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Abstract

Mice are a widely utilized in vivo model for translational salivary gland research but must be used 

with caution. Specifically, mouse salivary glands are similar in many ways to human salivary 

glands (i.e., in terms of their anatomy, histology and physiology) and are both readily available 

and relatively easy and affordable to maintain. However, there are some significant differences 

between the two organisms, and by extension, the salivary glands derived from them that must be 

taken into account for translational studies. The current review details pertinent similarities and 

differences between human and mouse salivary glands and offers practical guidelines for using 

both for research purposes.
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Introduction

Despite the many similarities between human and mouse salivary glands (SG) in terms of 

their anatomy, histology and physiology, significant differences are noted with regard to 

glandular size, life span in culture and cell organization that cause the respective specimens 

to behave differently, sometimes greatly affecting the degree to which results derived from 

the former can be considered to be representative of the latter. Although this issue would 

appear to be of significance for salivary research in light of the frequency with which such 

comparisons are made, in fact very little has been done to understand the above noted 

differences and predict their impact on research design as well as the translational potential 

for results thus derived. Consequently, the points compiled below are offered in the hope that 

they will help to bring about just such discussion and exploratory studies in the future.

Mice have been the experimental model of choice for the majority of SG studies due to the 

ease of acquisition and the well-established institutional protocols surrounding their use 
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(Schapiro & Everitt, 2006) as well as the degree of genetic overlap between the species 

(Justice & Dhillon, 2016, Vandamme, 2015). However, emerging information regarding 

genetic differences (Cheng et al., 2014, Lin et al., 2014) seems to make translation of mouse 

studies to humans increasingly difficult, and although an interpretation of these genetic 

findings is beyond the scope of this paper and the authors’ expertise, such studies highlight 

the need for an overall awareness of important similarities and differences between the two 

species for research purposes. To that end, the following review is intended as a practical 

guide to help researchers compare the relative benefits of the two sources of SG and make 

informed choices regarding their use.

Comparisons

Anatomy

Both humans and mice have three pairs of major SG (i.e., parotid gland or PG, sublingual 

gland or SL and submandibular gland or SMG) as well as many minor SG (i.e., anterior and 

posterior lingual, labial, buccal, molar, incisive, and palatine glands) throughout the oral 

cavity (Treuting & Dintzis, 2011). SG produce and secrete specialized solutions onto 

epithelial surfaces through a complex branching system consisting of cells that produce 

salivary proteins and fluids (i.e., acinar cells) as well as those dedicated to modifying and 

transporting saliva (i.e., ductal cells) (Dobrosielski-Vergona, 1993). Another cell type, the 

less studied myoepithelial cells, wrap around the terminal ends of acini and proximal 

segments of ducts and appear to contract, thereby furthering saliva secretion into the lumens 

of the branching network (Garant, 2003).

In humans, the SMG is located in level 1B of the neck (Markey et al., 2017, Hemmat et al., 

2017), inferior to the mandible, superior to the hyoid, and posterior to the anterior belly of 

the digastric muscle (Fig. 1A), while in mice it is located in the ventral cervical 

subcutaneous region (Fig. 1B) (Treuting & Dintzis, 2011). The SMG is approximately half 

the size of the PG in humans, but it is the largest of the three major gland types in mice 

(Dobrosielski-Vergona, 1993, Treuting & Dintzis, 2011). In humans, the SMG is divided 

into two main parts: a large superficial portion located between the mandible and mylohyoid 

muscle and a smaller deep portion located in the sublingual facial space (Dobrosielski-

Vergona, 1993, Ellis, 2012). Humans and mice both have a single duct that directs the saliva 

to the oral cavity (known as “Wharton’s Duct” in humans and unnamed in mice) 

(Dobrosielski-Vergona, 1993). However, significant anatomical differences are noted with 

regard to the SMG and SL glands, as they are separate structures in humans but fused in 

mice (Jonjic, 2001) (leading to the need for caution in performing dissections of the latter, 

given that they could easily be taken for a single gland).

The PG is the largest of the major SG in humans and is located bilaterally in the parotid 

space. The gland abuts the muscles of mastication anteriorly and traverses behind the 

ascending ramus of the mandible posteriorly (Dobrosielski-Vergona, 1993). In mice, the PG 

is the second largest major SG and is positioned between the SMG and the base of the ear 

(Treuting & Dintzis, 2011). Furthermore, there is a second portion of the PG which is only 

present in about 20% of the human population, called the accessory PG (Fig. 1A), which is 

detached from the main body of the gland and sits on the masseter muscle (Dobrosielski-
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Vergona, 1993). Although the mouse PG is comprised of only one portion, it extends 

diffusely over a large area and greatly resembles the nearby exorbital lacrimal gland in its 

fatty texture and whitish color (Fig. 1B) (Treuting & Dintzis, 2011). Secreted components 

from the PG travel through the parotid duct in both humans and mice (referred to as 

Stenson’s duct in humans) where they are carried to the oral cavity.

The smallest of the human major SG is the SL, located beneath the mucous membrane in the 

mouth in sublingual fossa (Fig. 1A) (Dobrosielski-Vergona, 1993). The mouse SL is similar 

to that of humans in that it is the smallest major SG and is comprised of only one lobe; it is 

positioned in the anterior neck of the mouse between the submandibular lymph nodes and 

SMG (Fig. 1B) (Treuting & Dintzis, 2011). Unlike the simple one-duct structure of the PG 

and SMG, the SL empties its contents into up to twenty small ducts, which are sometimes 

referred to as the Ducts of Ravinus (see green colored ducts Fig. 1A) (Dobrosielski-Vergona, 

1993). In both mice and humans, secretions from the SL are deposited beneath the tongue 

onto the floor of the mouth.

