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Abstract

Inflammatory diseases are highly associated with affective disorders including depression and 

anxiety. While the role of the innate immune system on emotionality has been extensively studied, 

the role of adaptive immunity is less understood. Considering that chronic inflammatory 

conditions are mediated largely by maladaptive lymphocyte function, the role of these cells on 

brain function and behavior during inflammation warrants investigation. In the present study we 

employed mice deficient in lymphocyte function and studied behavioral and inflammatory 

responses during challenge with bacterial lipopolysaccharides (LPS). Rag2−/− mice lacking 

mature lymphocytes were susceptible to death under sub-septic (5 mg/kg) doses of LPS and 

survived only to moderate (1 mg/kg) doses of LPS. Under these conditions, they displayed 

attenuated TNF-alpha responses and behavioral symptoms of sickness when compared with 

immunocompetent mice. Nevertheless, Rag2−/− mice had protracted motivational impairments 

after recovery from sickness suggesting a specific function for lymphocytes on the reestablishment 

of motivational states after activation of the innate immune system. The behavioral impairments in 

Rag2−/− mice were paralleled by an elevation in plasma corticosterone after behavioral tests. 

These results provide evidence that the absence of adaptive immunity may be associated with 

emotional deficits during inflammation and suggest that depressive states associated with medical 

illness may be mediated in part by impaired lymphocyte responses.
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1. Introduction

Activation of the innate immune system in peripheral compartments of the body by means 

of bacterial products such as lipopolysaccharides (LPS) is known to induce a group of 

symptoms collectively referred to as sickness behavior [1–5]. These include, among others, 

lethargy and/or immobility, sleepiness, ptosis, piloerection, inhibition of sexual behavior and 

reduced food and water intake. These behavioral symptoms are often accompanied by 

physiological changes such as hyper- or hypothermia, changes in blood pressure, activation 

of the hypothalamic-pituitary-adrenal axis and increased monoamine turnover in the brain 

[1, 4]. These symptoms are mainly mediated by the actions of macrophages and cytokines in 

the periphery and mechanisms of transduction of inflammation from the periphery to the 

brain. During this process, the cytokines interleukin-1 beta (IL-1β), tumor necrosis factor-

alpha (TNF-α), and interleukin-6 (IL6) play a major inflammatory role in the brain by acting 

initially in the circumventricular organs, choroid plexus, menigeal spaces and median 

eminence [3]. The inflammatory signal is then transduced into the brain parenchyma 

inducing de-novo synthesis of cytokines by perivascular cells of the brain and microglia [6–

10]. As this inflammatory cascade resolves, behavioral symptoms of sickness also recede. 

Nevertheless certain motivational deficits persist for some time, supporting the notion that 

immunological processes are capable of causing emotional disturbances by mechanisms 

triggered by inflammatory processes and cytokines [3].

The ability to separate sickness behavior from emotional disturbances in experimental 

animals has provided supportive evidence that activation of the innate immune system 

involves specific pathways that lead to symptoms of depressive-like behaviors including 

anhedonia and behavioral despair as well as symptoms of anxiety-like behaviors [3, 11–14]. 

This knowledge has contributed to the understanding of the relationship between 

inflammatory conditions and the development of depression and anxiety in humans. Indeed, 

chronic inflammatory conditions including autoimmune and allergic diseases, are highly 

associated with these mental disorders [15–21]. An important aspect of these diseases is that 

they are largely mediated by a defective adaptive immune response. Furthermore, studies in 

rodents have shown that activation of adaptive immune processes are capable of inducing 

emotional disturbances that are different from those triggered by the innate immune 

response [22–25]. Nevertheless, the role of the adaptive arm of the immune system on brain 

function and behavior is poorly understood.

Thus far, the effects of activation of the innate or the adaptive immune system on behavior 

have been studied separately; nevertheless, it is known that innate and adaptive immune 

processes act synergistically to produce an integral immune response to maximize survival 

and recovery. In the present study we evaluated the role of adaptive immunity during 

activation of the innate immune system by means of LPS challenge. Mice deficient in 

lymphocyte function by deletion of the recombination-activating gene II (RAG2) were 

compared with immunocompetent mice during LPS challenge. Rag2−/− mice have an intact 

innate immune system and normal hematopoiesis, but lack mature T and B cells due to the 

inability to perform recombination, processes necessary for T cell and immunoglobulin 

