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Abstract

Background: We have shown previously that a decreased high frequency spectrum of heart rate
variability (HF-HRV), indicative of reduced vagal tone, shows promise in predicting neonates
likely to develop necrotizing enterocolitis (NEC) before its clinical onset. We hypothesized that
NEC induction in rat pups decreases HF-HRV power; subdiaphragmatic vagotomy worsens the
severity of the NEC phenotype, increases levels of pro-inflammatory cytokines, and alters the
myenteric phenotype.

Methods: Newborn Sprague-Dawley rats, representative of preterm human neonates, were
subjected to 7-8 days of brief periods of cold stress and hypoxia to induce NEC with or without
unilateral subdiaphragmatic vagotomy. HRV was measured at postnatal days one and five, pups
were sacrificed at day 8/9, gastrointestinal tissues and blood were collected for
immunohistochemical, corticosterone, and cytokine analysis.

Key Results: Compared to control, NEC-induced rats showed: i) typical histological signs of
grade 2 NEC, which were more severe in rats that underwent vagotomy; ii) reduced developmental
increases in time (RMSSD) and frequency (HF) HRV spectra when combined with the stress of
laparotomy/vagotomy; iii) increases in nitric oxide synthase-immunoreactivity in the myenteric
plexus of jejunum and ileum; furthermore, compared to mild NEC and controls, vagotomized NEC
rats had increased plasma values of pro-inflammatory cytokines IL-1f and IL-6.

Conclusions & Inferences: Our data suggest that in rodents, similar to neonatal observations,
NEC induction attenuated developmental HF-HRV increases, furthermore, subdiaphragmatic
vagotomy worsened the histological severity, increased pro-inflammatory cytokines, and altered
the nitrergic myenteric phenotype, suggesting a role of the vagus in the development of NEC
pathology.
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In the United States ~10% of neonates are born at a gestational age less than 37 weeks?, of
these neonates, those born at a very-low birth weight (VLBW, <1,5009) are at an increased
risk for morbidities, including necrotizing enterocolitis (NEC). Approximately 5-12% of
VLBW neonates develop NEC, with a higher incidence in more crowded and stressful
neonatal intensive care units (NICU), and approximately 30% of these patients will not
surviveZ 5,

In rodent models, histological NEC is characterized by damage to the intestinal wall ranging
from mild mucosal injury in the early phases of the disease (grade 1-2), to pneumatosis
intestinalis, submucosal hemorrhage, and perforation as the disease progresses to fulminant
NEC with intestinal necrosis (grade 3-4). In humans, risk factors for NEC include preterm
birth, VLBW, formula feeding, mechanical ventilation, and infections such as
chorioamnionitis®8. The subtle and often fast onset of NEC mandates the development of
minimally invasive predictive methods to identify neonates at risk before they develop
clinical NEC8:8.9, Likewise, it is necessary to develop animal models that mimic the early
stages of NEC when such predictive tests would allow the development of disease-
modifying treatments or preventative therapies to be employed.

The high-frequency (HF) spectrum of heart rate variability (HRV) is a non-invasive way to
measure vagal tone indirectly in neonates, and previous studies have identified HRV as a
marker for fetal and neonatal well being'9-13. HRV measures can be calculated based on
electrocardiogram (ECG) recordings, using a fast Fourier transformation of inter-beat-
interval (1BI) values for both time- and frequency-domain analysis'1:1214-18 |n time-
domain analysis, the difference between sequential IBI values and root-mean-square of
successive differences (RMSSD) represent vagal tone, similarly, the HF power spectrum in
frequency-domain analysis assesses indirectly vagal parasympathetic outflow, which
modulates the functions of the upper gastrointestinal (Gl) tract from the lower esophagus to
the transverse colon through the dorsal motor nucleus of the vagus

(DMV)11.12.14-19 Conversely, the low frequency (LF) spectrum of HRV frequency-domain
analysis represents a mix of sympathetic and parasympathetic outflow1:12.14-18

Initial clinical observations reported altered heart rate characteristics and variability in
fetuses and premature infants with chorioamnionitis or NEC20-22, Since then, our group has
shown that preterm neonates, who later develop NEC, display a diminished HF-HRV power
prior to the onset of clinical signs, as compared to healthy controls that display significantly
higher HF-HRV power throughout the studyl0. Therefore, we proposed that a decrease in
HF-HRV power is a promising method to predict which neonate is at risk of developing
NEC. Such predictive tests, however, have not been assessed in a preclinical rodent model in
the laboratory setting.

