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1. Introduction  

Mammalian cell biology has been studied primarily by using in vitro models. Among them, 
cell cultures are the most extensively used since they make possible to study in great detail the 
molecular machineries regulating the biological process of interest. Indeed, cell cultures offer 
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 may differ considerably from the in vivo 
environment. This reflects the fact that cells in a living organism i) have a three-dimensional 
architecture, ii) interact with other cell populations, iii) are surrounded by an extracellular 
matrix with a specific and unique composition, and iv) receive a number of cues from the 
vasculature and from the nervous system that are essential for maintaining their functions and 
differentiation state (Cukierman et al., 2001; Ghajar and Bissell, 2008; Xu et al., 2009). In the last 
two decades, 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. The development of genetically-encoded fluorescently tagged proteins (Chalfie et 
al., 1994) has triggered the development of novel technologies such as FRAP, FLIM, FRET, 
BRET, photo-activation, photo-switching and photo-conversion (Diaspro, 2002; Lippincott-
Schwartz, 2011a, b), and the realization of more sophisticated microscopes, which have 
significantly improved the limits of light microscopy in terms of both temporal (spinning disk, 
resonant scanners) and spatial (PALM, STORM, STED) resolution (Lippincott-Schwartz, 2011a, 
b). However, the application of these very powerful technologies has been primarily restricted 
to in vitro systems. One of the major breakthroughs in light microscopy is the realization of 
instruments based on non-linear emissions (Denk et al., 1990; Mertz, 2004; Zipfel et al., 2003b), 
which has opened the door to the development of intravital microscopy (IVM). IVM 
encompasses a series of light microscopy-based techniques aimed at studying several 
physiological processes in live animals (Amornphimoltham et al., 2011; Fukumura et al., 2010; 
Weigert et al., 2010). In particular, two-photon microscopy (TPM) has been instrumental in 
developing fields such as neuroscience, immunology and tumor biology For example,, TPM 
has made possible  imaging the behavior of single neuronal populations in the brain of live 
animals leading to fundamental discoveries in neuronal plasticity and neurotransmission, thus 
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increasing our understanding of pathological conditions such as the Alzheimer’s disease or 
ischemia-induced damages (Serrano-Pozo et al., 2011; Svoboda and Yasuda, 2006; Zhang and 
Murphy, 2007). In immunology, TPM has been instrumental in analyzing the interactions 
among the cells of the immune system during the immune response and has provided 
valuable information on host-pathogen interactions (Cahalan and Parker, 2008; Germain et al., 
2005; Miller et al., 2002; Textor et al., 2011). Finally, the ability to image tumors in situ during 
cell growth and invasion, and to monitor the tumor microenvironment has provided with 
formidable tools to unravel several key mechanisms regulating tumor progression, thus 
leading to the design and test of novel therapeutic approaches (Andresen et al., 2009; 
Fukumura et al., 2010; Fukumura and Jain, 2008; Orth et al., 2011).  The first attempt to image 
submicron structures in a live animal has been in the brain, where long term imaging of 
dendritic spines has been accomplished (Pan and Gan, 2008), whereas the first attempts to 
image the internalization of fluorescently labeled molecules into highly dynamics sub-cellular 
structures, such as the endosomes, has been performed in the kidney of live rats and mice 
(Dunn et al., 2002; Dunn et al., 2003; Sandoval et al., 2004; Sandoval and Molitoris, 2008). 
However, the motion artifacts due the heartbeat and the respiration of the animal have 
precluded a detailed analysis of the dynamics of these events. Recently, we have developed an 
experimental system that has enabled us to follow the dynamics of endosomes and secretory 
granules in the salivary glands (SGs) of live rodents by using IVM (Masedunskas et al., 2011; 
Masedunskas and Weigert, 2008; Sramkova et al., 2009). In this chapter, we will review some 
of the most recent applications of IVM, aimed at studying various aspects of cell biology in live 
rodents, and will highlight the fact that the salivary glands (SGs) represent a perfect model 
organ for these studies since they offer unique advantages: first, they can be easily externalized 
and positioned to completely eliminate the motion artifacts due to the respiration and the 
heartbeat (Masedunskas and Weigert, 2008), and second they can be easily manipulated both 
pharmacologically and genetically providing thus with the opportunity to dissect and unravel 
molecular machineries (Masedunskas and Weigert, 2008, Sramkova et al., 2009). Our goal is to 
persuade the readers that this approach has a wide range of applicability in different areas of 
the biomedical field and has the potential to address several fundamental biological questions. 

 

Fig. 1. Comparison among the various experimental systems utilized to study cell biology in 
mammalian system 
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Increased complexity in the architecture of the experimental model systems utilized to study 

cell biology: cell cultures grown on bi-dimensional surfaces (i.e. plastic or glass), cell 

cultures grown in three dimensions (i.e. purified components of the extracellular matrix), 

explanted organs, and live animals.  

2. Basic principles of intravital microscopy 

Biologists have been always fascinated by the possibility to observe biological process in live 

organisms. One of the major challenges in IVM is to expose the tissue of interest taking care 

of minimizing damages and maintaining its functionality during the observation period. To 

this aim, appropriate surgical techniques have been developed since the early days of IVM. 

