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Development of an improved 
murine model of necrotizing 
enterocolitis shows the importance 
of neutrophils in NEC pathogenesis
Michaela Klinke1, Deirdre Vincent1, Magdalena Trochimiuk1, Birgit Appl1, Bastian Tiemann1, 
Konrad Reinshagen1, Laia Pagerols Raluy1,2 & Michael Boettcher   1,2 ✉

Various research models to induce necrotizing enterocolitis (NEC) in animals exist, yet significant 
differences in NEC severity between murine animal models and human patients persist. One possible 
explanation for the difference in severity may be the variance in neutrophil concentration among 
newborn humans (50–70%) in comparison to neonatal mice (10–25%). However, neutrophil activity 
has yet to be evaluated in NEC pathogenesis. Thus, the aim of the study was to evaluate the effects of 
altered neutrophil concentrations in neonatal mice while simultaneously undergoing a NEC induction. 
A total of 44 neonatal mice were included in this study and 40 were subjected to an established NEC 
induction paradigm and 4 were assigned a sham group. Of the 40 mice, 30 received granulocyte-
colony stimulating factor (G-CSF) on a daily basis, while 10 were used as controls (receiving inactivated 
G-CSF). Mice undergoing G-CSF treatment were further divided into two subgroups: (1) wildtype and 
(2) ELANE-knockout (KO). ELANE - KO mice are incapable of producing neutrophil elastase (NE) and 
were used to evaluate the role of neutrophils in NEC. For each of the groups, the following metrics 
were evaluated: survival, NEC severity, tissue damage, neutrophil count and activation, and NETs 
formation. An improved murine model of NEC was developed using (1) Lipopolysaccharides and 
Neocate gavage feeding, (2) hypoxia, and (3) G-CSF administration. The results suggest that the 
addition of G-CSF resulted in significantly elevated NEC manifestation rates with consequent tissue 
damage and intestinal inflammation, without affecting overall mortality. Animals without functioning 
NE (ELANE-KO) appeared to have been protected from NEC development. This study supports the 
importance of neutrophils in NEC pathogenesis. The optimized NEC induction paradigm, using G-CSF 
administration, resulted in elevated neutrophil counts, resembling those of neonatal humans. Elevation 
of neutrophil levels significantly improved NEC disease manifestation by modeling human physiology 
more accurately than current NEC models. Thus, in the future, murine NEC experiments should include 
the elevation of neutrophil levels to improve the transition of research findings from mice to humans.

Necrotizing enterocolitis (NEC) is a devastating inflammatory disease of the intestine that is predominantly seen 
in preterm neonates. Although the disease affects up to 12% of premature newborns1 and has a mortality rate of 
around 20%, its manifestation and mortality rate continue to increase2,3. Furthermore, NEC is also associated 
with multiple immediate serious complications, such as death due to sepsis, and long-term complications, includ-
ing intestinal failure, growth delay, and adverse neurodevelopmental outcomes4.

To date, NEC pathogenesis is not entirely understood. It is hypothesized that NEC develops after the onset 
of enteral feeding, during which bacterial colonization of the intestinal tract occurs. However, this hypothesis 
is believed to describe a final common pathway of multiple etiologic mechanisms, resulting in NEC. Thus, the 
pathogenesis is considered to be multifactorial, including immaturity of the intestinal barrier system; ischemic 
injury of the intestine; and hyperinflammation, due to immaturity of the immune system5.

To examine the pathogenesis of NEC, various animal models have been established, with the most commonly 
used test subjects being mice, due to minimal genetic differences with respect to the immunology between mice 
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and humans6. However, even though numerous NEC induction protocols have been developed, most research 
groups are only able to achieve NEC manifestation rates of roughly 50%7–9 and the NEC severity is often milder 
than the what is observed in humans.

It is hypothesized that the pertinent differences between mice and humans are cause for the low NEC mani-
festation rates seen in animal models, as well as the often failing translation of animal research models to human 
patients10. In particular, significantly different neutrophil concentration among newborn humans (50–70%) in 
comparison to neonatal mice (10–25%) could be responsible for the reduced NEC severity observed in mice 
undergoing NEC induction as compared to human neonatal NEC patients11. This is of interest as NEC is consid-
ered a hyperinflammation reaction with neutrophil activity being crucial in its pathogenesis9,12. In fact, various 
studies have documented neutrophils’ essential role in NEC pathogenesis, with neutrophil extracellular traps 
(NETs) being crucial in NEC development9,13,14. NETs are web-like DNA structures that neutrophils expel via 
phagocytosis or during apoptosis (aka NETosis), and are studded with lethal concentrations of antimicrobial pro-
teins and histones, which are able to bind and eliminate microorganisms15. Moreover, not only do NETs immo-
bilize pathogens, but they have also been shown to modulate mechanisms of thrombosis during i.e. sepsis, also 
known as immunothrombosis15–17. Even though the formation of NETs is an innate immune mechanism to com-
bat infection, NETs formation can occur during sterile inflammation, autoimmunity, and ischemia reperfusion 
injury9,18–21. Thus, as NEC involves a hyperinflammation reactions, as well as immunothrombosis, an essential 
role of NETs in NEC development is very likely, especially as neonates diagnosed with severe NEC show intestinal 
ischemia, thrombocytopenia, disseminated intravascular coagulopathy (DIC), and severe inflammation22.

