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Bilateral subdiaphragmatic vagotomy modulates the 
peripheral met‑enkephalin and striatal monoamine 
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In the central nervous system, long‑term effects of a  vagotomy include disturbance of monoaminergic activity of the limbic 
system. Since low vagal activity is observed in major depression and autism spectrum disorder, the study aimed to determine 
whether animals fully recovered after subdiaphragmatic vagotomy demonstrates neurochemical indicators of altered 
well‑being and social component of sickness behavior. Bilateral vagotomy or sham surgery was performed in adult rats. After 
one  month of recovery, rats were challenged with lipopolysaccharide or vehicle to determine the role of central signaling 
upon sickness. Striatal monoamines and met‑enkephalin concentrations were evaluated using HPLC and RIA methods. We also 
defined a concentration of immune‑derived plasma met‑enkephalin to establish a long‑term effect of vagotomy on peripheral 
analgesic mechanisms. The data indicate that 30  days after vagotomy procedure, striatal dopaminergic, serotoninergic, and 
enkephalinergic neurochemistry was altered, both under physiological and inflammatory conditions. Vagotomy prevented 
inflammation‑induced increases of plasma met‑enkephalin – an opioid analgesic. Our data suggest that in a long perspective, 
vagotomized rats may be more sensitive to pain and social stimuli during peripheral inflammation.

Key words: striatum, subdiaphragmatic vagotomy, met‑enkephalin, inflammation, monoamines, pain, social withdrawal, 
sickness behavior

INTRODUCTION

It is well‑known that peripheral immune challenges 
influence brain neurochemistry (Dunn, 2006) and vagus 
nerve fibers constitute one of the routes mediating this 
interaction (Reardon et al., 2018; Schiller et al., 2021). 
The vagus nerve preserves local pro‑ and anti‑inflam‑
matory balance via its efferent signaling capabilities 
(Zila et al., 2017; Tanaka et al., 2019) but also partici‑
pates in immune‑to‑central nervous system (CNS) com‑
munication. Immune signals from the periphery reach‑
ing the brain through vagal sensory fibers trigger the 

cholinergic anti‑inflammatory pathway which is a part 
of the inflammatory reflex (Abe and Inoue, 2018), the 
hypothalamic‑pituitary‑adrenal stress axis (HPA) (Her‑
man, 2018), and sickness behavior (McCusker and Kel‑
ley, 2013).

Knowledge about the immunological functions of 
the vagus nerve comes mainly from studies that use dif‑
ferent versions of vagotomy (e.g., mechanical or chem‑
ical damaging of vagal fibers) followed by immunogen 
injections. Vagotomy’s effectiveness in controlling 
inflammatory processes is evidenced by its ability to 
inhibit central and peripheral effects of immunogen 
(Table 1). 
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One of the key variables affecting research on va‑
gus‑mediated immune‑CNS communication is the 
recovery time between vagotomy and induction of 
inflammation. Ghia et al. (2007) demonstrated that 
shortly after vagotomy, the immune response to the 
experimental‑induced disease was intensified, but 
along with prolonged recovery, it returned to normal. 
Nevertheless, after 2 months of recovery, vagotomy en‑

genders some relatively stable changes to the immune 
system activity, like the cytokine profile in inflamed 
tissue. Mitsui et al. (2014), showed that even without 
inflammation, the cytokine milieu of vagally denervat‑
ed jejunum was altered in a manner dependent on the 
recovery period after vagotomy, and increased TNF‑α 
and MCP‑1 were not observed until 20  days after sur‑
gery. Both studies describe the time‑dependent effect 
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Table 1. Literature data about the influence of vagotomy (VG) on various biochemical, histological and behavioral parameters in rat. Part A describes 
influence of VG on experimental i.p. inflammation. Part B describes effects of VG under non‑septic conditions. Part C describes VG‑specific changes not 
induced during peripheral inflammation in sham rats. 

A: VG‑caused disruption of physiological immunogen effects

Type of i.p. injected immunogen Immunogen effect 
in sham rats

VG effect on response to 
immunogen

Time of recovery after VG 
procedure

IL‑1β

Decreased NE in HPT Blocked 7‑14 days1

Increased NE in medial HPT Blocked 10 days2

Increased NE in PVN Blocked 4 weeks3

Increased plasma corticosterone Reduction ca. 50%,1
Partially blocked2

7‑14 days1,
10 days2

Increased plasma ACTH Partially blocked 10 days2

Shivering Blocked 10 days2

LPS

Increased cFOS in SON Blocked 7 days4

Increased cFOS in PVN Blocked 7 days4,
33 days5

Increased Ucn2 mRNA in PVN and 
adrenal medulla Blocked 33 days5

Increased liver NO content Blocked hours6

Increased number of activated 
cytotoxic T‑cells in blood Blocked hours7

B: VG‑induced changes in basal rat physiology

Increased level of MDA and NO in brain and liver hours6

Decreased level of reduced form of GSH in brain and liver hours6

Increased serum levels of ALT, AST and ALP hours6

Decrease in basal: 
• number of total lymphocytes and B‑lymphocytes in blood 
• number of granulocytes and DC‑cells in spleen 

