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ABSTRACT OF THE DISSERTATION 

 

Age-related decline of occluding junctions in  

Drosophila melanogaster 

 

by 

 

Rachel Ann Hodge 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

Professor Margot Elizabeth Quinlan, Chair 

 

Intestinal barrier function declines across species with age, including Drosophila 

melanogaster, and the causes are unknown. Occluding junctions, referred to as tight 

junctions (TJs) in mammals and septate junctions (SJs) in arthropods, contribute 

significantly to the maintenance of intestinal barrier function. The tricellular septate 

junction (tSJ) is at the point where three adjacent cells meet. Our lab previously 

demonstrated that aging results in mis-localization of the tricellular SJ (tSJ)-specific 

component Gliotactin (Gli) in enterocytes (ECs) of the fly intestine. Because we found Gli 

is required at the tSJ to maintain intestinal homeostasis, we decided to investigate the 

tSJ protein Bark beetle (Bark) to find if it is similarly required. Like Gli, Bark appears to 

mislocalize away from the tSJ in aged fly intestines. EC-specific bark depletion in young 

flies disrupted intestinal stem cell homeostasis, compromised intestinal barrier function, 
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and shortened lifespan. We concluded that Bark is required at the tSJ to maintain 

intestinal homeostasis, and that mislocalization of Bark in aged flies may contribute to the 

overall intestinal aging phenotype. Additionally, we had previous evidence that suggested 

age-related SJ protein mislocalization is due to changes in vesicular trafficking. Our 

preliminary data indicates early and late endosomes may increase in size or aggregation 

in the aged fly intestine, and SJ proteins Mesh and Gli may respectively accumulate in 

each compartment. The endocytosis pathway also appears to be required for normal SJ 

protein localization in the intestine. Future studies will further characterize age-related 

changes in vesicular trafficking in the fly intestine, which may be beneficial for prevention 

of age-related intestinal barrier decline in humans. 
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The Drosophila posterior midgut (PMG) is analogous to the mammalian small 

intestine 

The Drosophila melanogaster posterior midgut (PMG) is analogous to the human 

small intestine (Apidianakis & Rahme, 2011), since both are responsible for nutrient 

absorption. The PMG epithelium is composed primarily of post-mitotic enterocytes (ECs), 

polyploid cells with microvilli which facilitate the absorption of nutrients from food. ECs, 

along with secretory enteroendocrine (EE) cells, are maintained by a pool of intestinal 

stem cells (ISCs). ISCs primarily generate daughter enteroblasts (EBs), which then 

differentiate into either mature ECs or EEs (Apidianakis & Rahme, 2011) (Fig. 1-1). EB 

fate is specified by activation of the Notch signaling pathway (Ohlstein & Spradling, 2007; 

Micchelli & Perrimon, 2006), leading to the expression of the transcription factor 

klumpfuss (klu) in EBs. EE and EC fate decisions become stochastic upon loss of lineage 

specifying klu, and EB fates can be tracked using specific klu-based lineage tracing tools 

(e.g. kluReDDM) (Reiff et al., 2019; Korzelius et al., 2019). Due to Drosophila’s short life 

cycle and readily available genetic tools, including genetic drivers specific to subtypes of 

intestinal cells, it is a tractable model system for the mammalian small intestine. 
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Figure 1-1: The Drosophila melanogaster posterior midgut. The posterior midgut (PMG) 

is a monolayer epithelium composed primarily of absorptive enterocytes (ECs). ECs and 

secretory enteroendocrine cells (EEs) are continuously turned over by intestinal stem 

cells (ISCs). ISCs can asymmetrically divide to produce daughter enteroblasts (EBs) 

which further differentiate into post-mitotic ECs or EEs. ECs and EEs have septate 

junctions (SJs, orange) and adherens junctions (AJs, green). (Chris Koehler). 
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Barrier function is required in epithelia 

Barrier function in the intestinal epithelium allows selective paracellular transport 

of water, ions, and nutrients while maintaining food matter and microbes inside the 

intestinal lumen (Marchiando et al, 2010). This is thought to be particularly crucial to 

homeostasis because leakage of food matter or microbes could be harmful to interstitial 

tissues. There is a strong correlation between aging and decline in intestinal barrier 

integrity across multiple species, including rats, baboons, and Drosophila melanogaster 

(Kirkwood, 2004; Biteau et al., 2008; Ren et al., 2014; Schiffrin et al., 2010; Tran & 

Greenwood-Van Meerveld, 2013; Rera et al., 2012). Age-associated loss of the intestinal 

barrier in Drosophila is associated with systemic metabolic defects, such as changes in 

insulin/insulin-like growth factor signaling, intestinal dysbiosis, chronic expression of 

inflammatory genes, and an increase in proliferation of intestinal stem cells (ISCs) (Choi 

et al., 2011; Clark et al., 2015; Rera et al., 2012; Guo et al., 2014). In humans, 

inflammatory bowel disease (Michielan & D’Incà, 2015) and other gastrointestinal 

disorders such as celiac disease (Schuppan et al., 2009) are correlated with increased 

intestinal permeability. 

Assays for barrier function 

 Studies of epithelial barrier function use a variety of methods to track permeability 

changes in vivo. Trans-epithelial electrical resistance (TEER) can be utilized ex vivo to 

determine permeability in an epithelial monolayer (Mullin et al., 2002; Tran & Greenwood-

Van Meerveld, 2013), but this has limited applications in studying the complex effects of 

aging. In particular, the microbiome and immune system have been demonstrated to alter 
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intestinal permeability (Clark et al., 2015; Rera et al., 2012), which TEER cannot 

accurately account for. 

 Drosophila are an especially useful tool to survey intestinal barrier function due to 

their translucent abdomen allowing easy in vivo tracking. In 2011, the “Smurf assay” was 

developed as a noninvasive tool to track Drosophila intestinal barrier loss (Rera et al., 

2011). Flies are fed a nontoxic blue food dye, which is too large to be passively 

transported across healthy intestinal epithelia. In these individuals, dye is clearly visible 

only in the digestive tract when the abdomen is viewed under a light microscope (Fig. 1-

2, left). However, with a stressor like age, intestinal injury, or acute cold stress, dye moves 

into the hemolymph and turns the fly’s body bright blue (a “Smurf”) (Rera et al., 2011; 

MacMillan et al., 2017; Resnik-Docampo et al., 2017). Spontaneous “Smurfing,” indicating 

severe intestinal barrier loss, is associated with impending death within several days. The 

severity of this phenotype is apparent through its clear visual difference to non-Smurfs, 

and because both young and old Smurf flies have significantly shorter lives than age-

matched counterparts (Rera et al., 2012).  

Because the Smurf assay is a noninvasive monitor of barrier function that can be 

easily used in a large sample size, it allows researchers to pinpoint when digestive barrier 

function fails. Following the development of the Smurf assay, it was adapted for use in 

zebrafish and C. elegans (Martins et al., 2018). Variations have also been performed 

using fluorescently labeled dextran and D-mannitol, allowing quantification of dye 

movement and use in vertebrate model systems (MacMillan et al., 2017; Condette et al., 

2014; Bagnat et al., 2007). Given these benefits, our lab uses the Drosophila Smurf assay 
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to determine when severe intestinal barrier loss occurs during aging or upon disruption of 

intestinal homeostasis. 

 

Figure 1-2: The Smurf assay indicates severe intestinal barrier loss. In the Smurf assay, 

flies are fed a non-toxic blue food dye. In flies with normal intestinal barrier function (i.e. 

young and without manipulation of the barrier), blue dye is visible through the translucent 

abdomen (left). In flies with severe intestinal barrier loss, blue dye spreads through the 

hemolymph, turning the entire body bright blue (right). 

Occluding junctions contribute to barrier function 

 Multiple factors, including the microbiome, metabolism, and immune system in 

Drosophila (Clark et al., 2015) and the mucus layer in mammals (Mu et al., 2017), have 

been identified as key components of intestinal barrier maintenance. One of the most 
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well-characterized contributors to epithelial barrier function are intercellular occluding 

junctions, referred to as tight junctions (TJs) in vertebrates and septate junctions (SJs) in 

arthropods, play a major role in maintenance of the endothelial and epithelial barriers, 

including the intestinal barrier (Resnik-Docampo et al., 2017; Salazar et al., 2018; Izumi 

et al., 2019). In Drosophila, maintenance of SJs in the intestine is required for normal 

barrier function. For example, our lab has previously demonstrated that SJ disruption by 

depletion of the SJ component Gliotactin (Gli) in adult fly ECs is sufficient to accelerate 

barrier loss and shorten lifespan (Resnik-Docampo et al., 2017). Additionally, TJ integrity 

has been demonstrated to play an essential role in human health, since a variety of 

diseases are associated with TJ gene mutations. For example, mutations in claudin-14 or 

tricellulin are associated with non-syndromic deafness, and mutations in ZO-2 are 

associated with familial hypercholanaemia (Zihni et al., 2016). Based on these studies, a 

greater understanding of occluding junction assembly and maintenance could be 

beneficial in treating genetic disorders associated with TJ gene mutations. 

While TJs and SJs appear different ultrastructurally, they share many homologous 

proteins and both restrict passive paracellular transport. TJs use a branched network of 

independently sealing strands to create a semipermeable barrier at “kissing points” 

between adjacent membranes, and SJs reduce net solute diffusion by increasing 

diffusional distance across the junction with bridge-like structures called septa (Mariano 

et al., 2011; Furuse & Tsukita, 2006). SJs are formed during late embryogenesis in 

Drosophila (Tepass & Hartenstein, 1994), and their components are continuously turned 

over across the cell’s lifetime (Oshima & Fehon, 2011). 



8 
 

TJ transmembrane proteins, which include claudins, occludin and JAM proteins, 

form the “kissing points” that adhere adjacent cell membranes. TJ cytosolic proteins, such 

as ZO proteins, link TJs to the cytoskeleton (Zihni et al., 2016). While extensive studies 

using tools such as freeze-fracture electron microscopy have mapped the architecture of 

TJs, the ultrastructure of SJs is less well characterized. SJs are composed of a core 

complex of transmembrane proteins (Oshima & Fehon, 2011), as well as scaffolding 

proteins similar to ZO proteins (Willott et al., 1993). The scaffolding proteins Discs large 

(Dlg) (homologous to mammalian ZO-1) and Scribbled (Scrib) are essential for the 

epithelial barrier, and are also required for the maintenance of basolateral epithelial 

polarity (Bilder et al., 2000). The claudin-like proteins, including Snakeskin (Ssk), Mesh, 

and Tetraspanin 2A (Tsp2A) are thought to form the distinctive “ladder rungs” of the SJ 

visible in electron micrographs (Izumi et al., 2012). 

In Drosophila melanogaster, pleated SJs (pSJs) are found in ectodermally-derived 

epithelia, whereas smooth SJs (sSJs) are found in endodermally-derived tissue such as 

the midgut (Tepass & Hartenstein, 1994; Lane & Skaer, 1980; Resnik-Docampo et al., 

2018). pSJs and sSJs share most of the same protein components, and are named for 

their different visual appearances (Fig. 1-3). Like tight junctions, sSJs in Drosophila are 

oriented apically relative to adherens junctions (Resnik-Docampo et al., 2018), making 

the Drosophila intestine a more ideal model for studying intestinal barrier function. 
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Figure 1-3: Organization of the vertebrate tight junction (TJ) and arthropod septate 

junction (SJ). In epithelial tissues, tight junctions (TJs) are oriented apically relative to 

adherens junctions (AJs), as are smooth septate junctions (sSJs). However, pleated 

septate junctions (pSJs) are oriented basally relative to AJs. (Izumi et al., 2014). 

Aging causes systemic dysfunction in the PMG 

In the aged midgut, ISC proliferation increases dramatically, as measured by an 

increase in cells expressing the ISC/EB marker Escargot (esg) and a significant increase 

in mitotic events (Biteau et al., 2008; Li & Jasper, 2016; Jiang et al., 2009; Choi et al., 

2008; Park et al., 2009). This increased proliferation causes psuedostratification of the 

epithelium, as well as an accumulation of cells that may be misdifferentiated (i.e., no 
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defined identity). Additional aging phenotypes in the PMG, which have been well-

characterized, include an apparent loss of SJ physical integrity (visible gaps between 

membranes) (Resnik-Docampo et al., 2017), dysbiosis, inflammation (Clark et al., 2015), 

changes in insulin/insulin-like growth factor signaling (Choi et al., 2011; Clark et al., 2015; 

Rera et al., 2012; Guo et al., 2014), activation of the JNK stressor pathway (Biteau et al., 

2008), and loss of the intestinal barrier (Resnik-Docampo et al., 2017) (Fig. 1-4). 

“Smurfing,” indicating severe intestinal barrier loss, generally occurs within several days 

before death. Depletion of SJ components via RNAi expression in the PMG recapitulates 

multiple aging phenotypes, including increased esg+ cells, increased JNK pathway 

activity, and severe intestinal barrier loss (Resnik-Docampo et al., 2017). Notably, we 

performed a screen assessing JNK pathway activity and found that depletion of multiple 

SJ components, such as Bark beetle (Bark), is sufficient to significantly increase 

expression of the JNK pathway repressor puckered (puc) (Martín-Blanco et al., 1998) 

(Fig. 1-5). 

 

Figure 1-4: Effects of aging on intestinal stem cells (ISCs) and intestinal homeostasis. 

The Drosophila intestinal epithelium is comprised of ISCs, enteroblasts (EBs), 
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enteroendocrine cells (EEs) and enterocytes (ECs). GFP (green; esg-GFP) labels ISCs 

and EBs; Suppressor of Hairless-lacZ (Su(H)) (red, cytoplasmic) labels EBs. ECs can be 

identified by DAPI staining (blue) of their polyploid nuclei. With age, intestinal stem cells 

(ISCs, green, esg+) in the posterior midgut begin to proliferate in an irregular manner, 

giving rise to progenitor cells that simultaneously express markers of ISCs and 

differentiated ECs. (Chris Koehler). 
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Figure 1-5: Depletion of the SJ component Bark beetle (Bark) significantly increases JNK 

pathway activity and number of esg+ cells. Young (2 do) flies with induced expression of 

5966GS>UAS-Bark RNAiGD for 9 days (B) have significantly higher JNK pathway activity 

(n = 4), as measured by mean fluorescence intensity of the reporter puc-lacZ in ECs 
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compared with uninduced controls (n = 6) (A). (C, D) Young (2 do) flies with induced 

expression of 5966GS>UAS-Bark RNAiGD for 9 days have a significantly higher number of 

esg+ cells, based on expression of the esg-GFP enhancer trap. Four pictures were taken 

per PMG. Statistical significance was determined by Tukey’s multiple comparisons test. 

