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Necrotizing enterocolitis (NEC) is a devastating intestinal disease that has been associated with Crono-
bacter sakazakii and typically affects premature infants. Although NEC has been actively investigated,
little is known about the mechanisms underlying the pathophysiology of epithelial injury and intestinal
barrier damage. Cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) are important
mediators and regulators of apoptosis. To test the hypothesis that C. sakazakii increases cAMP and PKA
activation in experimental NEC resulting in increased epithelial apoptosis, we investigated the effects of
C. sakazakii on cAMP and PKA in vitro and in vivo. Specifically, rat intestinal epithelial cells and a human
intestinal epithelial cell line were infected with C. sakazakii, and cAMP levels and phosphorylation of PKA
were measured. An increase in cAMP was demonstrated after infection, as well as an increase in phos-
phorylated PKA. Similarly, increased intestinal cAMP and PKA phosphorylation were demonstrated in a rat
pup model of NEC. These increases were correlated with increased intestinal epithelial apoptosis. The
additional of a PKA inhibitor (KT5720) significantly ameliorated these effects and decreased the severity
of experimental NEC. Findings were compared with results from human tissue samples. Collectively, these
observations indicate that cAMP and PKA phosphorylation are associated with increased apoptosis in NEC
and that inhibition of PKA activation protects against apoptosis and experimental NEC. (Am J Pathol
2017, 187: 401e417; http://dx.doi.org/10.1016/j.ajpath.2016.10.014)
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Necrotizing enterocolitis (NEC) affects 5% of all infants in
the neonatal intensive care unit, and surgical NEC survivors
incur significantly greater health care costs than age-
matched infants without NEC.1 NEC typically affects pre-
mature infants (90% of cases) and is fatal in up to 40% of
those with the most severe disease.2,3 As neonatal man-
agement strategies improve, many more premature infants
survive, increasing the number of at-risk patients. A recent
study reported an increase in NEC-related deaths in
extremely premature infants and found that NEC is the
leading cause of death in this population from days 15 to 60
of life.4 Survivors of NEC are often affected by long-term
disabilities, including neurodevelopmental delay5 and
short gut syndrome, of which NEC is the leading cause.6

Although the pathophysiology of NEC has been studied
for many years, the mechanisms that drive pathogenesis
remain incompletely understood.
stigative Pathology. Published by Elsevier Inc
Bacteria play an important role in the pathogenesis of
NEC. Colonization of the gut with bacteria precedes the
development of NEC, and it is widely recognized that NEC
is associated with the presence of luminal bacteria.7 There
has been a great deal of interest in the role of the micro-
biome in human disease, and differences in colonization
patterns have been implicated in increasing susceptibility to
. All rights reserved.
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NEC.8e10 Although no bacterium meets Koch’s postulates,
Cronobacter sakazakii11 is a Gram-negative bacterium that
has been associated with outbreaks of NEC after ingestion
of contaminated powdered formula.12 Multiple different
animal models have been used to study NEC. The best
established model involves gavage feedings of hyper-
osmolar formula along with hypoxia to induce NEC in rat
pups.13,14 Other investigators have used an intestinal
ischemia model for experimental NEC.15 A variation of the
hyperosmolar formula model supplements lipopolysaccha-
ride into the formula to simulate the bacterial load that is
found in neonatal infants who have NEC.16e19 C. sakazakii
has been demonstrated to induce NEC in an experimental rat
pup model20 and has been used to augment both cell and
animal models of NEC.21,22 Furthermore, C. sakazakii re-
sides in the same family (Enterobacteriaceae) which are the
most common types of bacteria associated with clinical
cultures for patients with NEC.21,23,24 Experimentally,
C. sakazakii disrupts normal intestinal morphologic char-
acteristics, induces epithelial inflammation, and causes
increased apoptosis both in vivo and in IEC-6 cells, a non-
transformed rat small intestinal crypt cell line.20 Therefore,
the use of C. sakazakii to induce NEC provides a clinically
relevant experimental model.

An imbalance toward increased intestinal epithelial
apoptosis is an important pathogenic feature and end point in
the development of NEC.25 TheC. sakazakii rat pupmodel of
NEC demonstrates increased intestinal epithelial apoptosis.20

Numerous bacterial factors are associated with increased host
cellular apoptosis in disease models.26 The precise factors
that allow C. sakazakii to promote epithelial apoptosis are
unknown. As with almost all Gram-negative bacteria,
C. sakazakii express lipopolysaccharide (LPS) on their cell
wall. Virulence factors, such as LPS, act alone or in concert
with other endogenous factors that may trigger epithelial and
endothelial cell injury and apoptosis.27 LPS is thought to act
via a Toll-like receptor 4 pathway mediating downstream
NF-kB signaling.28 Evidence suggests that other pathways,
specifically cyclic adenosine monophosphate (cAMP),29 are
important in mediating and maintaining the inflammasome
and in propagating cellular apoptosis.30 Specific pathogens,
including Pseudomonas aeruginosa and Yersinia pestis, have
been found to possess virulence factors that modulate intra-
cellular cAMP and trigger human gastroenterologic dis-
ease.31e33 Therefore, we postulated that the bacteria used in
our experimental model of NEC would also increase intra-
cellular cAMP.

cAMP is a well-known secondary messenger that is
present in most cells. Components of the cAMP signaling
pathway, including cAMP effector protein kinase A (PKA),
enhance apoptosis and have been studied as targets for
cancer chemotherapeutics.34 cAMP was first recognized as
playing a role in apoptosis almost 40 years ago35,36; how-
ever, its role in many cells and tissues remains ill defined.37

Although cAMP is crucial to normal cellular homeostasis,
elevated cellular cAMP is proapoptotic in several cell types
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and sensitizes cells to the actions of alternate proapoptotic
entities, including DNA damage, acting via a non-cAMP
pathway.38 We hypothesized that experimental NEC
would be characterized by increased intestinal cAMP.
Although cAMP has several effects, PKA activation is the

best-characterized target. PKA is a serine-threonine kinase
and a primary downstream target that depends on cAMP for
activation.39 PKA is accepted to depend on cAMP for phos-
phorylation and activation. Evidence suggests that PKA is
proapoptotic through the phosphorylation of protein tar-
gets.40,41 However, the effect of PKA activation on apoptosis
is depends on cell type. It promotes cell survival in a neuronal
cell line,29 while increasing apoptosis in another.42 Differ-
ences in PKA effect may also depend on the subcellular
location of PKA phosphorylation. Once activated PKA
phosphorylates the transcription factor cAMP response
element binding protein (CREB).43 CREB binds DNA,
affecting nuclear transcription, and has been implicated in
pathways controlling cell survival and apoptosis.44 From
these data, we hypothesized thatC. sakazakii increases cAMP
and PKA activation in the intestinal epithelium during
experimental NEC, leading to increased apoptosis. In this
study we conducted a series of experiments using both in vitro
and in vivo models, as well as human tissue to determine
cAMP responses in experimental NEC, and whether this is
associated with PKA phosphorylation and apoptosis. We
identified that cAMP and PKA activation are associated with
increased apoptosis in NEC and that inhibition of PKA acti-
vation protects against apoptosis and experimental NEC.

