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ABSTRACT
Andrius Masedunskas: The Role of Actin CytoskeletoBndocytosis
and Exocytosis in the Salivary Glands of Live Rdden
(Under the direction of Roberto Weigert)

In the last two decades, mammalian cell biology tiasatly benefited from major
technological advances in light microscopy thatehamabled imaging virtually any cellular
process at different levels of resolution. Howeveammalian cell biology has been studied
primarily by usingin vitro models. Cell culture models have been used thd, moge it
offers several advantages such as, being amenab®th pharmacological and genetic
manipulations, reproducibility, and relatively lavests. However, their major limitation is
that the architecture and physiology of cefisvitro differ considerably from thén vivo
environment. This issue can be overcome by the afsentravital microscopy, which
encompasses various optical microscopy techniguesdaat visualizing biological processes
in live animals. Recent developments in non-lineatical microscopy resulted in an
enormous increase of vivo studies, which have addressed key biological quesin fields
such as neurobiology, immunology and tumor bioldggwever, the motion artifacts derived
from heartbeat and respiration have prevented rireging of intracellular structures and
limited the use of intravital microscopy to the Bse of tissue architecture or single cell

behavior.

In this respect, the goals of my thesis have bd@nthe development of an

experimental system that enables visualizing slldeel organelles in live rodents for



extended periods of time, and 2) the investigatbnthe role of the actin cytoskeleton in
endocytosis and exocytosis in live rodents. Hedgdcribe the establishment of a model for
studying endocytosis end exocytosis in the salighdands of live rats and mice. Moreover, |
show that both processes can be imaged in liveasiand that their behavior and kinetics
differ from what has been reportedimvitro systems. Next, | show that the salivary glands
can be genetically and pharmacologically manipdlatesitu, thus opening the door for the
investigation of the molecular machinery regulatmgmbrane trafficking in live animals.
Finally, in the last part of my dissertation, | fscon specific approaches developed to study
the kinetics of exocytosis of single secretory gtas and discuss how the actin cytoskeleton

plays a fundamental role in controlling this praces
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INTRODUCTION

This introduction will provide a general and braferview of endocytosis, regulated
exocytosis, and the role of the actin cytoskelatoithese processes. The main goal is to
convey the message that some of the conflicting ohathe literature may be due to the use
of in vitro andex vivo experimental models. Next, the advantages antini@ations of these
systems will be discussed in more details, emplmagihe need for the use of a combination
of in vivo models and light microscopy-based approacheslifimamore detailed overview
of intravital microscopy (IVM), its applicationsnd the potential for studying subcellular

structures will be presented.

1. Endocytosis and regulated exocytosis
1.1 Endocytosis

Endocytosis is a fundamental process in a variegelular events, such as nutrient
uptake, cell signaling, establishment and mainte@ani cell polarity and remodeling of the
plasma membrane (PM); it is also exploited by waipathogens as portal of entry into the
target cells [1]. During the past decade, live-cBliorescence microscopy, genetic
manipulations and fluorescent protein technologgbéed detailed characterization of the
endocytic pathways with a focus on their dynamiod #he elucidation of the molecular
machineries. Based on historical reasons endadsyhtas been divided into two main groups:
clathrin-dependent (CDE) and clathrin-independentoeytosis (CIE). CDE includes all of

the endocytic processes in which the coat protéathign is recruited to the nascent



endocytic vesicle (coated pit). Although for mamgays it was believed that there was a
single type of clathrin-coated vesicle, recentligas emerged that they differ regarding many
other components such as adaptors, cargo proteitistee scission machinery [2]. CIE
encompasses a broader set of endocytic processksasucaveolae-mediated endocytosis,
raft-associated pathways, non-raft CIE pathwaysrapmnocytosis, phagocytosis and many
others that, at the moment, are not fully charadrin terms of molecular machinery [3-5].
1.2 Role of the actin cytoskeleton in endocytosis

Actin dynamics plays a central role in process@s teshape the plasma membrane.
Actin polymerization drives membrane protrusionpiragocytosis and macropinocytosis as
well as in extending lamellipodia and filopodia.[6l]} is also important in various modes of
endocytosis where it is thought to provide the donecessary for membrane invagination,
fission and vesicle transport away from the plasneanbrane [7]. The dynamic association
of the actin cytoskeleton at the sites of clatlt@pendent endocytosis was first shown in
cultured mammalian cells [8]. Using total internaflection microscopy (TIRF), the authors
captured bursts of actin polymerization at the cledbudding sites, which coincided with the
recruitment of dynamin, a GTP-ase implicated ingbission of the endocytic vesicles from
the plasma membrane. The same group later shdwaed\tp2/3, an actin nucleating factor
that facilitates actin polymerization and branchiagd N-WASP, a regulator of Arp2/3,
transiently associate with both clathrin-coateds @nhd vesicles [9]. Rottner’'s group has
recently demonstrated that the Arp2/3 complex guired for actin polymerization at the
vesicle budding sites and that genetic ablatiolNaVASP impaired EGF internalization
[10]. Cortactin is another Arp2/3 activator thatsashown to transiently localize at the sites

of endocytosis [11]. Notably, dominant-negative @&md2/3-binding cortactin mutant as well



as siRNA knockdown experiments revealed that itegguired for both CDE and CIE [12,
13].

Experiments employing pharmacological agents th#&trfiere with actin turnover
provided some of the earliest evidence that agtioskeleton is important in endocytosis. In
S Cerevisiae, endocytosis was completely blocked by treatmeithh Wwoth Latrunculin A
(LatA), which binds actin monomers and preventsnagblymerization, and Jasplakinolide
(Jasp), which stabilizes actin filaments [14, 1Bjowever, in cultured mammalian cells such
pharmacological treatments resulted in partial bloicboth, CDE and CIE in most cases [16,
17]. When examined in live cells via TIRF micropgp both Jasp and LatA treatments
interfered with multiple steps of CDE [11, 18]. dn¢stingly, in polarized MDCK cells,
cytochalasin D (Cyt D), which caps the barbed eoidactin filaments and prevents their
polymerization, inhibited all forms of endocytosa$ the apical surface but not at the
basolateral surface [19]. Furthermore, anotherystidwed that the effects of LatA and Jasp
on endocytosis varied depending on the cell type whether the cells were grown in
suspension or on rigid substrates [20]. This sevieevidences suggest that the role of the
actin cytoskeleton in endocytosis varies with theimnment and the geometry of the cells
calling into questions whether the experimentaltesys used thus far are appropriate to

address these issues.



1.3 Regulated exocytosis

Secretory tissues are composed of specialized theltsuse a variety of strategies to
deliver molecules to the cell surface and the egttalar space. Molecules destined for
secretion are synthesized in the endoplasmic taticutransported to the Golgi apparatus,
processed, and sorted into membranous carriersatigatonstitutively released from the
trans-Golgi network [21]. These carriers, that d¢an vesicular or tubular in shape, are
transported in a cytoskeleton-assisted fashiorhéocell periphery where they dock to the
PM. This step is followed by the fusion of the tWad bilayers and the formation of the
fusion pore, which permits the release of solullgo molecules into the extracellular space
[22]. This overall process, generally known as gxosis, can be either constitutive or
regulated. Constitutive exocytosis does not requarey stimulus, whereas regulated
exocytosis is triggered by specific extracellul@nsls that are transduced intracellularly by
proteins at the PM, such as G protein-coupled tece {GPCRS), tyrosine kinase receptors,
and voltage-dependent calcium channels.

The modality and the kinetics of regulated exoagtasry considerably among the
numerous types of secretory cells, and interestjingbst-fusion events seem to be more
diversified than pre-fusion steps. Indeed, aftsido with the PM, exocytic membranes can
undergo three different processes: 1) full collapgeere they are completely absorbed into
the PM [23], 2) kiss and run, where they detacimftbe PM after the initial opening of the
fusion pore and the partial release of cargo mddésc{R4], and 3) compound exocytosis,
where an exocytic membrane fuse with the PM (prynfasion event) serving as a docking
site for other exocytic membranes (secondary fusewments) generating a string of

interconnected vesicles (Fig. 1 A) [23, 25, 26].isTdiversity in modality of regulated



exocytosis may reflect the fact that the organmatof the PM, the morphology of the
membranous carriers, and the nature of the carglecwes, differ among the various
secretory organs. For example, in neurons, neunraindters are released from the axon
terminal into the synaptic cleft and reach the {sysiaptic neuron; in endocrine glands,
molecules destined to secretion are released a@Phhénto the extracellular space, diffuse
through the stroma, and eventually reach the bloeas; and in exocrine glands, molecules
are released at specialized domains of the PMcailgithe apical poles, which form ductal
structures leading directly to the external envinent (Fig. 1 B). Membranous carriers are
also heterogeneous in shape, size and contentéuloms, the synaptic vesicles that transport
small neuropeptides are 50 nm in diameter [27]chnomaffin cells, secretory granules
(SCGs) that contain catecholamines are 300 nmamelier [28]; in salivary glands (SGs)
and pancreas, the large SCGs transport polypep@iddsreach a diameter of 1-1.5 um.
Finally, in endothelial cells, the Weibel-Paladedies that transport large aggregates of the
Von Willebrand factor have a peculiar cigar-likeapk with a length of 1-5 uym and a
diameter of 0.1-0.3 um (Fig. 2) [29]. How this mioopogical heterogeneity affects the
modality of regulated exocytosis is a fascinatingsiion. It is clear that after the exocytic
vesicles fuse with the PM, a physical continuityestablished between two membranous
environments with different biophysical featuregy(dipid composition, membrane tension,
or membrane mobility) [30]. Thus, it is reasonaldeassume that each secretory system
generates a specific exocytic vesicle/PM interfadagse unique properties may dictate not
only the modality of exocytosis but also the kiogtand the machinery required to complete

the process [31]. These differences in biophysical geometrical constraints may determine



the deployment of different molecular machineriea different use of the same molecule in
order to optimize the exocytic process.
1.4 The role of actin cytoskeleton in regulated exgtosis

Actin cytoskeleton and its associated machinery lag) been a subject of
investigations in the field of regulated exocytodis endocrine and neuroendocrine cells
actin seems to work as a barrier that prevents aane fusion of the exocytic vesicles. In
exocrine cells, the role of actin has been morerowarsial. Indeed, in exocrine glands,
apical canaliculi are marked by a dense meshwoifdlashentous actin (F-actin) [32]. Orci
and colleagues first postulated that the actinsigtieton could act as a barrier to membrane
fusion and exocytosis of large SCGs [33]. Latedss confirmed that the meshwork of F-
actin actin needs to be transiently depolymerizedhe docking and fusion of the granules
to occur [34]. In parotid acinar cells, treatmenth Jasp drastically inhibited degranulation
supporting the idea that F-actin turnover is reeplirfor exocytosis [35]. While
depolymerization of actin by lower concentrations LatA seems to induce granule
instability and fusion, more extensive depolymdi@a leads to inhibition of stimulated
secretion [34, 36]. This suggests that the presehegical F-actin might be required for the
transport of the granule to the site of fusion @aadgenerate some mechanical force to
facilitate this step. Indeed, actin filaments dhd activity of non-muscle myosin Il have
been recently implicated in granule delivery andldiag at the plasma membrane in lacrimal
acinar cells [37]. Additionally, F-actin seemshe recruited on and stabilizes the docked
granule, while non-muscle myosin Il stabilizes thgion pore in pancreatic acinar cells [36,
38]. However, the full understanding of the rdie aicto-myosin complex plays in regulated

secretion is far from complete. Studies in pararegcinar cells suggest that the granules



release their cargo via “kiss-and-run” mechanisnienictin provides stability to the fusion
pore [39]. Conversely, secretory granules in therilmal gland and the parotid salivary
glands are thought to fuse and collapse complaigfygesting a different role for the acto-
myosin complex.

It is important to emphasize that the differentesolproposed for the actin
cytoskeleton may reflect either differences in ¢inganization of the various secretory cells
or the possibility that actin plays multiple rokesthe same time. However, in some instances
contradictory findings have been reported usingsdmme model, suggesting that the use of
different assays, experimental conditions, or maystems may affect regulated exocytosis

[34]

2. Experimental model systems to study endocytosand exocytosis

So far both endocytosis and exocytosis have bestest primarily by using either
cell cultures grown on two-dimensional (2D) surfadendocytosis and exocytosis) or a
variety ofex vivo preparations (exocytosis). These systems offegrabadvantages, such as
a tight control of the experimental conditions, @iresults in high reproducibility, the
possibility of performing genetic and pharmacolagimanipulations, and finally the use of a
wide range of assays based on biochemistry, elptiysiology, and electron and light
microscopy. Specificallyin vitro andex vivo model systems have been the only choice to
perform time-lapse imaging and thus to acquire rmftion on the dynamics of both
endocytic and exocytic processes. However, thezesame legitimate concerns regarding
how well such simple systems represent cell belhami@omplex multicellular organisms.

2D cell cultures lack essential components thatch@acteristics of cells in their native



tissue: three-dimensional (3D) architecture, irdeoas with other cells, extracellular matrix,
and signaling molecules. Another issue is that wdedls are isolated from a tissue they may
loose their specialization, polarity, and membranganization. Finally, it is known that
metabolic state, protein expression and turnovetuitured cells may be altered from the
native tissue [40].

Endocytosis has been primarily studied in 2D systems and dichilata have been
generated irex vivo or in vivo systems. As a consequence, many fundamental questions
about the machinery regulating endocytosis aré wtinswered. For example, we do not
know much about which cell types carry out whicpetyof endocytosis for most cargaes
vivo. There have been several studies in live animsilsguelectron microscopy that have
identified clathrin coated pits or caveosomes atdéll surface. However, these studies did
not provide any dynamic information on the inteizetion and the subsequent steps in
endosomal trafficking and in many cases the carg@es not identified.

As for exocytosis, cultured cells have been usddrsively to study endocrine and
neuroendocrine secretion. The use of spinning olistIRF has made it possible to follow
small vesicles (50-100 nm) that exocytose verydiggiin the order of milliseconds, Fig. 2),
and to investigate various aspects of exocytos) as the release of cargo proteins and the
dynamics of the fusion pore [41]. For example, egiee studies have been performed on:
exocytosis of the glucose transporter 4 (GLUT4piimary rat adipocytes [42, 43] , dense
core vesicles in bovine chromaffin cells, PC12 s;elind primary cultured hippocampal
neurons [41, 44, 45], lytic granules in cytotoxiclyinphocytes [46], insulin granules in
pancreatic beta cells [47], and Weibel-Palade diehuman endothelial cells [48]. The

field of exocrine secretion has relied extensivety preparations derived from explanted



organs, such as intact isolated acini or ducteSinesex vivo preparations are thicker than
a single layer of cultured cells, regulated exosidas been imaged using either confocal or
two-photon microscopy [25, 49]. Successful modelgehbeen established for SGs, pancreas,
adrenal medulla, and lacrimal glands, where putifeeinar preparations have provided
groundbreaking information on the kinetics of exosys and the identification of some of
the molecular components regulating these procebtes of the studies were carried out by
bathing acinar preparations in small fluorescemsgguch as low molecular weight dextrans
or sulphorhodamine-B, which accumulate in the editalar space and upon the opening of
the fusion pore access the SCGs. This approachekasled that in most exocrine glands,
SCGs primarily undergo compound exocytosis [25, 3B53]. It is important to note that
these preparations are based on the use of meahamid enzymatic procedures that may
have adverse effects on the response to exociynalstFurthermore, although some aspects
of the architecture of the intact organs are maet§ other structural components are
missing, such as extracellular matrix, supportimjscsurrounding the acini, and ductal
structures. Some of these shortcomings have bdeadswith the use of lobule preparations
and tissue slices, where the architecture of ttecirorgan is locally preserved. The former
model, has been instrumental in elucidating the plexnnature of secretory pathways in
SGs, whereas the latter, originally developed am@&duin neuroscience, have been
particularly helpful to study multiple aspects efjulated exocytosis both in pancreas and in
SGs [54, 55]. However, although both systems agectbsest tan vivo models, they still
lack the contribution from signaling molecules pded by the vasculature and the nervous

system. Particularly, the latter may have a profbuniluence on the response to excitatory



stimuli, since denervation in live animals resuttsalterations in both the morphology and
the exocytic capacity of the secretory apparatsishawn in several studies [56].

