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Abstract
G protein-gated inwardly-rectifying K+ (GIRK/family 3 of inwardly-rectifying K+) channels are
coupled to neurotransmitter action and can play important roles in modulating neuronal
excitability. We investigated the temporal and spatial expression of GIRK1, GIRK2 and GIRK3
subunits in the developing and adult rodent brain using biochemical, immunohistochemical and
immunoelectron microscopic techniques. At all ages analysed, the overall distribution patterns of
GIRK1-3 were very similar, with high expression levels in the neocortex, cerebellum,
hippocampus and thalamus. Focusing on the hippocampus, histoblotting and
immunohistochemistry showed that GIRK1-3 protein levels increased with age, and this was
accompanied by a shift in the subcellular localization of the subunits. Early in development
(postnatal day 5), GIRK subunits were predominantly localized to the endoplasmic reticulum in
the pyramidal cells, but by postnatal day 60 they were mostly found along the plasma membrane.
During development, GIRK1 and GIRK2 were found primarily at postsynaptic sites, whereas
GIRK3 was predominantly detected at presynaptic sites. In addition, GIRK1 and GIRK2
expression on the spine plasma membrane showed identical proximal-to-distal gradients that
differed from GIRK3 distribution. Furthermore, although GIRK1 was never found within the
postsynaptic density (PSD), the level of GIRK2 in the PSD progressively increased and GIRK3
did not change in the PSD during development. Together, these findings shed new light on the
developmental regulation and subcellular diversity of neuronal GIRK channels, and support the
contention that distinct subpopulations of GIRK channels exert separable influences on neuronal
excitability. The ability to selectively target specific subpopulations of GIRK channels may prove
effective in the treatment of disorders of excitability.
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Introduction
G protein-gated inwardly rectifying K+ (GIRK/family 3 of inwardly-rectifying K+) channels
contribute to the regulation of membrane excitability in the brain, and play key roles in
synaptic plasticity and behaviour (Lüscher et al., 1997; Lüscher & Slesinger, 2010). GIRK
channels constitute a critical effector of G protein-coupled receptors that use the Gi/o family
of G proteins, thus mediating their slow inhibitory effects (Lüscher & Slesinger, 2010). A
major G protein-coupled receptor activating GIRK channels is the metabotropic γ-
aminobutyric acid type B (GABAB) receptor (Lüscher et al., 1997). Macromolecular
signalling complexes containing GABAB receptors and GIRK channels exist in the brain
(Ciruela et al., 2010; David et al., 2006; Fernández-Alacid et al., 2009; Fowler et al., 2007),
indicating that their spatial proximity is a critical mechanism to ensure their functional
association.

Four different genes encode GIRK channel subunits in mammals (GIRK1–4), which
combine to form functional homotetrameric or heterotetrameric channels (Krapivinsky et
al., 1995; Lesage et al., 1995). Three channel subunits (GIRK1–GIRK3) exhibit broad and
partly overlapping distributions in the central nervous system, whereas GIRK4 expression is
limited to a small number of neuron populations (Karschin et al., 1996; Perry et al., 2008;
Wickman et al., 2000). The overlapping distribution of neuronal GIRK channels suggests
the potential for considerable molecular diversity (Karschin et al., 1996). In the brain,
GIRK2 contributes to the formation of most GIRK channels (reviewed by Luján et al., 2009;
Lüscher & Slesinger, 2010), determining their assembly and surface localization (Inanobe et
al., 1999). The GIRK1 subunit assembles with GIRK2 (Koyrakh et al., 2005; Liao et al.,
1996; Marker et al., 2004), and the similar electrophysiological profiles of neurons from
GIRK1−/− and GIRK2−/− mice support this notion (Koyrakh et al., 2005; Marker et al.,
2006). Recent evidence suggests that many GIRK channel subtypes exist in the brain in a
cell type- and subcellular compartment-dependent manner (Aguado et al., 2008; Ciruela et
al., 2010; Fernández-Alacid et al., 2009; Labouèbe et al., 2007; Perry et al., 2008). For
instance, the GIRK3 subunit also seems to add to the repertoire of functional GIRK channels
in the brain. In the cerebellum, ultrastructural data have shown that dendritic spines of
Purkinje cells and dendrites of granule cells contain GIRK1, GIRK2 and GIRK3 (Ciruela et
al., 2010; Fernández-Alacid et al., 2009). However, membrane fractionation analyses have
indicated that GIRK2 and GIRK3 are present in distinct membrane microdomains in the
hippocampus (Koyrakh et al., 2005), suggesting that the relevance of the GIRK3 subunit in
the formation of functional GIRK channels in the hippocampus is different to that in the
cerebellum.

Information regarding the ontogeny and distribution of GIRK channel subunits is crucial to
elucidate the contribution of the ion channels to developmental processes and hippocampal
functions. Therefore, affinity-purified GIRK subunit-specific antibodies were used to
understand how GIRK channel subunit expression develops during postnatal development
and becomes organized along the surface of pyramidal cells using histoblotting and
immunoelectron microscopy approaches, combined with quantitative analyses.

Materials and methods
Tissue preparation

The OF-1 mice and Wistar rats from the day of birth [postnatal day (P)0] to adulthood (P60)
(obtained from the Animal House Facility of the School of Medicine of the University of
Castilla-La Mancha) were used for histoblots, and light and electron microscopy
immunohistochemical analyses. The animals were housed on a 12 h light/dark cycle, with
food and water available ad libitum. The care and handling of the animals prior to and
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during the experimental procedures followed Spanish and European Union regulations, and
were approved by the Animal Care and Use Committee of the institution. For each
developmental stage, the animals used were from different litters.

For histoblotting, animals were deeply anaesthetized by hypothermia (P0-P5) or by
intraperitoneal injection of ketamine/xylazine 1 : 1 (0.1 mL/kg b.w.) and the brains were
quickly frozen in liquid nitrogen. For immunohistochemistry, animals were anaesthetized
and transcardially perfused with ice-cold fixative containing 4% paraformaldehyde and 15%
(v/v) saturated picric acid (also containing 0.05% glutaraldehyde for electron microscopy)
made up in 0.1 M phosphate buffer (pH 7.4). After perfusion, brains were removed and
immersed in the same fixative for 2 h or overnight at 4 °C. Tissue blocks were washed
thoroughly in 0.1 M phosphate buffer. Coronal 60-μm-thick sections were cut on a
Vibratome (Leica V1000).