Materials and Methods

Cells

Rat intestinal epithelial cells (IEC-6 passages 19 to 29;
Sigma-Aldrich, Milwaukee, WI) were grown in Dulbecco’s
modified Eagle media supplemented with 10% fetal calf
serum, 1 U/mL insulin, 100 U/mL penicillin G, and 100
U/mL streptomycin. Various doses (1 � 103 to 1 � 107

cfu/mL) of C. sakazakii were added to confluent monolayers
of IEC-6 cells separately and incubated for 0 to 12 hours.
Media were aspirated and replenished every 2 hours to limit
bacterial multiplication. Experiments were repeated with
1 � 107 cfu/mL of a second cell line, FHs 74 Int cells (CCL-
241; ATCC). FHs 74 Int is a nontransformed human cell
line. The cells were grown in Hybri-Care Medium ATCC
46-X supplemented with 30 ng/mL epidermal growth factor,
10% fetal bovine serum. Cells were grown to 90% conflu-
ence on Chamber Slides (Nunc Lab-Tek, Naperville, IL).
Cells were pretreated with PKA inhibitors (0.1e20 mmol/L)
KT5720 (Cayman Chemical, Ann Arbor, MI), cAMP
Dependent Protein Kinase Inhibitor (Sigma-Aldrich, St.
Louis, MO), Rp-8-cAMPS (Santa Cruz Biotechnology,
Dallas, TX) for 30 minutes then subjected to co-culture with
C. sakazakii at various concentrations over a time course.
These experiments were repeated with IEC-6 cells exposed
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to LPS 10 mg/mL. In addition, IEC-6 cells were treated with
cAMP analogues 8-pCPT-20-O-Me-cAMP (8C; Sigma-
Aldrich), adenosine 30,50-cyclophosphate (Sigma-Aldrich),
rat tumor necrosis factor a (TNF-a; LifeTech, Elmhurst,
IL), and rat IL-6 (LifeTech). Cells were stained for
apoptosis using the ApopTag Red in Situ Apoptosis
Detection Kit (Chemicon, Billerica, MA).

Bacterial Strains and Endotoxins

C. sakazakii, clinical strain BAA-894 (ATCC) was grown at
37�C in Luria broth, centrifuged (3000 rpm), and washed
twice before being added to cell cultures or formula.
C. sakazakii growth was assessed by growing bacteria in
broth with KT5720 (1 mmol/L) over a time course and by
measuring optical density (Supplemental Figure S1A).
C. sakazakii binding to IEC-6 cells were also performed
(Supplemental Figure S1B).45 LPS from Escherichia coli
clinical strain 0111:B4 (Sigma-Aldrich) was stored at 4�C.
LPS was dissolved in sterile 0.9% normal saline (VWR,
Radnor, PA) to achieve a stock concentration of 10 mg/mL.

Transfection

IEC-6 cells were seeded in a 12-well plate with 105 cells/
well using serum-free media. Cells were transfected with
Lipofectamine 2000 (LifeTech). PKA c-a siRNA (Cell
Signaling, Danvers, MA), CREB siRNA (Santa Cruz
Biotechnology, Dallas, TX), or control siRNA for 6 hours at
37�C and 5% CO2 were transfected. Knockdown was
confirmed by Western blot analysis of phosphorylated PKA
(pPKA), or quantitative RT-PCR with CREB primers sup-
plied by Santa Cruz Biotechnology and normalized by
GAPDH (forward: 50-ATCACCATCTTCCAGGAGCG-30;
reverse: 50-TTCTGAGTGGCAGTGAGGGC-30). Data were
analyzed by Bio-Rad CFX Manager (Bio-Rad, Hercules,
CA) (Supplemental Figure S1E). After transfection the cells
were changed to complete media. Thereafter, the siRNA
PKA cells were treated with 1 � 107 cfu/mL C. sakazakii.
Cells were harvested at times up to 6 hours after C. saka-
zakii addition. The siRNA CREB group was treated 24
hours after transfection.

Rat Pup Model

Female Sprague-Dawley rats with synchronized pregnancies
were purchased from Charles River Laboratories (Roanoke,
IL) and induced near-term at embryonic day 21 with a
subcutaneous injection of oxytocin 0.1 U. Rat pups were
separated from the dams and placed into experimental
groups. Pups were gavaged thrice daily with formula 0.2 to
0.3 mL (15 g Similac 60/40 [Ross Pediatrics, Columbus,
OH] in 75 mL of Esbilac canine milk replacer [Pet-Ag Inc.,
Hampshire, IL]). Pups were exposed to hypoxia (5% O2,
95% N2) for 5 minutes twice daily in a modular chamber
(Billups-Rothenberg, Del Mar, CA). Experimental groups
The American Journal of Pathology - ajp.amjpathol.org
included formula-fed (FF) controls, a FF group with hyp-
oxia (FF þ H group), a FF þ H group in which one of the
daily feeds contained a known quantity of C. sakazakii
(FF þ H þ C. sakazakii), and FF þ H þ C. sakazakii or
FF þ H groups pretreated with KT5720 (5 mL/kg) or
vehicle (dimethyl sulfoxide) on the first day of life. Rat pups
were euthanized on day 4 after birth or if they displayed
symptoms of NEC (abdominal distention and discoloration),
respiratory distress, or >20% weight loss. Intestine was
harvested for analysis. NEC was graded microscopically by
a pediatric pathologist (P.C.) blinded to groups, from grade
0 (normal) to grade 3 (severe with perforation) on the basis
of pathologic manifestations, including submucosal edema,
epithelial sloughing, hemorrhage, neutrophil infiltration,
derangement of intestinal villus architecture, intestinal
perforation, and necrosis. Animals were housed in the
Northwestern University facilities that are fully accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care International. They were provided
with environmental enrichment. All procedures and pro-
tocols were approved by Northwestern University Institu-
tional Animal Care and Use Committee and were conducted
in accordance with guidelines set forth by NIH’s Guide for
the Care and Use of Laboratory Animals.46

Human Samples

After institutional review board approval (number 2013-
15152), human intestinal tissue samples were obtained from
infants undergoing bowel resection. The type of tissue ob-
tained, reason for surgery, positive clinical cultures (blood
and urine), and corrected gestational age were recorded.
Intestinal specimens were categorized as active NEC (ie, the
intestine was resected during surgery for perforation or
sepsis) and NEC-free (eg, intestine resected during ostomy
takedown or for intestinal atresia). In total 7 patients with
NEC and 8 control samples were obtained. Tissue was
collected in 10% buffered formalin (Cardinal Health, Dub-
lin, OH) and processed into paraffin blocks, snap-frozen in
liquid nitrogen, or preserved in optimal cutting temperature
media Sakura Finetek, Torrance, CA) at �80�C.

Protein Isolation

Tissue samples from humans and rats were isolated before
either being suspended in Allprotect tissue reagent (Qiagen,
Valencia, CA) and stored at �80�C or snap-frozen in liquid
nitrogen. The tissue was sectioned and suspended in lysis
buffer (20 mmol/L Tris-HCl [pH 7.5]), 150 mmol/L NaCl,
1 mmol/L Na2 EDTA, 1 mmol/L EGTA, 1% Triton, 2.5
mmol/L sodium pyrophosphate, 1 mmol/L glycerophosphate,
1 mmol/L Na3VO4, 1 mg/mL leupeptin; Cell Signaling Tech)
and containing 1 mmol/L phenylmethylsulfonyl fluoride,
protease inhibitors [1.02 mmol/L 4-(2-Aminomethyl)benze-
nesulfonyl fluoride hydrochloride, 0.0008 mmol/L aprotinin,
0.02 mmol/L leupeptin, 0.04 mmol/L bestatin, 0.015 mmol/L
403
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pepstatin A, 0.014 mmol/L E-64], phosphatase inhibitors
(sodium vanadate, sodium molybdate, sodium tartrate, and
imidazole; Sigma-Aldrich). Samples were homogenized for 3
minutes on ice using a ground glass tissue grinder. After
centrifugation for 2 minutes at 14,000 � g and 4�C, super-
natant fluids were collected and stored at �80�C. To isolate
proteins, cultured cells were scraped into and centrifuged at
5000 rpm at 4�C for 10 minutes. Supernatant fluids were
discarded, and cell pellets were resuspended in lysis buffer,
drawn three times through a 27-gauge needle, and mixed on a
rotating platform for 30 minutes at 4�C. Insoluble debris was
then removed by centrifugation 4�C, 15 minutes, at 10,000
rpm, and supernatant fluids were stored at �80�C.