In order to develop a mouse NEC model, which is more in line with human neutrophil levels, 
granulocyte-colony stimulating factor (G-CSF) has been utilized in previous research. G-CSF stimulates the 
bone marrow to produce granulocytes and activate neutrophils23. Thus, combining the standardized NEC induc-
tion paradigm, as employed by the latest NEC research, with an altered mouse neutrophil concentration, using 
G-CSF, may (1) yield a better understanding of NEC pathogenesis and (2) could more accurately model human 
physiology.

Methods
Study design.  The study was approved by the Hamburg State Administration for animal research (63/16). 
A total of 44 mice were utilized for the experimental model and were held within the animal facility according 
to environmental parameters established and dictated by the German guide for the care and use of laboratory 
animals (Tierschutzgesetz).

Animal procedures.  NEC Induction paradigm.  NEC was induced using a well-established protocol:24 
Pregnant C57BL/6 J mice (Wildtype and ELANE-knockout) were singly housed within the animal care facility 
with food and water ad lib. ELANE-Knockout (ELANE-KO) mice (B6.129×1-Elane, Jackson Laboratory) have a 
mixed C57BL/6 J; C57BL/6 N background and present with systemic neutropenia caused by heterozygous muta-
tions in a gene formerly known as ELANE, which encodes for neutrophil elastase (NE)25.

Mother animals delivered naturally and pups were kept with their mother throughout the entire experimental 
procedure. On day five postpartum (p.p.), the NEC induction paradigm commenced: Animals were gavage fed a 
solution of 0.1 ml Neocate (Nutricia) and 4 mg/kg/d lipopolysaccharide (LPS) from E. coli LPS-EB (InvivoGen), 
using a 1:50 concentration of LPS to Neocate three times daily, followed by 10 minutes (min) of hypoxia at 5% 
oxygen. The total induction paradigm was maintained for four days and the animals were euthanized on day 
nine p.p., at the latest. Animals which showed a very high burden under NEC induction were euthanized prior to 
the predefined endpoint. Furthermore, if animals passed away between the observational intervals (q8h), their 
tissue samples were not included in the analysis, as autolysis progresses rapidly in affected animals. The induction 
protocol is shown in Fig. 1.

Animals in the G-CSF and the ELANE-KO group received 250 mg/kg bodyweight G-CSF subcutaneously 
(s.c.) daily, with the dosage having been deduced from a previous study on mice26. Animals assigned to the con-
trol group received inactivated G-CSF at the same dose as the G-CSF mice. Inactivation of G-CSF was achieved 
by heating G-CSF to 100 °C in a hot water bath and maintaining the temperature of 100 °C for one hour27. Finally, 
a sham group of 4 subjects without NEC induction or G-CSF treatment was also included.

During the entire length of the experiment, mother animals received tramadol (Tramal 1 mg/ml, Grünenthal) 
in their drinking water for pain management of the pups: Tramadol ingested by mother mice is transferred to 
offspring pups through drinking of breastmilk at 12–14% of its original concentration, which has been shown to 
ensure appropriate pain management for test subjects28.

Figure 1.  Experimental design and treatment strategy. Mice were subjected to Neocate/LPS gavage feeding 
followed by hypoxia at 5% for 10 min three times daily for four days. The induction was started on day five 
p.p. Subjects were treated according to their assigned group with G-CSF (G-CSF and ELANE-KO group) or 
inactivated G-CSF (control group) via s.c. injections for four days once daily. In order to control for other 
factors that may influence the pups, excluding the induction paradigm, a sham group was also included.
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Sample collection and storage.  Blood.  Upon euthanasia, blood samples were collected through decap-
itation of the subjects in test tubes containing ethylenediaminetetraacetic acid and processed immediately: The 
samples were centrifuged at 2000 relative centrifugal force for 10 minutes (min) at room temperature (RT) in 
order to separate the blood sample into (1) plasma, (2) a buffy coat, and (3) erythrocytes. All entities were pre-
served at −80°C until further analysis. Ultimately, leucocyte and neutrophil counts were assessed via FACS within 
the buffy coat layer.

Intestinal tissue.  After blood collection, animals were dissected using a midline incision. Bowel preparation, 
removal, and assessment was conducted by two observers blinded to the subject’s test group with aid of a light 
microscope. The small and large intestine was evaluated for macroscopic markers of NEC: (0) no NEC manifes-
tation, (1) pneumatosis intestinalis, and (2) necrosis and perforation. At this time, the morphologic analysis was 
performed and captured using a 4 K/12-megapixel camera. Following, all relevant segments of the small intestine 
were evenly distributed into test tubes containing: (1) phosphate buffered saline (PBS) and (2) formalin solution. 
Tissue stored in PBS was used directly to visualize extracellular traps.

Tissue preparation and evaluation.  Extracellular DNA.  Intestinal samples were placed in PBS and 
stained using SYTOX Orange (50 µM, Life Technologies) to analyze extracellular DNA, including NETs and to 
a lesser degree mitochondrial DNA (mDNA) and nuclear DNA (nDNA) under a fluorescence microscope. As 
mDNA and nDNA only make up a small fraction of extracellular DNA (QUOTE), we assumed the visualized 
extracellular DNA was composed primarily of NETs. Images were captured using an Olympus SC 50 camera and 
digitized with cellSens Standard (Olympus). Scoring was conducted by two observers as follows:

•	 None (0) – no signs of NETs
•	 Mild (1) – small amount of NETs
•	 Moderate (2) – medium amount of NETs
•	 Severe (3) – large amount of NETs

Histological analysis.  Upon tissue fixation in formalin solution, intestinal samples were dehydrated over-
night and embedded in paraffin. Prepared intestinal tissue was cut into 3 µm thick sections and applied to slides 
for further analysis. All samples were analyzed in a blinded fashion and captured using an Olympus SC 50 cam-
era. Digitization was completed with the cellSens Standard program (Olympus).

