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Reduced activity of vagal efferents has long been implicated in schizophrenia and appears to be responsible for diminished parasympa-
thetic activity and associated peripheral symptoms such as low heart rate variability and cardiovascular complications in affected
individuals. In contrast, only little attention has been paid to the possibility that impaired afferent vagal signaling may be relevant for the
disorder’s pathophysiology as well. The present study explored this hypothesis using a model of subdiaphragmatic vagal deafferentation
(SDA) in male rats. SDA represents the most complete and selective vagal deafferentation method existing to date as it leads to complete
disconnection of all abdominal vagal afferents while sparing half of the abdominal vagal efferents. Using next-generation mRNA sequenc-
ing, we show that SDA leads to brain transcriptional changes in functional networks annotating with schizophrenia. We further demon-
strate that SDA induces a hyperdopaminergic state, which manifests itself as increased sensitivity to acute amphetamine treatment and
elevated accumbal levels of dopamine and its major metabolite, 3,4-dihydroxyphenylacetic acid. Our study also shows that SDA impairs
sensorimotor gating and the attentional control of associative learning, which were assessed using the paradigms of prepulse inhibition
and latent inhibition, respectively. These data provide converging evidence suggesting that the brain transcriptome, dopamine neuro-
chemistry, and behavioral functions implicated in schizophrenia are subject to visceral modulation through abdominal vagal afferents.
Our findings may encourage the further establishment and use of therapies for schizophrenia that are based on vagal interventions.
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Introduction
Schizophrenia is a heterogeneous and multifactorial psychiatric
disorder affecting �1% of the population worldwide (Owen

et al., 2016). Its clinical manifestation involves impairments in
cognitive functions, emotions, and behavior, which together un-
dermine basic processes of perception and judgment (Tandon et
al., 2009). It is believed that disturbances in various neural and
glial systems, along with a functional disconnection of discrete
brain regions, are responsible for the emergence of multiple
symptoms characteristic of schizophrenia (Insel, 2010; Landek-
Salgado et al., 2016).

Received March 24, 2017; revised Nov. 25, 2017; accepted Dec. 18, 2017.
Author contributions: M.K., W.L., and U.M. designed research; M.K., J.-P.K., J.R., U.W.-S., L.G., C.W., M.A., W.L.,

and U.M. performed research; M.K., J.-P.K., J.R., U.W.-S., L.G., C.W., M.A., W.L., and U.M. analyzed data; M.K., J.-P.K.,
J.R., U.W.-S., L.G., C.W., M.A., W.L., and U.M. wrote the paper.

This work was supported by ETH Zurich, Switzerland (ETH Research Grant ETH-25_13-2) awarded to U.M. and
W.L., with additional financial support from the Swiss National Science Foundation (Grant 310030_169544)
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Significance Statement

The present work provides a better understanding of how disrupted vagal afferent signaling can contribute to schizophrenia-
related brain and behavioral abnormalities. More specifically, it shows that subdiaphragmatic vagal deafferentation (SDA) in rats
leads to (1) brain transcriptional changes in functional networks related to schizophrenia, (2) increased sensitivity to dopamine-
stimulating drugs and elevated dopamine levels in the nucleus accumbens, and (3) impairments in sensorimotor gating and the
attentional control of associative learning. These findings may encourage the further establishment of novel therapies for schizo-
phrenia that are based on vagal interventions.
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In addition to the pathologies that relate to CNS dysfunctions,
schizophrenia has often been linked to peripheral anomalies
(Kirkpatrick, 2009; Severance et al., 2016), including functional
alterations in the autonomic nervous system (ANS; Clamor et al.,
2016). Reduced activity of vagal efferents is one of the well known
ANS pathologies in schizophrenia and appears to be responsible
for diminished parasympathetic activity and associated periph-
eral symptoms, such as low heart rate variability and cardiovas-
cular complications (Bär et al., 2010; Bär, 2015; Montaquila et al.,
2015; Clamor et al., 2016). In addition to its parasympathetic
contribution, the vagus nerve consists of 80% afferent sensory
fibers and is critical for conveying visceral signals to the CNS via
neuronal routes (Berthoud and Neuhuber, 2000). Vagal afferent
neurons synapse bilaterally on the nucleus tractus solitarii (NTS),
from where visceral signals can be transferred to various brains-
tem nuclei and forebrain structures (Berthoud and Neuhuber,
2000; Khalsa et al., 2009).

Despite the wide recognition of reduced activity of vagal effer-
ents in schizophrenia, only little attention has been paid to the
possibility that impaired afferent vagal signaling may be relevant
for the disorder’s pathophysiology as well (Hasan et al., 2015).
Using a rat model of subdiaphragmatic vagal deafferentation
(SDA), the present study sought preclinical evidence for this hy-
pothesis by examining the influence of vagal afferents on gene
expression profiles, behaviors, and neurochemistry implicated in
schizophrenia. SDA leads to complete disconnection of all ab-
dominal vagal afferents while sparing approximately half of the
abdominal vagal efferents (Norgren and Smith, 1994; Arnold et
al., 2006). It is the most complete and selective vagal deafferenta-
tion method existing to date and critically differs from total sub-
diaphragmatic vagotomy (TVX), which leads to a disconnection
of both the afferent and efferent fibers of the vagus nerve below
the diaphragm (Bercik et al., 2011; Bravo et al., 2011). Unlike
TVX (Kraly et al., 1986), SDA allows for a discrimination of the
relative functional contribution of vagal afferents versus efferents
in the absence of severe side effects such as disturbances in gas-
trointestinal motility and secretion, hypophagia, and subsequent
body weight loss (Arnold et al., 2006; Azari et al., 2014; Klarer et
al., 2014, 2017).

First, we used unbiased next-generation mRNA sequencing to
explore genome-wide transcriptional changes in SDA rats rela-
tive to Sham controls. Two brain regions relevant for schizophre-
nia were selected for this purpose, namely the prefrontal cortex
(PFC) and nucleus accumbens (NAc; Selemon and Zecevic, 2015;
Chuhma et al., 2017). We then compared SDA and Sham rats in
a number of translational, cross-species behavioral paradigms used
to assess schizophrenia-relevant phenotypes (Peleg-Raibstein et al.,
2012), including sensorimotor gating (Swerdlow et al., 2008), selec-
tive attentional learning (Weiner and Arad, 2009), and sensitivity to
the psychostimulant drug amphetamine (Laruelle, 2000). Finally, we
measured dopamine and its metabolites in the PFC and NAc in
relation to the well known role of dopaminergic imbalances in
schizophrenia and related psychotic disorders (Howes and Kapur,
2009).

Materials and Methods
Animals. Adult (280 –320 g) male Sprague-Dawley (Crl:CD) rats were
obtained from Charles River Laboratories. Animals were housed in
acrylic stainless-steel grid-floor cages (60 � 38 � 20 cm) and kept under
a reversed light/dark cycle (lights on from 20:00 to 08:00) at 22 � 2°C and
55– 60% humidity. The animals had ad libitum access to water and stan-
dard chow (Kliba 3436, Provimi Kliba) unless otherwise specified. Before
surgery (see below), the animals were allowed to acclimatize to the new

animal holding facility for 3 weeks, during which they were handled on a
daily basis to habituate them to the experimenter. Throughout all testing,
the animals were housed in groups of two to four rats per cage to avoid
confounds arising from isolation stress (Zhang et al., 2012). All experi-
ments and investigations were performed during the dark phase of the
reversed light/dark cycle. All procedures were approved by the Cantonal
Veterinarian Office of Zurich. All efforts were made to minimize the
number of animals used as well as their suffering.