Antibodies

Antibodies were obtained from the following sources:
mouse antieb-actin (dilution 1:50,000; Sigma-Aldrich),
rabbit anti-PKA C-a (dilution 1:500; Cell Signaling),
rabbit antiephospho-PKA C (dilution 1:500; Thr197; Cell
Signaling), rabbit antiephospho-CREB (dilution 1:500;
Ser133; Cell Signaling), rabbit antiecaspase-3 (dilution
1:500; Cell Signaling), and rabbit anti-cleaved caspase-3
(dilution 1:500; Cell Signaling).

Protein Analysis

Samples were run on a Bio-Rad Mini-PROTEAN apparatus
(Bio-Rad, Hercules, CA) at 30 mA and then transferred to a
nitrocellulose membrane using standard approaches. Mem-
branes were blocked for 1 hour at room temperature by in-
cubation with phosphate-buffered saline (PBS)-Tween
containing 5% nonfat dry milk. Primary and secondary an-
tibodies were diluted in PBS-Tween containing 5% nonfat
dry milk. Protein bands were detected using electro-
chemiluminescence Western blotting detection reagents (GE
Health Care Life Sciences, Piscataway, NJ) on Amersham
Hyperfilm electrochemiluminescence (GE Health Care Life
Sciences). Bands were quantified by densitometry using Bio-
Rad Image Lab software (ChemiDoc XRSþ System with
Image Lab Software version 5.2.1). The ratios of selected
protein/b-actin were determined for individual tissues and
cell cultures in biological triplicate and reported as � SEM.

Quantitative RT-PCR

Total RNAwas extracted from rat pup intestinal tissue or cells
using RNeasy Mini Kit (Qiagen). RNAwas then converted to
cDNA using GeneAMp RNA PCR Core Kit (Life Technol-
ogies, Carlsbad, CA). Quantitative RT-PCR was performed
with equal amounts of cDNA using Bio-Rad CFX with iQ
SYBR Green Supermix (Bio-Rad). Primer sequences were
GAPDH: forward, 50-ATCACCATCTTCCAGGAGCG-30,
and reverse, 50-TTCTGAGTGGCAGTGAGGGC-30; PKAc-
a: forward, 50-GAGCAGGAGAGCGTGAAAGA-30, and
reverse, 50-TCCTTGTGCTTCACGAGCAT-30.
404
cAMP Assay

Protein samples from IEC-6 cells, FHs 74 Int cells, rat
small intestine, and human small intestine were assayed
for cAMP with an enzyme immunoassay kit (Cayman
Chemical). Data were normalized to b-actin protein
content.

Flow Cytometry

IEC-6 and FHs 74 Int cells were grown to confluence.
C. sakazakii (1 � 107 cfu/mL) was added to the experi-
mental group and incubated for 0 to 12 hours. Media were
aspirated and replenished every 2 hours to limit bacterial
multiplication. After incubation, cells were gently rinsed
with ice-cold PBS and then trypsinized and centrifuged at
1800 rpm at 4�C for 5 minutes for collection. To assess
apoptosis, cells were stained with PE Annexin V Apoptosis
Detection Kit (BD Biosciences, Franklin Lakes, NJ).
Analysis was performed with a BD LSR Fortessa Analyzer.

Immunofluorescence Microscopy

IEC-6 monolayers grown on chamber slides, paraffin sec-
tions, and/or cryosections of rat and human intestine were
stained for apoptosis using the ApopTag Red in Situ
Apoptosis Detection Kit (Chemicon). Monolayers were
washed with PBS and blocked with 10% normal goat serum
in PBS with 0.1% Triton. Slides were prepared and then
incubated in primary antibody pPKA (Cell Signaling),
pCREB (Cell Signaling), both rabbit anti-mouse at 1:500
dilution in 1� PBS at 4�C overnight (approximately 16
hours). After incubation in primary antibody, slides were
washed 4 times and incubated in secondary antibody, Alexa
Fluor 488econjugated goat anti-rabbit antibodies (Invi-
trogen, Carlsbad, CA), and dilution of 1:2000 for 1 hour.
DAPI-conjugated fluoroshield (Sigma-Aldrich) was applied
to each slide and mounted with glass coverslip. Multiphoton
microscopy was perform on a Nikon A1R multiphoton
microscope (Nikon, Melville, NY). All images were
analyzed with ImageJ version 1.51d (NIH, Bethesda, MD).
Apoptotic cells were counted using particle analysis after
threshold adjustment.

Subcellular Fractionation

We used ProteoExtract Subcellular Proteome Extraction Kit
(EMD Millipore Corporation, Kankakee, IL) to obtain the
proteins contained in four subcellular fractions from human
samples (cytosol, membrane, nucleus, and cytoskeleton).
The protein concentration of these fractions were obtained
using the Bio-Rad Protein Assay Kit II. Equal amounts of
protein from each of the four fractions were added to wells
of a SDS-PAGE gel followed by Western blot transfer and
antibody detection. This technique was used rather than
using b-actin, because b-actin and most other compartment
ajp.amjpathol.org - The American Journal of Pathology
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markers varied as expected. Compartments were confirmed
by location-specific proteins [nucleus: histone H3 (Cell
Signaling), membrane: Na, K-ATPase (Cell Signaling),
cytosol: GAPDH (Cell Signaling), cytoskeleton: anti-actin
(Sigma-Aldrich)].

Statistical Analysis

cAMP data were analyzed using the online Cayman
Chemical. Graphs were generated using Excel (Microsoft,
Redman, WA) or GraphPad (La Jolla, CA), and statistical
analysis (t-test and analysis of variance)9 were performed
using GraphPad InStat 3 or GraphPad Prism 6. Differences
were considered significant at P < 0.05. Survival data were
The American Journal of Pathology - ajp.amjpathol.org
plotted as a Kaplan-Meier survival curve, and differences
were analyzed with a log-rank test.

Results

cAMP Is Increased in Experimental NEC and Precedes
Intestinal Epithelial Cell Apoptosis

