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ABSTRACT OF THE DISSERTATION

The Role of the Energy-Sensing AMP-Activated Protein Kinase in Intestinal Epithelial
Physiology and Pathophysiology

by

Stephanie J. King

Doctor of Philosophy, Graduate Program in Biomedical Sciences
University of California, Riverside, December 2019

Dr. Declan F. McCole, Chairperson

AMP-Activated Protein Kinase (AMPK) is a cellular energy sensor that regulates

metabolic processes. The downstream effects of AMPK activation differ by type of stimula-

tion, cell type or tissue, and state of the microenvironment. Various groups have suggested

AMPK plays a protective role in the intestinal epithelium during both homeostasis and

inflammation, however these studies have overlooked the need for increased specificity in

order to definitively determine the effects of AMPK. In this study, I used in vitro and

tissue-specific in vivo model systems to test the impact of AMPK activity at baseline and

in different models of inflammation. I observed changes in intestinal permeability, protein

and gene expression, transporter responses, and inflammatory signaling using molecular

and physiological methodologies. I confirmed that AMPK does regulate intestinal barrier

function during homeostasis, but that loss of these actions does not confer increased sus-

ceptibility to experimental colitis or pathogenic enteric infection. AMPK promotes barrier

function through expression of the barrier-forming tight junction protein Claudin-4 and

acts as an inhibitor of calcium-dependent electrogenic ion transport through repression of

viii



expression of the basolateral Na+/K+/2Cl- cotransporter 1 (NKCC1). In addition, the reg-

ulatory effects of AMPK are maintained during oxidative stress where calcium-dependent

electrogenic ion transport is suppressed due to AMPK-dependent phosphorylation and de-

creased activity of NKCC1. Loss of epithelial AMPKα resulted in decreased cell death

during experimental colitis, however this did not ultimately impact course and severity

of the disease as measured through histological scoring, colon shortening, and intestinal

permeability. Finally, epithelial AMPKα-deficiency did not render mice more sensitive to

infection with the murine enteric pathogen Citrobacter rodentium as they displayed similar

levels of bacterial burden. These data suggest AMPK plays a minor role in maintenance of

the intestinal epithelium and that its association with protection in models of colitis could

in part be due to other signaling molecules or AMPK activity in other cell types. Further

work to more specifically modulate AMPK activity in the intestinal epithelium is needed

to confirm if AMPK is anti- or pro-inflammatory in various contexts within the intestinal

epithelium.
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1 | Introduction

1.1 AMP-Activated Protein Kinase

AMP-Activated Protein Kinase (AMPK) is a master regulator of cellular energy levels

whose canonical function is to relieve energetic stress (decreased availability of ATP) by

modulating cellular metabolic pathways. It is a highly conserved heterotrimeric protein

expressed ubiquitously in eukaryotic tissues. For example, AMPK orthologues have been

identified in Saccaromyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, and

Arabidopsis thaliana, demonstrating its importance across phyla [1–4]. The function of

AMPK has been well-studied in diseases such as obesity, diabetes, cardiovascular disease,

metabolic syndrome, and cancer [5–7]. However, little is known about the role of this kinase

at the main site of nutrient assimilation in the body: the gastrointestinal tract.

1.1.1 Activation and Regulation

Canonical activation of AMPK occurs through phosphorylation of a specific Threonine

residue within the activation loop of the α catalytic subunit (hereafter activation loop

Threonine) resulting in >100-fold increase in kinase activity in response to intracellular

increases in AMP, ADP and/or Ca2+ [8]. Phosphorylation of the activation loop Threonine
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is performed by upstream kinases, the most prominent of which is Liver kinase B1 (LKB1)

encoded by STK11. LKB1 is a tumor suppressing kinase whose gain-of-function germline

mutation is known to cause Peutz-Jeghers syndrome in humans, characterized by non-

cancerous hamartomatous polyps in the gastrointestinal tract and increased risk of tumor

development. Twelve AMPK-related kinases have been identified, all of which are activated

by LKB1 [9]. LKB1 is constitutively active and its activity is regulated by posttranslational

modifications [10]. Preferential activation by LKB1 has been shown in skeletal muscle and

heart where loss of LKB1 reduced AMPKα2 activity, with little effect on AMPKα1 [11, 12].

Binding of AMP and ADP to the γ subunit of AMPK causes a conformational change that

promotes phosphorylation of the activation loop Threonine and may discourage dephospho-

rylation by PP2Cα while ATP binding antagonizes these actions [8, 13–18]. In addition

to changes in energy status, increases in intracellular calcium can also activated AMPK

via the Ca2+/Calmodulin-dependent Kinase Kinase β (CaMKKβ) [19–22]. Activation by

CaMKKβ is LKB1- and AMP/ADP-independent, although AMPK still retains sensitivity

to the levels of adenine nucleotides [23]. Activation of AMPK by CaMKKβ typically occurs

during cellular stress such as hypoxia, loss of cell-cell contacts or detachment, and amino

acid starvation [24–27].

1.1.2 Subunits and Structure

Each AMPK subunit exists as multiple isoforms and each isoform is encoded by a distinct

gene. These are expressed in a tissue-specific manner and, in some cases, display preference

in subcellular localization. In addition, various heterotrimeric complexes appear to be

regulated uniquely. For example, only 3 of the possible 12 complexes are present in skeletal
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muscle and their activation is dependent on exercise intensity and duration [28–30]. Here

I describe each subunit and the differences between each subunit isoform, as depicted in

Figure 1.1.

The α catalytic subunit

Beginning from the N-terminus, the α catalytic subunit contains the catalytic kinase domain

followed by the auto-inhibitory domain (AID). The kinase domain consists of N- and C-

lobes and an activation loop containing the activating phosphorylation site (Threonine-172,

although the exact location differs by species and isoform) [31]. The AID consists of a bundle

of three helices capable of repressing AMPK activity at baseline by restricting movement of

helix αC, of the kinase domain [17, 32, 33]. The auto-inhibitory domain is followed by two

α-regulatory interacting motifs (α-RIMs) which bridge the auto-inhibitory domain with the

regulatory core of the heterotrimeric complex [34]. As alluded to earlier, the two α catalytic

subunit isoforms, α1 and α2, are expressed differently in various tissues. For example, the

α1 isoform is exclusively expressed in certain cell types including T cells, macrophages,

and erythrocytes. In the liver, the α1 and α2 isoforms account for an equal proportion of

all AMPK activity. The α1 isoform is predominantly expressed in adipose tissue while in

skeletal muscle and cardiac tissue the α2 isoform is dominant. Apart from expression, the

α catalytic isoforms are also unique in their localization where the α2 subunit is present in

both the nucleus and cytoplasm due to the presence of a functional nuclear export signal at

the C-terminus [35–37]. In contrast, the α1 isoform is limited to the cytoplasm and has been

shown to associate with the plasma membrane in airway epithelial cells [38]. Differences in

isoform activity and specifity have been suggested through the use of whole-body transgenic
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Figure 1.1: AMPK Subunit Isoforms and Domains
The alpha (A) and beta (B) subunit isoforms are of comparable length and structure, while the gamma (C)
subunit isoforms have distinct N-terminal domains due to alternative splicing. Binding sites of the subunits
in the heterotrimeric structure and regulatory sites are indicated. The α catalytic subunits contain the kinase
domain and bind to the β subunits via the C-terminal domain. The β subunit is capable of myristoylation
to facilitate AMPK association with lipid bilayers and the glycogen binding domain allows for carbohydrate
regulation of the protein. The γ subunits function in nucleotide binding and vary in their sensitivity to this
event. AID = autoinhibitory domain, RIM = regulatory interacting motifs, CTD = C-terminal domain,
CBM = carbohydrate-binding module, CBS = cystathione β-synthase motif, NTD = N-terminal domain.
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knockout animals where initial metabolic testing revealed distinct responses. For example,

AMPKα2 knockout mice do not develop AMPK agonist-induced hypoglycemia and have

an overt metabolic phenoype (insulin resistance and reduced glucose tolerance) whereas

AMPKα1 knockout mice do and display anemia and splenomegaly. As mentioned earlier,

different specificity of upstream kinases for the catalytic isoforms has also been reported

where lack of LKB1 abolished ischemia-mediated activation of α2 but not α1 [11, 12]. The

isoforms have an overall sequence similarity of 77% which increases to 90% in the catalytic

domain. It is therefore unsurprising that the α1β1γ1 and α2β1γ1 complexes have identical

specific activity (~6µmol/min/mg) and similar sensitivity to AMP binding [14]. However

the α2 isoform is more readily deactivated by the phosphatase PP2Cα compared to the α1

isoform [39].

The β regulatory subunit

Two isoforms of the β subunit exist, β1 and β2, and they are thought to exert inhibitory

regulation of the complex [40–42]. The isoforms are similar in length, are the smallest

subunit in the complex, and contain 80% sequence similarity within the carbohydrate-

binding module. The β subunit contains a myristoylation site at the N-terminus followed

by a glycine-rich domain and a carbohydrate-binding module. Myristoylation is proposed to

facilitate localization of AMPK to lysosomes in response to glucose starvation and binding

of AMPK to mitochondrial membranes to promote selective autophagy [40, 43, 44]. The

carbohydrate-binding module binds glycogen, allowing the kinase to sense sugar levels and

modulate its activity accordingly [45–50]. In the heterotrimer, the carbohydrate-binding

module sits atop the N-lobe of the catalytic α subunit [51–53]. The carbohydrate-binding
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module is followed by a unique C-interacting helix. This structure associates with the B- and

C-helices in the kinase domain of the α catalytic subunit and secures the nucleotide-binding

domain of the γ subunit to the C-terminal domain of the α catalytic subunit [53].

The γ regulatory subunit

The γ subunit is largely composed of a region of motif repeats known as the cystathionine

β-synthase motif. Pairs of these motifs form Bateman domains that have an ATP-binding

cleft. The γ subunit contains four of the cystathionine β-synthase motifs that form a flat

four-pointed surface, with one motif repeat located in each quadrant. This conformation

creates four potential ligand-binding sites, however only three sites are occupied at any time

[17, 53, 54]. Studies of the mammalian γ subunit determined that site 1 remains empty, site

4 is strongly bound to AMP, and sites 2 and 3 bind AMP and ADP competitively. There

are three isoforms of the γ subunit and they differ in structure and sensitivity to nucleotide-

binding. The γ1 isoform is largely composed of the nucleotide-binding domain alone while

the γ2 and γ3 isoforms possess long N-terminal extensions with unknown structure and

function. The nucleotide-binding domain is only 60% similar across all three isoforms, due

to alternative splicing that generates the γ2 and γ3 isoforms [55]. Activity and sensitivity

of isoforms are distinct and can be tissue-dependent. For example, the γ1 isoform has the

highest activity of all the isoforms in most tissues, with the exception of the brain which has

equal activity of all three isoforms. In addition, the γ2 isoform has the greatest sensitivity

to AMP concentration in the brain while the γ3 subunit is the least sensitive [31, 56].

AMP binding to the γ2 and γ3 isoforms has little effect on Threonine-172 phosphorylation,

however AMP binding to the γ1 subunit stimulates phosphorylation of Threonine-172 by
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LKB1. Binding of AMP or ADP in all γ isoforms is protective against dephosphorylation

of Threonine-172, although the γ2 isoform is the most sensitive to ADP binding.

1.1.3 Transgenic Knockout Animals

A major technical resource in advancing our understanding of the role(s) of AMPK in

vivo has been the generation of transgenic animals lacking one or multiple AMPK subunit

isoforms. However, complete loss of both α catalytic isoforms or β isoforms renders an

embryonic lethal phenotype at ~10.5 days post-conception demonstrating the importance

of AMPK activity during embryogenesis [57, 58]. Instead, animals lacking one catalytic

isoform were initially generated. As mentioned previously, AMPKα2 knockout mice have

a phenotype resembling Type 2 Diabetes although these mice lack a number of molecular

features of the disease such as decreased insulin secretion by pancreatic islets, decreased

glucose uptake in muscle and increased muscle lipid availability, and uptake of free fatty

acids [59]. In contrast, AMPKα1 knockout mice display enlarged spleens and anemia, in

part due to the exclusive expression of AMPKα1 in red blood cells that is critical for

autophagy-dependent clearance during differentiation [60, 61]. Despite these advances, use

of single-isoform knockout mice has been discouraged as previous work has shown compen-

satory increases in expression and activity of the remaining isoform, complicating conclu-

sions drawn from these mice. For example, skeletal muscle from AMPKα2 knockout mice

has increased expression of the α1 isoform yet a significant reduction in ACC phospho-

rylation persists, and this phenomenon is not observed in the liver from these mice [59].

In addition, muscle contraction in both AMPKα1 and AMPKα2 knockout mice increased

AMPK activity to similar levels as wild-type mice, accompanied by increased expression of
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the remaining catalytic isoform in both knockout mouse models [62]. This was also observed

in kidney proximal tubules lacking either AMPKα1 or AMPKα2 and by lack of phenotype

in mice with a chondrocyte-specific deletion of AMPKα1 [63, 64]. Further complicating

matters, there does not seem to be any difference in substrate specificity in the catalytic

isoforms [65]. For these reasons, researchers have turned to tissue-specific knockout models

that allow ablation of multiple isoforms without a loss in viability.

1.1.4 Pharmacological Regulators

Due to its role in mediating metabolic homeostasis, there has been much work on the use

of AMPK activation to combat symptoms and features of metabolic syndromes and onco-

genic signaling. The majority of these studies have utilized pharmacological manipulation of

AMPK activity, however some of these drugs have AMPK-independent effects that preclude

researchers from specifically confirming if effects are directly downstream of AMPK. The

type 2 Diabetes biguanide therapy, Metformin, is an AMPK activator used in many studies

due to its clinical relevance. AMPK activation due to Metformin is indirect and occurs

by inhibition of mitochondrial respiratory-chain complex 2 that increases the AMP:ATP

ratio [66–69]. This was further confirmed when the mitochondrial respiratory-chain com-

plex 2 inhibitor R419 was found to indirectly activate AMPK [70, 71]. However as alluded

to earlier, Metformin can act independently of AMPK such as in its inhibition of hepatic

gluconeogenesis [72, 73]. In addition, these effects can be context-dependent. For example,

Metformin suppression of adipogenesis does not require AMPK and is instead mediated

by mTOR/p70-S6K signaling in C3H10T1/2 mouse mesenchymal stem cells while AMPK

activation in mouse embryonic fibroblasts potentiated this effect [74]. Another activator
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of AMPK, 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) is phosphorylated to

ZMP, an AMP mimetic that can activate AMPK allosterically. AICAR has been used

experimentally as a specific AMPK activator, however similar to Metformin it can also

have AMPK-independent effects. AICAR can inhibit cytokine production and T cell ac-

tivation in an mTOR-dependent manner in T cells and induce IL-6 secretion in mouse

muscle independently of AMPK [75, 76]. Compound C, or Dorsomorphin (C24H25N50; 6-

[4-(2-piperidin-1-ylethoxy) phenyl]-3-pyridin-4-ylpyrazolo [1, 5-a] pyrimidine), is a selective

AMPK inhibitor whose mechanism of AMPK activation has remained elusive [77]. Despite

initial understanding of its specificity, Compound C has since been reported to inhibit a

number of kinases to a similar degree or more efficiently than AMPK [78, 79]. To this end,

a number of off-target effects of Compound C have also been observed [80, 81]. While these

pharmacological agents can be used to understand AMPK function, it is essential to form

conclusions cognizant of the limitations of these drugs.

1.2 Gastrointestinal Physiology

1.2.1 Anatomy and Functional Organization

The gastrointestinal tract consists of epithelia and its associated tissues beginning from the

oral cavity and ending at the anus. Each organ of the gastrointestinal tract is responsible for

a unique function. Within the intestine each segment also has a specialized function which is

supported by distinct epithelial and tissue structure, composition of epithelial and immune

cell subtypes, and other properties. For the purposes of this dissertation, our discussion

will focus on the intestine. The small intestine is the main site of nutrient absorption and
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includes the duodenum, jejunum and ileum. Its organization is highly specialized to increase

the absorptive area. It consists of finger-like extensions known as villi that are covered by

a single layer of columnar epithelial cells that are surrounded by 5-7 crypts known as the

crypts of Lieberkühn. In addition, villus enterocytes have apical microvilli structures that

form a brush border membrane to increase the surface area for absorption. The duodenum

is the initial site of contact with chyme from the acidic environment of the stomach and

thus has chemo- and mechanosensitive nerve endings that sense the composition of luminal

contents and bicarbonate-secreting glands to protect the epithelia [82]. The jejunum is the

longest intestinal segment where a majority of nutrient absorption occurs. The ileum has

shorter villi than other segments of the small intestine and is the site of conjugated bile

acid absorption. The ileum also has a large capacity for absorption in the event jejunal

nutrient absorption is impaired. As a result, clinical nutrient malabsorption is unlikely. In

the colon, villi disappear in favor of long colonic crypts and large folds of the tissue known as

haustrae (plicae in mice) increase the absorptive area. The ascending colon (proximal colon

in mice) is also the largest site of gut microbiota colonization, which plays an important

role in the metabolism and absorption of certain nutrients, as well as maintenance of the

intestinal barrier. Finally, the colon is a major site of fluid reabsorption that serves to

restrict fluid loss by dehydrating fecal contents thereby initiating stool formation in advance

of excretion and storage of fecal waste (descending colon and rectum). The intestinal

epithelium is highly dynamic and composed of a number of specialized cell types critical for

its function. These include differentiated secretory (Paneth, goblet, enteroendocrine, and

secretory enterocytes) and absorptive cell lineages. Enterocytes refer to intestinal epithelial

cells that can be secretory or absorptive in the small intestine while colonocytes refer to the
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intestinal epithelial cells residing in the colon. Intestinal stem cells at the base of the crypt

maintain a regenerative niche that supports complete turnover of the intestinal epithelium

every 5 days. Newly divided intestinal epithelial cells at the crypt base have a secretory

character that differentiates into a more absorptive character as they migrate towards the

villus tip. It was previously thought that absorptive enterocytes had similar expression of

macromolecule transporters, however recent work by Moor et al. has demonstrated there are

regions of the villus where expression of certain macromolecule transporters is segregated,

although how this is accomplished is still unknown [83]. Cells fated to become Paneth

cells first migrate towards the lumen similar to enterocytes, however as they terminally

differentiate they return to the crypt base where they secrete a number of antibacterial

components such as antimicrobial peptides. Paneth cells are long-lived (>30 days) and are

usually restricted to the small intestine, though they may develop in the colon during chronic

inflammation [84, 85]. Enteroendocrine cells contain secretory granules of peptide hormones

that are released into the lamina propria where they can access and enter the circulation.

Underneath the intestinal epithelium, layers of circular and longitudinal muscle aid in the

digestion process and move luminal contents distally for eventual excretion. Contractions

of the smooth muscle are controlled by hormone release and the autonomic and enteric

nervous systems. Innervation of the intestines is largely parasympathetic from the vagus

nerve (small intestine to transverse colon) and pelvic nerve (from descending colon onward).
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1.2.2 Functions of the Intestinal Tract

Digestive Functions

The primary purpose of the intestine is to facilitate recovery of nutrients from the diet and

prepare waste for excretion. This process largely occurs passively and efficiently through

coupled transport. In addition, fluid secretion and reabsorption by the intestines aids in

nutrient absorption and excretion of waste. In the midst of these processes, there is also

modulation of the immune system through interactions with environmental factors, host

behavior such as diet, and host-pathogen communication. To accomplish these functions,

the intestine is highly specialized with respect to cell populations, expression of proteins,

and spatial organization. In this section, I briefly describe how these adaptations support

intestinal function.

Nutrient Absorption and Fluid Dynamics In general, secretory intestinal epithelial

cells reside in the intestinal crypts while absorptive cells are present in the surface epithe-

lium. Absorption of macromolecules is largely mediated by sodium (Na+)-coupled transport

that occurs passively down its concentration gradient. This electrolyte movement across

epithelia is driven by the electrochemical gradient established by the Na+-K+-ATPase that

moves 2 potassium (K+) ions into the cell and 3 Na+ ions out of the cell, along with the

actions of apical and basolateral K+ channels that allow net movement of potassium into

the gut lumen. A normal human colon absorbs 1.5 - 2.0 liters of fluid a day, a process driven

by the movement of Na+ and Cl- across the epithelia. In addition to fluid absorption, fluid

secretion in the colon also occurs albeit to a lesser extent. In pathophysiological conditions

such as secretory diarrhea, fluid secretion in the colon outweighs absorption leading to net
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fluid loss. In addition, in patients with Inflammatory Bowel Diseases (IBD) such as Ulcer-

ative colitis (UC), diarrhea is the predominant symptom resulting from a loss of Na+ and

Cl- absorption [86, 87]. Movement of Cl- into the cell with Na+ and K+ by the Na+-K+-Cl-

cotransporter 1 (NKCC1) occurs electrogenically down the concentration gradients as de-

scribed earlier. NKCC1 is a basolateral membrane protein and acts as the main mediator

of Cl- accumulation within the cell [88, 89]. Following stimulation, increases in intracellular

cAMP and/or Ca2+ inhibit Na+ and Cl- influx and activate apical chloride secretion into

the lumen through the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)

and Ca2+-activated Cl- channels (CaCCs).

