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Reactivity of rat bone marrow-derived
macrophages to neurotransmitter stimulation
in the context of collagen II-induced arthritis
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Abstract

Introduction: Numerous observations indicate that rheumatoid arthritis (RA) has a bone marrow component. In
parallel, local synovial changes depend on neuronal components of the peripheral sympathetic nervous system.
Here, we wanted to analyze whether collagen II-induced arthritis (CIA) has an impact on number, adhesion,
apoptosis, and proliferation of the macrophage subset of bone marrow cells and how alterations in neurotransmitter
microenvironment affect these properties.

Methods: Bone marrow-derived macrophages (BMMs) were isolated from Dark Agouti rats at different stages of CIA,
and number, adhesion, caspase 3/7 activity, and proliferation were analyzed in the presence of acetylcholine (ACh),
noradrenaline (NA), and vasoactive intestinal peptide (VIP).

Results: Opposed to enhanced CD11b+ (cluster of differentiation 11b-positive) and EMR1+ (epidermal growth
factor-like module-containing mucin-like hormone receptor-like 1-positive) cells, characterizing the macrophage subset,
in native bone marrow of rats with acute inflammatory arthritis, we found decreased numbers of CIA macrophages
after enrichment and culture in comparison with healthy (control) animals. Adhesion studies revealed significantly
reduced attachment to plastic in acute arthritis and collagen type I and fibronectin in chronic arthritis. Additionally, we
found a strong reduction in proliferation of BMMs at CIA onset and in the chronic phase of CIA. Apoptosis remained
unaffected. Neurotransmitter stimulation profoundly affected proliferation, adhesion, and apoptosis of BMMs from
CIA and control rats, depending on disease time point. Cultured BMMs from CIA and control animals expressed
neurotransmitter receptors for ACh, VIP and NA, but the expression profile seemed not to be affected by CIA.

Conclusions: Induction of CIA distinctly inhibits proliferation of BMMs in low- and non-inflammatory phases and
reduces attachment to plastic at the acute inflammatory arthritis stage and adhesion to collagen I and fibronectin at
the chronic stage. Influence of neurotransmitter stimulation on adhesion, apoptosis, and proliferation is altered by CIA
depending on disease stage. We suggest an altered reactivity of BMMs to neurotransmitter stimulation caused by CIA
and maybe also by aging.
Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune
disorder that is characterized by massive inflammation
and destruction of cartilage and bone adjacent to the af-
fected joints. Locally, activated macrophage/monocytes
are a major source of pro-inflammatory cytokines like
* Correspondence: susanne.graessel@klinik.uni-regensburg.de
1Experimental Orthopedics, Centre for Medical Biotechnology, Biopark I,
University of Regensburg, Josef-Engert-Str. 9, 93053 Regensburg, Germany
2Department of Orthopedic Surgery, University of Regensburg, Kaiser-Karl
V-Allee 3, 93077 Bad Abbach, Germany
Full list of author information is available at the end of the article

© 2015 Muschter et al. This is an Open Access
License (http://creativecommons.org/licenses/
medium, provided the original work is proper
creativecommons.org/publicdomain/zero/1.0/
tumor necrosis factor (TNF), interleukin-1beta (IL-1β),
IL-6, and chemotactic factors like macrophage inflam-
matory protein-1beta (MIP-1β) and monocyte chemo-
attractant protein-1 (MCP-1), leading to enhanced
infiltration of immune cells into the inflamed joint [1, 2].
Owing to pro-osteoclastogenic properties of TNF and
IL-1, the microenvironment in inflamed joints provides
the prerequisites for a self-fueling, vicious cycle of in-
flammation and bone destruction induced by macro-
phage infiltration [3].
The source of macrophage precursors is contained in

the hematopoietic stem cell (HSC) niche within the bone
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marrow of long bones. Several aspects indicate that RA is
also a bone marrow disorder [4] (e.g., formation of bone
marrow edema [5], a shift in HSC progenitors toward
myeloid cells [6], enhanced immuno-senescence of
hematopoietic progenitor cells [7], and case-dependent
treatment or disease amelioration of RA by bone marrow
transplantation (reviewed in [8])).
During RA, changes in local synovial innervation occur

and this alters the neurotransmitter composition and may
provide a novel regulatory environment for blood- and
bone marrow-derived macrophage progenitor cells. Dur-
ing inflammation, anti- and pro-inflammatory functions of
the sympathetic nervous system have been described [9].
RA-associated alterations in synovial innervation include
the decreased detection of tyrosine hydroxylase (TH)-
positive nerve fibers in synovial membrane regions and
the appearance of TH-positive cells providing a decentra-
lized source for noradrenaline (NA) [10, 11]. Aside from
catecholaminergic signaling, cholinergic signaling is asso-
ciated mostly with anti-inflammatory effects mediated via
the α7 subunit of the nicotinic acetylcholine (ACh) receptor
[12]. Cells expressing the α7 ACh receptor were detected in
the synovial lining layer of patients with RA and psoriatic
arthritis and to a lesser extent in healthy controls [13].
This study intended to analyze whether changes in the

local neurotransmitter microenvironment in arthritis affect
bone marrow-derived macrophages (BMMs), as inflamma-
tory lesions can penetrate deep into the bone marrow [5].
Immune cells express a variety of neurotransmitter re-
ceptors and hence allow extensive modulation by nervous
firing [14]. Therefore, we examined whether metabolic
properties like number, proliferation, apoptosis, and adhe-
sion of BMMs change in the time course of a collagen II-
induced arthritis (CIA) rat model and whether stimulation
of cultured BMMs with neurotransmitters NA, ACh, and
vasoactive intestinal peptide (VIP) further modulates cell
metabolism in vitro. The study provides novel information
on how progression of CIA alters autonomous macrophage
properties and how catecholaminergic and cholinergic/pep-
tidergic neurotransmitters participate in these alterations.

Methods
Animals
Female Dark Agouti rats were purchased from Janvier
Labs (Le Genest St. Isle, France) at the age of 9 weeks.
Animals were housed at four or six animals per cage and
were allowed to adapt to animal laboratory conditions for
1 week. Rats were fed standard laboratory chow and water
ad libitum and were kept under standard housing condi-
tions in a 12 h light-dark cycle.

Collagen II-induced arthritis model
All animal experiments were approved by and conducted
according to institutional and governmental regulations
for experimental animal usage (Ethical Review Committee,
Government of the Oberpfalz Az. 54–2532.1-25/13). For
arthritis induction, rats were anaesthetized and 300 μg dis-
solved bovine collagen II (#804001-sol; MD Bioproducts,
Egg, Switzerland) emulsified in an equal volume of in-
complete Freund adjuvant (Sigma-Aldrich, Taufkirchen,
Germany) was intracutaneously injected at the base of the
tail. Controls received equal volume of 0.9 % sodium chlor-
ide (NaCl) solution (Braun Melsungen AG, Melsungen,
Germany). Development of arthritis was monitored by
determination of body weight and arthritis score at the
respective sampling days. For scoring, each paw was
evaluated separately. Three regions were analyzed and one
point assigned for signs of inflammation (redness, swell-
ing) occurring in toes/fingers, metatarsus/metacarpus, or
ankle. An additional point was given if normal use of the
hind limbs was impaired. For front paws, only fingers and
metacarpus were evaluated. Altogether, a maximum of 12
points per animal could be assigned (adapted from [9]).

Isolation of bone marrow macrophages and primary
culture
The isolation protocol for rat bone marrow from Ahmed
et al. [15] was modified. Shortly, rats were killed 10, 15,
20, and 40 days post-immunization (p. i.) with carbon
dioxide (CO2), and femur and tibia were collected aseptic-
ally. Bones were cut in half and placed in a 1.5 ml reaction
tube. Bone marrow was collected by centrifugation
(5 min, 5000 × g), cells were separated with a 40 μm cell
strainer, and erythrocytes were lysed via hypotonic shock
in sterile distilled water. For analysis of surface markers
CD11b (cluster of differentiation 11b) and EMR1 (epider-
mal growth factor-like module-containing mucin-like hor-
mone receptor-like 1), native bone marrow cells were
collected before erythrocyte lysis. To analyse adhesion,
apoptosis, and proliferation, we used an established proto-
col to enrich BMMs from whole bone marrow by their
ability to attach to untreated plastic [16]. Separation via
plastic adhesion provides easy and reliable access to the
macrophage proportion of bone marrow cells, and the ob-
tained population is further considered to be BMMs. After
centrifugation (5 min, 245 × g), remaining bone marrow
cells were suspended in 20 ml of macrophage medium
consisting of alpha-minimum essential medium (α-MEM)
with 10 % fetal calf serum (FCS), 2 % glutamate and 1 %
antibiotics/antimycotics (Sigma-Aldrich) and 20 ng/ml
recombinant rat macrophage colony-stimulating factor
(M-CSF) (#400-28; Peprotech, Rocky Hill, NJ, USA). Five
milliliters of the suspension was placed in a 100 × 20 mm
bacterial petri dish (#430591; Corning, Corning, NY, USA)
and cultivated at 37 °C and 5 % CO2. After 2 days of pre-
culture, plates were washed with phosphate-buffered sa-
line (PBS), and all non-adherent cells in the supernatant
were removed. Attached cells, regarded as macrophages,
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were detached by using 0.02 % ethylene diamine tetraacetic
acid (EDTA) in PBS (Sigma-Aldrich), a 5 min incubation
period on ice followed by 1 min at −20 °C and a cell scraper.
After centrifugation and resuspension in α-MEM, the cell
number was determined with a Cedex automated cell coun-
ter (Roche Diagnostics GmbH, Mannheim, Germany), and
macrophages were seeded at a density of 1.5 × 104 cells/cm2

for indicated experiments. Macrophages cultivated in
macrophage medium without neurotransmitters are further
referred to as non-stimulated cells. Acetylcholine chloride
(#A22661), rat/human/porcine vasoactive intestinal peptide
(#V6130), and L-(−)-norepinephrine (+)-bitartrate salt
monohydrate (#N5785), used for the stimulation experi-
ments, were purchased from Sigma-Aldrich.

