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Abstract
Regulator of G Protein Signaling 14 (RGS14) is a multifunctional scaffolding protein that
integrates G protein and MAPK signaling pathways. In the adult mouse brain, RGS14 mRNA and
protein are found almost exclusively in hippocampal CA2 neurons. We have shown that RGS14 is
a natural suppressor of CA2 synaptic plasticity and hippocampal-dependent learning and memory.
However, the protein distribution and spatiotemporal expression patterns of RGS14 in mouse
brain during postnatal development are unknown. Here, using a newly characterized monoclonal
anti-RGS14 antibody, we demonstrate that RGS14 protein immunoreactivity is undetectable at
birth (P0) with very low mRNA expression in the brain. However, RGS14 protein and mRNA are
upregulated during early postnatal development, with protein first detected at P7, and both
increasing over time until reaching highest sustained levels throughout adulthood. Our
immunoperoxidase data demonstrate that RGS14 protein is expressed in regions outside of
hippocampal CA2 during development including the primary olfactory areas, the anterior
olfactory nucleus and piriform cortex, and the olfactory associated orbital and entorhinal cortices.
RGS14 is also transiently expressed in neocortical layers II/III and V during postnatal
development. Finally, we show that RGS14 protein is first detected in the hippocampus at P7 with
strongest immunoreactivity in CA2 and fasciola cinerea and sporadic immunoreactivity in CA1;
labeling intensity in hippocampus increases until adulthood. These results show that RGS14
mRNA and protein are upregulated throughout postnatal mouse development, and RGS14 protein
exhibits a dynamic localization pattern that is enriched in hippocampus and primary olfactory
cortex in the adult mouse brain.
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INTRODUCTION
Regulator of G Protein Signaling 14 (RGS14) is a highly unusual signaling protein that
integrates G protein and MAPkinase signaling pathways to regulate synaptic plasticity and
hippocampal-based learning and memory (Lee et al., 2010; Shu et al., 2010; Vellano et al.,
2013). RGS14 was first identified as a complex scaffolding protein with an unconventional
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domain structure that allows it to interact with various protein binding partners (Snow et al.,
1997; Traver et al., 2000). Like other RGS proteins (Hollinger and Hepler, 2002), RGS14
contains an RGS domain, which binds to and accelerates the intrinsic GTPase activity of
activated Gαi/o-GTP subunits to limit heterotrimeric G protein signaling. However, unlike
most other RGS proteins, RGS14 also contains two tandem Ras/Rap-binding domains
(RBDs), and a G protein regulatory (GPR) motif (Cho et al., 2000; Hollinger et al., 2001;
Traver et al., 2000). RGS14 preferentially binds activated H-Ras-GTP as well as Raf kinases
through the first RBD (RBD1) (Kiel et al., 2005; Shu et al., 2010; Vellano et al., 2013) and
selectively binds inactive Gαi1/3-GDP subunits through the GPR motif to inhibit guanine
nucleotide exchange and localize to cellular membranes (Kimple et al., 2001; Mittal and
Linder, 2004; Shu et al., 2007). RGS14 has been shown to suppress ERK1/2 activity through
a Giα1- and H-Ras-dependent mechanism, indicating that RGS14 functionally integrates G
protein and MAP kinase signaling pathways (Shu et al., 2010).

Northern blot experiments (Snow et al., 1997), in situ hybridization studies (Grafstein-Dunn
et al., 2001), and quantitative PCR (Larminie et al., 2004) have independently reported that
RGS14 mRNA is present in rat and human brain tissue. Similarly, immunohistochemical
studies (Lopez-Aranda et al., 2006) and immunoblot experiments (Hollinger et al., 2001)
have found that RGS14 protein is enriched in rat and monkey brain. In the adult mouse
brain, RGS14 mRNA and protein are predominantly found in CA2 hippocampal neurons,
specifically within spines and dendrites (Lee et al., 2010). CA2 neurons uniquely exhibit a
marked resistance to long-term potentiation (LTP) of excitatory glutamatergic synaptic
transmission in response to stimulation of incoming CA3 Schaffer collaterals, which reliably
induce LTP in neighboring CA1 neurons (Zhao et al., 2007). However, we have found that
RGS14 knockout (RGS14-KO) mice display nascent and robust LTP in CA2 neurons,
indicating that RGS14 is a natural suppressor of CA2 synaptic plasticity (Lee et al., 2010).
Consistent with our previous report of RGS14 as a suppressor of MAP kinase signaling (Shu
et al., 2010), CA2 LTP in RGS14-KO mice was blocked by a MEK/ERK inhibitor
suggesting that RGS14 inhibits this pathway to limit synaptic plasticity in area CA2 (Lee et
al., 2010; Caruana et al., 2012). Further, RGS14-KO mice have enhanced performance on
tests of spatial and novel object memory, with no differences in nonhippocampal-dependent
behaviors (Lee et al., 2010). Taken together, these data indicate that RGS14 is a natural
suppressor of both synaptic plasticity and hippocampal-dependent learning and memory
(Vellano et al., 2011).

Although previous studies have examined the localization of RGS14 mRNA and protein in
adult rat and monkey brain (Grafstein-Dunn et al., 2001; Lopez-Aranda et al., 2006), a
detailed anatomical analysis of RGS14 localization in mouse brain has not yet been
reported. Further, no studies have examined the spatiotemporal expression pattern of RGS14
in the brain of any animal during postnatal development, a period in which hippocampal-
dependent processes are required for adaptation and survival. Thus, to gain a better
understanding of how RGS14 expression is regulated during postnatal mouse brain
development, we examined total mRNA and protein levels using quantitative real-time PCR
and immunoblotting. We also determined the localization and distribution of RGS14 protein
during postnatal development by performing a detailed light microscopic
immunohistochemical analysis of RGS14 localization in the mouse brain. We present the
first comprehensive characterization of a recently described anti-RGS14 monoclonal
antibody (Lee et al., 2010). Here we report that RGS14 protein expression is absent from
brain at birth, but is upregulated and differentially expressed across brain regions during
postnatal development (P0-P21) into adulthood where expression is restricted to
hippocampal regions CA2 and fasciola cinerea, anterior olfactory nucleus, and piriform
cortex. These findings suggest new roles for RGS14 in regulating physiology and behavior
during mouse brain development.
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MATERIALS AND METHODS
Animals and tissue preparation