The first intravital studies were performed in the early 30’s, although they were limited to 

the examination of the vasculature and its cellular components by using bright field 

illumination (Beck and Berg, 1931). Advances in optical methods and particularly the 

development of fluorescence light microscopy, have increased the level of resolution, thus 

extending the number of biological processes that can be observed in vivo 

(Amornphimoltham et al., 2011; Weigert et al., 2010). Fluorescence light microscopy is based 

on the generation of contrast by the excitation of the energy levels of molecules (referred as 

fluorophores) that are either naturally present in the tissue of interest or are administered 

exogenously. The excitation is achieved by illuminating the specimen with a light source 

such as a mercury lamp or a laser. The emission can be either directly proportional to the 

excitation (linear) or exhibit a more complex dependence (non-linear). In the last two 

decades, microscopes based on e various non-linear processes have been developed, making 

possible to perform deep tissue imaging (Denk et al., 1990; Mertz, 2004; Zipfel et al., 2003b). 

Below, we will briefly describe and compare some of the linear (confocal microscopy, CM) 

and non-linear (multi-photon and harmonic generation) techniques that are commonly used 

to perform IVM. 

2.1 Confocal microscopy 

In CM, the excitation of the fluorophore is achieved by using single photons with 

wavelengths ranging from ultraviolet (UV) to visible light (Fig.2). In order to gather the 

signal coming from the focal plane and to avoid off-focus emissions that reduce the spatial 

resolution, the emitted light is forced to pass through a pinhole. This allows to modify the 

thickness of the sampled area providing an easy way to balance resolution and signal 

intensity. Confocal microscopes are widespread tools and have been extensively used for 

IVM (Guan et al., 2009; Masedunskas et al., 2011). However, CM has some limitations. First, 

UV and visible light are scattered by biological specimen, thus limiting the imaging to the 

first 50-60 µm below the surface of the specimen and making CM the optimal choice for cell 

cultures and optically transparent tissues. Second, long term illumination with UV and 

visible light may lead to photobleaching and phototoxicity, limiting the use of CM to short 

term imaging as documented by several reports of radiation-induced cellular damage or 

impairment in tissue development (Dela Cruz et al., 2010). However, when tissues are 

homogeneous and biological processes are not dependent on the depth, CM can be 

successfully used providing a better spatial resolution than other techniques (Masedunskas 

et al., 2011). 
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Fig. 2. Comparison between linear and non-linear modalities of fluorescence light 
microscopy.  

Single photon excitation: the energy gap between the ground (E0) and the excited (E*) state 
in the fluorophore is filled by a single photon in the UV or visible range. Following some 
energy dissipation, a single photon is emitted at a higher wavelength (red-shift). Two- and 
three-photon excitation: the same energy gap is filled by two or three photons respectively, 
which have half or a third of the energy required for single photon excitation (NIR or IR 
light). Second and third harmonic generation (SHG and THG): two or three photons interact 
with the fluorophore and recombine generating a photon with half or a third of the 
wavelength of the incident ones.  

2.2 Multiphoton microscopy (MPM) 

Multiphoton emission is based on the fact that a fluorophore can be excited by the almost 
simultaneous absorption (within femto or atto seconds) of two or three photons that have a 
half or a third of the energy required to fill the energy gap in the fluorophore (Fig. 2). This 
requires the use of infrared (IR) light which has a lower intrinsic scattering in biological 
specimen when compared to UV or visible light. The non-linear nature of multi-photon 
excitation and the low probability for a multiphoton transition to occur, require that a high 
number of photons are focused in a restricted volume (1 fl–1 μm3). This is achieved with 
pulsed lasers, such as the tunable titanium:sapphire laser, which generates high power 
beams (in the order of 2-4 W), that are focused in the focal point with high numerical 
aperture lenses (McMullen and Zipfel, 2010). This implies that all the emitted light 
generated from the focal point can be utilized to generate the image without the need for a 
pinhole. This simplifies the geometry of multiphoton microscopes, which require detectors 
with high sensitivity placed as close as possible to the specimen. Another implication of the 
fact that photons are absorbed in a confined volume is that photobleaching and 
phototoxicity are reduced, extending the duration of the experimental observations without 
any tissue damage, and enabling the realization of long term longitudinal studies that are 
fundamental in fields such as tumor biology. In terms of depth, MPM enables to extend the 
range of observation when compared with CM. For example, by using high numerical 
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aperture  objectives, subcellular structures can be resolved up to a depth of 100-150 µm. 
Lowering the level of resolution and using lenses with longer working distances cellular 
structures can be routinely resolved at a depth of 300-500 µm. Furthermore, some tissues, 
such as the brain, exhibit lower light scattering enabling imaging up to a 1 mm depth. 
Recently, alternative approaches based on the use of either longer excitation wavelengths 
through the use of optical parametric oscillators (OPO) or regenerative amplifiers, have 
extended the limits of imaging depth (Andresen et al., 2009; Theer et al., 2003). Two final 
advantages of multiphoton excitation are: first, the fact that several endogenous molecules 
can be easily excited providing a contrast that provides numerous information on tissue and 
cell architecture (Campagnola and Loew, 2003; Dela Cruz et al., 2010; Weigert et al., 2010; 
Zipfel et al., 2003a), and second, that due to their broad multiphoton absorption spectra, 
multiple fluorophores can be excited simultaneously using a single excitation wavelength. 
This avoids the use of multiple lasers, thus reducing further the risk of photodamage. 

