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Abstract
Damage to peripheral nerve branches triggers activation of microglia in CNS areas containing
motor neuron soma and primary afferent terminals of the damaged fibers. Furthermore, microglial
activation occurs in areas containing the soma and terminals of spared nerve branches of a
damaged nerve. Because the abdominal viscera are innervated by spinal afferents as well as vagal
afferents and efferents, we speculated that spinal nerves might respond like spared nerve branches
following damage to vagal fibers. Therefore, we tested the hypothesis that damage to the
abdominal vagus would result in microglial activation in vagal structures—the nucleus of the
solitary tract (NTS), dorsal motor nucleus of the vagus nerve (DMV), and nodose ganglia (NG)—
as well as spinal cord (SC) segments that innervate the abdominal viscera.

To test this hypothesis, rats underwent subdiaphragmatic vagotomy or sham surgery and were
treated with saline or the microglial inhibitor, minocycline. Microglial activation was determined
by quantifying changes in the intensity of fluorescent staining with a primary antibody against
ionizing calcium adapter binding molecule 1 (Iba1).

We found that subdiaphragmatic vagotomy significantly activated microglia in the NTS, DMV,
and NG two weeks post-vagotomy. Microglial activation remained significantly increased in the
NG and DMV for at least 42 days. Surprisingly, vagotomy significantly decreased microglial
activation in the SC. Minocycline treatment attenuated microglial activation in all studied areas.
Our results indicate that microglial activation in vagal structures following abdominal vagal
damage is accompanied by suppression of microglial activation in associated areas of the spinal
cord.
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Introduction
Microglia are the subpopulation of macrophage-like glial cells that act as the immune
defense in both the central (CNS) and peripheral nervous system. Microglia are integral to
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the inflammatory response that occurs following nerve damage [2;23;25;36;42]. When
activated, microglia increase proliferation and undergo morphological changes from radial
(resting) to amoeboid profiles, with thicker processes (activated). Furthermore, they produce
and release a number of bioactive agents that modulate neuronal excitability, signaling, and
recovery following injury. These agents include cytokines, chemokines, nitric oxide,
prostaglandins, and growth factors [23;32;33]. Through release of these agents, activated
microglia contribute to the development and maintenance of neuropathic pain
[1;24;27;34;44;49]. Previous reports indicate that spinal nerve damage results in activation
of microglia in ipsilateral segments of the spinal cord (SC) dorsal horn containing the central
terminals of the damaged nerve. In addition, following a spared nerve injury where at least
one of multiple nerve branches of a single nerve are left uninjured or “spared,” microglial
activation also occurs within segments of the SC associated with uninjured nerve branches
[2].

In contrast to somatic areas innervated solely by spinal nerves, abdominal viscera receive
both vagal and spinal innervation [3;8–11;22;29;39;43]. The majority of spinal afferent
innervation of the abdominal viscera originates from cell bodies located in lower thoracic
dorsal root ganglia (DRG) and terminates within the corresponding neuromeres of the SC
[13;22;48]. Vagal afferents originate from cell bodies located in the nodose ganglia (NG)
and terminate centrally in the nucleus of the solitary tract (NTS), while vagal efferent
neurons are located in the dorsal motor nucleus of the vagus (DMV) [12;38].

Treatments of gastrointestinal disorders, including bariatric surgery, result in either full or
partial section of the vagus nerve, but little is known about microglial changes within the
CNS following vagotomy [4;5;17;26;42;45]. Therefore, we tested the hypothesis that
subdiaphragmatic vagotomy would result in long-lasting microglial activation in the NTS,
DMV, area postrema (AP), and NG. Additionally, we hypothesized that spinal afferents
would act as a spared nerve following subdiaphragmatic vagotomy, activating microglia
within the SC. To test our hypothesis, we examined expression of the microglial marker,
ionized calcium binding adaptor molecule 1 (Iba1), within the NTS, DMV, AP, NG, and SC.
Minocycline, a member of the tetracycline family, was used to systemically inhibit
microglial activation.

