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Dopamine Dynamics in the Amygdala Influence Emotional
Changes in the Early Stage of Systemic Inflammatory
Response Syndrome in Rats

La Dinamica de la Dopamina en la Amigdala Influye en los Cambios Emocionales
en la Etapa Temprana del Sindrome de Respuesta Inflamatoria Sistémica en Ratas

Tomiko Yakura? Munekazu Naito? Takashi Ichikawa?; Hidehiro Oshibuchi?;
Makiko Yamada®; Zhong-Lian Lit; Shinichi Kawata! & Masabhiro Itoh *

YAKURA, T.; NAITO, M.; ICHIKAWA, T.; OSHIBUCHI, H.; YAMADA, M.; LI, Z. L.; KAWATA, S.; ITOH, M. Dopamine
dynamics in the amygdala influence emotional changes in the early stage of systemic inflammatory response syndrémedin rats.
Morphol., 42(2)332-340, 2024.

SUMMARY: Systemic inflammatory response syndrome (SIRS) is a potentially fatal reaction to various forms of tissue damage
and infections that cause damage to various organs. Furthermore, the brain is damaged earlier than other organs,ifiesdtmgim d
dysfunction. The central clinical symptom of SIRS is delirium and emotional changes are involved in disease developmgimth&lthou
amygdala is known to play a major role, the mechanisms underlying emotional changes in the early stages of SIRS have not been
elucidated. Therefore, changes to dopamine levels in the amygdala were observed using an in vivo model of lipopolysd&8haride (L
induced SIRS to clarify the biochemical mechanisms activated in the early stages of SIRS. Extracellular dopamine wafsaruollected
the amygdala of free moving rats via microdialysis and then analyzed by high-performance liquid chromatography. In adtiditad, em
changes were assessed with the open field and sucrose preference tests. In the LPS group, dopamine release in theeasggddala incr
remarkably immediately after LPS administration, peaking at 120 min. Thereafter, dopamine release temporarily decreased, but th
significantly increased again after 180 min. The present results suggest that diffuse brain dysfunction in the earl\5ER®)asagf
involve altered dopamine levels in the amygdala.
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INTRODUCTION

Systemic inflammatory response syndrome (SIRShental status in critically ill patients admitted to the intensive
which has been linked to sepsis-associated encephalopathye (lacobonet al, 2009).
(SAE), is characterized by widespread damage to endothelial
cells due to uncontrolled inflammation and multiorgan failure The clinical spectrum of SAE ranges from mild
(widmann & Heneka, 2014). Although a frequent sequel imattentiveness or disorientation, agitation, and
sepsis, acute altered mental status is associated withygpersomnolence to more severe disturbances of
significantly increased risk of mortality. Brain dysfunctionconsciousness and coma (Chaudhry & Duggal, 2014). A
due to sepsis has been largely ignored as a cause of altess@nt study found that SAE can induce sustained brain
mental status in critically ill patients primarily because ofesions (Widmann & Heneka, 2014). Cerebral dysfunction
the lack of precise, well-established clinical and biologicah SAE reflects systemic metabolic, inflammatory, and
markers to assess brain dysfunction associated with SAEmodynamic disturbances associated with SIRS, rather than
(lacoboneet al, 2009). However, recent studies havabnormal function of the central nervous system. The
reported that SAE is a relatively common cause of alter@aplications of sepsis and SIRS on cerebral function are
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profound and the body of knowledge regarding SAE is Therefore, the aim of the present study was to explore
growing. Further research, however, is clearly necessaryftmctional separation among the brain structures that regulate
improve recovery from SAE and reduce long-ternbehavioral modifications associated with cytokine-induced
consequences on cerebral function. Evidence suggests dimease to elucidate the neuroanatomical brain circuitry
coexistence of immune dysfunction with psychologicahfluenced by cytokines.
changes in patients with various neuropsychiatric and non-
neurological disorders. Immunotherapies are increasingWATERIAL AND METHOD
used clinically but often affect mood (Hodstsal, 2015).
Study approval. This study was conducted in strict

