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Abstract

Multiple crosstalk between peripheral organs and the nervous system are required to maintain
physiological and metabolic homeostasis. Using Vav3—deficient mice as a model for chronic
sympathoexcitation—associated disorders, we report here that afferent fibers of the hepatic branch
of the vagus nerve are needed for the development of the peripheral sympathoexcitation,
tachycardia, tachypnea, insulin resistance, liver steatosis, and adipose tissue thermogenesis present
in those mice. This neuronal pathway contributes to proper activity of the rostral ventrolateral
medulla, a sympathoregulatory brainstem center hyperactive in Va3~ mice. Vagal afferent inputs
are also required for the development of additional pathophysiological conditions associated with
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deregulated rostral ventrolateral medulla activity. By contrast, they are dispensable for other
peripheral sympathoexcitation—associated disorders sparing metabolic alterations in liver.
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Introduction

Physiological and metabolic balance in the organism requires extensive crosstalk between
the central nervous system and peripheral organs. Efferent signals to the periphery are
mediated by the sympathetic (SNS) and parasympathetic branches of the autonomic nervous
system, both of which cooperate to fine tune energy consumption rates, mobilization of
energy stores, glucose metabolism, insulin production, and the real-time functional
adaptability of many tissues to feeding, environmental and behavioral-associated changes
(Saper 2002). For example, the stimulation of the SNS leads to mobilization of glucose from
internal stores and gluconeogenesis, inhibition of insulin release, increased energy
expenditure, adipose tissue—associated thermogenesis as well as to transient increases in
blood pressure, ventilation activity, and vasomotor tone (Guyenet 2006; Lambert, et al.
2010). One of the key brainstem centers controlling the sympathetic outflow is the rostral
ventrolateral medulla (RVLM) (Grill and Hayes 2012; Guyenet 2006; Saper 2002). On the
other hand, the brain gets inputs from peripheral organs to rapidly react to the physiological
and metabolic imbalances of the organism (Saper 2002). In the case of metabolic changes,
this information is conveyed to multiple central and brainstem areas by afferent neurons
sprouting from peripheral organs and by the long-range action of hormones (Grill and
Hayes 2012). The understanding of these crosstalk is critical, since their alteration can cause
or cooperate with other genetic and life style factors in the development of
epidemiologically relevant diseases such as type 2 diabetes, obesity, and hypertension. All
those diseases can come together in the same pathophysiological pack, as is the case of
borderline hypertension, neurogenic hypertension, and the metabolic syndrome (Lambert et
al. 2010; Mancia, et al. 2007; Moller and Kaufman 2005). This latter multiorgan spanning
disease, together with the high incidence of sympathomimetic toxidrome owing to the
increasing use of both legal and illegal sympathomimetics, is one the most important
challenges faced by our health systems both in terms of epidemiological incidence and
treatment costs (Dixon 2010). Unfortunately, the afferent signals that convey the metabolic
information back to the brain and how such data are integrated, processed, and finally
articulated into defined peripheral responses remain poorly characterized as yet. Current
evidence suggests that the vagus, the longest and most complex cranial nerve that innervates
most internal organs (Saper 2002), is probably a key element of these crosstalk. Thus, it has
been reported that changes in glucose, protein, and lipid content in the hepatic portal
circulation lead to the stimulation of afferent fibers of the hepatic vagal branch (Benthem, et
al. 2000; Grekin, et al. 1995; Grill and Hayes 2012; Yi, et al. 2010). The use of genetically
manipulated mice has shown that vagal afferent signals are also important to sustain the
long—term development of glucocorticoid— and high fat—diet induced cardiovascular and
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metabolic dysfunctions (Bernal-Mizrachi, et al. 2003; Bernal-Mizrachi, et al. 2007; Uno, et
al. 2006; Yi et al. 2010). The final brain regions and mechanisms that integrate and translate
these afferent signals into defined sympathetic—mediated peripheral effects have not been
identified as yet.

In this work, we decided to analyze the role of the vagus nerve in diseases derived from a
chronic and systemic sympathoexcitation condition. To this end, we utilized as working
model knockout mice lacking expression of the Rho GTPase activator Vav3 (Bustelo 2014).
These animals show defects in the migration and guidance of the axons of the GABAergic
neurons located in the caudal ventrolateral medulla (CVML), a problem that leads to the loss
of the tonic inhibition of the RVLM by GABAergic axons from that brainstem region (Fig.
1A) (Sauzeau, et al. 2010a). This defect causes peripheral sympathoexcitation in those mice
and the progressive development of SNS-associated dysfunctions such as hypertension,
hypertension—associated morbidities (e.g., cardiovascular remodeling, kidney fibrosis),
tachycardia, tachypnea, liver steatosis, insulin resistance, hyperlipidemia, and cold—
independent thermogenesis both in the white (WAT) and brown (BAT) adipose tissue (Fig.
1A). Importantly, these dysfunctions take place in the absence of any pharmacological
treatment, obesity, or high fat—diet conditions (Menacho-Marquez, et al. 2013; Sauzeau et al.
2010a; Sauzeau, et al. 2006). Thus, these animals represent an ideal model to assess the role
of the hepatic vagus on the evolution of systemic metabolic diseases associated with
borderline hypertension, postreceptor insulin resistance, and obesity—independent metabolic
syndrome. Using this model, we report here that the hepatic afferent fibers of the vagus play
critical roles in the etiology of the wide spectrum of disorders associated with neurogenic—
driven metabolic syndrome.

