uniform pattern in the deeper fibre cells, consistent
patterns of cell-cell coupling at different radial locations. Invith the differentiation-dependent remodeling ofpg
peripheral fibre cells, where tg broad side plaques junction plaques. It appears, then, that the structureapf g
predominate, dye difsion occurred primarily in a radial junctions is modified by precise connexin processing and
direction (Figure 3B). In contrast, at locations/dmed the plaque remodeling, which create functional specializations
zone of nuclear loss, where plaques were distributed manesub-rgions of the agan and allov the maintenance of
evanly around the fibre cell membrane, the pattern déns circulation, homeostasis and transparenc

fluorescein diffusion was approximately isotropic (Figure

3C). Thus the local pattern of intercellular coupling

changed from a radial direction in the lens periphery to a
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Glucose transporters: differential expression and
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Figure 3. Nwd insights gained from an image-based
approad to lens function.

A: Precisein situ localization of two cleavge ones of
Cx46, in relation to fike cell differentiation marlers. wo
antibodies, specific to the cytoplasmic loop or the carboxy
terminus ‘tail’ of Cx46, we used to label rat lens sections
by immunofluascence Fluorescence signal density was
imaged and quantified using a two-photon nascope and
custom-written softwar The density of memane signal
from the Cx46 tail antibody declined rapidly in two dis-
crete zones located ata [0.9 and[D.7, while the Cx46
loop antibody signal remaineelatively constant, indicat-
ing cleavge d the carboxy tail in the two zones, with
retention of the rest of the protein in the meanta The
solid and dotted horizontal lines designate the locations of
axially clustered or dispersed fibell nuclei, espectively,
preceding complete nuclear degradation.

B, C: Position-dependent patterns of local cell-cell cou-
pling in the rat lens ewealed by dye &msfer Two-photon
flash photolysis was used to optically releasgedafluo-
rescein within individual fike cells. Simultaneousonfo-
cal imaging of the time cose of dye diffusionerealed
that cell coupling was gdominantly in a radial dection

at the lens periphery (B) but was raasotopic deep in the
lens ¢(/a <0.7; C). These patterns calate with the sub-
cellular distributions of gap junction hannels in the
respective areas.

D, E: Restricted dye diffusion into the lens. Cudtinat
lenses wer incubated for 4 howrin Texas Red-detran (D)

or Lucifer yellow (E), then fixed, sectioned and geta
Both dyes penedted the lens via thexgacellular space to

a depth of only400 ym, corresponding to the zone of
nuclear degradation.

F, G Antibodies to MP20 wer goplied to lens sections
following dye treatment as in (D) for 18 heutmmunofiu-
orescent imaging of the sections showed that localization
of MP20 to the cell membranes ocswat a cepth core-
sponding to the limit ofxéracellular dye diffusion (Fred,
Texas Red-dextran; green, MP2G; high-magnification
view), sugyesting a possible role for MP20 in this ‘flif
sion barrier’. Scale bars: B,C, %m; D-F 50 um; G,
10 um.

and diferentiating fibre cells are capable of oxidati
phosphorylation, while the mature fibre cells, having lost
their mitochondria, must rely solely on glycolysis for