Male and female wild-type C57BL/6J and RGS14 knockout (RGS14-KO) mice were used in
this study. All procedures were approved by the animal care and use committee of Emory
University and conform to the U.S. National Institutes of Health guidelines. Adult (older
than 2 months) wild-type and RGS14-KO mice were obtained from mouse colonies
maintained at Emory University. RGS14-KO mice were created by insertion of a LacZ/Neo
cassette that deletes exons 2–7 of the RGS14 gene, and these mice were backcrossed to the
C57BL/6J background as previously described (Lee et al., 2010). Timed pregnant wild-type
C57BL/6J female mice were purchased from Jackson Laboratories (Bar Harbor, Maine), and
mice from these litters were collected at postnatal stages P0, P3, P5, P7, P10, P14, and P21.
Mouse pups (P0, P3, and P5) were deeply anesthetized on ice in combination with
isoflurane. At all other stages, mice were deeply anesthetized with isoflurane.

For immunohistochemical studies, P7 mice and older were deeply anesthetized with
isoflurane and transcardially perfused with cold 0.9% saline solution, followed by 4%
paraformaldehyde (PFA, w/v) in phosphate-buffered saline (PBS), pH 7.4. After perfusion,
the brains were removed from the skull and immersion fixed in 4% PFA in PBS, pH 7.4, for
24 hours at 4°C. P0, P3, and P5 mouse brains were fixed by immersion. Brains were
embedded in paraffin and coronally sliced in 10 µm thick sections.

For immunoblotting studies, mice were deeply anesthetized and euthanized by decapitation.
Brains were rapidly removed from the skull and homogenized on ice using a glass dounce
homogenizer with 10 strokes in an ice-cold homogenization buffer containing 50 mM Tris,
150 mM NaCl, 1 mM EDTA, 2 mM DTT, 5 mM MgCl2, phosphatase inhibitors (1:1,000,
Sigma Aldrich), and one mini protease inhibitor cocktail tablet (Roche Applied Science,
Basel, Switzerland), diluted with dH2O to 10 mL, pH 7.4.

Antibody characterization
Antibodies, sources, and the concentrations at which they were used are listed in Table 1.

HEK293 cells (ATCC, Manassas, VA) were maintained in Dulbecco’s modified eagle’s
medium (Mediatech) supplemented with 10% fetal bovine serum (Atlanta Biologicals, 5%
after transfection), 2 mM L-glutamine (Invitrogen), 100 U/mL penicillin (Mediatech), and
100 mg/mL streptomycin (Mediatech) in a humidified environment at 37°C with 5% CO2.

The rat RGS14 cDNA used in this study (Genbank accession number U92279) was acquired
as described (Hollinger et al., 2001). Flag-RGS14 truncation mutants containing residues 1–
202, 205–490, 371–544, and 444–544 were created as described (Shu et al., 2007). HA-
RGS2, HA-RGS4, and HA-RGS16 were created in our laboratory as described (Bernstein et
al., 2004). The Flag-RGS10 cDNA used in this study was kindly provided by Drs. Malu
Tansey and Jae-Kyung Lee (Emory University School of Medicine). GFP-RGS12 TS was a
kind gift of Dr. Rory Fisher (University of Iowa). Thioredoxin and hexa-histidine tagged
RGS14 (TxH6-RGS14) protein was purified as described (Hollinger et al., 2001).

Transfections were performed using previously described protocols with polyethyleneimine
(PEI; Polysciences, Inc.) (Oner et al., 2010). After 24 hours of expression, cells were
washed with ice-cold PBS and harvested in a lysis buffer containing 50 mM Tris, 150 mM
NaCl, 1 mM EDTA, 2 mM DTT, 5 mM MgCl2, 1% Triton X-100 (v/v), phosphatase
inhibitors (1:1,000, Sigma Aldrich), and one mini protease inhibitor cocktail tablet (Roche
Applied Science, Basel, Switzerland), diluted with dH2O to 10 mL, pH 7.4. Cells were lysed
for one hour at 4°C rocking end-over-end, and subsequently centrifuged to pellet cell debris.
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Immunoblotting
After preparing cell lysates and mouse brain homogenates, Bradford protein assays (Thermo
Scientific) were performed to assess total protein content in order to normalize protein
across samples. Samples were prepared for immunoblotting by diluting with 4× Laemmli
sample buffer to a final 1× concentration and heating samples to 95°C in a heating block for
5 minutes. Mouse brain homogenates were subsequently sonicated on ice. Samples from the
cell lysates and mouse brain homogenates were loaded onto 11% acrylamide gels and
subjected to SDS-PAGE to separate proteins. Proteins were then transferred to nitrocellulose
and subjected to immunoblotting to probe for RGS14 and to test the specificity of the anti-
RGS14 antibody. After blocking nitrocellulose membranes for 1 hour at room temperature
in blocking buffer containing 5% nonfat milk (w/v), 0.1% Tween-20, and 0.02% sodium
azide, diluted in 20 mM Tris buffered saline, pH 7.6, membranes were incubated with
primary antibodies diluted in the same buffer overnight at 4°C, except for anti-Flag and anti-
HA primary antibodies. Membranes were washed in Tris buffered saline containing 0.1%
Tween-20 (TBST) and subsequently incubated with either an anti-mouse, anti-rabbit, or
anti-goat HRP-conjugated secondary antibody diluted in TBST (1:5,000, 1:25,000, or
1:3,000, respectively) for 1 hour at room temperature. Following block, anti-Flag-HRP and
anti-HA-HRP primary antibodies were diluted in TBST and incubated with membranes for 1
hour at room temperature with no secondary antibody. Protein bands were visualized using
enhanced chemiluminescence and exposing membranes to films.