Materials and Methods

Ethical approval

All animal experiments were done according to protocols approved by the Bioethics
Committees of the Universities of Salamanca and Santiago de Compostela.

Animal studies

Male Vav3~~and Vav27~C57BL/10 mice (Doody, et al. 2001; Sauzeau et al. 2006) were
kept in ventilated rooms in pathogen—free facilities under controlled temperature (23°C),
humidity (50%), and illumination (12-hour-light/12—-hour—dark cycle) conditions. After
weaning, mice were fed a standard chow global diet #2918 (6.2% fat, 3.1 kcal/g; Harlan
Laboratories).

Surgical subdiaphragmatic vagotomies

The surgical procedure was performed as previously described (Imbernon, et al. 2013;
Imbernon, et al. 2016). Briefly, 2.5-month—old mice of the indicated genotypes under
ketamine—xylazine anesthesia were placed on their backs and subjected to a midline
abdominal incision. After carefully moving the liver to the right side of the animals, the
dorsal and ventral branches of the vagus nerve were exposed, each branch ligated with
surgical suture at two points as distally as possible to prevent bleeding, and then the area
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between the two sutures was removed by cauterization. After this procedure, the liver was
moved back to the normal anatomical position and both the abdominal muscles and the skin
sutured. As control, we performed sham operations in which each trunk of the vagal nerve
was exposed without ligation and cauterization. Physiological evaluations were conducted
21 days post—operative recovery. Animals were analyzed in vivo at the 30th and 45th day
postsurgery and, eventually, euthanized when they were 4-month—old. Effectiveness of the
vagotomy was assessed by post-mortem stomach observation of each experimental animals.
Only mice showing an evident increase in stomach size after vagotomy (due to motoric
dysfunction) were included in final analyses.

Blood pressure, heart rate, and breathing frequency determinations

These physiological parameters were determined as described elsewhere (Sauzeau et al.,
2006; Sauzeau et al., 2010).

Glucose tolerance tests

Histological

These analyses were performed by injecting intraperitoneally D—glucose (2 g/kg body
weight; Cat. number G6152, Sigma) in mice that had been previously fasted for 18 hours.
Aliquots of the blood of the injected mice were then serially collected from tail bleeds every
30 min over a 3 hour—long period. Finally, the concentration of plasma glucose in those
aliquots was determined using a glucometer (Accu—Check; Aviva, Roche). Areas under the
curve values were determined as described (Menacho-Marquez et al. 2013).

studies

Liver, BAT and white adipose tissue were extracted, fixed in 4% paraformaldehyde, included
in paraffin, cut in 2-3 pm thick sections, and stained with hematoxylin/eosin. Images were
captured using an BX51 microscope coupled to a DP70 digital camera (both from
Olympus). Liver sections were blindly analyzed by an independent pathologist to classify
them according to steatotic grade. Quantification of the number of brown adipocytes was
done de visu by two individuals using unlabeled images from BAT histological sections.

Analysis of liver triglycerides

Total lipids were extracted for 4 hours using an 8:1 mixture of chloroform and methanol
from liver samples (50 mg) from overnight fasted mice. The lipophilic fraction was
obtained, mixed with 1 N H,SO4 (Sigma), centrifuged for 10 min, and the concentration of
triglycerides present in the resulting supernatant determined enzymatically (Serum
Triglyceride Determination Kit; Cat. numbers G7793, F6428 and T2449, Sigma).

mMRNA abundance determinations

Total RNAs were extracted and quantitated as previously described by gqRT-PCR (Citterio,
et al. 2012). Primers used for this step included 5’-CGG TGT TGT GCG GTG TCT GTA
GT-3’ (forward for Ppargcla), 5’-CGA TCA CCA TAT TCC AGG TCA AG-3’ (reverse
for Ppargcla), 5’-TAG AGC ATA TCC CCC AGG TG-3’ (forward for Sropic), 5'-GGT
ACG GGC CAC AAG AAG TA-3’ (reverse, Srbplc), 5’-GAC CGT GGT GAT CCG CGG
GG-3’ (forward, /nsig2), 5’-CTG AGG CTG TGC CGC AGC AT-3’ (reverse, Insig2), 5’
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GGG CCC TTG TAA ACA ACA AA-3’ (forward, Ucpl), 5’-GTC GGT CCT TCC TTG
GTG TA-3’ (reverse, Ucpl), 5’-TGC ACC ACC AAC TGC TTA GC-3’ (forward, Gapah),
and 5’-TCT TCT GGG TGG CAG TGA TG-3’ (reverse, Gapah).

Brainstem immunohistochemistry

The brains were extracted, fixed in 4% paraformaldehyde, dissected at the brainstem level
using a mouse brain slicer matrix (RBMA-200C, World Precision Instruments), paraffin
embedded, cut in 2 um thick sections, and scanned using an Olympus BX51 microscope
coupled with a DotSlide system for the identification of RVLM. TH staining (dilution 1:50,
Cat. Number 22941, ImmunoStar) was carried out using the Ventana Discovery system
(Roche) and the following parameters: citrate buffer pH 6.0 for heat—induced antigen
retrieval, 40 min incubations with primary and secondary (Cat. number ab133469, Abcam)
antibodies, detection step with the ChromoMap DAB kit (Cat. number 760-159, Roche),
and counterstaining with hematoxylin. The quantification of the number of RVLM TH*
neurons was done using standard microscopy analyses.

