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Abstract
The endocannabinoid system (ECS) is a retrograde messenger system, consisting of lipid

signaling molecules that bind to at least two G-protein-coupled receptors, Cannabinoid

receptor 1 and 2 (CB1 and 2). As CB2 is primarily expressed on immune cells such as B

cells, T cells, macrophages, dendritic cells, and microglia, it is of great interest how CB2

contributes to immune cell development and function in health and disease. Here, under-

standing the mechanisms of CB2 involvement in immune-cell function as well as the traffick-

ing and regulation of CB2 expressing cells are crucial issues. Up to now, CB2 antibodies

produce unclear results, especially those targeting the murine protein. Therefore, we have

generated BAC transgenic GFP reporter mice (CB2-GFPTg) to trace CB2 expression in
vitro and in situ. Those mice express GFP under the CB2 promoter and display GFP

expression paralleling CB2 expression on the transcript level in spleen, thymus and brain

tissue. Furthermore, by using fluorescence techniques we show that the major sources for

GFP-CB2 expression are B cells in spleen and blood and microglia in the brain. This novel

CB2-GFP transgenic reporter mouse line represents a powerful resource to study CB2

expression in different cell types. Furthermore, it could be used for analyzing CB2-mediated

mobilization and trafficking of immune cells as well as studying the fate of recruited immune

cells in models of acute and chronic inflammation.

Introduction
The CB2 receptor was discovered in 1993 by Munro et al. [1] in a study showing that CB2
mRNA was present in splenocytes, but not detectable in the brain. This observation was con-
firmed by autoradiography studies using the high affinity CB1/CB2 agonist CP55,940, which
showed a distinct pattern of labeling in wildtype (WT) mouse brains and a complete absence of
detectable binding in CB1 KO mouse brains [2,3], whereas a clear labeling was present in the
CB1 KO spleen [3]. Later, studies confirmed the presence of CB2 in cells of the immune sys-
tem, such as macrophages, natural killer cells, monocytes, neutrophils, and B and T cells [4].
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CP55,940 showed strong binding to the spleen of WT, but not in CB2 KO mice [5], indicating
that CB2 is the main cannabinoid receptor on immune cells.

Conversely, immunohistochemistry approaches for the study of CB2 protein expression
revealed a widespread labeling for CB2 in the uninjured brain [6–8]. Indeed, there is some
pharmacological evidence for potential functional effects of CB2 receptors in the brain [9].
However, this evidence does not support the hypothesis reinforced by immunohistochemistry
data indicating that CB2 receptors are broadly expressed in neurons in the brain, which is a
highly debatable finding [10].

Baek et al. [11] recently examined CB2 immunolabeling using various commercially avail-
able CB2 antibodies on uninjured brain tissue of WT and CB2 KOmice. They found that inter-
pretation of immunohistochemistry results with CB2 antibodies in brain tissue should be done
with great caution. Validation of CB2 antibodies often failed when knockout control tissue was
included.

To address the problem of antibody specificity, we have now generated BAC transgenic
mice expressing GFP under the CB2 promoter (CB2-GFPTg).

Material and Methods

Animals
Experimental procedures complied with all regulations for animal experimentation in Ger-
many and were approved by the Landesamt für Natur, Umwelt und Verbraucherschutz in
Nordrhein-Westfalen, Germany (AZ: 84–02.04.2012.A146, 8.84–02.05.20.11.101).

Mice carrying the CB2Tg(eGFP FRT) transgenic allele, hereafter referred to as CB2-GFPTg,
were derived by microinjection of (C57BL/6J X DBA) F1 eggs and subsequently maintained by
backcrossing to C57BL/6J stocks.

Generation of the CB2-GFP BAC Transgene
For the generation of the CB2/eGFP-FRT-Neo1 fragment we took advantage of several in vivo
recombination kits from Gene Bridges. A 9kb fragment from a mouse BAC clone (RP23-3B6,
C57BL6/J library) including the CB2 ORF was subcloned from a mouse BAC clone (RP23-3B6,
C57BL6/J library), using the primers CB2subF and CB2subR (S1 Table). Next a
FRT-PGK-Neo1-FRT PCR fragment was inserted 933bp downstream of the CB2 ORF in the
CB2-subclone, using the primers FRTNeoF and FRTNeoR (S1 Table), resulting in the
CB2-FRT-Neo1-subclone plasmid (S1 Table). After that, the eGFP ORF from the eGFPN1
(Promega) was amplified using the primers eGFP_F1 and eGFP_Bam_R1 (S1 Fig, S1 Table), to
add 50bp genomic mouse sequence adjacent 3´ and 5´ to the CB2 ORF to both sites of the
eGFP ORF. Additionally, a cloning BamHI restriction site was inserted at the 3´ end. The prim-
ers eGFP_Aat_F2 and eGFP_R2 (S1 Fig, S1 Table) were used to add additional 50 bp genomic
mouse sequence to the previously amplified fragment and also a cloning AatII restriction site
on the 5´ end. This amplification resulted in a 940 bp fragment comprised of the eGFP ORF
flanked up- and downstream by 100 bp mouse genomic sequences and a 3´BamHI and a
5´AatII restriction site. This elongated eGFP PCR product was then ligated and cloned via
AatII and BamHI digestion site into the likewise cut CB2-FRT-Neo1-subclone plasmid, result-
ing in the CB2/eGFP-FRT-Neo1 plasmid (S1 Fig). This plasmid now contains the eGFP ORF
instead of the CB2 ORF. Then the CB2-GFP-FRT-Neo1 was amplified using the primers
eGFP_F1 and FRTneoR and the CB2-FRT-Neo1-FRT-subclone as template. In the next step,
this PCR product containing the CB2/eGFP-FRT-Neo1 reporter moiety was introduced into
the original mouse BAC RP23-3B6. In this manner, the Cnr2 ORF was replaced by the GFP
gene without interfering with putative promoter sequences of the Cnr2 gene (Fig 1A). In the
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final step, the FRT-PGK-Neo1-FRT selection cassette was cut out using a flp recombinase (Fig
1A). Appropriate integration of the GFP reporter was confirmed by direct sequencing of the
BAC clone in conjunction with restriction enzyme analysis.

