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Abstract
GABAergic interneurons are key elements regulating the activity of local circuits, and abnormal
inhibitory circuits are implicated in certain psychiatric and neurodevelopmental diseases. The
glutamatergic input that interneurons receive is a key determinant of their activity, yet its
molecular structure and development, which are often distinct from those of glutamatergic input to
pyramidal cells, are poorly defined. The membrane-associated guanylate kinase (MAGUK)
homologs PSD-95/SAP90, PSD-93/chapsyn110, SAP97, and SAP102 are central organizers of the
postsynaptic density at excitatory synapses on pyramidal neurons. We therefore studied the cell-
type-specific and developmental expression of MAGUKs in the nonoverlapping parvalbumin
(PV)- and somatostatin (SOM)-positive interneurons in the visual cortex. These interneuron
subtypes account for the vast majority of interneurons in the cortex and have different functional
properties and postsynaptic structures, being either axodendritic (PV+) or axospinous (SOM+). To
study cell-type-specific MAGUK expression, we used DIG-labeled riboprobes against each
MAGUK along with antibodies against either PV or SOM and examined tissue from juvenile
(P15) and adult mice. Both PV+ and SOM+ interneurons express mRNA for PSD-95, PSD-93, and
SAP102 in P15 and adult tissue. In contrast, these interneuron subtypes express SAP97 at P15, but
for adult visual cortex we found that most PV+ and SOM+ interneurons show low or no expression
of SAP97. Given the importance of SAP97 in regulating AMPA receptor GluA1 subunit and
NMDA receptor subunits at glutamatergic synapses, these results suggest a developmental shift in
glutamate receptor subunit composition and regulation of glutamatergic synapses on PV+ and
SOM+ interneurons.
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In the cortex, a variety of biochemically, morphologically, and functionally distinct subtypes
of GABAergic interneurons regulate the activity of local microcircuits (Markram et al.,
2004; Silberberg et al., 2005). The excitatory glutamatergic input onto cortical interneurons
is a key determinant of their function and can be altered with activity (Kullmann and Lamsa,
2007) and development (Hennou et al., 2002). In addition, abnormal inhibitory
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(GABAergic) circuits are implicated in certain psychiatric and neurodevelopmental diseases,
such as schizophrenia and autism (Di Cristo, 2007; Lisman et al., 2008). Schizophrenia, for
example, may reflect in part a decreased glutamatergic innervation and NMDAR expression
on GABAergic interneurons in the prefrontal cortex (Lisman et al., 2008). Still, despite their
important role in regulating GABAergic activity, the molecular structure, development, and
dynamics of glutamatergic synapses on inter-neurons are poorly defined. Although
glutamatergic synapses on interneurons may share key features and mechanisms with
pyramidal neurons, GABAergic inter-neuron subtypes often express distinct glutamate
receptor subunits (e.g., only Ca2+-permeable AMPAR subunits and the NMDAR GluN2C
subunit; Geiger et al., 1995; Angulo et al., 1997; Moga et al., 2002; Martina et al., 2003),
can lack spines (Kawaguchi and Kubota, 1993; Goldberg et al., 2003; Goldberg and Yuste,
2005), and can show distinct features of synaptic plasticity (Kullmann and Lamsa, 2007;
Nissen et al., 2010).

Membrane-associated guanylate kinases (MAGUKs) are scaffolding proteins and central
organizers of glutamatergic synapses. The MAGUK family has four members that can be
expressed in the postsynaptic density (PSD) of excitatory synapses: PSD-95, PSD-93,
SAP97, and SAP102 (Funke et al., 2005; Sheng and Hoogenraad, 2007). These proteins
share high sequence similarity as well as similar domain structure: three PDZ domains
followed by an SH3 and a GK domain (Funke et al., 2005; Sheng and Hoogenraad, 2007). In
general, these PSD proteins have been implicated in trafficking, clustering, and regulating
GluRs (Elias and Nicoll, 2007; Newpher and Ehlers, 2008; Robertson et al., 2009), as
intracellular adaptor proteins (Funke et al., 2005), and as elements in brain dysfunction
(Gardoni, 2008). They interact with different GluR subunits (Leonard et al., 1998; Kim and
Sheng, 2004), GluR-interacting proteins (see, e.g., Chen et al., 2000; Bats et al., 2007), and
cytoplasmic proteins (Sheng and Hoogenraad, 2007). Accordingly, they have different
functions at specific synapses (Regalado et al., 2006; Elias et al., 2008). In addition, EM
studies suggest preferential localization of MAGUK members in different excitatory
synapses and subsynaptic compartments (synaptic vs. extrasynaptic; Aoki et al., 2001).