Psychological stress and depression have beaocordance with the recommendations of the National
intimately linked to peripheral inflammation due to increasebhstitutes of Health’'s Guide for the Care and Use of
levels of circulating proinflammatory cytokines, includingLaboratory Animals. The research protocol with animal
interleukin IL-6 and tumor necrosis factor TNiFFelger experimentation was approved by the Scientific Ethics
& Lotrich, 2013). Behavior is a major, highly preservedCommittee of Aichi Medical University School of Medicine
and adaptive component of the stress response. T{Rrotocol Number: 2020-101). All surgery was performed
behavioral response to stress is variable, ranging frommder sodium pentobarbital anesthesia and every effort was
aggressiveness, anxiety, or hyperalertness to lethargy, andde to minimize suffering.
is mainly controlled by the amygdala and hippocampus,
which are vulnerable to hemodynamic and metabolic (i.6Animals. Male Sprague Dawley rats (initial body weight
hypoxemia and hypoglycemia) insults. The administratiofBW], 180-190 g; BW at time of microdialysis, 290-420 g)
of lipopolysaccharide (LPS) is a widely used approach teere purchased from CLEA Japan, Inc. (Tokyo, Japan) and
investigate the mechanisms underlying activation of systentioused in an animal care facility at a constant temperature
inflammation induced by psychopathological effectsof 26+ 2°C under a 12-h light/dark cycle witid libitum
Previous studies have showed that local or systematiccess to food and water. Data from a total of 44 rats were
administration of LPS both could damage dopaminergincluded in the analysis.
neurons (Reineret al, 2014). And Liet al (2020) found
that specific inhibitors of dopamine D1 or D2 receptors bothPS stimulation. The rats were intraperitoneally injected
partly reduced the protective effect of L-DA on the learningith LPS fromEscherichia coliO127:B8 (Sigma-Aldrich
and memory of lipopolysaccharides (LPS) treated mice a@brporation, St. Louis, MO, USA) dissolved in 1 mL of
L-DA administration could prevent and treat SAE viasterile saline solution at 10 or 20 mg/kg BW/day. The dose
dopamine D1 and D2 receptors. Furthermore, behavio@ LPS was selected to elicit an inflammatory-induced
responses are mainly controlled by the amygdala am@nsient sickness, as described in a previous study (Lacroix
hippocampus. These behavioral changes are induced at&Rivest, 1997). All rats were euthanized?within 24 hours
molecular level by proinflammatory cytokines, such as ILef LPS or saline administration.
1B, IL-6, and TNFe. The basolateral amygdala (BLA) is a
key brain region involved in mood and may mediate sonteurgical implantation of cannulas.Prior to surgery, the
of the behavioral modifications induced by inflammationtats were anesthetized with 0.3 mg/kg BW of medetomidine,
Therefore, modification of behavior can be adaptive antl0 mg/kg BW of midazolam, and 5.0 mg/kg BW of
physiologic, i.e., behavioral features of the response to strelsstorphanol. After induction of anesthesia, a stereotaxic
or maladaptive and pathophysiological, i.e., consequendeame was used to insert a guide cannula into the left BLA
of SAE (Chaudhry & Duggal, 2014). The results of theomplex at 2.4 mm posterior and 5.2 mm lateral to the
present study provide the first evidence supporting lm@egma and at a depth of 7.2 mm from the surface of the
functional separation between the brain structures underlyibgegma (Kawanet al, 2018). Ear bars with dulled tips were
cytokine-induced disease behavior and cytokine-induceded to stabilize the head and avoid damage to the eardrums.
behavior and provide important clues about thaéfter surgery, the anesthesia was reversed by subcutaneous
neuroanatomical brain circuitry that cytokines may influencedministration of atipamezole hydrochloride at 0.75 mg/kg
These behavioral changes are induced at the molecular IeB&. Then, each rat was placed in an individual cage with
by proinflammatory cytokines (e.g., ILB1IL-6, and TNF- opaque sides (height, 30 cm; width, 25 cm; depth, 15 cm)
a). The BLA is a key region of the brain involved in moodand allowed to recover for at least 1 day.
and may mediate some of the behavioral effects associated
with inflammation. However, the mechanisms underlying/licrodialysis. The left amygdala reportedly plays a much
emotional changes in the early stages of systemiarger role in emotional processing than the right amygdala
