1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Neurogastroenterol Motil. 2014 December ; 26(12): 1717-1729. d0i:10.1111/nmo.12452.

Gastric vagal motoneuron function is maintained following
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Abstract

Background: Clinical reports indicate that spinal cord injury (SCI) initiates profound gastric
dysfunction. Gastric reflexes involve stimulation of sensory vagal fibers, which engage brainstem
circuits that modulate efferent output back to the stomach, thereby completing the vago-vagal
reflex. Our recent studies in a rodent model of experimental high thoracic (T3-) SCI suggest that
reduced vagal afferent sensitivity to gastrointestinal (GI) stimuli may be responsible for
diminished gastric function. Nevertheless, derangements in efferent signals from the dorsal motor
nucleus of the vagus (DMV) to the stomach may also account for reduced motility.

Methods: We assessed the anatomical, neurophysiological and functional integrity of gastric-
projecting DMV neurons in T3-SCI rats using: 1) retrograde labeling of gastric-projecting DMV
neurons; 2) whole cell recordings from gastric-projecting neurons of the DMV; and, 3) in vivo
measurements of gastric contractions following unilateral microinjection of thyrotropin releasing
hormone (TRH) into the DMV.

Key Results: Immunohistochemical analysis of gastric-projecting DMV neurons demonstrated
no difference between control and T3-SCI rats. Whole cell in vitro recordings showed no
alteration in DMV membrane properties and the neuronal morphology of these same, neurobiotin-
labeled, DMV neurons were unchanged after T3-SCI with regard to cell size and dendritic
arborization. Central microinjection of TRH induced a significant facilitation of gastric
contractions in both control and T3-SClI rats and there were no significant dose-dependent
differences between groups.

Conclusions: Our data suggest that the acute, 3 day to 1 week post-SCI, dysfunction of vagally-

mediated gastric reflexes do not include derangements in the efferent DMV motoneurons.
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Spinal cord injury (SCI) imparts immediate, and long-term, changes to motor, sensory and
autonomic function. In addition to cardiovascular dysregulation 1-3, gastric dysmotility
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occurs following SCI (reviewed in #). Specifically, upper gastrointestinal (GI) dysfunction
following SCI includes impairment of gastric emptying as well as gastric and intestinal
motility.>7 Individuals with SCI also present reflux, abdominal pain, bacterial translocation,
bloating, and prolonged/delayed colonic transit.® One-third of patients with complete
quadriplegia for more than 1-year continue to experience Gl symptoms.® Based upon
previous reports, fatalities in SCI patients who initially survived the injury may partially be
caused by Gl tract complications and depressed immune responses that lead to sepsis.10-12
In brief, acute failure to regulate GI function following SCI may induce greater morbidity
and mortality through eventual bacterial overgrowth and translocation 13.14

The reflex functions of the upper gastrointestinal organs, most notably the stomach, are
modulated by medullary neurons within the dorsal vagal complex (DVC). The DVC is
comprised of the area postrema (AP), the nucleus tractus solitarius (NTS), and the dorsal
motor nucleus of the vagus (DMV) and is located at the transition from the open to closed
medulla. 15 The DVC finely regulates the coordinated delivery of nutrients to the duodenum
by integrating Gl stimuli that are conveyed through the sensory vagus 16-18, from
spinosolitary inputs 1920, as well as inputs arriving from higher CNS nuclei. 21-23
Furthermore, the DVC has been shown to possess the characteristics of a circumventricular
organ 2425 as well as active transport mechanisms for circulating cytokines. As a result, the
DVC is positioned to integrate the presence of circulating factors with neural input.
Additionally, passive permeability to blood-borne agents increases following inflammatory
and traumatic insults 28 thus rendering the DVC vulnerable to pathophysiological
conditions. For example, in animal models of inflammatory bowel disease (IBD), circulating
cytokines (IL-1pB, IL-6 and TNF-a), presumptively entering the DVC through the permeable
blood-brain barrier , initiate an apoptotic cascade resulting in an in vitro decrease in DMV
proliferation and an in vivo decrease in gastric projecting DMV neurons.2’ Furthermore,
peripheral injections of IL-1B, systemic activation of TNF- a production, and central
administration of TNF-a rapidly suppress gastric motor activity. 28-30 The presence of
circulating inflammatory cytokines, including IL-6 and IL-1 have also been reported
following experimental and clinical SCI 31:32 and may compromise DMV neuronal function
and integrity as part of a larger systemic inflammatory response. 33

Persistent gastroparesis has been reported in animal models of SCI. 3435 In particular, we
have demonstrated that rats with experimental high thoracic (T3-) SCI show a rapidly-
developing, and prolonged, delay in gastric emptying of a [13C]-labeled solid meal. 3¢ The
neurocircuitry comprising the gastric vago-vagal reflex remains anatomically intact after T3-
SCIL.While our previous report suggests that T3-SCI diminishes vagal afferent sensitivity 37,
derangements of gastric efferent signaling may play a role in post-SCI dysmotility that has
not been investigated.

The aims of the present study were to use an acute rat model of experimental SCI to
investigate 1) if experimental SCI induces rapid degeneration of gastric projecting vagal
motoneurons; 2) if the in vitro biophysical properties of DMV neurons demonstrate reduced
excitability; and 3) if in vivo gastric motility continues to respond to brainstem
microinjection of thyrotropin releasing hormone (TRH).
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Materials and Methods

All procedures followed National Institutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee at the Penn State Hershey College of
Medicine. Male Wistar rats =8 weeks of age, upon entrance into the experiment, and initially
weighing 175-200 g (Harlan, Indianapolis, IN, USA) were used and double housed in a
room maintained at 21-24°C and a 12:12-h light-dark cycle with food and water provided ad
libitum. After surgery animals were single housed, observed daily, and food and body
weight were recorded.