Immunofluorescence staining of neurotransmitter
receptors
In total, 10,000 macrophages were seeded into the cavity of
an eight-well chamber slide (BD Biosciences, Heidelberg,
Germany) and cultured in macrophage medium contain-
ing 50 ng/ml recombinant rat soluble receptor activator of
NFκB ligand (RANKL) (#400-30; Peprotech) for 5 days
with one change of medium after 3 days of culture. After
5 days, cell population (macrophages and osteoclasts) was
fixed in 4 % paraformaldehyde for 10 min and washed
with PBS. Until staining procedure, cells were stored at
4 °C. Unspecific staining was blocked with 5 % normal
goat serum (NGS) (Sigma-Aldrich) in PBS for 20 min at
room temperature (RT). Neurotransmitter receptors were
detected by using rabbit polyclonal immunoglobuline
(Ig) G against rat pituitary adenylate cyclase-activating
peptide (PACAP) receptor 1 (1:50, sc-30018, Santa Cruz
Biotechnologies, Dallas, TX, USA) and rabbit polyclonal
antibody against muscarinic ACh receptor M5 (1:400,
ab41171) and rabbit polyclonal antibody against adrenocep-
tor (AR) β2 (3 μg/ml, ab36956; both Abcam, Cambridge,
UK) as well as rabbit polyclonal antibodies against extra-
cellular sections of ARs α1D (1:100, #AAR-019) and α2B
(1:100, #AAR-021; Alomone Labs, Jerusalem, Israel).
Antibodies were diluted in 1 % NGS/PBS and incubated
overnight at 4 °C. After washing, primary antibodies were
detected with F(ab′)2 fragment of goat anti-rabbit IgG
coupled to Alexa488 (#A11070; Molecular Probes/Life
Technologies, Eugene, OR, USA) diluted in 1 % NGS
in PBS for 1 h at RT. Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI), and cells were
covered with Fluorescence Mounting Medium from Dako
(Hamburg, Germany). Control staining using only the
secondary antibody F(ab′)2-fragment revealed no unspe-
cific immunofluorescence. Pre-blocking of the antibodies
directed against α1D and α2B ARs with the respective
blocking peptide provided by the manufacturer prevented
staining and confirmed specificity of the antibody (data
not shown).
Endpoint polymerase chain reaction for neurotransmitter
receptors
Total RNA was isolated from macrophages by using the
Ambion RNAqueous® Micro total RNA isolation kit (Life
Technologies, Carlsbad, CA, USA) in accordance with
the instructions of the manufacturer. RNA was reverse-
transcribed into complementary deoxyribonucleic acid
(cDNA) by using an Affinity Script QPCR cDNA synthesis
kit (Agilent Technologies, Santa Clara, CA, USA), and
endpoint polymerase chain reaction (PCR) was performed
with JumpStart Taq DNA Polymerase (Sigma-Aldrich)
and primers for neurotransmitter receptors listed in
Additional file 1: Table S1.

Crystal violet adhesion assay
In total, 5000 macrophages per well were seeded in a
96-well plate and were cultured in macrophage medium
without or with 10−6 M ACh, 10−6 M (β2-agonistic), and
10−8 M (α1/2-agonistic) NA or 10−9 M VIP (final con-
centration) for 36 h with no replenishment of neuro-
transmitter during incubation time. Corning Biocoat™
96-well plates pre-coated with collagen type I (#354407),
fibronectin (#354409), and laminin (#354410) were used
for adhesion studies on extracellular matrix (ECM) com-
ponents (Corning). Non-adherent cells were removed by
washing the plates with PBS. Adherent cells were fixed
with 1 % glutaraldehyde solution for 30 min and washed
with PBS. Fixed cells were stained with 0.02 % crystal
violet solution for 15 min at RT and afterwards washed
with tap water. The amount of incorporated cristal violet
dye is considered to be proportional to the number of
cells attached in each well. Incubation in 70 % ethanol
for 3 h on a vertical shaker (100 revolutions per minute)
dissolved crystal violet out of the cells. Absorbance of
ethanol-dissolved crystal violet dye was measured by using
a microplate reader (Tecan Group AG, Männedorf,
Switzerland) at 600 nm. Differences in absorbance values
were correlated with differences in adhesion capacity
of cells.

Caspase 3/7 apoptosis assay
In total, 5000 macrophages per well were seeded in a
black 96-well plate with a clear bottom (BD Biosciences,
Heidelberg, Germany) and allowed to recover overnight in
macrophage medium without neurotransmitters. Cells
were synchronized by serum and M-CSF depletion for
24 h. Apoptosis was analyzed by using the APO-ONE
Homogenous Caspase 3/7 Assay from Promega (Madison,
WI, USA) in accordance with the instructions of the
manufacturer. Briefly, serum-free medium was replaced
by macrophage medium without or with 10−6 M ACh,
10−6 M/10−8 M NA, or 10−9 M VIP (final concentration).
Simultaneously, equal volume of caspase 3/7 assay reagent
was added and the mixture was incubated for 6–10 h
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without additional neurotransmitter exchange. The more
active caspase 3/7 is present in the cells, the more fluo-
rescent dye is cleaved from the non-fluorescent substrate
(Z-DEVD-R110) and differences in emission of varying
culture conditions can be measured at 521 nm in a fluor-
escence plate reader (Tecan Group AG). This information
is correlated with apoptotic activity.
BrdU proliferation assay
With the BrdU (5-bromo-2′-deoxyuridine, thymidine ana-
log) cell proliferation enzyme-linked immunosorbent assay
(ELISA) from Roche Diagnostics GmbH (Mannheim,
Germany), macrophage proliferation was determined in
the presence of ACh, NA, and VIP. Upon addition to cell
culture medium, BrdU is constantly incorporated into
newly synthesized DNA for a defined period of time.
The incorporated amount of BrdU is proportional to the
amount of synthesized DNA and allows the comparison of
proliferative activity between different conditions after de-
tection with a specific BrdU antibody and colorimetric
visualization. For analysis, a total of 5000 macrophages per
well were seeded in a 96-well plate and were allowed to
recover from seeding procedure overnight. After synchro-
nization by serum and M-CSF depletion for 24 h, cells
were cultured 48 h in macrophage medium with BrdU
labeling solution without or with 10−6 M ACh, 10−6 M and
10−8 M NA or 10−9 M VIP (final concentration) with no
replenishment of neurotransmitters during incubation
time. After 48 h, cells were processed in accordance with
the manufacturer’s instructions, including the use of stop
solution, and absorption was measured at 450 nm (refer-
ence wavelength of 690 nm) by using a plate reader (Tecan
Group AG).
Flow cytometry
Cell cycle analysis
For this analysis, 1.5–2 × 106 macrophages were seeded
in a petri dish. After recovery from seeding procedure
overnight, macrophages were synchronized by serum
and M-CSF deprivation for 48 h to obtain cells synchro-
nized in G0/G1. Subsequently, cell cycle entry was en-
abled by the addition of FCS and 20 ng/ml M-CSF, and
samples were taken 48 h afterwards. Cell pellets were
washed with cold 2 % bovine serum albumin in PBS and
fixed in methanol-acetone mixture. Quantitative staining
of DNA content with propidium iodide (50 μg/ml for
1 × 106 cells in 500 μl) was performed after RNAse
(1 mg/ml; both Sigma-Aldrich) treatment for 1 h at 37 °C.
DNA content was analyzed in FACS Calibur (Becton
Dickinson, Franklin Lakes, NJ, USA), and data analysis
was performed by using the cell cycle tool of FlowJo
software (Tree Star, now part of FlowJo, LLC, Ashland,
OR, USA).
Surface marker and integrin expression analysis
Unspecific staining was blocked with 5 % mouse serum
in PBS for 30 min at 4 °C. Native bone marrow cells and
cultured BMMs were additionally incubated with 1 μl/
1 × 106 cells of purified mouse anti-rat CD32 for 5 min
prior to antibody addition to block Fc-mediated adhesion
of antibodies to rat FcγIII receptors highly expressed by
macrophages (“rat Fc-Block”, #550270; Becton Dickinson).
Afterwards, cultured macrophages and native bone mar-
row cells were stained with antibodies against mouse
anti-rat CD11b (phycoerythrin (PE)-coupled, #562105;
Becton Dickinson) and uncoupled mouse anti-rat EMR1
(#T-3005; BMA Biomedicals, Augst, Switzerland). Unspe-
cific IgA-PE (#562141) and uncoupled mouse IgG1
(#554121; all Becton Dickinson) were used as isotype con-
trols. After washing, uncoupled antibodies were stained
with goat anti-mouse F(ab′)2 fragment Alexa 488-coupled
(Life Technologies, Carlsbad, CA, USA, #A-11017) for
30 min at 4 °C.
Integrin expression of cultured BMMs was analyzed