inflammation remain unclear. (Guret al, 2002). A previous study with methamphetamine-
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sensitized and fear-conditioned rats reported hyperactiviiyalysis. Data were considered compromised by bleeding
of dopamine in the left amygdala (Oshibuehal, 2009). around the trace of the probe, probes extending beyond the
Therefore, dopamine levels in the left amygdala of consciousnge of the BLA, or probes inside the striatum. Data from
freely moving rats were measured by microdialysis one dagts with amygdala catheterization failure or significant
after implantation of the microdialysis probes (Al-12-2hemorrhaging proximal to the membrane of the microdialysis
Eicom, Kyoto, Japan; membrane length, 2.0 mm; out@robe were also excluded.
diameter, 0.5 mm; molecular weight cutoff, 20,000 Da).
Ringer's solution (147 mM Na4 mM K', 2.3 mM Ca2  Western blot analysis.Total protein was isolated using a
155.6 mM Ci) was used as the perfusate for microdialysimodified protocol adapted from a method previously
and samples were collected at a flow rate @fL2min.  described for analysis of serum cytokine levels (Nogethi
Following an acclimation period of 60 min, preinjectioral., 2017). Western blot analysis of the amygdala was
extracellular dopamine levels were measured for 60 min afigerformed with antibodies against total tyrosine hydroxylase
the start of microdialysis. (TH), which appeared on the blot as a single band
corresponding to a molecular mass of approximately 63 kDa.
LPS at 10 or 20 mg/kg BW or saline solution wagotal TH levels were calculated relative to Na+/K+-ATPase
administered at 60 min after the start of microdialysis. Timéevels.
based changes in extracellular dopamine levels were
measured for 280 min following injection at 60 or 340 miBehavioral tests.Behavioral tests, which included the open
after the start of microdialysis. field (OF) and sucrose consumption (SC) tests, were used
to evaluate the anxiety- and depression-like behaviors of rats.
At the end of the experiment, the rats were given dBach behavioral test was conducted by the same technician
overdose of chloral hydrate and brains were fixed with 4 #etween 09:30 and 16:00 h. Prior to testing, the rats were
paraformaldehyde via intracardiac infusion. The brains weeeclimated to the experimental room for at least 1 h.
cut into sagittal sections (50 mm) and the dialysis probes
were located with reference to an atlas (Paxinos & WatsddF test. The OF test was employed to identify psychomotor
2006). If the dialysis probe was misplaced, the rat wakisturbances characteristic of anxiety in an open environment
excluded from analysis. (Huanget al, 2012). Briefly, each rat was placed in an
observation cage (height, 50 cm; width, 50 cm; depth, 30
Measurement of extracellular dopamine levelsSamples cm; Muromachi Kikai Co., Ltd., Tokyo, Japan) and
were collected every 20 min. Extracellular dopamine levetgpontaneous locomotor activity (i.e., distance traveled, time
were measured in real time with a high-performance liquspent in locomotion, rearing counts, and time in rearing)
chromatography-based neurochemical analyzer (HITE@/as measured in a square arena using photo-beam detectors
500: Eicom) equipped with an auto-injector (ESA-20for monitoring horizontal and vertical activity. The
Eicom) and a CA-50DS column (2<1150 mm; Eicom). percentage of path length in the center region was calculated
The mobile phase consisted of 134.49 g/L of NRBj, 49.40 using ImageJ softwaréttps://imagej.nih.gov/i)l The rats
g/L of NaHPQ,, 1 % methanol, 800 mg/L of sodium 1-were allowed to freely explore the observation cage for 240
decanesulfonate, and 50 mg/L of disodiunmin while data was collected.
ethylenediaminetetraacetate. The voltammetric detector was
equipped with a graphite working electrode set at +0.45 $C test. During SC test, rats were free to choose from
relative to an Ag/AgCl reference electrode. Use of the augpanulated sucrose, food and tap water for 24 hours. Prior to
injector enabled measurement of dopamine levels withostiarting the experiment, the rats in the individual home cages
sample decomposition or loss through oxidation. were exposed to granulated sucrose, food, and tap water for
48 hours. After acclimation to granulated sucrose for 48
Histological analysis At the end of the study, the rats werehours, granulated sucrose intake was measured for 240 min.
