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ABSTRACT 

Andrius Masedunskas: The Role of Actin Cytoskeleton in Endocytosis  
and Exocytosis in the Salivary Glands of Live Rodents  

(Under the direction of Roberto Weigert) 
 

In the last two decades, mammalian cell biology has greatly benefited from major 

technological advances in light microscopy that have enabled imaging virtually any cellular 

process at different levels of resolution. However, mammalian cell biology has been studied 

primarily by using in vitro models. Cell culture models have been used the most, since it 

offers several advantages such as, being amenable to both pharmacological and genetic 

manipulations, reproducibility, and relatively low costs. However, their major limitation is 

that the architecture and physiology of cells in vitro differ considerably from the in vivo 

environment. This issue can be overcome by the use of intravital microscopy, which 

encompasses various optical microscopy techniques aimed at visualizing biological processes 

in live animals. Recent developments in non-linear optical microscopy resulted in an 

enormous increase of in vivo studies, which have addressed key biological questions in fields 

such as neurobiology, immunology and tumor biology. However, the motion artifacts derived 

from heartbeat and respiration have prevented the imaging of intracellular structures and 

limited the use of intravital microscopy to the analysis of tissue architecture or single cell 

behavior.  

In this respect, the goals of my thesis have been: 1) the development of an 

experimental system that enables visualizing subcellular organelles in live rodents for 
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extended periods of time, and 2) the investigation of the role of the actin cytoskeleton in 

endocytosis and exocytosis in live rodents. Here, I describe the establishment of a model for 

studying endocytosis end exocytosis in the salivary glands of live rats and mice. Moreover, I 

show that both processes can be imaged in live animals and that their behavior and kinetics 

differ from what has been reported in in vitro systems. Next, I show that the salivary glands 

can be genetically and pharmacologically manipulated in situ, thus opening the door for the 

investigation of the molecular machinery regulating membrane trafficking in live animals. 

Finally, in the last part of my dissertation, I focus on specific approaches developed to study 

the kinetics of exocytosis of single secretory granules and discuss how the actin cytoskeleton 

plays a fundamental role in controlling this process.   
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INTRODUCTION 

This introduction will provide a general and brief overview of endocytosis, regulated 

exocytosis, and the role of the actin cytoskeleton in these processes. The main goal is to 

convey the message that some of the conflicting data in the literature may be due to the use 

of in vitro and ex vivo experimental models. Next, the advantages and the limitations of these 

systems will be discussed in more details, emphasizing the need for the use of a combination 

of in vivo models and light microscopy-based approaches. Finally, a more detailed overview 

of intravital microscopy (IVM), its applications, and the potential for studying subcellular 

structures will be presented. 

 

1. Endocytosis and regulated exocytosis  
1.1 Endocytosis  

 Endocytosis is a fundamental process in a variety of cellular events, such as nutrient 

uptake, cell signaling, establishment and maintenance of cell polarity and remodeling of the 

plasma membrane (PM); it is also exploited by various pathogens as portal of entry into the 

target cells [1]. During the past decade, live-cell fluorescence microscopy, genetic 

manipulations and fluorescent protein technology enabled detailed characterization of the 

endocytic pathways with a focus on their dynamics and the elucidation of the molecular 

machineries.  Based on historical reasons endocytosis has been divided into two main groups: 

clathrin-dependent (CDE) and clathrin-independent endocytosis (CIE). CDE includes all of 

the endocytic processes in which the coat protein clathrin is recruited to the nascent 
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endocytic vesicle (coated pit). Although for many years it was believed that there was a 

single type of clathrin-coated vesicle, recently it has emerged that they differ regarding many 

other components such as adaptors, cargo proteins and the scission machinery [2]. CIE 

encompasses a broader set of endocytic processes such as caveolae-mediated endocytosis, 

raft-associated pathways, non-raft CIE pathways, macropinocytosis, phagocytosis and many 

others that, at the moment, are not fully characterized in terms of molecular machinery [3-5].  

1.2 Role of the actin cytoskeleton in endocytosis 

Actin dynamics plays a central role in processes that reshape the plasma membrane. 

Actin polymerization drives membrane protrusions in phagocytosis and macropinocytosis as 

well as in extending lamellipodia and filopodia [6].  It is also important in various modes of 

endocytosis where it is thought to provide the force necessary for membrane invagination, 

fission and vesicle transport away from the plasma membrane [7]. The dynamic association 

of the actin cytoskeleton at the sites of clathrin-dependent endocytosis was first shown in 

cultured mammalian cells [8]. Using total internal reflection microscopy (TIRF), the authors 

captured bursts of actin polymerization at the vesicle budding sites, which coincided with the 

recruitment of dynamin, a GTP-ase implicated in the scission of the endocytic vesicles from 

the plasma membrane.  The same group later showed that Arp2/3, an actin nucleating factor 

that facilitates actin polymerization and branching, and N-WASP, a regulator of Arp2/3, 

transiently associate with both clathrin-coated pits and vesicles [9]. Rottner’s group has 

recently demonstrated that the Arp2/3 complex is required for actin polymerization at the 

vesicle budding sites and that genetic ablation of N-WASP impaired EGF internalization 

[10]. Cortactin is another Arp2/3 activator that was shown to transiently localize at the sites 

of endocytosis [11]. Notably, dominant-negative and Arp2/3-binding cortactin mutant as well 
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as siRNA knockdown experiments revealed that it is required for both CDE and CIE [12, 

13]. 

Experiments employing pharmacological agents that interfere with actin turnover 

provided some of the earliest evidence that actin cytoskeleton is important in endocytosis.  In 

S. Cerevisiae, endocytosis was completely blocked by treatment with both Latrunculin A 

(LatA), which binds actin monomers and prevents actin polymerization, and Jasplakinolide 

(Jasp), which stabilizes actin filaments [14, 15].  However, in cultured mammalian cells such 

pharmacological treatments resulted in partial block of both, CDE and CIE in most cases [16, 

17].  When examined in live cells via TIRF microscopy, both Jasp and LatA treatments 

interfered with multiple steps of CDE [11, 18]. Interestingly, in polarized MDCK cells, 

cytochalasin D (Cyt D), which caps the barbed ends of actin filaments and prevents their 

polymerization, inhibited all forms of endocytosis at the apical surface but not at the 

basolateral surface [19]. Furthermore, another study showed that the effects of LatA and Jasp 

on endocytosis varied depending on the cell type and whether the cells were grown in 

suspension or on rigid substrates [20].  This series of evidences suggest that the role of the 

actin cytoskeleton in endocytosis varies with the environment and the geometry of the cells 

calling into questions whether the experimental systems used thus far are appropriate to 

address these issues.  
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1.3 Regulated exocytosis 

Secretory tissues are composed of specialized cells that use a variety of strategies to 

deliver molecules to the cell surface and the extracellular space. Molecules destined for 

secretion are synthesized in the endoplasmic reticulum, transported to the Golgi apparatus, 

processed, and sorted into membranous carriers that are constitutively released from the 

trans-Golgi network [21]. These carriers, that can be vesicular or tubular in shape, are 

transported in a cytoskeleton-assisted fashion to the cell periphery where they dock to the 

PM. This step is followed by the fusion of the two lipid bilayers and the formation of the 

fusion pore, which permits the release of soluble cargo molecules into the extracellular space 

[22]. This overall process, generally known as exocytosis, can be either constitutive or 

regulated. Constitutive exocytosis does not require any stimulus, whereas regulated 

exocytosis is triggered by specific extracellular signals that are transduced intracellularly by 

proteins at the PM, such as G protein-coupled receptors (GPCRs), tyrosine kinase receptors, 

and voltage-dependent calcium channels.  

The modality and the kinetics of regulated exocytosis vary considerably among the 

numerous types of secretory cells, and interestingly, post-fusion events seem to be more 

diversified than pre-fusion steps. Indeed, after fusion with the PM, exocytic membranes can 

undergo three different processes: 1) full collapse, where they are completely absorbed into 

the PM [23], 2) kiss and run, where they detach from the PM after the initial opening of the 

fusion pore and the partial release of cargo molecules [24], and 3) compound exocytosis, 

where an exocytic membrane fuse with the PM (primary fusion event) serving as a docking 

site for other exocytic membranes (secondary fusion events) generating a string of 

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



 5

exocytosis may reflect the fact that the organization of the PM, the morphology of the 

membranous carriers, and the nature of the cargo molecules, differ among the various 

secretory organs. For example, in neurons, neurotransmitters are released from the axon 

terminal into the synaptic cleft and reach the post-synaptic neuron; in endocrine glands, 

molecules destined to secretion are released at the PM into the extracellular space, diffuse 

through the stroma, and eventually reach the bloodstream; and in exocrine glands, molecules 

are released at specialized domains of the PM, typically the apical poles, which form ductal 

structures leading directly to the external environment (Fig. 1 B). Membranous carriers are 

also heterogeneous in shape, size and content. In neurons, the synaptic vesicles that transport 

small neuropeptides are 50 nm in diameter [27]; in chromaffin cells, secretory granules 

(SCGs) that contain catecholamines are 300 nm in diameter [28]; in salivary glands (SGs) 

and pancreas, the large SCGs transport polypeptides and reach a diameter of 1-1.5 µm. 

Finally, in endothelial cells, the Weibel-Palade bodies that transport large aggregates of the 

Von Willebrand factor have a peculiar cigar-like shape with a length of 1-5 µm and a 

diameter of 0.1-0.3 µm (Fig. 2) [29]. How this morphological heterogeneity affects the 

modality of regulated exocytosis is a fascinating question. It is clear that after the exocytic 

vesicles fuse with the PM, a physical continuity is established between two membranous 

environments with different biophysical features (e.g. lipid composition, membrane tension, 

or membrane mobility) [30]. Thus, it is reasonable to assume that each secretory system 

generates a specific exocytic vesicle/PM interface, whose unique properties may dictate not 

only the modality of exocytosis but also the kinetics and the machinery required to complete 

the process [31]. These differences in biophysical and geometrical constraints may determine 
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the deployment of different molecular machineries or a different use of the same molecule in 

order to optimize the exocytic process.  

1.4 The role of actin cytoskeleton in regulated exocytosis 

Actin cytoskeleton and its associated machinery has long been a subject of 

investigations in the field of regulated exocytosis. In endocrine and neuroendocrine cells 

actin seems to work as a barrier that prevents premature fusion of the exocytic vesicles. In 

exocrine cells, the role of actin has been more controversial. Indeed, in exocrine glands, 

apical canaliculi are marked by a dense meshwork of filamentous actin (F-actin) [32]. Orci 

and colleagues first postulated that the actin cytoskeleton could act as a barrier to membrane 

fusion and exocytosis of large SCGs [33].  Later studies confirmed that the meshwork of F-

actin actin needs to be transiently depolymerized for the docking and fusion of the granules 

to occur [34].  In parotid acinar cells, treatment with Jasp drastically inhibited degranulation 

supporting the idea that F-actin turnover is required for exocytosis [35].  While 

depolymerization of actin by lower concentrations of LatA seems to induce granule 

instability and fusion, more extensive depolymerization leads to inhibition of stimulated 

secretion [34, 36]. This suggests that the presence of apical F-actin might be required for the 

transport of the granule to the site of fusion and to generate some mechanical force to 

facilitate this step.  Indeed, actin filaments and the activity of non-muscle myosin II have 

been recently implicated in granule delivery and docking at the plasma membrane in lacrimal 

acinar cells [37].  Additionally, F-actin seems to be recruited on and stabilizes the docked 

granule, while non-muscle myosin II stabilizes the fusion pore in pancreatic acinar cells [36, 

38].  However, the full understanding of the role the acto-myosin complex plays in regulated 

secretion is far from complete.  Studies in pancreatic acinar cells suggest that the granules 
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release their cargo via “kiss-and-run” mechanism while actin provides stability to the fusion 

pore [39].  Conversely, secretory granules in the lacrimal gland and the parotid salivary 

glands are thought to fuse and collapse completely suggesting a different role for the acto-

myosin complex.   

It is important to emphasize that the different roles proposed for the actin 

cytoskeleton may reflect either differences in the organization of the various secretory cells 

or the possibility that actin plays multiple roles at the same time. However, in some instances 

contradictory findings have been reported using the same model, suggesting that the use of 

different assays, experimental conditions, or model systems may affect regulated exocytosis 

[34] 

 

2. Experimental model systems to study endocytosis and exocytosis 

So far both endocytosis and exocytosis have been studied primarily by using either 

cell cultures grown on two-dimensional (2D) surfaces (endocytosis and exocytosis) or a 

variety of ex vivo preparations (exocytosis). These systems offer several advantages, such as 

a tight control of the experimental conditions, which results in high reproducibility, the 

possibility of performing genetic and pharmacological manipulations, and finally the use of a 

wide range of assays based on biochemistry, electro-physiology, and electron and light 

microscopy. Specifically, in vitro and ex vivo model systems have been the only choice to 

perform time-lapse imaging and thus to acquire information on the dynamics of both 

endocytic and exocytic processes. However, there are some legitimate concerns regarding 

how well such simple systems represent cell behavior in complex multicellular organisms. 

2D cell cultures lack essential components that are characteristics of cells in their native 
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tissue: three-dimensional (3D) architecture, interactions with other cells, extracellular matrix, 

and signaling molecules. Another issue is that when cells are isolated from a tissue they may 

loose their specialization, polarity, and membrane organization. Finally, it is known that 

metabolic state, protein expression and turnover in cultured cells may be altered from the 

native tissue [40]. 

Endocytosis has been primarily studied in 2D systems and limited data have been 

generated in ex vivo or in vivo systems.  As a consequence, many fundamental questions 

about the machinery regulating endocytosis are still unanswered. For example, we do not 

know much about which cell types carry out which type of endocytosis for most cargoes in 

vivo. There have been several studies in live animals using electron microscopy that have 

identified clathrin coated pits or caveosomes at the cell surface. However, these studies did 

not provide any dynamic information on the internalization and the subsequent steps in 

endosomal trafficking and in many cases the cargoes were not identified.  

As for exocytosis, cultured cells have been used extensively to study endocrine and 

neuroendocrine secretion. The use of spinning disc or TIRF has made it possible to follow 

small vesicles (50-100 nm) that exocytose very rapidly (in the order of milliseconds, Fig. 2), 

and to investigate various aspects of exocytosis, such as the release of cargo proteins and the 

dynamics of the fusion pore [41]. For example, extensive studies have been performed on: 

exocytosis of the glucose transporter 4 (GLUT4) in primary rat adipocytes [42, 43] , dense 

core vesicles in bovine chromaffin cells, PC12 cells, and primary cultured hippocampal 

neurons [41, 44, 45], lytic granules in cytotoxic T lymphocytes [46], insulin granules in 

pancreatic beta cells [47], and Weibel-Palade bodies in human endothelial cells [48]. The 

field of exocrine secretion has relied extensively on preparations derived from explanted 
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organs, such as intact isolated acini or ducts. Since these ex vivo preparations are thicker than 

a single layer of cultured cells, regulated exocytosis has been imaged using either confocal or 

two-photon microscopy [25, 49]. Successful models have been established for SGs, pancreas, 

adrenal medulla, and lacrimal glands, where purified acinar preparations have provided 

groundbreaking information on the kinetics of exocytosis and the identification of some of 

the molecular components regulating these processes. Most of the studies were carried out by 

bathing acinar preparations in small fluorescent dyes, such as low molecular weight dextrans 

or sulphorhodamine-B, which accumulate in the extracellular space and upon the opening of 

the fusion pore access the SCGs. This approach has revealed that in most exocrine glands, 

SCGs primarily undergo compound exocytosis [25, 26, 50-53]. It is important to note that 

these preparations are based on the use of mechanical and enzymatic procedures that may 

have adverse effects on the response to exocytic stimuli. Furthermore, although some aspects 

of the architecture of the intact organs are maintained, other structural components are 

missing, such as extracellular matrix, supporting cells surrounding the acini, and ductal 

structures. Some of these shortcomings have been solved with the use of lobule preparations 

and tissue slices, where the architecture of the intact organ is locally preserved. The former 

model, has been instrumental in elucidating the complex nature of secretory pathways in 

SGs, whereas the latter, originally developed and used in neuroscience, have been 

particularly helpful to study multiple aspects of regulated exocytosis both in pancreas and in 

SGs [54, 55]. However, although both systems are the closest to in vivo models, they still 

lack the contribution from signaling molecules provided by the vasculature and the nervous 

system. Particularly, the latter may have a profound influence on the response to excitatory 
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stimuli, since denervation in live animals results in alterations in both the morphology and 

the exocytic capacity of the secretory apparatus, as shown in several studies [56]. 

Regulated exocytosis has also been extensively investigated in live animals, such as 

small rodents, relying on two main approaches: 1) the quantitative measurements of the 

amount of a given secreted molecule through the use of either biochemical or radio-immuno 

assays, and 2) electron microscopy, which has revealed the ultrastructure of the secretory 

apparatus. Although, these powerful approaches have provided biochemical and structural 

information on regulated exocytosis, they did not offer any insight on the dynamics of single 

exocytic events.  

 

3. Intravital microscopy  

To overcome the limitations of the in vitro and ex vivo models, a large effort has been 

directed towards developing techniques and tools to image and study cellular events in living 

animals, with the goal of achieving the same depth of analysis that is currently available for 

in vitro models.  

Although in live animals organs have been imaged since the early 1930s [57], the 

major breakthroughs in this field occurred in the last decade with the improvement of 

conventional microscopes. Further improvement was achieved by development of 

microscopes based on the “non-linear” excitation of the specimen, which has opened the door 

to deep tissue imaging [58-60]. 

