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The vagus nerve, the tenth and longest cranial nerve in the 
body, innervates numerous structures including the larynx, 
pharynx, heart, lungs, and gastrointestinal tract. The vagus 
nerve is composed of thousands of axons that work to provide a 
vast majority of the autonomic innervation in the body.39,70 This 
nerve plays a large role in interoceptive awareness and is often 
regarded as the body’s ‘sixth sense.’12,61,73 Although the function 
of the vagus nerve is largely parasympathetic, it also provides 
somatic innervation, mainly to the muscles responsible for swal-
lowing and upper airway function.6 The vagus nerve comprises 
A, B, and C fiber types, all of which are characterized by differ-
ent conduction velocities and stimulation thresholds.14,39,55,60 This 
nerve consists of both afferent (80%) and efferent (20%) fibers 
that provide sensory and motor information to maintain ho-
meostasis in nearly every organ system in mammals.12,39,43,54,65,70

Given the vagus nerve’s wide-ranging anatomic targets and 
neuromodulatory effects, targeted manipulation of this nerve 
has a broad range of potential experimental and therapeutic  
applications. In fact, vagal nerve stimulation (VNS) has been 
used experimentally to establish the contribution of the vagus 
nerve to numerous behaviors, including immune function, 

mood, pain, and memory.70 Furthermore, there is immense in-
terest in using implantable and noninvasive VNS devices to 
modulate essential functions within the body.39 VNS has been 
shown as an effective therapeutic strategy for diverse disor-
ders, and various forms of VNS are currently FDA-approved 
for treating refractory epilepsy, depression, migraines, cluster 
headaches, and obesity.12,30,51,55,60,70-72 In addition, this technology 
is currently being explored in a multitude of other disorders, 
including arthritis, asthma, heart failure, gastroparesis, and  
inflammatory bowel disease, among many others.30,54,70 Despite 
the effectiveness of VNS as a treatment strategy, the richness 
and complexity of the information transmitted along the vagus 
nerve raises serious challenges that must be considered before 
widespread use of VNS.39 Because the vagus nerve innervates 
multiple organ systems, it is imperative to examine how using 
VNS to treat a disorder of one organ system might affect healthy 
function in another.

Numerous studies have been conducted on the safety of 
VNS in regard to cardiovascular and respiratory function.6,8,10,30 
However, although studies have examined the effects of VNS 
on gastrointestinal function,45,46,50 no published study has in-
vestigated how VNS might influence gastrointestinal microbial 
populations.12 This dearth is surprising, given that the vagus 
nerve is the direct link between the CNS and gastrointestinal 
tract, serving as a complex bidirectional line of communication 
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between these 2 organ systems.9,12,16,38 This brain–gut axis is  
essential for maintaining homeostasis and is greatly influenced by 
the gastrointestinal microbiota in both health and disease states, 
thus yielding its label as the ‘brain–gut–microbiota axis’.9,15,16,38,67

As part of this 3-component axis, the gastrointestinal mi-
crobiome (GM) consists of more than 1013 microorganisms,  
predominantly bacterial species.28,33 These commensal enteric 
bacteria are crucial for preventing invasion of pathogens and 
for maintaining gastrointestinal morphology, intestinal barrier 
function, normal digestion, mucosal immune function, and host 
metabolism.38 The bacteria in this population have a substantial 
capacity for secretory and metabolic activity that influence the 
signals sent and received by the gastrointestinal tract to and 
from the brain. Through this complex system, the brain con-
trols motor, antiinflammatory, and secretory functions of the 
gastrointestinal tract, and the gastrointestinal viscera can return 
sensory messages to modulate nervous system function.9,12,13,16,38 
Miscommunication between the 2 organ systems can elicit stress 
responses, influence mood and behavior, and has been linked 
to chronic diseases throughout the body, including obesity,  
inflammatory bowel disease, colorectal cancer, among many 
others.16,22,38,62,69 Therefore, alteration of the enteric microbiota 
has tremendous effects on both health and pathologic condi-
tions.57