1.2.3 The Intestinal Barrier

Intestinal epithelial cells (IECs) stand at the interface of the external environment and the

internal environment of the body. In order to protect the body from pathogens and com-

mensal bacteria of the resident gut microbiome, these intestinal epithelial cells function as

regulators of what is referred to as the intestinal barrier. This barrier is composed of the

following components: the mucus layer, commensal bacteria of the gut microbiota, special-

ized intestinal epithelial cells such as Paneth cells and goblet cells that secrete antimicrobial

peptides and mucins, enterocytes that regulate passage of molecules paracellularly, and the

underlying immune cells which respond to changes in the luminal environment and failures

of the barrier (Figure 1.2). The first of these, the mucus layers, create a physical deterrent

to prevent bacterial adherence to intestinal epithelial cells. The mucus layer is formed by

secretion of mucins and fluid from goblet cells and columnar intestinal epithelial cells, and

contains antimicrobial peptides and secretory IgA secreted from Paneth cells and B cells,
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respectively. The intestinal epithelial cells are the main physical blockade separating the

external and internal environments. They are intimately associated through junctional pro-

teins that regulate two methods of paracellular transport - the pore pathway and the leak

pathway. The pore pathway is controlled largely by claudins and is charge and size-selective,

while the leak pathway non-selectively allows passage of molecules 100 angstroms in diam-

eter and is regulated by occludin and myosin light chain (MLC) phosphorylation [90–93].

Unregulated passage of macromolecules and bacteria can also occur following epithelial

damage. Intestinal epithelial cells also monitor luminal microbes by continuous sampling

and relay of the information to gut associated lymphoid tissue (GALT) where commensals

can promote barrier function and pathogenic bacteria elicit inflammatory responses that

can impair barrier function [94–96].

1.3 Inflammation in the GI Tract

The gastrointestinal tract is a unique site where balance of tolerogenic and immunogenic

responses is necessary to maintain colonization of commensals but repress growth and in-

vasion of pathogenic bacteria. To accomplish this, crosstalk between the gut microbiota,

intestinal epithelial cells, and mucosal immune cells facilitates coordinated and complex

processes of inflammation and wound healing. Microbes in the luminal environment are

sensed by extracellular toll-like receptors (and intracellular NOD-like receptors) on intesti-

nal epithelial cells that facilitate innate immune responses such as activation of Nuclear

factor-kappa B (NF-κB) signaling and expression and secretion of the pro-inflammatory
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Figure 1.2: Homeostasis at the Intestinal Barrier

1a) The mucus layer consists of an inner dense layer containing secretory IgA (sIga) and antimicrobial pep-
tides (AMP) (dashed line) and a loose outer layer where the microbiota reside. 1b) Apical chloride channels
(CFTR, CaCC) drive fluid secretion to hydrate the mucus layer and tight junctions regulate selective paracel-
lular transport across intestinal epithelial cells. 2a) Toll-like receptors (TLR) at the apical membrane sense
microbial components such as lipopolysaccharide (LPS). 2b) Intracellular pattern recognition receptors such
as NOD2 sense other microbial components like peptidoglycan. 3) Together, these receptors activate in-
flammatory signaling (MAPK) and induce pro-inflammatory gene expression via the Nuclear Factor-kappaB
(NF-κB) transcription factor. 4) Secretion of cytokines activates inflammatory responses from myeloid cells
and CD4+ T helper cells. 5) T helper cells support B cell differentiation to Plasma cells and production
of sIgA. 6) Interleukin-10 (IL-10) promotes T regulatory (Treg) cell differentiation. 7) Activation of Treg
cells increases secretion of IL-10 and transforming growth factor-β that inhibit CD4+ T cells and promote
tolerogenic immunity.

15



cytokines interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β).

These cytokines recruit leukocytes to the epithelium that in turn activate inflammatory

responses such as production of reactive oxygen species and cytokine release. Antigen pre-

sentation to T cells induces adaptive immune responses such as secretory IgA production

from B cells [97]. Expression of particular repetoires of cytokines leads to differention of

leukocytes into specified subsets such as CD4+ T cells to Th1, Th2, or Th17 cells. In coor-

dination with the expression of pro-inflammatory mediators, intestinal epithelial cells also

produce immunoregulatory molecules such as the anti-inflammatory cytokine interleukin-

10 (IL-10) and transforming growth factor-β (TGF-β). These immunoregulatory mediators

promote differentiation of T regulatory cells that repress pro-inflammatory signaling in order

to prevent excessive inflammatory responses and promote wound healing. In healthy intes-

tine, activation of fibroblasts and smooth muscle cells initiates the wound healing process

where collagen deposition is accompanied by recruitment of monocytes and neutrophils that

clear cell debris, and supports the expansion and migration of intestinal epithelial stem cells

that re-populate the injured site [98, 99]. These processes are essential to healthy barrier

function as evidenced by transgenic mouse models lacking expression of proteins important

for bacterial-sensing and immunomodulation develop spontaneous colitis and a number of

these same mediators are IBD risk genes [100–105]. It is therefore critical to understand

these mechanisms in order to identify novel therapeutic opportunities for acute and chronic

intestinal inflammation.
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1.4 Project Proposal

Inital work in intestinal epithelia observed AMPK activation facilitated tight junction as-

sembly and therefore intestinal barrier function [106–110]. Recent evidence by a number

of groups has suggested activation of AMPK is protective in injury models of experimental

colitis, however these studies have been correlative due to difficulties in specifically targeting

AMPK activity [111–116]. Furthermore, a number of AMPK agonists and inhibitors have

AMPK-independent effects and AMPK transgenic mouse models have limitations due to the

expression of the remaining catalytic isoform, adding to the complexity of these conclusions.

Previous work by our laboratory demonstrated knockdown of AMPKα1 by small-interfering

RNA decreased the loss of intestinal barrier function induced by interferon-γ [117]. These

data suggest AMPK mediates increased intestinal permeability downstream of interferon-

γ rather than preserving barrier function as studies in experimantal colitis models have

suggested. In agreement with this, IL-10-deficient mice that develop spontaneous colitis

have increased AMPK activation compared to wild-type mice [118, 119]. In order to better

understand these differences, I proposed to investigate the role of AMPK in homeostasis

and in acute models of intestinal inflammation such as oxidative stress, injury-induced ex-

perimental colitis, and pathogenic infection. In order to determine the impact of AMPK

activation on immune-related functions of intestinal epithelial cells, I utilized a number of

model systems for this study. Mechanistic questions were answered using immortalized in-

testinal epithelial cell lines which can be manipulated in a more specific manner than in vivo

systems. In order to observe the effects on the intestinal barrier as a whole, which includes

not only epithelial cells but immune cells, the mucus layer and resident gut microbiota,
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I employed a Villin-Cre intestinal epithelial-specific AMPKα knockout mouse model and

challenged mice with different experimental models of colitis to observe if any effects were

context-dependent.
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2 | Materials and Methods

2.1 Materials and Buffers

All buffers utilized in the study were prepared according to standardized protocols and are

listed in the appendix.

2.2 Cell Culture System

Cell culture maintenance

T84 colonic epithelial cells (generously provided by Dr. Kim Barrett, UCSD) were main-

tained in 50:50 Dulbecco’s Modified Eagle Medium/Ham’s F12 (DMEM/F12) media (Life

Technologies) supplemented with 10% fetal bovine serum (Gibco #26140079, lot #1947391)

and 1% Penicillin-streptomycin (Life Technologies) at 37°C in 5% CO2 in 25 cm2 or 75 cm2

culture flasks (Corning) at 40-80% confluence until seeding. Cell growth media was re-

placed every other day, following 2-3 washes with pre-warmed 1X phosphate-buffered saline

(1X PBS). HT-29.cl19A cells (from Dr. Kim Barrett, UCSD) were grown to confluence

(~5 days) in DMEM supplemented with 10% FBS, 1% L-glutamine, and streptomycin (100
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Table 2.1. Trans-Well® Permeable Supports
Plate Size Insert Surface Area Seeding Density Insert Media Volume Well Media Volume
6-well 4.67 cm2 1 x 106 1.5 mL 2.6 mL
12-well 1.12 cm2 5 x 105 0.5 mL 1.5 mL

µg/mL) in 75 cm2 flasks. For seeding, cells were washed 3 times with pre-warmed 1X PBS

to remove any traces of growth media and incubated in 1-2 mL 0.25% Trypsin + EDTA

(Gibco) at 37°C until all cells became detached. The cell suspension was collected into a

15 mL conical tube with 8-9 mL of growth media and a single cell suspension was achieved

by repeated pippetting using a serological pipet (~15 times). A 20 μL aliquot was diluted

1:2 in trypan blue and incubated for a few minutes. The stained aliquot was placed in

a hemocytometer and cells were counted as described in standard protocols. Appropriate

cell numbers (see 2.1) were seeded onto pre-warmed plates containing growth media and

retuned to the incubator. Trans-well® Permeable Supports with polyester membranes and

0.4 µ m pore size were purchased from Corning® or Millicell® Cell Culture Inserts from

EMD Millipore (for Ussing chambers) were utilized for all experiments. Cells cultured on

permeable supports were fed every other day for 1 week, then fed every day until harvest.

2.3 Measurement of Transepithelial Electrical Resistance

Transepithelial electrical resistance (TEER) was measured using an EVOM voltohmmeter

chopstick electrodes (World Precision Instruments) in triplicate per well. Plates were placed

on a block heated to 37°C for measurements and temperature was allowed to stabilize

for 10 minutes prior to measurement. Establishment of a semi-permeable and polarized
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Table. 2.2 Transepithelial Electrical Resistance Measurement
Plate or Dish Size Insert Membrane Growth Area (cm) Insert Diameter (mm) Polarized Range (Ohms)
6 well plate 4.67 24 214-535
12 well plate 1.12 12 893-2,232

monolayer was confirmed by TEER measurements greater than 1000 ohms•cm2 (Table

2.2) and polarized monolayers were utilized for downstream experiments.

2.4 Cell Treatments

Hydrogen peroxide (H2O2, 30% w/v solution, Calbiochem purchasd from Millipore Sigma

#7722-84-1) was utilized for oxidative stress experiments. T84 cells were treated basolat-

erally with H2O2 for the concentrations specified. The Ca2+/Calmodulin Kinase Kinase β

inhibitor STO-609-acetic acid (10 µM; Sigma-Aldrich #S1318) was applied bilaterally to T84

monolayers for 30 minutes prior to H2O2. The AMPK inhibitor Compound C or Dorsomor-

phin (50 μM, Millipore Sigma #P5499) was added bilaterally for 30 minutes prior to H2O2.

The AMPK activator Metformin-hydrochloride (5 mM, Millipore Sigma #PHR1084) was

applied bilaterally for 30 minutes. Capsaicin (20 μM, Sigma-Aldrich #M2028) was applied

bilaterally for 30 minutes.

2.5 Human Subjects

Human subject experiments were performed at the University of California San Diego. Con-

trol patients (n = 3; 2 female & 1 male; age-range 52-71, mean: 61 ± 5 years) presenting

for colon cancer screening were asymptomatic and showed no clinical or macroscopic signs

of acute or chronic inflammation. Individuals with a history of inflammatory bowel disease,
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or intestinal inflammation at the time of the study were excluded. With informed consent,

mucosal punch biopsies (approximately 2 mm2 surface area) were taken using a reusable

round cup jumbo biopsy forceps Olympus FB-25 K-1 from macroscopically normal appear-

ing regions of the sigmoid colon. Tissue biopsies were placed in cold, oxygenated Ringer’s

solution for transportation from the endoscopy suite to the laboratory. Tissues were allowed

to equilibrate at 37°C in Ringer’s for 20 minutes prior to incubation in test solutions for

the indicated time points. Biopsies were then washed in ice-cold Ringer’s (3 times) prior

to tissue homogenization in lysis buffer for Western blot analysis (described below). The

protocol was evaluated and approved by the University of California San Diego Institutional

Review Board.

2.6 Protein Expression Analysis

2.6.1 Sample preparation from cell lysates

Cells were incubated with ice-cold Radio-immunoprecipitation assay (RIPA) lysis buffer (50

mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium do-

decyl sulfate) containing protease and phosphatase inhibitors (2 mM sodium fluoride, 2 mM

sodium orthovanadate, 1 μM phenylmethylsulfonyl fluoride, Roche cOmplete™, EDTA-free

Protease Inhibitor Cocktail (Millipore Sigma #4693132001), Phosphatase Inhibitor Cock-

tail #2 and #3 (Millipore Sigma #5726 and #0044, respectively) for 10-15 minutes at 4°C

before collection using a pipette or cell scraper. Whole cell lysates were immediately placed

on ice. Whole cell lysates were sonicated to shear DNA using a QSonica Q125 Sonicator

at 30% amplitude for 10 sec on/10 sec off for a total of 2 cycles followed by centrifuga-
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tion at 13,000 rpm for 15 minutes at 4°C. Supernatants were placed in sterile, labeled 1.7

mL tubes on ice. Protein concentration in each sample was quantified using a Thermo

Scientific™ Pierce™ BCA™ kit (Fisher Sci. #PI23228) according to the manufacturer’s

instructions. Protein concentration was measured in plastic cuvettes using a NanoDrop

2000c spectrophotometer in comparison to a standard curve. Gel loading samples were

prepared with 20 μg of protein with 2X or 4X Laemmli loading buffer (BioRad) containing

fresh β-mercaptoethanol (Sigma-Aldrich). Gel loading samples were stored at -20°C and

stock whole cell lysates were stored at -80°C.

2.6.2 Sample preparation from isolated tissue

RIPA lysis buffer (see above) was added to flash frozen tissue and tissues were sonicated

at 40% amplitude in short intervals until complete homogenization of the tissue. Lysates

were centrifuged at 13,000 rpm for 15 minutes at 4°C. Protein samples were prepared as

described above. Gel loading samples were stored at -20°C and stock whole cell lysates were

stored at -80°C.

2.6.3 Immunoprecipitation

Following cell treatment and lysis (see above), whole cell lysate protein content was quan-

tified and adjusted so that each sample contained an equal amount of protein. lysates were

incubated with immunoprecipitating antibody, as per the manufacturer’s instructions, for

1 hour at 4°C followed by another 1 hour incubation at 4°C with protein A-Sepharose.

For NKCC1 immunoprecipitation, the goat polyclonal anti-Total NKCC1 (N-16) was used.

Lysates were then centrifuged for 3 minutes at 21,000 x g and the supernatant was discarded.
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The pellets were washed in ice-cold phosphate-buffered saline three times and resuspended

in 2X gel loading buffer (50 mM Tris, pH 6.8, 2% SDS, 200 mM dithiothreitol, 40% glyc-

erol, 0.2% bromophenol blue) and boiled prior to separation by SDS-polyacrylamide gel

electrophoresis.

2.6.4 Electrophoresis, blotting and analysis

Gel loading samples were subjected to Sodium-dodecylsulfate polyacrylamide gel electrophore-

sis (SDS-PAGE) and proteins were transferred to polyvinylidine difluoride (PVDF) mem-

branes using a wet transfer system (BioRad). Membranes were blocked for 1 hour at room

temperature in 5% non-fat milk or bovine serum albumin in 1X Tris-buffered saline + 1%

Tween-20 (TBST). Primary antibody incubations were conducted overnight at 4°C in block-

ing buffer. Membranes were washed with 1X TBST five times for 5 minutes. Secondary

antibody incubations were conducted for 1 hour at room temperature in blocking buffer.

Following secondary antibody, membranes were washed with 1X TBST five times for 5

minutes. Thermo Scientific™ SuperSignal™ West Pico PLUS Chemiluminescent Substrate

(Fisher Sci. #PI34580) was applied to membranes for 5 minutes. Membranes were exposed

to x-ray film in a dark room and films were developed immediately. Densitometry of protein

bands was performed using FIJI (ImageJ) NIH imaging software.

2.6.5 Antibodies for western blotting

All phospho-antibodies were diluted 1:1000 in 5% BSA unless otherwise indicated. All other

antibodies were diluted 1:1000 in 5% milk unless noted otherwise. AMPKα (Cell Signaling

#2532) , Phospho(Thr172)-AMPKα (Cell Signaling #4OH9) , NKCC1 antibodies TEFS-2
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and T4, α-Smooth Muscle Actin (Sigma-Aldrich #A2547) diluted 1:5000, E-cadherin (BD

Transduction Labs #610181) diluted 1:4000, Occludin (Thermo Fisher Sci. #71-1500),

Zonula occludens-1 (Invitrogen #61-7300), Claudin-2 (Invitrogen #32-5600), Claudin-4

(Invitrogen #32-9400), Claudin-15 (Invitrogen #32-9800), AMPKα1 (Abcam #ab3759),

AMPKα2 (Abcam #ab3760), AMPKβ (Cell Signaling #57C12), Phospho(Ser79)-Acetyl-

CoA Carboxylase (Cell Signaling #3661), Acetyl-CoA Carboxylase (Cell Signaling #3676),

Cleaved caspase-3 (Cell Signaling #5A1E), Poly(ADP)ribose polymerase (PARP) (Cell

Signaling #9542), β-Actin (Sigma-Aldrich #A5316) diluted 1:5000, Peroxidase-conjugated

Goat Anti-Rabbit (Jackson ImmunoResearch Labs #111-036-045) diluted 1:5000, Peroxidase-

conjugated Goat Anti-Mouse (Jackson ImmunoResearch Labs #115-036-062) diluted 1:10,000

for β-Actin or 1:5000 for all others.

2.7 Biotinylation Assay

The procedures for this experiment were adapted from [1]. Briefly, T84 cell monolayers

were treated as described earlier. Following treatment, monolayers were washed twice with

ice-cold 1X PBS pH 8.0. 10 μM of EZ-Link™ Sulfo-NHS-SS-biotin (Thermo Sci. #21331)

was added basolaterally and incubated for 30 minutes at 4°C. Fresh biotin was added and

incubated for an additional 30 minutes. Monolayers were washed twice with ice-cold 1X

PBS pH 8.0 then incubated in quenching buffer (100 mM Glycine in 1X PBS pH 8.0)

for 15 minutes. Quenching buffer was aspirated and 500 μL of RIPA lysis buffer was

added to monolayers and incubated for 30 minutes at 4°C with gentle agitation. Cells

were scraped and collected into 1.7 mL tubes. Cells were sonicated and centrifuged as
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described earlier and supernatant was aspirated into new tubes. Protein quantification of

supernatent was performed as described earlier. 50 μL of Pierce® Streptavidin-Agarose

Resin (Thermo Sci. #20353) was placed in 1.7 mL tubes and washed according to the

manufacturer’s instructions. Equal concentrations of protein (~1 mg/mL) were added to

respective streptavidin bead aliquots and incubated overnight at 4°C with rotation. The

next day, samples were centrifuged according to streptavidin-agarose beads’ manufacturer’s

instructions. Supernatants were aspirated into new tubes for total NKCC1 samples. Beads

were washed twice with a high salt buffer (0.1% Triton X-100, 500 mM NaCl, 50 mM Tris,

5 mM EDTA at pH 7.5) for 10 minutes and once with a low salt buffer (0.1% Triton X-100,

100 mM NaCl, 50 mM Tris, 5 mM EDTA at pH 7.5) for 10 minutes. Biotinylated proteins

were eluted from streptavidin beads using 50 μL Laemmli Sample Buffer (BioRad).

2.8 In Vitro Kinase Assays

Peptides were purchased from Peptide 2.0. Wild-type peptide sequence was RRAMATL-

LAKFRIDFSDIMVLGRR andMutant peptide sequence was RRAMATLLAKFRIDFADIMVL-

GRR. SAMS peptide (Abcam #ab120182) was used as a postive control. The assay was

performed as described previously [2]. Briefly, reactions were prepared in 1.7 mL tubes to

the following final concentrations: 1 nM Recombinant human His-tagged AMPK (α2/β1γ1)

(Sigma-Aldrich #A1733), 1 mM AMP, 2 mM peptide, 5 mM MgCl2, and 50 mM HEPES

pH 7.0. 0.2 mM AT-32P (from 2 mCi/mL stock) was added last and reactions were incu-

bated at 37°C for 20 minutes. Reactions were briefly centrifuged and 20 µL of each reaction

was blotted onto a 2.5 cm circle P81-grade phosphocellulose Whatman paper. Papers were
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allowed to dry for 5-10 minutes followed by washes with 1% phosphoric acid for 10 minutes

(3 times). Papers were soaked briefly in acetone and allowed to dry. Each paper was placed

in an individual scintillation tube and scintillating buffer was added to soak the paper.

Counts per Million (CPM) of tubes were read on a Beckman LS 6500 scintillation counter.

2.9 Transgenic Animal Models

Animal lines and colony maintenance

Mice were maintained in a specific pathogen-free facility with access to standard chow

(PicoLab® Rodent Diet 20 5053*) and water ad libitum. Density of housing was limited

to 5 animals per cage. All mouse genotypes within a given mouse line were cohoused prior

to experiments. Mice transferred to conventional housing were fed Laboratory Rodent Diet

5001*. AMPKα2 whole-body knockout mice first described by Viollet et al. in 2003 were

generated on a C57BL/6J background by a Cre-loxP system where loxP sites flanked exon

C which corresponds to amino acids 189-260 of the catalytic domain [3]. AMPKα intestinal

epithelial cell-specific knockout mice have not been previously described and were generated

by breeding AMPKα1α2 floxed mice with a Villin-Cre mouse (both lines kindly provided by

Russell G. Jones, McGill University). These mice have a mixed background of C57BL/6JN.

2.9.1 Sacrifice and sample collection

Mice were anestherized using 4% isofluorane in an anesthesia chamber and kept under

anesthesia until sacrifice using a nose cone. Blood was collected from the posterior vena

cava using an insulin syringe into a 1.7 mL tube. Following blood collection, anesthetized
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mice were sacrificed by cervical dislocation. Intestinal tissue was excised and immediately

placed in 1X PBS on ice. Intestines were cut into intestinal segments (Duodenum, Jejunum,

Ileum, Cecum, Proximal colon, Distal colon) and were utilized as follows: 0.5 cm each for

paraffin and frozen sections and 0.25 cm each for protein and RNA expression analysis.

