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SOUHRN 

Úvod: Revmatoidní artritida je autoimunitní inflamační polyartritida. Na rozvoji 
onemocnění se podílí složka zánětlivá, endokrinní, bolestivá, i emoční. Revmatičtí 
pacienti trpí kognitivními poruchami a depresemi, které se liší svojí závažností od 
psychóz až k poruchám paměti. Etiologie behaviorálních změn v artritidě není známa.  

Cíle: Předkládána práce zkoumá incidenci behaviorálních změn v rané fázi 
experimentálního modelu revmatoidní artritidy, adjuvantní artritidy. Rovněž zkoumá, 
zdali změny chování v rané artritidě souvisí s neuroinflamací a oxidačním stresem 
v hippokampu.  
 
Metodika: Adjuvantní artritida byla vyvolána jednorázovým podáním kompletního 
Freundova adjuvans potkanům kmene Lewis ve věku sedm týdnů. Byly sledovány první 
čtyři dny rané experimentální artritidy. Testy bolesti, chování a biochemické analýzy 
v plasmě a v hippokampu byly provedeny ve dvou intervalech onemocnění (den 2. a 4.). 
Reakce na bolest byla hodnocena v plantar testu, a zkoumána zvlášť na předních a 
zvlášť na zadních končetinách a na ocase. Prostorové učení jako i navigace v prostoru 
byly testovány v Morrisově vodním bludišti. Úzkostné chování bylo hodnoceno za 
pomocí testů zvýšeného kříže a otevřeného pole. V plasmě byly stanoveny koncentrace 
CRP, albuminu, ACTH, kortikosteronu. V hippokampu byly zkoumány genové exprese 
mRNA IL-1β, IL-6, iNOS, NADPH oxidáz, CRH a BDNF. 

Výsledky: Ve druhém dni po inokulaci arthrogenem se u artritických potkanů 
přechodně objevuje hyperalgezie na končetinách i na ocase. Kromě toho od druhého 
testovacího dne mají artritičtí potkani horší schopnost učení (prodloužená latence a 
dráha v Morrisově vodním bludišti) a orientace oproti kontrolním potkanům. Artritičtí 
potkani vykazují od druhého dne rané artritidy známky úzkostného chování v obou 
testech. V testu zvýšeného kříže u nich klesá poměr počtu vstupů a čas strávený 
v otevřeném rameni. V testu otevřeného pole se snižuje počet vstupů a doba strávená 
v centrální oblasti. Na zvýšenou emocionalitu u artritických potkanů poukazuje i delší 
doba strávená v  thigmotaktické zóně Morrisova vodního bludiště. Od druhého dne se u 
artritických potkanů objevují systémové zánětlivé změny na periferii i v mozku. 
V plasmě stoupají hladiny CRP a recipročně klesají hladiny albuminu. V hippokampu 
stoupá genová exprese mRNA pro IL-1β, IL-6 co indikuje na inflamační změny v této 
oblasti mozku. V hippokampu dále stoupá genová exprese mRNA pro iNOS, NOX1, a 
klesá genová exprese pro CRH. Tyto změny genových expresí jsou nepřímým důkazem 
oxidačního stresu v hippokampu. mRNA pro BDNF se nemění.  

Závěr:  Raná fáze adjuvantní artritidy, před manifestací kloubních otoků, zhoršuje 
prostorové učení a vyvolává úzkostné chování. Kognitivní deficit a úzkost v této fázi 
adjuvantní artritidy koreluje s neuroinflamací a oxidačním stresem v hippokampu.  
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SUMMARY 

Background: Rheumatoid arthritis is an autoimmune inflammatory polyarthritis. The 
development of the disease involves inflammatory, endocrine, painful, and emotional 
constituents. Affective disorders and alterations of cognitive functions occur in 
rheumatic patients and may vary in their relevance from serious psychosis to memory 
disorders. Aetiology of sickness behaviour in arthritis is not clear yet. 
 
Aims: The aim of the present work was to study the incidence of behavioural 
components of sickness in the early phase of adjuvant arthritis, an experimental model 
of rheumatoid arthritis. The relationship between behavioural components of sickness 
and neuro-inflammatory/oxidative alterations in the hippocampus in this phase of the 
disease was studied as well. 
  
Methods: Adjuvant arthritis was induced to male Lewis rats by a single injection of 
complete Freund adjuvant. First four days of the disease were studied. Pain reactivity, 
behaviour and biochemical analysis in plasma and hippocampus were done on day 2 
and on day 4. Pain reactivity was measured separately on limbs and on tail by plantar 
test. Spatial learning abilities and swim strategies were examined in MWM. Anxiety 
behaviour was tested in the EPM and open field tests. In plasma, concentration of CRP, 
albumin, ACTH, corticosterone was estimated. In hippocampus, mRNA gene 
expression for IL-1β, IL-6, iNOS, NADPH oxidase enzymes, CRH, and was estimated. 
 