Moreover, the GM, through the vagus nerve, has been sug-
gested as a contributor to the development of neurodevelop-
mental and neurodegenerative disorders, including Autism 
Spectrum Disorder, Alzheimer disease, and Parkinson dis-
ease.21,27,53,63 Amyotrophic lateral sclerosis (ALS) is another neu-
rodegenerative disease with potential involvement of the GM. 
ALS is a fatal disease characterized by progressive loss of motor 
neurons. Typical clinical signs include limb paralysis, aspiration 
pneumonia due to swallowing impairment, and asphyxiation.32 
Although the role of the gastrointestinal tract in ALS is largely 
unexplored, patients with ALS have exhibited delayed gastric 
emptying and extended colonic transit times,7,64 signifying ab-
normal gastrointestinal function. Perhaps most promising, a 
previous study demonstrated alterations in the GM and gas-
trointestinal morphology in a mouse model of ALS.69,75 Because 
many human patients with ALS have mutations in the superox-
ide dismutase 1 (SOD1) gene, the most common mouse models 
used to study ALS carry a mutated human SOD1 transgene.40 
Recent studies using an SOD1 mouse model demonstrate that 
GM changes occur in young mice before the onset of disease 
and show that disease onset can be delayed by restoring the 
GM.69,75 These findings indicate that altered microbial popu-
lations and gastrointestinal pathology may contribute to the 
pathogenesis of ALS. Consequently, perhaps VNS could play a 
role in manipulating the gastrointestinal microbes that contribute 
to ALS and other neurologic diseases.

Whether VNS will have beneficial or detrimental effects on 
the microbial populations in the gastrointestinal tract is unclear 
currently. It is concerning that patients undergoing VNS for 
treatment of disease conditions may experience changes in their 
GM profiles, potentially contributing to other chronic diseases 
or negatively modulating the treatment effect. Alternatively, 
VNS might produce a favorable effect, positively influencing 
the treatment efficacy and proving useful as an entirely separate 
therapeutic strategy for disorders with a known gastrointestinal 
dysbiosis. Therefore, as the use of VNS becomes more prevalent 
for a multitude of disorders, it is essential to understand the 
potential off-target effects of this treatment on GM composition. 
Therefore, the primary objective of this study was to examine 

the effects of intraoperative VNS on GM profiles in healthy and 
neurologically diseased mice.

In this study, we used an SOD1dl mouse model of ALS,1,5 
which has fewer copies of the mutated transgene, correspond-
ing to a delayed onset of disease compared with the high trans-
gene copy number SOD1 model used in the aforementioned 
studies.40,69,75 Primarily, we sought confirmation that commonly 
used experimental stimulation parameters for promoting swal-
lowing and upper airway function did not alter the GM pro-
files of the mouse models used in our studies. Our secondary 
objective was to classify the GM composition of mice from our 
transgenic SOD1dl colony compared with age-matched WT con-
trols to explore whether altered GM populations were present 
prior to disease onset, analogous to recent findings in the similar 
high-copy-number SOD1 model.69,75

Materials and Methods
Animals. All experimental procedures performed in this study 

were reviewed and approved by the University of Missouri Ani-
mal Care and Use Committee (protocol no. 8980). The University 
of Missouri is USDA-licensed and AAALAC-accredited. The 
line of mice used in this study, B6SJL-Tg(SOD1*G93A)dl1Gur 
(SOD1dl), originally was purchased from Jackson Laboratories 
(Bar Harbor, ME), but a breeding colony has been maintained at 
the University of Missouri for 3 to 4 y. Mice undergo tail snips 
at weaning for genotyping purposes to discriminate transgenic 
from WT animals and confirm the copy number of the trans-
gene. The animals for this study were moved from the barrier 
breeding room to a conventional room at least 1 mo (age, ap-
proximately 4 mo) prior to data collection and were housed in 
IVC (Tecniplast, West Chester, PA) with aspen chip bedding. 
Mice were group-housed by sex whenever possible. Mice had 
free access to food (Laboratory Rodent Diet 5001, Purina, St 
Louis, MO) and water. Room temperature was maintained be-
tween 20.0 °C and 26.0 °C, relative humidity was between 30% 
and 70%, and the photoperiod was a 12:12-h light:dark cycle. 
Standard enrichment (cotton squares) was provided to all cages.