3.1 Non-linear optical microscopy 

Non-linear optical microscopy techniques generate contrast using higher-order 

interactions between light and biological matter. Processes whose dependence from the 
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incident light is non-linear typically involve the absorption or the scattering and 

recombination of two or more photons by the specimen [58-66].  

3.1.1 Two- and three-photon microscopy 

The theoretical formulation of multi-photon excitation was proposed for the first time 

by Maria Goppert-Mayer [67]. However, it took 30 years to be experimentally proven with 

the invention of the first laser, and almost 60 years for the first multi-photon microscope to 

be built [68]. Two- (three-)photon excitation is based on the fact that a molecule of a 

fluorophore can be excited by the almost simultaneous absorption (between atto- and femto-

seconds, 10−18–10−15 s) of two (three) photons that have half (a third) of the energy that 

would be required to fill the gap between two of its energetic levels (Fig. 3 a, b) [58, 60]. 

This implies that multi-photon excitation requires near infrared light (NIR) or infrared light 

(IR) that have the ability to penetrate biological tissues deeper than UV or visible light, 

making it the ideal choice for deep tissue imaging [69]. Indeed, whereas in single confocal 

microscopy biological specimen can be imaged up to a depth of 50–60 µm, in multi-photon 

microscopy (MPM) this range can be extended up to 1 mm either by using tissues that exhibit 

a lower light scattering such as the brain [70] or by utilizing longer excitation wavelengths 

[71]. The probability of multi-photon transitions to occur is extremely low and requires very 

high light intensities concentrated in space and time. This is achieved using lasers that emit 

NIR/IR light in very short pulses (typically in the order of 100 fs) at high repetition rates 

(80–100 MHz), and using high numerical aperture lenses that focus the light to the excitation 

spot. In ideal conditions the absorption and the emission occur in a very small volume (1 fl) 

[58, 60] reducing significantly both photo-toxicity and photo-bleaching. Furthermore, this 

avoids the issue of off-focus emission, which in confocal microscopy is eliminated through 
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the use of a pinhole (Fig. 3 e). Finally, another important feature of multi-photon excitation is 

that for all the fluorophores characterized so far, the absorption spectra are much broader 

than in single photon excitation. This enables the imaging of multiple fluorophores using a 

single excitation wavelength (Fig. 3 f) [72, 73]. 

3.1.2 Second and third harmonic generation microscopy 

Second harmonic generation (SHG) and third harmonic generation (THG) are 

processes that do not involve any energy absorption since the incident photons are scattered, 

recombining into a single photon in a process without energy loss (Fig. 3 c). For this reason 

they are suitable for imaging biological specimen with even lower photo-toxicity than MPM 

[61]. Although the major harmonic signals are produced in the forward direction and thus 

more suited for imaging slices, the backward scattering signal is still sufficient for imaging 

thick tissue in live organisms. Several molecules are able to generate harmonic signals, 

especially when assembled in highly ordered structures. Among them are collagen, 

microtubules, and muscle myosin [61, 74, 75]. Recently, lipids forming lipid bodies have 

also been successfully imaged in various living organisms using THG [76]. Due to the 

different nature of the harmonic emission, SHG and THG are often combined with MPM, 

expanding the repertoire of information that can be acquired. Recently, using spectral un-

mixing techniques, up to six intrinsic signals coming from both multi-photon and harmonic 

emissions were resolved, providing very detailed information about the architecture of the 

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

Several endogenous molecules are excited using either non-linear optical techniques 

or single photon microscopy, providing valuable information on the tissue architecture 

without the need for exogenous labeling [74]. Although several studies have been performed 

utilizing endogenous emissions in explanted tissues, only few have been carried out in live 

animals. One of the molecules that has been exploited for this purpose is NAD(P)H that 

emits in the visible range upon either single photon (360 nm) or two-photon excitation (710–

760 nm). Although its two-photon cross-section is very low, its abundance within the cell 

makes it a suitable endogenous label for both metabolic and structural studies. Changes in the 

levels of NAD(P)H were measured in live mice during ischemia and reperfusion in the 

jejunum [78], microcirculatory failure in the liver [79] or in the kidney after LPS-induced 

sepsis [80], providing novel data on the metabolic state of the tissue under pathological 

conditions. Recently, levels of NAD(P)H were measured in the skin and in the liver using 

FLIM [81]. NAD(P)H is distributed both in the cytoplasm and in the mitochondria, and at a 

relatively low magnification, its signal highlights the details of the architecture of various 

tissues [82-84]. Another molecule whose intrinsic fluorescence has been exploited for in vivo 

imaging is collagen, which when arranged in fibers generates a strong SHG signal [61, 75, 

82-84]. Due to its very low turnover and stability, several studies have been focusing on 

analyzing the architecture of collagen fibers in various explanted organs under both 

physiological and pathological conditions [85-89]. Moreover, imaging collagen fibers in live 

animals has proven to be a valuable reference point within the tissue, particularly in the 

context of tumor migration and invasion where an important issue is to correctly locate and 

orient tumors that are repeatedly imaged over a long period of time [90-92]. Furthermore, 
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imaging the organization of collagen fibers has been extremely valuable in studies related to 

skin diseases both in live rodents and in patients [93]. Finally, in order to highlight various 

structural features in live animals, other molecules have been imaged using different 

modalities, such as elastin in the skin (MPM), myosin fibers in the skeletal muscle (SHG), 

myelin fibers in the corpus callosum (CARS, Fig. 3 e) or lipid-enriched structures (CARS) 

[83, 93-95]. As shown in subsequent chapters, native signals from NAD(P)H and collagen 

have been instrumental in enabling us not only in understanding of overall structure of SGs 

but also to orient ourselves in the right 3D space of the live tissue for a given experiment. 

Some examples of the parenchyma highlighted by NAD(P)H 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 and function is to either administer 

exogenous dyes or to genetically introduce fluorescent proteins selectively targeted to the 

tissue of interest. For example, systemic injections of fluorescently labeled bovine serum 

albumin (BSA) or dextrans of different sizes have enabled studying and measuring both 

glomerular filtration and tubular reabsorption in the kidney [96-98]. In the pancreas of live 

mice, by imaging with a millisecond temporal resolution, blood flow patterns were 

determined in the islet vasculature bed [99]. This approach has been used extensively in 

neuroscience where vasculature flow has been imaged and measured either in normal 

conditions or under acute ischemic damage in the brain cortex [45, 70, 100] or in the 

olfactory bulb [101-103]. Imaging the vasculature both acutely and chronically has been an 

extremely important tool in the context of cancer biology to address key questions such as 

the contribution of the local microenvironment to tumor-induced angiogenesis [104, 105], 
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tumor-induced vascular permeability [106], and to follow the bio-distribution of drugs or 

other molecules in the tumoral mass [107, 108]. Moreover, exogenous dyes can also be 

locally administered in different tissues to highlight various structural features. For example, 

sulforhodamine B has been injected into the muscles of mice to image elastin fibers, or to 

selectively stain the astrocytes in the brain [109, 110]; curcumin and metoxy-04 has been 

injected to label amyloid plaques in tg2576 mice, a model for Alzheimer’s disease [111, 

112]; and Ru(phen3)2+ has been used to image the level of oxygen in the liver [79]. Finally, 

significant information about the architecture of tissues in vivo has been generated through 

the use of transgenic models expressing fluorescent reporters under the control of specific 

tissue promoters. The field of neuroscience has pioneered this approach with the generation 

of mice with specific neuronal populations expressing GFP or YFP, and recently, using a 

combinatorial strategy, the so-called “brainbow” mice were generated in which neurons are 

labeled with different colors, providing an experimental tool to analyze the neuronal circuitry 

[66, 113]. The use of fluorescent transgenic models is now rapidly expanding to address 

biological questions in other fields. For example, mice have been generated to image the 

pancreatic beta cells [99], the endothelium in various organs such as the kidney and the 

spleen, or in the presence of implanted tumors [114-116], and many more are becoming 

available. In the coming chapters we will present how we applied such exogenous fluorescent 

labeling techniques and transgenic animals to label various components of the SG down to 

separate organelles that enabled us to follow membrane trafficking events in vivo. 
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3.3 Imaging single cells in vivo 

The ability to follow the fate of single cells over time within a given organ in live 

animals has contributed to major breakthroughs in fields such as cancer biology, 

immunology, microbiology, and recently in stem cell research. In cancer biology, several 

experimental systems have been developed to track the motility of cancer cells within a 

tumor in vivo. For example, mammary tumors have been imaged in situ in mice models 

highlighting the role of the macrophages during the intravasation process [92, 117], and the 

migration of highly invasive melanomas have been tracked dynamically, leading to the 

determination of interesting correlations between the differentiation state of the cells and 

their migration ability [118, 119]. Imaging the cells of the immune system in a live animal 

has revealed novel aspects of the dynamics of cellular immunity. Most of the experimental 

systems are based on transferring of fluorescently labeled isolated cells into recipient 

animals. From the first pioneering studies looking at the movements of B lymphocytes and T 

cells in the intact lymph-nodes [120-124], a number of immunological questions have been 

addressed, spanning from T cell activation [122, 125], the formation of mycobacterium-

induced granulomas in the liver [126], T cell infiltration and elimination of solid tumors 

[127, 128], migration of dendritic cells [129], and the extrafollicular activation of B cells 

[130]. Another field that has benefited from the development of IVM microscopy is the 

biology of pathogen infection. One of the first studies conducted to image the progression of 

bacterial infections in live tissue was performed in the kidney, where the proliferation of a 

GFP-expressing uro-pathogenic Escherichia coli was studied [131]. Several other studies 

were performed using different approaches and strategies to image either later stages of the 

infectious process or focusing on the site of the infection [132, 133]. Finally, IVM has been 
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recently utilized in stem cell research to track individual hematopoietic stem cells over time 

in the calvarium bone marrow of living mice, thus opening the field to new and exciting 

discoveries [134]. 

3.4 First breakthroughs in imaging subcellular structures in live mammals  

In a live animal, one of the issues for subcellular resolution imaging is the decline of 

signal to noise ratio as the depth and the light scattering properties of the tissue increase. 

Clearly, this can be remedied by choosing a model organ with an easy access to the cells of 

interest close the surface of the organ or by choosing less optically dense tissues such as the 

brain. Another major challenge in performing imaging at a subcellular level is represented by 

the motion artifacts due to the respiration and the heartbeat. The use of stereotactic devices 

that completely immobilize the head of the animal has been instrumental in achieving this 

high level of resolution in the brain. Indeed, the first structures that were resolved in vivo at a 

submicron resolution were the dendritic spines that can be imaged for over a month in 

transgenic mice expressing YFP or GFP in a subset of layer V pyramidal neurons [66, 135, 

136]. In the last few years, both surgical procedures and novel devices ensuring the 

stabilization of other organs have been developed. The first application of IVM for the 

imaging of fast moving intra-cellular organelles in organs other than the brain was pioneered 

by the Molitoris group who has studied the internalization of fluorescently labeled dextrans 

and folic acid in the externalized kidney, also establishing methodologies to extract 

quantitative information [137-139]. Exocytosis has also been imaged in the kidney, where the 

release of renin from the granular cells of the glomeruli was studied using quinacrine to label 

a population of secretory granules [140]. Other subcellular compartments, such as 

mitochondria, were imaged dynamically in live animals either in the liver during ischemia–



 18

reperfusion using Rhodamine123 [141], or in the kidney using tetra-methyl rhodamine 

methyl ester (TMRM) [142]. However, these studies only achieved relatively short imaging 

times, while the motion artifacts and the lack of resolution have hindered the observation of 

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

1. Multi-photon microscopy 

An IX81 inverted confocal microscope (Olympus) was modified to perform MPM 

(Fig. 5). A tunable Ti:Sapphire femtosecond laser, Chameleon Ultra II (Coherent), was used 

as laser source, and the power was modulated using a combination of neutral density filters 

(Chroma Technologies). The size of the beam was modulated using a beam expander (LSM 

Technology Inc.) and directed into a Fluoview 1000 scanning head (Olympus). The emitted 

signal was directed into a custom-made array of three non-descanned detectors that were 

installed on the right port of the microscope (LSM Technology). A 680-nm barrier filter 

(Chroma Technologies) was used to prevent the scattered IR light to reach the detectors. The 

three cooled photo multipliers (PMTs) were purchased from Hamamatsu (R6060-12), and the 

two dichroic mirrors and the barrier filters were purchased from Chroma Technologies. 

Hoechst, the endogenous fluorescence and the second harmonic signal were detected on the 

first PMT (dichroic mirror 510 nm, barrier filter 400–480 nm). FITC and Alexa 488 were 

detected on the second PMT (dichroic mirror 570 nm, barrier filter 505–560 nm), and Texas-

Red was detected on the third PMT (barrier filter 590–650 nm). To enhance the detection of 

the endogenous fluorescence, the barrier filter was removed. The excised glands were imaged 

in the inverted setting, while time-lapse imaging on the live animal was performed in both, 

the inverted and the upright configurations using an objective inverter (LSM Technology) for 

the latter (Fig 6 E-L). All the time lapse sequences in MPM mode were acquired using a 
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UPLSAPO ×60 numerical aperture (NA) 1.2 water immersion objective or XLUMPFL20XW 

×20 NA 0.95 water immersion objective (Olympus America). More detailed description of 

the MPM setup was previously published elsewhere [143]. 

 

2. Confocal microscopy 

Intravital microscopy was also performed in confocal mode using the same IX81 

inverted confocal microscope equipped with a Fluoview 1000 scanning head (Olympus 

America). DAPI and Hoechst 33342 nuclear dyes were excited by 405 laser; GFP and Alexa-

488 were excited with a 488 nm laser; m-Tomato, Texas Red-Dextran, Cy3, DiI, Mitotracker 

Red, Lysotracker and TRITC were excited with a 561 nm laser; and Alexa-567 dye was 

excited by 633 nm laser. For the time-lapse imaging, the acquisition speed ranged from 0.2 to 

1 sec/frame and the thickness of the optical slices was optimized to reach either 0.8 to 1.2 µm 

(Fig. 17). The images and time-lapse series were acquired using a UPLSAPO x60 numerical 

aperture (NA) 1.2 water immersion objective or Plan-Apo 60x / 1.42 NA oil immersion 

objective (Olympus America). The optimal focal plane for imaging was chosen between 10 

and 15 µm from the surface of the glands (Fig. 18). During the acquisition of the time-lapse 

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

 

3. Animal preparation and gene transfection 

All the experiments were approved by the National Institute of Dental and 

Craniofacial Research (NIDCR, National Institute of Health, Bethesda, MD, USA) Animal 

Care and Use Committee. Sprague–Dawley male rats weighing from 150–250 g, mice of C57 

Black 6 and  Friend virus B-type (FVB) background weighing 20–40 g were fed ad libitum. 
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FVB transgenic mouse lines expressing EGFP (GFP-mice) or C57BL/6 expressing the 

membrane-targeted Tomato protein (m-Tomato mice) were purchased from the Jackson 

Laboratory and bred as homozygous. The expression of both transgenes was driven by the 

chicken β-actin promoter and cytomegalovirus enhancer. The two lines were crossed to 

generate mice expressing both transgenes (GFP/m-Tomato mice). Myosin IIb-GFP and 

Myosin IIa-GFP mice were a generous gift from Dr. Adelstein (NHLBI, NIH) and were 

previously described [144]. GFP-Lifeact and RFP-Lifeact transgenic mice were a generous 

gift from Dr. Roland Weldich-Soldner and were described previously [145]. Animals were 

brought into the lab from the vivarium at least two days before the experiment, fed chow and 

water ad libitum, and allowed to acclimate in the new environment to prevent stress-induced 

secretion that may affect the outcome of the experiments [146].  

A general flowchart of experimental procedures can be seen in Figure 7. However, in 

some cases the fluorescent dyes were injected during imaging. Additionally, in some cases, 

and especially when imaging transgenic animals, no exogenous labeling was applied. The 

animals were anesthetized by an intraperitoneal injection of a mixture of ketamine and 

xylazine (100 and 20 mg/kg, respectively) with additional injections as needed. For delivery 

of fluorescent probes, pharmacological agents and DNA into the Wharton’s duct, a fine 

polyethylene cannula (PE5 or PE8) was inserted in the orifice below the tongue using 

tweezers (Fig. 6. A-C). The procedure has been described previously [147]. The cannulae 

were inserted for 0.2–0.5 cm and sealed with glue. The volume injected did not exceed 50 µL 

per rat SG, and the injections were performed very slowly to prevent damaging the glands. 

LifeAct-GFP or RFP plasmids were a generous gift from Dr. Tamas Balla (NICHD, NIH). 

Farnesyl-GFP or RFP plasmids were a generous gift from Dr. Julie Donaldson, (NHLBI, 
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NIH). For the systemic injections of fluorescent probes, the tail artery was surgically 

exposed, and a small incision was performed to insert a fine catheter connected to a 1-mL 

syringe. The tail was sutured, and small amounts of saline (100–200 µL) were injected as 

needed (Fig 6 D). Unless otherwise specified, the rats were injected with the following 

amount of fluorescent probes: 200 µg 70 kDa Texas Red Dextran (TXR-D), 200 µg 70 kDa 

488-D, 40 µg 500 kDa FITC-D and 10 µg of Hoechst 33342 (Invitrogen). All the fluorescent 

probes were purchased from Invitrogen and diluted in sterile saline at the appropriate 

concentrations in a volume not exceeding 200 µL.  