Regulated exocytosis has also been extensivelysiigaged in live animals, such as
small rodents, relying on two main approaches: hE) quantitative measurements of the
amount of a given secreted molecule through theotisgther biochemical or radio-immuno
assays, and 2) electron microscopy, which has keddhe ultrastructure of the secretory
apparatus. Although, these powerful approaches paw&ded biochemical and structural
information on regulated exocytosis, they did nié¢roany insight on the dynamics of single

exocytic events.

3. Intravital microscopy

To overcome the limitations of the vitro andex vivo models, a large effort has been
directed towards developing techniques and tooisémge and study cellular events in living
animals, with the goal of achieving the same depthnalysis that is currently available for
in vitro models.

Although in live animals organs have been imagedesithe early 1930s [57], the
major breakthroughs in this field occurred in tlaestl decade with the improvement of
conventional microscopes. Further improvement wahiezed by development of
microscopes based on the “non-linear” excitatiothefspecimen, which has opened the door
to deep tissue imaging [58-60].

3.1 Non-linear optical microscopy
Non-linear optical microscopy techniques generatmtrast using higher-order

interactions between light and biological matterod@sses whose dependence from the
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incident light is non-linear typically involve thebsorption or the scattering and
recombination of two or more photons by the spenifs8-66].
3.1.1 Two- and three-photon microscopy

The theoretical formulation of multi-photon excitat was proposed for the first time
by Maria Goppert-Mayer [67]. However, it took 30aye to be experimentally proven with
the invention of the first laser, and almost 60rgdar the first multi-photon microscope to
be built [68]. Two- (three-)photon excitation issled on the fact that a molecule of a
fluorophore can be excited by the almost simultasesbsorption (between atto- and femto-
seconds, 18%-10"° s) of two (three) photons that have half (a thiofljthe energy that
would be required to fill the gap between two af énergetic levels (Fig. 3 a, b) [58, 60].
This implies that multi-photon excitation requinesar infrared light (NIR) or infrared light
(IR) that have the ability to penetrate biologit@ksues deeper than UV or visible light,
making it the ideal choice for deep tissue imadB®j. Indeed, whereas in single confocal
microscopy biological specimen can be imaged ua tepth of 50—6@m, in multi-photon
microscopy (MPM) this range can be extended uprtorleither by using tissues that exhibit
a lower light scattering such as the brain [70pwrutilizing longer excitation wavelengths
[71]. The probability of multi-photon transitions bccur is extremely low and requires very
high light intensities concentrated in space antetiThis is achieved using lasers that emit
NIR/IR light in very short pulses (typically in therder of 100 fs) at high repetition rates
(80-100 MHz), and using high numerical aperturesdsmnthat focus the light to the excitation
spot. In ideal conditions the absorption and théssion occur in a very small volume (1 fl)
[58, 60] reducing significantly both photo-toxicignd photo-bleaching. Furthermore, this

avoids the issue of off-focus emission, which imfogal microscopy is eliminated through
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the use of a pinhole (Fig. 3 e). Finally, anotmeportant feature of multi-photon excitation is
that for all the fluorophores characterized so tag absorption spectra are much broader
than in single photon excitation. This enablesithaging of multiple fluorophores using a
single excitation wavelength (Fig. 3 f) [72, 73].
3.1.2 Second and third harmonic generation microsqy

Second harmonic generation (SHG) and third harmaeoeration (THG) are
processes that do not involve any energy absorgiite the incident photons are scattered,
recombining into a single photon in a process wittenergy loss (Fig. 3 ¢). For this reason
they are suitable for imaging biological specimathveven lower photo-toxicity than MPM
[61]. Although the major harmonic signals are praehlin the forward direction and thus
more suited for imaging slices, the backward soatiesignal is still sufficient for imaging
thick tissue in live organisms. Several molecules able to generate harmonic signals,
especially when assembled in highly ordered strastu Among them are collagen,
microtubules, and muscle myosin [61, 74, 75]. Régeiipids forming lipid bodies have
also been successfully imaged in various livingaargms using THG [76]. Due to the
different nature of the harmonic emission, SHG @akG are often combined with MPM,
expanding the repertoire of information that canalquired. Recently, using spectral un-
mixing techniques, up to six intrinsic signals cagifrom both multi-photon and harmonic
emissions were resolved, providing very detailedrmation about the architecture of the

skin in live nude mice [77].
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3.2 Imaging tissue architecture and functionn vivo
3.2.1 Intrinsic or endogenous fluorescence

Several endogenous molecules are excited usingreitin-linear optical techniques
or single photon microscopy, providing valuableomfation on the tissue architecture
without the need for exogenous labeling [74]. Alibb several studies have been performed
utilizing endogenous emissions in explanted tissaek/ few have been carried out in live
animals. One of the molecules that has been erpldir this purpose is NAD(P)H that
emits in the visible range upon either single phd®60 nm) or two-photon excitation (710—
760 nm). Although its two-photon cross-section é&wlow, its abundance within the cell
makes it a suitable endogenous label for both noéitabnd structural studies. Changes in the
levels of NAD(P)H were measured in live mice duriisghemia and reperfusion in the
jejunum [78], microcirculatory failure in the livg79] or in the kidney after LPS-induced
sepsis [80], providing novel data on the metabstate of the tissue under pathological
conditions. Recently, levels of NAD(P)H were measum the skin and in the liver using
FLIM [81]. NAD(P)H is distributed both in the cyttgsm and in the mitochondria, and at a
relatively low magnification, its signal highlightbe details of the architecture of various
tissues [82-84]. Another molecule whose intrintiofescence has been exploitedifovivo
imaging is collagen, which when arranged in fibgemerates a strong SHG signal [61, 75,
82-84]. Due to its very low turnover and stabilisgveral studies have been focusing on
analyzing the architecture of collagen fibers inrisas explanted organs under both
physiological and pathological conditions [85-89oreover, imaging collagen fibers in live
animals has proven to be a valuable reference paihin the tissue, particularly in the
context of tumor migration and invasion where apanant issue is to correctly locate and

orient tumors that are repeatedly imaged over g jogriod of time [90-92]. Furthermore,
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imaging the organization of collagen fibers hasnbextremely valuable in studies related to
skin diseases both in live rodents and in patig@®$ Finally, in order to highlight various
structural features in live animals, other molesulgave been imaged using different
modalities, such as elastin in the skin (MPM), niydgbers in the skeletal muscle (SHG),
myelin fibers in the corpus callosum (CARS, Fige)3or lipid-enriched structures (CARS)
[83, 93-95]. As shown in subsequent chapters, aeaignals from NAD(P)H and collagen
have been instrumental in enabling us not onlyndeustanding of overall structure of SGs
but also to orient ourselves in the right 3D spatéhe live tissue for a given experiment.
Some examples of the parenchyma highlighted by NPAB(signals in various tissues are
given in figure 4 a-i.
3.2.2 Exogenous labeling of the tissues

Another approach to image tissue architecture andtion is to either administer
exogenous dyes or to genetically introduce flu@asgroteins selectively targeted to the
tissue of interest. For example, systemic injecion fluorescently labeled bovine serum
albumin (BSA) or dextrans of different sizes havalded studying and measuring both
glomerular filtration and tubular reabsorption hetkidney [96-98]. In the pancreas of live
mice, by imaging with a millisecond temporal resmo, blood flow patterns were
determined in the islet vasculature bed [99]. Tdyproach has been used extensively in
neuroscience where vasculature flow has been imagedd measured either in normal
conditions or under acute ischemic damage in tlenbcortex [45, 70, 100] or in the
olfactory bulb [101-103]. Imaging the vasculatutbacutely and chronically has been an
extremely important tool in the context of canceldgy to address key questions such as

the contribution of the local microenvironment tonor-induced angiogenesis [104, 105],
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tumor-induced vascular permeability [106], and etlofwv the bio-distribution of drugs or
other molecules in the tumoral mass [107, 108]. @édwer, exogenous dyes can also be
locally administered in different tissues to highii various structural features. For example,
sulforhodamine B has been injected into the musaianice to image elastin fibers, or to
selectively stain the astrocytes in the brain [1D80]; curcumin and metoxy-04 has been
injected to label amyloid plaques in tg2576 micanadel for Alzheimer’s disease [111,
112]; and Ru(phen3)2+ has been used to image e dé oxygen in the liver [79]. Finally,
significant information about the architecture sktiesin vivo has been generated through
the use of transgenic models expressing fluoresegdrters under the control of specific
tissue promoters. The field of neuroscience hasgaed this approach with the generation
of mice with specific neuronal populations expregsGFP or YFP, and recently, using a
combinatorial strategy, the so-called “brainbowcenwere generated in which neurons are
labeled with different colors, providing an expeemtal tool to analyze the neuronal circuitry
[66, 113]. The use of fluorescent transgenic modelaow rapidly expanding to address
biological questions in other fields. For exampiace have been generated to image the
pancreatic beta cells [99], the endothelium in aasi organs such as the kidney and the
spleen, or in the presence of implanted tumors 18], and many more are becoming
available. In the coming chapters we will presesw lwe applied such exogenous fluorescent
labeling techniques and transgenic animals to laagbus components of the SG down to

separate organelles that enabled us to follow manebirafficking eventsh vivo.
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3.3 Imaging single cellsn vivo

The ability to follow the fate of single cells ovBme within a given organ in live
animals has contributed to major breakthroughs igld$§ such as cancer biology,
immunology, microbiology, and recently in stem celsearch. In cancer biology, several
experimental systems have been developed to tfakmotility of cancer cells within a
tumor in vivo. For example, mammary tumors have been imagesitu in mice models
highlighting the role of the macrophages during ititeavasation process [92, 117], and the
migration of highly invasive melanomas have beetked dynamically, leading to the
determination of interesting correlations betweke differentiation state of the cells and
their migration ability [118, 119]. Imaging the I=bf the immune system in a live animal
has revealed novel aspects of the dynamics oflaelilonmunity. Most of the experimental
systems are based on transferring of fluorescelatheled isolated cells into recipient
animals. From the first pioneering studies lookaighe movements of B lymphocytes and T
cells in the intact lymph-nodes [120-124], a numbeimmunological questions have been
addressed, spanning from T cell activation [122%]12he formation of mycobacterium-
induced granulomas in the liver [126], T cell itrition and elimination of solid tumors
[127, 128], migration of dendritic cells [129], atlde extrafollicular activation of B cells
[130]. Another field that has benefited from thevelepment of IVM microscopy is the
biology of pathogen infection. One of the firstdis conducted to image the progression of
bacterial infections in live tissue was performadhe kidney, where the proliferation of a
GFP-expressing uro-pathogenic Escherichia coli staslied [131]. Several other studies
were performed using different approaches andegfied to image either later stages of the

infectious process or focusing on the site of tifedtion [132, 133]. Finally, IVM has been
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recently utilized in stem cell research to tracttiwdual hematopoietic stem cells over time
in the calvarium bone marrow of living mice, thuseaing the field to new and exciting
discoveries [134].
3.4 First breakthroughs in imaging subcellular strictures in live mammals

In a live animal, one of the issues for subcelluésolution imaging is the decline of
signal to noise ratio as the depth and the lighattedng properties of the tissue increase.
Clearly, this can be remedied by choosing a modgmwith an easy access to the cells of
interest close the surface of the organ or by dngdess optically dense tissues such as the
brain. Another major challenge in performing imapat a subcellular level is represented by
the motion artifacts due to the respiration andhbartbeat. The use of stereotactic devices
that completely immobilize the head of the animas lbeen instrumental in achieving this
high level of resolution in the brain. Indeed, tinst structures that were resolvedvivo at a
submicron resolution were the dendritic spines ttet be imaged for over a month in
transgenic mice expressing YFP or GFP in a sulddatyer V pyramidal neurons [66, 135,
136]. In the last few years, both surgical proceduand novel devices ensuring the
stabilization of other organs have been develoféw first application of IVM for the
imaging of fast moving intra-cellular organellesargans other than the brain was pioneered
by the Molitoris group who has studied the inteizalon of fluorescently labeled dextrans
and folic acid in the externalized kidney, alsoabBshing methodologies to extract
guantitative information [137-139]. Exocytosis l&#so been imaged in the kidney, where the
release of renin from the granular cells of thergouli was studied using quinacrine to label
a population of secretory granules [140]. Other cellblar compartments, such as

mitochondria, were imaged dynamically in live anisneither in the liver during ischemia—
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reperfusion using Rhodaminel23 [141], or in thenkdyl using tetra-methyl rhodamine
methyl ester (TMRM) [142]. However, these studiesyachieved relatively short imaging
times, while the motion artifacts and the lack egalution have hindered the observation of

fine details of subcellular events such as orgarfalion and fission.
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MATERIALS AND METHODS

1. Multi-photon microscopy

An 1X81 inverted confocal microscope (Olympus) wasedified to perform MPM
(Fig. 5). A tunable Ti:Sapphire femtosecond lagdrameleon Ultra Il (Coherent), was used
as laser source, and the power was modulated asaagnbination of neutral density filters
(Chroma Technologies). The size of the beam wasuratetl using a beam expander (LSM
Technology Inc.) and directed into a Fluoview 1@@@nning head (Olympus). The emitted
signal was directed into a custom-made array afettmon-descanned detectors that were
installed on the right port of the microscope (LIMchnology). A 680-nm barrier filter
(Chroma Technologies) was used to prevent theesedttiR light to reach the detectors. The
three cooled photo multipliers (PMTs) were purclkasem Hamamatsu (R6060-12), and the
two dichroic mirrors and the barrier filters werarghased from Chroma Technologies.
Hoechst, the endogenous fluorescence and the séewntnic signal were detected on the
first PMT (dichroic mirror 510 nm, barrier filter08—480 nm). FITC and Alexa 488 were
detected on the second PMT (dichroic mirror 570 bamrier filter 505-560 nm), and Texas-
Red was detected on the third PMT (barrier filtB0-5650 nm). To enhance the detection of
the endogenous fluorescence, the barrier filterneasved. The excised glands were imaged
in the inverted setting, while time-lapse imagingtbe live animal was performed in both,
the inverted and the upright configurations usinghjective inverter (LSM Technology) for

the latter (Fig 6 E-L). All the time lapse sequence@ MPM mode were acquired using a
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UPLSAPO x60 numerical aperture (NA) 1.2 water imsmar objective or XLUMPFL20XW
x20 NA 0.95 water immersion objective (Olympus Aroa)y. More detailed description of

the MPM setup was previously published elsewhe48][1

2. Confocal microscopy

Intravital microscopy was also performed in confocede using the same IX81
inverted confocal microscope equipped with a Flaawil000 scanning head (Olympus
America). DAPI and Hoechst 33342 nuclear dyes we&pited by 405 laser; GFP and Alexa-
488 were excited with a 488 nm laser; m-Tomato,abeRed-Dextran, Cy3, Dil, Mitotracker
Red, Lysotracker and TRITC were excited with a %61 laser; and Alexa-567 dye was
excited by 633 nm laser. For the time-lapse imagimg acquisition speed ranged from 0.2 to
1 sec/frame and the thickness of the optical skeas optimized to reach either 0.8 to L2
(Fig. 17). The images and time-lapse series wegaiged using a UPLSAPO x60 numerical
aperture (NA) 1.2 water immersion objective or PAgo 60x / 1.42 NA oil immersion
objective (Olympus America). The optimal focal mafor imaging was chosen between 10
and 15 um from the surface of the glands (Fig. D8ying the acquisition of the time-lapse

sequences occasional drifts in the Z-axis and inaXié were corrected manually.

