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Abstract

Mounting evidence has demonstrated that a specialized extracellular matrix exists in the
mammalian brain, and this glycoprotein-rich matrix contributes to many aspects of brain
development and function. The most prominent supramolecular assembly of these ECM
glycoproteins are perineuronal nets, specialized lattice-like structures that surround the cell bodies
and proximal neurites of select classes of interneurons. Perineuronal nets are composed of
lecticans — a family of chondroitin sulfate proteoglycans [CSPGs] that includes aggrecan,
brevican, neurocan, and versican. The presence of these lattice-like structures emerge late in
postnatal brain development and coincides with the ending of critical periods of brain
development. Despite our knowledge of the presence of lecticans in perineuronal nets and their
importance in regulating synaptic plasticity, we know little about the development or distribution
of extracellular proteases that are responsible for their cleavage and turnover. A subset of the large
“A Disintegrin and Metalloproteinase with Thrombospondin Motifs” (ADAMTS) family of
extracellular proteases is responsible for endogenously cleaving lecticans. We therefore explored
the expression pattern of 2 aggrecan-degrading ADAMTS family members, ADAMTS15 and
ADAMTS4, in hippocampus and neocortex. Here, we show that both lectican-degrading
metalloproteases are present in these brain regions and each exhibits a distinct temporal and
spatial expression pattern. Adamts15 mRNA is expressed exclusively by Parvalbumin-expressing
interneurons during synaptogenesis, whereas, Adamts4 mRNA is exclusively generated by
telencephalic oligodendrocytes during myelination. Thus, ADAMTS15 and ADAMTS4 not only
exhibit unique cellular expression patterns but their developmental upregulation by these cell
types coincides with critical aspects of neural development.
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INTRODUCTION

Proteins embedded within the extracellular matrix (ECM) impact nearly all biological
functions (Rozario and DeSimone 2010). Outside of the nervous system, major constituents
of the ECM include laminins, fibrillar and non-fibrillar collagens, nidogens, fibronectins,
tenascins, and proteoglycans (i.e. core proteins with at least one covalently linked
glycosaminoglycan side chain)(LeBleu et al. 2007; Frantz et al. 2010). A hallmark feature of
these proteins is their ability to bind other ECM constituents and assemble into distinct
supramolecular structures, such as fibrils, filaments, basement membranes and basal
laminas. ECM molecules within these supramolecular structures bind and harbor a variety of
growth factors, morphogens and metalloproteases. These metalloproteases not only liberate
growth factors and morphogens from the ECM but also contribute to matrix turnover, matrix
remodeling and the liberation of bio-active fragments from full-length ECM molecules
(Werb and Chin 1998; Ricard-Blum and Salza 2014; Sternlicht and Werb 2001; Hynes
2009). Evidence for the importance of these molecules and supramolecular structures
outside of the nervous system are ample: the disruption or dysregulation of these proteins (or
the genes encoding them) results in devastating diseases (Bateman et al. 2009). However,
despite early reports of ECM in brain neuropil, its presence and function in mammalian
brain development and function remained controversial until only recently (Tani and
Ametani 1971; Reichardt and Prokop 2011). Now, a multitude of studies have revealed
regulatory roles of ECM molecules in many aspects of brain development, including
neuronal and glial migration, axonal growth and targeting, synaptogenesis, synaptic
plasticity, memory storage, myelination, blood brain barrier formation and maintenance,
maintenance of the neural stem cell niche, and cellular responses following brain injury
(Hedstrom et al. 2007; Karetko and Skangiel-Kramska 2009; Reichardt and Prokop 2011;
Franco and Muller 2011; Wlodarczyk et al. 2011; Frischknecht and Gundelfinger 2012).

Although extracellular space comprises 40% of the juvenile brain parenchyma and 20% of
the adult brain parenchyma (Nicholson and Sykova 1998), the supramolecular assembly of
ECM components differs significantly in the mammalian brain from other tissues. Basement
membranes and basal laminas are absent from brain parenchyma (except in association with
blood vessels) and instead the most prominent ECM assembly in the adult mammalian brain
is the perineuronal net — a specialized lattice-like structure that surrounds the soma and
proximal neurites of select classes of neurons, such as Parvalbumin-expressing, fast-spiking
basket cells of the hippocampus and neocortex (Celio et al. 1998; Hartig et al. 1999).
Perineuronal nets appear late in postnatal development and their appearance coincides with
the end of the critical period of development and activity-dependent refinement of immature
neural circuits (Dityatev et al. 2010). Experimental approaches that enzymatically digest
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perineuronal nets reopen critical periods, indicating that these supramolecular assemblies
contribute to synaptic plasticity within the brain (for review see Zimmermann and Dours-
Zimmermann 2008; Karetko and Skangiel-Kramska 2009; Dityatev et al. 2010). It has also
been hypothesized that by limiting neuroplasticity at synaptic sites, the relatively stable
perineuronal nets may act as molecular sites for very long-term memory storage (Gogolla et
al. 2009; Tsien 2013). Although the literature is rich with information regarding
perineuronal nets, these structures are not the sole sites of ECM accumulation in the adult
brain. Aggregates of ECM molecules are present within the synaptic clefts of the adult brain
(Dityatev et al. 2006, 2010), at nodes of Ranvier (Oohashi et al. 2002; Hedstrom et al. 2007;
Susuki et al. 2013), in axonal tracts (Ogawa et al. 2001), and in specialized structures that
line the ventricular system, called fractones (Mercier et al. 2002; Kerever et al. 2007).
During development the distribution of ECM within the brain appears even more
widespread but its assembly into supramolecular structures is less obvious and therefore
remains unclear (e.g., Ogawa et al. 2001; Brooks et al. 2013).

Not only is the supramolecular assembly of the ECM different in brain, the molecular
composition of ECM structures also differs significantly in brain parenchyma. Although
laminins, type IV collagen, nidogens and fibronectins are present in the brain (Libby et al.
1999; Egles et al. 2007; Vasudevan et al. 2010; Labelle-Dumais et al. 2011), they are less
abundant than other ECM components (Sanes 1989). The most abundant molecules in brain
ECM are lecticans (a family of chondroitin sulfate proteoglycans [CSPGs] that includes
aggrecan, brevican, neurocan, and versican) and their binding partners — which include link
proteins (or hyaluronan and proteoglycan binding link proteins [HAPLNS]; Spicer et al.
2003; Carulli et al. 2010), tenascins, and hyaluronan (Zimmermann and Dours-Zimmermann
2008). Lecticans and their binding partners are concentrated in perineuronal nets of the adult
brain (Zimmermann and Dours-Zimmermann 2008; Karetko and Skangiel-Kramska 2009).
Although the specific molecular composition of perineuronal nets differs between brain
regions and the cell-type ensheathed by this specialized matrix, aggrecan appears to be the
most common component of perineuronal nets (Zimmermann and Dours-Zimmermann
2008).