hours7

C: Inflammation‑induced physiological changes specific to vagotomized animals

Decrease in cell number during inflammation:
• NK‑cell in blood 
• �total lymphocytes, T‑lymphocytes, T‑helper cells, cytotoxic T‑cells, activated cytotoxic T‑cells, B‑lymphocytes, 

DC‑cells, NK‑cells in spleen

hours7

ACTH – adrenocorticotropic hormone, ALP – alkaline phosphatase, ALT – alanine aminotransferase, AST – aspartate aminotransferase, GSH – glutathione, HPT – hypothalamus, 
IL‑1β – Interleukin 1β, LPS – lipopolysaccharide, NE – norepinephrine, NO – nitric oxide, MDA  –  malondialdehyde, PVN – paraventricular nucleus of hypothalamus, 
SON – supraoptic nucleus, Ucn2 – urocortin 2. References: 1. Fleshner et al. 1995, 2. Wieczorek and Dunn 2006, 3. Ishizuka et al. 1997, 4. Wan et al. 1994, 5. Tillinger and Mravec 
2021, 6. Abdel‑Salam et al. 2013, 7. Mihaylova et al. 2014.
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of vagotomy on the general intensity of inflammatory 
processes and indicate that an organism may develop 
immunological alterations that counteract the lack of 
vagal anti‑inflammatory activity.

Our previous research showed that, following 
a  30‑day recovery period, vagotomy disturbs the ac‑
tivity of brain dopaminergic and serotoninergic sys‑
tems and may affect rat behavior (Kobrzycka et al., 
2019). While analyzing standard behavioral parame‑
ters of the elevated plus maze (EPM) test like loco‑
motor activity or anxiety, we additionally noticed 
group‑specific closed‑arm preferences. Saline‑in‑
jected sham animals had no preference for the left 
vs. right closed arm and spent similar time in both. 
Sham animals with ongoing inflammation and vagot‑
omized non‑inflamed animals spent more time in the 
left closed arm. In contrast, the vagotomized animals 
with ongoing inflammation preferred the opposite, 
right closed arm. In our EPM test, we did not expect 
any social observations, and such behavior was not 
observed in sick sham individuals. However, we be‑
lieve that this might have been observed in the case of 
vagotomized rats with ongoing inflammation. Espe‑
cially, that Ghizoni et al. (2006), using a modified EPM 
test protocol showed that vagotomy itself may indeed 
weaken emotional learning. 

We investigated striatal neurotransmission as 
a  potential explanation for the observed behavior‑
al phenomenon as the striatum regulates social be‑
havior. It was shown that activity of the nucleus ac‑
cumbens (NA, one of the striatal nuclei) reflects the 
motivation to obtain social reward and to avoid social 
punishment (Kohls et al., 2013) and during inflamma‑
tion, positive social stimuli increase the activity of 
the ventral striatum which includes NA (Báez‑Men‑
doza et al., 2013; Inagaki et al., 2015; Muscatell et al., 
2016). Moieni and Eisenberger (2018) summarized 
that the social aspect of the sickness behavior is not 
simply affected by the suffering of the sick animal, 
but rather mediated by increased neural sensitivity 
of the reward system to both positive and negative 
social stimuli. Hence, we decided to test if vagoto‑
my influences striatal monoaminergic systems and 
met‑enkephalin synthesis during the peripheral im‑
mune challenge. 

At the same time, we hypothesize that altered so‑
cial behavior of vagotomized animals might result 
from worsened mood caused by increased pain feel‑
ings during inflammation. Hence we measured plas‑
ma met‑enkephalin –̶ a major analgesic compound at 
the early stages of inflammation. 

To ensure that we study the mechanism(s) that com‑
pensate for vagal dysfunction, we performed experi‑
ments 30 days after the surgery procedure at the ear‑

ly stages of the inflammatory response (2  h after LPS 
injection), when in normal conditions the vagus nerve 
plays the main role in immune‑CNS communication. 