Hematoxylin and Eosin (H&E).  H&E staining occurred using a machine and with a standardized staining 
procedure, while semi-quantitative assessment of the intestinal damage was conducted under light microscopy. 
The severity of intestinal lesions was assessed by two investigators blinded to the study groups. Scoring was per-
formed utilizing the previously validated Caplan score29.

•	 Grade 0: intact villi
•	 Grade 1: superficial epithelial cell sloughing
•	 Grade 2: mid-villous necrosis
•	 Grade 3: complete villous necrosis
•	 Grade 4: transmural necrosis

Lymphocyte Antigen 6 Complex Locus G6D (Ly6G) Staining.  Ly6G staining occurred using a 
machine and with a standardized staining procedure, while semi-quantitative assessment of the intestinal damage 
was conducted under light microscopy. Expression was evaluated in a semi-quantitative fashion by two blinded 
observers:

•	 None (0) – no signs of tissue staining
•	 Mild (1) – small amount of tissue staining
•	 Moderate (2) – medium amount of tissue staining
•	 Severe (3) – large amount of tissue staining

Immunofluorescence staining.  3μm-paraffin tissue sections underwent a deparaffinization and rehydra-
tion process, followed by immunfluorescence staining for DNA (4’,6-diamidino-2-phenylindole – DAPI) and 
assessment of neutrophil elastase (NE), myeloperoxidase (MPO), and citrullinated histone 3 (H3cit): MPO and 
NE are markers of neutrophil activation, and H3cit is considered to be the most specific marker of NETs for-
mation30. Antigen retrieval was visualized by incubating murine specimen with Target Retrieval Solution pH6 
(Dako, Santa Clara, USA) for 90 min at 60 °C, following a cooling step of 30 min. After rinsing sections 2×3 min 
with a solution of tri-buffered saline and polysorbate 20 (Tween 20) (TBST), blocking of the probes was per-
formed with Protein Block Solution (BioGenex, Fremont, USA) for 30 min at room temperature (RT). Tissue 
specimen were further incubated with either isotype- or antigen-specific-antibodies at 4 °C (Abcam, UK): Rabbit 
anti-mouse NE antibody was used at a dilution of 1:200, whereas mouse anti-mouse MPO- and rabbit anti-mouse 
H3cit- antibodies were diluted 1:50. 18 hours later, sections were rinsed 3×3 min with TBST and subsequently 
incubated 1:200 with AlexaFluor647- or FITC-coupled secondary antibodies at RT for 30 min (Abcam, UK). After 
a 3×5 min rinsing-step with TBST, nuclei were counterstained by incubating probes with DAPI for 5 min at RT. 
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Finally, slides were rinsed 5 min with PBS followed by a 5 min rinse with H2O, and mounted with Fluoromount-G 
(Southern Biotech, Birmingham, USA). Digitized MPO-, NE-, and H3cit-stained immunofluorescence slides 
were then evaluated in a semi-quantitative fashion by two blinded observers:

•	 None (0) – no signs of tissue staining
•	 Mild (1) – small amount of tissue staining
•	 Moderate (2) – medium amount of tissue staining
•	 Severe (3) – large amount of tissue staining

Statistics.  All data was analyzed using SPSS Statistics 26 (IBM, NY, USA) and GraphPad Prism 8 (GraphPad, 
CA, USA). A pre-power study calculation was performed using G*Power 3.1, while the power was deducted from 
a previous study examining NEC in mice [9]. Differences between groups were calculated using the ANOVA and 
t-test with Bonferroni correction. Results are presented as mean ± standard deviation (SD). For ordinal data, 
differences were calculated with the Mann-Whitney test. The level of significance for all tests was set at <0.05.

Results
Neutrophil levels.  Non ELANE-KO animals subjected to daily G-CSF injections demonstrated a significant 
increase in white blood cell count in comparison to control animals subjected to inactivated G-CSF treatment 
(4.85 (1.59) K/ul vs. G-CSF 10.27 K/ul (3.12), p = 0.029). In particular, neutrophil counts, among animals receiv-
ing G-CSF, showed a considerable rise (inactivated G-CSF 0.68 (0.20) K/ul vs. G-CSF 3.79 K/ul (0.81), p = 0.003). 
Thus, neutrophil concentrations within the G-CSF non ELANE-KO group were raised from 14% to 36%, result-
ing in a better reflection of human neonatal neutrophil levels, which are roughly 50–70%11.

Survival and NEC manifestation.  The first endpoint of interest was survival: Controls and animals that 
received G-CSF demonstrated a similar mortality rate, while animals without functioning NE (ELANE-KO) had 
significantly higher survival rates. These findings underline the importance of the role of neutrophil activation in 
NEC pathogenesis (Fig. 2A).

In terms of morphological NEC manifestation (Fig. 2C), all but one animal in the G-CSF group showed light 
(pneumatosis intestinalis) or advanced (necrosis, perforation, Fig. 2C, middle) signs of NEC (5/8 and 3/8 mice 
respectively). In the control group, all animals had either light signs (4/5) or no signs (1/5) of NEC (Fig. 2C, left). 
Thus, G-CSF injections significantly increased NEC manifestation and severity compared to control animals 
(p = 0.011). In line with these findings, only three out of 12 animals within the ELANE-KO group showed light 
signs of NEC (Fig. 2C, right).