SDA and Sham surgeries. To prevent excessive weight loss postsurgery,
rats were nursed with special diets presurgery and postsurgery as de-
scribed before (Arnold et al., 2006; Labouesse et al., 2012; Klarer et al.,
2017), and were readapted to standard rodent ground chow thereafter.
The SDA and Sham surgeries were performed as established and de-
scribed in detail previously (Arnold et al., 2006; Labouesse et al., 2012;
Klarer et al., 2014). In brief, SDA consisted of a left-side intracranial vagal
rhizotomy and a transection of the second, dorsally located subdiaphrag-
matic trunk of the vagus nerve (Fig. 1A). Sham surgery consisted of
similarly exposing both the vagal rootlets and dorsal subdiaphragmatic
vagus, but without manipulating them. The SDA results in a complete
disconnection of abdominal vagal afferents, whereas half of the abdom-
inal vagal efferents are spared (Fig. 1A; Norgren and Smith, 1994; Arnold
et al., 2006). Complete and uniquely vagal deafferentation at the cervical
level through bilateral rhizotomy causes severe breathing complications
after surgery, and as a consequence of this, most rats will die within 48 h
postsurgery (M. Arnold, unpublished observations). Given these limita-
tions of bilateral cervical rhizotomy, the SDA procedure is still the most
complete and selective vagal deafferentation method existing to date.

The body weight of each animal was monitored before surgery and for a
period of 1 week postsurgery. The total number of animals assigned to Sham
and SDA surgery was n � 42 and n � 49, respectively, which were then
randomly allocated to the different investigations of interest (Table 1).

Functional verification of SDA completeness. SDA completeness was
verified using an established functional test ascertaining the lack of cho-
lecystokinin (CCK) satiation that depends on intact abdominal vagal
afferent fibers (Smith and Gibbs, 1985). The CCK test was performed as
described previously (Klarer et al., 2014, 2017). In short, the animals were
food deprived overnight (13 h) and injected intraperitoneally (i.p.) with
4 �g/kg CCK-8 (Bachem) or vehicle (PBS) using a within-subject cross-
over design. Individual food intake was monitored for 30 min.

CCK-8 treatment in Sham rats typically leads to a robust reduction in
food intake within the first 30 min after food presentation (Arnold et al.,
2006; Labouesse et al., 2012; Klarer et al., 2014, 2017). Therefore, the
inclusion criterion for SDA rats was set at 40% � SEM of CCK-induced
reduction in food intake during the first 30 min. Only data from animals
that passed this functional verification were included in the final analysis
and presentation of data.

Next-generation mRNA sequencing. The animals were anesthetized
with a lethal overdose of sodium pentobarbital (20 mg/kg) and perfused
with ice-cold, oxygenated and glucose-supplemented artificial CSF (Not-
ter et al., 2014) to obtain fresh brain tissue for the subsequent isolation of
total RNA and next-generation mRNA sequencing (see below). The
brains were rapidly extracted from the skull (within �2 min) and placed
on an ice-chilled plate. Coronal sections were prepared using razorblade
cuts along the following coordinates with respect to bregma: anterior–
posterior, PFC: �3.2 to �2.2 and NAc: �1.7 to �0.7. PFC (including
prelimbic and infralimbic cortices) and NAc (including core and shell
subregions) samples were then generated via micropunches of 1 mm
diameter as previously described (Richetto et al., 2017).

For each brain region of interest, mRNA was extracted and isolated
using the Qiagen AllPrep DNA/RNA Mini Kit according to the manufactur-
er’s instructions. The integrity and amount of mRNA was determined using
the Agilent 4200 TapeStation system (Agilent Technologies). Only samples
with an RNA integrity number �8 were further processed and included in
the analysis.

To produce library constructs, we used the Illumina TruSeq stranded
mRNA protocol with the TruSeq Stranded mRNA Sample preparation
kit as described before (Weber-Stadlbauer et al., 2017). In brief, 500 ng of
total RNA per sample was polyA enriched, fragmented, and reverse-
transcribed into double-stranded cDNA, and ligated with TruSeq adapt-
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ers. Using PCR, fragments containing TruSeq adapters on both ends were
selectively enriched. Quality and quantity of enriched libraries were analyzed
using the Agilent 4200 TapeStation system (Agilent Technologies) with
DNA-specific chip. The DNA library contained fragments in the size range of
100–800 bp with a mean fragment size of�260 bp. Diluted libraries (10 nm)
were pooled and further used for cluster generation according to the manu-
facturer’s recommendations using TruSeq SR Cluster Kit v4-cBot-HS re-
agents. The libraries were sequenced with TruSeq SBS Kit v-4-HS reagents
on Illumina HiSeq 4000 in the high output mode.

Bioinformatic analyses were performed using SUSHI as described in
detail by Hatakeyama et al. (2016). All reads were first quality-checked
using FastQC, and low-quality ends were clipped (5	: 3 bases; 3	: 10
bases). Trimmed reads (length �20 nt, average quality �Q10) were
aligned with the STAR aligner with additional options that require at
least 30 bp matching, accept at most 10 mismatches, and at most 5% of
mismatches (Dobin et al., 2013). Read alignments were only documented
for reads with �50 valid alignments. As reference, we used the rat ge-
nome build and annotation from Ensembl (Rnor_6.0). Whereas expres-

Figure 1. A, Schematic illustration of afferent and efferent vagal fibers targeted by the SDA procedure. Afferent and efferent fibers are represented in red and blue, respectively. In the SDA
procedure, the dorsal (right) subdiaphragmatic trunk of the vagus nerve is fully transected (indicated by the first scissor symbol), leading to a disconnection of both afferent and efferent fibers in the
dorsal trunk of the vagus nerve. The ventral (left) subdiaphragmatic trunk of the vagus nerve is left intact at this level. In addition, a left-sided intracranial vagal rhizotomy is performed (indicated
by the second scissor symbol) to selectively disconnect the remaining vagal afferents. This SDA procedure induces a complete (100%) disconnection of vagal afferents in the abdomen while leaving
50% of the abdominal vagal efferents functionally intact. Vagally innervated organs: C, colon; DJI, duodenum, jejunum, ileum; H, heart; Ki, kidney; L, lung; Liv, liver; P, pancreas; Sp, spleen; Sto,
stomach. B, Body weights before surgery (day 0; indicated by the dashed lines) and during the first recovery week (days 1– 8). C, Verification of SDA completeness in a CCK satiation test. The bar plot
shows the percentage reduction in CCK-induced food intake (percentage baseline food intake) during a 30 min test session. Note that SDA rats displayed no reduction in food intake in response to
CCK administration relative to their baseline food intake, confirming the completeness of SDA. In contrast, Sham control rats displayed a 55– 65% reduction in food intake in response to CCK relative
to their baseline food intake. Against these backgrounds, three SDA animals (with 46.3%, 47.1%, and 52.3% reduction in food intake in response to CCK; red circles) were excluded from the final
analysis and presentation of the data. ***p � 0.001. All values are mean � SEM and based on n(Sham) � 42 and n(SDA) � 46.
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sion counts were computed using featureCounts within the Bioconductor
package “Rsubread” (Liao et al., 2013), differential expression was com-
puted for pairwise comparisons (SDA vs Sham) using the Bioconductor
package Deseq2 (Love et al., 2014).

Hierarchical clustering and gene-expression network analyses. Differen-
tially expressed genes (DEGs) revealed by next-generation mRNA se-
quencing (see above) were loaded into Partek Genomics Suite (Partek)
and were clustered according to the “hierarchical clustering” function of
the program. For this purpose, the data were normalized with standard-
ization (each column mean is 0, and the SD is scaled to 1), and then
multidimensional scaling with a Euclidian distance metric was per-
formed on the normalized samples to allow visualization of the distance
between them.

Qiagen’s Ingenuity Pathway Analysis (IPA) was used to predict func-
tional networks (Thomas and Bonchev, 2010). IPA uses the curated In-
genuity Knowledge Base to identify the involvement of differentially
expressed genes in specific diseases and cellular pathways, and to estab-
lish functional networks of direct and indirect interactions between dif-
ferentially expressed genes based on a functional analysis algorithm
(Thomas and Bonchev, 2010). For IPA, we used the DEGs identified by
the Bioconductor package Deseq2 as described above.