All members of the MAGUK family are expressed in the mouse and rat brain, including the
cortex (Kim et al., 1996; Allen Brain Atlas; http://mouse.brain-map.org/). However, they
show strong developmental and brain-region- and cell-type-specific expression patterns
(Fukaya et al., 1999; Fukaya and Watanabe, 2000; Aoki et al., 2001). In addition, although
their cell-type-specific expression can be defined in certain brain regions with well-defined
structure (e.g., cerebellum; http://mouse.brain-map.org/; Muller et al., 1995; Brenman et al.,
1996; Chetkovich et al., 2002), this is not possible in the cortex, where pyramidal neurons
and a variety of interneuron subtypes are mixed together. In the cortex, the two most
prominent interneuron subtypes are parvalbumin (PV)- and somatostatin (SOM)-positive.
These nonoverlapping interneuron subtypes of the cortex differ not only in terms of
biochemical markers but also in morphology, membrane properties, synaptic targeting, and
subcellular architecture (Markram et al., 2004; Burkhalter, 2008). PV+ interneurons are
mainly multipolar basket cells that are fast-spiking and that target exclusively perisomatic
domains of pyramidal neurons, having a strong influence on action potential generation
(Freund, 2003; Freund and Katona, 2007). On the other hand, SOM+ interneurons are
bitufted Martinotti cells that are regular-spiking and that target mainly more distal dendrites,
influencing primarily synaptic integration (Thomson and Bannister, 2003; Markram et al.,
2004). Notably, glutamatergic synapses on PV+ interneurons are axodendritic (aspiny),
whereas on SOM+ interneurons they are axospinous (spiny; Kawaguchi and Kubota, 1993;
Goldberg and Yuste, 2005). In addition, although the identity of GluR subtypes is not well-
defined on these cells, they both express Ca2+-permeable AMPARs (Geiger et al., 1995;
Moga et al., 2002).
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Given the importance of MAGUKs in organizing and regulating pyramidal-to-pyramidal
synapses (Montgomery et al., 2004; Sheng and Hoogenraad, 2007), we defined their cell-
type-specific expression profiles in PV+ and SOM+ interneurons as a function of
developmental age. To do so, we used a combination of in situ hybridization and
immunohistochemistry to characterize the mRNA expression pattern of MAGUKs in these
interneurons in the visual cortex. Surprisingly, we find that the four MAGUKs show a
comparable expression pattern in the two interneuron subtypes. However, SAP97 was
developmentally regulated, with a subset of both PV+ and SOM+ interneurons showing
greatly decreased expression in adult. The identity of these interneuron subsets and the
functional consequences of SAP97 absence in adults remain unknown.

Materials and methods
Animals

Maintenance of all animal and the surgical procedures used were approved by the
institutional animal care and usage committee at Stony Brook University and were in line
with the guidelines established by the National Institutes of Health.

Tissue preparation
Fifteen (juvenile)- or fifty-six (adult)-day-old mice were deeply anesthetized with
intraperitoneal administration of ketamine (0.12 cc/100 g) and xylazine (0.05 cc/100 g) and
then perfused transcardially with 0.1 M phosphate buffer (PB) and fixed with 4%
paraformaldehyde. Brains were dissected out and postfixed in the same fixative for 3 hours
at room temperature.

A postfixed brain was left in 30% sucrose solution for dehydration at 4°C and was then cut
longitudinally into two hemispheres. A hemisphere was then immersed in Shandon M-1
embedding matrix (Thermo Scientific, Rock-ford, IL) and cryosectioned at −20°C (Leica
LM1850; Leica Microsystems, Bannockburn, IL) at 20 μm thick. Sections were kept in
cryobuffer (27% glycerol, 27% ethylene glycerol) at −20°C. All solutions were DEPC-
treated and autoclaved to avoid RNA degradation by RNases.

Antibodies
The following primary antibodies were used: rabbit polyclonal anti-PV (Abcam, Cambridge,
MA) and rat monoclonal anti-SOM (Chemicon, Temecula, CA; Table 1). As secondaries,
we used fluorescent Alexa 488-conjugated anti-rabbit and anti-rat IgG (Molecular Probes,
Eugene, OR) or alkaline phosphatase-conjugated anti-DIG (anti-DIG-AP; Roche Applied
Science, Indianapolis, IN) and hydrogen peroxide-conjugated anti-DIG (anti-DIG-POD;
Roche Applied Science).

Table 1 summarizes the source, properties, and dilution of the antibodies used in the present
study. Rabbit anti-PV recognizes a single band on a Western blot of rat cerebellar tissue
extract and also labels a subset of GABAergic interneurons in mouse cortical tissue
(manufacturer's data sheet). Immunolabeling is consistent with previous studies (Supp. Info.
Figs. 3, 5). Rat anti-SOM recognizes a single ∼17-kDa band of the molecular weight marker
on the Western blot of mouse brain tissue extract. Although the published data on the brain
tissue proposes a dominant 15-kDa band for somatostatin (Morel et al., 1983), higher
molecular weight bands were observed in human and fish tissue (Shields, 1980; Levy et al.,
1993). Immunolabeling is consistent with previous results (Supp. Info. Figs. 4, 5).
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In situ hybridization
Probes—Antisense riboprobes for each gene were transcribed with T7 RNA polymerase
(Roche Applied Science) in the presence of digoxigenin-11-UTP (Roche Applied Science).
Digoxigenin-labeled RNA probes were purified with Centri-Sep spin columns (Princeton
Separations, Adelphia, NJ). Resulting probes were tested for RNA integrity and size by
electrophoresis (1% agarose gel). For quantification, serial dilutions of the probes as well as
the DIG-labeled control RNA were UV-linked onto the nylon membranes. Alkaline
phophatase-conjugated anti-DIG fragments (Roche Applied Science) were used to detect
digoxigenin incorporated into the probes. Digoxigeninantibody complexes were further
incubated with NBT/BCIP substrate, and color change was monitored. Estimations of probe
concentrations were made based on the control RNA signals on the membrane.