Antibodies
Rabbit anti-GIRK1 polyclonal, guinea pig anti-GIRK2 polyclonal and rabbit anti-GIRK3
polyclonal antibodies (Aguado et al., 2008) were used in this study. The detailed
characterization of the antibodies targeting GIRK channel subunits has been described
elsewhere (Aguado et al., 2008; Fernández-Alacid et al., 2009).

Histoblotting
The regional distribution of GIRK channel subunits was analysed in rodent brains, using an
in-situ blotting technique (histoblot) (Tönnes et al., 1999). For this technique, the expression
patterns for GIRK1 and GIRK2 were determined in mouse brains, whereas that for GIRK3
was determined in rat brains; a number of attempts to detect GIRK3 in mouse brains did not
yield reliable labelling (Supporting Information Fig. S1). Briefly, horizontal cryostat
sections (10 μm) from mouse or rat brain were apposed to nitrocellulose membranes
moistened with 48 mM Tris-base, 39 mM glycine, 2% (w/v) sodium dodecyl sulphate and
20% (v/v) methanol for 15 min at room temperature (~20 °C). After blocking in 5% (w/v)
non-fat dry milk in phosphate-buffered saline, nitrocellulose membranes were treated with
DNase I (5 U/mL), washed and incubated in 2% (w/v) sodium dodecyl sulphate and 100
mM β-mercaptoethanol in 100 mM Tris–HCl (pH 7.0) for 60 min at 45 °C to remove
adhering tissue residues. After extensive washing, the blots were reacted with affinity-
purified anti-GIRK1, anti-GIRK2 and anti-GIRK3 antibodies (0.5 mg/mL) in blocking
solution overnight at 4 °C. The bound primary antibodies were detected with alkaline
phosphatase-conjugated anti-rabbit or anti-guinea pig IgG secondary antibodies (Tönnes et
al., 1999). A series of primary and secondary antibody dilutions and incubation times were
used to optimize the experimental conditions for the linear sensitivity range of the alkaline
phosphatase reactions. To compare the expression levels of each protein during
development, all nitrocellulose membranes were processed in parallel, and the same
incubation time for each reagent was used for all antibodies at all ages. Therefore, some
regions that showed very low levels of expression may have been considered as negative.
For this reason, we only performed quantitative analysis on the expression levels from P5.
We only compared labelling intensities obtained with the same antibody.

To facilitate the identification of brain regions, structures and cell layers, adjacent cryostat
sections were stained with cresyl violet at all developmental ages (Supporting Information
Fig. S2). Digital images were acquired by scanning the nitrocellulose membranes using a
desktop scanner (HP Scanjet 8300). Image analysis and processing were performed using
the Adobe Photoshop software (Adobe Systems, San José, CA, USA) as described
previously (Kopniczky et al., 2005). The same incubation time for each reagent was used for
all antibodies. All of the images were processed with the same equipment in the same way to
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allow comparison of the intensity of grayscale images at different postnatal ages and in
different brain regions on different days. The pixel density (arbitrary units) of
immunoreactivity was measured using open circular cursors with a diameter of 0.10 mm.
The cursors were placed in different brain regions identified based on the adjacent cresyl
violet-stained sections (Kopnoczky et al., 2005). We used background correction to
eliminate potential differences in optical densities across different sections in different
experiments. The average of eight background determinations carried out near the brain
protein-containing areas of the immunostained nitrocellulose membranes was subtracted
from the average pixel densities measured within brain regions. Following background
corrections, the average pixel density for the whole region from one animal counted as one
‘n’. Under these conditions, labelling performed on different days produced very consistent
results. Data were analysed and plotted using the software Analysis (Soft Imaging Systems,
Munster, Germany).

Immunohistochemistry for light microscopy
Sections were incubated in 10% (v/v) normal goat serum (NGS) diluted in 50 mm Tris
buffer (pH 7.4) containing 0.9% (v/v) NaCl [Tris-buffered saline (TBS)], with 0.2% (v/v)
Triton X-100 for 1 h. Sections were then incubated for 48 h in either anti-GIRK1, anti-
GIRK2 or anti-GIRK3 at a final protein concentration of 1–2 μg/mL diluted in TBS
containing 1% (v/v) NGS. After several washes in TBS, the sections were further incubated
for 2 h in biotinylated goat anti-rabbit IgG or anti-guinea pig IgG (Vector Laboratories,
Burlingame, CA, USA) diluted 1 : 100 in TBS containing 1% (v/v) NGS. They were then
transferred into avidin–biotin–peroxidase complex (ABC kit; Vector Laboratories), diluted
1 : 100, for 2 h at room temperature. Bound peroxidase enzyme activity was revealed using
3,3′-diaminobenzidine tetrahydrochloride (0.05% in Tris buffer, pH 7.4) as the chromogen
and 0.01% (v/v) H2O2 as the substrate. Finally, sections were air-dried and coverslipped
prior to observation in a Nikkon photomicroscope (Nikkon, Eclipse 80i) equipped with
differential interference contrast optics and a digital imaging camera.

Immunohistochemistry for electron microscopy
Immunohistochemical reactions for electron microscopy were carried out using the
immunogold methods described previously (Luján et al., 1996). Ultrastructural analyses
were performed in a Jeol-1010 electron microscope.

Pre-embedding immunogold method—Briefly, free-floating sections were incubated
in 10% (v/v) NGS diluted in TBS. Sections were then incubated in anti-GIRK1, anti-GIRK2
or anti-GIRK3 antibodies [3-5 μg/mL diluted in TBS containing 1% (v/v) NGS], followed
by incubation in goat anti-rabbit or anti-guinea pig IgG coupled to 1.4 nm gold (Nanoprobes
Inc., Stony Brook, NY, USA). Sections were postfixed in 1% (v/v) glutaraldehyde and
washed in double-distilled water, followed by silver enhancement of the gold particles with
an HQ Silver kit (Nanoprobes Inc.). Sections were then treated with osmium tetraoxide (1%
in 0.1 M phosphate buffer), block-stained with uranyl acetate, dehydrated in graded series of
ethanol and flat-embedded on glass slides in Durcupan (Fluka) resin. Regions of interest
were cut at 70-90 nm on an ultramicrotome (Reichert Ultracut E, Leica, Austria) and
collected on single slot pioloform-coated copper grids. Staining was performed on drops of
1% aqueous uranyl acetate followed by Reynolds’s lead citrate.

