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ABSTRACT

P11 (S100a10), a member of the S100 family of proteins,
has widespread distribution in the vertebrate body, includ-
ing in the brain, where it has a key role in membrane traf-
ficking, vesicle secretion, and endocytosis. Recently, our
laboratory has shown that a constitutive knockout of p11
(p11-KO) in mice results in a depressive-like phenotype.
Furthermore, p11 has been implicated in major depressive
disorder (MDD) and in the actions of antidepressants.
Since depression affects multiple brain regions, and the
role of p11 has only been determined in a few of these

areas, a detailed analysis of p11 expression in the brain
is warranted. Here we demonstrate that, although wide-
spread in the brain, p11 expression is restricted to dis-
tinct regions, and specific neuronal and nonneuronal cell
types. Furthermore, we provide comprehensive mapping
of p11 expression using in situ hybridization, immunocyto-
chemistry, and whole-tissue volume imaging. Overall,
expression spans multiple brain regions, structures, and
cell types, suggesting a complex role of p11 in depres-
sion. J. Comp. Neurol. 525:955-975, 2017.
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P11, also known as S100A10, calpactin | light chain,
or annexin Il light chain, is a protein that forms a hetero-
tetramer complex with annexin A2 (Anxa2) (Gerke et al.,
2005; Oh et al., 2013). This complex interacts with multi-
ple types of receptors (Svenningsson et al., 2006;
Warner-Schmidt et al., 2009), ion channels (Girard et al.,
2002; Okuse et al., 2002; Donier et al, 2005), and
enzymes (Le Bouffant et al., 1998; Mai et al., 2000;
Zobiack et al., 2003). The p11/Anxa2 heterotetramer
complex is involved in the organization of lipid microdo-
mains on the cell membrane, bundling of actin filaments
and cytoskeleton scaffolding, membrane trafficking, and
fibrinolysis (Babiychuk and Draeger, 2000; Menke et al.,
2005; Hayes et al., 2006; Surette et al., 2011). Although
expressed in many organs, including the heart, kidneys,
liver, lungs, spleen, testes, epidermis, aorta, thymus, gas-
trointestinal tract, and brain (Zimmer et al., 2005), little is
known about the specificity of p11 expression within
these organs. In addition to neurons, the expression of
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p11 has been confirmed in circulating monocytes/macro-
phages, endothelial cells in blood vessel walls, reactive
astrocytes, splenocytes, fibroblasts, and tumor cells
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(Gerke et al., 2005; Dassah et al., 2009; Madureira et al.,
2012; Zamanian et al., 2012; Svenningsson et al., 2014).

The p11/Anxa2 system is involved in many diseases,
such as thrombosis, atherosclerosis, retinopathy, pain
perception, and cancer, as well as in neuropsychiatric dis-
eases (Hedhli et al., 2012). Recently, the role of p11 in
major depressive disorder (MDD) has garnered interest. A
role for p11 in human neuropsychiatric disorders has
been suggested in clinical studies (Anisman et al., 2008;
Zhang et al., 2011a,b; Svenningsson et al., 2014). It was
reported that patients with MDD and posttraumatic stress
disorder have decreased levels of p11 in the brain (Sven-
ningsson et al., 2006; Anisman et al.,, 2008; Alexander
et al., 2010; Zhang et al., 2011b). Furthermore, p11 levels
in white blood cells can predict a patient’s response to
antidepressants during the initial phase of treatment
(Svenningsson et al., 2014). We have shown that the con-
stitutive knockout of p11 in mice (p11-KO) results in a
depressive-like phenotype (Svenningsson et al., 2006);
this effect is replicated in region- and cell-specific knock-
outs (Alexander et al, 2010; Warner-Schmidt et al.,
2012). Moreover, the p11 expressing cells in cortical lay-
er 5a, and in mossy cells in the dentate gyrus, are critical
for response to antidepressants, while those in the nucle-
us accumbens are not (Schmidt et al.,, 2012; Warner-
Schmidt et al., 2012; Oh et al., 2013).

Taken together, these data point to a key role for
p11 in MDD, but widespread expression in the brain
makes it difficult to determine a unifying mechanism of
p11 action. At present, it appears that p11-dependent
changes in behavior vary in different regions and cell
types, and are affected by the circuitry of each cell
type. We and others have previously explored the role
of p11 in MDD by examining individual neuronal sub-
types, distinguished by position, neurotransmitter, and
connectivity, and analyzing its mechanism of action in
several areas, such as the cortex, nucleus accumbens,
and hippocampus (Alexander et al., 2010; Schmidt
et al.,, 2012; Warner-Schmidt et al., 2012; Oh et al,,
2013; Lee et al., 2015). Other areas potentially impor-
tant for the pathophysiology of depression such as the
amygdala or midbrain monoaminergic nuclei, on the
other hand, were not. To accomplish this, a detailed
mapping of p11 expression is required. Here we provide
the cell- and region-specific expression data of p11 in
the adult mouse brain as revealed by in situ hybridiza-
tion and immunofluorescence on tissue sections, as
well as by immunolabeling enabled 3D imaging of
solvent-cleared organs (iDISCO).

MATERIALS AND METHODS

Mouse lines
All methods using mouse lines were in accordance
with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals. Protocols were
approved by the Rockefeller University Institutional Ani-
mal Care and Use Committee (IACUC) and Karolinska
Institutet standards.

P11-EGFP (S100a10-EGFP HC85; GENSAT (www.gen-
sat.org) was obtained from the Mutant Mouse Regional
Resource Center at the University of California at Davis,
and was maintained in CD1 and C57BL/6 backgrounds.
P11-TRAP mice (Schmidt et al., 2012), a gift from Dr.
Heintz, were maintained on a C57BL/6 background.
Wildtype (WT) and p11-KO mice were on C57BL/6
background (Svenningsson et al., 2006). Mice were
housed on a 12-hour light/dark cycle and were provid-
ed water and food ad libitum at the Rockefeller Univer-
sity’s animal facility. Adult mice (8 weeks to 8 months)
of both sexes were selected for experiments.

Antibodies

Primary antibodies used in this study are listed in
Table 1. All of the antibodies used for immunolabeling
are commercially available from major companies. We
used four different anti-GFP (green fluorescent protein)
antibodies. The GFP antibody from Thermo Fisher (Wal-
tham, MA; A-11122) has been generated using the GFP
isolated from the jellyfish A. victoria, and validated in
the corticotropin-releasing factor receptor CrhR1-GFP
transgenic mouse line, detecting GFP in the CrhR1 cells
(Justice et al., 2008). Two anti-GFP antibodies from
Abcam (Cambridge, UK) were generated using the
recombinant full-length GFP protein and validated by
immunocytochemistry on the neurons from the reporter
lines: ChIP grade polyclonal GFP antibody (Abcam, Cat.
no. ab290) detected a reporter protein in the TH + cells
isolated from the brain of the TH-EGFP (enhanced GFP)
reporter mice (Fortin et al.,, 2012); rabbit polyclonal
GFP (Cat. no. ab13970) has been validated on the sero-
toninergic varicosities in Drosophila strain UAS-mCD8-
GFP (Chen and Condron, 2009). Chicken polyclonal
anti-GFP antibody from Aves (Tigard, OR; GFP-1020),
generated using purified recombinant GFP, was also val-
idated in a reporter mouse line (Bang and Commons,
2012). The anti-p11 antibody was generated using the
recombinant mouse p11 peptide (R&D Systems, Minne-
apolis, MN; Cat. no. AF2377). The antibody specificity
has been validated on the brain tissue of the wildtype
and p11-knockout mice; in the wildtype mice, antibody
labeled layer5a cells, while no staining was observed on
the brain tissue sections from the p11 knockout mouse
(Schmidt et al., 2012). Anti-NeuN antibody (EMD Milli-
pore, Bedford, MA; Cat. no. MAB377) was generated
using the purified cell nuclei isolated from the mouse
brain. The specificity of immunolabeling with this anti-
body was confirmed previously (Fricker-Gates et al.,
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TABLE 1.
List of Antibodies