administered an overdose of sodium pentobarbital (100 mg/
kg) and transcardially perfused with physiological salinMultiplex electrochemiluminescence assajeasurements
followed by 10 % buffered formalin. The brains were posif IL-13 and TNFr were performed by EMD Millipore
fixed in 10 % buffered formalin for 1 to 10 days and the€orporation (St. Charles, MO, USA) using a multiplex
cryoprotected by immersion in 25 % sucrose for 2 days. Thé&ctrochemiluminescence assay with custom multiplex
location of the microdialysis probe in the amygdala waglates for detection (Meso Scale Diagnostics LLC, Rockuville,
histologically determined by staining of fén-thick serial MD, USA) in accordance with the manufacturer’s standard
coronal sections with cresyl violet. Only data obtained fromrotocol. Signals were detected with a SECTOR® Imager
rats with correctly implanted probes were included fo8000 (Meso Scale Diagnostics LLC) and interpreted with
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DISCOVERY WORKBENCH® software (Meso ScaleEffects of LPS on extracellular dopamine release from
Diagnostics LLC). Serum cytokine levels were normalizethe amygdala
to the total protein concentration of each sample. If the
measurements were out of range, the cytokine or chemokine  The duration of the effects of LPS on extracellular
(>10,000 pg/ml) was diluted and the assay was repeatédpamine levels in the amygdala relative to dopamine levels
For samples with no detection of cytokines, a value of zemior to treatment of naive rats is illustrated in Figure 1A.
was assigned. The techniques used for surgical implantation, microdialysis,
and measurements of extracellular dopamine levels are
Statistical analysis.Dopamine values are expressed as @escribed in the Materials and methods section. Correct
percentage of the mean of three basal samples, whetacement of the microdialysis probe is illustrated in the
absolute units are given. Rats with unstable basal levels wdiagrams presented in Figures 2A and 2B.
excluded from analysis. For each rat, the data were rescaled
to set the average concentration of the three stable basal The line graphs in Figure 3A illustrate relative
samples to 100 %. Two-way analysis of variance (ANOVAghanges to extracellular dopamine levels over time following
was used to identify potential correlations between dopamimrgraperitoneal injection of LPS (10 or 20 mg/kg BW) or
levels and freezing behavior following LPS administratiosaline (0.2 mL/kg BW in the same volume) beginning at 0
to the saline-treated groups. Using group as a factor, repeat@id. Extracellular dopamine levels had significantly
measures ANOVA and one-way ANOVA were used tincreased following intraperitoneal injection of LPS at 20
identify significant differences between groups. Bonferronisig/lkg BW as compared to the control gropp<(0.05).
test was used for multiple comparisons or simple main effethis effect was maintained over 180 min and stabilized
testing when the main effect or interaction was determindxginning at 40 min. In contrast, there was no significant
as significant. All statistical analyses were conducted usimifference in extracellular dopamine levels between the
GraphPad Prism, version 7.0b for Mac OS X versiooontrol group and the group treated with LPS at 10 mg/kg
(GraphPad Software Inc., San Diego, CA). A probabipjy ( BW (p < 0.05). As illustrated in Figure 3B, total TH levels
value of <0.05 was considered statistically significant. tended to decrease in the group treated with LPS at 20 mg/
kg BW (p < 0.05). Post hoc analysis confirmed that LPS
caused a significant decrease in total TH levels relative to
the saline controls at 240 mip € 0.05).
Data from 3 rats were excluded because of amygdala
catheterization failure or the presence of sever@rain dysfunction in the early stages of acute
hemorrhaging around the membrane of the microdialysisflammation leads to anxiety-induced and
probe or along the insertion path. Accordingly, data from antidepressant behavioral responsednitially, two anxiety
total of 17 rats (3 groups of 4~6 each) were included falisorder tests, OF and SC, were tested after LPS (20 mg/kg)
analysis (Fig. 1A). Data from a total of 44 rats were includegtdministration (Fig. 1b). The OF test was employed to
in the analysis (Fig. 1B). investigate locomotor activity (Fig. 4a). The
results of the OF test showed that locomotor
activity decreased in the LPS-treated group