All mice were of the same health status and were housed in 
the same room during the experiment; surgery was performed 
in a separate room in the laboratory, outside of the vivarium. 
At the time of the study, colony sentinels were tested quarterly 
and were considered free of the following agents: mouse hep-
atitis virus, minute virus of mice, mouse parvovirus, Sendai  
virus, Theiler murine encephalomyelitis virus, mouse rotavirus, 
Mycoplasma pulmonis, Pasteurella pneumotropica, Salmonella spp., 
mouse pneumonia virus, reovirus 3, lymphocytic choriomen-
ingitis virus, Ectromelia, mouse adenovirus types 1 and 2, K 
virus, and polyoma virus. Fecal PCR analysis was used to detect 
pinworms in sentinel mice, whereas cage PCR assays (pooled 
swabs by room) were used to detect fur mites. According to 
the standard procedures for the room, mice were not tested for  
Helicobacter spp.

Experimental design. A total of 30 B6SJL-Tg(SOD1*G93A)dl1Gur 
(SOD1dl) mice and 30 age-matched WT controls were used for 
this study. Mice (age, 5 mo) were randomly selected from our 
SOD1dl colony. This time point is approximately 1 mo prior to 
disease onset, which typically is observed around 6 mo of age in 
our colony.17,56 Experimental procedures were performed over 
the course of 3 mo by using 7 cohorts of mice, depending on the 
availability of mice at the correct age. Mice were divided into 
3 groups, each with 10 SOD1dl and 10 WT mice (equal sexes). 
The experimental group underwent surgery for 1 h of unilat-
eral VNS. A second group underwent surgery for 1 h of sham 
stimulation. The control group did not undergo surgery and 
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remained in the animal housing room throughout the study. 
As such, control animals were not housed with mice from other 
groups, but animals from the experimental and sham treatment 
groups were housed together randomly. Fecal samples were 
collected from individual mice 1 d prior to surgery (day 0) and 
8 d later (that is, 1 wk after surgery). Fecal samples were stored 
at –80.0 °C until the end of the study, when microbial DNA was 
extracted and sequenced to characterize the GM at both time 
points. Figure 1 shows a timeline of experimental procedures.

Surgical procedure. Mice in the experimental and sham groups 
underwent surgery with a ventral neck approach to access the 
right cervical vagus nerve. Mice were anesthetized by using a 
ketamine (90 mg/kg SC; Henry Schein, Melville, NY)–xylazine 
(11.25 mg/kg SC; Akorn, Lake Forest, IL) cocktail. Half doses of 
ketamine were given subcutaneously as needed to maintain the 
surgical plane of anesthesia throughout the procedure. We chose 
injectable anesthesia because our lab has anecdotally experi-
enced decreased efficacy of electrical stimulation in isoflurane-
anesthetized mice. The eyes were lubricated to prevent drying, 
and the ventral neck was shaved and prepared aseptically for 
surgery. Mice were positioned in dorsal recumbency on a cus-
tom platform beneath a surgical microscope (model M125, Leica 
Microsystems, Buffalo Grove, IL). Core body temperature was 
maintained at 37 °C by using a homeothermic heating system 
(DC Temperature Controller; FHC, Bowdoin, ME), and reflexes 
were checked every 10 to 15 min. Supplemental oxygen (100%) 
was delivered through nose cone at a flow rate of 1 L/min dur-
ing stimulation or sham treatment.

A midline neck incision was made from the suprasternal 
notch to the mandible. The salivary glands were gently retracted 
laterally, and the right vagus nerve was identified in its cervical 
location. After careful isolation from the carotid artery and jugu-
lar vein, the vagus nerve was placed on bipolar electrodes (FHC, 
Bowdoin, ME). Mice in the experimental group received VNS 
for 1 h while maintained at surgical depth of anesthesia. For 
mice in the sham group, the vagus nerve was placed on the elec-
trodes for 1 h while they remained under surgical anesthesia.

For both groups, the vagus nerve was removed from the elec-
trodes after 1 h of stimulation or sham treatment, and the neck 
incision was closed by using absorbable sutures (6-0 Monocryl, 
Ethicon, Somerville, NJ) and surgical glue (Tissumend II, Veteri-
nary Products Laboratories, Phoenix, AZ). After suturing was 
complete, 0.3 mL of warm, sterile saline was administered sub-
cutaneously; sustained-release buprenorphine (1 mg/kg SC; 
Zoopharm, Windsor, CO) and flunixin meglumine (2.2 mg/kg 
SC; Merck, Kenilworth, NJ) were given as separate injections 
for pain control. Mice were transferred to a clean, heated cage 
for recovery; mice were monitored at least every 10 to 15 min 
and were returned to their home cage once fully ambulatory. 
The home cages were placed half on, half off of a heated water 
blanket overnight and returned to the vivarium the following 
morning. All mice were monitored daily after surgery for any 
signs of pain, distress, or surgical complications. Control mice 
had no experimental manipulation beyond fecal collection at 
days 0 and 8.