Surgical procedures and animal care

Rats were randomly assigned for SCI or surgical control and each group was further divided
into 3-day and 1-week post-surgical study groups. Prior to surgery, rats were anesthetized
with isoflurane (2-3%, 1 L min~1 O,) as necessary to achieve areflexia (absence of palpebral
reflex). All animals were administered ophthalmic ointment to both eyes, buprenorphine
(0.01mg kg1, s.c., Reckitt Benckiser Pharmaceuticals Inc., Richmond VA) to alleviate post-
operative pain, and antibiotics (Baytril, 2.5 mg/ml concentration at Iml kg1 s.c., Bayer,
Shawnee Mission KS) to reduce post-surgical infection prior to any surgical manipulation.36
Once a deep plane of anesthesia was achieved, the skin overlying vertebral thoracic levels
1-3 (T1-T3) was shaved and cleaned with three alternating applications of Nolvasan
(Chlorhexidine Acetate, Fort Dodge Animal Health, Fort Dodge, 1A) and ethanol. The
surgical site was incised 3-4mm along the midline and the underlying spinous processes
were cleared of all musculature. Using fine tipped rongeurs, spinal T3 was exposed via
laminectomy of the T2 spinous process which extended laterally to the T2 transverse
processes as described previously 3538, The rats were placed in the Infinite Horizon
controlled impact device (Precision Systems and Instrumentation, LLC, Lexington, KY) and
clamped via the T1 and T3 spinous processes. Once secure, a rapid 300 kDyne displacement
of the cord and overlying dura was performed. Procedures for the control animals were the
same as for spinal injury except that the spinal cord and surrounding dura mater was not
disturbed following laminectomy. Upon completing the surgical procedure, the muscle
tissue overlying the lesion site was closed in anatomical layers with Dexon 1l suture and the
skin closed with 9mm wound clips. Animals were administered warmed supplemental fluids
(5 cc lactated Ringer’s solution, s.c.) and placed in an incubation chamber maintained at 37°
C until the effects of anesthesia had subsided.

Post-operative chronic care of both injured and control animals involved placing corn cob
filled animal housing tubs on a warming unit (Gaymar T-pump, Stryker, Kalamazoo, Ml) to
maintain a warmed environment (ca. 25°C) and received subcutaneous supplemental fluids
(5-10 cc lactated Ringer’s solution) twice daily, analgesics (buprenorphine 0.01mg kg™, IP)
twice daily for 3 days and antibiotics (Baytril, 2.5 mg kg™1) twice daily for 5 days after
surgery. Bladder expression was performed at least twice daily in animals with T3-SCI until
the return of spontaneous voiding. The ventrum of control animals was inspected daily
without need for manual compression of the bladder. Due to the reduction in locomotor
capacity after T3-SCl, a reservoir of chow was placed at head level in order to facilitate ease
of access for feeding. All T3-SClI rats ingested a measureable amount each day, thereby
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confirming that access to chow was available. Bodyweight and food intake were measured
daily for all animals. Since animals were fasted overnight prior to euthanasia, only
bodyweight and food intake for day 2 (all animals) and for day 6 (those animals surviving
7-9 days) were selected for analysis. In order to normalize the raw measurements of
bodyweight and food intake across animals, mean energy intake (MEI) was calculated by
dividing the daily average of kcal consumed per 100 g of bodyweight (bw) for each 2-day
period of monitored feeding.

Neuronal tracing

To identify DMV neurons projecting to the stomach, the retrograde neuronal tracer, cholera
toxin B subunit (CTB), was injected into the muscular layers of the gastric corpus in one
subset of animals (n=18) six days prior to T3-SCI surgery. The rats were anesthetized as
above with isoflurane, the abdomen was shaved and prepared for aseptic surgery as
described above. The stomach was isolated via an abdominal laparotomy, and CTB (0.5%
solution, 5 pl total volume) was injected via a glass micropipette (50 pm diameter) in 4-6
sites so as to encompass a 5 mm? region of the anterior gastric corpus following the greater
curvature of the stomach. The incision was closed in layers using Dexon Il suture and the
skin closed with 9mm wound clips. Six days later, wound clips were removed and these
animals were randomly assigned to T3-SCI or control surgery. Nine days after T3-SCI or
control surgery, rats were euthanized for immunohistochemistry.

Histological Processing

At the conclusion of every experiment, deeply anesthetized rats were transcardially perfused
with heparinized phosphate-buffered saline (PBS) until fully exsanguinated and followed
immediately with PBS containing 4% paraformaldehyde. The brainstem and spinal cord at
the lesion level were removed and refrigerated overnight in PBS containing 20% sucrose
and 4% paraformaldehyde. For immunohistochemical processing, the entire rostrocaudal
extent of the DVVC was sectioned on a freezing stage microtome and alternating coronal
slices (40um thick) were saved in PBS-filled microplate wells for free-floating
immunolabeling. For histological staining of brainstem injection sites or T3-SCI lesion
extent, tissue was sectioned (40um thick) and alternating sections were mounted on gelatin
coated slides.