The aims of the present study were to test the hypotheses that an attenuated, established
NEC induction model will i) decrease HF-HRV power, ii) alter selectively the myenteric
neurochemical phenotype of the distal small intestine; that pups with attenuated NEC and
subdiaphragmatic vagotomy will show iii) worsened severity of the histopathological NEC
phenotype, and iv) increased levels of systemic plasma pro-inflammatory cytokines.
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MATERIALS AND METHODS

Ten pregnant (embryonic day 13) Sprague-Dawley dams were housed in an AAALAC
accredited Animal Care Facility maintained at 24°C on a 12:12 hour light:dark cycle with
food and water provided ad libitum. Upon birth, pups were randomly separated into the
following groups: i) control; ii) control+sham vagotomy; iii) control+vagotomy; iv) mild
NEC (i.e. grade 2 or lower); v) mild NEC+sham vagotomy; vi) mild NEC+vagotomy; and,
vii) full NEC (i.e. grade 3 or higher). Previous studies relating human development,
particularly neural development, have shown that rats at postnatal day 12/13 represent a term
human neonate; therefore newborn rat pups are an excellent model for the study of preterm
neonates23-25,

All procedures outlined below were performed using aseptic techniques and were conducted
in accordance with NIH guidelines, with the approval of the Penn State University College
of Medicine Institutional Animal Care and Use Committee, and according to the journal
policies and regulations on animal experimentation.

NEC Induction and Surgery

Starting at postnatal day (P) 2, pups in the mild NEC groups were exposed to hypoxia
(breathing 92/8% N,/O, for 10 min) and cold stress (4°C for 10 min) twice daily”-2627 an
accepted model, albeit not without controversy28. Pups in both control+vagotomy and mild
NEC-+vagotomy groups underwent a subdiaphragmatic unilateral vagotomy?2® prior to the
first exposure to hypoxia and cold stress, on P1. Briefly, pups were anesthetized with
isofluorane (3% in air; Vedco, Saint Joseph, MO, USA), and an abdominal laparotomy was
performed to expose the anterior subdiaphragmatic vagus nerve along the esophagus. Using
microscopic guidance, the anterior gastric branch was identified and sectioned, and the
incision was closed with 8-0 thread before pups were allowed to recover in an incubator at
37.5° C. At P5 pups were injected intraperitoneally with 100pl Fluorogold® (0.5mg ml~1 in
sterile saline; Fluorochrome, Denver, CO, USA) to label Gl-projecting DMV neurons and, at
the end of the experiment, confirm the efficacy of vagotomy using brainstem slices with a
Nikon E-400 microscope equipped with ultraviolet filters (Nikon, Tokyo, Japan). Pups with
an incomplete anterior subdiaphragmatic vagotomy were transferred to the sham group a
posteriori. Control+sham and mild NEC+sham pups received an abdominal laparotomy and
gastro-esophageal manipulation prior to the first exposure to hypoxia and cold stress, but the
subdiaphragmatic vagus nerve was left untouched. See Figure 1 for a schematic showing the
experimental design.

To induce full NEC, pups were separated from dam at time of birth, prior to suckling. Pups

were maintained individually in an Ohio® IC Incubator at 37.5°C (Ohio®Medical, Gurnee,
IL, USA), underwent asphyxia and cold stress twice daily, and received 100ul of hypertonic
formula feeding (0.2g Similac®PM, Abbott, Chicago, IL, USA, mixed with 0.19g Esbilac,

PetAg, Hampshire, IL, USA, in ImL warm water) every 3—4 hours for the first 48 hours of

life, then every 6 hours until death.
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Heart rate variability measures