Bicuculline treatments

Bicuculline (Cat. number: B9130, Sigma) was prepared in acid water and diluted (0.2
mg/ml) in sterile phosphate—buffered saline solution at the moment of the injection. 100 pl
of that solution were injected intraperitoneally into mice 30 min before euthanasia
(Menacho-Marquez et al. 2013).

Determination of plasma catecholamines

Mice were fasted overnight and euthanized the next morning. Upon euthanasia, blood
samples were collected and the plasma concentration of noradrenaline (CatCombi ELISA,
IBL) and adrenaline (CatCombi ELISA, IBL) determined using the indicated ELISA Kits as
previously described (Sauzeau et al. 2006).

Elimination of vagal afferents

We followed a previously described procedure to carry out these experiments (Bernal-
Mizrachi et al. 2007). Hence, upon the surgical opening of the abdominal walls of ketamine—
xylacine anesthetized mice of the indicated genotypes, the anterior ligament and the
membranous connection of the left lobe of the liver to the diaphragm were cut to give better
visibility of the esophageal-hepatic attachments. This region contains a neurovascular
bundle including the hepatic branch of the vagus nerve. This branch was selectively exposed
and, with the help of a gauze, soaked in capsaicin (Cat. number M2028, Sigma). To this end,
a stock solution was first prepared by sonicating 10 mg of the toxin in 0.1 ml Tween 80 (Cat.
number P4780, Sigma). Subsequently, the sonicated preparation was diluted in 0.9 ml of
olive oil (Cat. number 01514, Sigma). To ensure the local action of the toxin, the capsaicin—
treated bundles were wrapped up in Paraffin paper (Cat. number 80-6135-67, GE
Healthcare) for 30 min. The application was repeated twice so that a total dose of 0.5 mg of
capsaicin was applied to each experimental mouse. In the case of the sham—operated
controls, the above procedure was performed using the carrier solution (Tween 80 in olive
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oil, 1:10 dilution). Physiological evaluations were conducted 21 days post—operative
recovery.

Determination of plasma glucocorticoids

Statistics

Results

Blood samples were collected as indicated for the determination of catecholamines. The
concentration of cortisol and corticosterone in plasma was then determined using the
appropriate Enzyme Immunoassay Kit (Cat. numbers KO03-H1 and K014-H1, respectively;
Arbor) as indicated by the manufacturer.

Data normality and equality of variances were analyzed with Shapiro-Wilk and Bartlett’s
tests, respectively. Parametric distributions were analyzed using either one-way ANOVA or
Student’s ttests for comparison between two unpaired groups. Non—parametric distributions
were analyzed using either Kruskal-Wallis or Mann—Whitney tests. Values were considered
significant when P< 0.05.

Complete vagotomy blocks sympathoexcitation—driven dysfunctions in mice

We performed both sham operations and complete subdiaphragmatic vagotomies on Vav3'-
mice to assess the contribution of the vagus nerve to the SNS—dependent disorders exhibited
by those mice. The comprehensive characterization of the metabolic parameters of these
mice has been reported before (Menacho-Marquez et al. 2013). As controls, we used wild—
type (WT) and Vav2”~ mice subjected to the same surgical procedure. The inclusion of
Vav2-- mice, which lack a related Rho GTPase activator of the Vav family (Bustelo 2014),
was of special interest because they show levels of catecholamines in the plasma comparable
to those found in Vav3~ mice. However, the sympathoexcitation of Vav27/~ mice is an
indirect downstream consequence of their hypertensive state rather than being directly
caused by deregulated RVLM activity (Sauzeau, et al. 2010b). As a consequence, and unlike
the case of Vav3'~ mice, the sympathoexcitation of the Vav2—deficient animals can be
eliminated by standard anti-hypertensive drugs (Sauzeau et al. 2010b). The use of these
mice is also of interest because they develop tachycardia, systemic hypertension and
associated comorbidities very similar to those found in Vav3~ but, instead, do not exhibit
tachypnea, fatty liver disease, insulin resistance or adipose tissue thermogenesis (Menacho-
Marquez et al. 2013; Sauzeau, et al. 2007). Hence, the combined used of these two Vav
family knockout mouse models allowed us to distinguish the effects of the complete liver
vagotomy under different conditions of peripheral sympathoexcitation. We found that the
resection of the vagus nerve in WT mice does not trigger any significant alteration in blood
pressure (Fig. 1B), heart beat frequency (Fig. 1C), breathing activity (Fig. 1D), plasma
glucose clearance (Fig. 1E,F), liver histology (Fig. 1G), and liver triglyceride content (Fig.
1H). This procedure does not promote either the thermogenic activity in the adipose tissue of
WT mice, as exemplified by the lack of changes in brown adipose tissue (BAT) histology
(Fig. 11,J), the absence of elevated levels of both Ppargciaand UcpI mRNA levels in the
BAT (data not shown, but see below Fig. 2F), and the low levels of the Ucp transcript
present in the white adipose tissue (WAT) when compared to sham operated controls (Fig.
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1K). Ppargcl encodes Pgcla (peroxisome proliferator—activated receptor -y coactivator 1
a), a transcriptional factor required for Ucpl expression in adipose tissues. UcpI encodes a
protein involved in the uncoupling of the oxidative phosphorylation from the respiratory
chain, a process that allows the dissipation of energy as heat (Cannon and Nedergaard 2004).
By contrast, we observed that the complete subdiaphragmatic vagotomy eliminates the
hypertension (Fig. 1B), the tachycardia (Fig. 1C), the tachypnea (Fig. 1D), the increased
glucose intolerance (Fig. 1E,F), the liver steatosis (Fig. 1G,H) as well as the histological
(Fig. 11,J) and functional (Fig. 1K) features associated with increased adipose tissue heat
dissipation typically observed in Vav3’~— mice (Menacho-Marquez et al. 2013; Sauzeau et al.
2010a; Sauzeau et al. 2006). These effects are specifically linked to the phenotype of
Vav3- mice, because the resection of the subdiaphragmatic vagus nerve does not abolish
the high blood pressure (Fig. 1B) and increased heart beat activity (Fig. 1C) exhibited by
Vav2= mice. As in the case of WT animals, the rest of parameters tested in this study that
were within normal physiological ranges in Vav2—deficient mice do not change upon the
removal of the hepatic vagal branch (Fig. 1D-K).