Generation of CB2-GFP BAC transgenic mice
CB2-GFP BAC DNA was digested with Clal and a 74kb fragment comprising 32kb upstream
to Cnr2 exon Ia and 17kb downstream to Cnr2 exon II (S2A Fig) was microinjected into fertil-
ized mouse eggs (C57BL/6J X DBA) as described in [12]. Transgenic founder were identified
by PCR using the primers eGFP_Aat_F2 and eGFP_R2 or by Southern blot using a genomic
probe generated with the primer probe F and probe R (S2A Fig, S1 Table). The CB2-GFPTg
mice were maintained on a hemizygote level and were backcrossed to C57BL6/J for at least five
generations. Expression across all lines was screened using tail vein blood and flow cytometric
analysis like described in [13].

Total RNA preparation and RT PCR
Mouse tissues from CB2-GFPTg mice and Wt mice were rapidly dissected after cervical dislo-
cation, snap frozen in isopentane and stored at −80°C. Total RNA was prepared using the Tri-
zol method (Invitrogen, Germany). Five μg RNA and 0.5 μg oligo dT (20) primers (Invitrogen)
were heated at 70°C for 4 min, chilled on ice and reverse transcribed in a total volume of 20 μl
containing 4 μl first strand buffer (Invitrogen), 2 μl 0.1 M DTT, 1 μl 10 mM dNTPs, 0.5 μl
RNase OUT (Invitrogen), and 200 U Superscript II reverse transcriptase (Invitrogen) at 42°C
for 50 min.

Quantitative real-time PCR (qPCR)
Quantitative real-time PCR (qPCR) was performed using a LightCycler1 480 (Roche, Ger-
many) on cDNA samples. The PCR reaction was carried out at 50°C for 2 min, 95°C for 10
min followed by 40 cycles of 95°C for 15 s, then 60°C for 1 min using the TaqMan1 Gene
Expression Master Mix (Applied Biosystems, USA). TaqMan1 primer and probe sets were
purchased from Applied Biosystems: Mm00438286_m1 for Cnr2, Mr04097229_mr for GFP
and Mm01545399_m1 for hypoxanthine guanine phosphoribosyl transferase (HPRT). HPRT
was used to normalize for the amount of sample in a given reaction.

Western blot analysis
Mouse tissues were homogenized in 10 mM Tris HCl pH 8, 150 mMNaCl, 5 mM EDTA, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% SDS containing Complete Mini protease inhibitor
cocktail (Roche). Protein concentration was determined using the BCA Protein Assay (Pierce).

Fig 1. Construction of CB2-GFP BAC transgene and expression in various transgenic mouse tissues. (a) Schematic diagram of GFP-FRT-Neo1 BAC
modification fragment and homologous recombination into the wild-type Cnr2 BAC depicts Cnr2 exons (black rectangles), ORF (open box), and
GFP-FRT-Neo1 fusion reporter (green/blue). Cnr2 homology arms (each*50 bp) are shown on either side of the insert sequence. Introduction of the
GFP-FRT-Neo1 cassette leads to a replacement of the Cnr2 ORF without affecting any putative Cnr2 promoter sequences. Excision of the Neo1 cassette
after integration to derive the final CB2-GFPTg BAC transgene is shown. Restriction enzymes and a genomic probe (black bar) used for Southern blot
analysis are indicated. Exons are represented as rectangles and FRT sites as triangles. P: PstI; A: AseI; C: ClaI. (b) Screening for transgene integration by
PCR. Integration of the CB2-GFPTg BAC into the genomic mouse DNA was confirmed by PCR with specific primers (eGFP_Aat_F2 and eGFP_R2) as
indicated with arrows in a. Three independent founders were identified (asterisks) by the detection of an additional band representing the GFP. (c)
Comparison of GFP and CB2mRNA expression in brain, spleen and thymus relative to HPRT reference gene expression. In brain tissue samples neither
GFP nor CB2 mRNA expression was detectable. Thymus showed moderate expression of both, GFP and CB2, whereas spleen tissue revealed highest
expression of GFP and CB2. n = 4. (d) Representative western blot analysis of GFP protein expression in brain, thymus and spleen in CB2-GFPTg andWT
mice. CB2-GFPtg mice showed moderate GFP protein expression in thymus and high GFP protein expression in spleen. No detectable GFP protein
expression in brain tissue samples as well as in samples of WT littermates. GAPDHwas used as loading control.

doi:10.1371/journal.pone.0138986.g001
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20 μg of the protein extracts were separated by 4–12% SDS-PAGE and probed with goat anti-
GFP (ab6673) polyclonal antibody (1:1000; BD, overnight at 4°C) followed by rabbit anti-goat
peroxidase-conjugated antibody (1:10,000; Jackson ImmunoResearch, 1 h at room tempera-
ture) and then exposed to enhanced chemiluminescence substrate (ECL; Pierce) for 5 minutes.
After stripping, the blot was labeled with a mouse anti-GAPDH antibody (Abcam 9484,
1:5000, 2 h at room temperature) followed by a goat anti-mouse peroxidase-conjugated anti-
body (Jackson Lab, 1:3000, 1 h at room temperature). Blots were incubated with ECL for 5 min-
utes and analyzed using the ChemiDoc™MP Imagine System from Bio-Rad and the ImageLab
4.01 software.