METHODS

Animals

The study was performed on 3‑month‑old male Wis‑
tar rats (n=60, 300 g ± 25 g, at the beginning of the ex‑
periment). Animals were individually housed in breed‑
ing cages under artificial lighting conditions (a 12‑h 
day‑night cycle, light on at 7:00 AM) with free access 
to water and feed (Purina granules). The temperature 
in the animal facility was set at 21‑22°C and humidity 
at 60‑65%. Before the experiment, rats were habituat‑
ed for 7  days to the conditions in the animal facility. 
All applied experimental procedures were carried out 
with the approval of the Local Ethical Commission, 73/
ŁB582/2012.

Experiment

Animals were divided into two main groups: sh‑
am‑operated (SH, n=30) and bilateral subdiaphrag‑
matically vagotomized (VG, n=30). All animals were 
subjected to surgery under general anesthesia (i.p., 
Innovar plus, 6 μl/g body weight) and local anesthe‑
sia (subcutaneous, 2% lidocaine solution, with nor‑
adrenaline 0.5  ml/animal). In the VG group, small 
fragments of gastrointestinal and hepatic branches 
of the nerve were cut just below the diaphragm. The 
sham procedure was performed in an analogous way 
to vagotomy, with exception of cutting the nerves. 
A full description of both procedures can be found in 
Kobrzycka et al. (2019). To prevent postoperative in‑
fection and to facilitate wound healing, an antibacte‑
rial agent (Alu Spray, V.M.D.) was applied to the oper‑
ation site. Following surgeries, animals were returned 
to their cages, and after a  30‑days recovery period, 
animals from both groups were randomly assigned to 
receive i.p. injection of saline (0.9% NaCl, 100 μl) or 
LPS (10 μg E. coli 026: B6 in 100 μl 0.9% NaCl, 100 μl) 
and 120 min later, animals were euthanized (Supple‑
mentary Fig. 1).

Samples preparation procedures

For the ELISA test of proinflammatory cytokines, 
plasma was obtained by centrifuging the trunk blood 
collected on EDTA (1 ml/100 μl of Na2EDTA) at 4000 rpm 
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for 10  min at 4°C. Obtained plasma was frozen and 
stored at ‑80°C until future analysis.

Because of known anatomical and functional lat‑
eralization (Guarneri et al., 1985; Larisch et al., 1998; 
Capper‑Loup et al., 2009), left and right striatum was 
analyzed separately. Left and right striatum from each 
animal were isolated immediately after decapitation, 
according to the Paxinos and Watson (1998) stereotaxic 
atlas (AP: ‑1.4 to 2.3), then were immediately weighed 
and frozen on dry ice. Afterward, all samples were 
stored at ‑80°C till further analysis. 

HPLC of monoamines and ELISA test 

Striatum samples were thawed, homogenized with 
an ultrasonic homogenizer (BioBlock Scientific) in 
150  μl of homogenization solution (0.4  mM Na2S2O5, 
0.6  mM HClO4), centrifuged at 12,000  rpm for 15  min 
at 4°C. The collected supernatant was transferred 
to chromatographic tubes and analyzed. The con‑
centration of the main monoamines: noradrenaline 
(NE), serotonin (5HT), and dopamine (DA), as well 
as their metabolites: 3‑methoxy‑4‑hydroxyphenyl‑
glycol (MHPG), 5‑hydroxyindoleacetic acid (5HIAA), 
3,4‑dihydroxyphenylacetic acid (DOPAC), and homo‑
vanillic acid (HVA) was determined in collected brain 
samples with the RP‑HPLC‑ED isocratic method. An 
Agilent 1100 chromatographic system with Waters 
Spherisorb ODS‑1 RP C‑18 chromatographic column 
(4.6 × 250  mm) preceded by a  Zorbax SB‑C18 pre‑col‑
umn (4.6 × 12.5 mm) was used. Conditions during anal‑
ysis were set as follows: column temperature 35°C, mo‑
bile phase flow 1 ml/min, the potential of the glassy 
carbon working electrode relative to the Ag/AgCl ref‑
erence electrode +0.65  V. The mobile phase consist‑
ed of a  phosphate buffer (pH  3.4) containing: 0.15  M 
NaH2PO4 × H2O, 0.1 M Na2EDTA, 0.5 mM Na2OSA, 0.5 mM 
LiCl, with methanol (10%). The chromatographic data 
were analyzed using CHEMSTATION, REVISION‑B.03.02 
software (Agilent).

Using ELISA test, IL‑1β concentration was estab‑
lished as a control variable for confirming the ongoing 
i.p. inflammation. Plasma IL‑1β concentration was de‑
termined using the Rat IL‑1β ELISA Kit from Diaclone 
(cat. no. 670.040), according to the manufacturer’s in‑
structions.