Lastly, both mice and humans have numerous minor SG throughout the tissue of the oral 

cavity that produce saliva but do not contribute significant volumes when compared to the 

output of major SG. Human minor SG have been better characterized than those of mice due 

to use of the former in clinical diagnostic procedures (i.e. labial minor salivary glands 

biopsies are often collected during the diagnosis of Sjögren’s Syndrome), while minor SG in 

mice are difficult to dissect given their small size (Wicheta et al., 2017). In humans, the 

seven sub-types of minor SG are the anterior lingual, posterior lingual, labial, buccal, molar, 

incisive, and palatine glands. While the anterior lingual glands produce seromucous 

secretions, the posterior lingual glands are either entirely serous or entirely mucous, 

depending on their location on the tongue (Dobrosielski-Vergona, 1993). The labial glands 

are mucous in nature and found in the submucosal tissue of the lips, while the similarly 

structured buccal glands are located throughout the tissue in the walls of the cheek 

(Dobrosielski-Vergona, 1993). Saliva is deposited near the molars and the inferior part of the 

tongue by the molar and incisive glands, respectively (Dobrosielski-Vergona, 1993). Finally, 

the palatine glands are distributed in submucosal tissue of the soft and hard palate oral 

surfaces (Dobrosielski-Vergona, 1993). In mice, the minor SG are located in the oral 

submucosa and tongue but are not grossly visible, and in contrast to human glands, have 

both mucous and serous acini (Frith & Townsend, 1985).

Histology

Major SG in both humans and mice consist of protein and fluid secreting acinar structures 

draining into a sequential network of intercalated, striated and excretory ducts that transform 

the primary saliva into the final secretion product, which is then delivered into the oral cavity 

(Dobrosielski-Vergona, 1993, Treuting & Dintzis, 2011). Moreover, PG, SL, and SMG 

secrete fluids of comparable composition between both species. The PG is mainly comprised 

of serous acini that secrete a solution containing proline-rich proteins, secretory 

immunoglobulin A, immunoglobulin G, immunoglobulin M and amylase. Conversely, the 

SL is mostly comprised of mucous acini, as it secretes a viscous solution rich in mucins 

(Treuting & Dintzis, 2011, Korsrud & Brandtzaeg, 1980, Smith et al., 1987). Finally, the 
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SMG is comprised of a mixed population of serous and mucous acini, with the greater 

portion being serous and serving as a source of the following: secretory immunoglobulin A, 

immunoglobulin G, immunoglobulin M, secretory immunoglobulin A in both human and 

mice (Kondo et al., 2015, Amano et al., 2012, Korsrud & Brandtzaeg, 1980, Smith et al., 

1987). By contrast, minor SG are comprised of mostly mucous acini, which not only secrete 

mucins but also produce secretory immunoglobulin A (Crawford et al., 1975, Smith et al., 

1987).

It is important to mention as well that mice display sexual dimorphism in their SMG, 

particularly in the granular convoluted and intercalated duct cells (GCT and GID, 

respectively). GCT of the mouse SMG are segments of the duct system situated between the 

intercalated ducts and the striated ducts that are composed of serous-like exocrine cells 

which are larger and more numerous in the glands of males than of females. GID cells are 

localized in the intercalated ducts of mouse SMG in females but not males (Jayasinghe et al., 

1990, Kurabuchi, 2002, Chen et al., 1995, Gresik, 1994, Gresik et al., 1996). Human SMG, 

on the other hand, do not have granular convoluted tubules nor do they display such sexual 

dimorphism (Pinkstaff, 1998, Chen et al., 1995, Gresik, 1994, Gresik et al., 1996). 

Furthermore, researchers should be aware that factors beyond species and sex have been 

observed to affect histological features such as secretory granule presence and localization. 

For instance, the means of tissue fixation (e.g. immersion vs. perfusion and fixative solution 

used), the use of sialagogues prior to tissue collection, and whether or not the tissue source 

was fasting can impact downstream analyses (Watermann et al., 2016, de Lange & 

Vreugdenhil, 1979).

Physiology

Saliva secretion in both humans and mice is controlled by both parasympathetic and 

sympathetic innervation of the autonomic nervous system (Anderson & Garrett, 1998). 

Parasympathetic innervation in PG from both mice and humans starts with stimulation from 

the inferior salivatory nucleus via the auriculotemporal nerve, with axons running along the 

ninth cranial nerve then on through the jugular and otic ganglia (Garant, 2003). Furthermore, 

SMG and SL innervation originates for both species in the superior salivary nucleus, 

propagates along the chorda tympani branch of the facial nerve and SMG ganglion and 

finally innervates the gland via postganglionic fibers (Garant, 2003). As for minor SG in the 

upper jaw (i.e., soft and hard palates as well as in the upper lip), stimulation occurs through 

parasympathetic fibers that originate in the superior salivatory nucleus. These fibers then 

become part of a facial nerve that travels through the geniculate ganglion and later merges 

with the greater petrosal nerve (Dobrosielski-Vergona, 1993, Dumont, 1955). The greater 

petrosal nerve then synapses with post-ganglionic fibers in the pterygopalatine ganglion and 

reaches the minor SG via branches of the trigeminal nerve (Dobrosielski-Vergona, 1993, 

