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Abstract
Background. Neuropsychological symptoms are common complications among patients with
rheumatoid arthritis (RA), while it is largely unexplored how RA pathology spread to brain protected by
blood-brain barrier (BBB). The sensory circumventricular organs (sCVOs) (brain regions lacking a blood–
brain barrier) is the brain site that peripheral in�ammatory signals, such as blood cytokines and
chemokines, can directly access and modulate cell activities in the brain parenchyma. To determine
whether microglia, resident immune cells in neuronal tissue, in the sCVOs can function as an interface
between peripheral in�ammation and brain under the autoimmune-arthritis conditions, we analyzed
microglia in the sCVOs of a mouse model of collagen-induced arthritis (CIA).

Methods. Microglial number and morphology were analyzed in the sCVOs of CIA and control mice
(controls were administrated Freund’s adjuvant [FA] and/or saline). Immunostaining for ionized calcium-
binding adaptor molecule-1 was performed at various disease phases: “pre-onset” (post-immunization
day [PID] 21), ”establishment” (PID 35), and “chronic” (PID 56 and 84). Quantitative analyses on
microglial number and morphology were performed, with principal component analysis used to classify
microglia. Interleukin-1β (IL-1β) mRNA expression in microglia was also analyzed by multiple �uorescent
in situ hybridization.

Results. In the area postrema (AP), one of the sCVOs located in the medulla, microglia signi�cantly
increased in density (CIA, n = 15; FA, n = 6; saline: n = 10) with changes in morphology during the
establishment and chronic phases. In other sCVOs (subfornical organs [SFO] and organum vasculosum
laminae terminalis [OVLT]), microglial changes were not signi�cant. In the AP microglia, non-subjective
clustering classi�cation of cell morphology (CIA, 1,256 cells; saline, 852 cells) showed that the proportion
of microglia in a highly activated form was increased in the CIA group. Also, the density of IL-1β-positive
microglia, a hallmark of functional activation, increased in the AP. These microglial changes in the AP
persisted until the chronic phase.

Conclusions. Our �ndings indicate that an increase and activation of microglia is sustained in the AP
during chronic arthritis. This suggests that there is a direct physiological pathway linking peripheral
arthritis to the brain through the AP.

Background
Neuropsychological symptoms, such as hyperalgesia, cognitive dysfunction, depression, and fatigue are
common complications among patients with rheumatoid arthritis (RA) (1–4). These symptoms lead to a
reduced quality of life, lower rate of disease improvement, and poorer life prognosis (5–7), and are
associated with elevated annual healthcare costs (8). To ameliorate these neuropsychological
complications of RA, it is necessary to understand the underlying mechanisms within the central nervous
system (CNS) of patients with RA. Despite recent advances in functional brain imaging technologies,
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which have shown aberrant brain activities in patients with RA (9), how peripheral events in RA affect
brain function remains largely unexplored.

The sensory circumventricular organs (sCVOs), subfornical organs (SFO), organum vasculosum laminae
terminalis (OVLT), and area postrema (AP), are sites of potential periphery-to-brain channels. The sCVOs
have weaker blood–brain barrier (BBB) function with highly-permeable fenestrated capillaries, which
allows molecules involved in RA pathology to penetrate neural tissue and directly affect nervous system
function (10). Indeed, the sCVOs express receptors for cytokines (namely, interleukin [IL]-1 receptor, IL-6
receptor, tumor necrosis factor [TNF] receptor, and interferon-gamma [IFN-γ] receptor) (11–14) and
chemokines (namely, chemokine receptor type 5 and prokineticin receptor 2) (15,16). Systemic activation
of these receptors by exogenous cytokines leads to expression of downstream signaling within the
sCVOs (17,18). Following systemic administration of IL-1β in rats, the number of neurons expressing c-
Fos (a marker of neuronal activity) in the hypothalamus is increased, as are plasma adrenocorticotropic
hormone levels, in a manner that is dependent on an intact AP (19). These �ndings suggest that serum
cytokines can directly affect brain function via the sCVOs.