Results: Early adjuvant arthtitis was manifested with transient hyperalgesia measured 
on limbs and on tail on day 2.  In this time interval, spatial learning deficit in arthritic 
rats was apparent by increased time, and longer distance in MWM. Since the 2nd day the 
swim navigation worsened in arthritic rats compared to controls. No difference in swim 
speed was observed between groups. Anxiety behaviour occurred in arthritic rats from 
day 2 onwards as shown by decreased open arm time and/or entries ratio. Moreover, 
arthritic rats entered less into the central area of the OF. In the area they spent less time 
and were less active compared to controls. Increased time spent in thigmotaxis area of 
MWM indicated to higher emotionality in arthritic rats, too. Inflammatory changes were 
observed in plasma and in hippocampus from day 2 of AA onwards. Systemic 
inflammation was manifested by increased CRP and decreased albumin levels in 
plasma. In the hippocampus, the up-regulation of IL-1β, and IL-6 mRNA indicated to 
neuro-inflammation. Moreover, increases of NOX1, iNOS mRNA together with 
decreases of CRH mRNA gene expressions indicated indirectly to oxidative stress in 
hippocampus. BDNF mRNA transcripts were not altered in our study.  

Conclusions: Early adjuvant arthritis, before manifestation of joint swelling, caused 
spatial learning impairment and anxiety behaviour. Incidence of behavioural 
components of sickness in this phase of the diseases corresponds with neuro-
inflammatory/oxidative stress in the hippocampus.  
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LIST OF ABBREVIATIONS 

 

AA                           - adjuvant arthritis 

ACTH                     - adrenocorticotropic hormone 

BDNF                      - brain derived neurotrophic factor 

cFA                          - complete Freund adjuvant 

CRH                        - corticotrophin releasing hormone 

CRP                         - C reactive protein 

EPM                        - elevated plus maze  

HPA-axis                 - hypothalamus-adenopituitary- adrenal axis 

IL-1 β                        - interleukin-1beta 

IL-6                          - interleukin-6 

LPS                          - lipopolysaccharide 

iNOS                        - inducible nitric oxide synthase  

NO                           - nitric oxide 

MWM                      - Morris water maze 

NADPH                   - nicotine amid adenine dinucleotide phosphate oxidase 

NOX 1                     - nicotine amid adenine dinucleotide phosphate oxidase typ I 

NOX 2                     - nicotine amid adenine dinucleotide phosphate oxidase typ II 

OF                           - open field 

RA                           - rheumatoid arthritis 
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1. INTRODUCTION 

 

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory disease of unknown 
aetiology affecting all age groups. Chronic inflammation initiated and maintained by 
autoimmune mechanisms is a typical characteristic of this disease (American College of 

Rheumatology). Consequently, the dysregulation of the immune system affects 
functions of other systems including the endocrine and the nervous system. RA 
represents the most common form of arthritis in a female/male ratio of 2.5:1, and 
incidence about 1% of the world population.  

Although RA is not a typical CNS involvement disease, brain functions are impaired 
in 20-30 % of rheumatic patients. Sickness behaviour in RA may vary from serious 
neurological disorders and psychosis to light forms as headaches, mood changes and 
cognitive deficits (Appenzeller et al., 2004). The attention score in RA patients moves 
below normal range (Bartolini et al., 2002). Rheumatic patients often suffer from 
affective disorders (Löwe et al., 2004). Symptoms of depression in RA include feelings 
of sadness, loss of pleasure, and fatigue (Dickens et al., 2002). The symptoms can range 
from mild to severe and from transient malaise to persistent debilitating episodes. 
Arthritic pain deteriorates psychological well-being of rheumatic patients leading to 
impaired quality of life in fully developed phase of the disease. The degree of 
depression in fully developed stage of arthritis is proportional to the level of pain 
(Dickens et al., 2002). Arthritic pain positively correlates with depression according to 
Beck depression inventory score in chronic phase of the disease (Melikoglu and 
Melikoglu, 2009). Anxiety in chronic phase of arthritis is not related to the disease 
duration, but is a predictor of pain too (Smith and Zautra, 2008).  

 
Depression and anxiety occur also in the early phase of RA (Schieir et al., 2009, 

Dobkin et al., 2009). Recent research has shown positive correlation between plasma 
levels of CRP and depression in early RA suggesting that affective disorders are related 
to over-activation of the immune system. (Kojima et al., 2009).  

 
 The mechanisms involved in sickness behaviour in arthritis are not clarified yet. 

Because ethical considerations limit human studies, animal models in which similar 
interactions operate are of considerable value. For studying the mechanisms involved in 
the development of RA a very useful and often used experimental model is adjuvant 
arthritis (AA) in rats which shares several features with RA (Pearson and Wood, 1959).  

 
 

1 



 

 

2. HYPOTHESES AND AIMS OF THE STUDY 

 

 Though sickness behaviour have been described in different phases of RA, 
little is known to which extend they emerge due to progressive pain, or due to the   
ongoing inflammation preceding the pain incidence. The present study tested 
following hypotheses:  

 

(1) At first, that early adjuvant arthritis manifests with sickness behaviour.  

(2)  At second, that the sickness behaviour in early adjuvant arthritis may arise on 
the background of neuro-inflammation and oxidative stress in the 
hippocampus.  

 

The main aims of the study to be answered were as follows: 

 

1. What are the clinical features including pain sensitivity of early 
adjuvant arthritis?  
 

2. Does early adjuvant arthritis impair cognitive functions? 
 

 
3. Does early adjuvant arthritis induce anxiety behaviour? 

 

 
4. Does early adjuvant arthritis cause neuro-inflammatory/oxidative 

alterations in the hippocampus?  
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3. MATERIALS AND METHODS    

3.1 DESIGN OF THE STUDY  

The study was divided into four series: 

 In series 1 the clinical characterization of the early phase of AA was done. Pain 
reactivity and inflammatory changes were evaluated. Pain reactivity was evaluated 
separately on limbs and on tail in plantar test on day 2 and on day 4 after cFA 
administration. In parallel experiment plasma analyses of ACTH, corticosterone, 
albumin, and CRP were carried out in the same disease intervals. Also, thymus and 
spleen were weighted. The rats were decapitated between 8 and 9 a.m. to avoid the 
effects of hormonal fluctuations. Each group consisted of 8 rats.  