Dumont, 1955). At the same time, nerve fibers leave the geniculate ganglion as part of the 

chorda tympani nerve, synapse in the submandibular ganglion and depart as branches of the 

lingual nerve to innervate the incisive and anterior lingual glands (Dobrosielski-Vergona, 

1993). Alternatively, parasympathetic innervation of the minor SG in the lower jaw (i.e., 
buccal, molar and those near the lower lip) begins in the inferior salivatory nucleus as the 

glossopharyngeal nerve, which synapses in the otic ganglion with post-ganglionic fibers that 
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join the trigeminal nerve (Dobrosielski-Vergona, 1993, Garrett & Anderson, 1991, Garrett et 

al., 1991, Dumont, 1955). Total parasympathetic stimulation terminates in the activation of 

muscarinic cholinergic receptors with the neurotransmitter acetylcholine, thereby leading to 

fluid secretion with low protein content (Garrett et al., 1991, Holmberg & Hoffman, 2014).

As for sympathetic stimulation of the PG, SMG, SL and minor SG, this process starts in the 

first and second thoracic segments of the spinal cord. In this region, nerve fibers coalesce in 

the superior cervical sympathetic ganglion and then connect to post-ganglionic fibers 

following two possible routes, either traveling along the middle meningeal artery and 

through the otic ganglion to the PG or along the maxillary artery and through the 

submaxillary ganglion to the SMG and SL (Garant, 2003). Sympathetic fibers then travel to 

their respective glands where the neurotransmitter norepinephrine activates both α-

adrenergic and β-adrenergic receptors, which in turn leads to protein secretion (Garrett et al., 

1991, Garrett & Anderson, 1991).

Though the function of the autonomic nervous system is similar between mice and humans, 

there is one discernible difference that can be observed in cross-sections of peripheral nerve 

bundles, as detailed below. In both species, nerve axons are organized in bundles called 

fascicles, which in turn are bound into larger nerve trunks. There is connective tissue in 

addition to the myelin sheath that surrounds nerve tissue at each organizational level as 

follows: endoneurium surrounding axons, perineurium surrounding fascicles and epineurium 

surrounding the nerve trunk. Human peripheral nerves have a thicker myelin coating around 

axons as well as more connective tissue in the endoneurium, perineurium, and epineurium 

layers (Thomas, 1963). Furthermore, human axons are more spaced out due to dense 

connective tissue and the fiber diameter is also greater as compared to mouse axons 

(Treuting & Dintzis, 2011); by contrast, mice have a thinner myelin coating as well as less 

connective tissue surrounding the nerves. Though this size difference does not have any 

known impact on observation and comparisons of the innervations systems between the two 

species, it would appear prudent to keep such variations in mind should confounding results 

requiring in-depth interpretation arise.

There are basic anatomical features pertaining to irrigation that are similar between mice and 

humans. While these features can be readily identified and flow patterns thus traced in each 

of the glandular subgroups, little research has been conducted to determine how such blood 

flow contributes to SG function (Lee et al., 2005). With that in mind, information regarding 

the routes of blood flow specific to each species and within the various SG subtypes is 

detailed below to serve as a starting point for such functional studies as follows: Mouse PG 

are irrigated by the anterior auricular artery and blood then passes through the anterior 

auricular vein towards the external jugular vein (Fig. 1B) (Greene, 1955). Similarly, human 

PG are irrigated by the superficial temporal and maxillary arteries, which branch off of the 

external carotid artery, with blood then draining back into the external jugular vein via the 

temporal and maxillary veins (Fig. 1A) (Holsinger & Bui, 2007). As for SMG and SL, they 

are irrigated in mice by the lingual and maxillary branches of the external carotid artery 

(Greene, 1955), with blood returning to the heart through the anterior facial vein. Likewise, 

human SMG and SL receive blood from the lingual and facial arteries that branch off the 

external carotid artery (Holsinger & Bui, 2007), with the blood then draining through the 
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small facial vein branches that coalesce to form the facial vein prior to joining the internal 

jugular vein (Holsinger & Bui, 2007).

Practice guidelines

Obtaining mouse and human tissue

Prior to beginning work, all institutions that perform research with laboratory animals are 

required to have an Institutional Animal Care and Use Committee (IACUC)-approved 

protocol (Silverman et al., 2017, Silverman, 2017, Hansen et al., 2017). Likewise, all 

institutions performing research of any type involving human subjects are required to have 

an Institutional Review Board (IRB)-approved protocol, the key component differentiating 

the latter from the former being the informed consent process, which attempts to assure 

subjects’ right to choose participation in a given study on the basis of the risks and benefits 

as presented by the researchers (Kane & Gallo, 2017, Goldenberg et al., 2015). Note that 

while IACUC and IRB are guidelines used within the United States, similar ethical 

committee guidelines are followed by much of the international community (Ghooi, 2014, 

Grady, 2015, Gettayacamin & Retnam, 2017, Newcomer & McGlone, 2015).