The sCVOs are also known for their rich presence of microglia (20), the resident immune cells of the CNS,
which continuously survey the local brain environment (21). Pathological conditions such as brain injury,
infection, and neurodegeneration, increase the number of microglia cells and transform their morphology.
Morphologically activated microglia are characterized by an ameboid-shape with a swollen cell body (22),
and also by expression and release of in�ammatory cytokines (23) that can modulate neuronal activity
(24), which suggests their morpho-functional coactivation (25). It is likely that microglia in the sCVOs
play a role in mediating peripheral in�ammation and neuronal activity in the brain, as shown in various
in�ammatory disease models, such as bleomycin-induced lung injury and dextran sulfate sodium
induced colitis (26,27). We therefore determined whether microglia in sCVOs are morpho-functionally
activated in collagen-induced arthritis (CIA) mice, a model for RA with autoimmune arthritis and increased
levels of systemic in�ammatory mediators (28) that can activate microglia cells (29–31). Here, we show
that microglia in the AP of CIA mice remain activated during the prolonged course of arthritis progression.

Methods

Animals
Male DBA/1J mice were purchased from Sankyo Labo Service (Tokyo, Japan). They were housed in
groups of 4 to 6 and maintained on a light/dark cycle of 12:12 hours with food and water available ad
libitum.

Detecting the circumventricular organs using �uorescein
isothiocyanate
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To visualize the sCVOs of DBA/1J mice, the �uorescein isothiocyanate (FITC) method was used
according to a previous report (32). Brie�y, 12-week-old mice were anesthetized using iso�urane (3% in
100% O2) and transcardially perfused with the following: �rst, 0.1 M phosphate-buffered saline (PBS), 5
ml; second, FITC in PBS (0.1 mg/ml), 25 ml; third, PBS, 12.5 ml; and �nally, 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB), 40 ml. Dissected brains were post�xed overnight and cryo-protected. Brain
blocks were embedded in OCT Compound (Sakura Finetek, Tokyo, Japan) and stored at −80°C.
Consecutive coronal sections (20 µm) were obtained throughout brain regions containing the third
ventricle and medulla using a cryostat (CM1850; Leica Biosystems, Tokyo, Japan). Every second section
was embedded in anti-fading Aqua Poly/Mount (18606; Polysciences, Warrington, PA, USA) onto
coverslips.

Collagen-induced arthritis
After acclimation for 1 week, 7-week-old mice were used. According to a previous report, the
immunization procedure comprised two intradermal injections at the base of the tail on post-
immunization days (PID) 0 and 21 (33,34). In the CIA group (n = 99), a �rst immunization of bovine type II
collagen (200 µg/mouse; Collagen Research Center, Tokyo, Japan) dissolved in 0.1 M acetic acid (4
mg/mL) emulsi�ed in complete Freund’s adjuvant (CFA; Becton Dickinson and Company, Franklin Lakes,
NJ, USA) was administered on PID 0, with a booster immunization of bovine type II collagen dissolved in
0.1 M acetic acid emulsi�ed in incomplete Freund’s adjuvant (IFA; Becton Dickinson and Company). In the
Freund’s adjuvant group (FA group; n = 12), 0.1 M acetic acid without type II collagen emulsi�ed in CFA
(PID 0) and IFA (PID 21) were administered in the same manner. In the saline group (n = 52), an
equivalent volume of saline was administered. Immunization was performed in a blinded fashion in the
CIA and FA groups, but not the saline group, because of differences in appearance of the saline and
emulsions. According to a previous report, arthritis severity was determined using arthritis scores for all
four limbs on the following scale: 0, normal; 1, swelling of digits alone or localized swelling of wrist and
ankle joints; 2, swelling of both digits and wrist or ankle joints; and 3, swelling of a whole limb (34). “Total
arthritis score” de�ned the sum of the scores for all four limbs. Brain analyses (described below) were
performed on PID 21 and 35 and considered to represent the pre-onset and establishment phases,
respectively, while those on PID 56 and 84 represented chronic phases. Several mice with ulceration
around the anus caused by CFA (CIA, 6 of 99; FA, 1 of 12) were excluded from further analyses. Finally, 93
CIA mice, 11 FA mice, and 52 saline mice were used in this study.

