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Effects of antibiotics on colonic neurons of the
myenteric plexus in wild Peromyscusmice

Jessica Williams Vergara 1
1 Trent University, Peterborough, Ontario

INTRODUCTION

T
he gastrointestinal (GI) tract is vital for the digestion of food, the absorption of nutri-
ents and water, and pathogen protection (Heijtz et al., 2011, Obata & Pachnis, 2016,
Karl et al., 2018). A community of trillions of commensal bacteria inhabit the GI tract,

collectively known as the intestinal microbiota.The gut microbiota is an essential component
of the GI tract, co-developing a mutualistic relationship with the host.While the host provides
both nutrients and a hospitable environment, the microbiota confers many benefits within the
gastrointestinal environment, such as metabolic homeostasis. In addition, the intestinal mi-
crobiota influences many aspects of host physiology beyond the GI environment itself, includ-
ing the development and regulation of nervous system structure and activity (Heijtz et al.,
2011,Obata & Pachnis, 2016,Karl et al., 2018).

Intestinal neuromuscular activity, secretory and vasomotor control, and gastric peristalsis are
primarily controlled by the enteric nervous system (ENS); a major branch of the autonomic
nervous system located throughout the entirety of the GI tract (Hyland & Cryan, 2016). This
intricate neuronal system consists of millions of enteric nerve cells embedded within the GI
tract. The cells bodies of the enteric neurons are gathered into 2 distinct plexi: the myenteric
and submucosal plexus. The submucosal plexus is located underneath the submucosa and is
fundamental to the regulation of mucosal functions. The myenteric plexus (MP) is located
between the circular and longitudinal muscle layers of the gut and contains up to two-thirds
of all enteric neurons. The neurons’ primary function is to regulate GI neuromotor control
(Hyland & Cryan, 2016).

The intestinal microbiota is essential to the proper functioning and integrity of the ENS.Mul-
tiple studies have observed structural and functional abnormalities of the ENS in response to
microbial depletion (Kabouridis & Pachnis, 2015,Neufeld et al., 2015). The ENS can respond
to the microbiota and its components via pattern recognition receptors, particularly toll-like
receptors (TLRs). Specifically,TLRs recognize microbial derived components which may stim-
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ulate various downstream processes that could influence the struc-
tural and functional integrity of the ENS via TLR stimulation (Hy-
land & Cryan, 2016).

Environmental stressors can cause microbial dysbiosis, a shift in
the composition of the microbial communities, which con-
sequently alter the internal GI environment (Karl et al., 2018, Gal-
ley & Bailey, 2014). Using antibiotics is a common method to in-
duce artificial microbial dysbiosis in laboratory settings as it
produces a germ-free (GF) like phenotype, which allows for the ex-
ploration of the effects of the microbiota on ENS structure and
function (Yoon & Yoon, 2018). Antibiotic administration leads to a
reduction in gut flora diversity and abundance.These alterations in
the microbial community may impact the interactions of the mi-
crobes with the intestinal environment, possibly altering GI func-
tion (Membrez et al., 2008, Vijay-Kumar et al., 2010). In particular,
microbial dysbiosis from antibiotic treatment is correlated with
macroscopic changes in the intestine and functional gut con-
sequences, primarily GI dysmotility (Caputi et al., 2017, Cao et al.,
2017). The functional deficiencies associated with microbial dysbi-
osis may be due to ENS structural alterations as observed by vari-
ous studies in GF and antibiotic-treated laboratory mice (Caputi et
al., 2017, Hyland & Cryan, 2016). Microbial depletion and dysbi-
osis are associated with alterations in the MP (Caputi et al., 2017,
Collins et al., 2014). These studies highlight the importance of the
intestinal microbiota in ENS structural and functional integrity.

In the present study, we sought to evaluate if these structural alter-
ations in the ENS observed in antibiotic-treated laboratory mice
translate to wild Peromyscus species.Wild mice are exposed to nat-
ural bacteria and thus have greater gut flora diversity in compar-
ison with multi-generational laboratory mice that are kept in spe-
cific pathogen-free facilities for most of their lives (Wang et al.,
2014). Conventional laboratory mice have limited translational re-
search value because they lack real world gut microbe diversity, and
so they may not faithfully mirror the physiology of wild species
(Rosshart et al.,2019).However,wild mice populations contain nat-
ural microbiota and thus may better recapitulate free-living species,
including humans (Rosshart et al., 2019).