Imaging was performed either in the inverted or upright configuration based on the 

resolution and fluorescence signal constrains for a given experiment (Fig. 6 E-L). For the 

upright configuration the animal is stabilized on a platform with a custom-made holder that 

accommodates a SG and a coverslip. After the platform is situated on the microscope stage 

the heated objective is brought on top of the gland. For the inverted setup, the externalized 

SGs were accommodated on a coverslip mounted on the stage above the objective. The SGs 

and the body of the animal were immobilized using custom-made holders.  Particular care 

has to be taken in controlling that the blood flow is not significantly reduced as a 

consequence of possible excessive pressure applied on the tissue. This can be assessed by 

visually looking at the flow of the erythrocytes in the vessels close to the acinar structures. 

All secretogues were injected subcutaneously (SC) into the dorsal side of the animal. To 

couple the sample to the objective, a carbomer-940-based gel (Snowdrift Farm) was prepared 

and used as described previously [84]. The temperature of the externalized glands was 

maintained using the objective heater (Bioptechs), and the temperature of the body of the 

animal was maintained a chemical heating pads “Foot Warmers” (Heat Factory), which were 
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purchased from the Amazon.com website. It is important to note that controlling the 

appropriate temperature (around 37˚C) is needed to overcome this major source of variability 

for IVM based experiments. 

 

4. Administration of drugs 

Drug treatment or vital dye staining was carried out by externalizing the SGs and 

bathing them in custom made cups that held 0.5 ml and 1.5 ml of working solution for mice 

and rats, respectively. Selective SG drug treatment allowed avoiding possible systemic 

effects. When SGs were treated with pharmacological agents while imaging in the inverted 

configuration, a nylon mesh was placed between the glands and the coverslip to facilitate the 

access of the fluid to the exposed tissue and the drug volume of 1 ml was slowly infused with 

PHD Ultra Nanomite syringe pump (Harvard Apparatus).  (+) and (-) Bleb (EMD 

Chemicals), Cytochalasin D (EMD Chemicals) or Latrunculin A (Sigma-Aldrich) were 

administered at the appropriate concentration in saline. 0.5 % DMSO was used as control.  

 

5. Immunofluorescence 

Immunolabeling was carried out using cryosections or whole mounts of the SGs as 

described previously [148] with the following modifications.  To preserve the sub-cellular 

architecture of the acinar cells, the SGs where rapidly fixed by performing cardiac puncture 

and perfusing the animals a with normal saline immediately followed by 4% formaldehyde, 

0.05% glutaraldehyde and 0.2 M HEPES buffer, pH 7.3. The fixed tissue was stained with 

TRITC-Phalloidin (Sigma) and Alexa 488-Phalloidin (Invitrogen). The primary antibodies 

used in this study were the following: rabbit anti-vimentin (Dako) and rabbit anti LAMP-1 
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(Abcam). As secondary antibody, we used Alexa 488-goat anti-rabbit Immunoglobulin G 

(Invitrogen). Staining with antibodies against nonmuscle myosin IIa or IIb (Covance) was 

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

 

6. Toluidine blue staining 

Animals were anesthetized as described above.  Secretagogues or saline were injected 

SC and the animals were euthanized at the appropriate time by cardiac puncture and 

perfusion of a fixative solution as described above. SGs were removed and placed in fixative 

for an additional 24 hours. The tissue was embedded in paraffin and 3 µm sections were cut. 

After rehydration, the sections were incubated in 2% Toluidine blue in water for 1 minute, 

washed in water for 2 min, dehydrated in acetone, cleared in xylene and mounted.  Pictures 

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

 

7. Image processing and analysis 

Quantification of degranulation, fluorescence intensity and granule diameter 

measurements were carried out using Metamorph (Molecular Devices). To quantify the 

number of the SCGs, time-lapse image stacks were processed with the H-basin morphology 

filter, which enhances granule-like objects and inverts the image contrast. The granules were 

manually counted at 0, 2.5, 5, 10, 15, 20, 25 and 30 minutes after the injection of either Iso or 

Carb (Sigma-Aldrich) and normalized for the number of the granules at time 0 (100 %).  The 

co-localization between m-Tomato and actin in the SCGs was assessed using Imaris 

(Bitplane).  Z stacks were acquired from phalloidin-stained whole-mounted SGs and 

analyzed both manually by using the ortho-slicer function.  Each granule was scored for the 
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presence or absence of actin and m-Tomato. We have analyzed Three acini were analyzed 

per animal, for a total of 3 animals.  Fluorescence intensity from time-lapse data sets were 

measured using the region measurement toolbox. The change in granule or canaliculi 

diameter over time was measured using the kymograph tool. For the supplementary movies, 

image registration was performed using the Stackreg plug-in from Image J (W. Rasband, 

National Institutes of Health). When needed, the background noise was reduced by applying 

to each image one or two rounds of a 2x2 pixel low-pass averaging filter in Metamorph. 

Brightness, contrast and gamma correction were applied as needed. Volume rendering was 

performed using Imaris (Bitplane). Data analysis and graphing was done in Microsoft Excel. 

The final preparation of the images was conducted with Photoshop CS (Adobe). 
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RESULTS AND DISCUSSION 

1. Setting up the intravital imaging system 

In order to study membrane trafficking in living mice and rats we had to overcome 

some of the challenges inherent to imaging the living tissue, such as motion artifacts and 

signal degradation due to the imaging depth. As a model organ, we used the SGs of live rats, 

which offer several advantages. First, they can be exposed by a relatively minor surgery and 

easily immobilized to minimize the motion artifacts that are detrimental to high-resolution 

imaging. Second, SGs are a quite homogeneous tissue form the depth perspective, whereby 

most of the specialized cell types of the organ can be reached at relatively shallow depths (10 

to 30 µm). Third, SGs are amenable to both pharmacological and genetic manipulations 

making these organs ideal to study cellular processes at a molecular level. Indeed, various 

molecules can be delivered to SGs through multiple routes: 1) via systemic injection, 2) via 

intra-organ injection, 3) via bathing of the organ in a solution, and 4) via the salivary ducts 

that can be accessed from the oral cavity. Specifically, this last route has been utilized to 

deliver plasmid DNA, enabling us to transiently express fluorescently tagged proteins in the 

parenchyma of SGs. 

  To minimize the motion artifacts we designed holders to accommodate the SG in 

both the inverted and the upright configuration (Fig. 6 E-L). The upright configuration in the 

inverted microscope was achieved by using an objective inverter / extension arm from LSM 

Technologies. Although this setup allows for the easiest access to the SGs, the inverted 

configuration results in a more efficient imaging because of the lower number of components 
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in the optical path. Therefore, the inverted setup was preferred for experiments where the 

highest resolution was desirable. For the upright configuration the exposed SG was placed in 

the holder, immersed in the optical coupling gel and secured by a glass coverslip.  The heated 

objective was brought onto the coverslip using the objective inverter (Fig 6 H, I). Similarly, 

the SG was secured onto a coverslip with a custom-made holder in the inverted configuration 

(Fig 6 L).  The animal temperature was closely monitored by a thermometer and maintained 

by a chemical heating pad.  

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

First, we determined whether we could use MPM to image the architecture of rodent 

SGs and other organs. To this aim, we imaged the SGs using excitation wavelengths between 

980 and 1000 nm. In both rats and mice we found that the architecture of the SGs was 

revealed when the laser was tuned between 730 nm and 750 nm (Fig. 8). This emission most 

likely represent NAD(P)H molecules as shown by others [74]. Large elastic fibers were 

detected exciting the specimen between 800 nm and 960 nm and most likely representing a 

combination of 2P and SHG signals (Fig. 8). We performed 3D reconstructions of the gland 

by acquiring sequential images along the Z-axis from the surface up to 70-100 µm. The very 

same area was first imaged exciting at 750 nm (Fig. 9 grey) and then at 900 nm (Fig. 9 

green).  Due to their distinct morphology, the acini and the ducts were easily identified (Fig. 

9 arrow and arrowheads, respectively). Furthermore, some structural features such as the 

acinar canaliculi or the mitochondrial-enriched basolateral pole of the granular convoluted 

tubules have also been imaged at a level of resolution comparable to that obtained by 

classical immunohistochemistry (Fig. 9 and fig. 4 i-j) [147, 148].  
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Next, we determined whether we could dynamically image the parenchyma of the 

SGs and visualize the vasculature in the live animal using endogenous fluorescence and 

exogenous fluorescent probes. To highlight the vasculature, 500 kDa FITC-dextran (FITC-D) 

was injected into the tail artery. Almost instantly, the dextran filled the vasculature where it 

was retained for the entire duration of the experiment (Fig. 10). The same experiment was 

performed highlighting the nuclei by injecting Hoechst 33342 prior to the injection of 500 

kDa FITC-D (Fig. 10). Furthermore, we were able to image the vasculature in the rat liver 

and the brain, glomerular filtration in the kidney and  kidney and SGs (Fig. 1.4 k-m). We also 

found that fluorescent dye can be retro-infused by gravity into the salivary ducts of rats to 

image dynamically the ductal system (Fig. 4 n). This method is capable of revealing an 

intricate network of ducts and canaliculi at the same time highlighting the apical pole of the 

epithelial cells [147-149]. 

Next, we attempted to image membrane trafficking for extended periods of time in 

the SGs.  To this aim we used two strategies: 1) systemic injection of low molecular weight 

dextrans that diffuse out of the vasculature and are internalized by adjacent cells revealing 

the endosomal system, and 2) labeling of subcellular organelles, such as mitochondria, using 

specific vital dyes. First, we injected a combination of dextrans of different molecular 

weights (500 kDa FITC-D and 70 kDa Texas Red-dextran (TXR-D)) and imaged the exposed 

glands by two-photon microscopy. Both dextrans appeared almost immediately in the 

vasculature (Fig. 11a) with the 70 kDa TXR-D diffusing in the stroma and being internalized 

by cells (Fig, 11a). Notably, the process was imaged for 14 minutes at a scan speed of one 

frame per second. In a second experiment, we injected Alexa 488-dextran and bathed the 

exposed glands with Mitotracker to reveal mitochondria. A single stromal cell was imaged in 
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time lapse. Since this cell was located close to the surface of the glands we used confocal 

microscopy that exhibits a higher spatial resolution. Indeed, we could observe the dynamics 

of single mitochondria and catch fusion events between the endosomes (Fig 11 b). This 

experiment suggested that when the cells of interest are located in the first 10–30 µm from 

the surface of the organ, single photon confocal microscopy can also be used, enabling 

imaging at a higher resolution than MPM (compare Fig. 11 a and b). 

1.2 Gene delivery salivary gland epithelial cells 

A major breakthrough that has allowed extending IVM to many other areas of cell 

biology is the ability to rapidly transduce fluorescently tagged genes in specific cell 

populations of the organ of interest. One of the first studies in this direction was aimed at 

studying the actin cytoskeleton and was performed in the endothelial cells of the kidney that 

were transduced with either GFP-actin or GFP-cofilin using micro-puncture techniques and 

adenoviral vectors [150, 151]. Successful gene delivery to other organs such as skeletal 

muscle, liver and brain has been reported in live rodents [152]. Recently, using the SGs and 

plasmid DNA, we have shown that genes can be selectively targeted and robustly expressed 

in the different subpopulations of cells forming the parenchyma of the salivary glands [147] 

(Fig. 11 c–e). Using high-resolution two-photon microscopy, different subcellular organelles 

were imaged dynamically such as clathrin-coated vesicles, the trans-Golgi network (Fig. 11 

c, e), and early endosomal compartments, with a resolution comparable to that achieved in 

cell culture by single photon confocal microscopy. Furthermore, the dynamics and the 

distribution of various molecules such as the GFP-Lifeact (Fig. 11 d, e) and Aquaporin 5 –

GFP (Fig. 11 c) was also analyzed, showing that this technology 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 molecules diffuse out of the vasculature 

and are rapidly internalized by a series of cells in the salivary glands. An important question 

was to determine the nature of these cells. To this aim, 70 kDa TXR-D was injected into the 

tail artery and after 1 hr the SGs were imaged by TPM. A Z-stack of images revealed that 

two distinct populations of cells internalized dextran: one that is embedded within the elastic 

fibers (Fig. 12 A1) and the other that is located in the stroma around both acinar and ductal 

structures (Fig. 12 A2). As shown in Figure 12 B, both populations of cells were positive for 

vimentin suggesting that they are fibroblastic in nature, although other cell types such as 

dendritic cells could not be completely ruled out. We also compared the uptake and 

trafficking of fluid-phase markers with those of molecules such as transferrin that are 

internalized via receptor-mediated endocytosis. Surprisingly, we observed the early 

endosomes containing labeled dextran as early as 2-5 minutes after injection whereas 

transferrin internalization and accumulation was markedly slower and appeared only 10-15 

minutes after probe injection (Fig 12 D). Furthermore, a significant fraction of transferrin-

positive endosomes overlapped with dextran labeled endosomes. In contrast, the isolated 

salivary gland fibroblasts exhibited very rapid kinetics of transferrin internalization and 

showed no significant overlap with dextran-labeled endosomal-lysosomal system, as 

previously reported (Fig 12 E). Moreover, dextran internalization was markedly slowed 

down and mostly relied on macropinocytosis in cultured fibroblasts. This experiment 

provides a compelling evidence that cultured cells do not always reflect the behavior of cell 

in their physiological environment. Although it would be tempting to investigate the reasons 
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of these discrepancies, we sought to continue our characterization of the endocytic pathways 

in vivo. 

Next we determined the kinetics of the fluid phase cargo trafficking through the 

various endocytic compartments in more detail. To this aim, we first intravenously injected 

the rats with TXR-D to load the lysosomal compartment, and after 24 h, we injected 70 kDa 

Alexa 488 dextran (488-D) to image the early endosomal compartments. The glands were 

removed at different times after the injections of 488-D and imaged as described above. As 

expected, TXR-D accumulated in lysosomal structures labeled by the late 

endosomal/lysosomal marker lysosomal-associated membrane protein 1 (LAMP-1) [153] 

(Figure 13 A). After 20 min from the second injection, 488-D was present in early 

endosomes. This was determined by two lines of evidence: first, 488-D-containing 

endosomes did not overlap with the late endosomes/lysosomes containing TXR-D (Figure 13 

B, top panel) and second, the 488-D-containing endosomes were not labeled by LAMP-1. 

After 30 min (Figure 13 B, lower panel, arrowheads), a significant overlap was observed, and 

after 60 min, most of the 488-D dextran reached the late endosomal/lysosomal compartment 

(data not shown). Notably, the progression of the cargoes from the early endosomes to the 

late endosomes/lysosomes is consistent with that reported for cultured cells [154]. To image 

the fusion events between the various endosomal compartments dynamically, we set up a 

time-lapse acquisition upon the second injection of 488-D. After 5 min from the injection, the 

488-D appeared in small peripheral early endosomes (Figure 13 C, time 7:00), which did not 

reach the lysosomal compartment but increased in size in the first 20–25 min (Figure 13 C, 

time 15:00 and 25:00,). The size of the endosomes increased because of homotypic fusion 

events as shown in Figure 13 D where two small early endosomes came in contact and fused, 
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generating a larger endosome that did not contain any TXR (Figure 13 D, arrowheads,). 

These fusion events are not always obvious because they occur within 3 seconds, a time that 

is very close to the time interval between each frame of the time-lapse sequence. At later 

time-point, we detected fusion events between larger endosomes containing only 488-D. 

These structures most likely represent late endosomes because they overlapped with LAMP-

1. Notably, we did not observe any direct fusion events between endosomes containing 488-

D and lysosomes containing TXR-D. Instead, the 488-D-containing endosomes gradually 

acquired TXR-D (Figure 13 E, time 55:00 versus time 56:38, insets and arrowheads) and 

then fused with another endosome containing both 488-D and TXR-D (Figure 13 E, time 

57:57 and 58:14, inset and arrow). Because of the limit in the resolution of TPM, we could 

not determine the mechanisms by which the 488-D acquired the TXR-D, which most likely 

implicates some transient connections as previously described by Luzio and colleagues [154]. 

We have shown that the trafficking of probes through early endosomes and late 

endosomes/lysosomes can be studied in live animals. However, an important prerequisite to 

study the molecular machinery regulating these processes is the ability to perturb this system. 

In this regard, the Wharton’s duct provides a direct route to deliver drugs into the 

submandibular glands. This avoids systemic injections, which might lead to broader non-

specific effects to the entire animal. To check how effectively molecules can be delivered 

throughout the SGs, a fine polyethylene cannula was inserted into the Wharton’s duct (Figure 

14 A). The 488-D was injected through the cannula. Almost immediately, it appeared in large 

circular structures that most likely represent the cross sections of the large ducts (Fig. 14 B,C, 

arrow). Immediately after injection, 488-D appeared in small ducts and in the acinar 

canaliculi (Fig. 14 B,C, arrowheads). To test whether drugs delivered through this route 
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would exert their effect throughout the entire gland, we injected LatA or CytD, two 

molecules known to disrupt the actin cytoskeleton. A rat was first systemically injected with 

TXR-D to label the endosomal and the lysosomal compartments. After 1 h, one gland was 

injected with LatA or CytD, while the other gland was injected with the vehicle, and 45 min 

later, 488-D was injected systemically. The glands were excised and imaged after 1 h. CytD 

(Fig. 14 D and E) was indeed effective in disrupting the F-actincytoskeleton in many areas of 

the glands as shown by cryosections, while other organs were not affected. Notably, both 

drugs reduced the internalization of 488-D when compared with control glands, while the 

levels of TXR-D injected prior to the drugs were not affected (Fig. 14 F, G). How these drugs 

affected the fluid-phase endocytosis in the gland remains to be investigated, but the results 

serve as a proof of principle that drugs can be selectively and effectively delivered to the SGs 

without affecting other organs. Our study has provided new insights into the dynamics of 

fluid phase and receptor mediated endocytosis in the live animal, which might enable us to 

better understand the mechanisms of endocytosis in cells in their native environments.   