Validation of differential gene expression by quantitative RT-PCR. To
further validate the next-generation mRNA sequencing data, the expres-
sion of selected candidate genes was verified using quantitative RT-PCR
analyses. Total RNA was isolated from PFC and NAc samples, and
checked for quantity and quality, as described above. To avoid DNA
contamination, an aliquot of each RNA sample was treated with DNase.
mRNA was analyzed by TaqMan qRT-PCR instrument (CFX384 real-
time system; Bio-Rad Laboratories) after conversion into cDNA using
the iScript cDNA synthesis kit (Bio-Rad Laboratories). The samples were
run in 384-well formats in triplicates as multiplexed reactions with a
normalizing internal control (�-actin) using the iTaq Universal Probes
Supermix (Bio-Rad Laboratories). We chose �-actin as internal standard
for gene expression analyses because its expression was not affected by
the lesion. Thermal cycling was initiated by 95°C for 5 min (TaqMan
polymerase activation). After this initial step, 39 cycles of PCR were
performed. Each PCR cycle consisted of heating the samples at 95°C for
10 s to enable the melting process and then for 30 s at 60°C for the
annealing and extension reaction. Relative target gene expression was
calculated according to the 2 
�CT method (Livak and Schmittgen, 2001).
Probe and primer sequences of genes selected for validation were
purchased from ThermoFisher Scientific (Gjb1: Rn01641031_s1; Gjc2:
Rn01750744_m1; Grik5: Rn00568522_m1; Mag: Rn01457782_m1; Reln:
Rn00589609_m1; Sst: Rn00561967_m1). The selection of genes for RT-
PCR validation was based on both the IPA and availability of primers.
�-actin was used as internal reference gene (forward: 5	CACTTTCTA-

CAATGAGCTGCG-3	; reverse: 5	-CTGGATGGCTACGTACATGG-	3;
probe: 5	-TCTGGGTCATCTTTTCACGGTTGGC-3	).

Sensorimotor gating. To examine schizophrenia-related sensorimotor
gating abnormalities (Braff et al., 2001), we used the paradigm of pre-
pulse inhibition (PPI) of the acoustic startle reflex. PPI of the acoustic
startle reflex reflects the reduction of startle reaction in response to a
startle-provoking pulse stimulus when it is shortly preceded by a weak
prepulse stimulus (Swerdlow et al., 2008). The test apparatus consisted of
a sound-attenuated acoustic startle chamber (SR-LAB; San Diego Instru-
ments) as described previously (Pothuizen et al., 2006). The test proce-
dures used to assess PPI have been validated before (Meyer et al., 2005;
Pothuizen et al., 2006). In brief, rats underwent one 45 min PPI test
session, which consisted of 11 distinct stimuli types, including pulse-
alone stimuli, prepulse-alone stimuli at all five distinct prepulse intensi-
ties, and all possible combinations of a preceding prepulse with the
startle-eliciting pulse (prepulse-plus-pulse stimuli). The test session also
included no-stimulus trials, in which no discrete stimulus other than the
constant background noise (65 dBA) was presented. The pulse trials con-
sisted of 40 ms pulses of white noise (120 dBA), which were either pre-
sented alone (pulse-alone trials) or in conjunction with one of five
different prepulses (prepulse-plus-pulse). Prepulses were a 20 ms burst
of white noise at five different intensities (69, 73, 77, 81, and 85 dBA,
which corresponded to �4, �8, �12, �16, and �20 dBA above back-
ground). The stimulus onset asynchrony of the prepulse and pulse
stimuli in prepulse-plus-pulse trials was 100 ms. Following a 2 min ac-
climatization period, six consecutive pulse-alone trials were presented to
habituate and stabilize the animals’ startle response. Subsequent to this
habituation phase, each trial stimulus was presented 12 times in a pseu-
dorandom order with an average interval between successive trials of
15 � 5 s. The session was concluded with six consecutive pulse-alone
trials. The chamber was cleansed with warm tap water and dried between
each animal.

For each rat and at each of the five possible prepulse intensities, PPI
was indexed by percentage inhibition of startle response obtained in the
prepulse-plus-pulse-trials compared with pulse-alone trials by following
expression: [1 
 (mean reactivity on prepulse-plus-pulse trials/mean
reactivity on pulse-alone trials) � 1/100]. In addition to percentage PPI,
reactivity to pulse-alone trials and prepulse-alone trials were also re-
corded and analyzed. Habituation to the startle reaction was assessed by
a comparison between the reactivity obtained on the first and the last
block of 6 consecutive pulse-alone trials.

Attentional control of associative learning. We used the paradigm of
latent inhibition (LI) to examine schizophrenia-relevant deficits in the
attentional control of associative learning (Weiner and Arad, 2009). In
LI, healthy subjects who are pre-exposed (PE) to a to-be-conditioned
stimulus (CS) typically show reduced conditioning between the CS and
an unconditioned stimulus (US) compared with subjects who were not
pre-exposed (NPE; Lubow, 2005). This LI effect is reduced or absent in
patients with schizophrenia, especially in those with marked positive
symptoms (Lubow, 2005; Weiner and Arad, 2009), which reflects the
patients’ difficulties in ignoring irrelevant stimuli and directing their
attentional resources to relevant associations.

We assessed the LI effect using a conditioned taste avoidance (CTA)
paradigm. The CTA paradigm was selected for two main reasons. First,
CTA-LI has previously been validated in various preclinical rodent mod-
els relevant to schizophrenia and related disorders involving dopaminer-
gic imbalances (Russig et al., 2003; Meyer et al., 2004, 2006). Second,
deficits in CTA-LI are extendable to other LI paradigms and thus allow a
certain degree of generalization of the findings from one paradigm to
another (Meyer et al., 2004, 2006).

In the CTA-LI test, 5% sucrose solution served as the CS, whereas
nausea induced by lithium chloride (LiCl) served as the US (see below).
All animals were naive to the CS and US before commencing the LI test.
To assess LI in CTA, half of the SDA and Sham rats (i.e., the PE sub-
groups) were exposed to sucrose solution (� CS) before conditioning for
CTA took place, whereas the other half (i.e., the NPE subgroups) were
not subjected to sucrose presentation before conditioning (see below).

For this test, the animals were temporarily single caged for a period of
10 d, after which they were rehoused with their previous cage-mates. The

Table 1. Summary of the number of Sham and SDA animals included in each series
of investigations

Cohort Test n(Sham) n(SDA)

1 mRNA sequencing 5 5
2 PPI 14 13

LI CTA 14 13
NPE 7 6
PE 7 7

3a Low-dose Amph 1 mg/kg 7 7
3b High-dose Amph 2 mg/kg 6 10
4 Neurochemistry 10 11
Pooled BW 42 46

CCK 42 46

Animals in Cohort 1 were used for next-generation mRNA sequencing and subsequent gene expression validation by
quantitative RT-PCR. Animals in Cohort 2 were first tested in the paradigm of PPI and were then subjected to the test
of LI in CTA. For the latter, Sham and SDA animals were equally distributed to NPE and PE subgroups. Animals in
Cohort 3 were used to asses the sensitivity to the psychostimulant drug, Amph. A subcohort of animals (3a) was
treated with 1 mg/kg Amph, whereas another subcohort (3b) was treated with 2 mg/kg Amph. Animals in Cohort 4
were used for postmortem analyses of dopamine neurochemistry using HPLC. Animals from all cohorts were pooled
for the assessment of postsurgery body weight (BW) and for the verification of SDA completeness in a CCK satiation
test. All animals were adult male Sprague-Dawley (Crl:CD) rats.

Klarer et al. • Afferent Vagal Signaling and Schizophrenia J. Neurosci., February 14, 2018 • 38(7):1634 –1647 • 1637



apparatus consisted of acrylic cages (48 � 27 � 20 cm) with sawdust
bedding and flat grid tops, which allowed the efficient placement or
removal of the drinking bottles (Russig et al., 2003). Each cage was pro-
vided with two 250 ml drinking bottles (Tecniplast). The placement was
such that the animals could easily switch drinking from one bottle to the
other (Russig et al., 2003). The rats were progressively familiarized to a
restrictive water regimen over a period of 5 d until they were finally
maintained on a scheduled total access to water for 2 h per d. Access to
water was divided into two drinking sessions: the first one (30 min)
corresponded to the time required for the actual test sessions (see below),
and the second one (1.5 h) was given 5 h after the test sessions. The test
sessions were always conducted between 11:00 and 13:00. The animals’
body weights were monitored throughout the entire experiment on a
daily basis. All animals maintained their body weight that was at least
85% of their basal body weight. Liquid consumption was measured by
calculating the difference in the weight of the drinking bottles before and
after each drinking session. Before assigning the animals to the NPE and
PE conditions (see below), basal water intake was measured on two pre-
ceding days (days 6 and 7) using a bottle that was placed in the middle of
the cage. To this aim, water access was exactly scheduled for a 30 min
period, analogous to the test sessions.