cAMP production and PKA activation was evaluated in
nontransformed IEC-6 cells and in the embryonic, non-
transformed FHs 74 Int cell line. To determine whether
IEC-6 and FHs 74 Int cells release cAMP in response to
C. sakazakii infection, monolayers were treated with 107 cfu
of C. sakazakii for different lengths of time and compared
Figure 1 A: cAMP is increased in a bimodal
pattern in intestinal epithelial cells infected with CS.
IEC-6 cells and FHs 74 Int cells were grown to
confluence in triplicate and infected with CS over a
time course. A: Changes in cellular cAMP in response
to 107 cfu/well CS are shown. By 15 minutes of
infection the IEC-6 cells show an increase in cAMP.
There is a later second significant increase in cAMP
that occurs after 4 hours of infection. FHs 74 Int cells
demonstrated a similar bimodal peak, with a signif-
icant difference from baseline after 5 minutes of
infection and a later peak reaching significance by 4
hours. In vitro experiments were repeated with the
IEC-6 cell line to include a time course of LPS
treatment. LPS exposure was found to increase cAMP
in a bimodal pattern at 1 and 4 hours, similar to CS
albeit to lower levels of cAMP. However, the earlier
peak seen with CS (5e15minutes) was not identified
in cells treated with LPS alone. All values were
standardized to b-actin. B: Rat pup intestine cAMP is
elevated in experimental NEC. Experimental NEC was
confirmed by histologic scoring by two reviewers
(C.J.H., P.C.) blinded to groups. Scoring was per-
formed after 4 experimental days of formula feeding,
CS infection, and hypoxia. Levels of cAMP were
significantly higher in rat pups infected with CS
compared with FF þ H pups and FF controls with a
nearly twofold increase. C: Rat pup intestine with CS-
induced NEC demonstrate marked villus sloughing
and inflammatory infiltrates. Hematoxylin and eosin
staining of paraffin sections of rat pup intestine
demonstrates increased inflammatory infiltrate and
epithelial sloughing in the NEC group compared with
the control groups. Pups with a score of �2 are
considered to have experimental NEC. The intestinal
injury score for rat pups fed either clean formula or
CS-infected FF þ H are compared. There is a signif-
icantly higher injury score in the CS-fed pups (CS-
NEC) versus controls. Data are expressed as means�
SEM. nZ 10 pups per group. *P< 0.05, **P< 0.01,
***P < 0.001, ****P < 0.0001. Original magnifi-
cation, �20. cAMP, cyclic adenosine mono-
phosphate; CS, Cronobacter sakazakii; FF, formula
fed; H, hypoxic; HFs 74 Int, human small intestinal
cell line; IEC-6, rat intestinal epithelial cell line; LPS,
lipopolysaccharide; NEC, necrotizing enterocolitis.
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with control cells that were untreated. We found that
C. sakazakii induced an increase in intestinal epithelial cell
cAMP in a bimodal fashion. An early peak was present at 5
(FHs 74 Int cells) or 15 (IEC-6 cells) minutes (P < 0.04 and
P < 0.02, respectively), and a second peak was noted by 4
hours (P < 0.001 and P < 0.005) with 107 cfu/well of
C. sakazakii (Figure 1A). By 12 hours, both cell lines
demonstrated cAMP levels that were close to baseline
(Figure 1A). Experiments were repeated in the IEC-6 cell line
using LPS. LPS caused an increase in cAMP at a later time
point, similar to C. sakazakii. However, the earlier (5e15
minutes) peaks were absent. In addition, cAMP levels were
measured in media containing C. sakazakii bacteria without
any epithelial cells. These cAMP levels were then compared
with control IEC-6 and FHs 74 Int cells. There was no sig-
nificant difference in cAMP levels between the IEC-6 con-
trols and the C. sakazakiiecontaining media (P Z 0.15).
However, a significant increase was seen when comparing
the C. sakazakiiecontaining media with the FHs 74 Int cell
controls (P Z 0.01) (Supplemental Figure S1C).

The pups were divided into groups as outlined inMaterials
and Methods (FF, FF þ H, FF þ H þ C. sakazakii). FF pups
with and without hypoxia were used as controls. A hypoxic
group was included to control for the potential effect of
hypoxia on cAMP production. The FF þ H group did not
have a significant increase in cAMP by 4 days (Figure 1B).
The FF þ H þ C. sakazakii group, however, demonstrated a
nearly twofold increase in cAMP (P < 0.001). Rat pup in-
testinal injury severity was recorded based on the scoring of
hematoxylin and eosinestained intestinal segments
(Figure 1C). The difference in injury severity between
control pups and C. sakazakiiefed pups was statistically
significant (P Z 0.001). We found that pups with
Figure 2 A: IEC-6 and FHs 74 Int cells show a significant increase in cleaved c
grown to near confluence in biological triplicate and treated with 107 cfu/mL of
performed to assess apoptosis. IEC-6 cells had a significant increase in cleaved
decreased. Similarly, FHs 74 Int cells showed a significant reduction of full-length
treatment. B: Apoptosis is increased in intestinal epithelial cells infected with CS.
treated with 107 cfu/mL of CS over a time course (0e12 hours). The cells were wa
Flow cytometry revealed a significant increase in early apoptosis at the 1-hour tim
IEC-6 and FHs 74 Int cells. Both IEC-6 and FHs 74 Int cells were grown in chamber
treated with 107 cfu/mL of CS and were found to demonstrate increased apoptosi
white arrows). The blue stain is nuclear DAPI. The number of apoptotic cells per 1
sample. Apoptosis met clinical significance for both the IEC-6 and FHs 74 Int cells
CS-induced rat pup NEC is associated with increased intestinal apoptosis. Rat pups
with CS (107 cfu/mL of formula) and hypoxia. Intestinal segments were cryopreserv
group had a significant increase in apoptosis compared with controls (P Z 0.002
were obtained from patients undergoing surgical bowel resection and embedded i
DNA fragmentation. Total apoptotic cells per high-powered field were counted
compared with control subjects (P Z 0.0002). F: cAMP analogues induce intesti
grown to confluence of chamber-well slides and tested with various doses of PKA
Slides were stained with DAPI and ApoTag to assess apoptosis. Experiments were
increasing concentration of PKA activators and with TNF-a [A (100 mmol/L), 8C (5
1 ng/mL up to 100 ng/mL. Data are expressed as means� SEM. nZ 3 experiments
control subjects (E). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
adenosine 30,50-cyclic monophosphate; cAMP, cyclic adenosine monophosphate; C
74 Int, human small intestinal cell line; HPF, high-powered field; IEC-6, rat inte
ethanolamine; PerCP, peridinin chlorophyll; PKA, protein kinase A; Q, quadrant;
adenosine 30,50-cyclic monophosphate monosodium hydrate.

The American Journal of Pathology - ajp.amjpathol.org
C. sakazakiieinduced NEC had significantly greater intes-
tinal cAMP than the control groups (P < 0.001). These data
suggest that increased cAMP is associated with higher in-
testinal injury scores and experimental NEC.

To determine whether cAMP was present in human NEC
we assayed surgical intestinal samples from patients with
and without NEC. Human intestinal segments collected
from patients undergoing intestinal resection for active NEC
demonstrated increased inflammatory infiltrate and epithe-
lial sloughing similar to the rat pup model of NEC
(Figure 1C). Interestingly, cAMP assay on human intestinal
segments revealed a lower level than controls during active
perforated NEC (P < 0.008) (Supplemental Figure S1D).
This may be due to a loss of viable intestine and severe
epithelial sloughing characteristic of Bell’s stage III NEC.
The decrease of cAMP levels in Bell’s stage III disease
correlated with the decreased values seen at the longer time
points in our in vitro experiments (ie, 12 hours). Given the
importance of bacteria in the pathogenesis of NEC, corre-
sponding human bacterial culture data were reviewed (blood
and urine) for the human samples. Neither group of patients
demonstrated positive cultures before operative resection of
bowel. Note that all patients with NEC were on broad-
spectrum antibiotics before, during, and after surgical
exploration, which would be expected to affect the likeli-
hood of obtaining positive cultures.
Increased cAMP Correlates with Increased Cellular
Apoptosis

To examine whether increased cAMP levels precede
downstream biochemical markers of PKA phosphorylation
aspase-3 after 6 hours of CS exposure. IEC-6 cells and FHs 74 Int cells were
CS over a time course (0e6 hours). Western blot analysis of caspase-3 was
caspase-3 after 6 hours of CS treatment. Full-length caspase-3 was also

caspase-3 and a significant increase in cleaved caspase-3 after 6 hours of CS
IEC-6 and FHs 74 Int cells were grown to near confluence in triplicate and
shed and stained with Annexin PE to assess apoptosis with flow cytometry.
e point in both cell lines when treated with CS. C: CS induces apoptosis in
slides in triplicate and were exposed to CS for 0 to 6 hours. At 6 hours, cells
s by immunofluorescent DNA fragmentation staining (red cells indicated by
000 cells were counted and averaged from 10 random high-power views per
after 6 hours of infection compared with control cells not exposed to CS. D:
were born near-term and subject to either FF three times daily or dosed daily
ed and stained with DAPI (blue) and ApoTag for apoptosis. The FF þ H þ CS
5). E: Patients with NEC have increased intestinal apoptosis. Tissue samples
n paraffin. Slides were stained with DAPI (blue) and ApoTag for evidence of
. Patients with clinical NEC demonstrated increased intestinal apoptosis
nal epithelial cell apoptosis in a dose-responsive fashion. IEC-6 cells were
activators [cAMP analogues (8C and A) and cytokines (IL-6 and TNF-a)].

