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Cerebellinl (Cblnl) is a secreted glycoprotein that was originally isolated from the
cerebellum and subsequently found to regulate synaptic development and stability. Cbinl
has a heterogeneous distribution in brain, but the only site in which it has been shown to
have central effects is the cerebellar cortex, where loss of CbInl causes a reduction in
granule cell-Purkinje cell synapses. Neurons of the thalamic parafascicular nucleus (PF),
which provide glutamatergic projections to the striatum, also express high levels of Cbinl.
We first examined CblInl in thalamostriatal neurons and then determined if cbinl knockout
mice exhibit structural deficits in striatal neurons. Virtually all PF neurons expressed ChIn1-
immunoreactivity (-ir). In contrast, only rare CbInl-ir neurons are present in the central
medial complex, the other thalamic region that projects heavily to the dorsal striatum. In the
striatum Cblnl-ir processes are apposed to medium spiny neuron (MSN) dendrites;
ultrastructural studies revealed that ChInl-ir axon terminals form axodendritic synapses with
MSNSs. Tract tracing studies found that all PF cells retrogradely-labeled from the striatum
express CblInl-ir. We then examined the dendritic structure of Golgi-impregnated MSNSs in
adult cbinl knockout mice. MSN dendritic spine density was markedly increased in
cbIn1~/~ mice relative to wildtype littermates, but total dendritic length was unchanged.
Ultrastructural examination revealed an increase in the density of MSN axospinous synapses
in cbln1~/~ mice, with no change in PSD length. Thus, CbIn1 determines the dendritic
structure of striatal MSNs, with effects distinct from those seen in the cerebellum.

Precerebellin (CbInl) was originally isolated as the precursor of a cerebellar peptide
cerebellin (Slemmon et al., 1984) and was subsequently shown to define a subfamily
(CbIn1-4) of the C1g/TNFa superfamily of proteins (Urade et al., 1991; Pang et al., 2000;
Bao et al., 2005). CblIn1l is secreted as homo- and hetero-trimeric complexes from granule
cells (Pang et al., 2000; Bao et al., 2005, 2006; Wei et al., 2007), and is essential for
maintaining the structure and function of parallel fiber—Purkinje cell (pf-PC) synapses (Hirai
et al., 2005). CbIn1 null mutant mice have a decreased number of pf-PC synapses, with
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many Purkinje cell dendritic spines lacking a presynaptic partner (Hirai et al., 2005; Ito-
Ishida et al., 2008). These morphological changes are associated with an absence of long-
term depression at pf-PC synapses and gross ataxia (Hirai et al., 2005). A recent report noted
that the injection of recombinant CblIn1 into the subarachnoid space of cbln1~/~ mice
transiently restores synapse number in the cerebellar cortex (Ito-Ishida et al., 2008).

Despite its name, CbiInl has a widespread but heterogeneous distribution in the brain
(Mugnaini and Morgan, 1987; Miura et al., 2006; Wei et al., 2007). Among the sites with
abundant central expression of cbinl mRNA and protein is the thalamic parafascicular
nucleus (PF; Miura et al., 2006; Murray et al., 2007; Wei et al., 2007). Thalamostriatal
neurons originate in the PF and in the more rostrally-situated central medial, paracentral, and
centrolateral cluster of neurons (CM complex) of the rat. These neurons provide dense
glutamatergic projections to the striatum, where they synapse with medium spiny neurons
(MSNSs) and certain interneurons (Dube et al., 1988; Berendse and Groenewegen, 1990;
Lapper and Bolam, 1992; Smith et al., 2004). Although historically thalamostriatal axons
were viewed as synapsing onto the dendritic shaft of MSNSs, it is now clear that many PF-
derived axons synapse with MSN dendritic spines (Sadikot et al., 1992; Lacey et al., 2007).
The functional significance of thalamostriatal neurons is not fully understood (Giménez-
Amaya et al., 2000; Matsumoto et al., 2001; Minamimoto et al., 2002, 2009; Smith et al.,
2009). Recent studies have focused on interactions between the glutamatergic
thalamostriatal neurons and the dopamine innervation of the striatum (Bacci et al., 2004;
Ding et al., 2008; Smeal et al., 2008; Lanciego et al., 2009; Smith et al., 2009).

In view of the high density of CbInl-expressing cells in the PF, we examined the
localization of CblInl in the thalamostriatal system and determined if the synaptic
organization of striatal MSNSs is altered in cbInl null mutant mice.