Pups were weighed daily between 8-9 a.m. Five-ten minutes recordings with a bilateral two
lead electrocardiogram (ECG; sampling rate 1000Hz) were taken at P1, i.e. baseline values
before disease induction, and at P5 to quantify HRV changes that may be occurring during
the early phases of NEC. All ECG recordings were performed at a standardized time, i.e.
after early morning nursing between 6-9 a.m., in all but full NEC groups due to the fact that
at the same time points NEC rats had already undergone ~12 hours of maternal separation
and could not be compared with other groups. Each HF-HRV power data point was the
average of at least four 60s non-overlapping segments conducted during a 5-10min-long
recording acquired with Axoscope® 10.3 software (Molecular Devices, Sunnyvale, CA,
USA) and imported into MiniAnalysis® 6.0.7 (Synaptosoft, Fort Lee, NJ, USA), to isolate
the peak of each R wave during the ECG recordings. The IBI difference values were then
analyzed using HRV Analysis Software (HRVAS, available at https://github.com/jramshur/
HRVAS) in preselected 60s-long segments containing minimal noise and movement3.
Based on data in literature, the HF bandwidth was set at 1-3Hz31:32, RMSSD was calculated
with the following formula:

N1
(R=R; - k=)

RMSSD = i=1

N-1

Where R is the time of the peak of the R wave and N is the total number of R waves
measured in each tracel?.

Histology and Immunohistochemistry

At P8/9, pups were anesthetized with isoflurane (3% in air; Vedco Inc., St. Joseph, MO), a
cardiac puncture was performed to obtain 200ul blood, then pups were perfused with saline
followed by 4% paraformaldehyde (PFA) in phosphate buffer (PBS), and the entire GI tract
was extracted.

Samples of the gastric corpus and fundus, duodenum, jejunum, and ileum were fixed in 10%
neutral-buffered formalin for 24 hours before being processed using a Shandon Citadel 1000
(Thermo Fisher Scientific, Waltham, MA, USA). After processing, samples were embedded
in paraffin and sliced into 6um-thick sections. Samples were then de-paraffinized and
rehydrated, stained with hematoxylin-eosin, dehydrated, and covered with Cytoseal ™60
(Thermo Fisher Scientific). An observer blinded to groups scored tissues for histological
NEC severity based on the presence of i) intact morphology (Grade 0, control), ii) sloughing
of epithelial cells at the tips of the villi (Grade 1, mild NEC), iii) mid-villous necrosis
(Grade 2, NEC), iv) loss of villi or complete villous necrosis (Grade 3, NEC), and v)
complete destruction of the mucosa, transmural necrosis, and pneumatosis intestinalis
(Grade 4, NEC)33,

The remaining portions of the extracted Gl tract, including the gastric corpus and fundus,
duodenum, jejunum, and ileum, were stretched with dissection pins on a wax-covered petri
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dish, and fixed with 4% PFA in PBS for 12—24 hours, then longitudinal muscle-myenteric
plexus preparations were dissected and reacted for immunohistochemistry of the myenteric
plexus, as described previously34. Briefly, tissue samples were rinsed in PBS and Tris-
buffered PBS (TPBS) containing 0.3% Triton X-100 (Millipore, Burlington, MA, USA) and
0.05% thimerosal (Sigma-Aldrich, St. Louis, MO, USA), blocked with 10% normal horse
serum (NHS; Thermo Fisher Scientific), then incubated for four-five days at room
temperature on a shaker with rabbit a-protein gene product 9.5 (1:500; PGP; Millipore) and
either goat a.-neuronal nitric oxide synthase (1:1,000; nNOS; Abcam, Cambridge, United
Kingdom) or goat a-choline acetyl transferase (1:200; ChAT; Millipore) to quantify the
proportion of postganglionic myenteric neurons of the non-adrenergic non-cholinergic or the
cholinergic pathway, respectively. Samples were then rinsed and incubated overnight with
the following secondary antibodies: Alexa Fluor 488 donkey a-goat (1:1000; Life
Technologies, Eugene, OR, USA) and Alexa Fluor 568 donkey a-rabbit (1:1000; Life
Technologies).

Immunofluorescent images were captured with an Olympus Fluoview FVV1000 confocal
laser-scanning microscope with the FV10-ASV 4.2 viewer software (Olympus, Shinjuku,
Tokyo, Japan). The FV10-ASV 4.2 viewer software was also used to count the number of
cells stained positive for NNOS, ChAT, and PGP. PGP was used in all samples to quantify
the total number of cells; a minimum of 100 PGP-positive neurons was counted in each
sample to obtain the percentage of ChAT or nNOS positive myenteric neurons.