Cryosectioning of mouse tissue
Six week old Wt and CB2-GFPTg mice were anesthetized and perfused intracardially with ice-
cold PBS, followed by perfusion with ice-cold 4% PFA. Spleens and brains were removed and
fixed with 4% PFA at 4°C over night. Tissue was transferred to 20% sucrose and again incu-
bated over night at 4°C. Afterwards, tissue was embedded in Tissue Tec, and stored at –80°C
until cyrosectioning. Cryosection was performed with a Cryostat (CM3050S, Leica) and slices
of 12 μm thickness were generated.

Blood extraction
For analysis of GFP expression by different leukocyte subsets, mice were anesthetized and
blood was taken from tail vein. Blood was incubated in erythrocytes-lysis buffer (155 mM
NH4Cl, 7.3 mM K2CO3, 0.127 mM EDTA and aqua bidest) for 5 min at room temperature.
Erythrocyte-free blood cells were washed twice in PBS containing 2% FCS and subjected to cell
surface marker staining for flow cytometric analysis.

Splenocyte isolation
For cultivation of splenocytes, spleens from six week old Wt and CB2-GFPTg mice were iso-
lated and homogenized with a 100 μm cell strainer. Cells were cultured over night at 5% CO2,
37°C in RPMI containing 10% FCS, 1% penicillin/ streptomycin, 1% L-glutamine and 500 μl β-
mercaptoethanol on IgM-coated cell culture plates and harvested on the next day for flow cyto-
metric analysis. For stimulation, lipopolysaccharide (LPS) (1 μg/ml) or 5 μM cytosine-phos-
phate-guanosine (CpG)-DNA were added 16h before harvesting.

Flow cytometry
Cells were labeled with fluorochrome-coupled anti-mouse antibodies or biotin-coupled anti-
mouse antibodies, followed by incubation with streptavidin-fluorochrome coupled secondary
reagents. Antibodies (RRID): CD4 (L3T4) (AB_466330), CD19 (AB_657663), CD11b
(AB_1582236), CD8a (AB_1272198), CD45 (AB_396774), CD335 (NKp46) (AB_1210743),
CD16/32 (AB_312801), B220 (AB_396793), TCRβ (AB_466818). Immunofluorescence of
labeled cells was subsequently measured by using a FACS Canto II (BD Bioscience, Heidelberg,
Germany), equipped with FACSDiva software. Data analysis was performed using FlowJo soft-
ware (Tree Star Inc., Ashland, USA).

Immunofluorescence and LSM
Spleen and brain slices of 12 μm thickness were permeabilized with 0.2% or 0.5% Triton X-100
for 20min or 1h, respectively. Slices were blocked with 3% BSA (spleen) or 5% NDS + 0.5%
BSA (brain) for 2h at room temperature. Afterwards, spleen and brain slices were stained with

Expression Analysis of CB2-GFP BAC Transgenic Mice

PLOS ONE | DOI:10.1371/journal.pone.0138986 September 25, 2015 5 / 16



primary antibodies at indicated dilutions (in blocking solution) over night at 4°C. A secondary
antibody (diluted 1:500) coupled to either AF647 or Cy3 fluorochrome was incubated for 1h at
room temperature. Antibodies: Iba1 (AB_839506) 1:500, CD11c (AB_395059) 1:100, B220
(AB_466449) 1:200, TCRβ (AB_466818) 1:200, GFP (AB_305643) 1:1000, NeuN (AB_177621)
1:200, GFAP (AB_305808) 1:500, Donkey-anti-rabbit AF647 (AB_10563288), Donkey-anti-rat
AF647 (Invitrogen), Donkey-anti-goat Cy3 (Jackson Lab), anti hamster IgG (Biotin)
(AB_2336137), Streptavidin-APC (Biozol). Pictures were taken with a laser scanning confocal
microscope (Leica SP8).

Data analysis
Statistical analysis was performed using two-way analysis of variances (ANOVA), followed by
Bonferroni posthoc test if appropriate (version 6.0d, Prism software, GraphPad, USA). A value
of p< 0.05 was considered significant.

Results

Generation of CB2-GFPTg mice
We integrated a green fluorescent protein (GFP) into a BAC clone spanning the Cnr2 locus
(S2A Fig) and produced three positive founders with this transgene construct (CB2-GFPTg
4,12,13, S2B Fig). Through screening for GFP expression of PBMCs isolated from tail vein
blood by flow cytometry, we identified one line (CB2-GFPTg 4) that exhibited reliable expres-
sion in the FITC channel (S2C Fig). Thus, subsequent analyses were carried out with that one
line (CB2-GFPTg 4).

GFP- and CB2-expression in CB2-GFPTg mice
Highest expression of GFP and CB2 mRNA was detected by quantitative real-time PCR
(qPCR) in spleen tissue. Thymus showed a moderate expression of GFP and CB2 mRNA,
whereas brain tissue did not show any expression (Fig 1C). Next, we analyzed GFP protein
expression in these three organs using an anti-GFP antibody. In line with the qPCR results, we
found highest protein expression in spleen, a moderate GFP expression in thymus but no GFP
protein expression in brain tissue. GFP expression was not detectable in brain samples of Wt
littermates (Fig 1D).