To verify lesion severity or control, spinal cord sections were stained with luxol fast blue
(LFB) to visualize myelinated fibers. LFB-stained slides were digitally imaged on a Zeiss
Axioscope light microscope and Axiocam CCD camera, imported into Adobe Photoshop
and contrast digitally enhanced to allow identification and threshold measurements of LFB-
stained (i.e., spared) white matter. For individual images, the boundaries of the tissue slice
were outlined to determine cross-sectional area. A separate threshold histogram was
generated and the pixels corresponding to LFB staining above background were selected.
These pixels were quantified and expressed per unit cross-sectional area. 3° The proximity
of the T3 lesion center to the cervical enlargement precluded an appropriate determination of
spinal cord cross-sectional area in undamaged tissue rostral to the injury (i.e., damaged
tissue extended into the cervical enlargement as described in 35). Therefore, it was necessary
that the cross-sectional area of the intact spinal cords at T3 of comparably sized animals be
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determined for normalization purposes. LFB-stained myelin in injured tissue was then
expressed as a percent of the total spinal cord cross-sectional area as would be predicted by
the intact tissue. Based upon our previous report 37 we determined a priori that animals with
white matter sparing < 25% were categorized as severe injury while those > 25% were
categorized as moderate injury.

To verify microinjection sites for in vivo recordings, brainstem sections were stained with
cresyl violet to verify the placement of the microinjection pipette tip. Stained slides were
digitally imaged on a Zeiss Axioscope light microscope, imported into Adobe Photoshop
and injection sites were mapped with the aid of a rat stereotaxic atlas. 40

Immunohistochemistry

After sectioning, free-floating brainstem sections were washed for 30min ina 1:1
pretreatment solution of Triton + PBS (TPBS; 1:200) and hydrogen peroxide. Between each
incubation step, sections were rinsed 3x5 minutes in PBS. Sections were blocked for 1 hour
in 10% normal donkey serum (NDS) in PBS. Sections were removed from blocking solution
and placed directly into primary antibody for incubation at room temperature (Goat a-CTB;
List Biologicals, Campbell, CA, USA; 1:40,000 in PBS). Following 48 hours of antibody
incubation, sections were removed, washed and then incubated in biotinylated secondary
antibody (donkey a goat; 1:500; Jackson ImmunoResearch, West Grove, PA) for 2 hours.
The Avidin-Biotin Complex (ABC) Solution (Vectastain Elite ABC kit, VVector Labs,
Burlingame, CA) was prepared according to kit directions and sections were incubated for 1
hour. Sections were exposed to a peroxidase reaction (Vector SG SK-4700; Vector
Laboratories, Inc. Burlingame, CA 94010) for as long as necessary to reveal immuno-
reactive structures (blue CTB-labeled neurons) against a light background. Sections were
washed in PBS and mounted onto gelatin-coated glass slides and air-dried overnight. Slides
were placed in Clear Rite and coverslipped with Permount. Slides were digitally imaged on
a Zeiss Axioscope light microscope and Axiocam CCD camera, imported into Adobe
Photoshop for analysis. Cell counts followed a highly-conservative protocol for inclusion.
Non-adjacent sections were randomly selected for analysis and only cells with a threshold
density in the =95t percentile above baseline were counted as immunopositive.

Electrophysiology

Brainstem slices were prepared as described previously.#1:42 Briefly, T3-SCI or control rats
(n=5 each) were anesthetized deeply (Isoflurane, 5%, 1 L min~1 O,) and euthanized via
administration of a bilateral pneumothorax. The brainstem was removed and cut into 3-4
coronal slices ("300um thick) encompassing the entire rostro-caudal extent of the DVC.
Slices were incubated at 30+1°C in Krebs’ solution (in mM: 126 NaCl, 25 NaHCOs, 2.5
KCI, 1.2 MgCl,, 2.4 CaCly, 1.2 NaH,POy4, and 11 dextrose, maintained at pH 7.4 by
bubbling with 95% 0,-5% CO5) for at least 60-90 minutes before use. A single slice was
then transferred to a perfusion chamber (volume 500ul) which was placed on the stage of a
Nikon E600FN microscope and kept in place with a nylon mesh. Brainstem slices were
maintained at 35+1°C by perfusion with warmed Krebs’ solution at a rate of 2.5-3.0 ml
min~1. DMV neurons were identified by their soma size and location (ventral to the smaller
NTS neurons and dorsal to the larger, heavily myelinated hypoglossal neurons). Whole cell
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patch clamp recordings were made from DMV neurons using patch pipettes of 2-4MQ
resistance when filled with a potassium gluconate solution (in mM: K gluconate 128, KCI
10, CaCl, 0.3, MgCl, 1, Hepes 10, EGTA 1, ATP 2, GTP 0.25 adjusted to pH 7.35 with
KOH) and a single-electrode voltage-clamp amplifier (Axopatch 1D, Molecular Devices,
Sunnydale, CA). Data were sampled at 10kHz, filtered at 2kHz, digitized via a Digidata
1320 interface and analyzed using pClamp 9 software (Molecular Devices). The liquid
junction potential was compensated at the beginning of the experiment; recordings were
discarded if the series resistance was >20 M.

Basic membrane properties were assessed as described previously. 43 Briefly, to calculate
the membrane input resistance (Rjn), the instantaneous current displacement was measured
after the voltage-clamped membrane was stepped from =50mV to -60mV. To measure the
action potential firing characteristics, DMV neurons were current clamped at approximately
-60mV and injected with depolarizing current pulses (15ms duration) of intensity sufficient
to evoke the firing of a single action potential at the current pulse offset. The action potential
duration at threshold was measured, as was the amplitude of the afterhyperpolarization
amplitude; the duration of the afterhyperpolarization (decay constant, t) was fitted to a
single exponential equation and measured. To measure the action potential firing frequency,
DMV neurons were current clamped at approximately —60mV before being injected with
depolarizing current pulses (400ms duration) of increasing intensity (30-270pA). The
number of action potentials fired were counted and expressed as pulses per second (p.p.s.).