2.3 Second and third harmonic generation (SHG and THG) 

SHG and THG do not involve energy absorption since the incident photons are scattered 
and recombined into a single photon in a process without energy loss (Campagnola and 
Loew, 2003; Schenke-Layland et al., 2008; Zoumi et al., 2002). Molecules that generate 
second harmonic signals such as, collagen, microtubules, and muscle myosin are usually 
assembled in highly ordered and repeated structures with non-centrosymmetric 
symmetries, whereas third harmonic signals are typically generated at the interface between 
optically heterogeneous biological materials (Campagnola and Loew, 2003; Debarre et al., 
2006; Gualda et al., 2008). SHG has been extensively utilized to study the properties of the 
extracellular matrix under both physiological and pathological conditions, and shows also 
an incredible potential for diagnostic purposes. THG has been used to image lipid bodies in 
small organisms, to study early embryogenesis dynamics in zebrafish, and to study the 
process of demyelination in models for neurodegenerative disorders. SHG and THG have 
the advantage of being nontoxic since no energy is absorbed by the specimen during 
imaging (Fig. 2), and they can be combined with MPM providing with the opportunity to 
perform multimodal imaging (Campagnola and Loew, 2003; Chen et al., 2009; Debarre et al., 
2006; Farrar et al., 2011; Radosevich et al., 2008). 

3. The salivary glands as a versatile model to perform intravital microscopy 
and to manipulate cellular pathways  

3.1 Architecture and physiology of the salivary glands 

Salivary glands (SGs) are major exocrine glands responsible for the production and secretion 
of saliva into the oral cavity (Gorr et al., 2005; Melvin et al., 2005). In mammals there are two 
kinds of SGs: the major and the minor glands. The major SGs include: parotid glands, which 
secrete primarily enzymes involved in digestion (e.g. amylase), submandibular glands, 
which secrete enzymes required to defend the oral cavity from pathogens (e.g. peroxidases, 
kallikrein), and sublingual glands, which secrete molecules required to protect the oral 
cavity (e.g. mucins).  Saliva is a mixture of water, proteins, and electrolytes that is primarily 
released from the acini, the main secretory units of the SGs, into the acinar canaliculi and 
from there discharged into the ductal system (Fig. 3). Acini are formed by polarized acinar 
cells, with the apical plasma membrane (APM) facing the lumen of the acinar canaliculi, and 
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the basolateral membrane facing the basement membrane and the stroma. The secretion of 
water and proteins is under the control of G protein-coupled receptors: muscarinic 
stimulation is the primary signal regulating water secretion, whereas protein secretion is 
regulated by either the beta-adrenergic (submandibular and parotid) or the muscarinic 
receptors (sublingual) (Gorr et al., 2005; Melvin et al., 2005). The ductal system is also 
formed by polarized cells and its main function is to modify the electrolyte composition of 
the primary saliva and convey it into the oral cavity. In rodents, a subpopulation of the 
ductal cells, the granular convoluted tubules, secrete large amount of growth factors (such 
as EGF and NGF) that are stored in large secretory granules (Peter et al., 1995). 

 

Fig. 3. Diagram of rodent submandibular salivary glands.  

The SGs are formed by interconnected lobules, which contain both acini and ductal 
structures. Acini are formed by polarized epithelial cells, which contain secretory granules 
that fuse with the apical plasma membrane and release their content in the acinar canaliculi. 
The canaliculi merge in larger ducts, the intercalated ducts, than enlarge forming the 
granular convoluted tubules and later the striated ducts. The striated ducts merge with the 
major excretory duct  

3.2 Delivery of molecules, drugs and gene transduction in the salivary glands  

SGs are ideal organs to perform IVM for various reasons. First, in rodents the glands are 
located in the neck area, where the motion artifacts due to the heartbeat and the respiration 
are significantly reduced (Masedunskas and Weigert, 2008). Second, the SGs can be exposed 
with relatively minor surgical procedures, which do not involve the exposure of the body 
cavity, which may effect the overall health status of the animal. Finally, the epithelium of the 
SGs can be easily accessed from the oral cavity by introducing fine polyethylene tubings into 
the major excretory ducts (called Wharton’s duct in the submandibular glands and Stensen’s 
duct in the parotid glands) that can be utilized to selectively deliver various molecules into 
the ductal system (Masedunskas et al., 2011; Masedunskas and Weigert, 2008; Sramkova et 
al., 2009) (Fig. 4A).  We have shown that fluorescent dyes can be delivered into the ductal 
system through injection or by gravity diffusion, and utilized to study endocytosis, 
exocytosis or various aspects of water secretion (Fig. 4B) (Masedunskas and Weigert, 2008; 
Sramkova et al., 2009, Masedunskas et al., 2011). The same route has been utilized to 
selectively deliver drugs to the SGs. This approach offers two advantages: 1) to specifically 
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target the SGs avoiding the side effects due to systemic injections, and second, to precisely 
control the doses of the drugs administered (Masedunskas and Weigert, 2008).  