****, P < 0.0001. Scale bars, 20 µm. 

Evidence for age-related decline of occluding junctions 

Age-associated intestinal barrier decline in mammals and Drosophila 

Age-related intestinal barrier decline has been demonstrated in mammals, 

although more extensive studies are still needed to fully understand limitations of the 

Drosophila model (Kirkwood, 2004; Biteau et al., 2008; Ren et al., 2014; Schiffrin et al., 

2010; Tran & Greenwood-Van Meerveld, 2013; Rera et al., 2012). Notably, in the aged 

rat small intestine, the epithelium is visibly disrupted, including atrophy of intestinal villi. 

Additionally, genes for key tight junction proteins such as ZO-1 and occludin, are 

downregulated and tight junction strands are increasingly discontinuous, suggesting loss 

of physical integrity (Ren et al., 2014). Additionally, in baboon colon samples cultured ex 

vivo, aged colons have increased permeability based on TEER. Downregulated tight 

junction gene expression and higher inflammatory cytokine levels are also observed (Tran 

& Greenwood-Van Meerveld et al., 2013). Correspondingly, aged rat colon ex vivo culture 

also shows increased permeability (Mullin et al., 2002). Human studies of intestinal barrier 

function loss, sometimes referred to as “leaky gut syndrome,” are currently limited. 

However, studies have indicated that intestinal barrier loss in humans is associated with 

chronic inflammation (Marchiando et al., 2010). Increased intestinal permeability has also 
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been associated with inflammatory bowel disease in humans, which includes Crohn’s 

disease and ulcerative colitis (Marchiando et al., 2010; Odenwald & Turner, 2017).   

Septate junctions in the Drosophila intestine lose physical integrity with age 

Electron micrographs of ECs in aged fly PMGs appear to show gap formation in 

sSJs, suggesting a loss of physical integrity (Fig. 1-6) (Resnik-Docampo et al., 2017). 

Because aging and intestinal barrier loss are correlated in both Drosophila and mammals, 

and because occluding junctions are known to play a significant role in intestinal barrier 

maintenance, this apparent age-related structural deficiency could be a contributing factor 

to age-related barrier decline. Notably, a similar aging phenotype has been observed in 

rat small intestine tight junctions (TJs) (Ren et al., 2014). TJ strands appear increasingly 

discontinuous, suggesting loss of TJ integrity which may contribute to age-associated 

intestinal barrier loss. 
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Figure 1-6: Apparent loss of structural integrity in sSJs in the aged fly posterior midgut. 

Figure adapted from Resnik-Docampo et al., 2017. In young flies (left, 5 do), sSJs 

between ECs have their characteristic ladder-like appearance. In old flies (right, 45 do), 

sSJs appear to have gaps (arrowhead). This suggests a loss of junction physical integrity 

resulting in separation of the adjacent membranes.  

Septate junction proteins in enterocytes of aged flies mislocalize with age 

Following this observation that SJs appear to lose physical integrity with age in the 

fly PMG, our lab conducted a screen to observe SJ protein localization in young and old 
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fly PMGs. We established that many sSJ proteins change in localization in the old fly 

PMG. sSJ proteins increasingly localize to cytoplasmic puncta, and immunofluorescence 

staining reveals decreased fluorescence at the SJ relative to the cytoplasm (Fig. 1-7). 

Interestingly, the adherens junction (AJ) component Armadillo (Arm) did not significantly 

change its localization in the PMG with age (Resnik-Docampo et al., 2017), although we 

have not yet characterized how additional aspects of AJs and the cytoskeleton may 

change with age in the PMG. 

Surprisingly, no age-related change in pSJ protein localization was observed in the 

aged Drosophila hindgut (Resnik-Docampo et al., 2017), which is analogous to the 

mammalian large intestine. While no electron microscopy was performed to observe the 

ultrastructure of aged hindgut SJs, this suggests that pSJs in the Drosophila hindgut 

maintain their structural integrity with age and do not contribute to age-related barrier 

failure. We have hypothesized that this is due to currently uncharacterized differences 

between sSJs and pSJs, although further investigation of other tissues containing both 

junction types will be required to confirm this. Since the Drosophila foregut also has pSJs, 

and due to more thorough prior studies of occluding junctions and barrier function in the 

PMG and mammalian small intestine, we decided to concentrate our efforts on the PMG. 
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Figure 1-7: sSJ proteins mislocalize in ECs of aged fly PMGs. In ECs of young (10 do) fly 

PMGs, sSJ proteins such as Ssk and Mesh localize to the bSJ normally based on 

stimulated emission depletion (STED) imaging (A, A’). Some cytoplasmic protein is also 

visible. In ECs of old (45 do) fly PMGs, Ssk and Mesh protein increasingly localize to the 

cytoplasm compared with the bSJ (B-D). No age-related change is observed in the 

localization of the adherens junction component Armadillo (A”, B”, E). Figure adapted 

from Resnik-Docampo et al., 2017. 
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The tricellular junction (TCJ) is a component of occluding junctions 

In Drosophila, a specialized SJ region referred to as the tricellular junction (TCJ) 

is found where three adjacent cell corners meet (Fig. 1-8). TCJs are also present in the 

mammalian TJ, and include tricellulin and angulin-1 (also known as lipolysis-stimulated 

lipo-protein receptor [LSR]). The Drosophila tSJ protein Gliotactin (Gli) is homologous to 

tricellulin, while angulin-1 has some similarity to the Drosophila tricellular septate junction 

(tSJ) protein Bark beetle (Bark) (Sugawara et al., 2021; Ikenouchi et al., 2005). Our lab 

showed that the tSJ protein Gli increasingly localizes to cytoplasmic puncta in ECs in the 

aged fly midgut based on immunofluorescence intensity. Gli protein at the TCJ 

simultaneously decreases (Resnik-Docampo et al., 2017). Bark, another TCJ-specific 

protein [also referred to as Anakonda (Aka)], forms a complex with Gli at the pSJ and is 

required for correct Gli localization in the fly embryonic epithelium (Byri et al, 2015.; 

Hildebrandt et al., 2015). A more recently discovered tSJ-specific protein, M6, was found 

to be essential along with Bark for tSJ assembly in the pupal notum (de Bournonville & 

Le Borgne et al., 2020). 

Our lab has demonstrated that Gli is required in the tSJs of ECs to maintain 

intestinal homeostasis, including in the contexts of ISC proliferation, intestinal barrier 

function, and having a normal lifespan. Depletion of Gli by induced RNAi expression in 

ECs mimics multiple aspects of the Drosophila intestinal aging phenotype: 

overproliferation of ISCs, severe intestinal barrier loss, and JNK pathway activation in 

ECs (Resnik-Docampo et al., 2017). This indicates that age-related mislocalization of Gli 

in ECs may contribute to the overall aging phenotype. Additionally, despite tSJs being a 

relatively small portion of the entire SJ, disruption of the tSJ has a robust phenotype, 
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suggesting that the integrity of the tSJ may be an especially important part of SJ 

maintenance despite its relatively small surface area. 

 

Figure 1-8: Structure of the tricellular septate junction (tSJ). Figure adapted from de 

Bournonville & Le Borgne et al., 2020. The tSJ is the region of the SJ where three adjacent 

epithelial cells meet, and is known to contribute to intestinal barrier maintenance. Bark 
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beetle (Bark, also referred to as Anakonda, Aka) is believed to form a trimer that makes 

a diaphragm-like structure in the tSJ channel. Gliotactin (Gli) is thought to be associated 

with the limiting strands found on each side of the tSJ, and a recent study suggested it 

may be responsible for linking the tSJ with the bicellular SJ (bSJ) (Esmangart de 

Bournonville & Le Borgne, 2020). M6, another tSJ-specific protein, is required for tSJ 

assembly. The pleated septate junction (pSJ), shown here, is found in ectoderm-derived 

epithelia and is basal relative to the adherens junction (AJ); the smooth septate junction 

(sSJ) is found in endoderm-derived epithelia and is apical relative to the AJ.  
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Chapter 2: The septate junction component Bark beetle is required to maintain 

intestinal homeostasis 
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Introduction 

 The intestinal barrier allows selective paracellular transport of water, ions, and 

nutrients while maintaining food and microbes inside the intestinal lumen (Marchiando et 

al., 2010). Barrier integrity is crucial to intestinal homeostasis because leakage of 

potentially harmful antigens or microbes could be detrimental to interstitial tissues. There 

is a strong correlation between aging and decline in intestinal barrier integrity across 

multiple species, including Drosophila melanogaster (Kirkwood, 2004; Biteau et al., 2008; 

Ren et al., 2014; Schiffrin et al., 2010; Tran & Greenwood-Van Meerveld, 2013; Rera et 

al., 2012). Age-associated loss of the intestinal barrier in Drosophila is associated with 

systemic metabolic defects, such as changes in insulin/insulin-like growth factor signaling, 

intestinal dysbiosis, chronic expression of inflammatory genes, and an increase in 

proliferation of intestinal stem cells (ISCs) (Choi et al., 2011; Clark et al., 2015; Rera et 

al., 2012; Guo et al., 2014). Intercellular occluding junctions, referred to as tight junctions 

(TJs) in vertebrates and septate junctions (SJs) in arthropods, play a major role in 

maintenance of the intestinal barrier (Resnik-Docampo et al., 2017; Salazar et al., 2018; 

Izumi et al., 2019). While TJs and SJs appear different ultrastructurally, they share many 

homologous proteins, and both TJs and SJs restrict passive, paracellular transport. TJs 

use a branched network of independently sealing strands to create a semipermeable 

barrier at “kissing points” between adjacent membranes, while SJs reduce net solute 

diffusion by increasing diffusional distance across the junction with bridge-like structures 

called septa (Mariano et al., 2011; Furuse & Tsukita, 2006). In Drosophila melanogaster, 

pleated SJs (pSJs) are found in epithelia derived from ectoderm, whereas smooth SJs 

(sSJs) are found in endoderm-derived tissues, such as the midgut (Tepass & Hartenstein, 
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1994; Lane & Skaer, 1980; Resnik-Docampo et al., 2018). Similar to TJs, sSJs in 

Drosophila are located apical to adherens junctions (Resnik-Docampo et al., 2018), 

making the Drosophila midgut a tractable model system for studying mammalian TJs, 

such as those that maintain the mammalian intestinal barrier.  

The Drosophila posterior midgut (PMG) is functionally analogous to the human 

small intestine (Apidianakis & Rahme, 2011). The PMG epithelium is composed primarily 

of absorptive enterocytes (ECs), polyploid cells with microvilli that extend into the gut 

lumen and facilitate the absorption of nutrients. ECs and secretory enteroendocrine (EE) 

cells are maintained by a pool of ISCs that are able to self-renew by producing new ISCs. 

ISCs primarily generate daughter enteroblasts (EBs), which then differentiate into either 

mature ECs or EE cells (Apidianakis & Rahme, 2011). EB fate is specified by activation 

of the Notch signaling pathway (Ohlstein & Spradling, 2007; Micchelli & Perrimon, 2006), 

leading to the expression of the transcription factor klumpfuss (klu) in EBs. EE cell and 

EC fate decisions become stochastic upon loss of lineage specifying klu, and EB fates 

can be tracked using specific klu-based lineage tracing tools (e.g. kluReDDM) (Reiff et al., 

2019; Korzelius et al., 2019).  

In aged flies, ISC proliferation increases dramatically, as measured by an increase 

in cells that are positive for the mitotic marker phospho-histone H3 (pHH3). (Biteau et al., 

2008; Li & Jasper, 2016; Jiang et al., 2009; Choi et al., 2008; Park et al., 2009). The 

increase in progenitor cells is coupled with a delay in differentiation, resulting in an 

accumulation of cells co-expressing the ISC/EB markers Escargot, Delta, and reporters 

of the Notch signaling pathway (Biteau et al., 2008). Smooth SJs are found between 

adjacent ECs and between ECs and EE cells, and our lab has demonstrated previously 
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that integrity of sSJs between ECs is required for maintenance of the intestinal barrier in 

the midgut (Resnik-Docampo et al., 2017). Thus, additional intestinal phenotypes 

exhibited by aged flies include loss of sSJ physical integrity (visible gaps between 

membranes) (Resnik-Docampo et al., 2017) and loss of the intestinal barrier (Rera et al., 

2012). Indeed, electron micrographs of ECs in aged flies revealed gaps between adjacent 

ECs, suggesting a loss of sSJ integrity over time (Resnik-Docampo et al., 2017). Gaps in 

SJs correlated with changes in localization of key sSJ components in PMGs from old flies. 

Immunofluorescence (IF) imaging revealed decreased staining intensity for several sSJ 

components at the junction, relative to the cytoplasm, with a concomitant increase in 

staining intensity in the cytoplasm, relative to what was observed for cells in intestines 

from young flies (Resnik-Docampo et al., 2017).  

 In Drosophila, a specialized junction, referred to as the tricellular junction (TCJ), is 

found where three adjacent cells meet. Similar to sSJ proteins, the tricellular septate 

junction (tSJ) protein Gliotactin (Gli) was lost from the tSJ and increasingly localized to 

cytoplasmic puncta in ECs from aged flies (Resnik-Docampo et al., 2017). Bark beetle 

(Bark), another tSJ-specific protein, also referred to as Anakonda (Aka), is required for 

proper Gli localization to the tSJ in the fly embryonic epithelium. Bark is similar to the 

mammalian angulin-1, which was recently found to be required to seal tight junction TCJs 

independently of tricellulin, the mammalian homolog of Gli (Sugawara et al., 2021). Bark 

and Gli colocalize at the tSJ in both pSJs and sSJs (Byri et al., 2015; Hildebrandt et al., 

2015). Because Gli is required at tSJs between ECs to maintain intestinal homeostasis 

(Resnik-Docampo et al., 2017), and because proper Gli localization was disrupted in aged 

flies, we wanted to determine whether Bark also plays a role in the adult intestine. Here, 
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we show that Bark localizes to the tSJ and that it is required in both EBs and mature ECs 

to maintain intestinal homeostasis. 