VNS. Mice in the experimental group received VNS for 1 h 
during surgery. The right vagus nerve was placed on the elec-
trodes, with the anode positioned distally (Figure 2). Once 
positioned, the nerve was stimulated by using a constant cur-
rent stimulator connected to a laptop equipped with LabChart 
software (ADInstruments, Colorado Springs, CO). Stimulation 
was verified by using a digital oscilloscope (Tektronix, Bea-
verton, OR) coupled to a current probe (Tektronix, Beaverton, 
OR) attached to the electrode leads. The nerve was stimulated 

according to the following parameters: biphasic 0.5-ms square-
wave pulses (interstimulus interval, 0.1 ms) delivered at 20 Hz 
(stimulus intensity, 0.2 mA). We chose these parameters because 
of their effectiveness in peripheral nerve regeneration after in-
jury2-4,34-37,68 and are commonly used parameters in our lab for 
various other projects to promote swallow and upper airway 
function in neurologic disorders.

Fecal collection. Fecal collection took place early in the morn-
ing (0700 to 0800) after the lights were turned on in the housing 
facility. Mice temporarily were placed individually into empty 
autoclaved cages and allowed to defecate. Approximately 2 fecal 
pellets were collected aseptically from each mouse and placed 
into a sterile 2-mL tube containing a stainless steel bead (diameter, 
0.5 cm; Penn Ball Bearing, Delran, NJ).24 Fecal samples were collected 
the day prior to surgery (day 0) and 1 wk after surgery (day 8). 
Fecal samples were stored at –80.0 °C prior to DNA extraction.

DNA extraction. DNA was extracted from all samples within 
3 consecutive days, by using previously described methods.24,26 
Briefly, lysis buffer was placed in all tubes containing fecal sam-
ples. The samples were homogenized, followed by incubation at 
70.0 °C for 20 min. After incubation, samples were centrifuged; 
the entire supernatant was transferred to a fresh tube, supple-
mented with 200 µL of 10 M ammonium acetate, and allowed to 
incubate on ice for 5 min. After centrifugation at 5000 × g for 5 min 
at room temperature, the supernatant was removed, mixed with 
an equivalent volume of isopropanol, and allowed to incubate on 
ice for 30 min. Precipitated nucleic acids were pelleted by centri-
fuging at 16,000 × g for 15 min at 4 °C, rinsed twice with 70% etha-
nol, resuspended in 10 mM Tris–1 mM EDTA, and then purified 
(DNeasy Blood and Tissue kit, Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. DNA yields were deter-
mined through fluorometry (Qubit, Life Technologies, Carlsbad, 

Figure 1. Timeline of fecal sample collections. All mice underwent 
baseline fecal collection at 5 mo of age (day 0). Mice in the experimen-
tal and sham groups underwent either vagal nerve stimulation (VNS) 
or sham stimulation surgeries on day 1. Mice in the control group re-
mained in the vivarium, with no surgical manipulation. Feces were 
collected again from all mice at 8 d after the initial collection.

Figure 2. Vagal nerve stimulation. The right vagus nerve (yellow ar-
row) was isolated in its cervical location and placed on bipolar elec-
trodes (green arrow) for electrical stimulation delivered at 20 Hz with 
a 0.2-mA stimulus intensity. *, larynx.
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CA) by using a reagent kit (Quant-iT BR dsDNA Kit, Invitrogen, 
Carlsbad, CA) according to the manufacturer’s instructions.

Preparation of 16S rRNA library and sequencing. Extracted 
fecal DNA was sent to the University of Missouri DNA Core 
Facility for bacterial 16S rRNA amplification and sequencing 
according to a previously described protocol.24,26,42 Briefly, am-
plification of the V4 hypervariable region of the 16S rDNA gene 
with previously developed universal primers was used to cre-
ate bacterial 16S rDNA amplicons. Amplicons were purified 
and evaluated by using an automated electrophoresis system 
(Fragment Analyzer, Advanced Analytical, Ankeny, IA). A fluo-
rometer (Qubit, Life Technologies) was used for quantification 
purposes, and samples were sequenced by using a desktop se-
quencer (MiSeq, Illumina, San Diego, CA).