by using the following antibodies: Armenian hamster
anti-rat CD29 (integrin β1, non-specific for activation
status, PE-coupled, #562154; Becton Dickinson) and
polyclonal rabbit anti-rat CD51/CD61 (integrin ανβ3,
uncoupled, ABIN674784; antibodies-online GmbH, Aachen,
Germany). Unspecific Armenian hamster IgM (PE-coupled,
#562114; Becton Dickinson) and polyclonal rabbit IgG
(uncoupled, ab171870; Abcam) were used as isotype con-
trols. After washing, uncoupled primary antibodies were
detected with goat anti-rabbit F(ab′)2 fragment Alexa
488-coupled (Life Technologies, #A-11070) for 30 min
at 4 °C.
Stained cells were washed with PBS and suspended in

500 μl of PBS for analysis. Fluorescence was measured
with a FACS Calibur (Becton Dickinson). BMM surface
marker expression data were analyzed by using FlowJo
software (Tree Star). Data for surface marker expression
of native bone marrow cells and integrin expression of
cultured BMMs were analyzed by using free Software
Flowing 2.5.1 (developer Perttu Terho, Turku Centre for
Biotechnology, Turku, Finland).

Statistical analysis
Statistical analysis was performed by using Prism 4 from
GraphPad Software (San Diego, CA, USA). Data are dis-
played as mean ± standard error of the mean (SEM) or box-
plot showing box with median and interquartile range and
whiskers from minimum to maximum. Non-parametric
Wilcoxon signed rank test for paired observations (neuro-
transmitter stimulation) was used to test whether individual
values were significantly different to control conditions set
to 100 %. Variations between effects in controls and CIA
groups at the respective time points were compared by
using the two-tailed non-parametric Mann-Whitney test.
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Results
Assessment of experimental arthritis progression and
influence on numbers of bone marrow macrophages
To assess induction of experimental arthritis, body
weight and arthritis score of immunized (CIA) and con-
trol animals (NaCl) were monitored at indicated arthritis
time points which represent the course of the disease:
10 days p. i. represents the non-symptomatic phase,
15 days p. i. represents the onset of arthritis with swelling
and erythema in single finger joints, 20 days p. i. represents
the acute phase of CIA with maximal inflammation in all
four extremities, and 40 days p. i. comprises the chronic
state with no obvious inflammation but massive destruc-
tion of the affected joints (Additional file 2: Figure S1A, B).
Rats immunized with collagen II rapidly lost weight

from day 10 p. i., resulting in a maximum weight differ-
ence of approximately 20 % compared with controls at
day 20 (Additional file 2: Figure S1A). In parallel, the ex-
perimental arthritis score rose from approximately 5
points at day 15 to 11.6 points at day 20 and reached a
maximum of 12 points until day 40. In contrast, control
animals showed no signs of inflammation (Additional
file 2: Figure S1B).
The total number of isolated BMMs, enriched from

bone marrow after 2 days of pre-culture on plastic, was
significantly lower in arthritic animals in comparison with
controls at 20 days p. i. (Fig. 1a). To analyze whether a de-
fect in the macrophage population of the bone marrow is
responsible for this observation, we analyzed native bone
marrow cells as well as the cultured enriched BMM popu-
lation by flow cytometry for markers CD11b (which is
expressed on monocytes, granulocytes, and macrophages)
and EMR1 (a pan-macrophage marker). Twenty days p. i.,
corresponding native bone marrow cells from arthritic
rats showed a significantly higher percentage of cells posi-
tive for macrophage markers CD11b and EMR1 in rela-
tion to bone marrow from healthy controls (Fig. 1b).
However, we did not detect differences in numbers of
CD11b- and EMR1-positive cells between arthritic and
control animals in cultured BMMs but did confirm a
highly enriched BMM population (up to 90 %) for subse-
quent analyses (Fig. 1c).

Macrophages express receptors for acetylcholine,
noradrenaline, and vasoactive intestinal peptide
To assess whether the neurotransmitter reactivity of BMMs
is altered during the time course of CIA, we analyzed ex-
pression of receptors for ACh, NA, and VIP. We detected
mRNA expression of various neurotransmitter receptors
(Additional file 3: Figure S2) and decided to further analyze
protein expression of ARs α1D, α2B, and β2, PACAP recep-
tor 1 (an alternative VIP receptor), and muscarinic ACh re-
ceptor M5 (Fig. 2). Receptors for immunostaining were
selected upon searching the current literature for references
indicating if any of the receptor subtypes showed altered
expression or effector functions in physiological and patho-
physiological conditions. Alpha2-ARs play a role in regula-
tion of TNF release from macrophages and can be switched
from pro-inflammatory TNF release in healthy conditions to
inhibition of TNF release in a chronic constriction injury rat
model [17]. This switch would be of interest, as blockade of
TNF with therapeutic antibodies seems to play a pivotal role
in restoring defective macrophage apoptosis observed in RA
[18] or, as presented in a conflicting study, in inhibiting cell
migration into inflamed synovial regions of RA patients
[19]. Alpha1D-AR mRNA was detected in peripheral blood
monocytes from patients with juvenile RA but not in per-
ipheral blood mononuclear cells (PBMCs) of healthy donors
[20], indicating a regulatory role for this receptor subtype
under inflammatory conditions. For β2-AR, alterations in
the sympathetic-to-immune cell signaling during adjuvant-
induced arthritis, including immune organ-dependent
changes in β2-AR expression, intracellular signaling, and re-
ceptor phosphorylation, have been described [21]. Protein
analysis of PACAP receptor 1 was included because of its
described anti-inflammatory actions representing a promis-
ing target for an anti-inflammatory therapy [22]. We de-
tected mRNA for M1, M3, and M5 muscarinic ACh
receptors and decided to include only M5 for immunostain-
ing. M3 and M5, but not M1, mRNAs were expressed by
PBMCs described by Costa et al. [23]. The rare subtype M5
showed opposite effects in two different studies, making it
of specific interest in our study: transfected NIH3T3 cells
showed a pro-proliferative response upon M5 receptor
agonism [24], whereas a human melanoma cell line, A2058,
displayed reduced clonogenic potential using a novel signal-
ing pathway via M5 receptor stimulation [25].
Immunostaining of neurotransmitter receptors appears

to be comparable in both BMMs from control and CIA
rats, and there appears to be no obvious change related
to arthritis progression (20 days Fig. 2a, 40 days Fig. 2b).
However, we only qualitatively assessed the staining pro-
file without further quantification.
Collagen II-induced arthritis reduced macrophage
adhesion in acute disease state
To address the conflicting observations of significantly
higher numbers of native monocytes/macrophages in the
bone marrow of arthritic animals 20 days p. i. and the cor-
responding significantly lower number of BMMs harvested
after 2 days of pre-culture, we first compared adhesion cap-
acity of cultured BMMs from control and arthritic animals
to plastic surfaces (Fig. 3, more detailed data for adhesion
are listed in Additional file 4: Table S2A-D). Affirmatively,
we detected a significant reduction of adhesion of about
50 % in CIA macrophages compared with control macro-
phages at day 20 (Fig. 3a).