The present study was designed to evaluate the effects of antibiotics
on the colonic neurons of the MP in wild Peromyscus mice. It was
hypothesized that antibiotic-induced dysbiosis of the gut microbi-
ota would alter the number of colonic neurons within the MP. Spe-
cifically, it was predicted that microbial dysbiosis will reduce the
number of colonic neurons, which is consistent with findings in
laboratory mice.

METHODS

Trapping
Wild Peromyscus species were trapped in deciduous forests and
abandoned barns around Trent University. The mice were sexed.
Adult males were individually housed in a thermoneutral and hu-
midity-controlled room.

Experimental design
The mice were housed for a minimum of 7 days and weighed ap-
proximately 18g before being separated into treatment groups.
They were separated into two primary treatment groups: Antibiot-
ics (n=20) and Control (n=20). Antibiotic treated mice were given
broad spectrum antibiotics (0.5g/L Neomycin Sigma N1876, Lot:

WXBB7516V and 1.0g/L Ampicillin Sodium salt Sigma A9518,
Lot: 085M4953V) administered through their drinking water and
replenished weekly. The experiment duration ran from weeks 0 to
6 monitoring body weight, food intake,and water intake were meas-
ured weekly as previously described (Garnett, 2016). Fecal samples
were collected from the cages at weeks 1 and 3.At week 6, the mice
were euthanized.

Intestinal dissection and preparation for immunohis-
tochemistry
The intestine was removed starting at the lower esophageal sphinc-
ter to the rectum.The large intestine segment was separated by cut-
ting the tissue 1-inch below the cecum. The large intestine seg-
ments were cut longitudinally at the mesentery, stretched, and
pinned out on sylgard resin plates and fixed with 4% paraformalde-
hyde (replaced with PBS). Using a dissection microscope (LEICA
ES2 Stereo Microscope), whole mount preparations consisting of
the longitudinal muscle with the myenteric plexus attached
(LMMPs) were prepared by carefully removing the mucosal, submu-
cosal, and circular muscle layers. Whole mount preparations were
all prepared by the same person to reduce variability.

Cecum content culture
Alterations in microbiota were determined through culturing
cecum content as previously described (Garnett, 2016). The con-
tents of the cecum were collected during dissection; 0.04g were
placed into 1mL nutrient buffer (1g/50mL),mixed, and placed in a
4°C fridge overnight.Cecal contents were placed at room temperat-
ure 2 hours prior to culturing. Culturing was completed on both
nutrient agar (Thermo Fisher Scientific, lot: 1800844, 0.028g/mL)
and blood agar (0.028g/mL nutrient agar with 0.05mL of sheep’s
blood per milliliter agar lot: 332503) (Chevelier et al. 2015). 20μL
of the nutrient buffer with cecum content solution was placed on
each plate. Nutrient buffer with no cecum content added was used
as a control sample. The nutrient agar plates were kept in an aer-
obic chamber at 37°C and the blood agar plates were kept in an
anerobic chamber at 37°C. All plates were left in the chamber for
48 hours before recording the approximate abundance of all colon-
ies (Garnett, 2016).

Immunohistochemistry on colonic whole-mount pre-
parations
The whole-mount preparations of LMMP were blocked with PBS-
Triton with 4% 100 level blocking serum (Stanbio, Lot: 14860) for
2 hours with gentle shaking every 15 – 20 minutes to reduce non-
specific binding of the primary antibody. Next, the LMMP was in-
cubated overnight (21 hours) at 4°C in a 1:1000 concentration of
primary antibody HuR (6A97) monoclonal Mouse IgG (Santa Cruz
Biotechnology, 71290, lot: C0713) diluted in PBS-Triton with 4%
100 level blocking serum.The primary antibody HuR is a pan-neur-
onal marker that is specific for HuR, an RNA-binding protein that
is found within the nucleus and cytoplasm of all neurons (Phillips,
Hargrave, Rhodes, Zopt & Powley, 2003). Following primary anti-
body incubation, the tissue samples were rinsed sequentially in
PBS 3 times for 5 minutes each to remove unbound primary anti-
body. The tissue samples were then incubated for 2 hours at room
temperature in a 1:500 dilution of goat anti-mouse IgG-FITC sec-
ondary antibody (Santa Cruz Biotechnology, sc-2010, lot:G2314) in
PBS-Triton with 4% 100 level blocking serum. After secondary in-
cubation, the tissue samples were rinsed sequentially in PBS 3
times for 5 minutes each. LMMP samples were then mounted on
glass slides using mounting medium (UltraCruz, Lot: HH0813) for
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fluorescence microscopy (LEICA DFC350 FX, Leica application
suite 2.4.1 build 6384).