Material and methods
Animals

Male Sprague–Dawley rats (4-months-old at surgery; Simonsen Laboratories, Gilroy, CA,
USA) were housed in individual hanging cages in a temperature-controlled vivarium with ad
libitum access to food (Harlan Teklad F6 Rodent Diet W, Madison, WI, USA) and water.
Rats were maintained on a 12-h light/dark schedule. All animal procedures were approved
by the Washington State University Institutional Animal Care and Use Committee and
conform to National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Subdiaphragmatic vagotomy
Beginning three days prior to surgery and continuing until sacrifice, vagotomized and sham
animals received daily injections of the microglia inhibitor, minocycline (20 mg/kg i.p.;
Sigma) or control injections of sterile 0.9% NaCl. Subdiaphragmatic vagotomies were
performed as previously described [21]. Briefly, rats were anesthetized with a mixture of
ketamine, acepromazine, and xylazine (50, 2, and 25 mg/kg, respectively), and the dorsal
and the ventral vagal trunks were isolated via midline laparotomy. A 5 mm section was
removed from both the dorsal and ventral nerve trunks above the point of bifurcation into
the celiac and gastric or hepatic and accessory celiac branches, respectively. Sham-operated
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control animals had vagus nerves exposed but not cut. Completeness of vagotomies was
confirmed by absence of retrogradely labeled neurons in the hindbrain and NG following
intraperitoneal injection of Fast Blue (4%, EMS-CHEMIE GmbH, Germany), according to
criteria described previously [38].

Tissue processing
After recovery times of 14 (n=4/group) or 42 days (n=4/group), animals were transcardially
perfused with 0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde; hindbrains, NG, and
lower thoracic SC were then extracted. Hindbrains and SC were sectioned at 30 μm and
floated in sets of three vials containing glycerol until staining. Hindbrain sections were
collected between the rostral border of the AP and the calamos scriptoreus (Bregma −14.08
to −13.68) [33]. SC sections were collected beginning at the insertion of the ninth thoracic
dorsal roots and continuing rostraly until a total of 36 sections were obtained. NG were
sectioned at 20 μm and directly mounted onto sets of three slides. For each studied region,
tissue from all animals was processed simultaneously to prevent differences in staining due
to differing conditions. Prior to staining, sections were incubated for 2h in a blocking
solution of 10% normal horse serum in Tris-phosphate buffered saline (TPBS, pH 7.4).
Sections were subsequently incubated overnight in a primary antibody against Iba1 (rabbit
polyclonal, 1:1000; cat# 019-19741, Dako) followed by an Alexa-488 secondary antibody
(donkey anti-rabbit, 1:400; cat# A21206, Invitrogen). Negative controls for
immunofluorescence staining were performed by omission of primary antibodies. Sections
were mounted in ProLong (Molecular Probes) to reduce photo bleaching.

Intensity analysis
Sections were examined under a Nikon 80-I fluorescent microscope. The mean intensity of
Iba1 immunoreactivity was analyzed in using Nikon Elements AR software. For each
studied region, a representative section from each animal was used to calculate an average
exposure time and background fluorescence level as determined by the pixel intensity of
stained tissue regions that were negative for Iba1. Subsequently, 20×-stitched images were
created using this fixed/standardized exposure time followed by removal of background
fluorescence. In hindbrains, regions of interest (ROIs) were created to isolate the NTS,
DMV, and AP from one another [37]. In SC, ROIs were created to isolate dorsal horns from
surrounding tissue. In NG, ROIs were created to isolate cellular portions from passing
fibers. In all ROIs, the mean pixel intensity was determined for each group (sham/saline;
sham/minocycline; vagotomy/saline; vagotomy/minocycline). The sham/saline value was
then set to 1.00, and the corresponding groups were normalized accordingly. The resulting
data are expressed as mean fold change ± SEM and were analyzed using a one-way
ANOVA followed by a Tukey Student's t-test for significance.

Results
Subdiaphragmatic vagotomy activates microglia in vagal structures

Fourteen days after sham surgery, hindbrain nuclei and NG contained Iba1+ microglia with
resting morphology. In the hindbrain, this resting morphology was indicated by cells with
small perikarya and radially branching processes (Fig. 1A & C). In the NG, resting Iba1+
microglia had small, oval perikarya with fibrous processes (Fig. 2A & C). In all vagal
structures from sham-operated animals, Iba1+ microglia were evenly distributed without any
clustering.

Fourteen days after subdiaphragmatic vagotomy, microglia in the NTS, DMV, and NG were
activated. Specifically, mean Iba1 intensities in the NTS and DMV of vagotomy/saline
animals were increased by 1.74 ± .06 and 2.41 ± .11-fold over sham/saline controls (p < .
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001; Fig. 1B & E). Microglia in these animals exhibited larger perikarya with fewer and
shorter processes, as is characteristic of activation (Fig. 1B). Minocycline treatment
attenuated the vagotomy-induced increases in mean Iba1 intensity in both the NTS and
DMV, reducing the fold changes over sham/saline to 1.38 ± .07 (p < .01) and 1.72 ± .08 (p
= .078), respectively. However, activation in the NTS and DMV was still increased
compared to sham-operated controls (p < .01 and p = .057, respectively). Microglia in
vagotomy/minocycline animals presented with intermediate morphologies (Fig. 1D).
Minocycline injections alone did not significantly reduce mean Iba1 intensity within the
NTS or DMV (Fig. 1C & E).