Tissue preparation
For immunohistochemistry, mice under anesthesia were transcardially perfused with PBS followed by 4%
PFA in 0.1 M PB. After post-�xation, the brain was cryo-protected. Brain blocks were embedded in OCT
compound and stored at −80°C. Sections containing the SFO, OVLT, or AP were obtained using a cryostat
at a thickness of 20 µm. For in situ hybridization, mice under anesthesia were transcardially perfused



Page 5/24

with PBS. The un�xed medulla was dissected and frozen in isopentane on dry ice, and 16 µm coronal
sections were obtained using a cryostat.

Immunohistochemistry
Sections were washed in PBS and then incubated in blocking solution containing 1% bovine serum
albumin and 0.3% Triton X-100 in PBS for 1 h at room temperature. Subsequently, sections were
incubated for 21 h at 4°C with rabbit anti-mouse ionized calcium-binding adaptor molecule-1 (Iba-1)
(1:4000; Wako Chemicals, Osaka, Japan), mouse anti-mouse glial �brillary acidic protein (GFAP) (1:2000,
G3893; Sigma–Aldrich, St. Louis, MO, USA), and/or American-hamster anti-mouse CD31 (1:100, 2HB;
Developmental Studies of Hybridoma Bank, Iowa University, Iowa City, IA, USA). After rinsing in PBS,
sections were incubated for 2 h at room temperature with the following secondary antibodies: Alexa Fluor
488-conjugated goat anti-mouse IgG (1:1000; Thermo Fisher Scienti�c, Rockford, IL, USA), Alexa Fluor
568-conjugated goat anti-rabbit IgG (1:1000; Thermo Fisher Scienti�c), and/or Alexa Fluor 647-
conjugated goat anti-American-hamster IgG (1:400; Jackson ImmunoResearch, West Grove, PA, USA).
Sections were then washed with PBS and incubated with 4′,6-diamidino-2- phenylindole (DAPI) (1 μg/ml;
Dojindo, Kumamoto, Japan) for nuclear staining. Slices were embedded in anti-fading Aqua Poly/Mount
on coverslips.

Multiplex �uorescent in situ hybridization
Multiplex �uorescent RNAscope (Advanced Cell Diagnosis [ACD], Hayward, CA, USA; Medical & Biological
Laboratories, Nagoya, Japan) was performed using probes for Iba-1 (Mm-Aif1, #319141) and IL-1β (Mm-
Il1b-C2, #316891C2), in accordance with the manufacturer’s instructions. Brie�y, after �xation in 10%
neural-buffered formalin at 4°C for 15 min, sections were washed with PBS, incubated in ethanol, and air-
dried. Sections were incubated with protease III (diluted 1:1 with PBS) for 30 min. After additional PBS
washing, probe hybridization and ampli�cation steps were performed. Iba-1 (Alexa 488) and IL-1β (Atto
550) probe-stained sections were incubated with DAPI and mounted with Aqua Poly/Mount on coverslips.

Image acquisition
All �uorescence images were obtained using laser scanning confocal microscopy (FV1200; Olympus,
Tokyo, Japan). Grayscale (16 bit) images were captured with a c-MOS camera (1024 × 1024 pixels, DP80;
Olympus) and saved in TIFF format.

Quantitative analysis for immunohistochemistry
All image analyses were performed by a blinded examiner using ImageJ (National Institute of Mental
Health, Bethesda, MD, USA). Images for Iba-1 immunosignal were captured with a 20× objective lens to
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identify microglia cells using the “triangle methods” with the same threshold value for all analyses. The
number of microglia was counted using the “analyze particle” function in ImageJ by setting “size (pixel2)”
to 75 - in�nity and “circularity” to 0.0–1.00. The area for the sCVOs was determined using DAPI staining
in each image by identifying areas with high DAPI-positive signal density. After measuring the sCVO area,
the ratio of total Iba-1 immunopositive area to sCVO area (in %) and speci�c number of microglia
(in/mm2) were calculated. Values were calculated in duplicate from two sections per animal.

For evaluation of microglial morphology, quantitation was performed on immunostained images using a
40× objective lens. Regions of interest were placed on the four main divisions of the AP based upon GFAP
immunostaining, as described previously (Supplementary Figure 1) (10,35). Binary images in each region
of interest were acquired using the same threshold algorithm (at least eight regions from two slices per
mouse). To extract single cell images, binary images were segmented using the “analyze particle”
function by setting “size (pixel2)” as 300-in�nity and “circularity” as 0.0–1.00. The following twelve
morphological parameters were measured in each cell: perimeter, area, ratio of perimeter to area, ferret
length, minimum ferret length, maximum and minimum diameter of approximate ellipse, aspect ratio,
(minimum diameter/maximum diameter), ratio of width to height, circularity, roundness, and solidity
(Supplementary Figure 2).