Acquisition of images
Images were acquired with a LEICA DFC3650 FX CCDmicroscope
camera using a LEICA DFC3550 FX epifluorescence microscope
equipped with a high magnification 40x/1.4 objective and a low
magnification 10x/0.22 objective. The IgG-FITC secondary anti-
body has an emission peak of 525mm (Santa Cruz Biotechnology).
Before image acquisition and analysis, all tissue preparations were
coded, and the investigator was blinded to the experimental condi-
tions.

Images of each LMMP sample were acquired at both 10X magnific-
ation and 40X magnification. Regions of the LMMP with large
tears or sections of MP that had been removed during dissection
were omitted because they were deemed to be non-representative
of the overall tissue. At 10X magnification, images were taken ran-
domly throughout the tissue. These images would be used to de-
termine neuron and ganglion numbers. At 40X magnification, the
microscope camera was used to randomly focus on and take pic-
tures of individual ganglions. These images would be used to de-
termine the number of neurons within a single ganglion.

A pilot study was conducted to determine the minimum number of
images that would need to be captured per tissue at each magnific-
ation to get a representative estimate of the total neuron and
ganglia populations in each LMMP tissue. Four randomly selected
tissues were chosen for the pilot study.We captured as many micro-
scope fields as possible at both 10X and 40X magnification. Ap-
proximately 20 images were acquired per tissue at each magnifica-
tion. The total number of myenteric neurons and ganglia were
counted at both 10X and 40X magnification and expressed as a cu-
mulative average.We plotted the cumulative averages from each tis-
sue count and observed the trends until they reached a plateau.We
estimated when we had imaged enough microscope fields when the
cumulative average remained relatively flat without any upward or
downwards trends.

We determined that we would need to capture 15 images per tissue
at 10X magnification for total neuron counts (Figure S2). From
these 15 images, we would need to use 10 images for total ganglia
counts (Figure S3). We would need to capture 10 images of ran-
domly selected individual ganglions at 40X magnification for total
neuron counts per ganglion (Figure S1).

Data analysis
All images were imported into ImageJ to be counted using the “Cell
Counting and Marking” plugin. This plugin automatically counts
all manually labelled neurons. By labelling a neuron we ensured
that each cell was only counted once. Neurons were defined as
green fluorescent immunolabeled HuR-positive cells.Neurons bod-
ies that were not completely within the microscope's field of view
were only counted if more than 50% of their body was visible. In
addition, ganglia were defined as clearly delineated groups of neur-
ons separated by noticeable nerve fibre tracts. If the ganglia were
not gathered into noticeable clusters, we defined their boundaries
as an area where connecting strands were smaller than the width of
2 neurons. This ganglion definition has previously been described
in a similar study (Stenkamp-Strahm,Kappmeyer, Schmalz.Gericke
& Balemba, 2013). When counting total neurons within an indi-
vidual ganglion,we did not include neurons located outside the de-

lineated ganglion structure.
Total neuron and ganglion numbers were quantified and expressed
in a variety of ways:
1. Total neuron number per MP was quantified by counting the

total amount of neurons in each of the 15 images acquired at
10X magnification per tissue. Total neuron number was ex-
pressed in two ways:
a. The total neuron number was expressed as a cumulative

Fig. S1 (top) Determination of optical view number at 40X magnification.
The cumulative average of the total number of neurons at 40X magnification
flattens at approximately 10 optical views in each pilot tissue. The red line
represents where the cumulative average flattens.

Fig. S2 (middle) Determination of optical view number at 10X magnification.
The cumulative average of the total number of neurons at 10X magnification
flattens at approximately 15 optical views in each pilot tissue. The red line
represents where the cumulative average flattens.