Visualization of GFP in CB2-GFPTg mice
Representative histograms of cellular subsets isolated from peripheral blood mononuclear cells
(PBMCs) from transgenic and wildtype littermates (CB2-GFP founder 4) showed different
expression profiles of GFP (Fig 2). CD45 positive cells were then stained for further cell surface
markers representing various cell types in spleen. T-lymphocytes were identified by CD3 and
CD4 or CD8 expression. In CD4+ lymphocytes, approximately 23% of the gated population
showed a higher GFP expression (black line) compared to cells of non-transgenic littermates
(shaded area in gray) (Fig 2A). In contrast to CD4+ lymphocytes, approximately 53% of all
CD8+ lymphocytes exhibited strong expression of GFP (Fig 2B). We also found high GFP
expression in CD11b+ cells (64%) (Fig 2C). However, this expression was heterogeneous, seen
as two distinct peaks in the histograms, indicating a low and high GFP-expressing population
in CD11b+ cells. B cells, identified by CD19, showed a homogenous expression of GFP in 46%
of all cells (Fig 2D). We could also identify GFP expression in CD335 expressing natural killer
cells (NK cells) (Fig 2E). However, expression level of CD335 itself differed between PBMC
samples of CB2-GFPTg mice, indicating a high heterogeneity of CD335+ cell populations.
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Quantifying GFP expression in all different cellular subsets (S3 Fig), we found the highest
expression of GFP in B cells (CD19+) and monocytes (CD11b+). Lymphocytes, CD4+ and
CD8+, and NK-cells (CD335+) showed a significantly lower expression of GFP. In comparison
to CB2-GFPTg mice, WT littermates showed no expression of GFP.

As we observed high expression of CB2 in the spleen (Fig 1C), it was of interest which cell
types are expressing CB2 within the spleen. Thus, we performed immunohistochemical stain-
ings for B cells (B220), T cells (TCRβ), macrophages (Iba1) and dendritic cells (DCs) (CD11c).

Immunohistochemical analysis showed a predominant expression of GFP in B cell follicles
with a slight enrichment in the borders to the marginal zone (Fig 3). We detected a strong co-
localization of GFP expression with B220, a marker mostly expressed by B cells. In contrast, we
observed only faint co-expression of GFP with CD11c, Iba1 or TCRβ.

Beside CB2 expression in the spleen, we were also interested in CB2-GFP expression in the
brain. Due to high autofluorescence of brain tissue in the GFP channel, immunohistochemical
staining with an anti-GFP antibody was necessary to enhance the GFP signal. We observed
CB2-GFP expression in the hippocampus (Fig 4A). Detailed analysis revealed that CB2-GFP
co-localized with Iba1 expressing microglia cells (Fig 4B, second row) but not with NeuN posi-
tive neurons (Fig 4B, third row) or GFAP expressing astrocytes (Fig 4B, fourth row).

Induction of GFP expression in CB2-GFPtg splenocytes
As our data revealed high expression of CB2 on splenic B cells, we wanted to test whether CB2
expression was regulated during pro-inflammatory stimulation. Thus, isolated splenocytes
were stimulated in vitro with LPS or CpG and GFP expression was measured by flow
cytometry.

Twenty percent of splenic B cells expressed GFP (Fig 5A). Following stimulation with LPS
the number of CB2-GFP+ B cells significantly increased up to 39% (p< 0.01) and with CpG up
to 32% (p< 0.05) (Fig 5A). In general, we noticed that the quantity of B220+ cells was not
altered by stimulation with LPS or CpG (Fig 5B). We also observed that not the GFP expression
intensity is increased by an inflammatory stimulus, but the number of GFP expressing cells in
total is enhanced (Fig 5C).

Discussion
Here, we report the generation of a novel BAC-based transgenic mouse line to study Cnr2 gene
expression in mouse tissues. CB2-GFPTg mice express eGFP under the control of the endoge-
nous CNR2-promotor. The use of this reporter mouse line permits the direct detection of
CB2-expressing cells by flow cytometry,Western blot and histological analyses, thus avoiding
usage of unspecific antibodies. Our data revealed GFP expression in all tissues where CB2 is
expressed.

We first aimed to validate Cnr2 and GFP RNA expression and detected similar transcript
levels in thymus and spleen. Highest CB2 and GFP expression levels were found in the spleen,
a moderate expression in the thymus and negligible expression in brain tissue samples of
CB2-GFPTg mice. This indicates that the locus of BAC-vector integration produces similar
transcript amounts of GFP compared to Cnr2. Cnr2 mRNA in mouse lymphoid tissues have
been studied previously by Schatz et al [14]. In line with our results, they demonstrated that

Fig 2. Comparison of GFP expression in murine PBMC using flow cytometry. Expression of CB2 protein was investigated using CB2-GFPmice and
depicted by representative histograms of three individual transgenic mice in comparison to a non-transgenic littermate. In average 23% of CD4+ T-
lymphocytes (a), 53% of CD8 T-lymphocytes (b), 64% of CD11b (c), 46% of CD19 (d) and 30% of CD335 cells (e) showed expression of GFP. All subsets
were pre-gated on CD45+ cells and data analysis was performed using FlowJo software (Tree Star Inc., Ashland, USA).

doi:10.1371/journal.pone.0138986.g002
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Cnr2 was highly expressed in mouse spleen and to a lower extend in thymus using Northern
blot analysis. However, whole brain tissue was devoid of any Cnr2 transcripts, although we
cannot exclude Cnr2 expression in particular brain regions. We even substantiated this finding
by analyzing protein expression using a GFP-specificWestern blot of the same tissues. This
expression pattern seems to be quite conserved, as CB2 mRNA expression in human lymphoid
tissues resembles murine expression [15]. From this, we conclude that CB2-GFPTg mice could
be used to identify CB2 expressing cells. When we analyzed GFP expression in blood cells, we
found the highest expression levels in B cells and monocytes, lower expression levels in CD4
and CD8 lymphocytes and NK cells. Carayon and colleagues investigated CB2 expression levels
in mononuclear cells isolated from peripheral human blood and could show that B lympho-
cytes, identified by CD20 expression, expressed the highest level of CB2 receptors, followed by
NK cells, CD8+ and CD4+ lymphocytes [16]. These findings are in line with our results, show-
ing the highest expression of CB2-GFP on B cells, followed by monocytes and NK-cells. Lowest
expression of CB2 was found on lymphocytes (CD8+ > CD4+).