Fig. 1 Number of BMMs and analysis of surface marker expression by flow cytometry. a Total number of BMMs from control and arthritic rats
was determined after 2 days of pre-culture with M-CSF. **P < 0.01. N (control/CIA) = day 10 (9/10), day 15 (10/9), day 20 (10/9), and day 40 (10/9).
b Native bone marrow cells of control and arthritic rats harvested at the acute disease state (20 days) were characterized by flow cytometry for
macrophage-associated markers CD11b and EMR1. *P < 0.05, **P < 0.01. N = 6 for control and CIA. c BMMs of control and arthritic animals were
harvested after 2 days of pre-culture with M-CSF and characterized by flow cytometry for macrophage-associated surface marker expression of
CD11b and EMR1. CD11b: N = 7, EMR1: N = 8 for control and CIA BMMs (sum-up of experimental time points, each N comprises pooled BMMs
from 1–3 animals that were either control or CIA). Boxplots show box with median and interquartile range and whiskers from minimum to
maximum. BMM bone marrow-derived macrophage, CD11b cluster of differentiation 11b, CIA collagen II-induced arthritis, EMR1 epidermal growth
factor-like module-containing mucine-like hormone receptor-like 1, M-CSF macrophage colony-stimulating factor
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To analyze whether any of the neurotransmitters
has effects on plastic adhesion, we defined the non-
stimulated cultures of control and CIA BMMs as 100 %
(Fig. 3b and c, dotted line). The neurotransmitter effects
on BMMs from control and CIA animals are shown as
percentage of the respective non-stimulated culture.
Stimulation with either 10−6 M ACh or 10−9 M VIP

had no significant impact on adhesion of macrophages
from control animals (Fig. 3b). On the other hand, in
macrophages from arthritic animals, ACh significantly
inhibited adhesion on day 15 p. i. compared with non-
stimulated CIA BMMs (Fig. 3b). VIP increased adhesion of
CIA macrophages on day 20 and 40 p. i. when compared
with non-stimulated macrophages (Fig. 3b).
NA (10−6 M) (signaling via β-AR) reduced adhesion

10 days p. i. of BMMs from control animals compared
with non-stimulated cells. α-AR effects induced by 10−8 M
NA increased adhesion on day 40 in control macrophages



Fig. 2 Neurotransmitter receptor profile during course of CIA. Adrenergic receptors alpha 1D, alpha 2B, and beta 2 and muscarinic ACh receptor M5
and the alternative VIP receptor PACAP receptor 1 were stained in BMMs from control and CIA animals 20 (a) and 40 (b) days post immunization.
Paraformaldehyde-fixed cells were stained after 5 days of differentiation in the presence of M-CSF and RANKL, and sections containing only BMMs were
photographed. Nuclei were counterstained with DAPI. N = 4 (control and CIA). Magnification 200×. ACh acetylcholine, AChR acetylcholine receptor,
BMM bone marrow-derived macrophage, CIA collagen II-induced arthritis, DAPI 4′,6-diamidino-2-phenylindole, M-CSF macrophage colony-stimulating
factor, NA noradrenaline, PACAP pituitary adenylate cyclase-activating peptide, RANKL receptor activator of nuclear factor-kappa-B ligand, VIP vasoactive
intestinal peptide
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(Fig. 3c). Similar 10-6 M NA effects were also observed in
CIA macrophages but did not reach significance due to
higher data variance (Fig. 3c).
To determine whether the observed plastic adhesion

defect of BMMs from arthritic animals is an artificial
in vitro cell culture material effect or whether adhesion
to ECM compounds is also affected, adhesion to colla-
gen type I, fibronectin, and laminin was analyzed in ana-
logy to tissue culture plastic (Fig. 4). Of all molecules
analyzed, adhesion to collagen type I and fibronectin
was most noticeably affected, and there was an inhibited
adhesion of BMMs from arthritic animals in relation to
BMMs from controls by trend 20 days p. i. and signifi-
cantly 40 days p. i. (Fig. 4a, c). Adhesion to laminin was
inhibited 40 days p. i. by trend (Fig. 4e). Analysis of add-
itional neurotransmitter effects on adhesion to ECM mole-
cules revealed no significant effects for ACh and 10−8 M
NA (Fig. 4b, d, f). 10−6 M NA stimulation of BMMs isolated
from CIA rats 20 days p. i. showed reduced adhesion to fi-
bronectin (P= 0.0625, Fig. 4d) and laminin (P= 0.0625,
Fig. 4f). In control BMMs isolated 40 days after NaCl treat-
ment, 10−6 M NA led to significantly reduced adhesion to
collagen type I (Fig. 4b) and laminin (Fig. 4f) in relation to
non-stimulated cultures.
By trend, 10−9 M VIP inhibited adhesion to collagen type

I 20 days after NaCl treatment (P = 0.0625, Fig. 4b) and to
laminin 40 days after NaCl treatment (P = 0.0625, Fig. 4f).
Furthermore, we wanted to unravel the underlying mo-
lecular reason for the adhesion defect and therefore we an-
alyzed BMM expression of integrins CD29 (integrin β1)
and CD51/CD61 (integrin ανβ3)—which critically me-
diate these cell-matrix interactions—by flow cytometry
(Fig. 4g, h). We confirmed expression of CD29 on BMMs
(Fig. 4g) but did not detect differences in the percentage



Fig. 3 Adhesion of pre-cultured BMMs to plastic surface. Adhesion to plastic surface was measured 36 h after seeding, and pre-cultured BMMs
from controls and from CIA animals were compared (a). Data are shown as percentage of BMMs from control animals set to 100 %. Influence
of stimulation with ACh and VIP on adhesion of BMMs from control and CIA animals is shown as percentage to non-stimulated macrophages
(non-stimulated = dotted line) (b), and respective results for noradrenergic stimulation are shown under (c). N = 6 for control and CIA BMMs and
the applied neurotransmitters at each time point. Data are expressed as mean ± standard error of the mean. *P < 0.05 neurotransmitter stimulation
versus non-stimulated cells; ##P < 0.01 control cells versus CIA cells. ACh acetylcholine, BMM bone marrow-derived macrophage, CIA collagen
II-induced arthritis, NA noradrenaline, VIP vasoactive intestinal peptide
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of CD29-positive cells between control and arthritic
BMMs (Fig. 4h). Integrin CD51/CD61 was not detectable
by fluorescence-activated cell sorting (data not shown).

Caspase 3/7 activity remains unaffected in collagen
II-induced arthritis
Changes in apoptotic activity could also explain the re-
duced number of CIA BMMs (Fig. 5). (For more detailed
data, see Additional file 4: Table S2E.)
However, apoptosis remained unaltered when com-

paring control BMMs with CIA BMMs. At day 40,
apoptosis of macrophages from arthritic animals was
enhanced but did not reach significance (Fig. 5a).
The effects of neurotransmitter stimulation were analyzed

by setting the non-stimulated cultures of control and CIA
BMMs as 100 % (Fig. 5b and c, dotted line) and calculating
the percentage of the respective neurotransmitter effects on
caspase 3/7 activity in control and CIA BMMs.
In control BMMs, α- (10−8 M) and β- (10−6 M) AR

stimulation with NA enhanced apoptosis at day 15 com-
pared with non-stimulated macrophages (Fig. 5c). NA
stimulation exerted opposite effects in controls and CIA
macrophages, as apoptosis was significantly lower in CIA
cells compared with stimulated control BMMs 15 days p.
i. (Fig. 5c). 10−6 M ACh (P = 0.0938) and 10−9 M VIP by
trend enhanced apoptosis on day 15 in control BMMs
(Fig. 5b). Notably, stimulation of CIA macrophages with 10
−9 M VIP and 10−6 M ACh resulted in decreased apoptosis
rate at day 15 p. i. in relation to stimulated control BMM
cultures (Fig. 5b). After 20 days, VIP effects instead de-
creased apoptosis rate in controls (Fig. 5b).

Macrophage proliferation is strongly reduced in collagen
II-induced arthritis
Another aspect which might contribute to lower macro-
phage numbers from CIA rats is impaired proliferation
(Fig. 6 and Additional file 4: Table S2F).
When comparing proliferative capacity of macro-

phages from controls with CIA macrophages, a reduc-
tion of proliferation in CIA BMMs became noticeable
from day 10 p.i. (p=0,0906) and reached significance on
days 15 and 40 p.i. (Fig. 6a).
To further dissect the influence of CIA on prolifera-

tion, we analyzed the cell cycle distribution of BMMs
from control and arthritic animals in the course of
CIA. There were no apparent changes in cell cycle