Results 

Bark is expressed in the adult intestine  

 Bark is a type I transmembrane protein with a tripartite extracellular domain; it has 

been proposed that Bark forms a trimer, which acts as a diaphragm in the center of the 

tSJ canal (Byri et al., 2015). Bark was demonstrated to be required for proper localization 

of Gli and maturation of the pSJ in the embryonic epithelium (Byri et al., 2015). In order 

to determine whether Bark has a role in the adult intestine, PMGs from young (2 do) flies 

expressing a GFP-tagged form of Bark (hereafter referred to as Bark::GFP, see Materials 

and Methods) (Sarov et al., 2016) were stained with anti-Bark antibody (Hildebrandt et 

al., 2015). Bark localized to tSJs in both the PMG and hindgut, similar to what was 

observed in the embryonic epithelium (Byri et al., 2015) (Figs. 2-1, 2-S1, and 2-2A).  
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Figure 2-1: Anakonda/Bark beetle (Bark) localizes to the tricellular septate junction (tSJ) 

in the adult Drosophila intestine. (A-A”) Representative staining for Bark (antisera, red) 

(Bark::GFP, GFP, green) in the posterior midgut (M) of young (2 do) flies. Pylorus (P) and 

hindgut (H) to the right. DNA is stained with DAPI (blue). Scale bars, 50 µm. (B-B”) High 

magnification view of an enterocyte (EC) showing staining of endogenous Bark protein 

and GFP-tagged bark at the tSJ (arrowheads). (C-C”) High magnification view of an EC 

showing GFP-tagged bark colocalizes with the bicellular septate junction (bSJ) protein 

Discs large 1 (Dlg1, red) at the tSJ (arrowheads). Scale bars, 5 µm. 
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Specifically, in the PMG, Bark localized to the tSJ between adjacent ECs and ECs 

and EE cells. By contrast, in aged (40 day old, do) flies, Bark localization decreased at 

the tSJ between adjacent ECs and appeared to spread along the bicellular junction, with 

modest accumulation in the cytoplasm (Fig. 2-2). Loss of Bark from the tSJ in PMGs from 

aged flies is similar to what was observed for Gli; however, previous studies indicated 

significantly more accumulation of Gli in the cytoplasm, when compared to Bark (Resnik-

Docampo et al., 2017).  

 

Figure 2-2: Bark becomes mislocalized in aged flies. (A) In young (2 do) flies, Bark 

localizes to the tSJ (arrowheads) in ECs, whereas it is no longer detected at the tSJ in 

the aged (45 do) flies (B-B’). Adherens junctions (Armadillo, Arm, red); Bark (GFP, 

green); DNA (DAPI, blue). Scale bars, 5 µm. (C) Quantification reveals that Bark is 

increased at the bicellular septate junction (bSJ) or in the cytoplasm of old flies. 3 cells 

were analyzed per PMG. Young Bark::GFP PMGs, n = 26; old Bark::GFP PMGs, n = 22. 
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3 cells were measured per PMG. Each clearly visible tSJ in the cell was measured. 6 

measurements were taken of the BCJ and cytoplasm in each cell, respectively. 

Quantification of fluorescence intensity ratios for Bark (C) in the bicellular junction (BCJ), 

tSJ, and cytoplasm. Statistical significance determined by Mann-Whitney test. ns, not 

significant; *, P < 0.05; **, P < 0.001; ****, P < 0.0001. 

Given the previously described relationship between Bark and Gli, where Bark is 

required for recruitment of Gli to the tSJ in developing embryonic epithelia (Byri et al., 

2015), we wanted to determine whether Bark is required for Gli localization in the adult 

PMG. As mutations in bark are embryonic lethal, we took advantage of an inducible gene 

expression system, GeneSwitch (GS), to deplete bark from ECs, specifically in young 

adult flies. The GeneSwitch (GS) system permits cell type-specific gene expression 

following feeding flies the progesterone analog mifepristone (RU-486) (Brand & Perrimon, 

1993; Osterwalder et al., 2001). Similar to previously published results in the embryonic 

epithelium (Byri et al., 2015), RNAi-mediated, EC-specific depletion of bark resulted in a 

decrease in Gli::GFP staining intensity at the tSJ (Fig 2-S2A-B). However, in contrast to 

the findings in the embryonic epithelium, depletion of Gli using a similar strategy resulted 

in an increase in Bark::GFP staining intensity at the bicellular junction, somewhat 

reminiscent of the aging phenotype (Fig 2-S2D-E). A similar mutually dependent 

relationship between Gli and Bark has been observed in the pupal notum (Esmangart de 

Bournonville & le Borgne, 2020). Taken together, these data suggest that the 

mechanisms for assembly and maintenance of the tSJ may differ by tissue type or with 

age.  
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bark is required in ECs for the maintenance of intestinal homeostasis 

 Given that the changes in Gli::GFP upon depletion of bark, and vice versa, 

resemble what occurs at the tSJ in an aged midgut, we wanted to determine whether 

depletion from ECs in PMGs from young flies led to other aging phenotypes. Following 

depletion of bark from ECs for 5 days in young flies, the number of pHH3+ cells was 

significantly higher than in controls (Fig. 3A-C), suggesting that Bark is required in ECs 

to maintain intestinal homeostasis, similar to Gli (Resnik-Docampo et al., 2017). 

Immunostaining confirmed depletion of Bark protein from ECs, validating the RNAi line 

(Fig. 2-S3A-B). In addition, the number of pHH3+ cells increased with extended induction 

times (Fig. 2-S3E-G), and similar results were obtained using additional, independent 

RNAi lines (Fig. 2-3C, Fig. 2-S3C-D), as well as alternative, inducible systems to deplete 

bark from ECs (Fig. 2-S3H-K).  

 Next, we wanted to determine whether Bark is required for maintenance of the 

intestinal barrier, similar to Gli (Resnik-Docampo et al., 2017). The GeneSwitch system 

was used to deplete bark in ECs throughout the adult lifespan. Integrity of the intestinal 

barrier and lifespan were assayed in parallel by feeding the flies a non-absorbable, non-

toxic blue food dye, as described previously (Rera et al., 2011, 2012). In flies with an 

intact intestinal barrier, the dye remains in the lumen of the digestive tract; however, when 

the intestinal barrier is severely compromised, the dye visibly leaks into the hemolymph 

(Rera et al., 2011). Consistent with a model where Bark plays an integral role in tSJs, 

depletion of bark in ECs led to significant loss of the intestinal barrier after 19 days. 

Furthermore, as has been shown previously, loss of barrier integrity correlated with 

shortened lifespan when compared to control flies (Fig. 3D-E) (Rera et al., 2012). These 
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data indicate that Bark is required in ECs for regulating intestinal homeostasis, 

maintaining the intestinal barrier, and for a normal lifespan. 
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Figure 2-3: Bark is required at the tSJ in enterocytes to maintain intestinal homeostasis. 

(A-B) Depletion of Bark in ECs of young (2 do) flies by 5966GS:bark RNAiGD expression 

for 5 days results in an increase in mitotic activity (n = 54), compared to outcrossed 

controls (n = 48). Genotypes: (A) w; esg-GAL4, UAS-GFP, 5966GS. (B) w; esg-GAL4, 

UAS-GFP, 5966GS:bark RNAiGD. All flies are fed RU-486 to induce transgene expression. 

ISCs/EBs (GFP, green); mitotic cells (phosphorylated histone H3, pHH3, red), DNA 

(DAPI, blue). Scale bars, 20 µm. (C) Quantification of mitotic events. w; esg-GAL4, UAS-

GFP, 5966GS:bark RNAiKK flies are also included (n = 42). Error bars represent mean with 

SEM. Significance was determined by Mann-Whitney test. ****, P < 0.0001. (E) Intestinal 

barrier (‘Smurf’) assay shows loss of barrier function upon depletion of Bark (red, n = 301) 

and (D) statistically significant (****) shortening of lifespan, when compared to outcrossed 

controls (blue, n = 299). Genotypes: Red, w; esg-GAL4, UAS-GFP, 5966GS>UAS-bark 

RNAiGD; blue, w; esg-GAL4, UAS-GFP, 5966GS. *, P < 0.05; ***, P < 0.001, ****, P < 

0.0001. Statistical significance determined by Fisher’s exact test (Smurf assay) and non-

parametric log-rank Mantel-Cox test (lifespan assay). 

bark overexpression in ECs disrupts intestinal homeostasis 

 We next investigated the effect of EC-specific overexpression of Bark protein on 

PMG homeostasis, and if Bark overexpression is sufficient to rescue age-associated 

phenotypes in the PMG. Because our previous study showed no significant decrease in 

transcription of SJ proteins in aged PMGs (Resnik-Docampo et al., 2017), we did not 

anticipate that simple Bark overexpression would rescue aging phenotypes; however, we 

wanted to eliminate the possibility that age-related intestinal barrier decline was due to 

simple reduction of Bark protein in the EC. 
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 We confirmed that flies expressing esg-GFP, 5966GS:UAS-Bark which are induced 

with RU-486 feeding overexpress Bark protein, and this causes Bark protein to localize 

to the tSJ in addition to the bicellular SJ and the EC cytoplasm (Fig. 2-4A-B). 

Overexpression of bark in young PMGs leads to a significant increase in ISC proliferation 

(Fig. 2-4C-E), indicating that bark overexpression disrupts intestinal homeostasis. 

Similarly, comparing esg-GFP, 5966GS:UAS-Bark flies with outcrossed controls in a Smurf 

assay reveals that bark overexpression throughout adulthood slightly accelerates age-

associated barrier loss and decreases lifespan, rather than rescuing age-associated 

barrier loss and/or extending lifespan (Fig. 2-4F-G). Therefore, as our previous RNAseq 

data (Resnik-Docampo et al., 2017) suggested, merely increasing expression of an SJ 

protein such as Bark is not sufficient to preserve intestinal homeostasis or prevent age-

associated barrier loss. Beginning bark overexpression in ECs beginning in midlife, as 

well as modulating bark overexpression induction, have not yet been investigated and 

could prove beneficial to homeostasis and barrier function. 
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Figure 2-4: Increased Bark protein by enterocyte-specific expression of UAS-Bark 

disrupts intestinal homeostasis. (A-B) Young (2 do) flies expressing Su(H)lacZ; esg-GFP, 

5966GS; UAS-Bark were induced via RU-486 feeding for 5 days. Dissection of the PMG 

reveals UAS-Bark expression induces an increase in Bark protein based on 

immunofluorescence staining, including along the bicellular junction (BCJ), which 

appears similar to the aged phenotype shown in Fig. 2-2 (n = 8) (B). Outcrossed controls 

show normal Bark protein localization to the tSJ with no apparent increase in Bark protein 

level (n = 9) (A). Scale bar, 10 microns. (C-D) Induced 5966GS:UAS-Bark expression (n 

= 21) increases number of mitotic events in the PMG, based on antibody staining for 

pHH3 and compared with outcrossed controls (n = 19). (E) Quantification of mitotic events 

in 5966GS:UAS-Bark and outcrossed control fly PMGs. Significance was determined by 

Mann-Whitney test. Error bars represent mean with SEM. **, P < 0.01. (G) Intestinal 

barrier (‘Smurf’) assay shows loss of barrier function upon UAS-bark expression (red, n 

= 300) and (F) statistically significant (****) shortening of lifespan, when compared to 

outcrossed controls (blue, n = 300). Genotypes: Red, w; esg-GAL4, UAS-GFP, 

5966GS>UAS-bark; blue, w; esg-GAL4, UAS-GFP, 5966GS. *, P < 0.05; **, P < 0.01; ***, 

P < 0.001, ****, P < 0.0001. Statistical significance determined by Fisher’s exact test 

(Smurf assay) and non-parametric log-rank Mantel-Cox test (lifespan assay). 

bark is required in EBs for proper differentiation  

A hallmark of the aging PMG is accumulation of EB-like cells that express hallmarks of 

both ISCs and ECs (Dutta et al., 2015). Although Bark expression was detected at tSJs 

between ECs and EEs, single cell sequencing data revealed expression of bark in 

EBs(Dutta et al., 2015; Hung et al., 2021). Therefore, we wanted to investigate a role for 
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bark in committed EC progenitors using lineage tracing in combination with conditional 

expression of bark RNAi. Briefly, kluReDDM allows EB-specific manipulation and tracing of 

differentiated ECs, taking advantage of different fluorophore stability (Reiff et al., 2019; 

Korzelius et al., 2019). Depleting bark in kluReDDM results in accumulation of klu+ EBs (Fig. 