receptor function [26, 27]. Following LPS administration, immune deficient and 

immunocompetent mice on a BALB/c background were assessed for sickness behavior and 
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motivational deficits. Furthermore, body temperature and plasma cytokine and 

corticosterone levels were determined at multiple time points. Finally, hypothalamic 

cytokine mRNA expression, as well as microglial activation, was also evaluated. This region 

of the brain was selected due to its critical role in regulating body temperature and 

neuroendocrine responses during an LPS challenge. Furthermore, the ability of this region to 

produce cytokines and, in turn, be modulated by peripherally derived cytokines indicates 

that the hypothalamus is an important site of neuro-immune interaction [8, 9, 28–30].

2. Methods and Materials

2.1 Animals

Male BALB/c (n = 44) and Rag2−/− mice on a BALB/c background (n=43) (Taconic Farms, 

model 601), 8–10 weeks old were housed under normal conditions (12 hrs light/dark cycle, 

2–4 mice per cage) with ad libitum access to food and water. Prior to beginning any 

experiments all animals were handled daily for several days to monitor overall health and 

habituate the animals to the experimenter. All procedures were carried out under approved 

IACUC protocols and institutional guidelines at the University of Maryland, School of 

Medicine.

2.2 LPS injections and tissue processing

Experiment 1—BALB/c and Rag2−/− mice (n = 6 BALB/c and 5 Rag2−/−) were 

administered subseptic doses of LPS (5mg/kg, i.p.; Sigma-Aldrich, Serotype 055:B5) or 

saline via intraperitoneal (i.p) injections between 9:00 and 11:00 AM. They were monitored 

for vital signs every hour for the first 6 hours and every 3 hours for a total of 12 hours. They 

were then left undisturbed overnight and monitored again at 24, 36 and 48 hours after LPS 

injection. Body temperature was recorded at baseline, 3, 6, 9 and 12 hours after LPS 

administration (Figure 1A).

Experiment 2—BALB/c and Rag2−/− mice (n = 38 BALB/c and 38 Rag2−/−) were 

administered a sub-septic dose of LPS (1mg/kg, i.p.) or saline between 9:00 and 11:00 AM. 

Body temperature and sickness behavior were recorded at baseline prior to injection and at 

3, 6, 12 and 24 hours after LPS administration. Groups of mice were terminated at 3 and 6 

hours after LPS injections and tissue collected for biochemical determinations. Additional 

groups of mice were left undisturbed overnight and tested for temperature and sickness 

behavior 24 hours after LPS administration. They were then tested in the open field test 

(OFT) approximately 15 minutes after recording sickness behavior, followed by testing in 

the forced swim test (FST) two hours later, 26 hours after LPS administration. Two hours 

after the completion of the FST, the experiments were terminated and tissue collected for 

biochemical determinations (Figure 1B). At each end point of analysis, mice were 

anesthetized with 5% isofluorane and blood was collected via cardiac puncture. Mice were 

euthanized either by cervical dislocation and the brain immediately removed and frozen in 

isopentane or they underwent transcardial perfusion with 0.01% heparin in PBS followed by 

4% paraformaldehyde (PFA).
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2.3 Evaluation of sickness behavior and temperature

Sickness behavior was scored on a four-point scale as described by Gandhi, et al. [31]. 

Briefly, mice were checked for lethargy (demonstrated by diminished locomotion and curled 

body posture), ptosis (drooping eyelids), and piloerection (ruffled, greasy fur) with each 

symptom equal to 1 point resulting in a scale of 0 to 3 with 0 = no symptom and 3 = all 

symptoms present. For lethargy, delayed movement after prompting was scored as 0.5 

points. Similarly, piloerection of fur only at the nape of the neck was also given 0.5 points. 

Scoring was performed by three independent observers. After confirming that independent 

scoring produced similar results, the values were averaged for statistical analyses. Core body 

temperature was determined using a digital rectal probe.

2.4 Open field test

Horizontal exploratory locomotor activity and anxiety behavior were assessed in the OFT. 

Mice were placed in the corner of one of four square arenas (50 × 50 cm) and allowed to 

freely explore while being recorded with an overhead camera. Illumination of the room was 

set to 5 lux as measured in the center of the arena. Constant background noise of 70 dB was 

provided by a white noise machine. Total distance traveled and the time spent in the center 

(interior 50%) of the arena was determined during the 10 min session using TopScan 

software (CleverSys, Inc; Reston, VA).