2.10 Ussing Chambers

2.10.1 Physiological solutions

The composition of the Kreb’s Ringer’s buffer used for Ussing chamber, Western blot stud-

ies, and 86Rb+ uptake studies was (in mM): 140 Na+, 120 Cl-, 5.2 K+, 25 HCO3
-, 0.4

H2PO4
-, 2.4 HPO4

2-, 1.2 Ca2+, 1.2 Mg2+, and 10 D-glucose.

2.10.2 Resistance and ion transport

Intestinal epithelial cells were seeded in Millicell® Cell Culture Inserts and grown until po-

larization was confirmed by TEER measurement (~10 days). Inserts were placed in sliders

and mounted in Ussing chambers containing pre-warmed Kreb’s Ringer’s buffer. Mice were

sacrified without isofluorance anesthesia by cervical dislocation and CO2 asphyxiation. In-

testinal tissues were excised onto a chilled platform, opened longitudinally and fecal matter

removed gently with forceps. The serosal layer was stripped and epithelium was placed on in-

serts for mounting in Ussing chambers containing pre-warmed Krebs-Ringer’s buffer (KBR)

supplemented with glucose. For H2O2 experiments, excised mouse intestinal tissue was

treated bilaterally with H2O2 (1-5 mM) for 30 minutes prior to transport stimulation and

recording of resistance. Resistance was observed continuously once the tissues were mounted
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and recorded after 10-15 minutes following stabilization of the tissue. To stimulate cyclic-

AMP-dependent transport, 20 μM Forskolin (Sigma-Aldrich #F6886) was added bilaterally.

Current and resistance was allowed to stabilize. To stimulate Ca2+-dependent transport,

300 μM Carbachol (Carbamoylcholine chloride, Sigma-Aldrich #C4382) was added basolat-

erally. Change in short-circuit current (ΔIsc) was calculated from the difference of the peak

of current following stimulation and baseline current immediately preceding stimulation.

2.10.3 Basolateral 86Rb+ uptake studies

Basolateral K+ uptake was measured with 86Rb+ as a tracer using an adaptation of a

previously described method [4]. Confluent monolayers of T84 cells grown on 12mm Trans-

well® inserts were rinsed three times with warm Ringer’s solution and incubated for 1 hour

at 37°C. After 1 hour pre-incubation, cells were exposed bilaterally to H2O2 (500 µM)

or vehicle control for 30 minutes on a warming plate at 37°C. Inserts were transferred to

wells containing Ringer’s solution with or without 100 µM Carbachol (CCh) for 1 minute,

and then transferred to wells containing Ringer’s with 1 µCi/mL 86Rb+ and CCh, and

maintained at 37°C for 3 minutes. 86Rb+ uptake was terminated by immersing inserts

several times in ice-cold 100 mM MgCl2 containing 10 mM Tris-HCl, pH 7.5. Filters were

immediately excised from the inserts, placed directly into 5 mL scintillation fluid, and 86Rb+

content measured by standard scintillation methods. K+ influx was calculated as (cpm/g

protein/min)/SA, where SA is the specific activity of the uptake buffer (cpm/µmol K+).

Data were expressed as µmol of K+ influx/g protein/min.
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2.10.4 Ex vivo intestinal permeability

Whole intestinal sections were mounted in Ussing chambers containing pre-warmed Krebs-

Ringer’s buffer (KBR) supplemented with either mannitol (small intestine) or glucose (large

intestine). 4 kDa Fluorescein isothiocyanate (FITC)-dextran was added to the apical (lumi-

nal) side and both chambers were sealed with chamber caps to prevent evaporation. Buffer

was collected from the basolateral (lamina propria) side at regular intervals and an equal

volume was removed and discarded from the apical chamber to prevent a volume difference

across the tissue. Fluorescence in each sample and a standard curve was measured using a

GloMax®-Multi Detection System plate reader (Promega) at 490 nm. Liner regression was

performed in GraphPad to interpolate sample concentrations from the standard curve.

2.11 Immunofluorescence

2.11.1 Tissue preparation, blocking and staining of slides

Isolated tissues from mice were immediately placed in 1.7 mL tubes containing 0.5 mL of 4%

paraformaldehyde (PFA) on ice. Tubes were transferred to 4°C and incubated overnight.

4% PFA was aspirated as discarded in appropriate waste container. Tissues were washed

three times with 1 mL of 1X PBS, aspirating and discarding PBS after each wash. After the

final wash, tissues were stored in 30% sucrose in 1X PBS at 4°C. Tissues were blocked using

Optimal cutting temperature (OCT) solution and plastic molds. Blocks were wrapped in

foil and stored at -80°C. Tissues were cut into 4 µm sections using a Leica cryostat and

placed on positively-charged glass slides. Slides were stored at -20°C or -80°C.
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2.12 Intestinal Epithelial Cell Isolation

Intestinal tissue was excised from mice and stored temporarily in ice-cold 1X PBS during

the procedure. Intestinal segments were separated (Duodenum, Jejunum, Ileum, Cecum,

Proximal colon and Distal colon) and mesentery was carefully removed using fine forceps.

Using a curved syringe, lumens were flushed with ice cold 1X PBS to remove any fecal

matter or luminal contents. Using a 200 µL pipet tip and forceps, the intestinal segments

were carefully inverted and placed in 1.7 mL tubes containing 500 µL of Corning® Cell

Recovery Solution (Corning #354253) on ice. Samples were incubated for 2 hours at 4°C

with rotation. Using forceps, intestinal segments were shaken in their tubes to release

intestinal epithelial cells and remnant tissue was discarded. Samples were then washed

three times as follows: centrifuged at 600 x g for 5-10 minutes, supernatent was aspirated

and discarded, and the cell pellet was resuspended in ice cold 1X PBS. After the final wash,

cell pellets were resuspended in RIPA lysis buffer for protein expression analysis.

2.13 In Vivo Intestinal Permeability

Mice were fasted overnight (8-12 hours) and orally gavaged with 10 mg/mL 4 kDa fluorescein

(FITC)-dextran, according to their body weight. After four hours, mice were anesthetized

using 4% isofluorane and blood was collected retro-orbitally (for baseline/survival experi-

ments) or from the posterior vena cava. Blood was allowed to clot for 30 minutes at room

temperature and centrifuged at 1,500 x g for 15 minutes at 4°C. Serum was aspirated and

placed in a labeled tube on ice. Serum was diluted 1:5 in a black 96-well plate in techni-
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cal duplicates. Fluorescence in each sample and a standard curve was measured using a

GloMax®-Multi Detection System plate reader (Promega) at 490 nm. Duplicates were aver-

aged and linear regression was performed in GraphPad to interpolate sample concentrations

from the standard curve.

2.14 Models of Colitis and Assessment of Disease Severity

2.14.1 Dextran sulfate sodium (DSS)

Mice housed in a specific-pathogen-free facility were transferred to conventional housing and

acclimated for 2 weeks. Mice within the same treatment group were co-housed, regardless of

genotype. Baseline in vivo intestinal permeability was performed as described earlier. Mice

were allowed to recover for 2 weeks. 5% w/v Dextran sulfate sodium salt (~36,000-50,000

MW, colitis-grade, MP Biomedicals purchased from VWR #IC16011090) was administered

in drinking water ad libitum for 5 days, followed by 3 days of water. Post-DSS in vivo

intestinal permeability was peformed on the day of sacrifice (Figure 2.1).

2.14.2 Citrobacter rodentium Infection

Frozen stock of C. rodentium was resuspended in 1X PBS, plated on LB+streptomycin and

MacConkey agar plates, and incubated overnight at 37°C. A single colony was selected and

placed in LB broth overnight. Mice were treated with streptomycin (50 mg/µL) 24 hours

prior to infection. The next day 200 μL of C. rodentium were orally gavaged into anes-

thetized mice. Serial dilutions of the stock C. rodentium were plated on LB-streptomycin

and MacConkey agar plates overnight at 37°C. Single colonies were counted the next day
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Figure 2.1: Dextran Sulfate Sodium Administration
A) Adult (8-12 weeks old) AMPKαfl/fl and AMPKαΔIEC KO mice were utilized. Mice from both sexes were
included in the study and cohoused by sex and treatment group in conventional housing. B) Baseline
intestinal permeability was measured two weeks prior to Dextran Sulfate Sodium (DSS) treatment. DSS
was administered at 5% in drinking water ad libitum for 5 days, followed by 3 days of water. Mice were
sacrificed at Day 8 or when >25% of body weight was lost. DSS-induced permeability was measured on the
day of sacrifice.

to determine the number of colony forming-units used for infection. Body weight was mea-

sured every day and feces were collected every other day to determine fecal bacterial burden.

Infected mice were sacrificed either at day 10 post-infection or after C. rodentium clearance

(approximately 21 days post-infection).

2.14.3 Disease Activity Index

Disease activity index (2.3) was utilized to measure disease severity daily as previously

described [5]. Stool was classified as loose (score of 2) if liquid present when placed on

a paper towel, and watery diarrhea (score of 4) if liquid excretions were observed with

no pellets or shape. Presence of blood in feces was determined used Beckman-Coulter™

Hemoccult™ Fecal Occult Blood Slide Test System (Fisher Sci. #SK-60151) according

33



St
re

pt
om

yc
in 

Da
y 0

Da
y 1

Da
y 2

Da
y 3

Da
y 4

Da
y 5

Da
y 6

Cecum Distal colon Increased nuclear NF-κB translocation
Colonic hyperplasia appears

Da
y 7

Da
y 8

Da
y 9

Peak bacterial load

Da
y 1

0

Da
y 1

1

Da
y 1

2

Da
y 1

3

Peak Anti-MP expression
IgA secretion
IgG secretion

C. Rodentium 
 progression
Host response

LEGEND

Increases in intestinal permeability
Pore pathway Leak pathway Unrestricted

Pro-inflammatory 
cytokines

Da
y 1

4

Da
y 2

1

Clearance

Figure 2.2: Citrobacter rodentium Infection
Timeline of Citrobacter rodentium infection with known progression of the bacteria and host responses after
infection. C. rodentium colonization progression is depicted in red and host responses are displayed in green.
Mice were oral gavaged with streptomycin 24 hours before infection. C. rodentium was administered by
oral gavage, and is expected to colonize the distal colon by Day 2 post-infection. Intestinal permeability
is increased by Day 2 (transepithelial electrical resistance) and by Day 4 macromolecular permeability is
increased. Inflammatory responses are initiated by Day 3 with Nuclear Factor-kappa B activation and
translocation. Peak bacterial load occurs around Day 10 post-infection and coincides with adaptive immune
responses. In healthy wild-type mice, the infection is cleared by Day 14 post-infection.

to manufacturer’s instructions. Presence of blood in stool was classifed as slight bleeding

(score of 2) if no blood observed by the naked eye with a positive Hemoccult™ test and gross

bleeding (score of 4) if blood was observed by the naked eye with a positive Hemoccult™

test.
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Table 2.3 Disease Activity Index
Score % Body Weight Loss Stool Consistency Presence of Blood in Stool
0 None None None
1 1-5%
2 6-10% Loose Slight Bleeding
3 10-15%
4 >15% Watery Diarrhea Gross Bleeding

2.15 Gene Expression Analysis

2.15.1 Sample preparation

Invitrogen TRIzol™ Reagent (Thermo Fisher Sci. #15596026) was added to flash frozen

tissue and tissues were homogenized by sonication (40% amplitude in short intervals until

complete homogenization of the tissue) or bead beating at 4°C for 30-60 seconds. RNA was

isolated according to the manufacturer’s instructions and isolated RNA was resuspended in

RNase-free water. RNA concentration and 280/260 nm ratio was measured using a Nan-

oDrop 2000c spectrophotometer. Reverse transcription was performed using 1 μg RNA and

5X qScript™ cDNA SuperMix (Quanta BioScience #95048) in 20 μL reactions. Resulting

cDNA was diluted 1:10 and stored at 4°C.

2.15.2 Polymerase chain reactions

PCR reactions were prepared using GoTaq® Green Master Mix (Promega #M712B) accord-

ing to the manufacturer’s instructions. Primer sequences and cycle information is listed in

the Appendix. Following cycling, reactions were loaded onto a 1-2% agarose gel containing

ethidium bromide and run until adequate separation was achieved. Gels were imaged using

a GelDoc system and densitometry was performed using ImageJ.
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2.16 Histological Analysis

2.16.1 Tissue preparation, blocking and slides

Isolated tissues from mice were immediately placed in 1.7 mL tubes containing 0.5 mL of 4%

paraformaldehyde (PFA) on ice. Tubes were transferred to 4°C and incubated overnight. 4%

PFA was aspirated and discarded in an appropriate waste container. Tissues were washed

three times with 1 mL of 1X PBS, aspirating and discarding after each wash. After the

final wash, tissues were stored in 70% ethanol at 4°C. To paraffinze, tissues were placed in

plastic cassettes labeled in pencil or with a solvent resistant marker. Plastic cassettes were

placed in a paraffin embedder and embedded overnight. The next day, tissues were blocked

in paraffin using a TissueTek and stored at room temperature or 4°C. Tissues were cut into

4 μm sections using a Leica microtome and placed in a warm water bath for mounting on

positively charged glass slides. Slides were dried and stored at room temperature.

2.16.2 Hematoxylin and eosin staining

Paraffin sections were baked at 60°C for 1 hour followed by the following incubations: two

washes in Citrisolv for 5 minutes each, one wash in Citrisolv for 1 minute, one wash in 100%

Ethanol for 3 minutes, one wash in 95% Ethanol for 3 minutes, one wash in 70% Ethanol for

1 minute, two washes in ddH2O for 2 minutes each, incubated in Hematoxylin for 1 minute,

one wash in ddH2O for 2 minutes, incubated in Eosin for 1 minute, one wash in ddH2O for

2 minutes, one wash in 70% Ethanol for 1 minute, one wash in 95% Ethanol for 3 minutes,

one wash in 100% Ethanol for 3 minutes, and two washes in Citrisolv for 5 minutes each.

Slides were mounted with coverslips using Permount™ Mounting Medium (Fisher Sci.) and
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Table. 2.4 Histological Analysis of Chemically-Induced Experimental Colitis

Score 1:
Inflammatory Cell Infiltrate

Score
Value

Score 2:
Epithelial Changes and
Mucosal Architecture

Score
Value

No infiltration 0 No epithelial changes 0
Mild, limited to mucosa 1 Focal adhesions present 1
Moderate, present in mucosa
and submucosa 2 Erosions and focal adhesions present 2

Marked transmural infiltration 3 Extended erosions with or without
granulation and/or pseudopolyps 3

Total Score of Severity based on Histological Feature (Score 1 + Score 2): 0-6

allowed to dry overnight before imaging. Reagents included Citrisolv Clearing Agent (Decon

Laboratories Inc.), Hematoxylin, Modified Harris Formulation, Mercury free Nuclear Stain

(Ricca Chemicals), Eosin Y Solution, alcoholic (Sigma-Aldrich).

2.16.3 Imaging and Colitis Scoring

Hematoxylin and eosin-stained slides were imaged on an upright Leica. Colitis scoring was

performed as described previously using the rubric in Table 2.4 [6].

2.17 TUNEL Staining

Staining was performed using the ApopTag® Fluorescein In Situ Apoptosis Detection Kit

(Millipore #S7110) according to the manufacturer instructions. Briefly, 4 μm paraffin sec-

tions were baked at 60°C for 1 hour followed by the following incubations at room tem-

perature: two washes in Xylene for 5 minutes each, two washes in 100% Ethanol for 5

minutes, one wash in 95% Ethanol for 3 minutes, one wash in 70% Ethanol for 3 minutes,

and incubated in 1X PBS for 5 minutes. Tissues were then pre-treated with Proteinase K
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(20μg/mL) for 15 minutes and washed twice with 1X PBS for 2 minutes each. Equilibra-

tion buffer was applied for at least 10 seconds followed by incubation with TdT enzyme

for 1 hour at 37°C in a humidified chamber. The reaction was terminated by incubation in

Stop/Wash buffer for 10 minutes at room temperature followed by washing three times with

1X PBS for 1 minute. The following steps were performed while avoiding exposure to light.

Anti-digoxigenin conjugate was applied and incubated for 30 minutes at room temperature

in a humidified chamber. Slides were washed with four times with 1X PBS for 2 minutes

each. Slides were mounted with coverslips using ProLong™ Gold Antifade Mountant with

DAPI (Invitrogen™) and stored in the dark at -20°C.

2.18 Data Acquisition and Analysis

Microscope slides for immunofluorescence, histology, and TUNEL staining were imaged

using an upright Leica DM5500B microscope modular system paired with Leica CTR5500

electrical box, Leica EL6000 compact light source, and DFC365 FX and DFC450 C cameras.

Image analysis was conducted using NIH ImageJ. For NKCC1 expression, at least 3 complete

crypts per section were chosen as regions of interest (ROI) and green fluorescence channel

intensity was measured. For TUNEL staining, cells were selected using thresholding and the

number of stained cells in the green channel was measured and normalized to the number

of stained cells in the blue channel. Statistical analysis was conducted in GraphPad Prism

8. Data with two experimental groups was analyzed by two-tailed t-tests. Data over time

was analyzed by linear regression. Data with >3 experimental groups was analyzed by one-
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way ANOVA. Grouped data was analyzed by two-way ANOVA using Tukey’s post-test.

Statistical significance was determined by α= 0.05. Power analyses were performed in R.
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3 | AMPK Inhibits Electrogenic Ion

Secretion During Oxidative Stress

in the Intestinal Epithelium

3.1 Introduction

3.1.1 Electrogenic Ion Transport in Intestinal Homeostasis

The intestinal epithelium is a site of continuous electrolyte flux that aids in absorption

and maintenance of the intestinal barrier. In particular, apical chloride transport drives

fluid secretion that hydrates the mucus layer, facilitates diffusion of digestive enzymes and

metabolites, and protects the epithelium from the mechanical stress of passage of luminal

contents [1–3]. Impaired chloride (Cl-) secretion, such as that present in Cystic Fibrosis

patients, results in intestinal obstruction and malabsorption [4, 5]. Vectorial movement of

electrolytes is due to the polarized nature of intestinal epithelial cells, in which expression of

transporters and channels is restricted to apical or basolateral membranes due to adherens
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and tight junctions [6]. Apical chloride secretion is driven by the concentration gradients

of Na+ and K+ generated by the Na+/K+ ATPase at the basolateral membrane (Figure

3.1). The Na+/K+/2Cl- co-transporter 1 (NKCC1) is a basolateral transmembrane protein

that facilitates the electrogenic influx of Na+, K+ and 2 Cl- ions driven by the Na+/K+-

ATPase. Na+ and K+ are recycled to the lamina propria through the combined actions of

basolateral K+ channels and the Na+/K+-ATPase resulting in a net accumulation of Cl- ions

in the cell. Low intracellular sodium concentration allows NKCC1 to accumulate chloride in

secretory epithelial cells above the concentration predicted from electrochemical equilibrium.

Under increasing intracellular concentrations of cyclic adenosine monophosphate (cAMP) or

calcium (Ca2+), the apical Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)

or calcium-activated chloride channels (CaCCs), respectively, open to allow large movement

of chloride into the luminal space [7–9]. Both mechanisms of chloride secretion can be

replicated experimentally using the secretagogues Forskolin and Carbachol for cAMP- and

calcium-dependent secretion, respectively. Chloride secretion is regulated by transporter

activity, expression, and localization. For example, increased intracellular Ca2+ and cAMP

activate basolateral K+ channels leading to futher increases in apical chloride secretion [10].

In addition, NKCC1 has emerged as a regulator of chloride secretion as its activity, and

therefore the availability of chloride, is a rate-limiting step in this process.

NKCC1 expression in secretory epithelia is 10-30 times higher than other cells,

and it is more highly expressed in colon than small intestine [11]. Consistent with spatial

organization of secretory and absorptive epithelial cells, its highest expression levels are

observed in intestinal crypts and diminish towards the villus tip/surface epithelium [11, 12].
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Figure 3.1: Mechanisms of Chloride Secretion in Intestinal Epithelial Cells

At the basolateral membrane, the Na+/K+ ATPase establishes a concentration gradient that pulls intra-
cellular Na+ to the lamina propria. Basolateral K+ channels recycle K+ to the lamina propria. Together,
these drive electrogenic secondary active transport of Cl- into the cell by the Na+/K+/2Cl- cotransporter 1
(NKCC1). Stimuli that increase cyclic AMP by adenylate cyclase, such as vasopressin, activate the apical
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) via Protein Kinase A (PKA) phosphoryla-
tion to allow large, sustained secretion of Cl- into the lumen. Acetylcholine increases intracellular Ca2+ that
opens Calcium-activated Chloride Channels (CaCCs) leading to fast, transient secretion of Cl-. Sodium and
water follow chloride paracellularly, resulting in net electrogenic fluid secretion.
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NKCC1 is regulated by a number of mechanisms including posttranslational modifications

and endocytosis. Previous work has demonstrated induction of apical chloride secretion

by cAMP increases NKCC1 activity due to phosphorylation by STE20-related proline-

alanine-rich kinase (SPAK) and oxidative stress response kinase (OSR1) at Threonines

206 and 211 [13–21]. In addition, NKCC1 phosphorylation is induced by decreases in

intracellular calcium [22, 23]. Following stimulation of electrogenic ion secretion, altered

surface expression of NKCC1 has been observed and suggests that NKCC1 removal from the

membrane promotes termination of apical secretion [24–27]. These data indicate NKCC1

is a key mediator of electrogenic ion transport regulation.