Description of

Source, host species, cat. #, Dilution

Antigen immunogen clone or lot #, RRID used
GFP GFP isolated from the jellyfish Aequorea Thermo Fisher Scientific, rabbit poly- 1/300-1/500
victoria clonal, A-11122, RRID: AB_10073917
GFP Recombinant full length protein corresponding Abcam, rabbit polyclonal, ChIP grade, 1/50
to GFP ab290, RRID: AB_303395
GFP Recombinant full length protein corresponding Abcam, chicken polyclonal, ab13970 1/300-1/500
to GFP RRID: AB_300798
GFP Purified recombinant GFP Aves, chicken polyclonal, GFP-1020, 1/2,000
RRID: AB_10000240
P11 (S100a10) E. coli derived recombinant mouse S100a10 R&D Systems, goat polyclonal, AF2377 1/200
Pro2-Lys97 Accession #P08207 RRID: AB_2183469
NeuN Purified cell nuclei from mouse brain EMD Millipore, mouse monoclonal, 1/500
MAB377, RRID: AB_2298772
Aldh1L1 Synthetic peptide conjugated to KHL derived Abcam, rabbit polyclonal, ab87117, 1/500
from sequence 320-350 (ELA- RRID: AB_10712968
TAEAVRSSWMRILPNVPEVEDSTDFFKS) of
the mouse Adh1L1
GFAP Full length native protein (purified) Abcam, rabbit polyclonal, ab7260, 1/500
corresponding to GFAP RRID: AB_305808
Ibat Synthetic peptide corresponding to Wako, rabbit polyclonal, 019-19741, 1/500
C-terminus of Iba1, sequence RRID: AB_839504
N’-PTGPPAKKAISELP-C’
CNPase 46 kDa and 48 kDa subunits of the 94 kDa Biolegend/Covance/Sternberger 1/500
myelin CNPase dimer Monoclonals, mouse monoclonal,
SMI-91, RRID: AB_10122287
Olig2 Synthetic peptide corresponding to a Abcam, rabbit polyclonal, ab109186, 1/500
sequence 250-280 (SVGSIRPPHGLLKS- RRID: AB_10861310
PSAAAAAPLGGGGGGSG) of the human
Olig2
NG2 Cell line expressing a truncated form of NG2 EMD Millipore mouse monoclonal, 1/500

MAB5384, RRID: AB_177646

2004; Milosevic et al, 2008). Anti-aldh1l1 antibody
(Abcam; Cat. no. ab87117). was generated using syn-
thetic peptide of a mouse Aldh1l1, conjugated to the
keyhole limepet hemocyanin. Antibody was previously
confirmed to immunostain astrocytes (Tyzack et al.,
2014). Anti-GFAP antibody (Abcam; Cat. no. ab7260)
was generated using a full length of the native glial acid-
ic fibrillary protein and it has been validated for detec-
tion of astrocytes (Liu et al., 2009). The immunostaining
with both antibodies, Aldh1l1 and GFAP, matched stain-
ing of the astrocyte reporter lines, or astrocytes grown
in vitro, that was done previously with the antibodies
from different commercial sources (Raff et al., 1979;
Milosevic and Goldman, 2002, 2004; Dougherty et al.,
2012). Anti-lba1 antibody (Wako, Osaka, Japan; Cat. no.
019-19741) was generated using the synthetic peptide
corresponding to the C-terminus of the calcium-binding
adaptor molecule 1. The antibody specifically labels ram-
ified microglia in the central nervous system (CNS)
(Benton et al., 2008). A monoclonal antibody to CNPase
(BioLegend, San Diego, CA; Cat. no. SMI-91) was gener-
ated with the 46 kDa and 48 kDa subunits of the
CNPase dimer. The antibody was extensively validated in

the brain tissue, where it labels myelinating oligodendro-
cytes (Kim et al., 2003; Werner et al., 2007). Rabbit
monoclonal Olig2 antibody (Abcam; Cat. no. ab109186)
was generated using the synthetic peptide of the human
Olig2. It was shown previously that the antibody labels
oligodendrocyte lineage cells, including oligodendroglio-
mas (Doyle et al., 2008; Dougherty et al., 2012). Anti-
body to chondroitin sulfate proteoglycan NG2 (EMD
Millipore; Cat. no. MAB5384) was purified from the cell
line expressing a truncated form of NG2. The antibody
labels oligodendrocyte progenitors and it was extensively
validated in double- and triple-labeling studies with other
cell specific markers (Gautier et al., 2015; Zonouzi et al.,
2015). In this study, for each primary antibody used
(Table 1), a control consisted of immunocytochemical
labeling with the secondary antibody only, to assure that
no unspecific labeling exists.

Tissue processing, immunocytochemistry,
and imaging

Adult mice were deeply anesthetized with Nembutal
and intracardially perfused with 2% (used for p11-EGFP)
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or 4% (used for p11-TRAP) paraformaldehyde (PFA) solu-
tion and cryopreserved through a series of sucrose dilu-
tions. A series of 20 pum cryostat sections were
mounted on the glass slides and used for immunocyto-
chemistry. Sections were air-dried, washed in
phosphate-buffered saline (PBS) with 0.3% Triton-X 100
(PBST), and incubated in a solution of 2% normal goat
serum or heat-inactivated normal donkey serum in PBS
for 30 minutes to 1 hour, followed by overnight incuba-
tion with primary antibodies (listed in Table 1), followed
by incubation in the appropriate Alexa Fluor secondary
antibodies (Invitrogen, La Jolla, CA), all diluted in PBST.
Sections were mounted with ProLong mounting solution
containing a nuclear marker DAPI (Molecular Probes,
Eugene, OR) and imaged on a confocal LSM710 (Zeiss,
Thornwood, NY). Figures were produced from a series
of Z-stack images using Fiji Image) (NIH, Bethesda, MD)
software and presented either as a projection or a sin-
gle optical section.

For anatomical analysis of expression sites, whole
mouse brains were sectioned at 20 um; every fifth sec-
tion was mounted on a glass slide and labeled with the
anti-GFP antibody in a single experiment. Slides were
covered with ProLong containing DAPI, scanned on the
Axio Scan Z1 (Zeiss), and analyzed with PanoramicView
software (3DHistech). In addition, low-magnification
images represent one 5 X b5-tiled image of a whole
brain section, selected from a series of coronal sec-
tions, each 100 pum apart, throughout a whole brain.
They were imaged on a confocal LSM710, which gives
better resolution. From this series, representative
images were prepared for presentation in Adobe Photo-
shop CS6 (San Jose, CA). Only brightness and contrast
were adjusted for individual images as needed.

Brain regions were identified using the Mouse Brain in
Stereotaxic Coordinates (Paxinos and Franklin, 2004) and
the Allen Brain Atlas (http://mouse.brain.-map.org). We
use the anatomical names of the brain structures as
they appear in Paxinos and Franklin’s mouse brain atlas.

In situ hybridization

The in situ hybridization probe against p11 was made
by polymerase chain reaction (PCR) amplification of
nucleotides 1-293 of the coding sequence of the
mouse pl11 gene. The PCR fragment was subcloned
into the pCRII-TOPO vector (Invitrogen), which contains
the promotor sites for T3 and T7 RNA polymerases.
3°S-labeled antisense and sense cRNA probes were pre-
pared by in vitro transcription. The transcription was
performed from 50-100ng of linearized plasmid using
[**SJUTP (>1000 Ci/mmol; Du Pont NEN, Boston, MA)
and T3 or T7 RNA polymerases, as described previously
(Svenningsson et al., 2006). The probes were purified

on a Sephadex G50 column and precipitated in sodium
acetate (0.1 vol) / absolute ethanol (2.5 vol).