Since increasing evidence suggests that lectican-rich perineuronal nets are regulators of
synaptic plasticity and candidates for closing critical periods, we have become interested in
what regulates the distribution and turnover of these molecules. Outside of the nervous
system, the major mechanism to control lectican turnover is proteolysis by endogenous
metalloproteases. While many families of extracellular metalloproteases cleave ECM
molecules (such as Matrix Metalloproteinases [MMPs] and A Disintegrin and
Metalloproteinases [ADAMS]), it is a subset of A Disintegrin and Metalloproteinases with
Thrombospondin Repeats (ADAMTSSs) that are responsible for cleaving lecticans:
ADAMTS1,4,5,8,9, and 15 (Abbaszade et al. 1999; Tortorella et al. 1999; Tang 2001; Porter
et al. 2005). Despite our knowledge of lectican distribution and function in the developing,
adult and injured brain (Zimmermann and Dours-Zimmermann 2008), we know little about
the spatial and temporal expression of these lectican-cleaving ADAMTS proteases. With
this in mind we set out to characterize the cellular and developmental expression patterns of
ADAMTSs in the hippocampus and neocortex, two telencephalic brain regions with
abundant perineuronal nets. We focused our attention on ADAMTS15 and ADAMTS4
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based upon previous studies documenting their expression in brain (Tang 2001; Yuan et al.
2002) and their upregulation in hippocampus and neocortex following excitotoxic lesions or
pathological conditions (Yuan et al. 2002; Mayer et al. 2005; Cross et al. 2006; Venugopal
et al. 2012). Here, we show that both ADAMTS15 and ADAMTS4 are developmentally
regulated in the mouse hippocampus and neocortex and each are generated by distinct types
of neural cells. ADAMTS15 is generated by Parvalbumin-expressing, fast-spiking basket
cells (the same cells that are ensheathed by aggrecan-rich perineuronal nets), whereas,
ADAMTS4 is generated exclusively by oligodendrocytes in the developing telencephalon.

CD1 and C57/B6 mice were obtained from Harlan (Indianapolis, IN). Parv-cre
(RRID:IMSR_JAX:008069) and Thyl-STOP-YFP15 (RRID:IMSR_JAX:005630) mice
were obtained from Jackson Labs (Bar Harbor, ME; Stock humbers 008069 and 005630,
respectively). Genomic DNA was isolated using the HotSHOT method (Truett et al. 2000)
and genotyping was performed with the following primers: yfp, AAG TTC ATC TGC ACC
ACC Gand TCC TTG AAG AAG ATG GTG CG; cre, TGC ATG ATC TCC GGT ATT
GA and CGT ACT GACGGT GGG AGA AT. The following cycling conditions were used
for yfp, 35 cycles using a denaturation temperature of 94°C for 30 seconds, annealing at
55°C for one minute, and elongation at 72°C for one minute. The following cycling
conditions were used for cre, 35 cycles using a denaturation temperature of 95°C for 30
seconds, annealing at 52°C for 30 seconds, and elongation at 72°C for 45 seconds. All
analyses conformed to National Institutes of Health guidelines and protocols approved by
the Virginia Polytechnic Institute and State University Institutional Animal Care and Use
Committee.

All chemicals and reagents were obtained from Fisher (Fairlawn, NJ) or Sigma (St. Louis,
MO) unless otherwise noted. All DNA primers were obtained from Integrated DNA
Technologies (Coralville, 1A).

Monoclonal and polyclonal antibodies used in these studies are listed and described in Table
1. Fluorophore-conjugated secondary antibodies were obtained from Molecular Probes/
Invitrogen (Grand Island, NY) and were applied at 1:1000 dilutions. Horseradish peroxidase
(HRP)-conjugated antibodies against digoxigenin (DIG) or fluorescein (FL) were obtained
from Roche (Mannheim, Germany) and were used at 1:1000.

Antibody characterizations

Aggrecan—The mouse anti-chondroitin sulfate proteoglycan (CSPG) protein antibody
(Cat315)(RRID:AB_94270) detects a >500 kDa band in Western blots and specifically
recognizes an oligosaccharide epitope on aggrecan in the developing and adult brain
(Matthews et al. 2002). Analysis in aggrecan-deficient mutant mice confirmed the
specificity of Cat315 for aggrecan (Matthews et al. 2002; Brooks et al. 2013).
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Calbindin—The calbindin D-28k antibody (RRID:AB_2314070) recognizes a single band
of ~28 kDa on Western blots of mouse and rat brain extracts (see manufacturer’s datasheet)
and stained cells in the rodent hippocampus that were identical to previous reports (Sloviter
1989; Danglot et al. 2006; Klausberger and Somogyi 2008). Immunoreactivity of anti-
Calbindin in IHC was marginally enhanced following in situ hybridization (ISH) (Su et al.
2010).

Calretinin—The calretinin antibody (RRID:AB_2068506) recognizes a single band of ~30
kDa on Western blots with mouse hippocampal extracts (unpublished observation, J.S. and
M.A.F.) and stained cells in the mouse hippocampus and neocortex that were identical to
previous reports (Liu et al. 2003; Xu et al. 2004; Danglot et al. 2006; Klausberger and
Somogyi 2008). Immunoreactivity of anti-Calretinin in IHC was marginally enhanced
following in situ hybridization (ISH) (Su et al. 2010).

GFAP—The GFAP antibody (RRID:AB_2314535) recognizes several bands around ~50
kDa in brain extracts which correspond to different isoforms of GFAP (Kamphuis et al.
2012) and, as expected, fails to detect protein in synaptically-enriched biochemical fractions
purified from cerebellar extracts (Su et al. 2012). Previous IHC studies have demonstrated
that this antibody specifically labels GFAP in transfected cells in vitro or in astrocytes in
vivo (Su et al. 2010; Kamphuis et al. 2012).

Gad67—The Gad67 antibody (RRID:AB_2278725) detects a single band of ~68 kDa in rat
and mouse brain extracts and has no detectable cross-reactivity with Gad65 (manufacturer’s
datasheet; see also Varea et al. 2005). Previous IHC studies demonstrated this antibody
labels interneurons and inhibitory synapses in mouse cortex (Xu et al. 2006). Here, IHC with
anti-Gad67 labeled similar, albeit less, interneurons and synaptic structures in hippocampus
as anti-Gad65/67 (Su et al. 2010).

Iba-1—The Iba-1 antibody (RRID:AB_839506) detects microglia and macrophages but not
neural cells (see manufacturer’s datasheet). In our hands this antibody labeled small cells in
mouse hippocampus that resembled microglia, which matched previous descriptions (Imai et
al. 1996; Su et al. 2010).

Olig2—The Olig2 antibody (RRID:AB_570666) detects a 32 kDa protein in mouse and rat
brain lysates (manufacturer’s datasheet). Immunoreactive cells labeled with this antibody
co-expressed O1, a marker of differentiated oligodendrocytes (Xiao et al. 2012) and in this
study were abundant in regions of the telencephalon that contained myelinated axons and
abundant oligodendrocytes (Figure 7).