In series 2 spatial learning abilities and swim strategies were examined in MWM 
throughout first four days of AA. The tests were performed between 8 and 10 a.m. Each 
experimental group consisted of 11 rats.  

In series 3 behaviour was tested in elevated plus maze and open field tests. The tests 
were done in the phase of the day with the highest animals’ activity, from 3 to 5 p.m. on 
the 2nd and 4th day of AA. 14 control rats and 13 arthritic rats were used for EPM tests, 
and 7 control rats and 7 arthritic rats were used for open field tests.  

 
In series 4 neuro-inflammatory/oxidative changes in the hippocampus were measured 

on the 2nd and 4th day of AA. The mRNA expressions for IL-1β, IL-6, iNOS, NADPH 
oxidases (NOX1, NOX2), BDNF and CRH were measured in both hippocampi 
separately. Each experimental group consisted of 8 rats. 

 
4.4 EXPERIMENTAL ANIMALS AND MODEL OF ARTHRITIS 

Male Lewis rats at 6-weeks of age (Charles River, Germany) were used in the study. 
The rats were housed under standard laboratory conditions four per cage in an animal 
room at the Department of Normal, Pathological and Clinical Physiology Third Faculty 
of Medicine, Charles University in Prague, and were daily handled by the experimenter 
to minimize the manipulation stress. The rats were tested after one week of 
acclimatization period. Adjuvant arthritis was induced to Lewis rats at 7 week of age by 
a single subcutaneous injection of 100µL of complete Freund´s adjuvant (cFA) 2 cm 
from the base of the tail. The rats were treated in accordance with the national law of the 
Czech Republic on the Use of Laboratory Animals no. 246/1992 (fully compatible with 
European Community Council directives 86/609/EEC) based on the project approved by 
the Committee for Protection of Experimental Animals at the Third Faculty of 
Medicine, Charles University in Prague. 
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3.3 METHODS AND ASSAYS 
 
3.3.1 PLANTAR TEST 

 Pain reactivity was measured by plantar test (Ugo Basile Comercio, Italy) on 
forelimbs, hind- limbs and on tail separately. The intensity of noxious thermal stimuli 
was set to 40% and maximum cut-off time was set to 22 s. In one session, the reaction 
of each body site was tested three times with 5 minute break intervals, and the mean 
value was used for further analysis.    

3.3.2 MORRIS WATER MAZE TEST 

Spatial learning was tested in MWM apparatus. Each rat received 8 trials per day, 
each trial started from a new position in following order: north, south, east, and west.  
Search time was limited to 60 s. The inter-trial interval was 30 s.  The testing was 
performed between 8 and 10 a.m. in the room illuminated with a 40 W light, and fitted 
with hanging pictures and posters which provided extra-maze landmarks. Swim pathes 
and swim strategies were recorded with a video tracking system EthoVision® 3.1 
(Noldus, Netherlands). The swim strategies were analyzed by the two independent 
observers. The strategies were compared with those from the study of Janus (Janus, 
2004).  

3.3.3 ELEVATED PLUS MAZE TEST 

Anxiety behaviour was tested in the elevated plus maze apparatus in a manipulation 
room provided with dim red light, and kept free from excessive noise during testing. 
Each rat was individually positioned into central platform facing forward the open arm, 
and was allowed to explore the maze for 5 minutes. Behavioural testing was done 
between 3 and 5 p.m. Each rat was tested only once. The rat´s performance was 
videotaped, and evaluated by an independent observer using ODLog® Software 
(RegSoft.com). 

3.3.4 OPEN FIELD TEST 

Behaviour including anxiety was tested in the open-field (OF), a box divided into 
peripheral arena and a central circle, in a manipulation room provided with dim red 
light, and kept free from noise. The testing started after placing a rat into central circle 
of the OF. Each rat explored the arena for 5 minutes. The tests were performed between  
3 and 5 p.m. Each rat was tested once. Rat´s performance was videotaped, and evaluated 
by an independent observer using ODLog® Software (RegSoft.com).  
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3.3.5 ASSAYS  
 

QUANTITATIVE real-TIME PCR reactions were performed using TaqMan® gene 
expression products (Applied Biosystems, Czech Republic). Thermal cycling proceeded 
according to manufacturer protocol. Data were analyzed using ABI Prism® 7000 
Sequence Detection System software (Applied Biosystems, Czech Republic).  

Plasma ACTH was determined by a double antibody RIA using a Johnson & 
Johnson® kit (Amersham Pharmacia Biotech, UK).  

Plasma corticosterone was analyzed by RIA using specific antibodies (Sigma-
Aldrich, Germany) and [1, 2, 6, 7-3H]-corticosterone (Amersham Pharmacia Biotech, 
UK).  

Plasma CRP was estimated by ELISA using a commercial kit (Immunology 
Consultants Laboratory, Inc. Oregon, USA).  

Concentration of albumin in plasma was measured spectrophotometrically using an 
Albumin (BCG SYS 1 BMI Hitachi® kit (Boehringer, Germany).   
 