Native met‑enkephalin concentration

Striatum samples were thawed, homogenized in 
0.5  ml of 0.9% NaCl and centrifuged at 5000  rpm for 
20 min at 4°C. The supernatant was used for RIA anal‑

ysis. Native met‑enkephalin concentration in the stri‑
atum and plasma was estimated by the radioimmu‑
noassay method of Pierzchała and Van Loon (1990). 
Briefly, native enkephalin from plasma or striatum su‑
pernatant was purified on Porapak Q columns (Waters, 
100‑120 mesh) in 2 ml of absolute ethanol, lyophilized 
and assayed after reconstitution in 100 μl of 0.06  M 
phosphate buffer (pH 6.5, 0.2% bovine serum albumin, 
0.002% sodium azide). The assay entailed the addi‑
tion of 50 μl of antiserum (rabbit, 1:10000) and 50  μl 
of 125I‑Met‑enkephalin (~1500 cpm) and incubation 
at 4°C for 24  h. Antibodies‑bound and free enkepha‑
lins were separated after 24 h by the addition of 50 μl 
of rabbit γ‑globulin (1%) and incubation for 30 min at 
4°C, followed by addition of 250 μl of 25% polyethylene 
glycol (PEG 8000), incubation for 30  min and finally, 
centrifugation (2000  ×  g, 4°C, 20  min). The superna‑
tants were discarded, and the pellets were counted in 
a γ‑counter (Wizard).

Statistical analysis

The experiment involves two independent vari‑
ables (surgery and injection type), which means that 
usage of the two‑way ANOVA would be appropriate. 
Data were tested for normality (Shapiro‑Wilk test) 
and homogeneity of variance (Levene test). Because 
some data did not meet the parametric assumptions, 
we decided to use single comparisons tests with Bon‑
ferroni correction for multiple comparisons. Because 
of the number of comparisons, p‑values lower than 
0.0125 (p<0.05/4) were considered to be statistically 
significant. Data meeting the assumptions of the para‑
metric test were analyzed with Student t‑tests; others 
were tested using the non‑parametric Mann‑Whitney 
U test. Analogous to the analysis performed in our 
previous work (Kobrzycka et al., 2019), the following 
two‑tailed sub‑hypotheses were tested and displayed 
on the figures: SH+NaCl i.p. vs. VG+NaCl, SH+NaCl i.p. 
vs. SH+LPS, VG+NaCl i.p. vs. VG+LPS, SH+LPS i.p. vs. 
VG+LPS. All statistical analyses were performed using 
the STATISTICA software, version 13.3 (TIBCO Soft‑
ware Inc., 2017). 

RESULTS 

In the proposed experiment (Fig.  1), vagotomy did 
not affect IL‑1β under non‑septic conditions (SH NaCl 
vs. VG NaCl U=94, p=0.509). Inflammatory responses 
measured by the increase of amount IL‑1β (a pro‑in‑
flammatory cytokine) in plasma was observed in both 
groups injected with LPS; sham‑operated (SH NaCl vs. 
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Table 2. Results of statistical analysis. 

SH NaCl vs. SH LPS VG NaCl vs. VG LPS SH NaCl vs. VG NaCl SH LPS vs. VG LPS

Plasma
IL‑1β U=16, p<0.001 U=39, p<0.001 U=94, p=0.509 U=73, p=0.110

Met‑enkephalin U=1, p=0.002 U=115, p=0.694 U=91, p=1.000 U=0, p<0.001

Right striatum

Met‑enkephalin U=2, p=0.038 U=7, p=0.352 U=2, p=0.114 U=13, p=0.485

MHPG/NE U=10, p=0.762 U=21, p=0.529 U=11, p=0.914 U=26, p=0.955

5HIAA/5HT U=0, p=0.017 U=0, p<0.001 U=17.5, p=0.142 U=0, p=0.012

DOPAC/DA U=0, p=0.009 U=33.5, p=0.815 U=0, p<0.001 U=0, p=0.003

HVA/DA U=12, p=0.788 U=12, p=0.234 U=19, p=0.142 U=5, p=0.171

Left striatum

Met‑enkephalin U=1, p=0.200 U=0, p=0.002 U=0, p=0.017 U=7, p=1.000

MHPG/NE t7=1,07, p=0.320 t15=0.68, p=0.51 t12=0.97, p=0.352 t10=‑0.15, p=0.880

5HIAA/5HT t9=‑2.53, p=0.032 t12=‑1.30, p=0.217 t10=‑1.16, p=0.273 t11=‑1.01, p=0.336