Fig. S3 (bottom) Determination of optical view number at 10X magnifica‐
tion. The cumulative average of the total number of ganglia at 10X magnific‐
ation flattens at approximately 10 optical views in each pilot tissue. The red
line represents where the cumulative average flattens.
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mean count per MP.
b. The data was normalized to a total area of 16.8mm2 (total

field of view area at 10X magnification) and expressed as
a cumulative mean neuron count per total field of view
area (mm2).

2. Total ganglia number per MP was quantified by counting the
total amount of ganglia in each of the 10 images acquired at
10X magnification per tissue. The total ganglia number was
expressed as a cumulative mean count per MP.

3. Total neurons per ganglia was quantified in two ways:
a. Direct quantification: Total neuron number per ganglia

was quantified by counting the total amount of neurons
in a single ganglion in each of the 10 images acquired of
individual ganglions at 40X magnification per tissue.

b. Indirect quantification: Total neuron number per ganglia
was calculated by dividing the total number of neurons by
the total number of ganglia counted per tissue using 10X
magnification counts above.

Both quantification methods were expressed as a cumulative mean
neuron count per myenteric ganglia.

Statistical analysis
All results are presented as a mean ± standard error of the mean
(SEM). Statistical significance was calculated with an unpaired Stu-
dent’s t-test for two-sample comparisons and univariant general lin-
ear model for multiple comparisons. Differences between groups
were considered significant when P <0.05. N values indicate the
number of tissues used per group. One tissue was used per mouse.
Discarded tissues were not included.

RESULTS

Consistent body size and weight
There was no difference in mean body weights before the start of
the experiment between treatment and control groups. There was
no change in body weight from week 0 to week 6 between antibi-
otic-treated and control mice. Antibiotic administration did not
cause a change in food consumption.

Antibiotics quantitatively alter cultured bacterial
growth
Cecum bacteria were grown to quantitatively assess colony abund-
ance between antibiotic-exposed and control groups. Antibiotic
treatment led to increased bacterial culture growth when compared
to control mice (Garnett, 2016).

Antibiotics do not alter total neurons per myenteric
ganglia
Antibiotic administration in wild Peromyscus mice did not lead to
a significant reduction in the average number of total neurons per
myenteric ganglia using either quantification method; direct quan-
tification at 40X magnification (p=0.21) or indirect quantification
calculated from data at 10X magnification (p=0.44) (Figure 1a-b).

Antibiotics reduce the total number of enteric neurons
in the myenteric plexus.
We found that antibiotic treatment in wild Peromyscus mice led to
a 24.5% reduction in the average number of total neurons per field
of view area (mm2) (p=0.04) from a mean of 20.33 total neurons in
the control group to a mean of 15.35 total neurons in the antibiotic
treated group. In addition, we observed that the average number of
total neurons per MP showed a similar trend, though not statistic-

ally significant (p=0.09) (Figure 2a-b). P<0.05 is significantly differ-
ent from control.

Antibiotics reduce the total number of ganglia in the
myenteric plexus
We discovered that antibiotic treatment in wild Peromyscus mice
led to a 17.7% reduction in the average number of total ganglia per
MP (p=0.05) in comparison to the control mice (Figure 3a).

DISCUSSION

In the present study,we demonstrated the effects of antibiotic treat-
ment on the colonic neurons of the MP in wild Peromyscus mice.
This study demonstrated that antibiotic-induced dysbiosis has the
following effects: 1) non-significant but trending reduction in the
total number of neurons per myenteric ganglia; 2) reduction in the
total number of neurons per field of view area (mm2); 3) non-signi-
ficant but trending reduction in total neurons per MP; and 4) a re-
duction in the total number of ganglia per MP.

It is assumed that the gut microbiota diversity in the Peromyscus
mice was altered by the antibiotics, ampicillin and neomycin, sim-
ilar to lab mice that had received the same doses in previously pub-
lished studies (Cani et al. 2008).These studies found a 44% similar-
ity in the cecal bacterial communities between antibiotic-treated
and control mice. Our cultures of cecal contents from antibiotic
treated mice had increased bacterial growth (Garnett, 2016). The
broad-spectrum antibiotics may have created opportunities for
bacterial growth of remaining bacteria that are normally restricted
by microbial competition (Rea et al. 2011).