Cryostat sections (14 pm) from wildtype, p11-EGFP,
or p11-KO mice were postfixed in 4% PFA for 5 minutes
at room temperature, rinsed twice in 4X sodium chlo-
ride-sodium citrate buffer (SSC), and placed into 0.25%
acetic anhydride in 0.1M triethanolamine / 4X SSC
(pH 8) for 10 minutes at room temperature. After dehy-
dration in graded alcohols, the sections were hybridized
overnight at 55°C with 10% c.p.m. of *°S-labeled p11
probe in 50 pl of hybridization solution (20 mM Tris-HCI
/ 1mM EDTA / 300 mM NaCl / 50% formamide / 10%
dextran sulphate / 1X Denhardt’s / 250 pg/ml yeast
tRNA / 100 pg/ml salmon sperm DNA / 0.1% SDS /
0.1% sodium thiosulphate). The slides were washed in
4X SSC (5 minutes, four times), RNAse A (20 pg/ml)
(20 minutes, at 37°C), 2XSSC (5 minutes, twice), 1X
SSC (5 minutes), 0.5XSSC (5 minutes) at room temper-
ature, and rinsed in 0.1X SSC at 65°C (30 minutes,
twice) (all washes contained 1mM DTT), before being
dehydrated in graded alcohols.

Sections were exposed on Kodak MR films for 4
weeks. Autoradiograms were scanned and digitized
(Epson) and p11 mRNA expression was determined
throughout the rostrocaudal axis according to the
Mouse Brain in Stereotaxic Coordinates (Paxinos and
Franklin, 2004).

iDISCO volume imaging

Tissue permeabilization

Brain hemispheres were treated according to the iDISCO
protocol (Renier et al., 2014). Briefly, PFA-fixed brains
were gradually dehydrated with methanol in PBS (50%
X1, 80% X1, 100% X2). The tissue was then bleached
with a 1:5 ratio of hydrogen peroxide:methanol at 4°C.
Samples were then rehydrated by removing methanol in
20% increments, followed by two washes in PBS. Finally,
the samples were washed twice in PBS with 0.2% Triton
X-100. Each wash step was 1 hour at room temperature.

iDISCO labeling

Hemispheres were treated overnight with PBS contain-
ing 0.2% Triton X-100 and 0.3 M glycine at 37°C, fol-
lowed by blocking in PBS with 0.2% Triton X-100 and
6% normal goat serum. After blocking, samples were
washed twice in PBS with 0.2% Tween-20 and 10 pg/
ml heparin. Antibody labeling and subsequent washing
steps were performed in the same solution. GFP was
immunolabeled with anti-GFP antibodies and revealed
by goat antirabbit secondary antibodies and To-Pro-3
nuclear stain (Life Technologies, Bethesda, MD), each
with addition of 3% normal goat serum. Excess primary
and secondary antibodies were washed for 24 hours
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merged

Figure 1. Native p11 protein colocalizes with the expression of GFP in the p11-EGFP transgenic mouse line. (A1-4) Pyramidal cells in the
cingulate cortex of p11-EGFP mouse labeled with anti-GFP antibody (green), and anti-p11 antibody (red). (B1-4) Scattered double-labeled
interneurons can be observed in the hippocampus. In both A and B, colabeling is also observed in glial cells (arrowhead) and blood vessels

(arrows). Scale bars =20 p.

and 48 hours, respectively. Blocking and following stain-
ing incubation times were 5 days each.

Tissue clearing and imaging

Labeled samples were cleared according to the pub-
lished iDISCO protocol (Renier et al., 2014). Tissue was
dehydrated with tetrahydrofuran in water (50% X1, 80%
X1, 100% X2), then lipids were extracted in dichloro-
methane. Each step was performed for 1 hour at room
temperature with gentle shaking. Finally, samples were
rendered transparent with dibenzyl ether. Dehydration
and lipid clearing steps were performed with 10 ml vol-
umes in solvent-resistant scintillation vials. The vial was
filled with dibenzyl ether to prevent sample oxidation.
Imaging was performed on a light-sheet ultramicroscope
(Ultramicroscope I, LaVision Biotec, Bielefeld, Germany)
provided by the Bio-Imaging Resource Center at Rocke-
feller University. The samples were submerged in diben-
zyl ether during imaging. Images were acquired with
16-bit depth with an axial plane spacing of 2.5 um. Vid-
eos were generated with Imaris visualization software
(Bitplane) using gamma correction to reveal the broad
range of intensity values.

Single cell intensity measurements
Intensity measurements were made from whole hemi-
spheres stained and cleared with iDISCO. Staining for

intensity quantification was performed with anti-GFP
(Aves, GFP-1020) antibody at 5 pg/ml. All other stain-
ing was done with the anti-GFP antibody (Abcam,
ab290). Images were acquired on a light sheet micro-
scope with a high-magnification objective (4X magnifi-
cation plus a 2X optovar), and cells in seven
representative areas were detected using SpotDetection
from the ClearMap volume image analysis software
package (Renier et al,, 2016). Detection parameters
were set according to the cell size and background
intensity for each region. Values presented are maxi-
mum intensity after background subtraction.

RESULTS

GFP immunoreactivity represents p11
expression accurately in p11-EGFP mouse
line

Analysis of the distribution of p11 in the brain, and
specifically in morphologically distinct cell types, is
challenging because of the low mRNA levels (Zimmer
et al., 2005). Transgenic mouse lines, generated using
Bacterial Artificial Chromosomes (BAC) that express
EGFP under the control of all the regulatory regions of
a given gene, offer analysis of the distinct cell types
using immunostaining with anti-GFP antibody (Gong
et al.,, 2003). For this study, we took advantage of a
line that expresses EGFP (p11-EGFP HC85, www.
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Figure 2. Multiple cell types express p11 throughout the brain. The GFP immunoreactivity in neurons is shown in A-D, and nonneuronal
expression is shown in E-H. A1-H1 images depict brain areas with GFP + cells counterstained with DAPI to show the structure delinea-
tions, while A2-H2 images show only GFP immunoreactivity. Neuronal expression: (A1-2) Neurons in the paraventricular nucleus of the
thalamus (PV), (B1-2) claustrum (Cl), a subregion of the cortex, (C1-2) substantia innominata (Sl), a nucleus in the basal forebrain, and
(D1-2) neurons in the solitary nucleus (Sol). Nonneuronal expression: GFP immunoreactivity is found in (E1-2) glial cells, (F1-2) ependy-
mal cells (arrowheads), and subset of choroid plexus cells (arrows), (G1-2) cells comprising the blood vessel walls, and (H1-2) meninges.

Scale bars =20 .

gensat.org) and one that expresses EGFP fused with
the ribosomal subunit L10a (p11-TRAP; Schmidt et al.,
2012), both driven by p11 promoter activity. The high
quality of immunostaining is enabled by the high copy
numbers of the BAC in these lines, and exceeds the
quality of immunocytochemical analysis using p11
antibodies.

First, we wanted to confirm that GFP expression
localizes to the same cells as the native p11 protein in
the p11-EGFP line. Brain sections were immunolabeled
with the commercially available anti-p11 and anti-GFP
antibodies (Table 1). The mouse anti-p11 antibody colo-
calized with the GFP immunoreactivity in the p11-EGFP
line, and the representative image depicting the
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TABLE 2.