Glucose is the principal fuel used by the lens t@negy productiod. The lens is bathed by the agqueous
support growth and homeostdéisin the lens, epithelial 1ymor which contains glucose \lels that mirror those in
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the plasma. Hence, lens cells near the periphery &tmess cells'*25 and more recently it was stva that MP20 acts as
to an alindant supply of glucose, while the supply of ligand for @lectin-3%6, a known modulator of cell-cell
glucose to the deeper-lying fibre cells islikto be limited adhesion in other tisst€sThese results are consistent with
by a decreasing glucose gradientwdeer, the circulating a role for MP20 in cell-cell adhesion, Wwever, the precise
current is thought to create a net flux of solutes thable of MP20 in lens structure, and its impact on lens
generates an extracellular fluid vitb'’, which in turn function, hae yet to be determined.
conveys rutrients tevard the deeper-lying fibre cells by Using image-based immunofluorescent mapping, we
adwection. Thus, from the model one might predict thadissessed the relati dstributions of MP20 and another
both the peripheral and deefiging cells would be xposed akundant membrane protein, the water chanr@P8, as a
to external glucose, though atfdifent concentrations, and function of fibre cell diferentiation. V& found that MP20,
might express glucose transporterg. &ldress this issue we but not AQPO, is inserted into the fibre cell membranes at
performed a molecular profiing of GLUT isoformthe stage when the cells lose their nifcl&Ve showed that
expression in the rat leffs We found that epithelial cells while MP20 labeling is intracellular in the younger fibre
express GLUT1 while cortical fibre cellsxgress the cells of the corte it redistributes to the plasma membranes
higher-afinity GLUT3 isoform. This differential)@ression as the cells mature (Figure 2G-l). Furthermore, the
pattern is consistent with the probable glucoseedistritution from the cytoplasm to the plasma membrane
environments these cells argpwsed to. In epithelial cells, is relatvely rapid and occursver a small number of cell
the expression of GLUT1 appears to determine that the Kayers. If MP20 is indeed an adhesion molecule then the
of the glucose transporter is appropriate for the glucogesertion of MP20 into the membranes of mature fibre cells
concentration in the aqueous humior cortical fibre cells, might be expected to increase adhesion between the cells.
the lower K of GLUT3 is likely to be more appropriate for This suggested to us the possibility that upon insertion of
extracting glucose from thextracellular fluid, which at this MP20, the gtracellular space might becomefegtively
distance into the lens shouldvieaa elatively low glucose smaller or more tortuous, restricting extracellulafudibn
concentration. of molecules deeper into the lens fEst this lypothesis,
Subsequent analysis of GLUT3 expression using owe ogan-cultured lenses in the presence o fluorescent
high-resolution image mapping approachvesded an exracellular space markersexas Red-dextran (MW 10
intriguing pattern. Near the lens periphe§LUT3 was kDa) and Lucifer yellow (MW 456 Da), for warying times.
located in the cytoplasm of fibre cells (Figure 20Jt Wwith  Regardless of the incubation period (2 to 18 hour®xab
increasing depth into the lens, GLUT3 labeling becaniRed-datran diffusion into the lens only occurred up to a
associated with the membrane, suggesting that GLUTBstance of some 400m in from the capsule (Figure 3D).
undepgoes a differentiation-dependent membrane insértiorThis consistencin the depth of tracer penetration obsetv
Interestingly this membrane insertion of GLUT3 aw at all time points indicated that theexfis Red-deran
initially targeted to the narvesides of fibre cell membranes movement via the extracellular spaceasvnot difusion-
(Figure 2E). Then at a later stage of fibre celimited, but restricted by a physical barrién support of
differentiation, GLUT3 became more uniformly dispersethis, the extracellular diffusion of the smaller molecular
around the entire cell membrane (Figure 2F). The dispersedight dye, Lucifer yellw, dso became restricted at
of GLUT3 from the narny sides to the rest of the around the same depth (Figure 3E). This indicates that the
membrane appears to coincide with dispersal of dge gbarrier to etracellular diffusion has a molecular weight cut-
junction plaques which are initially located on the broadff of at most 450 Da. Subsequent immunolabelling with
sides of fibre cells (Figure 2A-C). This obsaien MP20 antibodies of sections desil from a lens incubated
reinforces our impression that the distinct sub-domains of Texas Red-detran for 18 hours indicated that the barrier
fibre cell lateral membranes are lost during the course tf extracellular diffusion coincides with the zone where
differentiation. Our findings also suggest that GLUT3 iMP20 is inserted into the membrane (Figure GF Thus
initially produced in the youngemeripheral fibre cells the insertion of MP20 correlates with the formation of a
(which are capable of protein synthesis) and can be stodiffusion barrier that restricts the furthextracellular
in the gtoplasm until a differentiation-dependent signamovement of tracer dye molecules into the lens core. These
triggers its insertion into the membrane. results are consistent with the wiéhat membrane insertion
of MP20 contrilutes to the establishment of interactions
between adjacent fibre cells, which act in the lens to limit
the mavement of molecules via the extracellular space.

Fibre eell adhesion: MP20 membrane insertion and
extracellular diffusion

Membrane insertion would appear to be a commoRynclusions and futue hallenges
phenomenon in the lens. High-resolution mapping of the
distribution of the second most abundant lens membrane  Our adoption of a functional imaging approach to
protein, MP20, reealed that lile GLUT3 it undegoes a investigate ley components of the lens microcirculation
differentiation-dependent membrane insertion. Despite igstem has reaped unforeseen insights into lens bidlogy
relative @undance, the function of MP20 in the lens is stilappears that the lens adopts a number of gtesteto
not definitvely known. MP20 has been implicated as ecompensate for the inability of its older anucleate fibre cells
component of membrane junctions between lens fibte synthesise me membrane proteins. These stoiés
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involve the processing, redistribution and feiential
tamgeting of proteins as fibre cells age. The gap junction
proteins Cx46 and Cx50 undergo specificfedéntiation- 5.
dependent post-translational modifications that reweir
cytoplasmic tails: eents which cause a loss of junctional
pH sensitiity and which bracket (temporally and spatially)
a dramatic redistribtion of gap junction plaques. This
redistritution correlates with a major redirection of theg.

local cell-cell coupling which underpins the lens
microcirculation system. In a similar e, the
differentiation-dependent expression of glucose

transporters, which tgets the GLUTL1 isoform to epithelial
cells and the GLUT3 isoform to cortical cells, appears to.
match transporter fifiity with local glucose ailability. In
order to achiee tis, GLUT3 undergoes insertion into fibre
cell narrev side membranes, apparently from a pre-
designated cytoplasmic pool. lekGLUT3, MP20 also
undegoes a membrane insertionent, kut at a later stage 8.
of fibre cell differentiation, suggesting that the signals
responsible for the insertion of these otwnembrane
proteins are different. Insertion of MP20 correlates with the
formation of an extracellular diffusion barrieffaken
togetherour results she that as fibre cells mature and their9.
ability to synthesise memembrane proteins is lost, the lens
deplogys a panoply of post-translational processing and
targeting mechanisms to enable fibre cells to meet the

physiological challenges associated with being buriest e 10.

deeper in the lens mass.
Since the lens is continually addingangbre cells at

its equatarit is interesting to speculate that establishing antil.

maintaining spatial differences in membrane transport
proteins is an intgral part of the fibre cell ddrentiation

programme. Having deloped image-based methods tol2.

precisely map, with high resolution, spatial changes in
membrane protein distribution, the xechallenge is to
identify the diferentiation signals that trigger theery
precise changes we \ledsened. If this is achieed, the
lens will not only be anxeellent model system in which to
study generic aspects of cell fdifentiation but could also
become a unique system in which to studywho
differentiation processes modulateerall tissue function.