We observed a significant reduction in the total number of colonic
enteric neurons per field of view area in the antibiotic administered
mice as suggested by previous studies (Collins et al., 2014, Caputi
et al., 2017). We suggest that the observed decreases in total neur-
ons may be due to an antibiotic-induced reduction in microbial
abundance and diversity, which may in turn affect colonic neurons.
These findings are consistent with data from GF and toll-like re-
ceptor (TLRs) knockout mice (Anitha et al., 2012,Brun et al., 2013,
Caputi et al., 2017). It is thought that microbial dysbiosis or deple-
tion may be interfering with the cross-talk between microbes and
the ENS, and this bi-directional communication may be mediated
by pattern recognition receptors, namely TLRs that are capable of
directly responding to microbial-derived products. It has been sug-
gested that the maintenance of low doses of lipopolysaccharide, a
gram-negative bacterial derived product, may be important in
maintaining neuronal survival in adult enteric neurons via TLR
stimulation (Anitha et al., 2012).Thus, the structural abnormalities
in TLR knockout mice may be associated with a loss in TLR sig-
nalling (Anitha et al., 2012). Similarly,microbial depletion from an-
tibiotic treatment may also be interfering with TLR signalling.Our
results suggest that these disruptions in TLR signalling could ex-
plain the neuronal loss observed in antibiotic-treated Peromyscus
mice.Other studies have also observed a decrease in the number of
neurons per myenteric ganglia in mice treated with antibiotics
(Collins et al., 2014, Caputi et al., 2017). Although we did not see a
significant reduction in the total number of enteric neurons per
myenteric ganglia, the present study shows that the decline in total
neuron numbers per ganglia is trending in this expected direction.

We observed a marked decrease in the total number of ganglia per
MP in the antibiotic administered mice. We suggest that this may
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also be due to reduction in microbial diversity and abundance from
the antibiotic treatment. In previous studies, microbial-depletion
has been associated with an abnormal MP pattern in GF mice
(Collins et al., 2014). Normally, the MP is organized in a stereotyp-
ical meshwork of evenly spaced ganglia and interconnecting nerve
strands of even thickness. However, in GF mice the MP is less or-
ganized, has less abundant nerve fibers, and has unevenly spaced
and smaller ganglia compared to conventionally colonized mice
(Collins et al., 2014). In addition, a specific marker for enteric gan-
glion cells, peripherin, has been observed to have an altered expres-
sion and distribution in the myenteric ganglia of GF mice, in correl-
ation with a reduction in myenteric ganglia area. Peripherin is a
neurofilament protein that forms an important part of the cytoskel-
eton of various enteric ganglion cells and is often associated with
smaller ganglia areas (Brun et al., 2013).We suggest that the micro-
biota may interact with the ENS to influence ganglia growth and
survival via similar mechanisms to those mediating neuronal
growth as proposed earlier. Particularly, the administration of the
neurotrophic factor, glial-cell derived neurotrophic factor (GDNF)
seems to restore peripherin expression levels in the MP and this is
correlated with a partial restoration in ganglia size (Brun et al.,
2013). Additionally, GDNF has been observed to promote axonal
outgrowth and enteric neuronal aggregation in myenteric neuron
cultures, mimicking the appearance of ganglions and their associ-
ated nerve tracts in vitro (Rodrigues, Li, Nair, & Blennerhassett,
2010). Thus, GDNF is thought to be an important factor in the
growth and survival of the myenteric ganglia (Rodrigues,Li,Nair,&
Blennerhassett, 2010).

This study has limitations that should be considered when inter-
preting the results. First, although all attempts were made to ac-

quire microphotographs of
whole mount preparations at
identical time conditions,
preferably after completion of
immunohistochemistry, it was
difficult to capture all images at
a constant time interval. Thus,
there may be subtle variations
in staining intensity between
tissues due to differences in
fluorescence degradation over
time.This may have affected the
quality and clarity of the images
acquired days after completion
of immunohistochemistry, mak-
ing it harder to subjectively dis-
criminate among neurons when
manually counting those im-
ages. In addition, it is important
to set microscope settings to
capture all images at a stand-
ardized minimum baseline
fluorescence to reduce un-
wanted background noise and
fluorescence bleed-throughs
which can make it hard to dis-
tinguish one neuron from an-
other (Stenkamp-Strahm,
Kappmeyer, Schmalz,Gericke &
Balemba, 2013). Although
efforts were made to capture all