DOPAC/DA U=12, p=0.662 U=19, p=0.573 U=22, p=0.852 U=5, p=0.082

HVA/DA U=10, p=0.527 U=15, p=0.152 U=21, p=0.463 U=7, p=0.230

Statistically significant p‑value was 0.0125 (Bonferroni correction), p‑value between 0.05 and 0.0126 was considered as a not‑significant tendencies. 
Significant results are bolded and underline. Tendencies are bolded and cursive. SH – sham surgery, VG – subdiaphragmatic vagotomy, NaCl – i.p. saline 
injection, LPS – i.p. lipopolysaccharide injection. U – data tested with U Mann‑Whitney test, t – data tested with Student t‑test.

Fig. 1. Plasma concentration of IL-1β and met-enkephalin. SH – sham surgery, VG – subdiaphragmatic vagotomy, NaCl – i.p. saline injection, LPS – i.p. 
lipopolysaccharide injection, black square – median, box – quartile range, whisker – min-max range, ** – p-value < 0.0125, *** – p-value < 0.001. 
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SH LPS U=16, p<0.001) and vagotomized (VG NaCl vs. 
VG LPS U=39, p=0.001). LPS‑induced increase of plasma 
IL‑1β concentration was similar in both groups (SH LPS 
vs. VG LPS U=73, p=0.110). 

Vagotomy did not affect plasma met‑enkephalin 
concentration in non‑inflammatory conditions (SH 
NaCl vs. VG NaCl U=91, p=1.000). However, it abrogated 
the increase of plasma met‑enkephalin concentration 
after LPS injection (SH LPS vs. VG LPS U=0, p<0.001) – in 
vagotomized group, there was no LPS‑induced increase 
of plasma met‑enkephalin concentration (VG NaCl vs. 
VG LPS U=115, p=0.694), as it was observed in the sham 
group (SH NaCl vs. SH LPS U=1, p=0.002).

Met‑enkephalin concentration in response to the 
surgical and LPS manipulations differed in the left and 
right striatum (Fig. 2). In the right striatum, vagotomy 
did not affect met‑enkephalin concentration (SH NaCl 
vs. VG NaCl U=2, p=0.114). LPS injection has almost no 
effect on met‑enkephalin; in the sham group, we ob‑
served a non‑significant tendency to increase met‑en‑
kephalin concentration after LPS injection (SH NaCl 
vs. SH LPS U=2, p=0.038), however, such effect was not 
observed in the vagotomized group (VG NaCl vs. VG 
LPS U=7, p=0.352) and finally, there were no significant 
differences between groups (SH LPS vs. VG LPS U=13, 
p=0.485). In the left striatum vagotomy slightly, but no 
significantly, increased met‑enkephalin concentration 

in non‑inflammatory conditions (SH NaCl vs. VG NaCl 
U=0, p=0.017). In response to LPS injection, a  signif‑
icant increase of met‑enkephalin concentration was 
observed in the vagotomized (VG NaCl vs. VG LPS U=0, 
p=0.002) but no sham group (SH NaCl vs. SH LPS U=1, 
p=0.200).

Monoaminergic neurotransmission in the stria‑
tum was also asymmetrically affected by vagotomy 
(Fig. 3). Experimental procedures did not affect any of 
the tested utilization indexes (UI) of monoaminergic 
neurotransmitters in the left striatum. Vagotomy did 
not affect parameters neither under non‑inflammato‑
ry conditions (SH NaCl vs. VG NaCl, MHPG/NE t12=0.97, 
p=0.352, 5HIAA/5HT t10=‑1.16, p=0.273, DOPAC/DA U=22, 
p=0.852, HVA/DA U=21, p=0.463) nor after LPS injec‑
tion (SH LPS vs. VG LPS, MHPG/NE t10=‑0.15, p=0.880, 
5HIAA/5HT t11=‑1.01, p=0.336, DOPAC/DA U=5, p=0.082, 
HVA/DA U=7, p=0.230). In the right striatum of vagot‑
omized animals, significant changes of DOPAC/DA UI 
was found versus sham‑operated animals; in the sham 
group, DOPAC/DA UI decrease after LPS injection (SH 
NaCl vs. SH LPS U=0, p=0.009) while such effect was not 
in vagotomized group observed (VG NaCl vs. VG LPS 
U=33.5, p=0.815) because of already increased DOPAC/
DA UI in both no‑inflammatory (SH NaCl vs. VG NaCl 
U=0, p<0.001) and septic conditions (SH LPS vs. VG LPS 
U=0, p=0.003). Vagotomy did not affect 5HIAA/5HT UI 
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Fig. 2. Striatal concentration of met-enkephalin. SH – sham surgery, VG – subdiaphragmatic vagotomy, NaCl – i.p. saline injection, LPS – i.p. lipopolysaccharide 
injection, black square – median, box – quartile range, whisker – min-max range, ** – p-value < 0.0125, *** – p-value < 0.001.
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under non‑inflammatory conditions (SH NaCl vs. VG 
NaCl U=17.5, p=0.142). However, in the vagotomized 
group, 5HIAA/5HT UI significantly increased after LPS 
injection (VG NaCl vs. VG LPS U=0, p<0.001) and its level 
was significantly higher than in a  similar sham group 
(SH LPS vs. VG LPS U=0, p=0.012) where LPS‑induced 
non‑significant tendency to decrease of 5HIAA/5HT UI 
(SH NaCl vs. SH LPS U=0, p=0.017). MHPG/NE and HVA/
DA UI was unaltered, regardless of the experimen‑
tal conditions (SH NaCl vs. VG NaCl, MHPG/NE U=11, 
p=0.914, HVA/DA U=19, p=0.142; SH LPS vs. VG LPS, 
MHPG/NE U=26, p=0.955, HVA/DA U=5, p=0.171).