Som—In IHC, the Som antibody (RRID:AB_2255374) labels subsets of interneurons that
were distributed as previously reported in mouse hippocampus, cortex, and retina (Oliva et
al. 2000; Xu et al. 2004, 2006; Danglot et al. 2006; Klausberger and Somogyi 2008; Acosta
et al. 2008). Previous studies demonstrated that immunoreactivity was inhibited by
preincubation with non-labeled somatostatin (Arimura et al. 1975). Importantly, this
antibody worked poorly with our standard IHC protocol, however immunolabeling was
enhanced after ISH (Su et al. 2010).
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Fluorescent in situ hybridization

Fluorescent in situ hybridization was performed on 16um cryosectioned coronal sections as
previously described (Su et al. 2010, 2011, 2013; Brooks et al. 2013). Sense and anti-sense
riboprobes were generated against Syt1, Parv, Adamts4 and Adamts15. Image Clones of the
entire coding region of Syt1, Adamts4, and Adamts15 were purchased from Open
Biosystems (Huntsville, AL; Clone ID Sytl: 5363062; Adamts4: 5345809; Adamtsl5:
30619053). An 800 bp fragment of Parv (corresponding to nucleotides 2-825) was PCR-
cloned into pGEM Easy T vector (Promega, Madison, WI) with the following primers: TCT
GCT CAT CCA AGT TGC AG and TCC TGA AGG ACT CAA CCC C. Riboprobes were
synthesized using digoxigenin (DIG)- or fluorescein (FL)- labeled UTP (Roche, Mannheim,
Germany) and the MAXIscript in vitro Transcription Kit (Ambion, Austin, TX). Riboprobes
were hydrolyzed into ~0.5 kb fragments. Coronal brain sections were prepared and
hybridized as described previously (Fox and Sanes 2007; Su et al. 2010). Bound riboprobes
were detected by horseradish peroxidase (Hrp)-conjugated anti-DIG or anti-FL antibodies
and fluorescent staining with Tyramide Signal Amplification (TSA) systems (PerkinElmer,
Shelton, CT). As controls, sense riboprobes were generated and tested on postnatal day 14
(P14) coronal brain sections. No signal was detected for sense riboprobes against sequences
from Sytl, Parv, Adamts4 or Adamts15 Image Clones. For cell counts all images were
obtained with identical parameters and to ensure similar regions were analyzed in all ages
and regions, we only analyzed coronal sections of hippocampus that also contained central
regions of visual thalamus — which includes both dorsal and ventral lateral geniculate nuclei
(dLGN and VLGN, respectively). For quantification purposes all riboprobe-labeled cells in
the entire hippocampus of these sections were counted manually and at least two sections
were analyzed per animal (from both hemispheres). In each animal the mean number of
riboprobe-positive cells per hippocampal section was calculated. For statistical analysis, the
mean number of riboprobe-positive cells per hippocampal section was averaged and
analyzed from at least three animals per age. Limiting analysis to identical regions of
hippocampus reduced potential errors from counting different sized regions of hippocampus.
Likewise, all images and analysis of expression in neocortex were obtained from layer V of
regions of neocortex dorsal to hippocampus in coronal sections that contained dLGN and
VLGN.

For double FISH (D-FISH), after the first TSA reaction sections were washed in TBS,
incubated in 0.3% H,0, for 30 min, and reacted with the second POD-conjugated antibody.
For fluorescent in situ hybridization coupled with immunohistochemistry (IHC), standard
IHC was performed after completing the TS amplification step described above. Images
were obtained on a Zeiss Axiolmager A2 fluorescent microscope or a Zeiss LSM700
confocal microscope. A minimum of three animals per age was compared in ISH
experiments.

Immunohistochemistry (IHC)

IHC was performed as previously described (Su et al. 2010, 2011). After mice were
transcardially perfused with phosphate-buffered saline (PBS; pH 7.4) and 4%
paraformaldehyde in PBS (PFA; pH 7.4), brains were removed and post-fixed in PFA for 12
hours at 4°C. Brains were cryopreserved in 25-30% sucrose solution for 24 hours,
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embedded in Tissue Freezing Medium (Electron Microscopy Sciences, Hatfield, PA), and
cryosectioned (16um coronal sections). Sections were air-dried onto Superfrost Plus slides
(Fisher Scientific, Pittsburgh, PA) before incubating in blocking buffer (2.5% BSA, 5%
Normal Goat Serum [NGS], 0.1% Triton-X in PBS for at least 30 minutes). Primary
antibodies were diluted in blocking buffer and incubated on the tissue sections for >12 hours
at 4°C. After washing in PBS, fluorophore-conjugated secondary antibodies diluted 1:1000
in blocking buffer were incubated on sections for 1 hour at room temperature. After
thorough washing in PBS, sections were stained with DAPI (1:10,000 in water) and were
mounted with Vectashield (Vector Laboratories, Burlingame, CA). Images were acquired on
a Zeiss Axiolmager A2 fluorescent microscope a Zeiss LSM 700 confocal microscope.

RNA isolation and quantitative reverse transcriptase polymerase chain reactions (QPCR)

RESULTS

RNA was isolated using the BioRad Total RNA Extraction from Fibrous and Fatty Tissue
Kit (BioRad, Hercules, CA). For hippocampus and neocortex, each sample contained RNA
isolated from an individual wild-type mouse (and from the entire hippocampus or
neocortex). Since three samples were analyzed per age, a total of 3 mice were analyzed per
age. For dLGN, each sample contained RNA isolated from three littermate wild-type mice
and 3 samples were analyzed per age (so a total of 9 mice per age were used to generate
dLGN samples). RNA concentrations were determined spectro-photometrically with a
NanoDrop ND-1000 (Wilmington, DE). cDNAs were generated from 200 ng of RNA with
the Superscript 11 Reverse Transcriptase First Strand cDNA Synthesis Kit (Life
Technologies, Carlsbad, CA). qPCR was performed on a CFX Connect Real-Time PCR
Detection System (BioRad, Hercules, CA) using iTag Universal SYBR Green Supermix
(BioRad, Hercules, CA) as described previously (Su et al. 2010; Brooks et al. 2013). The
following primer pairs were used: Adamtsl, GGA CAC AAATCG CTT CTT CC and CAG
AAC ACC CGG AAC CAG T; Adamts4, CCA GGA AAA GTC GCT GGT AG and AGT
GCC CGA TTC ATC ACT G; Adamtss, GTC ACA TGA ATG ATG CCC AC and CAA
ATG GCA GCA CCA ACA TA; Adanmts8, ATC ACC GTG AGG ATG TGG TT and CAA
GAG GTT TGT GTC CGA GG, Adants15, ACA CTG CCATCC TCT TCACC and TCT
TGG GGT CAC ACA TGG TA,; Gapdh, CGT CCC GTAGAC AAAATG GTand TTG
ATG GCA ACA ATC TCC AC. The following cycling conditions were used with 20 ng of
RNA: 95°C for 30 seconds, followed by 40 cycles of amplification (94°C for 5 seconds,
60°C for 30 seconds, 72°C for 20 seconds, read plate) and a melting curve analysis. Relative
quantities of RNA were determined using the AA-CT method (Livak and Schmittgen, 2001)
and were normalized to levels of Gapdh in each sample. To ensure specificity of cDNA
amplification in gPCR we: 1). designed primers to span large introns; 2). performed melting
curve analysis following each gPCR reaction; 3). ran qPCR products on agarose gels to
ensure amplification of single products. A minimum of 3 independent samples (each in
triplicate) were run for each gene and at each age examined.