14.
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Quantitative phase microscopy
— a new tool for investigating the
structure and function of unstained live cells

Claire L. Curl, Catherine J. Bellair*, Peter J. Harris, Brendan E. Allman’,
Ann Roberts’, Keith A. Nugent & L ea M.D. Delbridge

Department of Physiology ari@chool of Physics, University of Melbourietoria 3010, Australia
and
flmaging Division, IATIA Ltd., 2/935 Station St, Box Hill Nth, Victoria 3129, Australia

Summary these translucent specimens. With fixed specimens contrast
] ) ] may be created using staining techniques, but for work with
1. The optical transparepcof unstained We @Il jive @lis this is usually not possible.oTacilitate the

specimens limits the extent to which information can bggyalization of viable cellular specimens, a number of
reCO/.ered from bright field microscopic images as th‘?s@ifferent forms of phase microsgofave been deised
specimens generally lack visible, amplitude modulatinghere contrast is enhanced by manipulation of the optical
components. Heever, visualization of the phase path |n this reiew the principles underlying these methods
modulation which occurs when light wases these qf gptical phase microscgrand the limitations associated
specimens can provide additional information. . with their implementation are discussed. A recently
2. Optical phase microscgpand dervatives of his  ye/doped nev form of phase microscygp Quantitatie
technique such as Dérential Interference Contrast (DIC) ppase Microscop (QPM), is described. The utility of
and Hoffman Modulation Contrast (HMC) Ve keen  oppm, which incorporates qualitesi sspects of established
widely used in the study of cellular materialsitthese phase techniques and also offers the capacity to undertak
techniques enhanced contrast is agiipwhich is useful in - g antitatve dructural analysis, isveluated. Finally some

viewing specimens, Wi does not allw quantitatie 5ppications of the QPM methodology are briefly presented.
information to be &racted from the phase contemtitable

in the images. Light Propagation and Phase Properties of Cellular
3. An innovative mmputational approach to phaseMaterial

microscopy, which prosides mathematically desd ) _
information  about  specimen phase  modulatin When light vaves taverse a stained sample some

characteristics, has recently been described. Known (ﬂ@t_is absorbed by the localised pigment. Thus the
Quantitatie Fhase Microscop(QPM), this method derés amplitude of the light aves enelgen_t from specific ggions
quantitatve fhase measurements from images capturéﬁ the specimen are altered relatito the background or

using a bright-field microscope without phase Opnedium.1 This modulation alles visualisation by the
interference contrast optics. human eye, and sensitivity to féifences in amplitude are

4. The phase map generated from the bright fielgerceved as \ariatiqn in brightness and_ co_IoM/hen Iighfc
images by the QPM method can be used to emulate otHéVerses an unstained sample there is little change in the
contrast image modes (including DIC and HMC) fofMmplitude of the I_|ght since fche unplgmgnte_d sampl_e _does
qualitative viewing. QPM achiees improved discrimination N0t hare substantial absorption properties in the visible
of cellular detail, which permits more rigorous imagevavelengths usually employed for microsgopA lack of

analysis procedures to be undeetakvhen compared with amplitude modulating structure renders the sample
corventional optical methods. translucent and morphology fidult to discern. Haever,

5. The phase map contains information about celight propagited_thrqugh a tran_slucent sample is _altered SO
thickness and refragts index and can allv quantitation of ~that the phase is displaced with respect to the light which
cellular morphology underxperimental conditions. As an Nas passed through the surrounding medium. dhlgh a
example, the proliferatie roperties of smooth muscle celisdisplacement is term_ed phase retardation or phasé sh_|ft.
hae been eauated using QPM to track growth and The ‘phase shift effect’ produced by a sample simply
conflueny of cell cultures. QPM has also been used to'€flects the extent to which light awe propagtion is

investigate erythrocyte cell alume and morphology in Sloved down by passage through the sampleaves/
different osmotic environments. passing through a thick sample will bevedal to a greater

6. QPM is a waluable ne non-destructie, non- degree than those passing through a thin sample. Theist ef
intenentional  eperimental tool for structural and is illustrated in Figure 1. Incident lightaves ae initially

functional cellular inestigations. ‘in phase’, and as sample regions ofatiént thickness and
different composition (relate © the medium) influence the
Introduction passage of the light, aanable degree of phase retardation

is induced. The xent to which the emergent lightawes

~ One of the major diiculties in visualizing and gre ‘out of phase’ with each other is termed the radati
imaging cellular material is the lack of contrast inherent in
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phase shift and is measured in rad@hglnlike anplitude Differential Interference Contrast (DIC)

variations, differences in phase cannot be peeceby the _ o _
eye or by fhotographic film. Differential interference contrast microsgopvas