3.4 STATISTICS 
  

In the series 1, withdrawal latencies, concentration of hormones, and immune 
parameters in plasma were analyzed by one-way ANOVA followed by Bonferroni 
multiple comparison t- test.  In the series 2, spatial learning data were analyzed by two-
way ANOVA (factor day and treatment) with repeated measures. Quantitative 
differences between experimental groups were assessed by day-treatment interaction 
tests. The chi-square (χ2) test of homogeneity followed by the analysis of adjusted 
standardized residuals (Z-values) was used to estimate differences in search strategies 
during spatial learning. In the series 3, behavioural data were analyzed by two-way 
ANOVA with repeated measures. The differences between experimental groups on both 
factors (treatment and day) were assessed by the day-treatment interaction effects. In the 
series 4, the differences between groups were assessed by Bonferroni multiple 
comparison t test. In all tests, the difference was considered significant if p< 0.05*. 
GraphPad® software (GraphPad.com), and  SPSS 17.0 (SPSS Inc, Chicago, IL), 
Statistica® software (StatSoft Inc,Tulsa, OK) were used for statistical analyses. 
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4. RESULTS 

 

4.1    SERIES 1:  CLINICAL FEATURES OF EARLY ADJUVANT ARTHRITIS 

 

SYSTEMIC INFLAMMATORY CHANGES: The systemic inflammatory changes of 
the early phase of AA are depicted in Figure 4.1.1. The thymus weight decreased 
significantly on day 2, and continued in that trend by day 4 (C: 476.7±7.39 vs. AA2: 
380.0±31.4, and C: 467.7±17.1 vs. AA4: 300.88±21.0). In contrast, the weight of spleen 
was increased on both arthritis days (C: 476.7±7.4 vs. AA2: 529.9±11.7, and C: 
476.7±7.4 vs. AA4: 608.9±22.5). The specific inflammatory indicator, CRP, was 
enhanced on both examined days of arthritis (C vs. AA2, and AA4: 573.68± 25.12 vs. 
1662.59± 132.94, and 1462.33± 117.38). The inflammatory process was also reflected 
by a reduction of the negative indicator of acute phase response, albumin on both 
arthritis days compared to controls (C vs. AA2, and AA4: 33.74± 0.55 vs. 31.18± 0.346, 
and 27.4± 0.24). Plasma levels of ACTH and corticosterone were equally elevated on 
days 2 and 4. Elevated levels of ACTH in arthritic rats (C vs. AA2, and AA4: 86.04± 
2.29 vs. 116.25 ±3.94, and 106.25± 5.05) were followed by enhanced corticosterone 
levels (C vs. AA2, AA4: 0.44± 0.11 vs. 3.02± 0.97, and 3± 1.23) (Figure 4.1.1).  

  

PAIN SENSITIVITY: The withdrawal latency given as mean of all four limbs  (Figure 
4.1.1) decreased significantly on day 2 of AA only, thus indicating transiently enhanced 
pain reactivity (C vs. AA2: 9.28± 0.58 vs.7.41±0.29). Transient hyperalgesia was also 
present on the tail. Pain thresholds (Figure 4.1.1) on the tail decreased in arthritic rat 
group compared to control rats on day 2 of AA (C vs. AA2: 8.61±0.48 vs. 6.95±0.52).  
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Figure 4.1.1: Early adjuvant arthritis: systemic inflammatory changes, and pain reactivity. Thymus, 
spleen weight, plasma level of CRP, albumin, plasma level of ACTH, CORT, and withdrawal latencies of 
limbs (left in the picture) and tail (right in the picture) are depicted.  The white bars represent control rats, 
the grey and the black bars represent arthritic rats. Numbers under x-axis depict days after arthritis 
induction. The values are means of 8 rats ± SEM. Abbreviations: C= controls, AA= early arthritic rats.  
Statistical significance:* p< 0.05; ** p<0.01; *** p<0.001. 
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SERIES 2: COGNITION IN THE EARLY ADJUVANT ARTHRITIS 

 
SPATIAL LEARNING: When evaluating 4 days of AA the findings indicated that 
there were substantial differences among days, the main effect of day being statistically 
significant for all variables measured – latency (F(3,60)= 73.54; p<0.001), distance 
(F(3,60)= 47.02; p<0,001), speed (F(3,60)= 51; p<0.001), as well as thigmotaxis (F(3,60)= 
67.16; p<0.001) (Figure 4.2.1). The values for latency, distance, and thigmotaxis 
decreased, while those for speed increased over days, presumably due to learning 
effects. The between-subject interaction (treatment*day) for latency, distance, swim 
speed, and thigmotaxis parameters were not statistically significant over the first four   
arthritis days. However, when evaluating the first two days of the disease, the time 
needed to find the hidden platform – latency was significantly longer for the rats with 
AA than for control rats (interaction: treatment*day, F(1,20)= 3.08, p<0.05). Similarly, 
the distance moved by the rats with AA was significantly longer, (interaction: 
treatment*day, F(1,20)= 6.47, p<0.01) as was the time spent in the thigmotaxis zone 
(interaction: treatment*day, F(1,20)= 7.12, p<0.01). No difference in swim speed was 
observed between healthy and arthritic rats in that time interval (Figure 4.2.1).  