2-5B-D), although not at the expense of EC differentiation (Fig. 2-5E). Similar results 

were obtained when ISC- and EB-specific esgReDDM was used (Fig. 2-S4) (Antonello et 

al., 2015). As a consequence of disrupted cellular homeostasis, specific depletion of bark 

from EBs reduced lifespan compared to outcrossed controls (Fig. 2-5G). In addition, 

depletion of bark in EBs led to an increase in newly generated EEs, identified by antibody 

staining for the EE cell lineage marker Prospero (Pros, Fig. 2-5F).  
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Figure 2-5: EB specific depletion of bark results in EB accumulation, EE fate plasticity 

and reduced Dlg1 levels at bSJs of new ECs. (A) kluReDDM (w; klu-GAL4, UAS-CD8::GFP; 

UAS-H2B::RFP, tub-GAL80ts) tracing. Expression of two fluorophores (CD8::GFP and 

H2B::RFP) is driven by EB-specific driver klu-GAL4. EBs differentiating to epithelial ECs 

lose CD8::GFP, while stable H2B::RFP persists. The expression of UAS-driven 

transgenes is temporally controlled by a ubiquitously expressed temperature-sensitive 

GAL80ts repressor, which is inactivated by temperature shift to 29°C. (B-C’’) Confocal 

images of control PMG (B-B’’) and >bark-RNAiKK (C-C’’) in the R5 region after 7 days of 

tracing. (D-F) Quantifications of the number of EBs (D), new ECs (E) and traced EEs (F) 

upon bark knockdown after 7 days of tracing. (n = 17, 13). Statistical significance 

determined by Mann-Whitney test. **, P < 0.01. Scale bar 20 µm. Depletion of bark 

induces EB to EE differentiation (inset, GFP-/RFP+/anti-Pros+, F) but no significant 

change in the number of ECs (GFP-/RFP+/ anti-Dlg1+, E). Additionally, bark knockdown 

increased the number of progenitor cells (GFP+/RFP+, D). (G) Survival (in percentage) 

over time upon bark knockdown using kluReDDM. Survival curves were plotted combining 

data from >80 flies per one genotype group: Control (blue, n=89), bark RNAiKK (red, 

n=109). bark knockdown in EBs reduces lifespan significantly. Statistical significance 

determined by non-parametric log-rank Mantel-Cox test. ****, P < 0.0001. (H-I’’) 

Knockdown of bark (I-I’’) leads to an increase in the number of proliferating cells (marked 

by pHH3) as compared to the controls (H-H’’). (J) Quantification of the number of mitotic 

cells upon bark depletion after 7 days of tracing. (n = 11, 15). Statistical significance 

determined by Mann-Whitney test. ****, P < 0.0001. Scale bar 10 µm. (K, L) Knockdown 

of bark leads to a reduced Dlg1 fluorescence intensity at the bSJ between renewed EC 
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(white arrows, L) as compared to the Dlg1 fluorescence intensity bSJ between old EC 

(white arrow, K). (M) Quantification of the Dlg1 fluorescence intensity ratio at the bSJ 

between old ECs and bSJ between renewed ECs upon bark knockdown after 3 days of 

tracing. (n= 24, 22). Statistical significance determined by Mann-Whitney test. ****, P < 

0.0001. Scale bar 10 µm. 

Cell fate decisions after ISC division strongly depend on the Notch signaling 

pathway, whereby low Notch activation was shown to drive EE differentiation (Micchelli & 

Perrimon, 2006; Ohlstein & Spradling, 2007, 2005). By using Su(H)-GBE-GFP as a 

reporter of Notch activation (Furriols & Bray, 2000), we found that depletion of bark using 

klu-GAL4 led to a reduction in Su(H)-GBE-GFP fluorescence intensity (Fig. 2-6C) and 

smaller EB nuclei (Fig. 2-6D).  

 

Figure 2-6: Knockdown of bark in ISCs/EBs results in reduced Notch pathway activation 

and EB nuclear size. (A) Expression of H2B::RFP fluorophore is driven by ISC- and EB-

specific driver esg-GAL4. H2B::RFP persists in epithelial ECs differentiated from EBs. 
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Gbe+Su(H)GFP is a readout of Notch activity, and marker of the EB lineage (arrowheads, 

B); GFP intensity was analyzed upon >bark-RNAiKK (B). (C, D) Quantification of GFP 

fluorescence intensity and (D) EB nuclear size following 7 days of induction. Knockdown 

of bark decreases the GFP intensity (C) and EB nuclear size (GFP+ cells, D) compared 

to controls (B, B’, n= 73, 70). Statistical significance determined by Mann Whitney test. 

****, P < 0.0001. Scale bar 10 µm. 

Our data indicates that EBs upon bark depletion exhibit increased cellular plasticity 

toward the EE lineage, which has previously been observed upon loss of EB lineage 

specifying klu (Reiff et al., 2019; Korzelius et al., 2019). Similar results were obtained 

when bark was depleted from ISCs and EBs simultaneously, using the esg-GAL4 driver, 

in combination with the ReDDM lineage tracing cassette (Fig. 2-S4). Taken together, our 

findings suggest that Bark plays a role in the EB-EC differentiation path and that depletion 

of bark leads to accumulation of EBs with reduced Notch activity, stimulating a change in 

lineage towards EE fate. 

Discussion 

Occluding junctions, known as tight junctions in mammals and septate junctions in 

arthropods, play a significant role in maintaining the intestinal barrier (Marchiando et al., 

2010; Resnik-Docampo et al., 2017; Salazar et al., 2018), which passively restricts 

paracellular flow across the intestinal epithelium. Interestingly, loss of the intestinal barrier 

has been described as a result of aging and is associated with impending death across 

species (Rera et al., 2012). Due to the strong correlation between aging and loss of the 

intestinal barrier (Kirkwood, 2004; Biteau et al., 2008; Ren et al., 2014; Schiffrin et al., 

2010; Tran & Greenwood-Van Meerveld, 2013; Rera et al., 2012), we wanted to 
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characterize the impact of aging on occluding junctions, using the Drosophila intestine as 

a model system. Here, we describe the expression, localization and role of the tSJ 

component Bark in the adult PMG.  

Bark localized to the tSJ in both the PMG and hindgut (Figs. 2-1, 2-S1); however, 

analysis of PMGs from aged flies indicated that Bark was lost from the tSJ over time (Fig. 

2-2). Concomitant with the decreased staining intensity at the tSJ, we observed an 

increase in staining along the bicellular junction (Fig. 2-2). Depletion of bark from ECs in 

young flies led to an increase in ISC proliferation, loss of the intestinal barrier, and 

shortened lifespan (Fig. 2-3). These results are similar to what we reported previously for 

another tSJ component, Gli (Resnik-Docampo et al., 2017). Although our study utilizes 

RNAi-mediated depletion of tSJ components, we have shown previously that transcription 

of bark does not decrease with age in the PMG (Resnik-Docampo et al., 2017); therefore, 

our approach may not accurately recapitulate the impact of aging on the tSJ. However, 

these studies are a relevant first step toward understanding the importance of Bark and 

other SJ proteins in intestinal homeostasis.  

Our finding that Bark is lost from the tSJ in PMGs from aged flies, in combination 

with the observation that depletion of bark from ECs in young flies recapitulates some 

prevalent intestinal phenotypes that are apparent with age, supports the hypothesis that 

loss of SJ components may contribute to age-related loss of intestinal barrier function 

(Resnik-Docampo et al., 2017; Salazar et al., 2018). Overexpression of bark in young 

flies or over the course of the adult lifetime was severely disruptive to homeostasis, 

including intestinal barrier function (Fig. 2-4). One possible mechanism leading to age-

related changes in the localization of SJ proteins could be alterations in vesicular 
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trafficking, including increased endocytosis of SJ proteins and/or decreased delivery of 

recycled or newly synthesized SJ proteins to the plasma membrane. This hypothesis, 

along with previous RNAseq data indicating that bark transcription is upregulated with 

age (Resnik-Docampo et al., 2017), could explain why simple bark overexpression fails 

to rescue aging phenotypes. Manipulation of transport machinery, rather than production 

of SJ proteins, could be explored as an approach to restore Bark and other SJ proteins 

at the SJ in aged flies, although manipulation of transport machinery would likely result in 

pleiotropic, unrelated phenotypes.  

In addition to analyzing a role for Bark in ECs, we show that EB-specific depletion 

of bark results in accumulation of EB-like cells, resembling defects observed in flies that 

are aged or have damaged intestinal epithelia (Biteau et al., 2010; Zhai et al., 2015). The 

accumulation of EB-like cells correlated with a decrease in lifespan, as reported 

previously (Fig. 2-5D, G) (Antonello et al., 2015). EBs depleted for bark are capable of 

forming ECs in normal numbers (Fig. 2-5E), although the new ECs, originating from Bark-

depleted EBs, are abnormally small and show irregular Dlg-1 localization (Fig. 2-5B-C”). 

Therefore, we speculate that depletion of bark from EBs results in failure to form a tight, 

functional bSJ and/or tSJ; whether normal levels of Bark protein are observed in ECs 

derived from klu+ EBs/EC progenitors has not yet been assessed. Our findings 

demonstrate an essential role for Bark during tSJ establishment when differentiating EBs 

integrate into the intestinal epithelium. An ultrastructural study of how early ECs undergo 

epithelial integration, while simultaneously preserving intestinal barrier function, will be an 

important component of future studies.  
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In our evaluation of the relationship between Gli and Bark protein in the PMG tSJ, 

we found that depletion of one component results in changes in staining intensity of the 

other at tSJs in adult PMGs (Fig. 2-S2). Our findings are different from previous studies 

that examined the relationship between Bark and Gli in the embryonic epithelium (Byri et 

al., 2015) that found Bark is required for Gli to localize to the TCJ, but the reverse was 

not true. However, another study revealed Gli and Bark are mutually dependent for 

localization to the tSJ in the pupal notum (Esmangart de Bournonville & le Borgne, 2020). 

Differences could be due to relationships between Gli and Bark in embryonic versus more 

mature tissues, the use of null alleles versus RNAi-mediated depletion, length of RNAi 

depletion time, and/or the use of antibodies targeting the proteins directly, rather than 

GFP tags. Because a similar Gli-Bark relationship was found in both the PMG and pupal 

notum (Esmangart de Bournonville & le Borgne, 2020), which have sSJs and pSJs 

respectively, it does not seem likely that this is due to different roles for Gli and Bark in 

sSJs and pSJs. An ultrastructural study could better pinpoint the nature of Gli-Bark 

interaction in the PMG. Investigation of Gli and Bark’s relationship to another tSJ protein, 

M6 (Wittek et al., 2020; Esmangart de Bournonville & le Borgne, 2020) in the Drosophila 

PMG may also help further illuminate these differing results.  

In summary, we have found that Bark protein is required in the tSJs of ECs and 

EBs in the Drosophila posterior midgut to maintain homeostasis in the contexts of ISC 

proliferation, EB fate, intestinal barrier function, and lifespan. Because Bark also 

mislocalizes from the tSJ in the aged fly PMG, our study suggests that this mislocalization 

may contribute to the overall intestinal aging phenotype. Additionally, Bark and the tSJ 

protein Gliotactin appear mutually dependent on one another for proper tSJ localization 
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in the adult PMG, unlike in the embryonic epithelium (Byri et al., 2015). Given the 

importance of intestinal barrier function, and age-related intestinal barrier loss across 

species (Kirkwood, 2004; Biteau et al., 2008; Ren et al., 2014; Schiffrin et al., 2010; Tran 

& Greenwood-Van Meerveld, 2013; Rera et al., 2012), our discovery of an essential role 

for Bark during homeostatic cellular turnover sheds light on fascinating future research 

lines. This study could help generate insight into the role of tSJs in the human gut and 

possible pathologies associated with tSJ dysfunction. 
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Methods 

Set 1: Fig. 1C, Fig. 4-5, Fig. S3H-K, Fig. S4 

Set 2: Fig. 1A-B, Fig. 2-3, Fig. S1-S2, Fig. S3A-G 

Fly food and husbandry: 

Set 1: Fly food contained 7.12% corn meal, 4.5% malt extract, 4% sugar beet syrup, 

1.68% dried yeast, 0.95% soy flour, 0.5% agarose, 0.45% propionic acid, and 0.15% 

NIPAGIN powder (antimycotic agent). GAL80ts flies were kept at 18°C (permissive 

temperature) until shifted to 29°. Otherwise, flies and crosses were kept at 25°C. All 

analyses were performed on 3-7 day old (do) mated females that were shifted to 29°C for 

7 days for tracing. For survival analysis (Fig. 2-5G, kluReDDM bark knockdown), 3-5 do flies 

(males and females) were shifted to 29°C and monitored for their survival.  

Set 2: Flies were cultured in vials containing standard cornmeal medium (1.1% agar, 2.9% 

baker’s yeast, 9.2% maltose, and 7.1% cornmeal; all concentrations given in wt/vol). 

Propionic acid (0.5%) and TegoSept (methylparaben, Sigma, 0.16%) were added to 

adjust pH and prevent fungal growth, respectively. Newly eclosed adults were kept for an 

additional 1–2 days before inducing transcription activation by placement on food 

containing the steroid hormone mifepristone (RU-486; Sigma M8046) in a 25 µg/ml 

concentration and flipped every 2 days thereafter. All analyses for these studies were 

performed on female flies, as age-related gut pathology has been well established in 

females (Biteau et al., 2008; Rera et al., 2012).  
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Fly stocks used: 

Stock Source 

5966-GAL4GS Gift from H. Jasper1 

esg-GFP; UAS-H2B::RFP T. Reiff 

Gbe+Su(H)dsRed  Gift from T. Klein2 

Gli::GFP  DGRC 115-332 

Myo1A-Gal4 Jiang & Edgar, 2009 

P{bark.Ty1-Tev-SGFP-FLAG}  VDRC 

Su(H)lacZ; esg:GFP, 5966GAL4GS  Gift from B. Ohlstein3 

tub-GAL80ts BL 7017 

UAS-bark-RNAiGD  VDRC 52608GD 

UAS-bark-RNAiKK VDRC 107348KK 

UAS-Gli RNAi  VDRC 37115GD 

UAS-N-RNAi  VDRC 14477GD 

w; esg-Gal4,UAS-CD8::GFP; UAS-H2B::RFP, tub-
Gal80ts 

T. Reiff 

w; klu-Gal4,UAS-CD8::GFP; UAS-H2B::RFP, tub-Gal80ts T. Reiff 

w; klu-Gal4,UAS-CD8::RFP; UAS-H2B::RFP, tub-Gal80ts T. Reiff 

w1118 Gift from L. Wang4 

yw hsflp; Sco/Cyo Dfd-GMR nuGFP; UAS-Aka attP2y 
(L057) 

Gift from S. Luschnig5 

Table 2-1: List of Drosophila stocks used. 