Mice and mouse specimens can be obtained with relative ease from commercial vendors or 

from other research institutions. Human specimens, though admittedly far more difficult to 

obtain, can potentially be found through online tissue repositories with several potential 

limitations as follows: a) availability is unpredictable, b) costs may be high, c) errors (e.g., 
sending the wrong tissue) are common in the authors’ experience and d) vendors may not be 

at liberty to disclose or may not even know vital information regarding the human tissue 

donor. Alternatively, local institutions such as hospitals may offer the possibility of 

obtaining fresh tissues from routine surgeries (e.g., head and neck cancer patients 

undergoing cervical lymphadenctomy) and, if they do, are more likely in the authors’ 

experience to disclose helpful information regarding the donor while not violating basic 

privacy standards. As a final note on obtaining human tissue, success has been gained by the 

authors only with a personal contact (i.e., you have to know somebody at the institution 

providing the tissue or know somebody who does) and the source must be in close enough 

proximity that the samples can be sent cold on ice rather than frozen on dry ice, which 

would render them useless for studies that require fresh specimens (e.g., when fresh isolated 

cells for tissue culture are needed).

Isolating and culturing cells

For our studies, human SMG specimens have been obtained with informed consent from 

patients undergoing neck dissection surgery at a cancer treatment facility within the 

University of Utah campus, while mouse SMG specimens have been obtained from female 

C57BL/6J mice. Following euthanasia procedures, mouse SMG can be easily isolated from 

the anterior region of the body, inferior to the mouth and superior to the fore legs (Baker, 

2017). Male mice yield a large pair of glands that is tough in texture and light in color, while 

females at comparable ages yield a smaller pair that is more delicate and pink in color (per 

authors’ observations). As such, male SMG tissue may require additional mechanical 

digestion prior to filtration to achieve a level of dissociation similar to that found in females 
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(again, per authors’ observations). Likewise, additional mechanical digestion is typically 

required for human SMG as well; however, the yield is significantly greater than of mouse 

SMG, with production from the former being anywhere from 5–10 times greater than that 

from the latter.

As for obtaining primary cells, they can be harvested from either human or mouse SMG, 

with the details of this process covered in Appendix A (Cell isolation and culturing). Several 

concerns should be born in mind during the isolation and culturing process. First, choice of 

substrate determines the type of cells that can be grown, such that plastic yields cell 

suspensions (Baker et al., 2006, Turner & Camden, 1990) while permeable supports (Tran et 

al., 2005) and scaffold proteins (Baker, 2017) lead to monolayers and sphere formations, 

respectively. Further details regarding the types of spheres that may be formed are found in 

Appendix B (Scaffold usage), with no additional information on cell suspensions and/or 

monolayers provided given their rudimentary structures. Next, larger sections of cells are 

more susceptible to breaking off and deterioration in general, given that they adhere to 

supporting surfaces to a lesser degree than smaller cell units and also present greater surface 

area and mass, both of which increase their chances of being swept up in the surrounding 

medium (i.e., during washing and fixation). As such, it is advisable to encapsulate cells 

within histogel and cut slices greater than 200 μm in order to protect against cell cluster loss 

during staining, as detailed in Appendix C (Histogel processing). Additionally, confocal 

microscopy must be performed to demonstrate that key structural components of the cell are 

present. For instance, tight junctions (e.g., ZO-1), adherens junctions (e.g., E-cadherin), 

acinar markers (e.g., aquaporin-5, AQP5) and ductal markers (e.g., cytokeratin 7, CK7) 

markers, see example of a human and mouse tissue sections in Fig. 4. Finally, measurement 

of agonist-induced intracellular calcium increases and cyclic AMP must be performed in live 

samples to demonstrate functionality.

Maintaining cells

Recent studies have demonstrated the importance of acinar cell duplication for promoting 

salivary gland homeostasis (Aure et al., 2015b, Aure et al., 2015a). Specifically, acinar cells 

were shown to have a significant contribution to cell proliferation and SG maintenance, as 

evidenced by acinar cell replacement during homeostasis, growth and regeneration. These 

studies used an inducible CreERT2 expressed under the control of the Mist1 gene locus and 

demonstrated the following: a) genetic labeling, followed by a chase period, showed that 

acinar cell replacement is not driven by the differentiation of unlabeled stem cells, b) 

analysis using R26Brambow2.1 reporter revealed continued proliferation and clonal expansion 

of terminally differentiated acinar cells in salivary glands and c) induced injury also 

demonstrated the regenerative potential of pre-labeled acinar cells (Aure et al., 2015b). 

These findings suggest that SG maintenance relies to some extent on self-duplication, an 

assertion supported by a handful of earlier studies in salivary glands (Redman, 1995, Chang, 

1974) and other organs (Dor et al., 2004). However, there is longstanding evidence that stem 

cells also contribute to salivary gland homeostasis (Pringle et al., 2016, Nanduri et al., 2011, 

Lombaert et al., 2008, Jeong et al., 2013, Feng et al., 2009). As such, the origin of 

differentiated epithelial cell types is still incompletely understood in the salivary gland and 

confirmatory studies are warranted to both better understand the relative contributions from 
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the likely candidates mentioned above and determine if other cells may also be involved in 

this process.

Areas of growth

The following is a list of research programs that are currently being conducted primarily 

with mice and that ostensibly will be of clinical relevance for humans. As such, findings 

from each of these particular areas must be tested within human cells at a minimum to begin 

to make explicit the connections between the two species. Note that, consistent with the 

theme of this review, the following list of topics is not intended to be exhaustive but rather to 

highlight some obvious needs for exploration and provide some examples of how 

translational viability may be provisionally established.

Mouse salisphere transplantation

The term “salispheres” from salivary gland stem/progenitor cells is a neologism patterned 

after similar terms from other parts of the body (e.g., mammospheres and neurospheres) 

(Liao et al., 2007, Marshall et al., 2007). In a 2011 study, primary mouse SMG cells were 

cultured as salispheres in vitro for three days prior to transplantation into irradiated SMG. 