Morphological reconstructions and analysis

At the end of the electrophysiological recording, Neurobiotin®© (2.5%; Vector Laboratories,
Burlingame, CA) included in the recording pipette was injected into the neuron via the
passage of subthreshold depolarizing current (400ms duration; 0.8Hz for 20min). The
neuronal membrane was allowed to reseal for 10-20min following removal of the pipette
before the brainstem slice was fixed in Zamboni’s fixative (in mM: 1.6% paraformaldehyde,
19mM KH,PO4 and 100mM NayPO4 in 240ml saturated picric acid and 1600ml water,
adjusted to pH7.4 with NaOH) at 49C for at least 24hr.

Brainstem slices were cleared of fixative by repeatedly washing in PBS containing Triton
X-100; in mM: 115 NaCl, 75 NayHPOQy, 7.5 KH,PO,4 and 0.15% Triton X-100). Neurobiotin
filled neurons were visualized as described previously 4. Briefly, brainstem slices were
incubated with avidin-D- horseradish peroxidase solution (Vector Laboratories; 0.002%
avidin D-horseradish peroxidase in PBS containing 1% Triton X-100) for 2hr. The slices
were then washed repeatedly in PBS-Triton X before incubation in PBS containing
diaminobenzidine, cobalt chloride and nickel sulfate (0.05% diaminobenzidine in PBS
containing 0.025% cobalt chloride and 0.02% nickel sulfate) for 30min. Slices were then
exposed to 3% H,0, for a period of time sufficient for the adequate visualization of the
Neurobiotin-filled neurons. Brainstem slices were mounted on gelatin—subbed slides, air
dried and dehydrated through a graded series of alcohols and xylene before being mounted
in Permount (Fisher Scientific, Pittsburgh, PA).

The morphological characteristics of Neurobiotin-filled neurons were assessed using
Neurolucida software (MBF bioscience, Willison, VT) attached to a Nikon E400 microscope
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at a final magnification of X400. Three-dimensional reconstructions of individual neurons
were made and morphological properties assessed included soma area, form factor (a
measure of soma circularity where 1=perfect circle and O=straight line), dendritic branching
(including number of segments and branch order) and dendritic length in both X- and Y-
axes. In order to be accepted, the neuronal reconstruction had to have a mediolateral and
rostrocaudal branch extention of at least 200um with no major branches being severed
during the initial sectioning of the brainstem slice and a soma with no obvious damage from
pipette retrieval. A subroutine of the Neurolucida software was used to rescale the brainstem
slice to 300pum (the thickness of original slicing) to correct for any optical and physical
compression that may have occurred during fixation and processing.

Gastric Motility recordings

In vivo gastric motility recordings and intracerebroventricular (ICV) microinjections of TRH
in the DVC were performed in control and T3-SCI rats (n=60). Rats, which received only a
T3-SClI or control surgery, were randomly divided into 3-day and 1 week post-injury or
post-surgical control study groups. Brainstem microinjections of TRH and PBS-control were
done in a dose-dependent manner to experimentally test gastric motility. For the following
pharmacological experiment, all rats were prepared as follows: Following an overnight fast
(water ad libitum), rats were deeply anesthetized with thiobutabarbitol (Inactin®, Sigma;
100-150 mg/kg; IP) and Dexamethasone (1 mg/kg sc, Sigma, St. Louis, MO) was
administered to prevent cerebral edema. Rats were then intubated with a tracheal tube to
maintain an open airway and a laparotomy was performed. The stomach was isolated and a
6 X 8-mm encapsulated sub-miniature strain gage of our own fabrication was aligned with
the circular smooth muscle fibers and sutured to the ventral surface of the gastric corpus. 44
The strain gage leads remained exteriorized before closure of the abdominal incision. After
surgical instrumentation, animals were placed in a stereotaxic frame and rectal temperature
was monitored and maintained at 37+1°C (TCAT 2LV, Physitemp Instruments, Clifton, NJ).
After a midline incision and removal of the overlying dorsal neck musculature, the head of
the animal was oriented such that the floor of the fourth ventricle was exposed and the
brainstem surface was horizontally oriented in a manner that prevented washout of the
solution(s) applied. The pial membrane overlying the vagal trigone was dissected and the
exposed tissues were covered with a warm, saline-infused cotton patch. The strain gage
signal was amplified (QuantaMetrics EXP CLSG-2, Newton, PA) and recorded on a
polygraph (model 79, Grass, Quincy, MA) or on a computer using Experimenter’s
Workbench software (Datawave Technologies, Loveland, CO). After 1 hour of stabilization,
10 min of baseline motility was recorded before any experimental manipulation. The effects
of TRH, (0, 3, or 10 pmoles/60nl) microinjected in the left DVC (at coordinates from
calamus scriptorius: +0.1-0.3mm rostro-caudal, 0.1-0.3mm medio-lateral and —0.3-0.5mm
dorso-ventral) adjacent to the area postrema, were observed as recorded peaks that increased
in frequency, height, and/or rose above baseline 44,

Drugs and chemicals

Inactin® and all other salts were purchased from Sigma (St. Louis, MO). All drugs were
dissolved in sterile isotonic phosphate buffered saline (PBS; in mM: 147.6 NaCl, 83.3
NaH,POy4, 12.9 KH,POy).

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Swartz and Holmes Page 8

Statistical Analysis

Results are expressed as means + S.E.M. with significance defined as P < 0.05. Between
group results from anatomical or in vivo studies, between pre- and post-treatment motility
values, were compared by one-way ANOVA and Tukey post hoc analysis or paired t-test as
appropriate (SPSS Inc, Chicago, IL). Results from in vitro studies were compared using the
Student’s grouped t-test.