Reverse transcription and real-time quantitative PCR
For real-time quantitative-PCR (qRT-PCR) studies, mice were deeply anesthetized and
euthanized by decapitation. Brains were rapidly removed from the skull, and total RNA was
purified from whole brains using a PureLink RNA Mini Kit (Ambion). RNA yields were
quantified using a Nanodrop 1000 (Thermo Scientific), and reverse transcription was
performed using a SuperScript III First-Strand Synthesis SuperMix for qRT-PCR
(Invitrogen) with 1 µg of total RNA from each brain. qPCR was performed using a
DyNAmo HS SYBR Green qPCR kit (Thermo Scientific) on an iQ5 Multicolor Real-time
PCR Detection System (Biorad). All samples were diluted 1:50 in nuclease-free water, and 8
µl of these dilutions were used for each SYBR Green PCR reaction containing 10 µl SYBR
Green PCR Master Mix, 5 µM each primer, and dH2O. The reactions were incubated for 30
seconds at 95°C, followed by 40 cycles with 30 seconds denaturation at 95°C, 30 seconds
annealing at 60°C, and 30 seconds extension at 72°C. Following the amplification protocol,
melt curves were generated for samples. RGS14 mRNA was amplified using the following
oligonucleotide primers: forward primer, 5’-AAATCCCCGCTGTACCAAG-3’; reverse
primer, 5’-GTGACTTCCCAGGCTTCAG-3’. The housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, Genbank accession number M32599) was used as a
standard to normalize levels of RGS14. GAPDH mRNA was amplified using the following
oligonucleotide primers: forward primer, 5’-TGAAGCAGGCATCTGAGGG-3’; reverse
primer, 5’-CGAAGGTGGAAGAGTGGGAG-3’.

qRT-PCR expression and analysis
Following qPCR amplification, the data were analyzed in Microsoft Excel. All qPCR
reactions were performed on 96-well plates with all postnatal stages present and all samples
tested in triplicate. For all qPCR analyses, RNA from two biological replicates was
amplified in 5 separate qPCR reactions. Within each qPCR reaction, sample C(t) values
were averaged and RGS14 levels were normalized to GAPDH using the ΔΔC(t) method
(ΔΔC(t)=2−(RGS14-GAPDH)). ΔΔC(t) values from each experiment were averaged and
expressed as percent of wild-type adult. Error bars represent the standard error of the mean.

Evans et al. Page 4

J Comp Neurol. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immunohistochemistry
Coronal sections of paraffin embedded mouse brains were manually dewaxed and
dehydrated in a series of ethanol washes. Endogenous peroxidase tissue was quenched by
incubating brain sections in 3% hydrogen peroxide diluted in methanol for 5 minutes at
40°C followed by 3 rinses in 0.075% Brij 35 solution Tris Brij pH 7.5 solution (0.1 M Tris-
HCl pH 7.5, 0.1 M NaCl, 0.005 M MgCl2, 0.075% Brij 35). Sections were then blocked for
1 hour and 45 minutes at 4°C with goat anti-mouse IgG AffiniPure fab fragment (Jackson
Immunoresearch) at a dilution of 1:250 in blocking buffer (Vectastain standard ABC kit,
Vector Laboratories). Sections were incubated with the RGS14 monoclonal antibody diluted
in Tau Secret Formula (1:500) for 24 hours at 4°C. The following day, sections were rinsed
three times in Tris Brij, pH 7.5 and incubated with 1:200 horse anti-mouse biotinylated
secondary antibody diluted in Tris Brij containing 2% horse serum for 30 minutes at 37°C.
Sections were then rinsed three times in Tris Brij and incubated for 80 minutes at 37°C in
the avidin-biotin peroxidase complex (ABC) solution (Vectastain standard ABC kit, Vector
Laboratories). For revelation, sections were first rinsed in Tris Brij solution, then incubated
in a solution containing 0.096% 3,3’-diaminobenzidine tetrahydrochloride (DAB, Vector
Laboratories) for 5 minutes. Finally, sections were counterstained with hematoxylin
(Biomedia), and washed in Tris Brij followed by a rinse in distilled water containing 0.075%
Brij 35 solution.

Light microscopy and photomicrograph production
Mouse brain sections mounted and coverslipped on glass slides were analyzed using an
Olympus BX51 light microscope. Digital images of the slides were captured and analyzed
using DP Controller software on a DP70 camera (Olympus). Brain regions were identified
using the Allen Brain Atlas (http://mouse.brain-map.org/) coronal mouse brain reference
atlas. Representative images were cropped for presentation and assembled into montages
using Adobe Photoshop CS6 Extended.

RESULTS
Antibody characterization

To validate the immunohistochemical findings of this study, we provide the first detailed
characterization of an anti-RGS14 monoclonal antibody (clone N133/21) developed in
collaboration between our laboratory and the NIH/NINDS-sponsored University of
California-Davis/NeuroMab Facility (http://neuromab.ucdavis.edu/catalog.cfm). Our
previous initial studies indicated that this antibody specifically recognizes native RGS14 in
mouse brain (Lee et al., 2010). To identify the region on RGS14 containing the epitope
recognized by the antibody, we performed a series of immunoblot experiments with this
antibody probing cell lysates expressing different regions of RGS14 (Fig. 1). HEK293 cell
lysates transfected with N-terminally Flag-tagged full-length rat RGS14, various N-
terminally Flag-tagged RGS14 truncation mutants, or empty vector (pcDNA3.1) were
immunoblotted for detection using the anti-RGS14 antibody (Fig. 1A). Rat RGS14 is 544
amino acids in length with a predicted molecular weight of 61 kDa. We detect a prominent
band corresponding to full-length Flag-RGS14 at 62 kDa and also detect the presence of
RGS14 truncation mutants encoding residues 205–490 (32 kDa), 371–544 (21 kDa), and
444–544 (15 kDa). The anti-RGS14 antibody does not recognize any protein in HEK293
cell lysates transfected with the RGS14 truncation mutant encoding amino acids 1–202 or
empty vector alone (Fig. 1B, left). Independently probing equal amounts of the cell lysates
with an anti-Flag antibody reveals prominent bands for full-length RGS14 and all truncation
mutants, but does not detect any protein cell lysates transfected with empty vector (Fig. 1B,
right). The recognition of the RGS14 truncation mutants containing residues 205–490, 371–
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544, and 444–544, but not the mutant containing residues 1–202, indicates that the epitope
recognized by this anti-RGS14 antibody is located between residues 444 and 490 of RGS14.