For these studies, mouse SMG were irradiated with 15 Gy and after 30 days either received a 

suspension of selected cells expressing stem cell markers or did not receive any transplanted 

cells. 120 days post-irradiation or 90 days after transplantation, the degree of functional 

regeneration was assessed by measuring salivary flow rate in mice receiving transplantations 

of various stem cell-rich sub-populations. Results indicate that mice receiving primarily c-kit 

positive and CD133 positive cells showed the most significant recovery in salivary flow rates 

(Nanduri et al., 2011), thereby offering preliminary support for the use of progenitor cell-

based salispheres in SG regeneration.

Human salisphere transplantation

Results of a recent study suggest salisphere cell therapy may be beneficial for the treatment 

of xerostomia (Pringle et al., 2016). In it, primary human salispheres were cultured from 

healthy human SMG biopsies for three to five days and injected at various cell densities to 

post-irradiated mouse SMGs (30 days post-irradiation; 5 Gy dose) (Pringle et al., 2016). 

Results showed observable cell proliferation and differentiation of the human salisphere 

cells in the mouse SMG 30–60 days after transplantation or 60–90 days post-irradiation, 

with mice receiving the greatest number of transplanted cells demonstrating the highest 

degree of salivary flow rate recovery at end-stage analyses. Further studies are needed, 

however, to better understand signaling mechanisms between donor and recipient stem cells 

and to determine what other cell types might be involved in this process.

Bioengineered organ germ

In some cases, gland damage is so extensive that there is not a great enough reservoir of 

intact cells to harbor transplanted salispheres or single cells, thereby making whole organ 

transplantation desirable. For this reason, techniques to generate whole glands starting with 

isolated epithelial and mesenchymal cells from embryonic mice have been explored (Ogawa 

et al., 2013). While some studies have focused solely on the epithelium as it pertains to 
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bioengineering a gland, this technique aims to maintain proper epithelium-mesenchyme 

signaling for organized gland morphogenesis, as would be observed in vivo. Interestingly, 

mice with SG defects receiving engraftments of bioengineered glands demonstrated 

pilocarpine- and citrate-induced saliva secretion (Ogawa et al., 2013); however, application 

of such findings to humans appears not to be an option in the near future, given difficulties 

in obtaining human embryonic cells in light of federal funding bans on such research. 

(Reisman & Adams, 2014).

Radioprotective nanoparticle delivery

Radiation exposure for head and neck cancer treatment causes apoptosis of salivary acinar, 

ductal, and progenitor cells, thereby leading to hyposalivation (Stephens et al., 1991, Avila et 

al., 2009). In order to overcome this issue, local delivery of siRNA-complexed nanoparticles 

against the pro-apoptotic PKCδ gene has been shown to reduce cell death following 

radiation treatment (Arany et al., 2013). This method was first used in primary SG cultures 

and later repeated using a mouse model with similar findings noted (Arany et al., 2013). 

Specifically, post-treatment functional studies involving a mouse model indicated enhanced 

saliva secretion rates three months following irradiation when PKCδ-targeted siRNA 

nanoparticles were employed (Arany et al., 2013).

Hedgehog pathway activation

Further attempts at protecting and restoring irradiated tissue involve activating the Hedgehog 

pathway, which signals during regeneration of the adult mouse SG and appears to promote 

the preservation of parasympathetic innervation (Hai et al., 2014). Specifically, it has been 

observed that irradiation inhibits the expression of two important markers of 

parasympathetic nerves, namely acetylcholinesterase (AChE) and glial cell line-derived 

neurotrophic factor family receptor a2, but that transient activation of the hedgehog pathway 

mitigated this effect (Hai et al., 2014). Additionally, both qRT-PCR and ELISA confirmed 

an upregulation of a brain-derived neurotrophic factor (Hai et al., 2014) and that genes 

associated with salivary stem and progenitor cells are also affected, making this stand out as 

a promising post-irradiation therapy (Hai et al., 2014, Hai et al., 2016). Finally, other 

pathways implicated in SG development and regeneration (e.g. FGF, Wnt, Hedgehog, Eda, 

Notch, Chrm1/HB-EGF) could potentially be exploited to promote cell survival and 

glandular secretion in post-irradiated glands (Liu & Wang, 2014).

Induction of aquaporin gene expression

Gene therapy using aquaporin-1 (AQP1) has been used for both pre-clinical and clinical 

studies to treat radiation-induced salivary gland hypofunction (Baum et al., 2006, Delporte 

& Baum, 1998, Delporte et al., 1996a, Delporte et al., 1996b, O’Connell et al., 1999). More 

recent work on this topic has shown that beneficial effects can continue years after parotid 

gland delivery (Alevizos et al., 2017), while other studies have demonstrated that that AQP1 

gene therapy can also restore fluid movement in a murine model of Sjögren’s syndrome (Lai 

et al., 2016). Together, these results indicate the feasibility and benefits of using AQP1 gene 

delivery for treating various salivary gland conditions; however, new delivery methods are 

warranted to minimize any risk for immune response with repeated administrations 

(Lowenstein et al., 2007). To that end, a recent study demonstrated that ultrasound-assisted 
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non-viral gene transfer could be a viable alternative means for delivering the AQP1 gene to 

the salivary gland (Wang et al., 2015). The potential reach of this technology is great due to 

the vast number of candidate genes that may be targeted as well as the possibility of 

applying it with patients while avoiding invasive surgical procedures. Finally, if used in 

combination, techniques such as hedgehog pathway activation (Liu & Wang, 2014, Hai et 

al., 2016) together with progenitor cell transplantation (Pringle et al., 2016, Nanduri et al., 

2011) may yield even better outcomes than either technique alone, as the former preserves 

native structure while the latter supplements cell populations too vulnerable to survive 

irradiation.