Fig. 4 (See legend on next page.)
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(See figure on previous page.)
Fig. 4 Adhesion of pre-cultured BMMs to extracellular matrix components and expression of integrin CD29. Adhesion to extracellular matrix
components collagen type I (a, b), fibronectin (c, d), and laminin (e, f) was measured 36 h after seeding, and cultured BMMs from controls and
from CIA animals (a, c, e) 20 and 40 days post immunization were compared. Data are shown as percentage of BMMs from control animals set
to 100 %. Influence of stimulation with ACh, VIP, and NA on extracellular matrix adhesion of BMMs from control and CIA animals is shown as
percentage to non-stimulated macrophages (100 % = solid line). Results for collagen type I are shown under (b), for fibronectin under (d), and
respective results for laminin are shown under (f). *P < 0.05 neurotransmitter stimulation versus non-stimulated cells; ##P < 0.01 control cells versus
CIA cells. g, h BMMs were analyzed by flow cytometry after 2 days of pre-culture. BMMs were positive for CD29 (integrin β1, g). h compares
expression levels of CD29 on BMMs from control and arthritic animals 20 and 40 days post immunization. N = 6 for control and CIA at each
time point. Boxplots show box with median and interquartile range and whiskers from minimum to maximum. ACh acetylcholine, BMM bone
marrow-derived macrophage, CIA collagen II-induced arthritis, NA noradrenaline, VIP vasoactive intestinal peptide
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distribution at any of the observed arthritis time points
(Additional file 5: Figure S3A-D).
The effects of neurotransmitter stimulation were ana-

lyzed by setting the non-stimulated cultures of control
and CIA BMMs as 100 % (Fig. 6b and c, dotted line) and
calculating the percentage of the respective neurotrans-
mitter effects on BrdU incorporation in control and CIA
BMMs.
Stimulation of control macrophages with 10−6 M ACh

and 10−9 M VIP resulted in a significant increase on day
Fig. 5 Caspase 3/7 apoptosis assay of pre-cultured BMMs. Pre-cultured BMM
were incubated with caspase 3/7 reagent for 6–10 h. Percentage of apopto
under (a). Influence of ACh and VIP on apoptosis induction in BMMs from
percentage to non-stimulated macrophages (non-stimulated = dotted line)
under (c). N (control/CIA) = day 10 (9/10), day 15 (12/9), day 20 (10/10), and
(6/6), day 15 (6/3), day 20 (6/6), and day 40 (8/8) for ACh, VIP, and NA (10−6

*P < 0.05 neurotransmitter stimulation versus non-stimulated macrophages
marrow-derived macrophage, CIA collagen II-induced arthritis, NA noradren
20 and a significant decrease in proliferation compared
with non-stimulated BMMs on day 40 (Fig. 6b). In CIA
BMMs, 10−6 M ACh reduced proliferation on day 40 p. i.
relative to non-stimulated CIA macrophages. On day 20,
ACh and VIP stimulation showed adverse effects between
control and CIA macrophages (Fig. 6b), including in-
creased proliferation in control BMMs and reduced prolif-
eration in CIA BMMs.
Stimulation with 10−8 M and 10−6 M NA reduced

proliferation of control macrophages in relation to non-
s from control and CIA animals which were serum-deprived for 24 h
sis of CIA BMMs compared with BMMs from controls is presented
control and CIA rats during the time course of arthritis is shown as
(b). The respective results for noradrenergic stimulation are shown
day 40 (11/12). Neurotransmitter stimulation N (control/CIA) = day 10
M, 10−8 M). Data are expressed as mean ± standard error of the mean.

; #P < 0.05 control cells versus CIA cells. ACh acetylcholine, BMM bone
aline, VIP vasoactive intestinal peptide



Fig. 6 BrdU proliferation assay of pre-cultured BMMs. Pre-cultured BMMs from control and CIA animals which were serum-deprived for 24 h were cultured
in the presence of BrdU for 48 h. Percentage of cell proliferation of BMMs from CIA compared with control animals is depicted in (a). Influence of ACh and
VIP on proliferation of BMMs from control and CIA rats is shown as percentage to non-stimulated macrophages (non-stimulated = dotted line) (b).
Respective results for noradrenergic stimulation are shown under (c). N (control/CIA) = day 10 (11/12), day 15 (12/12), day 20 (12/12), and day 40
(14/14). Neurotransmitter stimulation N (control/CIA) = day 10 (6/6), day 15 (6/6), day 20 (8/8), and day 40 (8/8) for ACh, VIP, and NA (10−6 M, 10−8 M).
Data are expressed as mean ± standard error of the mean. *P < 0.05; **P < 0.01 neurotransmitter stimulation versus non-stimulated cells #P < 0.05;
##P < 0.01; ###P < 0.001 controls versus CIA. ACh acetylcholine, BMM bone marrow-derived macrophage, BrdU 5-bromo-2′-deoxyuridine, CIA
collagen II-induced arthritis, NA noradrenaline, VIP vasoactive intestinal peptide
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stimulated controls on day 40 (Fig. 6c). In CIA macro-
phages, stimulation with 10−6 M NA resulted in lower
proliferative capacity compared with non-stimulated
cells 40 days p. i. (Fig. 6c).

Discussion
Key players in RA inflammatory reactions are macro-
phages derived from myeloid precursors in the bone
marrow. Here, we wanted to analyze how the different
CIA stages affect metabolic features like adhesion, apop-
tosis, and proliferation of BMMs and how changes in
local neurotransmitter composition may add to meta-
bolic alterations of macrophages from arthritic animals.
The present in vitro study allowed us to dissect the neu-
rotransmitter influence from in vivo effects like co-
transmitter signaling and high levels of pro-inflammatory
cytokines (i.e. TNF and IL-1β).
To study macrophage characteristics, cells were enriched

from whole bone marrow preparations by their ability to
attach to untreated plastic surfaces [16]. Comparing the
different stages of CIA, we observed a noticeable decline
in macrophage numbers after 2 days of pre-culture on
plastic surfaces from bone marrow isolated at the acute
disease stage with high-grade joint inflammation. To eluci-
date whether reduced monocyte/macrophage numbers in
the native bone marrow are the underlying cause, we ana-
lyzed the proportion of CD11b-positive and EMR1-
positive (rat homolog to murine F4/80) cells in controls
and animals with acute CIA. Strikingly, both markers were
significantly elevated in the bone marrow cell suspension
of rats with acute arthritis. Consistently, although Nishida
et al. [26] found markedly reduced total bone marrow cell
numbers in a murine CIA model which is similar to pa-
tients with RA [27], the proportion of cells from the mye-
loid lineage was found to be elevated in murine arthritis
models [6, 28]. The unsettled question remained, what has
caused the profound loss of macrophage numbers from
acutely arthritic animals after the 2-day enrichment phase
on plastic culture dishes?
Contributing to this observation might be the fact that

in our in vitro system we observed a strong reduction in
adherence of macrophages to plastic surfaces at the acute
arthritis stage, which might cause the lower BMM and
precursor cell numbers. Changes in plastic adherence have
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been shown for macrophages from patients with systemic
lupus erythematosus and RA, but results could have been
influenced by corticosteroid treatment [29]. We show that
in the CIA rat model this effect is independent of treat-
ment and therefore may represent a metabolic alteration
caused solely by inflammation.
In addition to observing this CIA effect, we observed

clear alterations in plastic adhesion in the presence of
NA, ACh, and VIP. By qualitative analysis of gene ex-
pression, we ensured that BMMs express a high range of
receptors for NA, ACh, and VIP. Immunostaining of se-
lected receptors showed no qualitative differences in
receptor expression by CIA or control BMMs, and the
expression of various receptors for specific neurotrans-
mitters might result in integrative effects for each of the
neurotransmitters. In case of adhesion to plastic, NA ef-
fects were stronger in BMMs isolated from NaCl-treated
control rats, with dose-dependent reduction of adhesion
(10−6 M) 15 days after NaCl treatment and enhancement
(10−8 M) after 40 days. This timely and possibly age-
dependent effect of NA influence on plastic adhesion
was also observed by Ortega et al. using peritoneal mac-
rophages [30]. We further report an influence of ACh
and VIP on plastic adhesion of BMMs from CIA rats,
which has not been investigated before. At disease onset,
ACh inhibited adhesion whereas in acute and chronic
stages VIP effects became more effective and strongly in-
creased plastic adhesion of CIA BMMs. Although there
are no direct data available for macrophages, Reardon
et al. found a decreased expression of adhesion mole-
cules on endothelial cells after ACh stimulation, inhibit-
ing neutrophil recruitment to inflammatory regions [31].
This effect was dependent on muscarinic receptors. In
line with our data, de la Fuente et al. observed that
stimulation of peritoneal macrophages with 10−9 M VIP
clearly enhanced adhesion [32]. A more detailed analysis
of BMM adhesion to specific components of ECM
would allow conclusions involving in vivo mechanisms
as macrophages migrate via anchorage to these macro-
molecules. Therefore, attachment studies on collagen
type I, fibronectin, and laminin were conducted. Studies
with peripheral blood monocytes [33] and synovial fibro-
blasts [34] derived from patients with RA revealed in-
creased integrin expression and enhanced attachment to
ECM molecules. However, we observed a noticeable re-
duction in adhesion to type I collagen and fibronectin at
the chronic disease state. Data for the acute arthritis
time-point did not reach significance possibly due to
small sample sizes. Attachment to laminin was inhibited
by CIA by trend in the chronic phase. In contrast to
plastic adherence, adhesion to collagen I and laminin
was inhibited in control BMMs in the presence of 10
−6 M NA 40 days after NaCl treatment. In BMMs de-
rived from rats with acute CIA, 10−6 M NA instead
reduced adhesion to fibronectin and laminin. 10−9 M
VIP tended to reduce adhesion of control BMMs to col-
lagen type I and laminin 20 and 40 days after NaCl treat-
ment, respectively. ACh and 10−8 M NA failed to induce
changes in adhesion to any of the analyzed macromole-
cules (collagen I, laminin, or fibronectin). Altogether, we
found an intrinsic defect in adhesion to plastic, collagen
I, and fibronectin and partly to laminin that was caused
by CIA and, in regard to macromolecules of the ECM,
would provide a handicap to enter sites of inflammation.
NA effects observed under physiological conditions are
dampened in arthritis. ACh and VIP influences on plas-
tic adherence emerge only under arthritic conditions,
and VIP effects on adhesion to laminin and collagen
type I affect only BMMs from healthy rats, indicating a
changing neurotransmitter response concerning adhe-
sion processes to different substrates caused by un-
known, CIA-associated mechanisms.
Concomitant flow cytometry studies of CD29 (integrin