3.1.2 Oxidative Stress in the Intestinal Epithelium

Reactive oxygen species (ROS) are free radical oxygen-containing molecules, meaning they

have at least one unpaired electron in the outer orbital. These species react with other

molecules through oxidation and/or reduction reactions to regain their thermodynamic and

electrogenic stability. They are produced from endogenous pathways in epithelial cells such

as the mitochondrial electron transport chain, xanthine oxidoreductase activity, and the

arachidonic acid and NADPH-dependent oxidase pathways in myeloid leukocytes. While

these mediators are important for certain functions, such as the bacteria-killing respiratory

burst, they can also be harmful to proteins within the cell and as a result must be reduced

very quickly by antioxidants such as glutathione. This is maintained by an inherent balance

of reduction-oxidation (redox) signalling in healthy tissue. Increased reactive oxygen species

or decreased antioxidant activity in a tissue can result in oxidative stress [28].
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Reactive oxygen species earn their name by participating in reactions with nucleic

acid, fatty acids and lipids, amino acids and proteins [29]. The hydroxyl radical can react

with all four DNA bases as well as damage the deoxyribose backbone, promoting mutagene-

sis, carcinogenesis and aging. These free radicals can also denature various proteins leading

to loss of function. For example, pyruvate dehydrogenase inactivation by ROS causes loss of

substrates for aerobic respiration, an important mechanism of antioxidation. Modification

of structural proteins can lead to destruction of cell architecture and the basement mem-

brane. In the intestinal epithelium, oxidative stress can also regulate immune pathways

such as NF-κB and nuclear factor erythroid 2-related factor 2 (NRF2) which modulate gene

expression to suppress local tissue damage [29, 30].

During intestinal inflammation, recruitment of neutrophils and other leukocytes

contributes to the level of reactive oxygen species in the mucosa [31–33]. In states of chronic

inflammation, such as Inflammatory Bowel Disease (IBD), the mucosa has a much higher

capacity of free radical production compared to healthy patients leading to oxidative stress

[34–37]. This was further indicated by increased levels of oxidized proteins in IBD patients

and increased nucleic acid oxidation in inflamed biopsies compared to uninvolved regions

and healthy controls [38]. In addition, anti-inflammatory therapies for IBD have been shown

to reduce oxidative stress in the mucosa and antioxidants have been demonstrated to reduce

experimental colitis [39–43]. Dysregulated ion transport is a feature of intestinal inflamma-

tion and repression of ion transport alone has been shown to promote dysbiosis. Previous

evidence has demonstrated oxidative stress can also dampen intestinal ion transport [44–

50]. For example Interleukin-10 (IL-10) transgenic knockout mice that develop spontaneous

colitis have impaired Forskolin-stimulated chloride flux [51]. Furthermore, the importance
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of fluid dynamics is underscored by mouse models of Cystic Fibrosis. A number of these

mouse models display significant gastrointestinal manifestations of disease such as goblet

cell hyperplasia and mucus accumulation, eosionophilic infiltrates in intestinal crypts, and

intestinal blockage and rupture [52–57]. While these mice did not survive past weaning,

replacement of their drinking water with an electrolyte solution increased their survival,

indicating fluid dynamics contibuted to this effect [52, 53]. These results suggest a critical

role of fluid secretion in intestinal homeostasis. Finally, hydrogen peroxide (H2O2) has been

shown to decrease cAMP-dependent chloride secretion in T84 cell monolayers [51].

3.1.3 Known Roles of AMPK in Oxidative Stress and Ion Transport

It has been well established than AMPK can be activated under oxidative stress conditions

in various cell types [58–60]. In addition, some evidence has suggested AMPK activa-

tion in the intestine inhibits chloride secretion. For example, IL-10 knockout mice with

decreased Forskolin responsiveness exhibited increased AMPK activation [51]. In addi-

tion, Vibrio cholerae infected ileal loops treated with Metformin, a biguanide non-specific

activator of AMPK, displayed decreased weight/length ratio and AMPK activation by 5-

aminoindazole-4-carboxamie ribonucleotide (AICAR) treatment in wild-type mice inhibited

cAMP-stimulated chloride secretion [51, 61]. In agreement with these data, AMPK inhi-

bition by Compound C in wild-type mice and IL-10-deficient mice increased the Forskolin

response, which was not observed in AMPKα1 knockout mice [51, 61]. Finally, Walker et al.

demonstrated increased AMPK phosphorylation and activity was required for an inhibition

of Forskolin-activated chloride flux following 1 mM H2O2 treatment in T84 intestinal epithe-

lial cell monolayers. These data support a role of AMPK as a mediator of cAMP-dependent
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ion secretion inhibition during oxidative stress. However, whether AMPK can also inhibit

calcium-dependent chloride secretion remains elusive. Published work from our group has

observed oxidative stress also causes inhibition of Carbachol-stimulated electrogenic ion

transport [48]. In addition, Carbachol treatment in parotid acinar cells has been shown to

activate AMPK through increased Na+/K+-ATPase turnover and decreased intracellular

ATP [62]. We therefore sought to elucidate the molecular mechanisms of AMPK regulation

of ion transport during oxidative stress.

3.2 Experimental Results

3.2.1 Effect of Hydrogen Peroxide on Intestinal Electrogenic Ion Trans-

port and Resistance

I first sought to confirm the effect of oxidative stress on the intestinal barrier in mouse

colon. Using an Ussing chamber system, I observed that oxidative stress had no effect

on transepithelial electrical resistance in mouse proximal colon (Figure 3.2). This was

consistent with previous observations from our lab [48].

I next tested the effect of oxidative stress on electrogenic ion transport in mouse

colon using increasing concentrations of hydrogen peroxide administered for 30 minutes

prior to stimulation. We observed that 5 mM of hydrogen peroxide resulted in a significant

decrease (79% reduction, p = 0.002) of Ca2+-dependent ion transport as induced by Carba-

chol (Figure 3.3, n=7). We did not observe any change in cAMP-dependent ion transport,

nor did transepithelial electrical resistance over time differ among treaments.
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Figure 3.2: Transepithelial Electrical Resistance is Not Affected by Acute Hydrogen Perox-
ide

Wild-type mouse proximal colon mounted in Ussing chambers with Kreb’s Ringer’s Buffer was treated with
0.5 mM, 1 mM, or 2 mM H2O2 and transepithelial electrical resistance (TEER) was measured at 5, 15, and
30 minutes after treatment. All treatments displayed similar TEER at each time point. Values are presented
as Means ± S.D. n=3.

3.2.2 Hydrogen Peroxide Activates AMPK to Repress Ion Transport

To determine if AMPK was activated by oxidative stress in our system, two intestinal

epithelial cell lines were treated with 500 µM of hydrogen peroxide for 2-30 minutes. T84

cells resemble colonocytes while HT-29.cl19a cells are similar to enterocytes of the small

intestine. Consistent with previous reports, we observed a significant increase of AMPK

Threonine-172 phosphorylation at 5 and 15 minutes post-treatment. This increase was to

a larger degree than our AICAR-treated positive control (Figure 3.4).

Our prior study demonstrated hydrogen peroxide inhibited calcium-dependent

chloride secretion in polarized T84 colonic cell monolayers and AMPK has been shown
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Figure 3.3: Hydrogen Peroxide Inhibits Calcium-Dependent Electrogenic Ion Transport in
Mouse Colon

Wild-type mouse proximal colon mounted in Ussing chambers with Kreb’s Ringer’s Buffer was treated with
0 (Control), 0.5 mM, 1 mM, or 5 mM H2O2 for 30 minutes. A) Bilateral Forskolin (20 µM) treatment
induced similar electrogenic ion transport responses for all treatment groups. B) Basolateral Carbachol
treatment (300 µM) induced similar electrogenic ion transport responses in Control, 0.5 mM and 1 mM
H2O2 treated tissues, as indicated by the change in short-circuit current (ΔIsc). 5 mM H2O2 significantly
decreased electrogenic ion transport in response to Carbachol. C) Transepithelial electrical resistance did
not differ significantly between all treatment groups for the duration of the experiment. Values are presented
as Means ± S.D. Asterisks represent significant differences compared to control. n=7. ***p< 0.0001

extensively to repress ion secretion. We next wished to determine if AMPK mediated the

inhibition of chloride secretion induced by hydrogen peroxide. To determine this, T84 and

HT-29.cl19a intestinal epithelial cell monolayers were pre-treated with the AMPK inhibitor

Compound C (1-100 µM) for 30 minutes in Ussing chambers, followed by hydrogen peroxide

(500 µM) for 30 minutes. Carbachol (100 µM) was administered basolaterally to stimulate

calcium-dependent chloride secretion. We observed a significant decrease in short-circuit
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Figure 3.4: Hydrogen Peroxide Activates AMPK in Immortalized Human Intestinal Epithe-
lial Cells

T84 and HT-29.cl19a intestinal epithelial cells were treated with H2O2 (500 µM) basolaterally for the indi-
cated time points or AICAR as a positive control for AMPK activation. At 5 and 15 minutes post-treatment,
AMPK phosphorylation was significantly increased compared to Control in both cell types. Quantification
is displayed in B. Results are presented as Means ± S.E. Asterisks represent significant differences from
Control. n=4. *p<0.05, **p<0.01

current (ΔIsc) in H2O2-treated cells that was completely reveresed in cells pre-treated with

50 µM of Compound C (Figure 3.5).

Since our previous work has observed hydrogen peroxide induces a moderate but

sustained increase in intracellular calcium, we hypothesized that activated Ca2+/Calmodulin-

dependent Protein Kinase Kinase β (CaMKKβ) was responsible for AMPK activation. To

test this, polarized T84 cell monolayers were treated with 500 µM of hydrogen peroxide for 5,

15, or 30 minutes with or without pre-treatment with the CaMKKβ inhibitor STO-609 (10
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Figure 3.5: Hydrogen Peroxide Inhibits Carbachol-Induced Ion Transport in an AMPK-
Dependent Manner

Polarized T84 and HT-29.cl19a intestinal epithelial cell monolayers were mounted in Ussing chambers con-
taining Kreb’s Ringer’s Buffer. A) T84 cells were untreated or pre-treated with increasing concentrations of
the AMPK inhibitor Compound C bilaterally for 30 minutes followed by 500 µM H2O2 basolaterally for 30
minutes. Chloride secretion was stimulated with 100 µM Carbachol (CCh) administered basolaterally. 50
µM of Compound C prevented H2O2 inhibition of chloride secretion. B) HT-29.cl19a cells were untreated
or pre-treated with 50 µM of Compound C for 30 minutes. After pre-treatment, 500 µM H2O2 was ad-
ministered basolaterally for 30 minutes and Carbachol was added to stimulate ion transport. Compound C
pre-treatment restored the ion transport response to Carbachol during H2O2 exposure. Values are presented
as Means ± S.E. Asterisks represent significant differences from H2O2 + CCh. n=3. *p<0.05, **p<0.01, #
p<0.05 vs. Compound C (1 µM) in Figure 3.5A.

µM, bilaterally). We observed a slight decrease in AMPK Threonine-172 phosphorylation,

however this was not statistically significant (Figure 3.6).

3.2.3 AMPK Inhibition of Calcium-Dependent Ion Transport is NKCC1-

Dependent

As NKCC1 is rate-limiting in ion secretion, we determined if AMPK and NKCC1 interact

directly during oxidative stress using co-immunoprecipitation. T84 colonic cells were treated
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Figure 3.6: Ca2+/Calmodulin-dependent Protein Kinase Kinase-β is not required for H2O2-
Induced AMPK Activation

Polarized T84 cells were treated with H2O2 (500 µM) basolaterally for the indicated time points with or
without 30 minute pre-treatment with STO-609 (10 µM) resuspended in DMSO. Vehicle treated cells were
treated bilaterally with DMSO for 30 minutes. STO-609 pre-treatment slightly decreased AMPK Threonine-
172 phosphorylation, although this did not reach statistical significance. Results are presented as Means ±
S.D. for levels of fold-change over control of Phospho-AMPK normalized to Total AMPK. n=4.

with hydrogen peroxide as before and NKCC1 or AMPK was immunoprecipitated from

whole cell lysates, followed by western blot to probe for the reciprocal protein. We confirmed

AMPK and NKCC1 are physically associated and observed a significant increase in NKCC1-

AMPK association during oxidative stress (Figure 3.7).
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Figure 3.7: Oxidative Stress Induces Direct Interaction of AMPK and NKCC1

Polarized T84 cell monolayers were treated with H2O2 (500 µM) basolaterally for 2-30 minutes. AICAR (2.5
mM for 30 minutes) treatment was included as a positive control for AMPK activation. AMPKα (A) or
NKCC1 (N-16 antibody) (B) was immunoprecipitated from cell lysates and pull-down samples were probed
for NKCC1 (T4 antibody) (A) and/or AMPKα (B) by western blot. H2O2 treatment significantly increased
AMPK and NKCC1 binding. Results are presented as Means ± S.E. for levels of pull-down normalized to
total levels of the primary immunoprecipitate. n=4. Asterisks represent significant differences from control
cells. *p<0.05, **p<0.01, ***p<0.001

Previous work has demonstrated cycling of NKCC1 from the membrane following

stimulation of electrogenic ion secretion [24, 26, 27]. As AMPK interaction with NKCC1 is

induced by hydrogen peroxide and is associated with reduced ion transport, I hypothesized

this could be due to membrane removal of NKCC1. In order to determine if oxidative stress

induces internalization of membrane-bound NKCC1, I performed a cell surface-biotinylation

assay. Polarized T84 cell monolayers pre-treated with Compound C followed by hydrogen

peroxide treatment were washed and the basolateral membranes were incubated with Sulfo-

NHS-SS-biotin that binds proteins without permeating the cell membrane due to a its

negative charge. Biotinylated proteins were isolated from whole cell lysates using strepta-

vidin agarose beads and eluted by reducing agent in loading buffer. I observed an increase
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Figure 3.8: Cell Surface Expression of NKCC1 is Unaffected by AMPK Activation During
Oxidative Stress

Polarized T84 cell monolayers were untreated or pre-treated with Compound C (50 µM) bilaterally for 30
minutes prior to treatment with H2O2 for 5, 15, 30, or 60 minutes. Metformin (5 mM) and Capsaicin (20 µM)
were included as positive controls for AMPK activation and the biotinylation assay, respectively. Basolateral
surface proteins were biotinylated and pulled down. Cell lysates were probed for NKCC1 expression in
pull-down and whole cell lysates. Hydrogen peroxide slightly increased cell surface expression of NKCC1,
although this was not statistically significant. Pre-treatment with Compound C slightly increased cell-surface
expression. There was no significant change in biotinylated NKCC1 with AMPK activation. Results are
presented as Means ± S.D. for levels of pull-down normalized to total levels of NKCC1. n=3.

in cell surface expresson of NKCC1 in hydrogen peroxide-treated cells, although this was

not statistically significant (Figure 3.8). In addition, AMPK inhibition by Compound C
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did not significantly alter NKCC1 membrane expression although we did observe a modest

increase. Therefore, while AMPK is associated with NKCC1 during oxidative stress, it does

not appear to regulate its membrane expression.
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Figure 3.9: Hydrogen Peroxide Increases NKCC1 Phosphorylation via AMPK

A) Polarized T84 cell monolayers were treated with H2O2 (500 µM) basolaterally for 2-30 minutes or AICAR
(2.5 mM) bilaterally for 30 minutes. H2O2 significantly increased NKCC1 phosphorylation after 5 minutes
and AMPK activation by AICAR also resulted in an increase of NKCC1 phosphorylation. B) Polarized
T84 monolayers were pre-incubated with Compound C (50 µM) bilaterally for 30 minutes followed by H2O2
treatment. Compound C prevented NKCC1 phosphorylation during H2O2 treatment. Results are presented
as Means ± S.E. for Phospho-Thr212/217-NKCC1 normalized to total levels of NKCC1. n=4. *p<0.05,
**p<0.01, ***p<0.001 compared to Control, Vehicle control, and Compound C alone. ## p<0.01 compared
to Vehicle H2O2.

Since AMPK does not affect NKCC1 membrane localization, we hypothesized that

AMPK could be regulating NKCC1 by altering its phosphorylation status. Polarized T84

monolayers were exposed to hydrogen peroxide as before for 2-30 minutes or the AMPK

activator AICAR (2.5 mM) bilaterally for 30 minutes. We then determined phosphoryla-

tion of Threonine-212 and -217, which are known to be associated with NKCC1 activation

[63]. Surprisingly, oxidative stress and AMPK activation by AICAR significantly increased

54



NKCC1 phosphorylation at Threonine-212/217 (Figure 3.9A). In addition, T84 monolayers

pre-treated with Compound C (50 µM) bilaterally for 30 minutes were resistant to NKCC1

phosphorylation induced by oxidative stress compared to vehicle control cells (Figure 3.9B).

We also measured oxidative stress-induced NKCC1 phosphorylation in ex vivo human colon

biopsies obtained from uninflamed regions of patients with no active inflammatory intestinal

disease. We observed a pronounced increase in NKCC1 phosphorylation that was associated

with AMPK activation in hydrogen peroxide-treated explants compared to controls (Figure

3.10).

Based on our data demonstrating AMPK activation increased phosphorylation of

NKCC1 at residues associated with activation, we next confirmed if NKCC1 activity was

increased in an AMPK-dependent manner. Polarized T84 monolayers were treated with

Compound C prior to hydrogen peroxide exposure (500 µM, basolaterally) for 30 minutes.

Monolayers were then transferred to Ussing chambers and calcium-dependent ion transport

was stimulated by basolateral Carbachol treatment (100 µM) for 1 minute to initiate phys-

iological activation of NKCC1. Monolayers were then incubated in Kreb’s Ringer’s buffer

containing 86Rb+ in the basolateral chamber for 3 minutes. 86Rb+ was used as a marker

for K+ influx mediated by NKCC1 as it is similar in charge. Monolayers were washed and

lysed, and 86Rb+ content was measured by a scintillation counter. Colonic epithelial cells

under oxidative stress displayed a significant decrease in 86Rb+ influx indicating repression

of NKCC1 activity (Figure 3.11). We determined AMPK was necessary for this effect as

cells pre-treated with Compound C did not have decreased 86Rb+ influx.
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Figure 3.10: Oxidative Stress Increases NKCC1 and AMPK Phosphorylation in Human
Colon Biopsies

Ex vivo human colon biopsies from non-inflamed control subjects without any active inflammatory intestinal
disease were incubated with H2O2 (1 mM) for 30 minutes. Increased NKCC1 phosphorylation with H2O2
treatment was associated with increased AMPK phosphorylation. n=3.

Thus far we have shown that oxidative stress-induced activation of AMPK me-

diates inhibition of NKCC1 activity while NKCC1 phosphorylation at Threonine-212 and

-217 was increased. I next hypothesized if AMPK could directly phosphorylate NKCC1 at
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Figure 3.11: Oxidative Stress Stimulates NKCC1 Activity through AMPK

Polarized T84 cell monolayers were untreated or pre-incubated in Compound C (50 µM) bilaterally for 30
minutes then treated with H2O2 (500 µM) basolaterally for 30 minutes. Cells were transferred to Ussing
chambers containing Ringer’s buffer in the apical chamber and Ringer’s buffer or Ringer’s buffer + Carbachol
(100 µM) in the basolateral chamber for 1 minute. Monolayers were then transferred to a basolateral
86Rb+-containing buffer for 3 minutes. Compound C treatment prevented the H2O2-induced reduction
of NKCC1 activity after Carbachol stimulation. Data are expressed as Means ± S.E. rate of K+ uptake
(µMoles K+/gram protein/minute). n=4. Asterisks represent significant differences from Control cells and
# represent significant differences from Carbachol-treated cells. **p<0.01, # p<0.05

a different site. I determined that the primary sequence flanking Serine-1084 resembled the

AMPK consensus sequence where basic-hydrophobic-basic reside motif was located -4 of

the proposed Serine and a hydrophobic residue followed at +4 [64]. Serine-1084 is located

in the cytoplasmic tail, where it could contribute to cotransporter regulation. To confirm if

AMPK phosphorylates NKCC1 directly at this site I performed in vitro kinase assays using

the wild-type NKCC1 sequence and a mutant sequence with a Serine-1084 to Alanine-1084
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substitution. I did not observe significant phosphorylation of Serine-1084 compared to

both the mutant sequence and SAMS peptide, a known AMPK phosphorylation substrate

included as a positive control (Figure 3.12).
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Figure 3.12: AMPK Does Not Phosphorylate NKCC1 at Serine-1084

A) AMPK consensus sequence and NKCC1 peptide sequences flanking Serine-1084. The mutant peptide
contains Alanine for Serine-1084. B) Recombinant AMPK protein was added to reactions containing 32P-
ATP and peptides with Ser-1084 (Wild-type), Ala-1084 (Mutant) or SAMS peptide as a positive control. All
peptide-containing reactions displayed similar levels of ionizing radiation and therefore I could not definitively
conclude AMPK phosphorylates Serine-1084. Results are depicted as Means ± S.E. n=13.
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3.2.4 H2O2-Induced Inhibition of Ion Transport in AMPKα2 Knockout

Mice

Finally, I sought to confirm AMPK as a mediator of oxidative stress-induced repression

of calcium-dependent ion secretion using a whole-body deletion of the AMPKα2 catalytic

subunit transgenic mouse model. Proximal colons were excised, serosa was stripped, and

tissue was mounted in Ussing chambers with Kreb’s Ringer’s buffer. Tissues were exposed

to hydrogen peroxide for 30 minutes followed by stimulation of electrogenic ion secretion

by the secretagogues Forskolin (20 µM) and Carbachol (300 µM). Consistent with previous

results, we observed a significant decrease in calcium-dependent ion secretion with hydrogen

peroxide. However, this effect was intact in AMPKα2 knockout mice (Figure 3.13). We did

not observe an oxidative stress-dependent alteration in cAMP-dependent ion transport,

although AMPKα2 knockout mice did have an increased response in both conditions.