Corticosterone and Cytokine Quantification

At sacrifice, blood was collected via cardiac puncture immediately (within 3 minutes) after
the animal was anesthetized with isoflurane, and stored in a Microtainer™ (BD, Franklin
Lakes, NJ, USA) with EDTA at —20°C. Before analysis, blood was briefly allowed to thaw
on ice before being separated using a Centrifuge 5417R (11900rpm, 4°C, 10 minutes;
Eppendorf, Hamburg, Germany) prior to plasma corticosterone and cytokine analysis.

Fifty-five plasma samples were run in duplicate using the Enzo Corticosterone ELISA Kit
(Farmingdale, N, USA) according to manufacturer instructions at 1:40 dilution (sensitivity
reported as 26.99 pg ml~1). The optical density (405nm) of the samples was measured using
a Spectramax Gemini plate reader (Molecular Devices, Sunnyvale, CA, USA) interfaced
with Softmax® Pro 6.3.1 software (Molecular Devices). The calibrator concentration curve
was calculated using an online freely-available immunoassay software package utilizing a 4
parameter logistic curve fitting program (https://www.myassays.com), and unknown
concentrations were determined via interpolation.

To quantify plasma levels of IFN-vy, IL-1p, IL-6, IL-10, and TNF-a, 53 samples were
assayed in duplicate using the MSD® V-Plex Custom Pro-inflammatory Panel 2 (Rat) kit
(Meso Scale Discovery®, Rockville, MD, USA) according to manufacturer specifications at
1:32 dilution. The lower and upper limits of quantification were (in pg mI~1) 39.7-3,750 for
IFN-vy, 102-8,100 for IL-1p, 96.9-8,550 for IL-6, 163-15,700 for IL-10, and 9.10-793 for
TNF-a. Assays were read using a MESO QuickPlex SQ 120 and analyzed using
DISCOVERY WORKBENCH 4.0 (Meso Scale Discovery®).
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Statistical Analysis

RESULTS

All data were analyzed using SPSS version 24 (IBM Corporation, Armonk, NY). For HRV
data, within-group between-time point data were analyzed using repeated-measures
ANOVA. Between groups differences at the same time point were analyzed using one-way
ANOVA followed by a post-hoc Bonferroni Procedure. All other between group data,
including blood assays and immunohistochemistry, were analyzed using one-way ANOVAsS,
to compare groups in the same tissue type or cytokine. Significance was set at p<0.05.

Vagotomy increases the histological score of NEC severity.

Gross anatomy and histology of specimens from the duodenum, jejunum, and ileum of the
different groups showed undamaged villi in control (n=12 pups), control+sham (n=10 pups)
and control+vagotomy (n=6) groups, sloughing of epithelial cells at the tips of the villi in
mild NEC (n=16 pups) and mild NEC+sham (n=9 pups) groups (grade 1 NEC). An
increased severity of NEC, including mid-villous necrosis (grade 2 NEC), was observed in
the mild NEC+vagotomy (n=11 pups) group. In 5 pups which received the full NEC
induction, the severity of NEC was increased to include the complete destruction of the
mucosa, transmural necrosis, pneumatosis intestinalis, and intramural hemorrhage (grade 4
NEC; Figure 2). The full NEC group was not included in further analysis due to the high
mortality rate of the pups, 80% died within 72 hours of birth and all died within 5 days. No
pups died as a consequence of mild NEC induction, while 33.3% of control+sham, 14%
control+vagotomy, 42% of mild NEC+sham surgery, and 50% of mild NEC+vagotomy pups
were killed by their dam after surgery.

These data indicate that vagotomy worsened the histopathological profile of pups which
received mild NEC induction, and that vagal dysfunction plays a role in the onset or
worsening of NEC.

NEC attenuates developmental HRV increases.

At P1, i.e. before the start of any NEC induction, all rats displayed similar heart rates
(p>0.05 for all groups vs control), with a significant increase in all groups at P5 (p<0.05 vs.
P1 for all groups; p>0.05 vs. control for all groups); this time point represents the early
phases of the disease process, when human neonates would be targeted for preventative care.
Data are summarized in Table 1.