1Genentech and Buck Institute for Research on Aging, USA; 2University of Düsseldorf, 

Germany; 3UT Southwestern Medical Center, USA; 4UCLA, USA; 5University of Münster, 

Germany 

Immunohistochemistry: 

Set 1: Dissected guts were fixed in 4% PFA in 1XPBS for 45 min. After fixation the guts 

were washed with 1XPBS for 10 min and stained with primary antibodies, diluted in 0.5% 
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PBT (0.5% Triton (Sigma-Aldrich) in 1XPBS) + 5% normal goat serum (ThermoFisher 

Scientific, Berman, Germany). Primary antibody staining was performed at 4°C overnight 

on an orbital shaker. On the next day, guts were washed with 1XPBS for 10 min and 

incubated with secondary antibodies and DAPI (1:1000; 100 µg/mL stock solution in 0.18 

M Tris pH 7.4; DAPI No. 18860, Serva, Heidelberg) for at least 3 h at RT. After washing 

with 1XPBS for 10 min the stained guts were mounted in Fluoromount-G Mounting 

Medium (Electron Microscopy Sciences). Stained posterior midguts were imaged in the 

R5 region using LSM 710 confocal microscope (Carl Zeiss) using ‘Plan-Apochromat 20 × 

/0.8 M27′ and ‘C-Apochromat 40 × /1.20 W Corr M27′ objectives. Image resolution was 

set to at least 2048 × 2048 pixels. Focal planes were combined into Z-stacks and images 

were then processed by Fiji software. Final images were assembled using Canvas X-Pro. 

We would like to acknowledge the Center for Advanced Imaging (CAi) at Heinrich Heine 

University for providing support with imaging and access to the LSM 710 microscope 

system (DFG INST 208/539-1 FUGG). 

Set 2: All images were taken in the P3–P4 regions of the Drosophila PMG, located by 

centering the pyloric ring in a ×40 field of view (fov) and moving 1–2 fov toward the 

anterior. PMGs were dissected into ice-cold PBS/4% formaldehyde and incubated for 1 

h in fixative at room temperature. Samples were then washed three times, for 10 min 

each, in PBT (PBS containing 0.5% Triton X-100), 10 min in Na-deoxycholate (0.3%) in 

PBT (PBS with 0.3% Triton X-100), and incubated in block (PBT-0.5% bovine serum 

albumin) for 30 min at room temperature. Samples were immunostained with primary 

antibodies overnight at 4ºC, washed 3 × 10 min at room temperature in PBT (PBS 

containing 0.5% Triton X-100), incubated with secondary antibodies (1:500, Invitrogen) 
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at room temperature for 2 h, washed 3 × 10 min with PBT and mounted in Vecta-

Shield/DAPI (Vector Laboratories, H-1200). Images were acquired on a Zeiss LSM780 or 

LSM880 inverted confocal microscope (UCLA MCDB/BSCRC Microscopy Core), and on 

a Zeiss Axio Observer Z1 with Apotome 2 using the ZEN Black v.2.0 (Zeiss) software. 

Images were processed with Fiji/ImageJ and Zen software. Final figures were assembled 

using Adobe Illustrator.  

Antibody Manufacturer 
Catalog 

# 
Species Clonality Dilution 

Anti-Armadillo DSHB N2 7A1 Mouse Monoclonal 1:20 

Anti-Bark 
Gift from R. 

Schuh1 
n/a 

Guinea 
pig 

Polyclonal 1:1000 

Anti-Dlg DSHB 4F3 Mouse Monoclonal 1:250 

Anti-GFP Aves Labs 
GFP-
1010 

Chicken Polyclonal 1:500 

Anti-GFP Abcam ab13970 Chicken Polyclonal 1:200 

Anti-GFP Molecular Probes A-11122 Rabbit Polyclonal 1:3000 

Anti-pHH3 Millipore 06-570 Rabbit Polyclonal 1:200 

Anti-Pros DSHB MR1A Mouse Monoclonal 1:250 

Anti-Chicken Alexa488 Invitrogen A-11039 Goat Polyclonal 1:500 

Anti-Guinea Pig 
Alexa568 

Invitrogen A-11075 Goat Polyclonal 1:500 

Anti-Mouse Alexa568 Invitrogen A-11004 Goat Polyclonal 1:500 

Anti-Mouse Alexa647 Invitrogen A-21235 Goat Polyclonal 1:500 

Anti-Rabbit Alexa647 Invitrogen A-31573 Donkey Polyclonal 1:500 

Table 2-2: List of antibodies used. 

1Max Planck Institute for Multidisciplinary Sciences, Germany 
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Statistical Analysis: GraphPad Prism 8.0.2 was used to run statistical analysis and create 

graphs of quantifications. For single comparisons, data sets were analyzed by two-sided 

unpaired t-test or Mann-Whitney test. Multiple comparisons were analyzed by one-way 

ANOVA or Kruskal-Wallis tests. For survival analyses, Mantel-Cox log-rank test was 

performed. Significant differences are displayed as * for P ≤ 0.05, ** for P ≤ 0.01, *** 

for P ≤ 0.001 and **** for P ≤ 0.0001.  

Quantification of Proliferation, Cell Size and Fluorophore Intensity Measurements:  

Quantification of mitotic events, as measured by pHH3+ cells per gut, was performed by 

acquiring 4 independent images at 40X magnification per gut in the P3-P4 region. Images 

were taken in directly adjacent fields of view on each side of the gut. Quantification of 

progenitor cell number and epithelial renewal and fluorescence intensity measurements 

were performed as described previously (Zipper et al., 2020). 

Set 1: Fiji (ImageJ 1.51 n, Wayne Rasband, National Institutes of Health, USA) was used 

to calculate maximum intensity images from z-stack images. GFP positive progenitor cells 

and RFP positive differentiated cells (EC and/or EE) of esgReDDM (Antonello et al., 2015), 

kluReDDM, and Myo-Gal4ts were counted manually. Nuclear size measurements were 

performed in Fiji by outlining the nucleus manually and measuring the area. Mean 

intensities of the manually selected nuclear area were measured using Fiji by manually 

selecting the area of interest.  

Set 2: Quantification of antibody fluorescence at the tSJ, bSJ and cytoplasm was 

performed with the ZEN Blue software. Images were acquired on a Zeiss LSM880 

inverted confocal microscope equipped with AiryScan at 100X. Full z-stacks were used, 
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and anti-Armadillo staining was used to mark membranes. 3 cells were measured per 

PMG. Each clearly visible tSJ in the cell was measured. 6 measurements were taken of 

the bicellular junction and cytoplasm in each cell, respectively.  

Smurf assay: Flies were maintained on standard medium prepared with FD&C Blue Dye 

no. 1 from Spectrum, added at a concentration of 2.5% (wt/vol). Loss of intestinal barrier 

function was determined (“Smurf” status) when dye was clearly observed outside the 

digestive tract (Rera et al., 2011). Flies were checked three times weekly for loss of barrier 

function and/or death.  

Survival Analysis: Flies were kept at 18°C and 3-5 days old flies were then shifted to 

29°C. Not more than 10 flies (1:1 ratio of females: males) were kept per vial and flipped 

every other day to avoid bacterial contamination in the food. Flies were checked daily to 

record death events. At least 80 flies were assessed per genotype. Survival curves were 

plotted using Prism GraphPad software.  

 

 

 

 

 

 

 

 



51 
 

Supplemental information 

 

Figure 2-S1: Bark is expressed at the tSJ in the adult Drosophila hindgut. (A-A”) 

Representative staining for Bark (antisera, red) (Bark::GFP, GFP, green) in the hindgut 

of young (2 do) flies. DNA is stained with DAPI (blue). Scale bars, 20 µm. (B-B”) High 

magnification view of the hindgut showing staining of Bark at the tSJ (arrowheads). Scale 

bars, 5 µm. 
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Figure 2-S2: Depletion of Gli results in loss of Bark from the TCJ in the adult posterior 

midgut. (A-A’) In young outcrossed (7 do) fly PMGs, Bark is localized exclusively to the 

tSJ. (B-B’) Depletion of Gli expression in ECs of young (7 do) flies leads to loss of Bark 

from the tSJ and an increase in Bark on the bicellular junction and cytoplasm. Genotypes: 

w; 5966GS (control); w; Bark::GFP, 5966GS:Gli RNAi. All flies are fed RU-486 for 5 days to 
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induce transgene expression. Bark (GFP, green); Armadillo (Arm, adherens junctions, 

red); DNA (DAPI, blue). Scale bars, 20 µm. (C) Quantification of mitotic events in the 

posterior midguts of 5966GS:Gli RNAi and outcrossed controls. Statistical significance was 

determined by Mann-Whitney test. **, P < 0.01. (D-D’) In young outcrossed fly PMGs, Gli 

localizes exclusively to the tSJ. (E-E’) EC-specific depletion of Bark protein by 

5966GS:bark RNAiGD expression causes mislocalization of Gli to cytoplasmic puncta, 

indicating Bark is required for Gli localization to the TCJ in the PMG. Genotypes: w; Gli-

GFP; bark RNAiGD (control); w; Gli-GFP; 5966GS:bark RNAiGD. All flies are fed RU-486 for 

7 days to induce transgene expression. Scale bars, 20 µm. (F) Quantification of mitotic 

events in the posterior midguts of 5966GS:bark RNAiGD and outcrossed controls. Statistical 

significance was determined by Mann-Whitney test. ****, P < 0.0001. 
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Figure 2-S3: Depletion of bark in mature EC non-autonomously stimulates stem cell 

proliferation. Induced expression of 5966GS:bark RNAiGD by RU-486 feeding (11d) 

successfully depletes Bark protein from ECs in PMGs from young (2 do) flies (B) 

compared to uninduced siblings (A). Scale bar, 10 µm. (C-D’) Depletion of bark by 

induced expression of 5966GS:bark RNAiKK in young flies results in an increase in esg+ 

cells and mitotic events in the PMG (n = 22) compared to outcrossed controls (n = 26), 

similarly to 5966GS:bark RNAiGD as measured by phospho-histone H3 (arrowhead). 
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Genotypes: w; esg-GAL4, UAS-GFP, 5966GS (outcrossed control); w; esg-GAL4, UAS-

GFP, 5966GS:bark RNAiKK All flies are fed RU-486 for 5 days to induce transgene 

expression. Scale bars, 20 µm. (E-G) Depletion of Bark leads to a significant increase in 

ISC proliferation over time. Depletion of Bark protein from young fly PMG enterocytes by 

induced expression of 5966GS:bark RNAiGD results in an increase in esg+ cells and mitotic 

events in the PMG compared to outcrossed controls 2d (E), 5d (F) and 10d (G) following 

RU-486 induction. Genotypes: w; esg-GAL4, UAS-GFP, 5966GS (outcrossed control); w; 

esg-GAL4, UAS-GFP, 5966GS:bark RNAiGD. 2d induction (E): >bark RNAiGD n = 58; w1118 

n = 36. 5d induction (F): >bark RNAiGD n = 54; w1118 n = 48. 10d induction (G): >bark 

RNAiGD n = 50; w1118 n = 49. Data shown is combined from two independent trials. Error 

bars represent mean with SEM. Significance was determined by Mann-Whitney test. ns, 

not significant; **, P < 0.005; ****, P < 0.0001. Knockdown of bark in ECs using Myo1A-

GAL4ts (Myo1A>, esg-GFP; H2B::RFP, tub-GAL80ts) increases progenitor cells. (H-H’’) 

Confocal images of control PMG in the R5 region after 7 days of tracing. (I-I’’) Knockdown 

of bark increases the total number of cells and the number of ISC/ EB (GFP+). Anti-Dlg1 

marks bSJs and anti-Pros marks EE nuclei. (J, K) Quantifications of the total cell number 

(DAPI+) (J) and ISC/ EB (K) upon bark knockdown after 7 days of tracing. (n= 9, 9, 9). 

Statistical significance determined by Kruskal-Wallis test. **, P < 0.01; ***, P < 0.001. 

Scale bar, 20 µm.      
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Figure 2-S4: ISC/EB specific depletion of bark results in ISC proliferation and increase in 

progenitor cells and EE differentiation.  esgReDDM (w; esg-GAL4, UAS-CD8::GFP; UAS-

H2B::RFP, tub-GAL80ts) tracing and the knockdown of bark in ISCs/EBs leads to an 

increase in progenitor cells and EEs. (B-B’’) Compared with controls (A-A”), knockdown 

of bark in the R5 region following 7d of temperature shift increases the number of newly 

differentiated EEs (GFP-/RFP+/anti-Pros+) and the number of progenitor cells 

(GFP+/RFP+) but no significant change in the number of ECs (GFP-/RFP+/anti-Dlg1+). (C-

E) Quantifications of ISCs/EBs (C), new ECs (D) and new EEs. (E) Quantification of new 

ECs upon bark knockdown after 7 days of tracing.  (n= 9, 8, 14). Statistical significance 

determined by one-way ANOVA. **, P < 0.01; ***, P < 0.001. Scale bar, 20 µm. (F-G’) 

Knockdown of bark (G-G’) leads to an increase in the number of proliferating cells 

(marked by pHH3) as compared to the controls (F-F’). (H) Quantification of the number 

of mitotic cells upon bark depletion after 7 days of tracing. (n= 8, 8). Statistical significance 

determined by Mann-Whitney test. ****, P < 0.0001. Scale bar 10 µm. 
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Chapter 3: Vesicular trafficking appears altered in the aged Drosophila 

melanogaster intestine 
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Introduction 

Dietary restriction delays age-related septate junction component mislocalization 

Our lab has previously explored potential causes of age-related mislocalization of 

SJ components in the PMG (Resnik-Docampo et al., 2017). To find if mislocalization of 

SJ components is truly age-linked, we decided to artificially extend lifespan and determine 

if this also delayed SJ component mislocalization. Dietary restriction (DR), the restriction 

of daily caloric consumption, is well-known to extend lifespan across many species, 

including yeast, C. elegans, Drosophila, and mice (Kapahi et al., 2017; Weindruch et al., 

1986). We utilized DR in wild-type Drosophila across their lifetime and found that lifespan 

was significantly extended (Fig. 3-1A) (Resnik-Docampo et al., 2017). Using 

immunofluorescence, we found that DR flies have delayed mislocalization of Gli protein, 

based on tSJ/cytoplasm fluorescence intensity ratios (Fig. 3-1B). Therefore, we 

concluded that the observed mislocalization of SJ components in aged fly intestines is 

linked with the aging process. However, it should be noted that because DR is based on 

changes in feeding, this may inherently alter intestinal health outside of a lifespan 

increase, and thus could affect SJ integrity through another mechanism. 
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Figure 3-1: Dietary restriction delays age-related mislocalization of Gliotactin protein in 

Drosophila enterocytes. Figure adapted from Resnik-Docampo et al., 2017. (A) Dietary 

restriction in wild-type Drosophila significantly extends lifespan (red) compared with 

controls fed ad libitum (yellow). (B) In DR flies, Gliotactin tSJ/cytoplasm fluorescence 

intensity ratio is significantly higher in old age than controls fed ad libitum, indicating that 

age-related mislocalization of Gliotactin has been delayed. 