We further investigated the cellular distribution of the GFP fluorescence signal in the spleen.
Immunohistochemical analysis of splenic tissue revealed a strong co-localization of CB2-GFP
and B220, indicating an expression of CB2 on B cells within the spleen. On the contrary, we
detected only a weak or no co-localization of CB2-GFP with Iba1, CD11c or TCRβ. Therefore,
we conclude that CB2 is not or very faintly expressed on macrophages, dendritic cells or T cells
under basal conditions in this tissue. Other groups already demonstrated that CB2 is mainly
expressed on B cells in the spleen [17,18]. It was even found that B cells express highest levels
of CB2 among immune cells [15,19]. Several studies indicate an important function for CB2 in
B cell biology: Cannabinoids have been shown to promote proliferation and chemotaxis of B
cells in vitro [20,21]. Additionally, in vivo studies revealed a relevant role for CB2 in B cell pro-
liferation and maturation, which is specifically disturbed in CB2 deficient mice. These mice dis-
played reduced numbers of B cells in the marginal zone (MZ) [22,23]. In contrast, the number
of macrophages, which are important for B cell development and retention [24,25], is not
altered in CB2 deficient mice [26]. Another role for the CB2 receptor on B cells could be the
regulation of B cell tropism for the splenic MZ, as Muppidi et al reported that CB2 acts as posi-
tional cue for MZ B cells and retains MZ B cells within the spleen [18]. To fully characterize
CB2-GFP expression of our newly generated reporter mouse, we further analyzed brain tissue
of CB2-GFPTg mice. Microglia, the resident immune cells of the brain, are known to express
CB2. As microglia are present at high levels within the CA1-region of the hippocampus, we
focused on CB2-GFP expression in hippocampal tissue. Here, we observed CB2-GFP expres-
sion on microglia of naïve CB2-GFP mice. The expression level, however, is dependent on their
state of activation [27–30]. CB2 can modulate microglia migration and infiltration to sides of
inflammation within the CNS [31–33]. It is described that microglia do not express CB2 in
healthy tissue [28]. However, CB2 expression on microglia within the context of several neuro-
inflammatory diseases, such as Alzheimer’s or Huntington’s Disease, simian immunodefi-
ciency virus-induced encephalitis, HIV encephalitis, and multiple sclerosis was shown by sev-
eral publications [34–37]. Our results indicate that CB2 is expressed on microglia even under
non-inflammatory conditions. Recent publications also detected CB2 expression on neurons
[38], however, we were not able to reveal these findings in our experimental conditions. There-
fore, the debatable finding of CB2 expressing neurons has to be proven in further studies.

Fig 3. Analysis of CB2 expression in CB2-GFPTgmice. Immunohistochemical analysis of GFP expression in the spleen of CB2-GFPTg mice. Shown are
representative spleen tissue sections of CB2-GFPTg stained for B220, CD11c, Iba1 and TCRβ (red), GFP expression is displayed as green staining.
CB2-GFP is co-localized with B220 expression, whereas no co-expression with CD11c, Iba1 or TCRβ was observed (scale bar = 50 μm).

doi:10.1371/journal.pone.0138986.g003
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To study the influence of inflammatory stimuli on the regulation of CB2 expression, we
stimulated isolated splenocytes with LPS or CpG and analyzed the expression of CB2-GFP by
flow cytometry. Our data demonstrate that stimulation with both LPS and CpG causes a

Fig 4. CB2-GFP expression in the hippocampus of WT and CB2-GFPmice. Immunohistochemical
analysis of GFP expression in the brain of CB2-GFPTg mice. CB2-GFPtg mice show GFP expression in the
hippocampus (a, right) which is not present in WTmice (a, left) (scale bar = 250 μm). CB2-GFP expression is
co-localized with Iba1-staining (b, second row), but not with NeuN (b, third row) or GFAP (b, fourth row). Fig
4B, first row shows background analysis in WTmice (scale bar = 50 μm).

doi:10.1371/journal.pone.0138986.g004

Fig 5. Enhanced GFP expression in stimulated splenic B cells. Splenocytes of WT and CB2-GFPTg mice were stimulated with LPS or CpG and GFP
expression was analyzed by flow cytometry. GFP expression is significantly enhanced after stimulation in CB2-GFPmice (a,c) but not in WTmice (a). The
number of B220+ cells is not altered by stimulation with LPS or CpG (b). N = 3, all samples were analyzed in triplicates. Data were analyzed by Students
T-Test, *p < 0.05, **p < 0.001, to unstimulated genotype control.

doi:10.1371/journal.pone.0138986.g005
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significant upregulation of CB2-GFP. This is in contrast to the report by Lee et al., who
observed reduced CB2 expression on B cells as a consequence of LPS-stimulation [39]. This
contrasting result might be explained by the fact that they quantified CB2 expression on
mRNA levels using a densitometric analysis, while we quantified GFP expression as a reporter
for CB2 expression on protein level.

However, as the total number of large B220+ is not changed after stimulation with LPS or
CpG (data not shown), treatment of splenocytes with a pro-inflammatory stimulus does not
seem to influence B cell proliferation after short-time LPS-incubation. Another group already
reported that LPS-mediated B cell proliferation is time- and dose-dependent [40]. This contro-
versial result might be explained by the difference in stimulation time as Xu et al observed pro-
liferation after 48h of LPS-stimulation. We chose a shorter duration of stimulation based on
the fact that the GFP signal rapidly decreases in culture and is not longer detectable after 24h of
splenocyte cultivation.

In summary, we provide here a new mouse model to study the expression and regulation of
CB2 receptors in different organs. Since commercially available mouse-specific antibodies
raised against CB2 produce ambiguous and vague results, this is, to our knowledge, the first
model to study CB2 protein expression using GFP as a corresponding reporter. This will pro-
vide new insights into the regulation of this molecule upon different inflammatory conditions.