invented in the 195@ by he French optics theoretician,

Geoge NomarskP. DIC is based on modification of the

Wollaston prism which is used for detecting optical
In Phase gradients in specimens and werting them into intensity
differences’ The equipment needed for DIC microsgop
includes a polarizera beam-splitting modified \Wlaston
prism belov the condenseranother prism abee the
objective, and an analyzer abe the upper prism® The
prisms allov for splitting of the incident light in the optical
path before reaching the specimen and re-combination of
Figure 1. Sbematic representation of the phase retarda-the split beams lyend the specimen. As a result the paths
tion of light as it passes through a sample. of the parallel beams are of unequal length and when re-
Light waves & ‘in phase’ befae passing through the spec- combined allav differences in intensity to be discerniéd.
imen, but a@ ‘out of phase’ emging from cell egons of Under DIC conditions one side of the specimen appears
non-uniform thickness due to thdeets of phaseetarda- bright while the other side appears dark, conferring a three-
tion. dimensional ‘shade relief’ appearancg. An aesthetic
colour effect may also be achie with DIC when there is
a further phase shift produced by awe plate inserted in
the light path. A major advantage of DIC is that it emk
full use of the numerical aperture of the system and permits
focus in a thin plane section of a thick specimen, with
reduced contributions from specimen regions vabar
belon the plane of focus. Thus DIC provides superior

Light Wave

Out of Phase

Optical Phase Microscopy

The optical phase microscope wasedleped to allev
visualisation of the phase properties of unstained cellul

material and works by cwearting phase properties to ) . .
amplitude differences that can be detected by eyéerBift resolution to Zernik& phase contrast microscpidand when

forms of optical phase microsopptilise various optical SoUPled with other equipment allows optical sectiorihg.
devices that change theay light is refracted and reflected!C has the additional advantage that the ‘halo’ edge
and these he ened for may years as useful tools for €f€Cts produced by standard phase microgawp lagely
qualitatve examination of unstained Vi@ lls. An absent® Unfortunately DIC is epensie © st up due to
ovaview of the major types of phase microsyojs the cost of the accessory optical components, requires

provided belav, and the advantages and disadvantages gfnificant increases in incident lightvéis and is not
each are briefly considered. conducve © imaging with plastic culture dishes (which

mix the phase retardation fefts with birefringence).
Zernike Phase Microscopy Implementation of DIC can also beysically restrictve, as
the condenser positionver the stage of an werted

The ‘standard’ (Zerni&) phase microscope vemted microscope can obstruct access for placement of

in the 19308 by he Dutch physicist Fritz Zerni' uses a experimental tools (ie recording electrodes, solution
phase plate to alter the passage of light passing direcglyritzers).

through a sample by a specifiedwdength fraction. This

method results in destrueti interference of light and Hoffman Modulation Contrast (HMC)
allows details of the normally transparent cellular specimen

to appear relately dark against a light background. That is
the phase differences are werted into amplitude X . : ; T J
differences and observed as intensity contrast. femof Coversion of optical gradients into variations in light

H it\/15,8 i
phase shift induced is determined by a combination of tHg€NSity->*The components of the HMC system comprise
refractive index and thickness of a specimen atyawint. an amplitude spatial filter (the ‘modulator’) placed at the

By this means, structures of unstainednlj cells, not Pack focal plane of an objeeti and an off-centre slit
evident using bright field microscgpcan be visualised partially covered by a polarizer located at the front plane of

using optical phase microsgopA major disadvantage of € condensertoffman images h& a tree-dimensional
Zernike phase microscapis the appearance of light halos@PPearance arising from tr_le directiondéef of the optlcal
at the edges of specimen components where the phase &fifdients. Lik DIC, a major advantage of HMC is that
gradient is most steep, resulting in poor boundalf)'r'"er use of the numerical aperture results wtedlent

localisation. These boundary haldeets are particularly 'eSolution of detail together with good specimen contrast
problematic if quantification of cell size and/or structure i&"d Visibility HMC can be used for imaging through plastic
requiredt6-8 culture ware, and it is for this application that the technique

is most widely utilised. Although the Hoffman ‘view’' &k
on a three-dimensional appearance, localisation of image
detail at a particular depth within the sample is rediti

Hoffman Modulation Contrast, wented by Robert
Hoffman in 1975314 is similar to DIC, It works by the
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20 pm 20 pm

4 um

Figure 2. Example of the ability of QPM to highlight cellular morphology by creating of phase maps.

All bright field imayes presented in kgures wee acquired using a blac and white 1300< 1030 pixel Coolsnap FX CCD
camen (Roper Scientific) mounted on a Zeiss Axiovert 100M invertedsoimpe The defocus imges were dotained using
a piezoelectric positioning device (PiFoc, Physik Instrumeltelsruhe Germany) for objective translation. Bright field
images were processed to generate phase maps using QPm sefwaad IATIA Ltd, Australia).

A:. Bright field image d human buccal epithelial cell (Achroplar40, NA 0.60).

B: Phase map of cell shown in A, showing prominent phase-dense (darker) nucleus.

C: Bright field imaye d mouse erythrocyte (Achroplar63, NA 0.80).