Materials and Methods

Animals

cbIn1~/~ mice and their wildtype littermates (Hirai et al., 2005), between 3 and 5 months of
age, were group housed with food and water freely available. The chin1™~ mice were
backcrossed to the C57BI/6J strain for more than nine generations. Sprague-Dawley rats
(Harlan Sprague-Dawley; Indianapolis, IN) were group housed with food and water
available ad libitum. All studies were performed in accordance with the National Institutes
of Health Guide for Care and Use of Laboratory Animals and under the oversight of the
institutional Animal Care and Use Committee.

Antibody Characterization

A table showing the antibodies used, the sources of these antibodies, and the immunogen
against which the antibodies were generated is shown in Table 1. In immunoblots of mouse
cerebellar extracts, the CbInl antibody detected a 35 kDa band, which corresponds with the
molecular weight of full-length CbIn1, as well as several lower molecular weight bands that
are thought to be degradation products (Bao et al. 2005). A complete loss of CbIn1-ir bands
was observed in immunoblots of mouse cerebellar extracts from the cbinl null mutant
mouse (Bao et al. 2006). Preadsorbtion of the CbInl antibody with excess immunogen
prevents staining in tranfected HEK293 cells and eliminates Cbin1 bands on immunaoblots of
adult mouse cerebellar extracts (Bao et al. 2005). The antibody is specific for ChInl and
does not stain any bands of gels loaded with protein from HEK293 cells transfected with
CbIn2, CblIn3, or Cbin4 (Bao et al. 2005). Under immunohistochemical conditions the Cbinl
antibody does not result in any specific staining in the cerebellum of the cbinl knockout
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mouse (Wei et al. 2009), and as shown in Figure 2, the antibody does not detect CbIn1-ir
cells in the thalamus of the chIn1™/~ mouse.

The NeuN antibody recognizes two bands at ~46-48 kDa that agree with its deduced mass,
according to the manufacturer (Millipore, Billerica, MA). The antibody stained a pattern of
larger, neuronal nuclei that was consistent with previous reports (Mullen et al. 1992).

Preadsorption of the cholera toxin B antibody (List Biological, Campbell, CA) with excess
choleragenoid blocks immunolabeling (Stocker et al. 2006). The antibody does not stain
tissue from animals that were not injected with cholera toxin B (Pakan et al. 2008).

The vesicular glutamate transporter 2 (VGIuT2) antibody detects a band at ~66 kDa in
immunoblots of mouse brain, which is consistent with its molecular weight (see Figure 6)
and a second band at ~36 kDa. As reported by the manufacturer (MADb Technologies, Inc.),
preabsorption of the antibody with the VGIuT2 peptide immunogen blocks the detection of
the 66 kDa band, but preabsorption with VGIuT1 does not alter labeling of this band. The
antibody stains rat and mouse brain in a pattern that is consistent with previous reports
(Kaneko et al. 2002;Fujiyama et al. 2006; Mathur and Deutch 2008).

Immunohistochemistry

Animals were perfused with 0.1M phosphate-buffered saline followed by 4%
paraformaldehyde in phosphate buffer, and immunohistochemistry was used to localize
CbInl-immunoreactivity (-ir) using our previously described methods (Bubser et al., 2000),
with the exception that an antigen retrieval method was used to enhance ChlIn1l staining.
Free-floating sections were incubated in 10 mM sodium citrate buffer containing 0.05%
Tween 20 (pH 6.0) at 80°C for 25-30 min, and then washed extensively before the tissue
was processed for immunohistochemical localization of CblInl, using our previously
characterized (E3) antibody (see Bao et al., 2005 and Wei et al., 2007).

The software program Neurolucida (MBF Bioscience; Williston, VT) was used to chart the
distribution of Cbinl-ir elements in the thalamus and striatum. A Zeiss LSM-510 confocal
microscope was used to acquire fluorescent images.

Photomicrographs were subjected to minimal modification using Photoshop, with slight
changes in image brightness and contrast. Images were cropped to focus on the most salient
part of the original photomicrographs.