conducted in biological triplicate. An increase in apoptosis was found with
0 mmol/L), and TNF-a (10 ng/mL)]. IL-6 did not increase apoptosis at doses
(A and F); nZ 6 per group (D); nZ 4 patients with clinical NEC (E); nZ 6
. Scale bars: 50 mm (D); 200 mm (E). Original magnification, �10 (CeE). A,
ont, control; CS, Cronobacter sakazakii; FF, formula feeding; H, hypoxia; HFs
stinal epithelial cell line; NEC, necrotizing enterocolitis; PE, phosphatidyl-
TNF-a, tumor necrosis factor a; 8C, 8-(-4-Chlorophenylthio)-20-O-methyl-
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and apoptosis we performed an in vitro time course. IEC-6
and FHs 74 Int cells were infected with 107 cfu/mL of
C. sakazakii, and markers of apoptosis were measured over
a 12-hour period. We measured the change in cleavage of
caspase-3, annexin V, 7-aminoactinomycin D, and DNA
fragmentation. Western blot analysis revealed an increase in
cleaved caspase-3 that reached statistical significance after 6
hours of C. sakazakii infection in both IEC-6 and FHs 74 Int
cell lines (P < 0.001, P < 0.001) (Figure 2A). Flow
408
cytometry revealed early apoptosis occurring in both the
IEC-6 and FHs 74 Int cells (Figure 2B). In IEC-6 cells, an
increase to 17.8% early apoptotic cells was seen at 1 hour of
C. sakazakii treatment (P < 0.006). FHs 74 Int cells
demonstrated an increase to 4.46% early apoptotic cells at
this same time point (P Z 0.04). Apoptosis was detected in
C. sakazakiieinfected IEC-6 and FHs 74 Int cells by
immunofluorescence47 using the ApoTag kit measuring
DNA fragmentation. We found that there was a fivefold
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


cAMP and PKA in NEC
increase in IEC-6 cell apoptosis after 6 hours of co-culture
with C. sakazakii compared with controls (P < 0.001).
This effect was even greater in FHs 74 Int cells in which a
20-fold increase was noted (P Z 0.002) (Figure 2C).
Increased markers of apoptosis occur several hours after the
initial peak in cAMP which occurs in the order of minutes.
In line with prior data, apoptosis was identified in the
C. sakazakii rat pup model of NEC compared with controls
by day 420 and confirmed apoptosis by terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling
staining (Figure 2D). Increased apoptosis was also seen in
human intestinal segments with active NEC compared with
control tissue, which is in support of the findings in our
experimental models (Figure 2E). In addition, we found that
increasing doses of two different cAMP analogues (adeno-
sine 30,50-cyclophosphate and 8C) were associated with
increased apoptosis compared with untreated controls. In-
flammatory cytokines associated with intestinal inflamma-
tion and NEC were also examined. IL-6 did not induce
epithelial apoptosis at the tested doses, TNF-a did produce
an increase in apoptosis, albeit at a lower significance than
the cAMP analogues (Figure 2F). Taken together, these data
are supportive of the role of dose-specific cAMP in intes-
tinal epithelial apoptosis.
Activation of PKA Is Associated with Human and
Experimental NEC

To test the role of PKA activation in C. sakazakiieinduced
NEC, protein levels of PKA and pPKA were measured by
Western blot analysis. We found that pPKA was increased
in a bimodal fashion, similar to the previously described
(Figure 3A) cAMP findings. An early peak was present at 1
hour (FHs 74 Int cells) or 30 minutes (IEC-6 cells)
(P < 0.0006 and P < 0.0001, respectively). A later peak
was noted by 6 hours for both cell types (P < 0.0003 and
Figure 3 A: PKA is activated in enterocytes infected with CS or LPS. IEC-6 a
12-hour time course. Cell lysates were collected, and Western blot analysis revealed
at 30 minutes and 6 hours after treatment. A similar trend was seen in the FHs 74
culture (P Z 0.006, P Z 0.0003, respectively). b-Actin remained constant throu
IEC-6 cells to include a time course of LPS treatment. pPKA levels were assessed b
4 hours (P Z 0.02 and P Z 0.001, respectively), similar to the pattern seen in CS
activation. Rat pups were fed formula with or without CS over a 4-day time course
did not have a significant increase in activated PKA at the conclusion of the expe
different between control pups and pups treated with CS. However, rat small intest
phosphorylation. b-Actin loading controls are shown. C: Infant intestine and expe
with controls. Human intestine samples were collected and were processed for Wes
greater PKA activation during NEC compared with controls. Increased intestinal e
with FF controls. b-Actin and total PKA were not statistically different between gr
rat NEC. Immunofluorescence with a pPKA primary antibody was performed on sect
in gray. Boxed areas are shown at higher magnification to the right. Increased a
control samples. Activated PKA was noted to have a characteristic speculated p
performed on control tissue and NEC tissue. Compartments were standardized us
amounts. A representative blot demonstrates that most pPKA is located within the
found during NEC. Data are expressed as means � SEM. nZ 8 control pups (B); nZ
and ***P < 0.001. Scale bars: 50 mm (D, original images); 20 mm (D, magnified im
fed; H, hypoxia; HFs 74 Int, human small intestinal cell line; IEC-6, rat intestinal
necrotizing enterocolitis; PKA, protein kinase A; pPKA, phosphorylated PKA.
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P < 0.0001, respectively). Experiments were conducted in
the IEC-6 cell line using LPS. We found that LPS caused an
increase in pPKA at a later time point, similar to the
C. sakazakii bacteria. However, the earlier (5e15 minutes)
peaks were absent (Figure 3A). pPKA was also increased in
intestinal segments from rat pups inoculated with C. saka-
zakii (FF þ C. sakazakii þ H) compared with FF controls
with or without hypoxia (FF and FF þ H) (P Z 0.027)
(Figure 3B). Total PKA expression and total protein were
similar in pups with and without experimental NEC
(Figure 3B). Moreover, an increase in pPKA was noted in
patient tissue samples with active NEC (P < 0.001)
(Figure 3C). Immunofluorescence of rat and human small
intestine samples demonstrated increased PKA activation in
the intestinal tissue. pPKA was especially evident in the
intestinal epithelium compared with control tissue samples.
The increased expression of pPKA is especially evident in
the membrane and cytoskeleton (Figure 3D). Taken
together, these data suggest that PKA was activated during
both experimental and human NEC.