DISCUSSION

Vagotomy alters striatal neurotransmission

In the present study, we found that vagotomy sig‑
nificantly increased the DOPAC/DA ratio in the right 
striatum in control and inflammatory conditions with‑
out affecting the HVA/DA ratio. In rat brains, DOPAC 
and HVA are the main two metabolites of dopamine 

(DA) (Meiser et al., 2013). Because of COMT enzyme lo‑
cation, HVA is formed extraneuronal (Elsworth et al., 
1997), and HVA/DA ratio we interpret as a  marker of 
dopaminergic signaling between cells. DOPAC can be 
formed both intra‑ and extraneuronal (Elsworth et al., 
1997), however, the vast majority of the DOPAC origin 
from a recently‑synthesized pool of DA (Soares da Silva 
and Garrett, 1990) deaminated by MAOA enzyme located 
in the presynaptic neuron (Cho et al., 2021, Garrett and 
Soares da Silva, 1990). This is why DOPAC/DA ratio we 
interpret as a marker of presynaptic metabolism of DA.

Our results indicate that in vagotomized animals, DA 
metabolism inside neuron (DOPAC/DA ratio) increase. 
Unchanged intercellular dopaminergic signaling (HVA/
DA ratio) indicates that DA neurotransmission in the 
striatum is attenuated after vagotomy. Such a  conclu‑
sion is supported by the fact that DA release in the stri‑
atum depends on direct neurotensin (NT) and cholecys‑
tokinin (CCK) projection from nucleus tractus solitarii 
(NTS, nucleus with tonic sensory input from vagus 
nerve) (Wang et al., 1992). NT throughout NTS1 recep‑
tors (Widerlöv et al., 1982; Okuma et al., 1983; Hétier 
et al., 1988; Quirion et al., 1992; Nolan et al., 2020) and 
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Fig. 3. Utilization indexes of main monoamines neurotransmitters in left and right striatum. SH – sham surgery, VG – subdiaphragmatic vagotomy, NaCl 
– i.p. saline injection, LPS – i.p. lipopolysaccharide injection, black square – median, box – quartile range, whisker – min-max range, ** – p-value < 0.0125, 
*** – p-value < 0.001.
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CCK throughout the interaction of CCKB receptor with 
D2 receptor (Tanganelli et al., 2001) on presynaptic part 
of dopaminergic neurons projecting from the ventral 
tegmental area (VTA) and substantia nigra (SN), allows 
releasing DA in striatum. We concluded that when the 
vagus nerve is damaged or its activity is inefficient, the 
mechanisms regulating DA release in the striatum do 
not work properly and lead to an observed increase in 
the intracellular metabolism of DA. Moreover, in such 
conditions, direct serotoninergic projection from ra‑
phe nuclei (RN) becomes strengthened (Van de Kar and 
Lorens, 1979; Berger et al., 1985; McQuade and Sharp, 
1997; Maeda et al, 2003; Waselus et al, 2006) and can 
partially take over the function of disturbed dopami‑
nergic neurotransmission (Stotz et al., 1993; Maeda et 
al., 2005; Gagnon et al., 2016; Stemick et al., 2020). In 
fact, our results show an increase in serotonin metabo‑
lism (5HIAA/5HT ratio) in the right striatum of vagot‑
omized animals under inflammatory conditions, and as 
shown by Karstaedt et al. (1994) an increased striatal 
5HIAA/5HT ratio, can be an effect of disturbed DA neu‑
rotransmission (Fig. 4A).