Retrograde tracer studies

Intracellular

The retrograde tracer FluoroGold (FG; 3% in 0.1M cacodylate, pH 3.3; Fluorochrome,
Denver, CO) was iontophoretically deposited into the dorsolateral striatum of rats through
pipettes with tip diameters of 18-25 um, using pulsed (7s on/7s off) +5.0 mA current for 15
minutes. In three animals 200 nl of Cholera toxin B (List Biological Laboratories; Campbell,
CA) was pressure injected into somatomotor cortex of animals that also received striatal FG
deposits. Animals were sacrificed 10 days later, and immunohistochemical methods were
used to reveal retrogradely-labeled neurons expressing Chinl-ir in the cortex, thalamus, and
midbrain.

injections of MSNs

Two adult, male Sprague-Dawley rats were rapidly perfused with 300 ml of 9.25% sucrose
at 37° C, followed by 100-150 ml of 4% paraformaldehyde in phosphate buffer. The brains
were then removed, postfixed at 4°C for 30 minutes, and 150 um-thick coronal sections
were cut on a vibrating microtome. Striatal cells were iontophoretically filled with 8%
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Lucifer Yellow (LY; Sigma-Aldrich, St. Louis, MO) in 50 mM Tris, pH 7.4, using
continuous +5.0 nA current for 3-5 minutes. Immunohistochemistry was subsequently used
to localize Cbinl in axons, as described above. The software program Imaris (Bitplane,
Saint Paul, MN) was then used to analyze ChIn1 appositions with MSN dendrites.

Golgi impregnation

cbInl null mutant mice and their wildtype littermates were perfused with 0.1 M phosphate
buffer followed by a solution containing 2% paraformaldehyde--2.5% glutaraldehyde in
0.1M phosphate buffer. Coronal sections (150 um) through the precommissural striatum
were cut on a vibrating microtome. The sections were then incubated in 1% osmium
tetroxide for 30 minutes and kept in 3.5% potassium dichromate overnight. The next day the
sections were developed in 1% silver nitrate for 4-6 hours before being washed extensively,
mounted, and coverslipped.

Dendritic analyses of MSNs

Golgi-stained striatal MSNs in the lateral striatum were reconstructed using Neurolucida.
Dendritic spine density was determined on segments of secondary or tertiary dendrites at
distances between 70 and 90 um from the soma. Segments from three different dendrites per
neuron and 5-6 neurons per animal were analyzed to compute an average dendritic spine
density for a given animal. Total dendritic length was also determined.

Dendritic spine length was measured in >50 spines/animal of cbinl knockout and wildtype
mice. We also determined the shape of dendritic spines in cbin1™~ mice, following the
classification scheme of Peters and Kaiserman-Abramof (1970).

Ultrastructural studies of striatal MSN dendrites

For electron microscopic localization of CbInl-ir, animals were sacrificed and perfused with
4% paraformaldehyde, 0.2% glutaraldehyde and 0.2% picric acid in PBS. The brains were
blocked and postfixed in 4% paraformaldehyde for 4 hours. For ultrastructural examination
of synapses, 2 cbinl wildtype and 2 cbinl knockout mice were perfused.

Coronal 50 um thick vibratome sections of the striatum were cut and stored frozen at —80°C
in 15% sucrose until immunohistochemical experiments were performed. Single-label
immunoperoxidase methods were performed as previously described (Muly et al., 2003),
using the rabbit anti-Cbin1 antibody (1:1000). Briefly, sections were thawed, incubated in
blocking serum (3% normal goat serum, 1% bovine serum albumin, 0.1% glycine, 0.1%
lysine in 0.01 M phosphate buffered saline, pH 7.4) for 1 hour and then placed in primary
antiserum diluted in blocking serum. After 36 hours at 4°C, the sections were rinsed and
placed in a 1:200 dilution of biotinylated goat anti-rabbit 1gG (Jackson Immuno Research,
West Grove, PA) for 1 hour at room temperature. The sections were then rinsed, placed in
avidin-biotinylated peroxidase complex (ABC Elite, Vector, Burlingame, CA) for 1 hour at
room temperature, and then processed to reveal peroxidase using 3,3'-diaminobenzidine
(DAB) as the chromagen. Sections were then post-fixed in osmium tetroxide, stained en bloc
with uranyl acetate, dehydrated, and embedded in Durcupan resin (Electron Microscopy
Sciences, Fort Washington, PA). Selected regions of the dorsal striatum were mounted on
blocks, and ultrathin sections were collected onto pioloform-coated slot grids and
counterstained with lead citrate. Control sections processed as above except for the omission
of the primary immunoreagent, did not contain DAB label upon electron microscopic
examination.