Supporting Information
S1 Fig. Cloning strategy for the generation of the CB2/eGFP-FRT-Neo1 fragment. Expla-
nation in the main text.
(TIF)

S2 Fig. Southern blot strategy for the CB2-GFPTg mice. (a) Schematic representation of the
endogenous Cnr2 and CB2-GFP BAC locus. Restriction sites and the genomic probe (black
bar) used for Southern blot analysis are indicated. Exons are represented as rectangles; an FRT
site as triangle. (b) Southern blot analysis of Wt and CB2-GFP mice. Founder andWt genomic
DNA were double digested with PstI/AseI. A genomic PstI fragment of 8,5kb corresponds to
the Wt fragment, whereas the transgenic mice display an additional AseI site which results in a
shorter fragment of 3,3 kb. Restriction enzymes. P: PstI; A: AseI; C: ClaI. (c) GFP expression in
founder 4 Wt and transgenic offsprings. Data shows CB2-GFP expression of three individual
animals compared to Wt littermate. Only number of CB2-GFP expressing cells but not inten-
sity of the GFP signal is altered in founder 4 offsprings.
(TIF)

S3 Fig. Quantitative analysis of CB2-GFP expression on PBMCs. Bar graphs show mean
fluorescence intensity (MFI) of GFP expression measured by flow cytometry using the FITC
channel. Cells were pregated on live-cells and CD45 expression. Highest expression of GFP
was found in CD11b+ monocytes and CD19+ B cells. A significant reduction in GFP expression
was found in T-cells (CD8+> CD4+) and NK cells compared to B-cells and monocytes. Statis-
tical analysis was performed using two-way analysis of variances (ANOVA), followed by Bon-
ferroni posthoc test (version 6.0d, Prism software, GraphPad, USA). A value of p< 0.05 was
considered significant.
(TIF)

S1 Table. Primer sequences used of the generation of the CB2-GFP BAC and for the ampli-
fication the Southern blot probe.
(DOCX)

Expression Analysis of CB2-GFP BAC Transgenic Mice

PLOS ONE | DOI:10.1371/journal.pone.0138986 September 25, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138986.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138986.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138986.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138986.s004


Acknowledgments
The authors would like to thank Blanca Randel, Anne Zimmer and Jürgen Schmidt for techni-
cal support.

Author Contributions
Conceived and designed the experiments: ACS RL AZ DMO. Performed the experiments: ACS
RL BG HS EB TZ AK DMO. Analyzed the data: ACS RL DMO. Contributed reagents/materi-
als/analysis tools: AL AZ. Wrote the paper: ACS RL BG AK AL AZ DMO.

References
1. Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral receptor for cannabi-

noids. Nature. 1993; 365(6441):61–5. PMID: 7689702

2. Ibrahim MM, Deng H, Zvonok A, Cockayne DA, Kwan J, Mata HP, et al. Activation of CB2 cannabinoid
receptors by AM1241 inhibits experimental neuropathic pain: pain inhibition by receptors not present in
the CNS. Proc Natl Acad Sci U S A. 2003; 100(18):10529–33. PMID: 12917492

3. Zimmer AM, Hohmann AG, HerkenhamM, Bonner TI. Increased mortality, hypoactivity, and hypoalge-
sia in cannabinoid CB1 receptor knockout mice. Proc Natl Acad Sci U S A. 1999; 96(10):5780–5.
PMID: 10318961

4. Fernández-Ruiz J, Romero J, Velasco G, Tolón RM, Ramos JA, GuzmánM. Cannabinoid CB2 recep-
tor: a new target for controlling neural cell survival? Trends Pharmacol Sci. 2007; 28(1):39–45. PMID:
17141334

5. Buckley NE, McCoy KL, Mezey E, Bonner T, Zimmer A, Felder CC, et al. Immunomodulation by canna-
binoids is absent in mice deficient for the cannabinoid CB(2) receptor. Eur J Pharmacol. 2000 May 19;
396(2–3):141–9. PMID: 10822068

6. Gong J- P, Onaivi ES, Ishiguro H, Liu Q- R, Tagliaferro PA, Brusco A, et al. Cannabinoid CB2 receptors:
immunohistochemical localization in rat brain. Brain Res. 2006 Mar 3; 1071(1):10–23. PMID: 16472786

7. Suárez J, Bermúdez-Silva FJ, Mackie K, Ledent C, Zimmer A, Cravatt BF, et al. Immunohistochemical
description of the endogenous cannabinoid system in the rat cerebellum and functionally related nuclei.
J Comp Neurol. 2008; 509(4):400–21. doi: 10.1002/cne.21774 PMID: 18521853

8. Suárez J, Llorente R, Romero-Zerbo SY, Mateos B, Bermúdez-Silva FJ, De Fonseca FR, et al. Early
maternal deprivation induces gender-dependent changes on the expression of hippocampal CB1 and
CB2 cannabinoid receptors of neonatal rats. Hippocampus. 2009; 19(7):623–32. doi: 10.1002/hipo.
20537 PMID: 19115376

9. Xi Z-X, Peng X-Q, Li X, Song R, Zhang H-Y, Liu Q-R, et al. Brain cannabinoid CB(2) receptors modulate
cocaine’s actions in mice. Nat Neurosci. Nature Publishing Group; 2011; 14(9):1160–6. doi: 10.1038/
nn.2874 PMID: 21785434

10. Atwood BK, Mackie K. CB2: a cannabinoid receptor with an identity crisis. Br J Pharmacol. 2010 Jun;
160(3):467–79. doi: 10.1111/j.1476-5381.2010.00729.x PMID: 20590558

11. Baek J-H, Darlington CL, Smith PF, Ashton JC. Antibody testing for brain immunohistochemistry: brain
immunolabeling for the cannabinoid CB₂ receptor. J Neurosci Methods; 2013 Jun 15; 216(2):87–95.
doi: 10.1016/j.jneumeth.2013.03.021 PMID: 23583232

12. Otte DM, Bilkei-Gorzó A, Filiou MD, Turck CW, Yilmaz Ö, Holst MI, et al. Behavioral changes in G72/
G30 transgenic mice. Eur Neuropsychopharmacol.; 2009; 19(5):339–48. doi: 10.1016/j.euroneuro.
2008.12.009 PMID: 19189879

13. Lundberg P, Skoda R. Hematology Testing in Mice. Curr Protoc Mouse Biol. 2011; 1(3):323–46. doi:
10.1002/9780470942390.mo110088 PMID: 26069057

14. Schatz A, Lee M, Condie R. Cannabinoid receptors CB1 and CB2: a characterization of expression and
adenylate cyclase modulation within the immune system. Toxicol Appl Pharmacol. 1997; 287
(142):278–87.