Vav3 deficiency-triggered RVLM hyperactivation requires vagal nerve function

Given the connection of the pathophysiology of V&v37~ mice with the hyperactivation of the
RVLM, we next evaluated the effect of the complete subdiaphragmatic vagotomy on the
RVLM-dependent sympathoexcitation present in these mice. To this end, we first quantified
the number of neurons in the RVLM that were positive for tyrosine hydroxylase (TH), the
limiting enzyme in the catecholamine biosynthetic route that is conventionally used as a
marker for increased activity in catecholaminergic neurons (Molinoff and Axelrod 1971). As
expected from the results obtained with nonmanipulated Vav3-— mice (Sauzeau et al.
2010a), we found that the sham—operated Vav3~ animals exhibit increased TH reactivity in
RVLM cells when compared to WT controls (Fig. 2A-C). This indicates that the
catecholaminergic cells in this area become activated under these conditions. However, such
a reactivity drops down to WT-like levels in the case of vagotomized Vav3~ animals (Fig.
2B,C). Concurring with this observation, the plasma levels of catecholamines become
reduced in the latter animals to concentrations similar to those found in sham operated
control mice (Fig. 2D). The complete vagotomy also eliminated the basal upregulation of
SNS-regulated mMRNA transcripts connected to the development of a metabolic syndrome
conditions in the liver (Fig. 2E, compare light and dark red bars) (Menacho-Marquez et al.
2013). Those include, for example, the transcripts encoding Pgcla, a transcriptional factor
that favors insulin resistance through the TRB3-dependent inhibition of the
phosphatidylinositol 3 kinase a. (PI3Ka)—-Akt pathway; Srebpl (sterol regulatory element—
binding protein 1), a transcriptional factor involved in the induction of de novo lipogenesis
and steatosis programs in the liver; and Insig2 (insulin—-induced gene 2), a negative regulator
of Srebp1l that can be positively and negatively regulated by peroxisome proliferator—
activated receptor a. (Ppara) and the PI3Ka—Akt route, respectively (Dong and Tang 2010;
Fernandez-Marcos and Auwerx 2011; Shao and Espenshade 2012). The complete
subdiaphragmatic vagotomy also eliminates the high levels of the Ppargciaand Ucpl
transcripts typically observed in the BAT of Vav3”~ mice (Fig. 3F, compare light and dark
red bars). By contrast, in agreement with the results shown in Figure 1, the vagotomy does
not alter the low numbers of RVLM TH* cells (Fig. 2B,C), the physiological plasma
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concentrations of catecholamines (Fig. 2D) or the abundance of the interrogated liver (Fig.
2E) and BAT (Fig. 2F) transcripts in the case of WT mice. It also spares the high
concentrations of plasma catecholamines that are normally displayed by Vav2-- mice (Fig.
2D).

We have previously shown that the stereotaxic administration of the GABAergic antagonist
bicuculline into the RVLM of WT mice phenocopies the Vav3gene deficiency in terms of
sympathoexcitation and the ensuing elevation of blood pressure, heart, and respiratory rates
(Sauzeau et al. 2010a). The same effects are found when low doses of bicuculline are
intraperitoneally administered to mice. Such treatments also result in the induction of
Vav3- mice-like histological and molecular changes in both the liver and BAT of the WT
mice (Menacho-Marquez et al. 2013). By contrast, the stereotaxic or the intraperitoneal
administration of bicuculline does not alter any of the SNS-associated pathophysiological
alteration present in Vav3”~ mice given that these animals have already lost most of the
inhibitory GABAergic wiring from the CVML to the RVLM (Menacho-Marquez et al. 2013;
Sauzeau et al. 2010a). These observations led us to test the effects of the complete
subdiaphragmatic vagotomy on the sympathoexcitation triggered by this GABA, receptor
antagonist. Consistent with our previous results (Menacho-Marquez et al. 2013), we found
that bicuculline prompts a rapid increase in RVLM TH?* cells (Fig. 2B,C), plasma
catecholamine levels (Fig. 2D) as well as the abundance of the liver (Fig. 2E) and BAT (Fig.
2F) transcripts in WT mice. Interestingly, all those bicuculine—-mediated effects are
abrogated in the case of the vagotomized counterparts (Fig. 1B-F). As expected, the
administration of bicuculline does not have any effect on the already high levels of those
physiological and molecular parameters present in Vav3-~ mice (Fig. 2B-F). It does not
eliminate the effects of the vagotomy on the physiology of Vav3'~ mice (Fig. 2B-F).
Collectively, these results indicate that the vagus is required for the sympathoexcitation—
associated disorders chronically and acutely induced by the Vav3 deficiency and the
bicuculline treatments, respectively.