Ultrathin sections were examined with a Zeiss EM10C electron microscope and
immunoreactive elements were imaged using a Dualvision cooled CCD camera (1300 x
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1030 pixels) and Digital Micrograph software (version 3.7.4, Gatan, Inc., Pleasanton, CA).
The tissue was scanned and every labeled terminal was examined and if a synaptic contact
was identified the terminal and postsynaptic element were imaged. Images selected for
publication were saved and imported into an image processing program (Canvas 8; Deneba
Software, Miami, FL). The contrast was adjusted, and the images were cropped to meet size
requirements

From the stained material obtained from the matched cbinl knockout and wildtype mice, 50
images from each animal were examined for a total of 1,108 mm? for each genotype.
Asymmetric synapses were identified and the postsynaptic element was identified as a spine
or dendritic shaft. The density of axospinous synapses for wildtype and knockout mice was
calculated. In order to determine if differences in the size of postsynaptic densities
contributed to observed differences in synaptic density, we measured the length of
axospinous synaptic PSDs in each condition (264 for wildtype and 292 for knockout).

Stereological evaluation of PF neuron number

The number of PF neurons in Nissl-stained coronal sections (42 um) in cbin1~~ mice was
determined using the optical dissector method (Stereo Investigator; MBF Bioscience).

Immunoblot analyses

The dorsolateral striatum was rapidly dissected from 1.0-mm-thick coronal sections of cbinl
null mutant mice (N=4) and their wildtype littermates (N=3) and then stored at —80°C. The
frozen tissue was sonicated in 300 pL of 2% SDS containing a 1:10,000 dilution of a
protease inhibitor cocktail (P8340; Sigma-Aldrich). The appropriate volume of sample
buffer (4% SDS, 20% glycerol, 0.12M Tris, 0.01% bromophenol blue, pH 6.8) was added to
the homogenates to adjust the protein concentration of each sample to 10 pg/15 pL. The
samples were then stored at —80°C.

Striatal protein homogenates (10 ug total protein) were separated using SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were stained with 0.2 % Ponceau-
S in 1% acetic acid and digitally scanned. The membranes were blocked in 4% milk (in PBS
containing 0.2% Tween-20) and incubated in the rabbit anti-VGIuT2 antibody (1:4000)
overnight at 4°C. The membrane was then rinsed in PBS and incubated in horseradish
peroxidase-conjugated donkey anti-rabbit 1gG (1:10,000; Jackson Immunoresearch; West
Grove, MA) for 2 hours. The membrane was then rinsed in PBS and developed using
enhanced chemiluminescence (Perkin Elmer; Waltham, MA). Multiple X-ray film exposures
were obtained.

The films were next digitally scanned, and the optical density of the bands was determined
using ImageJ. The samples were normalized to the total protein loaded, as assessed by
Ponceau S-staining (Aldridge et al., 2008). The mean normalized signal from the wildtype
mice was set at 100%, and the cbln1~/~ data was expressed relative to this value.

Statistical analyses

Data for dendritic spine density and dendritic length was analyzed by t tests. The proportions
of different morphological types of spines was analyzed by a Kruskal-Wallis non-parametric
ANOVA.

In the ultrastructural studies of MSN synaptic density in cbln1~/~ mice, the densities of
axospinous synapses for both wildtype and knockout mice were calculated. In order to
determine if differences in the size of postsynaptic densities contributed to observed
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differences, we measured the length of axospinous synaptic PSDs in each condition and
compared the means with t tests.

The stereological data as well as the mean values for striatal VGIUT2 levels were also
analyzed by comparing values from null mutant and wildtype mice by means of t tests.

CbInl in thalamostriatal neurons

Essentially all PF cells expressed dense ChInl-immunoreactivity (see Figures 1 and 2).
CbInl-ir in PF cells was characteristically punctate (Fig. 2), with the soma and most
proximal dendrites being stained. In contrast to the PF, only rarely were CbIn1-ir cells
observed in the CM complex, including the centrolateral and paracentral nuclei (see Fig. 1).
We did not observe any Cbinl-ir in the PF (Figure 2) or any other brain site (data not
shown) in cbInl knockout mice, validating the specificity of the CblInl antibody. All Cbinl-
ir cells in the PF expressed the neuronal marker NeuN (Fig. 2).

Virtually all PF cells that were retrogradely-labeled from the striatum expressed ChInl1-ir
(see Fig. 3). We also examined several cases (N = 3) involving retrograde tracer deposits
into both the lateral striatum and somatomotor cortex, and found that PF neurons innervating
the cortex also expressed ChInl-ir (see Supplemental Figure 1). Some neurons were triple
labeled for Cbinl, FG, and cholera toxin B, indicating that these PF cells collateralized to
innervate both striatal and cortical projection fields of the PF.