List of Brain Regions and Corresponding Subregions Con-
taining GFP + Neurons and In Situ Hybridization Signal

REGION

SUBREGION

OLFACTORY BULB

CORTEX

AMYGDALA

HIPPOCAMPUS

STRIATUM

SEPTUM

BASAL FOREBRAIN

THALAMUS

HYPOTHALAMUS

MIDBRAIN

Gl-glomerular cell layer

GrO-granule cell layer

Mi-mitral cell layer

FrA, LO, Al, S, Cg, Au, V, Ect, PRh,
Ent, RS, PrL, IL, Pir, M1, M2

CxA-cortex-amygdala transition zone

BLA-basolateral amygdaloid nucleus

BMA-basomedial amygdaliod nucleus

MePD-medial amygdaloid nucl.
posterodorsal

MePV-medial amygdaloid nucl.
posteroventral

PMCo-posteromedial cortical amygda-

loid area

EA-extended amygdala

DG-dentate gyrus

CAS3 in ventral Hippocampus

Sub-subiculum

CPU-caudate putamen

NAC-nucleus accumbens

GP-globus pallidus

LS-lateral septal nucleus, dorsal and
ventral

MS-medial septal nucleus

VDB-ventral limb of the diagonal
band nucl

Sl-substantia inominata

VP-ventral pallidum

HDB-horizontal limb of the diagonal
band nucl

MCPO-magnocellular nucleus

BNST-bed nucleus of the stria
terminalis

AD-anterodorsal thalamic nucleus

PV-paraventricular thalamic nucleus

Hb-habenula

VPL-ventral posterolateral thalamic
nucleus

VPM-ventral posteromedial thalamic
nucleus

OPC-oval paracentral nucl

DLG-dorsal lateral geniculate nucleus

LH-lateral hypothalamus

LPO-lateral preoptic area

Pa-paravetricular hypothalamic
nucleus

DM-dorsomedial hypothalamic
nucleus

PH-posterior hypothalamic nucleus

SN-VTA-substantia nigra, ventral teg-
mental area

SC-superior colliculus, superficial
gray layer

SubB-subrachial nucleus

RN-red nucleus

PAG-periaqueductal gray

DR-Dorsal raphe

Meb5-mesencephalic trigeminal
nucleus

3N-occulomotor nucleus

IP-interpeduncular nucleus

PBG-parabigeminal nucleus

Expression of depression-related protein P11

TABLE 2. Continued

REGION SUBREGION

mRt-midbrain reticular nucleus

LDTg-laterodorsal tegmental nucleus

PC-Purkinje cell layer

MnR-median raphe nucleus

DRc-dorsal raphe caudal part

DRi-dorsal raphe, interfascicular

PTg-pedunculopontine tegmental
nucleus

PnO-pontine tegmental nucleus

RtTg-reticular tegmental nucleus of
pons

LC-locus coeruleus

Amb-ambiguous nucleus

DTg-dorsal tegmental nucleus

MBP-medial parabrachial nucleus

DC-cochlear nucleus

PnC-pontine reticular nucleus

Gi-gigantocellular reticular nucleus

DPGi-dorsal paragigantocellular
nucleus

RMg-raphe magnus nucleus

Ve-vestibular nucleus

|0-inferior olivary nucleus

Sol-solitary nucleus

Pr-prepositus nucleus

Cu-cuneate nucleus

Sp5-spinal trigeminal nucleus

AP-area postrema

Gr-gracile nucleus

5N-motor trigeminal nucleus

6N-abducens nucleus

7N-facial nucleus

10N-dorsal motor nucleus of the
vagus

12N-hypoglossal nucleus

acs7-accessory facial nerve

sp5-spinal trigeminal tract

CEREBELLUM
PONS & MEDULLA

The anatomical structures were delineated using the Paxinos and
Franklin’s Mouse Brain Atlas (Paxinos and Franklin, 2004) and Allen
Brain Atlas (mouse.brain-map.org) and abbreviations are as shown in
Paxinos and Franklin’s Mouse Brain Atlas. Abbreviations for cortical
areas: FrA-frontal association cortex, LO-lateral orbital cortex, Al-
agranular insular cortex, S-somatosensory cortex, Cg-cingulate cortex,
RS-retrosplenial cortex, Au-auditory cortex, V-visual cortex, Ect-
ectorhinal cortex, PRh-perirhinal cortex, Ent-entorhinal cortex, Pir-
piriform cortex, PrL-prelimbic cortex, IL-infralimbic cortex, M1 and
M2-primary and secondary motor cortex.

cingulate cortex and hippocampus immunolabeled with
the anti-GFP and anti-p11 antibodies is shown in Figure
1. In addition, we compared two mouse strains,
C57BL/6 and CD1, and we did not detect differences
in the immunofluorescent GFP signal (data not shown).
Next, we confirmed that the p11-EGFP and p11-TRAP
lines have comparable patterns of expression. GFP
immunoreactivity was detected in neurons, cells in
blood vessel walls, ependymal cells, and meninges
(data not shown). However, glial cells were labeled with
GFP antibody only in the p11-EGFP line. P11 transcripts
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have been detected in astrocytes (J.P. Roussarie and A.
Milosevic, pers. commun., and Zamanian et al., 2012),
which suggests that the p11-EGFP line more accurately
represents the p11 expression pattern in the brain than
the p11-TRAP line. Thus, we decided to use this line in
further analysis. All together, these data confirmed that
p11-EGFP transgenic mouse line could be used to verify
the expression pattern and cell types expressing p11
based on the GFP immunocytochemistry.

P11 is differentially expressed in multiple
brain regions

We implemented immunocytochemistry using an anti-
GFP antibody on tissue from the p11-EGFP transgenic
mouse to comprehensively map the brain regions con-
taining GFP-immunolabeled (GFP+) cells. GFP + cells
were observed throughout the brain. Broadly, they can
be classified as neuronal and nonneuronal, as shown in
Figure 2. Neuronal expression is in some but not all
brain regions (Table 2, Figs. 2-8, Supplemental Movies
S1-3), while nonneuronal expression appears to be
widespread (Figs. 2 and 9, Movies S1-3). Although all
major brain regions contain GFP + neurons, their distri-
bution is localized in discrete nuclei and often limited
to a subpopulation of neurons within each structure.
For example, only a subpopulation of neurons within
the dorsal raphe nuclei are double-labeled with the anti-
bodies to GFP and the neuronal marker NeuN (Fig.
4A1-4). Furthermore, GFP expression in the cortex is
predominantly confined to layer 5a; only scattered
GFP + neurons can be found in the upper and deep
layers (Fig. 8A1-2). Similarly, in the hippocampus only
a subset of neurons, namely, scattered interneurons in
the molecular layer, and basket and mossy cells in the
dentate gyrus, are GFP + (Fig. 8B1-3). By contrast, in
some areas such as the motor trigeminal nucleus (5N)
all NeuN + neurons also express GFP (Fig. 4B1-4). Non-
neuronal GFP + cells are widespread in the brain, and
they include glia (Fig. 2E1-2), choroid plexus, and epen-
dymal cells (Fig. 2F1-2), endothelial (Fig. 2G1-2), and
meningeal (Fig. 2H1-2) cells.

Neurons also display different intensities of the GFP
immunolabeling (Fig. 3). The intensity was measured in
seven representative brain regions with neuronal
expression: ambiguous nucleus (Fig. 3A), basal fore-
brain, basomedial amygdala (Fig. 3B), dorsal raphe (Fig.
3C), locus coeruleus (Fig. 3D), medial amygdaloid nucle-
us (Fig. 3E), and ventral tegmental area (Fig. 3F). A
graph showing the median single cell intensity is shown
in Fig. 3G.
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Figure 3. Neurons express different levels of p11 throughout the
brain. (A-F) Representative maximum projections of light sheet
microscope image stacks from the indicated region of intact p11-
EGFP adult mouse brain. Brightness is enhanced in images for
improved visibility of low level expression. (G) Mean values of sin-
gle cell maximum GFP expression intensity detected in sample
regions after local background subtraction. Relative single cell
intensities are normalized by the brightest group (Amb). Error
bars = represent standard deviation of the mean values from the
three imaged intact brains. Amb, ambiguous nucleus; BF, basal
forebrain; BMA, basomedial amygdaloid nucleus; DR, dorsal
raphe; LC, locus coeruleus; MePD, medial posterior amygdaloid
nucleus; VTA, ventral tegmental area. Scale bars = 100 pm.