Axenic conditions do not delay age-related septate junction component 

mislocalization 

 The microbiome is known to play a significant role in overall intestinal health, and 

aging is associated with dysbiosis, an abnormal microbiome. It was previously 

demonstrated that age-associated dysbiosis contributes to intestinal barrier failure (Clark 

et al., 2015; Rera et al., 2012). When a microbiome sample from an aged fly is 

transplanted into a young fly, intestinal barrier loss and death occur significantly sooner. 

Using the Smurf assay, which identifies “Smurfs” as having severe intestinal barrier loss, 
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“pre-Smurfs” were found to have a small increase in bacterial load. Shortly after becoming 

“Smurfs,” a second, larger increase in bacterial load was observed (Clark et al., 2015). 

Additionally, aging in both Drosophila and mammals is associated with an increase in 

immunity-related gene expression. In Drosophila, it has been demonstrated that 

increased antimicrobial peptide (AMP) expression and defective insulin/insulin-like 

growth factor signaling are tightly linked to Smurf status regardless of age (Rera et al., 

2012). 

 Because age-associated dysbiosis was shown to accelerate intestinal barrier loss 

(Clark et al., 2015), our lab investigated if the presence of a microbiome is required for 

age-associated SJ component mislocalization. When wild-type flies were raised in axenic 

conditions, their lifespan was slightly increased (Fig. 3-2A). However, localization of Gli 

protein based on immunofluorescence in young and old flies did not significantly differ 

from age-matched controls (Fig. 3-2B). This indicated that presence of a microbiome is 

not required for age-associated SJ component mislocalization in the aged fly intestine. 

However, the relationship between SJ component localization and age-associated 

dysbiosis has not yet been investigated. 
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Figure 3-2: Presence of a microbiome is not required for age-related mislocalization of Gli 

protein in the Drosophila intestine. Figure adapted from Resnik-Docampo et al., 2018. (A) 

Wild-type flies raised under axenic conditions have slightly longer lifespans than their 

control counterparts. (B) Gli-GFP tSJ/cytoplasm fluorescence intensity ratio in ECs 

across the adult lifetime is not significantly changed by axenic conditions. 

Intestinal stem cell ablation does not delay age-related septate junction component 

mislocalization 

The increase in intestinal stem cell (ISC) proliferation, based on an increase in 

esg+ cells, in the aged Drosophila intestine has been well documented (Resnik-Docampo 

et al., 2017; Choi et al., 2011; Biteau et al., 2008). Our lab had previously observed that 

in the Drosophila hindgut, which has no ISCs, no age-related change in SJ protein 

localization occurs (Resnik-Docampo et al., 2017). Additionally, age-associated increase 

in ISC proliferation seems to be accompanied by an accumulation of misdifferentiated 

cells (e.g., polyploid esg+ cells) in the gut, whose identities are currently unknown. It is 

possible that if these cells are misdifferentiated, normal SJ maintenance could also be 
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disrupted, especially if these cells express traits associated with ISCs/EBs, which have 

no SJs. Sufficiently high accumulation of these misdifferentiated cells could then result in 

disruption of intestinal barrier function. Therefore, our lab hypothesized that ISC 

overproliferation could be contributing to age-associated SJ component mislocalization, 

and that ISC ablation could potentially benefit SJ component localization. 

Headcase (Hdc) expression is a marker for ISCs/EBs, and is required for their 

maintenance (Resende et al., 2017). Therefore, esg>Hdc RNAi expression was induced 

in young flies to ablate ISCs/EBs beginning in adulthood (Fig. 3-3). No significant change 

was observed in localization of SJ components Snakeskin (Ssk) or Discs large (Dlg) in 

young or old flies, suggesting that age-associated ISC overproliferation does not 

contribute to age-associated SJ component mislocalization (Jones lab, unpublished 

data). However, it should be noted that ISCs/EBs were ablated at the start of adulthood, 

before aging phenotypes set in, which may have had unknown harmful effects. This 

experiment does not rule out the possibility that ISC/EB ablation starting in midlife, or 

modulation of ISC activity throughout life, could be beneficial to SJ component localization 

in old fly intestines. 
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Figure 3-3: Intestinal stem cell (ISC) ablation does not delay age-related mislocalization 

of SJ components in the Drosophila intestine. ISCs/EBs were depleted from fly PMGs at 

the start of adulthood (2 do) using transient esg>Hdc RNAi expression, and PMGs were 

assessed in midlife (25 do). No significant difference was observed in localization of Ssk 

and Dlg protein compared to controls, based on the SJ:cytoplasm fluorescence intensity 

ratios. Error bars represent standard deviation. Statistical significance was determined by 

Mann-Whitney test. ****, P < 0.0001. Scale bars, 2 µm. (Jones lab, unpublished data). 
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Septate junction components have been observed in trafficking compartments 

 There are previous observations of SJ components localizing to trafficking 

compartments based on immunofluorescence staining. This provided us with candidate 

SJ components to co-stain with trafficking compartments to screen for age-related 

changes in their colocalization. For example, cytoplasmic tetraspanin 2A (Tsp2A), a 

transmembrane SJ protein that forms a complex with Mesh and Snakeskin (Ssk), was 

found to colocalize with the early endosome marker Hrs and the late endosome marker 

Rab7 in the fly PMG (Xu et al., 2019; Riedel et al., 2016). The SJ protein Neuroglian (Nrg) 

associates with Rab5-GFP and Rab11-GFP in the embryo, based on immunoprecipitation 

(Tiklová et al., 2010). Gli has also been observed colocalizing with the early endosome 

marker Hrs and the lysosome marker Lamp1 in the fly wing disc (Padash-Barmchi et al., 

2010). While extensive screens have not been performed to track SJ proteins’ localization 

to every known vesicular trafficking compartment, these data indicated to us that 

immunofluorescence studies of SJ proteins in the PMG would likely reveal colocalization 

with vesicular trafficking markers. 

Integrity of vesicular trafficking is required for septate junction assembly and maintenance 

SJ components are regularly turned over, although this process is slow for SJ core 

complex components (Oshima & Fehon, 2011) compared to turnover of adherens junction 

components (Yamada et al., 2005) and tight junction components (Shen et al., 2008). 

Multiple studies have demonstrated that SJ assembly requires functional vesicular 

trafficking, and that SJ maintenance requires turnover of SJ components via vesicular 

trafficking. Expression of Rab5 RNAi in the PMG, which disrupts early endosome function, 

decreases cytoplasmic Tsp2A, while disruption of recycling endosome function by Rab11 
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RNAi expression increases cytoplasmic Tsp2A. In both cases, Tsp2A protein is lost from 

the SJ based on immunofluorescence, indicating that the endocytosis and recycling 

pathways are required for Tsp2A to be maintained at the SJ in the PMG (Xu et al., 2019). 

Notably, Tsp2A RNAi expression in the PMG may also lead to defects in endocytosis (Xu 

et al., 2019), suggesting that age-related mislocalization of Tsp2A in the PMG (data not 

shown) may contribute to age-related endocytosis defects. Additionally, Rab5DN 

expression causes Gli to spread along the bSJ and into the cytoplasm. Interestingly, this 

study also revealed constitutively dephosphorylated Gli cannot be endocytosed (Padash-

Barmchi et al., 2010), and it may be useful to investigate in the future if post-translational 

modification of SJ proteins becomes dysfunctional with age. 

Like SJ maintenance, initial SJ assembly in Drosophila embryos requires 

endocytosis. In late embryogenesis, SJs are assembled as individual or small groups of 

septa that gradually have additional septa added on (Tepass & Hartenstein, 1994). When 

endocytosis is inhibited by Rab5DN or Rab11DN expression in the embryo, SJ proteins fail 

to accumulate properly on the apicolateral membrane (Tiklová et al., 2010). It may be 

useful in further studies to determine if SJ assembly in pre-EC or pre-EE cells similarly 

requires endocytosis. 

Aging and disease are associated with changes in vesicular trafficking in mammals 

 Our initial observation that SJ proteins increasingly localize to cytoplasmic puncta 

in the aged fly PMG (Resnik-Docampo et al., 2017) did not give insight into what specific 

vesicular trafficking compartments could be affected by age and contributing to this 

phenotype. Vesicular trafficking of proteins and other cellular components within and 

between cells is an essential and dynamic function in every animal cell, and includes 
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diverse, complex processes such as clathrin-mediated endocytosis (CME), recycling, 

exocytosis, and others. Previously collected RNAseq data in young and old fly PMGs 

revealed most known vesicular trafficking marker genes are only slightly upregulated with 

age (Resnik-Docampo et al., 2017). The initial broad scope of this study, along with no 

significant change in transcription of known vesicular trafficking markers, led us to search 

for pre-existing evidence of specific vesicular trafficking pathways that are altered with 

age or disease. 

There is evidence in mammals that endocytosis is altered with age, even in the 

absence of known disease. Aged rat liver sinusoidal endothelial cells have reduced 

endocytic and degradative rates, suggesting a loss of function phenotype (Simon-

Santamaria et al., 2010). Additionally, total Rab5 protein and total clathrin protein levels 

increase with age in human brains without known neurological disease (Alsaqati et al., 

2018). Age-associated disease has also been associated with changes in endocytosis 

and recycling. Antibody staining for Rab5, an early endosome marker, indicated that 

neurons in human brains with early Alzheimer’s disease have enlarged or aggregated 

early endosomes (Cataldo et al., 2000). Decreased immunostaining for Rab11, a 

recycling endosome marker, has also been observed in human colon cancer, and studies 

in the Drosophila PMG suggest this Rab11 depletion may enhance cancer progression 

(Nie et al., 2019). 

Taken together, these studies on vesicular trafficking in aging and age-related 

disease, SJ protein colocalization with vesicular trafficking markers, and the requirement 

for endocytosis in SJ maintenance indicated to us that focusing on changes in CME and 
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recycling would be a reasonable first step in identifying the cause of age-related 

mislocalization of SJ proteins in the fly PMG. 

Results 

Aging may be associated with changes in early and late endosomes in the 

Drosophila posterior midgut 

 The SJ component cytoplasmic puncta observed in aged fly PMG enterocytes 

could be localizing to any one or multiple types of vesicular trafficking compartments. 

Additionally, this phenotype could be due to any one or multiple steps of vesicular 

trafficking stalling, slowing or accelerating. We chose initially to focus on clathrin-

mediated endocytosis (CME) in enterocytes, due to the availability of Drosophila genetic 

tools and evidence for age- and disease-related change in CME in mammals. We then 

decided to conduct a screen of CME compartments in aged fly PMGs, to identify targets 

for further study. 

 Hepatocyte growth factor regulated tyrosine kinase substrate (Hrs) is an early 

endosome marker in Drosophila (Lloyd et al., 2002). We stained with anti-Hrs antibody in 

young and old Drosophila PMGs, and identified possible changes in Hrs staining. Hrs+ 

vesicles appear to be larger in size and increasingly localize near the membrane (Figs. 

3-4A-A’, 3-6A-A’) in the aged fly PMG. If future quantification confirms this phenotype, it 

could indicate that CME is altered around the early endosome stage in the aged fly PMG. 

Early endosomes may have increased in number, increased their cargo, or stalled. 

Validity of the anti-Hrs antibody was confirmed by UAS-Hrs RNAi expression reducing 

antibody staining in the wing disc (Fig. 3-S1). 
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 Rab7 is a marker for late endosomes in Drosophila (Vanlandingham & Ceresa, 

2009). Similar to our observations of anti-Hrs staining, anti-Rab7 staining in old fly PMGs 

suggests that Rab7+ vesicles are enlarged (Fig. 3-4B-B’). If this observation is confirmed 

by quantification, this could indicate that the late endosome stage of CME is affected by 

age. Validity of the anti-Rab7 antibody was confirmed by UAS-Rab7 RNAi expression 

reducing antibody staining in the wing disc (Fig. 3-S2). 

 Additional vesicular trafficking markers were screened using antibodies and 

protein trap lines in young and old fly PMGs. We observed that flies expressing Rab4-

YFP, a marker for recycling endosomes (Sorvina et al., 2016), show what appear to be 

increased numbers of Rab4+ vesicles in diploid ISCs/EBs in aged fly PMGs (Fig. 3-S3), 

which may be a topic for further investigation. Observations of other vesicular trafficking 

markers, including RabX4 (neural early endosome marker) (Zhang et al., 2007), Rab5 

(early endosome marker) (Bucci et al., 1992), Rab11 (recycling endosome marker) 

(Ullrich et al., 1996), Rab35 (fast recycling marker) (Kouranti et al., 2006), Lamp1 

(lysosome marker) (Kannan et al., 1996), Ref(2)p (autophagosome marker) (Nezis et al., 

2008), Atg1 (autophagosome marker) (Chang & Neufeld, 2009), and Atg8a 

(autophagosome marker) (Alemu et al., 2012), revealed no obvious change in apparent 

vesicle size or localization (data not shown). 
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Figure 3-4: Anti-Hrs and anti-Rab7 staining are altered in aged fly PMGs. (A) In the young 

(3 do) fly PMG, Hrs+ vesicles are uniform in size and distribution across the EC cytoplasm 

(n = 6). (A’) Aged (40 do) fly PMGs appear to have Hrs+ vesicles that are sometimes 

larger in size, and may occasionally localize along the membrane (top left) (n = 7). (B) In 

the young (3 do) fly PMG, Rab7+ vesicles are uniform in size and distribution across the 

EC cytoplasm (n = 8). (B’) Aged (40 do) fly PMGs appear to have Rab7+ vesicles that 

are sometimes larger in size, and are less uniformly distributed across the cytoplasm (n 

= 10). Scale bars, 5 µm. 
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Trafficking of Gliotactin and Mesh proteins may be altered with age in the 

Drosophila posterior midgut 

 After we detected possible changes in size or aggregation in early and late 

endosomes in the aged fly PMG, we decided to screen for changes in their colocalization 

with SJ proteins based on immunofluorescence. If certain SJ proteins increasingly or 

decreasingly colocalize with certain CME markers in the EC cytoplasm, this could give 

insight into which CME stages have changed with age, how they have changed, and 

whether certain SJ protein types are affected differently. This screen also identified 

targets that should be prioritized in the future Mesh-APEX2-GFP screen which will search 

for Mesh-associated proteins in young and old fly PMGs. 