CbInlin the striatum

Scattered CblInl-ir processes were observed in the striatum, with an appreciably greater
density of CbInl-ir processes in the lateral than medial striatum (see Fig. 1). Occasionally,
fine-caliber non-varicose CbInl-ir axons were seen to terminate in pericellular arrays
apposed to striatal (NeuN-ir) neurons (Fig. 3), the great majority of which had a soma size
(8-17 um) that corresponds to that of MSNs. We also examined striatal cells that were
injected intracellularly with Lucifer Yellow and then processed to reveal Cbinl
immunoreactivity, in which we confirmed that the major target of CblInl-ir axons was the
MSN, with image analysis showing that CbIn1-ir axons were apposed to both dendritic
spines and dendritic shafts (see Fig. 3). At the light microscopic level, CbInl-ir was typically
not observed in NeuN-ir striatal neurons (Fig. 3), although rarely what appeared to be
CblInl-ir puncta were seen in cell bodies.

In order to determine if areas other than the PF send Chln1 projections to the striatum, we
examined the brains of animals in which FG was deposited into the lateral striatum and then
charted the presence of double-labeled (FG-positive-CbIn1-ir) neurons in the cortex,
substantia nigra, and pontine raphe nuclei. There was a dense group of Cbin1-ir cells in the
retrosplenial cortex, but we did not observe any retrogradely-labeled CbIn1-ir neurons in this
cortical area. Conversely, a significant number of FG-positive cells that did not express
CbInl was seen lateral to the retrosplenial cortex (see Supplemental Figure 2). Only rarely
were CblInl-ir cells seen in other cortices, and none of these cells was retrogradely labeled.
Similarly, we did not see any double-labeled CbInl1-ir--PF-positive cells in dorsal or median
raphe (Supplemental Figure 2). In the substantia nigra we observed a single CbiInl1-ir neuron
in the dorsal tier of the pars compacta that was retrogradely-labeled from the lateral striatum
(Supplemental Figure 2). We also saw a few scattered CbiInl-ir but FG-negative cells in pars
reticulata. A cluster of CbInl-ir cells was present in the pars lateralis and peripeduncular
area, but these cells were not retrogradely labeled. A small contingent of CbIn1-ir axons was
also seen in the peripeduncular region; a very small number of these axons extended
ventromedially to traverse the area dorsal to the lateral half of the pars compacta. In
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summary, these data suggest that virtually all of the CbInl innervation of the lateral striatum
is derived from the PF.

Ultrastructural observations on Cblnl-ir in the striatum

In striatal presynaptic elements ChInl-ir was observed in both pre-terminal axon segments
and axon terminals (see Figure 4). In addition, CblInl-ir was occasionally seen in myelinated
axons. Within pre-terminal axons cut in cross section, the reaction product was often found
throughout the labeled profile. In the few examples where the preterminal axon was
longitudinally sectioned for several microns, patches of label that were separated by
unlabeled regions of axon were present. The immunoreactive product in larger terminals
usually did not fill the entire profile; CbInl-ir was seen close to the plasma membrane of the
terminal, with DAB reaction product interspersed between the plasma membrane and
synaptic vesicles. In some cases, the label was present between the plasma membrane and a
mitochondrion in the terminal; these patches of immunoreactivity were on some occasions
in close proximity to a presynaptic grid.

In addition to the presynaptic localization of ChInl-ir, we also observed some Chln1l-
immunoreactivity in MSNSs, both in dendritic shafts and spines (Fig. 4). In dendritic shafts,
patches of DAB reaction product were associated with either the plasma membrane or
internal membranous structures. In smaller dendritic spines, label sometimes filled the spine.
More frequently, patches of label were observed, sometimes associated with the plasma
membrane and occasionally associated with the spine apparatus. The postsynaptic densities
(PSDs) of asymmetric synapses on spines and dendrites were frequently so dark they
appeared to be labeled. In some cases, these dark PSDs were contiguous with patches of
DAB label that extended laterally and/or internally, suggesting that at some synaptic
contacts, Cbinl-ir was associated with the postsynaptic specialization. However, because the
PSD is so electron dense, it is not possible to state with any certainty if CbInl is associated
with the PSD.

Effects of genetic deletion of cbinl on MSN dendrites

We observed a mean 22% increase in MSN dendritic spine density in Golgi-impregnated
neurons from cbIn1~/~ relative to wildtype littermate mice (t; = 7.718, p = .0001; see Fig.
5). The total dendritic length of MSNs was the same across genotypes (Fig. 5). All MSN
spines in cbinl null mutants were < 4.0 um in length, suggesting that they are not filopodia,
and the frequency distributions of spine lengths in CbIn1 knockout and wildtype mice were
almost identical (Fig. 5). There was no difference across genotypes in the proportion of total
spines that were thin-, stubby-, or mushroom-shaped (Fig. 5).