D: Phase map of erythrocyte shown in C, with biconcavity depicted as a darkened annulus of increased phase.

imprecisé and this can makgatial naigation through a images. The mathematical processeslired hae hkeen
specimen visually difficult. As with DIC, HMC also described in detail elsewhere, but essentially the procedure
involves a number of ancillary optical components and &ntails calculation of the rate of change of light intensity

relatively expensie o implement. between the three images in order to determine the phase
o ) shift induced by the speciménThe de-focus images may
Quantitative Phase Microscopy be obtained either by positioning a mirror at specified

points in the optical path or by translating the obyectd

ar - .

positions abwee and belav the designated plane of focus.
Both the image acquisition and the computational processes
for QPM can be directed by commerciallyaidable
hardware and softare (QPm software, IATIA Ltd, Box
Hill Nth, Australia).

It is important to emphasise that the optic
microscopy techniques discussed alepwhilst very useful
in mary different obserational and imaging situations,
generally only preide qualitatve information about
cellular morphology An innovative @mputational
approach to phase microsgpp which proides
mathematically devied information about specimen phaseUsing QPM for Qualitative Evaluation of Cell
modulating characteristics, has recently been desctigéd. Morphology
Known as Quantitate Fhase Microscop (QPM), this
method combines the useful qualwati dtributes of QPM is particularly valuable forxamining cellular
previous phase imaging approaches with the additionatorphology especially when visualising phase dense
adwantage of quantitate representation of specimen phaseomponents of cellular structures such as the nucleus,
parameters. With QPM, a phase-based analysis of cetfanelles or intracellular inclusions. Figure 2A shows an
structure, morphology and composition is possible usingexample of a typical bright field image of a buccal epithelial
relatively simple wide field microscope. In optical phaseell, from which little evidence of detailed intracellular
microscopy the amplitude and phase image components as&ucture can be gleaned. When a phase map is generated
inextricably embedded in the image generated, wheretem bright field images using QPM methods (Figure 2B),
with QPM it is possible to separate these specimen qualitibe phase information within the cell becomes apparent
in the images produced. with visualisation of the intracellular ganelles, including

The implementation of QPM wolves the calculation the very obious phase dense (dark) nucleus. As a further
of a ‘phase map’ from a triplicate set of images captureskample, Figure 2C shows a bright field image of an
under standard bright field microsgopA computational erythrogte exhibiting a characteristic biconveadsk-like
algorithm is applied to the analysis of an in-focus imagghape. The calculation of the phase map using QPM (Figure
and a pair of equidistant posii and neaive de-focus 2D) allows more detailed representation of the cell
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150 um

Figure 3. lllustration of the different simulated imaging modalities generated using QPM applied to smooth muscle
cells in culture (Achroplanx10, NA 0.30).

A: Bright field imaye d human airway smooth muscle cells.

B: Phase map produced using bright field gean Panel A.

C: Differential Interference Contrast (DIC) irga @lculated from phase map.

D: Hoffman Modulation Contrast (HMC) irga @lculated from phase map.

geometry with the biconcuity appearing as a well defined applications hee dready been deloped!®!® These

annulus of increased cell ‘phase’ thickness. include the tracking of culture conflugnand grawth?°to
The phase information which is extracted from widénvestigate cell proliferatie poperties, and the

field cell imaging by QPM analysis may also be utilized tdevelopment of cell volume measurement technidtiés

simulate optical phase and to reproduce different imagimyduate variations in erythrocyte morphology.

modalities. Br example in Figure 3A, a bright field image i

of a smooth muscle cell culture is 9ig notable for the Tracking Cell Cultue Gonfluency and Growth

lack of contrast and definition. In Figure 3B the phase map

calculated from the triplicate set of bright field images Oéchi

the same cell fieldxibits considerably enhanced contrasf,

and cellular delineation. Based on the information withi resholding manipulations. This feature of QPM has been
the phase map, mathematical procedures can be applie }Bloited to deelop nev tools for the quantitate

aI.Iow caI.cuIa'tion gnd Crea“‘.”.‘ of images usua”y.aSSOCiat%Q/auation of cell gravth in culture, using repeated imaging
with optical 'maging modalities SfUCh as DIC (Flgure 3C)of cultures to assess the progressiowatds conflueng
Hoffman Modulation Contrast (Figure 3D), Zeraikhase over designated periods of tinf. It is important to

C):ntrqst a?tharI;NIT |eld.| Th's IS a u;.eful tzng;?i:t appreciate that methodologies yioeisly established for the
extension o the Q analysis approach, as thesere measurement of cell gngh in culture are either destrugi
image modes are all deed from the same initial bright or extremely laborious. These include cell size

field image set without gnspecialized optical equipment. easurement with fluorescence watgd cell sorting

Comparltla d \.Nithl other t gchniqlees,bQPhh:I f'isl dopt.ically an ACS, which requires remval of cells from their substrate
practically simple, requiring only a bright fie MICTOSCOPg, trypsinization), cell protein synthesis estimation (using
and a CCD camera to generate a range of magn&é