Riboprobes for each MAGUK (PSD-95, PSD-93, SAP97, and SAP102) were designed
based on the analysis of their cDNA sequence alignments. Both α and β isoforms of PSD-95
and SAP97 (Chetkovich et al., 2002; Schluter et al., 2006; Waites et al., 2009) are targeted
with their respective riboprobes. The following PCR primers were used for the probe
synthesis: PSD-95 forward: ATGCTCCCCCAGACATCACAA; PSD-95 reverse:
CCAAGG ATGATGATGGGACGA; PSD-93 forward: GCTGCACAGAAA
GATGGGAGG; PSD-93 reverse: GGAGCCTTTGTGAAGGAC CAC; SAP97 forward:
TCGGGTCTTGGTTTCAGC; SAP97 reverse: GGCGGACCTGCTGATCTA; SAP102
forward: GAC GTCCATCAACGGTAC; SAP102 reverse: CAGCTTGTACT CTCTGCC.

Specificity controls—Specificity of the riboprobes was further tested with dot blot
analysis. Serial dilutions (0.001-10 ng) of full-length mRNA of each MAGUK were UV-
linked to a nylon membrane and hybridized with DIG-labeled riboprobes under the same
conditions as in the in situ hybridization on the tissues. Each antisense riboprobe hybridized,
in a concentration-dependent manner (based on increasing intensity), with its
complementary MAGUK transcript. Hybridizations with nontarget MAGUKs either were
not detected or occurred only at high concentrations of the transcript (10 ng; Supp. Info. Fig.
1). In addition, our riboprobes recapitulate layer- and cell-type-specific expression in the
cerebellum (Supp. Info. Fig. 2).

Hybridization—Before hybridization, tissue sections were washed with phosphate-
buffered saline (PBS), placed on precleaned slides, and air dried. Sections were then
digested with predigested proteinase-K (20 μg/ml) for 7 minutes and then postfixed with
cold 4% paraformaldehyde for 10 minutes at room temperature. Postfixed tissue sections
were acetylated for 10 minutes and washed in 1× Tris/glycine (pH 7.0) for 30 minutes at
room temperature. Washes between each application were performed with 1 × PBS.
Sections were then prehybridized for 2 hours at 65°C in a hybridization solution (50%
formamide, 4× SSC, 5× Denhardt's solution, yeast RNA, salmon sperm DNA, dextran
sulfate) without probe and hybridized with 500 ng DIG-labeled probe in the same
hybridization solution overnight at 65°C in a humidified chamber. Sense probes, a probe
targeting Xenopus laevis heterogeneous nuclear ribonucleoprotein A/B (hnrpab) gene, and a
hybridization reaction without any probe were used as controls. Posthybridization treatments
included washes in 50% formamide/2× SSC at 65°C and RNaseA digestion (Sigma-Aldrich,
St. Louis, MO) at 37°C.

Successful hybridizations were detected with anti-DIG fragments. Tissue was blocked for 30
minutes in blocking solution (100 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% Triton X-100,
2% normal sheep serum). Tissue sections were then incubated with a polyclonal antibody
against digoxigenin conjugated to either alkaline phosphatase (1:1,000) or hydrogen
peroxide (1:100).
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For chromogenic detection, sections were incubated in color-detection buffer (100 mM Tris-
Cl, pH 9.5, 100 mM NaCl) containing NBT/BCIP. After color development, sections were
left to dry overnight and mounted with Permount (Fisher Scientific, Pittsburgh, PA). For
fluorescent detection, sections were incubated with fluorescent detection buffer (100 mM
Tris-Cl, pH 8.0, 100 mM NaCl, 10 mM MgCl2) containing either an alkaline phosphatase
substrate, HNPP/Fast Red TR Mix (Roche Applied Science), or a hydrogen peroxide
substrate, CY3-tyramide signal amplification (TSA-CY3; PerkinElmer, Wellesley, MA).
The sections were then mounted with Vectashield mounting medium (Vector Laboratories,
Burlingame, CA). Images were taken and analyzed with a Zeiss LSM 510 confocal
microscope.

Combined in situ hybridization and immunohistochemistry—In the experiments
in which we used both in situ hybridization and immunohistochemistry, the second
technique was integrated into the in situ hybridization protocol at the secondary antibody
(anti-DIG fragments) incubation step. Anti-PV and anti-SOM antibodies were included in
the antibody mix for overnight incubation. After the washes, in situ hybridization signal was
developed with either HNPP/Fast Red TR kit or TSA-indirect amplification kit, and the
tissues were incubated with fluorescent secondary antibodies to develop
immunohistochemistry signal. The sections were then mounted and imaged as noted
previously.

Quantification of cell-type-specific expression
Identification of PV+ and SOM+ cells was done by means of design-based (assumption-free,
unbiased) stereology (Peterson, 1999). Mouse brains from at least three different animals
were used for each condition. Sections were collected using systematic-random sampling.
The 20-μm slices were collected in six parallel sets, each set consisting of 10-14 sections,
with each section separated by 120 μm. Among the six sets, four were randomly assigned to
a particular MAGUK, and the remaining two sets were used for control experiments or
discarded. Analysis of signal intensities for in situ hybridization and immunohistochemistry
was done with the Profile Analysis component of LSM 510 software. For each section, only
the central focal plane, avoiding the edges of the section, was used for sampling. Stage
movements were made by hand to move between nonoverlapping sample fields. For each
section, the background intensity was determined on a region where there were no obvious
neuronal soma. Each PV+ and SOM+ interneuron (intensity at least 50% greater than
background) with a well-defined nucleus was scored for MAGUK expression. Lines were
drawn through the cell using at least three different angles (see Fig. 3). When peaks for the
MAGUK signal for at least one of these lines were 50% more than the background and
paralleled the PV+ and SOM+ distribution, they were scored positive. In certain instances, it
was impossible to score a cell as MAGUK-positive or -negative because of adjacent cells or
the overall positioning of the PV+ or SOM+ soma. These cases were recorded as ambiguous.