3. Animal preparation and gene transfection

All the experiments were approved by the Nationastitute of Dental and
Craniofacial Research (NIDCR, National InstituteHdalth, Bethesda, MD, USA) Animal
Care and Use Committee. Sprague—Dawley male raghimg from 150-250 g, mice of C57

Black 6 and Friend virus B-type (FVB) backgroundighing 20-40 g were fed ad libitum.
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FVB transgenic mouse lines expressing EGFP (GFRYMix C57BL/6 expressing the
membrane-targeted Tomato protein (m-Tomato mice)ewmrirchased from the Jackson
Laboratory and bred as homozygous. The expresditmoth transgenes was driven by the
chicken B-actin promoter and cytomegalovirus enhancer. W lines were crossed to
generate mice expressing both transgenes (GFP/nafbomice). Myosin Ilb-GFP and
Myosin lla-GFP mice were a generous gift from Ddefstein (NHLBI, NIH) and were
previously described [144]. GFP-Lifeact and RFRe&t transgenic mice were a generous
gift from Dr. Roland Weldich-Soldner and were ddsed previously [145]. Animals were
brought into the lab from the vivarium at least tdays before the experiment, fed chow and
waterad libitum, and allowed to acclimate in the new environmerprevent stress-induced
secretion that may affect the outcome of the expants [146].

A general flowchart of experimental procedures loarseen in Figure 7. However, in
some cases the fluorescent dyes were injectedgliumaging. Additionally, in some cases,
and especially when imaging transgenic animalsexmgenous labeling was applied. The
animals were anesthetized by an intraperitonea@ciign of a mixture of ketamine and
xylazine (100 and 20 mg/kg, respectively) with diddial injections as needed. For delivery
of fluorescent probes, pharmacological agents aNd\ hto the Wharton’s duct, a fine
polyethylene cannula (PE5 or PE8) was insertedhe drifice below the tongue using
tweezers (Fig. 6. A-C). The procedure has beenritbesc previously [147]. The cannulae
were inserted for 0.2—0.5 cm and sealed with glbe. volume injected did not exceed|d0
per rat SG, and the injections were performed wowly to prevent damaging the glands.
LifeAct-GFP or RFP plasmids were a generous gdtifrDr. Tamas Balla (NICHD, NIH).

Farnesyl-GFP or RFP plasmids were a generous rgift Dr. Julie Donaldson, (NHLBI,
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NIH). For the systemic injections of fluorescenplpes, the tail artery was surgically
exposed, and a small incision was performed toriresdéine catheter connected to a 1-mL
syringe. The tail was sutured, and small amountsatihe (100—20QL) were injected as
needed (Fig 6 D). Unless otherwise specified, #is were injected with the following
amount of fluorescent probes: 21§ 70 kDa Texas Red Dextran (TXR-D), 200 70 kDa
488-D, 40ug 500 kDa FITC-D and 1Qg of Hoechst 33342 (Invitrogen). All the fluoresten
probes were purchased from Invitrogen and dilutedsterile saline at the appropriate
concentrations in a volume not exceeding 200

Imaging was performed either in the inverted orighdrconfiguration based on the
resolution and fluorescence signal constrains fgivan experiment (Fig. 6 E-L). For the
upright configuration the animal is stabilized oplatform with a custom-made holder that
accommodates a SG and a coverslip. After the ptatie situated on the microscope stage
the heated objective is brought on top of the glarat the inverted setup, the externalized
SGs were accommodated on a coverslip mounted ostdlge above the objective. The SGs
and the body of the animal were immobilized usingtom-made holders. Particular care
has to be taken in controlling that the blood flasv not significantly reduced as a
consequence of possible excessive pressure applig¢de tissue. This can be assessed by
visually looking at the flow of the erythrocytes time vessels close to the acinar structures.
All secretogues were injected subcutaneously ($€) the dorsal side of the animal. To
couple the sample to the objective, a carbomerit@d gel (Snowdrift Farm) was prepared
and used as described previously [84]. The temperadf the externalized glands was
maintained using the objective heater (Bioptechs}] the temperature of the body of the

animal was maintained a chemical heating pads “Péatmers” (Heat Factory), which were
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purchased from the Amazon.com website. It is ingurtto note that controlling the
appropriate temperature (around 37°C) is needesdéocome this major source of variability

for IVM based experiments.

4. Administration of drugs

Drug treatment or vital dye staining was carried by externalizing the SGs and
bathing them in custom made cups that held 0.5nl1a5 ml of working solution for mice
and rats, respectively. Selective SG drug treatnatlotved avoiding possible systemic
effects. When SGs were treated with pharmacologigahts while imaging in the inverted
configuration, a nylon mesh was placed betweemgliweds and the coverslip to facilitate the
access of the fluid to the exposed tissue andrig vblume of 1 ml was slowly infused with
PHD Ultra Nanomite syringe pump (Harvard Apparatus)+) and (-) Bleb (EMD
Chemicals), Cytochalasin D (EMD Chemicals) or Latwiin A (Sigma-Aldrich) were

administered at the appropriate concentrationlinesad.5 % DMSO was used as control.

5. Immunofluorescence

Immunolabeling was carried out using cryosectionsvbole mounts of the SGs as
described previously [148] with the following maddtions. To preserve the sub-cellular
architecture of the acinar cells, the SGs wheréhafixed by performing cardiac puncture
and perfusing the animals a with normal saline idiately followed by 4% formaldehyde,
0.05% glutaraldehyde and 0.2 M HEPES buffer, pH TI& fixed tissue was stained with
TRITC-Phalloidin (Sigma) and Alexa 488-Phalloidim\itrogen). The primary antibodies

used in this study were the following: rabbit aritrentin (Dako) and rabbit anti LAMP-1
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(Abcam). As secondary antibody, we used Alexa 48&-@nti-rabbit Immunoglobulin G
(Invitrogen). Staining with antibodies against narstle myosin lla or IIb (Covance) was

performed on cryosections that were fixed with agetat -20°C for 20 min.

6. Toluidine blue staining

Animals were anesthetized as described above.etagogues or saline were injected
SC and the animals were euthanized at the appteptiae by cardiac puncture and
perfusion of a fixative solution as described ab@®®@s were removed and placed in fixative
for an additional 24 hours. The tissue was embeddedraffin and 3 um sections were cut.
After rehydration, the sections were incubated % Poluidine blue in water for 1 minute,
washed in water for 2 min, dehydrated in acetotesred in xylene and mounted. Pictures

were taken in brightfield mode using a 100x oil iersi0n objective.

7. Image processing and analysis

Quantification of degranulation, fluorescence isign and granule diameter
measurements were carried out using Metamorph @dtde Devices). To quantify the
number of the SCGs, time-lapse image stacks wereepsed with the H-basin morphology
filter, which enhances granule-like objects ancents the image contrast. The granules were
manually counted at 0, 2.5, 5, 10, 15, 20, 25 dhthButes after the injection of either Iso or
Carb (Sigma-Aldrich) and normalized for the numbkthe granules at time 0 (100 %). The
co-localization between m-Tomato and actin in th@GS was assessed using Imaris
(Bitplane). Z stacks were acquired from phalloidiained whole-mounted SGs and

analyzed both manually by using the ortho-slicercfion. Each granule was scored for the
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presence or absence of actin and m-Tomato. We &aakyzed Three acini were analyzed
per animal, for a total of 3 animals. Fluorescemtensity from time-lapse data sets were
measured using the region measurement toolbox. chiamge in granule or canaliculi
diameter over time was measured using the kymogiegh For the supplementary movies,
image registration was performed using the Stacklag-in from Image J (W. Rasband,
National Institutes of Health). When needed, thekgeound noise was reduced by applying
to each image one or two rounds of a 2x2 pixel pass averaging filter in Metamorph.
Brightness, contrast and gamma correction wereie@pjpls needed. Volume rendering was
performed using Imaris (Bitplane). Data analysid graphing was done in Microsoft Excel.

The final preparation of the images was conductgld Rhotoshop CS (Adobe).
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RESULTS AND DISCUSSION

1. Setting up the intravital imaging system

In order to study membrane trafficking in living caiand rats we had to overcome
some of the challenges inherent to imaging thengjvissue, such as motion artifacts and
signal degradation due to the imaging depth. Asdehorgan, we used the SGs of live rats,
which offer several advantages. First, they caexyposed by a relatively minor surgery and
easily immobilized to minimize the motion artifadtsat are detrimental to high-resolution
imaging. Second, SGs are a quite homogeneous tisemethe depth perspective, whereby
most of the specialized cell types of the organlmaneached at relatively shallow depths (10
to 30 um). Third, SGs are amenable to both pharlogimal and genetic manipulations
making these organs ideal to study cellular prazesd a molecular level. Indeed, various
molecules can be delivered to SGs through multiplges: 1) via systemic injection, 2) via
intra-organ injection, 3) via bathing of the orgama solution, and 4) via the salivary ducts
that can be accessed from the oral cavity. Spatlificthis last route has been utilized to
deliver plasmid DNA, enabling us to transiently Begs fluorescently tagged proteins in the
parenchyma of SGs.

To minimize the motion artifacts we designed kotdto accommodate the SG in
both the inverted and the upright configuratiorg(F E-L). The upright configuration in the
inverted microscope was achieved by using an abgatverter / extension arm from LSM
Technologies. Although this setup allows for theiest access to the SGs, the inverted

configuration results in a more efficient imagingchuse of the lower number of components
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in the optical path. Therefore, the inverted settgs preferred for experiments where the
highest resolution was desirable. For the uprigiifiguration the exposed SG was placed in
the holder, immersed in the optical coupling gel aacured by a glass coverslip. The heated
objective was brought onto the coverslip usingdbgctive inverter (Fig 6 H, 1). Similarly,
the SG was secured onto a coverslip with a cust@aenholder in the inverted configuration
(Fig 6 L). The animal temperature was closely rmaed by a thermometer and maintained
by a chemical heating pad.

1.1 Imaging the structure and dynamics of the salary glands via endogenous
fluorescence and fluorescent probes

First, we determined whether we could use MPM tagenthe architecture of rodent
SGs and other organs. To this aim, we imaged treusg excitation wavelengths between
980 and 1000 nm. In both rats and mice we found the architecture of the SGs was
revealed when the laser was tuned between 730 dri@izhnm (Fig. 8). This emission most
likely represent NAD(P)H molecules as shown by mthi@4]. Large elastic fibers were
detected exciting the specimen between 800 nm &Adhfh and most likely representing a
combination of 2P and SHG signals (Fig. 8). We qrened 3D reconstructions of the gland
by acquiring sequential images along the Z-axisfthe surface up to 70-100 um. The very
same area was first imaged exciting at 750 nm (#igrey) and then at 900 nm (Fig. 9
green). Due to their distinct morphology, the aeimd the ducts were easily identified (Fig.
9 arrow and arrowheads, respectively). Furthermsoee structural features such as the
acinar canaliculi or the mitochondrial-enriched ddateral pole of the granular convoluted
tubules have also been imaged at a level of rasolutomparable to that obtained by

classical immunohistochemistry (Fig. 9 and fig-j#[l47, 148].
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Next, we determined whether we could dynamicallyage the parenchyma of the
SGs and visualize the vasculature in the live ahinsing endogenous fluorescence and
exogenous fluorescent probes. To highlight the Wasare, 500 kDa FITC-dextran (FITC-D)
was injected into the tail artery. Almost instantllye dextran filled the vasculature where it
was retained for the entire duration of the expentm(Fig. 10). The same experiment was
performed highlighting the nuclei by injecting Hbst 33342 prior to the injection of 500
kDa FITC-D (Fig. 10). Furthermore, we were ablan@ge the vasculature in the rat liver
and the brain, glomerular filtration in the kidnaryd kidney and SGs (Fig. 1.4 k-m). We also
found that fluorescent dye can be retro-infusedytavity into the salivary ducts of rats to
image dynamically the ductal system (Fig. 4 n).sThethod is capable of revealing an
intricate network of ducts and canaliculi at thensaime highlighting the apical pole of the
epithelial cells [147-149].