Microfluidic systems

Several groups are trying to build organ-on-chip systems which create microfluidic cell 

culture devices using microchip manufacturing methods. This system contains continuously 

perfused chambers inhabited by living cells arranged to simulate tissue- and organ-level 

physiology (Kong et al., 2016). By resembling tissue-tissue interfaces, physicochemical 

microenvironments and vascular irrigation of the body, these devices produce levels of tissue 

and organ functionality not possible with conventional 2D or 3D culture systems while also 

enabling high-resolution, real-time imaging and in vitro analysis of biochemical, genetic and 

metabolic activities of living cells in a functional tissue and organ context (Mosier et al., 

2014). Given that organ-on-chip methods have already proven useful for the study of 

multiple organ systems (Alexander et al., 2017, Caballero et al., 2017, Esch et al., 2015, 

Escutia-Guadarrama et al., 2017, Kodzius et al., 2017, Mosig, 2017, van der Helm et al., 

2016), there is little doubt that this technology shows great potential to advance the study of 

SG development, physiology and disease etiology. Moreover, it could be a game changer in 

the context of drug discovery and development by making possible nearly limitless trials, 

thereby leading to cheaper and better targeted studies of molecular mechanisms of action, 

prioritization of lead candidates, toxicity testing and biomarker identification (Liu et al., 

2017).

Induced pluripotent stem cells

Induced pluripotent stem cells (iPSC) can be directly generated from adult cells, thereby 

circumventing the controversy of using stem cells from embryos (Yu et al., 2007). 

Specifically, iPSC propagate indefinitely and also give rise to many other cell types in the 

body (e.g., neurons, pancreatic, and liver cells) (Stadtfeld & Hochedlinger, 2010). Moreover, 

they represent a single source that could be used to replace those cells lost to damage or 

disease. Finally, they could potentially be made in a patient-matched manner, meaning that 

each individual could have their own targeted pluripotent stem cell line (Lin et al., 2017). As 

a preliminary model, iPSC were obtained from parotid gland-derived mesenchymal stem 

cells (Yan et al., 2016); however, advancement of this process would require that safety be 

determined, a significant hurdle in light of frequent teratoma formation (Ono et al., 2015).

Conclusion

We would like to close this review with a thought experiment that we hope highlights the 

need for us to change the way we think and our research. What if we had infinite resources 
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to conduct our current research programs – would we know more about how our findings 

relate to the real world human problems that we are working towards fixing? What if we had 

infinite money, access to human tissue and even clinical trials, and no oversight worries to 

constrain us? Would we be closer to hitting the mark of knowing how what we study in 

simulation with mice actually would play out in the real world with humans? We fear that 

we would not. Even with the obvious impediments above removed, there is still something 

very real getting in the way of such progress. Research is incentivized for us to work in 

isolation on discrete problems, thereby leading to the next publication and hopefully the next 

grant. One of the big questions, this review has attempted to raise a very big methodological 

issue, that of how our simulations using mice relate to the real world of human treatment. In 

order for us to get over the hump, we would need some basic opportunities to present 

themselves, including funding and access to human specimens as well as a reasonable 

accord with those who review and oversee our work. However, we would also need to see 

the relevance ourselves a pursuing such difficult questions as what our mouse-based research 

has to do with the problems that we are supposedly tracking. To do this, we would need to 

look beyond our immediate self-interest and work together to a greater degree than we are 

typically accustomed to doing. On the positive side, however, we really are establishing the 

relevance for and ensuring the survival of what we do if we are able to mobilize and work 

together to make sure that our work reaches and benefits those who ultimately support it, 

humans of the general public. Hopefully this review contributes in some small way to just 

such an endeavor.

Appendix

A – Methods, cell isolation and culturing

Human studies have been approved by the University of Utah Institutional Review Board on 

August 15th 2017 under the number IRB_00077943. Mouse studies have been approved by 

the University of Utah Institutional Animal Care and Use Committee on May 24th 2017 

under the number IACUC_14–06012. Mouse and human submandibular glands were 

mechanically and enzymatically dissociated and homogenized (Fig. 2). The homogenate of 

each specie was further dispersed by filtration and centrifugation to obtain salivary acinar 

and ductal cells. Specifically, MACS Human enzyme kit solution [4.7 ml DMEM, 100 μl 

Enzyme R, 20 μl Enzyme A, 200 μl Enzyme H] (Miltenyi Biotec, Bergisch Gladbach, 

Germany) was thawed and mixed according to the manufacturer’s instruction. If Next, both 

mouse and human tissue samples were placed in weigh dishes, covered with MACS Human 

enzyme kit solution (Miltenyi Biotec) and minced into approximately one mm2 pieces using 

two sterile scalpel blades. The minced tissue and enzyme solution were then transferred to a 

GentleMACS C-Tube (Miltenyi Biotec), inverted and processed on a GentleMACS Tissue 

Dissociator (Miltenyi Biotec). The following pre-defined protocols were utilized on the 

GentleMACs tissue dissociator in succession: h_tumor_01, h_tumor_02 and h_tumor_03. 