At P1 similar HF-HRV power, LF-HRV power and RMSSD levels were observed in all the
groups (p>0.05 for all groups vs control). At P5, control (N=12), control+sham (N=10), and
mild NEC (N=16) pups displayed similar increases in HF-HRV power, LF-HRV power, and
RMSSD (p<0.05 vs P1 for all groups; p>0.05 vs control at P5). Conversely, no significant
increase in HF-HRV power, LF-HRV power, and RMSSD at P5 were observed in pups from
mild NEC+sham (N=9), and mild NEC+vagotomy (N=10) groups (p<0.05 vs P1 for both
groups; Figure 3). Both mild NEC+sham and mild NEC+vagotomy groups had significantly
different HF-HRV and RMSSD values as compared to controls at P5 (p<0.05 vs control P5
for both groups), but not LF-HRV (p>0.05 vs control P5 for both groups).
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These data indicate that, when combined with the stress of surgery, NEC attenuates typical
developmental increases in HF-HRV power and RMSSD in rat pups at P5.

NEC alters the neurochemical phenotype of myenteric plexus neurons in the jejunum and

ileum.

Similar levels of ChAT were observed the myenteric plexus of the corpus, fundus,
duodenum, jejunum, and ileum from all groups (p>0.05 for all groups vs. control). Data are
summarized in Table 2.

Similar levels of nNOS were observed in the myenteric plexus of the corpus, fundus and
duodenum, from all groups (p>0.05 for all groups vs. control). Conversely, in the myenteric
plexus of the jejunum and ileum, similar levels of nNOS were observed in control, control
+sham, and control+vagotomy (p>0.05 for all groups vs. control), however, there was a
significant increase of nNOS in the jejunum and ileum of mild NEC, mild NEC+sham, and
mild NEC+vagotomy groups (p<0.05 for all groups vs. control). Data are summarized in
Table 2 and Figure 4.

These data indicate that NEC alters the postganglionic nitrergic phenotype in the small
intestine, but not stomach or duodenum, of NEC rats without altering the cholinergic
myenteric phenotype.

Vagotomy in NEC pups increases pro-inflammatory cytokine levels.

At P8/9 similar levels of plasma corticosterone were observed in all groups (p>0.05 for all
groups vs control; Table 3 and Figure 5).

Similar plasma levels of IFN-vy, IL-10, and TNF-a were measured in all groups (p>0.05 for
all groups vs. control). Likewise, similar levels of IL-13 and IL-6 were also measured in
control, control+sham, control+vagotomy, mild NEC, and mild NEC+sham (p>0.05 vs.
control) groups. Conversely, elevated levels of IL-1p and IL-6 were observed in mild NEC
+vagotomy rats (p<0.05 vs. control, mild NEC, and mild NEC+sham). Data are summarized
in Table 3 and Figure 5.

These data indicate that there is a significant increase in pro-inflammatory cytokines, but not
corticosterone, in the mild NEC+vagotomy group.

DISCUSSION

In the present study we report that an attenuated, established NEC induction model in rat
pups i) induced NEC histopathological grade 1-2; ii) altered selectively the neurochemical
phenotype of myenteric ganglia in the jejunum and ileum, i.e. the areas affected by NEC
pathology; and, when combined with the stress of surgery, iii) reduced the typical
developmental increases in HF-HRV power19:35, When the attenuated NEC induction was
combined with subdiaphragmatic vagotomy, but not sham surgery, the NEC
histopathological score was further worsened to grade >2 and there were increases in plasma
levels of pro-inflammatory cytokines IL-1f and IL-6, but not corticosterone.
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Our evidence is the following. Cold stress and hypoxia are sufficient to induce low grade
(mild) NEC in newborn rats, a model for preterm human neonates?3-2%, as determined
through blinded grading of histology specimens, which showed sloughing of epithelial cells
at the tips of villi. Full NEC, including maternal separation and formula feeding in addition
to cold stress and hypoxia, resulted in a NEC grade 3—4 phenotype with a high morbidity
and 100% mortality rate by P5, instances of pneumatosis intestinalis, and transmural
necrosis in the Gl tract. In all NEC groups, including mild NEC, i.e. grade 1-2, there was a
significant increase in NNOS-, but not ChAT-, immunoreactivity in the distal small intestine.