To demonstrate the specificity of the RGS14 antibody, we performed an immunoblot
experiment probing mouse brain homogenate and cell lysates expressing various other
epitope-tagged RGS proteins including RGS14’s closest relatives, RGS12 and RGS10.
Wild-type mouse brain homogenate and HEK293 cell lysates transfected with Flag-tagged
rat RGS14, GFP-RGS12-TS, Flag-RGS10, RGS2-HA, RGS4-HA, RGS16-HA, or empty
vector (pcDNA3.1) were immunoblotted for detection with the RGS14 antibody (Fig. 1C,
left). Probing with the anti-RGS14 antibody only detects a prominent single band in wild-
type mouse brain lysate at 61 kDa corresponding to native RGS14 and a slightly higher
molecular weight band from cell lysate transfected with Flag-tagged full-length rat RGS14,
but no bands are detected in cell lysates transfected with other RGS proteins or empty vector
(Fig. 1C, right). The same cell lysates were also probed with an anti-GFP, anti-FLAG, or
anti-HA antibody to confirm expression of transfected cDNAs (Fig. 1C top). These results
demonstrate the specificity of the RGS14 antibody as it does not detect any other RGS
proteins, including RGS14’s closest protein relatives RGS12 and RGS10 (Hollinger and
Hepler, 2002; Kimple et al., 2011). This antibody was also tested on human and monkey
brain tissue, but does not detect any protein, either by immunoperoxidase labeling of brain
sections or by immunoblot of brain tissue homogenates, suggesting that the specific epitope
present in mouse and rat RGS14 recognized by this monoclonal antibody is not present in
primate RGS14 (data not shown).

To determine the detection limit of this antibody, recombinant rat thioredoxin- and hexa-
histidine-tagged RGS14 (TxH6-RGS14) was purified to homogeneity, diluted in a range of
decreasing concentrations, and immunoblotted with the RGS14 antibody. The antibody
recognizes a prominent single band at 61 kDa and detects as little as 0.75 ng of pure TxH6-
RGS14 (Fig. 1D). The doublet observed with 100 ng and 50 ng of pure TxH6-RGS14
reflects minor degradation products of the purified protein.

RGS14 mRNA and protein are upregulated during postnatal brain development
To quantify total levels of RGS14 mRNA throughout postnatal mouse brain development,
mRNA was extracted from whole mouse brains at various postnatal stages and SYBR Green
quantitative real-time PCR (qRT-PCR) reactions were performed. Quantitative analysis of
mRNA levels reveals that RGS14 mRNA is found at very low levels in P0 brain and is
gradually upregulated throughout postnatal development to reach the highest levels during
adulthood (Fig. 2A). No RGS14 mRNA is amplified from adult RGS14-KO mouse brain,
demonstrating the specificity of the oligononucleotide primers.

To analyze the expression levels of RGS14 protein throughout postnatal development, equal
amounts of protein from mouse brain homogenates collected from different postnatal stages
were subjected to SDS-PAGE, immunoblotting, and probed with the RGS14 antibody. In
agreement with the observed increasing mRNA levels, RGS14 protein is first detected by
immunoblot as a prominent 61 kDa band at P7 and is gradually upregulated during postnatal
development until it reaches the highest levels in adult mouse brain (Fig. 2B, left). Of note,
RGS14 protein levels do not change after reaching adulthood as similar amounts of RGS14
are observed in mice aged up to one year. Immunoblots loaded with equal amounts of
protein from adult wild-type and RGS14-KO brain homogenates were probed with the
RGS14 monoclonal antibody to demonstrate specificity. The antibody recognizes a single 61
kDa band in WT brain, but no signal is detected in RGS14-KO brain, indicating that this
antibody specifically recognizes RGS14 (Fig 2B, right). The same blots were probed with an
anti-beta actin antibody to demonstrate equal protein loading for all samples.
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To validate RGS14 protein levels observed by immunoblot experiments, mouse brain
sections from P0, P7, P14, P21, adult WT, and adult RGS14-KO mice containing
hippocampus were immunoperoxidase-labeled with the anti-RGS14 antibody and analyzed
by light microscopy (LM, Fig. 2C). Consistent with immunoblot experiments, no
immunoperoxidase labeling is observed in P0 hippocampus indicating absence of significant
RGS14 protein expression. However, immunoperoxidase staining results in a dark brown
deposit, which intensely labels CA2 pyramidal dendritic arbors and fasciola cinerea (FC)
neurons in P14, P21, and adult WT hippocampus. Low levels of DAB labeling are observed
in P7 hippocampus compared to older mice, consistent with less protein detected in
immunoblot experiments at this age. Low-level background immunoreactivity is observed in
the CA2 subfield of the adult RGS14-KO mouse brain. The nature of this staining is unclear,
but may be non-specific background (see Discussion) as we find complete loss of the 61
kDa band corresponding full-length RGS14 protein by immunoblot with the same RGS14
antibody (Fig. 2B, right). Additionally, no RGS14 mRNA was detected in adult RGS14-KO
mouse brain (Fig. 2A). Taken together, these studies demonstrate that RGS14 protein is not
detectable until P7 after which time the protein is upregulated until adulthood where it
continues to be expressed at the same level.

Overall distribution of RGS14 immunoperoxidase labeling
Detailed anatomical analysis of coronal brain sections at the LM level reveals that RGS14
immunoperoxidase labeling is not detectable in any region of P0 mouse brain (data not
shown).However, neuronal RGS14 immunoperoxidase labeling is observed as a dark brown
deposit as early as P7, which continues to increase thereafter until adulthood (summarized in
Table 2). RGS14 immunolabeling is detected in the anterior olfactory nucleus (AON) and
piriform cortex known as primary cortical areas for olfactory processing. Labeling is also
present during development in specific layers of orbital and entorhinal cortices, with
transient immunoreactivity in neocortex. Finally, RGS14 immunoperoxidase labeling is
most prominent in hippocampal CA2 and FC with immunoreactivity increasing with age.
After detailed examination for RGS14 immunoreactivity throughout the entire mouse brain,
these areas are the only regions displaying RGS14 immunoreactivity throughout
development and in adulthood. No immunoreactivity is observed in RGS14-KO mice
(except minimal labeling in CA2 subfield-see Discussion), indicating specificity of
immunoperoxidase labeling (data not shown).