Postembedding immunogold method—Briefly, ultrathin sections (80 nm thick) from
Lowicryl-embedded blocks of hippocampus were collected on single slot pioloform-coated
nickel grids and incubated on drops of a blocking solution consisting of 2% human serum
albumin in 0.05 M TBS and 0.03% (v/v) Triton X-100. The grids were incubated with
GIRK1, GIRK2 or GIRK3 antibodies [10 μg/mL in 0.05 M TBS and 0.03% (v/v) Triton
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X-100 with 2% (w/v) human serum albumin] at 28 °C overnight. The grids were incubated
on drops of goat anti-guinea pig IgG or goat anti-rabbit IgG conjugated to 10 nm colloidal
gold particles (Nanoprobes) in 2% (w/v) human serum albumin and 0.5% (w/v)
polyethylene glycol in 0.05 M TBS and 0.03% (v/v) Triton X-100. The grids were then
washed in TBS and counterstained for electron microscopy with saturated aqueous uranyl
acetate followed by lead citrate.

Quantification of GIRK channel subunits during development
To establish the relative abundance of GIRK channel subunits in CA1 pyramidal cells
during development, quantification of immunolabelling was carried out in three different
ways. (i) To determine the abundance of GIRK1, GIRK2 and GIRK3 immunoreactivity in
different compartments of pyramidal cells during development, we used 60 μm coronal
slices processed for pre-embedding immunogold immunohistochemistry. The procedure was
similar to that used previously (Luján et al., 1996; Luján & Shigemoto, 2006). Briefly, for
each of three animals from different postnatal ages and adult, three samples of tissue were
obtained for the preparation of embedding blocks (totalling nine blocks for each age). To
minimize false negatives, ultrathin sections were cut close to the surface of each block. We
estimated the quality of immunolabelling by always selecting areas with optimal gold
labelling at approximately the same distance from the cutting surface. Randomly selected
areas were then photographed from the selected ultrathin sections at a final magnification of
45 000×. Quantification of immunogold labelling was carried out in reference areas totalling
approx. 2000 μm2 for each age. Immunoparticles identified in each reference area and
present along the plasma membrane and intracellular sites in dendrites, spines and axon
terminals were counted. (ii) To establish the relative abundance of GIRK1, GIRK2 and
GIRK3 immunoreactivity at synaptic sites during postnatal development, quantification of
immunolabelling at excitatory synapses was performed in single sections in the distal part of
the stratum radiatum from 80 nm ultrathin sections obtained from Lowicryl-embedded
blocks. Only synapses made by axon terminals with CA1 pyramidal cell spines were
evaluated for the number of gold particles per synapse (both labelled and unlabelled) or
number of gold particles per labelled synapse; labelled synapses had one or more gold
particles. Synapses were only included in the analysis if the synaptic cleft was visible. (iii)
To establish the density of GIRK1, GIRK2 and GIRK3 at extrasynaptic sites in dendritic
spines of CA1 pyramidal cells in the adult, quantification of immunolabeling was performed
from 60 μm coronal slices processed for pre-embedding immunogold in three different
layers: the proximal stratum radiatum (defined as the portion in the 100 μm away from the
stratum pyramidale), distal stratum radiatum (defined as the portion in the 100 μm away
from the border of the stratum lacunosum–moleculare) and stratum lacunosum–moleculare.
For each of three animals from different postnatal ages and adult, three samples of tissue
were obtained. Randomly selected areas were then photographed from the selected ultrathin
sections at a final magnification of 45 000×. Quantification of immunogold labelling was
carried out in reference areas totalling approx. 2000 μm2 for each age. Immunoparticles
identified in dendritic spines were counted and the surface area of each spine was measured.
The data (density of GIRK subunits in spines in each CA1 layer) were expressed as the
number of immunoparticles/μm2. We calculated the non-specific labelling density in every
reaction in the nuclei of pyramidal cells, a subcellular compartment that should not contain
any GIRK. The immunoparticle density over the nuclei was 0.04 ± 0.01 immunoparticles/
μm2.

Controls
To test the method specificity in the procedures for histoblotting, as well as for both light
and electron microscopy, antisera against GIRK1, GIRK2 and GIRK3 were tested on brain
slices of mice lacking the corresponding channel subunit (Supporting Information Fig. S3)
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(Aguado et al., 2008; Fernández-Alacid et al., 2009). Furthermore, the primary antibody
was either omitted or replaced with 5% (v/v) normal serum of the species of the primary
antibody. Under these conditions, no selective labelling was observed.

Statistical analysis
Statistical analyses were performed using Analysis (Soft Imaging Systems) and data are
presented as mean ± SEM. For histoblotting and electron microscopic techniques, statistical
differences during development between the brain regions were assessed using a two-way
ANOVA, and further compared with the Bonferroni post hoc test, at a minimum confidence
level of p < 0.05.

Results
Expression patterns of GIRK channels in postnatal development

We used the histoblot technique to determine the regional distribution and expression levels
of GIRK channel subunits in the brain during postnatal development and in adults. This
method is a reliable and convenient way to compare the regional distribution of different
proteins in brain samples without compromising the integrity of antibody-binding sites by
tissue fixation, which is required for conventional immunocytochemistry (Jo et al., 2006;
Kopniczky et al., 2005; Tönnes et al., 1999). Proteins transferred to nitrocellulose
membranes were immunostained with the purified GIRK channel subunit-specific antibodies
using conventional immunoblotting. In adult brain (P60), the overall expression patterns of
GIRK1, GIRK2 and GIRK3 subunits were rather similar (Figs 1A and 2A), with strong
immunoreactivities in the neocortex, cerebellum, hippocampus and thalamus (Figs 1B and
C, and 2B). Faint staining was observed in midbrain nuclei, including the inferior and
superior colliculus, and brainstem nuclei (Figs 1A and 2A). Very weak staining was
observed in basal ganglia nuclei such as the caudate putamen and globus pallidus (Figs 1A
and 2A).