Next, the tube was re-oriented and incubated at 37°C for twenty min in a shaking water bath. 

The tube was then inverted once again and processed using the GentleMACS Tissue 

Dissociator to further break down the tissue mechanically. At this point, the tube was re-

oriented and incubated for another twenty min at 37°C in a shaking water bath. The tissue 

was ultimately incubated at 37°C and processed on the tissue dissociator three or more 
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times, depending on the degree of tissue dispersion observed. In most instances, a defined 

protocol (h_tumor_01) was run a fourth or fifth time on the GentleMACs tissue dissociator 

in order to achieve a level of homogenization comparable to mouse SMG tissue. The tube 

was then centrifuged at 150 × g for eight min at 37°C, the solution removed and the pellet 

re-suspended in complete proliferation medium [DMEM/Ham’s F12 (1:1) containing 2.5% 

(v/v) fetal bovine serum (GIBCO BRL, Gaithersburg, MD) along with the following 

supplements: 2 nM triiodothyronine, 0.1 μM retinoic acid, 0.4 μg/ml hydrocortisone, 80 

ng/ml epidermal growth factor, 5 ng/ml sodium selenite, 5 mM glutamine, 5 μg/ml insulin, 5 

μg/ml transferrin]. At this time, cells were passed successively through 100 μm, 70 μm, and 

40 μm sterile cell strainers and washed via centrifugation (150 × g for 5 min at 37°C), with 

the pellet re-suspended in complete proliferation medium (as described above). Suspended 

cells and cell clusters were then diluted 1:1 in Trypan Blue (Thermo Fisher Scientific, 

Waltham, MA) and counted using a hemocytometer (Hausser Scientific, Horsham, PA) and 

EVOS microscope (Life Technologies, Carlsbad, CA). Note that this same procedure can be 

performed without access to such specialized equipment as follows: a) Glands can be finely 

minced with blades in DMEM-F12 medium supplemented with enzymes (i.e., hyaluronidase 

and collagenase). B) Tissue is then dispersed in a plastic flask while shaking in water bath at 

37°C with 95% O2-5% CO2 gas and cell aggregates are obtained by pipetting homogenates 

at 20 and 30 min and washing with buffer. C) Cells are then centrifuged at room 

temperature, re-suspended in supplemented medium and plated for tissue culture. For more 

details on this alternate procedure, see previous publications (Baker et al., 2006, Nelson et 

al., 2014).

Once obtained, cells can be plated on various substrates that will dictate the type of salivary 

epithelial structures to be formed in vitro. For this study, 100 μl of highly purified Laminin-1 

gel (Trevigen, Catalog Number: 3446-005-01) were plated on eight-well chambers mounted 

on #1 German borosilicate cover glass (Nalge Nunc International Corporation, Naperville, 

IL), while L1 gel was plated at a concentration of six mg/ml and allowed to solidify at 37°C 

for one hour. SMG cell clusters were then dissociated and seeded at approximately 8,500 

cell clusters per well. Then, SMG cells were grown in an incubator at 37°C with 95% air and 

5% CO2 in a supplemented DMEM/Ham’s F12 medium. Finally, TO-PRO™−3 iodide and 

phalloidin were used to stain nuclei blue and F-actin red, respectively (Fig. 3A, 3B, 3C, 3E, 

3F, 3G).

B – Scaffold usage

SMG cells can grow on various scaffolds to form 3D structures. These matrices may consist 

of decellularized tissue, Matrigel, polymers and hydrogels (Maria et al., 2011, McCall et al., 

2013), all of which can be further optimized with peptides and growth factors (McCall et al., 

2013, Nam et al., 2016). Regarding decellularization, rat SMG have been successfully 

decellularized for use as a scaffold to reseed primary cells (Gao et al., 2014); however, this 

technique has not yet been performed with human cells. Regarding, Matrigel, they can 

support the growth of many cell types due to their rich composition (Kleinman & Martin, 

2005); however, they are derived from Engelbreth-Holm-Swarm tumors, which have been 

observed to increase tumorigenesis in vivo (Noël et al., 1993). Regarding polymers and 

hydrogels, chemically defined and biologically inert compounds have shown great potential 
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for supporting primary SG cell growth while minimizing the concerns for tumorigenesis 

upon implantation. For example, enzymatically degradable poly (ethylene glycol) hydrogels 

support an acinar cell phenotype in primary mouse SMG cells, as demonstrated by 

maintained expression of the markers AQP5 and Nkcc1 (Shubin et al., 2017). Additionally, 

hydrogels offer more flexibility by providing the option to plate cells on top of or to 

encapsulate them within a gel (Shubin et al., 2017, Pradhan-Bhatt et al., 2013). Moreover, 

repeatable encapsulation can be difficult to achieve given quick sedimentation rates of cell 

clusters. Finally, this issue has at times been addressed by utilizing photopolymerizable 

components that can be solidified quickly, thus trapping cells in suspension (Shubin et al., 

2017).