15. Galiègue S, Mary S, Marchand J, Dussossoy D, Carrikre D, Camyon P, et al. Expression of central and
peripheral cannabinoid receptors in human immune tissues and leukocyte subpopulations. 1995;
61:54–61.

16. Carayon P, Marchand J, Dussossoy D, Derocq JM, Jbilo O, Bord A, et al. Modulation and functional
involvement of CB2 peripheral cannabinoid receptors during B-cell differentiation. Blood. 1998 Nov 15;
92(10):3605–15. PMID: 9808554

Expression Analysis of CB2-GFP BAC Transgenic Mice

PLOS ONE | DOI:10.1371/journal.pone.0138986 September 25, 2015 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/7689702
http://www.ncbi.nlm.nih.gov/pubmed/12917492
http://www.ncbi.nlm.nih.gov/pubmed/10318961
http://www.ncbi.nlm.nih.gov/pubmed/17141334
http://www.ncbi.nlm.nih.gov/pubmed/10822068
http://www.ncbi.nlm.nih.gov/pubmed/16472786
http://dx.doi.org/10.1002/cne.21774
http://www.ncbi.nlm.nih.gov/pubmed/18521853
http://dx.doi.org/10.1002/hipo.20537
http://dx.doi.org/10.1002/hipo.20537
http://www.ncbi.nlm.nih.gov/pubmed/19115376
http://dx.doi.org/10.1038/nn.2874
http://dx.doi.org/10.1038/nn.2874
http://www.ncbi.nlm.nih.gov/pubmed/21785434
http://dx.doi.org/10.1111/j.1476-5381.2010.00729.x
http://www.ncbi.nlm.nih.gov/pubmed/20590558
http://dx.doi.org/10.1016/j.jneumeth.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23583232
http://dx.doi.org/10.1016/j.euroneuro.2008.12.009
http://dx.doi.org/10.1016/j.euroneuro.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19189879
http://dx.doi.org/10.1002/9780470942390.mo110088
http://www.ncbi.nlm.nih.gov/pubmed/26069057
http://www.ncbi.nlm.nih.gov/pubmed/9808554


17. Rayman N, Lam KH, Laman JD, Simons PJ, Lowenberg B, Sonneveld P, et al. Distinct Expression Pro-
files of the Peripheral Cannabinoid Receptor in Lymphoid Tissues Depending on Receptor Activation
Status. J Immunol. 2004 Feb 5; 172(4):2111–7. PMID: 14764676

18. Muppidi JR, Arnon TI, Bronevetsky Y, Veerapen N, Tanaka M, Besra GS, et al. Cannabinoid receptor 2
positions and retains marginal zone B cells within the splenic marginal zone. J Exp Med. 2011 Sep 26;
208(10):1941–8. doi: 10.1084/jem.20111083 PMID: 21875957

19. Bouaboula M. Cannabinoid‐receptor expression in human leukocytes. Eur J biochem. 1993; 214:173–
80. PMID: 8508790

20. Derocq JM, Sagui M, Marchand J, Fur G Le, Casellas R, Segui M, et al. Cannabinoids enhance human
B-cell growth at low nanomolar concentrations. FEBS Lett. 1995; 369(33):177–82.

21. Tanikawa T, Kurohane K, Imai Y. Induction of preferential chemotaxis of unstimulated B-lymphocytes
by 2-arachidonoylglycerol in immunized mice. Microbiol Immunol. 2007; 51:1013–9. PMID: 17951991

22. Ziring D, Wei B, Velazquez P, Schrage M, Buckley NE, Braun J. Formation of B and T cell subsets
require the cannabinoid receptor CB2. Immunogenetics. 2006; 58(9):714–25. PMID: 16924491

23. Basu S, Ray A, Dittel BN. Cannabinoid receptor 2 is critical for the homing and retention of marginal
zone B lineage cells and for efficient T-independent immune responses. J Immunol. 2011 Dec 1; 187
(11):5720–32. doi: 10.4049/jimmunol.1102195 PMID: 22048769

24. Elomaa O, Kangas M, Sahlberg C, Tuukkanen J, Sormunen R, Liakka A, et al. Cloning of a novel bacte-
ria-binding receptor structurally related to scavenger receptors and expressed in a subset of macro-
phages. Cell. 1995; 80(4):603–9. PMID: 7867067

25. Karlsson MCI, Guinamard R, Bolland S, Sankala M, Steinman RM, Ravetch JV. Macrophages control
the retention and trafficking of B lymphocytes in the splenic marginal zone. J Exp Med. 2003 Jul 21; 198
(2):333–40. PMID: 12874264

26. Malfitano AM, Basu S, Maresz K, Bifulco M, Dittel BN, Maria A. What we know and do not know about
the cannabinoid receptor 2 (CB2). Semin Immunol. Elsevier Ltd; 2014 May 27; 2:1–11.