The GIRK1-3 proteins were expressed in the developing brain from the day of birth (P0),
showing some differences in a region- and subunit-specific manner (Figs 1 and 2). In the
cerebellum, the expression of GIRK1 was low in the molecular layer at P5, increased at P10
and then decreased from P15 to adulthood (Fig. 1A and B). In contrast, GIRK1 levels
increased steadily in the granule cell layer (Fig. 1A and B). The expression of GIRK2 was
highest in the molecular and granule cell layers at P5, and then decreased until adulthood
(Fig. 1A and C). In the white matter, the expression for both GIRK1 and GIRK2 was
consistently lower than in the molecular and granule cell layers, showing its highest
expression at P5, and then decreasing until adulthood (Fig. 1A-C). The expression of GIRK3
increased from its lowest expression at P5 to a peak at P60 (Fig. 2A and B).

Labelling for GIRK1 in the hippocampus was weak at P0 (Fig. 1A) and more detectable at
P5 (Fig. 1A), whereas it appeared only around P10 for GIRK2 and became strong at P15
(Fig. 1A). The first labelling for GIRK3 in the hippocampus was detected weakly at P5 and
increased steadily until P60 (Fig. 2A). Densitometric measurements performed in the
hippocampus demonstrated that, at all developmental stages, immunoreactivity for GIRK1,
GIRK2 and GIRK3 was generally greatest within the CA1 region, CA3 region and
molecular layer of the dentate gyrus, and lowest in the hilus (Figs 1B and C, and 2B).
Furthermore, in all of those subregions of the hippocampus, GIRK1 and GIRK3 proteins
increased from the lowest levels at P5-P10 to the highest level at P60, whereas GIRK2
expression remained relatively consistent, with only minor increases early on and levelling
out after P15.

Fernández-Alacid et al. Page 6

Eur J Neurosci. Author manuscript; available in PMC 2014 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Regulation of GIRK1 in the brain of GIRK2-deficient mice
Given the association of GIRK channel subunits in the cerebellum and hippocampus
(Aguado et al., 2008; Fernández-Alacid et al., 2009; Koyrakh et al., 2005), one might
predict that, as in other hetero-oligomeric ion channels (Ball et al., 2010), the loss of a given
subunit would affect the expression and/or turnover of other subunits. We addressed this
issue in quantitative histoblotting experiments involving only adult GIRK2 null mice (Fig.
3). In the cerebellum, GIRK1 was reduced in both the molecular (11 ± 1%; p < 0.05) and
granule cell (30 ± 2%; p < 0.05) layers. In the hippocampus, GIRK1 was lower in the CA1
(50 ± 4%, p < 0.05), CA3 (34 ± 3%, p < 0.05) and molecular layer of the DG (18 ± 1%; p <
0.05), but was normal in the hilus (Fig. 3A, C and E). GIRK1 levels were also lower in the
caudate putamen (8 ± 1%, p < 0.05). Thus, we found that the GIRK1 subunit was
consistently and significantly down-regulated in the GIRK2 null mice, although this
regulation was different depending on the brain region and the layer or subfield of each
region.

Maturation of the expression for GIRK subunits
To determine the distribution and subcellular profile of GIRK1, GIRK2 and GIRK3
distribution during postnatal development, light microscopy immunohistochemical analyses
were performed in the hippocampus, as it displayed among the highest immunoreactivity for
all three GIRK channel subunits (Fig. 4).

GIRK1—At birth (P0), we observed that GIRK1 was extensively expressed in the somata of
principal cells in all hippocampal areas, whereas very weak labelling was detected in the
dendritic layers (Fig. 4A1). At P5, GIRK1 immunoreactivity was intensely expressed in
principal cell somata, and moderate labelling was detected in the dendritic layers (Fig. 4A2).
During the second postnatal week (P10), immunolabelling for GIRK1 was still observed in
principal cell somata but more intense labelling was found in the stratum lacunosum–
moleculare of the CA1 and CA3 regions, and molecular layer of the dentate gyrus (Fig.
4A2). However, during the third postnatal week (P15), a dramatic decrease in GIRK1
immunoreactivity was detected in the principal cell layers throughout the hippocampus (Fig.
4A4). Overall, the distribution of GIRK1 in the hippocampal formation did not change from
P21 to P60 (Fig. 4A5 and A6). In the CA1 region, immunolabelling for GIRK1 was strong
in the stratum lacunosum–moleculare, whereas the stratum radiatum showed an uneven
labelling with moderate intensity in the proximal half and high intensity in the distal half,
and the stratum oriens showed moderate intensity (Fig. 4A5 and A6). In the CA3 region,
GIRK1 immunoreactivity was strongest in the strata oriens, radiatum and lacunosum–
moleculare, whereas the stratum lucidum displayed more moderate expression (Fig. 4A5
and A6). In the dentate gyrus, GIRK1 immunoreactivity was strong in the molecular layer
and weak in the hilus (Fig. 4A5 and A6). In the pyramidal and granule cell layers, no
labelling was observed.

GIRK2—At P0 and P5, GIRK2 was expressed intensely in the principal cells of all
hippocampal subregions, with stronger labelling seen in the dendritic layers (Fig. 4B1 and
B2) as compared with GIRK1. During the second postnatal week (P10), principal cell layers
of areas CA1 and CA3, and the dentate gyrus displayed relatively weak labelling, whereas
more intense labelling was found in the dendritic layers, particularly in the CA3 and
molecular layer of dentate (Fig. 4B3). At P15 and P21, the pattern of GIRK2
immunolabelling was similar, but stronger than that observed at P10, only showing a
stronger signal in the stratum lacunosum–moleculare of the CA1 region (Fig. 4B4 and B5).
At P60, immunolabelling for GIRK2 was strong in the stratum lacunosum–moleculare in the
CA1 region, whereas the stratum radiatum showed an uneven labelling with moderate
intensity in the proximal half and high intensity in the distal half, and the stratum oriens
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showed moderate intensity (Fig. 4B6). In the CA3 region, GIRK2 immunoreactivity was
strongest in the strata oriens, radiatum and lacunosum–moleculare, compared with the more
moderate expression in the stratum lucidum (Fig. 4B5 and B6). Additionally, in the dentate
gyrus, strong GIRK2 immunoreactivity was again detected in the molecular layer and
weaker labelling was observed in the hilus (Fig. 4BA6. No labelling was observed in the
pyramidal and granule cell layers of the dentate.