RESULTS

Histological assessment of T3-SCI severity

Harvest of the brainstem for in vitro electrophysiology precluded processing of the spinal
cord for histological analysis. In animals receiving a spinal cord injury for anatomical or in
vivo studies, the range of total white matter sparing was 2 — 64% of control. Based upon our
criteria, animals were categorized as severe injury (range 2 — 24%; n=40) or moderate injury
(range 27 — 67%; n=12) and segregated into their respective groups for further behavioral,
anatomical and physiological analysis. Due to injury variability and subsequent low sample
numbers for the immunohistochemical and motility studies, animals categorized as moderate
injury were excluded from further analysis.

Analysis of total white matter of the T3 thoracic spinal cord from control animals that had
been prepared for immunohistochemistry or that were tested for motility at 3 days or 1 week
after surgery revealed no damage to the spinal cord as a result of the spinal laminectomy
(Table 1; P> 0.05). Comparisons of control and T3-SCI rats, however, demonstrated a
significant reduction of white matter (P < 0.05) while there were no group differences
between T3-SCI rats prepared for immunohistochemistry or that were tested for motility
(Table 1; P > 0.05).

Assessment of post-injury weight loss and reduction of spontaneous oral intake of food

There were no significant experimental group differences between the post-operative
bodyweights of animals designated as control, nor were there significant experimental group
differences between the post-operative bodyweights of animals designated as severe T3-SClI
(n =40, P > 0.05). Therefore, the bodyweight and food intake data were collapsed within
surgical groups. On the second day after surgery, the bodyweight was significantly lower
between T3-SCI and surgical control animals (Table 2; P < 0.05). In animals prepared for
CTBimmunohistochemistry or tested for gastric maotility 1 week after surgery, the mean
bodyweight prior to fasting remained significantly lower between T3-SCI and surgical
control animals as the bodyweight of surgical controls began to increase while T3-SCI
animals remained consistently reduced (Table 2; P < 0.05). At this same time point, the MEI
displayed significant differences between T3-SCI and surgical control (Table 3; P < 0.05).
By 1 week, MEI remained significantly reduced in T3-SCI animals compared to surgical
controls despite a significant increase from 3 day values in the T3-SCI animals (Table 3; P <
0.05). Furthermore, MEI significantly increased from 3 day values for the surgical control
animals (Table 3; P < 0.05).
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Taken together, our histological, bodyweight and feeding data verify the profound severity,
effectiveness and reproducibility of our surgical procedures for T3-SCI and surgical control
animals. All animals in these groups were selected for further data analysis.

The number of CTB--immunoreactive DMV neurons projecting to the stomach is
unaffected by T3-SCI

Labeling of CTB-IR neurons in surgical control and T3-SCI animals revealed corpus-
projecting neurons in the DMV projecting to the anterior gastric corpus (Fig. 1). These
CTB-IR neurons extended from throughout the caudal, intermediate (sections that included
the AP), and rostral DMV. There were no significant differences between T3-SCI and
surgical controls in the number of CTB-IR gastric-projecting DMV neurons in the
intermediate DMV (control: 34.7+3.4, T3-SCI 39.246.7; P > 0.05). The intermediate region
of the DMV corresponds to our TRH microinjection site. No DMV neurons from T3-SCI
neurons displayed signs of necrosis/degeneration (e.g., vacuoles, pyknosis, and/or axonal
swelling).

These results suggest that T3-SCI does not induce any overt loss of DMV neurons
projecting to the stomach and that the number and staining intensity of parasympathetic
preganglionic neurons is similar to surgical controls.

T3-SCl does not alter DMV neuron electrophysiological or morphological properties

Recordings were made from 25 control and 17 T3-SCI neurons. Of these, complete
electrophysiological and morphological properties were assessed in 25 and 20 control
neurons, respectively, and 13 and 17 T3-SCI neurons, respectively. The membrane
properties of DMV neurons from control (n=25 cells) and T3-SCI (n=13 cells) rats were
assessed under current clamp or voltage clamp conditions as described previously 43. As
detailed in Table 4, T3-SCI did not affect either the membrane input resistance or action
potential firing properties of DMV neurons (Figure 2). Complete morphological properties
were assessed in 20 control and 17 T3-SCI DMV neurons and are summarized in Table 5.
T3-SCI did not alter any of the morphological features of the recorded DMV neurons
(Figure 2).

T3-SCl does not reduce brainstem sensitivity to TRH

Representative raw data traces demonstrate a rapid onset for gastric corpus contractions
following microinjection of TRH in all experimental groups (Fig. 3). Histologically verified
microinjection of PBS in the left DVC did not induce any significant percent change in
gastric motility index above baseline in either control (n = 5) or T3-SCl rats (n = 5; P > 0.05;
Fig. 4).

In animals tested 3 days after surgery, microinjection of 3 pmol of TRH into the left DVC of
control animals induced a significant percent increase in gastric motility index compared to
baseline values (n = 5; P < 0.05; Fig. 4). Similarly, microinjection of 3 pmol TRH into the
left DVC of T3-SCI animals produced a significant percent increase in gastric motility index
compared to individual baseline values (n = 5; P < 0.05; Fig. 4). Between subjects
comparisons revealed there were no significant differences between control (n=5) and T3-

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Swartz and Holmes

Page 10

SCI (n=5) animal groups in the percent change of motility index nor the duration of response
to 3 pmol TRH (P > 0.05; Fig. 4).

In a separate group of animals that were tested 3 days after surgery, microinjection of 10
pmol of TRH into the left DVC of both control and T3-SCI animals induced a significant
percent increase in gastric motility index compared to baseline values (n = 5/group; P <
0.05; Fig. 4). Despite a trend toward an increase from the 3 pmol dose, there was not a
significant difference in the percent change in motility index between control animals
receiving 3 or 10 pmol TRH (n = 5/group; P < 0.05; Fig. 4). In addition, there was no
significant difference in both the percent change of motility index and response duration to
10 pmol TRH between control and T3-SCI animals (n=5/group; P > 0.05; Fig. 4).