One of the most intriguing finding in our studies on endocytosis was that most of the 

probes introduced via the blood circulation or via stromal injections were not detected in the 

epithelium. For example, stromal injection of dextran or other hydrophilic fluorescent 

conjugates resulted in labeling of the stroma, while the parenchyma remained unlabeled 

(Fig.15 A). This was generally true for all of the organs tested in mice and rats. If the probe is 

left for longer period of time it is washed away from the stroma and only the cells that 

actively endocytosed the probe remain labeled. Presumably, some barrier between the stroma 

and the epithelium may be preventing the fluorescent probes from accessing the epithelium. 

A good candidate for such barrier is basement membrane that lines all of the epithelial tissues 
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in the body.  This is supported by the fact that some lipophilic probes such as DiI are able to 

cross the barrier to be internalized by the epithelial cells (Fig. 15 A). The barrier function is 

likely to be highly important in organ physiology and some pathological conditions (such as 

the spread of infectious agents) and with the advent of IVM and physiological models such 

phenomena can now be studied. 

In order to avoid this barrier and study endocytosis in the epithelium, we introduced 

fluorescent dextrans to the apical side by cannulating the major Wharton’s duct and 

performing infusion by gravity (Fig. 15 B).  We were able to label all of the ductal system 

but still did not see any significant fluid phase uptake under resting conditions (Fig. 15 B, 

panel 3).  We then observed that upon stimulation of protein secretion with isoproterenol (see 

next sections), the clearing of the ductal system and the simultaneous endocytosis of the 

fluorescent dextran could be observed. (Fig. 15 B and C). This process is called 

compensatory endocytosis, and it is stimulated during regulated exocytosis to retrieve the 

large volumes of new membranes that are delivered to the PM.  Compensatory endocytosis is 

extremely important for the physiology of the glands as the acinar cells have to retrieve the 

extra membranes contributed by secretion [155]. To our knowledge this is so far the first 

successful attempt to visualize the compensatory endocytosis dynamically in exocrine glands 

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

In SGs, proteins are secreted at the APM primarily through the regulated exocytosis 

of large SCGs [156]. Due to the lack of appropriate markers for these vesicles there are no 

good models allowing to observe SCG dynamics in live exocrine tissues or in ex vivo 

preparations. To overcome this issue, we utilized transgenic mice ubiquitously expressing a 

soluble form of the green fluorescent protein [157]. By using intravital two-photon 

microscopy, we observed that in the acinar cells of the SGs and the other exocrine glands 

tested, cytoplasmic GFP was excluded from large vesicles (Fig. 16 and Fig. 17). Based on 

their size (1-1.5 µm in diameter), behavior (see below), and lack of overlap with markers for 

other large intracellular organelles such as lysosomes and mitochondria, these vesicles were 

identified as SCGs (Fig. 16). To better resolve these vesicles, we utilized confocal 

microscopy, which allows us to control the thickness of the optical slices, providing a higher 

resolution when compared to two-photon microscopy (Fig. 17) [158]. By performing a z-scan 

of the SGs, we determined the optimal imaging depth to be approximately between 10 and 15 

µm below the surface of the glands (Fig. 17 and Fig. 18). At this depth, the first layers of 

acini were optically sectioned in the middle (Fig. 18) where both SCGs (Fig.19 a, 

arrowheads) and acinar canaliculi (Fig. 19 a, arrow) are clearly visible. Indeed, GFP 

highlighted the APM as identified by the enrichment in cortical F-actin (Fig. 19 b and inset). 

Although we have not established the reason for this enrichment, we speculated that GFP 

may bind to some of the components of the actin cytoskeleton in a non-specific fashion. By 

combining IVM imaging techniques and the use of transgenic animals we have established a 

powerful model to study regulated exocytosis in exocrine glands. 
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3.2. Regulation of fusion of secretory granules in the salivary glands of live animals 

Since there are conflicting data generated in in vitro and ex vivo systems about the 

role of β-adrenergic and muscarinic receptors in SGs, we sought to determine which stimulus 

elicit exocytosis of the SCGs in vivo. Exocytosis was assayed by estimating the reduction in 

the number of large SCGs after agonist stimulation, as shown by others [55, 146]. To this 

aim, we injected isoproterenol (Iso, β-adrenergic agonist) and imaged the SCGs by time-

lapse confocal microscopy (Fig. 19 c, left panel). Thirty minutes after the injection of Iso we 

observed an 80% reduction in the number of SCGs and a significant expansion of the acinar 

canaliculi (Fig. 19 c right panel and insets). The reduction in the number of SCGs was 

uniformly observed throughout the acini confirming that SCGs underwent exocytosis. 

Although our experimental set up did not allow imaging directly the fusion step (i.e. the 

mixing of the membrane bilayer), this assay provided an indirect estimate of the fusion 

events of the SCGs with the APM. The maximal rate of degranulation was elicited when Iso 

was injected between 0.1-0.5 mg/Kg (Fig. 19 d) and occurred after 2-5 min from the 

injection. Higher doses of Iso (>0.5 mg/Kg) induced the rapid formation of large vacuoles 

(Fig. 20), which most likely represent a non-physiological process [159]. The same response 

was also observed in the parotid glands and in the SGs of live rats, and neither the 

externalization of the glands nor the GFP expression had any effect on the regulation or the 

rate of degranulation (Fig. 20). Injections of Carb, even at doses comparable to those utilized 

in ex vivo explants, did not stimulate any degranulation in contrast to previously reported 

data (Fig. 19 d and  Fig. 20) [52, 53, 55, 160, 161]. However, Carb showed a biological 

activity since it induced fluid secretion as expected (Fig. 21). Lastly, co-injection of Iso and 

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

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

The scanning speed was increased to 0.2-0.6 s per frame to visualize the large SCGs, which 

undergo exocytosis in a slow fashion (several seconds up to minutes) [23, 27]. Upon 

injection of Iso, most of the cytoplasmic SCGs increased their motility, whereas those closer 

to the APM did not. This subpopulation of SCGs exhibited a 2-3 fold increase in the GFP 

fluorescence surrounding them, which correlated with the recruitment of F-actin (Fig. 22 a). 

Notably, these SCGs decreased in size slowly (40-60 sec) and gradually collapsed into the 

APM (Fig. 22 b, arrow and 22 c ), suggesting that exocytosis of SCGs was imaged. This idea 

is further supported by the fact that these events were observed only when degranulation was 

stimulated by Iso. Previous studies in acinar preparations of explanted exocrine glands 

showed that this process occurs through compound exocytosis rather than single fusion 

events [23, 55, 162]. Compound exocytosis has been defined as the process by which large 

SCGs fuse with SCGs that are already connected with the APM, generating strings of 3-4 

interconnected granules [25]. These strings, which have been reported to be stable for more 

than 20 sec, should have been detectable under the imaging conditions used in this study [36, 

51]. However, we cannot exclude that due to the thin optical slices utilized to image the 

SCGs in the GFP mice, some of the interconnections between the fusing SCGs might have 

been missed. To clarify this, we used two alternative approaches. First, we slowly infused a 

fluorescently-labeled dextran into the ductal system of a live rat (Fig. 22 d) [147]. This 

approach mimics the bathing of the explanted glands in small fluorescent probes that has 

been used to investigate exocytosis in ex vivo models [25, 36, 39, 55, 163, 164]. For this set 

of experiments, we used larger optical sections (1-1.2 µm, Fig. 17) closely matching those 
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achieved by two-photon microscopy experiments that have been successfully utilized to 

image compound exocytosis [38]. Upon injection of Iso, the dye rapidly filled large vesicular 

structures, which later gradually collapsed with the APM (Fig. 22 e and f). Based on their 

size (1-1.5 µm in diameter) we argued that these structures represent SCGs, which have 

fused with the APM and have been filled with fluorescent dextran upon the opening of the 

fusion pore. This was confirmed by performing the same experiment in the mouse expressing 

soluble GFP, where the SCGs are visible (data not shown). Under these conditions, we did 

not observe any evidence of compound exocytosis. Second, we used a transgenic mouse 

ubiquitously expressing a membrane-targeted peptide fused with the fluorescent protein 

tdTomato (m-Tomato mice) [165]. This reporter localized both at the apical and the 

basolateral PM but not in the SCGs (Fig. 22 g). The apical canaliculi were easily identified 

based on their characteristic F-actin coat and morphology (Fig. 22 g-i). In this model, we 

expected the m-Tomato to diffuse into the SCGs upon fusion with the APM thus enabling us 

to track their fate. Also in this case, the optical section was increased to 1-1.2 µm to optimize 

the detection of the SCGs and the APM (Fig. 17). After injection of Iso, m-Tomato localized 

onto large circular structures (1-1.5 µm in diameter) and the acinar canaliculi appeared 

enlarged as shown for the GFP mice (Fig 22 h). Time-lapse imaging showed that upon 

injection of Iso the m-Tomato circular profiles completely collapsed at a rate similar to that 

observed for the SCGs in the GFP mice (40-60 sec) (Fig. 22 j). Fusing SCGs clustered 

around the expanded canaliculi but compound exocytosis was not observed (Fig. 22 j). These 

vesicles represented the fused SCGs as shown by crossing the m-Tomato mice with the GFP 

mice (Fig. 23).  
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Overall, our data support the idea that large SCGs in the SGs in vivo fuse at the PM 

and release their contents in the extracellular space in a single event, which leads to the 

controlled collapse of the granules into the APM. Although we have not observed any 

compound exocytosis of large SCGs, due to the spatial and temporal limitations of our 

experimental system we cannot rule out that smaller vesicular structures (between 50 and 100 

nm) fuse with the SCGs during the collapse. 

Based on this data we conclude that the β-adrenergic and not the muscarinic receptors 

elicit the fusion of the SCGs with the APM and that this process occurs in SGs in vivo 

through single fusion events and not through compound exocytosis [23, 55]. The reason(s) 

for the discrepancy between the data derived from explanted organs or acinar preparations 

and the animal model are difficult to determine. One possible explanation is that the damages 

derived from the mechanical or enzymatic procedures used to prepare the tissues may 

activate or alter various signaling pathways, favoring the docking of the granules at the APM 

and their sensitivity to Ca++ signaling, as shown for lysosomal secretion during membrane 

repair [166]. Moreover, these procedures may disrupt the actin cytoskeleton resulting in the 

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

We observed that the size of the SCGs did not change for the first 5-10 sec after 

fusion with the APM (Fig. 22c, f and k, red circles). During this time the m-Tomato diffused 

into the SCGs with what appeared to be a slow rate. Interestingly, the fusion pore opened in 

parallel with the diffusion of the m-Tomato, as shown by infusing fluorescently-labeled 

dextran into the ductal system of the m-Tomato mouse and stimulating exocytosis with Iso 

(Fig. 24). After the intensity of the m-Tomato fluorescence reached a maximum the granules 

sharply decreased in size (Fig. 22 k, black circles). We hypothesized that this lag time was 

due to the recruitment of the machinery regulating the collapse of the granules. Since F-actin 

coated the granules close to the APM (Fig. 22 a), we investigated whether it could play a role 

in facilitating this step. To this aim, we labeled the SGs of the m-Tomato mice for F-actin 

after stimulation with Iso. We observed that 100% of the F-actin-coated granules (481 

granules scored, N=3) were labeled with the m-Tomato, whereas 2.8 ± 1.8 % (average ± 

S.E.M, N=3) of the m-Tomato-labeled granules were not labeled with F-actin (Fig. 25 a, 

arrows). This finding suggested that F-actin was recruited onto the SCGs only after 

membrane fusion has occurred. Next, we analyzed the dynamics of F-actin recruitment onto 

the SCGs by transfecting the acini of live rats with GFP-lifeact, a probe that dynamically 

labels F-actin without compromising its function [167]. We have previously shown that the 

acini in the SGs can be selectively transfected with fluorescently-tagged proteins (Fig. 25) 

[147]. As expected, in acinar cells, GFP-lifeact showed a distribution comparable to that of 

F-actin. In control conditions GFP-lifeact was localized at the PM and enriched at the apical 

pole (Fig. 25 d, arrowhead). Upon stimulation with Iso, GFP-lifeact was recruited onto the 
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SCGs and then progressively released during their collapse (Fig. 25 d and e, arrows). To 

analyze the kinetics of F-actin recruitment with respect to the dynamics of the SCGs, we co-

transfected Red Fluorescent Protein-lifeact (RFP-lifeact) with GFP-Farnesyl, a marker for the 

PM [168] that behaves similarly to the m-Tomato both in resting conditions (Fig. 25 f, arrow) 

and under stimulation (Fig. 25 f, arrowheads). F-actin was recruited onto the SCGs after a 

short lag time coinciding with the initial diffusion of membranes from the canaliculi, 

suggesting that some of the factors controlling the nucleation or the assembly of F-actin 

might come from the APM (Fig. 25 g, and h). This finding also suggests that F-actin 

assembly occurs after the opening of the fusion pore and most likely does not play any role in 

this process. Finally, we pharmacologically disrupted the actin cytoskeleton in live animals 

by using cytochalasin D (CytD, Fig. 27) or latrunculin A (LatA, Fig. 26). In resting 

conditions no exocytic events were observed, although some small vesicular structures of 

unknown origin were observed in close proximity to the PM. Upon injection of Iso, SCGs 

fused with the APM with the same rate described above, but failed to collapse (Fig. 27 a, 

arrows and b) and increased in size, forming large vacuoles 2-3 fold larger than the normal 

granules, as shown by measuring their diameter over time (Fig. 27 c, red circles). These 

vacuoles were generated by the SCGs fusing with the APM, and not as a result of interfering 

with endocytic events, as shown by disrupting the actin cytoskeleton in GFP-mice (Fig. 26). 

Furthermore, we observed that the remaining SCGs fused and rapidly collapsed with the 

vacuoles in a process reminiscent of compound exocytosis (Fig. 27 d). LatA treatment 

produced similar results (Fig. 26). These observations suggest that F-actin may play a role in 

controlling the collapse of the granules and in preventing their homotypic fusion that was not 

observed under control conditions. Moreover, F-actin may provide a scaffold preventing the 
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expansion of the SCGs that may be driven by the hydrostatic pressure generated by the fluid 

secretion that we observed during the exocytic process (Fig. 28).  

Finally, we observed that 5-10 min after stimulation with Iso the total amount of 

secreted protein was inhibited by almost 50% (Fig. 26 d). Since we ruled out that the 

impairment of the actin cytoskeleton affected the opening of the fusion pore (Fig. 26 e), this 

inhibition may be explained by the fact that the failure of the first SCGs to collapse prevented 

the discharge of the cargo proteins into the canaliculi. However, after 30 min, all the SCGs 

completely fused with the large vacuoles (Fig. 26 c) and the level of the secreted protein was 

comparable to that measured in control conditions. This suggests that the cargo proteins 

retained in the vacuoles were released into the canaliculi, possibly facilitated by fluid 

secretion accompanying exocytosis. 

Taken together, these data suggest that F-actin serves many functions during 

stimulated secretion in the SGs. First, we have shown that F-actin provides a scaffold 

counteracting hydrostatic imbalances that might interfere with the dynamics of the granules. 

This role is most likely restricted to the exocrine glands where regulated exocytosis at the 

APM is accompanied by fluid secretion. Notably, such a role for F-actin has not been 

described in ex vivo systems where the hydrostatic pressure does not build-up due to the lack 

of an intact ductal system. Second, we have shown that F-actin prevents the fusion between 

the SCGs accumulated in the apical area and those fused with the APM. In secretory systems 

in which the collapse of the SCGs is a slow process, the fused granules may have acquired 

components of the APM, which makes them more susceptible to fusion with other SCGs 

[169]. In order to prevent these fusion events, F-actin could be recruited onto the SCGs 

performing a “barrier” function similar to what has been proposed for the F-actin at the APM 
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[34, 170]. Finally, we have shown that F-actin is required to drive the collapse of the SCGs to 

the APM. Our data suggests that F-actin may serve as a platform to recruit molecules 

generating the force required for the collapse of the granule). The impairment of the 

assembly of F-actin around the fused SCGs leads to a substantial increase in their size and a 

complete block of their collapse.  