The test procedure of the LI test then consisted of three phases, namely
the pre-exposure phase (day 8), conditioning phase (day 9), and expres-
sion phase (day 10) of CTA, which were conducted 24 h apart from each
other. In the pre-exposure session, half of the SDA and Sham animals had
access to a drinking bottle filled with a 5% sucrose solution (PE sub-
groups) for a 30 min period, whereas the other half (NPE subgroups) had
access to water only for the same amount of time. The drinking bottles
were located either on the left- or right-holding of the cage. The bottle’s
position was switched after 15 min to minimize the possible development
of a side preference (Russig et al., 2003). One day after the pre-exposure
phase, the conditioning session was conducted, in which all rats first had
a 30 min access to 5% sucrose solution. Again, the position of the bottle
was switched after 15 min. Immediately after the 30 min drinking period,
the animals received an intraperitoneal injection of LiCl (0.25 M, 0.75%
of body weight; dissolved in sterile 0.9% saline solution) and were gently
returned to their home cages. The CTA-LI effect was then assessed on the
next day. For this purpose, all animals had simultaneous 30 min access to
both water and 5% sucrose solution presented in two different bottles.
The positions of the bottles were again switched after 15 min and coun-
terbalanced between experimental groups. CTA was indexed by the su-
crose consumption as a proportion (in percentage) of total liquid
(sucrose solution and water) consumed when the animals were con-
fronted with a choice between sucrose and water. In this experimental
setup, LI is demonstrated when PE animals show reduced CTA com-
pared with NPE animals, i.e., when PE animals consume a higher pro-
portion of sucrose solution during the expression phase compared with
NPE subjects (Russig et al., 2003; Meyer et al., 2004).

Sensitivity to amphetamine. Based on the findings showing increased
sensitivity of schizophrenic patients to the dopamine-releasing drug, am-
phetamine (Amph; Laruelle, 2000), we compared SDA and Sham rats in
terms of Amph-induced behavioral modifications in the open field. The
apparatus consisted of two identical square arenas (80 � 80 cm) sur-
rounded by walls (50 cm high). It was made of gray Plexiglas and was
located in a testing room under diffused lighting (30 lux as measured in
the center of the arenas). A digital camera was mounted directly above
the two arenas. Images were captured at a rate of 5 Hz and transmitted to
a PC running the EthoVision (Noldus) tracking system.

The amphetamine test was performed using a within-subject design,
where all rats were first treated with saline (Sal) solution (Phase 1) and
then with Amph (Phase 2). To begin the test, the animals first received an
intraperitoneal injection of an isotonic 0.9% saline (NaCl) solution
(� Sal) and were placed in the open field to measure basal locomotor
activity for 20 min. Subsequently, the animals were briefly removed
from the apparatus and injected intraperitoneally with Amph (D-
amphetamine sulfate, Sigma-Aldrich; dissolved in isotonic 0.9% NaCl).
They were then immediately returned to the same arena again for a total
amount of 60 min. Based on previous dose–response studies in rats (Mu-
eller et al., 1989a,b), Amph was either given at a dose of 1 or 2 mg/kg. For

both doses, the animals’ locomotor responses to the drug were indexed in
terms of distance moved and quantified using the EthoVision tracking
system (see above) as a function of 10 min bins. Because Amph treatment
at doses �1 mg/kg often induce noticeable behavioral stereotypies in rats
(Mueller et al., 1989a,b), we also analyzed stereotypic behaviors in ani-
mals treated with 2 mg/kg Amph. The latter was achieved by manual
scores obtained from video recordings using a scan sampling technique,
which encompassed stereotypic scores during the first and sixth minutes
in every 10 min bin. Scoring was performed by an experimenter who was
blinded to experimental conditions. The dependent variables of primary
interest were repetitive head waving and circling movement (Mueller et
al., 1989a,b), which were integrated into one single stereotypy score and
analyzed as a function of 10 min bins.

All solutions were freshly prepared on the day of testing and injected
using an injection volume of 1 ml/kg. Each animal was treated with
Amph only once to avoid possible confounds arising from behavioral
sensitization (Robinson and Becker, 1986). Hence, two different sub-
groups of SDA and Sham rats were used to assess the behavioral effects of
Amph given at the low (1 mg/kg) or high (2 mg/kg) dose (Table 1).

Dopamine neurochemistry. Dopamine (DA) and its major metabolite
3,4-dihydroxyphenylacetic acid (DOPAC) were measured in the post-
mortem PFC and NAc samples of Sham and SDA animals using HPLC.
The animals were decapitated using a rat guillotine to obtain fresh brain
tissue for the subsequent neurochemical analyses. To avoid possible con-
founds arising from circadian effects on DA neurochemistry (Sleipness et
al., 2008), the order of decapitation was counterbalanced between exper-
imental groups and was performed during the dark phase of the reversed
light/dark cycle (not earlier or later than 3 h before or after the light-cycle
switch). All animals had ad libitum access to food and water before de-
capitation. The brains were extracted from the skull within �2 min,
immediately snap-frozen in 
30°C cold isopentane, and stored at 
80°C
until further use. Frozen coronal sections (1 mm) were prepared at the
following bregma coordinates according to Paxinos and Watson (1998):
anterior–posterior, PFC: �3.2 to �2.2; NAC: �1.7 to �0.7.

PFC (including prelimbic and infralimbic cortices) and NAc samples
from both hemispheres were generated via micropunches of 1 mm di-
ameter as previously described (Winter et al., 2009; Klarer et al., 2014).
Tissue samples from each brain area were homogenized by ultrasonica-
tion in 500 �l 0.1 M perchloric acid at 4°C immediately after micropunch-
ing. One hundred microliters of each homogenate was stored at 
80°C
for subsequent protein determination. The remaining homogenates
were centrifuged at 17,000 � g and 4°C for 10 min. DA and DOPAC were
quantified using HPLC with electrochemical detection as previously de-
scribed (Winter et al., 2009; Klarer et al., 2014). Briefly, the perchloric
acid extracts were separated on a column (Prontosil 120-C18-SH; 5 �m,
200 � 2 mm; Bischoff Analysentechnik und-Geräte) at a flow rate of
0.3 ml/min. The mobile phase consisted of 80 mM sodium dihydrogen
phosphate, 0.9 mM octane-1-sulfonic acid sodium salt, 0.5 mM EDTA
disodium salt, 0.92 mM phosphoric acid, and 4% 2-propanol (all chem-
icals: Merck). DA and DOPAC were detected using an electrochemical
detector (Decade II; Antec Leyden) at an electrode potential of 0.65 V.
For calibration, two standard solutions containing 10 nM DA and
DOPAC, respective 100 nM in 0.1 m perchloric acid, were injected into
the HPLC system before and after sample analysis. Sample analysis was
performed based on peak areas using a computer-based chromatography
data system (LCSolution v1.23, Shimadzu) in relation to the mean of the
applied calibration solutions. DA and DOPAC levels (nM) were normal-
ized to the protein contents measured in the brain areas of interest, and
DA turnover was assessed by analyzing the DOPAC–DA ratio.