3.3 Discussion

Regulation of epithelial transport is an intricate and multi-faceted physiological process

that requires careful orchestration of acute vs. chronic and transient vs. sustained events.

Immune cells such as macrophages and neutrophils in the lamina propria secrete reactive

oxygen species acutely following sensing of bacterial components. This results in short-term

regulation of electrolyte transport. In this context, we investigated whether the cellular

energy sensor AMP-activated Protein Kinase (AMPK), itself capable of acute and/or sus-

tained regulation of many metabolic events, was involved in the H2O2-mediated regulation
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Figure 3.13: AMPKα2 Knockout Mice Have Repressed Ca2+-Stimulated Ion Transport in
Oxidative Stress

Proximal colons from male AMPKα2 KO and wild-type mice were stripped of serosa and mounted in Ussing
chambers. H2O2 (1mM, bilaterally) was added and tissue was incubated for 30 minutes. Electrogenic ion
transport was initiated using Forskolin (20 µM) (A) followed by Carbachol (300 µM) (B). AMPKα2 deletion
had no appreciable effect on inhibition of Ca2+-dependent ion secretion by H2O2 however, these mice did
exhibit increased cAMP-dependent ion secretion compared to wild-type mice. Results depicted as mean ±
S.E. n=3-5. *p<0.05, **p<0.01

of calcium-dependent ion transport. This study determined oxidative stress in the intestinal

epithelium activates AMPK and leads to suppression of calcium-stimulated electrogenic ion

secretion through AMPK regulation of NKCC1 activity (Figure 3.14).

3.3.1 Regulation of Ion Transport in the Intestinal Epithelium during

Oxidative Stress

Oxidative stress has previously been shown to alter intestinal ion transport [65, 66]. The

first study of the effect of oxidative stress on intestinal ion flux demonstrated that a high

concentration of hydrogen peroxide (5.5 mM) administered to either the apical or basolateral

compartment or bilaterally, resulted in equivalent responses in short-circuit current without

agonist treatment [65]. However, these large changes in short-circuit current may have been
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Figure 3.14: AMPK Mediates Inhibition of Ca2+-Stimulated Electrogenic Ion Transport
during Oxidative Stress

Oxidative stress in the form of hydrogen peroxide activates AMPK in intestinal epithelial cells. AMPK
activation results in inhibition of NKCC1 activity and calcium-activated electrogenic ion transport.
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due to the large quantity of hydrogen peroxide used in the study. For our experiments, hy-

drogen peroxide was administered basolaterally to mimic reactive oxygen species release by

immune cells in the lamina propria. As in previous studies, under these conditions we ob-

served that initial addition of hydrogen peroxide stimulated a small and transient increase in

short-circuit current (data not shown) [48, 66]. We observed inhibition of Ca2+-dependent

ion transport in immortalized human intestinal epithelial cells, wild-type mouse intestinal

epithelium, and human colon biopsies. This was not accompanied by an impairment in

intestinal permeablity, consistent with previous results [48]. In addition, our findings con-

firmed earlier work that hydrogen peroxide treatment could repress calcium-dependent ion

secretion, however we did not observe any change in cyclic AMP-dependent ion transport

[48]. This is in contrast to previous studies that identified decreased cAMP-dependent ion

transport responses [51, 65, 66]. However these studies differed from ours in the concentra-

tion and administration location of hydrogen peroxide. Nguyen et al. utilized a much higher

dose of hydrogen peroxide (5.5 mM) and while Duvall et al. treated cells with the same con-

centration of hydrogen peroxide (500 µM), treatments were administered bilaterally rather

than basolaterally. Increases in short-circuit current were previously characterized to be due

largely to apical chloride secretion, although changes in other transporters that contribute

to overall apical chloride secretion have been previously observed [47, 65, 66]. Our findings

that NKCC1 activity is repressed leading to net inhibition of calcium-dependent electro-

genic ion transport are consistent with these data. These observations suggest oxidative

stress has a concentration-dependent effect on intestinal ion transport.
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3.3.2 AMPK Activation by Oxidative Stress

Concurrently, oxidative stress in intestinal epithelial cells activated AMPK independently

of CaMKKβ. Earlier work from our lab demonstrated hydrogen peroxide led to a mod-

erate but sustained increase in intracellular calcium [48]. Thus, we initially hypothesized

H2O2-induced AMPK activation would be mediated by CaMKKβ which is activated by in-

creases in intracellular calcium. However, I did not observe a significant reduction in AMPK

phosphorylation in colonic epithelial cells treated with a CaMKKβ inhibitor. Other kinases

that can activate AMPK include Liver Kinase B1 (LKB1) and Transforming Growth Fac-

tor β-Activated Kinase 1 (TAK1). LKB1 activation of AMPK is downstream of increases

in intracellular AMP and ADP (and decreases in intracellular ATP). Our lab previously

observed H2O2 decreases intracellular ATP in T84 colonic cells and others have determined

AMPK activation by H2O2 is AMP/ADP-dependent [67, 68]. In addition, previous work has

demonstrated H2O2 activation of AMPK is through LKB1 and not CaMKKβ in hepatoma

cells [69]. These findings suggest AMPK activation is likely due to LKB1 and allosteric pro-

motion of phosphorylation. Furthermore, earlier work demonstrated a number of signaling

pathways are activated by hydrogen peroxide in intestinal epithelial cells, including Src, p38

MAPK, PI3K, Pyk2, and ERK1/2 signaling [48]. AMPK and PI3K/Akt are known to play

antagonistic roles and Akt is known to phosphorylate AMPK at Serine residues within the

ST loop that discourage its activation by Threonine-172 phosphorylation. ERK1/2 is also

capable of phosphorylating AMPK at Serine-485 [70]. This suggests a complex network of

signaling is activated by hydrogen peroxide that can regulate AMPK, although the discrete

steps remain unknown. Apart from AMPK phosphorylation, previous work has demon-
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strated that hydrogen peroxide may activate AMPK through oxidation of the α catalytic

subunit [71]. The authors observed oxidation and S-glutathionylation of cysteine residues in

the C-terminal domain were present in HEK293 cells and mouse lung with oxidative stress

and was associated with increased AMPK activity. Together these data support our conclu-

sion that oxidative stress activates AMPK and may do so through a number of mechanisms

that converge on the α catalytic subunit.

3.3.3 Regulation of NKCC1 by AMPK

In addition to AMPK activation, we determined hydrogen peroxide induced association of

AMPK with the basolateral cotransporter NKCC1. While NKCC1 activity can be regulated

by membrane removal and recycling, we determined AMPK association with NKCC1 did

not result in alteration of its cell surface expression. We did observe that AMPK activa-

tion increased NKCC1 phosphorylation at Threonine-212 and -217. These posttranslational

modifications are typically associated with increased activation of NKCC1 [63]. Paradoxi-

cally, AMPK activation was necessary for repression of NKCC1 activity. We hypothesized

AMPK could directly phosphorylate NKCC1 at Serine-1084 within the cytoplasmic tail of

NKCC1 whose sequence conforms to the AMPK consensus sequence. However, kinase as-

says determined AMPK did not directly phosphorylate NKCC1 at Serine-1084. Fraser et al.

demonstrated AMPK phosphorylates Serine-77 of NKCC1 in kidney cell lines leading to its

inhibition [72]. Thus, phosphorylation of Serine-77 by AMPK during oxidative stress could

lead to repression of NKCC1 activity. In addition, while Fraser et al. observed reduced

Threonine-212/217 phosphorylation with AMPK activation, we believe that activation of
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other signaling pathways may explain why Threonine-212/217 phosphorylation increased

during oxidative stress in our experiments.

3.3.4 Oxidative Stress-Induced Inhibition of Ion Transport in AMPKα2

Knockout Mice

To confirm these findings in an in vivo model, we utilized an AMPKα2 whole-body knockout

mouse. Importantly, these mice still retain AMPKα1 expression and activity. AMPKα2

knockout mice were not protected from oxidative stress-induced changes in ion transport,

however these mice did exhibit increased capacity for cAMP-dependent ion secretion that

was maintained with hydrogen peroxide treatment. Therefore it appears that oxidative

stress regulates only calcium-dependent electrogenic ion transport and not cAMP-dependent

ion secretion. In addition, these data suggest AMPKα2 mediates basal inhibition of chloride

secretion at least partially, but that AMPKα1 may be responsible for hydrogen peroxide-

induced inhibition of calcium-dependent electrogenic ion secretion. This is also consistent

with previous data showing AMPKα1 can phosphorylate NKCC1 [72].

Together these data add to our previous understanding of how oxidative stress

can affect intestinal epithelial ion transport. Oxidative stress appears to act in a context-

dependent manner with different outcomes based on concentration and localization of ex-

posure. Our study has demonstrated that in a model mimicking immune cell-secreted hy-

drogen peroxide, there is a net inhibition of calcium-dependent ion secretion without effect

on cAMP-dependent ion movement and transepithelial electrical resistance. This inhibition

is AMPK-dependent, where AMPK associates and inhibits NKCC1 activity leading to re-

duced ion transport. This is not due to removal of NKCC1 from the membrane but rather
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appears to be modulated by NKCC1 phosphorylation. AMPK activation was not due to the

increase in intrallcellular calcium, but may result from decreased intracellular ATP and/or

oxidation of AMPK itself. This work further clarifies the control of ion transport in the

context of cellular stress, which may occur physiologically during fasting and inflammation.
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4 | Alteration of Homeostatic In-

testinal Epithelial Functions by

Loss of AMPKα Expression

4.1 Introduction

The intestinal epithelium is a critical component of the gastrointestinal tract. The ep-

ithelium serves to facilitate digestion through nutrient absorption and fluid secretion, and

maintain tolerogenic immunity by precise regulation of its permeability. In addition, the

leaky gut hypothesis of Inflammatory Bowel Disease pathogenesis suggests that increased

intestinal permeability preceding clinical symptoms increases susceptibility of the intestine

to develop chronic inflammation. Therefore, it is critical to understand how barrier func-

tion develops and is maintained during health and disease. Intestinal permeability in a

healthy gut is largely determined by expression of tight junction proteins and their regu-

lation. There are three distinct pathways of permeability that vary by molecule size and

regulation. The pore pathway allows passage of ions and other small molecules through
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the Tight Junction Complex. The leak pathway allows passage of larger molecules through

regulation of Occludin and myosin light chain (MLC) phosphorylation. Finally, the unre-

stricted pathway allows unregulated movement of molecules due to epithelial cell death. In

addition to regulation of permeability, another critical function of the intestinal epithelial

cells is modulation of fluid secretion and reabsorption. The basic processes of fluid dynamics

and their alteration during disease is reviewed in Chapters 1.2.2 and 3.1.1.

4.1.1 The Tight Junction Complex in Intestinal Epithelial Cells

The Tight Junction Complex is a critical protein structure at the apical membrane that

tightly regulates paracellular passage of electrolytes and other small molecules across the

epithelial monolayer. The tight junction complex is composed of transmembrane pro-

teins such as claudins and TJ-associated Marvel Proteins or TAMPs (Occludin, Tricel-

lulin/MARVELD2, MARVELD3). The intracellular domains of these proteins interact with

a network of proteins termed the cytosolic junctional plaque. These plaque proteins include

the Zonula occludens family and cytoskeletal proteins such as F-actin and microtubules.

Claudin proteins form the basis of a tight junction ’pore’ where their extracellular loop

domains form a β-sheet fold that interact with claudins on neighboring cells as well as adja-

cent claudins within the same cell, forming characteristic intramembrane strands. Specific

charged residues on these domains confers the specificity of permeable ions. In addition,

expression of certain claudins within a tight junction can vary and is thought to determine

tissue-specific permeability characteristics. TAMPs have been demonstrated to preferen-

tially localize to particular membrane junctions. For example, Occludin is enriched at

bicellular junctions while tricellulin is increased at intersections of three cells. Occludins
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also have extracellular loop domains that interact with those on adjacent cell membranes.

Zonula occludens proteins act as scaffolds by binding transmembrane junction proteins and

F-actin intracellularly to connect the tight junction complex and the cytoskeleton. Tight

junction assembly occurs through a multistep process and has largely been studied ex-

perimentally through the use of calcium-switch assays. Cells cultured in a low calcium

media exhibit little junction formation, which can then be induced by addition of calcium.

These studies revealed cell-cell contact initiates formation of immature junctions composed

of E-cadherin and nectin at the basolateral membrane. Zonula occludens-1 (ZO-1) and

α-catenin bind these primordial junctions allowing communication of adherens and tight

junction components. This is followed by increased recruitment of tight junction proteins

that activate RhoA and CDC42 to induce junction maturation where tight and adherens

junctions become distinct and increase interaction with the cytoskeleton. Activation of

myosin promotes columnar cell morphology and polar activation of CDC42 initiates cell po-

larization. Together these junctions give intestinal epithelial cells their polarized character

and form the basis of the intestinal barrier.

4.1.2 Regulation of Permeability in the Intestinal Epithelium

As described earlier, intestinal permeability is a function of both pore (tight junction-

mediated) and leak (MLC-mediated) pathways. Pore pathway permeability can be altered

by claudin proteins as each claudin has distinct properties that allow passage of distinct

molecules. In addition, claudin expression varies along the intestine further conferring

regional functional differences in the intestine. Claudin-2 is widely studied as it is a pore-

forming claudin, meaning it exerts charge-selectivity to the tight junction. Claudin-2 is
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expressed highly in deep crypts and allows passage of small cations and water. Claudin-15

is also a cation-selective pore-forming claudin that is highly expressed in the small intes-

tine and decreases distally. Conversely, Claudins 1 and 4 are barrier-forming claudins,

in that they do not confer charge selectivity and further increase transepithelial electri-

cal permeability where tight junctions are already present [1]. In accordance with these

classifications, increased expression of pore-forming claudins and/or decreased expression

of barrier-forming claudins is associated with decreased transepithelial electrical resistance.

Increased leak pathway permeability occurs during physiopathological conditions and is

due to the regulation of Occludin and the cytoskeleton by Myosin light-chain II kinase

(MLCK). Studies have demonstrated Tumor Necrosis Factor-α (TNF-α) activates MLCK

leading to its promotion of occludin endocytosis from the plasma membrane. In addition,

MLCK-dependent contraction of the peri-junction acto-myosin ring and peri-junction mi-

crofilament aggreation induces membrane retraction and opening of large spaces between

cells. In addition to TNF-α, other cytokines such as IL-1β can also regulate MLCK through

increased gene and protein expression.

4.1.3 AMPK in the Intestinal Epithelium

While a number of studies have suggested important roles for AMPK in the intestinal

epithelium, much of these data have relied on use of pharmacological agents and single

catalytic isoform knockout mouse models. While useful, these methodologies have their

limitations. As described earlier, pharmacological activators and inhibitors of AMPK are

non-specific and have been demonstrated to have AMPK-independent effects [2–7]. These

restrict the ability to draw conclusions that AMPK is necessary and required for a number
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of observed effects. In addition, the use of single catalytic isoform knockout animals com-

plicates observations since expression and/or activity of the remaining catalytic isoform can

increase to compensate for the loss in expression [8, 9]. As such, researchers have turned to

tissue-specific models where it is possible to excise both catalytic isoform genes in order to

more robustly test the effects of AMPK in physiology and pathophysiology. I have obtained

an intestinal epithelial-specific knockout mouse model that lacks expression and activity of

both AMPK catalytic isoforms. In this study, I have characterized this mouse model to

observe if AMPK deletion resulted in any defect of epithelial organization and turnover,

barrier function, and intestinal functions such as ion transport.

4.2 Experimental Results

4.2.1 AMPK Subunit Expression in the Murine GI Tract

Intestinal epithelial-specific AMPK knockout mice (hereafter referred to as AMPKαΔIEC KO

mice) were generated by crossing AMPKαfl/fl mice with Villin-Cre transgenic mice. Villin-

Cre mice express Cre recombinase under the Villin-1 promoter, a protein expressed at

brush border membranes. AMPKαfl/fl mice have LoxP sites flanking the Prkaa1 and the

Prkaa2 genes, that encode AMPKα1 and AMPKα2 respectively. Resulting progeny are

either AMPKαfl/fl mice or AMPKαΔIEC KO mice where Cre recombinase is expressed and

results in excision of Prkaa1 and Prkaa2 (Figure 4.1).

I first sought to confirm complete deletion of AMPKα expression and activity in

AMPKαΔIEC KO mice. Intestinal epithelial cells were isolated from segments of the large in-

testine (cecum, proximal colon, and distal colon) of AMPKαfl/fl and AMPKαΔIEC KO mice
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Figure 4.1: Breeding Scheme to Generate AMPKαΔIEC KO mice

AMPKαΔIEC KO mice were generated using a tissue-specific Cre-lox system. Villin-Cre mice express Cre
recombinase under the Villin promoter, a brush border protein expressed in the intestinal epithelium. These
mice were crossed with AMPKαfl/fl mice that have LoxP sites flanking the genes encoding AMPKα1 (Prkaa1 )
and AMPKα2 (Prkaa2 ). These sites are recognized by Cre recombinase dimers that will tetramerize and
cleave the DNA, facilitating excision of intervening sequence. Thus, deletion of both Prkaa1 and Prkaa2 is
accomplished only in cells expressing Villin protein, namely the intestinal epithelium.

using an EDTA-based method (described in Ch.2.12) and run on western blot to deter-

mine epression levels of AMPKα1, AMPKα2, and AMPKβ subunits isoforms. AMPKα1/2

expression was absent in AMPKαΔIEC KO mice, confirming epithelial-specific knockout (Fig-

ure 4.2). In addition, AMPK activity measured by phosphorylation of the target substrate

Acetyl-CoA Carboxylase (ACC) was also absent from AMPKαΔIEC KO mice confirming the

validity of this mouse model.
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Figure 4.2: AMPK Activity and Subunit Expression in AMPKαΔIEC KO Mice

Isolated intestinal epithelial cells of the large intestine from AMPKαfl/fl and AMPKαΔIEC KO mice were as-
sessed for AMPK subunit isoform and substrate expression. A) Blots of Phospho-Acetyl-CoA Carboxylase
(P-ACC), Total Acetyl-CoA Carboxylase (ACC), AMPKα1, AMPKα2, and AMPKβ1 from large intestine
segments of AMPKαfl/fl and AMPKαΔIEC KO mice. B) Quantification of Phospho-ACC blots in A. Phos-
phorylation of ACC was decreased in AMPKαΔIEC KO mice and AMPKαfl/fl mice with decreased AMPKα
expression. C,D) Quantification of AMPKα1 and AMPKα2 expression. Expression of both isoforms varied in
AMPKαfl/fl mice and was lost in AMPKαΔIEC KO mice as expected. E) Quantification of AMPKβ1 expres-
sion. AMPKβ1 levels correlated with expression of AMPKα, although was not absent in AMPKαΔIEC KO

mice. Values exhibited as Means ± S.D. n=5
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I observed expression of AMPKβ1 was present in the large intestine of both

AMPKαfl/fl and AMPKαΔIEC KO mice, however expression was decreased in AMPKαΔIEC KO

mice (Figure 4.2). I was not able to detect AMPKβ2, suggesting AMPKβ1 may be the

predominant AMPKβ isoform in intestinal epithelial cells. AMPKα expression varied in

AMPKαfl/fl mice where some animals expressed very high levels and others expressed very

low levels. This was consistent throughout segments of the large intestine and among the

two catalytic isoforms. In addition, AMPKβ1 expression was increased in animals with

higher levels of AMPKα expression suggesting AMPKα may promote AMPKβ1 expression

and/or stability.

4.2.2 The Role of AMPK in Intestinal Structure and Barrier Function

I next sought to determine if loss of AMPK activity in the intestinal epithelium would lead

to altered intestinal structure due to potential involvement of AMPK in epithelial turnover.

Intestine was excised from AMPKαfl/fl and AMPKαΔIEC KO mice, fixed and sectioned for

histomorphological analysis. I did not observe any change in villus length in the small

intestine or crypt depth in the small and large intestines (Figure 4.3). In addition, structural

or inflammatory abnormalities such as crypt bifurcation, cryptitis, etc. were not observed.

These data indicate loss of AMPK activity alone does not have an appreciable impact on

epithelial structure.

Despite no obvious effect of AMPK on intestinal epithelial histomorphology, I

hypothesized that alterations in intestinal barrier function might exist. To determine this,

tissue from the large intestine of adult mice was stripped of the serosa and mounted in
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Figure 4.3: AMPKαΔIEC KO Mice have Normal Epithelial Structure and Tissue Morphology

Intestine from AMPKαfl/fl and AMPKαΔIEC KO mice was dissected, fixed and subjected to hematoxylin
and eosin staining. A) Small intestine segments have similar villus length and crypt depth in AMPKαfl/fl
and AMPKαΔIEC KO mice. B) Large intestine segments have similar crypt depth in AMPKαfl/fl and
AMPKαΔIEC KO mice.

Ussing chambers containing Kreb’s Ringer’s Buffer (KBR) + D-glucose. Following a brief

rest period, transepithelial electrical resistance (TEER) was measured. I observed similar
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Figure 4.4: AMPKα Deficiency Decreased Resistance of the Proximal Colon

Cecum, proximal colon, and distal colon were excised and the serosal layer removed. Mucosa was mounted
in Ussing chambers containing KBR and transepithelial electrical resistance was measured. AMPKαΔIEC KO

mice displayed decreased resistance in the proximal colon. There was no significant change in resistance of
the cecum and distal colon. Values represent Means ± S.D. Asterisks denote significant differences from
AMPKα fl/fl mice. **p<0.01. n=4-7

TEER readings in the cecum and distal colon, however AMPKαΔIEC KO mouse proximal

colon had significantly decreased resistance compared to AMPKαfl/fl mice (Figure 4.4).