SGs have been widely used as a target organ for the viral-mediated expression and gene 
delivery of various transgenes both in live animals and in humans (Baum et al., 2010; Cotrim 
and Baum, 2008). Indeed, these organs have the potential to be utilized for gene therapy to 
correct various diseases including Sjogren’s syndrome and protein deficiencies (Baum et al., 
2004; Voutetakis et al., 2004). Notably, for viral-mediated gene therapy in humans, the SGs 
offer several advantages with respect to other organs: i) the encapsulation of the SG tissue 
prevents the dissemination of the virus in the rest of the body (Baum et al., 2004; Voutetakis 
et al., 2004), ii) in case of potential health issues the SGs can be removed since they are not 
essential for life, iii) the differentiation of the cells provides a relatively stable cell 
populations for non-integrating vectors, and iv) duacrine (both exocrine and endocrine) 
protein secretion allows to direct the expressed molecules into either the saliva or the blood 
stream (Baum et al., 2004). Numerous studies have shown successful gene transfer into both 
rat and mouse submandibular glands using viral-based approaches, which offer the 
advantage of a more robust expression of the transgenes (Andresen et al., 2009; Baum and 
Tran, 2006; Delporte et al., 1996; Honigman et al., 2001; Mastrangeli et al., 1994; Morita et al., 
2011; Palaniyandi et al., 2011; Perez et al., 2011; Samuni et al., 2008; Wang et al., 2000; Zheng 
et al., 2009). However, non viral-mediated approaches have also been utilized, although 
limited to a small percentage of the cells in the parenchyma (Goldfine et al., 1997; Honigman 
et al., 2001; Niedzinski et al., 2003a; Niedzinski et al., 2003b; Passineau et al., 2010; Sramkova 
et al., 2009). Furthermore, the majority of the studies on rodent SGs were focused on 
submandibular glands and only few studies were performed in parotid glands. Recent 
studies demonstrated efficient gene transfer into rat parotid glands, as shown by the 
effective delivery of human erythropoietin and human parathyroid hormone (Adriaansen et 
al., 2010; Kagami et al., 1998; Mastrangeli et al., 1994; Zheng et al., 2009). The rationale 
behind developing strategies to deliver transgene into parotid glands is their use in humans 
as main target for clinical applications (Zheng et al., 2011). 

 

Fig. 4. Non viral-mediated gene transfer in the submandibular SGs of live rats.  
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A. Fine polyethylene cannulae are introduced in the oral cavity in the Wharton’s duct of live 
rats. B– 10 kDa Texas Red-dextran is injected in the SGs and the ductal system is highlighted. 
C-F. Plasmid DNAs encoding for the fluorescent protein pVenus (B), GFP-ribonuclases (D), 
Aquaporin 5-GFP (E), and GFP-Clathrin (F) were injected in the submandibular glands. After 
16 hrs, the glands were exposed and imaged by two-photon IVM (C and D) or excised, fixed, 
labeled with rhodamine-phalloidin, and imaged by CM (E and F). C. Cluster of pVenus 
expressing-cells (green) localized below the surface of the glands as shown by SHG, which 
reveals the collagen fibers (cyan). Excitation 930 nm. D. GFP-ribonuclease is localized in 
intracellular vesicles. Excitation 930 nm. E,F. GFP-Acquaporin is expressed in large ducts (E) 
and GFP-clathrin in acini (F) as revealed by labeling for the actin cytoskeleton (red).  

We have utilized plasmid DNA in live rats and shown that the transgenes under the 
appropriate conditions can be targeted to specific subpopulations of the SGs (Sramkova et al., 
2009). The main advantage in using naked DNA vs. viral-based vectors is the possibility to 
screen very rapidly for multiple genes without dealing with the time-consuming steps of 
designing, cloning and preparing the viral particles. We have injected plasmid DNA encoding 
for various fluorescent proteins into the Wharton’s duct of rat submandibular glands, and after 
16 hours we have observed their expression in the SGs epithelium (Fig 4C-F). Specifically, we 
have found that when plasmid DNA is injected alone, the reporter molecule is expressed in 
approximately 0.05% of the cells of the parenchyma, which we have identified as intercalated 
ducts. The addition of empty replication-defective adeno-viral (rAd5) particles increases the 
level of transduction up to 0.5-2% of the cells and notably, the fluorescent reporter is expressed 
primarily in the large striated and granular ducts and to a lesser extent in the acinar cells (Fig. 
4C, 4E and 5) . In both instances, the expression of the reporter molecule is transient and lasts 
for 72 hrs, a window of time sufficient to be utilized for IVM. Furthermore, since our goal is to 
transduce genes primarily into acinar structures, we sought to find a more specific way to 
target these cells. We reasoned that plasmid DNA might be internalized by the acinar cells via 
the endocytic pathways and for this reason we stimulated compensatory endocytosis by 
activating the beta-adrenergic receptors during plasmid DNA injection (see below). Notably, 
under these conditions, the reporter molecule is expressed in 1% of the cells of the parenchyma 
and primarily in the acinar cells (Fig.  4D, 4F and 5) (Sramkova et al., 2009). It is important to 
emphasize, that although the efficiency of gene expression is low, the absolute number of cells 
that can be imaged by IVM is still very high. This implies that viral-based approaches may still 
have to be utilized whenever a different readout, such as a biochemical assay, needs to be 
used.  