Anterior olfactory nucleus (AON) and piriform cortex
In the AON, RGS14 labeling is mainly concentrated in the soma and apical dendrites of
neurons in P7, P14, P21 WT mice (Fig. 3A–I), while in the adult, strongly labeled neuronal
cell bodies lay in a rich immunoreactive neuropil (Fig. 3J–L). The labeling is found
throughout the whole extent of the AON in adolescent mice, but is particularly enriched in
the dorsolateral portion of the structure in adult WT animals. At high magnification, some of
the immunolabeled neurons display pyramidal morphology with a single, prominent apical
dendrite extending from the soma (Fig 3I,L).

In the piriform cortex, RGS14 immunoreactivity is found mainly in layer II pyramidal
neurons. Weak labeling is first observed at P7, but the immunolabeling intensity increases
with age until reaching its highest level in adulthood (Fig. 4A–L). As found in AON,
significant neuropil immunoreactivity and strong neuronal cell body and apical dendrite
labeling are seen in the upper layers of the piriform cortex in adult animals (Fig. 4J–L).

Orbital and entorhinal cortices
At the level of the AON, RGS14 labeling is found from P7 onward in layers II/III and V of
the orbital cortex with highest immunoreactivity detectable at P14 and in adults (Fig. 5). At
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high magnification, labeling is mostly concentrated in neuronal somata, some of which have
a pyramidal shape, in the orbital cortex (Fig. 5F). In adults, light neuropil staining is also
found throughout the orbital cortex (Fig. 5J–L).

Similarly, weak immunoreactivity is first detected at P7 in layer II/III neurons of the
entorhinal cortex (Fig. 6A–C). Immunolabeling is most prominent at P14 and in adults, with
a slight decline in immunoreactivity at P21, (Fig. 6D–L). As in other cortical regions, some
of the labeled cell bodies display a pyramidal shape appearance, and the neuropil labeling is
most intense in adults (Fig. 6J–L).

Transient expression of RGS14 in neocortex
Throughout the rostral-caudal axis of the adolescent mouse brain, light to moderate
immunoreactivity for RGS14 is observed in layers II/III and V of pyramidal-shaped
neocortical neurons between P7 and P21, while it is undetectable in adults (Fig. 7A–L).. A
similar pattern of Immunolabeling is found across several regions of neocortex including
orbital, somatomotor, somatosensory, auditory, and visual areas.

Hippocampal RGS14 immunoreactivity increases throughout development
In the hippocampus, weak RGS14 immunoperoxidase labeling, first observable at P7 in
hippocampal CA2, is significantly upregulated until it reaches its highest levels in adult WT
mouse brain (Fig. 8A–P). Staining is most prominent at the soma and dendritic arbors of
CA2 pyramidal neurons as well as in fasciola cinerea (FC). Labeling is also occasionally
observed in the soma and proximal dendrites of a very sparse population of CA1 neurons at
P14 and P21 (Fig. 8G,K), while in adults the stratum lacunosum moleculare and stratum
radiatum in CA1 region harbored significant neuropil immunoreactivity (8O). Of note, the
CA1 neuropil immunoreactivity in adults is due to immunoperoxidase labeling of CA2
neurites, which extend through this plane of area CA1.

DISCUSSION
Our results provide the first detailed anatomical analysis of the expression of RGS14 in the
developing and adult mouse brain. In doing so, we also provide the first comprehensive
characterization of a newly described anti-RGS14 monoclonal antibody, confirming its
specificity and sensitivity for detecting RGS14 protein in mice. We show that both mRNA
and protein levels are gradually upregulated throughout postnatal development, reaching
their highest levels in the adult mouse brain, except for the neocortex, which displayed a
lower level of immunostaining in adults than at earlier time points (i.e. P7–P21). As a
complement to our previous report of RGS14 as a hippocampal CA2 and FC enriched gene
(Lee et al., 2010), the current findings demonstrate that RGS14 protein is also significantly
expressed in the anterior olfactory nucleus, piriform cortex, orbital cortex, entorhinal cortex,
and neocortex in mice.

Contrary to previous immunohistochemical studies in monkey and rat brain (Lopez-Aranda
et al., 2006) which reported broad RGS14 protein expression in both neurons and glia, our
results show a much more restricted distribution of RGS14 protein expression limited to
neuronal cell bodies in fewer brain regions. The differences in localization profiles between
our study and these previous results could be due to species differences in RGS14
distribution or, more likely, from antibody specificity. In that regard, it is worthy noting that
our findings are entirely consistent with independently reported adult mouse brain in situ
hybridization data from the Allen Mouse Brain Atlas (http://mouse.brain-map.org)
examining RGS14 mRNA expression and distribution patterns in the adult mouse brain.
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Our findings are also consistent with independent microarray studies on adult human (http://
human.brain-map.org/) and non-human primate (http://www.blueprintnhpatlas.org/) brain
tissue, both reporting that RGS14 mRNA is most highly expressed in hippocampal CA2 and
moderately expressed in CA1. Contrary to our findings in mice, these data also show high
levels of RGS14 mRNA expression in the striatum (caudate nucleus and putamen), which
could suggest a unique striatal function for RGS14 in primates relative to rodents. Germane
to this, mRNA and protein variants of RGS14 have been reported in primates (see below),
and it is possible that RGS14 variants could be differentially expressed in CA2 versus
striatum in primates. However, this idea is speculative since the sequence(s) of the RGS14
transcript(s) detected in these microarray data sets are unknown. Further immunoperoxidase
staining and in situ hybridization studies are required to characterize the localization of
RGS14 protein and mRNA in the primate brain. A detailed characterization of the RGS14
mRNA/protein species found in primate brain and a comprehensive analysis of their
distribution and subcellular localization could provide great insight into the roles of RGS14
in human physiology and disease.