Statistical analyses. Body weights were analyzed by a 2 � 8 (lesion �
day) ANOVA. CCK-induced reduction in food intake was expressed
relative to basal food intake and analyzed using independent Student’s t
test (two-tailed). This analysis was supplemented with additional one-
way ANCOVA with basal food intake as covariate. Differential gene
expression in the next-generation mRNA sequencing datasets was com-
puted for pairwise comparisons (Sham vs SDA) using the Bioconductor
package Deseq2 and was analyzed separately for PFC and NAc regions.
Follow-up validations of differential gene expression were performed by
analyzing the 2 
�CT levels of selected genes of interest using independent
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Student’s t test (two-tailed). Percentage PPI and prepulse-induced reac-
tivity were analyzed using 2 � 5 (lesion � prepulse level) ANOVAs,
whereas the pulse-induced startle reactivity was analyzed using indepen-
dent Student’s t test (two-tailed). Raw-score reactivity levels, which as-
sess whether the presentation of a prepulse preceding the pulse is efficient
in reducing pulse reactivity toward the succeeding pulse, were analyzed
using a 2 � 6 (lesion � prepulse intensity) ANOVA. Habituation to the
pulse-induced startle reaction was analyzed using a 2 � 2 (lesion �
block) ANOVA to allow for a comparison between the reactivity ob-
tained on the first and the last block of six consecutive pulse-alone trials.
Percentage sucrose intake in the expression phase of the CTA test was
analyzed using a 2 � 5 (lesion � PE condition) ANOVA, followed by
one-way ANOVAs restricted to lesion and PE conditions. Sucrose or
water intake during the PE phase, as well as total fluid intake during the
PE, conditioning and expression phases of the CTA test, were separately
analyzed using independent Student’s t tests (two-tailed). In the Amph
sensitivity test, the distance moved in response to the drug challenge was
first analyzed using a 2 � 2 � 6 (lesion � dose � 10 min bin) ANOVA,
followed by 2 � 6 (lesion � 10 min bin) ANOVAs restricted to each dose
of Amph. Behavioral stereotypy scores after administration of the higher
Amph dose were also analyzed using a 2 � 6 (lesion � 10 min bin)
ANOVA, followed by independent Student’s t tests (two-tailed) re-
stricted to individual bins if appropriate. The behavioral stereotypy data
were first LN-transformed to better conform to the assumption of data
homogeneity and normality by parametric ANOVA. The distance moved
and LN-transformed behavioral stereotypy scores during the initial sa-
line administration phase were analyzed using 2 � 2 (lesion � 10 min
bin) ANOVAs. DA, DOPAC, and DOPAC/DA were all analyzed using
2 � 2 (lesion � brain region) ANOVAs, followed by Fisher’s least signif-
icant difference test whenever appropriate. Statistical significance was set
at p � 0.05. With the exception of the sequencing data (see above), all
statistical analyses were performed using the statistical software SPSS
Statistics v22.0 (IBM).

Results
Body weights and functional verification of SDA
Following an initial drop in body weight induced by the surgical
procedures, all animals regained their presurgery body weight
within 4 d after surgery (Fig. 1B). Importantly, there were no
group differences in body weight between rats undergoing SDA
or Sham surgery at any presurgical or postsurgical time points
(Fig. 1B; F(1,86) � 0.123, p � 0.73).

SDA completeness was functionally verified using a test as-
sessing CCK-induced suppression of food intake. As expected
(Arnold et al., 2006; Labouesse et al., 2012; Klarer et al., 2014,
2017), Sham rats showed a 55– 65% (t(1,86) � 12.59, p � 0.001)
reduction in food intake after intraperitoneal CCK injection rel-
ative to their baseline food intake (Fig. 1C). Forty-six of 49 SDA
rats displayed no such reduction in food intake in response to
CCK administration relative to their baseline food intake, con-
firming the completeness of SDA in these animals. Three SDA
rats, however, showed a 40 –50% reduction in food intake follow-
ing CCK administration, indicating a lack of SDA completeness
(Arnold et al., 2006; Labouesse et al., 2012; Klarer et al., 2014,
2017). These three SDA rats were therefore excluded from the
final analyses. SDA rats showed a small (Sham: 6.7 � 0.29 g; SDA:
5.6 � 0.20 g) but significant (t(86) � 3.07, p � 0.01) reduction in
the baseline level of feeding, that is, in basal food intake following
initial Sal administration. To test whether the difference in CCK-
induced suppression of food intake between SDA and Sham rats
is accounted for by the SDA-induced reduction in the baseline
level of feeding, we performed additional ANCOVA of relative
food intake following CCK administration with basal food intake
as covariate. This analysis led to results that were consistent with
the conclusion above. Hence, the main effect of lesion remained
highly significant (F(1,85) � 132.84, p � 0.001) despite the inclu-

sion of the covariate, the latter of which attained statistical signif-
icance as well (F(1,85) � 4.15, p � 0.05). Together, these results
confirm the completeness of SDA in 46 of 49 animals even after
controlling for differences in basal food intake.

SDA induces changes in the CNS transcriptome
Next-generation mRNA sequencing showed that SDA induced
genome-wide transcriptional changes in two brain regions impli-
cated in schizophrenia and related disorders, namely the NAc and
PFC (Selemon and Zecevic, 2015; Chuhma et al., 2017). We re-
vealed 908 and 426 DEGs in the NAc and PFC of SDA, respec-
tively (p � 0.05; deposited at the European Nucleotide Archive:
PRJEB20027). In both brain regions, these DEGs clustered ac-
cording to lesion (Fig. 2A,D).

We then analyzed the DEGs with IPA to examine which func-
tional entities are most strongly affected by SDA under the cate-
gory “top diseases and biological functions”. This analysis
revealed “neurological disease” as the top-1 subcategory in both
brain areas (p value range for NAc: 4.71E-02 to 3.88E-03; p value
range for PFC: 4.54E-02 to 3.90E-05). Intriguingly, within the
subcategory “neurological disease”, the functional entity most
strongly affected by SDA in the NAc annotated with the term
“schizophrenia” (p � 3.88E-03). This functional entity encom-
passed 16 genes, the expression of which is known to be deregu-
lated in schizophrenia (Fig. 2B), including semaphorin 3a
(Sema3a), somatostatin (Sst), calbindin 1 (Calb1), reelin (Reln),
metabotropic glutamate receptor 3 (Grm3), and glutamate iono-
tropic receptor kainate type subunit 5 (Grik5; Eastwood et al.,
2003; Egan et al., 2004; Shibata et al., 2006; Fung et al., 2010). In
the PFC region, the functional entity most strongly affected by
SDA under the subcategory “neurological disease” annotated with
the term “degeneration of the nervous system” (p � 3.90E-05),
which included 16 DEGs (Fig. 2E). This functional entity included
several genes involved in neurodegenerative processes, myelination,
and formation of gap junctions, including Bcl-2-like 1 (Bcl2l1),
myelin-associated glycoprotein (Mag), kallikrein-related peptidase
6 (Klk6), gap junction protein � 1 (Gjb1), and gap junction protein
gamma 2 (Gjc2; Llorens et al., 2011; Abrams and Scherer, 2012;
Yoon et al., 2013).

Venn analysis showed that only 59 DEGs (4.6% of all DEGs)
were common to the PFC and NAc, suggesting that SDA induced
mostly distinct gene expression changes in these two brain areas.
Interestingly, however, transcriptional changes in cytokine signaling
networks were present in both the NAc (Fig. 2C) and the PFC (Fig.
2F). In the NAc, SDA primarily caused differential expression of
genes encompassed in the signal transducer and activator of tran-
scription 3 (STAT3) pathway, including janus kinase 2 (Jak2), sup-
pressor of cytokine signaling 2 (Socs2), serine/threonine-protein
kinase pim-1 (Pim1), and protein inhibitor of activated STAT3
(Pias3; Fig. 2C). In the PFC, SDA caused differential expression of
genes involved in the interferon (IFN) signaling, including
upregulation of IFN-gamma receptor 1 (IFN�Ra), IFN-
induced transmembrane protein 3 (Ifitm3), and IFN-induced
protein with tetratricopeptide repeats 3 (Ifit3; Fig. 2F ).

To further validate the next-generation mRNA sequencing
data, we used quantitative RT-PCR analyses to measure the
mRNA levels of several candidate genes. To this aim, we focused
on DEGs that were annotated with the functional entity “schizo-
phrenia” (NAc region) and “degeneration of the nervous system”
(PFC region) as revealed by IPA (Fig. 2B,E). Consistent with the
next-generation mRNA sequencing data (Fig. 2B), we found that
the mRNA levels of Grik5 (t(8) � 3.24, p � 0.05) and Sst (t(8) �
2.75, p � 0.05) were significantly increased in the NAc of SDA
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rats compared with Sham controls, whereas the accumbal mRNA
levels of Reln were decreased (t(8) � 2.90, p � 0.05) in the former
relative to the latter group (Fig. 3A). Quantitative RT-PCR anal-
yses further confirmed significantly reduced mRNA levels of
Gjb1 (t(8) � 3.22, p � 0.05), Gjc2 (t(8) � 2.63, p � 0.05), and Mag
(t(8) � 2.58, p � 0.05) in the PFC region of SDA rats compared
with Sham controls (Fig. 3B), as previously revealed by next-
generation mRNA sequencing (Fig. 2E).