GIRK3—At birth (P0), GIRK3 was expressed intensely in the principal cells of all
hippocampal areas, whereas very weak labelling was detected in the dendritic layers (Fig.
4C1). At P5, the distribution pattern of GIRK3 changed dramatically, showing a decrease in
the pyramidal cell layer and strong expression in the neuropil of all dendritic layers, with the
strongest labelling seen in the stratum lucidum in the CA3 region (Fig. 4C2). A similar
pattern, albeit with greater intensity, of GIRK3 immunolabelling was observed during the
second (P10) and third (P5) postnatal week compared with P5 (Fig. 4C3 and C4). However,
at P15, intense GIRK3 labelling was also observed in the inner third of the molecular layer
in the dentate gyrus (Fig. 4C4). At P21, GIRK3 immunolabelling was observed in the
neuropil of all dendritic layers, with the strongest intensity occurring in the stratum lucidum
in the CA3 region and stratum lacunosum–moleculare of the CA1 region (Fig. 4C5). At
P60, the distribution of GIRK3 immunolabelling was of similar intensity throughout the
neuropil of all dendritic layers in the CA1 region, CA3 region and dentate gyrus, with the
strongest intensity in the stratum lucidum in the CA3 region and hilus of the dentate gyrus
(Fig. 4C6).

Developmental shift in the subcellular localization of GIRK subunits
To investigate in greater detail the changes in the subcellular localization of GIRK channel
subunits in CA1 pyramidal neurons throughout postnatal development (P5, P15 and P60),
we next carried out electron microscopic studies using the pre-embedding and
postembedding immunogold techniques, allowing us to evaluate the subcellular localization
at extrasynaptic and synaptic sites, respectively.

Extrasynaptic GIRK-containing channels—We used the pre-embedding immunogold
technique to determine the developmental changes in the subcellular localization of GIRK1,
GIRK2 and GIRK3 at extrasynaptic sites (Figs 5 and 6). Distribution was quantified in the
stratum radiatum for the three subunits at P5, P15 and P60. At P5, labelling for GIRK1 (Fig.
5A, B and H), GIRK2 (Fig. 5E and I) and GIRK3 (Fig. 6A, B and H) was found to be
primarily associated with the endoplasmic reticulum of dendritic shafts and spine apparatus
(75, 71 and 78% of all particles examined for GIRK1, GIRK2 and GIRK3, respectively). Of
the immunoparticles found in the plasma membrane, most (82% of GIRK1, 81% of GIRK2
and 52% of GIRK3) were found in postsynaptic compartments, whereas the remainder (18%
of GIRK1, 19% of GIRK2 and 48% of GIRK3) were found at presynaptic sites in axon
terminals establishing asymmetrical synapses with dendritic spines (Figs 5H and I, and 6H).

At P15, labelling for GIRK1 (Fig. 5C and H), GIRK2 (Fig. 5F and I) and GIRK3 (Fig. 6C,
D and H) was found at both intracellular sites in dendritic shafts and spines (51, 49 and 62%
of all particles examined for GIRK1, GIRK2 and GIRK3, respectively), and along the
plasma membrane, where most (82% of GIRK1, 83% of GIRK2 and 57% of GIRK3) were
found in postsynaptic compartments, and the rest (18% of GIRK1, 17% of GIRK2 and 43%
of GIRK3) were found at presynaptic sites in axon terminals establishing asymmetrical
synapses with dendritic spines (Figs 5H and I, and 6H). Finally, at P60, labelling for GIRK1
(Fig. 5D and H), GIRK2 (Fig. 5G and I) and GIRK3 (Fig. 6E-F and H) was found primarily
along the plasma membrane, and less at intracellular sites (38, 35 and 46% of all particles
examined for GIRK1, GIRK2 and GIRK3, respectively). Along the plasma membrane, most
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immunoparticles (84% of GIRK1, 86% of GIRK2 and 69% of GIRK3) were found in
postsynaptic compartments, and the remainder (16% of GIRK1, 14% of GIRK2 and 31% of
GIRK3) in axon terminals (Figs 5H and I, and 6H). Immunoparticles for GIRK3 were also
found at mossy fibre terminals in the CA3 region of the hippocampus (Fig. 6G).

As dendritic spines are the compartments showing the highest expression for GIRK, in order
to determine the abundance of the three subunits in the spines located in the different
dendritic subfields of CA1, we next analysed their plasma membrane distribution as a
function of distance from the soma in the adult (immunoparticles/μm2; Table 1). The density
of GIRK1 and GIRK2 followed a similar pattern; it was low in spines present in the
proximal part of the stratum radiatum, increased significantly in the distal part of the
stratum radiatum and was highest in the stratum lacunosum–moleculare (Table 1). In
contrast, the density of GIRK3 was similar in the three hippocampal subfields and
significantly different from that of GIRK1 and GIRK2 (Table 1).

Synaptic GIRK-containing channels—To evaluate the developmental expression
profile of synaptic GIRK-containing channels, we performed quantitative postembedding
immunogold labelling, and examined GIRK1, GIRK2 and GIRK3 at asymmetric synapses
of CA1 pyramidal neurons in the stratum radiatum during postnatal development (Table 2).
GIRK1 was detected at perisynaptic and/or extrasynaptic sites of the dendritic spines but
never along the main body of the postsynaptic density (PSD) at any developmental age
analysed (Fig. 7A-C). GIRK2 and GIRK3, however, were observed along the PSD at all
developmental ages, each displaying different patterns. At P5, GIRK2 immunoparticles were
detected at low levels along the PSD (1.03 ± 0.11 immunoparticles/labelled synapse; Fig.
7D; Table 2), increased by P15 (1.84 ± 0.11 immunoparticles/labelled synapse, p < 0.05;
Fig. 7E) and were highest at P60 (2.51 ± 0.12 immunoparticles/labelled synapse, p < 0.05;
Fig. 7F). In contrast, we observed a similar number of GIRK3 immunoparticles per synapse
and percentage of synapses labelled at all ages studied (P5, 1.47 ± 0.11 immunoparticles/
labelled synapse; P15, 1.53 ± 0.11 immunoparticles/labelled synapse; P60, 1.54 ± 0.12
immunoparticles/labelled synapse; Fig. 7G-I, Table 2). We used anti-PSD-95 and anti-
GluN1 antibodies as controls for postembedding experiments at each developmental age and
always found three to four times more immunoparticles (not shown) than those for anti-
GIRK antibodies, suggesting no technical limitations.