Inhibition of PKA Activation Reduces Intestinal
Epithelial Apoptosis

To determine whether PKA activation mediates
C. sakazakiieinduced apoptosis, we examined whether it
could be blocked by three known pharmacologic inhibitors of
PKA phosphorylation (protein kinase inhibitor, Rp-8-
cAMPS, or KT5720). IEC-6 cells were treated with in-
hibitors before infection with C. sakazakii or treated with
PKA inhibitors alone. C. sakazakiieinduced markers of
apoptosis were greatly attenuated (P< 0.05), in the presence
of a PKA inhibitor. Protein collected from IEC-6 cells treated
with KT5720 before C. sakazakii infection demonstrated
both decreased pPKA and cleaved caspase-3 compared with
controls (Figure 4A). In addition, the number of apoptotic
nd FHs 74 Int cells were infected with 107 cfu/mL CS in triplicate, over a
significant increased pPKA activation. IEC-6 cells demonstrated an increase
Int cells with a significant increase occurring at both 1 and 6 hours of co-

ghout the experiment. In vitro experiments were repeated in triplicate with
y Western blot analysis. LPS was found to increase pPKA at 30 minutes and
-treated cells. B: CS-induced experimental NEC demonstrates increased PKA
. Rat pups without CS exposure, with and without hypoxia (FF and FF þ H),
riment. Both expression of PKA and total protein PKA were not statistically
ine samples from pups inoculated with CS (FF þ H þ CS) had increased PKA
rimental rat pups with NEC demonstrates increased PKA activation compared
tern blot analysis and histology. Western blot analysis revealed significantly
pithelial pPKA was also noted in rat pups with experimental NEC compared
oups. D: Activated PKA was seen in the intestinal epithelium in human and
ions of intestine. Nuclei were stained with DAPI. The cell border is outlined
ctivated PKA was seen in intestine with NEC compared with human and rat
attern in both the rat and human samples. Subcellular fractionation was
ing specific control proteins, and lanes were equilibrated by equal protein
nucleus, and an increase in the membranous and cytoskeletal portions are
13 pups treated with CS (B); nZ 3 per group (C). *P < 0.05, **P < 0.01,
ages). C, cytosol; CS, Cronobacter sakazakii; CTS, cytoskeleton; FF, formula-
epithelial cell line; LPS, lipopolysaccharide; M, membrane; N, nuclear; NEC,
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Figure 4 A: PKA inhibitor (KT5720) inhibits
caspase-3 activation and PKA activation in vitro.
After 4 to 6 hours of infection both caspase-3
activation and pPKA were significantly increased.
IEC-6 cells were treated with 1 mmol/L of KT5720
before exposure to CS demonstrated significantly
less caspase-3 and PKA activation after 6 hours. B:
CS-induced apoptosis is decreased by pharmaco-
logic PKA inhibition. Immunofluorescence of DNA
fragmentation and apoptosis were significantly
decreased in the presence of CS even after 6 hours of
infection when cells were pretreated with PKA in-
hibitors (KT5720, Rp-8-br-cAMPS, PKI) compared
with those cells that received CS alone. The greatest
decrease occurred in those cells treated with
KT5720 compared with other inhibitors. IEC-6 cells
were grown on chamber slides, and after various
doses and exposure times they were fixed and
stained with ApoTag for apoptosis and DAPI (blue).
Apoptotic cells were counted per 1000 cells. C:
Knockdown of PKA showed a significant reduction
in caspase-3 cleavage. IEC-6 cells were transfected
with lipofectamine 2000 and siRNA for PKA. Cells
were then treated for 6 hours with CS. Western blot
analysis of cleaved caspase-3, PKA, and b-actin
were performed. PKA knockdown was confirmed
with a significant reduction in PKA expression. A
significant reduction in cleaved caspase 3 was also
seen at the 6-hour time point. D: Knockdown of PKA
protects IEC-6 cells from CS-induced apoptosis. IEC-
6 cells were transfected with lipofectamine 2000
and siRNA for PKA. Cells were then treated over a
time course with CS. There was a significant increase
in apoptosis in the presence of CS after 6 hours. In
addition, ApoTag staining revealed fewer apoptotic
cells when PKA was knocked down (þsiRNA) before
infection with CS for 6 hours than controls
(�siRNA) (PZ 0.0014). *P< 0.05, ***P< 0.001,
and ***P < 0.001, ****P < 0.0001. Original
magnification, �10 (B and D). CS, Cronobacter
sakazakii; IEC-6, rat intestinal epithelial cell line;
KD, knockdown; PKA, protein kinase A; PKI, protein
kinase inhibitor; pPKA, PKA phosphorylation: WT,
wild-type.
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cells per high-power field detected with ApoTag Red
stain was significantly decreased when IEC-6 cells were
treated with PKA inhibitors compared with control and
PKA-activated cells (Figure 4B). To circumvent the possi-
bility that PKA-independent off-target effects of KT5720
were responsible for the reduction in apoptosis we used
genetic inhibition and knocked-down PKA in our IEC-6 cell
line before C. sakazakii infection. PKA knockdown was
confirmed using Western blot analysis of PKA. There was a
significant reduction in PKA in the siRNA cells compared
with the wild-type cells, whereas b-actin remained stable
410
(P < 0.001). PKA knockdown also significantly decreased
caspase-3 cleavage, similar to the results found with the
chemical inhibitor (P < 0.01) (Figure 4C). Furthermore,
ApoTag staining of the IEC-6 cells revealed a significant
reduction in apoptosis at 6 hours in those cells that underwent
the PKA knockdown compared with control cells
(P < 0.0014) (Figure 4D). Therefore, our findings from
both the chemical inhibitor and the knockdown experiments,
show that differences in epithelial apoptosis are likely a result
of inhibition of PKA phosphorylation on the epithelium
itself.
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Figure 5 A: CREB is activated in IEC-6 and FHs 74
Int cells after infection with CS. IEC-6 and FHs 74 Int
cells were grown and infected with CS. Cell lysates
were collected and pCREB was measured by Western
blot analysis. pCREB was significantly higher than
controls by 30 minutes and again at 6 hours in the
IEC-6 cells. pCREB was also significantly higher than
controls by 30 minutes and 4 hours in the FHs 74 Int
cells of infection with CS. B: CREB was activated in
experimental NEC and was diminished in the presence
of a PKA inhibitor. After 4 days of FF and H, rat pups
were sacrificed and intestine was harvested. Protein
isolated was isolated from whole intestine samples.
Western blot analysis revealed increased CREB phos-
phorylation in pups with CS-induced NEC compared
with sterile FF controls. Pups that received a pre-
treatment of KT5720 had reduced CREB phosphory-
lation, despite the presence of CS. A representative
Western blot analysis is shown. b-actin was stable. C:
CREB is activated within the intestinal epithelium
after CS exposure. Rat pup intestine was harvested
and stored in OCT media at �80�C. Frozen sections
were stained by immunofluorescence for pCREB. Im-
aging demonstrated increased active CREB signal in
the epithelium (red stain) of rat pups fed CS-
inoculated formula. This staining was less pro-
nounced in control animals that received sterile
formula (data not shown) and those pups that
received a pretreatment of KT5720 (FF þ Inh þ CS).
The blue cells are stained with DAPI. D: CREB is
activated within the epithelium of human patients
with active NEC. Human tissue was harvested and
stored at �80�C. Frozen sections were stained by
immunofluorescence for pCREB. Imaging demon-
strated increased active CREB signal in the epithelium
(red stain) of human patients with active NEC. The
blue cells are stained with DAPI. E: CREB knockdown
is protective against cAMP analogue and TNF-ae
induced intestinal epithelial apoptosis. IEC-6 cells
were grown on chamber slides and transfected with
control siRNA or CREB siRNA. Cells were treated with
doses of a cAMP analogue (8C) or TNF-a at doses to
induce apoptosis. Cells were stained with DAPI and
ApoTag, and apoptotic cells were quantified. CREB
knockdown decreased the amount of apoptotic cells
after treatment with 8C or TNF-a (P Z 0.0017 and
P Z 0.016, respectively). Data are expressed as
means � SEM. n Z 10 pups per group. *P < 0.05,
**P< 0.01, and ***P< 0.001. Scale barsZ 25 mm.
C, cytosol; CREB, cAMP response element binding
protein; CS, Cronobacter sakazakii; CTS, cytoskeleton;
FF, formula fed; H, hypoxia; HFs 74 Int, human small
intestinal cell line; IEC-6, rat intestinal epithelial cell
line; Inh, inhibitor; M, membrane; N, nuclear; NEC,
necrotizing enterocolitis; OCT, optimal cutting tem-
perature; pCREB, phosphorylated CREB; TNF-a, tumor
necrosis factor a; 8C, 8-(-4-Chlorophenylthio)-20-O-
methyladenosine 30,50-cyclic monophosphate mono-
sodium.