RESULTS

LPS or Saline

Microdialysis
DAY 1 DAY 2 ﬂ

A 60 0 120 240 (min)
Surgical implantation of cannulas
LPS or Saline
Western blot
Open Field Test
||||||||||||| Sucrose Test
Cytokine
B 0 120 240 (min)

Fig 1. Summary of the experimental schedule.

over time as compared to the control group.
The amount of time spent in the center of the
field was strongly correlated with the level of
anxiety, a characteristic referred to as “risk-
taking behavior”. Risk-taking behavior was
decreased in the LPS group and locomotor
activity was significantly reduced
immediately after LPS administration and
completely suppressed after 120 min. To
further assess these differences, the SC test
was conducted, which revealed similar
anxiogenic-like responses and significantly
reduced intake of sucrose € 0.05). Images

of the facial expressions of the rats at 120 min
after saline injection (Fig. 4c) and 120 min
after LPS injection are shown in Figure 4d.
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Bregma —3.24 mm

Fig 2. (A) Schematic of dialysis probe placement in the basolateral complex of the amygdala. The open bar represerin trallocati
orientation of the dialysis membrane. Indicated is the anterior-posterior coordinate in mm relative to the bregma. Rispgler&geim

left hemisphere. (B) Micrograph of the slice preparation. A brain slice preparation stained with cresyl violet, showimady @rayeic
placement. The arrow indicates the area of the probe in the basolateral complex of the amygdala, which comprises tlde lateral an
basolateral nuclei. The dotted lines indicate the major subdivisions of the amygdala. CeA, central nucleus of the amygdala; BLA
basolateral complex of the amygdala.

250 Serum cytokine levels during the early
T 2004 < LPS20mg/kg stages of acute inflammation.Serum
3 ¢ LPS10mg/kg cytokine levels were measured at baseline (pre-
T 1504 05a>|;<‘n;g(.)2(:r;g/kg LPS treatment) and at 120 and 240 min
§ ' following a single injection of LPS at 20 mg/
S 100 - ¢ kg BW (n=10). Expression patterns of
° cytokines measured after a single injection are
< 50- shown in Figure 5. There were notable
= differences in serum levels of IL-6, IL31and
A °© TNF-a with significant increases in TNé-at
-40 -20 0 20 40 60 80100120140160180200220240260280(min) 2 h after LPS injeCtion and ”_'6 and ”.Bht
LPS 20 mg/kg LPS 20 mg/kg 4 h.
Cortrol : 120min : 240min
_1__2__3_ii 12345 ﬁi 123 45 IL-6. Serum IL-6 concentrations were
HeseSipass(ii2 ko) :—_- - - = measured to assess the extent of the
TH (63 kD) —---:——----:‘----- inflammatory response to LPS. In the LPS-
Mean + SD ' ™ ' treated groups (relative to the control group),
%DP<0.05 R * serum IL-6 concentrations had increased by
’ o g 15 14398.60-fold at 120 min after injection of LPS
ok . and by 21574.34-fold at 240 min (Fig. 5A).
< °
£3 1.0 AA T
53 <s 4 ;
5 os IL-1 3. Serum IL-PB concentrations were
= measured to assess the extent of the
B O o o e inflammatory response to LPS. In the LPS-

Fig 3. (A) Time course of the LPS effects on basal dopamine levels. The vertlt(r:gﬁted groups (relatlve_ to the C(_)ntrol group),
fm IL-B concentrations had increased by

axes represent changes in dopamine levels. The horizontal axis represent §

time (min) from injection. (B) Measurement of total-TH levels in the amygda%03'44'f0|d at 120 min aﬂer injection of LPS
(n = 5 per group). and 873.51-fold at 240 min (Fig. 5B).
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TNF-a. Serum TNFa concentrations were measured tor'NF-a concentrations increased as compared to the control
assess the extent of the inflammatory response to LPS. Segnoup at 240 min after LPS injection (Fig. 5C).

-o- Saline C
100 - - LPS 20mg/kg — e~
80 ,
E
g 60—‘
8
S 40y
9]
P 20
0 I I u | n
0 60 120 180 240
b Time (min)
* skak sk - Control
1001 wmm I LPS
e 804
g
© 60+
£
g 40
S
0 20
0 N.D. N.D. Mean = SD
1 1
60 120 240 * P <0.05
i ) sk P <0.01
Time (min)

Fig 4. Anxiety-like behavioral indexes of the (a) OF and (b) SC tests. p<0.01 and p< 0.05 was taken as the overall level of
significance. Facial expressions in LPS- and Saline- treated rats. Examples of facial expressions in the LPS-treated rat are
shown in (c) saline-diagonal view and (d) LPS-diagonal view.

a b C Il Control

LPS

30,000 . 500

20,000 400

IL-6 (pg/ml)
TNF-a(pg/ml)

10,000 200+

120 240 0y i 120 240
Time (min) Time (min) Time (min)