2.5 Forced swim test

Two hours after completion of the OFT mice were assessed for behavioral despair in the 

FST. Briefly, four individual mice (2 control and 2 LPS treated mice) were tested 

simultaneously by being placed into clear glass cylinders, 19 cm in diameter, 29 cm high 

and filled to a depth of 14 cm with tap water at 24° C. Behavior during the forced swim test 

was digitally recorded for 6 minutes and analyzed for floating/immobility for the last 4 

minutes of the test. The videos were manually scored by two independent observers blind to 

treatment, with immobility defined as the lack of directional movement using either front or 

hind legs.

2.6 Plasma Corticosterone

Plasma corticosterone levels were determined by radioimmunoassay using the ImmuChem 

Corticosterone Double Antibody RIA kit (ImmuChem, MP Biomedicals, Orangeburg, NY) 

according to manufacturer’s instruction. Intra assay variation was less than 5%.

2.7 Plasma levels of cytokines

Plasma levels of IL-1β, IL6 and TNF-α were determined using a Luminex Multianalyte 

System at the University of Maryland cytokine laboratory core facility. In brief, after 

processing blood plasma with assay buffers, 25 µl of each sample, along with standards and 

controls were transferred to appropriate wells in a 96 well filter plate (Millipore) and 

vacuum filtered. A mixture containing IL-1β, IL6 and TNF-α that have been conjugated to 

beads was added to each well and incubated overnight at 4° C under shaking. The plate was 

then vacuumed and washed twice with 200 µl of buffer. After the last vacuum step, the 

detection antibody was added and incubated under shaking for 1 hour at room temp. Finally, 
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25 µl of phycoerythrin (1:25 dilution) was added to each well and incubated for 30 minutes. 

After thorough washing, 150 µl of Sheath Fluid was added to each well and the plate was 

read and the data collected using a Luminex 100 reader.

2.8 Real-time RT-PCR determination for brain cytokines

Dissected tissue from the whole hypothalamic region was processed for mRNA extraction 

using the Trizol reagent (Invitrogen, USA) as described previously [25]. Total RNA was 

treated with DNAse (Invitrogen) for 15 minutes at room temperature according to 

manufacturer’s instruction. Five hundred ng of total RNA per sample were reverse 

transcribed into cDNA in a 20 µl reaction using an iScript cDNA Synthesis Kit (Bio-Rad, 

Hercules, CA, USA) according to manufacturer's instructions. Real-time RT-PCR was 

conducted using the iQ SYBR Green Supermix (Bio-Rad) in a 25 µl reaction using the 

following set of primers: IL1-β forward 5'CCCATTAGACAACTGCACTAC3', IL1-β 

reverse 5'GATTCTTTCCTTTGAGGCCC3'; IL6 forward 

5'CAGAAACCGCTATGAAGTTCC3', IL6 reverse 5'CTCATTTCCACGATTTCCCAG3'; 

TNF-α forward 5'AAGAGGCACTCCCCCAAAAG3', TNF-α reverse 

5'CTGGGCCATAGAACTGATGAG3'. The PCR products derived from all sets of primers 

were run on 0.9% agarose gel to confirm a single amplification product. All primer pairs 

were designed using the Accelrys Gene 2.0v software. The real-time PCR reaction was run 

on a MyiQ instrument (Bio-Rad) with a three step cycling program as follows: an initial hot 

start for 5 min at 95° C followed by 40 cycles with a denaturation step of 15 sec at 95° C, an 

annealing step of 30 sec at 55° C, an extension step of 30 sec at 72° C with the optics on at 

this last step. In preparation of a melt curve, the samples were heated for 1 minute at 95° C 

then cooled for 1 minute at 55° C, and the melt curve was executed in 10 second increments 

of 0.5° C with the temperature increasing from 55° C to 95° C with the optics on. All the 

primers used were selected and tested for the described amplification conditions. Efficiency 

and consistency of the cDNA synthesis was determined by amplification of the 18S gene as 

a control. For each round of amplifications, only those samples that were within 1 cycle of 

difference respect to the mean for 18S were considered for further analysis. For each sample 

of a specific target gene, each cycle threshold was normalized with respect to the average of 

3 control genes including 18S, GAPDH and Actin-beta using previously published primer 

sets [25]. Relative expression was determined using the 2−ΔΔCt method [32].