A separate cohort of animals was tested 1 week after surgery in order to more closely
approximate the post-injury time frame of our animals prepared for histology.
Microinjection of 3 pmol of TRH into the left DVC of control animals induced a significant
percent increase in gastric motility index compared to baseline values (n = 5; P < 0.05; Fig.
4). Similarly, microinjection of 3 pmol TRH into the left DVC of T3-SCI animals
significantly increased gastric motility index compared to baseline values (n = 5; P < 0.05;
Fig. 4). There was no significant difference in both the percent increase in motility index or
response duration to 3 pmol TRH between control and T3-SCI animals (n=5/group; P >
0.05; Fig. 4). In a separate group of animals that were tested 1 week after surgery,
microinjection of 10 pmol of TRH into the left DVC of both control and T3-SCI animals
induced a significant percent increase in gastric motility index compared to baseline values
(n = 5/group; P < 0.05; Fig. 4). The trend toward an increase between the 3 and 10 pmol
dose did not reach significance (n=5/group; P > 0.05; Fig. 4). In a similar manner, the
response duration between control and T3-SCI animals following microinjection of 10 pmol
TRH also demonstrated a non-significant trend (P > 0.05; Fig. 4).

DISCUSSION

The present study demonstrates that the gastroparesis induced during the acute T3-SCI
period does not involve morphological changes of gastric-projecting vagal motoneurons or
reduction in motor responses mediated by vagal motoneurons innervating the gastric corpus.
Our experimental data indicate that: 1) retrogradely-labeled gastric-projecting DMV neurons
demonstrated no difference in the number of CTB-labeled cells between control and T3-SCI
rats; 2) whole cell in vitro electrophysiological recordings showed similar membrane
properties in the DMV of control and T3-SClI rats; 3) the cell size and dendritic arborization
of Neurobiotin-labeled DMV neurons were unchanged after T3-SCI; and 4) in vivo central
microinjection of TRH induced a significant facilitation of gastric contractions in both
control and T3-SClI rats with no significant dose-dependent differences between groups.
These data suggest that, given the appropriate afferent signals, the vagal efferent limb likely
remains fully capable of eliciting gastric motility following T3-SCI and lends further
support that diminished vagal afferent input to the brainstem neurocircuitry may be solely
responsible for diminished gastric reflexes after T3-SCI4. The mechanism leading to this
impairment remains to be determined but does not include DMV neuron loss.
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Anatomical and physiological changes of DMV neurons have been recently reported within
1 week following perivagal capsaicin®l. Those studies demonstrated a loss of CTB-labeled,
gastric-projecting DMV neurons; decreased input resistance and excitability of DMV
neurons as well as a decrease in number of neurons responding to TRH with an increase in
action potential firing; and decreased in vivo response to brainstem microinjection of TRH.
Therefore, we are confident that the similar techniques employed within this study are
robust enough to demonstrate any reduction in the efferent limb of vagally-mediated gastric
reflexes following SCI.

While perivagal application of a TRPV1 agonist, capsaicin, at a supraphysiological dose
(>30mM) does not physiologically reflect endogenous processes resulting in vagal

damage 41, emerging evidence in other animal models suggests that vagal afferent and
efferent fibers are susceptible to rapid degenerative processes across several disease states.
Vagal neuropathies following ischemic insults have been demonstrated within hours
following experimental apnea 4° and hypobaric hypoxia 4647 whereby vagal neuropathy has
been proposed as a causal mechanism for cardiac arrhythmias. 48 Vagal neuronal
degeneration has also been implicated within hours after the experimental induction of
blood-brain barrier dysfunction or trauma 49, diabetes 5051, and experimentally-induced
colitis.2’

Comorbidities associated with SCI share features with the above pathologies and would,
hypothetically, predict DMV degeneration or vago-vagal reflex dysfunction. Specifically,
diminished sympathetic tone and reduced cardiovascular reflex function below the level of
the lesion may place the Gl tract at risk for hypoxia with resulting inflammation. The
principal nutritive functions of the Gl tract are critically dependent upon adequate blood
flow to Gl tissues. Not surprisingly, the Gl tract is one of the most highly perfused organ
systems in the body, and resting GI blood flow is approximately 20-25% of the total cardiac
output.52 Thus, the intestine is one of the most sensitive tissues to hypoxic insult and even
brief periods of GI hypoxia induce the production of inflammatory mediators and
dysmotility. Furthermore, GI hypoxia may potentially promote oxidative stress associated
with inflammation and result in mitochondrial dysfunction within neuronal processes. While
our data do not support the hypothesis that acute T3-SCI adversely affects DMV efferent
neuronal survival or functional properties, the effects on vagal afferent fibers originating
within the Gl tract remains to be determined.

Decades of experimental evidence has elucidated the physiological role of TRH (reviewed
in 53) including the vagally-mediated augmentation of gastric contractions. 54-59 Briefly,
microinjection of TRH within the dorsal vagal complex (DVC) excites the firing of DMV
neurons, thereby stimulating efferent outflow of gastric-projecting vagal neurons. In turn,
vagal efferents drive gastric myenteric cholinergic neurons to increase in gastric motility. 60
In fact, thyrotropin releasing hormone (TRH)-containing projections from the medullary
raphe serve as an example of how a single agonist can appropriate the function of a vagal
gastric control reflex by acting at multiple sites within the reflex circuit.In vitro evidence has
demonstrated that TRH activates DMV neurons directly by modulating calcium-modulating
calcium-dependent potassium conductance. %9 In addition, TRH disinhibits DMV neurons
by acting to inhibit neurons in the NTS directly.5162 These NTS neurons provide
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GABAergic input to the DMV 83 thereby resulting in a net excitation. Finally, TRH
potentiates the effects of neurotransmitters that also act to inhibit NTS neurons through the
modulation of NTS transduction pathways.52 The end result is that TRH fully engages
medullary gastric reflex control circuitry to produce maximal cholinergic activation of
gastric motility. As such, TRH serves as a robust pharmacological tool to study the gastric
efferent vagus.