Stereological assessment revealed that the number of Nissl-stained PF cells did not differ
significantly across genotypes (see Figure 6). Consistent with this observation, immunoblot
methods did not uncover any differences in striatal VGIuT2 levels of cbinl knockout and
wildtype mice (Figure 6).

Medium spiny neuron synaptic changes in cbinl knockout mice

Consistent with the increase in spine density in the cbin1~/~ mice, we observed a 21.7%
increase in the frequency of axospinous synapses in the striatal neuropil of the cbinl
knockout relative to wildtype mouse (2.449 synapses/10 mm? for cbln1~/~ versus 2.013
synapses/10 mm? for cbin1*/* mice). Thus, although MSN dendritic spine number was
increased in cbIn1~/~ mice, these spines were not “naked” but had synaptic partners.
Because we examined only two animals of each genotype these values were not statistically
different, although a strong trend was uncovered (t=3.599; p=0.069). The relative difference
in axospinous synapses across wildtype and cbin1~~ mice was not due to larger PSDs in the
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knockout mice, which would have rendered axospinous synapses more easily observed in
random single sections: mean PSD lengths were 0.236 mm for cbin1~/~ versus 0.228 mm
for wildtype mice. In addition, the incidence of perforated axospinous PSDs did not differ
across genotypes (¢2=0.129; p=0.7195).

Discussion

Localization

CbInl was expressed by PF but not CM thalamostriatal neurons in the mouse and rat.
Genetic deletion of cbInl increased the density of MSN dendritic spines, with a
corresponding increase in the frequency of axospinous synapses on MSNs. These findings
offer the first demonstration of extra-cerebellar actions of CbInl and indicate that the actions
of CblIn1 differ markedly across brain regions.

of CbInl in thalamostriatal neurons

CbInl was localized to a subset of thalamostriatal projection neurons: thalamostriatal axons
originating in the PF but not central medial complex expressed CblInl-ir. This distribution of
Cbln1-ir is consistent with the distribution of cbin1 mRNA-positive cells in the rodent
thalamus (Miura et al., 2006), but differs somewhat from that seen in primates, where
CblInl-ir is present across the intralaminar thalamic nuclei that innervate the striatum,
including the centremedian and central medial nuclei as well as the PF (Murray et al., 2007;
K. D. Murray, personal communication). Essentially all PF cells in both the mouse and rat
express Cbinl, and because all CbInl-ir cells in the PF also express NeuN-ir, CbInl in the
PF is localized to neurons but not glia, consistent with the observations of Wei et al. (2007).

The CblInl innervation of the striatum appears to be derived almost solely from the PF. In
situ hybridization histochemistry studies have not observed cbinl mRNA in striatal neurons
(Miura et al., 2006). CbIn1-ir processes are seen across the entire striatum but with a clear
lateral-to-medial gradient, a pattern consistent with the projection of PF neurons onto the
striatum (Berendse and Groenewegen, 1990). Moreover, tracer deposits into the dorsolateral
striatum revealed that all PF cells retrogradely-labeled from the striatum expressed Cbin1-ir.
In contrast, we did not observe retrograde labeling of CbInl-ir cortical neurons after tracer
deposits into the striatum, consistent with the lack of cbin1 mRNA or CbIn1-ir in most
cortical neurons (Miura et al., 2006; Wei et al., 2007). Although the retrosplenial cortex
contains CbiInZl-ir cells, our tracer injections into the dorsolateral striatum failed to label cells
in this cortical area, consistent with a projection of the retrosplenial cortex to the medial but
not lateral striatum (McGeorge and Faull, 1989). Moreover, with the exception of a single
CbIn1-ir neuron in the dorsal tier of the substantia nigra, we did not observe any double-
labeled cells in the cortex, midbrain, or pons. Thus, it appears that lateral striatal Cbin1-ir
afferents almost exclusively originate in the PF. We have not systematically examined the
origin of CbInl axons in the medial striatum.