Informatics analysis. Assembly, filtering, binning, and anno-
tation of DNA sequences was performed at the University of 
Missouri Informatics Research Core Facility (Columbia, MO). 
Operational taxonomic units (OTU) were identified and given 
taxonomic assignments by using BLAST against the SILVA 
database of 16S rRNA sequences and taxonomy.24,26,42 Princi-
pal coordinate analysis of 1/4 root-transformed sequence data 
and α-diversity indices were performed at the University of 
Missouri Metagenomics Center by using open-access Past 3.18 
software (https://folk.uio.no/ohammer/past/).

Statistics. Differences in α-diversity and richness between 
genotypes on day 0 were evaluated by using t tests or Mann–
Whitney rank–sum tests, depending on the results from Shap-
iro–Wilk normality tests. Differences in α-diversity and richness 
between treatment groups and genotypes on day 8 were tested 
by using 2-way ANOVA. Changes in α-diversity and richness 
among treatment groups and genotypes between days 0 and 8 
were assessed by using 2-way ANOVA. All statistical analyses 
were performed by using SigmaPlot 12.5 (Systat Software, San 
Jose, CA). Differences between genotype GM compositions at 
day 0 were tested by using one-way permutational multivariate 
ANOVA (PERMANOVA) of ranked Bray–Curtis and unranked 
Jaccard distances by using PAST 3.18 software. Two-way PER-
MANOVA of ranked Bray–Curtis and unranked Jaccard dis-
tances were used to assess genotype and treatment effects on the 
GM profiles on day 8. Uncorrected P values less than 0.05 were 
considered significant.

Results
Surgical procedures. Overall the SOD1dl and WT mice toler-

ated the surgical procedure well. Three mice (2 SOD1dl, 1 WT) in 
the experimental group received only 42 to 44 min of VNS treat-
ment because they showed increased respiratory effort; in these 
mice, the treatment was stopped prematurely, and they recov-
ered uneventfully. In addition, 2 WT mice in the experimental 
group stopped breathing during recovery. Although resuscita-
tion with atipamezole (0.22 mg/kg; SQ) and chest compressions 
was attempted, the mice did not recover. Consequently, these 
mice were replaced with 2 additional age-matched WT mice to 
complete the study. Another 7 mice (4 SOD1dl, 3 WT; 2 VNS, 5 
sham) developed bradypnea and mild respiratory distress after 
surgery. During recovery, these mice were given atipamezole 
(0.22 mg/kg SC) to reverse anesthesia, which restored respira-
tion and facilitated recovery.

Fecal collection and DNA extraction. Fecal samples were col-
lected from all mice in the study at day 0, except for one SOD1dl 
mouse that did not defecate in a timely manner and therefore 
was replaced in the study. Fecal samples were obtained from 
all surviving mice (n = 60) on day 8. DNA was extracted from 
all samples; all but one day 0 sample (WT mouse) and 2 day 8 

samples (1 WT and 1 SOD1dl) generated sufficient high-quality 
reads to be interpreted.

GM richness, diversity, and composition profiles. Prior to de-
termining the GM composition, the number of OTUs (a measure 
of the richness of the sample) was quantified, and the relative 
abundance of those OTUs (that is, the diversity of the sample) 
was calculated for each fecal sample. Richness and diversity were 
compared between SOD1dl mice and age-matched WT controls at 
day 0 (before surgery) to determine whether differences between 
genotypes exist prior to disease onset in this model.69 Accord-
ing to Chao1 and Simpson indices, richness and diversity did 
not differ significantly between transgenic and WT mice at 5 mo 
of age (Figure 3 A). Similarly, richness and diversity were com-
pared between the 3 treatment groups (VNS treated, sham, and 
control) and 2 genotypes at day 8, and no significant differences 
were found (Figure 3 B). Furthermore, changes in richness and 
diversity between days 0 and 8 was not significantly influenced 
by genotype or treatment group (Figure 3 C). Therefore, the over-
all number of OTUs and their relative abundance in each sample 
was not affected by genotype or treatment.