Neuronal expression of Adamts15 in hippocampus and neocortex

To assess the distribution of Adamts15 mRNA in mouse telencephalon we generated
riboprobes against Adamts15 and performed in situ hybridization on coronal sections of P14
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mouse brains. In contrast to the robust distribution of Adamts15-expressing cells in dorsal
thalamus (dT) and the dorsal lateral geniculate nucleus (ALGN)(Brooks et al. 2013), we
observed a sparse distribution of Adamts15-expressing cells in hippocampus and neocortex
(Figure 1B). To quantitate levels of Adamts15 expression in hippocampus and neocortex we
performed quantitative reverse transcriptase polymerase chain reactions (qQPCR) on RNA
extracted from P7 and P15 mouse hippocampus and neocortex. At both ages, there was no
significant differences in the level of Adamts15 mRNA in hippocampus or neocortex (at P7
Adamts15 mRNA expression in neocortex was 1.28+/-0.2 [SEM] fold higher than that in
hippocampus, n=3, P=0.28 by T-test; at P15 Adamts15 mRNA expression in neocortex was
1.7+/-0.4 [SEM] fold higher than that in hippocampus, n=3, P=0.11 by T-test). In contrast,
gPCR confirmed Adamts15 mRNA expression was dramatically higher in regions of dorsal
thalamus compared with these regions of the telencephalon (at P7 Adamts15 mRNA
expression was 22.0+/-2.6 [SEM] fold higher in dLGN than in hippocampus and 17.3+/-
2.0 [SEM] folder higher in dLGN than neocortex. n=3, P<0.0001 by T-test).

We next examined the distribution of Adamts15 mRNA expression to better understand its
cellular origin. We focused much of our initial attention on Adamtsl15 expression in
hippocampus because of its unique cytoarchitecture: the hippocampus is not only a layered
structure but is subdivided into the dentate gyrus (DG), several Cornu Ammonis areas
(CA1-4), and the subiculum (Sub)(Figure 1A). In each of these regions excitatory neurons
are densely clustered into a cell-rich layer, which is called stratum pyramidale in CA1-4 and
subiculum and is called stratum granulosum in DG. While inhibitory interneurons also
reside in these cell-dense layers, they also populate the other hippocampal layers, which
include strata oriens, radiatum and lacunosum-moleculare of CA1-4 (Figure 1Al), the
molecular layer and hilus of the DG, and the polymorphic and molecular layer of the
subiculum. Although sparsely distributed, Adamts15-expressing cells were observed in all
hippocampal regions (Figure 1B), but the highest density appeared in, or adjacent to, stratum
pyramidale in CA3, CA1, and subiculum (Figure 1C-F).

Next, we set out to determine whether Adamts15 mRNA was generated by telencephalic
neurons. For this, we performed a double fluorescent in situ hybridization with DIG-labeled
Adamts15 riboprobes and FL-conjugated riboprobes against Syt1, the gene that encodes
Synaptotagmin 1 — a synaptic-vesicle associated calcium sensor expressed by neurons. We
previously reported widespread Syt1 mRNA expression by both excitatory and inhibitory
neurons in mouse hippocampus (Su et al. 2010). Here, we show that in all regions and layers
of the P14 mouse hippocampus, cells expressing Adamts15 mRNA also contained Sytl
mRNA (Figure 2A-F). However, as expected from the sparse distribution of Adamts15
(Figure 1B), while nearly all Adamts15-expressing cells contained Syt mRNA (99.85%+/
-0.1% [SEM] of Adamts15-expressing cells contained Syt1 mRNA; n=1294 cells from P7,
P14, P21 and P56 hippocampi), not all Syt1-expressing cells contained Adamts15 mRNA
(Figure 2A-F). These findings suggest that Adamts15 mRNA is generated by a small set of
neurons in hippocampus.

To rule out expression of Adamts15 by glial cells we coupled in situ hybridization for
Adamts15 mRNA with immunostaining for protein markers of astrocytes and microglial
cells (i.e. glial fibrillary acidic protein [GFAP] and ionized calcium binding adaptor
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molecule 1 [Ibal], respectively). No Adamts15-expressing cells were observed to be
immunoreactive for GFAP or Ibal (Figure 2G-L), indicating that neither astrocytes nor
microglial cells generate Adamts15 mRNA in mouse hippocampus. Taken together, our
results indicate that Adamts15 mRNA expression is exclusively generated by a small subset
of neurons in the hippocampus.

Based on these results, we also assessed the cellular origin of Adamts15 mRNA expression
in neocortex. ldentical expression patterns of Adamts15 mRNA were observed in P14 mouse
neocortex as described above for hippocampus: all cortical Adamts15-expressing cells co-
expressed Sytl mRNA, not all Sytl-expressing cells generated Adamts15 mRNA (Figure
2A-F), and Adamts15-expressing cortical cells were not immunoreactive for astrocytic or
microglial markers (Figure 2G-L).

Finally, we compared these telencephalic expression patterns with the distribution of
Adamts15-expressing cells in dLGN. Just as we observed in neocortex and hippocampus, all
Adamts15-expressing cells co-expressed Sytl mRNA in dLGN and these cells were not
immunoreactive for standard astrocytic or microglial markers (Figure 2G-L). However, in
dLGN, most, if not all, Syt1-expressing cells generated Adamts15 mRNA (Figure 2A-F).
Taken together these data suggest that in all regions examined Adamts15 mRNA is
generated solely by neurons, but that in each regions different populations of neurons may
generate Adamts1s.

Parvalbumin-expressing hippocampal neurons generate Adamts15 mRNA

The sparse distribution and location of Adamts15 mRNA in hippocampus and neocortex
suggested that its expression may be limited to interneurons, or even a single type of
interneuron. Hippocampal and cortical interneurons can be divided into distinct subtypes
based upon their morphology, location, electrophysiology, connectivity and neurochemical
gene expression (Klausberger and Somogyi, 2008; Freund and Buzsaki 1996; McBain and
Fisahn, 2001; Danglot et al. 2006). The enrichment of Adamts15 mRNA in select
populations of hippocampal neurons in, or adjacent to, stratum pyramidale and in sparse
populations of cortical neurons resembled the well-described distribution of fast-spiking,
basket cells — a class of GABAergic interneurons that generate inhibitory axo-somatic
synapses onto pyramidal cells. Fast-spiking basket cells in hippocampus and neocortex
express the calcium binding protein Parvalbumin. In situ hybridization for Parv, the gene
that encodes Parvalbumin, revealed strikingly similar patterns of expression of Adamts15
and Parv mRNA in hippocampus and neocortex (Figure 1B and 3A). The possibility that
Parv* interneurons expressed Adamts15, a known Aggrecan cleaving protease (Porter et al.
2005), was intriguing since these cells not only generate Aggrecan (Okaty et al. 2009) but
are ensheathed in lectican-rich perineuronal nets (McRae et al 2010; Yamada and Jinno,
2013). Here, we demonstrate that genetically labeled Parv* interneurons are ensheathed by
lecticans detected with the monoclonal Cat315 antibody (Figure 3B) In postnatal brain
Cat315 recognizes aggrecan protein (Matthews et al. 2002; Brooks et al. 2013).