Results
By using a combination of in situ hybridization and immunohistochemistry, we
characterized the cell-type-specific mRNA expression of four MAGUKs (PSD-95, PSD-93,
SAP97, SAP102) in PV+ and SOM+ interneurons in mouse brain, focusing on the visual
cortex. We selected layers 2/3 and layer 5 to be representative of the cortex and monitored
age dependence by measuring expression in both juvenile (P15) and adult mouse brains. We
chose P15 as the earliest developmental point because synaptogenesis begins around this
time (Miller, 1986), and PV gene expression is turned on in the cortex after P14 (see, e.g.,
Gonchar et al., 2007).
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PV+ and SOM+ interneurons in the visual cortex of juvenile (P15) and adult mice express
PSD-95 mRNA

Figures 1 and 2 show confocal images of tissue sections, encompassing the visual cortex,
from juvenile (P15; Fig. 1) and adult (Fig. 2) mouse brains labeled with either PV (Figs.
1A1–C3, 2A1–B3) or SOM (Figs. 1D1–F3, 2C1–D3) antibody (green) and hybridized with
DIG-labeled PSD-95 riboprobes (red). Figure 1A1–A3,D1–D3 shows images of the visual
cortex of a mouse brain at low magnification (×10), with the approximate boundaries of the
layers demarcated in Figure 1A3,D3. PV+ interneurons, which represent about ∼40% of
cortical GABA+ interneurons, and SOM+ interneurons (∼30%) are dispersed throughout the
entire visual cortex (Fig. 1A1,D1; Markram et al., 2004; Gonchar et al., 2007).

Magnified images of cells in layers 2/3 and layer 5 for P15 mouse tissue are shown in Figure
1B1–B3,E1–E3 and Figure 1C1–C3,F1–F3, respectively. Consistent with previous reports
(Gonchar et al., 2007), PV staining is observed both in the cytoplasm and in the nucleus
(Fig. 1B1,C1). In contrast to PV, SOM staining is restricted to the cytoplasm (Fig. 1E1,F1),
as is the signal for PSD-95 (Fig. 1B2,C2,E2,F2). Figure 1B3,C3 shows merged images of
the PV and PSD-95 signals with our approach to define overlap between them (shown in
Fig. 3). Figure 3A3 shows a merged image (same as Fig. 1B3) of the analyzed cell (for
additional details see Materials and Methods). As shown in Figure 3B1-B3, the peak PV
signal (green) was used to define the borders of the PV+ cell (dashed lines), and then the
peak MAGUK signal was used, taking into account surrounding cells, to define whether the
cell was positive or negative for the MAGUK. In this instance, the PSD-95 signal (red) is
clearly located within the PV+ borders. Among the 32 cells in layers 2/3 and the 28 cells in
layer 5 that were positive for PV, almost all scored positive for PSD-95 mRNA in P15
mouse visual cortex (Table 2). In adult mice, a similar expression pattern of PSD-95 was
also observed in PV+ interneurons (Fig. 2A1–B3, Table 2).

Similarly, as shown in the merged images (Fig. 1E3,F3), PSD-95 mRNA colocalizes with
the SOM signal, a point further illustrated in the colocalization analysis (Fig. 3C1–D3).
Indeed, almost all identified SOM+ interneurons in layers 2/3 (74 total) and layer 5 (114
total) in P15 mice scored positive for PSD-95 (Table 2). SOM+ interneurons in adult animals
also express PSD-95 mRNA (Fig. 2C1,D3, Table 2). In summary, the nonoverlapping PV+

and SOM+ interneuron populations in the cortex both express PSD-95 mRNA at minimum
from P15 to adult.

PV+ and SOM+ interneurons in the visual cortex of juvenile (P15) and adult mice express
PSD-93 mRNA

Figure 4 shows cell-type-specific PSD-93 mRNA expression for PV+ (Fig. 4A1–B3) and
SOM+ (Fig. 4C1–D3) interneurons in layers 2/3 of P15 (Fig. 4A1-A3,C1-C3) and adult (Fig.
4B1–B3,D1–D3) mouse visual cortex. PSD-93 shows wide cellular expression in both P15
(Fig. 4A2,C2) and adult (Fig. 4B2,D2) tissue. The merged images show that PSD-93 mRNA
colocalizes with PV in P15 (Fig. 4A3) and adult (Fig. 4B3) tissue (colocalization analysis
not shown). Over 90% of PV+ cells in both P15 and adult tissue scored positive for PSD-93
mRNA (Table 2). PV+ interneurons in layer 5 showed a similar strong colocalization (data
not shown; Table 2). For P15 and adult SOM+ interneurons, PSD-93 mRNA is also
expressed in layers 2/3 (Fig. 4C1–D3) and layer 5 (data not shown; Table 2). Therefore, like
PSD-95, both PV+ and SOM+ interneurons express PSD-93 mRNA at P15 and adult.