Next, we sought to determine whether the bacterial compo-
sition of the GM was unique to each genotype at day 0 and to 
each genotype and treatment group at day 8. In all mice, the 
most abundant bacteria included those in the Bacteroidales 
S24-7 group and the bacterial families of Rikenellaceae and 
Lachnospiraceae. Taking into account all detected OTUs, sam-
ples at each time point were compared by using principal coor-
dinate analysis. Unexpectedly, there was no separation between 
genotypes at day 0 (Figure 4 A) or day 8 (Figure 4 B). Further-
more, there was no separation between treatment groups on 
day 8. At both time points, samples showed marked overlap, 
regardless of treatment group or genotype. Statistical analysis 
through PERMANOVA using Bray–Curtis and Jaccard indices 
confirmed no significant differences between the independent 
variables of this study. This finding suggests that GM profiles 
are not altered in presymptomatic SOD1dl mice compared with 
age-matched WT controls. In addition, the GM composition re-
mained relatively stable over an 8-d time period, despite surgi-
cal procedures and electrical stimulation of the vagus nerve. We 
also confirmed that administration of antisedan after surgery to 
reverse anesthesia in 7 mice did not significantly influence the 
GM composition (data not shown).

Interestingly but unsurprisingly, the GM composition varied 
depending on which breeding group from the SOD1dl colony 
produced the experimental animal, given that GM profiles are 
typically passed to offspring from the dam.38,41,52 The mice in the 
current study were born from 5 different breeder pairs within 
the SOD1dl colony. Breeder groups consisted of one affected 
SOD1dl male mated with a B6SJLF1/J female. Principal coordi-
nate analysis showed distinct clustering of offspring produced 
from different breeding groups, regardless of genotype, treat-
ment group, or time point (day 0 or 8; Figure 5). Results from 
2-way PERMANOVA comparing mice from the different breeder 
groups and each time point of the study showed the GM compo-
sition differed significantly (P = 0.0001) between mice from the 
different breeding groups but not between time points. In addi-
tion, analyses were performed separately for the offspring from 
each breeder group to determine whether genotype or treatment 
effects differed significantly between mice from each breeding 
group; however, no significant results were found. These findings 
further support that neither genotype nor treatment affected the 
GM composition of the mice used in this study.
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Discussion
In summary, the results obtained from this study suggest 

that brief periods of intraoperative VNS, using the described 
stimulation parameters, do not have long-term effects on the 
GM composition in mice. In addition, GM profiles were similar 
between presymptomatic SOD1dl mice and their age-matched 
WT controls. Although GM profiles differed among offspring 
from different breeder pairs, the GM was consistent across both 

time points, regardless of genotype or treatment group. Given 
that this study is the first to investigate how VNS may modu-
late the GM, the lack of changes between treated and untreated 
mice does not automatically warrant dismissal of this experi-
mental and potential therapeutic modality. Several explanations 
might account for the observed lack of GM modification due to 
treatment or genotype, and various study limitations must be 
discussed.

Figure 3. Richness and α-diversity of fecal samples. Richness (left panels) was quantified according to the Chao1 index, whereas α-diversity (right 
panels) was characterized by using the Simpson index. (A) Neither richness or α-diversity differed significantly between genotypes at day 0. (B) 
Neither richness or α-diversity differed significantly between genotypes or treatment groups at day 8. (C) Neither richness nor α-diversity differed 
between day 0 and day 8 samples across genotypes or treatment groups. OTU, operational taxonomic unit; VNS, vagal nerve stimulation.
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The first caveat of this study was that VNS was applied for a 
short duration (1 h) during a surgical procedure. Not only may 
surgery itself be a confounding variable, the short duration of 
VNS is minimally translatable to human patients, who receive 
implantable devices for VNS therapy.39,58,66 In the current study, 
the surgery variable was controlled by using a sham surgery 
group and a control group that did not receive either treatment 
or surgery. The surgical procedure and experimental protocol 
for this study were chosen to ensure that the VNS procedure 
does not alter the GM in the experimental mice undergoing the 
same procedures for different studies in our lab. It is reassuring 
to know that our experimental paradigm does not have lasting 
effects on the GM in our mouse models. However, for many 
human patients, VNS is often delivered through an implant-
able device enabling long-term therapy,39,58,66 which operates 
when patients are awake and freely living their lives. Chronic 

application of VNS likely would have a greater effect on GM 
populations than a brief exposure to VNS during surgery.12 
Therefore, additional studies using implantable VNS devices 
that can deliver chronic VNS therapy outside of a surgical pro-
cedure are warranted.