β1) expression revealed no differences for BMMs from
arthritic rats. The activation status of CD29 was not dis-
tinguishable with the applied antibody; hence, we do not
know whether CIA induced higher activity or abolished
any activated state. CD51/CD61 (integrin ανβ3), another
integrin involved in ECM adhesion, was not detectable
in our culture set-up.
A major observation of this study included changes in

BMM proliferative capacity which occurred as early as
10 days p. i. (by trend) and persisted until the chronic
state with surprisingly little differences at the acute arth-
ritis stage. Implicating the decreased adhesion of CIA
BMMs at day 20 p. i., we presume a higher macrophage
proliferative capacity at the acute arthritis stage. En-
hanced proliferation in acute inflammatory reactions re-
flects a strong requirement for immune cells to resolve
inflammation, and a local proliferative burst has been
described for macrophages under acute inflammatory
conditions [35]. On the other hand, RA profoundly im-
pairs proliferative capacity of CD34+ hematopoietic ma-
crophage progenitor cells by inducing early immuno-
senescence in the HSC compartment [36]. A reduced
proliferative responsiveness to mitotic stimulation has
also been reported for spleen cells and peripheral blood
monocytes isolated from rats with adjuvant-induced
arthritis as early as 4 days after induction [37]. Impaired
proliferation reduces the HSC pool, but high levels of local
and systemic pro-inflammatory and pro-proliferative fac-
tors at the acute arthritis stage may overcome this mech-
anism and may lead to exhaustion of precursor pools in
chronic conditions. 10−6 and 10−8 M NA strongly de-
creased proliferation in control BMMs 40 days after NaCl
treatment, but only 10−6 M affected CIA BMMs with a
lower effect size. Similarly, as shown for cell culture as-
says, high- and low-dose NA—acting via β- and α-ARs,
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respectively—decreased proliferation of BMMs [38]. In con-
trast, stimulation with VIP and ACh enhanced proliferation
in BMMs from controls, whereas the effect was abrogated
in CIA cells at the acute arthritis time point. At the chronic
time point, ACh and VIP blocked proliferation of BMMs
from both controls and arthritic animals. ACh and VIP ef-
fects have been demonstrated to be predominantly anti-
inflammatory [39, 40] and this is in line with our data. The
anti-inflammatory effects of ACh have been ascribed mainly
to signaling through the α7 receptor subunit of the nicotinic
ACh receptor (“cholinergic anti-inflammatory reflex”) [41].
Surprisingly, we failed to detect gene and protein expression
for α7 nAChR and therefore cannot assign observed ACh
effects to that specific receptor. Instead, we detected mus-
carinic M1, M3, and M5 receptor mRNA, receptor subtypes
sharing the same signaling cascade [42]. M5 receptor agon-
ism induced a pro-proliferative response in cell culture ex-
periments using transfected NIH3T3 cells [24]. Interestingly,
a human melanoma cell line, A2058, displayed reduced clo-
nogenic potential using a novel signaling pathway via M5 re-
ceptor stimulation [25] and this might explain the opposite
ACh effects in acute and chronic CIA. VIP stimulation was
shown to inhibit proliferation of HSC progenitor cells
throughVIP receptor 1 [43].
Low-dose NA, also expected to be caused by retraction

of TH-positive nerve fibres in vivo [10], did not suppress
proliferation in CIA BMMs. Possibly, ACh and VIP com-
pensate for this CIA effect in the chronic arthritis stage.
In contrast to proliferation, insufficient apoptosis of

macrophages, which may be one of the underlying causes
for longtime disease persistence, seems to be locally re-
stricted to the synovial tissue [44] as the results of the
present study show no apparent changes in BMM apop-
tosis. Notably, for caspase 3/7-mediated apoptosis, we ob-
served opposite effects of NA with profound induction of
apoptosis in BMMs from controls and protection in CIA.
This was also true for ACh and VIP. These data implicate
that, at onset, CIA, via unknown mechanisms, preferably
protects BMMs from neurotransmitter-induced apoptosis.
In cell culture assays, NA effects mediated via β- and
α-ARs, respectively, would dose-dependently induce apop-
tosis in lymphocytes and a macrophage cell line [45, 46].
VIP effects were opposite but corroborate the contrary
observations in CIA and control BMMs: VIP strongly en-
hanced apoptotic caspase 3/7 activity in neutrophils from
healthy volunteers [47] but was also shown to rescue mur-
ine acinar cells from TNF-induced apoptosis [48]. Instead,
M3 and M5 muscarinic ACh receptors have neuroprotec-
tive effects by preventing apoptosis [49].
A striking observation made in this study was the fact that

not only BMMs from CIA rats showed differential reactivity
to neurotransmitter stimulation over time, related to differ-
ent disease stages, but also BMMs derived from controls.
Although we did not analyze this phenomenon more in
depth, we suspect aging effects to be the underlying cause,
as this has been shown for NA effects on plastic adhesion of
peritoneal macrophages by Ortega et al. [30].

Conclusions
Here, we provide strong evidence that collagen-induced
arthritis alters intrinsic metabolic capacities of macro-
phages isolated from rat bone marrow and their reac-
tivity to neurotransmitter stimulation with NA, ACh,
and VIP. Starting early after immunization, CIA initiates
mechanisms that lead to impaired proliferative activity
exclusively at low and non-inflammatory stages. Highly
inflammatory conditions may override the underlying ef-
fects and restore or even enhance proliferation. Anti-
proliferative effects of low-dose NA were abrogated in
chronic arthritis, but altered reactivity to ACh and VIP
compensated for this effect and instead reduced BMM
proliferation, emphasizing the anti-inflammatory effects
of these neurotransmitters.
Pro-inflammatory conditions instead cause a strongly re-

duced plastic adhesion of macrophages evoking alterations
in in vivo-generated macrophage numbers. Additionally,
defective adhesion to type I collagen and fibronectin was
observed in chronic arthritis and might represent an actual
mechanism to hinder adhesion to ECM and to prevent
new inflammatory processes in the joints of rats with
chronic arthritis. Noradrenergic inhibition of adhesion to
collagen type I and laminin was effective only in BMMs
from healthy rats. An anergic state of CIA BMMs toward
NA-mediated inhibition of adhesion to ECM macromole-
cules would, in opposition to observed CIA effects, pro-
mote stronger infiltration.
From that we can conclude that BMMs are differentially

affected in their metabolic activity depending on disease
stage and the associated inflammatory status. Clearly, all
neurotransmitters investigated had strong adverse effects
in control and CIA macrophages, but modulation oc-
curred in a time- and assay-dependent manner. We sug-
gest that collagen-induced arthritis causes an altered
reactivity to neurotransmitter stimulation which has com-
pensatory functions in BMMs.

Additional files

Additional file 1: Table S1. Primer sequences for endpoint polymerase
chain reaction (PCR). bp base pairs.

Additional file 2: Figure S1. Collagen type II-induced arthritis (CIA).
Successful CIA induction was verified by monitoring body weight (a) and
arthritis score (b) of arthritic and control animals 10 (n = 40), 15 (n = 30),
20 (n = 20), and 40 (n = 10) days post immunization. Data are expressed
as mean ± standard error of the mean. **P < 0.01, ***P < 0.001.

Additional file 3: Figure S2. Endpoint polymerase chain reaction for
neurotransmitter receptors. Gene expression of neurotransmitter receptors
for ACh, NA, and VIP was analyzed by endpoint polymerase chain reaction
by using RNA isolated from BMM of controls 10 days (a) and 20 days (b)

http://arthritis-research.com/content/supplementary/s13075-015-0684-4-s1.docx
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following sodium chloride treatment. N = 1. AR adrenoceptors, BMM bone
marrow-derived macrophage, bp base pairs, M1-M5muscarinic acetylcholine
receptor, NA noradrenaline, nAChR nicotinic acetylcholine receptor, PACAPR1
pituitary adenylate cyclase-activating peptide receptor 1, VIPR1-2 vasoactive
intestinal peptide receptors 1 and 2.