Quantitative analysis for multiplex �uorescent in situ
hybridization
A blinded examiner performed the following image analyses. First, using the “max entropy” threshold
method in ImageJ, separate binary images were created for each IL-1β and Iba-1 mRNA signals obtained
after RNAscope processing. The number of puncta for IL-1β and Iba-1 located within DAPI-positive nuclei
within the AP were counted. According to the scoring guideline for RNAscope images provided by ACD, IL-
1β-positive microglia cells (identi�ed by nuclear Iba-1 and IL-1β mRNA signals [IL-1β+Iba-1+DAPI+]) were
classi�ed using the following IL-1β expression scales: “IL-1 βnegIba-1+DAPI+”, no-expression; “IL-1βlowIba-
1+DAPI+”, co-existence of 1–3 nuclear puncta; and “IL-1βhighIba-1+DAPI+”, co-existence of 4 or more
nuclear puncta. Values from two slices from a single mouse were averaged.

Quantitative real-time polymerase chain reaction
RNA extraction and real-time polymerase chain reaction (PCR) were performed as described previously
(34). Brie�y, total RNA was extracted from four amputated limbs using a RNeasy Lipid Tissue Mini Kit
(Qiagen, Tokyo, Japan). Real-time PCR was performed using an Applied Biosystem StepOnePlus Real-
Time PCR System (Thermo Fisher Scienti�c, Waltham, MA, USA) with Taqman probes and the following
primers: IL-1β (Mm01336189_m1), IL-6 (Mm00446190_m1), and Actb (Mm00607939_s1). Expression
levels normalized to Actb were analyzed using the ΔΔCT method. mRNA expression levels were
represented as values relative to the average of the saline group.
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Statistical analysis
Data were expressed as mean ± SEM. All statistical analyses were performed using R (version 3.6.1; the R
foundation for Statistical Computing, Vienna, Austria) and EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan)(36). Sample sizes for the experiments on PID 21, 56, and 84 were calculated
using expected effect size and variance based on data of Iba-1-immuno-stained area (%) in the AP on
PID35. The Kolmogorov–Smirnov test was used as a test of normality. Unpaired t-test (two-sided) was
used for comparison between two groups. When the normal distribution was not con�rmed, the Mann–
Whitney U test was used to compare the mean ranks of two groups. Three groups were compared by one-
way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test. Correlation analysis was
performed using Spearman’s rank correlation. To classify cells according to morphological parameters,
principal component analysis (PCA) and hierarchical clustering analysis (HCA) were used. Frequencies of
categorical variables were compared using the chi-square test. Differences were considered signi�cant
when the p value was < 0.05.

Results

Microglial changes in sCVOs on PID 35
There are no published reports describing sCVOs in DBA/1J mouse brain. Thus, we �rst detected the SFO,
OVLT, and AP in DBA/1J mice by observing extravascular leakage of FITC at regions lacking a BBB
(Supplementary Figure 3) (32,37). On PID 35, immunostaining for Iba-1 was performed in the AP (Figure
1A-1). To determine the in�uence of arthritis, the saline and FA groups served as controls for the CIA
group. Iba-1 immunostained area (%) and number of microglia (/mm2) were signi�cantly increased in the
CIA group (Figure 1A-2). There were no signi�cant differences between the saline and FA groups (Figure
1A-2). Therefore, only the saline group was used as a control group for the rest of the AP experiments. We
also similarly examined Iba-1 immunostaining in the SFO (Figure 1B) and OVLT (Figure 1C). There were
no signi�cant differences between the CIA and FA groups in Iba-1 immunostained area (%) and number
of microglia (/mm2) in these regions (Figure 1B-2, 1C-2).