Discussion
In this work, we used a combination of different techniques to reveal the temporal and
spatial expression profile and subcellular localization of three GIRK channel subunits in the
rodent brain during postnatal development. The results obtained with histoblot suggest that
GIRK1, GIRK2 and GIRK3 are widely distributed in the adult brain and during the early
stages of development, and display an overlapping and prominent expression pattern during
development in multiple brain regions including the hippocampus, cerebellum, neocortex
and thalamus. In addition, immunoelectron microscopy combined with quantitative analysis
revealed that the subcellular distribution of GIRK channel subunits is differentially localized
in a subunit- and time-dependent manner within the developing hippocampus. Specifically,
we have provided evidence for the existence of a similar distribution pattern for GIRK1 and
GIRK2, which is different from that for GIRK3. These data demonstrate that the three GIRK
channel subunits are differentially regulated and their co-localization begins in the early
stages of development.
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Expression of GIRK channel subunits during brain development
Unravelling the spatial and temporal appearance of the channel subunits is important to
understand the molecular basis of GIRK signalling. In the adult, native GIRK channels are
believed to be composed of either homomeric assemblies of GIRK2 (Jelacic et al., 2000;
Koyrakh et al., 2005) or heteromeric complexes of GIRK1, GIRK2 and/or GIRK3 subunits
(Chen et al., 1997; Karschin et al., 1996; Kobayashi et al., 1995). There is general
agreement that GIRK2 is an integral subunit in most neuronal GIRK channels and GIRK1/
GIRK2 heteromultimers are widely considered to be the prototypical GIRK channel in the
brain (Cruz et al., 2004; Koyrakh et al., 2005; Lüscher et al., 1997; Marker et al., 2005,
2006; Torrecilla et al., 2002). The loss of GIRK1 staining that we have detected in a number
of brain regions, as well as in different layers or subfields within a specific region, in GIRK2
knockout mice supports this contention, as has also been suggested previously (Koyrakh et
al., 2005; Liao et al., 1996; Torrecilla et al., 2002). Nevertheless, the expression of GIRK2
does not preclude the formation of signalling complexes that do not contain the GIRK2
subunit, as we know that neurons produce more than one type of GIRK channel (Luján et
al., 2009). This is clearly illustrated in the cerebellum by the existence of GIRK channels
that do not contain the GIRK2 subunit (Aguado et al., 2008). Therefore, regional differences
in the expression of GIRK subunits may serve as an indicator for the presence of distinct
GIRK channel subtypes. This is important because differential subunit assembly can confer
distinct GIRK channel properties (Duprat et al., 1995; Krapivinsky et al., 1995).

In the present study, we have shown by histoblot that GIRK1, GIRK2 and GIRK3 are
widely expressed in both the developing and adult brain, in agreement with previous in-situ
hybridization studies (Chen et al., 1997; Karschin et al., 1996; Karschin & Karschin, 1997).
In the hippocampus, we found similar temporal expression patterns for GIRK1, GIRK2 and
GIRK3 in all hippocampal subfields and dendritic layers, increasing progressively during
postnatal development to reach adult levels. In general, GIRK protein expression during
development correlated well with the corresponding mRNA pattern (Karschin & Karschin,
1997; Chen et al., 1997), suggesting that transcriptional regulation is an important
determinant of the density of GIRK channel subunits in hippocampal neurons.

However, the larger spatial resolution of the histoblot technique compared with immunoblot
allowed us to detect marked differences in the level of immunoreactivity and expression
profiles in a layer-specific manner in the cerebellum. Thus, the expression of GIRK2
decreased progressively with age, whereas the expression of GIRK1 and GIRK3 increased
progressively during postnatal development to reach adult levels. The exception was the
expression of GIRK1 in the molecular layer, which increased by P10 and then decreased
following a similar pattern as GIRK2. Given that GIRK1 and GIRK2 are mainly expressed
in cerebellar granule cells (Aguado et al., 2008; Ciruela et al., 2010), their similar
expression pattern in the molecular layer during the first and second postnatal week
indicates that they are co-expressed in granule cells migrating from the external to the
internal granular layer, in agreement with previous immunohistochemical studies in the
cerebellum (Slesinger et al., 1996). Although GIRK3 is also expressed in granule cells
(Aguado et al., 2008; Ciruela et al., 2010), its differential expression pattern in the
molecular layer probably indicates its steady-state expression profile in Purkinje cells, the
cell type showing the highest expression level for this subunit (Aguado et al., 2008).

Differential subcellular localization of extrasynaptic GIRK channel subunits in the
developing hippocampus

The development of the hippocampal network requires neuronal activity, which is shaped by
the differential expression and sorting of a variety of neurotransmitter receptors and ion
channels. Parallel to their maturation, hippocampal neurons undergo a distinct development
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of their neurotransmitter receptor/ion channel profiles. Specific neurotransmitter receptors
and ion channel subunits are developmentally regulated in the hippocampus, in a parallel
process in the establishment and maturation of synaptic contacts (Luján et al., 2005).
However, data regarding the exact temporal expression of GIRK channels are scarce. Here,
the use of high-resolution immunoelectron microscopy yielded novel findings about the
differential trafficking of GIRK1, GIRK2 and GIRK3 to the dendritic compartments as a
function of age. Thus, during the first week of postnatal development, GIRK1 and GIRK2
were largely expressed in the somata of CA1 pyramidal neurons, almost entirely
intracellular in association with the rough endoplasmic reticulum. This early postnatal
distribution was distinct from later stages when GIRK1 and GIRK2 migrate into dendritic
shafts and spines of CA1 pyramidal neurons, and in the adult they are mainly localized to
spines (Koyrakh et al., 2005), consistent with previous studies (Drake et al., 1997; Lüscher
et al., 1997; Ponce et al., 1996). Although GIRK3 generally followed this spatial and
temporal distribution pattern at postsynaptic sites, it appears to have a preferential
localization at presynaptic sites in glutamatergic terminals establishing synapses with CA1
neurons during development, as also suggested in culture neurons (Grosse et al., 2003). This
presynaptic localization of GIRK channel subunits is consistent with previous
morphological (Marker et al., 2005; Morishige et al., 1996; Ponce et al., 1996) and
functional (Fernández-Alacid et al., 2009) observations, although the relevance of GIRK3 in
axon terminals in the hippocampus is still unknown.