Fourteen days following vagotomy, mean Iba1 intensity in the NG was increased by 2.86 ± .
56-fold over sham/saline (p < .05; Fig. 2B & E). Active Iba1+ microglia in the NG were
represented by comma-shaped profiles with shorter and thicker processes (Fig. 2B).
Minocycline treatment abolished the vagotomy-induced increase in Iba1 intensity (p < .05;
Fig. 2D & E). Minocycline injections alone did not significantly reduce mean Iba1 intensity
within the NG (Fig. 2C & E).

Subdiaphragmatic vagotomy decreases microglial activation in the SC
As in the hindbrain, resting microglia in the dorsal horns of the SC were evenly distributed
with radially branching processes (Fig. 3A). Fourteen days after vagotomy, there was a 0.15
± .01-fold decrease in mean Iba1 intensity compared to sham/saline (p < .01; Fig. 3B & E).
Despite the reduction in Iba1 intensity, the remaining microglia exhibited active morphology
with fewer and shorter processes (Fig. 3B). Minocycline injections alone also decreased
mean Iba1 intensity in the SC by 0.25 ± .09-fold (p < .01; Fig. 3C & E). The effects of
vagotomy and minocycline injections on mean Iba1 intensity were not additive, as shown by
a 0.38 ± .14-fold decrease in vagotomy/minocycline animals compared to sham/saline (p < .
05; Fig. 3D & E).

Extended activation of microglia following subdiaphragmatic vagotomy
Forty-two days after subdiaphragmatic vagotomy, mean Iba1 intensity remained
dramatically elevated in the NG with a fold change of 4.19 ± .89 over sham/saline (p < .05;
Fig. 4). A smaller yet significant increase in Iba1 intensity was seen in the DMV 42 days
after vagotomy with a fold change of 1.44 ± .07 over sham/saline (p < .05; Fig. 4). Other
areas, including the NTS and SC, had returned to baseline by this time point.

Discussion
Our results indicate that microglia in the hindbrain and nodose ganglia are activated for up
to six weeks following subdiaphragmatic vagotomy. Fourteen days after vagotomy,
microglial activation is shown by significantly increased Iba1 immunoreactivity and altered
morphology in both the hindbrain and NG. Our observations confirm a prior report
indicating that unilateral nodose ganglion removal activated microglia and increased other
inflammatory markers in the ipsilateral NTS and DMV at 3 and 14 days after
ganglionectomy [41;42]. Our study extends these observations by demonstrating that
increased microglial activation occurs in response to more distal vagal damage. In addition,
we found that increased microglial activation was detectable in the NG and DVM up to 42
days after injury. To our knowledge, this represents the longest reported microglial
activation following peripheral nerve damage.

This prolonged activation of microglia may have a significant effect on vagal structures
through cytokine release. The cytokine IL-1β has been shown to activate vagal afferents in
the NG [16]. Blocking vagal afferent signaling with subdiaphragmatic vagotomy prevents
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the development of fever due to circulating IL-1β [14]. Furthermore, cytokines that may be
released from microglia, such as IL-1β and TNF-α, have been connected with decreased
food intake, decreased gastric motility, and increased lipid metabolism, all combining to
produce anorexia [6;20;21;40;46;47]. Should microglial activation seen following vagotomy
be accompanied by similar physiological effects, this may be a factor in the reduction of
food intake and body weight following surgeries that involve intentional or accidental vagal
damage [4;5;45].

We found that minocycline treatment attenuated vagotomy-induced microglial activation in
the NTS, DMV and NG. Minocycline is a tetracycline antibiotic that inhibits activation and
proliferation of microglia and subsequent cytokine production [15]. Minocycline was also
reported to attenuate, but not abolish, microglial activation following unilateral nodose
ganglionectomy [42]. Minocycline treatment has been shown to prevent microglia-induced
hyperalgesia and to be neuroprotective following damage [19;51]. Therefore, preventive
minocycline treatment may reduce the side effects of bariatric surgeries that are possibly a
result of microglial activation in vagal structures, including severe nausea and light-
headedness [5].