 

SWIM NAVIGATION: Table 1 shows the frequencies of individual swim strategies 
used by animals during the spatial learning process in the MWM. The differences 
between control and AA rats were significant on day 3 (chi-square= 30.41; p<0.001) 
and day 4 (chi-square= 22.49; p<0.01). Comparison of swim strategies between control 
and AA rats on individual days of spatial learning revealed that control rats preferred 
the direct swim strategy on days 3 and 4 (day 3: Z= 5.2; p<0.001; day 4: Z= 2.8; 
p<0.01). AA rats had higher incidence of focal searching in the incorrect quadrant than 
control rats (day 2: Z = 3.0; p<0.01; day 3: Z = 3.3; p<0.001; day 4: Z = 3.5; p<0.001). 
These results indicate that AA rats used a different and less effective strategy when 
solving the spatial learning task from day 2 to 4 of AA.  
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Figure 4.2.1: Early adjuvant arthritis: spatial learning and swim navigation. Values of the latency, 
distance, speed, and thigmotaxis parameters are depicted. Numbers under lines represent arthritis days. 
Solid lines are saline injected controls: dotted lines are arthritic rats. Each value represents the mean of 11 

values ± SEM. Abbreviations: C= control rats, AA= early arthritic rats. Significance: *** p< 0.001 (among 

days); + p< 0.05 (interaction: day X treatment). 

Table 1: Early adjuvant arthritis: incidence of swim strategies. The table 1 summarizes incidence of 
swim strategies used in both experimental groups throughout day 1 to 4 of testing. Number of particular 
swim strategy on individual day is given as a sum of 8 trials of 11 rats of the group. Statistical significance:  

** p< 0.01; *** p< 0.001 (among days); ++ p< 0,01; +++ p< 0,001 (between groups). Abbreviations: CF: 

focal correct, IF focal incorrect. 
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DAY   1   2   3 *** 4  ** 

STRATEGY C AA C AA C AA C AA 

THIGMOTAXIS 23 21 4 8 1 2 1 0 

RANDOM 28 34 10 10 4 7 1 3 

SCANNING 5 4 2 2 2 3 2 1 

CHAINING 14 15 10 11 5 12 10 5 

CIRCLING 8 5 17 12 7 12 6 13 

CF  1 1 6 6 2 7 1 4 

IF  1 1 2     ++ 13 1  +++ 13 1 +++14 

DIRECT SWIM 8 7 37 26  +++ 66 32    ++ 66 48 

+ 

***  

***  

***  ***  

+ + 



 

 

4.4 SERIES 3: ANXIETY BEHAVIOUR IN THE EARLY ADJUVANT ARTHRITIS 

THE ELEVATED PLUS MAZE:  The test revealed in both control and AA rats a 
significant reduction of CAE (F(1,25) = 10.11; p<0.005) and OAE (F(1,25) = 9.14; p< 0.01)  
over time  (interaction treatment*day, N. S.), presumably due to the habituation. 
However, AA rats showed a lower number of OAE compared to control animals (F(1,25) 

= 9.14; p<0.01), while the number of CAE did not differ between the groups. 
Consequently the total ambulatory activity of AA rats was significantly reduced (F(1,25) 

= 6.40; p<0.02). The percentage of OAE was lower in AA rats (F(1,25)  = 7.14; p<0.02), 
as was the ratio  of OAE/CAE (F(1,25) = 4.53; p<0.05). As for the time spent in 
individual arms, AA rats spent less time in the open arms of the maze (F(1,25) = 4.63; 
p<0.05), and more time in closed arms (F(1,25) = 8.14; p<0.01) than control rats did. The 
total time spent in the arms was not different between the groups. Furthermore, the 
percentage of the OAT for AA rats was significantly reduced (F(1,25) = 5.21; p<0.05). 
(Figure 4.3.1).   

                     

                           

 

Figure 4.3.1: Early adjuvant arthritis: anxiety behaviour in the EPM on days 2 and 4 of AA. The 
upper part of the picture shows the number of entries and time spent in the individual arms of the elevated 
plus-maze. The lower part shows number of entries into both arms of the EPM, percentage of the open 
arm entries, as well as time spent in  both arms of the EPM and percentage of  time spent in the open arm. 
The white bars show control animals; grey or black bars show arthritic rats on day 2 or 4 of AA. The 
numbers under the columns represent days of adjuvant arthritis. Abbreviations: OAE – open arm entries, 
CAE – closed arm entries, TE – total entries. Each column represents the mean of 14 values for controls 
and 13 values for arthritic rats ± S.E.M. Significance: asterisks represent significant differences among 
treatments; crosses represent significant differences among days:  *p< 0.05; **p< 0.01; *** p< 0.001; 
++p<0.01; +++p<0.001.    
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THE OPEN FIELD:   In this test the number of central entries (Figure 4.3.2) decreased 
in both control and early arthritic rats over days (F(1,11)=32.93; p<0.001), presumably 
due habituation to testing conditions. However, when central time was analyzed, early 
arthritic rats spent less time in the central area of the OF than control rats (F(1,11) =5,865;  
p<0.05) on both examined intervals of early AA (F(1,11) = 8,992; p<0.01), and there was 
a significant interaction (treatment * day: F(1,11) = 6.328; p< 0.05). Ambulatory activity 
in the central circle of the OF decreased over days in both experimental groups over 
days (F(1,11) = 6.959;  p<0.05), and border-line significantly in cFA rats (F(1,11) = 4.509; 
p= 0.057). Opposite to central circle, ambulation in the peripheral area of the OF was 
not different between the groups on both examined days of early AA.  