The well-characterized laminar arrangement of the cell bodies of CA1 pyramidal cells in the
adult hippocampus allowed us to investigate changes in the density of GIRK expression in
dendritic spines as a function of distance from the soma in the adult. Quantitative
comparison of immunogold densities showed that GIRK1 and GIRK2 followed a similar
proximal-to-distal gradient in the hippocampal pyramidal cells, but GIRK3 did not show
such a gradient. These differential expression patterns may contribute significantly to
changes that determine the properties of GIRK channels and thereby influence different
hippocampal function. Indeed, our data are consistent with previous electrophysiological
studies showing that, in CA1 neurons from GIRK3 knockout mice, no differences in
baclofen-evoked current relative to wild-type were observed (Koyrakh et al., 2005). Thus,
GIRK3-containing channels seem to play only a modest role in the postsynaptic inhibitory
effects of GABAB receptor stimulation (Koyrakh et al., 2005). In addition, the strikingly
similar extrasynaptic distribution of GIRK1 and GIRK2 is reminiscent of the distribution of
the GABAB receptor (Koyrakh et al., 2005; López-Bendito et al., 2004). Therefore, given
our data, it seems reasonable to suggest that GIRK channels consisting of GIRK1 and
GIRK2 mediate the dominant component of the GABAB-mediated postsynaptic inhibition.

Segregation of synaptic GIRK channel subunits in the developing hippocampus
One important finding emerging from our data is that GIRK channel subunits are also
regulated at synaptic sites during development. Indeed, we show here that excitatory PSDs
exhibit profound changes in relative protein composition and abundance of GIRK2 during
development. In contrast, the GIRK1 subunit was never detected at synaptic sites and the
GIRK3 subunit levels were constant throughout postnatal development. The absence of
GIRK1 in the postsynaptic specialization during development and adulthood is additional
evidence of the molecular diversity of GIRK channels in the central nervous system and is
consistent with observations in other brain regions (Fernández-Alacid et al., 2009; Koyrakh
et al., 2005; Marker et al., 2005). Our data suggest that GIRK channels within the synaptic
specialization are likely to be GIRK2/GIRK3 heterotetramers. This specific distribution of
GIRK channels within the PSDs may reflect the presence of a PSD-95, Dlg and ZO-1 (PDZ)
interaction motif on the GIRK2c splice isoform and/or GIRK3 (Inanobe et al., 1999;
Nehring et al., 2000; Kurachi & Ishii, 2004). At present, the functional significance of GIRK

Fernández-Alacid et al. Page 11

Eur J Neurosci. Author manuscript; available in PMC 2014 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



channels within the synaptic specialization is unknown, but they might be activated by
GABAB receptors, which are known to be also present at excitatory synapses in CA1
pyramidal cells (Kulik et al., 2006).

In conclusion, although our data support the contention that heteromeric GIRK1/GIRK2
channels are the prevalent GIRK channels in the developing and adult hippocampus,
subpopulations of GIRK channels with distinct subunit composition and subcellular
distribution can be discerned. Moreover, this study reveals striking developmental regulation
of both the expression and subcellular distribution of neuronal GIRK channel subunits.
Molecular, developmental and subcellular diversity in the neuronal GIRK channel repertoire
may afford an opportunity for the selective modulation of distinct subpopulations of GIRK
channels, an approach that could prove useful for the treatment of disorders of neuronal
excitability including seizures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Developmental and regional distribution of GIRK1 and GIRK2 subunits in the mouse brain.
(A) GIRK protein distribution was visualized on histoblots of brain horizontal sections at
various stages of postnatal development using affinity-purified anti-GIRK1 and anti-GIRK2
antibodies. The two GIRK channel subunits exhibited broad and overlapping distributions in
the developing and adult brain. In particular, strong immunoreactivity for GIRK1 and
GIRK2 was detected in the neocortex, cerebellum, hippocampus and thalamus, with the
lowest intensity in the caudate putamen. (B and C) The histoblots were scanned and
densitometric measurements from five independent experiments were averaged to compare
the protein densities for each developmental time point. Error bars indicate SEM; *p < 0.001
compared with P60. Scale bar, 0.4 cm.
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Fig. 2.
Developmental and regional distribution of the GIRK3 subunit in the rat brain. (A) GIRK
protein distribution was visualized on histoblots of brain horizontal sections at various
stages of postnatal development using affinity-purified anti-GIRK3 antibodies. GIRK3
exhibited a broad distribution pattern in the developing and adult brain. Strong
immunoreactivity for GIRK3 was detected in the neocortex, hippocampus, thalamus and
cerebellum, with the lowest intensity in the caudate putamen. (B and C) The developed
histoblots were scanned and densitometric measurements from five independent experiments
were averaged together to compare the protein densities for each age. In all brain regions
analysed, as well as in all layers or subfields from each region, the GIRK3 protein increased
from its lowest expression at P5 to a peak at P60. Error bars indicate SEM; *p < 0.001
compared with P60. Scale bar, 0.4 cm.
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Fig. 3.
Regulation of GIRK1 expression in the brain of GIRK2 null mice. Protein distribution was
visualized on histoblots of brain horizontal sections at P60 using affinity-purified anti-
GIRK1 antibodies. The developed histoblots were scanned and densitometric measurements
from five independent experiments were averaged together to compare the protein densities
for each age. (A, C and E) The pattern of expression of GIRK1 observed in the wild-type
(A) was consistently reduced in the brain of GIRK2 null mice (C). In all brain regions
analysed, as well as in all layers or subfields from each region, the expression of GIRK1 was
significantly reduced (E). (B, D and F) GIRK2 immunoreactivity was completely absent in
the brain of GIRK2 null mice (D and F), demonstrating the specificity of the antibody. Error
bars indicate SEM; *p < 0.001 compared with P60 in all cases. Scale bar, 0.5 cm.
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Fig. 4.
Immunoreactivity for GIRK1, GIRK2 and GIRK3 in the hippocampus during postnatal
development using a pre-embedding immunoperoxidase method. sp, stratum pyramidale;
gc, granule cell layer; h, hilus; ml, molecular layer. Scale bar: A-C, 0.5 cm.
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Fig. 5.
Developmental shift in the subcellular localization of GIRK1 and GIRK2. Electron
micrographs of the CA1 region of the hippocampus showing immunogold particles for
GIRK1 and GIRK2 during postnatal development, as detected using a pre-embedding
method. GIRK1 and GIRK2 showed similar distribution patterns throughout development.
At P5, immunoparticles for GIRK1 (A) and GIRK2 (E) were mainly associated with the
endoplasmic reticulum (ER) in the cytoplasm (crossed arrows) of pyramidal cells. In the
stratum radiatum, immunoparticles for GIRK1 (B) and GIRK2 (not shown) were mainly
detected at intracellular sites (crossed arrows) in the dendritic shafts (Den) of pyramidal
cells, and only a few immunoparticles were found along the plasma membrane (arrows). At
P15, immunoparticles for GIRK1 (C) and GIRK2 (F) were detected along the plasma
membrane (arrows) of dendritic spines (s) shafts (Den) and at intracellular sites (crossed
arrows). A few immunoparticles for GIRK and GIRK2 were also found in axon terminals
(at) establishing asymmetrical synapses with dendritic spines (s). At P60, immunoparticles