2.9 Immunohistochemistry

Serial consecutive coronal sections (30 µm) were cut in a cryostat and mounted directly onto 

gelatinized slides. To perform antigen retrieval slides were washed in 0.5% Tx-100 in PBS 

(PBST) and then incubated in 1% sodium borohydride at room temperature for 20 min. 

Slides were then washed thoroughly and endogenous peroxidase activity blocked via 

incubation in 0.5% hydrogen peroxide for 15 min. After washing, slides were incubated in 

anti-Iba1 (1:1000 in PBST, Wako BioProducts; # 019-19741) for one hour at room temp, 

then overnight at 4° C. The following day slides were washed and incubated in biotinylated 

goat anti-rabbit IgG (1:500 in PBST, Vector Labs) for 1 hour at room temp. Following 

secondary antibody application slides were washed and then incubated in A/B solution 

(Vectastain ABC kit, Vector Labs; # PK-6100) for 1 hour. Antibody complexes were then 

precipitated using nickel enhanced 3, 3’-diaminobenzidine tetrahydrochloride (DAB, Sigma-
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Aldrich; #D5905). Slides were then washed, air dried and dehydrated in a graded ethanol 

series followed by xylene and coverslipped with DPX mounting media.

2.10 Imaging and Microglia Quantification

A total of 15 to 20 coronal sections per animal (n = 3/group) of the antero-medial 

hypothalamus (Bregma −1.06 to −2.54) were processed and used for semiquantitative 

analysis of microglia. One to two images per section, with the second image directly 

superior to the first, were taken to ensure that the entire hypothalamic region was included. 

Each image constituted a field for quantification. Each image was taken at 100× 

magnification with a Zeiss Axioscop and the ZEN 2011 microimaging software (Carl Zeiss 

AG, Oberkochen, Germany) and covered a field of 2.7 mm × 3.5 mm vertically centered on 

the third ventricle (3V). Microglia were identified by positive Iba-1 labeling of the cell body 

and processes, and were quantified using the ImageJ software cell counter plugin (National 

Institutes of Health, Bethesda, MD). Data was processed and presented as the average 

number of microglia per field as determined by two independent analyzers.

2.11 Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 6 (GraphPad Software, Inc., 

La Jolla, CA). Differences in survival curves were determined using the Log-Rank test. A 

two-way ANOVA followed by the Fisher’s LSD post hoc test was used to determine 

differences in temperature, sickness behavior, cytokines, plasma corticosterone and 

microglial cells. Exploratory and motivational behavior was analyzed with a two-way 

ANOVA for main effects of treatment and genotype. Newman-Keuls post hoc test was used 

for multiple comparisons. The effect of treatment and genotype on microglia activation was 

determined by two-way ANOVA. Planned comparisons were conducted within genotypes 

using Student’s t tests to evaluate the a priori hypothesis that LPS would induce changes in 

Rag2−/− and BALB/c mice due to the presence of an intact innate immune system in both 

genotypes. A p ≤ 0.05 was considered significant.

3. Results

3.1 Experiment 1. Survival to 5 mg/kg LPS challenge

Mice administered an LPS dose of 5 mg/kg displayed marked and evident signs of sickness 

in both genotypes as early as 1 hour after injections. Analysis of body temperature revealed 

a significant drop over time [F (4, 32) = 41.78, p < 0.0001], with Rag2−/− mice becoming 

significantly more hypothermic than BALB/c mice [F (1, 8) = 15.58, p = 0.004] (Figure 

2A). While mean baseline temperatures did not differ between genotypes (BALB/c: 34.8° C 

± 1.1 vs. Rag2−/−: 34.3° C ± 1.1), there was a maximum mean difference in temperature of 

3.7° C ± 1.1 by 9 hours post injection with Rag2−/− mice becoming severely hypothermic. 

All mice of the Rag2−/− genotype died between 12 and 24 hours post LPS injection while 

BALB/c mice had a survival of 80% at 48 hours post injection (p = 0.014, Log-rank test) 

(Figure 2B). These results show the critical role of lymphocytes and recombination 

processes for survival against septic shock.
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3.2 Experiment 2. Sickness behavior and temperature after 1 mg/kg LPS challenge

All mice administered with an LPS dose of 1 mg/kg survived the challenge. Significant 

changes in temperature over time [F (3, 162) = 35.20, p < 0.0001] accompanied by a 

significant effect of genotype [F (1, 162) = 4.12, p = 0.044] were observed, with a 

significant interaction [(3, 162) = 3.20, p = 0.025 (Figure 3A). After initially dropping, the 

body temperature of Rag2−/− mice began to recover by 6 hours after the injection with a 

significant increase over BALB/c mice (p = 0.002, Fisher’s LSD post hoc), whose 

temperature had continued to drop (Figure 3A). Mean body temperature had returned to 

normal by 24 hrs after LPS administration in both groups.