Next, we attempted to image membrane traffickingeetended periods of time in
the SGs. To this aim we used two strategies: dfesyic injection of low molecular weight
dextrans that diffuse out of the vasculature amdiaternalized by adjacent cells revealing
the endosomal system, and 2) labeling of subcelariganelles, such as mitochondria, using
specific vital dyes. First, we injected a combiaatiof dextrans of different molecular
weights (500 kDa FITC-D and 70 kDa Texas Red-dex{fa&XR-D)) and imaged the exposed
glands by two-photon microscopy. Both dextrans apgmk almost immediately in the
vasculature (Fig. 11a) with the 70 kDa TXR-D difhgsin the stroma and being internalized
by cells (Fig, 11a). Notably, the process was indaige 14 minutes at a scan speed of one
frame per second. In a second experiment, we ggefliexa 488-dextran and bathed the

exposed glands with Mitotracker to reveal mitochaandA single stromal cell was imaged in

28



time lapse. Since this cell was located close ediwface of the glands we used confocal
microscopy that exhibits a higher spatial resolutimdeed, we could observe the dynamics
of single mitochondria and catch fusion events betwthe endosomes (Fig 11 b). This
experiment suggested that when the cells of intemeslocated in the first 10-30m from
the surface of the organ, single photon confocalroscopy can also be used, enabling
imaging at a higher resolution than MPM (compaig EiL a and b).
1.2 Gene delivery salivary gland epithelial cells

A major breakthrough that has allowed extending I'“*tMmany other areas of cell
biology is the ability to rapidly transduce fluocestly tagged genes in specific cell
populations of the organ of interest. One of thst fstudies in this direction was aimed at
studying the actin cytoskeleton and was perfornneithé endothelial cells of the kidney that
were transduced with either GFP-actin or GFP-gofilsing micro-puncture techniques and
adenoviral vectors [150, 151]. Successful geneveelito other organs such as skeletal
muscle, liver and brain has been reported in logents [152]. Recently, using the SGs and
plasmid DNA, we have shown that genes can be sadgctargeted and robustly expressed
in the different subpopulations of cells forming tbarenchyma of the salivary glands [147]
(Fig. 11 c—e). Using high-resolution two-photon ragropy, different subcellular organelles
were imaged dynamically such as clathrin-coatedcless the trans-Golgi network (Fig. 11
c, e), and early endosomal compartments, with alugsn comparable to that achieved in
cell culture by single photon confocal microscopyrthermore, the dynamics and the
distribution of various molecules such as the GHeact (Fig. 11 d, e) and Aquaporin 5 —
GFP (Fig. 11 c) was also analyzed, showing that tdxchnology can be applied to address

and study different cellular processes.
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2. Intravital imaging of endocytosis

We have shown that systemically injected molecdiéfsise out of the vasculature
and are rapidly internalized by a series of cellghe salivary glands. An important question
was to determine the nature of these cells. Todims70 kDa TXR-D was injected into the
tail artery and after 1 hr the SGs were imaged BMTA Z-stack of images revealed that
two distinct populations of cells internalized daxt one that is embedded within the elastic
fibers (Fig. 12 Al) and the other that is locatedhe stroma around both acinar and ductal
structures (Fig. 12 A2). As shown in Figure 12 Bthbpopulations of cells were positive for
vimentin suggesting that they are fibroblastic atume although other cell types such as
dendritic cells could not be completely ruled oMfe also compared the uptake and
trafficking of fluid-phase markers with those of lecules such as transferrin that are
internalized via receptor-mediated endocytosis. p&singly, we observed the early
endosomes containing labeled dextran as early asnftAutes after injection whereas
transferrin internalization and accumulation wagkedly slower and appeared only 10-15
minutes after probe injection (Fig 12 D). Furthereoa significant fraction of transferrin-
positive endosomes overlapped with dextran labeledosomes. In contrast, the isolated
salivary gland fibroblasts exhibited very rapid édies of transferrin internalization and
showed no significant overlap with dextran-labeleddosomal-lysosomal system, as
previously reported (Fig 12 E). Moreover, dextrameinalization was markedly slowed
down and mostly relied on macropinocytosis in aetu fibroblasts. This experiment
provides a compelling evidence that cultured cgdlsnot always reflect the behavior of cell

in their physiological environment. Although it wdibe tempting to investigate the reasons
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of these discrepancies, we sought to continue loaracterization of the endocytic pathways
in vivo.

Next we determined the kinetics of the fluid phasego trafficking through the
various endocytic compartments in more detail. Aie &im, we first intravenously injected
the rats with TXR-D to load the lysosomal compartmand after 24 h, we injected 70 kDa
Alexa 488 dextran (488-D) to image the early endwdocompartments. The glands were
removed at different times after the injections488-D and imaged as described above. As
expected, TXR-D accumulated in Iysosomal structurksbeled by the late
endosomal/lysosomal marker lysosomal-associated breara protein 1 (LAMP-1) [153]
(Figure 13 A). After 20 min from the second injectj 488-D was present in early
endosomes. This was determined by two lines of eemd: first, 488-D-containing
endosomes did not overlap with the late endosogsesibmes containing TXR-D (Figure 13
B, top panel) and second, the 488-D-containing soch@s were not labeled by LAMP-1.
After 30 min (Figure 13 B, lower panel, arrowheads$ignificant overlap was observed, and
after 60 min, most of the 488-D dextran reacheddleendosomal/lysosomal compartment
(data not shown). Notably, the progression of taaes from the early endosomes to the
late endosomes/lysosomes is consistent with tipairted for cultured cells [154]. To image
the fusion events between the various endosomapadments dynamically, we set up a
time-lapse acquisition upon the second injectiod88-D. After 5 min from the injection, the
488-D appeared in small peripheral early endosdifigsire 13 C, time 7:00), which did not
reach the lysosomal compartment but increasedzaisi the first 20—25 min (Figure 13 C,
time 15:00 and 25:00,). The size of the endosome®ased because of homotypic fusion

events as shown in Figure 13 D where two smallyeartiosomes came in contact and fused,

31



generating a larger endosome that did not contayn &R (Figure 13 D, arrowheads,).
These fusion events are not always obvious bedaeseoccur within 3 seconds, a time that
is very close to the time interval between eacmé&af the time-lapse sequence. At later
time-point, we detected fusion events between tasgglosomes containing only 488-D.
These structures most likely represent late endesdmcause they overlapped with LAMP-
1. Notably, we did not observe any direct fusiorrdgg between endosomes containing 488-
D and lysosomes containing TXR-D. Instead, the B8&ntaining endosomes gradually
acquired TXR-D (Figure 13 E, time 55:00 versus tift38, insets and arrowheads) and
then fused with another endosome containing bo82&nd TXR-D (Figure 13 E, time
57:57 and 58:14, inset and arrow). Because ofithi in the resolution of TPM, we could
not determine the mechanisms by which the 488-iieed the TXR-D, which most likely
implicates some transient connections as previaletgribed by Luzio and colleagues [154].
We have shown that the trafficking of probes thiowgarly endosomes and late
endosomes/lysosomes can be studied in live anirHalsever, an important prerequisite to
study the molecular machinery regulating thesegsses is the ability to perturb this system.
In this regard, the Wharton's duct provides a diremute to deliver drugs into the
submandibular glands. This avoids systemic injestiaovhich might lead to broader non-
specific effects to the entire animal. To check heffectively molecules can be delivered
throughout the SGs, a fine polyethylene cannulaimserted into the Wharton’s duct (Figure
14 A). The 488-D was injected through the cannilenost immediately, it appeared in large
circular structures that most likely representdiass sections of the large ducts (Fig. 14 B,C,
arrow). Immediately after injection, 488-D appeaned small ducts and in the acinar

canaliculi (Fig. 14 B,C, arrowheads). To test wketdrugs delivered through this route
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would exert their effect throughout the entire glanwe injected LatA or CytD, two
molecules known to disrupt the actin cytoskeletdmat was first systemically injected with
TXR-D to label the endosomal and the lysosomal atnpents. After 1 h, one gland was
injected with LatA or CytD, while the other glandsvinjected with the vehicle, and 45 min
later, 488-D was injected systemically. The glamase excised and imaged after 1 h. CytD
(Fig. 14 D and E) was indeed effective in disruptine F-actincytoskeleton in many areas of
the glands as shown by cryosections, while othgams were not affected. Notably, both
drugs reduced the internalization of 488-D when garad with control glands, while the
levels of TXR-D injected prior to the drugs werd affected (Fig. 14 F, G). How these drugs
affected the fluid-phase endocytosis in the glaamains to be investigated, but the results
serve as a proof of principle that drugs can bectekly and effectively delivered to the SGs
without affecting other organs. Our study has ptedi new insights into the dynamics of
fluid phase and receptor mediated endocytosisanitte animal, which might enable us to
better understand the mechanisms of endocytos@llisin their native environments.

One of the most intriguing finding in our studies @ndocytosis was that most of the
probes introduced via the blood circulation or sieomal injections were not detected in the
epithelium. For example, stromal injection of dextror other hydrophilic fluorescent
conjugates resulted in labeling of the stroma, svltie parenchyma remained unlabeled
(Fig.15 A). This was generally true for all of thegans tested in mice and rats. If the probe is
left for longer period of time it is washed awawprfr the stroma and only the cells that
actively endocytosed the probe remain labeled.upmably, some barrier between the stroma
and the epithelium may be preventing the fluorespenbes from accessing the epithelium.

A good candidate for such barrier is basement mangbthat lines all of the epithelial tissues
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in the body. This is supported by the fact thahedipophilic probes such as Dil are able to
cross the barrier to be internalized by the epaheklls (Fig. 15 A). The barrier function is
likely to be highly important in organ physiologgcasome pathological conditions (such as
the spread of infectious agents) and with the ade&ivM and physiological models such
phenomena can now be studied.

In order to avoid this barrier and study endocwasithe epithelium, we introduced
fluorescent dextrans to the apical side by canimgathe major Wharton’s duct and
performing infusion by gravity (Fig. 15 B). We weable to label all of the ductal system
but still did not see any significant fluid phagetake under resting conditions (Fig. 15 B,
panel 3). We then observed that upon stimulatfqgratein secretion with isoproterenol (see
next sections), the clearing of the ductal system the simultaneous endocytosis of the
fluorescent dextran could be observed. (Fig. 15 Ml &). This process is called
compensatory endocytosis, and it is stimulatednduregulated exocytosis to retrieve the
large volumes of new membranes that are delivereédet PM. Compensatory endocytosis is
extremely important for the physiology of the glarabk the acinar cells have to retrieve the
extra membranes contributed by secretion [155].0lipo knowledge this is so far the first
successful attempt to visualize the compensatodp@rosis dynamically in exocrine glands

in live animal.
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3. Intravital imaging of exocytosis
3.1 Establishing a model for studying secretory graule dynamics and exocytosis

In SGs, proteins are secreted at the APM primahitgugh the regulated exocytosis
of large SCGs [156]. Due to the lack of appropriai@rkers for these vesicles there are no
good models allowing to observe SCG dynamics ie lexocrine tissues or iex vivo
preparations. To overcome this issue, we utilizadggenic mice ubiquitously expressing a
soluble form of the green fluorescent protein [15Bly using intravital two-photon
microscopy, we observed that in the acinar cellshef SGs and the other exocrine glands
tested, cytoplasmic GFP was excluded from largéchess(Fig. 16 and Fig. 17). Based on
their size (1-1.5 um in diameter), behavior (sdewg and lack of overlap with markers for
other large intracellular organelles such as lysesand mitochondria, these vesicles were
identified as SCGs (Fig. 16). To better resolveséheresicles, we utilized confocal
microscopy, which allows us to control the thickshes$ the optical slices, providing a higher
resolution when compared to two-photon microscdpyg.(17) [158]. By performing a z-scan
of the SGs, we determined the optimal imaging déptie approximately between 10 and 15
pm below the surface of the glands (Fig. 17 and E8). At this depth, the first layers of
acini were optically sectioned in the middle (Fig8) where both SCGs (Fig.19 a,
arrowheads) and acinar canaliculi (Fig. 19 a, ayrane clearly visible. Indeed, GFP
highlighted the APM as identified by the enrichmantortical F-actin (Fig. 19 b and inset).
Although we have not established the reason fa& ¢mrichment, we speculated that GFP
may bind to some of the components of the actinsigleton in a non-specific fashion. By
combining IVM imaging techniques and the use afggenic animals we have established a

powerful model to study regulated exocytosis inaixe glands.
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3.2. Regulation of fusion of secretory granules ithe salivary glands of live animals

Since there are conflicting data generatedninitro andex vivo systems about the
role of B-adrenergic and muscarinic receptors in SGs, wghtdo determine which stimulus
elicit exocytosis of the SCQAsa vivo. Exocytosis was assayed by estimating the reduatio
the number of large SCGs after agonist stimulatesishown by others [55, 146]. To this
aim, we injected isoproterenol (Ispsadrenergic agonist) and imaged the SCGs by time-
lapse confocal microscopy (Fig. 19 c, left pan&hirty minutes after the injection of Iso we
observed an 80% reduction in the number of SCGsaasignificant expansion of the acinar
canaliculi (Fig. 19 c right panel and insets). Tieduction in the number of SCGs was
uniformly observed throughout the acini confirmitigat SCGs underwent exocytosis.
Although our experimental set up did not allow inmggdirectly the fusion step (i.e. the
mixing of the membrane bilayer), this assay prodgida indirect estimate of the fusion
events of the SCGs with the APM. The maximal rdtdegranulation was elicited when Iso
was injected between 0.1-0.5 mg/Kg (Fig. 19 d) acdurred after 2-5 min from the
injection. Higher doses of Iso (>0.5 mg/Kg) indudbkeé rapid formation of large vacuoles
(Fig. 20), which most likely represent a non-phiagical process [159]. The same response
was also observed in the parotid glands and in St of live rats, and neither the
externalization of the glands nor the GFP expreshiad any effect on the regulation or the
rate of degranulation (Fig. 20). Injections of Cagleen at doses comparable to those utilized
in ex vivo explants, did not stimulate any degranulation antcast to previously reported
data (Fig. 19 d and Fig. 20) [52, 53, 55, 160,]16lbwever, Carb showed a biological
activity since it induced fluid secretion as exgec{Fig. 21). Lastly, co-injection of Iso and

Carb did not result in any significant increas¢hia rate of degranulation (Fig. 19 e, Fig. 21).
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3.3. After fusion with the apical plasma membranehe secretory granules collapse in a
single step.

Next, we imaged the dynamics of the SCGs at theahplasma membrane (APM).

The scanning speed was increased to 0.2-0.6 sgmefto visualize the large SCGs, which
undergo exocytosis in a slow fashion (several sgsomp to minutes) [23, 27]. Upon
injection of Iso, most of the cytoplasmic SCGs @aged their motility, whereas those closer
to the APM did not. This subpopulation of SCGs ékkd a 2-3 fold increase in the GFP
fluorescence surrounding them, which correlatedh wie recruitment of F-actin (Fig. 22 a).
Notably, these SCGs decreased in size slowly (48e&) and gradually collapsed into the
APM (Fig. 22 b, arrow and 22 c ), suggesting thatogtosis of SCGs was imaged. This idea
is further supported by the fact that these evemte observed only when degranulation was
stimulated by Iso. Previous studies in acinar maens of explanted exocrine glands
showed that this process occurs through compoundysis rather than single fusion
events [23, 55, 162]. Compound exocytosis has bleéined as the process by which large
SCGs fuse with SCGs that are already connected tvehAPM, generating strings of 3-4
interconnected granules [25]. These strings, whate been reported to be stable for more
than 20 sec, should have been detectable unden#tggng conditions used in this study [36,
51]. However, we cannot exclude that due to tha tiptical slices utilized to image the
SCGs in the GFP mice, some of the interconnecti@mt&een the fusing SCGs might have
been missed. To clarify this, we used two alteugatipproaches. First, we slowly infused a
fluorescently-labeled dextran into the ductal systef a live rat (Fig. 22 d) [147]. This
approach mimics the bathing of the explanted glandsmall fluorescent probes that has
been used to investigate exocytosigirvivo models [25, 36, 39, 55, 163, 164]. For this set

of experiments, we used larger optical section&.2lpm, Fig. 17) closely matching those

37



achieved by two-photon microscopy experiments tiate been successfully utilized to
image compound exocytosis [38]. Upon injectionsdf, ithe dye rapidly filled large vesicular
structures, which later gradually collapsed with thPM (Fig. 22 e and f). Based on their
size (1-1.5 um in diameter) we argued that thesetsires represent SCGs, which have
fused with the APM and have been filled with fluszent dextran upon the opening of the
fusion pore. This was confirmed by performing thene experiment in the mouse expressing
soluble GFP, where the SCGs are visible (data Im@tvs). Under these conditions, we did
not observe any evidence of compound exocytosisor®g we used a transgenic mouse
ubiquitously expressing a membrane-targeted pegdtided with the fluorescent protein
tdTomato (m-Tomato mice) [165]. This reporter laoadl both at the apical and the
basolateral PM but not in the SCGs (Fig. 22 g). @&peal canaliculi were easily identified
based on their characteristic F-actin coat and hwggy (Fig. 22 g-i). In this model, we
expected the m-Tomato to diffuse into the SCGs upsion with the APM thus enabling us
to track their fate. Also in this case, the opteattion was increased to 1-1.2 um to optimize
the detection of the SCGs and the APM (Fig. 17)eAinjection of Iso, m-Tomato localized
onto large circular structures (1-1.5 um in diametnd the acinar canaliculi appeared
enlarged as shown for the GFP mice (Fig 22 h). flmpee imaging showed that upon
injection of Iso the m-Tomato circular profiles cpletely collapsed at a rate similar to that
observed for the SCGs in the GFP mice (40-60 deéig). 2 j). Fusing SCGs clustered
around the expanded canaliculi but compound exstg/teas not observed (Fig. 22 ). These
vesicles represented the fused SCGs as shown gsimgathe m-Tomato mice with the GFP

mice (Fig. 23).
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Overall, our data support the idea that large S@G3ke SGsn vivo fuse at the PM
and release their contents in the extracellulacespa a single event, which leads to the
controlled collapse of the granules into the APMthdugh we have not observed any
compound exocytosis of large SCGs, due to the apatid temporal limitations of our
experimental system we cannot rule out that smadlsicular structures (between 50 and 100
nm) fuse with the SCGs during the collapse.