 

                                                              

                

 

Figure 4.3.2: Early adjuvant arthritis: anxiety behaviour in the open field on days 2 and 4 of AA. 
The upper part of the picture shows the number of entries into the central area of OF and time spent in 
that area. The lower part of the picture depicts number of central and peripheral crossings in the open 
field. The white bars depict control animals, grey or black bars depict arthritic rats on day 2 and 4 of AA.  
Abbreviations: AA2 – day 2 of adjuvant arthritis, AA4 – day 4 of adjuvant arthritis. Each column   
represents 7 rats ± SEM. Significance: asterisks represent significant differences among treatments, 
crosses represent significant differences among days: * p<0.05; + p<0.05; ++ p<0.01; +++ p< 0.001.   
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4.4 SERIES 4: HIPPOCAMPAL NEURO-INFLAMMATORY/OXIDATIVE   
CHANGES IN THE EARLY ADJUVANT ARTHRITIS 

HIPPOCAMPAL NEEURO-INFLAMMATION AND OXIDATIVE STRES S: The 
mRNA for IL-1β showed a mild, but significant up-regulation on day 2 (C vs. AA2: 1± 
0.13 vs. 1.34± 0.11) and a more pronounced increase on day 4 (C vs. AA 4: 1±0.13 vs. 
3.01± 0.37). IL-6 mRNA was increased significantly on day 4 (C vs. AA 4: 1±0.86 vs. 
6.4± 0.67). CRH transcripts were lower on day 4  in AA rats compared to controls (C 
vs. AA4: 1±0.14 vs. 0.63± 0.13). BDNF remained unaffected in both examined days of 
early arthritis (Figure 4.4.1)   

 

           

       

 
Figure 4.4.1: Early adjuvant arthritis: mRNA expressions of IL-1β,  IL-6, CRH and BDNF in the 
hippocampus are depicted.  The white bars depict control rats. The grey and the black bars depict 
arthritic rats. The values represent pooled values of right and left hippocampus. The results are expressed 
in arbitrary units of the ratio of the target gene mRNA to endogenous control mRNA (�ehaviour� 18S 
RNA). Abbreviations: C – control rats, AA2 – day 2 of AA, AA4 – day 4 of AA. Each column is the 
mean of 8 animals ± SEM. Statistical significance: *  p<0.05, ***p< 0.01.  
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The mRNA parameters of oxidative stress changed in a different manner: while 
mRNA expression of NOX2 remained unaffected by the inflammatory process, 
expression of NOX1 was up-regulated in both studied intervals (C vs. AA2, and AA4: 
1± 0.14 vs. 1.36± 0.17, and 1.56± 0.21). The mRNA expression of iNOS was up 
regulated on day 4 of AA (C vs. AA2, and AA4: 1± 0.24 vs. 1.32± 0.2 vs. 4.28±0.76).  
(Figure 4.4.2)    

                                                                                                

                                                                    

                                                                                 

Figure 4.4.2: Early adjuvant arthritis: mRNA expressions of NOX1, NOX2 and iNOS in the 
hippocampus are depicted. The white bars show control rats. The grey and the black bars show arthritic 
rats.  The values are pooled values of right and left hippocampus. The results are expressed in arbitrary 
units ot the ratio of the target gene mRNA to endogenous control mRNA (�ehaviour� 18S RNA). 
Abbreviations: C= control rats, AA2 – day 2 of AA; AA4 – day 4 of AA. Each column is the mean of 8 

animals ± SEM. Statistical significance: * p<0.05;** p< 0.01;***p<0.001.  
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5. DISCUSSION 

Early phase of AA manifested clinically with systemic inflammatory changes, and 
transient hyperalgesia. Early AA impaired spatial learning, and evoked anxiety 
behaviour. The ongoing autoimmune inflammation triggered neuroinflammation and 
oxidative stress in the hippocampus. Observed sickness behaviour (mild spatial learning 
deficit and anxiety behaviour) in the early arthritis occurred in parallel with 
hippocampal changes. 

SYSTEMIC INFLAMMATORY CHANGES IN THE EARLY AA:  CRP is an 
important and sensitive indicator of active inflammatory states in various diseases 
(Hirschfield and Pepys, 2003).  In this study, plasma level of CRP has increased as early 
as on day 2 of AA, and consequently, plasma albumin, a negative indicator of acute 
phase response, has decreased. Moreover, reduction of thymus weight and enlargement 
of spleen was apparent on both examined days of early AA. Since glucocorticoids are 
known to negatively affect thymus function (Jondal et al., 1993), the thymus involution 
may be, at least in part, a consequence of endogenous corticosterone enhancement 
visible in this stage of the disease (Skurlova et al., 2011).  Spleen enlargement is very 
common in established RA, and it is supposed to be related to the sequestration of 
circulating white blood cells (Nishiya et al., 2000).  It is possible that sequestration of 
leucocytes contribute to the observed spleen enlargement in the early arthritis. Changes 
in weight of immune organs, increases of CRP plasma levels and decreases in albumin 
levels reflect systemic inflammation in early AA, which did not follow the transient 
pattern.     