Similar results were found using the Caplan score (Fig. 2B), assessing for histological NEC manifestation: 
animals that received G-CSF (Fig. 2E, middle) presented with significantly more tissue damage and higher Caplan 
scores than controls (p = 0.018, Fig. 2E, left), confirming the increase in NEC manifestation in animals subjected 
to G-CSF injections. Again, ELANE-KO mice displayed little to no microscopic intestinal injury (Fig. 2E, right).

Inflammation.  In terms of inflammation, animals that received daily G-CSF injections expressed elevated 
levels of organized extracellular DNA (Fig. 2D, middle) as seen by an increase in staining patterns with SYTOX 
Orange, as compared to controls (p = 0.049). On the contrary, intestinal samples of animals in the ELANE-KO 
group hardly showed any extracellular DNA formations (Fig. 2D, right). Coinciding, patterns and concentrations 
of intestinal neutrophils, as measured by Ly6G staining, were similar in G-CSF and controls, but significantly ele-
vated in G-CSF treated animals, when compared to ELANE-KO mice (Fig. 3A). Moreover, markers of neutrophil 
activation, namely NE (Fig. 3F) and MPO (Fig. 3D/G), were significantly elevated in animals that received G-CSF 
compared to controls (p = 0.013 and p = 0.038 respectively). In conclusion, H3cit, a surrogate marker for NETs 
formation was further elevated in G-CSF treated animals in comparison to controls (Fig. 3E/H). Hence, animals 
undergoing G-CSF treatment and NEC induction showed changes in line with the pathophysiology observed in 
neonates with NEC9.

Discussion
As previous NEC animal studies tend to result in low NEC manifestation rates, the aim of this study was to 
improve current NEC animal models and to evaluate the importance of neutrophils in NEC pathogenesis. Thus, 
this study aimed to test a potentially improved NEC model with increased NEC manifestation rates through the 
use of: (1) LPS and Neocate gavage feeding, (2) hypoxia, and (3) G-CSF administration. Adding G-CSF injections 
to an already established NEC induction protocol led to increased NEC presentation among subjects, including 
typical signs of intestinal injury, neutrophil activation, and NETs formation. However, despite an amplification 
of NEC manifestation and presentation under G-CSF application, mortality rates were not affected and were in 
line with the previously validated NEC induction paradigm. Adding to our improved NEC animal induction 
paradigm, is the fact that maternal separation and hypothermia, two measures to intensify NEC manifestation in 
murine pups, were not necessary. Hence, this updated NEC model is a simple alteration to the established models 
and it effectively reduces procedural burdens on subject animals7–9,31.

Our results also suggest that adjusting mice’s (1) neutrophil levels and (2) neutrophil activation during NEC 
manifestation to levels exhibited by neonates is a key component in establishing a more physiological accurate 
neonatal NEC mouse model. In the past, various strategies have been utilized to develop animal models that 
mimic human NEC. One of the most successful NEC induction models, developed by Jilling et al., involves expos-
ing preterm pups, delivered by cesarean section, to (1) formula feeding, (2) hypoxia, and (3) hypothermia. Still, 
even this model, which involves a complicated implementation, as well as questionable animal testing procedures, 
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Figure 2.  Neutrophilia by G-CSF administration increases NEC manifestation. (A) Survival of mice within the 
NEC groups was not affected by G-CSF administration. However, animals in the ELANE-KO study group were 
protected from NEC, and showed greater rates of survival. (B,E) SYTOX Orange staining showed significantly 
elevated extracellular DNA levels, including NETs, in animals that received G-CSF compared to controls. In 
animals not receiving G-CSF, SYTOX Orange staining of extracellular DNA was inadmissible. (C,F) The Caplan 
score is used to assess intestinal tissue damage in NEC, with our results suggesting that G-CSF administration 
vastly increased intestinal damage upon NEC induction. (D) Macroscopic investigations showed different levels 
of NEC manifestation. Animals of control group showed light or no signs of NEC similar to animals of ELANE 
group. Animals receiving G-CSF showed light or advanced signs of NEC. Data shown as Mean±SD. Statistics: 
Mantel Cox or Mann-Whitney test.
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only resulted in a NEC manifestation rate of 66%7. Moreover, Jilling et al.’s hypoxia-hypothermia-formula-feeding 
(HHF) NEC model was subsequently replicated in preterm and term mice by other researchers, and resulted in 
even lower NEC manifestation rates (around 50%)32.

Figure 3.  G-CSF administration increases intestinal neutrophil count, activation, and NETs formation. (A,B) 
Intestinal neutrophil count did not differ significantly between G-CSF and controls. (C,D,F,G) G-CSF treatment 
resulted in a significant increase in neutrophil activation (NE, MPO) compared to controls. (E,H) G-CSF 
administration significantly increasing NET formation compared to controls as indicated by the increased 
intestinal H3cit levels. In animals without functioning neutrophil elastase (ELANE-KO) neither neutrophil 
activation nor NETs formation was observed. Data shown as Mean±SD. Statistics: Mann-Whitney test.
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With uncertainties surrounding the reproducibility and efficacy of the HHF model, as well as concerns regard-
ing the lack of translation to human patients, several new models have been developed that attempted to utilize 
inflammatory pathways rather than hypoxia to initiate NEC injuries. One example is the administration of trini-
trobenzenesulfonic acid to ten day old mice, which acts as a hapten, binding to host proteins and generating an 
immune response that results in a mucosal injury, similar to that seen in NEC patients33. A second model, which 
has also produced intestinal damage analogous to human NEC patients, utilizes a disruption of Paneth cells, 
followed by enteral gavage feeding of bacteria of 14 day old mice34. Both of these models offer additional insights 
into mechanistic pathways of how the immature intestinal tract can be injured, and strongly support the new 
theory that NEC may be the final common pathway of multiple initiating events.