" - ) . . iated leucine upta®) or manual cell counting by
modalities. An additional caenience is that with QPM, haemocytometr§?25 The ability of QPM to praide

the bright field imagi'n'g conditions do not req.uire that auantitati/e information rgading the gravth of cellsin
cqndenser be p05|t|ongd close 'm)o he inverted situ in culture preides a significant advance on these
microscope stage, and this a#® for improved access of techniques
other equipment such as electrodes and pipettes. The first step in the processing of QPM-dediphase
maps to quantify the amount of cellular materialolaes
Using QPM for Quantitatie Assessment of Cellular the generation of a p&k !ntensn)_/ histogram to ddrentiate
Morphology the phase alues associated with cellular and non-cellular
regions of the culture dish. From this histogram a threshold
The use of QPM for quantitaé assessment of cell grey levd is obtained at which ggnentation of cellular
attributes has considerable potential, and a number of sucbm non-cellular material can be acked to produce a

The relatvely high degree of contrast which is
eved in phase maps generated by QPM analysisemak
e images especially amenable tgnsmntation and
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Figure 4. Demonstration of the segmentation process usgdatgsessing confluency of human airway smooth muscle
cell cultures (Achroplanx10, NA 0.3).

A: Phase map of human airway smooth muscle cell aultur

B: Sgmented imge d phase map in A,aneated using the threshold value determined by axis interceptgéiP@ Plus
softwae V3.0 Media Cybernetics, USA) See text for method details.

binary image (for a more detaileckpanation of cureé may be established (or is kmp already) it is also possible
fitting and etrapolation procedures see Cetlal 2004%. to use QPM to measure the thickness of a cell. Thus, the
This image manipulation process is illustrated in Figure vblume of an individual cell or of a field of cells may be
which shevs a smooth muscle cell culture phase mameasured by the irgeation of thickness valuexteacted
(Figure 4A) calculated from a bright field image, and tht'om designated areas of the phase map. Erytesc
sgmented cell-delineated image produced by thiwhich adopt predictable and well characterized geometric
thresholding process (Figure 4B). The area summation stiapes in diérent osmotic enronments?®3! are a
the segmented cellular material on the culture plagarticularly comenient cell type for the demonstration of
provides a measure of the conflugnaf the cell culture, this application of QPM?!
expressed as a percentage of the total field aramieed When eposed to a sufficiently hypotonic solution,
(in this xkample calculated to be 17.05% of total field). Therythrogites expand their isotonic biconcavity andetai
precision of this measurement relies on the threshold grepherical shape.In this condition, the red blood cell
level extrapolated by cum-fitting methods applied to the thickness (depth) may be equated with the width (measured
image pixel intensity histogradh and is entirely in the x-y plane).From a specific cell a certain phasdue
reproducible for a gen image. The extent to which can be correlated with the measured thickness/width. By
histogram distributions ary from image to image will aveaging awer mary cells, a ‘generic’ erythrocyte refraet
determine the measuremerariability, and this should be index can be determinett. This refractve index can then be
evduated empirically for diferent imaging conditions. As applied to ap similar cell, or fields of cells under
this methodology does not require the cells to bequivaent circumstances to cest the phase alues
manipulated in an fashion (ie by staining or contained in the phase map (such as thawsho Figure
trypsinization), repeated measurements of the same c&l) to an estimate of cellulaolume. Erythrocyte ®ume
field may be madever a pecified time period to dee a calculations performed using this methodology compare
growth curve. The high contrast phase visualizatiofavourably with those previously reported using more
produced by the QPM technique neakhese measurementdaborious and destrugé methods®?32 For other cell types
feasible — the contrasvailable in bright field andwen in  with less comenient geometryessentially the same process
corventional optical phase images is generally not adequatan be used to undergakolume measurement, although
to permit reproducible image thresholding and reliable cedomavhat more compbe procedures (ie confocal
delineation. microscoy combined with QPM) may be required to

initially establish a value for refragé index when this is

not independently ailable. As phase shift is simply the
Cellular Volume Measurement product of specimen thickness and refsactindex, ary
error in the determination of the refragtiindex will be
linearly reflected in the calculated volume. A refrati
index of 1.59-1.63 is commonly reported for erythytes®
and taking values at either extreme of this rangeilev
produce about a 2.5% variation in computedumne. In

Cell volume rgulation is a fundamental cellular
homeostatic mechanisth.Accurate measurements of cell
volume can provide important information about man
physiological regulatory and gmah processes, but such

measurements are particularly difficult to undestak L o .
most applications, where the refraeti index is not

situ. 1227 . ;
As the extent of phase shift induced when ”gh?xpected to alter under experimental circumstances for a

passes through a translucent cellular specimen qiven OE_!” type, phase cha_nges can beetako be directly
determined by a combination of the refraetindex and proportional to changes in cell thickness (and therefore

thickness of the cell, it follows that, where refraetindex volume}) for relawe measurements.
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As a newly deised microscop technique, QPM has 12.
demonstrated application in thevaliation of cellular
structure and morphologyhe full value of QPM as a non-
destructve, non-intenentional e&perimental tool for
functional imaging of ‘real time’ cellular process will 13.
become evident as this technique is more widely
implemented. 14.
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Microscopic imaging of extended tissue volumes
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Summary pathologically changed gen systems at dftrent
o ) _ developmental stages. Extended morphometric databases of
1. Detailed information about 3D structure isykD  this kind are required to characterize more fully the
understanding biological function _ _ structural changes associated withrious dysfunctional
2. Confocal laser microscgrhas made it possible 10 giates and to support the computer models that are
reconstruct 3D @enization with exquisite resolution atincreasingly being used to imte aperimental

cellular and subcellularvels _ information at cell, tissue andgan levds.
3. There hae keen fev attempts to acquire lge

image wlumes using the confocal laser scanninglanual technique for acquiring extended confocal

microscope. microscope images of biological samples

4. We have previously used manual techniques to ] ] ] )
construct extended olumes (seeral mm in extent, at In the remainder of this section, we summarize
1.5um voxel size) of myocardial tissue. ongoing research at the Waisity of Auckland which is