SDA disrupts sensorimotor gating and attentional control of
associative learning
To examine whether abdominal vagal afferents modulate behav-
iors relevant to schizophrenia, we compared SDA and Sham rats
in behavioral paradigms used to assess schizophrenia-associated
phenotypes in animal models (Peleg-Raibstein et al., 2012). First,
we measured sensorimotor gating in the form of PPI of the acous-
tic startle reflex, which is attenuated in patients with schizophre-
nia (Braff et al., 2001). As expected (Yee et al., 2005), percentage

PPI increased with increasing prepulse stimulus intensities for
both experimental groups, as supported by the significant main
effect of prepulse intensity (F(4,100) � 16.36, p � 0.001; Fig. 4A).
Most importantly, SDA rats displayed a significant overall reduc-
tion in percentage PPI compared with Sham controls (main effect
of lesion: F(1,25) � 4.86, p � 0.05; Fig. 4A). The interaction be-
tween lesion and prepulse intensity did not reach statistical
significance (F(4,100) � 0.77, p � 0.55), suggesting that the SDA-
induced reduction in percentage PPI emerged independently of
prepulse intensity. SDA did not affect the responses to pulse-
alone (t(25) � 1.21, p � 0.24; Fig. 4B) or prepulse-alone stimuli
(main effect of lesion: F(1,25) � 1.25, p � 0.27; interaction be-
tween lesion � prepulse intensity: F(4,100) � 0.77, p � 0.55; Fig.
4B), indicating that the PPI-attenuating effects of SDA represent
a genuine sensorimotor gating impairment. To seek additional
support for this notion, we analyzed the raw-score reactivity lev-
els, which assess whether the presentation of a prepulse preceding
the pulse is efficient in reducing pulse reactivity toward the suc-

Figure 2. Brain transcriptomic changes in SDA rats as revealed by next-generation mRNA sequencing. A, Heat map of all DEGs in the NAc of SDA rats relative to Sham controls. The color-coded key
denotes upregulation (purple) and downregulation (yellow) in terms of fold-changes. B, Graphical representation of the functional entity most strongly affected by SDA in the NAc, as revealed by
IPA under the category “top diseases and biological functions”. C, Graphical illustration of the STAT3 pathway, which is deregulated in the NAc of SDA animals. Colored elements in the pathway
denote significant changes in gene expression. D, Heat map of all DEGs in the PFC of SDA rats relative to Sham controls. The color-coded key denotes upregulation (purple) and downregulation
(yellow) in terms of fold-changes. E, Graphical representation of the functional entity most strongly affected by SDA in the PFC, as revealed by IPA under the category “top diseases and biological
functions”. F, Graphical illustration of the IFN signaling pathway, which is deregulated in the PFC of SDA animals. Colored elements in the pathway denote significant changes in gene expression. All
data in the NAc are based on n(Sham) � 5 and n(SDA) � 5; all data in the PFC are based on n(Sham) � 4 and n(SDA) � 5.
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ceeding pulse (Swerdlow et al., 2000; Yee et al., 2005). This addi-
tional analysis revealed a significant interaction between lesion
and prepulse intensity (F(5,125) � 4.86, p � 0.05), thus further
supporting the notion that the extent to which the presentation of
a prepulse is efficient in reducing subsequent pulse reactivity (i.e.,
PPI) is reduced in SDA relative to Sham controls. On the other
hand, SDA did not affect habituation to the pulse-induced startle
response, which was analyzed by a comparison between the reac-
tivity obtained on the first and the last block of six consecutive
pulse-alone trials. This analysis only revealed a significant main
effect of block (F(1,25) � 50.62, p � 0.001), whereas the main
effect of lesion (F(1,25) � 1.63, p � 0.21) or its interaction with
block (F(1,25) � 1.39, p � 0.25) did not attain statistical signifi-
cance. The mean � SEM reactivity (in arbitrary units) during the
first and the last block of six consecutive pulse-alone trials was
227.4 � 22.0 and 103.6 � 22.3 in Sham rats, and 285.9 � 34.5 and
120.4 � 35.4 in SDA rats.

In a next step, we explored the effects of SDA on attentional
control of associative learning using the paradigm of LI in CTA
(Russig et al., 2003; Meyer et al., 2004). In this paradigm, LI
reflects intact attentional control over associative learning and is
manifest when NPE animals show reduced intake of sucrose so-
lution (� CS) after CS-US conditioning compared with animals
that were previously exposed to the CS without negative conse-
quences (� PE animals; Weiner and Arad, 2009). This LI effect
was clearly present in Sham rats, but was fully abolished by SDA
(Fig. 4C). ANOVA of percentage sucrose intake during the test day
revealed a significant interaction between lesion and PE condition
(F(1,23) �4.51, p�0.05), and subsequent analyses restricted to Sham
or SDA rats confirmed the presence of a significant PE effect in the
former (F(1,12) � 13.15, p � 0.01) but not in the latter (F(1,11) � 0.30,

p � 0.60). Restricted analyses to NPE or PE
animals further showed that the disruption
of LI by SDA was attributable to selective
effects in PE animals, demonstrating that
SDA modulates the attentional control of
associative learning without affecting asso-
ciative learning per se. Hence, although NPE
Sham and SDA rats did not differ (F(1,11) �
0.01, p � 0.95), percentage sucrose intake
during the test day was significantly (F(1,12) �
6.37, p � 0.05) reduced in PE SDA rats
compared with PE Sham rats (Fig. 4C). As
summarized in Fig. 4D, SDA and Sham
rats assigned to the PE condition did not
differ in sucrose intake (milliliters) during
PE (t(12) � 0.99, p � 0.34). There were
also no group differences with regards to
total fluid (sucrose solution or water) in-
take during the initial PE and condition-
ing (sucrose solution) phases, or during
the subsequent test (sucrose solution and
water) phase (Fig. 4E). These results show
that the LI-disrupting effect of SDA is not
associated with changes in sucrose or gen-
eral fluid intake.

SDA increases the sensitivity
to amphetamine
In view of the findings of increased Amph
sensitivity in schizophrenia (Laruelle,
2000), we compared the drug’s behavioral
effects in SDA and Sham rats. First, we

evaluated the animals’ locomotor reactions to Sal administration
to control for possible differences in basal activity. The two
groups did not differ in terms of the distance traveled after Sal
administration, neither when it preceded the administration of
the low (F(1,12) � 0.09, p � 0.77; Fig. 5A) or high (F(1,14) � 0.01,
p � 0.94; Fig. 5B) dose of Amph. As expected (Mueller et al.,
1989a,b), acute Amph administration increased forward loco-
motor activity (Fig. 5A,B). The locomotor-enhancing effects of
Amph were influenced by dose, as indicated by the significant
main effect of dose (F(1,26) � 9.16, p � 0.01) and its interaction
with bins (F(5,130) � 2.30, p � 0.05). When analyzing the lower (1
mg/kg) dose of Amph, we found that SDA rats displayed a signif-
icant increase in drug-induced locomotor activity compared with
Sham controls (main effect of lesion: F(1,12) � 5.16, p � 0.04; Fig.
5A). There was, however, no significant group difference when
analyzing the distance moved after administration of the higher
(2 mg/kg) dose of Amph (main effect of lesion: F(1,14) � 0.05, p �
0.83; Fig. 5B). These data thus show that SDA potentiates Amph-
induced hyperactivity when using a low but not high dose of the
psychostimulant drug. The lack of group differences when using the
higher dose of Amph may be related to ceiling effects in forward
locomotion. In support of this notion, we revealed a dose-dependent
effect in Amph-induced hyperactivity for Sham controls (main ef-
fect of amphetamine dose: F(1,11) � 10.43, p � 0.01) but not in SDA
animals (main effect of amphetamine dose: F(1,15) � 1.91, p � 0.19).