C – Histogel processing

Histogel (i.e., an aqueous hydroxyethyl agarose based gel useful in processing histological 

and cytological specimens; Thermo Fisher Scientific) was warmed to 60° C in a water bath 

to achieve a liquid consistency. Media from cell culture plates were then removed and 150–

200 μl of warmed histogel added to each well of grown cell clusters. Using the pipette tip, 

histogel was gently mixed and cell clusters and ECM scaffold transferred into a small plastic 

mold on ice. The contents of multiple wells were then pooled to increase cell cluster density 

in each mold, and once the mixture was cooled, it was transferred to a labeled tissue cassette 

and fixed overnight (at 4° C in 10% buffered formalin). The following day, cassettes were 

moved to 70% ethanol, embedded in paraffin, sectioned and stained with H&E to visualize 

cell cluster organization (Fig. 3D and 3H). Confocal microscopy was then performed on 

SMG cell clusters fixed in 10% buffered formalin (Fisher Scientific, Waltham, MA) for 

fifteen min at room temperature, at which time they were incubated with 0.1% Triton X-100 

(Fisher Scientific) for twenty min and washed with 1× PBS three times for five min. Cell 

clusters were then incubated in an AlexaFluor 568 Phalloidin filamentous actin stain (1:400 

dilution, Thermo Fisher Scientific) for one hour, followed by a TO-PRO™−3 iodide nuclear 

stain (1: 1,000 dilution, Thermo Fisher Scientific) for fifteen min. Finally, cell clusters were 

washed three times for five min with 1× PBS prior to imaging with a Carl Zeiss LSM 700 

confocal microscope (Zeiss, Oberkochen, Germany).

D – Detection of salivary glands structural markers using confocal 

microscopy.

Frozen tissue sections of mouse and human SMG were fixed with 10% buffered formalin 

(Fisher Scientific) for 10 mins at room temperature, permeabilized with 0.1% Triton X-100 

(Fisher Scientific) for 12 min, and washed three times with 1 × PBS for 5 min. Sections 

were then incubated in 5% goat serum (Sigma Aldrich, St. Louis, MO) for 1 h at room 

temperature. Then, the following primary antibodies were used (overnight incubation at 4°C 

in 5% goat serum) to localize various structural features in the SMG: rabbit anti-zonula 

occludens-1 (ZO-1; 1:200 dilution; Invitrogen, Carlsbad, CA), mouse anti-E-cadherin (1:250 

dilution; BD Biosciences, San Jose, CA), rabbit anti-Aquaporin-5 (AQP-5; 1:250 dilution; 

Abcam, Cambridge, MA), and mouse anti-Cytokeratin-7 (CK-7; 1:250 dilution; Abcam). 

The following day tissue sections were washed 3 times for 5 min with 1× PBS, and 
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incubated in corresponding fluorescently labeled secondary antibodies (1:500 dilution in 5% 

goat serum) for 1 h. Finally, tissue sections were washed again 3 times for 5 min with 1× 

PBS, incubated in TO-PROtm-3 iodide nuclear stain (1:1,000 dilution; Thermo Fisher 

Scientific) for 12 min at room temperature, washed 3 times for 5 min with 1× PBS, and 

mounted with coverglass and ProLongTM Gold Antifade mountant (Thermo Fisher 

Scientific) and imaging was done with a Carl Zeiss LSM 700 confocal microscope (Zeiss), 

see Fig. 4.
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Figure 1: Anatomy of (A) human and (B) mouse salivary glands.
Both humans and mice possess three pairs of major salivary glands (the parotid, sublingual, 

and submandibular glands), as well as hundreds of minor salivary glands (not illustrated due 

to space constraints). Each major gland empties its contents into a specific duct that 
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terminates within the oral cavity. The major salivary glands also receive blood and neuronal 

signals from complex networks of vessels and nerves; however, only parasympathetic 

innervation is depicted (again, in the interest of space). Shown are nerves (yellow), arteries 

and veins (red and blue respectively), ducts (green). Both frontal and side view are shown.
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Figure 2: Human and mouse submandibular gland cell isolation process.
Submandibular glands (SMG) can be obtained from humans or mice, as described in 

Obtaining mouse and human tissue. Our lab utilizes a GentleMACS Tissue Dissociator 

(Miltenyi Biotec) and its associated enzyme cocktail for cell isolation, with cells later plated 

on ECM scaffolds to form 3D salivary spheroids (Baker, 2017).
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Figure 3: Culturing human and mouse submandibular gland cells.
Human (A-D) and mouse (E-H) SMG tissue was obtained and dissociated (as detailed in 

Fig. 2). Suspended cells and cell clusters were then plated on Laminin-111 (L1) gel in 8-well 

chambered coverglass slides and grown for 6 (A, E), 14 (B, F), and 22 (C, G) days. TO-

PRO™−3 iodide and phalloidin were used to stain nuclei blue and F-actin red, respectively 

(A, B, C, E, F, G). Human (D) and mouse (H) SMG cells were then cultured on 

Laminin-111 rich gel for six days and captured in histogel for fixing, sectioning, and 

staining with H&E. Yellow dotted lines are indicative of lumen formation (as evidenced by a 

lack of nuclei) and white arrowheads point to apically localized F-actin (A, B, C, F).
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Figure 4. Markers of human and mouse salivary glands.
Submandibular glands (SMG) were frozen, fixed and stained as described in Appendix D. 

Then, confocal microscopy was utilized to localize some of the structural markers in native 

tissue from human (A, B) and mouse (C, D) SMG. White arrowheads highlight the apical 

localization of the tight junction protein, zonula occludens-1 (A, C; ZO-1, green) in both 

human (A) and mouse (C) SMG. Aquaporin-5 (B, D; AQP5, green) and cytokeratin 7 (B, D; 
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CK7, red) identify acinar (yellow arrowheads) and ductal epithelial cells (blue arrowheads), 

respectively in human (B) and mouse (D) SMG.
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