5. We ae nav devdoping equipment and fdient directed twvard the deelopment of eficient methods for
automated methods for acquiring extended morphometﬁ&qu"ing atended morphometric databases using confocal

databases using confocal laser scanning micrgscop laser microscop The work flows from initial studies in
which high-resolution @ume images were assembled of
Introduction myogyte arrangement and conneetiissue oganization

o ) ~across the heart all. Transmural segments (8Q@n x

The association between form and function iS 8ooum x 4.5 mm)were cut from the left ventricle freealt
central principle of the biological sciences and one that hgg at hearts prgously perfused with Bouis’ lution for
contrituted to the grarth of the field ver mary years. The fiyation and then with the dye picrosirius red which binds
linkage is probably more important today thaérebefore.  non_sterically to collagén The specimen was dptirated
It_ is W|d_ely accepted that detall_ed information about_thref‘—‘-,\-,ith a graded series of alcohols, embedded in epoxy resin
dimensional (3D) structure is el © understanding anq the upper surface of the blockasvthen planed flat
biological function from molecule to gan and with the sing an ultramicrotomeA motorized stage as used to
development of n& imaging modalities there has been aRgnrol the horizontal position of the specimen and
explosion in the quality andolume of data that can be contiguous z-series image stacks were acquired fetetit
acquired at each these scalé3x instance, the confocal x-y locations. In this \ay, an etended volume image a8
laser microscope has made it possible to reconstruct thrﬁ%‘nerated wer the upper sudce of the transmural
dimensional aganization with exquisite resolution at specimen to a depth of aroundu®® Theblock was then
cellular and subcellularvels. Morewer, using the array of ameoed from the microscope and mounted in an
immuno-histochemical techniqueswavailable, it is also | itramicrotome where the upper |50 was remeed. The
possible to probe the link between structure and fU”Cti%ecimen s then returned to the microscope and yietec
directly, for instance by quantifying the co-location ofof imaging and trimming as completed sequentially until
labelled prote_ms such as gap junctions or receptors Wil complete volume was imageaistaking alignment of
other anatomic structures. o the upper surface of the tissue block in both the microtome

For the most part, confocal imaging has not beegn the confocal microscope was required at each stage in
useq to reconstruct 3D tissuegartization in a sy_stemanc this process to ensure that imaggistation was, as far as
_fashlon and there ka keen fev attemp_ts to acquire lge ossible, preseed (See Figures 1 and 2Moreover,
image wlumes as has been done with MRI or micro-Clther post-hoc spatial transformation of image sub-
This reflects the pfsical constraints on the technologyyolymes was still required to optimizegistration when
Acquisition rates are limited by the _senaty of _assembling the complete image volume.
photodetectors and the need to scan points sequentially Digital reslicing, segmentation andlume rendering
throughout the tissueolume, while the dimensions that canyethods can be applied to the resulting volumes toigeo
be imaged are set by theorking field of the microscope guantitatve sructural data about the 3D ganization of
objectve and critically, with respect to Z direction, by myoqtes, extracellular collagen matrix and thaseular
absorptlo_n and scat_tenng of light in the tissueestigated. | arwork. These data ka rot previously beenwailable and
That said, there is a clear need for databases thalyide a peverful basis for further analysis of function.
incorporate structural information across the scalgsy example, it is a relately trivial matter to quantify the
addressed by confocal microsgopfor normal and ansmural variation of perimysial collagen once it has been
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endocardium

Figure 1. Oblique view of extended volume image from left ventricle of rat heart obtained usingcalinficroscopy
Note the laminar organization and cajlan (white) inteconnecting layes of nyocytes. Thepicadial collagen weave is
clearly seen along with cleaga ganes between myod#al layers. (Fom 1, with permission from the Royal Mascopi-
cal Society).

distribution of collagen and detailed information about the
time-course of these changes is necessary to better
understand the disease processeslhied. It follows that
extended volume imaging pries a pathway for
systematic acquisition of such datid.can also be used for
the deelopment of computer models, which neakt
possible to examine thefe€ts of myocardial structure on
the function of the heartFor instance, we h& exracted
the 3D arrangement of clege planes and mygte
orientation from an extended volume image of rat left
ventricular myocardium (3.8mmx 0.8mm x 0.8mm at
1.5um pixel size, 0.7210° voxels).