Afferent vagal fibers maintain RVLM—driven sympathoexcitation in Vav3~~ mice

The foregoing data suggested that the effect of the vagotomy had to be related to the
elimination of afferent vagal inputs that deliver metabolic information from peripheral
tissues to the brainstem. To address this possibility, we next eliminated the unmyelinated
afferent fibers of the vagus in Vav3"~ and control mice using topical applications of the
neurotoxin capsaicin. It has been shown before that this procedure ensures the preservation
of the efferent vagal fibers as well as the afferent fibers that travel through the posterior
vagal trunk (Bernal-Mizrachi et al. 2007). As in the case of the surgical resection of the
subdiaphragmatic vagus nerve (Fig. 2), we observed that the chemical ablation of these
fibers results in a marked reduction in the usually high numbers of RVLM TH* cell (Fig.
3A,B) and plasma catecholamine levels (Fig. 3C,D) that are detected in Vav3”~ mice (Fig.
3A,B). In tone with the data obtained with complete subdiaphragmatic vagotomies (Fig. 2),
we also found that the effects induced by capsaicin in Va3~ mice cannot be rescued by the
subsequent administration of bicuculline (Fig. 3A-D). The administration of the neurotoxin
does not have any effect on the low basal levels of RVLM TH* cells (Fig. 3A,B) and plasma
catecholamines (Fig. 3C,D) present in WT mice. However, it does abrogate the stimulation
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of RVLM TH* neurons (Fig. 3A,B) and the ensuing upregulation of plasma catecholamines
(Fig. 3C,D) triggered by bicuculline in those animals. These results recapitulate again the
data obtained using vagotomized WT animals (Fig. 2). Likewise, we observed that the
chemical ablation of the vagal afferent fibers does not elicit any effect on the plasma
catecholamine levels present in Vav2-/~ mice (Fig. 3C,D).

Given that the elimination of the afferent fibers of the vagus hepatic branch blocks the
hypertension and insulin resistance triggered by the administration of dexamethasone
(Bernal-Mizrachi et al. 2007), we next investigated whether the foregoing results could be
explained by a glucocorticoid—dependent phenotype of Vav3—deficient animals. Potentially
in agreement with that possibility, we observed that the sham—operated Vav37'~ mice exhibit
higher plasma levels of both cortisol (Fig. 3E) and corticosterone (Fig. 3F) when compared
to mock operated WT controls. However, we observed that V&v27/~ mice, whose phenotype
is not rescued by the removal of the hepatic branch of the vagus or its afferent fibers (Figs. 1
and 2), also display plasma concentrations of those two glucocorticoids quite similar to
those observed in Vav3—deficient mice (Fig. 3E,F). The levels of corticoids in those two
mouse strains do not change upon the removal of the afferent vagal fibers by capsaicin (Fig.
3E,F) or upon the resection of the entire subdiaphragmatic vagus nerve branch (Fig. 3G,H).
Further arguing against a glucocorticoid-related cause, we observed that the elimination of
either the afferent fibers (Fig. 3E,F) or the entire subdiaphragmatic (Fig. 3G,H) of the vagus
nerve in WT mice cause in fact elevations in the plasma concentration of glucocorticoids
comparable to those found in both sham- and vagotomized Vav family knockout mice. Yet,
the WT animals do not develop a Vav3”~ mouse-like phenotype (Figs. 1-3). Collectively,
these results rule out the possibility that the afferent pathway triggered by the Vav3-
deficiency is owing to direct glucocorticoid—-mediated effects in the liver. They also show
that the chronic elevation of glucocorticoids within physiological ranges is not enough to
trigger the previously described liver—specific and systemics effects of the dexamethasone
treatments (Arner, et al. 1983; Bernal-Mizrachi et al. 2003).

Afferent vagal fibers contribute to SNS—driven dysfunctions in Vav3~~ mice

Consistent with the results from the previous section, we found that the elimination of the
afferent fibers of the vagus hepatic branch restores the physiological levels of blood pressure
(Fig. 4A), heart rates (Fig. 4B), and breathing activity (Fig. 4C) in Vav3—deficient animals. It
also eliminates their metabolic syndrome condition, as demonstrated by their fully
physiological responses to glucose infusion (Fig. 4D,E) as well as by the WT—like levels of
both triglycerides (Fig. 4F) and metabolic syndrome—-associated transcripts (Ppragcia,
SrbepIcand Insig2) (Fig. 4G) in the liver of those animals. In line with the results found in
both Figures 2 and 3, the normal abundance of these transcripts in afferent fiber—depleted
Vav3-~ mice is maintained even upon the administration of bicuculline (Fig. 4G). The
ablation of the vagal afferents also abates the bicuculline—mediated induction of those three
transcripts in the liver of WT mice (Fig. 4G). Further analyses revealed that the capsaicin
treatment also blocks the expression of the UcpZ mRNA in the WAT of Vav3'~ mice (Fig.
4H), indicating that the SNS—driven browning typically observed in these mice also requires
cooperation from vagal afferent fibers from the liver. As control, we did not find any
statistically significant effect of capsaicin on the hypertensive (Fig. 4A) and tachycardic
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(Fig. 4B) condition present in Vav2~ mice (Sauzeau et al. 2007; Sauzeau et al. 2010b).
Unlike the foregoing cases, we found that the elimination of the afferent fibers of the vagus
does not eliminate the thermogenic—associated features of the BAT of Vav3'~ mice (Fig. 41—
K). This response is however blocked in animals in which the vagus was cauterized (Fig. 11—
K), suggesting that the foregoing remaining activity could be due to myelinated afferent
fibers that survived the capsaicin treatment. In line with this, we have observed that
capsaicin-treated Vav3~ still display slightly elevated levels of plasma catecholamines
when compared to WT mice and fully vagotomized Vav3'~ animals (compare Figs. 2D and
3C,D). Taken together, these results indicate that vagal afferent signals are needed for the
development of the RVLM- and SNS—driven dysfunctions present in Vav3”~ mice (Fig. 4L).
This requirement is independent of previously described vagal afferent fiber—dependent
dysfunctions, such as the spurious activation of glucocorticoid pathways or high fat diet—
induced obesity (Bernal-Mizrachi et al. 2003; Bernal-Mizrachi et al. 2007; Uno et al. 2006).
Our results also indicate that this afferent input is dispensable for sustaining the tachycardia,
hypertension and peripheral sympathoexcitation of V&v.27/~ mice as well as the long—term
metabolic homeostasis of WT animals.