To test whether Adamts15 mRNA was expressed by Parv™ interneurons we performed
double fluorescent in situ hybridization with FL-conjugated Adamts15 riboprobes and DIG-
conjugated Parv riboprobes. Since Parv expression is developmentally regulated in the
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telencephalon and becomes upregulated by the beginning of the third postnatal week of
mouse development (Del Rio et al. 1994; Jiang and Swann 2005), we began by assessing co-
expression in P56 hippocampus. Nearly all Adamts15-expressing hippocampal neurons co-
expressed Parv (in adult, 99% +/- 1% [SEM] Adamts15-expressing neurons co-expressed
Parv; n=103 cells from 5 mice) (Figure 4A-C). We confirmed these results by assessing
Adamts15 mRNA expression in transgenic mice in which Parv* interneurons are selectively
labeled with Yellow Fluorescent Protein (YFP) (Parv-Cre:: Thyl-STOP-YFP15). In
hippocampi from P37 Parv-Cre:: Thyl-STOP-YFP15 mice, Adamtsl5 mRNA expressing
neurons contained YFP, although not all YFP neurons contained Adamts15 mRNA (Figure
4D-E). Similarly, we observed a high degree of co-expression of Adamts15 and Parv in
neocortex (by both double in situ hybridization and in Parv-Cre:: Thy1l-STOP-YFP15 brains)
(Figure 4B,F). Although similar subtypes of neurons generate Adamts15 mRNA in the
hippocampus and neocortex, these experiments also confirmed that different types of
neurons are capable of generating Adamtsl5 in different brain regions: neurons expressing
Adamts15 in dLGN do not co-express Parv mRNA (Figure 4C) and are not fluorescently
labeled in Parv-Cre:: Thyl-STOP-YFP15 mice (data not shown).

In the developing hippocampus and neocortex similar trends were observed as described
above for adult tissues, however the percentage of co-expression of Adamtsl5 and Parv was
slightly reduced (at P14, 81.4% +/- 10.5% [SEM] Adamts15-expressing neurons co-
expressed Parv: n=280 cells from 6 mice). This may be due to the late upregulation of Parv
in hippocampus and neocortex (Del Rio et al. 1994; Jiang and Swann 2005). Alternatively,
the reduced co-expression of Adamts15 and Parv mRNAs may be due to transient
expression of Adamts15 mRNA by other classes of interneurons early in development. To
test the second of these possibilities, we assessed the co-expression of Adamts15 mRNA
with Calbindin (Calb) and Somatostatin (Som), two neurochemicals generated by subtypes
of interneurons that reside in regions of hippocampus containing Adamts15 expression
(Figure 1B, Klausberger and Somogyi, 2008; McBain and Fisahn, 2001; Danglot et al.
2006). We observed little, if any, colocalization of Adamts15 mRNA with these classes of
interneurons in the P10-P14 hippocampus (0% Adamtsl5-expressing neurons co-expressed
Som: n=424 cells; 1.6% Adamts15-expressing neurons co-expressed Calb: n=503 cells)
(Figure 4G,H). These data lend support to the notion that reduced co-expression of
Adamts15 and Parv mRNASs by hippocampal interneurons during early development reflect
the late onset of Parv expression, although it remains possible that other classes of
interneurons generate Adamtsl5 mRNA early in development.

Developmental regulation of Adamts15 expression in hippocampus

In addition to providing clear evidence that Adamtsl5 mRNA is generated by Parv*
interneurons, it appeared that more cells were expressing this aggrecanase early in
development than in the adult hippocampus. To test whether Adamts15 mRNA expression is
developmentally regulated in hippocampus we performed in situ hybridization and qPCR at
ages corresponding to the migration of interneurons into the hippocampus (P3), to the peak
period of synaptogenesis and circuit formation (P7-P10), to the maturation of hippocampal
circuits (P14) and to the establishment of the adult-like hippocampus (P56) (Figure 5A,B
and data not shown). In situ hybridizations revealed few if any cells containing Adamts15
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mMRNA at P3 (Figure 5C). In contrast, the highest number of Adamts15 mRNA containing
cells in hippocampus was observed at P10. The number of Adamts15-expressing cells
decreased in the P14 hippocampus and remained reduced (compared to the number at P10)
into adulthood (Figure 4A-C).

To quantitate the overall levels of Adamts15 mRNA in the developing hippocampus we used
gPCR. Hippocampal RNA was isolated from P7, P15 and P56 hippocampi. Highest levels of
Adamts15 mRNA expression were observed at P7, which were nearly 4 fold higher than
adult (P56) levels and 2 fold higher than levels at P15 (Figure 5D). Adamts15 expression in
neocortex followed a similar trend, with highest levels at the end of the first week of
postnatal hippocampal development (Figure 5E).

Taken together, our results reveal that a select subset of telencephalic interneurons expresses
Adamts15 mRNA and that its expression by these cells coincides with periods of neural
circuit formation and synaptogenesis. Interestingly, we previously observed similar
developmental patterns of Adamts15 mRNA expression in dLGN coinciding with visual
system circuit formation (Brooks et al. 2013).

Developmental expression of other aggrecan-cleaving ADAMTS proteases in mouse
hippocampus

The distinct spatiotemporal expression of ADAMTS15 suggests a unique role for this
extracellular protease in hippocampal development. However, since several other
ADAMTSs cleave aggrecan, are enriched in brain (Tang 2001, Mayer et al. 2005; Yuan et
al. 2002), and are potentially generated by interneurons (OKkaty et al. 2009), we sought to
determine if other members of the aggrecanase subfamily of ADAMTSs were present in the
developing hippocampus. gPCR indicated that mRNA from four other members of this
subfamily (i.e. ADAMTS1,4,5, and 8) were present in adult hippocampus. In regards to their
developmental expression patterns, Adamtsl and Adamts8 mRNA levels changed little from
P7 to P56, whereas Adamts4 and Adamts5 both exhibit dynamic expression profiles during
this period. Like Adamts15, Adamts5 mRNA expression was highest at P7 and quickly
decreased by the end of the second postnatal week of development (Figure 6). Previous
single-cell transcriptome studies indicate that this metalloprotease may be generated by fast-
spiking Parv* cortical interneurons and its expression decreases throughout development
(Okaty et al. 2009), although Adamts5 mRNA is not observable in the hippocampus in on-
line in situ hybridization databases (http://mouse.brain-map.org/)(RRID:nif-0000-00509). In
contrast to Adamts15 and Adants5, the developmental pattern of Adamts4 expression
differed from all other aggrecanases examined here. A dramatic enrichment in Adamts4
mRNA levels was observed at P15, compared with levels in P7 and P56 hippocampi (for
example, P15 hippocampal Adamts4 mRNA levels were 12.65+/-1.57 [SEM] fold higher
than at P7; n=3, P=0.002 by Tukey-Kramer Difference Between Means) (Figure 6).

Not only were similar levels of Adamts4 mRNA generated in neocortex as in hippocampus
(at P7 cortical Adamts4 mRNA levels were 1.14+/-0.09 [SEM] fold different than
hippocampal levels; n=3, P=0.9 by Tukey-Kramer Difference Between Means; at P15
cortical Adamts4 mRNA levels were 0.86+/-1.57 [SEM] fold different than hippocampal
levels; n=3, P=0.7 by Tukey-Kramer Difference Between Means) but cortical expression
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levels underwent similar changes throughout development. At P15, cortical Adamts4 mRNA
levels were nearly 10 fold higher than levels at P7 (9.44+/-2.49 [SEM] fold higher at P15
versus P7; n=3, P=0.02 by Tukey-Kramer Difference Between Means). Thus, in both
hippocampus and neocortex Adamts4 mRNA levels exhibit dramatic upregulation at the end
of the second postnatal week of mouse development, a period that coincides with several
important aspects of neural development, such as myelination and activity-dependent
refinement and maturation of neural circuits.