4.2. Myosin IIa and IIb are recruited onto the granules and their motor activity 
facilitates the collapse of the secretory granules 
 

We reasoned that the role of F-actin in facilitating the collapse of the SCGs may be 

linked to the assembly of an acto-myosin complex, as described for the contractile ring 

during cytokinesis [171, 172]. Indeed, nonmuscle myosin IIa has been previously implicated 

in the regulation of the opening and the closing of the fusion pore during regulated secretion 

[38, 39, 173]. We determined that in resting conditions, both myosin IIa and IIb localized in 

the cytoplasm and at the APM in the SGs (Fig. 29 a and c), whereas upon stimulation with 

Iso, both isoforms were recruited onto the surface of the fusing granules (Fig. 29 b and d, 

arrowheads). To determine whether these myosins were involved in SCGs exocytosis, we 

pharmacologically blocked their motor activity by using (-)blebbistatin (Bleb), a specific 

inhibitor of the myosin II ATPase [37]. In animals treated with (-)Bleb, we observed the 

appearance of few intracellular vesicles of unknown origin and the enlargement of the acinar 

canaliculi (Fig. 29 e, arrows). Upon stimulation with Iso, although the onset of the fusion 

events was not affected, the acinar canaliculi further expanded and granules of larger size 

appeared at the APM (Fig. 29 e, arrowheads). Time-lapse sequences showed that a 

significant proportion of SCGs fused with the APM and abruptly increased in size, as 

observed when the actin cytoskeleton was disrupted (Fig. 29 g and i). However, under these 

conditions, SCGs collapsed with the APM and only a small population collapsed at a slower 
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rate when compared with the inactive stereoisomer (+)Bleb (Fig. 29 h and i). These data 

suggest that myosin IIa and IIb are part of the machinery that regulates the collapse of the 

granules after fusion with the APM but whether myosin II is absolutely required for granule 

collapse is still unclear.  

We have shown that the inhibition of the motor activity of myosin II results in a sharp 

increase in the size of all the fused SCGs and in the delay of the kinetics of the collapse but 

only in a small sub-population of the SCGs. The fact that (-)Bleb did not completely block 

the collapse of the granules might be due to a partial inhibition of the myosin activity and 

unfortunately, higher concentrations of (-)Bleb could not be used since they induce non-

specific effects on the cell membranes. Two other possibilities are that either other molecules 

are involved in this process (e.g. another myosin), or that when myosin II activity is impaired 

the collapse of the SCGs is regulated by a different mechanism. Moreover, since (-)Bleb 

inhibits the activity of both myosin IIa and IIb we could not assess whether they perform 

different functions during SCGs exocytosis in SGs as described in other systems [38, 39, 

174]. To address these issues, studies employing mice harboring conditional knockout alleles 

of myosin IIa and IIb are underway. 

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

 An important question is how the fusing granule recruits the actomyosin complex to 

its surface. Is the adrenergic signaling cascade required for the acto-myosin recruitment and 

if so, which molecules are involved? Alternatively, is membrane fusion and the mixing of the 

two membranous compartments sufficient to initiate the recruitment? Another interesting 

question is whether actin and myosin are dependant on each other for their recruitment and 

function. In order to start to address these questions we used transgenic mice expressing 
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GFP-myosin IIa and IIb [144]. Using these mice we have been able to image the dynamics of 

myosin IIa and IIb, which in resting conditions are localized at the APM and in the 

cytoplasm whereas upon stimulation are both recruited onto the granules (Fig. 30 A and B). 

Both myosin II isoforms are recruited from the cytoplasm and not by diffusion from the 

APM, as shown by the kymographs in Fig. 30A and B. Moreover, we had crossed these mice 

with those expressing RFP-Lifeact enabling us to simultaneously visualize F-actin and 

myosin II (Fig. 30 C). Notably, we observed that during exocytosis myosin IIb is recruited on 

the granules 6-8 seconds after the initiation of actin polymerization at the granule membrane 

(Fig 30 D). By plotting the fluorescence profiles we also found that myosin IIb is retained on 

the granules after F-actin disassembly (Fig 30 E). Such observations suggested that the in 

actin may play a role in the initial phase of myosin II recruitment onto the membranes and 

that later some other molecule may be involved maintaining it at the PM. Similar results were 

obtained for myosin IIa. Ongoing studies are aimed at pharmacologically perturbing one or 

the other molecule of the complex and observing the changes in dynamics of the partner 

molecule. 

 

5. Model of regulated secretion in salivary glands 

To summarize, in our studies of regulated exocytosis in SGs we focused on the 

dynamics of the process and the machinery regulating the fate of the SCGs after their fusion 

with the APM. We used a combination of transgenic mice and gene transfection into the SGs 

of live rats, which enabled us to visualize the SCGs, their limiting membranes, their content, 

actin cytoskeleton and myosin motor proteins. Specifically, we showed that exocytosis of the 

SCGs in the SGs in vivo is elicited exclusively by the β-adrenergic receptor and not the 
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muscarinic receptor. Furthermore, we determined that after fusion with the APM, SCGs 

completely collapse without any evidence of compound exocytosis. Finally, upon fusion with 

the APM, F-actin and nonmuscle myosin II are recruited onto the surface of the SCGs, where 

they provide a scaffold that facilitates the collapse with the APM and prevents the homotypic 

fusion of the SCGs [175]. By taking advantage of IVM and a physiological model system 

were able to shed some light in these controversial topics in the field of regulated exocytosis. 

The discrepancy between our data and those acquired using ex vivo systems may warrant 

some further discussion on models of regulated exocytosis and possible factors that might 

have been overlooked. 

First, it may be useful to review the basic structure of the acinus, which produces the 

complex morphology of the apical pole, where secretion takes place. Acini are formed by 9-

10 polarized acinar cells, which are tightly packed into a sphere-like unit (Fig. 31). The 

apical domains of the PM of two adjacent cells form narrow canaliculi with a diameter of 

0.2-0.3 µm and a length of 10-15 µm. Each cell shares 2-3 canaliculi with adjacent cells, and 

they are all interconnected, ultimately merging into a larger duct at the base of the acinus, 

called the intercalated duct. A single acinar cell contains 250-300 SCGs, which have a 

diameter of 1-1.5 µm. One of the most striking outcomes of this arrangement is the 

difference in membrane tension between the APM and SCGs, which is a function of their 

diameter. When two of such membranous compartments fuse there is a flow of membranes 

toward the area with the lowest membrane tension [30, 176]. Based on geometrical 

consideration, large SCGs should have a lower membrane tension than narrow canaliculi, and 

indeed we observed that after the opening of the fusion pore, membranes flow from the 

canaliculi into the SCGs (Fig 32). This suggests that the collapse of the SCGs into the PM 
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may not be an energetically favorable process. We propose that the actomyosin complex is 

recruited onto the surface of the SCGs to form a contractile scaffold, which provides the 

energy to complete this step (Fig. 32). Although we do not know whether the force generated 

by the scaffold acts by pushing the membranes or by enlarging the fusion pore, we suggest 

that the actomyosin complex is required to reduce the size of the SCGs, thus increasing their 

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

Two interesting observations further support this model. First, in the absence of a 

functional actin cytoskeleton the SCGs are able to collapse into the large vacuoles (Fig 27 

D). Under this condition, SCGs (diameter 1-1.5 µm) have a higher membrane tension than 

the large vacuoles (4-5 µm) and their collapse may be more favorable (Fig. 33 C). Second, 

we noted that when the activity of the myosin II motor is impaired, the acinar canaliculi are 

significantly expanded (diameter 1.8-2.0 µm) (Fig. 29 E and G). Under this condition, SCGs 

may have a higher membrane tension than the expanded canaliculi and the process could 

possibly be brought to completion without the need for a contractile activity (Fig. 33 A). 

Multiple reports from ex vivo models have reported actin coat on the granules, however they 

did not find F-actin or myosin to be required for controlling the collapse. It is possible that 

some disturbances during acinar preparations may alter the delicate geometry of apical 

domains of the cells. 

Another aspect that emerged for our in vivo study comes from the finding that when 

the dynamics of the actin cytoskeleton was disrupted by pharmacological agents such as 

cytochalasin D or latrunculin A, SCGs expanded in size and their gradual collapse was 

impaired. The analysis of the diameters of the SCGs showed that there is a linear increase in 

their size in the first 20-30 seconds after the opening of the fusion pore. Since during this 
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period we did not detect any large membranous vesicle fusing with the SCGs, we speculated 

that the expansion was driven by the flow of membranes from the APM into the granule via 

the fusion pore. In addition to the membrane tension factor, hydrostatic pressure may 

contribute to this process (Fig 28). After this initial step, the increase in size of the enlarged 

SCGs is due to membranes delivered by other SCGs that fuse with the enlarged SCGs that 

have acquired the characteristics of the APM (Fig. 27 D). Similarly, when the activity of 

myosin II was impaired with blebbistatin, SCGs initially expanded in size, and later resumed 

their gradual collapse. This suggests that the myosin II contractile activity is also required to 

counteract the hydrostatic pressure after the opening of the fusion pore. Under this condition, 

the expanded granules did not further increase in size since the fusion with the other SCGs 

was prevented by the actin coat that assembled around the expanded granules.  

Overall our data suggests that another function of the actomyosin complex on the 

surface of the fusing granules is to counteract the effect of the hydrostatic pressure. This 

implies that fused SCGs represent a weak spot at the APM that needs to be “patched” to 

prevent disruptions in the cell architecture. This hypothesis was also supported by the fact 

that an artificial increase of the intraductal pressure during exocytosis induced the expansion 

of the SCGs even when the actin cytoskeleton was not perturbed.  
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CONCLUSIONS 

In the past two decades the development of fluorescent protein technology and live 

cell microscopy resulted in an explosion of information on every cellular process imaginable. 

These developments have advanced our understanding of cell biology tremendously. Most of 

this knowledge was acquired by employing cell culture models which are extremely powerful 

when it comes to experimental manipulations, however, they may not provide a true 

representation of the actual biology of complex multicellular organisms. Over the years there 

has been tremendous progresses in developing experimental models that can produce 

dynamic and mechanistic information in multicellular organisms, most notably in C. elegans, 

D. melongaster and D. rerio. More recently, IVM techniques, and nonlinear microscopy in 

particular, have expanded in vivo studies into mammalian models. Although IVM has 

addressed key biological questions in fields such as neurobiology, immunology and tumor 

biology, most of the work has been focused at the tissue and single cell level [149]. The 

possibility to expand our knowledge of cell biology in mammalian models under true 

physiological conditions, is very exciting and justifies the efforts to advance the current IVM 

techniques towards achieving subcellular resolution. Moreover, approaches based on 

pharmacological and genetic manipulations have to be developed in order to start probing the 

function of various machineries in cell biology.  

With this in mind, we set out to establish a model system for studying endocytosis 

end exocytosis in the salivary glands of live rats and mice. The SGs are readily accessible 

with a minor surgery and can be externalized and stabilized for intravital imaging in 

relatively easy fashion. Development of surgical and stabilization techniques such as 
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customized SG holders was crucial in our achievement of imaging sub cellular structures in 

live animals. Using this system we were able to image internalization and trafficking of 

various fluorescent molecules in the stromal and acinar cells of SGs in vivo. We found that 

fluid phase markers that diffuse from the blood vessels are rapidly internalized into early 

endosomes of fibroblasts within 2–3 min from the injection. The early endosomes undergo 

homotypic fusion in the periphery of the cells and after 30–40 min reach late 

endosomal/lysosomal structures in the perinuclear area [148]. The kinetics of transferrin 

internalization was markedly slower than that of fluid phase markers and they were all 

trafficked into the lysosomes. Notably, the same cells explanted and grown on glass 

employed the canonical pathways where transferrin undergoes rapid internalization and 

recycling while avoiding the lysosomal degradation. Next, we developed pharmacological 

and genetic manipulations that allowed us to ask questions about the machinery involved in 

the process of interest. For example, we showed that perturbing actin cytoskeleton partially 

inhibits the fluid phase endocytosis in stromal cells in vivo [148]. 

We then extended IVM to study both the regulation and modality of regulated 

exocytosis in SGs in vivo and began to dissect some of the molecular components involved in 

this process. We focused our initial efforts on unraveling the role of the actin cytoskeleton in 

exocytosis of SCGs, as no clear picture of its function in regulated secretion has emerged up 

to this point. To address these questions, we used a combination of different approaches such 

as: 1) transgenic mouse models, 2) the ability to transfect genes into the acinar cells, and 3) 

the ability to selectively deliver fluorescent probes and pharmacological agents into the SGs. 

The use of mice expressing cytoplasmic GFP and/or membrane-localized tomato fluorescent 

protein has enabled imaging the kinetics of SCGs exocytosis and to confirm that in vivo this 
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process is triggered exclusively by beta-adrenergic stimulation. Next, by using three 

independent experimental approaches we observed that in vivo, SCGs fuse with the PM and 

gradually collapse after the opening of the fusion pore without any evidence of compound 

exocytosis. Lastly, we found that actin and nonmuscle myosin II assemble on the granules 

after fusion and are important in driving the complete collapse of the SCGs. Our data 

suggests that a functional contractile actomyosin complex assembles onto the SCGs during 

exocytosis to perform at least three functions: 1) to counteract the effect of the hydrostatic 

pressure an energetically unfavorable membrane tension difference, 2) to prevent the 

homotypic fusion of the granules that are fused with the APM and 3) to facilitate the gradual 

collapse of the secretory granules [31, 175, 177].  

Our approach to studying cell biology based on IVM in live rodents has highlighted 

that some biological processes occur with the coordination of several cellular events and are 

strongly influenced by the architecture of the experimental model. Reductionist approaches 

based on the use of simplified models offer the advantages of a better control of the 

experimental conditions and the opportunity to study processes at a molecular level. 

However, certain aspects of the physiology of an organ, that may have unanticipated effects 

on cellular functions cannot be recapitulated in vitro systems and require the use of in vivo 

models. The same approaches and tools developed for the SGs can be easily applied to other 

organs and target new problems in cell biology. Furthermore, novel tools are now available 

to address additional questions using IVM. Among them are mice expressing various 

fluorescently tagged markers and machinery, huge libraries of knockout and conditional 

knockout animals and relatively novel procedures to perform protein ablation in vivo via 

siRNA or shRNA. IVM has a huge potential to uncover several not yet understood cellular 



 52

processes during physiological and pathological conditions. In our view, this approach is 

going to be one of the main tools to study cell biology in the future and we were fortunate to 

have contributed in advancing this field a step further. 
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FIGURES 

 

Figure 1. Regulated exocytosis. A – Modality of regulated exocytosis. Upon stimulation, 
exocytic vesicles fuse with the PM and the fusion pore opens. Exocytic vesicles can undergo: 
1) full collapse, 2) kiss and run, or 3) compound exocytosis. B - Different architecture of the 
secretory organs. In neurons, small synaptic vesicles release their content at the pre-synaptic 
terminals into the synaptic cleft (left). In endocrine glands, such as the pancreatic islets, 
molecules are released in the extracellular space and reach the bloodstream (center). In 
exocrine glands, such as the salivary glands, cargo molecules are released into a series of 
canaliculi and ducts that are connected to the oral cavity (right) 
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Figure 2. Morphology of the exocytic vesicles. Exocytic vesicles have different size 
ranging from 50 nm for the small synaptic vesicles up to 2-3 µm for the lamellar bodies.   
The nature of the cargo molecules varies from small neuropeptides to aggregates of different 
sizes, such as the VWF and insulin. The duration of the exocytic events ranges from few 
milliseconds, for the smaller vesicles, up to minutes, for granules containing large 
aggregates. The increase in diameter and size of the cargo molecules inversely correlates 
with the duration of exocytosis. Notably, kiss and run events seems to occur primarily in 
smaller vesicles transporting lower molecular weight cargoes, and actin primarily coats larger 
vesicles that have a slower kinetics of exocytosis and 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) excitation, c second (SHG) and third (THG) 
harmonic generation, and d Coherent anti-Stokes Raman spectroscopy (CARS). a, b In both 
single and MP microscopy, the emitted photons have a lower energy than the sum of the 
incident ones, due to some energy loss (yellow arrow). c In SHG and THG the incident 
photons are scattered and recombine in a single one, without energy loss. d In CARS 
microscopy two beams are used: the pump (ω p) and the stokes (ω s). When they are tuned to 
match a vibrational energy gap (ωvib), a strong anti-Stokes signal is generated (ω CARS). 
Note that both in the harmonic emission and in CARS no electronic transitions occur. e Non-
linear emission occurs at the focal spot. f Multiple fluorophores can be imaged using a single 
excitation wavelength. Alexa 488-dextran transferrin (green) and Texas-red–dextran (red) 
were injected in the submandibular glands of male rats and internalized into endosomal 
vesicles by fibroblast located in the stroma. After 1 h, the glands were imaged by MPM using 
750 nm as excitation wavelength. The endogenous fluorescence highlights the acinar 
structures (cyan). Note that both transferrin and dextran bind to the extracellular matrix 
surrounding the acini. Scale bar 20 µm 
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Figure 4. Imaging the architecture of the tissues in live animals. a–i Excitation of intrinsic 
fluorescence to image tissue architecture. Rats were anesthetized and various organs such as 
liver (a), kidney (b), brain cortex (c), skeletal muscle (d), epididymis (f), bladder (g), prostate 
(h) and lacrimal glands (i) were imaged at a low magnification using 740 nm as excitation 
wavelength. Scale bar 100 µm. The submandibular glands were imaged at a higher 
magnification (i) and details of the structure the acini (i′) and the large striated ducts (i″) are 
compared with the classical H&E staining (j). Scale bars 10 µm. k–m Imaging the 
vasculature in live animal. Texas-red dextran was systemically injected in anesthetized rats 
and the liver (k), the kidney (l) and the brain cortex (m) were imaged using 740 nm (k, l) or 
920 nm (m) as excitation wavelength. n Vasculature and salivary ducts in live animals. FITC-
dextran was injected systemically in anesthetized rats, whereas Texas-red dextran was 
injected into the Wharton’s duct as described in Sramkova et al. (2009). The salivary glands 
were imaged by MPM using 920 nm as excitation wavelength. Scale bars 20 µm 
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Figure 5. Multiphoton Microscope set up. The laser beam generated by a tunable 
Ti:Sapphire femtosecond laser (A) is directed through a rotating wheel holding a series of 
ND filters. The reflected light is collected on a detector (B) connected to a power meter. The 
size of the beam is modulated using a beam expander (C) and from there, the beam is 
directed first into the Fluoview 1000 scanning head (D) and then to the microscope (E). The 
specimens can be imaged using two different configurations. In the inverted configuration 
the specimen (typically excised tissue) is located on the stage of the microscope while in the 
upright configuration the specimen (typically the live animal) is located on the adjustable 
stage (G) adjacent to he microscope. In this configuration the objective is mounted on an 
objective inverter (H). The emitted signal is directed into a custom-made arrays of three non-
descanned detectors that were installed on the right port of the microscope (F). A 680 nm 
barrier filter is used to prevent the scattered IR light to reach the detectors. The three PMTs 
(1,2,3), two the dichroics and the 3 barrier filters are 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 device for cannulation. B - Diagram showing 
the Wharton’s duct cannulation procedure. C - Picture of an anesthetized rat, immobilized on 
the stereotactic device. Two PE-5 cannulae were inserted in the ducts. D - Diagram of tail 
artery catheterization procedure. The tail artery is isolated, an incision is made and PE-5 
tubing is inserted. E - Diagram showing the rat after SGs externalization surgery. The animal 
can be positioned for imaging either for upright or inverted configuration. F-I - Setup for the 
upright configuration. F - Custom made animal stabilization stage with salivary gland holder. 
Lower panels show the details of SG holder. G - diagram showing the positioning of the 
animal for the upright configuration. Lowe panel shows the insertion of the coverglass. H - 
Diagram showing the animal in a side view on the stage. The objective equipped with a 
heater is brought on top of the coverslip covering the SG. I - Picture showing the microscope 
in the upright configuration. Objective and heater are mounted on to an objective inverter.  J-
L - Setup for the inverted configuration. J - A round 40 mm cover slip secured to a 35 mm 
inverted dish holder stage insert is pictured. Plan-Apo 60x water-immersion objective is 
visible. K - Diagram showing the 35 mm dish holder stage insert and a coverslip. L - 
Diagram showing the positioning of the animal for the inverted configuration. The animal is 
stabilized by a suture holding the incisors and several bars holding down the neck and the 
thorax areas. These stabilization devices are held in place by masking tape. 
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Figure 7. Flowchart of common experimental procedures for intravital microscopy.  A. 
Workflow for imaging only the transfected cells in vivo. B. Procedures for imaging a 
combination of expressed fluorescent proteins and injected fluorescent probes. C. Workflow 
for visualizing fluorescent probes introduced into the SG tissue.  Note, that the injection of 
the fluorescent probes can be performed while imaging. When imaging transgenic mice in 
exocytosis eperiments, in some cases the animals were imaged without introducing any 
exogenous dyes. 