PV+ and SOM+ interneurons in the visual cortex of juvenile (P15) and adult mice express
SAP102 mRNA

Figure 5 shows cell-type-specific SAP102 mRNA expression for PV+ (Fig. 5A1–B3) and
SOM+ (Fig. 5C1–D3) interneurons in layers 2/3 of P15 (Fig. 5A1–A3,C1–C3) and adult
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(Fig. 5B1–B3,D1–D3) mouse visual cortex. In contrast to other MAGUKs, SAP102 in situ
hybridization gave punctate staining probably because of the different signal detection
technique used (TSA-CY3; see Material and Methods), which provides increased sensitivity
(Breininger and Baskin, 2000). Nevertheless, as shown in the merged images, these punctate
signals showed a clear overlap with PV in P15 (Fig. 5A3) and adult (Fig. 5B3) tissue
(colocalization analysis not shown). Over 85% of PV+ cells in both P15 and adult tissue
scored positive for SAP102 mRNA (Table 2). PV+ interneurons in layer 5 showed a similar
strong colocalization (data not shown; Table 2). For P15 and adult, SAP102 mRNA is also
colocalized with SOM in layers 2/3 (Fig. 5C1-D3) and layer 5 (data not shown; Table 2).
Therefore, both PV+ and SOM+ interneurons express SAP102 mRNA at P15 and adult.

SAP97 mRNA shows a developmental expression pattern in both PV+ and SOM+

interneurons in the visual cortex
Figure 6 shows cell-type-specific SAP97 mRNA expression for PV+ (Fig. 6A1–B3) and
SOM+ (Fig. 6C1–E3) interneurons in layers 2/3 of P15 (Fig. 6A1-A3,C1-C3) and adult (Fig.
6B1-B3,D1-E3) visual cortex. In P15 tissue, the merged images show that SAP97 mRNA
colocalizes with PV and SOM (Fig. 6A3,C3), a result also found in layer 5 (Supp. Info. Fig.
6C,F). Indeed, over 85% of cells positive for PV or SOM in layers 2/3 and layer 5 in P15
tissue scored positive for SAP97 mRNA (Table 2).

In adult tissue, on the other hand, most PV+ and SOM+ interneurons scored negative for
SAP97. For PV (Fig. 6B1– B3), the triangles point to a representative PV+ cell that was
scored negative for SAP97, whereas the arrowhead indicates a PV+ cell that scored positive.
This point is illustrated more specifically in Figure 7, which shows the quantitative analysis
for the PV+ cells that are either negative [Fig. 7A1–A3,B; note the ab sence of a higher
intensity halo/ring around the nucleus especially in regions remote from the two adjacent
cells and that no SAP97 signal (red) was above baseline in association with the PV signal as
illustrated in Fig. 7B] or positive (Fig. 7C1–C3,D; note the halo/ring around the nucleus that
is greater than the background and is associated with the PV signal as illustrated in Fig. 7D)
for SAP97.

Expression of SAP97 in SOM+ cells in adult tissue (Fig. 6D1–D3) was also restricted.
Figure 6D1–D3 indicates a SOM+ cell that is negative for SAP97 hybridization (triangle; for
quantification analysis see Fig. 7E1-E3,F), and Figure 6E1-E3 indicates a SOM+ cell that is
positive for SAP97 hybridization (arrowhead; see Fig. 7G1-G3,H). In adult tissue, over 60%
of PV+ or SOM+ interneurons in layers 2/3 and layer 5 scored negative for SAP97 mRNA
(Table 2).

The developmental regulation of SAP97 mRNA expression in mouse visual cortex also
occurs in layer 5, with Figure 8 illustrating examples of PV+ and SOM+ interneurons with
low and high SAP97 expression levels. Figure 8A1,A3 shows PV+ cells scored negative
(triangle) and positive (arrow) for SAP97. The colocalization analysis of PV and SAP97
signals is represented in Figure 8D1-D3,E,F1-F3,G (note the absence of halo/ring for SAP97
signal around the nucleus of the neuron in Fig. 8D1-D3). Figure 8B1–B3 shows an example
of SOM+ interneurons in layer 5 that scored negative for SAP97 and Figure 8C1-C3 shows
SOM+ interneurons that scored positive for SAP97.

Discussion
By using combined in situ hybridization and immunohistochemistry, we demonstrate for the
first time the cell-type-specific expression of MAGUKs in cortical interneurons,
specifically, those positive for PV or SOM. Surprisingly, although the glutamatergic
synapses on PV+ and SOM+ interneurons show distinct morphological and functional
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properties (see the introductory paragraphs), they express all four MAGUKs comparably,
with a subset of both subtypes showing a reduced expression of SAP97 in adult animal.
Although the four MAGUKs are structurally similar, our riboprobes were highly specific
(see Materials and Methods) and did not show any obvious cross-reactivity (Supp. Info. Fig.
1). In addition, the MAGUKs do show cell-type-specific expression in the brain (see the
introductory paragraphs), and our riboprobes confirm these ideas in the cerebellum (Supp.
Info. Fig. 2; Muller et al., 1995; Brenman et al., 1996; Chetkovich et al., 2002). Thus, the
expression patterns of the various MAGUKs in PV+ and SOM+ interneurons are specific,
although their functional significance, their specific subcellular distributions, and the
developmental role of changes in SAP97 expression remain unknown. Finally, although our
experiments were done on the visual cortex, our results are applicable more widely to all
PV+ and SOM+ interneurons in the cerebral cortex.