Developmental changes in Adamts4 expression in non-neuronal cells

We were particularly intrigued by the expression pattern of Adamts4 mRNA, which encodes
the most well studied aggrecanase. ADAMTSA4 is enriched in brain compared to many other
tissues and has the highest affinity and activity for cleaving aggrecan (Tang 2001; Porter et
al. 2005). To investigate the cellular expression pattern of Adamts4 mRNA, we generated
DIG-labeled Adamts4 riboprobes and performed in situ hybridization in coronal sections of
mouse hippocampus. At P15, Adamts4-expressing cells were sparsely distributed throughout
the neuronal and synaptic layers of hippocampus (Figure 7A). Similar patterns of sparsely
distributed Adamts4-expressing cells were also observed in adjacent regions of dorsal
thalamus and neocortex, confirming qPCR data showing similar quantitative levels of
Adamts4 mRNA in these regions (see above).

In contrast to the sparse distribution of Adamts4-expressing cells in hippocampal neuropil,
an enrichment of these cells was observed in the fimbria and alveus, two fiber tracts that
carry axons into and out of the hippocampus (Figure 7A). Similar patterns of Adamts4
MRNA expression were observed in neuron-free regions of the neocortex and thalamus:
AdamtsA-mRNA appeared enriched in the white matter tract in the deepest cortical layer
(adjacent to the alveus), in the corpus callosum, and in the optic tract (Figure 7A,B and data
not shown). The presence of Adamts4-expressing cells in regions devoid of neurons suggests
glial cells generate this aggrecanase.

Since our analysis of cellular Adamts4 mRNA expression was performed at the peak of
Adamts4 expression (P15), we next addressed how these cellular expression patterns
changed over time, as overall levels of hippocampal Adamts4 mRNA decreased significantly
(Figure 6). In situ hybridization revealed significantly fewer Adamts4-expressing cells in all
regions of the hippocampus and neocortex at early ages of postnatal development (i.e. P3
and P7)(Figure 7B,E,H,K) and in adult tissues (7D,G,J,M). Cell counts for all hippocampal
regions, and for just the neuron-free regions of hippocampus, revealed the same pattern: ~8
fold more cells generated Adamts4 mRNA at P15 compared to P7 or P60 (Figure 7N-P).

Oligodendrocyte expression of Adamts4 in hippocampus and neocortex

Finally, we used in situ hybridization to determine which cell types generate Adamts4 in
mouse hippocampus and neocortex. To test whether neurons in any part of the telencephalon
generate Adamts4 mRNA we performed double fluorescent in situ hybridization with DIG-
labeled Adamts4 riboprobes and FL-conjugated riboprobes against Sytl. No co-expression of
Adamts4 and Syt1 was observed in any part of the P21 mouse hippocampus or neocortex
(Figure 8A-D). Likewise, we failed to find colocalization of Adamts4 mRNA in GAD67- or
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Parv-expressing interneurons (Figure 8E,F). While these expression patterns differ from one
previous report in rat (Yuan et al. 2002), they match the pattern of Adamts4 mMRNA
expression in mouse brain reported in the Allen Brain Atlas (http://mouse.brain-map.org/)
(RRID:nif-0000-00509).

Based upon the lack of neuronal expression of Adamts4 mRNA and its enrichment in
regions of telencephalon that lack neurons, we next assessed whether microglia, astrocytes
or oligodendrocytes generate mRNA for this aggrecanase. In all regions of hippocampus and
neocortex, Adamts4-expressing cells lacked both GFAP and Ibal (Figure 9), indicating that
neither GFAP* astrocytes nor Ibal* microglial cells generate Adamts4 mRNA. In contrast,
Adamts4-expressing cells were immunoreactive for Olig2, a transcription factor expressed
by oligodendrocytes (Nishiyama et al. 2009)(Figure 10), indicating that Adamts4 is
generated by the myelinating glial cells of the brain. Taken together with its peak level of
expression during the second and third postnatal weeks, these results indicate that
ADAMTS4 may play important roles in ECM remodeling during myelination.

Region-specific differences in Adamts4 expression

The finding that Adamts4 mRNA was not generated by neurons in the P15 telencephalon
was somewhat surprising given our previous observation that neonatal Syt1-expressing
thalamic neurons generate Adamts4 (Brooks et al. 2013). For this reason we tested whether
hippocampal neurons transiently expressed Adamts4 perinatally. At P3 we failed to detect
Adamts4 mRNA in Syt1-expressing hippocampal neurons, despite seeing robust expression
by neurons in the dorsal thalamus (dT)(Figure 11). Interestingly, widespread neuronal
expression of Adamts4 is transient in dT, and by P60 Adamts4 mRNA appeared to be
generated solely by non-neuronal cells in this region (Figure 11). These results suggest that
Adamts4 can be expressed by both neurons and glial cells, but that expression is not only
developmentally regulated but is also regulated in a nuclei-specific manner.

DISCUSSION

Remodeling of the ECM is a critical step in the development of the nervous system as
neurons and glia undergo extensive morphogenesis to transform into their adult-like forms.
Although brain ECM is rich in lecticans, which comprise a family of chondroitin sulfate
proteoglycans that includes aggrecan, brevican, neurocan, and versican, we lack a
fundamental understanding of the distribution and developmental expression of lectican-
cleaving enzymes in the normal, developing brain. In the present study we examined the
expression and developmental regulation of two such lectican-cleaving metalloproteinases,
ADAMTS15 and ADAMTSA4. Both proteases are expressed in the mammalian brain (Tang
2001; Yuan et al. 2002; Cross et al. 2006; Dancevic et al. 2013) and share an ability to
cleave both aggrecan and versican, although with differing affinities and activities
(Tortorella et al. 2000; Sandy et al. 2001; Porter et al. 2005; Stupka et al. 2012). ADAMTS4
also harbors an ability to cleave brevican (Mathews et al. 2000), however at present it
remains unclear whether this activity is shared by ADAMTS15. Antibodies against
ADAMTS-cleaved lecticans have been particularly useful in localizing the activity of
ADAMTSs in the normal and injured nervous system (Matthews et al. 2000; Yuan et al.
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2002; Mayer et al. 2005; Ajmo et al. 2008); however, since many members of the
aggrecanase subfamily of ADAMTSs (i.e. ADAMTS1,4,5,8,9,15) share similar abilities to
cleave these proteoglycans the distribution and expression pattern of each ADAMTS in
brain remains unclear. In fact, while it appears that both neurons and astrocytes are capable
of generating and secreting these enzymes in vitro (Hamel et al. 2005; Hamel et al. 2008),
we lack a general understanding of whether these enzymes are generated by neurons, glia, or
both in the normal, non-pathological brain. Here, we sought to remedy this by characterizing
the cellular and developmental expression patterns of ADAMTS15 and ADAMTS4. These
studies led us to uncover several novel features of ADAMTS expression: 1). ADAMTSs are
expressed in cell-specific manners in the mammalian brain. For example, in the
hippocampus, ADAMTS15 is generated by Parv* interneurons, while ADAMTS4 is
generated by oligodendrocytes. 2). The cellular expressions of single ADAMTSgenes are
distinct in different brain regions. For example, in the hippocampus and neocortex
ADAMTS15 is selectively expressed by inhibitory interneurons, whereas in the dorsal
thalamus it is generated by excitatory thalamic relay neurons. Likewise, ADAMTS4 is
generated by neurons in the perinatal thalamus, but appears exclusively expressed by
oligodendrocytes in the developing hippocampus and neocortex. 3). The expression of many
(but not all) ADAMTSs is developmentally regulated in brain. The peak of mMRNA
expression of both ADAMTS15 and ADAMTS4 coincides with critical aspects of the
development of the cell-type generating them. The peak expression of ADAMTS15 by
neurons (in all regions examined here and in previous studies [Brooks et al. 2013]) coincides
with synaptogenesis and neural circuit formation. Oligodendroglial expression of
ADAMTS4 coincides with the peak of myelination, a developmental process that requires
substantial oligodendrocyte morphogenesis and ECM remodeling as axons becomes
ensheathed by lipid-rich myelin and nodes of Ranvier are assembled (Colognato and
Tzvetanova, 2011; Mitew et al. 2013).