Mapping of p11 expression in the brain

We sought to generate a detailed expression map of
p11 protein and mRNA in the adult mouse brain. The
analysis was done on a series of coronal sections,
either immunolabeled with the GFP antibody, or
detected using p11-specific RNA probe. The fluorescent
and hybridization signals were found throughout the
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merged

merged

Figure 4. P11 is differentially expressed in neurons within structures in the brain. (A1-4) The upper row shows that in the dorsal raphe
(DR) only a subset of GFP + neurons (green) are labeled with the neuronal marker NeuN (red), while lower row in (B1-4) motor trigeminal
nucleus (5N) contains neurons labeled with both anti-GFP (green) and anti-NeuN (red) antibody, showing that all 5N neurons express p11.

Scale bars =20 pin A; 100 p in B.

entire mouse brain, but within distinct brain regions
(Fig. 5 and Table 2). A detailed list of structures is sum-
marized in Table 2.

Cortex contains a large number of GFP + pyramidal
neurons, mainly in layer 5a (Fig. 5A-0O, and a small
number of neurons in layers 2 and 3, and deep layers
6a and 6b (Fig. 8A1). In the dorsolateral entorhinal cor-
tex, strong expression is observed in layer 4/5 (Fig.
8A2).

Along with the mossy and basket cells in the dentate
gyrus (Fig. 8B2), the hippocampus contains a small
number of strongly stained GFP + cells scattered in the
molecular layer (Fig. 881, Movie S3), and GFP + pyrami-
dal neurons in the subiculum of the ventral hippocam-
pus (Fig. 8B3). Low immunoreactivity was also
observed in ventral hippocampal CA3 pyramidal neu-
rons (data not shown).

GFP staining is restricted to a small number of scat-
tered neurons in both dorsal and ventral striata (Fig. 5
and Movie S1). Expression in the basal forebrain, the
main output of forebrain cholinergic innervation, is
restricted to several nuclei (Table 2) with scattered
GFP + cells (Figs. 2-8C1-2).

The amygdala, has GFP + cells in numerous nuclei
(Table 2, Figs. 5, 8D1-2, Movies S1, S2). The basolat-
eral amygdaloid nucleus, shown in Figure 8D1, contains
a large number of GFP + cells, while central (Fig. 8D1),

basomedial, and cortical amygdalar areas display signal
in a subset of neurons (Fig. 8D2).

The thalamus has relatively low GFP expression over-
all, evident on the whole-tissue level (Fig. 5, Movie S1).
The anterodorsal and ventromedial thalamic nuclei have
small subpopulations of GFP + cells with high immuno-
reactivity (Table 2). In contrast, the hypothalamus con-
tains many nuclei with strong GFP staining (Table 2).
For example, the hypothalamic paraventricular nucleus
(Fig. 8E, Movies S1, S2), and the lateral hypothalamus
(Fig. 5) contain GFP + cells.

The midbrain contains a small number of nuclei with
very strong GFP staining (Figs. 8F1-3, 8G). The dorsal
raphe nuclei that provide major serotonergic innervation
have a large number of GFP + cells (Fig. 8F1-3, Movie
S2). Some nuclei with dopaminergic neurons, such as
the substantia nigra, ventral tegmental area, and para-
brachial pigmented area, have low GFP expression
(Table 2, Fig. 3F). In contrast, the retrorubral field, also
known as the A8 dopaminergic midbrain nucleus, has
very strong GFP staining. Additionally, the red nucleus
and mesencephalic trigeminal nucleus have cells with
high GFP expression (Fig. 7H,l). The pons and medulla
are the brain regions with the highest GFP immunoreac-
tivity (Figs. 3, 5, Movies S1, S2). This includes the locus
coeruleus, the main output for noradrenergic
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innervation (Figs. 3D, 8H, Movie S2), as well as the
majority of brainstem cranial nuclei (Movie S2).

The in situ data, shown in Figures 6 and 7, were gener-
ated by hybridization with a p11-specific probe in a p11-
EGFP mouse brain. The specificity of the probe was con-
firmed by the total lack of signal in a mouse with com-
plete knockout of p11 (p11-KO), shown in Figure 6. The
gross anatomical expression of p11 mRNA, revealed by
hybridization signal, shows the same pattern of expres-
sion as the GFP immunoreactivity corresponding to the
p11 protein. This further confirms that the p11-EGFP
mouse line is suitable to use for detection of native p11.
However, in a few areas the intensity of the hybridization
and GFP staining do not match (Figs. 5, 7). For example,
the claustrum and insular cortical areas, and the tegmen-
tal nuclei in the midbrain, are among the areas with
higher in situ signal, while GFP has higher expression in
layer 5a, striatum, some amygdalar, basal forebrain, hypo-
thalamic, and brainstem nuclei. However, the most promi-
nent difference is in the thalamus, where we observed
stronger GFP staining in all areas (Figs. 5, 7).

Whole-mount immunolabeling and volume
imaging of the p11-EGFP transgenic mouse
brain

While immunocytochemistry on tissue sections pro-
vides fine details on the cellular level, whole-tissue
imaging affords a view of the expression patterns on
the organ level. Volume imaging of the p11-GFP trans-
genic mouse brain matches the expression pattern
observed in sections (Movies S1, S2). This analysis per-
suasively shows the relative abundance of GFP + cells,
as well as intensity of the signal in different regions of
the brain. GFP + cells with the most intense signal
were detected in the cerebral cortex and brain stem
regions, consistent with the data obtained by immuno-
labeling and in situ hybridization on tissue sections.
However, the intensity of GFP staining in the meninges,
ependymal cells, and blood vessel walls was much
more prominent in iDISCO samples (Movie S3). This
method also allows easier tracing of axonal tracts, such
as the axon tracts in medulla (Movie S2). Furthermore,
the distribution of blood vessels, with strong signal in
the blood vessel walls, is better appreciated in volume
imaging. For example, the gross anatomical distribution
of the vasculature in hippocampus and specifically den-
tate gyrus is evident; blood vessels enter from the gran-
ule cell layer and once in the hilus they branch and
form a dense vasculature network (Movie S3). In sum-
mary, iDISCO analysis of the GFP expression in the
p11-EGFP mouse line together with the classical

Expression of depression-related protein P11
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Figure 6. Conformation of the specificity of p11 probe. The
hybridization signal in the sagittal section of a wildtype mouse (A)
shows strong signal, while the corresponding section of a p11-
knockout mouse (B) does not.

immunolabeling of tissue sections provide a detailed
anatomical mapping of p11 expression in the brain.

P11 is expressed in nonneuronal cells within
the brain

In addition to expression in multiple neuronal cell
types, p11 is known to be expressed in cells in blood
vessel walls and meninges (Fig. 2). Here we detected
GFP immunoreactivity in nonneuronal cell types that
morphologically resemble glia-like cells (Fig. 2E), and
ependymal and the choroid plexus cells (Fig. 2F). We
sought to confirm the subtype of glia by immunocyto-
chemical analysis with various cell-specific markers on
the sections from p11-EGFP and p11-TRAP mice lines
using the antibodies listed in Table 1.