A significant difference in the manifestation of sickness behavior between Rag2−/− and 

BALB/c mice was observed [genotype × time point: F (3, 150) = 6.33, p = 0.0005] (Figure 

3B). While both groups of mice showed a significant change in sickness behavior over time 

[F (3, 150) = 116.0, p < 0.0001], Rag2−/− mice displayed significantly fewer symptoms of 

sickness compared to BALB/c mice [genotype: F (1, 150) = 28.77, p < 0.0001]. Post hoc 

analysis showed that Rag2−/− mice display a lower degree of sickness behavior 3 and 6 

hours after LPS injection and fully recovered by 24 hours after LPS administration (Figure 

3B).

3.3 Experiment 2. Open field and forced swim tests

Exploratory behavior in the OFT was recorded 24 hours after LPS administration, about 15 

minutes after recording sickness behavior. LPS treatment significantly decreased locomotion 

[F (1, 44) = 23.58, p < 0.0001] (Figure 4A) and center time [F (1, 43) = 18.27, p = 0.0001] 

(Figure 4B). However, the degree to which LPS affected these parameters of exploration and 

anxiety-like behavior was dependent upon genotype. Two-way ANOVA analysis indicated a 

significant interaction between genotype and LPS treatment for distance traveled [F (1, 44) 

= 4.07, p = 0.049]. Newman-Keuls post hoc analysis revealed that Rag2−/− saline treated 

mice travel significantly more that BALB/c controls and although both genotypes displayed 

decreased locomotion, the effect of LPS was only significant between Rag2−/− saline treated 

and LPS treated mice. Evaluation of time spent in the center of the arena produced similar 

findings (Figure 4B); although there was not a significant interaction, there was a main 

effect of genotype [F (1, 43) = 5.36, p = 0.026). Nevertheless, planned pair comparisons 

within genotype showed that Rag2−/− mice spent significantly less time in the LPS 

condition when compared to saline control [t (20) = 2.01, p = 0.003] while BALB/c mice 

showed no significant differences between treatments.

Assessment for behavioral despair in the FST two hours later indicated that LPS treatment 

induced a significant increase in immobility time [F (1, 40) = 6.50, p = 0.015] with no main 

effect of genotype and no significant interaction (Figure 4C). Nevertheless, planned pair 

comparisons within group revealed a significant increase in immobility by Rag2−/− LPS 

treated mice over Rag2−/− saline controls [t (20) = 2.54, p = 0.02], but no difference within 

the BALB/c mice.
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3.4 Experiment 2. Plasma levels of corticosterone, cytokines and hypothalamic mRNA 
expression of cytokines

Analysis of plasma corticosterone levels revealed a main effect of time [F (3, 36) = 125.0, p 

< 0.0001) with no effect of genotype. However, there was a significant interaction between 

both factors [F (3, 36) = 3.218, p = 0.034) and Fisher’s LSD post hoc analysis indicates that 

corticosterone is significantly elevated in Rag2−/− mice compared to BALB/c mice at the 

conclusion of the experiment (Figure 4D).

Plasma cytokine levels showed a time dependent change in response to LPS administration 

in both BALB/c and Rag2−/− mice (Figure 5A, B, C). Of those cytokines evaluated (IL-1β, 

IL6 and TNF-α) only TNF-α was dependent upon genotype, with Rag2−/− mice expressing 

significantly lower levels than BALB/c mice [F (1, 36) = 9.658; p = 0.004; genotype × time: 

F (3, 36) = 3.980, p = 0.015] (Figure 5 B). Post hoc analysis revealed that Rag2−/− mice had 

significantly lower levels of TNF-α 3 hrs after LPS administration. Although hypothalamic 

mRNA expression of IL6 and TNF-α also showed a time-dependent change in both 

genotypes [IL6: F (3, 34) = 3.797, p = 0.0189; TNF-α: F (3, 34) = 9.482, p = 0.0001], there 

were no significant differences detected between genotypes, nor any interaction between 

factors, for any of the cytokines measured in the hypothalamus (Figure 5 D, E, F).