This application illustrates well the utility of being
able to gather detailed microscopic informationero
extended wlumes. Themyocardial layers and cleage
planes are defined by conngetiissue and myodes
interconnections that are visible atvdls of a fev
micrometers and it is details of these structures that are
needed to define the local electrical and mechanical
properties of the laminar myocardiumHowever, the
cleavage planes canxéend for two to three millimetres.In
order to fully describe the structure and associated material
properties, for instance whenveéoping a computer model
of myocardium it is necessary toveainformation across a
wide scale range, the system wevénakvdoped prwides
the tools to acquire this information. The extendellime
image of rat myocardium has been incorporated into a
structurally detailed, finite element model oéntricular
segmented out of an extended volume image as shown Miyocardium that has been used to study the influence of
Figure 3b The heart wll remodelling associated with man discontinuous myocyte ganization on the propagation of
types of cardiac diseasevilves changes in the extent ancelectrical actiation in the heaft

Figure 2. Image slice from leftantriclar midwall of rat
heart (800x 800um) illustrating laminar organization of
myocytes. Plane of optical section is perpendicular to
myocyte axis. Red dotseaperimysial collayen cords run-
ning parallel to myocyte axis.
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Figure 3. Reconstructed subvolumes (830800 x 100um). In the upper panel coligen is ssgnented andendeed (a)
with and (b) without badaground due to myocytes. In the lower panel venous sinusesgarented andendeed, (c) with,
and, (d), without background. i¢m 1, with permission from the Royal Microscopical Society).

Development of automated techniques for acquiring (Dell P4, 1.8GHz, 1GB RAM, WWdows 2000) using
extended volume images custom software written using the LabVIEW
o ) programming languageA single user intedce has been
Unfortunately acquisition of an image volume suchgeeloped that enables image acquisition and milling to be
as that presgnted in Figure 1 requires weeks of painstakifightrolled interactiely or automatically and allows the
work and this precludes the use of the manual approagRerator to process, reconstruct and visualize the image
outlined abwe for systematic morphometric analysiBor  \glymes. Theflexible user interface provides the ability to
this reason, we are wodevdoping an automated systeminage chosen subslumes at high resolution, but placing

that provides for computer controlled confocal imaging anghem within the context of a lge volume imaged at\eer
milling of embedded tissue samplegioextended wlumes.  ogolution.

The system consists of (i) a confocal microscope (Leica  prejiminary studies carried out with cardiac tissue
TCS 4D) with a Kr/Ar laser (Omnichrome) (i) @nable  gpecimens demonstrate that the system has the capacity to
speed Ultramill (Leica) which cuts tqufh over a 75mm  aequire 62.5 million exels per houreach aeraged wer 8

path using diamond or tungsten carbide tips, and (iil) &ans. This means that a fully-registered Emimage
three-axis translation stage (Aerotech) with xyzveneent \olume can be acquired aurh resolution (18 voxels) with

of 1000, 200 and 75mm, respeely at 100nm step Size. gx ayaaging, in 16 hours. This is a more than ten fold
The stage controls the positioning of specimens for Imagifihprovement with respect to our initial manual approach
and milling (See Figure 4).Microscope and mill are g4q further more modest imp@nent is seen to be
supported abee the translation stage using rigid mou“tingpossible with optimization of scanning and signal
systems designed to facilitate alignment of imaging a%quisition protocols.

cutting planes. The system is m_ounted on an ant@-vibration The imaging rig is currently being used in a series of
table (Nevport). Z-stackvolume images are acquired for gitferent projects including a longitudinal study of cardiac
overlapping x-y areas that ver the region of interest. The remodelling in spontaneouslyjpertensie rats throughout
imaged volume is then milled foland the process is the course of their progress to heaiture and an analysis
repeated. A major adwtage of this method is thatyf the 3D oganization of renal tubles and blood vessels in
alignment of the sample elements is maintained through%phron sgments. Rrticular emphasis is beingven to

the imaging and milling operations, thereby preservingyending the range of embedding and staining techniques

spatial registration and making reconstruction of thg .t can be used with this automated volume imaging
complete volume image easier and faster. system.

The system is controlled using a dedicated computer
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Confocal microscope

Precision

~~um miller

Automated 3-axis stage

Figure 4. The automated confocal imaging rigThe schematic indicates the angement of the confocal mascopethe
ultramill and the three-axis translation g The inset photgraph shows all three components and the antiatibn
table on whib they are nounted.

Acknowledgments: Author for correspondence:
lan LeGrice

Department of Physiology,
University of Auckland,
Auckland, Nev Zealand

Development of this imaging system aw made
possible by a grant from the Wellcome Trust.

References:

1. Young AA, LeGrice 1J, Young MA, Smaill BH. Tel: +64 9 373 7599 ext 86206
Extended confocal microscpp of myocardial Fax: +64 9 373 7599
laminae and collagen netvk. J. Microsc. 1998; Email: i.legrice@auckland.ac.nz
192:139-150.
2. Dolber PC, Spach MS. Caeentional and confocal
fluorescence microscgpof collagen fibres in the
heart. J. Histochem. Cytobem. 1993; 41(3):
465-469.
3. HooksDA, Tomlinson KA, Marsden SG, LeGrice 1J,
Smaill BH, Pullan AJ, Hunter JP Cardiac
microstructure: implications  for  electrical
propagtion and defibrillation in the heafirc. Res.
2002;91: 331-338.

Receved 27 dly 2004, in rgised form 17 August 2004.
Accepted ?? August 2004.
©l. LeGrice 2004.

132 Poceedings of the Australian Physiological and Pharmacological Society (3804)