Immunolabeling with the astrocyte-specific markers
aldehyde dehydrogenase 1-like, type 1 (Aldh1L1) and
glial fibrillary acidic protein (GFAP) revealed that
GFP + cells colabel with these astrocyte markers (Fig.
9A1-4). In addition, microglial marker Ibal was colocal-
ized with GFP + cells (Fig. 9B1-4), verifying that micro-
glia express p11 in vivo. Oligodendrocyte markers Olig2
and CNPase, which label precursor and mature oligo-
dendrocytes, respectively, did not label GFP + cells
(data not shown). However, NG2, a marker of oligoden-
drocyte precursors, is expressed by a small population
of GFP + cells in white matter tracts (Fig. 9C1-4).
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Figure 7. P11 expression revealed by in situ hybridization with p11-specific probe. The images are selected from serial sections cut coro-
nally through the brain, rostral (A) to caudal (L), representing the endogenous p11 mRNA in the brain of a wildtype mouse. Each image
was chosen to correlate to the selected images showing GFP expression. Abbreviations for representative structures are the same as in

Table 2.
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Somatosensory cortex | Enthorinal cortex

X

Figure 8. Representative images of the brain regions containing GFP + neurons. All images were obtained by imaging tissue sections from
a p11-EGFP mouse immunolabeled with anti-GFP antibody (green) and counterstained with DAPI (blue). (A1) Layer 5a pyramidal neurons
in the somatosensory cortex (lower left side of the image) have high GFP immunoreactivity, while scattered cells in layers 4 and 3 display
lower GFP immunoreactivity signal. (A2) Strong signal is observed in layer 4/5 neurons of the dorsolateral entorhinal cortex (Ent). (B1-3)
Expression of GFP in the dorsal hippocampus (dHIP) shows a small number of interneurons scattered in the molecular layer of CA1-3
regions (B1), basket cells in the dentate gyrus (DG), shown in B2. Subiculum, a part of the hippocampal formation, expresses GFP in pyra-
midal neurons and scattered interneurons only in the ventral hippocampus (B3). (C1-2) Basal forebrain contains scattered neurons with
strong GFP immunoreactivity in several nuclei, including nucleus of the horizontal limb of the diagonal band-HDB, and magnocellular prop-
tic nucleus-MCPO (C1), as well as in bed nucleus of the stria terminalis (BNST), shown in C2. (D1-2) Representative images of the expres-
sion in amygdala: (D1) Basolateral amygdaloid nucleus (BLA) and central amygdaloid nucleus (CeN), and (D2) basomedial amygdaloid
nucleus (BMP), medial amygdaloid nucleus (MePD) and posteromedial cortical amygdaloid nucleus (PMCo) all have strong expression in a
subset of neurons. (E) Hypothalamic expression is represented by lateral paraventricular hypothalamic nucleus (PaAP), a posterior part of
the hypothalamus-pituitary-adrenal axis. (F1-3) Dorsal raphe nuclei (DR) contain large number of GFP + cells in the ventral, dorsal, and lat-
eral parts (F1,F3), as well as in dorsal raphe caudal (DRC) and interfascicular nuclei (DRI). Higher magnification of the DR shows that neu-
rons show varying levels of GFP immunoreactivity (F2). (G) Scattered cells are also found in the lateral periaqueductal gray area (LPAG).
(H) Locus coeruleus (LC) and mesencephalic trigeminal nucleus (Me5) contain large neurons with very strong GFP signal. Scale bars = 20
pin A1,B1-3,F2,G; 100 p in A2; 50 pin C1-2,D1-2,E,F1,3,H.

Endothelial cells express p11 and we confirmed that
GFP + cells were labeled with CD31 and von Wille-
brandt factor (data not shown), markers of endothelial
cells (Asahara et al.,, 1997; Hess et al., 2004). Volume
labeling (Movie S3) suggests that a large number of
endothelial cells are GFP+, which is not apparent on
the tissue sections. Furthermore, we sought to deter-
mine if p11 expression is confined to endothelial cells
or if it extends to pericytes by applying the pericyte-
specific markers alpha smooth muscle actin and
platelet-derived growth factor receptor beta (Makihara

et al,, 2015). We used both mouse lines for this analy-
sis, because the p11-TRAP line provides better cellular
resolution for GFP + cells. All GFP + cells in blood ves-
sel walls were colabeled with both endothelial and peri-
cyte markers, regardless of the vessel size (data not
shown), suggesting that both cell types express p11.
Furthermore, the brain parenchyma is lined with p11-
expressing cells. Both ependymal cells, lining the ven-
tricles throughout the brain (Fig. 2F1,2), and the menin-
ges (Fig. 2H1-4), which envelop the brain, express high
levels of GFP. Some of these GFP+cells are
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endothelial cells from the blood vessels in the menin-
ges, but the majority are meningeal cells. A small sub-
set of cells in the choroid plexus are also GFP + (Fig.
2F1,2).

DISCUSSION

Gene expression databases showed a widespread
expression of p11 in the mouse brain. The results pre-
sented here confirm the widespread distribution of this
protein. We detected p11 in neurons and nonneuronal
cells in distinct brain regions throughout the brain.
Expression in nonneuronal cell types is widespread,
while neuronal expression is region-specific and often
restricted to a subset of neurons within each structure.
Nonneuronal cell types that express p11 include three
subtypes of glia, and endothelial, ependymal, choroid
plexus, and meningeal cells. We also found that the
expression levels vary between brain regions and cell
types, in which some areas/cell types, such as neurons
in the brainstem nuclei appear highly enriched, while
other brain areas, such as basomedial amygdaloid
nuclei, have considerably lower expression.

MDD is a disorder affecting multiple brain regions
and cell types that are connected by intricate networks
and include multiple neurotransmitter  systems
(Krishnan and Nestler, 2008; Price and Drevets, 2010).
Given this complexity, the inquiry into the pathophysiol-
ogy of depression should focus both on the cellular
mechanisms as well as the anatomical and functional
connectivity between brain regions and the whole
organism. This approach has been demonstrated by the
discovery of the molecular interactions between p11
and serotonergic receptors that contributes to the
depressive-like phenotype of constitutive p11-KO mice
(Svenningsson et al., 2006). The mechanism of p11
action has been investigated in mice (Svenningsson
et al, 2006; Egeland et al., 2010; Warner-Schmidt
et al,, 2012; Oh et al, 2013; Lee et al.,, 2015)), fol-
lowed by gene expression studies in MDD patients
(Svenningsson et al., 2006, 2013; Zhang et al., 2008;
Alexander et al., 2010). While our understanding of p11
actions on the systems level is increasing, only a sub-
set of the neuronal cell types and brain regions have
been investigated. To fully understand the role of p11
in these processes, a thorough mapping of p11 expres-
sion in the brain is essential. Here we provide compre-
hensive p11 expression data that includes a detailed
anatomical map, generated using immunocytochemistry,
in situ hybridization, and iDISCO volume imaging.
Furthermore, we confirmed the expression in nonneuro-
nal cell types and determined glial subtypes that
express p11.