Antibody characterization and specificity
Previous studies have shown that RGS14 protein is enriched in brain (Hollinger et al., 2001;
Lopez-Aranda et al., 2006), but the lack of a fully characterized, specific anti-RGS14
antibody has limited immunohistochemical analysis of protein distribution in brain. Here we
show that the anti-RGS14 mouse monoclonal antibody (Clone N133/21, NeuroMabs) used
in our study is very specific and sensitive for RGS14, and that this antibody recognizes an
epitope in the C-terminal region of the mouse and rat RGS14 protein. Furthermore, this
antibody recognizes a single 61 kDa protein band in mouse brain corresponding to native,
full-length RGS14 protein. Although whole-genome shotgun sequencing (Mural et al., 2002)
has predicted lower molecular weight variants of RGS14 including the region of the protein
containing the antibody epitope, this antibody did not detect these proteins by immunoblot.
However, we cannot rule out the possibilities that these variants may be expressed at an
undetectable level for immunoblot, or perhaps expressed outside of mouse brain.

We observed very light immunoperoxidase labeling with this antibody in the hippocampal
CA2 subfield, but not in other regions of adult RGS14-KO mice (Figure 2C). While we
cannot conclude that this staining necessarily represents non-specific background labeling,
several lines of evidence suggest that this is the case. Previous studies showed that
hippocampal CA2 exhibits background immunoreactivity to antibodies against proteins not
present in this region (Holmseth et al., 2012) as well as a unique extracellular milieu
surrounding these neurons that may be non-specifically labeled (Bruckner et al., 2003).
Because this light background staining is not present in P0-P14 mice, it suggests that the
CA2-specific antigen protein(s) the antibody cross-reacts with is also developmentally
upregulated. Another possible explanation is that the low level of background labeling is
caused by the general anti-mouse IgG secondary antibody, rather than the use of a IgG
subclass-specific secondary antibody (Manning et al., 2012). However, no immunolabeling
was observed in control experiments in which primary antibody was omitted. Alternatively,
we cannot definitively exclude the possibility that the RGS14-KO mice used are not
complete knock-outs. These mice were generated by deleting exons 2–7 of the RGS14 gene
that may result in a low production of a smaller molecular weight variant from exons 8–11,
which would contain the epitope recognized by the anti-RGS14 monoclonal antibody.
Arguing against this possibility, however, are our findings (Figure 2A and 2B) showing that
we could not detect either the full-length RGS14 protein or any lower molecular weight
variants by immunoblot, or RGS14 mRNA by qRT-PCR. Taken together, our hypothesis is
that this staining represents low-level non-specific staining as has been reported for other
proteins (Holmseth et al., 2012).
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Upregulation of RGS14 during postnatal development: implications for early learning and
synaptic plasticity

We recently reported that RGS14 suppresses synaptic plasticity in CA2 neurons as well as
hippocampal-based spatial and novel object recognition memory in adult mice (Lee et al.,
2010). Other studies strongly suggest that CA2 plays a significant role in social behavior and
temporal order for memories (DeVito et al., 2009), and initial experiments have shown that
the social neuropeptides oxytocin and vasopressin induce synaptic potentiation in CA2
pyramidal neurons (Caruana et al., 2012). Therefore, the upregulation of RGS14 protein
beginning at P7 may allow for a period of regionally enhanced plasticity and learning during
early postnatal development to allow newborn pups to adapt to their environment and form
strong social bonds, i.e. maternal attachment. For example, the increase in RGS14 protein
after P7 may serve as a filter to allow hippocampal CA2 to encode episodic memories only
under specific conditions. This may coincide with new synapse formation and/or pruning
during early postnatal development, shaped by environmental inputs such as maternal
bonding and other social interactions.

Olfaction plays a major role in guiding rodent behaviors including social recognition. In
mammals, odorants are first processed by the olfactory bulb, which targets specific
structures collectively referred to as primary olfactory cortex, including the anterior
olfactory nucleus (AON) and piriform cortex (Wilson and Rennaker, 2010). The olfactory
cortex is responsible for processing and associating odorants with specific events (Wilson
and Sullivan, 2011). The expression of RGS14 in pyramidal neurons in both the AON and
piriform cortex makes it well positioned to modulate primary olfactory inputs and thus guide
olfactory and social learning. RGS14 is also expressed in orbital and entorhinal cortical
neurons, which receives substantial input from primary olfactory cortical areas. This
distribution pattern, therefore, suggests that RGS14 could play a pivotal role in modulating
olfactory processing in different brain regions. Further studies are required to determine if
RGS14 regulates olfaction in mice.

RGS14: a suppressor of plasticity in multiple neuronal populations?
Although we have found that RGS14 restricts CA2 synaptic plasticity, its role in the other
brain areas remains to be determined. Of note, the subcellular immunoperoxidase labeling
for RGS14 is distinct in CA2 compared with other regions. In hippocampal CA2, RGS14
staining is much more heavily concentrated in the apical and basal dendrites of pyramidal
neurons while than in other areas where the labeling is lighter and often restricted to the
soma and apical dendrites of pyramidal neurons, such as in CA1. Of note, RGS14
immunoreactivity in CA1 did not colocalize with any known markers of CA1 interneurons
(Chris McBain personal communication), and we therefore deduce that RGS14 is likely
expressed in a very small, sporadic subset of CA1 pyramidal neurons. This difference in
localization suggests that RGS14 may play a distinct role in plasticity suppression for area
CA2 rather than in other neuronal populations outside of the hippocampus. One possibility
is that RGS14 modulates synaptogenesis and dendrite development as its expression is
dramatically upregulated during the first two postnatal weeks, a time of extensive synapse
formation and pruning in rodent brain (Fiala et al., 1998). We have recently shown that
RGS14 coordinates Giα1 and H-Ras signaling to modulate neurite outgrowth in PC12 cells
(Vellano et al., 2013). The transient expression of RGS14 in neocortex, which peaks at P14,
suggests that it must have a distinct purpose at this time in early development.