The model we created not only aimed to optimize pre-existing NEC models and NEC manifestation rates, but 
also focused on inflammation of the intestine, rather than hypoxia and reperfusion injury, by altering neutro-
phil concentrations and, thus, the inflammation cascade. Alteration of neutrophil concentrations was obtained 
through G-CSF application, which is a cytokine shown to directly target neutrophil biology by (1) increasing the 
number of circulating neutrophils, (2) augmenting neutrophils’ responsiveness to endotoxin and cytokines, and 
(3) priming neutrophil effector function35. In fact, recombinant human G-CSF, an FDA approved drug, is fre-
quently used to prevent and treat neutropenia in oncological patients36. However, in line with neutrophils’ role as 
first line responders to pathogens, administration of G-CSF does not seem to improve outcomes in adult patients 
with sepsis. This has been demonstrated from multiple randomized controlled trials37. Opposing these findings 
is the observation that neonates have differently, as studies have found that G-CSF administration improved sur-
vival in neonatal patients diagnosed with sepsis in combination with neutropenia38.

With respect to NEC development and neutrophils, our study suggests that neutrophils play an important role 
in the pathogenesis, however, their function remains unclear. A 2011 study conducted by Emami et al. describes 
a NEC induction model involving oral feeding of Cronobacter sakazakii. Their results demonstrated a depletion 
of both neutrophils and macrophages in the intestinal lamina propria, which caused an increased production of 
pro-inflammatory cytokines and enterocyte apoptosis, thereby exacerbating the disease39. This suggests that both 
macrophages and neutrophils play an important role in early infection and their absence intensifies the inflamma-
tory response observed in NEC. Thus, in line with the above findings, Kocherlakota et al. administered G-CSF to 
neonates with diagnostically verified NEC. However, instead of an improvement of symptoms, the outcomes were 
more adverse and the mortality rate elevated40. These outcomes are congruent with our results, in that animals 
that received G-CSF had a much higher NEC manifestation rate with increased intestinal damage, neutrophil 
activation, and NETs formation. What is more, animals without functioning neutrophil elastase (ELANE-KO) 
were almost completely protected from NEC, which may indicate that NEC is indeed the result of hyperinflam-
mation of the immature intestine41.

Contradicting our findings, however, is the fact that diagnosed neutropenia in neonates with NEC is asso-
ciated with adverse outcomes42. A possible explanation for these conflicting findings could be that neutropenia 
is not the precursor of NEC, but rather a consequence, due to depletion of the circulating neutrophil pool after 
emigration into the intestines and peritoneum42. Making the assessment of neutrophils’ role in NEC even more 
complicated is that prematurely born neonates express a broader range of neutrophil levels in comparison to term 
born neonates. In a study conducted by Schmutz et al. reference ranges for absolute neutrophil counts (ANC), 
using a large data set of 30,354 complete blood counts from neonates born between 23–42 weeks’ gestation, were 
compiled. Their results showed that in the interval between 72 and 240 hours after birth, the ANC ranged between 
2700–13,000/μL (5th–95th percentile) for infants >36 weeks’ gestation, and 1300–15,300/μL at <28 weeks’ gesta-
tion43. In light of these findings, an assessment of neutrophil counts prior to the onset of NEC in neonates would 
help distinguish their role in NEC development.

Even though our findings are promising, the current study has some limitations that merit discussion. First, 
the genetic background of the ELANE-KO mice is slightly different from all other animals: A 32 single nucleotide 
polymorphism panel analysis, with 27 markers covering all 19 chromosomes and the X chromosome, as well as 
5 markers that distinguish between the C57BL/6 J and C57BL/6 N sub-strains, was performed on the rederived 
living colony at the Jackson Laboratory repository. While all 27 markers throughout the genome suggested a 
C57BL/6 genetic background, at least 2 of 5 markers that determine C57BL/6 J from C57BL/6 N were found to be 
segregating. This may have influenced our results and impacted NEC manifestation. Second, the administration 
of tramadol may have influenced our results, as tramadol not only has antinociceptive, but also anti-inflammatory 
effects44. However, within our study the medication was used in all groups and should have affected all animals 
similarly, provided that they were able to drink from their mothers. In future studies involving inflammatory 
pathways, another method of pain management should be considered.

In conclusion, it is unknown whether lower or higher neutrophil levels increase the risk of NEC onset and 
development to date. An answer to this question would significantly change NEC diagnosis and management, as 
well as consequent survival and disability of NEC patients. Shedding light on NEC pathogenesis are our results 
suggesting that increased activation and total number of ANC is associated with a higher risk of NEC develop-
ment, which is also in line with Kocherlakota et al.’s findings, that adverse outcomes are increased in neonates with 
NEC after G-CSF treatment40. However, as there is a vast range of research findings with regards to neutrophils and 
NEC, further studies are necessary to validate our findings and fully understand the role of neutrophils in NEC.