Microglial changes in the AP over the disease course
We next analyzed microglia from the pre-onset phase (PID 21) to chronic phases (PID 56 and 84) in CIA
and saline mice (Figure 2). Gradual increases in Iba-1 immunoreactivity during these phases in both the
saline and CIA groups were observed, which might have resulted from non-disease-associated activation
of microglia (38). Nevertheless, high-magni�cation images showed more extensive Iba-1-
immunoreactivity in the CIA group compared with the saline group on PID 56 and 84 (Figure 2A, B), in a
similar manner to that on PID 35 described above (Figure 1). At these disease phases, Iba-1-
immunoreactivity in the CIA group was manifest in swollen cell bodies (Figure 2B).
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This sustained, speci�c pattern of microglia activation was associated with symptoms that developed
during the course of arthritis, including joint swellings (arthritis scores) and body weight changes. The
joint swellings persisted until PID 56 and 84 (Figure 3A). Body weight changes in the CIA group were
signi�cantly lower than in the saline group in these phases (Figure 3A). Likewise, mRNA expression of IL-
1β and IL-6 was signi�cantly higher in the joints of all four limbs in the CIA group than the saline group
on PID 56 and 84 (Supplementary Figure 4). These �ndings demonstrate that in�ammatory symptoms
and biochemical activation persist at the chronic phase, in which microglial activation remained. To
quantitatively con�rm this association, we performed quantitative analyses of microglia number and
density on PID 21, 56, and 84 (Figure 3B). Iba-1 immunostained area (%) and number of microglia (/mm2)
were signi�cantly higher in the CIA group than the saline group at PID 56 and 84 (Figure 3B). Neither
parameter differed signi�cantly on PID 21, similar to the arthritis symptoms.

Microglial morphology in the AP in various disease phases
To compare microglial morphology in the CIA and saline groups, morphological parameters of Iba-1
immunostaining in the AP were measured on PID 21, 35, 56, and 84 (Supplementary Figure 2). On PID 21,
no parameter showed a signi�cant difference between groups (Supplementary Figure 5). Several
parameters differed signi�cantly between groups on PID 35, 56, and 84 (Supplementary Figures 6–8). In
particular, a larger perimeter and smaller circularity were both signi�cant in the CIA group on PID 35, 56,
and 84. All morphological parameters of 2,118 cells from 51 mice on PID 21, 35, 56, and 84 (CIA, n = 25;
saline, n = 26) were subjected to PCA to identify principal components. The �rst principal component (PC-
1) and second principal component (PC-2) accounted for 74.4% of the observed variability
(Supplementary Table 1). To classify microglia according to the measured morphological parameters,
HCA was performed using PC-1 and PC-2, which automatically divided all microglia into two clusters
(Figure 4A). Cluster-1 microglia were characterized by swollen cell bodies, which is one of the
characteristics of activated microglia (22), and were identi�ed by a higher perimeter, area, and minor
diameter values, and a lower circularity value. Conversely, cluster-2 microglia were characterized by small
cell bodies (Figure 4B). The proportion of cluster-1 microglia in the CIA group was signi�cantly larger than
the saline group on PID 35, 56, and 84, but not PID 21 (Figure 4C).

Correlation between number of cluster-1 microglia and
body weight changes
We examined correlations between microglia number and total arthritis score and body weight changes
on PID 35 (Figure 5). Number of microglia showed no correlation with total arthritis score or body weight
changes from PID 0 (Figure 5A, B). However, examining within each cluster, we found that the number of
cluster-1 microglia signi�cantly correlated with body weight changes from PID 0 (Figure 5D). Conversely,
the number of cluster-2 microglia did not correlate with body weight changes (data not shown). There
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were no signi�cant correlations between microglia number in each cluster and total arthritis score (Figure
5C).

Increase of IL-1β-positive microglia in the AP
IL-1β is one of the molecules produced by activated microglia (23). We performed in situ hybridization to
detect microglial IL-1β mRNA expression in the AP on PID 35. By combining IL-1β and Iba-1 mRNA
expression with DAPI staining, co-expression of IL-1β and Iba-1 mRNA was found in the AP (Figure 6A). In
the CIA group, there was an increase in co-expressing nuclei, and several nuclei exhibited high-density
expression of IL-1β mRNA (Figure 6A). Quantitative analysis revealed that the number of co-expressing
nuclei (IL-1β+Iba-1+DAPI+) (i.e., IL-1β-positive microglia) was signi�cantly increased in the CIA group
(Figure 6B). To quantify microglia with high-density IL-1β mRNA, the number of high-IL-1β expression
nuclei with co-existence Iba-1 puncta (IL-1 βhighIba-1+DAPI+) were also counted. Consequently, the
proportion of IL-1βhighIba-1+ nuclei to IL-1β+Iba-1+ nuclei signi�cantly increased in the CIA group
compared with the saline group (Figure 6C).