Interneuron subtypes in the visual cortex
In the mouse visual cortex, various subtypes of GABAergic interneurons have been
characterized on the basis of the combinations of biochemical markers that they express,
such as PV, SOM, calretinin (CR), neuropeptide-Y (NPY), vasoactive intestinal polypeptide
(VIP), and cholecystokinin (CCK), among others (Markram et al., 2004; Burkhalter, 2008).
These subtypes often show different physiological and anatomical properties. We studied
PV+ (fast-spiking) and SOM+ (regular-spiking) interneurons because they constitute a
majority (∼65%) of the interneurons in the cortex (Gonchar et al., 2007). In addition, they
present an interesting structural contrast in their glutamatergic synapses: PV+ interneurons
are aspiny, whereas SOM+ interneurons form spiny synapses (Kawaguchi and Kubota, 1993;
Goldberg and Yuste, 2005). In our study, we screened MAGUK mRNA expression at P15,
the age when eye-opening occurs with initiation of activity-dependent plasticity, and PV+

and SOM+ interneurons are still relatively immature, as well as in adult tissue.

MAGUK expression in PV+ and SOM+ interneurons
We used riboprobes to detect MAGUK mRNA in mouse brain tissue. The advantage of in
situ hybridization is that mRNA is found mostly in the cell soma and is easy to colocalize
with cellular markers (i.e., PV and SOM). However, although in situ hybridization indicates
gene expression, it does not indicate protein expression or the distribution of proteins at a
synapse.

Our experiments show that both PV+ and SOM+ interneurons express PSD-95 (Figs 1–3,
Table 2), PSD-93 (Fig. 4, Table 2), and SAP102 (Fig. 5, Table 2) mRNA at all ages tested
(P15 and adult). Indeed, in almost all instances, the MAGUK signal colocalized with the
interneuron marker >90% of the time. SAP97, on the other hand, is strongly expressed in
both interneuron subtypes at P15 (Figs. 6, 7, Table 2, Supp. Info. Fig. 6), but its expression
drops to an undetectable level in more than half (approximately 60%) of the interneurons in
adult animals (Figs. 6, 7, Table 2, Supp. Info. Fig. 6). Either the interneurons do not express
the mRNA at all or its expression is too low to be detected with the tools that we used.

Interneuron groups that are defined with certain biochemical markers can often be divided
into further subtypes based on coexpression with another biochemical marker (Markram et
al., 2004; Gonchar et al., 2007; Burkhalter, 2008). For example, SOM+ interneurons
partially overlap with CR+ interneurons (Gonchar et al., 2007). SAP97 expression in adult
animals may be restricted to such a subgroup of PV+ and SOM+ interneurons. However,
because PV+ and SOM+ interneurons do not overlap (Gonchar et al., 2007; Supp. Info. Fig.
5) and no known biochemical marker is common to both subtypes, it is presently not clear
what this additional marker might be. Nevertheless, given the key role of SAP97 in
regulating AMPA and NMDA receptors at glutamatergic synapses (see below), it will be
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critical to define the functional significance of these distinct classes of PV+ and SOM+

interneurons in adult.

Functional significance of MAGUKs at glutamatergic synapses on interneurons
A major group of interacting partners of MAGUKs are GluRs. MAGUKs bind directly to
NMDA receptor subunits (Kim and Sheng, 2004; Gardoni, 2008) and associate with AMPA
receptors typically via TARPs (Chen et al., 2000). The exception of course is SAP97, the
only MAGUK that can bind directly to AMPA receptors, specifically, GluA1 (Leonard et
al., 1998; Sans et al., 2001). Overexpression of SAP97 increases the number of GluA1-
containing AMPA receptors at synaptic sites on pyramidal neurons as a result of enhanced
trafficking and clustering of the receptors (Rumbaugh et al., 2003; Waites et al., 2009).
Additionally, SAP97 is involved in the sorting and trafficking of NMDA receptors to
glutamatergic synapses on pyramidal neurons (Jeyifous et al., 2009). The expression of
GluR subtypes and subunits at glutamatergic synapses on interneurons is often different
from that on pyramidal neurons (see, e.g., Geiger et al., 1995; Moga et al., 2002; Martina et
al., 2003). For example, NMDA receptor expression in PV+ and SOM+ interneurons of rat
hippocampus is lower than in pyramidal neurons (Nyiri et al., 2003), and the GluN2C index
is higher (Martina et al., 2003). In addition, they often express Ca2+-permeable AMPA
receptor subunit combinations (GluA1, -A3, and/or -A4; Geiger et al., 1995; Angulo et al.,
1997; Moga et al., 2002). Nevertheless, subunit-specific expression patterns of GluRs in
interneurons are not well defined. The subunit-specific expression of the receptors might be
correlating with the expression of MAGUKs in the interneurons and could possibly be
related to changes in interneuron excitation during the critical period of visual cortex
plasticity (Maffei and Turrigiano, 2008) Nevertheless, additional experiments will be needed
to define this relationship.