27. Walter L, Franklin A, Witting A, Wade C, Xie Y, Kunos G, et al. Nonpsychotropic cannabinoid receptors
regulate microglial cell migration. J Neurosci. 2003; 23(4):1398–405. PMID: 12598628

28. Stella N. Cannabinoid signaling in glial cells. Glia. 2004; 48(4):267–77. PMID: 15390110

29. Maresz K, Pryce G, Ponomarev ED, Marsicano G, Croxford JL, Shriver LP, et al. Direct suppression of
CNS autoimmune inflammation via the cannabinoid receptor CB1 on neurons and CB2 on autoreactive
T cells. Nat Med. 2007; 13(4):492–7. PMID: 17401376

30. Pietr M, Kozela E, Levy R, Rimmerman N, Lin YH, Stella N, et al. Differential changes in GPR55 during
microglial cell activation. FEBS Lett. Federation of European Biochemical Societies; 2009; 583
(12):2071–6.

31. Fernández-Ruiz J, Pazos MR, García-Arencibia M, Sagredo O, Ramos JA. Role of CB2 receptors in
neuroprotective effects of cannabinoids. Mol Cell Endocrinol. 2008;

32. Miller a M, Stella N. CB2 receptor-mediated migration of immune cells: it can go either way. Br J Phar-
macol. 2008 Jan; 153(2):299–308. PMID: 17982478

33. Price DA, Martinez AA, Seillier A, KoekW, Acosta Y, Fernandez E, et al. WIN55,212–2, a cannabinoid
receptor agonist, protects against nigrostriatal cell loss in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine mouse model of Parkinson’s disease. Eur J Neurosci. 2009; 29(11):2177–86. doi: 10.1111/j.1460-
9568.2009.06764.x PMID: 19490092

34. Benito C, Núñez E, Tolón RM, Carrier EJ, Rábano A, Hillard CJ, et al. Cannabinoid CB2 receptors and
fatty acid amide hydrolase are selectively overexpressed in neuritic plaque-associated glia in Alzhei-
mer’s disease brains. J Neurosci. 2003; 23(35):11136–41. PMID: 14657172

35. Benito C, KimW-K, KimW-K, Chavarría I, Hillard CJ, Mackie K, et al. A glial endogenous cannabinoid
system is upregulated in the brains of macaques with simian immunodeficiency virus-induced encepha-
litis. J Neurosci. 2005; 25(10):2530–6. PMID: 15758162

36. Benito C, Tolón RM, Pazos MR, Núñez E, Castillo AI, Romero J. Cannabinoid CB2 receptors in human
brain inflammation. Br J Pharmacol. 2008; 153(2):277–85. PMID: 17934510

37. Ramírez BG, Blázquez C, Gómez del Pulgar T, GuzmánM, de Ceballos ML. Prevention of Alzheimer’s
disease pathology by cannabinoids: neuroprotection mediated by blockade of microglial activation. J
Neurosci. 2005; 25(8):1904–13. PMID: 15728830

38. Zhang H-Y, Gao M, Liu Q-R, Bi G-H, Li X, Yang H-J, et al. Cannabinoid CB2 receptors modulate mid-
brain dopamine neuronal activity and dopamine-related behavior in mice. Proc Natl Acad Sci. 2014;
111(46):E5007–15. doi: 10.1073/pnas.1413210111 PMID: 25368177

Expression Analysis of CB2-GFP BAC Transgenic Mice

PLOS ONE | DOI:10.1371/journal.pone.0138986 September 25, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/14764676
http://dx.doi.org/10.1084/jem.20111083
http://www.ncbi.nlm.nih.gov/pubmed/21875957
http://www.ncbi.nlm.nih.gov/pubmed/8508790
http://www.ncbi.nlm.nih.gov/pubmed/17951991
http://www.ncbi.nlm.nih.gov/pubmed/16924491
http://dx.doi.org/10.4049/jimmunol.1102195
http://www.ncbi.nlm.nih.gov/pubmed/22048769
http://www.ncbi.nlm.nih.gov/pubmed/7867067
http://www.ncbi.nlm.nih.gov/pubmed/12874264
http://www.ncbi.nlm.nih.gov/pubmed/12598628
http://www.ncbi.nlm.nih.gov/pubmed/15390110
http://www.ncbi.nlm.nih.gov/pubmed/17401376
http://www.ncbi.nlm.nih.gov/pubmed/17982478
http://dx.doi.org/10.1111/j.1460-9568.2009.06764.x
http://dx.doi.org/10.1111/j.1460-9568.2009.06764.x
http://www.ncbi.nlm.nih.gov/pubmed/19490092
http://www.ncbi.nlm.nih.gov/pubmed/14657172
http://www.ncbi.nlm.nih.gov/pubmed/15758162
http://www.ncbi.nlm.nih.gov/pubmed/17934510
http://www.ncbi.nlm.nih.gov/pubmed/15728830
http://dx.doi.org/10.1073/pnas.1413210111
http://www.ncbi.nlm.nih.gov/pubmed/25368177


39. Lee SF, Newton C, Widen R, Friedman H, Klein TW. Differential expression of cannabinoid CB2 recep-
tor mRNA in mouse immune cell subpopulations and following B cell stimulation. Eur J Pharmacol.
2001; 423:235–41. PMID: 11448490

40. Xu H, Liew LN, Kuo IC, Huang CH, Goh DLM, Chua KY. The modulatory effects of lipopolysaccharide-
stimulated B cells on differential T-cell polarization. Immunology. 2008; 125:218–28. doi: 10.1111/j.
1365-2567.2008.02832.x PMID: 18355243

Expression Analysis of CB2-GFP BAC Transgenic Mice

PLOS ONE | DOI:10.1371/journal.pone.0138986 September 25, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11448490
http://dx.doi.org/10.1111/j.1365-2567.2008.02832.x
http://dx.doi.org/10.1111/j.1365-2567.2008.02832.x
http://www.ncbi.nlm.nih.gov/pubmed/18355243