images using minimum baseline fluorescence settings, it was hard
to keep these settings constant for all images due to of differences
in staining intensity between tissues. This also may have affected
both the the clarity of the images and the manual counting of neur-
ons. Secondly, we did not include immunohistochemistry control
experiments, which were imperative to ensure that the antibody
staining is accurate and to rule out endogenous staining (Kim,Roh,
& Park, 2016). We may have unknowingly included false-positive
results during our neuron counts which could have resulted in an
overestimation of neuron numbers.Thus, future studies should pre-
pare control immunohistochemistry experiments by omitting the
primary antibody in order to rule out artificial background staining
from unspecific secondary antibody binding as previously de-
scribed (Caputi et al., 2012). Finally, all our images were quantified
by only one investigator. Although, we were able to re-count all im-
ages to ensure consistency in the neuron counts, it is difficult to
ensure accuracy in our total count estimates. Future studies may
benefit from having 2 or 3 investigators independently counting
the neurons and averaging the estimates across the investigators to
ensure more accuracy in neuronal counts as previously mentioned
(Phillips,Hargrave, Rhodes, Zopt & Powley, 2004).

In conclusion, we demonstrated the effects of antibiotic treatment
on the colonic neurons of the myenteric plexus in wild Peromyscus
mice. Particularly, this study demonstrated that antibiotic-induced
dysbiosis is associated with a reduction in the total number of en-
teric neurons per field of view area, and a similar trend was ob-
served in the total number of neurons per myenteric plexus and per
myenteric ganglia.Reductions were also observed in the total num-
ber of ganglia in the antibiotic-treated mice. Our results suggest
that antibiotic-induced microbial dysbiosis affects the colonic

Fig. 1 (left) Effects of antibiotic exposure on the total number of enteric neurons per myenteric ganglia. Antibiotic treat‐
ment did not significantly reduce the average number of total enteric neurons per myenteric ganglia in comparison with
control mice. (A) Number of HuR+ neurons per myenteric ganglia in LMMP preparations of control and antibiotic-treated
mice determined by direct quantification at 40X magnification (p=0.21, N=10-16 per group). (B) Number of HuR+ neur‐
ons per myenteric ganglia determined by indirect quantification using 10X magnification data (p=0.44, N==8 per group).
(C) Representative microphotographs showing the distribution of HuR+ (green, pan-neuronal marker) neurons at 40X
magnification in antibiotic-treated and control mice. Scale bar = 0.25μm. Data are reported as mean ± SEM.

Fig. 2 (centre) Effects of antibiotic exposure on the total number of neurons in the myenteric plexus. Antibiotic exposure
significantly reduced the average number of total enteric neurons per field of view area (p=0.04, N=10-14 per group). (A)
In LMMP preparations (B) The reduction in the average number of total neurons as determined per myenteric plexus is
not significant in the antibiotic-exposed group (p=0.09, N=10-14 per group). (C) Representative microphotographs show‐
ing the distribution of HuR+ (green, pan-neuronal marker) neurons at 10X magnification in antibiotic-treated and control
mice. Scale bar = 0.75μm. Data are reported as mean ± SEM. * P < 0.05, significantly different from control.

Fig. 3 (right) Effects of antibiotic exposure on the total number of ganglia in the myenteric plexus. Antibiotic administration
significantly reduced the average number of total ganglia per myenteric plexus (p=0.05, N=8 per group) (A). (B) Repres‐
entative microphotographs showing the distribution of myenteric ganglia at 10X magnification in antibiotic-treated and
control mice. Circles represent clearly delineated ganglia in antibiotic and control mice. Scale bar = 0.75μm. Data are
reported as mean ± SEM. * P < 0.05, significantly different from control.



NEUROSCIENCE 27CJUR MAY 2021 | VOL 6(1)

neurons and ganglia of wild Peromyscus mice similar to laboratory
rodents.

The author would like to thank Dr Kirk Hillsley, Dr Holly
Bates, Debbie Lietz, and Smolly Coulson "for their guidance
and mentorship throughout the project".
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