A second limitation of this study was that only one set of 
stimulation parameters was used. Again, we selected these 
stimulation parameters because they are commonly used in our 
laboratory to promote normal swallowing49 and upper airway 
function. We are currently examining laryngeal nerve stimula-
tion in the SOD1dl mouse model and intraoperative VNS stimu-
lation in a mouse model of recurrent laryngeal nerve injury. The 
parameters used in our studies are based on numerous other 
published works indicating these parameters are useful in pe-
ripheral nerve regeneration.2-4,34-37,68 Although it is reassuring to 
confirm that the stimulation parameters used in our studies do 
not significantly alter the GM in our mouse models, how other 
stimulation parameters might affect the GM is unknown. Stimu-
lation parameters consist of variables including the frequency, 
pulse width, waveform, amplitude, and continuity of the pulses 
delivered to the nerve.11 Furthermore, electrode design itself 
adds additional variables, which include the geometry, materi-
als used, impedance, and the location of the electrode on the 
nerve.39 Finally, it is essential to consider the characteristics of 
the target neurons themselves. Given that the vagus nerve is 
composed of both afferent and efferent neurons, consisting of 
A, B, and C fiber types,14,39,55,60 different parameters and electrode 
designs might target some fiber types over others. Therefore, 
factors such as axonal diameter, conduction velocity, and thresh-
old potential60 of the target axons directly influence the stimula-
tion parameters that should be used for the intended function.55 
Consequently, all variables must be optimized for the effective 
use of VNS in its proposed function, whether that is inhibiting 
seizures, promoting vocal function, or manipulating the GM.

Identifying the optimal VNS parameters for a given function 
is challenging. Even when VNS is applied in an approved man-
ner, such as for refractory epilepsy, the optimal VNS parameters 
for each individual patient are unknown.39,55,71 The stimulation 
parameters used in the current study were designed to target 
degenerating motor neurons by sending signals to the cell bod-
ies in the brainstem to trigger upregulation of neurotrophic 
factors and regeneration-associated genes to promote nerve 

Figure 5. Principal coordinate analyses of samples from both time 
points (days 0 and 8). Different colors represent the offspring from 
different breeding groups at both time points (n = 7 to 18 per group of 
offspring); filled symbols represent day 0 data; open symbols indicate 
day 8 data. GM profiles cluster among offspring born from the same 
breeder pairs. Samples cluster significantly between breeder groups 
(P < 0.0001, PERMANOVA). No separation according to genotype oc-
curred when each breeder group was analyzed separately (data not 
shown).

Figure 4. Principal coordinate analyses of the samples at (A) day 0 and (B) day 8. Operational taxonomic unit-level data were normalized 
through 1/4 root transformation. No distinct clustering or separation of samples between genotypes or treatment groups was evident at either 
time point. VNS, vagal nerve stimulation.
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regeneration.2,4,31,36,59 Therefore, it remains likely that the GM 
could be modulated by using different stimulus parameters and 
electrode orientations that specifically target the gastrointestinal 
tract. For instance, in a swine model of obesity, bilateral thoracic 
VNS was delivered as bipolar pulse trains consisting of 30-Hz, 
500-μs pulses for 30 s every 5 min at a maximum intensity of 
2 mA for 14 wk.66 In this swine model, there was a delay be-
tween the onset of simulation and the appearance of beneficial 
effects (that is, decreased weight gain, food consumption, and 
sweet cravings). Although VNS causes changes in the brain re-
gions involved in the regulation of food intake, the underlying 
mechanisms of action for the observed beneficial effects of VNS 
in obesity are largely unknown.39,66 Given that the GM has been 
implicated in contributing to obesity,53 perhaps part of the equa-
tion of VNS efficacy in this obesity model is its GM modulation 
potential. In other words, VNS may be modulating the GM in 
experimental models where the gastrointestinal tract is targeted, 
thus contributing to the efficacy of treatment. However, this 
possibility has not been explored at this time.