3.5 Experiment 2. Semiquantitative analysis of microglia in the hypothalamus

Analysis of Iba-1 positive microglia in the hypothalamus revealed main effects of LPS [F (1, 

331) = 293.8, p < 0.0001] and genotype [F (1, 331) = 18.29, p < 0.0001; interaction = n.s.] 

on the average number of microglia in BALB/c and Rag2−/− mice (Figure 6A). Subsequent 

quantification of activated microglia, as specified by a hypertrophied morphology, showed 

significant effects of LPS [F (1, 331) = 511.0, p < 0.0001] and genotype [F (1, 331) = 16.25, 

p < 0.0001] in the hypothalamus of BALB/c and Rag2−/− mice. However, the effect of LPS 

was dependent upon genotype [interaction: F (1, 331) = 15.47, p = 0.0001] and post hoc 

analysis indicated that, following LPS administration, BALB/c mice had significantly more 

activated microglia than Rag2−/− mice (Figure 6B).

4. Discussion

The present study provides evidence that adaptive immune processes involving T and B cell 

receptor recombination play an important role in the manifestation of behavioral symptoms 

of sickness and on appropriate behavioral and hormonal recovery following LPS challenge. 

It also shows the critical survival role of lymphocytes during activation of the innate 

immune system and their modulatory function on TNF-α production. Since Rag2−/− mice 

have an intact innate immune response, these studies also confirm that activation of the 

innate immune system by LPS is the main process by which behavioral responses to LPS 

challenge are driven. Together, these results suggest that behavioral adaptation to LPS 

challenge is the resultant of a coordinated response of the innate as well as the adaptive arm 

of the immune system.

The endotoxin LPS is a component of bacterial cell walls that activate the innate immune 

response by activating the toll-like receptor 4 (TLR4). Detection of LPS initially occurs via 
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binding to LPS-binding protein (LBP); the LPS-LBP complex then associates with the 

CD14 receptor and activates TLR4 resulting in induction of nuclear factor kappa-b (NFκ-b) 

mediated transcription and production of pro-inflammatory cytokines [33]. This process 

initiates a cellular signaling cascade that culminates in the recruitment and expansion of 

macrophages and neutrophils aimed at eliminating the invading pathogen. This mechanism 

primarily involves the innate immune response, and because purified LPS is non-infectious, 

the physiological and neurobehavioral effects are known to be mediated by the host immune 

response. Under these conditions, the reported dissociation between sickness behavior and 

the effects on motivational states induced by peripheral administration of LPS provides the 

experimental basis for understanding the effects of inflammation and cytokines on adaptive 

behaviors and emotional states [3, 4]. It has been shown that the behavioral effects of LPS 

challenge follow a bi-phasic temporal sequence in which the symptoms of sickness develop 

at early time points while the effects on motivation and emotion appear at later time points 

[3, 4]. In different strains of mice and rats, and at the approximate doses used in the present 

study [34–37], the symptoms of sickness are maximal between 6 and 12 hours while the 

effects on motivation are greatest at 24 hours, when the symptoms of sickness are believed 

to have minimal influence on behavioral performance. The present study shows that the 

adaptive arm of the immune system plays a role in the manifestation of sickness behavior 

and recovery to motivational states. Immunocompetent BALB/c mice displayed a higher 

degree of sickness behavior than immune deficient Rag2−/− mice, where activation of the 

innate immune system alone also resulted in a faster resolution of the symptoms of sickness. 

Core body temperature was also significantly different after 6 hours of LPS injections at the 

time that symptoms of sickness were maximal. While LPS can induce both hyper or 

hypothermia depending on the species, strain and dosage of LPS, hypothermic responses to 

LPS challenge are very common [38, 39] and usually parallel symptoms of sickness 

behavior. These effects in Rag2−/− mice were accompanied by an attenuated peripheral 

TNF-α response in the hypothalamus when compared to BALB/c mice. Notably, BALB/c 

and Rag2−/− mice had a similar peripheral IL1-β and IL-6 response as well as hypothalamic 

mRNA expression. Thus, attenuated behavioral symptoms of sickness were correlated with 

reduced peripheral TNF-α responses suggesting that lymphocytes may play a role in TNF-α 

production during LPS challenge, and that differences in symptoms of sickness may be 

mediated by the action of this cytokine. Moreover, the manifestation of sickness behavior in 

Rag2−/− mice in parallel with comparable expression of IL1-β and IL6 confirms that these 

cytokines likely participate in the manifestation of sickness behavior.