To determine if AMPKα-deficiency resulted in increased macromolecular perme-

ability, whole intestinal tissues were mounted in Ussing chambers containing Kreb’s Ringer’s

buffer. 4 kDa fluorescein thiocyanate (FITC)-dextran was added to the apical side. The

basolateral side was sampled at regular intervals to observe FITC-dextran flux over time.

I determined AMPKαΔIEC KO mice had no significant difference in 4 kDa FITC-dextran

permeability compared to AMPKα fl/fl mice (Figure 4.5).

Tight Junction Protein Expression Since I observed a significant decrease in resis-

tance in the AMPKαΔIEC KO mouse proximal colon, I hypothesized that this could be due

to altered expression of tight junction proteins. Intestinal epithelial cells were isolated from

AMPKαfl/fl and AMPKαΔIEC KO mice and protein content was analyzed by western blot.
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Figure 4.5: AMPKαΔIEC KO Mice Do Not Have Altered Macromolecular Intestinal Perme-
ability

Intestine was excised and mounted in Ussing chambers containing Kreb’s Ringer’s buffer. 4 kDa FITC-
dextran (FD4) was added to the apical side. The basolateral side was sampled every 30 minutes and 4 kDa
FITC-dextran concentration was quantifed using a standard curve. Absence of epithelial AMPKα did not
affect FD4 permeability in intestinal segments compared to AMPKαfl/fl mice. Values presented as Means ±
S.D. n=2-5

I did not observe a significant change in E-cadherin and Zonula Occludens-1 expression

(Figure 4.6). In addition, expression of Occludin was also unaltered in intestinal epithelial

cells from the proximal colon of AMPKαΔIEC KO mice (Figure 4.7).

However, as claudin proteins can specify the permeability characteristics of tight

junctions, I next wanted to determine if claudin expression was altered by loss of AMPK

activity. Claudin-2 and Claudin-15 are known as pore-forming claudins whose increased

expression can decrease transepithelial electrical resistance. I observed no significant change

in expression of the pore-forming Claudins 2 and 15 (Figure 4.8). However, I did determine

that Claudin-4 expression was significantly decreased in the distal colon and to a similar
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Figure 4.6: E-cadherin and ZO-1 are Expressed at Similar Levels in AMPKαfl/fl and
AMPKαΔIEC KO Mice

Isolated intestinal epithelial cells from AMPKαΔIEC KO and AMPKαfl/fl mice were lysed and prepared for
western blot. A) Blots of E-cadherin and ZO-1 expression in the large intestine from AMPKαΔIEC KO

and AMPKαfl/fl mice normalized to loading control (β-Actin). B) Quantification of blots in A. Values are
representative of Means ± S.D. n=5
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Figure 4.7: Occludin Expression is Similar in AMPKαfl/fl and AMPKαΔIEC KO Mice

Intestinal epithelial cells isolated from AMPKαfl/fl and AMPKαΔIEC KO mouse proximal colon were lysed
and subjected to western blot. A) Blots of Occludin and β-Actin from AMPKαfl/fl and AMPKαΔIEC KO

mice. B) Quantification of blots in A normalized to loading control (β-Actin). Values are expressed as
Means ± S.D. n=5

degree in the proximal colon (not statistically significant) (Figure 4.9). Claudin-4 is a

barrier forming claudin whose expression correlates with changes in transepithelial electrical

resistance. Thus, these findings are consistent with the observed decrease in resistance in

AMPKα ΔIEC KO mouse colon.

4.2.3 Ion Transport Regulation

Electrogenic Ion Transport Responses As described earlier, AMPK is known as a

modulator of apical chloride channels. We and others have previously shown AMPK can
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Figure 4.8: Expression of Pore-Forming Claudins 2 and 15 is Not Dependent on AMPK

Intestinal epithelial cells isolated from AMPKαfl/fl and AMPKαΔIEC KO mouse large intestine were lysed and
subjected to western blot. A) Blots of Claudin-2 and Claudin-15 in AMPKαfl/fl and AMPKαΔIEC KO mice.
B) Quantification of blots in A normalized to loading control (β-Actin). Values are expressed as Means ±
S.D. n=5
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Figure 4.9: Claudin-4 Expression is Significantly Decreased in AMPKαΔIEC KO Mouse Colon

Isolated intestinal epithelial cells of large intestinal segments from AMPKαfl/fl and AMPKαΔIEC KO mice
were lysed and subjected to western blot. A) Blots of Claudin-4 expression from cecum, proximal colon,
and distal colon of AMPKαfl/fl and AMPKαΔIEC KO mice. B) Quantification of blots in A normalized to
loading control (β-Actin). Values presented as Means ± S.D. Asterisks indicate significant differences from
AMPKαfl/fl mice. *p<0.05. n=5

inhibit Ca2+- and cAMP-dependent electrogenic ion transport. Thus, I hypothesized loss of

AMPK would increase electrogenic ion secretion consistent with previous data. Segments

from the large intestine of AMPKαfl/fl and AMPKαΔIEC KO mice were excised and the serosal

layer was removed. The mucosa was mounted in Ussing chambers containing Kreb’s Ringer’s

buffer and stimulated with Forskolin (20 µM) to initiate a cAMP-dependent response and

Carbachol (300 µM) to trigger a Ca2+-dependent response. I did not observe a significant

difference in cAMP-initiated ion transport in segments of the large intestine (Figure 4.10).
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Figure 4.10: Forskolin-Induced Responses are Unaffected by AMPKα Deficiency

Large intestine from AMPKαfl/fl and AMPKαΔIEC KO mice was excised and stripped of the serosa. The
mucosa was mounted in Ussing chambers with Kreb’s Ringer’s buffer. After 20 minutes, cAMP-dependent
electrogenic ion secretion was initiated by bilateral addition of Forskolin (Fsk; 20 µM). Change in short-
circuit current (ΔIsc µA/cm2) was similar among both genotypes in all large intestinal segments. Values
are expressed as Means ± S.D. n=3-8

However, I did observe a significant increase in Ca2+-dependent ion transport in the cecum

of AMPKαΔIEC KO mice compared to AMPKαfl/fl mice (Figure 4.11). These data agree with

previous work from our lab demonstrating AMPK can inhibit Ca2+-dependent electrogenic

ion secretion during oxidative stress.
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Figure 4.11: AMPK Inhibits Ca2+-Dependent Ion Transport at Basal Conditions in Mouse
Cecum

Large intestine from AMPKαfl/fl and AMPKαΔIEC KO mice was excised and stripped of the serosa. The
tissue was mounted in Ussing chambers with Kreb’s Ringer’s buffer. After 20 minutes, Carbachol (CCh; 300
µM) was added to the basolateral chamber. Change in short-circuit current (ΔIsc µA/cm2) was increased
in cecum lacking epithelial expression of AMPKα. Responses in the colon were similar between genotypes.
Values are displayed as Means ± S.D. Asterisks denote significant differences from AMPKαfl/fl mice. *p<0.05.
n=3-8
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Ion Transporter Expression We and others have previously demonstrated that AMPK

inhibition of NKCC1 can lead to repression of Ca2+-dependent electrogenic ion secre-

tion [10]. I hypothesized that NKCC1 expression was suppressed by AMPK activity.

To test this, I measured NKCC1 expression in the large intestine from AMPKαfl/fl and

AMPKαΔIEC KO mice by immunofluorescence. I determined that AMPKαΔIEC KO mice

had increased NKCC1 expression at the basolateral membrane in the cecum and distal

colon (Figure 4.12). These results are consistent with previous reports and suggest AMPK

inhibition of electrogenic ion secretion is at least partially mediated by NKCC1.

4.3 Discussion

In this study I utilized a tissue-specific knockout mouse model where expression and ac-

tivity of the AMP-activated protein kinase (AMPK) α catalytic subunit was absent in

the intestinal epithelium. These data confirm a number of previous studies that suggested

AMPK can regulate tight junction complexes and electrolyte transport in the mouse intesti-

nal epithelium. I observed that loss of AMPK activity decreased transepithelial electrical

resistance in the colon and this was associated with decreased Claudin-4 protein expres-

sion (Figure 4.13). Importantly, macromolecular permeability was unaltered in intestinal

epithelial-specific AMPKα knockout mice. In addition, I confirmed that AMPK is a basal

inhibitor of calcium-dependent electrogenic ion transport and that regulation of NKCC1

expression may play a role in this mechanism.
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Figure 4.12: AMPK Inhibits NKCC1 Expression in Mouse Large Intestine

Large intestine from AMPKαfl/fl and AMPKαΔIEC KO mice was excised, fixed, and blocked for cryosectioning.
5 µm sections were subjected to immunofluorescence. Mean fluorescence intensity was quantified using NIH
ImageJ with at least three crypt-defined regions of interest per section. NKCC1 expression was significantly
increased in the cecum and distal colon from AMPKαΔIEC KO mice. Values are shown as Means ± S.D.
Asterisks indicate significant differences from AMPKαfl/fl mice. *p<0.05, **p<0.01. n=3-4

4.3.1 AMPK Subunit Expression in Intestinal Epithelial Cells

Much work has implied AMPK plays an important role in the intestinal epithelium [11–

15]. However, until now the expression of AMPK subunit isoforms and AMPK activity in

intestinal epithelial cells has not been characterized. Here, I determined both α catalytic

subunits of AMPK are expressed in the large intestine. In addition, I observed AMPKβ1
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Figure 4.13: AMPK Regulates Intestinal Barrier Function and Ion Transport

AMP-activated protein kinase (AMPK) promotes intestinal barrier function through regulation of tight
junctions. 1) AMPK maintains expression of the barrier-forming Claudin-4 protein to maintain transep-
ithelial electrical resistance and therefore tight junction complexes. 2) AMPK is a basal repressor of the
Na+/K+/2Cl- cotransporter 1 (NKCC1). NKCC1 is a basolateral cotransporter responsible for increasing
intracellular Cl- concentration. 3) AMPK suppression of NKCC1 is associated with decreased calcium-
dependent electrogenic ion secretion.
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expression and was not able to detect AMPKβ2 expression, perhaps suggesting AMPKβ1

may be the predominant scaffolding subunit expressed in intestinal epithelial cells. To con-

firm this, additional experiments with additional AMPKβ2 antibodies should be performed

to ensure this effect is not an artefact of the AMPKβ antibody I used in this study. Curi-

ously, the levels of AMPKβ1 expression correlated with AMPKα expression in AMPKαfl/fl

mice. These data may suggest that expression of AMPK subunits is needed to promote its

stabilization and/or protein expression, however further studies are needed to confirm this

hypothesis. Finally, expression of the AMPK γ subunit isoforms in the intestinal epithelium

remains to be elucidated.

4.3.2 Intestinal Epithelial Turnover and Differentiation

Following confirmation that I successfully bred AMPKαΔIEC KO mice that lacked expression

of AMPKα and AMPK activity in intestinal epithelial cells, I next determined if this led

to changes in epithelial structure and morphology. AMPK is known to regulate cell prolif-

eration and death although these effects can vary. In canonical signaling, AMPK restricts

cell growth in order to preserve cellular energy [16]. Similarly, AMPK has been shown to

regulate cell differentiation through its demands on cellular energy [17, 18]. Proliferation

and turnover is highly regulated in the intestinal epithelium to ensure proper differentiation

of the epithelial cells and fast but controlled turnover. Increased proliferation is observed

as increased crypt depth and villus length while differentiation is observed as decreased

crypt depth and villus height. I confirmed that AMPKα-deficiency did not result in altered

crypt depth or villus length in AMPKαΔIEC KO mouse intestine compared to AMPKαfl/fl

mice. Previously, Sun et al. determined that intestinal epithelial deletion of the α1 cat-

86



alytic subunit isoform resulted in increased cell differentiation [14]. This was observed as

impaired mucosal height and decreased migration of BrdU labelled cells. In addition, Caco-

2 intestinal epithelial cells treated with the AMPK activator AICAR displayed increased

protein expression of differentiation markers such as sucrose isomaltase, E-cadherin, and

dipeptidyl peptidase-4 [14]. A number of factors could have contributed to this discrep-

ancy. For example, mice used in the Sun et al. study retained expression of the α2 catalytic

subunit, which is known to be able to shuttle from the nucleus to the cytoplasm. Poten-

tially, deletion of the α1 catalytic isoform resulted in a compensatory increase of the α2

isoform either in expression and/or activity. This could have amplified its physiological

function to modulate caudal type homeobox 2 (Cdx2), a transcription factor important for

intestinal development. This is further supported by the observation that AMPK activation

increased Cdx2 expression by changing its histone methylation status [14]. In mice that

lack complete AMPK activity, AMPK-dependent Cdx2 regulation and therefore an increase

in differentiation would be lost.

4.3.3 AMPK Regulation of Tight Junctions

AMPK was first reported to promote tight junction assembly during a calcium-switch as-

say in Madin-Darby Canine Kidney (MDCK) cells [19, 20]. These studies demonstrated

increased LKB1-dependent activation of AMPK during calcium-switch and that AICAR

treatment could promote tight junction assembly observed by membrane localization of

Zonula Occludens-1 (ZO-1) at low and normal calcium concentrations compared to un-

treated cells. In addition, AICAR pre-treatment reduced tight junction disassembly during

calcium depletion. This was confirmed as expression of kinase-dead AMPK led to impaired
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tight junction assembly during calcium-switch. Further work clarified that AMPK regu-

lation of tight junction assembly is dependent on the nectin-Afadin cell adhesion system

and Afadin is a direct substrate of AMPK [21]. Nectin and Afadin function to link ZO-1

with F-actin during junction formation. In addition, AMPK phosphorylation of cingulin

in Eph4a epithelial cells promoted association of tight junctions with microtubules [22].

AMPK has also been shown to regulate tight junction composition as AICAR administra-

tion was observed to result in increased claudin-4 phosphorylation, claudin-4 localization

to the membrane, and interaction with occludin in an ERK1/2-dependent manner in rat

submandibular gland cells [23]. Together, these data indicate AMPK promotes tight junc-

tion assembly through modulation of tight junction protein expression, localization, and

association of scaffolding proteins.

Work examining the role of AMPK on tight junction assembly in the intestinal

epithelium has emerged more recently. Peng et al. first showed that in Caco-2 intestinal

epithelial cells, treatment with the short-chain fatty acid butyrate further increased AMPK

activation during calcium switch to promote tight junction assembly [24]. Inhibition of

AMPK by Compound C reversed these effects, although induced changes in ZO-1 local-

ization were not confirmed to be AMPK-dependent. In addition, inulin permeability in

Caco-2 cell monolayers was decreased by butyrate and AICAR treatment alone, and these

effects were reversed with Compound C treatment. These findings were further expanded to

confirm that AMPK regulates tight junction assembly through inhibition of Myosin Light

Chain Kinase and decreased phosphorylation of myosin II regulatory light chain (MLC2)

[25]. AMPK was previously shown to directly phosphorylate MLCK and desensitize it to

calcium/calmodulin [26]. Another group found evidence that activation of the zinc-sensing
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G protein-coupled receptor GPR39 increased tight junction assembly and required AMPK

activation by Ca2+/Calmodulin-dependent protein kinase kinase β (CaMKKβ) [27]. This

work went further by confirming ZO-1 localization required CaMKKβ, suggesting it may be

AMPK-dependent. These studies demonstrated AMPK promotes tight junction assembly

in both calcium-dependent and -independent mechanisms.

In addition to these studies, others have suggested AMPK activation by exoge-

nous molecules promotes barrier function and is protective in the intestinal epithelium.

For example, Park et al. demonstrated theaflavins, compounds present in black tea, re-

duced fluorescein permeability in Caco-2 cell monolayers mounted in Ussing chambers [28].

This effect was reversed with AMPK inhibition by Compound C treatment and theaflavins

were found to increase AMPK activation. The authors confirmed theaflavin treatment

increased mRNA and protein expression of ZO-1, occludin, and claudin-1, although they

did not confirm these observations required AMPK. My findings demonstrated epithelial

AMPKα-deficiency resulted in decreased expression of Claudin-4, but that expression of

ZO-1, Occludin, and Claudins 2 and 15 were unchanged. These data suggest impaired

transepithelial electrical resistance in AMPKαΔIEC KO mice is mediated at least partially

by Claudin-4 protein abundance. However, I have not confirmed if ZO-1 and occludin

are mislocalized in these mice as has been suggested by earlier data. Although a lack of

altered Occludin expression and no increase in macromolecular permeability suggests Oc-

cludin function is maintained in these mice. As previous work has utilized calcium-switch

assays to observe the effect of AMPK on tight junction assembly, I believe the AMPK-

dependent effects on tight junctions in healthy mice would be minimal. For example, to

observe AMPK inhibition of MLCK and therefore MLCK-mediated intestinal permeability
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would require an inflammatory context. Therefore, the evidence supports the hypothesis

that AMPK promotes barrier function through regulation of tight junction assembly and

maintenance of mature tight junctions.

4.3.4 AMPK Regulation of Epithelial Ion Transport

Previous publications have suggested AMPK functions as a basal inhibitor of cAMP-

dependent chloride secretion and during oxidative stress and hypoxia [29–34]. Further,

AMPK activation by an inflammatory milieu and agonists restricted pathological activity

of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) [35, 36]. Despite

these findings, I did not observe increased cAMP-dependent (CFTR-mediated) electrogenic

ion secretion. This observation is consistent with Kongsuphol et al., who did not observe

increased colonic Forskolin-stimulated ion transport in AMPKα1 knockout mice compared

to wild-type mice [37]. In contrast, the authors did observe increased cAMP-dependent ion

secretion with Compound C treatment in wild-type mice but this had no effect in AMPKα1

knockout mice. This could be due to the relative nonspecificity of Compound C as an

AMPK inhibitor [6, 7]. Inhibition of CFTR occurs by binding of AMPK to the C-terminus

and phosphorylation of Serine residues within the R domain, resulting in increased channel

opening probability [29, 38, 39]. These sites are also phosphorylated by Protein Kinase

A (PKA) and Protein Kinase C (PKC). Another study by Kongsuphol et al. determined

that the order of phosphorylation events is critical and complex [39]. These data suggested

early phosphorylation of Serine-785 suppressed subsequent Serine phosphorylation in the R

domain [39, 40]. Therefore, together these data suggest intact phosphorylation of Serine-
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785 by another kinase could explain why loss of AMPK activity did not result in increased

cAMP-dependent ion transport.

In contrast to CFTR-mediated ion secretion, I did observe a significant increase in

Ca2+-dependent ion transport in the cecum of AMPKαΔIEC KO mice. In addition, expres-

sion of NKCC1 was significantly increased in the cecum and distal colon of AMPKαΔIEC KO

mice. Our laboratory and others previously demonstrated AMPK can inhibit NKCC1

through modulation of its activity and potentially through phosphorylation [41]. Electro-

genic ion transport responses are a summation of a number of channels and transporters

such as Ca2+-activated chloride channels, K+ channels, and Na+ channels such as the Ep-

ithelial Na+ Channel (ENaC) in the distal colon. Previous groups have confirmed AMPK

can also inhibit ENaC in addition to NKCC1 [42, 43]. Thus, it is possible NKCC1 inhibition

is only a partial component of the overall effect. Further studies would be needed to fully

characterize the composition of AMPK-mediated inhibition of electrogenic ion secretion.

In this study I characterized the effect resulting from loss of AMPKα expression

and activity specifically in intestinal epithelial cells. I observed normal epithelial structure

indicating intact cell proliferation and turnover. However, transepithelial electrical resis-

tance was impaired in the proximal colon and this was correlated with reduced expression of

Claudin-4 in the colon. In addition, I observed a significant increase in calcium-dependent

ion secretion in the cecum and increased NKCC1 expression in the large intestine. Although

the extent to which these effects could be relevant clinically is unknown, these data indicate

that AMPK does indeed regulate barrier function in the intestinal epithelium as well as ion

transport processes.
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5 | Effect of Epithelial AMPKαDele-

tion on Experimental Colitis

"[...] once you eliminate the impossible, whatever remains, not matter how improbable,

must be the truth [...]" - Sherlock Holmes in The Sign of the Four by Sir Arthur Conan

Doyle

5.1 Introduction

A number of published studies have described administration of pharmacological activators

of AMPK in various models of colitis is protective against intestinal inflammation [1–6]. In

agreement with these studies, untreated colitic mice were found to have decreased phos-

phorylation of AMPK in intestinal tissue, although one study using 1% Dextran sodium

sulfate (DSS) in mice observed an increase in AMPK activation during colitis [7]. However,

these models are associative at best as many AMPK activators including Metformin, exert

AMPK-independent effects [8–10]. Further, the effect of AMPK activation on innate im-

mune functions in intestinal epithelial cells and whether its activity in these cells is sufficient

to protect from colitis is unknown. I sought to clarify the role of AMPK in inflammatory
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signaling using AMPKα intestinal epithelial specific knockout mice and experimental mod-

els of colitis: Dextran Sulfate Sodium and Citrobacter rodentium to model epithelial injury

and pathogenic bacterial infection, respectively.