It is noteworthy that the results obtained using multi-
ple detection techniques match well, and the discrepan-
cies can be explained by alterations in sensitivity on
the cellular level, as well as the different methods
used. For example, Oh et al. (2013) did not detect p11-
expressing glial cells in the hippocampus, while Warner-
Schmidt et al. (2011) indicate expression in glia,
although without further analysis. Confirming our and
Warner-Schmidt et al.’s expression data obtained with
various methods, such as array analysis (Zhang et al.,,
2014) and RNA sequencing (J.P. Roussarie and A. Milo-
sevic, pers. commun.), we found expression of p11 in
glial cells. It has been reported that different mouse
strains have variable levels of p11 expression (Zimmer
et al., 2005), and thus the expression level in each cell
type may vary between different strains, prompting
slightly different protein content and consequently the
immunostaining results. However, we did not detect dif-
ferences in GFP immunoreactivity between two strains
of mice, CD1 and C57BL/6, used in this study. Thus,
present discrepancies in immunoreactivity on the cellu-
lar level are most likely a result of slight variability in
immunolabeling protocol, such as concentration of the
fixative and the thickness of tissue sections used. In
summary, we detected p11 in neurons in 80 distinct
areas in the brain, as well as in three types of glial
cells: endothelial, ependymal, and meningeal cells. Fur-
thermore, the immunoreactivity in iDISCO volume imag-
ing appears slightly different, most notably in blood
vessels and meninges. This is probably caused by pro-
jection images from cleared tissues that enhance the
larger or densely labeled structures when they are
summed over thick optical sections of tissue. Similar
images from standard confocal methods of nontranspar-
ent preparations inherently reveal cross-sections of the
structures due to limited optical penetration. The exam-
ple of a blood vessel will appear merely as a ring in a
confocal image, whereas a continuous cylinder from the
transparent tissue is strikingly brighter. In addition, the
GFP expression is not expected to leak out of cells and
relocate to vessels and endothelial cells. This is evident
in the staining of other GFP mouse models (glial- and
ChAT-GFP transgenic mice were extensively tested, T.
Liebmann, pers. commun.), where we do not see
enriched immunoreactivity in vessels and endothelial
cells.

Regional specificity of the P11 mechanism
of action

At present, the role of p11 has been investigated in
cortical layer 5a, the nucleus accumbens, and the den-
tate gyrus of the hippocampus. We have shown that
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other areas implicated in depression display strong p11
mRNA expression, as well as GFP expression in a sub-
set of their neurons. These areas include the nuclei of
the basal forebrain, basolateral amygdala, and brain-
stem monoaminergic nuclei. These regions are extreme-
ly important in the neuronal circuitry underlying
numerous psychiatric diseases (Price and Drevets,
2012), but the role of p11 remains to be elucidated.
For example, the distribution and morphology of
p11+ cells in the basal forebrain suggest expression in
cholinergic neurons, similar to those in the nucleus
accumbens. Dysfunction of the cholinergic connectivity
between the basal forebrain and cortex has been exten-
sively studied (for review, see Drevets et al., 2008; Sar-
ter, 2008; Price and Drevets, 2012). While the role of
p11 in choline acetyltransferase (ChAT) cells in the
nucleus accumbens has been elucidated (Warner-
Schmidt et al., 2012; Virk et al., 2016), p11 signaling in
the basal forebrain may be different, since these are
projection neurons and their circuitry differs from the
accumbal ChAT interneurons.

Next, the amygdala is known to regulate anxiety via
microcircuitry between the basolateral and central
amygdaloid nuclei (Tye et al., 2011; Tye and Deisseroth,
2012), and fear conditioning via connections to the pre-
frontal cortex and basal amygdala (Senn et al.,, 2014).
Molecular mechanisms and circuitry of p11+cells in
the amygdala are not known at present, but the strong
signal in the basolateral amygdaloid nucleus would sug-
gest a possible role in anxiety symptoms present in
MDD.

Several areas in the hypothalamus have strong p11
expression. For example, the lateral hypothalamus
p11+ cells have been shown to secrete orexin/hypo-
cretin and project to the nucleus accumbens and it has
been suggested that they may regulate behavior related
to specific symptoms of depression, such as abnormal
food intake (Ekstrand et al., 2014). Moreover, p11 may
have a role in regulating the stress response, since it is
expressed in the paraventricular hypothalamic nucleus.
This brain region contains cells that secrete oxytocin
and vasopressin, as well as corticotropin-releasing hor-
mone, and has a critical role in hypothalamo-pituitary-
adrenal stress response (Jankord and Herman, 2008).

Notably, p11 expression was detected in several
monoaminergic nuclei in the brainstem. Monoamines,
which include serotonin, dopamine, and noradrenaline,
regulate mood, food intake, learning and memory, loco-
motion, sleep, and many other processes. Altered levels
of monoamines and changes in signaling have long
been considered as one of possible causes of MDD,
and are currently the basis for treatment with serotonin
or noradrenaline reuptake inhibitors and monoamine

Expression of depression-related protein P11

oxidase inhibitors (Chaudhury et al.,, 2015). Dorsal
raphe, the largest serotonergic nuclei in the brain, con-
tain neurons that express p11 at a very high level. The
role of p11 in the functioning of the dorsal raphe neu-
rons remains to be examined, but the data from our
laboratory would suggest a role in regulating serotoner-
gic signaling, gene expression, and serotonin secretion,
possibly via interaction with the 5HT1b serotonergic
receptor, which serves as an autoreceptor on serotonin
neurons (P. Svenningsson, pers. commun.) The three
distinct regions of the midbrain dopaminergic system,
the substantia nigra, ventral tegmental area, and retro-
rubral field, as well as the noradrenergic locus coeru-
leus vary in their p11 expression. The biological
importance of such differential expression is not clear.
These nuclei play very important roles in depressive
behavior (Chaudhury et al., 2013; Lammel et al., 2014),
and second-generation antidepressants target monoam-
inergic systems (Hillhouse and Porter, 2015). However,
the role of p11 is most likely not related specifically to
dopamine or noradrenaline, since the current literature
does not indicate an interaction of p11 with dopaminer-
gic or noradrenergic receptors, or regulation of neuro-
transmitters’ transcription, synthesis, and secretion.
Thus, it is more likely that the distinct connectivity of
each nucleus, including receptors and cotransmitters
expressed by each neuronal subtype, define the role of
p11 in these regions, similar to regulation of the
accumbal ChAT activity (Virk et al., 2016).

Our data and the literature point to multiple roles of
p11 in cellular processes and in order to elucidate the
mechanism of p11 action in MDD, brain regions impor-
tant for the etiology of MDD should be examined. This
approach has been used successfully in recent studies
in which it was found that p11 has different roles in
depressive-like behaviors, depending on the region and
cell type. Cortical layer 5a pyramidal neurons (Schmidt
et al., 2012), ChAT neurons in the nucleus accumbens
(Warner-Schmidt et al., 2012), and mossy cells in the
hippocampus (Oh et al.,, 2013) all have higher GFP
immunoreactivity relative to other cells in these regions.
However, deletion of p11 in ChAT cells in the nucleus
accumbens induces anhedonia and despair in mice
(Warner-Schmidt et al., 2012), while deletion in the cin-
gulate cortex, known to have a major role in psychiatric
disorders (Drevets et al,, 2008; Price and Drevets,
2012), fails to induce depression-like behavior (Alexan-
der et al., 2010). Nevertheless, when p11 is deleted
from all forebrain glutamatergic neurons, not only those
in the cingulate cortex, mice became susceptible to
depression upon being exposed to a mild stressor (Lee
et al,, 2015). The response to antidepressants is also
region-specific, so deletion of p11 specifically in
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Figure 9. GFP is expressed in three subtypes of glial cells. Characterization of glial subtypes was performed using subtype-specific anti-
bodies on the sections from the p11-EGFP line. Row (A1-4) Astrocyte in the white matter tract in the medulla (arrowhead) is labeled with
the astrocyte marker GFAP (red) and GFP (green) antibodies. Row (B1-4) Microglial marker Iba1 (blue) colabels GFP (green) cells (arrow-
heads), but not neurons immunolabeled with the NeuN antibody (red). Row (C1-4) Small glial cell (arrowhead) in the corpus callosum
colabeled with anti-GFP (green) and neural/glial antigen 2 NG2 (red), the marker of pluripotent glial cells and oligodendrocyte progenitors.