Mean = SD
% P<0.05

Fig 5. Time course of three cytokines in serum at 0, 120 and 240 min after LPS injection. p < 0.05 was taken as the overall
level of significance.
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DISCUSSION Previous studies have suggested that dopamine release in
the amygdala is involved in memory processing, suggesting
This study is the first to provide direct neurochemicahat dopamine may be involved in the early stages of SAE.
evidence that dopamine release is increased in the amygdala
in the early stage of SIRS in a rat model, while locomotor The nucleus accumbens and amygdala are
activity is decreased. These findings suggest that SAEdonsidered a series of pathways associated with the stress
the early stages of SIRS may involve dopamine dynamiossponse. Extracellular dopamine is increased by stress load
in the amygdala. at multiple sites in the brain, including the nucleus
accumbens and amygdala, which has been associated with
Systemic inflammation caused an early increase in the later stage of fear memory processing, such as
dopamine levels in the amygdala reconsolidation (lwatat al, 2016). In the present study,
administration of LPS at 20, but not 10, mg/kb BW led to
Sickness behavior is now recognized as part ofam immediately increase in dopamine levels and this effect
motivational system to promote recovery from infectionvas maintained over a period of 180 min and stabilized
(lacoboneet al, 2009). Several mechanisms have bedmeginning at 40 min (Fig. 3A). Furthermore, administration
implicated in the pathogenesis of SAE, including disruptioof LPS at 20 mg/kg BW led to a significant decrease in
of the blood—brain barrier, neuronal apoptosis, endotheliatal TH levels at 240 min (Fig. 3B). TH is a
activation, hyperinflammation due to the release ahonooxygenase that catalyzes the first rate-limiting step
inflammatory cytokines, oxidative stress, and impaireith the biosynthesis of catecholamines, including dopamine,
neurotransmission due to altered neurotransmitter leveisradrenaline (NA), and adrenaline (Nagatsu & Nagatsu,
(Heminget al,, 2017). Previous studies have suggested th2016). The results of this study suggest that total TH is
cognitive impairment may be caused by febrile infectiodepleted from the amygdala at 240 min after LPS
during or after fever (Hemingt al,, 2017). About 40 % of administration at 20 mg/kg BW, which is consistent with
SAE patients experience long-term and irreversible sequeatmpamine levels in the amygdala measured over time, which
including memory impairment, depression, anxiety, anpgeaked at 60 min, was maintained until around 180 min,
cognitive disturbances (Widmann & Heneka, 2014). Thiand then gradually decreased.
clinical syndrome is described as sickness behavior induced
by increased production of proinflammatory cytokines aftekdministration of LPS affected freezing behavior
infection that affect brain function (Chaudhry & Duggal,
2014). SAE is being increasingly recognized as a cause of  The behavioral symptoms of sickness do not occur
cognitive dysfunction in critically ill patients. The amygdalammediately after the onset of the immune response, but
mediates behavioral changes via the stress network aiadher develop over time. Following peripheral
responses to behavioral features of illness (anorexiministration of LPS, many sickness-related behaviors are
anxiety, and avoidance). The amygdala is crucial for theduced within 2—6 h and then gradually wane (Dargter
formation, retrieval, and expression of emotion memories., 2008). There was no immediate difference in locomotor
during fear conditioning. Dopaminergic transmissiomctivity (i.e., total distance travelled) in the OF test between
underlies multiple effects in fear memory processingaline- and LPS-treated rats, but these behaviors were
Furthermore, dopamine release in the amygdala is involvsignificantly affected after 120 min, when electrical activity
in the extinction of fear conditioning (Kawaabal, 2018). and NA levels in the amygdala of rats treated with LPS
Thus, multiple mechanisms may underlie the effects @fere markedly increased as compared to those injected with
dopamine on processing of fear memory. A recent genesialine, demonstrating that the various behavioral changes
manipulation study revealed that sub-threshold dopaminéthe LPS-challenged rats were timed to the increases in
release in the amygdala leads to long-term depression thath amygdaloidal neuronal activity and NA release. The
limits less salient experiences from forming persistel8C test provides a measure of the “hedonic” state or the
memories (Kworet al, 2015). In a mouse model treatedability to experience pleasure (Jacquetsal, 2019).
with LPS, the amygdala microcircuitry was shown to definempairment of this state (i.e., anhedonia), as evidenced by
anorexic behavior (Douglass al., 2017). decreased sensitivity to reward, is a fundamental feature
of clinical depression (Huargt al, 2012).
Currently, SAE is considered the most common
cause of encephalopathy in medical and surgical intensive At present, rodent grimace scales have renewed
care units, with more than half of septic patients developimgterest in measuring the affective component of pain and
encephalopathy (Chaudhry & Duggal, 2014). Howevehave been promoted as a means to overcome the shortfalls
relatively few studies have addressed the causes of SAlEnociceptive threshold testing. Five facial features (action
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units) considered indicators of “pain” by the mouse grimaand immune responses, although further studies are needed