Discussion
To identify the mechanism underlying the association between RA pathology and neuropsychological
complications in patients with RA, we used a mouse CIA model to examine the hypothesis that microglia,
the �rst-line responders in the brain to in�ammatory mediators, are activated in brain regions where the
in�ammatory blood–brain contact is enabled. To do this, we visualized microglia in the sCVOs during
progression of CIA and found that the AP, but not SFO and OVLT, present a marked increase in the number
of Iba-1-expressing microglia, lasting from onset to chronic phases of CIA. In addition, non-subjective
clustering classi�cation of microglia morphology revealed that this increase in number was accompanied
by a drastic shift to a form suggestive of microglia activation. In support of this, a proportion of microglia
expressing IL-1β increased in this establishment phase. Interestingly, this increase in number of activated-
form microglia in the AP negatively correlated with body weight changes. Interpretation of these results is
discussed below.

Using similar CIA models in mice, recent studies have demonstrated aberrant behavior resulting from
functional brain alterations, such as anhedonia and modi�ed environmental preference (33,39). However,
it remains unknown how peripheral in�ammatory signals affect brain function, and in turn, behavioral
outcomes. Our present study is the �rst to suggest that 1) sCVOs, particularly the AP, might be the site of
transmission of in�ammatory factors to the brain under CIA conditions because of a weakened BBB
function; and 2) microglial cells in the AP might be the intracerebral receptors of in�ammatory signals
that are translated into activation of these cells. It is unlikely that this microglial activation results from
the effect of CFA injected at the �rst immunization, albeit CFA is a potent pro-in�ammatory agent (40),
because we found no signi�cant sign of microglia activation in the AP of mice treated with only CFA at
PID 35. A plausible scenario is that circulating cytokines and chemokines are increased in the CIA model
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in the establishment phase (28) and enter into the AP and directly activate microglia, which have a large
variety of receptors for in�ammatory mediators (41).

Accumulating evidence indicates that microglial cells, particularly when they are activated, can affect
neuronal excitation and synaptic transmission (24,42). AP neurons send axons to the parabrachial
nucleus and nucleus of the solitary tract, which in turn affect the activity of higher brain centers, such as
the amygdala and hypothalamus. These regions play roles in homeostatic regulation, such as for
appetite, nausea, respiration, and cardiovascular control (10). The observed negative correlation between
the number of cluster-1 microglia in the AP and body weight changes in the establishment phase is
reminiscent of the drastic changes in appetite in animals with systemic in�ammation and subsequent
microglia activation in the arcuate nucleus, a center controlling feeding behavior (43). In this regard,
marked activation of the AP among the sCVOs in CIA mice is interesting because this might explain
speci�c homeostatic outcomes in this model compared with systemic in�ammation. The mechanism
underlying this AP speci�city remains unidenti�ed at the moment and would be a fruitful subject for
further study.

Neuropsychological symptoms in patients with RA are reported at a long period from disease onset (44).
Various disease models with short temporal activation of the immune system, such as bleomycin-
induced lung injury and dextran sulfate sodium induced colitis (26,27), suggest that activation of
microglia in the sCVOs accompanies in�ammatory symptoms, but only for a limited period. Acute
systemic injection of IL-1β, TNF-α, and lipopolysaccharide (LPS) increase c-Fos expression in the AP
within a short latency and duration (19,45–47). Use of these acute immune system activators has
limitations for addressing the issue of whether chronic auto-immune activation results in sustained
activation of brain activities. In this regard, the present study is the �rst to demonstrate that microglia in
the AP remain activated for a prolonged period, more than 80 days after the initial immunization in this
long-lasting auto-immune arthritis model. This may explain why neuropsychological complications can
be observed as the disease lasts or even the arthritis is mitigated by disease-modifying drugs (48).
Indeed, Oto et al. have demonstrated that behavioral complications in this CIA model of mice become
uncorrelated with arthritis score after improvement of arthritis by tofacitinib (33). It is an important future
subject to clarify whether the sustained alterations of AP microglia in this CIA model are reversible after
pharmacological intervention.