The DVC is regarded as possessing the characteristics of a circumventricular organ.24.25
Additionally, dendritic arborizations of DMV neurons extend into the area postrema and
fourth ventricle. As a result, the DVC is positioned to integrate the presence of circulating
factors with neural input.54.65 Additionally, passive permeability to blood-borne agents
increases following inflammatory and traumatic insults2® thus likely rendering the DVC
vulnerable to pathophysiological conditions following SCI. A rapidly-developing systemic
inflammatory response has been reported as early as 2 hours following SCI 33 and
circulating inflammatory cytokines, including IL-6, IL-18 and TNF-a have been reported
following SCI 31:32 that may compromise gastric-projecting DVC neurocircuitry
centrally.28:30 The specific time course of evelvating cytokine levels within the DVC
remains obscure and the present study did not monitor circulating levels of inflammatory
cytokines following SCIl.However, the actions of sub-femtomolar administration of TNF- a
within the DVC include a profound and immediate suppression of TRH-stimulated DVC
neuronal firing and gastric motility. 30:66 If circulating levels of TNF- a were sufficiently
high in the acute phase of T3-SCI, our microinjection experiments with TRH would have
been expected to reveal a blunted gastric motility response. While the reported doses of
TNF-a 3066 have been considered to be within the range of circulating levels following
systemic infection 67 the interpretation of pro-inflammatory cytokine expression and
physiological effects need to be thouroughly addressed in our particular experimental model.

While the post-injury use of prophylactic antibiotic therapy across all groups might affect Gl
status, previous reports of systemic inflammatory response indicate that prophylactic
enrofloxacin (Baytril™) treatment does not appear to influence the cytokine-mediated local
and systemic inflammatory response cascade to spinal cord injury. 33 Preliminary data from
our own laboratory reveal that local inflammatory responses within Gl tissues are detectable
despite this standard antibiotic regimen. 68 Our present data suggests that acute cytokine
infiltration into the DVC may not be as extensive as what occurred in previous studies,
however, this requires further investigation.

Studies on the rate and extent to which normal aging diminishes extrinsic innervation of the
Gl tract reveal slowly progressing changes to vagal afferent 89 and sympathetic

innervation 70, while changes to gastric-projecting vagal neurons remain obscure. Clinically,
the progression of SCl-related GI symptoms have been reported to fully develop over a
period of several years. /1 Our previous study demonstrated that gastric dysfunction, in the
form of diminished gastric emptying of a solid meal and gastric contractions following
experimental SCI, developed quickly and persisted over a six week time period. 36 In the
present study, we selected time points which overlapped previous demonstrations of DMV
pathophysiology.2”:41 One limitation to this approach was the relatively short time course
after SCI. Insufficient literature exists with which to determine whether SCI accelerates
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aging of the Gl tract 72, especially with regard to extrinsic input to the stomach. Premature
aging associated with chronic SCI may exert long-term effects on the conductance and
overall health of the DMV neurons while peripheral factors play a significant role in adding
to the premature degeneration. In a clinical context it is tempting to speculate how the
ensuing lack of vagal efferent drive following SCI might ultimately impact the SCI patient.
In addition to a well-established modulation of GI function, numerous studies have produced
compelling experimental evidence that the DMV is a potent inhibitor of inflammation via
what has been coined the cholinergic anti-inflammatory pathway 73. Briefly, activation of
vagal parasympathetic fibers attenuates the systemic inflammatory response to a variety of
insults. This effect is mediated via the a7 subunit of the nicotinic acetylcholine receptor,
which is expressed on macrophages 74 and other non-neuronal cell types (see 73). The
afferent signaling for this reflex has both neural and humoral components and has received
considerable clinical attention.”® Experimental interruption of this anti-inflammatory reflex,
through vagotomy or pharmacological blockade, has a pro-inflammatory effect.”®
Furthermore, indirect vagal activation of the spleen has been shown to be an important
component of this reflex.””:78 Therefore, our observation of diminished vagal efferent
signaling to the GI tract may be of particular importance not only to our model of gastric
dysfunction following high-thoracic SCI but also contribute to the chronic suppression of
immune function.

In conclusion, our data suggest that the gastric dysfunction that immediately accompanies
SCI 3 days to 1 week following injury does not include a reduction in the functionality of
DMV motoneurons. This observation extends our previous conclusions that dysfunction of
gastric vago-vagal reflexes following T3-SCI may be due, in part, to compromised vagal
sensory input affecting the gain of vagally-mediated reflexes.#37 Clearly, anatomical and
functional changes in the integrative neurocircuitry at the level of the NTS remain largely
unexplored in acute and chronic animal models of neurotrauma. Understanding the long-
term consequences of alterations in vago-vagal neurocircuitry, which remains anatomically
intact following SCI, remains crucial for the development of effective therapeutic strategies.
Our data identify a potential therapeutic target, the efferent loop of the vago-vagal circuit,
for relieving post-SCI gastric dysfunction.
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Figure 1. T3-SCI does not induce neuronal degeneration within the dorsal motor nucleus of the
vagus (DMV)