Scale bars = 20 .

accumbal ChAT cells does not affect the response to
antidepressants (Warner-Schmidt et al., 2012), while
the antidepressant action is abolished after deleting
p11 from cortical layer 5a (Schmidt et al., 2012). These
results suggest that multiple brain regions are involved
in the etiology of MDD and underline the region specif-
icity of the p11-dependent mechanism of action and
antidepressant response.

It is also interesting to note that the number of p11
cells within each region is not critical for key effects on
behavior. For example, cholinergic p11+ cells in the
nucleus accumbens encompass between one and two
percent of total cells in this region, yet deletion of p11
specifically in these cells has a profound effect on
depressive behaviors (Warner-Schmidt et al.,, 2012),
while deletion of p11 in a large number of p11 + cells

in layer 5a of the prefrontal or cingulate cortex does
not (Alexander et al., 2010; Schmidt et al., 2012).
Although an emphasis of these studies has been on
the areas of the brain with a clear role in depression, it
is interesting to note that the nuclei of the cranial
nerves in the brainstem have the highest level of p11
expression across all brain regions. This suggests a key
role that p11 may have in regulating vital body func-
tions, such as transmission of sensory information, and
visceral, cardiac, and respiratory functions. However,
the role of p11 in these neurons remains unknown.
Does it involve localization of receptors other then
those for serotonin and thus help communication
between the brain and the rest of the body? The main
neurotransmitter in some of these nuclei is acetylcho-
line, but there is also dense serotonergic innervation in
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this area (www.gensat.org). Recently, it has been
reported that p11 regulates calcium signaling and
excitation-contraction coupling in cardiomyocites via 5-
HT4 receptor signaling (Meschin et al., 2015). It may
be possible that p11 has a similar mechanisms of
action in neurons of the cranial nuclei.

Together, the results presented here show that GFP
immunolabeling, substituting for p11 expression,
encompasses many brain regions and colocalizes
with the major outputs for glutamatergic, cholinergic,
dopaminergic, noradrenergic, and serotonergic inner-
vation and neuromodulators such as vasopressin,
corticotropin-releasing hormone, and hypocretin. In
addition, p11 is expressed in some types of GABAergic
neurons, but not the others (Heiman et al, 2008;
Schmidt et al., 2012). These regions play key roles in
regulating a wide variety of behaviors, including emo-
tional and stress responses, learning and memory, and
motor functions. Thus, widespread expression of p11
results in a complex role in brain functioning on the cel-
lular and organ level. One way to parse out this com-
plexity is to characterize regional and cellular
differences in p11 actions.

Cellular mechanisms of p11 action depend
on circuitry

Regional specificity of p11 actions may be instigated
by a unique combination of different neurotransmitter
receptors and ion channels expressed in neuronal sub-
types found in different brain regions. It was shown
that p11 stabilizes serotonergic receptors on the cell
membrane, thus regulating the cellular response to the
neurotransmitter (Svenningsson et al., 2006). However,
each cell type expresses a unique subset of serotoner-
gic receptors (Egeland et al., 2011; Schmidt et al,
2012; Warner-Schmidt et al.,, 2012; Eriksson et al.,
2013), and therefore the behavioral outcome of per-
turbed p11-dependant signaling depends on the spe-
cific subtype of serotonergic receptor expressed.

P11 interaction with other neurotransmitter recep-
tors, such as the recently described metabotropic gluta-
mate receptor mGIuRS on glutamatergic neurons, also
appears to be involved in regulation of processes
underlying depression (Lee et al., 2015). This may be
especially relevant for the areas where glutamate is the
predominant neurotransmitter, such as the cortex and
amygdala. Furthermore, p11 is involved in trafficking of
various ion channels, including the voltage-gated sodi-
um channel Nay1.8 (Okuse et al., 2002), acid-sensing
ion channel (Donier et al., 2005), and TASK-1 potassi-
um channel (Girard et al.,, 2002; Renigunta et al.,
2006). The deletion of p11 from primary sensory

Expression of depression-related protein P11

neurons abolishes the response to noxious pain due to
the deficit in trafficking of Nay1.8, showing the impor-
tance of p11 in the functioning of the peripheral ner-
vous system (Foulkes et al., 2006). Taken together,
these data suggest that p11 interacts with receptors
and channels of other neurotransmitter systems in addi-
tion to serotonin, and has a complex role in MDD.

Additional complexity of p11 action involves regula-
tion of gene transcription. P11 is a key component of
the cellular signaling cascade that activates gene tran-
scription by interacting with the chromatin regulator
SMARCA3 (Oh et al., 2013). While this was demonstrat-
ed in the mossy and basket cells of the dentate gyrus,
it remains to be examined if this same mechanism of
action applies for other cell types that contain p11.

A first step towards understanding the mechanism of
p11 action in different brain regions would be determin-
ing the molecular profile of each p11+ neuronal sub-
type. Currently, their precise molecular profile in the
majority of brain regions involved in depression remains
unknown. The characterization of the specific subtypes
of the p11+ neurons was beyond the scope of this
study, but our current knowledge of the cellular and
molecular mechanism of MDD warrants the analysis of
their gene expression and connectivity in regions rele-
vant to depression.

Role of p11 in nonneuronal cells

P11 was initially detected in various tissues by west-
ern blot analysis, and mapping in the brain was done
by in situ hybridization (Zimmer et al., 2005; Svennings-
son et al., 2006). Neither of these techniques can pro-
vide information about the specific cell types that
express p11. In this study we used immunocytochemi-
cal labeling with antibodies against glial markers and
found p11 in astrocytes, microglia, and a subset of oli-
godendrocytes. As opposed to neurons, where even
within the same structure only a subset of neurons
expresses pl11, pl11+ astrocytes and microglia are
widespread. Restricted glial expression was found
only in the white matter tracts where a subset of
oligodendrocyte progenitors, also known as NG2 cells
(Nishiyama et al., 1999), express p11. To our knowl-
edge, the presence of p11 protein in glial cells in the
healthy brain has not been reported previously. Howev-
er, it is known that reactive astrocytes in an injured
brain upregulate expression of p11 (Zamanian et al.,
2012). In addition, p11 transcripts were found in multi-
ple glial cell types, including mature oligodendrocytes
and microglia, in ex vivo conditions (Zhang et al,
2014).

At present, the role of glial cells in depression is well
established. The number and morphology of glial cells
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are changed in MDD patients and in animal models
(Czeh et al, 2006; Rajkowska and Miguel-Hidalgo,
2007; Banasr and Duman, 2008; Lee and Fields, 2009;
Liu et al., 2012; Oh et al.,, 2012; Birey et al., 2015).
Gene expression analyses have shown that glial genes,
including those involved in the glutamate cycle, inflam-
mation, and structural components of myelin, are very
often changed in key brain areas such as prefrontal cor-
tex and hippocampus (Aston et al., 2005; Choudary
et al.,, 2005; Bernard et al., 2011). Neuroinflammation
as a cause of depression gained attention recently, sup-
ported by a body of evidence that MDD patients have
high levels of multiple inflammatory markers and that
cytokines induce a depressive-like state (Krishnan and
Nestler, 2008; Dowlati et al.,, 2010; Warner-Schmidt
et al., 2011; Russo and Nestler, 2013; Hodes et al.,
2015). These active molecules enter the brain paren-
chyma through the blood-brain barrier, comprised of
the endothelial cells and astrocytes (Abbott et al,
2006), and the structure and permeability of the blood-
brain barrier is changed in depression (Najjar et al.,,
2013; Rajkowska et al., 2013). However, the role of
p11 in these cells is not known, especially in the con-
text of MDD, and remains to be examined.

SUMMARY

We have provided a comprehensive p11 expression
atlas that includes regional and cell specificity. With
such widespread expression, it is necessary to eluci-
date the mechanisms of action in each cell type, as
well as their connectivity with other brain regions, to
fully understand the role of p11 in depression and other
mood disorders.
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