In this study, in addition to the sustained increase in the number of AP microglia, we observed marked
changes in their shape during the establishment-to-chronic phases. It is well established that microglia
morphology represents the activated state of these cells. For example, Fernandez-Arjona et al.
quantitatively analyzed microglial morphology in detail in response to immunological challenges in the
cortex, striatum, hippocampus (49), and thalamus (50). They found that microglia cells could be
clustered into several morphological categories. To categorize microglial morphology in the AP at
different CIA phases, we used a similar PCA strategy as these previous studies, albeit with appropriate
modi�cation because: 1) unlike in many other brain structures, microglia in the AP are already mildly
activated in healthy conditions (20); 2) unlike in acute in�ammation models used previously, long-lasting
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systemic in�ammation of autoimmune arthritis, as in the CIA model, is likely weaker; and 3) the density of
resident microglia is much higher in the AP than in other non-sCVO brain regions, therefore measurement
of the number and length of microglial processes is challenging and inaccurate, particularly when the
number of microglia is further increased. The signi�cant increase in proportion of “cluster-1 cells” in the
complete course of symptomatic phases of CIA suggests that AP microglia cells are continuously
activated in CIA mice. In support of this morphological activation of microglia in the AP of CIA model, the
number of IL-1β-positive microglia (IL-1β+Iba-1+DAPI+) and proportion of IL-1 βhighIba-1+DAPI+ to IL-
1β+Iba-1+DAPI+ cells in the AP of CIA mice were signi�cantly increased at the establishment phase. These
results are in agreement with a previous report showing an increase in IL-1β expression in microglial cells
with progression of morphological activation (50), which suggests that increased AP microglia are also
functionally activated in CIA mice.

Limitations of this study include the unidenti�ed cellular origin of the increased microglia in the AP.
Immunostaining with Iba-1 is positive not only with microglia of brain origin but also with invading
monocytes of peripheral origin (46). It remains a future research subject to determine whether the
proportion of microglia of cerebral and peripheral origins varies. Another limitation is that we have not
demonstrated a causal relationship between in�ammatory humoral factors and microglial activation.
Future study will address what humoral factor is critical in microglial activation in the AP of CIA.

Conclusion
We have demonstrated a sustained increase in the number of microglia accompanied by their
morphological activation in the AP during persistent arthritis in a CIA mouse model. It is therefore
possible that peripheral in�ammation inherent with RA may chronically and directly affect microglia in
brain regions lacking a BBB and lead to various neural consequences. Thus, we propose a novel pathway
linking arthritis to neuropsychological complications in RA patients.
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Figure 1

Microglia in the sensory circumventricular organs of collagen-induced arthritis mouse models on post-
immunization day 35. A-1: Representative images of immunostaining for ionized calcium-binding protein-
1 (Iba-1) in the area postrema (AP). A-2: Quantitative analysis of Iba-1 immunostained area (%) and
number of Iba-1-positive cells in the AP. Iba-1-positive cells were signi�cantly larger in the collagen-
induced arthritis (CIA) group (n = 15) compared with the saline (n = 10) and Freund’s adjuvant (FA)
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groups (n = 6) by one-way analysis of variance with Bonferroni’s post-hoc test. There were no signi�cant
differences between the saline and FA groups. B-1: Representative images of Iba-1 immunostaining in the
subfornical organs (SFO). B-2: Quantitative analysis in the SFO. There were no signi�cant differences
between groups by unpaired t-test (CIA, n = 8; FA, n = 5). C-1: Representative images of Iba-1
immunostaining in the organum vasculosum laminae terminalis (OVLT). C-2: Quantitative analysis in the
OVLT. There were no signi�cant differences between groups by unpaired t-test (CIA, n = 8; FA, n = 5).
Abbreviations: 4V: fourth ventricle; NTS, nucleus of the solitary tract; cc central canal; NS, non-signi�cant.
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Figure 2

Immunostaining for ionized calcium-binding adaptor protein-1 in the area postrema by disease phase. A:
Representative images in the saline group. Boxed areas are shown at higher magni�cation on the right (i
and ii). B: Representative images in the collagen-induced arthritis (CIA) group. Boxed areas are shown at
higher magni�cation on the right (iii and iv). Abbreviation: PID, post-immunization day.