Dextran Sulfate Sodium (DSS) is a heparin-like polysaccharide consisting of three

sulfate groups conjugated to each molecule of glucose. Administration of DSS in drinking

water in mice leads to development of colitis whose macroscopic symptoms in mice mani-

fest as progressive loss of body weight, diarrhea, rectal bleeding, piloerection and hunching

[11]. While DSS is most commonly used as an acute colitis model and therefore cannot

be interpreted as an exact model of such a complicated and longitudinal disease as ulcera-

tive colitis, this model does share some features of Ulcerative Colitis (UC) such as mucosal

inflammation and erosions observed in histological sections with the greatest severity in

the distal colon. Development of DSS-induced colitis in mice is dependent on the presence

of gut microbiota, as germ-free and antibiotic-treated animals develop little or no disease

[12]. In addition, DSS-induced colitis is independent of adaptive immune functions as Rag1

knockout and severe-combined immunodeficiency (SCID) (which lack mature T and B cells)

mice have similar severity of colitis as wild-type littermates [13]. However, innate immunity

is important for induction of colitis as MyD88 knockout mice which lack a critical signaling

mediator of innate immune toll-like receptors, do not develop colitis. The mechanism(s) of

action of DSS is unknown, however as it is a large, negatively charged molecule it is unable to

passively permeate cell membranes and recent evidence has demonstrated DSS crosses cell

membranes by binding medium-chain fatty acids and forming nano-lipocomplexes thought

to induce epithelial injury [14]. Epithelial damage from DSS leads to apoptosis and recruit-

ment of neutrophils and macrophages, resulting in increased pro-inflammatory cytokine
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and chemokine production such as IL-1β, IL-6, TNF-α and CCL2. Previous studies have

demonstrated AMPK activation during colitis suppresses cytokine production and AMPK

has previously been shown to inhibit CCL2 expression. Therefore, I expect to observe

altered production of inflammatory mediators like CCL2 as has been observed previously.

In addition to the DSS injury model of colitis, I also tested how animals would

compare in a pathogenic infection model of colitis. Citrobacter rodentium is a mouse at-

taching and effacing (A/E) pathogen which causes transmissible murine crypt hyperplasia

(TMCH). C.rodentium infection of colonic epithelia is facilitated by a Type 3 secretion

system similar to that of the human pathogens, Enteropathogenic E. Coli (EPEC) and

Enterohemorrhagic E. Coli (EHEC). EPEC and EHEC are unable to efficiently colonize

the mouse intestine, thus C. rodentium has been utilized as a mouse model to study these

human enteric pathogens. The Type 3 secretion system and effector proteins are encoded

within a LEE (locus of enterocyte effacement) pathogenicity island. One such effector

protein is an EPEC homologue of the mitochondrial associated protein (Map) which tar-

gets mitochondria. Overexpression of Map leads to mitochondrial membrane instability

during EPEC infection and progressive loss of mitochondrial membrane potential [15, 16].

Bacterial Map causes mitochondrial damage observed as disrupted matrix, swelling, and

formation of cytoplasmic inclusion bodies in mouse colon [15, 16]. In addition, decreased

expression of the mitochondrial protein succinate dehydrogenase at the crypt surface of

infected colonic enterocytes requires Map expression. C. rodentium strains with a Map

deletion have decreased ability to colonize mice and induced a less severe decrease of TEER

in Caco-2 cells [16–18]. As AMPK is widely known to promote mitochondrial biogenesis and

function, I hypothesized that AMPKα-deficiency in intestinal epithelial cells would increase
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mouse susceptibility to C. rodentium infection. Much of the work surrounding AMPK has

demonstrated it has a context-dependency that I hope to elucidate using these two colitis

models.

5.2 Experimental Results

5.2.1 AMPK Expression is Not Required for Intestinal Permeability in

Conventional-Housed Mice
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Figure 5.1: Loss of AMPK Does Not Alter Intestinal Permeability in Conventionally-Housed
Mice

Mice were oral gavaged with 4 kDa Fluorescein thiocyanate (FITC)-dextran based on body weight. After 4
hours, blood was collected and serum levels of 4 kDa FITC-dextran were determined using a standard curve.
Both mouse genotypes exhibited similar levels of intestinal permeability. Values are expressed as Means ±
S.D. n=20-22.

Following acclimation to conventional housing, AMPKαfl/fl and AMPKαΔIEC KO

mice were assessed for changes in macromolecular intestinal permeability using a 4 kDa

Fluorescein thiocyanate (FITC)-dextran assay. As expected, I confirmed that there was no

change in intestinal permeability due to AMPK expression and therefore determined this
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was unaffected by differences in gut microbial composition arising from conventional vs.

specific-pathogen-free housing (Figure 5.1).
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Figure 5.2: 5% DSS Induces Severe Colitis in AMPKαΔIEC KO and AMPKαfl/fl Mice

Body weight and disease activity index were measured daily as described previously (Ch.2.14.3) A) DSS-
treated mice exhibited significant loss of body weight beginning at Day 5 post-treatment. Weight loss over
time was similar within treatment groups. B) DSS-treated mice had significantly increased disease activity
index score compared to control mice. Disease activity index score over time was similar among genotypes
within treatment groups. Values are presented as Means ± S.D. Asterisks indicate a significant difference
compared to Control mice. n=7-10. ****p<0.0001.

5.2.2 Absence of AMPK does not exacerbate DSS-induced colitis

I next sought to observe whether complete loss of AMPK activity would exacerbate DSS

colitis, since previous work demonstrated knockout of the AMPKα1 subunit in intestinal

epithelial cells increased body weight loss during 3% DSS colitis [19]. Mice in conventional

housing were treated with 5% DSS for 5 days ad libitum followed by 3 days of water. I

assessed body weight and presence of bloody diarrhea daily for the duration of the experi-

ment. AMPKαfl/fl and AMPKαΔIEC KO mice treated with 5% DSS developed severe colitis

as illustrated by a significant loss of initial body weight which was inversely correlated with

a significant increase in disease activity index (Figure 5.2).
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Figure 5.3: Animal Survival During 5% DSS Experimental Colitis

Administration of 5% DSS to C57BL/6 mice in conventional housing induced severe colitis that was fatal at
Day 7. AMPK activity did not impact survival. Raw values are expressed. Asterisks indicate a significant
difference compared to untreated Control mice. n=8-10. ****p<0.0001.

Due to the severity of disease, mice were euthanized at Day 7, on average, in

accordance with institutional animal use committee approval (Figure 5.3). Unexpectedly,

AMPKαΔIEC KO mice did not exhibit more severe symptoms than their AMPKαfl/fl coun-

terparts nor did they have altered survival.

DSS colitis is known to increase intestinal permeability through direct damage to

epithelial cells. I observed that macromolecular intestinal permeability was significantly

increased in DSS-induced colitis as expected, although this was independent of AMPK and

AMPK activity did not affect the degree of permeability (Figure 5.4).

Colon shortening is a feature of acute DSS colitis that results from tissue wasting

[11]. I measured colon shortening as a function of decreases in colon weight and length in

both genotypes of mice treated with DSS. I observed that colon shortening was induced

by DSS treatment and that colon dimensions in colitic AMPKαΔIEC KO mice did not differ

from AMPKαfl/fl mice (Figure 5.5).
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Figure 5.4: Increased Intestinal Permeability during DSS Colitis is Unaffected by AMPK
Activity

Mice treated with 5% DSS exhibited significantly increased macromolecular intestinal permeabilty compared
to untreated Control animals. AMPKαΔIEC KO mice displayed similar levels of permeability as AMPKαfl/fl
mice. Intestinal permeability was determined using an in vivo 4 kDa FITC-dextran assay. Values are
expressed as Means ± S.D. Asterisks indicate a significant difference compared to Control mice. n=8-10.
***p<0.001.

Histological analysis of the large intestine revealed that DSS-treated animals ex-

hibited loss of crypt structure and erosions, thickening of the lamina propria, increased

immune cell infiltration and the presence of edema in DSS-treated animals (Figure 5.6).

As expected, colitis scores were highest in the distal colon. Histological features displayed

during colitis were consistent in both mouse genotypes indicating AMPK activity did not

alter disease.

Previous reports have demonstrated AMPK activation during intestinal inflamma-

tion is context-dependent. To confirm this in our study, whole proximal colon from untreated

Control and DSS-treated AMPKαfl/fl mice was homogenized and analyzed by western blot.
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Figure 5.5: AMPK Does Not Protect Against Colon Shortening Induced by DSS

5% DSS treatment significantly decreased colon length and weight, indicative of colon shortening, compared
to water only Control mice. AMPK expression had no appreciable effect on colon shortening during experi-
mental colitis. Values are presented as Means ± S.D. Asterisks indicate a significant difference compared to
Control mice. n=8-10. ****p<0.0001.

I determined that DSS colitis led to an increase in AMPK activation, however expression

of AMPKα was overall decreased during colitis (Figure 5.7).

Due to the decreased survival of mice following 5% DSS, I next turned to a lower

dose of DSS to test if effects of AMPKα-deficiency would be more pronounced in a milder

form of colitis. Therefore I treated mice with 2.5% DSS which is comparable to a simi-

lar study conduced by another group where AMPK-dependent effects were observed [19].

Surprisingly, 2.5% DSS treated mice developed severe colitis much like that of 5% DSS-

induced colitis (Figure 5.8). Given this similarity, further experiments were performed in

5% DSS-treated mice.
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Figure 5.6: AMPKα Deletion Does Not Impact Histological Features of Experimental Colitis

Colons from Control and DSS-treated AMPKαfl/fl and AMPKαΔIEC KO mice were stained with hematoxylin
and eosin and imaged. Scores were assigned based on the scoring rubric in Table 2.4. DSS treatment
induced mucosal and submucosal immune cell infiltration and epithelial erosions. A) Representative images
of proximal colon. B) Representative images of distal colon. C) Quantification of scores from images
from proximal and distal colons. Lines indicate width of immune cell infiltration. Arrows indicate sites of
erosion. Values are depicted as Means ± S.D. Asterisks indicate significant differences from Control mice.
****p<0.0001. n=3-6
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Figure 5.7: AMPK Activation and Expression during DSS Colitis

Whole proximal colon was excised and flash-frozen from untreated Control and DSS-treated AMPKαfl/fl
mice. Frozen tissues were homogenized and subjected to western blot. A) Blots of Phospho-Thr172-AMPK
and Total AMPKα. B) Quantification of blots in A. AMPKα expression was significantly increased during
DSS treatment, however AMPK phosphorylation was significantly decreased. Values are shown as Means ±
S.D. Asterisks denote significant differences from control AMPKαfl/fl mice. *p<0.05. n=6

5.2.3 AMPK Does Not Regulate Pro-Inflammatory Mediators During

Colitis

Despite comparable changes in disease severity and intestinal permeability to DSS-induced

colitis, I postulated if intestinal AMPKα-deficiency altered molecular responses during col-

itis such as pro-inflammatory signaling in the intestinal mucosa. AMPK has previously

been shown to modulate cell stress and immune responses, usually as a repressor of pro-

inflammatory gene expression such as the C-C motif chemokine ligand 2 (Ccl2 ) and in-

ducible Nitric Oxide Synthase (Nos2/iNOS) [2, 20–22]. Elevated expression of iNOS in
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Figure 5.8: 2.5% DSS Causes Severe Colitis in C57BL/6 Mice

A) Percentage of initial body weight over time during DSS treatment. AMPKαfl/fl and AMPKαΔIEC KO

mouse body weight loss during DSS treatment was similar. B) Disease activity index over time during DSS
treatment. Both mouse genotypes exhibited similar disease severity with 2.5% DSS treatment. C) Survival
of mice following treatment with 2.5% DSS. Mice treated with 2.5% DSS succumbed on Day 7. Mice in
conventional housing were treated with 2.5% DSS in drinking water for 5 days ad libitum followed by 3
days of water. Values are depicted as Means ± S.D. n=5-10. Asterisks represent significant differences from
control, untreated mice. ****p<0.0001

cells increases production of nitric oxide and CCL2 expression increases immune cell re-

cruitment to sites of inflammation. Both of these genes are typically upregulated during

colitis [2, 23]. I determined that expression of Ccl2 and Nos2 was unchanged in whole

large intestinal tissue from Control and DSS-treated AMPKαΔIEC KO mice compared to
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Figure 5.9: Ccl2 Gene Expression is AMPK-Independent

Expression of Ccl2 mRNA is unaltered by DSS treatment and AMPKα-deficiency. Whole tissue from ileum
and the large intestine of untreated or DSS-treated AMPKαfl/fl and AMPKαΔIEC KO mice was analyzed for
gene expression. A) Ethidium bromide agarose gels of Ccl2 mRNA expression. B) Quantification of gels in
A. Values are representative of Means ± S.D. n=3.

AMPKαfl/fl mice using PCR (Figure 5.9 and 5.10, respectively). Surprisingly, I did not

detect an increase in Ccl2 and Nos2 gene expression with DSS treatment.

5.2.4 Altered Apoptotic Marker Expression in AMPKαΔIEC KO mice

DSS administration causes direct intestinal epithelial cell injury, leading to cell death.

AMPK is known to regulate apoptosis although its effect appears to be context-dependent.
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Figure 5.10: Nos2 Gene Expression is AMPK-Independent

Expression of Nos2 mRNA is unaltered by DSS treatment and AMPKα expression. Whole tissue from ileum
and the large intestine of untreated or DSS-treated AMPKαfl/fl and AMPKαΔIEC KO mice was analyzed for
gene expression. A) Ethidium bromide agarose gels of Nos2 mRNA expression. B) Quantification of gels in
A. Values are presented as Means ± S.D. n=3.

In order to determine if AMPKαΔIEC KO mice had increased apoptosis, I determined the

protein expression of cleaved Caspase-3, Poly (ADP-ribose) Polymerase (PARP), and PARP

cleavage as markers of apoptosis downstream of both the intrinsic and extrinsic pathways

of apoptosis initiation. I observed that cleaved Caspase-3 was significantly decreased in the

proximal colon mice treated with 5% DSS (Figure 5.11. This effect was similar in DSS-
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Figure 5.11: Cleaved Caspase-3 is Decreased in Colitic Murine Proximal Colon

A) Blots of Cleaved Caspase-3 Expression in whole intestinal tissue from untreated Control and DSS-treated
AMPKαfl/fl and AMPKαΔIEC KO mice. DSS-treated proximal colon had significantly less cleaved Caspase-3
expression. AMPK activity did not affect cleaved Caspase-3 expression. B) Quantification of blots in A.
Values are representative of Means ± S.D. n=6-10. Asterisks denote significant differences from untreated
Control mice. ****p<0.0001.
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treated AMPKαfl/fl and AMPKαΔIEC KO mice. In addition, untreated Control mice also

had similar expression of cleaved Caspase-3.

PARP expression was unaltered by experimental colitis and similar among both

genotypes of mice (Figure 5.12B). However, similar to cleaved Caspase-3, cleaved PARP

was also decreased by 5% DSS in the proximal colon, irrespective of genotype (Figure

5.12C). PARP cleavage occurs downstream of cleaved Caspase-3 during apoptosis initiation.

Thus decreased PARP cleavage is consistent with decreased expression of cleaved Caspase-3.

These findings suggest apoptosis is suppressed in murine proximal colon during DSS-induced

experimental colitis.

5.2.5 Loss of AMPK Increases Cell Death During Colitis

To further confirm my findings in apoptotic marker expression, I determined the percent-

age of apoptotic cells in intestinal tissue sections using a TUNEL assay that labels nuclei

with cleaved DNA. In untreated mice the proportion of TUNEL+ cells was low (1-3%)

and occurred at similar levels in both mouse genotypes. This is consistent with previous re-

ports identifying only a very small percentage of intestinal epithelial cells undergo apoptosis

during homeostasis. Following 5% DSS treatment, I observed decreased TUNEL-positive

staining in the cecum and distal colon of AMPKαΔIEC KO mice compared to AMPKαfl/fl

mice (Figure 5.13). These data suggest that AMPK may promote cell death during DSS-

induced experimental colitis.
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Figure 5.12: Decreased PARP Cleavage in DSS Treatment

A) Blots of PARP expression in whole intestinal tissue from untreated Control and DSS-treated AMPKαfl/fl
and AMPKαΔIEC KO mice. B) Quantification of uncleaved PARP in A. C) Quantification of PARP cleavage
in A. Values are expressed as Means ± S.D. n=6-10. Asterisks indicate significant differences from untreated
mice. ****p<0.0001.
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Figure 5.13: Decreased Cell Death in Cecum of DSS-Treated AMPKαΔIEC KO Mice

Large intestine from Control and DSS-treated AMPKαfl/fl and AMPKαΔIEC KO mice were subjected to
TUNEL staining. Images were quantified using NIH ImageJ. Representative images and quantification of
cecum (A), proximal colon (B), and distal colon (C). DSS treatment increased the percentage of TUNEL-
positive cells of both mouse genotypes in the colon. DSS-treated AMPKαΔIEC KO mice had significantly
decreased TUNEL-positive staining in cecum compared to DSS-treated AMPKαfl/fl mice. Control mice
displayed low levels of TUNEL staining that was similar in both genotypes. Values are displayed as Means
± S.D. Asterisks indicate significant differences. *p<0.05. n=2-3
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5.2.6 Citrobacter rodentium Infection in AMPKαΔIEC KO Mice

Chemical injury models of colitis are known for their severe effects on the intestinal epithe-

lium such that they are not reliable models for less pronounced alterations in the intestinal

barrier. To better determine if intestinal epithelial AMPKα-deficiency impacts other insults

to the mucosa, I employed the Citrobacter rodentium infection model of colitis. In C57BL/6

mouse strains, C. rodentium is known to cause very mild colitis and bacterial burden peaks

at day 10 post-infection [24]. Thus, to capture changes during the most severe point of

disease I infected mice and monitored disease activity and fecal bacterial burden until sac-

rifice on Day 10 post-infection. C. rodentium infection did not causes significant changes

in body weight although mice exhibited significant increases in fecal bacterial burden thus

confirming that they were successfully infected (Figure 5.14).
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Figure 5.14: C. rodentium Infection Did Not Induce Body Weight Loss

AMPKαfl/fl and AMPKαΔIEC KO mice were infected with Citrobacter rodentium following 24 hour strepto-
mycin treatment. Body weight was measured daily and fecal bacterial burden was determined every other
day until peak of infection (Day 10). A) Percentage of initial body weight over time during C. rodentium
infection. AMPK activity did not affect body weight maintenance during infection. B) Fecal bacterial bur-
den of C. rodentium during infection. AMPKαfl/fl and AMPKαΔIEC KO mice displayed similar increases in
C. rodentium bacterial burden. Values are representative of Means ± S.D. n=3-6.
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In accordance with the absence of colitis, infected mice did not exhibit colon

shortening and had similar levels of intestinal permeability at Day 10 post-infection (Figure

5.15). These data demonstrated Citrobacter rodentium infection did not cause colitis or

induce an AMPK-dependent defect in barrier function in our mouse model.
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Figure 5.15: C. rodentium Infection Did Not Induce Colitis

At peak infection (Day 10), mice were assessed for in vivo intestinal permeability and colon shortening.
A) Colon weight and length at Day 10 post-infection was similar in AMPKαfl/fl and AMPKαΔIEC KO mice.
Significant colon shortening was not observed. B) 4 kDa FITC-dextran macromolecular permeability during
C. rodentium infection was unimpacted by AMPK activity. Values are expressed as Means ± S.D. n=3-6.

Finally, I determined bacterial burden in the colon and extra-intestinal tissues

(mesenteric lymph nodes, spleen, and liver) to determine if infection spread beyond the

intestine. I observed no change in bacterial dissemination to extra-intestinal tissues at

Day 10 post-infection in both mouse genotypes (Figure 5.16). This was expected in mice
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lacking overt intestinal inflammation during infection. In addition, colonic colonization by

C. rodentium was similar in AMPKαfl/fl and AMPKαΔIEC KO mice.
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Figure 5.16: Bacterial Burden of Colonic and Extra-Intestinal Tissues at Peak of C. roden-
tium Infection

Tissue was excised from animals at Day 10 post-infection, homogenized, and diluted for plating on LB-
agar. Individual colonies were counted the next day to determine bacterial burden. C. rodentium bacterial
burden at Day 10 post-infection was similar between AMPKαfl/fl and AMPKαΔIEC KO mice. There was
little colonization of extra-intestinal tissues. Values are depicted as Means ± S.D. n=3-4.

5.3 Discussion

In this study, I sought to provide further clarification of the role of AMP-Activated Pro-

tein Kinase (AMPK) in intestinal inflammation by inducing colitis in mice with intestinal

epithelial-specific loss of AMPKα with the expectation that AMPKαΔIEC KO mice would

display increased susceptibility to experimental colitis. AMPK has been demonstrated as
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a mediator for both maintaining intestinal homeostasis and facilitating inflammatory sig-

naling downstream of cytokines [25, 26]. In addition, AMPK has previously been shown to

be both pro- and anti-apoptotic and this appears to be context-dependent [27]. As AMPK

performs important functions during inflammation and other stress conditions, I tested if

loss of AMPK would exacerbate disease in the DSS chemical injury model of colitis. Given

that AMPK activity has been shown to be required for epithelial barrier formation, it was

surprising that loss of this conserved kinase did not result in a barrier defect, as measured

by macromolecular paracellular permeability, or loss of significant histological features in-

dicative of altered intestinal epithelial cell differentiation and inflammation (Chapter 4).

This is in contrast to previous data demonstrating loss of AMPKα1 in intestinal epithelium

increases paracellular permeability [19]. Thus despite altered expression of the tight junc-

tion protein Claudin-4 described in Ch.4.2.2 and thus transepithelial electrical resistance,

mice did not exhibit increased susceptibilty to DSS colitis or enteric infection.