cAMP and PKA in NEC
CREB Is Activated in Experimental and Human NEC

CREB is an important downstream target of cAMP and
activated PKA. Given that cAMP was increased and PKA
was activated in experimental NEC, we investigated
The American Journal of Pathology - ajp.amjpathol.org
whether there was an increase in phosphorylated transcrip-
tion factor CREB activation. CREB activation (pCREB) has
been associated with survival pathway activation in
neuronal cells,48 and it plays a role in the control of cellular
apoptosis. CREB was activated after infection of both IEC-6
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and FHs 74 Int cells with C. sakazakii, and there were
bimodal increases similar to cAMP and pPKA (Figure 5A).
Phosphorylation of CREB occurred more rapidly in the FHs
74 Int cell line than in the IEC-6 cell line, and in both cases
this initial increase occurred later than the first cAMP had
been detected, but before our peak of pPKA. This suggests
that pCREB may not be activated solely as a result of
increased pPKA in our in vitro models. An early peak was
present after 30 minutes in FHs 74 Int cells (P < 0.0001)
and IEC-6 cells (P < 0.0001). A second peak was noted at 4
hours for the FHs 74 Int cells (P < 0.0001) and 6 hours for
the IEC-6 cells (P < 0.0002). CREB activation was also
identified as being significantly increased in rat pups fed C.
sakazakiieinoculated formula (P < 0.0001) (Figure 5B),
and pretreatment with a PKA inhibitor significantly reduced
CREB activation even in the presence of C. sakazakii
(P < 0.0001). This suggests that inhibition of PKA acti-
vation precedes pCREB in our animal model. Immunoflu-
orescence identified increased CREB staining within the
intestinal epithelial of rat intestine in the presence of
C. sakazakii, compared with controls. Specifically, there
appears to be an increased expression in the nucleus of the
cells, similar to what was seen with pPKA (Figure 5C).
Moreover, inhibition of PKA activation diminishes the in-
tensity of pCREB seen in response to C. sakazakii. Humans
with active NEC also demonstrated increased CREB acti-
vation compared with controls. Subcellular fractionation of
human samples localize this increase to be primarily within
the nuclear compartment (Figure 5D). Moreover, knock-
down of CREB in a rat intestinal epithelial cell line
conferred statistically significant protection against cAMP
analogue (8C) and TNF-aeinduced apoptosis compared
with controls (Figure 5E). Taken together, these data pro-
vide support for CREB in the downstream signaling of
apoptosis.

PKA Inhibitors Decrease the Severity of Experimental
NEC

PKA inhibition has been found to inhibit apoptosis in
several models of disease.49,50 From these data suggesting
that pPKA is a mediator of apoptosis in our NEC models
and human NEC, we tested whether pharmacologic PKA
inhibition would protect against C. sakazakiieinduced
NEC. Rat pups were either fed clean formula (FF), clean
formula with a pretreatment of KT5720 on day of life 1
(FF þ Inh), formula with once daily C. sakazakii and a
pretreatment of KT5720 (FF þ Inh þ C. sakazakii), formula
with once daily C. sakazakii (FF þ C. sakazakii), or formula
with a sham feed of the inhibitor’s vehicle instead of the
inhibitor itself (FF þ Sham). Rat pups pretreated with
KT5720 and then infected with C. sakazakii had a highly
significant improved survival compared with rat pups that
received bacteria alone (Figure 6A). These findings corre-
lated with both gross necropsy findings (Figure 6B) and
histology intestinal injury scoring (Figure 6C), where a
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significant decrease in experimental NEC was identified in
those pups that received C. sakazakii in the presence of
KT5720, compared with rat pups that did not. Immunoflu-
orescence further confirmed a decrease in intestinal
apoptosis in pups treated with KT5720, compared with rat
pups that received C. sakazakii alone (Figure 6D). Taken
together, these findings indicate that PKA inhibition is
protective against C. sakazakiieinduced NEC.
Discussion

NEC is a multifactorial disease process, and numerous
laboratories have sought to improve on the original rat pup
model described by Santulli et al.7 The original model
involved enteral gavage feeding and periods of hypoxia or
hypothermic stress; however, over the years several groups
have found it necessary to supplement this model to enhance
the incidence of experimental NEC. The addition of exog-
enous bacteria or LPS has been commonly described to
enhance rodent NEC models.16,51,52 We chose to use
C. sakazakii in our experimental models of NEC because
this bacteria has been implicated in human outbreaks of
NEC. Furthermore, C. sakazakii is representative of the
most common types of pathogens found in human NEC
(Enterobacteriaceae).24 C. sakazakii has been shown to
induce experimental NEC in rodent models, whereas the use
of other microbes such as E. coli (DH5a) were not able to
replicate these effects.20 Although C. sakazakii is known
to increase the release of proinflammatory cytokines and to
increase epithelial apoptosis, the mechanisms underlying
these effects are unknown. In this present study we have not
excluded the possibility that some of our findings may be
specific to C. sakazakii, although with our data in human
patient samples we suspect relevance to NEC. In addition,
when we treated enterocytes with LPS alone, we found
similar results with both cAMP and pPKA activation.
cAMP is an important secondary mediator in many

human diseases and has been shown to be induced through
both activation of Toll-like receptor 453 and infection with
enteric pathogens, including Vibrio cholerae, Salmonella
species, E. coli, Pseudomonas aeruginosa, Campylobacter
jejuni, and Shigella dysenteriae.54e56 cAMP is produced by
activation of adenylate cyclase converting ADP into the
active mediator and degraded by phosphodiesterase en-
zymes. In addition to cAMP directly effecting host
homeostasis, investigators have suggested a role for cAMP
in increasing pathogen epithelial binding and adherence.54

Numerous studies have implicated cAMP in inflammatory
disorders,57e59 and NEC is widely regarded as a disorder of
immature intestinal immunity and increased inflammation.
However, the published effects of cAMP appear to differ
based on the cell type and context of production.60 cAMP
has been implicated in regulation of cellular apoptosis and
may further sensitize cells to the proapoptotic actions of
other entities that work via non-cAMP pathways.38 Some
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Figure 6 A: Rat pups who received pretreatment of PKA inhibitor demonstrated improved survival from experimental NEC. After 4 days of FF and H, rat
pups were sacrificed. Survival curves were generated for the individual rats pup groups. Pups that received a pretreatment of KT5720 (FF þ Inhibitor þ CS)
demonstrated improved survival compared with control pups (FF þ CS) in an experimental model of NEC (log-rank P Z 0.004). B: Rat pups who received
pretreatment of PKA inhibitor had decreased intestinal injury demonstrated by gross necropsy and histologic examination. After 4 days of FF and H, rat pups
were sacrificed. Gross intestinal samples were photographed and compared between groups. Decreased injury was seen in pups that received a pretreatment of
KT5720 (FF þ Inhibitor þ CS) compared with controls. C: Intestinal injury scoring was significantly decreased in experimental NEC and was seen in pups that
received CS in the presence of PKA inhibitor KT5720. Rat pup intestine hematoxylin and eosinestained slides were reviewed by a board-certified pediatric
pathologist (P.C.) blinded to the experimental groups. Microscopic analysis demonstrated increased intestinal injury (sloughing, neutrophil infiltrate, and loss
of normal villus architecture) in the presence of CS. A 3-point injury score was used, and there was a significant improvement in intestinal injury in pups that
received KT5720 (FF þ Inhibitor þ CS) compared with controls (FF þ CS) (P Z 0.0006). Pretreatment with KT5720 diminished the degree of injury and was
protective against experimental NEC. D: Rat pups that received PKA inhibitor KT5720 had a significant decrease in cellular apoptosis. After 4 days of FF and H,
rat pups were sacrificed. Intestinal segments were fixed and stained with ApoTag for apoptosis and DAPI (blue). Those pups that received KT5720
(FF þ Inhibitor þ CS) had significantly less apoptosis than positive controls with experimental NEC (FF þ CS). Data are expressed as means � SEM. n Z 19 FF
pups; n Z 20 FF þ Inhibitor pups; n Z 18 FF þ Inhibitor þ CS; n Z 16 FF þ CS pups. ***P < 0.001. Scale bars Z 25 mm. CS, Cronobacter sakazakii; FF,
formula feeding; H, hypoxia; Inh, inhibitor; NEC, necrotizing enterocolitis; PKA, protein kinase A.
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investigators have suggested a proinflammatory role for
cAMP, whereas others cite dominant anti-inflammatory
properties. The subcellular effect of cAMP may differ
depending on the localization of effector proteins and by
compartments of phosphodiesterase enzymes within the cell
converting cAMP into 50AMP.61 We have identified an in-
crease in intestinal epithelial cAMP in two in vitro models
of disease and an increase in cAMP in rat pups with
experimental NEC, suggesting a role for this mediator in the
pathogenesis of NEC. Note that cAMP was not increased in
human tissue samples, but that this correlates with the
decrease in cAMP seen in our in vitro experiments after
prolonged exposure to C. sakazakii. Given the variation in
our human data compared with the rat and cell data, it is
possible that activation of PKA may not purely reflect
cAMP levels and that other factors may be playing a role in
PKA activation.