Our data confirm previous studies that have demonstrated that cold stress and hypoxia are
sufficient to induce grade 1-2 NEC in newborn rat pups, which have been shown to be an
appropriate and accepted experimental model that reproduces the conditions observed in
preterm human neonates33:36-41_ This mild NEC induction, thus, represents the early phases
of the disease, when preventative treatments, such as tighter monitoring of the neonate,
increased kangaroo care, receiving mother’s own or banked milk, and better antibiotic
stewardship, have the most potential for reducing morbidity and mortality. As reported
previously36:37:39 pups induced with fulminant NEC, i.e. maternal separation, hypertonic
formula feeding, hypoxia, and cold stress, showed an extreme NEC phenotype with
widespread pneumatosis intestinalis, subserosal hemorrhage, extensive areas of necrosis of
the Gl tract, and 100% mortality rate. These pups were not included in the rest of the study.

These results further indicate that all NEC inductions produced an increase in NNOS
immunoreactivity in the distal small intestine, but not in the stomach or the proximal small
intestine. These data back the hypothesis that NOS plays a key role in the inflammation that
leads to intestinal epithelial cell damage observed in NEC19:40, Furthermore, our data would
suggest that one of the triggering events, or a consequence, of NEC is, among others, a
decrease in gastrointestinal motility possibly due to an increased contribution of the
inhibitory non-adrenergic non-cholinergic (NANC) pathway?®. It has to be kept in mind that,
due to technical limitations, the immunohistochemical analysis was conducted in healthy
appearing tissue; consequently, the data may be not fully reflective of the changes occurring
in damaged tissues. Notably, we did not observe any significant variation of ChAT
immunoreactivity in any of the gastrointestinal tissues tested, consistent with previous
studies that have shown alterations in NOS in other conditions, such as obesity, ischemia,
and diabetes?2-46

The present results support our previous study in human neonates that showed decreased
vagal tone, as measured through HF-HRV, as a prodromal indication of NEC risk in
neonates'®. Conversely, in the same study we reported that neonates who did not develop
NEC had a significantly higher HF-HRV power both at the start of the study (day 5-7 of
life) as well as at the time other neonates were diagnosed with NEC20. The predictive
features of HF-HRV were confirmed with the receiver operating characteristic curve, which
showed high levels of both sensitivity and specificity of HF-HRV0. This observation in
neonates, when combined with our present results, confirms HF-HRV as a promising non-
invasive predictive method to detect NEC risk before the onset of clinical signs; and supports
the predictive use of HF-HRV for both the clinical and laboratory setting in the study of
NEC.
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Our data show that mild NEC pups have a lesser, albeit significantly different from their own
baseline, increase in HF-HRV and RMSSD, which is not observed in mild NEC+sham or
mild NEC+vagotomy. Taken together with the increased HF-HRV and RMSSD observed in
control+sham, we interpret these data as suggestive that a stressor, such as sham surgery or
vagotomy, has profound effects on the already weakened NEC induced pups but does not
affect control pups. The similarities between mild NEC+sham and mild NEC+vagotomy are
likely due to a “floor” effect on the HF-HRV and RMSSD values. This argument is
strengthened by the data showing that in mild NEC pups, but not control, vagotomy worsens
both the severity of the histological grading as well as increases the levels of pro
inflammatory cytokines, IL-1p and IL-6.

Contrary to the encouraging results obtained with the use of HF-HRV, the present study
found that LF-HRV power increases in control, control+sham, and mild NEC pups, but that
mild NEC+sham and mild NEC+vagotomy rats are not significantly different from controls
at P5. This observation is in line with the not well defined nature of LF-HRV power, in fact
some studies claim that it represents the sympathetic response alone, while other studies
suggest that it is a hybrid measure of sympathetic and parasympathetic tone®”:48,
Additionally, we report that heart rate increased in all rats between postnatal days one and
five, with no significant differences between groups. This trend is consistent with previous
observations in rats at early postnatal days, pre-weanling rats typically increase their heart

rates between P1 and 10 and then show developmental decreases in the following weeks of
life#9.:50,

Here we report that subdiaphragmatic unilateral vagotomy increases histological NEC to
grade=>2. This histological observation was not likely caused by an increased level of stress
since the plasma levels of corticosterone were similar in all groups. Conversely, vagotomy
increased the levels of pro-inflammatory cytokines IL-1p and IL-6, similar to what has been
observed previously in rodent models of NEC in which the levels of pro-inflammatory
cytokines increased with greater NEC severity3641, A similar observation was seen in
clinical studies which reported increased blood levels of cytokines, such as IL-1p, IL-6,
IL-8, IL-10, and TNF-a, in neonates at advanced NEC stages, i.e. stage 3—4, according to
Bell’s Modified Staging Criteria®1-54,