Fernández-Alacid et al. Page 20

Eur J Neurosci. Author manuscript; available in PMC 2014 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for GIRK1 (D) and GIRK2 (G) were mainly detected at postsynaptic sites along the plasma
membrane (arrows) of dendritic spines (s) shafts (Den, arrows) and at intracellular sites
(crossed arrows) in associated with membranes in spines (s) and dendrites (Den). In less
proportion, immunoparticles for GIRK and GIRK2 were also found in axon terminals (at)
establishing asymmetrical synapses with dendritic spines (s). Quantitative analysis showing
the percentage of immunoparticles for GIRK1 (H) and GIRK2 (I) at intracellular sites vs.
plasma membrane (left histogram) and along the plasma membrane of postsynaptic
compartments, such as dendrites, and spines vs. presynaptic compartments, such as axon
terminals (right histogram), during postnatal development. Scale bars: A and F, 0.5 μm; B-
D, F and G, 0.2 μm.
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Fig. 6.
Electron micrographs of the CA1 region of the hippocampus showing immunogold particles
for GIRK3 during postnatal development, as detected using a pre-embedding method. (A
and B) At P5, immunoparticles for GIRK3 were mainly associated with the endoplasmic
reticulum (ER) in the cytoplasm (crossed arrows) of pyramidal cells. In the stratum
radiatum (B), immunoparticles for GIRK3 were mainly detected at presynaptic sites
(arrowheads) in axon terminals (at) establishing asymmetrical synapses, as well as at
intracellular sites in the dendritic shafts (Den) and spines (s) of pyramidal cells, and only a
few immunoparticles were found along the plasma membrane (arrows). (C and D) At P15,
immunoparticles for GIRK3 were detected along the plasma membrane (arrows) and
intracellular sites (crossed arrows) of dendritic shafts (Den) and spines (s). GIRK3
immunoparticles were also observed in axon terminals (at) (arrowheads) establishing
asymmetrical synapses with dendritic spines (s). (E-G) At P60, immunoparticles for GIRK3
were localized along the plasma membrane and intracellular sites of dendritic spines (s) and
shafts (Den) (arrows), and along the plasma membrane of axon terminals (at) (arrowheads),
in the stratum radiatum. In the stratum lucidum of the CA3 region, (G), GIRK3
immunoparticles were also observed in mossy fibres (at) (arrowheads) establishing
asymmetrical synapses with dendritic spines (s) of pyramidal cells. (H) Quantitative analysis
showing the percentage of immunoparticles for GIRK3 at intracellular sites vs. plasma
membrane (top histogram) and along the plasma membrane of postsynaptic compartments,
such as dendrites, and spines vs. presynaptic compartments, such as axon terminals (bottom
histogram), during postnatal development. Scale bars: A, 0.5 μm; B-G, 0.2 μm.
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Fig. 7.
Electron micrographs of the CA1 region of the hippocampus showing immunoparticles for
GIRK1, GIRK2 and GIRK3 in the stratum radiatum, as detected using a postembedding
immunogold method at P5, P15 and P60. (A-C) GIRK1 was never detected along the PSD
of dendritic spines (s) of CA1 pyramidal cells establishing asymmetrical synapses with axon
terminals (at), probably Schaffer collaterals, at any developmental age. Immunoparticles for
GIRK1 were only found at extrasynaptic or perisynaptic sites (crossed arrows). (D-F)
Immunoreactivity for GIRK2 at the PSD (arrows) was low at P5, increased at P15 and was
high at P60. Immunoparticles for GIRK2 were also detected at extrasynaptic or perisynaptic
sites (crossed arrows). (G-I) Immunoreactivity for GIRK3 at the PSD (arrows) was similar
throughout postnatal development. Scale bar: 0.2 μm.
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Table 1

Summary of immunoparticle density for GIRK1, GIRK2 and GIRK3 in different subcellular compartments at
P60

GIRK1 GIRK2 GIRK3

Subcellular
compartment

Density
(immunoparticles/μm2)

Density
(immunoparticles/μm2)

Density
(immunoparticles/μm2)

Spines
(SLM) 9.1 ± 0.6 9.6 ± 0.6 3.5 ± 0.4#

Spines (SR,
distal) 8.6 ± 0.4 8.8 ± 0.5 3.1 ± 0.4#

Spines (SR, proximal) 5.3 ± 0.4* 5.7 ± 0.3* 3.2 ± 0.4#

*
P <0.001 for proximal SR compared with distal SR and SLM.

#
P <0.001 for GIRK3 density compared with GIRK1 and GIRK2.
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Table 2

Summary of immunogold labelling for synaptic GIRK channel subunits during postnatal development

P5 P15 P60

GIRK1 No. of immunoparticles 0 0 0

No. of synapses 85 91 96

Synapses labelled (%) 0 0 0

Immunoparticles/labelled 0 0 0

synapse

GIRK2 No. of immunoparticles 31 59 118

No. of synapses 87 85 92

Synapses labelled (%) 34 38 51

Immunoparticles/labelled 1.03± 0.1 1.84 ± 0.1 2.51 ± 0.1

synapse#

GIRK3 No. of immunoparticles 44 52 71

No. of synapses 82 84 93

Synapses labelled (%) 38 40 49

Immunoparticles/labelled 1.47 ±0.1 1.53 ± 0.1 1.54 ± 0.1

synapse

#
Three-way comparison shows each age to be significantly different from every other age.

Eur J Neurosci. Author manuscript; available in PMC 2014 February 27.