cAMP signaling activates several downstream targets,
including effector proteins (ie, PKA), exchange proteins
activated by cAMP (EPAC), and cyclic nucleotide-gated ion
channels. Evidence supports that the effector proteins
(EPAC1, EPAC2A, and EPAC2B) are localized within the
cell (nuclear or cytosolic) to compartmentalize the cAMP-
mediated response.62 However, PKA phosphorylation
(activation) is widely considered the primary downstream
effect of cAMP.57,63 Although PKA is activated by cAMP,
vasoactive peptides can activate PKA, albeit to a lesser
degree.64 Treatment of intestinal epithelial cell lines (IEC-6
and T84) with cAMP analogues have been shown to acti-
vate PKA and to cause impaired migration and restitution.57

This is the first time to our knowledge that C. sakazakii
infection has been shown to increase cAMP and to activate
PKA. Note that, given the ubiquitous nature of cAMP and
Figure 7 CS-induced NEC is associated with activation of PKA and
epithelial apoptosis. CS bind to the intestinal epithelium. Downstream
events include AC generating cyclic AMP. This facilitates activation of PKA,
which may disrupt normal cellular homeostasis, allowing increased
apoptosis and loss of intestinal barrier integrity. Inhibition of PKA acti-
vation is protective against experimental NEC. AC, adenylate cyclase; cAMP,
cyclic adenosine monophosphate; CS, Cronobacter sakazakii; NEC, necro-
tizing enterocolitis; PKA, protein kinase A; p-PKA, phosphorylated PKA.
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PKA, other cell types such as immune cells and the endo-
thelium may be affected in our rat pup model. To define the
role of cAMP and PKA activation in the intestinal epithe-
lium we used two intestinal cell line models. Herein, we
propose a mechanism whereby C. sakazakii leads to an in-
crease in cAMP and activation of PKA that contributes to
cellular apoptosis and experimental NEC (Figure 7).
The finding that inhibition of PKA phosphorylation pro-

vides protection against apoptosis suggests that cAMP in-
crease and PKA activation are potentially important and
reversible events in the development of C.
sakazakiieinduced NEC. The addition of a PKA inhibitor
as a pretreatment conveyed protection against both in vitro
intestinal epithelial apoptosis and experimental rat pup
NEC. PKA inhibition appears to protect against gut injury in
our rat pup model systems. This supports its role as a po-
tential therapeutic strategy. Because PKA specific inhibitors
(H89) improved in vitro epithelial migration and restitution,
inhibition of cAMP-mediated PKA activation may allow
improved healing of the injured epithelium.57 PKA has also
been implicated in maintenance of epithelial tight junction
integrity.65 Inhibition of PKA activation in immortalized
mouse epithelial mammary cells demonstrated stabilization
of tight junction proteins and were protective against
permeability increases due to low extracellular calcium.65

Improved barrier integrity may be important in resistance
of our rat pup models to C. sakazakiieinduced NEC; this
represents an area of future investigation. PKA signaling
cross talks with numerous other cellular pathways that have
been implicated in cellular apoptosis, including mitogen-
activated protein kinase (MAPK), mitogen-activated pro-
tein/extracellular signal-regulated kinase (EKR) kinase
(MEK)/ERK, and receptor tyrosine kinase pathways.66,67

Inhibition of PKA activation may be directly protective
against cellular apoptosis or indirectly by affecting other
downstream apoptotic pathways. Evidence supports that
PKA is proapoptotic through the phosphorylation of protein
targets, and studies in lymphoma cells have demonstrated
that apoptosis results via an intrinsic mitochondrial-
dependent mechanism.40,68 In addition, cAMP and PKA
are known to effect immune cell function, and elevations in
cAMP have been associated with inhibition of T lympho-
cyte activity69 and IL production.70 Thus, the in vivo role of
PKA inhibition may have multiple downstream effects that
function in concert to protect against experimental NEC in
our models. Interestingly, we found a bimodal increase in
cAMP after C. sakazakii infection that decreased with pro-
longed exposure (>6 hours). The early rise in cAMP sug-
gests that C. sakazakii may activate adenylate cyclase. This
suggests that an increase in cAMP occurs as an early event
during C. sakazakii infection, and the later peak may be as a
result of a downstream cascade. However, in our human
samples we found a decrease in cAMP in intestine taken
from infants with advanced NEC (Bell’s stage III). We
hypothesize that the lower cAMP levels in the human
samples may be as a result of the loss of cAMP-producing
ajp.amjpathol.org - The American Journal of Pathology
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cAMP and PKA in NEC
cells or that the cAMP increase had already occurred earlier
in the disease process.

We have demonstrated an increased activation of CREB,
which is classically consider to have prosurvival effects in a
range of cell types, including neurons and breast epithe-
lium.48,71 There is a paucity of data on the role of CREB in
the intestine. CREB has been found in phosphorylated states
in gastrointestinal malignancy; however, its role in intestinal
homeostasis remains unclear.72 In our experimental models
cAMP elevation precedes CREB phosphorylation, as would
be expected. However, the initial peak of pCREB precedes
that of pPKA, suggesting an alternative mechanism of
CREB activation. There is evidence that rapidly activated
MAPKs may play a role in the activation of CREB, and
these data could explain the timing of the early peak in
CREB that we identified.73 The later peak of pCREB may
be as a result of pPKA activation. It is also possible that the
increase in CREB identified in our model may represent a
reparative strategy, and this represents an area of future
study. The data from the CREB knockdown experiments are
supportive of the role of CREB in cAMP-induced apoptosis.
Taken together, our data suggest that C. sakazakii is able to
trigger increased cAMP in vitro and in experimental NEC
and that this increase is temporally associated with both
PKA activation and increased apoptosis (Figure 7).
Increased PKA activation and apoptosis are also found in
human intestinal samples from infants with NEC. Both
downstream cell death and NEC are dramatically lessened in
the presence of protein kinase inhibitors, suggesting that this
pathway may play an important mechanistic role. Although
CREB is activated, this phosphorylation occurs earlier than
would be expected to be pPKA dependent, thus suggesting a
more complex mechanism of action.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2016.10.014.
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