Based on this data we conclude thatfffedrenergic and not the muscarinic receptors
elicit the fusion of the SCGs with the APM and thlas process occurs in SGs vivo
through single fusion events and not through comgoexocytosis [23, 55]. The reason(s)
for the discrepancy between the data derived frepla@ted organs or acinar preparations
and the animal model are difficult to determine e(ossible explanation is that the damages
derived from the mechanical or enzymatic procedwssd to prepare the tissues may
activate or alter various signaling pathways, faxgpthe docking of the granules at the APM
and their sensitivity to Ca++ signaling, as shownlfsosomal secretion during membrane
repair [166]. Moreover, these procedures may distiog actin cytoskeleton resulting in the

fusion between the granules at the APM, reminisoéobmpound exocytosis [55].
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4. Role of the actomyosin complex during the exoaysis of large secretory granules
4.1. F-Actin is recruited on the secretory granuleafter membrane fusion with the
apical plasma membrane and is required to drive thie collapse to completion

We observed that the size of the SCGs did not ahdogthe first 5-10 sec after
fusion with the APM (Fig. 22c, f and k, red cirgeBuring this time the m-Tomato diffused
into the SCGs with what appeared to be a slow taterestingly, the fusion pore opened in
parallel with the diffusion of the m-Tomato, as wimoby infusing fluorescently-labeled
dextran into the ductal system of the m-Tomato racarsd stimulating exocytosis with Iso
(Fig. 24). After the intensity of the m-Tomato fhescence reached a maximum the granules
sharply decreased in size (Fig. 22 k, black cijclége hypothesized that this lag time was
due to the recruitment of the machinery regulativeycollapse of the granules. Since F-actin
coated the granules close to the APM (Fig. 22 a)inwvestigated whether it could play a role
in facilitating this step. To this aim, we labelgte SGs of the m-Tomato mice for F-actin
after stimulation with Iso. We observed that 100%tlee F-actin-coated granules (481
granules scored, N=3) were labeled with the m-Tomathereas 2.8 £ 1.8 % (average +
S.E.M, N=3) of the m-Tomato-labeled granules weoé labeled with F-actin (Fig. 25 a,
arrows). This finding suggested that F-actin wasruiéed onto the SCGs only after
membrane fusion has occurred. Next, we analyzedyhamics of F-actin recruitment onto
the SCGs by transfecting the acini of live ratshw@FP-lifeact, a probe that dynamically
labels F-actin without compromising its functior6f}. We have previously shown that the
acini in the SGs can be selectively transfectedh \flitorescently-tagged proteins (Fig. 25)
[147]. As expected, in acinar cells, GFP-lifeacbwhd a distribution comparable to that of
F-actin. In control conditions GFP-lifeact was lipad at the PM and enriched at the apical

pole (Fig. 25 d, arrowhead). Upon stimulation wigb, GFP-lifeact was recruited onto the
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SCGs and then progressively released during tludiapse (Fig. 25 d and e, arrows). To
analyze the kinetics of F-actin recruitment witepect to the dynamics of the SCGs, we co-
transfected Red Fluorescent Protein-lifeact (RFgadit) with GFP-Farnesyl, a marker for the
PM [168] that behaves similarly to the m-Tomatohbiotresting conditions (Fig. 25 f, arrow)
and under stimulation (Fig. 25 f, arrowheads). firawas recruited onto the SCGs after a
short lag time coinciding with the initial diffusioof membranes from the canaliculi,
suggesting that some of the factors controlling rineleation or the assembly of F-actin
might come from the APM (Fig. 25 g, and h). Thiadihg also suggests that F-actin
assembly occurs after the opening of the fusioe pod most likely does not play any role in
this process. Finally, we pharmacologically disagpbthe actin cytoskeleton in live animals
by using cytochalasin D (CytD, Fig. 27) or latrulmcuA (LatA, Fig. 26). In resting
conditions no exocytic events were observed, ajhosome small vesicular structures of
unknown origin were observed in close proximitythe PM. Upon injection of Iso, SCGs
fused with the APM with the same rate describedvapbut failed to collapse (Fig. 27 a,
arrows and b) and increased in size, forming la@mioles 2-3 fold larger than the normal
granules, as shown by measuring their diameter bwex (Fig. 27 c, red circles). These
vacuoles were generated by the SCGs fusing witiABM, and not as a result of interfering
with endocytic events, as shown by disrupting ttinacytoskeleton in GFP-mice (Fig. 26).
Furthermore, we observed that the remaining SCGedftand rapidly collapsed with the
vacuoles in a process reminiscent of compound ezeisy (Fig. 27 d). LatA treatment
produced similar results (Fig. 26). These obsemnatsuggest that F-actin may play a role in
controlling the collapse of the granules and invprging their homotypic fusion that was not

observed under control conditions. Moreover, Fraaiay provide a scaffold preventing the
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expansion of the SCGs that may be driven by thedsydtic pressure generated by the fluid
secretion that we observed during the exocyticgss¢Fig. 28).

Finally, we observed that 5-10 min after stimulatiith Iso the total amount of
secreted protein was inhibited by almost 50% (F2§.d). Since we ruled out that the
impairment of the actin cytoskeleton affected tperong of the fusion pore (Fig. 26 €), this
inhibition may be explained by the fact that thiuf@ of the first SCGs to collapse prevented
the discharge of the cargo proteins into the caulaliHowever, after 30 min, all the SCGs
completely fused with the large vacuoles (Fig. R&rad the level of the secreted protein was
comparable to that measured in control conditidifes suggests that the cargo proteins
retained in the vacuoles were released into thelicai, possibly facilitated by fluid
secretion accompanying exocytosis.

Taken together, these data suggest that F-actimesemany functions during
stimulated secretion in the SGs. First, we havewshthat F-actin provides a scaffold
counteracting hydrostatic imbalances that mighdriete with the dynamics of the granules.
This role is most likely restricted to the exocriglends where regulated exocytosis at the
APM is accompanied by fluid secretion. Notably, Isu role for F-actin has not been
described irex vivo systems where the hydrostatic pressure does fldtuqudue to the lack
of an intact ductal system. Second, we have shbanR-actin prevents the fusion between
the SCGs accumulated in the apical area and thssel fwith the APM. In secretory systems
in which the collapse of the SCGs is a slow proctss fused granules may have acquired
components of the APM, which makes them more suxtego fusion with other SCGs
[169]. In order to prevent these fusion events,ctacould be recruited onto the SCGs

performing a “barrier” function similar to what hbsen proposed for the F-actin at the APM
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[34, 170]. Finally, we have shown that F-actinaguired to drive the collapse of the SCGs to
the APM. Our data suggests that F-actin may sesve glatform to recruit molecules
generating the force required for the collapse hd granule). The impairment of the
assembly of F-actin around the fused SCGs leadsstdbstantial increase in their size and a
complete block of their collapse.

4.2. Myosin lla and Ilb are recruited onto the grarules and their motor activity
facilitates the collapse of the secretory granules

We reasoned that the role of F-actin in facilitgtthe collapse of the SCGs may be
linked to the assembly of an acto-myosin complex,dascribed for the contractile ring
during cytokinesis [171, 172]. Indeed, nonmuscleosiy lla has been previously implicated
in the regulation of the opening and the closinghef fusion pore during regulated secretion
[38, 39, 173]. We determined that in resting cdond#, both myosin Ila and llb localized in
the cytoplasm and at the APM in the SGs (Fig. Ztha c), whereas upon stimulation with
Iso, both isoforms were recruited onto the surfatcéhe fusing granules (Fig. 29 b and d,
arrowheads). To determine whether these myosing w@olved in SCGs exocytosis, we
pharmacologically blocked their motor activity bging (-)blebbistatin (Bleb), a specific
inhibitor of the myosin Il ATPase [37]. In animai®ated with (-)Bleb, we observed the
appearance of few intracellular vesicles of unkn@rgin and the enlargement of the acinar
canaliculi (Fig. 29 e, arrows). Upon stimulationtiwiso, although the onset of the fusion
events was not affected, the acinar canaliculihkirtexpanded and granules of larger size
appeared at the APM (Fig. 29 e, arrowheads). Taped sequences showed that a
significant proportion of SCGs fused with the APMdaabruptly increased in size, as
observed when the actin cytoskeleton was disruffed 29 g and i). However, under these

conditions, SCGs collapsed with the APM and ongnall population collapsed at a slower
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rate when compared with the inactive stereoisom@Bléb (Fig. 29 h and i). These data
suggest that myosin lla and Ilb are part of the mrary that regulates the collapse of the
granules after fusion with the APM but whether mgdsis absolutely required for granule
collapse is still unclear.

We have shown that the inhibition of the motorattiof myosin Il results in a sharp
increase in the size of all the fused SCGs antiendelay of the kinetics of the collapse but
only in a small sub-population of the SCGs. The faat (-)Bleb did not completely block
the collapse of the granules might be due to agbanthibition of the myosin activity and
unfortunately, higher concentrations of (-)Bleb Ilconot be used since they induce non-
specific effects on the cell membranes. Two otlussibilities are that either other molecules
are involved in this process (e.g. another myosinjhat when myosin Il activity is impaired
the collapse of the SCGs is regulated by a diftereachanism. Moreover, since (-)Bleb
inhibits the activity of both myosin lla and IIb weuld not assess whether they perform
different functions during SCGs exocytosis in SGsdascribed in other systems [38, 39,
174]. To address these issues, studies employiog harboring conditional knockout alleles
of myosin lla and llb are underway.

4.3. F-actin and Myosin Il recruitment and their dynamics during regulated exocytosis.

An important question is how the fusing granulerués the actomyosin complex to
its surface. Is the adrenergic signaling cascadeimed for the acto-myosin recruitment and
if so, which molecules are involved? Alternativalymembrane fusion and the mixing of the
two membranous compartments sufficient to initite recruitment? Another interesting
guestion is whether actin and myosin are depenolam@ach other for their recruitment and

function. In order to start to address these qoestwe used transgenic mice expressing
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GFP-myosin lla and llb [144]. Using these mice va@dnbeen able to image the dynamics of
myosin lla and llb, which in resting conditions dalized at the APM and in the
cytoplasm whereas upon stimulation are both remlusinto the granules (Fig. 30 A and B).
Both myosin Il isoforms are recruited from the @tsm and not by diffusion from the
APM, as shown by the kymographs in Fig. 30A and/Breover, we had crossed these mice
with those expressing RFP-Lifeact enabling us touianeously visualize F-actin and
myosin Il (Fig. 30 C). Notably, we observed thatidg exocytosis myosin llb is recruited on
the granules 6-8 seconds after the initiation ¢tihgaolymerization at the granule membrane
(Fig 30 D). By plotting the fluorescence profiles aiso found that myosin IIb is retained on
the granules after F-actin disassembly (Fig 30Stich observations suggested that the in
actin may play a role in the initial phase of myo#irecruitment onto the membranes and
that later some other molecule may be involved taaing it at the PM. Similar results were
obtained for myosin lla. Ongoing studies are airae@harmacologically perturbing one or
the other molecule of the complex and observingdh@nges in dynamics of the partner

molecule.

5. Model of regulated secretion in salivary glands

To summarize, in our studies of regulated exocgtasi SGs we focused on the
dynamics of the process and the machinery reggldtia fate of the SCGs after their fusion
with the APM. We used a combination of transgenicenand gene transfection into the SGs
of live rats, which enabled us to visualize the SCi&eir limiting membranes, their content,
actin cytoskeleton and myosin motor proteins. Smadily, we showed that exocytosis of the

SCGs in the SG# vivo is elicited exclusively by th@-adrenergic receptor and not the
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muscarinic receptor. Furthermore, we determined #fi@r fusion with the APM, SCGs
completely collapse without any evidence of commbexocytosis. Finally, upon fusion with
the APM, F-actin and nonmuscle myosin Il are rdedipbnto the surface of the SCGs, where
they provide a scaffold that facilitates the coflepvith the APM and prevents the homotypic
fusion of the SCGs [175]. By taking advantage oMI\And a physiological model system
were able to shed some light in these controvetsyats in the field of regulated exocytosis.
The discrepancy between our data and those acqusied ex vivo systems may warrant
some further discussion on models of regulated y@rsis and possible factors that might
have been overlooked.

First, it may be useful to review the basic struetof the acinus, which produces the
complex morphology of the apical pole, where sémnetiakes place. Acini are formed by 9-
10 polarized acinar cells, which are tightly packetb a sphere-like unit (Fig. 31). The
apical domains of the PM of two adjacent cells faraxrow canaliculi with a diameter of
0.2-0.3 pm and a length of 10-15 um. Each celleshdr3 canaliculi with adjacent cells, and
they are all interconnected, ultimately mergingpiat larger duct at the base of the acinus,
called the intercalated duct. A single acinar @alhtains 250-300 SCGs, which have a
diameter of 1-1.5 um. One of the most striking oaotes of this arrangement is the
difference in membrane tension between the APM $@¢s, which is a function of their
diameter. When two of such membranous compartnfasésthere is a flow of membranes
toward the area with the lowest membrane tensidh [B76]. Based on geometrical
consideration, large SCGs should have a lower manebtension than narrow canaliculi, and
indeed we observed that after the opening of tisgofupore, membranes flow from the

canaliculi into the SCGs (Fig 32). This suggestd the collapse of the SCGs into the PM
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may not be an energetically favorable process. Yépgse that the actomyosin complex is
recruited onto the surface of the SCGs to form mtrectile scaffold, which provides the

energy to complete this step (Fig. 32). Althoughdeenot know whether the force generated
by the scaffold acts by pushing the membranes certgrging the fusion pore, we suggest
that the actomyosin complex is required to redheesize of the SCGs, thus increasing their

membrane tension to a point in which the collapsmsines more energetically favorable.