Implications for RGS14 and area CA2 in human cognition and behavior
Humans and primates also express a roughly equivalent long isoform (approximately 63
kDa) of RGS14 as well as shorter splice variants that lack the N-terminal RGS domain
(Lopez-Aranda et al., 2006). Our findings indicate that, at least in mouse brain, RGS14 is
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expressed as the full length 61 kDa isoform and that expression is largely limited to
hippocampal area CA2 in adulthood. Hippocampal long-term potentiation (LTP) is believed
to underlie certain key aspects of human learning, memory, and cognition, most notably
spatial and contextual learning. While hippocampal LTP has been thoroughly characterized
in the dentate gyrus (DG)-CA3-CA1 trisynaptic pathway, significantly less is known about
the role of LTP-resistant area CA2 in overall hippocampal functions or behaviors (Scorza et
al., 2011; Zhao et al., 2007). It has recently been shown that, in contrast to Schaffer
collateral inputs, entorhinal cortex inputs to CA2 are capable of producing LTP, but the
cellular mechanisms underlying this plasticity remain to be demonstrated (Chevaleyre and
Siegelbaum, 2010). Moreover, a number of genes, including RGS14, are highly expressed in
CA2, but not CA1 (Lein et al., 2005; Lein et al., 2007), suggesting that the cellular
mechanisms regulating plasticity in CA2 may differ from the well-known pathways in CA1
neurons. Further experiments are required to understand the unique cellular machinery
governing CA2 plasticity, and the role of CA2 in mediating overall hippocampal function.
Our findings are consistent with the hypothesis of Caruana et al. (2012), suggesting that the
relative synaptic stability of CA2 is designed to allow encoding of memories only under
specific circumstances, such as in early postnatal development when RGS14 protein is not
expressed.