 

 

Figure 8. Characterization of endogenous fluorescence from isolated rat submandibular 
glands. Rat SGs were isolated and imaged close to the surface of the gland, using a 20x 
water immersion lens. Wavelengths from 690 to 990 nm were used and the power at the 
objective was maintained around 15 mW. The emitted signal was collected on the external 
non-descanned detector using a 510 nm dichroic mirror. Excitation below 800 nm produced a 
signal from the parenchyma of the cell. Above 800 nm predominantly elastic fibers (co
and elastin) were revealed. Bars 50 µm.
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Characterization of endogenous fluorescence from isolated rat submandibular 
s were isolated and imaged close to the surface of the gland, using a 20x 

water immersion lens. Wavelengths from 690 to 990 nm were used and the power at the 
ve was maintained around 15 mW. The emitted signal was collected on the external 

descanned detector using a 510 nm dichroic mirror. Excitation below 800 nm produced a 
signal from the parenchyma of the cell. Above 800 nm predominantly elastic fibers (co
and elastin) were revealed. Bars 50 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Characterization of endogenous fluorescence from isolated rat submandibular 
s were isolated and imaged close to the surface of the gland, using a 20x 

water immersion lens. Wavelengths from 690 to 990 nm were used and the power at the 
ve was maintained around 15 mW. The emitted signal was collected on the external 

descanned detector using a 510 nm dichroic mirror. Excitation below 800 nm produced a 
signal from the parenchyma of the cell. Above 800 nm predominantly elastic fibers (collagen 



 

 

Figure 9. Characterization of the rat submandibular glands by TPM and SHG.
and volume rendering of isolated rat 
first at 750 nm to image the p
(green). Acinar structures (arrows) and striated ducts (arrowhead) are also shown in the insets 
at a higher magnification. Lower panel 
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Characterization of the rat submandibular glands by TPM and SHG.
and volume rendering of isolated rat SGs - Z-stacks of the same area were acquired exciting 
first at 750 nm to image the parenchyma (grey) and then at 900 nm to image the elastic fibers 
(green). Acinar structures (arrows) and striated ducts (arrowhead) are also shown in the insets 
at a higher magnification. Lower panel - Side view of the volume rendering. 

Characterization of the rat submandibular glands by TPM and SHG. Z-stacks 
stacks of the same area were acquired exciting 

arenchyma (grey) and then at 900 nm to image the elastic fibers 
(green). Acinar structures (arrows) and striated ducts (arrowhead) are also shown in the insets 

Side view of the volume rendering.  



 

Figure 10. Dynamic imaging of the vasculature in rat salivary glands
was injected in the tail artery of a rat (upper panels) or a rat pre
(lower panels) and imaged either at 750 nm to visualize the parenchyma of the glands
panels, parenchyma grey, vasculature green) or at 800 nm to image the nuclei (lower panels, 
nuclei cyan, vasculature red). Time of injection: 2’20” (upper panels) and 1’32” (lower 
panels). Bars 20 µm 
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ging of the vasculature in rat salivary glands. 500 kDa FITC
was injected in the tail artery of a rat (upper panels) or a rat pre-injected with Hoechst 33342 
(lower panels) and imaged either at 750 nm to visualize the parenchyma of the glands
panels, parenchyma grey, vasculature green) or at 800 nm to image the nuclei (lower panels, 
nuclei cyan, vasculature red). Time of injection: 2’20” (upper panels) and 1’32” (lower 

500 kDa FITC-D 
injected with Hoechst 33342 

(lower panels) and imaged either at 750 nm to visualize the parenchyma of the glands (upper 
panels, parenchyma grey, vasculature green) or at 800 nm to image the nuclei (lower panels, 
nuclei cyan, vasculature red). Time of injection: 2’20” (upper panels) and 1’32” (lower 



 

Figure 11. Imaging subcellular structures in
labeled dextrans in the salivary glands of live rats. Anesthetized rats were injected with 
Hoechst to label the nuclei (blue), and imaged in time
After 2:30 min, a 500 kDa FI
after 6:00 min a 70 kDa Texas
Endocytic structures appeared right after the injection and they increased in number and in 
size over time (see supplementary movie 4). Excitation wavelength 820 nm. Scale bar 20 
b. Imaging lysosomal fusion in a live animal. Rats were injected with Alexa 488 dextran 
(green) and Mitotracker (red) and after 4 h the submandibular glands were imaged in time
lapse using single photon confocal microscopy. Two lysosomal structures were caught during 
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Imaging subcellular structures in live animals. a. Endocytosis of fluorescently 
labeled dextrans in the salivary glands of live rats. Anesthetized rats were injected with 
Hoechst to label the nuclei (blue), and imaged in time-lapse using two-photon microscopy. 
After 2:30 min, a 500 kDa FITC-dextran was injected to label the vasculature (green) and 
after 6:00 min a 70 kDa Texas-red dextran was injected to image the endocytic process. 
Endocytic structures appeared right after the injection and they increased in number and in 

see supplementary movie 4). Excitation wavelength 820 nm. Scale bar 20 
Imaging lysosomal fusion in a live animal. Rats were injected with Alexa 488 dextran 

(green) and Mitotracker (red) and after 4 h the submandibular glands were imaged in time
e using single photon confocal microscopy. Two lysosomal structures were caught during 

 
Endocytosis of fluorescently 

labeled dextrans in the salivary glands of live rats. Anesthetized rats were injected with 
photon microscopy. 

dextran was injected to label the vasculature (green) and 
red dextran was injected to image the endocytic process. 

Endocytic structures appeared right after the injection and they increased in number and in 
see supplementary movie 4). Excitation wavelength 820 nm. Scale bar 20 µm. 

Imaging lysosomal fusion in a live animal. Rats were injected with Alexa 488 dextran 
(green) and Mitotracker (red) and after 4 h the submandibular glands were imaged in time-

e using single photon confocal microscopy. Two lysosomal structures were caught during 



 64

a fusion event (inset). Note the dynamics of both the lysosomes and the mitochondria in 
supplementary movie 5. Scale bar 5 µm. c–e Gene transduction in live animal. The acinar 
cells of the salivary glands of live rats were transduced using plasmid DNA encoding for 
different genes as described in Sramkova et al. (2009). c. Cell expressing TGN38-mCherry, 
which show the typical TGN ribbon-like structure (red, arrows), and the water channel 
Aquaporin5-YFP (arrowheads), localized both at the apical plasma membrane and in 
vesicular structures (arrowheads). d Cell expressing LifeAct-GFP to label F-actin (Riedl et al. 
2008). Note the enrichment of F-actin at the apical pole of the plasma membrane. e Cell 
expressing LifeAct-GFP (green) and TGN-mCherry (red, arrow). Texas-red dextran was also 
injected systemically in the rat and appeared in a blood vessel (arrowheads; supplementary 
movie 6). Scale bars 5 µm 
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Figure 12. Endocytosis in stromal fibroblasts of the salivary gland.  A. Isolated SGs were 
imaged at different depth from the surface exciting at 830 nm to highlight the elastic fibers 
covering the gland (cyan) and the TXR-D (red). Center panel – Volume rendering (side 
view). TXR-D was internalized by cells lying at the surface of the gland (2A-1) or in the 
stroma surrounding the acini (2A-2).  B. SGs were labeled with an antibody directed against 
vimentin (green) and imaged at the surface (left panel) or deeper into the gland (right panel) 
exciting at 830 nm. Most of the cells, which internalized dextran were positive for vimentin.  
C. A rat was injected with 10 µg of Hoechst 33343, the SGs were exposed and imaged at 830 
nm. After 2 min and 30 sec, 200 µg of TXR-D were injected into the tail artery highlighting 
the vasculature almost instantly. After 7 minutes small round structures appeared inside cells 
adjacent to a blood vessel (inset and arrowheads) which increased overtime both in number 
(15 min, inset and arrows) and in size (20 min inset and arrows). D. A rat was anesthetized 
and the SG was prepared for intravital MPM.  Prior to imaging 100 µg/ml 70kd Texas Red 
labeled dextran and 0.5 µg/ml ALEXA-488 labeled Transferrin were injected in the stroma.  
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First three panels show single frames extracted from different timelapses at 5, 15 and 30 
minutes of imaging.  Transferrin seems to be internalized separately and at a slower rate than 
dextran. At 30 min significant overlap of the two probes is seen.  A complete overlap is 
evident in a snapshot of the cell at 2h post-injection (the last panel).  E. Same experiment (as 
in D) was repeated with cultured fibroblasts isolated from rat SG.  It is apparent that the 
internalization kinetics are reversed and the two probes never overlap. Scan speed: 0.3 
frame/sec. Bars = 20 µm 
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Figure 13. Trafficking of dextran from the early endosomes to the late/endosomes 
lysosomes. Rats were injected with TXR-D and after 24 h either euthanized (A) or injected 
with 488-D (B–E). A. SGs were isolated, fixed and labeled with an antibody directed against 
LAMP-1 (green) and Hoechst 33342 (blue). Images were acquired by confocal microscopy. 
TXR-D is localized in structures decorated by LAMP-1 (insets) both in cell located at the 
surface (left panels) and deeper in the tissue (right panels). Bars 20 µm. B. Twenty and 30 
min after the injection of the 488-D, the rats were euthanized, the glands were excised and 
imaged. At 30 min but not at 20 min, a significant colocalization between 488-D and TXR-D 
was observed (insets and arrowheads). Bars 10 µm. C–E. Dynamic imaging of the trafficking 
of dextran through the endosomal compartments of live animals. Before the injection of 488-
D, the glands were exposed and imaged at 830 nm. TXR-D-containing lysosomes are shown 
in red. C. In the first 25 min after the internalization, endosomes grow in size but do not fuse 
with lysosomes. Bars 20 µm. D. Small early endosomes undergo fusion (arrowheads). Bars 
20 µm. E. After 55 min from the injection, we observed 488-D-containing endosomes (time 
55:00, inset and arrowhead), which acquired first TXR-D (time 56:38, inset and arrowhead) 
and then fused with a structure containing both 488-D and TXRD (time 57:57 and 58:14, 
insets and arrows). Bars 10 µm. 
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Figure 14. Delivery of molecules to the rat salivary glands through the Wharton’s duct. 
A. Cannulation of the Wharton’s duct. The rats were placed onto an adjustable stage, and two 
thin cannulae were inserted into the Wharton’s ducts from the orifices below the tongue 
(right panel, arrowhead). B and C. Injection of 488-D into the Wharton’s duct. Twenty 
micrograms of 488-D were injected through the cannula into the Wharton’s duct either alone 
(B) or in combination with 200 µg of systemically injected TXR-D (C). B. Snapshot showing 
the SGs after 5 min after injection of 488-D. Arrows point to the cross section of large ducts, 
while the arrowhead points to a series of smaller ducts. C. The SG was exposed and imaged 
at 750 nm to highlight the parenchyma of the SGs. The vasculature is shown in red. 488-D 
(green) appeared first in large ducts (arrows) and later in smaller ducts and acini canaliculi 
(arrowheads). D–G. Effect of LatA and CytD on the SGs. TXR-D was systemically injected 
in a rat. After 1 h, two cannulae were inserted in the Wharton’s ducts, and one of the glands 
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was injected with 10 µm LatA, while the other was injected with the vehicle (control). After 
45 min, the rat received a systemic injection of 488-D, and 1 h later, the animal was 
euthanized. First, the glands were imaged at 830 nm (F and G) and then frozen and processed 
for cryosections and immunolabeling (D and E). D and E. Both glands were sectioned, 
labeled with Alexa 488–phalloidin and imaged by confocal microscopy. F and G. 3D 
reconstructions of the first 60 µm below the surface of the glands. The levels of TXR-D (red) 
that was injected before Lat A were not affected, while the amount of internalized 488-D 
(green) was substantially reduced (side view). Bars 20 µm. 
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Figure 15. Compensatory endocytosis in the acinar cells of the salivary gland. 
A. Cadaverin-594, monomeric IgA-Cy3, Transferrin-488 (green), 10kDa Dextran-647 (cyan) 
and DiI (red) were injected into the stroma of SG and the glands.  After 1h the glands were 
excised and imaged by MPM (first three panels) or confocal microscopy (last panel).  All the 
probes except the lipophilic DiI probe are excluded from the epithelium implicating the 
existence of barrier to basolateral endocytosis.  Panels 1-2 show rat SG and 3-4 show mice 
SG.   B. Image showing a rat with cannulated Wharton’s ducts (first panel).  A 3D stack of 
150 µm thickness was acquired in a live rat while 10kDa Dextran-TXR (red) was infused 
into the ductal system by gravity. Side view of the volume rendering is shown with ductal 
system and collagen layer (cyan) visible.  Top-down MIP of 20 µm thick 3D stack (panels 3-
4) showing 10kDa Dextran-TXR (red) gravity infused SG before and after isoproteranol 
treatment.  Dextran infused by gravity labels the ductal system of the gland but is not 
internalized by the epithelium.  After stimulation with 0.5 mg/kg isoproteranol acinar cells 
endocytose Dextran-TXR at the apical side (arrowhead) C. Timelapse sequence showing 
compensatory endocytosis of gravity infused 10kDa Dextran-TXR after isoproteranol 
stimulation in live rat.  Bars = 20 µm 
 



 

 
Figure 16. Characterization of the SCGs in the GFP mouse model
salivary glands were exposed and bathed with the vital dyes Mitotracker (a), and Lysotracke
(b) to label mitochondria and lysosomes, respectively, as described in the Materials and 
Methods section.  Minimal or no overlap was observed with the SCGs. Bars, 10 µm. c. 
Volume rendering of an entire acinus in the submandibular SGs. The SCGs were colo
in red and the number of the SCGs and their diameter, the number of cells per acinus and the 
diameter of the canaliculi were measured from 5 acini and reported in the table. d. Parotid, 
sublingual, and lacrimal glands and the pancreas were excised 
morphology of SCGs and the APM was similar to that of the submandibular SGs. Bar, 10 
µm. 
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. Characterization of the SCGs in the GFP mouse model. a-b. Submandibular 
salivary glands were exposed and bathed with the vital dyes Mitotracker (a), and Lysotracke
(b) to label mitochondria and lysosomes, respectively, as described in the Materials and 
Methods section.  Minimal or no overlap was observed with the SCGs. Bars, 10 µm. c. 
Volume rendering of an entire acinus in the submandibular SGs. The SCGs were colo
in red and the number of the SCGs and their diameter, the number of cells per acinus and the 
diameter of the canaliculi were measured from 5 acini and reported in the table. d. Parotid, 
sublingual, and lacrimal glands and the pancreas were excised and immediately imaged. The 
morphology of SCGs and the APM was similar to that of the submandibular SGs. Bar, 10 