Two interesting observations further support thisdei. First, in the absence of a
functional actin cytoskeleton the SCGs are ableditapse into the large vacuoles (Fig 27
D). Under this condition, SCGs (diameter 1-1.5 [lraye a higher membrane tension than
the large vacuoles (4-5 um) and their collapse beaynore favorable (Fig. 33 C). Second,
we noted that when the activity of the myosin Iltords impaired, the acinar canaliculi are
significantly expanded (diameter 1.8-2.0 um) (29.E and G). Under this condition, SCGs
may have a higher membrane tension than the exgaral®aliculi and the process could
possibly be brought to completion without the néeda contractile activity (Fig. 33 A).
Multiple reports fromex vivo models have reported actin coat on the granutasever they
did not find F-actin or myosin to be required fantrolling the collapse. It is possible that
some disturbances during acinar preparations migy #ie delicate geometry of apical

domains of the cells.

Another aspect that emerged for onvivo study comes from the finding that when
the dynamics of the actin cytoskeleton was disiigig pharmacological agents such as
cytochalasin D or latrunculin A, SCGs expanded ire sand their gradual collapse was
impaired. The analysis of the diameters of the S€l@@sved that there is a linear increase in

their size in the first 20-30 seconds after thenopg of the fusion pore. Since during this
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period we did not detect any large membranous kefising with the SCGs, we speculated
that the expansion was driven by the flow of membésafrom the APM into the granule via
the fusion pore. In addition to the membrane tend@ctor, hydrostatic pressure may
contribute to this process (Fig 28). After thigtiadi step, the increase in size of the enlarged
SCGs is due to membranes delivered by other SC&duke with the enlarged SCGs that
have acquired the characteristics of the APM (Rig.D). Similarly, when the activity of
myosin Il was impaired with blebbistatin, SCGsially expanded in size, and later resumed
their gradual collapse. This suggests that the mylbgontractile activity is also required to
counteract the hydrostatic pressure after the ogewoii the fusion pore. Under this condition,
the expanded granules did not further increasézm since the fusion with the other SCGs

was prevented by the actin coat that assembledhdrie expanded granules.

Overall our data suggests that another functiomhefactomyosin complex on the
surface of the fusing granules is to counteractdfiect of the hydrostatic pressure. This
implies that fused SCGs represent a weak spoteaABM that needs to be “patched” to
prevent disruptions in the cell architecture. Thypothesis was also supported by the fact
that an artificial increase of the intraductal grege during exocytosis induced the expansion

of the SCGs even when the actin cytoskeleton wapernturbed.
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CONCLUSIONS

In the past two decades the development of fluerggarotein technology and live
cell microscopy resulted in an explosion of infotima on every cellular process imaginable.
These developments have advanced our understaoidoed) biology tremendously. Most of
this knowledge was acquired by employing cell a@tonodels which are extremely powerful
when it comes to experimental manipulations, howebey may not provide a true
representation of the actual biology of complextioallular organisms. Over the years there
has been tremendous progresses in developing mgrgal models that can produce
dynamic and mechanistic information in multicellubrganisms, most notably @ elegans,
D. melongaster andD. rerio. More recently, IVM techniques, and nonlinear rmgaopy in
particular, have expandealvivo studies into mammalian models. Although IVM has
addressed key biological questions in fields sicheurobiology, immunology and tumor
biology, most of the work has been focused atifseié and single cell level [149]. The
possibility to expand our knowledge of cell bioldagymammalian models under true
physiological conditions, is very exciting and jtiss the efforts to advance the current IVM
techniques towards achieving subcellular resolutioreover, approaches based on
pharmacological and genetic manipulations haveetddyeloped in order to start probing the
function of various machineries in cell biology.

With this in mind, we set out to establish a maetem for studying endocytosis
end exocytosis in the salivary glands of live eatd mice. The SGs are readily accessible
with a minor surgery and can be externalized aaklilsted for intravital imaging in

relatively easy fashion. Development of surgical atabilization techniques such as
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customized SG holders was crucial in our achievémeimaging sub cellular structures in
live animals. Using this system we were able togenmternalization and trafficking of
various fluorescent molecules in the stromal andagicells of SGsén vivo. We found that
fluid phase markers that diffuse from the bloodse¢s are rapidly internalized into early
endosomes of fibroblasts within 2—3 min from thieation. The early endosomes undergo
homotypic fusion in the periphery of the cells afitr 30—40 min reach late
endosomal/lysosomal structures in the perinucleza FL48]. The kinetics of transferrin
internalization was markedly slower than that afdlphase markers and they were all
trafficked into the lysosomes. Notably, the sanlks @&xplanted and grown on glass
employed the canonical pathways where transfentergoes rapid internalization and
recycling while avoiding the lysosomal degradatiNext, we developed pharmacological
and genetic manipulations that allowed us to agstions about the machinery involved in
the process of interest. For example, we showedptréurbing actin cytoskeleton partially
inhibits the fluid phase endocytosis in stromalscie vivo [148].

We then extended IVM to study both the regulatiod emodality of regulated
exocytosis in SGm vivo and began to dissect some of the molecular cormp®mevolved in
this process. We focused our initial efforts onaweting the role of the actin cytoskeleton in
exocytosis of SCGs, as no clear picture of its fimncin regulated secretion has emerged up
to this point. To address these questions, we asgunbination of different approaches such
as: 1) transgenic mouse models, 2) the abilityaonsfect genes into the acinar cells, and 3)
the ability to selectively deliver fluorescent pesband pharmacological agents into the SGs.
The use of mice expressing cytoplasmic GFP andémnipnane-localized tomato fluorescent

protein has enabled imaging the kinetics of SCGewosis and to confirm that vivo this
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process is triggered exclusively by beta-adrenestjculation. Next, by using three
independent experimental approaches we observethtvisgo, SCGs fuse with the PM and
gradually collapse after the opening of the fugore without any evidence of compound
exocytosis. Lastly, we found that actin and nonrfeustyosin 1l assemble on the granules
after fusion and are important in driving the coetelcollapse of the SCGs. Our data
suggests that a functional contractile actomyosmpuex assembles onto the SCGs during
exocytosis to perform at least three functiondnlgounteract the effect of the hydrostatic
pressure an energetically unfavorable membranéotedsference, 2) to prevent the
homotypic fusion of the granules that are fusedhwie APM and 3) to facilitate the gradual
collapse of the secretory granules [31, 175, 177].

Our approach to studying cell biology based on IV¥iMive rodents has highlighted
that some biological processes occur with the doatan of several cellular events and are
strongly influenced by the architecture of the expental model. Reductionist approaches
based on the use of simplified models offer theaatages of a better control of the
experimental conditions and the opportunity to gtpibcesses at a molecular level.
However, certain aspects of the physiology of ajanr that may have unanticipated effects
on cellular functions cannot be recapitulategitro systems and require the usarofivo
models. The same approaches and tools develop#uef@Gs can be easily applied to other
organs and target new problems in cell biologyti@rmore, novel tools are now available
to address additional questions using IVM. Amorghare mice expressing various
fluorescently tagged markers and machinery, humgaries of knockout and conditional
knockout animals and relatively novel proceduregedorm protein ablatiom vivo via

SsiRNA or shRNA. IVM has a huge potential to uncoseveral not yet understood cellular
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processes during physiological and pathologicatitmms. In our view, this approach is
going to be one of the main tools to study celldgy in the future and we were fortunate to

have contributed in advancing this field a stephier.
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FIGURES

Figure 1. Regulated exocytosisA — Modality of regulated exocytosis. Upon stintida,
exocytic vesicles fuse with the PM and the fusiorepopens. Exocytic vesicles can undergo:
1) full collapse, 2) kiss and run, or 3) compourdaytosis. B - Different architecture of the
secretory organs. In neurons, small synaptic vesialease their content at the pre-synaptic
terminals into the synaptic cleft (left). In endoer glands, such as the pancreatic islets,
molecules are released in the extracellular spadeeach the bloodstream (center). In
exocrine glands, such as the salivary glands, caiglecules are released into a series of
canaliculi and ducts that are connected to theaanaty (right)
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Figure 2. Morphology of the exocytic vesicle€xocytic vesicles have different size
ranging from 50 nm for the small synaptic vesialpgo 2-3 um for the lamellar bodies.

The nature of the cargo molecules varies from snmalropeptides to aggregates of different
sizes, such as the VWF and insulin. The duratioth@fexocytic events ranges from few
milliseconds, for the smaller vesicles, up to masufor granules containing large
aggregates. The increase in diameter and sizeeadigo molecules inversely correlates
with the duration of exocytosis. Notably, kiss and events seems to occur primarily in
smaller vesicles transporting lower molecular weggrgoes, and actin primarily coats larger
vesicles that have a slower kinetics of exocytasis transport larger cargo molecules.
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Figure 3. Non-linear optical microscopy.a—d Jablonski diagram illustrating a single photon
(1P), b two-photon (2P) and three-photon (3P) akoih, ¢ second (SHG) and third (THG)
harmonic generation, and d Coherent anti-StokesaRapectroscopy (CARS). a, b In both
single and MP microscopy, the emitted photons lzalver energy than the sum of the
incident ones, due to some energy loss (yellomwadrro In SHG and THG the incident
photons are scattered and recombine in a singlevati®ut energy loss. d In CARS
microscopy two beams are used: the pump) and the stokeso(s). When they are tuned to
match a vibrational energy gap\uib), a strong anti-Stokes signal is generate CARS).

Note that both in the harmonic emission and in CARSlectronic transitions occur. e Non-
linear emission occurs at the focal spot. f Muétiilorophores can be imaged using a single
excitation wavelength. Alexa 488-dextran transfefgreen) and Texas-red—dextran (red)
were injected in the submandibular glands of matie and internalized into endosomal
vesicles by fibroblast located in the stroma. Aftdr, the glands were imaged by MPM using
750 nm as excitation wavelength. The endogenoasdtcence highlights the acinar
structures (cyan). Note that both transferrin agxtidn bind to the extracellular matrix
surrounding the acini. Scale bar 2@
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Figure 4. Imaging the architecture of the tissuesiilive animals.a—i Excitation of intrinsic
fluorescence to image tissue architecture. Rate aeesthetized and various organs such as
liver (@), kidney (b), brain cortex (c), skeletalisele (d), epididymis (f), bladder (g), prostate
(h) and lacrimal glands (i) were imaged at a lowgm#ication using 740 nm as excitation
wavelength. Scale bar 10@n. The submandibular glands were imaged at a higher
magnification (i) and details of the structure #woeni (') and the large striated duct$)(are
compared with the classical H&E staining (j). Sdades 1Qum. k—m Imaging the

vasculature in live animal. Texas-red dextran wasesnically injected in anesthetized rats
and the liver (k), the kidney (l) and the braintear(m) were imaged using 740 nm (k, I) or
920 nm (m) as excitation wavelength. n Vasculatun@ salivary ducts in live animals. FITC-
dextran was injected systemically in anesthetiza¢sl whereas Texas-red dextran was
injected into the Wharton’s duct as described en$va et al. (2009). The salivary glands
were imaged by MPM using 920 nm as excitation wavgth. Scale bars 20n

56



NI fitar whesl

B A

Beam Expander

o

Chameleon Ultra Il
680nm-1080nm

1

Detector

D FV1000 scanner

Power meter

¢ Excitation {IR)

wae—{">  Emission (visible)

Adjustable stage  [X-81

G
—
Upright 5et up (top view) Inveried set up (top view)
H = -
AL =
]
g
o
3
= g
|| |
IR Laser [:/ IR Laser
#
\%
\% ND Det HD Det
Upright set up (side view) Inverted set up (side view)