Representative low- (10X, A & B) and high- (20X, a & b) power photomicrographs of
choleratoxin B-immunopositive dorsal motor nucleus neurons at the level of the area
postrema. Region of higher magnification of each corresponding section is indicated within
inset. Injection of CTB into the gastric corpus revealed that both control (A, a) and T3-SClI
(B, b) rats displayed a comparable number of gastric projecting neurons with no evidence of
degeneration. Scale: 500pM in A & B; 50uM in C & D.
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Figure 2. T3-SCI does not alter basic membrane properties or neuronal morphology of DMV
neurons

Representative traces illustrating the effects of T3-SCI on action potential properties. (A)
DMV neurons were current clamped at —60mV prior to injection of a short (15ms)
depolarizing current pulse of intensity sufficient to evoke the firing of a single action
potential at current pulse offset. Note that T3-SCI had no effect on action potential duration
or afterhyperpolarization amplitude or duration. (B) Control (left) and T3-SCI (right)
neurons were current clamped at —60mV prior to injection of long (400ms) depolarizing
current pulses of increasing magnitude. Note that the number of action potentials fired was
unaffected by T3-SCI. (C) Graphical representation of the frequency of action potential
firing (expressed as pulses per second, p.p.s.) in DMV neurons from control (black) and T3-
SCI (red) DMV neurons. Note that T3-SCI did not have any significant effect upon the
number of action potentials fired in DMV neurons. Representative computer-aided
reconstructions of DMV neurons from control (D) and T3-SCI (E) brainstems reveals that
T3-SCI did not alter the soma size or dendritic arborization of DMV neurons. Scale: 100uM
in A&B.

Neurogastroenterol Motil. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Swartz and Holmes

Control-3d Control-1w
PBS w PBS !

MWWM M%
3 pmol 3 pmol

0.59|_
10 pmol J 2L 10 pmol MMWWWM/F

T3 SCI-3d

T3 SCl-1w

3 pmol “”‘LWMW/“M 3 pmol JMMMWW
WWMM i

10 pmol ,l.vd«. 10 pmol

Page 20

Figure 3. Representative original polygraph traces of gastric cor pus contractions from control

and T3-SClI

Gastric corpus contractions following microinjection of vehicle (phosphate buffered saline,
PBS), 3 pmol or 10 pmol of TRH into the left DVC of animals tested 3 days or 1 week after
surgery. Arrows depict the initiation of microinjection for each respective dose. Selected

traces are interrupted (denoted by parallel bars) to provide examples of gastric contractions

following a return to baseline levels.
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Figure 4. Microinjection of thyrotropin-releasing hormone into the dorsal vagal complex,
including the DMV, induces gastric contractions following both control and T3-SCI

Schematic representation of effective injection areas from 3 days (top left) and 1 week
(bottom l€ft) control (marked by O) or T3-SClI rats (marked by 4). For clarity, doses of TRH
were pooled across surgical treatment groups and only a few examples of the distribution of
injection sites are depicted. AP, area postrema; NTS, nucleus tractus solitarius; DMV, dorsal
motor nucleus of the vagus; CC, central canal; XII, hypoglossus.

Graphic summary of the increase in gastric corpus motility induced by microinjection of
PBS or TRH (3 or 10 pmol, expressed as percent increase from baseline) in the left DVC of
3 day (top center) control and T3-SCI (bottom center) subjects (n =5 per group; *p < 0.05
vs pre-microinjection baseline). Duration of the response to microinjection of TRH (top and
bottom right) was not significantly different between surgical treatment and dose at any time
point (p>0.05).
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Table 1

White matter expressed as a percent of the total spinal cord cross-sectional area.

Experimental Groups
CTB

immunohistochemistry Motility Studies
spmol TRH 19201 ooy TRH  190mol
Control 76+ 1% 3% 69%3%  T0£2%  70+2%
T3-SCI 15+ 3%" 820"  14%3%"  14+2%°  7+4%’

*
P<0.05 vs control
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Table 2

Body weight change expressed as percentage of pre-operative weight is reduced following T3-SCI.

Experimental Groups
CTB 3day post-op 1 week post-op

6d weight  2d weight 6d weight
Control  102+2%  101+1% 108 + 2%
T3-SCl g7+3%"  91+1%" 89+3%"

*
P<0.05 vs control.
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Table 3
T3-SCI decreases normalized food intake (MEI, Kcal/day/100g BW)

Experimental Groups

CTB 3day post-op 1 week post-op
6d MEI 2d MEI 6d MEI

Control 241+11%  258+26% 335+300%*

T3-SCl 164+31%" 49+21%  257+31%"8

*
P<0.05 vs control,
§P<0.05 vs 2d T3-SCl,

*P<0.05 vs 2d control.
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Basic membrane properties of DMV neurons

Table 4

Input resistance (MQ)

Action potential duration (ms)
Afterhyperpolarization amplitude (mv)
Afterhyperpolarization duration (ms)
Action potential firing rate (pps) - 30pA
Action potential firing rate (pps) - 90pA
Action potential firing rate (pps) - 150pA
Action potential firing rate (pps) - 210pA
Action potential firing rate (pps) - 270pA

Experimental Groups

Control
(n=20)
324+28
2.6+0.1

18.9+0.9

144+32.6
1.8+0.4
2.6+0.4
3.6£0.4
3.6+0.5
4.8+0.4

T3 SCI
(n=13)
336+46
2.4+0.1
18.8+1.0
125+20.3
1.0£0.4
1.9+0.4
2.5+0.5
3.3x0.4
4.0£0.4
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Basic morphological properties DMV neurons remain unchanged

X-axis
Y-axis
Soma area
Soma diameter
Form factor

Segment length

Experimental Groups

Control
(n=20)
333+39
190+26
223%12
23+1.0

0.5+0.07
210+23

T3 SCI
(n=17)
332+41
233+46
227+16
22+0.7
0.6+0.67
213+18
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