In the Rag2−/− model of immune deficiency, the absence of functional lymphocytes resulted 

in protracted motivational abnormalities at the time when sickness behavior had completely 

resolved. Our study explored specific aspects of emotionality related to motivational states 

and anxiety-like responses as evaluated in the OFT and behavioral despair as measured by 

the FST. Nevertheless, these two tests employed may be also sensitive to other behavioral 

and motivational components induced by inflammation such as fatigue, a component that 

should be studied further in immune deficient mice. Similar to our previous reports on 

Rag2−/− mice on the BALB/c background [27], control Rag2−/− mice exhibit enhanced 

locomotor exploratory behavior and reduced anxiety-like behavior in the OFT compared to 

wild type controls. Thus, an enhanced effect of LPS in Rag2−/− versus wild type mice in the 
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OFT may be attributed to significant differences in basal behavior. Nevertheless, under basal 

conditions Rag2−/− mice display similar habituation to the arena compared to wild type 

mice [27] and further examination of the behavior showed the same effect on habituation 

suggesting that LPS affected components of motivation and/or fatigue in Rag2−/− mice. 

This is also supported by the results in the FST where swimming behavior was comparable 

between wild type and Rag2−/− in control conditions while LPS affected immobility time in 

Rag2−/− mice as revealed by planned comparisons. Considering that Rag2−/− mice showed 

no symptoms of sickness behavior 24 hours after LPS administration, the present results 

support the notion that adaptive immunity may modulate recovery of motivational states 

during resolution of inflammation and also may also influence fatigue states. This may have 

implications for many diseases in which the adaptive arm of the immune system is 

dysfunctional, including autoimmune and allergic diseases, as well as immune deficiency 

conditions such as HIV infections.

The potential mechanisms by which lymphocytes may modulate motivational states remain 

poorly understood. The present study showed that peripheral pro-inflammatory cytokine 

levels as well as hypothalamic mRNA of the same cytokines were similar between wild type 

and Rag2−/− mice shortly after behavioral testing. In contrast, plasma corticosterone levels 

were elevated in Rag2−/− with respect to wild type mice indicating this as a potential factor 

that may modulate behavior. It is possible that elevated corticosterone levels may result 

from compensatory anti-inflammatory responses to LPS challenge due to the absence of 

modulatory functions of lymphocytes over other immune cells. Nevertheless, wild type mice 

showed increased total numbers of microglial cells in the hypothalamus. Thus, is possible 

that lymphocytes may have a function in promoting certain stimulatory mechanisms such as 

microglial proliferation, independent of pro-inflammatory cytokine expression, and that this 

mechanisms favor adequate return to homeostasis. It must be noted that lymphocytes, 

specifically CD4+ T cells, have been shown to provide protective functions on several CNS 

processes, including regeneration after nerve injury [40, 41] and promoting cognitive 

functions [42, 43], as well as homeostatic neuronal cell proliferation [44]. Several 

mechanisms have been proposed for how T cells participate on these processes. Perhaps the 

most consistent hypothesis across several studies is via production of anti-inflammatory 

cytokines, that upon acting on other cells types including microglia and astrocytes, control 

inflammation and stimulate the production of trophic factors [41, 43, 45–47]. Another 

mechanism by which lymphocytes may contribute to the recovery process from 

inflammation is through modulation of the cholinergic anti-inflammatory reflex [48–51]. It 

has been shown that upon challenge with LPS, a neural reflex mechanisms, involving either 

the vagus nerve and/or sympathetic splenic nerves [49, 52], stimulates a subset of CD4+ T 

cells to produce acetylcholine. T cell-derived acetylcholine in turn, modulates inflammation 

through a mechanism involving the alpha-7 subunit nicotinic acetylcholine receptor [48, 49]. 

The potential mechanisms of CD4+ T cells in modulating sickness behavior and recovery 

deserves further investigation.