Figure 5. Multiphoton Microscope set up The laser beam generated by a tunable
Ti:Sapphire femtosecond laser (A) is directed tgioa rotating wheel holding a series of
ND filters. The reflected light is collected on etéctor (B) connected to a power meter. The
size of the beam is modulated using a beam expai@eand from there, the beam is
directed first into the Fluoview 1000 scanning h@ay and then to the microscope (E). The
specimens can be imaged using two different cordigons. In the inverted configuration
the specimen (typically excised tissue) is locatedhe stage of the microscope while in the
upright configuration the specimen (typically theel animal) is located on the adjustable
stage (G) adjacent to he microscope. In this candigon the objective is mounted on an
objective inverter (H). The emitted signal is diegtinto a custom-made arrays of three non-
descanned detectors that were installed on theé pgtt of the microscope (F). A 680 nm
barrier filter is used to prevent the scatteredigiRt to reach the detectors. The three PMTs
(1,2,3), two the dichroics and the 3 barrier fdtare arranged as shown above.
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Figure 6. Animal preparation for intravital microsc opy. A-C - Cannulation of the
Wharton’s duct. A - Custom made stereotactic defoceannulation. B - Diagram showing
the Wharton’s duct cannulation procedure. C - Pectif an anesthetized rat, immobilized on
the stereotactic device. Two PE-5 cannulae weeted in the ducts. D - Diagram of tail
artery catheterization procedure. The tail artengolated, an incision is made and PE-5
tubing is inserted. E - Diagram showing the ra¢a8Gs externalization surgery. The animal
can be positioned for imaging either for uprightrorerted configuration. F-1 - Setup for the
upright configuration. F - Custom made animal dizdtion stage with salivary gland holder.
Lower panels show the details of SG holder. G gi@dimn showing the positioning of the
animal for the upright configuration. Lowe panebwis the insertion of the coverglass. H -
Diagram showing the animal in a side view on tlagast The objective equipped with a
heater is brought on top of the coverslip covethgSG. | - Picture showing the microscope
in the upright configuration. Objective and heatey mounted on to an objective inverter. J-
L - Setup for the inverted configuration. J - A ngui40 mm cover slip secured to a 35 mm
inverted dish holder stage insert is pictured. FApo 60x water-immersion objective is
visible. K - Diagram showing the 35 mm dish hold&ge insert and a coverslip. L -
Diagram showing the positioning of the animal foe tnverted configuration. The animal is
stabilized by a suture holding the incisors ancessgbars holding down the neck and the
thorax areas. These stabilization devices areihgithce by masking tape.
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Figure 7. Flowchart of common experimental procedues for intravital microscopy. A.
Workflow for imaging only the transfected celisvivo. B. Procedures for imaging a
combination of expressed fluorescent proteins ajetied fluorescent probes. C. Workflow
for visualizing fluorescent probes introduced itite SG tissue. Note, that the injection of
the fluorescent probes can be performed while ingadivhen imaging transgenic mice in
exocytosis eperiments, in some cases the animatsimaged without introducing any
exogenous dyes.
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Figure 8. Characterization of endogenous fluorescence fromatated rat submandibular
glands Rat SG were isolated and imaged close to the surfatigeagland, using a 2C
water immersion lens. Wavelengths from 690 to 990were used and the power at
objectve was maintained around 15 mW. The emitted sigiaal collected on the exterr
non-descanned detector using a 510 nm dichroic miixcitation below 800 nm producec
signal from the parenchyma of the cell. Above 860predominantly elastic fibers (llagen
and elastin) were revealed. Bars 50
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Figure 9. Characterization of the rat submandibular glands byTPM and SHG. Z-stacks
and volume rendering of isolated SGs - Zstacks of the same area were acquired exc
first at 750 nm to image thearenchyma (grey) and then at 900 nm to image tsdielfibers
(green). Acinar structures (arrows) and striatectgl(arrowhead) are also shown in the in
at a higher magnification. Lower par- Side view of the volume renderin
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Figure 10. Dynamic imajing of the vasculature in rat salivary gland. 500 kDa FIT(-D
was injected in the tail artery of a rat (uppergdapor a rat prinjected with Hoechst 333
(lower panels) and imaged either at 750 nm to Viseidhe parenchyma of the glai (upper
panels, parenchyma grey, vasculature green) dd@ngh to image the nuclei (lower pane
nuclei cyan, vasculature red). Time of injectioi2@ (upper panels) and 1'32” (lowt
panels). Bars 20 um
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Figure 11.Imaging subcellular structures in live animals.a.Endocytosis of fluorescent
labeled dextrans in the salivary glands of live.réinesthetized rats were injected w
Hoechst to label the nuclei (blue), and imagedne-lapse using twghoton microscopy
After 2:30 min, a 500 kDa TC-dextran was injected to label the vasculature (Qraad
after 6:00 min a 70 kDa Texred dextran was injected to image the endocyticgs®
Endocytic structures appeared right after the tigacand they increased in number an:
size over timegee supplementary movie 4). Excitation wavelength@n. Scale bar 2om.
b. Imaging lysosomal fusion in a live animal. Rats everjected with Alexa 488 dextr:
(green) and Mitotracker (red) and after 4 h thensahdibular glands were imaged in t-
lapse using single photon confocal microscopy. Two $gsoal structures were caught dur
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a fusion event (inset). Note the dynamics of bbthlysosomes and the mitochondria in
supplementary movie 5. Scale batr. c—e Gene transduction in live animal. The acinar
cells of the salivary glands of live rats were s@dinced using plasmid DNA encoding for
different genes as described in Sramkova et aQ9R@. Cell expressing TGN38-mCherry,
which show the typical TGN ribbon-like structuredr arrows), and the water channel
Aquaporin5-YFP (arrowheads), localized both atapeal plasma membrane and in
vesicular structures (arrowheads). d Cell expregskifeAct-GFP to label F-actin (Riedl et al.
2008). Note the enrichment of F-actin at the apcdd of the plasma membrane. e Cell
expressing LifeAct-GFP (green) and TGN-mCherry (adow). Texas-red dextran was also
injected systemically in the rat and appearedhioad vessel (arrowheads; supplementary
movie 6). Scale barsjin
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Figure 12. Endocytosis in stromal fibroblasts of tk salivary gland. A. Isolated SGs were
imaged at different depth from the surface exciah§30 nm to highlight the elastic fibers
covering the gland (cyan) and the TXR-D (red). @epanel — Volume rendering (side
view). TXR-D was internalized by cells lying at therface of the gland (2A-1) or in the
stroma surrounding the acini (2A-2). B. SGs waleeled with an antibody directed against
vimentin (green) and imaged at the surface (lefieheor deeper into the gland (right panel)
exciting at 830 nm. Most of the cells, which int@ined dextran were positive for vimentin.
C. Arat was injected with 10 pg of Hoechst 333%8,SGs were exposed and imaged at 830
nm. After 2 min and 30 sec, 200 ug of TXR-D weljedted into the tail artery highlighting
the vasculature almost instantly. After 7 minutesk round structures appeared inside cells
adjacent to a blood vessel (inset and arrowhealdgjwvincreased overtime both in number
(15 min, inset and arrows) and in size (20 mintiasel arrows). D. A rat was anesthetized
and the SG was prepared for intravital MPM. Piioimaging 100 pug/ml 70kd Texas Red
labeled dextran and 0.5 pg/ml ALEXA-488 labeledriBfarrin were injected in the stroma.
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First three panels show single frames extracteu fildferent timelapses at 5, 15 and 30
minutes of imaging. Transferrin seems to be irgkzed separately and at a slower rate than
dextran. At 30 min significant overlap of the twmbes is seen. A complete overlap is
evident in a snapshot of the cell at 2h post-imgecfthe last panel). E. Same experiment (as
in D) was repeated with cultured fibroblasts isetefrom rat SG. It is apparent that the
internalization kinetics are reversed and the twabps never overlap. Scan speed: 0.3
frame/sec. Bars = 20 um
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Figure 13. Trafficking of dextran from the early endosomes to the late/endosomes
lysosomesRats were injected with TXR-D and after 24 h aithathanized (A) or injected
with 488-D (B-E). A. SGs were isolated, fixed aatldled with an antibody directed against
LAMP-1 (green) and Hoechst 33342 (blue). Imagesveequired by confocal microscopy.
TXR-D is localized in structures decorated by LANIRinsets) both in cell located at the
surface (left panels) and deeper in the tissudt(pgnels). Bars 20m. B. Twenty and 30

min after the injection of the 488-D, the rats wenthanized, the glands were excised and
imaged. At 30 min but not at 20 min, a significaatocalization between 488-D and TXR-D
was observed (insets and arrowheads). BasrlGC—E. Dynamic imaging of the trafficking
of dextran through the endosomal compartmentsefdnimals. Before the injection of 488-
D, the glands were exposed and imaged at 830 niR-D>ontaining lysosomes are shown
in red. C. In the first 25 min after the internalion, endosomes grow in size but do not fuse
with lysosomes. Bars 2@m. D. Small early endosomes undergo fusion (arradbe Bars

20 um. E. After 55 min from the injection, we obsen4&B-D-containing endosomes (time
55:00, inset and arrowhead), which acquired fib§RID (time 56:38, inset and arrowhead)
and then fused with a structure containing both-B&hd TXRD (time 57:57 and 58:14,
insets and arrows). Bars .
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Figure 14. Delivery of molecules to the rat salivar glands through the Wharton’s duct.

A. Cannulation of the Wharton’s duct. The rats waeeed onto an adjustable stage, and two
thin cannulae were inserted into the Wharton’s slfram the orifices below the tongue
(right panel, arrowhead). B and C. Injection of 43&to the Wharton’s duct. Twenty
micrograms of 488-D were injected through the céanmto the Wharton’s duct either alone
(B) or in combination with 20Qg of systemically injected TXR-D (C). B. Snapshlobwing
the SGs after 5 min after injection of 488-D. Arpoint to the cross section of large ducts,
while the arrowhead points to a series of smalletsl C. The SG was exposed and imaged
at 750 nm to highlight the parenchyma of the SG& Vasculature is shown in red. 488-D
(green) appeared first in large ducts (arrows)latet in smaller ducts and acini canaliculi
(arrowheads). D—G. Effect of LatA and CytD on tl&sSTXR-D was systemically injected
in a rat. After 1 h, two cannulae were insertethenWharton’s ducts, and one of the glands
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was injected with 1@m LatA, while the other was injected with the védicontrol). After

45 min, the rat received a systemic injection @d3-€8 and 1 h later, the animal was
euthanized. First, the glands were imaged at 83Qfamd G) and then frozen and processed
for cryosections and immunolabeling (D and E). @ &1 Both glands were sectioned,
labeled with Alexa 488—phalloidin and imaged byfoeal microscopy. F and G. 3D
reconstructions of the first §dn below the surface of the glands. The levels oRTX (red)
that was injected before Lat A were not affectedilevthe amount of internalized 488-D
(green) was substantially reduced (side view). R@nsm.
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Figure 15. Compensatory endocytosis in the acinaetts of the salivary gland.

A. Cadaverin-594, monomeric IgA-Cy3, TransferrirB4green), 10kDa Dextran-647 (cyan)
and Dil (red) were injected into the stroma of S@ the glands. After 1h the glands were
excised and imaged by MPM (first three panels)amfacal microscopy (last panel). All the
probes except the lipophilic Dil probe are exclufledn the epithelium implicating the
existence of barrier to basolateral endocytosenels 1-2 show rat SG and 3-4 show mice
SG. B. Image showing a rat with cannulated Whestducts (first panel). A 3D stack of
150 pum thickness was acquired in a live rat while[la Dextran-TXR (red) was infused
into the ductal system by gravity. Side view of mdume rendering is shown with ductal
system and collagen layer (cyan) visible. Top-ddiR of 20 um thick 3D stack (panels 3-
4) showing 10kDa Dextran-TXR (red) gravity infuse@ before and after isoproteranol
treatment. Dextran infused by gravity labels tbetdl system of the gland but is not
internalized by the epithelium. After stimulatiaith 0.5 mg/kg isoproteranol acinar cells
endocytose Dextran-TXR at the apical side (arrowh€a Timelapse sequence showing
compensatory endocytosis of gravity infused 10k@atian-TXR after isoproteranol
stimulation in live rat. Bars =20 um
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Figure 16. Characterization of the SCGs in the GFP mouse mad. ab. Submandibule
salivary glands were exposed and bathed with tiad¢ dyes Mitotracker (a), and Lysotrar
(b) to label mitochondria and lysosomes, respelgtives described in the Materials &
Methods section. Minimal or no overlap was obsémwéh the SCGs. Bars, 10 um.
Volume rendering of an entire acinus in the subniandr SGs. The SCGs were cr coded
in red and the number of the SCGs and their diamigte number of cells per acinus and
diameter of the canaliculi were measured from &iaid reported in the table. d. Paro
sublingual, and lacrimal glands and the pancreas @eciseand immediately imaged. Tl

morphology of SCGs and the APM was similar to tifahe submandibular SGs. Bar,
pm.
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Figure 17. Optimization of the parameters to image the larg&CGs a. Diagram showin
the preparation of the rodents for intravital mggopy. The animals were anesthetized
the SGs were exposed as described in the Matandl$/ethods. The animals were pla
on the stage of the microscope with the SGs faaiglgss coverslip mounted on the stac-
c. Comparison between twaitoton and confocal microscopy. The SGs of anazsdteGFI-
mice were exposed and imacin situ by either twophoton microscopy using an excitati
wavelength of 930 nm (b and c, left paror confocal microscopy using an excitat
wavelength of 488 nm (c, right panel). Bars, 10 g-e. Optimization of the thickness
the optical slice. The salivary glands of a moemggressing both GFP anc-Tomato were
exposed and imaged by confocéacroscopy using an excitation wavelength of 488(dir
or 594 nm (e). The pinhole was adjusted as indicail he best resolution to image
SCGs was achieved when the thickness of the oslical was set at 0.8 um (the lowest li
for our microscopg whereas the best visualization of the apicasimpla membrane w.
achieved by setting the pinhole between 1 and thZarrow). The table summarizes
imaging conditions utilized in this study. BarglBn
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Figure 18.Optimization of the imaging depth in live animals The GFP mice wer
anesthetized, the submandibular SGs were exposddimaged eithein situ by using two-
photon microscopy (a) or fixed by perfusion (sedevials and Methods), excised, ¢
imaged by onfocal microscopy (b). a. Z scan was performethftbe surface of the glar
using an excitation wavelength of 930 nm (step %igen, 60 X water immersion objecti
N.A. 1.2 from Olympus). Collagen fibers detectedslbgond harmonic generation (cyan)
at the surface of the glands, and below the agimeien). Right panel, view of the
maximal intensity projection. Dotted line repretsetie optimal imaging depth. Bars,
um. b. Z scan was performed using an excitatioveleagth of 488 nm (stisize 1 um).
Acini (arrow), acinar canaliculi (arrowheads), dhd intercalated duct (asterisk) are shoy
Bar, 20 um. Right panel, view of the xz maximaémgity projection. Dotted line represe
the optimal imaging depth.

Bar, 10 pm.

73



GFP GFP/Phalloidin

_ 13
B | ____-‘_-—__
= - o
¢ »
- = i
-

; g - _:M ":\_‘“‘Kﬂ_
= = sl ars -
B E W1 Sk
L] = %

&« §F |8 |5 B 13 B 8 4 @ i W 2 W

Time imimies) Timiw {mimles)

Figure 19. A transgenic mouse model for dynamic imaging ohie SCGs the APMin
vivo. The submandibular SGs of anesthetized -mice were imageth situ by IVM (a,c) or
excised and labeled with TRI-phalloidin to reveal the actin cytoskeleton (b)
Cytoplasmic GFP (green) is excluded from the SGE®{heads) and it is enriched at
APM (arrow). b. The APM is enriched in GFP (greanyl actin as revealed by nter-
staining with TRITCphalloidin (red). Insets. High magnification of analiculus. c. Th
anesthetized GFRuce received a subcutaneous (SC) injection ohfyBKg Iso and the SC
were imaged in timéapse. Acinus imaged at the moment of Iso inje« (left panel) or afte
30 min (right panel, see Movie 2 and 3). High mégaiion of the canaliculi (insets). Bal
10 pm. de. Quantitation of the degranulation of the SCGaalZhown are measureme
from a single acinus. The experiments were perfd 3 times with similar results.
Exocytosis in response to various doses of Isd: mM@/Kg (empty circles), 0.1 mg/Kg (fille
circles), 0.25 mg/Kg (empty squares) and 0.5 mdfidled squares). e. Exocytosis
response to muscarinic or adrenergic slation: 0.01 mg/Kg Carb (empty circles), (
mg/Kg Iso (filled circles) or both (empty squar
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Figure 20. Characterization of the stimulus regulating the @ision of the SCGs in SG
a,h The submandibular (a) or the parotid (b) glandsne@sthetized GFP mice were expo
and the animals injected SC with 1 mg/Kg (a) orrfadiKg (b) Iso. a. After 5 minutes fro
the injection, large vacuoles formed in the cytepigarrows) and exocyto was blocked. b.
Exocytosis of SCGs in the parotid glands proceed#dsimilar characteristics to that of t
submandibular glands.fcAnesthetized GFP mice (c,e), wild type FVB m{dgor Spragu-
Dawley rats (f) were injected with 0.1 mg/Kg Iso®:045 mg/Kg Carb. The animals we
perfused with a fixative solution at noted t-points as described in the Methods Secl
SGs were excised and either imaged by confocalosgopy (e) or stained with toluidil
blue (c,d,f). When injected with Iso, thegranulation occured at a very similar rate irtfad!
animals tested. Carb did not elicit any exocytos$ithe SCGs whereas water secretion
stimulated. Bars, 10 um
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Figure 21.Carbachol stimulates water secretion in the SGs difve animals but not
SCGs exocytosisa,b. Anesthetized GFP mice were injected with 01048g Carb eithe
alone (a), or in combination with 0.1 mg/Kg Iso, (@hd imaged in tin-lapse mode
Snapshots at time 0 or 30 min after the injecti@ashown. Bars, 10 um. Almost cplete
degranulation occurred after 30 min of Iso treatmenSpragu-Dawley rats wer:
anesthetized and the saliva from the submandilgldads was collected upon injection
0.5 mg/Kg Iso , 0.01 mg/Kg Carb or 0.045 mg/Kg Cé@ttotein (upper panel) a fluid
(lower panel) secretion were determined after 20hmin from the injection. Data
average +/s.e.m of 3 independent experime
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Figure 22 SCGs completely collapse after fusion with the AR. a. SCGs close to tf
APM are enriched in GFP. Anesthetized (-mice were injected SC with 0.1 mg/Kg Iso ¢
after 10 min, excised and labeled with TR-Phalloidin. Granules close to the APM |
coated with actin (red) and also enriched in GFB€gg). Brr, 10 um. b. Time series of
single granule (white arrows) fusing with the APMd line) (red arrowheads). Bar, 3 pum
Quantitation of both the GFP fluorescence interaitund a SCG (black circles) and
diameter (red circles) during I-stimulatedexocytosis. Data shown are from a single ey
5 events per animal were measured in two indeperedg@eriments. -f. 10 kDa Texas Re
dextran was infused by gravity into the salivargtdwof a live anesthetized rat. The £
were exposed and imaged tonfocal microscopy. d. Canaliculi are highlightadhe acini
(arrows). Inset. High magnification of a canaliail8ar, 10 um. e, f. 0.1 mg/Kg Iso w
injected SC. e. Timé&pse sequence. Upon the opening of the fusion perdran enters tw
SCGs (whie and red arrows) enabling theisualization. Bar, 3 pnf. The fluorescenc
intensity of the dextran inside the granule shomwa {white arrows) was measured (bl
circles) and correlated with its diameter (redlesy as described in the Materiand
Methods. Data shown are from a single eve-5 events per animal were measured in
independent experimentsj.gAnesthetized -Tomato mice were left untreated (g,i)
injected with Iso (h,j,k). The SMGs were imacin situ (g,h,j) or labeled wit TRITC-
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phalloidin (i). Acinar canaliculi in cross secti¢g, h inset and i). j. Time series of the
collapse of two SCGs revealed by the diffusionhef in-Tomato from the APM (white and
red arrows). Note the expansion of the canalioutife and red arrowheads). Bar, 3 um. k.
The fluorescence intensity of the m-Tomato at tivéase of a granule (black circles) and its
diameter (red circles) were measured as descnb#tiMaterials and Methods. Data shown
are measurements of a single event. 6-10 even@naal were recorded in 3 independent
experiments.
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m-Tomato