 Pain thresholds measured on limbs and on tail decreased on day 2 of early AA only. 
It has been widely accepted that pain sensation increases under acute inflammatory 
conditions (Hori et al., 2000). Hyperalgesia could be elicited by LPS administration 
(Kanaan et al., 1996) and/or by other proalgesic immune mediator, IL-1β cytokine 
(Cunha et al., 2000). Bacteria and its components play a critical role in eliciting and 
processing inflammatory pain. In this study, cFA administration to Lewis rats induced 
hyperalgesia on day 2 of AA which was in parallel with increased plasma CRP levels. 
Systemic inflammation is a possible trigger of acute hyperalgesia on day 2 of early 
adjuvant arthritis. Thermal and joint hyperalgesia are features of arthritic pain with 
different temporal pattern. As shown by Nagakura et al. (2003), in monoarthritis pain 
model, in the ipsilateral paw the thermal hyperalgesia occurred on the first post 
inoculation day, and recovered by day 3. In the contralateral paw joint hyperalgesia 
developed after day 11 post inoculation. Under our conditions, no c-fos activating 
neurons were present in lumbar spinal cord pain areas on day 9 of AA, suggesting that   
no pain signals are generated from the hind paws before the development of oedema 
(unpublished results). Therefore we assume that the transiently enhanced pain 
sensitivity on day 2 of AA occurs as a result of acute systemic inflammation and not of 
arthritic pain. Similarly, peripheral administration of LPS has been shown to cause 
changes in pain sensation: hyperalgesia, which occurred initially after the immune 
challenge was later followed by analgesia (Hori et al., 2000).  

 Summarized, early AA manifests clinically by systemic inflammatory changes.  
Also, early AA alters pain sensitivity: initial hyperalgesia is followed by analgesia. 
Transient hyperalgesia in the early AA is triggered in the initial phase of acute host 
defence reaction when the organism encounters the foreign antigen, similarly as 
was seen after LPS administration. The activation of the HPA axis occurs as a 
feedback mechanism to compensate the inflammatory outburst.  
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SPATIAL LEARNING IN THE EARLY AA: On the 2nd training day, the MWM 
data of arthritic group revealed longer latency and distance, while the swim speed did 
not differ between normal and arthritic rats. Earlier studies (Arai et al., 2001; Oitzl et 
al., 1993) have demonstrated increases in latency and distance parameter in LPS and/or 
IL1β treated mice and rats, and concluded that acute inflammation may impair 
cognition.  Because the swim speed did not differ between arthritic Lewis rats and the 
controls on day 2, the observed increases in escape latency and distance parameters 
indicate rather to cognitive impairment on that day of AA.  On day 3, and 4 of AA, both 
control and arthritic rats learned equally, and cognitive impairment was no more visible 
on the basis of MWM tests. 

 The swim strategy analysis revealed that early arthritic Lewis rats preferred the 
“focal search in incorrect quadrant” strategy from the 2nd training day. The strategy has 
been categorized as the nonspatial strategy (Janus, 2004) and its higher incidence in 
arthritic rats indicates less effective spatial learning in these rats. Similarly, in a mouse 
model of Alzheimer´s cognitive impairment, mice learned to locate the escape platform 
with a nonspatial strategy called “chaining” (Janus, 2004). Moreover, arthritic rats spent 
significantly more time in the thigmotaxis zone on day 2 of AA. Thigmotaxis, 
(swimming near the maze wall) is considered an index of timidity and anxiety-like 
behaviour (Treit and Fundytus, 1988) as it has been effectively suppressed with 
anxiolytics. Thigmotaxis swimminig has been found in autoimmune mice throughout 
the acquisition phase (Sakić et al., 1997) of spatial learning process, too. It is possible 
that enhanced emotionality, presented as thigmotaxis swimming in our experiments, 
negatively influenced swim navigation in early arthritic rats on the 2nd training day.  

 
Summarized, spatial learning abilities are impaired in the early adjuvant 

arthritis. The impaired navigation in the MWM manif ested on day 2 of the disease,   
is accompanied and followed by using less effective swim strategies. It is possible 
that enhanced emotionality negatively influenced spatial learning process and 
navigation in early arthritic Lewis rats. 
  

ANXIETY BEHAVIOUR IN THE EARLY AA: Aversion of open spaces in the 
EPM is the main sign of anxiety behaviour (Pellow et al., 1985).  Our observations in 
early arthritic Lewis rats is similar to previous findings in LPS and/or IL-1β treated 
mice and rats (Swiergel and Dunn, 2007; Koo and Duman, 2009). The latter authors 
(Koo and Duman, 2009) using interleukin-1 receptor null mice demonstrated anxiety 
behaviour without accompanying decreases in locomotor activity indicating a specific 
anxiogenic effect of IL-1β in these mice. Emotional disorders are features of acute 
systemic inflammation as revealed from clinical and experimental studies (Maier and 
Watkins, 1998). Under experimental conditions IL-1β and LPS administration increased 
anxiety as demonstrated in different anxiety tests. Both acute inflammatory agents 
reduced number of entries and time spent in the open arm of the EPM as well as 
increased avoidance of central area of the OF (Song et al., 2004).  

 
The behaviour in the peripheral zone (along the walls) of the OF reflects potential 

locomotion deficit (Belzung and Griebel, 2001; Prut and Belzung, 2003).  In our study, 
the ambulatory activity in the peripheral zone of the OF was not different between the 
groups on both examined days of AA. However, arthritic rats had less interest for the  

 
 

15 
 
 
 
 
 



 

 

 
central area of the OF, because they spent less time in the central circle, and ambulated 
in the area less intensively than the control rats. Similarly, anxiety and depression 
behaviour occurred in mice in the early phase of the autoimmune lupus disease before 
joint deformities development (Šakić et al., 1992). 

Summarized, early adjuvant arthritis evokes anxiety behaviour as revealed in 
both EPM and OF tests. These changes can be interpreted as feature of the 
sickness behaviour of ongoing autoimmune inflammation and not as a gross motor 
deficit. Anxiety behaviour was evident on both days of early AA indicating to 
ongoing character of sickness behaviour independent from thermal hyperalgesia 
observed on day 2.  