Unexpectedly, we could not replicate the results of a recent 
study.69 This outcome likely was due to slight variations in 
experimental and statistical design, making comparisons be-
tween the 2 studies difficult. The previous study69 used the most 
common ALS mouse model, G93A-SOD1, which harbors high 
copy numbers of a transgene construct carrying a human SOD1 
gene with a glycine-to-alanine transition at position 93.40,69 Fecal 
samples were collected from 2-mo-old mice to determine GM 
compositions prior to ALS symptom onset around 3 mo of age.69 
The authors used qPCR analysis to show that transgenic mice 
had reduced levels of Butyrivibrio fibrisolvens, Escherichia coli, and 
Peptostreptococcus, which may have contributed to an observed 
shift in the GM profiles between affected and WT mice.69 In our 
present study, we used mice with the same transgenic construct, 
although it is present at lower copy numbers, corresponding to 
a delayed phenotypic onset of disease.1,18 We, too, explored GM 
profiles in transgenic and age-matched WT controls approxi-
mately 1 mo prior to disease onset in our colony (6 mo of age). 
However, we found no significant differences in GM composi-
tions between genotypes in our study.

One explanation for why we were unable to replicate the pre-
vious results69 might be due to differences in the background 
strain. Our mice are maintained as a B6SJL hybrid strain. The 
background strain of mice in the aforementioned study was 
not specifically stated.40 However, background strain signifi-
cantly influences disease phenotype in SOD1 mouse models of 
ALS.1,44 Age at onset of disease symptoms, such as tremor, loss 
of limb tone, and decreased grip strength, as well as duration 
of survival differ significantly by genetic background. Different 
background strains of mice harbor distinct GM profiles, which 
vary by institutional vendor24 and various husbandry and envi-
ronmental factors.25,29 Therefore, background strain likely influ-
ences the potential differences observed in GM profiles between 
transgenic and age-matched WT mice.

In addition, it is worth noting that our present study had large 
sample sizes (30 SOD1dl and 30 WT mice) and equal distribution 
according to sex between genotypes, because ALS phenotype 
can vary markedly depending on sex.44 Due to our large sample 
size, mice used in this study comprised offspring from 5 dif-
ferent breeder pairs in our colony. For feasibility purposes, the 
study was performed by using 7 cohorts of mice. The mice in 
the previous study40 likely were offspring from a single litter, 
with the entire study conducted as a single run. Therefore, the 
question arises regarding whether genotype-dependent differ-
ences in GM profiles might have emerged between offspring 

from the same breeder pair. Therefore, we confirmed our nega-
tive results by investigating the GM profiles between offspring 
from each breeder pair. Again we found no significant differ-
ences between genotypes in this second analysis.

Diet and caloric intake are 2 additional factors that might al-
ter the GM composition in the high-copy-number SOD1 strain 
used in the previous study69 but not the low-copy-number SOD1dl 
strain used in our study. These factors have been shown to greatly 
influence the GM.19,20,22,23,74 In our lab, we have demonstrated that 
the high-copy SOD1 strain develops dysphagia at weaning (ap-
proximately 3 to 4 wk of age).17 High-copy SOD1 mice have de-
creased swallowing,47 licking, and mastication rates48 that can 
be identified prior to the onset of limb paralysis. Therefore, the 
high-copy strain develops dysphagia during the developmental 
and maturation life stages. The low-copy SOD1dl strain develops 
similar symptoms of dysphagia; however, they do not develop 
swallowing impairment until fully mature (that is, near 6 mo of 
age), consistent with the onset of other ALS symptoms in this 
model. Therefore, potential variations in diet and total caloric 
intake between transgenic and WT mice during developmental 
stages might affect the GM more strongly in the high-copy SOD1 
strain than in the low-copy model, which already has established 
and maintained a GM profile prior to disease onset.

In conclusion, this study assessed the GM modulatory po-
tential of VNS in healthy and neurologically diseased mice. 
Although the GM profiles did not differ significantly between 
transgenic and WT controls or with VNS treatment, numerous 
possibilities remain regarding future explorations in this con-
tinuously expanding neuromodulatory technology. Some of 
our mice undergoing surgery experienced respiratory difficulty, 
but this side effect likely was due to the prolonged anesthesia 
produced through an injectable anesthetic regimen rather than 
to genotype or treatment factors. Therefore, short-term intraop-
erative VNS is a relatively safe procedure to perform and, under 
specific stimulation parameters, does not alter GM populations. 
Additional studies examining VNS with stimulation parameters 
that better target the gastrointestinal tract and using chronic 
VNS are warranted. Despite the neutral results from this study, 
VNS remains a promising experimental and therapeutic modal-
ity for manipulating gastrointestinal microbial communities.
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