Such conditions favor an intensification of met‑en‑
kephalin synthesis in the striatum. Long‑term defi‑
ciency of the dopaminergic signal in the striatum may 
increase the synthesis of striatal met‑enkephalin and 
serotonin 5HT1B receptors (George and Kertesz, 1987; 
Kowalski and Giraud, 1993; Manier et al., 1991; Pado‑
van‑Neto et al., 2021). Also, serotonin stimulates stria‑
tal neurons to met‑enkephalin synthesis (Walker et al., 
1996; Mijnster et al., 1997; Padovan‑Neto et al., 2021). 
Our results shown that met‑enkephalin concentration 
increased in the striatum of vagotomized animals. How‑
ever, while significant monoaminergic alterations were 
observed in the right striatum, a met‑enkephalin signif‑
icant increase was observed in the left one. Such an ef‑
fect may be a consequence of anatomical and functional 
lateralization of the striatum (Fig.  4B). The right and 
left striatum of the rat differ in neuron density (Meit‑
zen et al., 2011), dopaminergic metabolism (Thiel and 
Schwarting, 2001), and DA receptor (D1 and D2) density 
and affinity (Schneider et al., 1982; Franco et al., 2016).

Striatal‑managed natural side preferences 
or sensitization of the reward system

We set out to examine the influence of vagotomy on 
striatal neurotransmission given our previous observa‑
tions from the EPM test presented in detail in Kobrzy‑
cka et al. (2019).

Thiel and Schwarting (2001) showed that striatal 
DOPAC/DA lateralization is involved in the side pref‑
erence of thigmotactic scanning behavior – according 

to their results, we should expect that the saline‑treat‑
ed vagotomized group, which preferred the left arm of 
the maze, will also have an increased DOPAC/DA ratio 
in the left striatum and, similarly, the vagotomized 
group with ongoing peripheral inflammation, prefer‑
ring the right arm of the maze, will have a significantly 
increased DOPAC/DA ratio in the right striatum. Data 
presented here show that both vagotomized groups 
have significantly increased DOPAC/DA ratio in the 
right striatum. Thus, the arm preference observed in 
our previous experiment may depend on a specific in‑
flammation course in the vagotomized group, rather 
than a natural preference for the right or left side.

We hypothesize that observed in the previous exper‑
iment arm preference in the EPM arena may be linked 
with the social aspect of sickness behavior. Sick rats can 
seek companionship and support from familiars (Yee 
and Prendergast, 2010; 2012). On the other hand, social 
withdrawal is considered a  typical sickness behavior 
not only limiting the risk of spreading the disease but 
also promoting rest and saving energy for fighting the 
infection (Hart, 1988; Dantzer, 2001). In natural condi‑
tions, social species may show social avoidance of sick 
animals by other members of the group or self‑isola‑
tion of sick individuals (Loehle, 1995). Neuro‑immune 
control of the behavior is linked with striatal activity 
(Rivera‑Aguilar et al., 2008; Engler et al., 2009; Inagaki 
et al., 2015; Ben‑Shaanan et al., 2016) and central dopa‑
minergic neurotransmission (Eisenberger et al., 2010, 
Draper et al., 2018; Kopec et al., 2019). Namely, striatal 
DA innervation is involved in the locomotor activity as 
a  part of the extrapyramidal system but also in social 
interactions as a  part of the reward system (Deserno 
et al., 2015, Báez‑Mendoza and Schultz, 2013; Deserno 
et al., 2015; Felger and Treadway, 2017; Abg Abd Wa‑
hab et al., 2019; Lee and Muzio, 2020). The striatum is 
also the main source of the brain’s endogenous opi‑
oid neurotransmitter met‑enkephalin (Sar et al., 1978; 
Weisinger, 1995) which in the CNS is involved in limbic 
system modulation, memory, neuroprotection, central‑
ly mediated analgesia, and stress (Cullen and Cascella, 
2022). The dopaminergic signal from VTA acting on the 
striatum, encourages social interactions (Kopec et al., 
2019) hence, attenuated in our experiment dopaminer‑
gic synaptic signaling could lead to a  decreased pro‑
pensity for social interactions. Furthermore, Dekeyne 
et al. (2000) showed that increased serotoninergic neu‑
rotransmission can reduce levels of social interaction. 
These data may explain why in our previous experi‑
ment we probably observed withdrawal‑like behavior 
in the vagotomized group with ongoing inflammation. 
Also, increased striatal met‑enkephalin may be in‑
volved in social aspects of sickness behavior. Since it is 
known that striatal met‑enkephalin can directly affect 
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DA release to the limbic system from VTA (Kalivas et al., 
1993), increased met‑enkephalin in the striatum of our 
vagotomized group with ongoing peripheral inflamma‑
tion suggests that this group may be more “neural sen‑
sitive” to social stimuli (Moieni and Eisenberger, 2018). 
Future research should investigate whether sick vag‑