The appropriateness of our model of mild NEC and vagotomy as grade=2 is supported by
the observation that we did not measure significant differences in plasma TNF-a levels
between control and NEC rats. This is consistent with previous studies showing that TNF-a
is involved in systemic inflammation, while NEC is associated with more localized changes
within the GI tract®1:52:55-59 Wk additionally found no difference in the levels of IFN-y
between groups, most likely due to the role of IFN-y in viral replication, which is not a part
of NEC etiology®2:55-80, Finally, we report no significant differences in the anti-
inflammatory cytokine IL-10 between groups, consistent with our hypothesis that NEC
affects pro-inflammatory cytokines such as IL-1p and 1L-652:53,55-59,

Overall, the present study confirms a preclinical rodent model of NEC as shown through
histopathological scoring and altered nitrergic phenotype, and that changes in vagal tone can
be detected through HF-HRV in the early phases of the disease, when combined with the
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stress of surgery. Furthermore, the addition of a subdiaphragmatic vagotomy worsens the
histopathological severity score and increases levels of pro-inflammatory cytokines IL-18
and IL-6. These results confirm that the relationship between NEC and diminished HF-HRV
seen in clinical studies can be reproduced in a rodent model. Through the induction of this
early point of the disease, we were able to confirm HF-HRV as a promising non-invasive
predictive measure to predict NEC risk before the onset of clinical signs, and we propose the
further use of HF-HRV in both the clinical and laboratory setting in the study of NEC.

In conclusion, we hypothesize that a combination of reduced vagal tone (as measured by
HF-HRV) and increased inhibitory neurotransmitters (NOS-IR) results in a decreased vagal
anti-inflammatory effect and an overall reduction of intestinal motility that may contribute to
NEC pathology.
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KEY POINTS

. Non-invasive tests predicting necrotizing enterocolitis (NEC) onset are
needed. We have shown previously the high-frequency spectrum of heart rate
variability (HF-HRV) may be such a predictive test.

. Mild NEC induction and laparotomy/vagotomy in rat pups attenuates
developmental increases in HF-HRV and increases nitrergic-immunoreactivity
in the myenteric plexus of the distal small intestine. Subdiaphragmatic
vagotomy worsens NEC histopathology and increases plasma pro-
inflammatory cytokines.

. HF-HRV shows promise as a non-invasive predictive test to assess NEC risk
in both experimental and clinical settings.
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Figure 1. Experimental design.
Schematic workflow diagram of the experimental design.
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Figure 2. Histological grading of NEC.
Representative micrographs (20x magnification) showing H&E stained sections of ileum

from control (panel A), mild NEC (B), mild NEC+vagotomy (vgtx; C), and NEC (D) pups.
Mild NEC induced sloughing of epithelial cells at the tips of the villi, while vagotomy
worsened the histopathological profile to include mid-villous necrosis. Note the subserosal
hemorrhage (arrows) in the more severe grades of NEC.

Neurogastroenterol Motil. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meister et al. Page 18

A B

5_
D 4-
wn
£ 3
2 2
(@)
o T # #
LL
T, | e o
e & &
QOQ C)OQ ,0(0 %@ bé\.'\_

O O .

[ _]P1 (Before NEC Induction)
[ BB P4/5 (After NEC Induction)

Figure 3. NEC attenuates developmental HRV increases.
Graphic summary of HF-HRV (panel A) and RMSSD (B) results showing that at postnatal

day 1 (P1), all groups have similar levels, however, only control, control+sham, and mild
NEC groups showed increased values at postnatal day 4/5 (P4/5; *p<0.05 P1 vs P4/5). Mild
NEC+sham and mild NEC+vagotomy (vgtx) values at P4/5 are significantly lower than
controls at the same time point (*p<0.05 vs Control P4/5).
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["Icontrol [l control+sham [ Mild NEC [ Mild NEC+sham [l Mild NEC+vgtx

Figure 4. NEC induction alters the neurochemical phenotype of myenteric plexus neurons in the
jejunum and ileum.
A) Representative micrographs (40x magnification) depicting myenteric ganglia of the
corpus. B) Summary graphs showing that similar levels of NNOS were observed in the
myenteric plexus of the corpus, fundus, and duodenum of all groups. C) Representative
micrographs (40x magnification) depicting myenteric ganglia of the ileum. D) Summary
graphs showing the increase in nNOS-immunoreactivity in the myenteric plexus of the
jejunum and ileum of mild NEC, mild NEC+sham, and mild NEC+vagotomy (vgtx) groups
(*p<0.05 vs control and control+sham).