Additional file 4: Table S2. Data summary for adhesion, apoptosis, and
proliferation assay. Table S2 summarizes data for adhesion assay (a-d), caspase
3/7 assay (e), and proliferation assay (f). Non-stimulated CIA data are shown as
percentage to BMM from control (100 %). Effects of neurotransmitter
stimulation are presented as percentage to the respective non-stimulated
CIA and control BMM (100 %). Data are expressed as mean ± standard error
of the mean. *P < 0.05 neurotransmitter stimulation versus non-stimulated
cells; #P < 0.05; ##P < 0.01; ###P < 0.001 control cells versus CIA cells. ACh
acetylcholine, BMM bone marrow-derived macrophage, CIA collagen
II-induced arthritis, NA noradrenaline, VIP vasoactive intestinal peptide.

Additional file 5: Figure S3. Cell cycle analysis. G0/G1 phase BMMs
from control and CIA rats were cultured in the presence of fetal calf
serum and macrophage colony-stimulating factor for 48 h and cell cycle
distribution was analyzed by measurement of nucleic propidium iodide
content. The graph compares the frequency of BMMs from control and
CIA animals distributed in cell cycle phases G0/G1, S, and G2/M. Results
for 10 days p. i. are presented under (a), 15 days p. i. under (b), 20 days p. i.
under (c) and 40 days p. i. under (d). N = 6 for control and CIA at each time
point. BMM bone marrow-derived macrophage, CIA collagen II-induced
arthritis, p. i. post-immunization.

Abbreviations
ACh: Acetylcholine; AR: Adrenoceptor; BMM: Bone marrow-derived
macrophage; BrdU: 5-bromo-2′-deoxyuridine; CD: Cluster of differentiation;
cDNA: Complementary deoxyribonucleic acid; CIA: Collagen type II-induced arthritis;
CO2: Carbon dioxide; ECM: Extracellular matrix; EMR-1: Epidermal growth factor-like
module-containing mucin-like hormone receptor- like 1; FCS: Fetal calf serum;
HSC: Hematopoietic stem cell; Ig: Immunoglobulin; IL: Interleukin; M-
CSF: Macrophage colony-stimulating factor; NA: Noradrenaline; NaCl: Sodium
chloride; NGS: Normal goat serum; p. i.: Post-immunization; PACAP: Pituitary
adenylate cyclase-activating peptide; PBMC: Peripheral blood mononuclear cell;
PBS: Phosphate-buffered saline; PE: Phycoerythrin; RA: Rheumatoid arthritis;
RT: Room temperature; TH: Tyrosine hydroxylase; TNF: Tumor necrosis factor;
VIP: Vasoactive intestinal peptide; α-MEM: Alpha-minimum essential medium.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
DM performed all animal and biochemical experiments as well as the data
evaluation and interpretation and was critically involved in drafting the
manuscript. CG was involved in macrophage isolation and all biochemical
assays and performed the PCR experiments, including data evaluation
and interpretation, and helped to draft the manuscript. MV performed
immunofluorescence staining and flow cytometry analysis, did all the respective
data evaluation, and helped to draft the manuscript. JG helped to draft and
revise the manuscript and was involved in conception of the study. RHS was
involved in conception and design of the study and critically revised the
manuscript. SG, as corresponding author, was responsible for conception,
coordination, and design of the study and wrote, drafted, and critically revised
the manuscript. All authors read and approved the final manuscript.

Acknowledgements
This study was supported by funds of the DFG = German Research Foundation to
SG = Susanne Grässel (GR 1301/10-1) and to RHS = Rainer H. Straub (STR 511/26-1)
as part of the priority program SPP1468 “Immunobone”.

Author details
1Experimental Orthopedics, Centre for Medical Biotechnology, Biopark I,
University of Regensburg, Josef-Engert-Str. 9, 93053 Regensburg, Germany.
2Department of Orthopedic Surgery, University of Regensburg, Kaiser-Karl
V-Allee 3, 93077 Bad Abbach, Germany. 3Laboratory of Experimental
Rheumatology and Neuroendocrine Immunology, Department of Internal
Medicine I, University Hospital Regensburg, Franz-Josef-Strauss-Allee 11,
93053 Regensburg, Germany.
Received: 15 October 2014 Accepted: 12 June 2015
References
1. McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid arthritis.

Nat Rev Immunol. 2007;7:429–42.
2. Iwamoto T, Okamoto H, Toyama Y, Momohara S. Molecular aspects of

rheumatoid arthritis: chemokines in the joints of patients. FEBS J.
2008;275:4448–55.

3. Schett G. Review: immune cells and mediators of inflammatory arthritis.
Autoimmunity. 2008;41:224–9.

4. Schett G, Firestein GS. Mr Outside and Mr Inside: classic and alternative
views on the pathogenesis of rheumatoid arthritis. Ann Rheum Dis.
2010;69:787–9.

5. Jimenez-Boj E, Nobauer-Huhmann I, Hanslik-Schnabel B, Dorotka R,
Wanivenhaus AH, Kainberger F, et al. Bone erosions and bone marrow
edema as defined by magnetic resonance imaging reflect true bone
marrow inflammation in rheumatoid arthritis. Arthritis Rheum.
2007;56:1118–24.

6. Oduro Jr KA, Liu F, Tan Q, Kim CK, Lubman O, Fremont D, et al. Myeloid
skewing in murine autoimmune arthritis occurs in hematopoietic stem and
primitive progenitor cells. Blood. 2012;120:2203–13.

7. Colmegna I, Weyand CM. Haematopoietic stem and progenitor cells in
rheumatoid arthritis. Rheumatology (Oxford, England). 2011;50:252–60.

8. Snowden JA, Kapoor S, Wilson AG. Stem cell transplantation in rheumatoid
arthritis. Autoimmunity. 2008;41:625–31.

9. Harle P, Mobius D, Carr DJ, Scholmerich J, Straub RH. An opposing time-
dependent immune-modulating effect of the sympathetic nervous system
conferred by altering the cytokine profile in the local lymph nodes and
spleen of mice with type II collagen-induced arthritis. Arthritis Rheum.
2005;52:1305–13.

10. Pongratz G, Straub RH. Role of peripheral nerve fibres in acute and chronic
inflammation in arthritis. Nat Rev Rheumatol. 2013;9:117–26.

11. Capellino S, Weber K, Gelder M, Harle P, Straub RH. First appearance and
location of catecholaminergic cells during experimental arthritis and
elimination by chemical sympathectomy. Arthritis Rheum. 2012;64:1110–8.

12. Rosas-Ballina M, Tracey KJ. The neurology of the immune system: neural
reflexes regulate immunity. Neuron. 2009;64:28–32.

13. Westman M, Engstrom M, Catrina AI, Lampa J. Cell specific synovial
expression of nicotinic alpha 7 acetylcholine receptor in rheumatoid arthritis
and psoriatic arthritis. Scand J Immunol. 2009;70:136–40.

14. Pongratz G, Straub R. The sympathetic nervous response in inflammation.
Arthritis Res Ther. 2014;16:504.

15. Ahmed N, Vogel B, Rohde E, Strunk D, Grifka J, Schulz MB, et al. CD45-
positive cells of haematopoietic origin enhance chondrogenic marker gene
expression in rat marrow stromal cells. Int J Mol Med. 2006;18:233–40.

16. Zhang X, Goncalves R, Mosser DM. The isolation and characterization of
murine macrophages. Current protocols in immunology/edited by John E
Coligan [et al.] 2008, Chapter 14:Unit 14.11.

17. Sud R, Spengler RN, Nader ND, Ignatowski TA. Antinociception occurs
with a reversal in alpha 2-adrenoceptor regulation of TNF production by
peripheral monocytes/macrophages from pro- to anti-inflammatory. Eur J
Pharmacol. 2008;588:217–31.

18. Catrina AI, Trollmo C, af Klint E, Engstrom M, Lampa J, Hermansson Y, et al.
Evidence that anti-tumor necrosis factor therapy with both etanercept and
infliximab induces apoptosis in macrophages, but not lymphocytes, in
rheumatoid arthritis joints: extended report. Arthritis Rheum. 2005;52:61–72.

19. Smeets TJ, Kraan MC, van Loon ME, Tak PP. Tumor necrosis factor alpha
blockade reduces the synovial cell infiltrate early after initiation of
treatment, but apparently not by induction of apoptosis in synovial tissue.
Arthritis Rheum. 2003;48:2155–62.