 

Fig. 5. Naked DNA is targeted to different cell populations of the salivary glands.  
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When naked DNA is injected in the absence of any other manipulation the transgene is 
expressed in the intercalated ducts. When naked DNA is pre-mixed with empty adenoviral 
particles, the transgene is expressed primarily in the large ducts but also in some acinar 
cells. When naked DNA is injected and compensatory endocytosis is elicited by stimulation 
of the beta-adrenergic receptor (sub-cutaneous injections of isoproterenol) the transgene is 
expressed in acinar cells. 

This approach can be utilized to express any fluorescently tagged protein, enabling the 
expansion of the repertoire of compartments that can be visualized in a short period of time 
(Fig. 4C-F). Moreover, this strategy has provided us with a powerful tool to interfere with 
specific molecular machineries by introducing molecules acting as positive or negative 
regulators of the specific processes of interest. Finally, this approach can be used to 
genetically modify the target tissue by silencing certain genes. Small interfering RNA 
(siRNA) has been successfully delivered in live rats. siRNA targeting the cystic fibrosis 
transmembrane conductance regulator (CFTR) were injected intraductallly into rat 
submandibular glands resulting in the effective silencing of CFTR (Ishibashi et al., 2008; 
Ishibashi et al., 2006). Notably, in order to complement and confirm the results with the 
siRNA, a specific inhibitor of CFTR (CFTRinh- 172) and suramin, a non-specific P2 receptor 
antagonist, were also injected, further highlighting the power of this approach. Although the 
efficiency in siRNA delivery is low, novel approached has been introduced to overcome this 
issue. For example, silencing of GAPDH in rat parotid glands was performed in 
combination with microbubble-enhanced sonoporation, improving the efficiency of siRNA 
transfer by 10-50% (Sakai et al., 2009). 

4. Imaging membrane trafficking and the actin cytoskeleton in salivary 
glands by intravital microscopy 

Membrane traffic is an important field in cell biology that studies the processes and the 
machineries involved in the transport of various molecules among different compartments 
within the cell. Transport steps are mediated by membranous containers, termed “transport 
intermediates”, which are very heterogeneous in size, shape, contents and modality of 
transport. Their biogenesis, trafficking, delivery to the target compartments, and dynamic 
behavior are dictated by the architecture of the cells and by the organization of the 
cytoskeletal elements (e.g. microtubules and microfilaments). Most of the data on the 
dynamics of the transports steps have been derived from cell culture models. As, previously 
discussed, the architecture of the cells in a living organism differs considerably from the 
architecture of cells in culture. Although IVM offers a very powerful opportunity to study 
membrane trafficking in physiological conditions, the challenges in controlling the motion 
artifacts have discouraged several investigators from pursuing this approach and only few 
labs have invested in high resolution imaging of live animals. For example, submicron 
structures were imaged dynamically in the brain of live mice, where structural changes in 
the architecture of dendritic spines were observed under conditions such as epileptic 
seizures (Mizrahi et al., 2004; Pan and Gan, 2008; Svoboda and Yasuda, 2006). In kidney, 
various subcellular processes were analyzed, such as endocytosis of selected molecules 
(Dunn et al., 2002; Dunn et al., 2003; Molitoris and Sandoval, 2006; Sandoval et al., 2004; 
Sandoval and Molitoris, 2008), exocytosis of renin (Toma et al., 2006), and mitochondrial 
function (Hall et al., 2009). Recently, mitochondrial dynamics and lipid bodies have been 
analyzed in live animals (Debarre et al., 2006; Roberts et al., 2008; Zhong et al., 2008). 
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Another area where imaging membrane trafficking in vivo has provided novel information 
is tumor biology. Very recently, nuclear dynamics and mitotis were observed using in 
murine xenograft model of human cancer and compared to cells in culture (Orth et al., 2011) 
with profound implications for drug development and cancer therapy (Amornphimoltham 
et al., 2011). Furthermore, using QD conjugated either to an anti-HER2 antibody or to EGF-
conjugated nanotubes the delivery and the uptake of these molecules by tumor cells was 
analyzed (Bhirde et al., 2009; Tada et al., 2007).  

Here, we review our work using the SGs, which represent a robust model to study several 
aspects of membrane trafficking, particularly because the motion artifacts can be easily 
reduced using various strategies described in detail elsewhere (Masedunskas et al. 2011b). 
Although the SGs are exocrine glands, which represent a perfect model system to study 
exocytosis, they are also a powerful model to study endocytic processes, such as receptor-
mediated endocytosis, which occur at the basolateral plasma membrane of the epithelium, 
compensatory endocytosis that is triggered upon exocytosis at APM, fluid phase 
endocytosis in stromal cells, polarized trafficking of plasma membrane proteins in the 
epithelium, and mitochondrial dynamics. 