Damage to a single nerve branch leads to microglial activation in terminal fields of spared
branches [2]. We postulated that the abdominal spinal innervation might behave as a “spared
branch” following vagotomy. However, SC sections collected 14 days after vagotomy had
significantly decreased Iba1 intensities. This unexpected reduction of microglial activity
may be explained by vagal inhibition of spinal sensory signaling. It has been previously
demonstrated that vagal activity influences a pathway of descending inhibition from the
hindbrain—presumably the NTS—to the spinal afferent terminals in the dorsal horns of the
SC [30;31]. The subdiaphragmatic vagotomy performed in our study would disrupt the same
descending pathway. This disruption may reduce microglial activation in the SC through a
lack of descending input or the release of inhibition. Alternatively, the vagotomy may be
causing the migration of microglia from the spinal cord toward the damaged nodose ganglia
or hindbrain [7;28; 35].

In all studied regions, there was at least a trend towards decreased Iba1 intensity with
minocycline treatment alone. The decrease in Iba1 intensity with minocycline was
significant in the SC. Minocycline treatment on the order of days is not sufficient to reduce
basal microglial activation [19]. However, chronic treatment on the order of weeks or
relatively large doses will reduce activation below basal levels [18;42]. In our study, the
apparent increase in minocycline effectiveness within the SC is likely due to lower basal
density of microglia in comparison to the other studied regions rather than increased basal
activity. This reduction may be the result of the anti-proliferative effect of minocycline or a
reduction of Iba1 expression within still present microglia.

Conclusions
In conclusion, we found that subdiaphragmatic vagotomy has a profound and long-lasting
effect on microglial activation in vagal structures. In the NTS and AP, this activation
persists for at least 14 days. In the NG and DMV, activation lasts for at least 42 days.
Contrary to our hypothesis, however, spinal neurons innervating the abdominal viscera do
not behave as a typical spared nerve. Further examination of these phenomena may lead to a
better understanding of the mechanism by which vagal manipulations decrease food intake
and body weight.
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Highlights

• Subdiaphragmatic vagotomy activates microglia in the NTS, DMV, and nodose
ganglion.

• In the nodose ganglion and DMV, microglial activation lasts for at least 42 days.

• Minocycline treatment attenuates vagotomy-induced microglial activation.

• Vagotomy suppresses microglia in spinal cord segments innervating the GI
tract.
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Figure 1. Vagotomy increases microglial activation in the NTS and DMV
(A–D) Representative 20× images of Iba1 immunoreactivity in the hindbrain near Bregma
−13.80 mm with (A) sham/saline, (B) vagotomy/saline, (C) sham/minocycline, and (D)
vagotomy/minocycline. Inserts are 100× images from the same section demonstrating
microglial morphology with each of the treatment combinations. (E) Graphical
representation of Iba1 intensity 14 days after surgery normalized to sham/saline. NTS:
nucleus of the solitary tract; DMV: dorsal motor nucleus of the vagus; AP: area postrema;
scale bar = 200 μm in 20× images, 20 μm in 100× images; * p < 0.05, ** p < 0.01, *** p <
0.001 vs Sham/NaCl; # p < 0.05, ### p < 0.001 vs Sham/Mino; $$ p < 0.01 vs VagX/NaCl.
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Figure 2. Vagotomy increases microglial activation in the NG
(A–D) Representative 20× images of Iba1 immunoreactivity in the nodose ganglia with (A)
sham/saline, (B) vagotomy/saline, (C) sham/minocycline, and (D) vagotomy/minocycline.
Inserts are 100× images demonstrating microglial morphology with each of the treatment
combinations. (E) Graphical representation of Iba1 intensity 14 days after surgery
normalized to sham/saline. Scale bar = 100 μm in 20× images, 20 μm in 100× images; * p <
0.05 vs Sham/NaCl; ## p < 0.05 vs Sham/Mino; $ p < 0.05 vs VagX/NaCl.
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Figure 3. Vagotomy decreases microglial activation in the spinal cord
(A–D) Representative 20× images of Iba1 immunoreactivity in the spinal cord at T9 with
(A) sham/saline, (B) vagotomy/saline, (C) sham/minocycline, and (D) vagotomy/
minocycline. Inserts are 100× images from the same section demonstrating microglial
morphology with each of the treatment combinations. (E) Graphical representation of Iba1
intensity 14 days after surgery normalized to sham/saline. Scale bar = 200 μm in 20×
images, 20 μm in 100× images; * p < 0.05, ** p < 0.01 vs Sham/NaCl.
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Figure 4. Microglial activation persists in the NG
Graphical representation of Iba1 intensity 42 days after surgery normalized to sham/saline. *
p < 0.05 vs Sham/NaCl.
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