Dysfunction of GABAergic interneurons is implicated in neurodevelopmental and
psychiatric disorders (Di Cristo, 2007; Lisman et al., 2008). In addition, decreased NMDAR
expression level is prominent in psychiatric diseases such as schizophrenia and bipolar
disorder (Kristiansen et al., 2007; Lisman et al., 2008). In parallel, abnormal MAGUK
expression levels are observed in various brain regions in these psychiatric diseases (see,
e.g., Kristiansen et al., 2007). Low expression and activity of NMDARs and GABAergic
interneurons might be the result of dysfunction of MAGUKs at the glutamatergic synapses
onto these interneurons. Understanding glutamate receptor trafficking and synaptic activity
in GABAergic interneurons will be essential to comprehending the regulation of interneuron
activity and the role in disease development.

In conclusion, our study demonstrates the interneuronal expression pattern of MAGUKs at
the mRNA level in mouse visual cortex of juvenile (P15) and adult animals. Although we
showed a broad mRNA expression of MAGUKs in PV+ and SOM+ interneurons, the
synaptic localization of their protein expression, the interaction of MAGUKs with specific
GluRs at interneuron synapses, and the potential contribution of MAGUKs to the structure
and function of aspiny and spiny glutamatergic synapses on interneurons remain unknown.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PSD–95 mRNA expression in PV+ and SOM+ interneurons in juvenile (P15) mouse visual
cortex. Confocal images of combined in situ hybridization and immunohistochemistry for
PSD–95 and either PV or SOM in the mouse visual cortex. Tissue sections were obtained
from juvenile (P15) mouse visual cortex. In the left columns, sections were labeled with
rabbit anti-PV (green; A1,B1,C1) or rat anti-SOM (green; D1,E1,F1). In the middle
columns (A2,B2,C2,D2,E2,F2), the same sections were hybridized with DIG-labeled
PSD-95 riboprobe (red). Our riboprobe detected both spliced isoforms (α and β) of PSD-95.
The right columns (A3,B3,C3,D3,E3,F3) show merged images. The visual cortex is shown
at low magnification (×10; A1–A3,D1–D3), with approximate boundaries between layers
demarcated in A3,D3. Other images are at ×63, highlighting layers 2/3 (B1–B3,E1–E3) or
layer 5 (C1–C3,F1–F3) to show cell-type-specific expression of PSD-95. For magenta-green
images see Supporting Information Figure 7. Scale bars = 20 μm.
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Figure 2.
PSD-95 mRNA in PV+ and SOM+ interneurons in adult mouse visual cortex. Confocal
images of combined in situ hybridization and immunohistochemistry for PSD-95 and either
PV or SOM in the mouse visual cortex. Tissue sections were obtained from adult mouse
visual cortex. In the left columns, sections were labeled with rabbit anti-PV (green; A1,B1)
or rat anti-SOM (green; C1,D1). In the middle columns (A2,B2,C2,D2), the same sections
were hybridized with DIG-labeled PSD-95 riboprobe (red). The right columns
(A3,B3,C3,D3) show merged images. The images are at ×63, highlighting layers 2/3 (A1-
A3,C1-C3) or layer 5 (B1-B3,D1-D3). For magenta-green images see Supporting
Information Figure 8. Scale bars = 20 μm.
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Figure 3.
Colocalization analysis of PSD-95 and PV or SOM. A1-A3: Confocal images of a juvenile
(P15) mouse brain section labeled with rabbit anti-PV (green) and hybridized with DIG-
labeled PSD-95 riboprobe (red; enlarged version of Fig. 1B1–B3). Note the halo/ring around
the apparent nucleus. B1–B3: Plots of the signal intensities of PV (green) and PSD-95 (red)
for a line that cuts through the immunopositive (PV+) cell for the images in (A1–A3; the
specific line through the cell is indicated in the small circle inset). The horizontal lines show
the average baseline signal intensity for PV (green) and PSD-95 (red; see Materials and
Methods). The region where PV signal is greater than the baseline (dashed lines on graphs)
is identified as a PV+ interneuron. Note that the peak PSD-95 signal matches and overlaps
with the PV signal, except for the nucleus, where PV is present but PSD-95 is not. C1–C3:
Confocal images of a juvenile (P15) mouse brain section labeled with rat anti-SOM (green)
and hybridized with DIG-labeled PSD-95 riboprobe (red; enlarged version of Fig. 1E1–E3).
D1–D3: Plots of the signal intensities of SOM (green) and PSD-95 (red) for a line that cuts
through the immunopositive (SOM+) cell for the image in (C1–C3; see small circle inset).
Note that the SOM signal is not uniformly present around the soma. A.U., arbitrary units.
For magenta-green images see Supporting Information Figure 9. Scale bars = 20 μm
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Figure 4.
PSD-93 mRNA expression in PV+ and SOM+ interneurons in the mouse visual cortex.
Confocal images of combined in situ hybridization and immunohistochemistry for PSD-93
and PV or SOM in the mouse visual cortex. Tissue sections were obtained from juvenile
(P15; A1–A3,C1–C3) or adult (B1–B3,D1–D3) mouse visual cortex. In the left columns,
sections were labeled with either rabbit anti-PV (A1,B1) or rat anti-SOM (C1,D1; green). In
the middle columns (A2,B2,C2,D2), the same sections were hybridized with DIG-labeled