4.1 Endocytosis 

The endosomal system is utilized as a transport route, to shuffle proteins, lipids and 
membranes to and from the cell surface, and towards other sub-cellular organelles. 
Endocytosis occurs in every cell and is involved in several processes such as nutrient 
uptake, cell adhesion, migration, cytokinesis, polarity and signaling (Maxfield and McGraw, 
2004; Mellman, 1996). Endocytosis and recycling mediate the removal and retrieval of 
membrane components from the cell surface and these tightly coupled processes are highly 
regulated. Notably, endocytic pathways are very diversified in terms of molecular 
machinery, as shown by the fact that multiple endocytic routes have been described (Conner 
and Schmid, 2003; Doherty and McMahon, 2009; Grant and Donaldson, 2009; Mayor and 
Pagano, 2007). Much of our understanding of the endosomal system is derived from studies 
performed in cell cultures and few studies have been performed in live organisms such as 
rodents. The first attempt to image endocytosis in vivo was realized in the kidney of live rats 
and mice, where fluorescently labeled dextrans of different molecular weight were injected 
systemically (Dunn et al., 2002). Similar studies were performed imaging the receptor-
mediated endocytosis of the antibiotic gentamicin and the internalization of the folate-
receptor (Dunn et al., 2002; Sandoval et al., 2004). Although the diffusion of the injected 
probes along the tubular system in the kidney was imaged, their internalization could be 
followed only for short period of times due to the high levels of the motion artifacts. In this 
respect, the SGs provide with a more controlled experimental system. Indeed, we injected 
fluorescently-labeled molecules in the tail artery and tracked the dynamics of the endosomal 
compartments for over 60 minutes (Masedunskas and Weigert, 2008) (Fig. 6A). To further 
distinguish among the different endocytic sub-compartments, Texas red-dextran (TXR-D) 
was injected systemically and allowed to accumulate into the lysosomes (Fig. 6B). After 24 
hours, Alexa-488 dextran (488-D) was injected and imaged in time-lapse mode. 488-D was 
first internalized into small vesicles, and then delivered to early endosomes that grew over 
time due to homotypic fusion events. Later, 488-D was delivered to late endosomes and 
lysosomes and the process was imaged providing novel insight on the dynamics of the 
endo-lysosomal system (Fig. 6B) (Masedunskas and Weigert, 2008). In a separate study 
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lysosomal fusion events were captured at a higher resolution, almost comparable to that 
achieved in cell culture (Weigert et al., 2010).  

Interestingly, Cytochalasin D and Latrunculin A, two actin-disrupting agents significantly 
reduced the uptake of fluorescent dextran in SGs, suggesting for a role of actin during 
internalization (Fig. 6C and 6D) (Masedunskas and Weigert, 2008). The requirement for 
actin during endocytosis has been demonstrated in yeast but has been controversial in 
mammalian cells (Galletta et al., 2010). The conflicting results could be due to differences in 
the organization of the actin cytoskeleton or to a different organization of the endocytic 
pathways. Additional work is required to address these fundamental questions and 
particularly in defining the endocytic routes in vivo and their reciprocal relationship.  

Another important issue is the fact that different cell populations within the same organ 
exhibit different rate of internalization. For example we found that in the SGs, fibroblasts 
and dendritic cells internalized molecules at a much faster rates than the acinar or the ductal 
cells in the parenchyma (Fig. 6E). This may reflect the presence of barriers such as the 
basement membrane and the tight junctions that controls the delivery of molecules from the 
blood stream.  

 

Fig. 6. Endocytosis of systemically-injected fluorescently-labeled probes in the salivary 
glands of live rats 
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A. Diagram of the experimental design to study endocytosis in SGs. The fluorescent probes 

are injected into the tail artery, reach the SGs through the circulation, and diffuse out of the 

vasculature from the fenestrated capillaries. B.  TXR-D (red) is accumulated into the 

lysosomes after 24 hrs from the injection (time 0:00). Alexa 488-dextran is first internalized 

into early endosomes  (time 5:00 and 10:00) and later reach the lysosome (time 15:00 and 

inset).  C,D. TXR-D was injected and the SGs were imaged after 20 min. C. Control glands D. 

SGs treated with latrunculin A. E.  Lower magnification of the SGs after the injection of 

TXR-D. The probe is accumulated in the stroma, internalized in stromal cells, and was 

excluded from the acini that are revealed by two-photon-stimulated intrinsic emission 

(Masedunskas and Weigert, 2008; Weigert et al., 2010). 

Endocytosis from the APM of the SGs was also analyzed by either injection or slow gravity-

mediated infusion of small molecular weight dextrans though the Wharton’s duct. Under 

resting conditions most of the probes underwent a low but detectable level of endocytosis in 

both the ducts and the acinar cells. However, upon stimulation of protein but not water 

secretion, the probes were primarily internalized into the acini, most likely by the activation 

of a process known as compensatory endocytosis (Masedunskas et al., 2011; Sramkova et al., 

2009). Interestingly, this process did not involve any of the currently characterized endocytic 

processes and studies are undergoing to further elucidate this it s machinery. Finally, in 

order to study receptor-mediated endocytosis at the basolateral plasma membrane we have 

transfected in the acinar cells of live rats, transferrin receptor, as a model for constitutive 

endocytosis and beta2-adrenergic receptor, as a model for agonist-induced endocytosis. The 

ectopically expressed receptors are properly targeted to the acinar cells and at the plasma 

membrane as predicted (Fig. 7C and 7D). 