 

b. Submandibular 
salivary glands were exposed and bathed with the vital dyes Mitotracker (a), and Lysotracker 
(b) to label mitochondria and lysosomes, respectively, as described in the Materials and 
Methods section.  Minimal or no overlap was observed with the SCGs. Bars, 10 µm. c. 
Volume rendering of an entire acinus in the submandibular SGs. The SCGs were color coded 
in red and the number of the SCGs and their diameter, the number of cells per acinus and the 
diameter of the canaliculi were measured from 5 acini and reported in the table. d. Parotid, 

and immediately imaged. The 
morphology of SCGs and the APM was similar to that of the submandibular SGs. Bar, 10 



 

 
Figure 17. Optimization of the parameters to image the large SCGs.
the preparation of the rodents for intravital microscopy. The animals were anesthetized and 
the SGs were exposed as described in the Materials and Methods. The animals were placed 
on the stage of the microscope with the SGs facing a gla
c. Comparison between two-photon and confocal microscopy.  The SGs of anesthetized GFP
mice were exposed and imaged 
wavelength of 930 nm (b and c, left panel) 
wavelength of 488 nm (c, right panel).  Bars, 10 µm. d
the optical slice.  The salivary glands of a mouse expressing both GFP and m
exposed and imaged by confocal m
or 594 nm (e).  The pinhole was adjusted as indicated.  The best resolution to image the 
SCGs was achieved when the thickness of the optical slice was set at 0.8 µm (the lowest limit 
for our microscope), whereas the best visualization of  the apical plasma membrane was 
achieved by setting the pinhole between 1 and 1.2 µm (arrow).  The table summarizes the 
imaging conditions utilized in this study.  Bars, 5 µm.
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. Optimization of the parameters to image the large SCGs. a. Diagram showing 
the preparation of the rodents for intravital microscopy. The animals were anesthetized and 
the SGs were exposed as described in the Materials and Methods. The animals were placed 
on the stage of the microscope with the SGs facing a glass coverslip mounted on the stage. b

photon and confocal microscopy.  The SGs of anesthetized GFP
mice were exposed and imaged in situ by either two-photon microscopy using an excitation 
wavelength of 930 nm (b and c, left panel) or confocal microscopy using an excitation 
wavelength of 488 nm (c, right panel).  Bars, 10 µm. d-e.  Optimization of the thickness of 
the optical slice.  The salivary glands of a mouse expressing both GFP and m
exposed and imaged by confocal microscopy using an excitation wavelength of 488 nm (d) 
or 594 nm (e).  The pinhole was adjusted as indicated.  The best resolution to image the 
SCGs was achieved when the thickness of the optical slice was set at 0.8 µm (the lowest limit 

), whereas the best visualization of  the apical plasma membrane was 
achieved by setting the pinhole between 1 and 1.2 µm (arrow).  The table summarizes the 
imaging conditions utilized in this study.  Bars, 5 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a. Diagram showing 
the preparation of the rodents for intravital microscopy. The animals were anesthetized and 
the SGs were exposed as described in the Materials and Methods. The animals were placed 

ss coverslip mounted on the stage. b-
photon and confocal microscopy.  The SGs of anesthetized GFP-

photon microscopy using an excitation 
or confocal microscopy using an excitation 

e.  Optimization of the thickness of 
the optical slice.  The salivary glands of a mouse expressing both GFP and m-Tomato were 

icroscopy using an excitation wavelength of 488 nm (d) 
or 594 nm (e).  The pinhole was adjusted as indicated.  The best resolution to image the 
SCGs was achieved when the thickness of the optical slice was set at 0.8 µm (the lowest limit 

), whereas the best visualization of  the apical plasma membrane was 
achieved by setting the pinhole between 1 and 1.2 µm (arrow).  The table summarizes the 



 

 
Figure 18. Optimization of the imaging depth in live animals.
anesthetized, the submandibular SGs were exposed, and imaged either 
photon microscopy (a) or fixed by perfusion (see Materials and Methods), excised, and 
imaged by confocal microscopy (b). a. Z scan was performed from the surface of the gland 
using an excitation wavelength of 930 nm (step size 1 µm, 60 X water immersion objective 
N.A. 1.2 from Olympus). Collagen fibers detected by second harmonic generation (cyan) are
at the surface of the glands, and below the acini (green).   Right panel, view of the xz 
maximal intensity projection.  Dotted line represents the optimal imaging depth.  Bars, 20 
µm.  b. Z scan was performed using an excitation wavelength of 488 nm (step
Acini (arrow), acinar canaliculi (arrowheads), and the intercalated duct (asterisk) are shown.  
Bar, 20 µm. Right panel, view of the xz maximal intensity projection. Dotted line represents 
the optimal imaging depth.  
Bar, 10 µm. 
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Optimization of the imaging depth in live animals. The  GFP mice were 
anesthetized, the submandibular SGs were exposed, and imaged either in situ
photon microscopy (a) or fixed by perfusion (see Materials and Methods), excised, and 

onfocal microscopy (b). a. Z scan was performed from the surface of the gland 
using an excitation wavelength of 930 nm (step size 1 µm, 60 X water immersion objective 
N.A. 1.2 from Olympus). Collagen fibers detected by second harmonic generation (cyan) are
at the surface of the glands, and below the acini (green).   Right panel, view of the xz 
maximal intensity projection.  Dotted line represents the optimal imaging depth.  Bars, 20 
µm.  b. Z scan was performed using an excitation wavelength of 488 nm (step
Acini (arrow), acinar canaliculi (arrowheads), and the intercalated duct (asterisk) are shown.  
Bar, 20 µm. Right panel, view of the xz maximal intensity projection. Dotted line represents 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The  GFP mice were 
in situ by using two-

photon microscopy (a) or fixed by perfusion (see Materials and Methods), excised, and 
onfocal microscopy (b). a. Z scan was performed from the surface of the gland 

using an excitation wavelength of 930 nm (step size 1 µm, 60 X water immersion objective 
N.A. 1.2 from Olympus). Collagen fibers detected by second harmonic generation (cyan) are 
at the surface of the glands, and below the acini (green).   Right panel, view of the xz 
maximal intensity projection.  Dotted line represents the optimal imaging depth.  Bars, 20 
µm.  b. Z scan was performed using an excitation wavelength of 488 nm (step size 1 µm).  
Acini (arrow), acinar canaliculi (arrowheads), and the intercalated duct (asterisk) are shown.  
Bar, 20 µm. Right panel, view of the xz maximal intensity projection. Dotted line represents 



 

 
Figure 19. A transgenic mouse model for dynamic imaging of the SCGs the APM 
vivo. The submandibular SGs of anesthetized GFP
excised and labeled with TRITC
Cytoplasmic GFP (green) is excluded from the SCGs (arrowheads) and it is enriched at the 
APM (arrow). b. The APM is enriched in GFP (green) and actin as revealed by cou
staining with TRITC-phalloidin (red). Insets. High magnification of a canaliculus. c. The 
anesthetized GFP-mice received a subcutaneous (SC) injection of 0.5 mg/Kg Iso and the SGs 
were imaged in time-lapse. Acinus imaged at the moment of Iso injection
30 min (right panel, see Movie 2 and 3). High magnification of the canaliculi (insets). Bars, 
10 µm. d-e. Quantitation of the degranulation of the SCGs. Data shown are measurements 
from a single acinus. The experiments were performed
Exocytosis in response to various doses of Iso: 0.01 mg/Kg (empty circles), 0.1 mg/Kg (filled 
circles), 0.25 mg/Kg (empty squares) and 0.5 mg/Kg (filled squares). e. Exocytosis in 
response to muscarinic or adrenergic stimu
mg/Kg Iso (filled circles) or both (empty squares).
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. A transgenic mouse model for dynamic imaging of the SCGs the APM 
The submandibular SGs of anesthetized GFP-mice were imaged in situ 

excised and labeled with TRITC-phalloidin to reveal the actin cytoskeleton (b). a. 
Cytoplasmic GFP (green) is excluded from the SCGs (arrowheads) and it is enriched at the 
APM (arrow). b. The APM is enriched in GFP (green) and actin as revealed by cou

phalloidin (red). Insets. High magnification of a canaliculus. c. The 
mice received a subcutaneous (SC) injection of 0.5 mg/Kg Iso and the SGs 

lapse. Acinus imaged at the moment of Iso injection (left panel) or after 
30 min (right panel, see Movie 2 and 3). High magnification of the canaliculi (insets). Bars, 

e. Quantitation of the degranulation of the SCGs. Data shown are measurements 
from a single acinus. The experiments were performed 3 times with similar results. d. 
Exocytosis in response to various doses of Iso: 0.01 mg/Kg (empty circles), 0.1 mg/Kg (filled 
circles), 0.25 mg/Kg (empty squares) and 0.5 mg/Kg (filled squares). e. Exocytosis in 
response to muscarinic or adrenergic stimulation: 0.01 mg/Kg Carb (empty circles), 0.1 
mg/Kg Iso (filled circles) or both (empty squares). 

. A transgenic mouse model for dynamic imaging of the SCGs the APM in 
 by IVM (a,c) or 

phalloidin to reveal the actin cytoskeleton (b). a. 
Cytoplasmic GFP (green) is excluded from the SCGs (arrowheads) and it is enriched at the 
APM (arrow). b. The APM is enriched in GFP (green) and actin as revealed by counter-

phalloidin (red). Insets. High magnification of a canaliculus. c. The 
mice received a subcutaneous (SC) injection of 0.5 mg/Kg Iso and the SGs 

(left panel) or after 
30 min (right panel, see Movie 2 and 3). High magnification of the canaliculi (insets). Bars, 

e. Quantitation of the degranulation of the SCGs. Data shown are measurements 
3 times with similar results. d. 

Exocytosis in response to various doses of Iso: 0.01 mg/Kg (empty circles), 0.1 mg/Kg (filled 
circles), 0.25 mg/Kg (empty squares) and 0.5 mg/Kg (filled squares). e. Exocytosis in 

lation: 0.01 mg/Kg Carb (empty circles), 0.1 



 

 
Figure 20. Characterization of the stimulus regulating the fusion of the SCGs in SGs.
a,b. The submandibular (a) or the parotid (b) glands of anesthetized GFP mice were exposed 
and the animals injected SC with 1 mg/Kg (a) or 0.5 mg/Kg (b) Iso. a. After 5 minutes from 
the injection, large vacuoles formed in the cytoplasm (arrows) and exocytosis
Exocytosis of SCGs in the parotid glands proceeded with similar characteristics to that of the 
submandibular glands. c-f. Anesthetized GFP mice (c,e), wild type FVB mice (d) or Sprague
Dawley rats (f) were injected with 0.1 mg/Kg Iso or 0.
perfused with a fixative solution at noted time
SGs were excised and either imaged by confocal microscopy (e) or stained with toluidine 
blue (c,d,f). When injected with Iso, the d
animals tested. Carb did not elicit any exocytosis of the SCGs whereas water secretion was 
stimulated. Bars, 10 µm 
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. Characterization of the stimulus regulating the fusion of the SCGs in SGs.
. The submandibular (a) or the parotid (b) glands of anesthetized GFP mice were exposed 

and the animals injected SC with 1 mg/Kg (a) or 0.5 mg/Kg (b) Iso. a. After 5 minutes from 
the injection, large vacuoles formed in the cytoplasm (arrows) and exocytosis
Exocytosis of SCGs in the parotid glands proceeded with similar characteristics to that of the 

f. Anesthetized GFP mice (c,e), wild type FVB mice (d) or Sprague
Dawley rats (f) were injected with 0.1 mg/Kg Iso or 0.045 mg/Kg Carb. The animals were 
perfused with a fixative solution at noted time-points as described in the Methods Section, 
SGs were excised and either imaged by confocal microscopy (e) or stained with toluidine 
blue (c,d,f). When injected with Iso, the degranulation occured at a very similar rate in all the 
animals tested. Carb did not elicit any exocytosis of the SCGs whereas water secretion was 

. Characterization of the stimulus regulating the fusion of the SCGs in SGs. 
. The submandibular (a) or the parotid (b) glands of anesthetized GFP mice were exposed 

and the animals injected SC with 1 mg/Kg (a) or 0.5 mg/Kg (b) Iso. a. After 5 minutes from 
the injection, large vacuoles formed in the cytoplasm (arrows) and exocytosis was blocked. b. 
Exocytosis of SCGs in the parotid glands proceeded with similar characteristics to that of the 

f. Anesthetized GFP mice (c,e), wild type FVB mice (d) or Sprague-
045 mg/Kg Carb. The animals were 

points as described in the Methods Section, 
SGs were excised and either imaged by confocal microscopy (e) or stained with toluidine 

egranulation occured at a very similar rate in all the 
animals tested. Carb did not elicit any exocytosis of the SCGs whereas water secretion was 



 

 

 
Figure 21. Carbachol stimulates water secretion in the SGs of live animals but not
SCGs exocytosis. a,b. Anesthetized GFP mice were injected with 0.015 mg/Kg Carb either 
alone (a), or in combination with 0.1 mg/Kg Iso (b), and imaged in time
Snapshots at time 0 or 30 min after the injection are shown. Bars, 10 µm. Almost com
degranulation occurred after 30 min of Iso treatment. c, Sprague
anesthetized and the saliva from the submandibular glands was collected upon injection of 
0.5 mg/Kg Iso , 0.01 mg/Kg Carb or 0.045 mg/Kg Carb. Protein (upper panel) and
(lower panel) secretion were determined after 10 and 30 min from the injection.  Data are 
average +/- s.e.m of 3 independent experiments.
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Carbachol stimulates water secretion in the SGs of live animals but not
a,b. Anesthetized GFP mice were injected with 0.015 mg/Kg Carb either 

alone (a), or in combination with 0.1 mg/Kg Iso (b), and imaged in time-lapse mode. 
Snapshots at time 0 or 30 min after the injection are shown. Bars, 10 µm. Almost com
degranulation occurred after 30 min of Iso treatment. c, Sprague-Dawley rats were 
anesthetized and the saliva from the submandibular glands was collected upon injection of 
0.5 mg/Kg Iso , 0.01 mg/Kg Carb or 0.045 mg/Kg Carb. Protein (upper panel) and
(lower panel) secretion were determined after 10 and 30 min from the injection.  Data are 

s.e.m of 3 independent experiments. 

Carbachol stimulates water secretion in the SGs of live animals but not 
a,b. Anesthetized GFP mice were injected with 0.015 mg/Kg Carb either 

lapse mode. 
Snapshots at time 0 or 30 min after the injection are shown. Bars, 10 µm. Almost complete 

Dawley rats were 
anesthetized and the saliva from the submandibular glands was collected upon injection of 
0.5 mg/Kg Iso , 0.01 mg/Kg Carb or 0.045 mg/Kg Carb. Protein (upper panel) and fluid 
(lower panel) secretion were determined after 10 and 30 min from the injection.  Data are 



 

 
Figure 22. SCGs completely collapse after fusion with the APM.
APM are enriched in GFP. Anesthetized GFP
after 10 min, excised and labeled with TRITC
coated with actin (red) and also enriched in GFP (green). Ba
single granule (white arrows) fusing with the APM (red line) (red arrowheads). Bar, 3 µm. c. 
Quantitation of both the GFP fluorescence intensity around a SCG (black circles) and its 
diameter (red circles) during Iso
5 events per animal were measured in two independent experiments. d
dextran was infused by gravity into the salivary ducts of a live anesthetized rat. The SGs 
were exposed and imaged by c
(arrows). Inset. High magnification of a canaliculus. Bar, 10 µm. e, f. 0.1 mg/Kg Iso was 
injected SC. e. Time-lapse sequence. Upon the opening of the fusion pore, dextran enters two 
SCGs (white and red arrows) enabling their v
intensity of the dextran inside the granule shown in e (white arrows) was measured (black 
circles) and correlated with its diameter (red circles) as described in the Materials a
Methods. Data shown are from a single event. 4
independent experiments. g-j. Anesthetized m
injected with Iso (h,j,k). The SMGs were imaged 
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. SCGs completely collapse after fusion with the APM.  a. SCGs close to the 
APM are enriched in GFP. Anesthetized GFP-mice were injected SC with 0.1 mg/Kg Iso and 
after 10 min, excised and labeled with TRITC-Phalloidin. Granules close to the APM are 
coated with actin (red) and also enriched in GFP (green). Bar, 10 µm. b. Time series of a 
single granule (white arrows) fusing with the APM (red line) (red arrowheads). Bar, 3 µm. c. 
Quantitation of both the GFP fluorescence intensity around a SCG (black circles) and its 
diameter (red circles) during Iso-stimulated exocytosis. Data shown are from a single event. 
5 events per animal were measured in two independent experiments. d-f. 10 kDa Texas Red
dextran was infused by gravity into the salivary ducts of a live anesthetized rat. The SGs 
were exposed and imaged by confocal microscopy. d. Canaliculi are highlighted in the acini 
(arrows). Inset. High magnification of a canaliculus. Bar, 10 µm. e, f. 0.1 mg/Kg Iso was 

lapse sequence. Upon the opening of the fusion pore, dextran enters two 
e and red arrows) enabling their visualization. Bar, 3 µm. f. The fluorescence 

intensity of the dextran inside the granule shown in e (white arrows) was measured (black 
circles) and correlated with its diameter (red circles) as described in the Materials a
Methods. Data shown are from a single event. 4-5 events per animal were measured in two 

j. Anesthetized m-Tomato mice were left untreated (g,i) or 
injected with Iso (h,j,k). The SMGs were imaged in situ (g,h,j) or labeled with