PSD-93 riboprobe (red). The right columns (A3,B3,C3,D3) show merged images. Images
are at ×63. For magenta-green images see Supporting Information Figure 10. Scale bars = 20
μm.
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Figure 5.
SAP102 mRNA expression in PV+ and SOM+ interneurons in the mouse visual cortex.
Confocal images of combined in situ hybridization and immunohistochemistry for SAP102
and PV or SOM in the mouse visual cortex. Tissue sections were obtained from juvenile
(P15; A1–A3,C1–C3) or adult (B1–B3,D1–D3) mouse visual cortex. In the left columns,
sections were labeled with either rabbit anti-PV (A1,B1) or rat anti-SOM (C1,D1; green). In
the middle columns (A2,B2,C2,D2), the same sections were hybridized with DIG-labeled
SAP102 riboprobe (red). The right columns (A3,B3,C3,D3) show merged images. Images
are at ×63. For magenta-green images see Supporting Information Figure 11. Scale bars = 20
μm.
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Figure 6.
Developmentally regulated expression of SAP97 mRNA in PV+ and SOM+ interneurons in
layers 2/3 of the mouse visual cortex. Confocal images of combined in situ hybridization
and immunohistochemistry for SAP97 and PV or SOM in the mouse visual cortex. Tissue
sections were obtained from juvenile (P15; A1–A3,C1–C3) or adult (B1–B3,D1–E3) mouse
visual cortex. In the left columns, sections were labeled with either rabbit anti-PV (A1,B1)
or rat anti-SOM (C1,D1,E1; green). In the middle columns (A2,B2,C2,D2,E2), the same
sections were hybridized with DIG-labeled SAP97 riboprobe (red). Our riboprobe detected
both spliced isoforms (α and β) of SAP97. The right columns (A3,B3,C3,D3,E3) show
merged images. Images are at ×63. For adult tissue images (B1–B3,D1–E3), triangles point
to PV+ and SOM+ interneurons that are negative, and arrowheads point to interneurons that
are positive for SAP97 mRNA. For magenta-green images see Supporting Information
Figure 12. Scale bars = 20 μm.
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Figure 7.
Colocalization analysis of SAP97 and PV or SOM. A1–A3,C1–C3: Confocal images of an
adult mouse brain section labeled with rabbit anti-PV (green) and hybridized with DIG-
labeled SAP97 riboprobe (red; enlarged version of Fig. 6B1–B3). B,D: Plots of the signal
intensities of PV (green) and SAP97 (red; B, low expressing; D, high expressing) for a line
that cuts through each of the immunopositive (PV+) cells (see small circle insets). The
analysis is identical to that in Figure 3. In B, a peak SAP97 signal relative to its baseline is
difficult to identify, and the PV+ cell was scored negative. Note that, in this instance, we
avoided drawing analysis lines that went through the adjacent non-PV+ cells. In D, although
there are background complications, a peak SAP97 signal could be associated with the PV
signal. E1-E3,G1-G3: Confocal images of an adult mouse brain section labeled with rat
anti-SOM (green) and hybridized with DIG-labeled SAP97 riboprobe (red; enlarged version
of Fig. 6D1-D3,E1-E3). F,H: Plots of the signal intensities of SOM (green) and SAP97 (red;
F, low expressing; H, high expressing) for a line that cuts through each of the
immunopositive cells (see small circle insets). A peak SAP97 signal was not present, and the
SOM+ cell was scored negative. In H, the peak SAP97 signal matches and overlaps with the
SOM signal. A.U., arbitrary units. For magenta-green images see Supporting Information
Figure 13. Scale bars = 20 μm.
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Figure 8.
Developmentally regulated expression of SAP97 mRNA in PV+ and SOM+ interneurons in
layers 5 of the mouse visual cortex. Confocal images of combined in situ hybridization and
immunohistochemistry for SAP97 and PV or SOM in the mouse visual cortex. Tissue
sections were obtained from adult mouse visual cortex. In the left column, sections were
labeled with either rabbit anti-PV (A1) or rat anti-SOM (B1,C1; green). In the middle
column (A2,B2,C2), the same sections were hybridized with DIG-labeled SAP97 riboprobe
(red). The right column (A3,B3,C3) shows merged images. Images are at ×63. Triangles
point to PV+ and SOM+ interneurons that are negative, and arrowheads point to interneurons
that are positive for SAP97 mRNA. D1-G: Enlarged versions of the two cells (D1-D3,F1-
F3) in A1-A3 and the plots of the signal intensities of PV (green) and SAP97 (red; E, low
expressing; G, high expressing) for a line that cuts through each of the immunopositive
(PV+) cells (see small circle insets). In G, the peak SAP97 signal is associated with the PV
signal. A.U., arbitrary units. For magenta-green images see Supporting Information Figure
14. Scale bars = 20 μm.
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Table 1
Primary Antibodies Used in the Present Study

Antigen Immunogen Antibody information Dilution used

Parvalbumin (rabbit anti-PV) Purified rat skeletal muscle parvalbumin Abcam (Cambridge, MA), rabbit polyclonal,
ab11427

1:1,000

Somatostatin (rat anti-SOM) Synthetic 1-14 cyclic somatostatin
conjugated to bovine thyroglobulin using
carbodiimide

Chemicon (Temecula, CA), rat monoclonal,
MAB354

1:200
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