In addition to its effects on forward locomotor activity, Amph
treatment at high doses (�1 mg/kg in rats) can induce consider-
able behavioral stereotypies such as repetitive head waving and
circling movements (Mueller et al., 1989a,b). Therefore, we ana-
lyzed such repetitive behaviors following treatment with the high
dose (2 mg/kg) of Amph. As shown in Fig. 5C, the stereotypy

Figure 3. Validation of differential gene expression by quantitative RT-PCR. Candidate genes were selected based on the
outcomes of the preceding next-generation mRNA sequencing and availability of primers. A, The scatter dot plots show individual
messenger RNA levels (in terms of 2 
�CT levels) for Grik5, Reln, and Sst in the nucleus accumbens of Sham and SDA rats. *p�0.05.
B, The scatter dot plots depict individual messenger RNA levels (in terms of 2 
�CT levels) for Gjb1, Gjc2, and Mag in the PFC of Sham
and SDA rats. *p � 0.05. All data are based on n(Sham) � 5 and n(SDA) � 5.
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scores in SDA animals increased with time after Amph treatment,
whereas those measured for Sham controls decreased as a func-
tion of time, leading to a significant interaction between lesion
and 10 min bins (F(5,70) � 2.73, p � 0.03). Subsequent post hoc
tests at individual bins revealed significantly increased stereotypy
scores in SDA animals relative to Sham controls during the last 20
min of the test (bin 7: t(14) � 4.42, p � 0.05; bin 8: t(14) � 4.91, p �
0.05; Fig. 5C).

Together, these findings demonstrate increased sensitivity of
SDA animals to the psychostimulant drug Amph. Depending on
the dose, the SDA-induced potentiation of Amph sensitivity can
manifest itself as greater Amph-induced locomotor hyperactivity
or induction of behavioral stereotypies.

SDA changes dopamine neurochemistry
In a last step, we investigated the effects of SDA on basal dopa-
mine neurochemistry by measuring DA and its major metabolite,
DOPAC, in postmortem NAc and PFC samples using HPLC. As
expected (Winter et al., 2009), DA and DOPAC contents in the
NAc were generally higher than those in the PFC (Fig. 6A,B), as
supported by the main effect of brain area (DA: F(1,19) � 209.01,
p � 0.001; DOPAC: F(1,19) � 190.10, p � 0.001). SDA rats showed

increased DA and DOPAC contents specifically in the NAc, as
indicated by the presence of a significant interaction between
lesion and brain area (DA: F(1,19) � 4.91, p � 0.05; DOPAC:
F(1,19) � 12.22, p � 0.01) and by the subsequent post hoc tests
revealing a significant elevation of DA (p � 0.05) and DOPAC
(p � 0.01) in the NAc of SDA relative to Sham animals (Fig.
6A,B). No significant group differences were detected with re-
gards to DA and DOPAC contents in the PFC (DA: p � 0.11;
DOPAC: p � 0.42).

The analysis of the DOPAC/DA ratio, which was used to
index DA turnover, revealed significant main effects of brain
area (F(1,19) � 61.11, p � 0.001) and lesion (F(1,19) � 4.87, p �
0.05). The interaction between the two factors did not attain
statistical significance (F(1,19) � 1.81, p � 0.18). Hence, as
shown in Fig. 6C, DA turnover was generally higher in the PFC
compared with NAc, and in SDA animals relative to Sham
controls.

Discussion
The present study demonstrates that abdominal vagal afferents
modulate the brain transcriptome, neurochemistry, and behav-
iors relevant to schizophrenia and related psychotic disorders.

Figure 4. Deficient sensorimotor gating and attentional control of associative learning in SDA rats. Sensorimotor gating was assessed using the paradigm of PPI of the acoustic startle reflex,
whereas attentional control of associative learning was measured using the paradigm of LI in conditioned taste avoidance. A, The line plot shows percentage PPI (mean � SEM) as a function of
prepulse intensity (dBA above background of 65 dBA); the bar plot depicts the mean percentage PPI (mean � SEM) across all prepulse levels. *p � 0.05, n(Sham) � 14 and n(SDA) � 13. B, The bar
plot depicts the reactivity to pulse-alone trials (i.e., startle reaction; mean � SEM); the line plot shows the prepulse-induced reactivity (mean � SEM) as a function of prepulse intensity. n(Sham) �
14 and n(SDA) � 13. C, Relative sucrose solution intake (mean � SEM) during the test session of LI, when NPE and PE animals were given free choice between sucrose solution and water. *p � 0.05,
reflecting the difference between PE Sham and PE SDA animals; **p � 0.01, representing the difference between NPE Sham and PE Sham animals (i.e., the presence of LI in Sham animals).
n(Sham/NPE) � 7, n(Sham/PE) � 7, n(SDA/NPE) � 6, and n(SDA/PE) � 7. D, Sucrose intake (in ml; mean � SEM) during the PE phase in SDA and Sham PE animals. n(Sham/PE) � 7, and
n(SDA/PE) � 7. E, Total fluid intake (mean � SEM) during the initial PE day (NPE � water, PE � sucrose solution), conditioning (Cond) day (all animals: sucrose solution), and test day (all animals:
water and sucrose solution). n(Sham/NPE) � 7, n(Sham/PE) � 7, n(SDA/NPE) � 6, and n(SDA/PE) � 7.
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Figure 5. Increased amphetamine sensitivity in SDA rats. A, The line plot depicts the distance moved (in cm; mean � SEM) in an open field as a function of 10 min bins in response to initial Sal
administration and subsequent Amph treatment at 1 mg/kg (i.p.). The bar plot shows the total distance moved (in cm; mean � SEM) during the entire (60 min) period after Amph (1 mg/kg)
treatment. *p � 0.05. n(Sham) � 7 and n(SDA) � 7. B, The line plot depicts the distance moved (in cm; mean � SEM) in an open field as a function of 10 min bins in response to initial Sal
administration and subsequent Amph treatment at 2 mg/kg (i.p.). The bar plot shows the total distance moved (in cm; mean � SEM) during the entire (60 min) period after Amph (2 mg/kg)
treatment. n(Sham) � 6 and n(SDA) � 10. C, The line plot depicts the LN-transformed stereotypy scores (mean � SEM) in an open field as a function of 10 min bins in response to initial Sal
administration and subsequent Amph treatment at 2 mg/kg (i.p.). The stereotypy scores encompass cumulative head waving and circling movements. The bar plot shows the total LN-transformed
stereotypy scores (% Sal baseline; mean � SEM) during the entire (60 min) period after Amph (2 mg/kg) treatment. *p � 0.05, §p � 0.05. n(Sham) � 6 and n(SDA) � 10.
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Using the most complete and selective vagal deafferentation model,
we identified transcriptional changes in functional networks anno-
tating with schizophrenia. Furthermore, disconnection of abdomi-
nal vagal afferents was associated with a hyperdopaminergic state,
which manifested itself as increased sensitivity to the DA-releasing
drug Amph and increased accumbal levels of DA and DOPAC. Our
study further shows that the disruption of abdominal vagal afferents
by SDA impairs sensorimotor gating and the attentional control of
associative learning, which were assessed using the paradigms of PPI
and LI, respectively. Increased Amph sensitivity and deficits in PPI
and (to a lesser extent) LI are hallmarks of neurobehavioral altera-
tions in schizophrenia and related disorders (Laruelle, 2000, Braff et
al., 2001; Lubow, 2005; Swerdlow et al., 2008; Weiner and Arad,
2009) and have been widely described in a number of animal models
that are relevant to these disorders (Meyer and Feldon, 2010; Peleg-
Raibstein et al., 2012).

Influence of vagal afferents on the brain transcriptome
Our study represents the first unbiased approach toward the
identification of genome-wide transcriptional abnormalities in a
model of disrupted afferent vagal signaling. We found that SDA
led to quantitatively more transcriptional changes in the NAc
compared with the PFC, and only a few DEGs were common to
both brain areas. Furthermore, whereas the SDA-induced tran-
scriptional changes in the NAc were annotated with the func-
tional entity “schizophrenia”, the entity most strongly affected by
SDA in the PFC was associated with the term “degeneration of the
nervous system”. It thus appears that the transcriptional altera-
tions emerging in the NAc of SDA animals may be more directly
related to schizophrenia than those emerging in the PFC. It
should be noted, however, that some of the SDA-induced pre-
frontal changes are clearly relevant for schizophrenia as well. For
example, we found that SDA caused an upregulation of Ifitm3,
which is a viral restriction factor that inhibits processes involved
in viral entry and replication (Bailey et al., 2014). Consistent with
our findings, the expression of Ifitm3 is upregulated in the PFC of
patients with schizophrenia (Arion et al., 2007; Saetre et al., 2007;
Volk et al., 2015). SDA rats also showed a downregulated expres-
sion of the myelination-related gene, Mag, and the receptor
tyrosine-protein kinase, Erbb3, which is consistent with the find-

ings of reduced cortical expression of these genes in patients with
schizophrenia (Aston et al., 2005; McCullumsmith et al., 2007).