The contribution of area CA2 to putatively linked behaviors is in the early stages of
exploration, but initial experiments strongly suggest that CA2 plays a significant role in
several forms of learning/memory including social, spatial, object recognition, and temporal
order (Caruana et al., 2012). Area CA2, in particular, is associated with human pathologies
including Alzheimer’s disease, schizophrenia, autism and bipolar spectrum disorders, as
well as ischemia/epilepsy (Benes et al., 1998; Braak, 1980; DeVito et al., 2009; Kirino,
1982; Sadowski et al., 1999; Sloviter, 1991). RGS14 has also recently been identified as a
candidate gene in a study of fear learning in mice (Parker et al., 2012), which could suggest
a role for RGS14 in human post-traumatic stress disorder (PTSD). Thus, RGS14 could
function to selectively allow encoding of CA2 under certain conditions, e.g. maternal
attachment in the neonate, while filtering storage of memories that could be maladaptive,
e.g. traumatic life events. Microarray studies reporting high levels of RGS14 expression in
adult human and non-human primate CA2 suggest that RGS14’s role as a suppressor of
plasticity and hippocampal-dependent learning in mice may also extend to primates. The
unique expression of RGS14 in the primate striatum indicates that it could serve yet
unknown functions specific to primates. Further studies are needed to elucidate roles for
RGS14 and hippocampal region CA2 in human behavior and disease.
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Figure 1.
Characterization of the epitope, specificity, and sensitivity of the RGS14 mouse monoclonal
antibody. A: Cartoons depicting the domain structure of Flag-tagged RGS14 truncation
mutants used to map the region recognized by the antibody. RGS, Regulator of G protein
signaling domain; RBD, Ras/Rap- binding domain; GPR, G protein regulatory motif. B:
HEK293 cell lysates transfected with Flag-tagged RGS14 or truncation mutant cDNAs were
subjected to SDS-PAGE and immunoblotting with anti-RGS14 antibody (1:5,000). Equal
amounts of these samples were separately subjected to SDS-PAGE and immunoblotting
with an anti-Flag antibody (1:25,000) to verify cDNA expression. C: Wild-type mouse brain
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homogenate (Lane 1) and HEK293 cell lysates transfected with Flag-RGS14 (Lane 2), GFP-
RGS12 TS (Lane 3), Flag-RGS10 (Lane 4), RGS2-HA (Lane 5), RGS4-HA (Lane 6),
RGS16-HA (Lane 7), or empty vector (Lane 8, pCDNA3.1) were subjected to SDS-PAGE
and immunoblotting with the anti-RGS14 antibody (1:5,000). Equal amounts of these
samples were separately subjected to SDS-PAGE and immunoblotting with either an anti-
Flag antibody (Lanes 2 and 4, 1:25,000), anti-GFP antibody (Lane 3, 1:1,000), or anti-HA
antibody (Lanes 5–8, 1:1,000) to confirm protein expression. GFP, green fluorescent
protein; HA, hemagglutinin. D: A serial dilution of purified thioredoxin-and hexa-histidine-
tagged RGS14 (TxH6-RGS14) at 100 ng, 50, 25, 12.5, 6.25, 3.12, 1.50, 0.75 ng was
subjected to SDS-PAGE and immunoblotting with the anti-RGS14 antibody (1:5,000).
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Figure 2.
RGS14 mRNA and protein are upregulated in mouse brain during postnatal development. A:
Quantification of RGS14 mRNA levels determined by quantitative real-time PCR (qRT-
PCR). Within each qPCR reaction, sample C(t) values were averaged and RGS14 levels
were normalized to GAPDH using the ΔΔC(t) method (ΔΔC(t)=2−(RGS14-GAPDH)). ΔΔC(t)
values from each experiment were averaged and expressed as percent of wild-type adult.
Error bars represent the standard error of the mean. B: Left, Equal amounts of protein from
wild-type mouse brain homogenates were subjected to SDS-PAGE and immunoblotting
with an anti-RGS14 antibody (1:1,000). Right, Equal amounts of protein from adult RGS14
wild-type and knockout mouse brain homogenates were similarly subjected to SDS-PAGE
and immunoblotting with an anti-RGS14 antibody (1:1,000). All samples were also probed
with an anti-beta actin antibody (1:5,000) to demonstrate loading of equal protein amounts
between samples. WT, wild-type; KO, RGS14 knockout. C: A series of low power
micrographs of coronal mouse brain sections showing RGS14 immunoreactivity in
hippocampus at different developmental stages. Scale bar = 1.0 mm.
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Figure 3.
RGS14 immunolabeling in anterior olfactory nucleus (AON) of postnatal mouse brain. Low,
medium, and high magnification views of coronal hemisections at P7, P14, P21, and adult
wild-type mouse brain labeled with immunoperoxidase using an anti-RGS14 monoclonal
antibody (A–L). RGS14 immunoreactivity increases in the AON during postnatal
development, and staining is restricted to soma and proximal dendrites of neurons, some of
which have a pyramidal shaped cell body until P21 (F,I)). In adults, neuronal cell bodies are
more heavily stained, and a significant neuropil immunostaining can be seen (J–L). Dashed
boxes indicate region magnified in subsequent micrographs to the right. Arrows indicate
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immunolabeled neuronal perikarya. AON, anterior olfactory nucleus; d, dorsal; m, medial; l,
lateral; pv, posteroventral. Scale bars = 500 µm in A (applies to D); 1.0 mm in G (applies to
J); 200 µm in B (applies to E,H,K); 50 µm in C (applies to F,I,L).
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Figure 4.
RGS14 immunoreactivity in postnatal mouse piriform cortex. Low, medium, and high
magnification views of right coronal hemisections at P7, P14, P21, and adult wild-type
mouse brain immunoperoxidase labeled with an anti-RGS14 antibody. RGS14
immunoreactivity increases in piriform cortex during postnatal development, and staining is
localized to soma and proximal dendrites of neurons, some of which with a pyramidal shape
(C,F,I,L). Dashed boxes indicate regions magnified in subsequent micrographs to the right.
Arrows indicate immunolabeled neurons. PIR, piriform cortex. Scale bar = 1.0 mm in A
(applies to D,G,J); 200 µm in B (applies to E,H,K); 50 µm in C (applies to F,I,L).
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Figure 5.
RGS14 immunoreactivity in postnatal mouse orbital cortex. Low, medium, and high
magnification views of right coronal hemisections at P7, P14, P21, and adult wild-type
mouse brain immunoperoxidase labeled with an anti-RGS14 antibody. RGS14
immunoreactivity in the orbital cortex is highest at P14 and in adults, and staining is
localized to soma and proximal dendrites of neurons, some with a pyramidal shape (F,L).
Dashed boxes indicate regions magnified in subsequent micrographs to the right. Arrows
indicate immunolabeled neurons.; ORB, orbital cortex; m, medial; vl, ventrolateral; l, lateral.
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Scale bars = 1.0 mm in A (applies to D,G,J); 200 µm in B (applies to E,H,K); 50 µm in C
(applies to F,I,L).
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Figure 6.
RGS14 immunoreactivity in postnatal mouse entorhinal cortex. Low, medium, and high
magnification views of coronal hemisections from P7, P14, P21, and adult wild-type mouse
brain immunoperoxidase labeled with an anti-RGS14 antibody. RGS14 immunoreactivity in
the entorhinal cortex is highest at P14 and in adults, and the staining is localized to soma and
apical dendrites of labeled neurons (F,I,L). In adults, a light immunoreactive neuropil can
also be seen (J–L). Dashed boxes indicate regions magnified in subsequent micrographs to
the right. Arrows indicate immunolabeled neurons. ENT, entorhinal cortex. Scale bars = 1.0
mm in A (applies to D,G,J); 200 µm in B (applies to E,H,K); 50 µm in C (applies to F,I,L).
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Figure 7.
RGS14 immunolabeling is transiently expressed in postnatal mouse neocortex. Low,
medium, and high magnification views of coronal hemisections from P7, P14, P21, and
adult wild-type mouse brain immunoperoxidase labeled with an anti-RGS14 antibody.
RGS14 immunoreactivity is highest at P14 in neocortical layers II/III and V, and staining is
localized to soma and apical dendrites of pyramidal neurons (F). Immunostaining is less
intense at P21 (G–I) and is undetectable in adults (J–L). Dashed boxes indicate regions
magnified in subsequent micrographs to the right. Arrows indicate immunolabeled neurons.
Scale bars = 1.0 mm in A (applies to D,G,J); 200 µm in B (applies to E,H,K); 50 µm in C
(applies to F,I,L).
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Figure 8.
RGS14 immunolabeling in postnatal mouse hippocampus. Low and medium magnification
views of hemisections from P7, P14, P21, and adult wild-type mouse brains
immunoperoxidase labeled with an anti-RGS14 antibody. RGS14 immunoreactivity
increases in hippocampal CA2 during development, which results in an extensive labeling of
the dendritic arbors of CA2 pyramidal neurons (F,J,N). RGS14 immunoreactivity in fasciola
cinerea (FC) also increases with age, reaching its highest levels in the adult mouse brain
(arrows in D,H,L,P). At P14 and P21, the cell bodies and proximal dendrites of a small
population of CA1 pyramidal neurons display immunoreactivity, while in adults, a
significant neuropil immunostaining of CA1 region can be seen (M,O). Arrows indicate
immunolabeled neurons. FC, fasciola cinerea; DG, dentate gyrus. Scale bars = 1.0 mm in A
(applies to E, I, M); 200 µm in B–D (applies to F–H, J–L, N–P).
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TABLE 1

Primary Antibodies Used

Antibody Immunizing Antigen Host Species Source/catalog number Dilution

Beta actin Synthetic peptide derived from
residues 1–100 of human beta
actin

Rabbit (polyclonal) Abcam # ab8227 IB: 1:5,000

Flag M2-HRP Flag peptide (DYKDDDDK)
fused onto the N-terminus of
interleukin 2 (IL-2)

Mouse (monoclonal) Sigma Aldrich # A8592 IB: 1:25,000

Green Fluorescent Protein
(GFP)

Recombinant GFP protein Mouse (monoclonal) MBL International # 5892 IB: 1:1,000

HA-Peroxidase, Clone HA-7 Synthetic peptide from residues
98–106 of human influenza virus
hemagglutinin (HA) conjugated to
KLH

Mouse (monoclonal) Sigma Aldrich # H6533 IB: 1:1,000

Regulator of G Protein
Signaling 14 (RGS14)

Full length rat RGS14 Mouse (monoclonal) Neuromabs (Clone
N133/21) # 75–170

IB: 1:1,000–
5,000 IHC:
1:500
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