With respect to our modified animal NEC model, our results suggest that in mice undergoing a NEC induc-
tion paradigm, an elevation of neutrophil levels and their consequent activation to levels observed in neonatal 
humans, improved disease manifestation. Even more, histological changes, observed in G-CSF treated NEC mice, 
were near identical to those seen in human NEC patients, making G-CSF administration a good addition to 
already existing NEC models. Future studies should be conducted in order to validate and improve this murine 
NEC model, by i.e. making use of permanent overactivation of G-CSF through hydrodynamic gene delivery, and 
therefore replacing the need for daily subcutaneous G-CSF administration.

https://doi.org/10.1038/s41598-020-65120-y


8Scientific Reports |         (2020) 10:8049  | https://doi.org/10.1038/s41598-020-65120-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Received: 10 December 2019; Accepted: 28 April 2020;
Published: xx xx xxxx

References
	 1.	 Yee, W. H. et al. Incidence and timing of presentation of necrotizing enterocolitis in preterm infants. Pediatrics 129, e298–304, 

https://doi.org/10.1542/peds.2011-2022 (2012).
	 2.	 Ahle, M., Drott, P. & Andersson, R. E. Epidemiology and trends of necrotizing enterocolitis in Sweden: 1987–2009. Pediatrics 132, 

e443–451, https://doi.org/10.1542/peds.2012-3847 (2013).
	 3.	 Patel, R. M. et al. Causes and timing of death in extremely premature infants from 2000 through 2011. N. Engl. J. Med. 372, 331–340, 

https://doi.org/10.1056/NEJMoa1403489 (2015).
	 4.	 Blakely, M. L. et al. Postoperative outcomes of extremely low birth-weight infants with necrotizing enterocolitis or isolated intestinal 

perforation: a prospective cohort study by the NICHD Neonatal Research Network. Ann. Surg. 241, 984–989; discussion 989–994 
(2005).

	 5.	 Neu, J. & Walker, W. A. Necrotizing enterocolitis. N. Engl. J. Med. 364, 255–264, https://doi.org/10.1056/NEJMra1005408 (2011).
	 6.	 Mouse Genome Sequencing, C. et al. Initial sequencing and comparative analysis of the mouse genome. Nature 420, 520–562, 

https://doi.org/10.1038/nature01262 (2002).
	 7.	 Jilling, T. et al. The roles of bacteria and TLR4 in rat and murine models of necrotizing enterocolitis. J. Immunol. 177, 3273–3282 

(2006).
	 8.	 Ginzel, M. et al. Dextran sodium sulfate (DSS) induces necrotizing enterocolitis-like lesions in neonatal mice. PLoS One 12, 

e0182732, https://doi.org/10.1371/journal.pone.0182732 (2017).
	 9.	 Vincent, D. et al. NEC is likely a NETs dependent process and markers of NETosis are predictive of NEC in mice and humans. Sci. 

Rep. 8, 12612, https://doi.org/10.1038/s41598-018-31087-0 (2018).
	10.	 Cohen, J. et al. Sepsis: a roadmap for future research. Lancet Infect. Dis. 15, 581–614, https://doi.org/10.1016/S1473-3099(15)70112-X 

(2015).
	11.	 Mestas, J. & Hughes, C. C. Of mice and not men: differences between mouse and human immunology. J. Immunol. 172, 2731–2738 

(2004).
	12.	 Tanner, S. M. et al. Pathogenesis of necrotizing enterocolitis: modeling the innate immune response. Am. J. Pathol. 185, 4–16, https://

doi.org/10.1016/j.ajpath.2014.08.028 (2015).
	13.	 Klinke, M. et al. Degradation of Extracellular DNA Significantly Ameliorates Necrotizing Enterocolitis Severity in Mice. J. Surg. Res. 

235, 513–520, https://doi.org/10.1016/j.jss.2018.10.041 (2019).
	14.	 Marcos, V. et al. Delayed but functional neutrophil extracellular trap formation in neonates. Blood 114, 4908–4911; author reply 

4911–4902, https://doi.org/10.1182/blood-2009-09-242388 (2009).
	15.	 Caudrillier, A. et al. Platelets induce neutrophil extracellular traps in transfusion-related acute lung injury. J. Clin. Invest. 122, 

2661–2671, https://doi.org/10.1172/JCI61303 (2012).
	16.	 Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat. Med. 13, 463–469, 

https://doi.org/10.1038/nm1565 (2007).
	17.	 MacQueen, B. C. et al. Elevated fecal calprotectin levels during necrotizing enterocolitis are associated with activated neutrophils 

extruding neutrophil extracellular traps. J. Perinatol. 36, 862–869, https://doi.org/10.1038/jp.2016.105 (2016).
	18.	 Boettcher, M. et al. Modulation of Thrombosis Significantly Reduces Testicular Damage after Testicular Torsion in Rats: Anti-

Thrombotic Treatment and Testicular Torsion. Urology 88(227), e221–227, https://doi.org/10.1016/j.urology.2015.11.004 (2016).
	19.	 Boettcher, M. et al. Degradation of Extracellular DNA by DNase1 Significantly Reduces Testicular Damage After Testicular Torsion 

in Rats. Urology 109, 223 e221–223 e227, https://doi.org/10.1016/j.urology.2017.07.031 (2017).
	20.	 Boettcher, M. et al. Therapeutic targeting of extracellular DNA improves the outcome of intestinal ischemic reperfusion injury in 

neonatal rats. Sci. Rep. 7, 15377, https://doi.org/10.1038/s41598-017-15807-6 (2017).
	21.	 Jimenez-Alcazar, M. et al. Host DNases prevent vascular occlusion by neutrophil extracellular traps. Science 358, 1202–1206, https://

doi.org/10.1126/science.aam8897 (2017).
	22.	 Giuliani, S. et al. Coagulation Gene Expression Profiling in Infants With Necrotizing Enterocolitis. J. Pediatr. Gastroenterol. Nutr. 63, 

e169–e175, https://doi.org/10.1097/MPG.0000000000001215 (2016).
	23.	 Petit, I. et al. G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and up-regulating CXCR4. Nat. Immunol. 3, 