 

Fig. 7. Endocytosis from the apical and the basolateral plasma membrane of the salivary 
glands 
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A,B. 10 kDa TXR-D was injected into the Wharton’s duct to fill the acinar canaliculi. After 20 
minutes, minimal internalization of the probe was observed (A). Five minutes after the SC 
injection of isoproterenol smaller endocytic vesicles formed from the APM (B). C,D. GFP-
Transferrin receptor (C) and YFP-beta2-adrenergic receptor were transfected in the acinar 
cells of live rats and imaged by using IVM. Maximal projections of Z-stacks are shown. 
Transferrin receptor is primarily localized in intracellular vesicles, whereas beta2-adrenergic 
receptor is primarily localized at the basolateral plasma membrane. 

4.2 Exocytosis 

SGs are a well-established model for exocrine secretion. Proteins destined to secretion are 
synthesized in the endoplasmic reticulum and transported through the Golgi apparatus to the 
trans-Golgi network (TGN) where they are packed in large vesicles, secretory granules (SCGs), 
which are released into the cytoplasm, and transported to the cell periphery. Here, upon 
stimulation of the appropriate G protein-coupled receptor (GPCR), the SCGs fuse with the 
APM, releasing their content into the lumen of the canaliculi. Although, exocytosis in SGs has 
been extensively studied in ex-vivo models (Castle et al., 2002; Castle, 1998; Gorr et al., 2005), 
very little is known about the molecular mechanisms regulating this process. Several studies 
have reported contradicting findings about the stimuli triggering exocytosis, the modalities of 
fusion, and the requirement for the actin cytoskeleton in this process (Eitzen, 2003; Nashida et 
al., 2004; Segawa et al., 1998; Segawa and Riva, 1996; Segawa et al., 1991; Sokac and Bement, 
2006; Warner et al., 2008). This variability probably reflects the different experimental 
conditions utilized to isolate and culture ex-vivo the acinar cells. To overcome this issue, we 
have utilized IVM and studied the dynamics of the SCGs in live animals. To this aim, we used 
a series of transgenic mouse models expressing selected fluorescently labeled molecules, 
combined with the ability to transduce genes, and selectively deliver molecules and 
pharmacological agents, as described above and elsewhere (Masedunskas et al., 2011b). This 
approach has provided novel and valuable information on the structure and the physiology of 
the acinar cells (Masedunskas et al., 2011).  We estimated that in resting conditions, the major 
SGs contain approximately 2500-3000 granules per acinus, most of them accumulated in the 
sub apical area of the PM. Our analysis on the effect of various agonists of GPCRs has revealed 
three major differences between in vivo and ex-vivo models: 1) the stimulation of the beta-
adrenergic but not the muscarinic receptors, enhances the mobility of the secretory granules 
promoting their docking and subsequent fusion at the APM; 2) muscarinic receptors do not 
play any synergistic role with the adrenergic receptor during exocytosis; and 3) the maximal 
rate of fusion of the secretory granules in live animal (10-15 granules/cell/min) is 3-4 times 
faster than previously reported for ex-vivo systems. Furthermore, by using another mouse 
model, which expresses the Tomato fluorescent protein fused with a di-palmitoylated peptide 
(m-Tomato), a well-established marker for the plasma membrane, we discovered that the 
secretory granules after fusing with the plasma membrane completely collapse within 30-40 
seconds (Masedunskas et al., 2011). This result underscores another major difference between 
in vivo and ex-vivo models, in which compound exocytosis (i.e. the sequential fusion of strings 
of SCGs), has been described as the primary modality of fusion (Warner et al., 2008). Notably, 
we also observed that the granules in close proximity of the APM recruit a series of cytosolic 
proteins including actin, suggesting a role for the cytoskeleton during granule exocytosis. To 
address this issue we have transduced the salivary glands of live rats with the small peptide 
Lifeact fused with GFP, a novel tool to label dynamically F-actin (Riedl et al., 2008). We 
determined that F-actin filaments are polymerized onto the surface of the granules only after 
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fusion has occurred, and persisted until their complete collapse. The impairment of the 
dynamics of the actin cytoskeleton, using pharmacological agents such as cytochalasin D (cyto 
D) or latrunculin A (lat A), did not affect the fusion of the secretory granules with the APM, 
but it blocked substantially their collapse leading to the accumulation of fused granules which 
often expanded in size. Finally, we found that myosin IIa and IIb, two actin-based motor 
proteins are recruited on the fused secretory granules and that their motor activity is required 
to drive the gradual collapse of the granules. These results suggest that the acto-myosin 
complex provides a contractile scaffold around the secretory granules that facilitates the 
completion of the fusion at the APM and preventing an aberrant influx of membrane inside 
the cell (Masedunskas et al., 2011). This novel approach provided new insights into the 
molecular mechanisms of exocytosis in SGs, captured the exocytosis process dynamically and 
established important tools to study this process. This approach can be extended to study 
exocytosis in other exocrine glands such as pancreas, lacrimal glands, and mammary glands  

 

Fig. 8. Regulated exocytosis in the salivary glands of live rodents. 