In summary, the present study showed that the adaptive immune systems contribute to the 

manifestation of sickness behavior during activation of the innate immune response 

probably by modulating TNF-α production. It also showed that effective lymphocyte 
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responses are required for restoring appropriate motivational and hormonal states during 

recovery from an inflammatory challenge.
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Research Highlights

1. Lymphocyte deficient mice are susceptible to death by septic shock

2. Adaptive immunity contributes to the manifestation of sickness behavior after 

LPS

3. Adaptive immunity contributes to the production of TNF-alpha in plasma

4. Lymphocytes modulates motivational states during resolution of inflammation

5. Lymphocytes affect corticosterone responses after behavioral testing
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Figure 1. 
Flow chart of the experimental design for mice receiving intraperitoneal LPS injections of 5 

mg/kg or 1 mg/kg of body weight. The parameters evaluated at each time point are indicated 

inside the boxes.
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Figure 2. 
Core body temperature (A) and survival rate (B) of BALB/c and Rag2−/− mice receiving an 

LPS dose of 5 mg/kg of body weight. Statistical analysis by two-way ANOVA for 

temperature revealed main effects for time (p < 0.0001) and genotype (p = 0.0043). 

Statistical comparisons for survival by Log Rank (Mantel Cox) test showed a significant 

effect (p = 0.0143), with a median survival time of 24 hr for Rag2−/− mice.
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Figure 3. 
Core body temperature (A) and sickness behavior (B) of BALB/c and Rag2−/− mice after 

receiving an LPS dose of 1 mg/kg of body weight. Analysis by two-way ANOVA revealed 

significant differences. (A) Temperature: main effects of time (p < 0.0001) and genotype (p 

= 0.0454) with a significant interaction (p = 0.025). (B) Sickness behavior: main effects of 

time (p < 0.0001) and genotype (p < 0.0001), interaction (p = 0.0005). Fisher’s LSD post 

hoc test: * p < 0.05, ** p < 0.01, **** p < 0.0001
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Figure 4. 
Total distance traveled (A) and total time spent in the center field (B) of a square enclosed 

arena for BALB/c and Rag2−/− mice 24 hours after receiving an LPS dose of 1 mg/kg of 

body weight. Immobility time (C) in the forced swim test 26 hours after LPS administration. 

(D) Time-course of plasma corticosterone concentrations. Analysis by two-way ANOVA 

revealed significant differences: (A) Distance traveled, main effects of LPS (p < 0.0001) and 

genotype (p = 0.0001), interaction (p = 0.0499). (B) Time in center, main effects of LPS (p = 

0.0001) and genotype (p = 0.0255). (C) Immobility time: main effect of LPS (p = 0.0147). 

(D) Plasma corticosterone: main effects of time (p < 0.0001) with an interaction between 

time and genotype (p = 0.034). Newman-Keuls or Fisher’s LSD post hoc test: * p < 0.05, 

*** p < 0.001, **** p < 0.0001. See text for planned comparisons differences.
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Figure 5. 
Plasma circulating levels of interleukin-1 beta (A) tumor necrosis factor alpha (B) and 

interleukin-6 (C) in BALB/c and Rag2−/− mice receiving a LPS dose of 1 mg/kg of body 

weight. Hypothalamic mRNA expression of interleukin-1 beta (D) tumor necrosis factor 

alpha (E) and interleukin-6 (F) in the same groups of mice. Two-way ANOVA analysis 

indicates significant effects of time for all plasma cytokine levels, as well as mRNA levels 

for interleukin-6 and tumor necrosis factor alpha (A–C, E, F: p ≤ 0.001), with a significant 

effect of genotype (p = 0.004) and an interaction (p = 0.015) for levels of tumor necrosis 

factor alpha. Fisher's LSD post hoc. *** p < 0.001.
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Figure 6. 
Average of number per field of Iba1 positive microglia (A) and activated microglia (B) in 

the anteromedial hypothalamic region of BALB/c and Rag2−/− mice receiving a LPS dose 

of 1 mg/kg of body weight, 28 hours after LPS administration. Statistical comparisons by 

two-way ANOVA revealed significant differences. (A) Microglia per field: main effects of 

LPS (p < 0.0001) and genotype (p < 0.0001). (B) Activated microglia: main effects of LPS 

(p < 0.0001) and genotype (p < 0.0001) with a significant interaction (p = 0.0001). 

Representative digital microphotographs of the hypothalamus at the level of the median 
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eminence (ME) in saline control (C, D) or LPS treated (E, F) mice. Scale bar in F applicable 

to all panels: 100 µm. 3V: third ventricle.
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