687–694, https://doi.org/10.1038/ni813 (2002).
	24.	 Zani, A. et al. A spectrum of intestinal injury models in neonatal mice. Pediatr. Surg. Int. 32, 65–70, https://doi.org/10.1007/s00383-

015-3813-x (2016).
	25.	 Horwitz, M. S., Corey, S. J., Grimes, H. L. & Tidwell, T. ELANE mutations in cyclic and severe congenital neutropenia: genetics and 

pathophysiology. Hematol. Oncol. Clin. North Am. 27, 19–41, vii, https://doi.org/10.1016/j.hoc.2012.10.004 (2013).
	26.	 Semerad, C. L., Liu, F., Gregory, A. D., Stumpf, K. & Link, D. C. G-CSF is an essential regulator of neutrophil trafficking from the 

bone marrow to the blood. Immunity 17, 413–423 (2002).
	27.	 Bussolino, F. et al. Granulocyte- and granulocyte-macrophage-colony stimulating factors induce human endothelial cells to migrate 

and proliferate. Nature 337, 471–473, https://doi.org/10.1038/337471a0 (1989).
	28.	 Ilett, K. F. et al. Use of a sparse sampling study design to assess transfer of tramadol and its O-desmethyl metabolite into transitional 

breast milk. Br. J. Clin. Pharmacol. 65, 661–666, https://doi.org/10.1111/j.1365-2125.2008.03117.x (2008).
	29.	 Caplan, M. S., Hedlund, E., Adler, L. & Hsueh, W. Role of asphyxia and feeding in a neonatal rat model of necrotizing enterocolitis. 

Pediatr. Pathol. 14, 1017–1028, https://doi.org/10.3109/15513819409037698 (1994).
	30.	 Metzler, K. D., Goosmann, C., Lubojemska, A., Zychlinsky, A. & Papayannopoulos, V. A myeloperoxidase-containing complex 

regulates neutrophil elastase release and actin dynamics during NETosis. Cell Rep. 8, 883–896, https://doi.org/10.1016/j.
celrep.2014.06.044 (2014).

	31.	 Klinke, M. et al. Degrad. Extracell. DNA Significantly Ameliorates NEC Severity Mice Extracell. DNA NEC. 235, 513–520 (2019).
	32.	 Sodhi, C., Richardson, W., Gribar, S. & Hackam, D. J. The development of animal models for the study of necrotizing enterocolitis. 

Dis. Model. Mech. 1, 94–98, https://doi.org/10.1242/dmm.000315 (2008).
	33.	 MohanKumar, K. et al. Trinitrobenzene sulfonic acid-induced intestinal injury in neonatal mice activates transcriptional networks 

similar to those seen in human necrotizing enterocolitis. Pediatr. Res. 81, 99–112, https://doi.org/10.1038/pr.2016.189 (2017).
	34.	 White, J. R., Gong, H., Pope, B., Schlievert, P. & McElroy, S. J. Paneth-cell-disruption-induced necrotizing enterocolitis in mice 

requires live bacteria and occurs independently of TLR4 signaling. Dis. Model. Mech. 10, 727–736, https://doi.org/10.1242/
dmm.028589 (2017).

	35.	 Flohe, S. et al. Influence of granulocyte-macrophage colony-stimulating factor (GM-CSF) on whole blood endotoxin responsiveness 
following trauma, cardiopulmonary bypass, and severe sepsis. Shock 12, 17–24, https://doi.org/10.1097/00024382-199907000-00003 
(1999).

	36.	 Hartmann, L. C. et al. Granulocyte colony-stimulating factor in severe chemotherapy-induced afebrile neutropenia. N. Engl. J. Med. 
336, 1776–1780, https://doi.org/10.1056/NEJM199706193362502 (1997).

	37.	 Bo, L., Wang, F., Zhu, J., Li, J. & Deng, X. Granulocyte-colony stimulating factor (G-CSF) and granulocyte-macrophage colony 
stimulating factor (GM-CSF) for sepsis: a meta-analysis. Crit. Care 15, R58, https://doi.org/10.1186/cc10031 (2011).