Taken together our results suggest important cell-specific roles for ADAMTSs during brain
development. Clearly, one important function for ADAMTSs during brain development is
the remodeling and cleavage of lectican-rich ECM. The increased expression of
ADAMTS15 by interneurons during the critical period and before the emergence of
perineuronal nets, suggests its expression may limit lectican-rich matrix deposition and
therefore suggests it may play an important role in preventing premature closing of the
critical period. This possibility raises several important questions for future experiments:
Canincreasing ADAMTSI5 expression in Parv* interneurons reopen the critical period?
And, is ADAMTSL5 expression regulated by neuronal activity? The recent discovery that
ADAMTS15 expression is upregulated in the hippocampi of patients suffering from medial
temporal lobe epilepsy hints that the expression of this metalloproteinase may indeed be
linked to neuronal activity (Venugopal et al. 2012).

It is also possible that ADAMTSs exert their function by cleaving non-lectican components
of brain ECM. Although lecticans appear to be the most prominent components of brain
ECM, several other ECM molecules are critical for neural development and may be targets
of ADAMTSs. Prominent examples include Reelin, a large glycoprotein with important
roles in directing neuronal migration, axonal targeting and synapse formation (D’Arcangelo
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et al. 1995; Borrell et al. 1999; Su et al. 2011) and Thrombospondin and Hevin, two glial-
derived matricellular molecules that stimulate synaptogenesis (Christopherson et al. 2005;
Eroglu et al. 2009; Kucukdereli et al. 2011). All three of these ECM components are cleaved
by ADAMTSs (Dickinson et al. 2003; Weaver et al. 2010; Hisanaga et al. 2012; Krstic et al.
2012; Koie et al. 2014) and are abundant in the developing brain parenchyma. An interesting
feature of Reelin, and several other components of brain ECM including Agrin and
nonfibrillar Collagens, is that cleavage by extracellular proteases liberates “active”
fragments of these ECM molecules which regulate synapse formation (Stephan et al. 2008;
Matsumoto-Miyai et al. 2009; Su et al. 2012). It remains unclear whether ADAMTSs
liberate such synaptogenic cues from brain ECM.

Lastly, while we have discussed the potential roles of the enzymatic functions of these
metalloproteinases in the developing brain, it is important to point out that non-enzymatic
functions of ADAMTSs have been suggested from in vitro studies. Specifically, ADAMTS4
and ADAMTSS5 have the ability to stimulate neurite extension by activating a MAP ERK
1/2 kinase pathway, an activity that is independent from lectican-cleavage (Hamel et al.
2008). Taken together with results described here, this suggests that the perinatal expression
of ADAMTSI5 (in all brain regions) and ADAMTS4 (specifically in dorsal thalamus) may
contribute a direct role in neural circuit formation, in addition to roles in ECM remodeling.
Although it is possible that oligodendrocyte-derived ADAMTS4 in fiber tracts of the
postnatal hippocampus and neocortex contributes a direct influence on axonal outgrowth, it
seems unlikely based upon its upregulation after the time at which most axonal tracts have
already been established. A more likely scenario may be that glial-derived ADAMTS4 is
important for directly or indirectly influencing the extension of oligodendrocyte processes
while they seek out and myelinate axons.
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Figure 1.

Sparse expression of Adamts15 mRNA in hippocampus and neocortex. A. Schematic
representation of the mouse hippocampus. Excitatory neurons are depicted in magenta.
Inhibitory neurons are depicted in green. Al depicts a higher magnification view of the 4
distinct layers in the CAL region of hippocampus. B. Localization of Adamts15 mRNA by in
situ hybridization in coronal sections of P14 mouse hippocampus. C—F. Shows high
magnification images of Adamts15 mRNA in CA1 (C), subiculum (D), layer V of neocortex
(E), and dLGN (F) in P14 mouse brain. Cell nuclei are labeled by DAPI staining. Arrows
indicate Adamts15 mRNA expression by sparse populations of cells in CA1, Sub, and Ctx.
G,H. Shows high magnification images of in situ hybridization with sense control probes in
coronal sections of P14 mouse hippocampus (G) and dLGN (H). CA, Cornu Ammonis
areas; Ctx, Neocortex; DG, Dentate Gyrus; dLGN, Dorsal Lateral Geniculate Nucleus; dT,
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Dorsal Thalamus; F, Fimbria; slm, stratum lacunosum-moleculare; so, stratum oriens; sp,
stratum pyramidale; sr, stratum radiatum; Sub, Subiculum. Scale bar in B =400 pm and in C
=100 pm for C-H.
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A Sense

Figure 2.
Neuronal expression of Adamts15 mRNA in hippocampus and neocortex. A—F. Double

fluorescent in situ hybridization with riboprobes directed against Adamts15 and Syt1 show
that in all regions of the P14 hippocampus (A-D), layer V of neocortex (E) and in dLGN (F)
cells expressing Adamts15 also generate Syt1 mMRNA. G-L. Fluorescent in situ hybridization
coupled with immunostaining for Ibal (G-I) or GFAP (J-L) revealed that neither Ibal-
positive microglia or GFAP-positive astrocytes generate Adamtsl5 mRNA. M,N. Shows
high magnification images of double in situ hybridization with Adamts15 sense control
probes and Syt1 riboprobes in coronal sections of P14 mouse hippocampus (M) and dLGN
(N). CA, Cornu Ammonis areas; Ctx, Neocortex; DG, Dentate Gyrus; dLGN, Dorsal Lateral
Geniculate Nucleus; Sub, Subiculum. Scale bar in A = 100 pm for all panels.
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Figure 3.
Parv* interneurons share a similar expression pattern to Adamts15 mRNA and are

Page 24

ensheathed in aggrecan-rich perineuronal nets. A. Localization of Parv mRNA by in situ
hybridization in coronal sections of P21 mouse hippocampus. B. Immunostaining revealed
that Parv* neurons in hippocampus are ensheathed by Aggrecan (Acan)-rich perineuronal

nets in P37 hippocampus of Parv-Cre:: Thyl-STOP-YFP15 mice. Parv* neurons are

genetically labeled with YFP in these mice. Scale bar in A =400 pm and in B = 100 um.
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Figure 4.