Figure 3
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Arthritis scores, body weight changes, and ionized calcium-binding adaptor protein-1 immunoreactivity by
disease phase. A: Time course of arthritis scores (upper panel) and body weight changes (lower panel)
(CIA, n = 30; saline, n = 24). The dashed line represents the day of brain analysis. No arthritic mice were
found on post-immunization day (PID) 21. Arthritis scores gradually increased after onset. Joint swelling
was sustained on PID 84. Body weight changes in the collagen-induced arthritis (CIA) group were
signi�cantly lower compared with the saline group after PID 28 (unpaired t-test). B: Quantitative analysis
of ionized calcium-binding adaptor protein-1 (Iba-1) immunostained area (%) and number of Iba-1-
positive cells. There were no signi�cant differences between groups on PID 21 by unpaired t-test (CIA, n =
6; saline, n = 6). Conversely, area and number were signi�cantly larger in the CIA group compared with the
saline group on PID 56 (CIA, n = 6; saline, n = 6) and 84 (CIA, n = 6; saline, n = 4) by unpaired t-test.
Abbreviation: NS, non-signi�cant.
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Figure 4

Morphological classi�cation of microglia and increase of the activated form cluster during arthritis. A:
Dendrogram by hierarchical clustering analysis using the �rst two principal components (PC-1 and PC-2).
Microglia were classi�ed into cluster-1 and cluster-2. B: Morphological plots of each cluster on PC-1 and
PC-2 coordinate planes with examples of their morphology. Gray dashed lines re�ect loading plots. C:
Proportion of cluster-1 microglia in each disease phase. There were no differences between groups on



Page 22/24

post-immunization day (PID) 21 by chi-squared test. Conversely, the proportion in the collagen-induced
arthritis (CIA) group was higher than the saline groups on PID 35, 56, and 84 by chi-squared test.
Abbreviations: Peri, perimeter; Min Feret, minimum Ferret diameter; Minor, minor diameter; Round,
roundness; AR, aspect ratio; Peri/Area, ratio of perimeter to area; Major, major diameter; Feret, Feret
diameter.

Figure 5
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Correlation of microglia number with total arthritis scores and body weight changes. A, B: Correlation of
total microglia number with total arthritis scores (A) and body weight changes from PID 0 (B). C, D:
Correlation of number of cluster-1 microglia with total arthritis scores (C) and body weight changes (D).
The number of cluster-1 microglia signi�cantly correlated with body weight changes (rs = -0.818, n = 7, p
= 0.0244; Spearman rank correlation coe�cient). Abbreviations: CIA, collagen-induced arthritis; PID, post-
immunization day.

Figure 6
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Microglial interleukin-1β mRNA expression in the area postrema. A: Representative merged images of
interleukin-1β (IL-1β) (red) and ionized calcium-binding adaptor protein-1 (Iba-1) (green) mRNA
expression in the area postrema (AP). Boxed areas are shown at higher magni�cation on the right (i, ii,
and iii). Arrowheads indicate nuclei (DAPI, blue) co-expressing IL-1β mRNA and Iba-1 mRNA. Arrows
indicate Iba-1-postive nuclei with high-density expression of IL-1β mRNA (four or more nuclear puncta). In
the collagen-induced arthritis (CIA) group, more nuclei co-expressing IL-1β and Iba-1 were observed.
Additionally, Iba-1-postive nuclei with high-density expression of IL-1β mRNA were more frequently
detected in the CIA group. B: Quantitative analysis of the number of nuclei co-expressing IL-1β and Iba-1.
In the CIA group (n = 6), these nuclei were signi�cantly increased compared with the saline group (n = 6)
by unpaired t-test. C: Quantitative analysis of the proportion of Iba-1-postive nuclei with high-density
expression of IL-1β mRNA. The proportion signi�cantly increased in the CIA group (CIA, n = 6; saline, n =
6) by unpaired t-test.
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