5.3.1 AMPKα-Deficiency Did Not Result in Increased Susceptibility to

Colitis

5% and 2.5% DSS induced severe colitis in conventionally-housed mice, however AMPKα ex-

pression had no impact on disease susceptibility. Previous groups have demonstrated loss of

a single AMPKα catalytic isoform specifically in intestinal epithelial cells exacerbates DSS-

induced acute colitis [19]. I previously observed that AMPKα2 whole-body knockout mice

have increased expression of the AMPKα1 isoform in isolated IECs (data not shown) and

have shown in Ch.4.2.1 that both α catalytic isoforms are expressed in intestinal epithelial
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Figure 5.17: AMPK Promotes Cell Death during DSS Colitis

Dextran sodium sulfate (DSS) treatment induces colitis through epithlial cell injury. 1) Epithelial cell injury
results in increased cell death and increased intestinal permeability. 2) DSS treatment increases AMPK
phosphorylation and activation. 3) Activation of AMPK is associated with increased cell death during DSS
colitis.
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cells. Therefore, these differences may be influenced by increased compensatory expression

of the AMPKα2 isoform as has been observed in other mouse models with a single catalytic

isoform deletion [28]. In addition, environmental factors could also contribute to this dif-

ference as 2.5% DSS administration in our vivarium resulted in more severe disease than a

similar concentration in AMPKα1 Villin-Cre mice from another institution [19]. Further, I

observed DSS-induced colitis in AMPKα2 knockout mice under both specific-pathogen free

and conventional housing, with conventionally housed mice exhibiting a greater degree of

disease (data not shown). This is consistent with previous reports that the resident gut mi-

crobiota can affect intestinal inflammation in various mouse colitis models [11, 12, 29, 30].

Finally, I observed AMPK activation by phosphorylation was increased in colitis although

expression was overall decreased. A majority of studies that have measured AMPK activa-

tion during colitis have demonstrated its phosphorylation is decreased [1, 3, 4, 31]. Only

a few studies have observed increased AMPK phosphorylation [7, 32]. These data suggest

regulation of AMPK activation in intestinal inflammation is likely context-dependent.

Prior evidence has shown AMPK activation by the pharmacological agonist 5-

aminoimidazole-4-carboxamide ribonucleoside (AICAR) is associated with amelioration of

DSS-induced colitis due to altered function of immune cells such as macrophages and T-

helper cells [2]. However, the concentration of AICAR (500 mg/kg body weight) utilized

in this study was extremely high to suggest a robust activation of AMPK is needed for

protection. In addition, the impact of AMPK activity in immune cells may have an im-

portant influence on colitis outcomes than signaling in intestinal epithelial cells alone. This

has been observed in other tissue-specific transgenic mouse models where loss of expression

of an IBD candidate gene in the intestinal epithelium alone is not sufficient to cause colitis
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[33]. This study also determined AMPK signaling in intestinal epithelial cells likely does not

affect immune cell recruitment and function as expression of chemoattractant genes and im-

mune cell infiltration, based on histological assessment, were equivalent in AMPKαfl/fl and

AMPKαΔIEC KO mice challenged with DSS. Furthermore, previous evidence has demon-

strated AMPK activity is critical in leukocytes including macrophages [34]. Potentially,

AMPK activation in immune cells rather than intestinal epithelial cells during intestinal

inflammation could result in less severe disease as has been observed in other studies using

agonists for AMPK.

5.3.2 AMPK Promotes Cell Death in Colitis

Increased apoptosis has been associated with increased susceptibility to experimental col-

itis [35–37]. Previous studies have demonstrated AMPK can upregulate or downregulate

apoptosis based on context [27]. Despite no overt change in disease severity, I did observe

decreased cell death (% TUNEL-positive cells) in the cecum of DSS-treated AMPKαΔIEC KO

mice. However, expression of the apoptotic markers cleaved caspase-3 and cleaved PARP

were decreased in DSS-treated mice irrespective of genotype. I did not observe alteration

of apoptosis in untreated AMPKαfl/fl and AMPKαΔIEC KO mice. Based on these results,

AMPK activation may act as a promoter of cell death during colitis. The discrepancy

in TUNEL staining and apoptotic marker expression may be due to increased necroptosis

which AMPK has recently been shown to repress [38–40]. Further studies would need to

confirm if AMPK promotes necroptosis in intestinal inflammation. In addition, as mice were

sacrificed at Day 7 I may have captured the disease as it was beginning to initiate recovery

processes, resulting in repression of apoptosis initiation and inflammatory mediator expres-
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sion. This includes increased intestinal epithelial cell proliferation to reepithelialize erosions.

This could be determined by Ki67 (a marker of cell proliferation) staining or BrdU incor-

poration in newly mice, a synthetic thymidine analog which labels cells undergoing DNA

replication.

5.3.3 AMPK Does Not Exacerbate Enteric Infection

To the best of my knowledge, this is a novel study describing the effect of AMPK on dis-

ease induced by the enteric pathogen Citrobacter rodentium. Initially I hypothesized that

AMPKαΔIEC KO mice would have worse disease as AMPK is known to regulate a number

of cellular functions important for Citrobacter rodentium infection and bacterial clearance.

For example, C. rodentium infection induces mitochrondrial dysfunction in colonocytes

and cytokines such as interleukin-4 and interleukin-6 are protective [16, 41]. AMPK is

known to promote mitochondrial biogenesis through direct phosphorylation of Peroxisome

proliferator-activated receptor γ coactivator 1-α (PGC-1α) leading to transcriptional activa-

tion. In addition, AMPK subunit expression and activation has been shown to be repressed

during C. rodentium infection [42]. AMPK is also known to promote autophagy by direct

phosphorylation of Unc-51 like autophagy activating kinse (ULK1) which is an important

component of the autophagy initiator complex. Previous work has shown that autophagy

is required for C. rodentium clearance [43]. Despite this evidence, I observed that loss of in-

testinal epithelial AMPK does not increase susceptibility to infection or colitis development

as measured by fecal bacterial burden and body weight change during infection. In addition,

analysis of colon and extra-intestinal tissue at the peak of infection confirmed similar levels

of colonization in the colon and little dissemination of the bacteria to mesenteric lymph

116



nodes, spleen, and liver. These data indicate that I was unable to completely assess the

impact of AMPK in intestinal inflammation due to enteric infection since animals did not

develop colitis. The lack of change in disease progression of AMPKαΔIEC KO mice could be

due in part to the background of mice used in the experiment. It has been well-documented

that C57BL/6 mice have reduced sensitivity to C. rodentium-induced colitis and my data

are consistent with these observations [24].

In conclusion, in this chapter I have demonstrated that expression of AMPKα in

intestinal epithelial cells is dispensible during intestinal inflammation due to epithelial in-

jury. I observed significant decreases in TUNEL staining in AMPKαΔIEC KO mice, however

this difference did not extend to other symptoms and features of colitis. Both mouse geno-

types exhibited similar trends in body weight loss, increasing disease activity index scores,

survival, and histological features during DSS-induced colitis.
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6 | Conclusions

In this dissertation, I have confirmed the cellular energy sensor AMP-activated protein

kinase (AMPK) is able to regulate functions of intestinal epithelial cells both during home-

ostasis and disease (Figure 6.1). I utilized both in vitro and in vivo model systems to test

these hypotheses. In addition, I also used various models of intestinal inflammation to

elucidate how AMPK regulation is dependent on stimulus and context. In this chapter I

summarize the findings from previous chapters, describe how these inform our understand-

ing of intestinal epithelial barrier maintenance and inflammatory signaling, and outline

future directions of this work.

6.1 AMPK Expression and Function in the Homeostatic In-

testinal Epithelium

In this dissertation I described a novel tissue-specific AMPK knockout mouse model that

lacked expression and activity of both α catalytic subunit isoforms in the intestinal epithe-

lium. I observed that intestinal epithelial cells express both α isoforms at similar levels,

although expression can vary between animals. However, these cells express only the β1
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isoform and not β2. In addition, loss of AMPKα expression led to reduced expression of

AMPKβ1 in knockout mice. Similarly, mice that retained low expression of AMPKα had

less expression of the β1 isoform.

Further examination of AMPKαΔIEC KO mice determined these mice had reduced

transepithelial electrical resistance in the proximal colon associated with reduced colonic

expression of Claudin-4. Expression of other tight junction proteins such as E-cadherin,

Occludin, Zonula Occludens-1, and Claudins 2 and 15, was unaltered in these mice. I did

not observe an increase in macromolecular paracellular permeability in the intestine of these

mice. This was consistent with the unaltered expression of occludin and ZO-1, which are

known to regulate this pathway. Although I have yet to confirm if occludin and/or ZO-1

localization are altered in these mice, others have observed AMPK inhibition results in mis-

localization during calcium-swtich experiments. When large intestine from AMPKαfl/fl and

AMPKαΔIEC KO mice was mounted in Ussing chambers, I saw that responses to Carbachol,

and therefore calcium-dependent, electrogenic ion transport was increased in knockout mice.

In addition, expression of the Na+/K+/2Cl- cotransporter (NKCC1) was increased in the

large intestine of AMPKαΔIEC KO mice. These data indicate AMPK is a basal inhibitor of

calcium-dependent electrogenic ion secretion and this could be mediated at least partially

by regulation of NKCC1.

6.2 AMPK in Oxidative Stress

Our laboratory has confirmed that homeostatic inhibition of calcium-dependent electrogenic

ion secretion is also mediated by AMPK during oxidative stress. We demonstrated that
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hydrogen peroxide reduced ion transport responses without any alteration in transepithelial

electrical resistance. This was associated with increased AMPK phosphorylation, indicative

of its activation. We confirmed that inhibition of ion transport was dependent on AMPK as

treatment with an AMPK inhibitor relieved this effect. In addition, we determined AMPK

inhibition of calcium-dependent electrogenic ion transport was mediated by repression of

NKCC1 activity and not by changes in its membrane localization. AMPK promoted phos-

phorylation of NKCC1, although this was contrary to the reduced activity of NKCC1 we

observed. Finally, we observed AMPKα2 knockout mice have reduced calcium-dependent

ion transport downstream of hydrogen peroxide treatment, an unexpected finding due to our

previous data. As AMPKα1 is expressed in AMPKα2 knockout mice, there may be a com-

pensatory increase in its expression and/or activity, potentially indicating that AMPKα1

is the predominant isoform responsible for inhibition of calcium-dependent electrogenic ion

transport.

6.3 AMPK in Colitis

To test if basal activity of AMPK is protective against experimental colitis, I treated

AMPKαfl/fl and AMPKαΔIEC KO mice with 2.5% and 5% DSS. These mice developed severe

colitis that was similar for both concentrations and between both groups of mice. These data

indicated basal AMPK activity is not protective and loss of AMPK activity did not exacer-

bate symptoms of colitis. Interestingly, I observed reduced expression of apoptosis markers

in the proximal colon of DSS-treated mice. Further, the number of TUNEL-positive cells

was decreased in the cecum of DSS-treated AMPKαΔIEC KO mice, suggesting AMPK sup-
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presses cell death during colitis. Despite these differences, AMPKαfl/fl and AMPKαΔIEC KO

mice displayed similar levels of disease as observed by loss of body weight, colon shorten-

ing, increased intestinal permeability, and histological features of chemically-induced colitis.

I also tested if AMPKαfl/fl and AMPKαΔIEC KO mice would differ in their responses to a

pathogenic enteric infection using the murine Citrobacter rodentium model, similar to EPEC

and EHEC. While mice exhibited increased fecal bacterial burden of C. rodentium indicat-

ing they were successfully infected, these mice did not develop colitis. I did not observe

a significant change in body weight, intestinal permeability, or bacterial dissemination. In

addition, AMPKαfl/fl and AMPKαΔIEC KO mice displayed similar trends during infection.

These data suggest basal AMPK activity does not protect against nor does loss of AMPK

activity exacerbate pathogenic enteric infection.

6.4 Future Directions

6.4.1 Complete Characterization of AMPKαΔIEC KO Mice

While I have confirmed a number of important findings through initial characterization of

AMPKαΔIEC KO Mice in Chapter 4, much work remains. Firstly, as previously mentioned

although the expression of a number of tight junction proteins is unchanged, their localiza-

tion at the cell membrane should also be confirmed as other groups have demonstrated this is

an important mechanism of tight junction complex regulation. In addition, how AMPK reg-

ulates claudin expression has not been established. I also demonstrated AMPKαΔIEC KO

mice have increased calcium-dependent electrogenic ion transport, however a number of

transporters can contribute to this effect. AMPK has been shown to regulate K+ channels,

122



ENaC, and the Na+/K+-ATPase, all of which could potentially be altered by loss of AMPK

activity [1–4]. Therefore additional studies of the activity and expression of these trans-

porters would complete our understanding of how AMPK regulates this process. Other

groups have suggested AMPK can modulate expression of nutrient transporters involved in

absorption [5–10]. I believe this would also be an important aspect to test in these mice

as the canonical function of AMPK is to promote nutrient uptake during energetic stress.

While I did not observe any change in epithelial structure indicative of altered proliferation

and/or differentiation, it would still be interesting to determine if subpopulations of cells

are changed such as Paneth cells, goblet cells, and intestinal stem cells. These results were

unexpected as AMPK is a highly conserved protein with critical functions during cellular

stress. The AMPK kinase LKB1 is known to activate a number of other kinases in the

AMPK family. It is possible that their functions provide some redundancy in the epithe-

lium to prevent complete loss of a cell’s ability to control responses to energetic stress.

Therefore a genome-wide analysis of gene expression could provide useful insights to such

redundant pathways in the intestine.

6.4.2 Oxidative Stress Activation of AMPK and its Downstream Effects

In Chapter 3, I described how AMPK activation during oxidative stress mediates inhibition

of calcium-dependent electrogenic ion transport through NKCC1. In addition to AMPK,

a number of other signaling pathways are activated in response to oxidative stress which

may explain some discrepancies in how NKCC1 is inhibited. Further work could confirm if

AMPK directly phosphorylates NKCC1 or blocks association of another regulating protein.

In addition, differences in responses to oxidative stress based on dose of hydrogen peroxide
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exist. Whether AMPK also contributes to these effects is not known. The mechanism of

AMPK activation in our experiments has also yet to be confirmed. While other studies

suggest this is probably mediated by LKB1 in response to decreased cellular ATP, it has

also been shown that AMPK itself can be oxidized leading to S-glutathionylation of the α

catalytic subunit and increased activity [11]. Most work on AMPK regulation has focused

on Threonine-172 phosphorylation and AMP/ADP binding to the γ subunit. Therefore,

oxidative stress would provide another avenue to investigate how other molecular modifica-

tions could result in AMPK activation or inhibition.

6.4.3 Role of AMPK in Intestinal Inflammation

In Chapter 5, I described the observed responses of AMPKαΔIEC KO mice to 5% Dextran

Sodium Sulfate and Citrobacter rodentium infection. In both contexts, AMPKαfl/fl and

AMPKαΔIEC KO mice displayed similar responses and degrees of severity or bacterial bur-

den. While I did observe reduced cell death in DSS-treated AMPKαΔIEC KO mice, this did

not ultimately affect disease progression. These results were unexpected as many groups

have suggested AMPK is protective against colitis. However, this was not directly tested in

my system using an AMPK agonist and would indicate if the protection resulting in those

experiments is AMPK-independent. In addition, as discussed in Chapter 5 the adminis-

tration of 5% and 2.5% DSS resulted in very severe acute colitis that may have masked

effects of AMPK. Therefore future studies should utilize a titrated concentration of DSS,

or utilize an additional and less destructive colitis model in order to better observe the role

of AMPK. A previous study from our laboratory demonstrated AMPK mediates the effects

of interferon-γ in intestinal epithelial cells, promoting barrier dysfunction [12]. Another
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model which could be useful is cytokine-mediated intestinal inflammation to better test

the results of that study in an in vivo setting. Further, as others have observed AMPK

regulation of electrogenic ion secretion and suggested AMPK activation is protective of net

fluid secretion in pathological conditions, responses to other types of infection that more

directly target ion transport would be useful [13, 14]. For example, Vibrio cholerae infec-

tion which directly targets cyclic AMP-dependent ion transport and rotavirus infection that

induces pathological calcium-dependent ion transport. These models would act as further

evidence of bacterial and viral enteric infections and the effects of AMPK on ion transport

in inflammation.

Another aspect of intestinal inflammation not addressed in this dissertation is in-

testinal restitution and recovery. As AMPK has been shown to promote tight junction

assembly and metabolic processes important in cell proliferation, division, and differen-

tiation, it is possible AMPKαΔIEC KO mice may have altered restitution. Indeed Sun et

al. observed mice lacking α1 catalytic subunit expression in intestinal epithelial cells had

impaired recovery after 3% DSS treatment measured by stool consistency, gross bleeding,

disease activity index, and failure to gain body weight 5 days after DSS withdrawal [15].

6.5 Conclusion

While this dissertation sheds some light to the importance of AMP-Activated Protein Kinase

in the intestinal epithelium, we are only beginning to understand how this protein fits into

the complex network of regulation necessary to maintain homeostasis and promote mucosal

healing. We now understand that AMPK promotes barrier function through regulation of
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components of the tight junction complex. In addition, AMPK modulates intestinal ion

secretion during homeostasis and cellular stress such as oxidative stress. During intestinal

inflammation, AMPK may promote cell death although the mechanism remains to be elu-

cidated. Future studies of AMPK in the intestinal epithelium will focus on understanding

how AMPK alters expression and localization of tight junction proteins, further characterize

AMPK-dependent expression and activity of membrane transporters, determine the role of

AMPK in other models of intestinal disease and in metabolic control of intestinal epithelial

cells.
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.1 List of acronyms

ACC Acetyl-CoA Carboxylase

ADP Adenosine diphosphate

AICAR 5-Aminoimidazole-4-carboxamide ribonucleotide

AID Auto-inhibitory domain

AMP Adenosine monophosphate

AMP Antimicrobial peptide

AMPK AMP-activated protein kinase
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AMPKαfl/fl AMPKα floxed mice

AMPKαΔIEC KO AMPKα intestinal epithelial-specific knockout

ATP Adenosine triphosphate

CaCC Calcium-activated chloride channels

CaMKKβ Ca2+/Calmodulin-Kinase Kinase β

cAMP Cyclic adenosine monophosphate

CC Compound C

CCh Carbachol

CCL2 C-C motif chemokine ligand 2

CD Crohn’s Disease

Cdx2 Caudal type homeobox 2 transcription factor

CFTR Cystic Fibrosis transmembrane conductance regulator

DNA Deoxyribonucleic acid

DSS Dextran sodium sulfate or Dextran sulfate sodium

EDTA Ethylenediaminetetraacetic acid

EHEC Enterohemorrhagic Escherichia coli

ENaC Epithelial Na+ channel

EPEC Enteropathogenic Escherichia coli
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ERK1/2 Extracellular signal-regulated kinase 1/2

FITC-dextran Fluorescein isothiocyanate-dextran

Fsk Forskolin

GALT Gut-associated lymphoid tissue

H2O2 Hydrogen peroxide

IBD Inflammatory Bowel Disease

IECs Intestinal epithelial cells

IFNγ Interferon-γ

IL-1β Interleukin-1β

IL-10 Interleukin-10

IL-6 Interleukin-6

iNOS Inducible nitric oxide synthase

Isc Short-circuit current

KBR Kreb’s Ringer’s buffer

LB Lysogeny broth

LKB1 Liver kinase beta 1

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase
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MLC Myosin light chain

MLCK Myosin light-chain II kinase

mTOR Mammalian target of Rapamycin

Na+/K+-ATPase Sodium-Potassium Adenosine triphosphatase

NADPH Nicotinamide adenine dinucleotide phosphate

NF-κB Nuclear factor-kappa B transcription factor

NKCC1 Na+/K+/2Cl- Cotransporter

NOD-like receptor Nucleotide-binding oligomerization domain-like receptor

Nos2 Gene encoding mouse inducible nitric oxide synthase

OSR1 Oxidative stress response kinase 1

PARP Poly (ADP-ribose) polymerase

PBS Phosphate-buffered saline

PI3K Phosphoinositide-3 kinase

PKA Protein kinase A

PKC Protein kinase C

PP2αC Protein Phosphatase 2αC

Prkaa1 Mouse gene encoding AMPK catalytic alpha 1 subunit

Prkaa2 Mouse gene encoding AMPK catalytic alpha 2 subunit
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Pyk2 Protein Tyrosine Kinase 2 Beta

RIM Regulatory interacting motifs

RNA Ribonucleic acid

ROS Reactive oxygen species

p70-S6K Ribosomal protein S6 kinase β1

Ser Serine

SCID Severe-combined immunodeficiency

sIgA Secretory Immunoglobulin A

SPAK STE20-related proline-alanine-rich kinase

Src Proto-oncogene tyrosine-protein kinase Src

STK11 Human gene encoding Liver Kinase B1

TAMPs Tight junction-associated Marvel proteins

TBST Tris-buffered saline + Tween-20

TEER Transepithelial electrical resistance

Thr Threonine

TGF-β Transforming growth factor-β

Th T-helper cell

TLR Toll-like receptor
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TMCH Transmissible murine crypt hyperplasia

TNF-α Tumor necrosis factor-α

Treg T-regulatory cell

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

UC Ulcerative colitis

ZMP AICAR 5’-monophosphate

ZO-1 Zonula occludens-1

.2 PCR primer sequences

PCR Primer Sequences
Ccl2 Forward 5’-ATCAATGCCCCAGTCACCTG-3’
Ccl2 Reverse 5’-TCTCCTTGGCCACAATGGTC-3’
Nos2 Forward 5’-TCCCGAAGTTCTCAAGGCAC-3’
Nos2 Reverse 5’-TCCAAGGACAGGCCATCTCT-3’
Gapdh Forward 5’-GTTTGTGATGGGTGTGAACCACG-3’
Gapdh Reverse 5’-GTGGCAGTGATGGCATGGAC-3’

.3 Buffer solutions

1X Phosphate-buffered saline: 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH 7.4

1X Running buffer: 250 mM Tris, 1.92 M glycine, 0.1% Sodium Dodecyl Sulfate, pH 8.3

1X Transfer buffer: 25 mM Tris, 190 mM glycine, 20% methanol, pH 8.3

1X Transfer buffer for high molecular weight proteins: 25 mM Tris, 190 mM glycine, 10%

methanol, pH 8.3
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1X Tris-buffered saline with Tween-20: 20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20

1X PBS-Tween-20: 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, 0.1% Tween 20, pH 7.4
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