https://doi.org/10.1038/s41598-020-65120-y
https://doi.org/10.1542/peds.2011-2022
https://doi.org/10.1542/peds.2012-3847
https://doi.org/10.1056/NEJMoa1403489
https://doi.org/10.1056/NEJMra1005408
https://doi.org/10.1038/nature01262
https://doi.org/10.1371/journal.pone.0182732
https://doi.org/10.1038/s41598-018-31087-0
https://doi.org/10.1016/S1473-3099(15)70112-X
https://doi.org/10.1016/j.ajpath.2014.08.028
https://doi.org/10.1016/j.ajpath.2014.08.028
https://doi.org/10.1016/j.jss.2018.10.041
https://doi.org/10.1182/blood-2009-09-242388
https://doi.org/10.1172/JCI61303
https://doi.org/10.1038/nm1565
https://doi.org/10.1038/jp.2016.105
https://doi.org/10.1016/j.urology.2015.11.004
https://doi.org/10.1016/j.urology.2017.07.031
https://doi.org/10.1038/s41598-017-15807-6
https://doi.org/10.1126/science.aam8897
https://doi.org/10.1126/science.aam8897
https://doi.org/10.1097/MPG.0000000000001215
https://doi.org/10.1038/ni813
https://doi.org/10.1007/s00383-015-3813-x
https://doi.org/10.1007/s00383-015-3813-x
https://doi.org/10.1016/j.hoc.2012.10.004
https://doi.org/10.1038/337471a0
https://doi.org/10.1111/j.1365-2125.2008.03117.x
https://doi.org/10.3109/15513819409037698
https://doi.org/10.1016/j.celrep.2014.06.044
https://doi.org/10.1016/j.celrep.2014.06.044
https://doi.org/10.1242/dmm.000315
https://doi.org/10.1038/pr.2016.189
https://doi.org/10.1242/dmm.028589
https://doi.org/10.1242/dmm.028589
https://doi.org/10.1097/00024382-199907000-00003
https://doi.org/10.1056/NEJM199706193362502
https://doi.org/10.1186/cc10031


9Scientific Reports |         (2020) 10:8049  | https://doi.org/10.1038/s41598-020-65120-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	38.	 Nayeri, F. et al. Comparison of two regimens of RhG-CSF in neutropenic neonatal septicemia: a randomized clinical trial. Acta Med. 
Iran. 49, 575–578 (2011).

	39.	 Emami, C. N., Mittal, R., Wang, L., Ford, H. R. & Prasadarao, N. V. Role of neutrophils and macrophages in the pathogenesis of 
necrotizing enterocolitis caused by Cronobacter sakazakii. J. Surg. Res. 172, 18–28, https://doi.org/10.1016/j.jss.2011.04.019 (2012).

	40.	 Kocherlakota, P., Narayana, S. K., Blau, J. & La Gamma, E. F. J. Jo. P. I. D. White Blood Cell Changes Treat. a Combination Recombinant 
Hum. Granulocyte Colony Stimulating Factor. Intravenous Immunoglobul Necrotizing Enterocolitis. 12, 184–192 (2017).

	41.	 Lim, J. C., Golden, J. M. & Ford, H. R. Pathogenesis of neonatal necrotizing enterocolitis. Pediatric Surg. Int. 31, 509–518 (2015).
	42.	 Ragazzi, S., Pierro, A., Peters, M., Fasoli, L. & Eaton, S. Early full blood count and severity of disease in neonates with necrotizing 

enterocolitis. Pediatr. Surg. Int. 19, 376–379, https://doi.org/10.1007/s00383-003-1014-5 (2003).
	43.	 Schmutz, N., Henry, E., Jopling, J. & Christensen, R. D. Expected ranges for blood neutrophil concentrations of neonates: the 

Manroe and Mouzinho charts revisited. J. Perinatol. 28, 275–281, https://doi.org/10.1038/sj.jp.7211916 (2008).
	44.	 Lamana, S. M. S. et al. The anti-inflammatory effect of tramadol in the temporomandibular joint of rats. Eur. J. Pharmacol. 807, 

82–90, https://doi.org/10.1016/j.ejphar.2017.04.012 (2017).

Author contributions
Michaela Klinke: Dr. Klinke acquired the data, drafted the initial manuscript, and approved the final manuscript 
as submitted. Deirdre Vincent: Ms. Vincent acquired the data, drafted the initial manuscript, and approved 
the final manuscript as submitted. Magdalena Trochimiuk: Ms. Trochimiuk acquired the data, and approved 
the final manuscript as submitted. Birgit Appl: Ms. Appl acquired the data, and approved the final manuscript 
as submitted. Bastian Tiemann: Dr. Tiemann conceptualized and designed the study, and approved the final 
manuscript as submitted. Konrad Reinshagen: Prof. Reinshagen conceptualized and designed the study, and 
approved the final manuscript as submitted. Laia Pagerols Raluy: Dr. Pagerols Raluy acquired the data, drafted 
the initial manuscript, and approved the final manuscript as submitted. Michael Boettcher: Dr. Boettcher 
conceptualized and designed the study, acquired the data, performed statistics, drafted the initial manuscript, and 
approved the final manuscript as submitted. All authors approved the final manuscript as submitted and agree to 
be accountable for all aspects of the work.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.B.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-65120-y
https://doi.org/10.1016/j.jss.2011.04.019
https://doi.org/10.1007/s00383-003-1014-5
https://doi.org/10.1038/sj.jp.7211916
https://doi.org/10.1016/j.ejphar.2017.04.012
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Development of an improved murine model of necrotizing enterocolitis shows the importance of neutrophils in NEC pathogenesi ...
	Methods

	Study design. 
	Animal procedures. 
	NEC Induction paradigm. 

	Sample collection and storage. 
	Blood. 

	Intestinal tissue. 
	Tissue preparation and evaluation. 
	Extracellular DNA. 

	Histological analysis. 
	Hematoxylin and Eosin (H&E). 
	Lymphocyte Antigen 6 Complex Locus G6D (Ly6G) Staining. 
	Immunofluorescence staining. 
	Statistics. 

	Results

	Neutrophil levels. 
	Survival and NEC manifestation. 
	Inflammation. 

	Discussion

	Figure 1 Experimental design and treatment strategy.
	Figure 2 Neutrophilia by G-CSF administration increases NEC manifestation.
	Figure 3 G-CSF administration increases intestinal neutrophil count, activation, and NETs formation.