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a. SCGs close to the 
mice were injected SC with 0.1 mg/Kg Iso and 
Phalloidin. Granules close to the APM are 

r, 10 µm. b. Time series of a 
single granule (white arrows) fusing with the APM (red line) (red arrowheads). Bar, 3 µm. c. 
Quantitation of both the GFP fluorescence intensity around a SCG (black circles) and its 

exocytosis. Data shown are from a single event. 
f. 10 kDa Texas Red-

dextran was infused by gravity into the salivary ducts of a live anesthetized rat. The SGs 
onfocal microscopy. d. Canaliculi are highlighted in the acini 

(arrows). Inset. High magnification of a canaliculus. Bar, 10 µm. e, f. 0.1 mg/Kg Iso was 
lapse sequence. Upon the opening of the fusion pore, dextran enters two 

. f. The fluorescence 
intensity of the dextran inside the granule shown in e (white arrows) was measured (black 
circles) and correlated with its diameter (red circles) as described in the Materials and 

5 events per animal were measured in two 
Tomato mice were left untreated (g,i) or 

(g,h,j) or labeled with TRITC-
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phalloidin (i). Acinar canaliculi in cross section (g, h inset and i). j. Time series of the 
collapse of two SCGs revealed by the diffusion of the m-Tomato from the APM (white and 
red arrows). Note the expansion of the canaliculi (white and red arrowheads). Bar, 3 µm. k. 
The fluorescence intensity of the m-Tomato at the surface of a granule (black circles) and its 
diameter (red circles) were measured as described in the Materials and Methods. Data shown 
are measurements of a single event. 6-10 events per animal were recorded in 3 independent 
experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Figure 23. The granules observed in the GFP
the acinar canaliculi and are equivalent to those 
kDa Alexa 647-dextran was infused by gravity into the salivary ducts of a live anesthetized 
GFP-mouse. The SGs were exposed and imaged by confocal microscopy. 0.1 mg/Kg Iso was 
injected SC. Upon opening of the fusion po
visualization Bar, 5 µm Inset. High magnification of the SCG Bar, 2 µm b
crossed with m-Tomato mice (GFP/m
exposed and imaged in situ either in re
mg/Kg Iso (b).  a, The submandibular salivary glands were exposed and imaged 
5 µm. b, Time-lapse series of a secretory granule. The granule fused with the APM as 
indicated by m-Tomato diffusin
(arrowhead). The GFP fluorescence increased around the granule (arrow) shortly after fusion.  
Bar, 3 µm. 
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. The granules observed in the GFP-mice are filled by dextran injected into 
the acinar canaliculi and are equivalent to those observed in the m-Tomato mice.

dextran was infused by gravity into the salivary ducts of a live anesthetized 
mouse. The SGs were exposed and imaged by confocal microscopy. 0.1 mg/Kg Iso was 

injected SC. Upon opening of the fusion pore, dextran enters a SCGs (arrows) enabling its 
visualization Bar, 5 µm Inset. High magnification of the SCG Bar, 2 µm b-c, GFP

Tomato mice (GFP/m-Tomato mouse). The submandibular glands were 
either in resting conditions (a) or upon stimulation with 0.5 

mg/Kg Iso (b).  a, The submandibular salivary glands were exposed and imaged 
lapse series of a secretory granule. The granule fused with the APM as 
Tomato diffusing from the APM into the membrane of the granule 

(arrowhead). The GFP fluorescence increased around the granule (arrow) shortly after fusion.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mice are filled by dextran injected into 
Tomato mice. a- 10 

dextran was infused by gravity into the salivary ducts of a live anesthetized 
mouse. The SGs were exposed and imaged by confocal microscopy. 0.1 mg/Kg Iso was 

re, dextran enters a SCGs (arrows) enabling its 
c, GFP-mice were 

Tomato mouse). The submandibular glands were 
sting conditions (a) or upon stimulation with 0.5 

mg/Kg Iso (b).  a, The submandibular salivary glands were exposed and imaged in situ. Bar, 
lapse series of a secretory granule. The granule fused with the APM as 

g from the APM into the membrane of the granule 
(arrowhead). The GFP fluorescence increased around the granule (arrow) shortly after fusion.  
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Figure 24. Membranes diffusion into the secretory granules 
from the apical plasma membrane and opening of the fusion 
pore. a-b. 10 kDa Alexa 488-dextran (green) was infused by 
gravity into the salivary ducts of a live anesthetized m
mouse (red). a. The SGs were exposed and imaged by confocal 
microscopy. The arrow indicates the APM (red).  b. 0.1 mg/Kg 
was injected and the glands imaged as described in Materials 
and Methods.  Arrows point to the APM diffused into the SCG. 
Bars, 2 µm. 
 
 

. Membranes diffusion into the secretory granules 
plasma membrane and opening of the fusion 

dextran (green) was infused by 
gravity into the salivary ducts of a live anesthetized m-Tomato 
mouse (red). a. The SGs were exposed and imaged by confocal 

the APM (red).  b. 0.1 mg/Kg 
was injected and the glands imaged as described in Materials 
and Methods.  Arrows point to the APM diffused into the SCG. 
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Figure 25. Actin recruitment onto the SCGs at the APM. A. m-Tomato mice were 
injected with 0.5 mg/Kg Iso, and after 10 min the SGs were excised and labeled with Alexa 
488-phalloidin. All the SCGs coated with actin were also labeled with m-Tomato (Inset, 
white arrows). A granule labeled with m-Tomato is not coated with actin (red arrowhead). 
(Scale bar, 10 µm.) B. The SGs of anesthetized GFP mice were exposed and incubated with 
10 kDa of Texas Red-dextran as described in Materials and Methods. After 10-15 min, the 
SGs were imaged by confocal microscopy using 488 nm and 561 nm as excitation 
wavelengths. Texas Red-dextran labels the stroma and the basement membranes (red, 
arrows), highlighting the acinar structures (green). (Scale bar, 10 µm.) C. A Sprague–Dawley 
rat was anesthetized, and GFP-lifeact was transfected as described in Materials and Methods. 
The SGs were exposed and incubated with 10 kDa of Texas Red dextran to reveal the acinar 
structures (red). The acinar cell expressing GFP-lifeact (green) is localized in the acinus 
(arrow). GFP-lifeact is accumulated in acinar canaliculi (arrowhead). (D–G) GFP-lifeact was 
transfected alone in the SGs of a live rat (D and E), whereas RFP-lifeact was tranfected 
together with GFP-farnesyl (F and G). The animals were injected with 0.1 mg/Kg Iso, and 
the SGs were imaged as described. D. Single acinar cells showing GFP-lifeact enriched at the 
APM in resting conditions (Left, arrowhead) and recruited onto the SCGs upon stimulation 
(Right, arrow). E. Time-lapse sequence of the recruitment of GFP-lifeact onto the SCGs 
(arrows). (Scale bars, 3 µm.). F. RFP-lifeact was enriched at the APM (Right, arrows) 
whereas GFP-farnesyl (Left) localized at the PM similarly as m-Tomato. Upon stimulation 
with Iso, RFP-lifeact was recruited to SCGs that are also labeled with GFP-Farnesyl (Lower, 
arrowheads). G. Time-lapse sequence showing that, upon Iso treatment, GFP-farnesyl (white 
arrows) diffuses into the SCGs before the recruitment of actin (red arrows). H. Fluorescence 
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intensity of the RFP-farnesyl at the surface of the whole granules (black circles). The levels 
of GFP-lifeact recruited (red circles) were measured as described in Materials and Methods. 
Data shown are measurements from a single event. Seven to 10 events per animal were 
recorded in three independent experiments. 
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Figure 26. Characterization of the effect of the actin-disrupting agents on exocytosis of 
the SCGs. A. LatA blocks the collapse of the SCGs. The SGs of the m-Tomato mice were 
exposed to 10 µM LatA (Center and Right) or to 0.5% DMSO (Left). After 20 min, the 
animals received an s.c. injection of 0.1 mg/kg Iso (Right). The SGs were imaged in situ. 
Large vacuoles were observed in the cytoplasm of the acinar cells (arrows). (Scale bar, 10 
µm.) B. The secretory granules increase in size upon fusion with the apical plasma membrane 
and disruption of the actin cytoskeleton. The SGs of the GFP mice were exposed to 10 µM 
cytochalasin D (CytD). After 20 min, the animals received an s.c. injection of 0.1 mg/kg Iso, 
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and the glands were imaged in situ. (Scale bar, 5 µm.) C. The SGs were removed 30 min 
after Iso injection and labeled with TRITC–phalloidin. Note that cells are filled with large 
vacuoles and small SCGs are no longer detectable (Left). The actin cytoskeleton is disrupted 
and does not coat the vacuoles (Right). (Scale bar, 10 µm.) .D. Sprague–Dawley rats were 
anesthetized and treated with 10 µm CytD as described in Materials and Methods. The 
Wharton’s duct was cannulated, and saliva was collected 10 and 30 min after Iso stimulation. 
The total amount of protein secreted was determined. Data are averages ± SEM of four 
independent experiments. E. The opening of the fusion pore is not affected by the impairment 
of the actin cytoskeleton. Texas Red–dextran (10 kDa) was infused by gravity into the 
salivary ducts of a live anesthetized rat. The SGs were exposed and incubated for 20 min 
with 10 µm CytD. Iso (0.1 mg/kg) was injected s.c., and the SGs were imaged by confocal 
microscopy. Time-lapse series showing that the Texas Red–dextran immediately fills a fused 
granule (white and red arrows) that expands in size and does not collapse. (Scale bar, 3 µm.) 
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Figure 27. Role of the actin cytoskeleton in facilitating the collapse of the SCGs. A–D. 
The SGs of the m-Tomato mice were exposed to 10 µM CytD, and after 20 min the animals 
received a s.c.injection of 0.1 mg/kg Iso. A. The SGs were exposed and imaged in situ. Large 
vacuoles were observed in the cytoplasm of the acinar cells (arrows). (Scale bar, 10 µm.) B–
D. Time-lapse sequence of SCGs after fusion with the APM, 2 min (B) or 10 min (D) after 
the injection of Iso. B. The SCGs fuse with the APM, do not collapse, and form large 
vacuoles. (Scale bar, 3 µm.). C. Quantitation of the diameter of the vacuoles that fail to 
collapse after fusion with the APM in the presence of CytD (red circles) and of the granules 
that fuse under control conditions (black circles). Data shown are from four granules in the 
same acinus. A total of 10–15 granules were analyzed in two independent experiments. D. A 
SCG fuses with a large vacuole and rapidly collapses (arrows)  
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Figure 28. Hydrostatic pressure is generated in the salivary ductal system upon 
stimulation with Iso. The salivary glands of a Sprague–Dawley rat were cannulated, 
and a 10-kDa Texas Red–dextran was infused by gravity into the Wharton’s duct. The glands 
were exposed and imaged in situ using two-photon 
microscopy, exciting at 740 nm to reveal the parenchyma of the glands, as described 
previously (1). Upon injection of 0.5 mg/kg of Iso, the dextran was rapidly 
expelled from the ductal system and cleared in 20 s (Movie S13). This rapid expulsion can be 
explained by the secretion of fluid from the acini rather than by 
protein secretion. (Scale bar, 50 µm.) The graph shows the quantitation of the expulsion of 
the dye when the animal is injected with saline (red circles), 0.5 mg/ 
kg Iso (black circles), or 0.045 mg/kg Carb (white circles). Data shown are based on a single 
duct. The experiment was repeated four times with similar results. 
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Figure 29. Role of myosin IIa and IIb in the collapse of the secretory granules. A–D. 
FVB mice were left untreated (A and C) or injected with 0.1 mg/kg Iso (Band D). SGs were 
excised and labeled for endogenous nonmuscle myosin IIa (A and B) and IIb (C and D) and 
actin (Band C) as described in Materials and Methods. Upon stimulation with Iso, both 
myosin types are localized in SCGs at the APM (arrowheads). Inset in B. An SCG at the 
APM. (Scale bars, 10 µm.) E–H. The SGs of m-Tomato mice were exposed and incubated 
with 50 µM of either (−)Bleb (E and G) or (+)Bleb (F and H). After 20 min, the SGs were 
imaged (E and F, Leftpanels). In the presence of (−)Bleb, the acinar canaliculi expanded 
(arrows). The mice were then injected s.c. with 0.1 mg/kg Iso and imaged in time-lapse mode 
(E and F, Right panels, and G and H). E and F. Snapshots taken 10 min after the Iso 
injection. Large granules appeared at the APM (arrowheads) (Scale bar in F, 10 µm.). G and 
H. Time-lapse sequence of SCGs fusing with APM (Movies S15 and S16). Expanded 
canaliculus (asterisk) (Scale bars, 3 µm.) I. Quantitation of the diameter of the SCGs after 
fusion with the APM in the presence of (−)Bleb (red circles) or (+)Bleb (black circles). Data 
shown are from four granules in the same acinus. A total of 15–20 granules were analyzed in 
two independent experiments. 
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Figure 30. Myosin II and F-actin dynamics during regulated exocytosis. A and B. GFP-
Myosin IIb expressing transgenic mice were anesthetized and set up for IVM. The acinar 
cells in the SG were imaged by confocal timelapse microscopy. GFP-Myosin IIb is enriched 
at the APM and lining the canaliculi. The SGs were imaged at resting conditions (A) and 
after s.c. injection of Iso at 0.1 mg/kg (B). After stimulation, GFP-Myosin IIb profiles 
resembling fusing granules appear at the canaliculi and undergo collapse (B). Such dynamics 
are captured in the kymograph of canalicular cross-section (B, arrows), while the control 
kymograph remains relatively smooth indicating no collapse events. C-E. Double transgenic 
mouse expressing GFP-Myosin IIb and RFP-Lifeact was anesthetized and imaged by IVM. 
Broad view of the acinar structure is shown in panel C, where both markers are enriched at 
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the apical canaliculi. D. Close-up snapshots of a canaliculus from a timelapse sequence taken 
shortly after Iso stimulation. F-actin marker and Myosin IIb recruitment on a granule can be 
seen. Interestingly, there appears to be a several second delay Myosin IIb recruitment. 10 s. 
time sequence is shown. E. A plot of relative fluorescence intensity over time is shown for a 
representative granule fusion/collapse event. The fluorescence was quantified by gating a 
region of interest around the fusing granule. The delay of 6-8 s. in the onset of GFP-Myosin 
IIb signal (green circles) can be observed. The fluorescence decline phase is also delayed by 
about 15s when compared to RFP-Lifeact (red circles).  
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Figure 31.  Organization of the granules and apical plasma membrane. Diagram of a SG 
acinus and organization of the APM. Acini are formed by pyramidal polarized epithelial cells 
that are in close contact and the APM (red) is shared by two cells and forms narrow 
canaliculi.  The dashed boxes show two orthogonal enlargements of the apical area. The 
canaliculi have a diameter of 0.2-0.3 µm and are separated from the basolateral membrane by 
tight junctions (green). The SCGs (blue) have a much larger diameter (1-1.5 µm). When the 
fusion pore opens two compartments with different composition and membrane tension are 
interconnected (diagram on the right). 
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Figure 32. Role of the actomyosin complex in the gradual collapse of the secretory 
granules. A and B. Model depicting a sequence of events after granule fuses with the APM. 
SCGs (blue) fuse with the APM (red) and the fusion pore opens (1); the membranes flow 
from the APM into the SCGs (red arrows) (2-3). The difference in membrane tension and the 
presence of hydrostatic pressure in the ductal system are major factors working against in the 
gradual collapse of the SCGs. To counteract these forces, actomyosin complex assembles on 
to the granule membrane after the fusion and mixing of the membranes (4-5). The contractile 
activity of the actomyosin complex (actin, green rods; myosin II, blue) that assembles around 
the SCGs may push the membranes (black arrows in B) and/or dilate further the fusion pore  
(grey arrows in B) to facilitate the gradual collapse (6-8). B. Close-up model of step 5, after 
the actomyosin complex is assembled and exerting force onto the granule and, possibly, the 
fusion pore. 
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Figure 33. The actomyosin complex provides a scaffold to counteract the effect of the 
hydrostatic pressure on the secretory granules. A. Mice expressing the m-Tomato probe 
were pre-treated with cytochalasin D, blebbistatin or the vehicle (DMSO, ctrl) and injected 
with Iso to stimulate SCGs exocytosis. When the actin cytoskeleton was disrupted with 
cytochalasin D or the motor activity of myosin II was inhibited with blebbistatin the SCGs 
expanded in size due to the unfavorable membrane tension and the hydrostatic pressure 
generated by fluid secretion (light blue arrows). Scale bar, 2 µm. Actin (green) and myosin II 
(blue) are recruited to the SCGs to counteract the hydrostatic pressure and to facilitate the 
gradual collapse of the SCGs. B. SCGs were imaged after their fusion with the APM by 
using time-lapse intravital confocal microscopy. The diameter of the SCGs was measured 
over time in animals treated with cytochalasin D (red circles), blebbistatin (blue circles) or 
DMSO (black circles). C. In the absence of a functional actin cytoskeleton the SCGs expand 
forming large vacuoles (2-5 µm) due to the difference in membrane tension and the 
hydrostatic pressure generated by fluid secretion (light blue arrows). Membranes flow into 
the large vacuoles (red arrows), which acquire the properties of the APM. Due to the lower 
membrane tension of the large vacuoles, and reduced pressure in the sytem the remaining 
SCGs can now gradually collapse without the need of a functional actomyosin complex.  
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