20. Roupe van der Voort C, Heijnen CJ, Wulffraat N, Kuis W, Kavelaars A. Stress
induces increases in IL-6 production by leucocytes of patients with the
chronic inflammatory disease juvenile rheumatoid arthritis: a putative role
for alpha(1)-adrenergic receptors. J Neuroimmunol. 2000;110:223–9.

21. Lorton D, Bellinger DL, Schaller JA, Shewmaker E, Osredkar T, Lubahn C.
Altered sympathetic-to-immune cell signaling via beta(2)-adrenergic
receptors in adjuvant arthritis. Clin Dev Immunol. 2013;2013:764395.

22. Lauenstein HD, Quarcoo D, Plappert L, Schleh C, Nassimi M, Pilzner C, et al.
Pituitary adenylate cyclase-activating peptide receptor 1 mediates

http://arthritis-research.com/content/supplementary/s13075-015-0684-4-s4.docx
http://arthritis-research.com/content/supplementary/s13075-015-0684-4-s5.jpeg


Muschter et al. Arthritis Research & Therapy  (2015) 17:169 Page 15 of 15
anti-inflammatory effects in allergic airway inflammation in mice. Clin Exp
Allergy. 2011;41:592–601.

23. Costa P, Auger CB, Traver DJ, Costa LG. Identification of m3, m4 and m5
subtypes of muscarinic receptor mRNA in human blood mononuclear cells.
J Neuroimmunol. 1995;60:45–51.

24. Burstein ES, Hesterberg DJ, Gutkind JS, Brann MR, Currier EA, Messier TL. The
ras-related GTPase rac1 regulates a proliferative pathway selectively utilized
by G-protein coupled receptors. Oncogene. 1998;17:1617–23.

25. Kohn EC, Alessandro R, Probst J, Jacobs W, Brilley E, Felder CC. Identification
and molecular characterization of a m5 muscarinic receptor in A2058
human melanoma cells. Coupling to inhibition of adenylyl cyclase and
stimulation of phospholipase A2. J Biol Chem. 1996;271:17476–84.

26. Nishida S, Tsurukami H, Sakai A, Sakata T, Ikeda S, Tanaka M, et al. Stage-
dependent changes in trabecular bone turnover and osteogenic capacity of
marrow cells during development of type II collagen-induced arthritis in
mice. Bone. 2002;30:872–9.

27. Papadaki HA, Kritikos HD, Gemetzi C, Koutala H, Marsh JC, Boumpas DT,
et al. Bone marrow progenitor cell reserve and function and stromal cell
function are defective in rheumatoid arthritis: evidence for a tumor necrosis
factor alpha-mediated effect. Blood. 2002;99:1610–9.

28. Proulx ST, Kwok E, You Z, Papuga MO, Beck CA, Shealy DJ, et al. Elucidating
bone marrow edema and myelopoiesis in murine arthritis using contrast-
enhanced magnetic resonance imaging. Arthritis Rheum. 2008;58:2019–29.

29. Tas SW, Quartier P, Botto M, Fossati-Jimack L. Macrophages from patients
with SLE and rheumatoid arthritis have defective adhesion in vitro, while
only SLE macrophages have impaired uptake of apoptotic cells. Ann Rheum
Dis. 2006;65:216–21.

30. Ortega E, Garcia JJ, De la Fuente M. Modulation of adherence and chemotaxis
of macrophages by norepinephrine. Influence of ageing. Mol Cell Biochem.
2000;203:113–7.

31. Reardon C, Duncan GS, Brustle A, Brenner D, Tusche MW, Olofsson PS, et al.
Lymphocyte-derived ACh regulates local innate but not adaptive immunity.
Proc Natl Acad Sci U S A. 2013;110:1410–5.

32. de la Fuente M, Delgado M, del Rio M, Garrido E, Leceta J, Hernanz A, et al.
Vasoactive intestinal peptide modulation of adherence and mobility in rat
peritoneal lymphocytes and macrophages. Peptides. 1994;15:1157–63.

33. Liote F, Boval-Boizard B, Weill D, Kuntz D, Wautier JL. Blood monocyte
activation in rheumatoid arthritis: increased monocyte adhesiveness,
integrin expression, and cytokine release. Clin Exp Immunol. 1996;106:13–9.

34. Rinaldi N, Schwarz-Eywill M, Weis D, Leppelmann-Jansen P, Lukoschek M,
Keilholz U, et al. Increased expression of integrins on fibroblast-like
synoviocytes from rheumatoid arthritis in vitro correlates with enhanced
binding to extracellular matrix proteins. Ann Rheum Dis. 1997;56:45–51.

35. Davies LC, Rosas M, Smith PJ, Fraser DJ, Jones SA, Taylor PR. A quantifiable
proliferative burst of tissue macrophages restores homeostatic macrophage
populations after acute inflammation. Eur J Immunol. 2011;41:2155–64.

36. Colmegna I, Diaz-Borjon A, Fujii H, Schaefer L, Goronzy JJ, Weyand CM.
Defective proliferative capacity and accelerated telomeric loss of
hematopoietic progenitor cells in rheumatoid arthritis. Arthritis Rheum.
2008;58:990–1000.

37. Gilman SC, Daniels JF, Wilson RE, Carlson RP, Lewis AJ. Lymphoid abnormalities
in rats with adjuvant-induced arthritis. I. Mitogen responsiveness and
lymphokine synthesis. Ann Rheum Dis. 1984;43:847–55.

38. Xiu F, Stanojcic M, Jeschke MG. Norepinephrine inhibits macrophage
migration by decreasing CCR2 expression. PLoS One. 2013;8:e69167.

39. Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI, Watkins LR, et al.
Vagus nerve stimulation attenuates the systemic inflammatory response to
endotoxin. Nature. 2000;405:458–62.

40. Delgado M, Abad C, Martinez C, Leceta J, Gomariz RP. Vasoactive intestinal
peptide prevents experimental arthritis by downregulating both
autoimmune and inflammatory components of the disease. Nat Med.
2001;7:563–8.

41. Levine YA, Koopman FA, Faltys M, Caravaca A, Bendele A, Zitnik R, et al.
Neurostimulation of the cholinergic anti-inflammatory pathway ameliorates
disease in rat collagen-induced arthritis. PLoS One. 2014;9:e104530.

42. Haga T. Molecular properties of muscarinic acetylcholine receptors. Proc Jpn
Acad Ser B Phys Biol Sci. 2013;89:226–56.

43. Rameshwar P, Gascon P, Oh HS, Denny TN, Zhu G, Ganea D. Vasoactive
intestinal peptide (VIP) inhibits the proliferation of bone marrow
progenitors through the VPAC1 receptor. Exp Hematol. 2002;30:1001–9.
44. Scatizzi JC, Hutcheson J, Pope RM, Firestein GS, Koch AE, Mavers M, et al.
Bim-Bcl-2 homology 3 mimetic therapy is effective at suppressing
inflammatory arthritis through the activation of myeloid cell apoptosis.
Arthritis Rheum. 2010;62:441–51.

45. Brown SW, Meyers RT, Brennan KM, Rumble JM, Narasimhachari N, Perozzi EF,
et al. Catecholamines in a macrophage cell line. J Neuroimmunol.
2003;135:47–55.

46. Josefsson E, Bergquist J, Ekman R, Tarkowski A. Catecholamines are
synthesized by mouse lymphocytes and regulate function of these cells by
induction of apoptosis. Immunology. 1996;88:140–6.

47. Abdalla EE. Modulation of human neutrophil apoptosis by gut hormones.
Int J Health Sci. 2010;4:53–8.

48. Calafat M, Larocca L, Roca V, Hauk V, Pregi N, Nesse A, et al. Vasoactive
intestinal peptide inhibits TNF-alpha-induced apoptotic events in acinar cells
from nonobese diabetic mice submandibular glands. Arthritis Res Ther.
2009;11:R53.

49. Budd DC, McDonald J, Emsley N, Cain K, Tobin AB. The C-terminal tail of the
M3-muscarinic receptor possesses anti-apoptotic properties. J Biol Chem.
2003;278:19565–73.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Animals
	Collagen II-induced arthritis model
	Isolation of bone marrow macrophages and primary culture
	Immunofluorescence staining of neurotransmitter receptors
	Endpoint polymerase chain reaction for neurotransmitter receptors
	Crystal violet adhesion assay
	Caspase 3/7 apoptosis assay
	BrdU proliferation assay
	Flow cytometry
	Cell cycle analysis
	Surface marker and integrin expression analysis
	Statistical analysis


	Results
	Assessment of experimental arthritis progression and influence on numbers of bone marrow macrophages
	Macrophages express receptors for acetylcholine, noradrenaline, and vasoactive intestinal peptide
	Collagen II-induced arthritis reduced macrophage adhesion in acute disease state
	Caspase 3/7 activity remains unaffected in collagen II-induced arthritis
	Macrophage proliferation is strongly reduced in collagen II-induced arthritis

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