Discussion

We have demonstrated here that signals conveyed by the afferent vagal fibers of the liver to
the RVLM contribute to the development of a wide spectrum of pathophysiological disorders
commonly associated with chronic sympathoexcitation. Importantly, our experiments
indicate that the requirement of this afferent wiring applies to neurogenic—based but not to
peripheral sympathoexcitation—associated disorders such as those present in Vav2-~ mice.
Consistent with this, we have found that this vagal afferent connection is engaged during
physiological (loss of GABAergic inhibitory wiring in Vav3-deficient mice) and
pharmacological (e.g., bicuculline treatments in WT mice) conditions connected to
unregulated RVLM activity. Importantly, our results also dissociate the contribution of this
neuronal liver-RVLM axis from metabolic dysfunctions that could interfere with the
interpretation of the mechanism involved such as obesity or abnormal levels of adrenal
cortex activity. We have also observed that the overall vagus is not required for maintaining
metabolic homeostasis in WT mice, a result that concurs with previous data from both
experimental animals and liver transplanted patients in which the vagus is lost during
surgery (Bernal-Mizrachi et al. 2007; Yi et al. 2010). This is probably due to the existence of
mechanisms that compensate the loss of this afferent neuronal axis under normal
physiological conditions. It remains to be determined whether such compensations still
apply upon subjecting the mice to physiological challenges such as, for example,
hypoglucemic conditions.

Although the contribution of the afferent vagal fibers to the phenotype of Vav3'— mice does
not rely on abnormal glucocorticoid function, our results indicate that the
sympathoexcitation and dexamethasone signals processed through the hepatic afferent fibers
share molecular and physiological features. Thus, V&3~ mice contain in their steatotic
livers high levels of Ppara. (Menacho-Marquez et al. 2013), one of the key executors of the
metabolic program activated by glucocorticoids in the liver (Bernal-Mizrachi et al. 2003).
Conversely, the ectopic expression of the glucocorticoid—connected Ppara and Ppary2
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proteins in the liver of mice promotes sympathoexcitation, hypertension, and adipocyte
thermogenesis similar to those found in Vav3/~ mice (Bernal-Mizrachi et al. 2003; Uno et
al. 2006). Given our current data, we hypothesize that the glucocorticoid—dependent vagal
afferent pathway eventually impacts on RVLM sympathoregulatory activity. The shared
features of Vav3'~, dexamethasone-treated, and Ppar family—expressing mice are also
probably the consequence of the downstream activation of common fatty acid oxidation and
gluconeogenic programs in the liver (Bernal-Mizrachi et al. 2003; Menacho-Marquez et al.
2013; Uno et al. 2006). Given the absence of vagal fibers in the liver parenchyma in rodents
(Berthoud and Neuhuber 2000), it is likely that these metabolic changes generate
metabolites that will stimulate the afferent vagal fibers located in the porta triads. This is
consistent with previous reports indicating that the portal infusion of the long—chain fatty
acid oleate triggers sympathetic activation, high blood pressure, tachycardia, and insulin
resistance in rats (Benthem et al. 2000; Grekin, et al. 1997; Grekin et al. 1995). However, we
cannot rule out at this point the contribution of other subdiagraphamatic tissues such as, for
example, the intestine (see below).

The transmission to, and subsequent integration of these signals in the RVLM remains to be
determined. The main point of innervation of the vagus nerve is the nucleus of the solitary
tract (NTS) (Grill and Hayes 2012; Saper 2002), the region directly involved in the
stimulation of the RVLM (Grill and Hayes 2012; Guyenet 2006; Saper 2002). The most
usual mechanism to achieve this effect is the NTS—mediated elimination of the tonic
GABAergic signals emitted by the CVLM (Grill and Hayes 2012; Guyenet 2006). It is
possible, however, that the afferent signals transmitted by the vagus could be directly
conveyed to the RVLM through other NTS neuronal subsets or indirectly via other brain
areas such as the parvocellular autonomic neurons or the raphe pallidus (Guyenet 2006).