A. SGs of mice expressing cytoplasmic GFP. GFP is excluded from the large SCGs that appear 
as dark vesicles in the cytoplasm. Upon stimulation with isoproterenol, SCGs fuse with the 
APM. Fusing SCGs are characterized by an accumulation of GFP on the limiting membranes of 
the SCGs (arrow), as previously described (Masedunskas et al., 2011). B. SGs in the m-Tomato 
mice. The m-Tomato probe labels all the cellular membranes. Upon stimulation with 
isoproterenol, the m-Tomato diffuses into the membrane of the SCGs (arrows). C. The SGs of a 
live rat were labeled with rhodamine-phalloidin to reveal the actin cytoskeleton. The left panel 
shows the enrichment of actin at the APM in control conditions. The right panel shows the 
recruitment of actin around the SCGs upon stimulation with isoproterenol. D. A GFP mouse 
was stimulated with isoproterenol and labeled with rhodamine-phalloidin. Arrows point to 
the SCGs at the plasma membrane that are enriched in GFP and actin. E. The effect on 
exocytosis of actin-disrupting agents. The SGs of a live m-Tomato mouse were treated with 
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latrunculin A and stimulated with isoproterenol (right panel). SCGs fail to collapse at the 
plasma membrane and increase in size forming large vacuolar structures.  

4.3 Actin cytoskeleton 

The actin cytoskeleton plays a fundamental role in many cellular events. We have recently 
shown a role for actin in endocytosis and a novel role for actin and the actin motor protein 
myosin II in exocytosis in the SGs of live animals (Masedunskas et al., 2011; Masedunskas 
and Weigert, 2008). Notably, by using IVM we revealed a novel function for the actomyosin 
complex that was not completely appreciate in cell cultures. Specifically, we found that actin 
serves: 1) as a barrier preventing the unwanted homotypic fusion between the SCGs, 2) as a 
scaffold to prevent the hydrostatic pressure generated by fluid secretion to disrupt the 
exocytic events, and 3) as a platform to generate a contractile scaffold that facilitate the 
collapse of the SCGs with the apical plasma membrane (Masedunskas et al., 2011).  We took 
an advantage of the methodology reviewed here to pharmacologically disrupt the actin 
cytoskeleton and fluorescently tag proteins for labeling the cytoskeleton in vivo. Specifically, 
we have used GFP-lifeact as a tool to follow the dynamics of F-actin (Riedl et al., 2008). This 
tool is more effective and less toxic than GFP-actin (Fig. 9A and 9C). However, one of the 
drawbacks of our transfection system is that the expression of the protein of interest is 
limited to one or two cells per acinus, limiting the possibility to study the behavior of the 
actin cytoskeleton in groups of cell. Recently, a transgenic mouse expressing GFP-life act has 
been generated (Riedl et al., 2010). These mice are superior to the GFP-actin transgenic mice 
in terms of viability, level of protein expression and cellular toxicity and represent a 
formidable tool to study several aspect of the involvement of actin in various cellular 
processes. These mice are nicely complemented by other transgenic mice expressing the 
GFP-tagged versions of the actin motor proteins myosin IIa and IIb (Bao et al., 2007).  

 

Fig. 9.  Imaging the actin cytoskeleton in the salivary glands of live animals. 

A, B. GFP-actin or GFP-lifeact were transfected in the SGs of live rats. Both molecules were 
expressed in acinar cells and exhibited filamentous cortical localization. However, the 
precise localization of the two probes with respect to the apical or the basolateral pole 
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cannot be assessed in a single cell. C, D. Transgenic mice expressing GFP-actin (C) or GFP-
lifeact (D). The acinar structure in the salivary glands show the typical enrichment at the 
apical plasma membrane. E. Transgenic mouse expressing GFP-myosin IIb. In the acini of 
the SGs, GFP-myosin IIb is localized at the apical plasma membrane as previously described 
for the endogenous myosins (Masedunskas et al., 2011). 

5. Conclusions 

We have provided several examples from our recent work that the combination of IVM as 
imaging technique, and the SGs as a model organ is a very versatile tool that can be 
successfully used to address several biological questions under physiological conditions. 
The possibility to either express or down regulate proteins in an acute fashion, combined 
with the plethora of available transgenic and knockdown mouse models, offer a unique set 
of opportunities to study processes in live animals at a molecular level. Furthermore, the 
ability to image at a subcellular level in a live animal has opened the possibility to study 
several aspects of cell biology in a dynamic fashion. We have utilized this approach to study 
membrane trafficking and the dynamics of the actin cytoskeleton, which represent only a 
fraction of the fields that can be studied in vivo. We envision that soon IVM will be extended 
to study other processes, such as cell cycle, signal transduction, mitochondrial dynamics and 
metabolisms to name a few.  
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