We saw very fine Cbinl-ir axons arborizing amidst the dendrites of striatal cells with a soma
size characteristic of MSNs. Intracellular LY injections confirmed that MSNs were the
primary target of CblInl-ir inputs. The density of these CbIn1-ir axons is somewhat less than
might be expected in light of the abundant expression of chin1 mRNA and CblInl protein in
PF neurons. This may reflect rapid release of CblInl from striatal terminals of PF neurons.
The storage compartment for release of CbInl remains unclear. Wei et al. (2007) found that
CblInl-ir is localized to lysosomes and late-stage endosomes. Although this pattern of
localization is typical of proteins targeted for degradation, there are reports of neuronal
secretory lysosomes (Arantes & Andrews, 2006; Coggins et al., 2007), which may be
storage depots for Cbinl.
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Our light microscopic computer-aided reconstructions were consistent with CbIn1-ir axons
being apposed to both MSN dendritic spines and shafts. Consistent with these observations,
our ultrastructural examination revealed that presynaptic CbInl-ir terminals synapse
predominantly but not exclusively with MSN spines. Lacey et al. (2007) showed that some
PF neurons form both axospinous and axodendritic synapses with MSNs, while others
predominantly make axospinous synapses. Because all PF neurons express Cblnl, it appears
likely that both MSN dendritic spines and shafts are the targets of Chln-ir axons.

Somewhat surprisingly, our ultrastructural studies also revealed that CbInl-ir is relatively
common in MSNs, particularly in dendritic spines. This finding stands in contrast to the lack
of cbinl mRNA, as detected by in situ hybridization histochemistry or RT-PCR in striatal
neurons (Miura et al., 2006), although there are examples of various transcripts not being
expressed under basal conditions but becoming apparent after an appropriate challenge
(Deutch and Zahm, 1992). Our electron microscopic findings are consistent with recent data
of Wei et al. (2009), who showed that ChlIn1 is released from cerebellar granule cells and
then accumulates in Purkinje cells, i.e., is accumulated by postsynaptic elements after
release from Cblnl-containing terminals. Thus, it appears that CbInl from thalamostriatal
neurons may influence MSNs either by interacting with an as yet un-identified receptor on
MSNSs, or by being incorporated by striatal cells and then exerting some effect.

Dendritic spine changes and MSN synapses

We observed a marked increase in the density of MSN dendritic spines in cbin1~~ mice.
Because lateral striatal afferents from sources other than the PF do not express Cbin1l, it
appears that the increased number of dendritic spines seen in the cbin1~/~ mouse is due to
the loss of Chlnl in thalamostriatal neurons.

The increased number of dendritic spines was not attributable to an increased number of
filopodia, immature spines that are longer than mature spines. Thus, mean spine length and
the frequency distributions of spine length were virtually identical across cblnl knockout
and wildtype mice. In addition, the observation that the proportion of total spines of
different morphological classes was the same across genotypes further suggests that the
spines that are present on striatal MSNs are mature. At the ultrastructural level we observed
no change in the length of the postsynaptic density or the number of perforated axospinous
synapses, consistent with a normal synaptic organization with an increased frequency of
synaptic contacts.

The increased density of dendritic spines and frequency of axospinous asymmetric synapses
in cbIn1~/~ mice runs counter to findings in the cerebellar cortex of chinl knockout mice,
where there is no change in Purkinje cell dendritic spine density but the majority of spines
lack a presynaptic partner (Hirai et al., 2005; Ito-Ishida et al., 2008). In addition, while there
is no change in PSD length in the supernumerary MSN spines of cbin1~/~ mice, PSDs are
enlarged at the pf-PC synapses of these mutant mice. These contrasting regionally-specific
changes in synaptic organization in cblnl null mutant mice raise the possibility that different
CblInl receptors or intracellular signaling cascades may subserve different effects on
postsynaptic neurons. Alternatively, Cbinl released from PF axons and then incorporated
into MSNs directly or in association with internalization of a G protein-coupled receptor
may modify the structures of MSNs.