Most peripheral signals received by the RVLM result in sympathoinhibition (Guyenet 2006;
Heesch 1999). However, it is worth noting that old reports have noticed that the stimulation
of the afferent abdominal vagus, a branch that eventually converges with the hepatic vagus
trunk, leads to the stimulation of the RVLM in conscious rabbits (Gieroba and Blessing
1994). Esophageal distension signals also stimulate afferent vagal fibers to elevate blood
pressure in a RVLM—dependent manner in rabbits and cats. This response is inhibited by the
electric stimulation of the aortic depressor nerve, suggesting that they converge at the NTS
(Gieroba, et al. 1995). Emesis, which is initiated by activation of upper gastrointestinal vagal
afferents that signal into the NTS, also increases blood pressure in both cancer patients
subjected to chemotherapy and experimentally manipulated animal models (Carpenter
1990). It is feasible therefore that many afferent vagal fibers from the abdominal area,
including the liver itself, could cooperatively intersect at the RVLM. This must be tissue—
and stimulus—specific in any case, since some gastrointestinal hormones elicit RVLM
sympathoinhibition using the same afferent bundles (Sartor and Verberne 2002). Given the
involvement of the RVLM in the “sensing” of local variations of glucose (Grill and Hayes
2012; Verberne, et al. 2014), the present results further underscore the role of this brainstem
sympathoregulatory center in metabolic control. They also suggest that the pharmacological
targeting of this liver—RVLM neuronal axis might represent a potential avenue to treat
patients with metabolic syndrome associated with either primary or secondary RVLM
hyperactivity. Drugs targeting this axis, like optimized derivatives of the currently available
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sympathodepressor imidazoline receptor agonists (Edwards, et al. 2012), could be adequate
tools to achieve that aim.
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Figure 1. Complete subdiaphragmatic vagotomy blocks chronic sympathoexcitation-driven

dysfunctions in mice

(A) Scheme of the regulatory status of the RVLM and downstream pathways in WT (green,
top) and Vav3~~ (red, bottom) mice.
(B-D) Mean arterial pressure (B), heart frequency (C), and breathing ratio (D) of mice of
indicated genotypes (inset) and experimental conditions (bottom).

(E) Glucose tolerance test in mice of indicated genotypes and experimental conditions.
(F) Area under the curve (a.u.c.) of the glucose tolerance tests performed in (E).
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(G) Representative images of histological sections obtained from livers of mice of the
indicated genotypes and experimental groups. Scale bar, 200 pm.

(H) Triglyceride content of livers from mice of the indicated genotypes and experimental
groups.

(1) Representative histological images of interscapular BAT sections from mice of the
indicated genotypes and experimental groups. Scale bar, 100 pm.

(J) Quantification of the number of brown adipocytes per field in interscapular BAT from
mice of the indicated genotypes and experimental groups.

(K) Levels of indicated transcripts in the WAT from mice of indicated genotypes and
experimental groups. Values are shown relative to the abundance of each transcript in the
sham operated WT control (which was given an arbitrary value of 1). a.u., arbitrary number.
Data shown in panels B-F, H, and J-K represent mean + SEM. *, < 0.05; **, P<0.01;
*** P<0.001 relative to either sham operated WT (black asterisks) or the sham operated
animals of the same genotype group (red asterisks). Student’s tand Mann-Whitney U tests
were used for data obtained in panels (B-F,J) and (H,K), respectively. 7= 13 (sham operated
WT), 12 (sham operated V&v:37~mice), 5 (sham operated Vav27~ mice), 14 (vagotomized
WT), 17 (vagotomized Vav3~~mice), and 5 (vagotomized Vav2~~mice).
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Figure 2. Vav3 deficiency-triggered RVLM hyperactivation requires vagal function

(A) Scheme (left) and representative (right) coronal brainstem section showing functional
areas (left) and the specificity of TH staining within the RVLM (right, encircled area). Amb,
nucleus ambiguus; LPGi, lateral paragigantocellular nucleus; PY, pyramidal tract; Sp5l,
spinal trigeminal nucleus interpolar. D, dorsal; V, ventral. Scale bar, 1 mm.

(B) Representative immunohistochemical images showing TH* cells within the RVLM of
mice of indicated genotypes and experimental groups. Scale bar, 100 ym.

(C) Quantification of the RVLM TH™ cells from experiments shown in (B).
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(D) Plasma catecholamine levels in mice of the indicated genotype, group and treatment.
(E,F) Abundance of the indicated transcripts in liver (E) and BAT (F) extracts from mice of
indicated genotypes and experimental groups.

Data shown in panels C—F represent mean £ SEM. *, P< 0.05; **, P<0.01; ***, P<0.001
relative to either sham operated WT (black asterisks) or the sham operated animals of the
same genotype group (red and green asterisks). ANOVA and Kruskal-Wallis tests were used
for data obtained in panels (C,E,F) and (D), respectively. n= 6 (sham operated WT mice), 7
(sham operated WT + bicuculline), 6 (sham operated V4v3~~mice with and without
bicuculine), 7 (vagotomized WT with and without bicuculline), 8 (vagotomized Vav37~
mice), 9 (vagotomized Vav3~~mice + bicuculline), and 5 (sham operated and vagotomized
Vav2~~ mice).
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Figure 3. Vagal afferent fibers maintain RVLM-driven sympathoexcitation in Vav3™~ mice
(A) Representative immunohistochemical images showing TH* cells within the RVLM of

mice of indicated genotypes and experimental groups. Scale bar, 100 pum.

(B) Quantification of the RVLM TH* cells from experiments shown in (A).

(C,D) Plasma adrenaline (C) and noradrenaline (D) levels in mice of indicated genotypes
and experimental groups.