scale were identified in rats treated with LPS at 20 mg/lgince the data are not conclusive. Such studies could also

BW (Fig. 4D) (Langforcet al., 2010). provide important insights into a potential link between
the early stages of SIRS and the clinical manifestations of

Anincrease in the frequency of anxiety-like behaviocBAE.

could be a direct consequence of increased amygdaloidal

activity since the amygdala is known to play a critical role The current study aimed to elucidate changes in

in the generation of fear and anxiety (Engleal, 2011). dopamine levels in the amygdala that also occur in animal

However, patterns of anxiety-like behavior cannot clearlmodels of LPS-induced inflammation at even lower

be dissociated from the observed reduction in locomotooncentrations than previously reported (Engleal.,

activity and explorative behavior, which more likely resul011). Taken together, the results of this study offer novel

from suppressed activity of other brain regions, such as timsights into different features of the amygdaloidal response

hippocampus, ventral tegmental area, and dorsal striatuim.experimental immune activation in rats and provides

Nevertheless, the amygdala might be involved ifurther evidence that the amygdala plays an important role

modulation of these behaviors as well, since bilateral the integration of immune-derived signals to coordinate

injection of NA into the amygdala has been shown to doskehavioral and autonomic responses. This study focused

dependently suppress locomotor activity and explorativan the early phase after experimental stimulation of the

behavior in rats. Pro-inflammatory cytokines play aimmune response to determine the length of time required

essential role in the development of sickness behavior, fasm the propagation of immune-related information from

IL-1b and TNF-a exhibit anxiogenic potential (Danteer the periphery to the amygdala.

al., 2008). Amygdaloidal IL-1b, IL-6, and TNF-a mRNA

expression levels were significantly higher in the LPSSONCLUSION

treated rats than the saline-treated group at 120 min after

injection and had further increased at 240 min, indicating Systemic inflammatory response syndrome (SIRS)

that these cytokines are de novo synthesized in tieecharacterized by widespread damage to endothelial cells

amygdaloid complex in response to peripheral immurdue to uncontrolled inflammation and multiorgan failure,

activation. This is consistent with previous reports showirgnd it can lead to death in some patients.

that engagement of immune-to-brain communication

ultimately leads to the production of proinflammatory The main clinical symptom of SIRS is delirium, and

cytokines in the central nervous system (Engfiat, 2011). emotional changes are involved in the development of this

The results of the present study showed that serum levdisease. Although the amygdala is known to play a key

of IL-1b increased before serum TNF-a, similar to theole in the pathogenesis of SIRS, the mechanisms

results of a previous study (lwataal, 2016). However, underlying the development of emotional changes in the

the mechanism underlying triggering of amygdaloidadarly stages of SIRS are unknown. Therefore, changes in

cytokine expression remains unclear. Several studies hdkie dopamine levels in the amygdala were observed using

suggested that NA might be involved in the induction cdn in vivo model of lipopolysaccharide (LPS)-induced SIRS

cytokine expression in the brain. Hence, the increaséalelucidate the biochemical mechanisms that are activated

expression of proinflammatory cytokines in the amygdalia the early stages of SIRS.

of LPS-treated rats might be directly linked to increased

NA levels. The vast majority of studies of immune-to-brain The results of this study offer novel insights into

communication have been conducted with the use tife different features of the amygdaloidal response to the

rodents, but initial evidence indicates that systemiexperimental immune activation in rats and provide further

inflammation may also affect human amygdala functiorevidence that the amygdala plays an important role in the

For example, depressive-like symptoms and anxiety camegration of immune-derived signals to coordinate

be transiently elicited in healthy human subjects blgehavioral and autonomic responses.

peripheral administration of cytokine-inducing agents, such

as LPS and typhoid vaccine (Wrighkt al., 2005).
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