Co-expression of Adamts15 and Parv mRNA by hippocampal and cortical interneurons. A—
C. Double fluorescent in situ hybridization with riboprobes directed against Adamts15 and
Parv show that in all regions of the P21 hippocampus (A) and neocortex (B) cells expressing
Adamtsl5 also generate Parv mRNA (see arrows). In dLGN (C), Parv mRNA does not
colocalize with Adamts15-expressing cells. D—F. Localization of Adamts15 mRNA by in
situ hybridization in hippocampus and neocortex of P37 Parv-Cre:: Thyl-STOP-YFP15 mice
confirmed expression of Adamts15 mRNA by Parv* neurons (see arrows). G,H. Adamts15
mMRNA did not colocalize with markers for other types of hippocampal interneurons at P14,
such as Calbindin (Calb) or Somatostatin (Som). CA, Cornu Ammonis areas; Ctx,
Neocortex; DG, Dentate Gyrus; dLGN, Dorsal Lateral Geniculate Nucleus; Sub, Subiculum.
Scale bar in A =100 pm for all panels.

J Comp Neurol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Levy etal.

Page 26

S P10 g Xty P56
Adamts15 S TR Adamts15
D *% E
54 5.
0 5 0 v 5 ~
g3 & 4 * & 4
€ £ 1S
O © e £
% 5 S S0
£ 8 % - 58 3 58
© < < » < %]
T © - -
< © Z & Z o
c r *% DE: g 24 % g
(2]
8 2 100 A < =
g e 2 14 L
P3 P10 P14 P56 P7 P15 P56
Figure 5.

Developmental expression of Adamts15 mRNA in hippocampus. A,B. Localization of
Adamts15 mRNA by in situ hybridization in coronal sections of P10 and P56 mouse
hippocampus. C. Percent of Adamts15-expressing cells (labeled by in situ hybridization)
compared to numbers in the adult (P56). Differs from indicated samples at P<0.001 (**) or
P<0.05 (*) by Tukey-Kramer Difference Between Means Test. Error bars indicate Standard
Error of the Mean (SEM). D. Quantitative RT-PCR (qPCR) shows that the highest levels of
Adamts15 mRNA in the mouse hippocampus are present at P7. Levels of Adamts15 mRNA
were normalized to Gapdh levels in each sample. Differs from indicated samples at P<0.001
(**) or P<0.05 (*) by Tukey-Kramer Difference Between Means Test. n=3 mice, per age.
Error bars indicate SEM. E. gPCR shows the developmental pattern of Adamts15 mRNA
expression follows a similar trend: Cortical levels of Adamts15 mRNA are higher at P7 than
at P15. *Differs from P15 at P<0.05 by Tukey-Kramer Difference Between Means Test. n=3
mice, per age. Error bars indicate SEM. Scale bar in A =200 um for A,B.
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Figure 6.

Developmental expression of other aggrecan-cleaving ADAMTSs in mouse hippocampus.
Quantitative RT-PCR (qPCR) shows developmental changes in the expression of Adamtsi,
Adamts4, Adamts5 and Adamts8 mMRNA in mouse hippocampus at P7, P15, P22 and P56.
Levels of Adamts were normalized to Gapdh levels in each sample. Differs from indicated
samples at P<0.001 (**) or P<0.05 (*) by Tukey-Kramer Difference Between Means Test.
n=3 mice, per age. Error bars indicate SEM.
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Figure 7.

Developmental expression of Adamts4 mRNA in mouse hippocampus. A. Localization of
Adamts4 mRNA by in situ hybridization in coronal sections of P15 mouse hippocampus.
Arrows highlight Adamts4 expression in the alveus and cortical white matter. A1. Shows an
image of in situ hybridization with sense control probes in the CAL region of a P15 mouse
hippocampus. B—M. High magnification images of Adamts4 mRNA in the stratum
lacunosum-molecular of CA1 (B-D), the alveus of CA1 (E-G), the fimbria (H-J) and layer
V of neocortex (K-M) of P7, P15 and P60 mice. N. Percent of Adamts4-expressing cells in
hippocampus, labeled by in situ hybridization, compared to numbers of Adamts4-expressing
cells in adult (P60) hippocampus. **Differs from indicated samples at P<0.001 by Tukey-
Kramer Difference Between Means Test. Error bars indicate SEM. O,P. Percent of
Adamts4-expressing cells in the fimbria (D) or alveus and cortical white matter (E),
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compared to adult (P60) numbers. **Differs from indicated samples at P<0.001 by Tukey-
Kramer Difference Between Means Test. Error bars indicate SEM. CA, Cornu Ammonis
areas; Ctx, Neocortex; DG, Dentate Gyrus; dLGN, Dorsal Lateral Geniculate Nucleus; F,
fimbria; sIm, stratum lacunosum-moleculare. Scale bar in A = 400 ym and in B = 100 pym.
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Figure 8.
Hippocampal and cortical neurons do not generate Adamts4 mRNA. A-D. Double

fluorescent in situ hybridization with riboprobes directed against Adamts4 and Syt1 show
that in all regions of the P21 hippocampus and neocortex cells expressing Adamts4 do not
co-express Sytl mRNA. E. Fluorescent in situ hybridization coupled with immunostaining
for GAD67 revealed that GAD67* interneurons in the P21 hippocampus do not generate
Adamts4 mRNA. F. Fluorescent in situ hybridization coupled with immunostaining for YFP
in P37 Parv-Cre:: Thyl-STOP-YFP15 mice revealed that Parv* interneurons in the P15
hippocampus do not generate Adamts4 mRNA. Scale bar = 100 um for all panels.
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Figure 9.

Astrocytes and microglia do not generate Adamts4 mRNA. Fluorescent in situ hybridization
coupled with immunostaining for GFAP (A-D) or Ibal (E-H) revealed that neither 1bal-
positive microglia or GFAP-positive astrocytes in the P21 hippocampus (A-C, E-G) or
layer V of neocortex (D,H) generate Adamts4 mRNA. Scale bar = 100 pm for all panels.
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Figure 10.
Oligodendrocytes generate Adamts4 mMRNA. Fluorescent in situ hybridization coupled with

immunostaining for Olig2 revealed that oligodendrocytes in the hippocampus (A-C) and
neocortex (D) generate Adamts4 mRNA. Arrows highlight cells that co-express Adamts4
MRNA and Olig2 protein. Scale bar = 100 um for all panels.
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Figure 11.
Adamts4 mRNA is not generated by neurons at early stages of hippocampal development.

Double fluorescent in situ hybridization with riboprobes directed against Adamts4 and Sytl
at P3 and P60. These data show that at early postnatal ages (i.e. P3), neurons within the
hippocampus do not generate Adamts4 mRNA. This is in contrast to expression in the dorsal
thalamus (dT)(including the dLGN), where Syt1-expressing neurons express Adamts4 at P3.
Expression of Adamts4 remains present in dorsal thalamus at later time points, but is no
longer generated by neurons. Scale bar = 100 um for all panels.
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