 
HIPPOCAMPAL NEURO – INFLAMMATION AND OXIDATIVE STRE SS 

IN THE EARLY AA.  In the hippocampus the increased mRNA gene expression of 
pro-inflammatory cytokine IL-1β and IL-6, and the markers of oxidative stress NOX1 
and iNOS, indicate to inflammatory/oxidative changes in the early AA.  The 
mechanisms of hippocampal activation under acute inflammatory conditions involve the 
rise of circulating pro-inflammatory cytokines, which directly or by peripheral afferent 
nerve stimulation induce synthesis of pro-inflammatory cytokines centrally (Carter et 
al., 2010). In vivo, bacterial LPS challenge increases hippocampal IL-1β levels 6 hours 
after its administration (Csölle and Sperlágh, 2009). Similarly, cFA administration 
evokes robust and lasting expression of c-Fos in the hippocampus (Carter et al., 2010). 
The main finding of this study was the up-regulation of the IL-1β mRNA since day 2 
after cFA immunization followed by up-regulation of IL-6 mRNA on day 4 of AA. The 
results demonstrate the induction of brain tissue inflammation at the onset of 
autoimmune process. The NOX1 oxidase is an enzyme, which biological function is the 
generation of reactive oxygen species (Bedard et al., 2007). NOX1 mRNA up-
regulation in the early arthritis may be an indirect proof of oxidative stress changes in 
the early phase of autoimmune inflammation. Furthermore, up-regulation of iNOS 
mRNA could indicate to increased NO- production, and to exaggerated inflammation in 
the hippocampal area in the course of early AA. It has been shown that NOX1 triggers 
IL-1β and NO- radical production in the brain after LPS administration (Chéret et al., 
2008). Our results on the mutual activation of NOX1, iNOS and IL-1β mRNA in the 
hippocampus suggest similar mechanism in the early phase of AA and also underline 
the importance of NOX1 in these events. Moreover, we found that the expression of 
CRH mRNA decreased on day 4 of early AA. As CRH has neuro-protective effects 
against oxidative stress (Lezoualch et al., 2000), its mRNA down-regulation in the early 
arthritis may indicate to insufficient protective effect against oxidative stress in that 
phase of the disease. Anxiety behaviour in mice was suppressed by inhibition of 
NADPH- oxidases confirming the crucial role of oxidative stress in the development of 
affective disorders (Masood et al., 2008).    

 
Summarized, the peripheral immune signal, cFA administration, triggers neuro-

inflammatory/oxidative alterations in the hippocampus in the initial phase of 
autoimmune inflammation. Hippocampal neuroinflammation in the early AA 
manifests with mRNA up-regulation of IL-1β, and IL-6. Increases of hippocampal 
mRNA gene expression of NOX1, iNOS together with decreased mRNA expression 
of CRH are indirect markers of oxidative stress in the early AA. 
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6. CONCLUSIONS 
 

CLINICAL CHARACTERIZATION OF THE EARLY ADJUVANT 
ARTHRITIS  

 
Early AA manifests clinically with transient hyperalgesia, and systemic 

inflammatory changes. Hyperalgesia observed in the early arthritis is transient, and may 
be a consequence of acute host defence when the organism encounters the foreign 
antigen, similarly as in the reactions to LPS. The acute host defence also activates HPA 
axis to counter-regulate the ongoing inflammation.  

  
  COGNITION IN THE EARLY ADJUVANT ARTHRITIS 
 

Early AA induces cognitive impairment manifested by insufficient spatial learning 
abilities, and less effective swim navigation. Transient thermal hyperalgesia did not 
influence spatial navigation, since no differences in swim speed were observed. It is 
possible that enhanced emotionality, presented as thigmotaxis swimming, negatively 
influenced swim navigation on day 2 of AA. 

 
ANXIETY BEHAVIOUR IN THE EARLY ADJUVANT ARTHRITIS 

 
Early AA induces anxiety behaviour in Lewis rats. Anxiety behaviour was observed 

on both examined day without showing any transient character. Because of unaltered 
ambulatory activity in the peripheral area of the OF on both days, thermal hyperalgesia 
is probably not involved in the enhanced anxiety behaviour.  

 
NEURO-INFLAMMATORY/OXIDATIVE CHANGES IN HIPPOCAMPUS  
 

In the early AA, systemic inflammation triggers neuroinflammatory/oxidative 
alterations in the hippocampus as revealed by enhanced mRNA expressions of IL-1β,   
IL-6, NOX1, iNOS and diminished mRNA expression of CRH. These hippocampal 
changes correspond with cognitive deficit and anxiety behaviour in the early arthritis. It 
suggests that neuroinflammatory/oxidative stress may represent the background of 
sickness behaviour which occurs at the beginning of the process of AA, before any 
manifestation of oedema or joint deformities. 
 

The study suggests that hippocampal neuro-inflammation/oxidative stress 
interfere with the development of sickness behaviour in the early AA rather than 
thermal hyperalgesia. Moreover, this affirmation is encouraged by finding that 
hippocampal neuro-inflammation/oxidative stress persist opposite to thermal 
hyperalgesia, which showed transient pattern.  

 
 The future research focusing on the mechanisms of sickness behaviour in arthritis 
should be orientated on anti- IL-1β strategies, and on the development of effective 
antioxidant therapy. 
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