(E-H) Quantification of plasma cortisol (E,G) and corticosterone (F,H) levels in mice of
indicated genotypes and experimental groups.
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Data shown in panels B-H represent mean + SEM. *, P< 0.05; **, P<0.01; ***, P<0.001
relative to either sham operated WT (black asterisks) or the sham operated animals of the
same genotype group (red and green asterisks) ANOVA, Kruskal-Wallis, and Mann-
Whitney U tests were used for data obtained in panels (B), (C,D), and (E-H), respectively. n
=5 (sham operated WT mice), 6 (sham operated WT mice + bicuculline), 5 (sham operated
Vav3~~mice), 6 (sham operated V4v3~~mice + bicuculline, vagotomized WT with and
without bicuculline), 7 (vagotomized Vav3~~mice), 8 (vagotomized Vav3~~ mice +
bicuculline), 5 (sham operated Vav2~~mice), and 6 (vagotomized Vav2~~mice) (panels B—
F). n= 13 (sham operated WT mice), 12 (sham operated Vav3”~mice), 5 (sham operated
Vav2~~mice), 14 (vagotomized WT mice), 17 (vagotomized Vav3”~mice), and 5
(vagotomized Vav2~7~mice) (panels G-H).

J Endocrinol. Author manuscript; available in PMC 2019 March 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lorenzo—Martin et al.

Page 21

A owr dvad- B owr ovas~ C OWT O Vavd~

) O Vav2 O Vav2 - < O Vavz/~

2 120 3- . 760 bl g A220 -

@ v € © 740 ok @ €200

) SE g E

SS100{ X * & o 720 i g =180 o

SE ** £ 8 700 = 8160

5 E o0 2 g

géeo 8 & 680 £ £ 140

£ S S 660 ] 8120

3 60 O 640 & 100

s Afferent Afferent Afferent
Sham vagotomy Sham vagotomy Sy vagotomy

Condition Condition Condition
D O WT (sham) E OWT O Vavd " F'c?) O WT O Vav3 "

W WT (afferent vagotomy) {r‘ O Vav2 - > 60 O Vave -

__400 O Vav3'~ (sham) o 40 g £ ok

5 B Vav3 '~ (afferent vagotomy) 35 "k &

300 *¥** 0 Vav2 - (sham) & gg g 45

E @ Vav2-/- (afferent vagotomy) S 2'0 =

@ 200 I < < 8 30

7] ~ 1.5 = *k

8 #10 D 45

3100 gos =

© 0 200 Afferent g Afferent

T T T T T T 1 0] > eren
0 30 60 90 120 150 180 Sham - qotomy =i Sham - gotomy
Time (min) Condition Condition
R O WT (sham) O Vav3 - (sham)

G = 4 B WT (afferent vagotomy) B Vav3-/- (afferent vagotomy) H —~4 = Owr -
< L = O Vav3~
-3 83 O Vav2 "~
% 0
> 2 02
2 3
< a1
o Q
Eo So
Bic:. - * L L = £ . = + Sham  Afferent

Transcript: Ppargcila Srebp1c Insig2 vagotormy

Condition
| J O wr O Vav3 "~ K .
_ 400,0 Va2~ 20 T
£ 2 3
E £ 3004 [, .. 815
< 3 » T
2 — 200 2104=
] o
° 100 = 0.5

> & g

& E oM s

oe o Afferent DEISES

28 PO

9 Sha vagotomy XN N N
- Condition Condition

L
CVLM RVLM —& SNS activity —® Physiological homeostasis

i Vagal afferent signals

Hypertensi_on
Loss of - Perioheral Tachycardia
CVLM ﬁ{ RVLM Sympathoexcitation ti52ues Tachypnea

Metabolic syndrome
WAT & BAT thermogenesis

Figure 4. Afferent vagal fibers contribute to SNS—driven dysfunctions in Vav3~~ mice
(A-C) Mean arterial pressure (A), heart frequency (B), and breathing ratio (C) of mice of

the indicated genotypes (inset) and experimental conditions (bottom).

(D) Glucose tolerance test of the animals of the indicated genotypes and experimental
groups.

(E) Area under the curve values for the experiments shown in (D).

(F) Quantification of triglycerides in liver extracts from mice of the indicated genotypes and
experimental groups.
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(G,H) Abundance of the indicated transcripts in liver (G) and WAT (H) extracts from mice
of the indicated genotypes and experimental groups. Bic, bicuculline.

(1) Representative histological images of interscapular BAT sections from mice of indicated
genotypes and experimental groups. Scale bar = 100 pm.

(J) Quantification of the number of brown adipocytes per field in interscapular BAT from
experiments shown in (1).

(K) Abundance of the indicated transcripts in BAT extracts from mice of the indicated
genotypes and experimental groups. WT-S, sham operated WT mice; WT-AV, WT mice
with afferent vagotomy; V3-S, sham operated Vav3”'~ mice; Vav3-AV, Vav3' mice with
afferent vagotomy.

(L) Summary of the results obtained in this work. Stimulatory and inhibitory connections
are depicted as arrows and blunted lines, respectively.

Data shown in panels A-H, J and K represent mean £ SEM. *, P< 0.05; **, P<0.01; *** P
< 0.001 relative to either sham operated WT (black asterisks) or the sham operated animals
of the same genotype group (red and green asterisks). Student’s £ ANOVA, and Mann—
Whitney U tests were used for data obtained in panels (A-E,J), (G), and (F,H,K),
respectively. 7= 11 (sham operated WT mice), 11 (sham operated Vav3~~mice), 5 (sham
operated Vav2”~mice), 12 (vagotomized WT mice), 15 (vagotomized Vav3”~ mice), 6
(vagotomized Vav27~ mice).
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