 In young (3 do) fly PMGs, anti-Hrs and anti-Rab7, staining rarely colocalize with 

anti-Mesh and Gli-GFP staining, respectively (Fig. 3-5A, B). However, in aged (35 do, 40 

do) PMGs, anti-Hrs and anti-Mesh staining often colocalize (Fig. 3-5A’), as do anti-Rab7 

and Gli-GFP staining (Fig. 3-5B’). These data suggest that trafficking of Mesh protein has 

been altered around the early endosome stage, and that trafficking of Gli protein has been 

altered around the late endosome stage. In both cases, increasing colocalization could 

indicate that CME has stalled at or downstream of these stages, causing accumulation; 

alternatively, it could indicate CME has accelerated at these stages, and production of 

early endosomes and late endosomes has increased. However, it should be noted that 

these trends are not consistent across SJ proteins tested. For example, no change in 

anti-Ssk colocalization with anti-Hrs or anti-Rab7 was noted in aged PMGs. Additionally, 

anti-Mesh staining does not change in colocalization with anti-Rab7 staining in the aged 

PMG, and anti-Tsp2A staining decreases in colocalization with anti-Rab7 in aged PMGs 
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(data not shown). Quantification of these results, and expansion of the screen to include 

other known SJ proteins such as Discs large, will be necessary before conclusions can 

be made about changes in SJ trafficking in the aged PMG. 

 

Figure 3-5: CME marker and SJ component staining appear to increasingly colocalize in 

aged fly PMG enterocytes. In young fly PMGs (3 do) (A), no colocalization of anti-Hrs and 

anti-Mesh staining is visible (n = 9). In old fly PMGs (40 do) (A’), Hrs+ vesicles and Mesh 

protein appear to colocalize in the EC cytoplasm (arrowheads) (n = 12). Scale bars, 10 

µm. In young fly PMGs (3 do) (B), no colocalization of anti-Rab7 and Gli-GFP staining is 
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visible (n = 8). In old fly PMGs (40 do) (B’), Rab7+ vesicles and Gliotactin protein appear 

to colocalize in the EC cytoplasm (arrowheads) (n = 10). Scale bars, 5 µm. 

Depletion of endocytic proteins disrupts septate junction component localization 

in the Drosophila posterior midgut 

After we determined that CME of SJ proteins appears to be altered with age, we 

decided to investigate the requirement of vesicular trafficking in SJ maintenance. We 

depleted vesicular trafficking markers in ECs of young PMGs by inducing RNAi or 

dominant negative gene expression. Multiple SJ proteins, including Ssk and Tsp2A, had 

noticeable changes in localization following depletion of functional trafficking markers 

including Hrs, Rab5, Rab7, and Rab11 (Fig. 3-6). Based on immunofluorescence 

staining, SJs appeared to be disrupted in a way reminiscent of the aging phenotype (Fig. 

1-6). Additionally, depletion of vesicular trafficking markers from ECs led to an increase 

in esg+ cells and dysplasia in the PMG (data not shown). Notably, Ssk seems to 

increasingly localize to cytoplasmic puncta when trafficking markers are depleted (Fig. 3-

6A-C). This could be because removing one vesicular compartment causes accumulation 

of the preceding vesicular compartment, which could be confirmed by additional 

immunofluorescence experiments. Overall, these data indicate that the integrity of 

vesicular trafficking pathways is required for normal localization of SJ proteins. 
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Figure 3-6: Integrity of vesicular trafficking is required for normal localization of SJ 

proteins. Induced 5966GS:UAS-Hrs RNAi expression in ECs (n = 6) (A’), induced 

5966GS:UAS-Rab5 RNAi expression in ECs (n = 10) (B’), and induced 5966GS:UAS-

Rab7DN expression in ECs (n = 10) (C’) disrupts localization of the bSJ protein Snakeskin 

(Ssk) compared with outcrossed controls (A, n = 6; B, n = 12, C, n = 12). Induced 

expression of 5966GS:UAS-Rab11 RNAi in ECs disrupts localization of the bSJ protein 

Tetraspanin 2A (Tsp2A) (n = 9) (D’) compared with outcrossed controls (n = 12) (D). Scale 

bars, 10 µm. (B, D: Christopher Ochoa). 

Discussion 

 Occluding junctions, referred to as septate junctions (SJs) in Drosophila and tight 

junctions (TJs) in mammals, contribute significantly to intestinal barrier function. There is 

evidence that in mammals, TJs in the small intestine lose physical integrity with age (Ren 

et al., 2014). Correspondingly, our lab has previously found that SJs in the fly intestine 

lose physical integrity with age, and SJ components appear to mislocalize away from the 

SJ (Resnik-Docampo et al., 2017). This mislocalization does not require the presence of 

a microbiome (Resnik-Docampo et al., 2018, Fig. 3-2) or intestinal stem cells (Fig. 3-3) 

and is correlated with age, even when lifespan is manipulated (Fig. 3-1). Due to SJ 

components in the aged fly intestine appearing to increasingly localize to cytoplasmic 

puncta, we hypothesized that this age-related mislocalization was due to dysfunctional 

vesicular trafficking of SJ components. We began a study to identify and broadly 

characterize these potential defects, with the hope that future investigations will be able 

to rescue these vesicular trafficking defects and restore intestinal barrier function. In 

humans, such a treatment may help promote gastrointestinal health and longevity. 
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 Previous evidence suggests that clathrin-mediated endocytosis (CME) and 

recycling endosomes become dysfunctional with age and age-related disease in 

mammals (Cataldo et al., 2000; Simon-Santamaria et al., 2010; Alsaqati et al., 2018; Nie 

et al., 2019). Therefore, we screened fly PMGs for age-related change in vesicular 

trafficking compartments based on immunofluorescence staining with a focus on CME 

and adjacent compartments. We found that antibody staining for Hrs, an early endosome 

marker (Lloyd et al., 2002), and Rab7, a late endosome marker (Vanlandingham & 

Ceresa, 2009), is altered with age (Fig. 3-4). Hrs+ and Rab7+ vesicles appear to be 

enlarged or aggregated in ECs of the aged fly PMG. If quantification of puncta number 

and size confirm this, early and late endosomes could be dysfunctional in the aged PMG. 

Additionally, electron microscopy could be used to determine if these vesicles have 

enlarged or aggregated. This would give insight into how these compartments or their 

regulation have become dysfunctional. Other compartments such as recycling 

endosomes and autophagosomes appeared not to change in size or aggregation with 

age (data not shown), although this does not rule out the possibility that they undergo 

other forms of age-related change. 

 Next, we screened young and old PMGs for changes in SJ component and 

vesicular compartment colocalization based on immunofluorescence staining, with a 

particular focus on early and late endosomes in accordance with our previous findings. 

Hrs and the SJ component Mesh increasingly colocalize in ECs in the aged PMG, as do 

Rab7 and the SJ component Gliotactin (Gli) (Fig. 3-5). If this is confirmed by quantification 

of colocalization, these data could indicate that the trafficking of Mesh and Gli is impacted 

in the early and late endosome stages, respectively. Additionally, it would suggest that 
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Mesh and Gli trafficking is not impacted by aging in the same way, since in young PMGs, 

Mesh and Gli are rarely seen colocalizing with vesicular trafficking markers in EC 

cytoplasm. SJ proteins such as Ssk also exhibited no change in colocalization with 

vesicular trafficking markers (data not shown), despite Ssk protein mislocalization to 

cytoplasmic puncta with age (Resnik-Docampo et al., 2017). In the future, our lab will 

perform a screen using a Mesh-APEX2-GFP line to biotinylate Mesh-associated proteins 

in young and old fly PMGs, then identify these proteins via mass spectrometry. Mesh-

APEX2-GFP was validated by its colocalization with anti-Mesh antibody at the SJ in 

young fly PMGs (Fig. 3-S4). If Mesh-associated proteins are different in young and old 

fly PMGs, especially vesicular trafficking markers, this could provide insight into how 

trafficking of Mesh is altered with age. 

 Because we observed SJ proteins appearing to localize to trafficking 

compartments associated with CME, we decided to test the requirement for CME and 

other trafficking pathways in SJ protein localization to the plasma membrane. Depletion 

of early endosome, late endosome, or recycling endosome markers by RNAi expression 

in ECs resulted in a dysplastic phenotype (Fig. 3-6) and disruption of normal SJ protein 

localization based on immunofluorescence. This indicates that CME and recycling 

pathways are required for SJ proteins to localize normally. However, because this 

experiment depleted vesicular trafficking markers from all ECs in the PMG, this would 

almost certainly disrupt many other processes required for homeostasis on a cellular and 

tissue level. This tissue-wide disruption may have also contributed to the dysplastic 

phenotype and SJ protein mislocalization observed. Future studies will include depleting 
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vesicular trafficking markers in individual ECs to assess changes in SJ protein localization 

while avoiding confounding effects from tissue-wide dysplasia. 

 Age-related mislocalization of SJ proteins may be due to slowed or stalled delivery 

to the SJ. Therefore, we wanted to transiently deplete Mesh protein from the SJs of ECs 

in young and old fly PMGs by RNAi expression, then allow Mesh protein to be recovered 

at the SJ. We hypothesized that ECs from old PMGs would recover less Mesh protein at 

the SJ than young PMGs, due to age-related defects in vesicular trafficking of Mesh. 

Although unquantified, it does not appear that 5966GS>UAS-Mesh RNAi expression for 5 

days drastically depleted Mesh protein from the SJ (Fig. 3-S5). Additionally, there was no 

clear difference in Mesh protein level at the SJ in young and old flies following the 7 day 

recovery period. The failure to substantially deplete Mesh from the SJ was surprising, 

given that 5966GS>UAS-Mesh RNAi expression for 5 days is sufficient to cause dysplasia 

(data not shown). However, SJ protein turnover is slow (Oshima & Fehon, 2011) and 

Mesh delivery to the SJ may not have been drastically impacted. Interestingly, this 

suggests that even minor disruptions to the SJ can significantly disrupt homeostasis. A 

longer depletion time, higher RU-486 dosage, and shorter recovery time could help reveal 

differences in Mesh recovery at the SJ in young and old PMGs. 

 As well as electron microscopy studies, use of mass spectrometry, and SJ protein 

recovery experiments, future studies will follow up on the hypothesis that early and late 

endosomes are disrupted in the aged fly PMG. For example, forcing endocytosis by 

induced Rab5CA expression in middle-aged or old flies could be tested to find if this 

rescues SJ protein mislocalization to the cytoplasm. Additionally, given the recent 

development of a protocol to image fly PMGs in vivo (Martin et al., 2018), tracking 
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vesicular trafficking dynamics could provide fascinating insight into which compartments 

are affected by aging. For example, monitoring fluorescently tagged Mesh, Hrs, and Rab7 

proteins could show whether Mesh successfully passes from early to late endosomes, or 

is stalling in early endosomes. 

 In summary, our lab has found that SJ proteins mislocalize with age in the 

Drosophila PMG, and hypothesized that this is due to dysfunctional vesicular trafficking 

of SJ proteins. While this work is broad and preliminary, we believe we have identified 

meaningful age-related changes in vesicular trafficking of SJ proteins in ECs, specifically 

in early and late endosomes. Dysfunctional vesicular trafficking may contribute to age-

related intestinal barrier loss via loss of SJ integrity. Since vesicular trafficking is essential 

for many cellular processes in all tissue types, it will be important to screen for other 

processes that are disrupted by this age-related change in the PMG, as well as if age-

related change in vesicular trafficking occurs in other organs in both Drosophila and 

mammals. 
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Methods 

Fly food and husbandry: Flies were cultured in vials containing standard cornmeal 

medium (1.1% agar, 2.9% baker’s yeast, 9.2% maltose, and 7.1% cornmeal; all 

concentrations given in wt/vol). Propionic acid (0.5%) and TegoSept (methylparaben, 

Sigma, 0.16%) were added to adjust pH and prevent fungal growth, respectively. Newly 

eclosed adults were kept for an additional 1–2 days before inducing transcription 

activation by placement on food containing the steroid hormone mifepristone (RU-486; 

Sigma M8046) in a 25 µg/ml concentration and flipped every 2 days thereafter. All 

analyses for these studies were performed on female flies, as age-related gut pathology 

has been well established in females (Biteau et al., 2008; Rera et al., 2012).  

Immunofluorescence: All images were taken in the P3–P4 regions of the Drosophila 

PMG, located by centering the pyloric ring in a ×40 field of view (fov) and moving 1–2 fov 

toward the anterior. PMGs were dissected into ice-cold PBS/4% formaldehyde and 

incubated for 1 h in fixative at room temperature. Samples were then washed three times, 

for 10 min each, in PBT (PBS containing 0.5% Triton X-100), 10 min in Na-deoxycholate 

(0.3%) in PBT (PBS with 0.3% Triton X-100), and incubated in block (PBT-0.5% bovine 

serum albumin) for 30 min at room temperature. Samples were immunostained with 

primary antibodies overnight at 4ºC, washed 3 × 10 min at room temperature in PBT (PBS 

containing 0.5% Triton X-100), incubated with secondary antibodies (1:500, Invitrogen) 

at room temperature for 2 h, washed 3 × 10 min with PBT and mounted in Vecta-

Shield/DAPI (Vector Laboratories, H-1200). Images were acquired on a Zeiss LSM780 or 

LSM880 inverted confocal microscope (UCLA MCDB/BSCRC Microscopy Core), and on 

a Zeiss Axio Observer Z1 with Apotome 2 using the ZEN Black v.2.0 (Zeiss) software. 
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Images were processed with Fiji/ImageJ and Zen software. Final figures were assembled 

using Adobe Illustrator.  

pHH3 Quantification: Quantification of mitotic events, as measured by pHH3+ cells per 

gut, was performed by acquiring 4 independent images at 40X magnification per gut in 

the P3-P4 region. Images were taken in directly adjacent fields of view on each side of 

the gut. Quantification of progenitor cell number and epithelial renewal and fluorescence 

intensity measurements were performed as described previously (Zipper et al., 2020). 