Altered dopamine functions in relation to schizophrenia and
SDA-induced behavioral dysfunctions
Increased striatal DA release is thought to be a core pathophysi-
ological mechanism in schizophrenia and related psychotic dis-
orders (Howes and Kapur, 2009). Historically, dopaminergic
imbalances in the NAc and allied mesolimbic pathway have been
considered a key region for DA dysfunctions in schizophrenia
(O’Donnell and Grace, 1998). However, recent neuroimaging
studies point to a more prominent role of the dorsal (caudate–
putamen) rather than the ventral (NAc) striatum in this context
(Kegeles et al., 2010; Egerton et al., 2013). Hence, although focus-
ing on mesolimbic DA abnormalities may be an oversimplifica-
tion in view of these recent findings, it does not make the NAc
irrelevant (Chuhma et al., 2017). On speculative grounds, DA
abnormalities in the NAc may contribute to some of the
schizophrenia-related behavioral dysfunctions emerging in SDA
rats. Indeed, increased DA signaling in the NAc and allied me-
solimbic circuitries has been repeatedly associated with the emer-
gence of PPI deficits (Swerdlow et al., 1990, 1992; Wan et al.,
1995), loss of LI (Solomon and Staton, 1982; Weiner et al., 1996;
Murphy et al., 2000), and increased sensitivity to Amph (Creese
and Iversen, 1975; Pijnenburg et al., 1976; Heidbreder and Fel-
don, 1998). Hence, increased dopaminergic activity within me-
solimbic structures seems to be a common neural mechanism
underlying the disruption of attentional control of associative
learning, sensorimotor gating, and Amph hypersensitivity. It
should be noted, however, that dorsal parts of the striatum have
been implicated in the modulation of PPI as well (Baldan Ramsey
et al., 2011), suggesting that (DA-related) neuronal mechanisms
beyond those existing in the NAc could contribute to sensorimo-
tor gating deficits in SDA rats (De Koning et al., 2014). Additional
studies are thus warranted to ascertain causal relationships be-
tween the changes in DA functions and schizophrenia-relevant
behaviors in the SDA model.

Additional research will also be required to delineate the neu-
ronal routes by which SDA can induce dopaminergic changes in
the NAc. The primary target region of vagal afferents is the NTS,

Figure 6. Altered postmortem dopamine neurochemistry in SDA rats. A, DA contents (nanomoles per milligram of protein; mean � SEM) in the NAc and PFC of Sham and SDA rats. *p � 0.05,
***p � 0.001. n(Sham) � 10 and n(SDA) � 11. B, DOPAC contents (nanomoles per milligram of protein; mean � SEM) in the NAc and PFC of Sham and SDA rats. **p � 0.01, ***p � 0.001.
n(Sham) � 10 and n(SDA) � 11. C, DOPAC–DA ratio (mean � SEM) as an index of DA turnover in the NAc and PFC of Sham and SDA rats. ***p � 0.001, §p � 0.05, reflecting the significant main
effect of lesion. n(Sham) � 10 and n(SDA) � 11.
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from where visceral signals are further conveyed to other brain-
stem nuclei (e.g., locus ceruleus) and the forebrain (Berthoud
and Neuhuber, 2000). Hence, the dopaminergic changes emerg-
ing in the NAc of SDA rats likely represent secondary neuro-
chemical responses to primary changes in upstream neuronal
signaling pathways that are directly targeted by vagal afferents. A
key neuronal route by which SDA increases DA in the NAc may
involve the monosynaptic projections from the NTS to the ven-
tral tegmental area (VTA; Zheng et al., 2015), the latter of which
contains the majority of DA cells projecting to the NAc (Björk-
lund and Dunnett, 2007). Hypothetically, SDA may thus attenu-
ate signaling between the NTS and VTA, thereby altering the
firing rate of VTA DA neurons (Manta et al., 2013) and eventually
increasing DA outputs in the NAc.

Possible role of vagal afferents in schizophrenia
Although vagal efferents have long been a focus of interest in
schizophrenia (Bär et al., 2010; Bär, 2015; Montaquila et al., 2015;
Clamor et al., 2016), the role of vagal afferents have received less
attention in this context. Only a few studies have thus far ex-
plored the possible involvement of vagal afferents in schizophre-
nia. Using a neurodevelopmental disruption model that is based
on prenatal methylazoxymethanol acetate (MAM) exposure in
rats, Perez et al. (2014) recently found that chronic (2 week)
vagus nerve stimulation (VNS) normalized MAM-induced in-
creases in DA neuron firing and Amph hypersensitivity. This
study thus showed that activation of vagal afferents by VNS could
attenuate schizophrenia-related DA hyperactivity (Perez et al.,
2014), which is congruent with our findings showing associations
between disrupted vagal afferent signaling by SDA and signs of
hyperdopaminergia in the ventral striatum. Collectively, the pre-
clinical data suggest that visceral signals mediated via vagal affer-
ents can influence mesolimbic DA signaling and DA-driven
behaviors associated with schizophrenia and related psychotic
disorders. Thus far, however, only one clinical study examined
the effects of VNS in patients with chronic schizophrenia (Hasan
et al., 2015). In this study, application of VNS was well tolerated,
but did not improve schizophrenia symptoms in a 26 week trial
(Hasan et al., 2015). It should be noted, however, that patients
receiving VNS displayed relatively mild psychopathology at base-
line, which might have masked potential beneficial effects of the
neurostimulatory procedure (Hasan et al., 2015). Additional
studies examining the possible benefits of VNS in schizophrenia
are thus clearly warranted, especially in view of the promising
preclinical findings reported by Perez et al. (2014) using the
MAM model of schizophrenia.

Limitations
A notable limitation of our study is that we examined the effects
of SDA in male rats only. Hence, we do not know at this stage
whether the disruption of vagal afferents induces similar tran-
scriptional, neurochemical and behavioral effects in males and
females. An extension of our investigations to the female sex
appears crucial in view of the noticeable sex differences in schizo-
phrenia (Flor-Henry, 1990; Castle et al., 1998; Roy et al., 2001;
Aleman et al., 2003). Another limitation relates to the difficulties
in translating the preclinical LI data to human subjects in general,
and to cases with schizophrenia in particular. Not only are re-
ports of disrupted LI equivocal, but also are there various (and
sometimes controversial) theoretical accounts of LI in both ani-
mals and in humans (Swerdlow et al., 1996, 2005; Escobar et al.,
2002; Weiner, 2003; Gray and Snowden, 2005). Hence, an exten-
sion to other behavioral and cognitive tests measuring attentional

functions (Young et al., 2009) is warranted to further corroborate
our findings.

Conclusion
Our findings suggest the disruption of afferent visceral signaling
may contribute to schizophrenia-related abnormalities by modify-
ing the brain transcriptome, neurochemistry, sensorimotor gating,
and attention-related neurocognitive processes. An emerging ques-
tion that awaits exploration is whether the behavioral, neurochemi-
cal, and transcriptional consequences of SDA may reflect a failure of
the organism to convey gut-derived signals form the viscera to the
CNS (Cryan and Dinan, 2012). This hypothesis is particularly in-
triguing in view of the recent findings demonstrating that germ-free
mice lacking commensal gut-associated bacteria show several tran-
scriptional alterations in the PFC that are similar to those revealed in
SDA animals, including altered expression of Ifit3, Mag, and NR4A1
(Hoban et al., 2016). Future investigations of the possible links be-
tween SDA and gut-derived signals may thus help to gain more
in-depth insights into the intricate mechanisms whereby visceral
signals can influence complex brain and behavioral functions rele-
vant to schizophrenia and beyond.
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