otomized individuals show social self‑isolation because 
it is known that lowered heart rate variability (HRV), 
a marker of tonic vagal activity, is observed in diseas‑
es linked with social withdrawal‑like autism spectrum 
disorder (Cheng et al., 2020) and major depression 
(Koch et al., 2019).
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A proposed explanation for observed changes in striatal neurotransmission. (A) When the vagus nerve is damaged or inefficient, the mechanisms 
regulating DA release in the striatum do not work properly. This leads to an observed increase in the intracellular metabolism of DA. Under conditions 
of long-term deficiency of the dopaminergic signal in the striatum, direct serotoninergic projection becomes strengthened and the synthesis of met-
enkephalin may increase. (B) Our result shows significant differences in monoaminergic neurotransmission in the right striatum and met-enkephalin in 
the left one, however, similar tendencies are visible in both hemispheres. Striatum lateralization involves among others differences in dopamine receptor 
density and affinity. In the left striatum excitatory dopaminergic signal is replaced by an inhibitory serotoninergic signal, resulting in remarkably increased 
met-enkephalin concentration. In the right striatum, monoaminergic changes are more pronounced however, one inhibitory signal is substituted by 
another one and met-enkephalin concentration is hardly affected.
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Vagotomy disturbs peripheral analgesic 
mechanism during inflammation

Vagotomy may also influence peripheral inflam‑
mation, which in turn may affect sickness behavior. 
At the early stages of the peripheral inflammatory re‑
sponse, endogenous opioids, mainly β‑endorphin and 
met‑enkephalin, are released from activated immune 
cells (Cabot et al., 2001; Chadzinska et al., 2005; Seh‑
gal et al., 2011). Locally synthesized met‑enkephalin 
modulates immune cell activity (Liang et al., 2016) but 
also peripheral nociceptive signals reaching the CNS 
(Corder et al., 2018). β‑endorphin and met‑enkephalin 
induce analgesia via opioid receptors on peripheral 
sensory neural fibers and counteracts the hyperalge‑
sic effect of inflammatory mediators such as IL‑1β or 
TNF‑α (Cabot et al., 2001; Stein and Land, 2009; Jiang 
et al., 2015). In a  behavioral context, analgesia, espe‑
cially at the beginning of the inflammatory response, 
may give animals additional time for searching a safe 
environment to hide and recover. In fact, in the plas‑
ma of the sham group, we observed a  significant in‑
crease in met‑enkephalin concentration in response 
to LPS injection which may blunt the pain feeling. 
Our results show that in vagotomized animals, plasma 
met‑enkephalin levels do not increase in response to 
LPS injection and such an effect may be explained by 
the influence of vagotomy on different kinds of leuko‑
cytes (Table 1).

We think that the lack of enkephalin‑mediated an‑
algesia at the early stages of inflammation may con‑
tribute to the worsened mood of a sick individual. Such 
a conclusion agrees with the previously mentioned in‑
creased met‑enkephalin level in the striatum of vagot‑
omized group with ongoing inflammation, as Gear and 
Levine (2011) demonstrated that increased met‑en‑
kephalin content in NA, in contrast to the blood‑borne 
met‑enkephalin, results in hyperalgesia.

CONCLUSIONS

Our results suggest that 30  days after the vagoto‑
my procedure, endogenous opioid analgesic processes 
at the early stages of the inflammatory response are 
disturbed. This may affect animal mood, which in turn 
may have a  behavioral implication. Increased striatal 
serotoninergic and met‑enkephalinergic signaling as 
well as decreased dopaminergic signaling, also suggest 
that motivation for social interaction might be attenu‑
ated. Thus, in conditions of lowered vagal activity, neg‑
ative subjective perception of inflammatory processes 
by an animal may be intensified resulting in unneces‑
sary social withdrawal.
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SUPPLEMENTARY MATERIALS

Supplementary Fig. 1. Scheme of the experiment, described in details in Method section. SH – sham surgery, VG – subdiaphragmatic vagotomy, NaCl – i.p. 
saline injection, LPS – i.p. lipopolysaccharide injection.
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