Figure 23. The granules observed in the GF-mice are filled by dextran injected into
the acinar canaliculi and are equivalent to thosobserved in the mTomato mice a- 10
kDa Alexa 647dextran was infused by gravity into the salivargtdof a live anesthetize
GFPmouse. The SGs were exposed and imaged by commocadscopy. 0.1 mg/Kg Iso w:
injected SC. Upon opening of the fusiorre, dextran enters a SCGs (arrows) enablin
visualization Bar, 5 um Inset. High magnificatiditloe SCG Bar, 2 pm-c, GFF-mice were
crossed with mFomato mice (GFP/-Tomato mouse). The submandibular glands v
exposed and imaged situ either in risting conditions (a) or upon stimulation with |
mg/Kg Iso (b). a, The submandibular salivary glanere exposed and imacin situ. Bar,
5 um. b, Timdapse series of a secretory granule. The granskdfwith the APM a
indicated by mFfomato diffusiig from the APM into the membrane of the grar
(arrowhead). The GFP fluorescence increased artvengranule (arrow) shortly after fusio
Bar, 3 pm.
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Figure 24. Membranes diffusion into the secretory granule:
from the apical plasma membrane and opening of the fusio
pore. a-b. 10 kDa Alexa 488extran (green) was infused
gravity into the salivary ducts of a live anestheti n-Tomato
mouse (red). a. The SGs were exposed and imageachiigcal
microscopy. The arrow indicatédse APM (red). b. 0.1 mg/K
was injected and the glands imaged as describkhierials
and Methods. Arrows point to the APM diffused itite SCG
Bars, 2 um.
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Figure 25. Actin recruitment onto the SCGs at the M. A. m-Tomato mice were

injected with 0.5 mg/Kg Iso, and after 10 min ti@sSvere excised and labeled with Alexa
488-phalloidin. All the SCGs coated with actin watso labeled with m-Tomato (Inset,
white arrows). A granule labeled with m-Tomato & acoated with actin (red arrowhead).
(Scale bar, 1@m.) B. The SGs of anesthetized GFP mice were exijasé incubated with
10 kDa of Texas Red-dextran as described in Mdsesiiad Methods. After 10-15 min, the
SGs were imaged by confocal microscopy using 48&nd561 nm as excitation
wavelengths. Texas Red-dextran labels the stromdhenbasement membranes (red,
arrows), highlighting the acinar structures (greé8tale bar, 1dm.) C. A Sprague—Dawley
rat was anesthetized, and GFP-lifeact was trarestext described in Materials and Methods.
The SGs were exposed and incubated with 10 kD&x#3 Red dextran to reveal the acinar
structures (red). The acinar cell expressing Gfdadi (green) is localized in the acinus
(arrow). GFP-lifeact is accumulated in acinar cendil (arrowhead). (D—G) GFP-lifeact was
transfected alone in the SGs of a live rat (D aphdMBereas RFP-lifeact was tranfected
together with GFP-farnesyl (F and G). The animasennjected with 0.1 mg/Kg Iso, and
the SGs were imaged as described. D. Single acatlarshowing GFP-lifeact enriched at the
APM in resting conditions (Left, arrowhead) andrtgied onto the SCGs upon stimulation
(Right, arrow). E. Time-lapse sequence of the litoent of GFP-lifeact onto the SCGs
(arrows). (Scale bars,;8n.). F. RFP-lifeact was enriched at the APM (Rigintpws)

whereas GFP-farnesyl (Left) localized at the PMilgirty as m-Tomato. Upon stimulation
with Iso, RFP-lifeact was recruited to SCGs thataso labeled with GFP-Farnesyl (Lower,
arrowheads). G. Time-lapse sequence showing thah Lso treatment, GFP-farnesyl (white
arrows) diffuses into the SCGs before the recruitnoé actin (red arrows). H. Fluorescence

s W&y

Norm alized Fluor. Int.

0 20 40 6l 80 100
Time (seconds)

81



intensity of the RFP-farnesyl at the surface ofwiele granules (black circles). The levels
of GFP-lifeact recruited (red circles) were meadwae described in Materials and Methods.
Data shown are measurements from a single evevenSe 10 events per animal were
recorded in three independent experiments.
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Figure 26. Characterization of the effect of the amn-disrupting agents on exocytosis of

the SCGs.A. LatA blocks the collapse of the SCGs. The SGh® m-Tomato mice were
exposed to 1QM LatA (Center and Right) or to 0.5% DMSO (Left)ftér 20 min, the

animals received an s.c. injection of 0.1 mg/kg(Right). The SGs were imageéalsitu.

Large vacuoles were observed in the cytoplasmebatinar cells (arrows). (Scale bar, 10
um.) B. The secretory granules increase in size pgion with the apical plasma membrane
and disruption of the actin cytoskeleton. The SGh® GFP mice were exposed to}i
cytochalasin D (CytD). After 20 min, the animalse®ed an s.c. injection of 0.1 mg/kg Iso,
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and the glands were imageudsitu. (Scale bar, mm.) C. The SGs were removed 30 min
after Iso injection and labeled with TRITC—phalioidNote that cells are filled with large
vacuoles and small SCGs are no longer detectable) (The actin cytoskeleton is disrupted
and does not coat the vacuoles (Right). (Scalelltarm.) .D. Sprague—Dawley rats were
anesthetized and treated with|dd CytD as described in Materials and Methods. The
Wharton’s duct was cannulated, and saliva was d@elte10 and 30 min after Iso stimulation.
The total amount of protein secreted was determiDath are averages + SEM of four
independent experiments. E. The opening of thefugore is not affected by the impairment
of the actin cytoskeleton. Texas Red—dextran (18)kias infused by gravity into the
salivary ducts of a live anesthetized rat. The ®@1e exposed and incubated for 20 min
with 10um CytD. Iso (0.1 mg/kg) was injected s.c., andSkss were imaged by confocal
microscopy. Time-lapse series showing that the $&ed—dextran immediately fills a fused
granule (white and red arrows) that expands inamkdoes not collapse. (Scale baing)
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Figure 27. Role of the actin cytoskeleton in factiting the collapse of the SCGsA-D.
The SGs of the m-Tomato mice were exposed toM@ytD, and after 20 min the animals
received a s.c.injection of 0.1 mg/kg Iso. A. TH&sSvere exposed and imageditu. Large
vacuoles were observed in the cytoplasm of theaa@ells (arrows). (Scale bar, ith.) B—
D. Time-lapse sequence of SCGs after fusion wighARM, 2 min (B) or 10 min (D) after
the injection of Iso. B. The SCGs fuse with the ARM not collapse, and form large
vacuoles. (Scale bar,@n.). C. Quantitation of the diameter of the vacadlet fail to
collapse after fusion with the APM in the preseat€ytD (red circles) and of the granules
that fuse under control conditions (black circl&ata shown are from four granules in the
same acinus. A total of 10-15 granules were andlyzévo independent experiments. D. A
SCG fuses with a large vacuole and rapidly collagaerows)
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Figure 28. Hydrostatic pressure is generated in thealivary ductal system upon
stimulation with Iso. The salivary glands of a Sprague—Dawley rat warenulated,

and a 10-kDa Texas Red—-dextran was infused bytgrianto the Wharton’s duct. The glands
were exposed and imagausitu using two-photon

microscopy, exciting at 740 nm to reveal the pangnta of the glands, as described
previously (1). Upon injection of 0.5 mg/kg of Isbe dextran was rapidly

expelled from the ductal system and cleared in @davie S13). This rapid expulsion can be
explained by the secretion of fluid from the acather than by

protein secretion. (Scale bar, p.) The graph shows the quantitation of the expulsif

the dye when the animal is injected with saliné @ecles), 0.5 mg/

kg Iso (black circles), or 0.045 mg/kg Carb (wluiecles). Data shown are based on a single
duct. The experiment was repeated four times vitilar results.
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Figure 29. Role of myosin lla and lIb in the collafge of the secretory granulesA-D.

FVB mice were left untreated (A and C) or injectath 0.1 mg/kg Iso (Band D). SGs were
excised and labeled for endogenous nonmuscle mylas{A and B) and IlIb (C and D) and
actin (Band C) as described in Materials and Meshalpon stimulation with Iso, both
myosin types are localized in SCGs at the APM (aneads). Inset in B. An SCG at the
APM. (Scale bars, 10m.) E-H. The SGs of m-Tomato mice were exposedrasubated

with 50 uM of either (-)Bleb (E and G) or (+)Bleb (F and HAfter 20 min, the SGs were
imaged (E and F, Leftpanels). In the presence Y#léb, the acinar canaliculi expanded
(arrows). The mice were then injected s.c. withridglkg Iso and imaged in time-lapse mode
(E and F, Right panels, and G and H). E and F. Srap taken 10 min after the Iso
injection. Large granules appeared at the APM yaneads) (Scale bar in F, 1in.). G and

H. Time-lapse sequence of SCGs fusing with APM (Ms\515 and S16). Expanded
canaliculus (asterisk) (Scale bargyr.) I. Quantitation of the diameter of the SCGeaft
fusion with the APM in the presence of (-)Bleb (eaatles) or (+)Bleb (black circles). Data
shown are from four granules in the same acinust#l of 15-20 granules were analyzed in
two independent experiments.
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GFP-Myo IIb RFP-lifeact / Myo IIb

Figure 30. Myosin Il and F-actin dynamics during regulated exocytosisA and B. GFP-
Myosin llb expressing transgenic mice were anegtbetand set up for IVM. The acinar
cells in the SG were imaged by confocal timelapsoacopy. GFP-Myosin llb is enriched
at the APM and lining the canaliculi. The SGs wienraged at resting conditions (A) and
after s.c. injection of Iso at 0.1 mg/kg (B). Afsgmmulation, GFP-Myaosin lIb profiles
resembling fusing granules appear at the canakewuiundergo collapse (B). Such dynamics
are captured in the kymograph of canalicular csesgion (B, arrows), while the control
kymograph remains relatively smooth indicating napse events. C-E. Double transgenic
mouse expressing GFP-Myosin llb and RFP-Lifeact areesthetized and imaged by IVM.
Broad view of the acinar structure is shown in p&hevhere both markers are enriched at
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the apical canaliculi. D. Close-up snapshots ddraaticulus from a timelapse sequence taken
shortly after Iso stimulation. F-actin marker anglddin Ilb recruitment on a granule can be
seen. Interestingly, there appears to be a sesecahd delay Myosin llb recruitment. 10 s.
time sequence is shown. E. A plot of relative fegmence intensity over time is shown for a
representative granule fusion/collapse event. Tdwdscence was quantified by gating a
region of interest around the fusing granule. Télkaylof 6-8 s. in the onset of GFP-Myosin
lIb signal (green circles) can be observed. Therflacence decline phase is also delayed by
about 15s when compared to RFP-Lifeact (red ciycles
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Figure 31. Organization of the granules and apicgblasma membraneDiagram of a SG
acinus and organization of the APM. Acini are fodnty pyramidal polarized epithelial cells
that are in close contact and the APM (red) isesthéy two cells and forms narrow

canaliculi. The dashed boxes show two orthogoniargements of the apical area. The
canaliculi have a diameter of 0.2-0.3 um and aparsged from the basolateral membrane by
tight junctions (green). The SCGs (blue) have ahmager diameter (1-1.5 um). When the
fusion pore opens two compartments with differemhposition and membrane tension are
interconnected (diagram on the right).
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Figure 32. Role of the actomyosin complex in the gdual collapse of the secretory
granules.A and B. Model depicting a sequence of events gft@nule fuses with the APM.
SCGs (blue) fuse with the APM (red) and the fugore opens (1); the membranes flow
from the APM into the SCGs (red arrows) (2-3). Tiféerence in membrane tension and the
presence of hydrostatic pressure in the ductaésysire major factors working against in the
gradual collapse of the SCGs. To counteract thased, actomyosin complex assembles on
to the granule membrane after the fusion and migirthpe membranes (4-5). The contractile
activity of the actomyosin complex (actin, greedgomyosin Il, blue) that assembles around
the SCGs may push the membranes (black arrows am@&pr dilate further the fusion pore
(grey arrows in B) to facilitate the gradual coe(6-8). B. Close-up model of step 5, after
the actomyosin complex is assembled and exertirug fonto the granule and, possibly, the
fusion pore.
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Figure 33. The actomyosin complex provides a scaftbto counteract the effect of the
hydrostatic pressure on the secretory granulesA. Mice expressing the m-Tomato probe
were pre-treated with cytochalasin D, blebbistatithe vehicle (DMSO, ctrl) and injected
with Iso to stimulate SCGs exocytosis. When thenawttoskeleton was disrupted with
cytochalasin D or the motor activity of myosin lagvinhibited with blebbistatin the SCGs
expanded in size due to the unfavorable membrarsgote and the hydrostatic pressure
generated by fluid secretion (light blue arrows)al® bar, 2 pum. Actin (green) and myosin Il
(blue) are recruited to the SCGs to counterachtfugostatic pressure and to facilitate the
gradual collapse of the SCGs. B. SCGs were imafjedtheir fusion with the APM by
using time-lapse intravital confocal microscopyeTthameter of the SCGs was measured
over time in animals treated with cytochalasin &l(circles), blebbistatin (blue circles) or
DMSO (black circles)C. In the absence of a functional actin cytoskelelenSCGs expand
forming large vacuoles (2-5 um) due to the diffeeem membrane tension and the
hydrostatic pressure generated by fluid secretight(blue arrows). Membranes flow into
the large vacuoles (red arrows), which acquireptioperties of the APM. Due to the lower
membrane tension of the large vacuoles, and reduasgure in the sytem the remaining
SCGs can now gradually collapse without the neealfahctional actomyosin complex.
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