Statistical Analysis: GraphPad Prism 8.0.2 was used to run statistical analysis and create 

graphs of quantifications. For single comparisons, data sets were analyzed by two-sided 

unpaired t-test or Mann-Whitney test. Multiple comparisons were analyzed by one-way 

ANOVA or Kruskal-Wallis tests. For survival analyses, Mantel-Cox log-rank test was 

performed. Significant differences are displayed as * for P ≤ 0.05, ** for P ≤ 0.01, *** 

for P ≤ 0.001 and **** for P ≤ 0.0001.  
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Fly stocks used: 

Stock Source ID 

5966-GAL4GS Gift from H. Jasper1 n/a 

mexts Phillips & Thomas, 2006 n/a 

Gli::GFP  DGRC 115-332 

Su(H)lacZ; esg:GFP, 5966-GAL4GS  Gift from B. Ohlstein2 n/a 

w1118 Gift from L. Wang3 n/a 

UAS-Hrs RNAi (TRiP.HMS00841 attP2) Bloomington 33900 

UAS-Rab5 RNAi (TRiP.JF03335 attP2) Bloomington 30518 

y, v; Rab7-RNAi (TRiP.JF02377) Bloomington 27051 

y v; Rab11-RNAi (TRiP.JF02812) Bloomington 27730 

y,w; UAS-YFP.Rab7.T22N (DN) Bloomington 9778 

UAS-Atg1[GD7149] VDRC 16133 

UAS-Atg8a RNAi [GD4654] VDRC 43097 

ptc-GAL4 Bloomington 65661 

UAS-Mesh-APEX-GFP/Cyo V. Sauer4 n/a 

Rab11-YFP Bloomington 62599 

Rab35-YFP Bloomington 62559 

Rab5-YFP Bloomington 62543 

RabX4-EYFP Bloomington 62563 

y,w; Rab4-YFP Bloomington 62542 

Rab7-YFP Bloomington 42705 

UAS-Ref(2)p-GFP/(Cyo) Chang et al., 2009 n/a 

UAS-GFP:LAMP/Cyo Pulipparacharuvil et al., 2005 n/a 

Table 3-1: List of antibodies used. 

1Genentech and Buck Institute for Research on Aging, USA; 2UT Southwestern Medical 

Center, USA; 3UCLA, USA; 4UCLA, USA. 
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Antibodies used: 

Antibody Manufacturer 
Catalog 

# 
Species Clonality Dilution 

Anti-Armadillo DSHB N2 7A1 Mouse Monoclonal 1:20 

Anti-Atg8a 
Gift from D. 

Walker1 
n/a Rabbit Polyclonal 1:125 

Anti-Discs large DSHB 4F3 Mouse Monoclonal 1:250 

Anti-GABARAP Abcam ab109364 Rabbit Monoclonal 1:200 

Anti-GFP Aves Labs 
GFP-
1010 

Chicken Polyclonal 1:500 

Anti-GFP Molecular Probes A-11122 Rabbit Polyclonal 1:3000 

Anti-Hrs DSHB 27-4 Mouse Monoclonal 1:10 

Anti-Mesh 
Gift from M. 

Furuse2 
n/a Rabbit Polyclonal 1:1000 

Anti-pHH3 Millipore 06-570 Rabbit Polyclonal 1:200 

Anti-Rab5 Abcam ab31261 Rabbit Polyclonal 1:100 

Anti-Rab7 DSHB n/a Mouse Monoclonal 1:50 

Anti-Rab11 
Gift from M. 

Gaitan3 
n/a Rabbit Polyclonal 1:50 

Anti-Ref(2)p Abcam ab178440 Rabbit Polyclonal 1:250 

Anti-Snakeskin 
Gift from M. 

Furuse2 
n/a Rabbit Polyclonal 1:1000 

Anti-Tsp2A 
Gift from M. 

Furuse2 
n/a Rabbit Polyclonal 1:1500 

Anti-Chicken Alexa488 Invitrogen A-11039 Goat Polyclonal 1:500 

Anti-Rabbit Alexa488 Invitrogen A-11008 Goat Polyclonal 1:500 

Anti-Mouse Alexa568 Invitrogen A-11004 Goat Polyclonal 1:500 

Anti-Rabbit Alexa568 Invitrogen A-11011 Goat Polyclonal 1:500 

Anti-Rabbit Alexa647 Invitrogen A-31573 Donkey Polyclonal 1:500 

Table 3-2: List of antibodies used. 
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1UCLA, USA; 2National Institute for Physiological Sciences, Japan; 3University of Geneva, 

Switzerland. 
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Supplemental information 

 

Figure 3-S1: Validation of UAS-Hrs RNAi line and anti-Hrs antibody. Expression of ptc-

GAL4>UAS-Hrs RNAi decreases anti-Hrs antibody staining in the third instar wing disc (n 

= 8) (B) compared with control (n = 11) (A). Scale bars, 50 µm. 
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Figure 3-S2: Validation of UAS-Rab7 RNAi line and anti-Rab7 antibody. Expression of 

ptc-GAL4>UAS-Rab7 RNAi decreases anti-Rab7 antibody staining in the third instar wing 

disc (n = 9) (B) compared with control (n = 10) (A). Scale bars, 50 µm. 
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Figure 3-S3: Rab4+ vesicles appear to increase in size and number in different cell types 

in the aged fly PMG. (A) In young (2 do) fly PMGs, Rab4+ vesicles appear to be uniformly 

distributed in ECs, and slightly larger in size in diploid cells (upper left) (n = 7). (B) In aged 

(35 do) fly PMGs, Rab4+ vesicles appear to increase in size (n = 7). Additionally, these 

larger Rab4+ vesicles seem to be present in both diploid and polyploid cells. Scale bars, 

5 µm. 
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Figure 3-S4: Validation of the Mesh-APEX2-GFP tool for identification of Mesh-

associated proteins. Induced expression of 5966GS>Mesh-APEX2-GFP produces Mesh-

APEX2-GFP protein (green) which localizes to the SJs of ECs and colocalizes with anti-

Mesh antibody (red) (n = 3) (A). Scale bars, 5 µm. 
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Figure 3-S5: Recovery of Mesh protein at the EC sSJ following RNAi depletion of Mesh 

in young and old fly PMGs. Mesh protein was depleted from ECs using 5966GS>UAS-

Mesh RNAi expression induced for 5 days in young (2 do) (n = 7) (C) and old (40 do) (n 

= 7) (D) flies. Flies were then allowed to recover for 7 days (C’, n = 10; D’, n = 11). Based 

on immunofluorescence, no significant difference in Mesh recovery was observed in 

young and old flies, or compared with young (A, n = 5, A’, n = 11) and old (B, n = 5, B’, 

n = 12) outcrossed controls. Scale bars, 5 µm. 
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Chapter 4: Conclusion 
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 Across multiple species, intestinal barrier function declines with age or 

inflammatory bowel disease. This has potentially significant implications for systemic 

aging and gastrointestinal disease. While multiple factors contribute to intestinal barrier 

function, such as the microbiome, occluding junctions appear to play an especially 

important role. Occluding junctions, referred to as tight junctions (TJs) in mammals and 

septate junctions (SJs) in arthropods, regulate passive paracellular transport of water, 

ions, and nutrients across the intestinal epithelium. 

 Our lab became focused on SJs in Drosophila upon finding that SJs in enterocytes 

(ECs) of aged fly posterior midguts (PMGs), analogous to the mammalian small intestine, 

appear to lose physical integrity with age (Resnik-Docampo et al., 2017). A similar 

discovery was made in aged rat small intestine TJs (Ren et al., 2014), suggesting that 

this age-related decline occurs across species. We hypothesized that age-related decline 

of occluding junctions contributes to intestinal barrier decline in Drosophila. If this 

phenotype is also present in humans, intestinal TJs could become a significant 

therapeutic target in aging and gastrointestinal disease. 

 Because SJ proteins appear to mislocalize in the aged fly PMG (Resnik-Docampo 

et al., 2017), our lab decided to investigate the requirement of specific SJ proteins for 

maintenance of intestinal homeostasis. We reasoned that if SJ proteins are required at 

the SJ to maintain intestinal homeostasis, their age-related mislocalization could be 

contributing to the overall aging phenotype. We concentrated our efforts on a specific 

region of the occluding junction known as the tricellular junction (TCJ). TCJs are found 

where three adjacent cells meet, and have unique proteins not found in the bicellular 

junction (BCJ). The first-discovered tricellular septate junction (tSJ) protein, Gliotactin 
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(Gli), was found to be required in ECs at the tSJ to maintain intestinal homeostasis. 

Additionally, Gli mislocalizes from the tSJ with age, which may contribute to age-related 

phenotypes in the fly PMG (Resnik-Docampo et al., 2017). 

 Given that Gli depletion from the SJ produces a robust phenotype despite the tSJ 

being a relatively small portion of the SJ, we decided to investigate the requirement of 

another tSJ protein in the maintenance of intestinal homeostasis. Bark beetle (Bark) was 

the second-discovered tSJ protein in Drosophila, and is hypothesized to form a trimer that 

creates a diaphragm-like structure in the TCJ canal (Byri et al., 2015; Hildebrandt et al., 

2015). Bark is also required for Gli to be recruited to the tSJ in the embryonic epithelium 

(Byri et al., 2015). We decided to investigate the role of Bark in the maintenance of 

intestinal homeostasis, as well as its relationship to Gli in the adult PMG. 

 Chapter 2 of this manuscript demonstrates that Bark is required in tSJs in ECs to 

maintain intestinal barrier function in Drosophila. Upon depletion of Bark from ECs in 

young fly PMGs, intestinal homeostasis is disrupted: intestinal stem cell (ISC) proliferation 

increases, intestinal barrier function is severely compromised, and total lifespan is 

shortened. Our collaborators also demonstrated that Bark is similarly required in 

progenitor enteroblast (EB) cells in the PMG to maintain intestinal homeostasis. Like Gli, 

Bark mislocalizes from the tSJ in the aged PMG. Overexpression of bark across the adult 

lifetime fails to rescue aging phenotypes, and bark overexpression in young flies appears 

to disrupt ISC homeostasis. Paired with our lab’s previous RNAseq data indicating bark 

transcription is upregulated with age (Resnik-Docampo et al., 2017), this suggests that 

rescuing age-related SJ protein mislocalization will require a different technique. 
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 Additionally, we investigated the relationship between Gli and Bark in the adult fly 

PMG. Since both play a key role in the maintenance of intestinal homeostasis and 

mislocalize with age, understanding their relationship could provide valuable insight into 

why they mislocalize with age. We found that unlike in the embryonic epithelium, Gli and 

Bark appear mutually dependent on one another to be recruited to the tSJ. Gli and Bark 

were also found to have a similar relationship in the pupal notum (de Bournonville & Le 

Borgne, 2020). While these differing findings in the pupal notum, PMG and embryonic 

epithelium could be experimental artifacts, there may be key differences in SJs in different 

tissue types or life stages that could be interesting to investigate in the future. 

 Given our finding that SJ proteins are required to maintain homeostasis in the 

PMG, it was apparent that the cause of SJ protein mislocalization with age in the PMG 

should be identified to begin finding a way to slow or reverse this process in Drosophila. 

In Chapter 3 of this manuscript, we found that antibody staining for Hrs, an early 

endosome marker, and Rab7, a late endosome marker, is altered in aged PMGs. Both 

early and late endosomes appear to be enlarged or aggregated, suggesting these stages 

of clathrin-mediated endocytosis have become disrupted with age. Additionally, anti-Hrs 

antibody staining and anti-Mesh antibody staining appear to increasingly colocalize in the 

aged PMG, as do anti-Rab7 antibody staining and Gli-GFP staining. This could indicate 

that trafficking of Mesh and Gli has been impacted in the early and late endosome stages, 

respectively. We also found that depletion of endocytosis and recycling markers by 

induced RNAi expression appears to cause SJ protein mislocalization, although this could 

be due to tissue-wide endocytosis knockdown causing a dysplastic phenotype. 
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 While much of our work characterizing changes in vesicular trafficking in the aged 

PMG is preliminary, our findings combined with evidence from other groups indicate that 

this field of study has significant potential to impact our understanding of a key basic 

cellular process may be altered by an individual’s age. If the specific ways SJ protein 

trafficking is altered in the aged PMG can be found – for example, if Mesh trafficking stalls 

in early endosomes, and a similar phenotype is found in humans – therapeutics could be 

developed that restore early endosome function. Our findings in the Drosophila PMG can 

also be used as a starting point to search for changes in SJ protein localization and 

vesicular trafficking in the mammalian small intestine. Additionally, given previous work 

which indicates age-related changes in vesicular trafficking in the human brain (Alsaqati 

et al., 2018; Cataldo et al., 2000), it seems likely that age-related changes in vesicular 

trafficking occur in other organs in both Drosophila and humans. 

 In summary, we have demonstrated that SJ proteins in the Drosophila PMG must 

be present at the SJ to maintain intestinal homeostasis. In particular, the tricellular septate 

junction protein Bark beetle is required in enterocytes and enteroblasts to maintain ISC 

homeostasis, maintain intestinal barrier function, and have a normal lifespan. Because 

Bark beetle mislocalizes with age in the PMG, this may contribute to the overall PMG 

aging phenotype. We have previously hypothesized that age-related mislocalization of 

Bark and other SJ proteins in the PMG is due to dysfunctional vesicular trafficking, and 

we now have preliminary evidence that early and late endosomes are altered with age in 

the PMG. Our studies will provide insight into the relationship between occluding 

junctions, gastrointestinal disease, and aging. 
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