Neurogastroenterol Motil. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meister et al.

20000+

15000+

10000+

pg/mL

5000+

2000

1500+

1000+

pg/mL

500

Page 20

IL-1B IL-6* Corticosterone
* 50000+ * | 5004
* | *
* 40000 400-
30000+ 3004
200004 200
10000 1004
0- 0-
IFN-y IL-10 TNF-a
6000- 2000-
1500
4000-
1000
2000+
5001
0- 0-

O control [ Control+sham [ Mild NEC [l Mild NEC+sham [l Mild NEC+vgtx

Figure 5. NEC increases pro-inflammatory cytokine levels.
Summary graphic showing the increase in plasma IL-1p and IL-6 levels in mild NEC

+vagotomy rats, indicating a significant increase in pro-inflammatory cytokines (*p<0.05 vs
control, mild NEC, and mild NEC+sham).
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Table 1.

Summary of heart variability data (data presented as mean+SEM).
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Heart Rate (beats min~?) HF-Power (ms?) LF-Power (ms?) RMSSD (ms)
P1 P4/5 P1 P4/5 P1 P4/5 P1 P4/5
Control (n=12) 301.4+6.0 350.849.8% | 0.29+0.04 | 163+0.36% | 0.10+0.03 | 0.64+0.21% | 1.15+£0.09 | 2.35+0.26
Control +sham (n=10) 256.246.4 | 323.646.7" | 0.28+0.06 | 1.36+0.35™ | 0.08+0.02 | 1.11+0.35% | 1.11+0.10 | 2.09+0.29™
Control +vagotomy (n=6) | 286.9+13.2 | 350.9+15.0™ | 0.31+0.10 2.36+1.02 0.10+0.03 1.33+0.83 1.18+0.19 2.33+0.63

Mild NEC (n=16) 296.648.6 | 341.2+5.8% | 0.29+0.04 | 0.71+0.06™ | 0.09£0.02 | 0.23+0.04% | 1.12+0.06 | 1.63+0.08™
Mild NEC +sham (n=9) | 284.7+11.1 | 350546.1% | 0.2640.02 | 3440067 | 0.05£0.01 | 0.11+0.03 | 1.18+0.08 | 110+0.08%
Mild N'%rfzz‘(;;‘gmmy 302.0£9.0 | 364.8:7.0% | 025:0.02 | 36:0.067 | 0.074001 | 0.15:006 | 1.04£0.05 | 1 1940.10%

*
p<0.05vs P1

# . .
p<0.05 vs control at same time point
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Table 3.

Summary of plasma corticosterone and cytokine level data (data presented as mean+SEM).
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Cort (pg mL™1)

Cytokine Level (pg mL™)

IL-6

IL-18

IL-10

IFN-y

TNF-a

Control

132475 (n=10)

4759+788 (n=9)

56742445 (n=10)

3463+770 (n=6)

1125+156 (n=8)

376135 (n=8)

Control +sham

19355 (n=6)

5814+770 (n=3)

5970906 (n=6)

262421009 (n=4)

1085+160 (n=4)

482+90 (n=6)

Control +vgtx

236+187 (n=3)

12422+1973 (n=3)

9142331 (n=3)

7543+3626 (n=4)

15544300 (n=4)

954456 (n=4)

Mild NEC

1852107 (n=14)

4597+846 (n=9)

52754526 (n=12)

2948+416 (n=4)

1328+118 (n=12)

352+26 (n=10)

Mild NEC +sham

134459 (n=12)

65482875 (n=12)

5871+438 (n=13)

3088217 (n=9)

1039121 (n=13)

416+33 (n=12)

Mild NEC +vgtx

307+157 (n=10)

25698+14640 ™ (n=5)

10964+3323 * (n=6)

32691619 (n=8)

1313+136 (n=8)

9894605 (n=8)

*
p<0.05 vs. control, mild NEC, and mild NEC+sham
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