The mechanism through which loss of Cblnl results in increases in MSN spine density and
axospinous synapses is unclear. Our stereological data indicate that the number of PF
neurons is not changed in the cbinl knockout mouse, and striatal levels of VGIUT2 are
unchanged in total homogenates of the striatum, consistent with an intact glutamatergic
projection of the PF to the striatum in the cbin1™~ mouse.
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CblIn1 receptors have yet to be identified, although a recent study indicates that upon release
of CbInl from cerebellar granule cells CbInl hexamers bind to PC dendrites (Matsuda et al.,
2009). Because glutamate signaling is a key regulator of spine development and
maintenance (McKinney et al., 1999; Shi et al., 1999; Lippman and Dunaevsky, 2005;
Richards et al, 2005; Alvarez and Sabatini, 2007) and thalamostriatal neurons are
glutamatergic, it is possible that CblIn1 signals through a glutamate receptor to change the
dendritic structure of MSNs. Hirai et al. (2005) found that the cerebellar phenotype of mice
lacking the orphan glutamate receptor grid2 is similar to that of the cbin1™~ mouse,
including loss of pf-PC synapses, and proposed that CbInl and grid2 are part of the same
signaling pathway. Although grid2 does not bind recombinant Cbinl (unpublished
observations), the two are co-clustered at the pf-PC synapse (Miura et al., 2009), leaving
open the possibility that grid2 is a subunit of the CbIn1 receptor. However, neither grid2 nor
its interacting protein are expressed in the PF or striatum (Gong et al., 2003), suggesting that
CbIn1 may signal through unidentified receptor(s) on MSNs to increase spine density.
Exploiting the different responses of the cerebellar cortex and striatum to Cbinl may prove
useful in attempts to identify a family of cerebellin receptors.

Functional implications

The density of MSN dendritic spines is changed by a number of different stimuli. In
particular, modulation of striatal dopaminergic tone alters spine density, with increases in
striatal dopamine eliciting an increase in MSN spine density and depletion of striatal
dopamine decreasing spine number (Li et al 2003; Day et al., 2006; Deutch et al., 2007;
Meyer et al., 2008). For example, in Parkinson's Disease there is a loss of MSN dendritic
spines (Stephens et al., 2005; Zaja-Milatovic et al., 2005), while animals treated chronically
with psychostimulants show an increase in MSN spine density (Li et al., 2003).

Interestingly, the cerebellin hexadecapeptide has been shown to elicit catecholamine release
both in vitro and in perfused adrenal glands in situ (Mazzocchi et al, 1999; Albertin et al,
2000). It is possible that the loss of CbInl modifies striatal dopamine tone and thereby
increases dendritic spine density. The PF has been reported to send a small projection to the
SN (Marini et al. 1999). However, we found little CbIn1-ir in the SN, with some CbIn21-ir
axons in the pars lateralis. This suggests that CbIn1 is unlikely to regulate striatal MSNs by
means of altered function of PF projections to the SN. An alternative scenario is that Cbinl
acts on heteroceptors localized to the axon terminals of nigrostriatal neurons to modulate
dopamine release and thereby decrease MSN dendritic spine density. Consistent with this
speculation is the finding of Kilpatrick et al. (1986), who noted that lesions of the PF
increase the density of striatal dopamine D2 receptors, a change that would be expected to
increase dendritic spine density in the face of normal or increased striatal dopamine tone.

Recent studies have suggested that modifying the activity of thalamostriatal neurons may
lead to symptomatic improvement in PD. Caparros-Lefebvre et al. (1994), in an evaluation
of the effects of deep brain stimulation (DBS) of the motor thalamus on PD symptoms,
suggested that electrode placements that involved the CM-PF yielded the best responses.
Several recent small clinical trials of CM-PF DBS in PD have been conducted, concluding
that stimulation of the CM-PF improves extrapyramidal motor symptoms, including tremor,
and decreases levodopa-induced abnormal involuntary movements (Caparros-Lefebvre et al,
1999; Peppe et al., 2008; Benabid, 2009; Stefani et al., 2009). While the mechanism of
action of DBS remains unclear, a functional inhibition of the stimulated site is a leading
hypothesis to account for the therapeutic effects of DBS.

Experimental animal data are consistent with the data from the CM-PF DBS studies and
suggest that disruption of thalamostriatal projections may reverse dopamine depletion-
induced changes in striatal function (Bacci et al., 2004). Similarly, DBS of the PF in rats
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with 6-hydroxydopamine lesions of the nigrostriatal neurons attenuates the increase in
striatal preproenkephalin but not preprotachykinin mRNA that is seen after dopamine
depletion and improves motor performance (Kerkerian-Le Goff et al., 2009). These data
suggest that the PF may modulate the deleterious effects of striatal dopamine depletion on
indirect pathway MSNs.

Taken together, these data suggest that decreased thalamostriatal drive may counteract the
effects of dopamine loss on MSNs. Interestingly, in Parkinson's Disease the numbers of PF
and CM neurons is decreased by almost half (Henderson et al., 2000), suggesting that loss of
thalamostriatal neurons in PD may be a compensatory response to striatal dopamine
denervation. Our observation that loss of ChInl leads to increased numbers of MSN
dendritic spines suggests that modulating thalamostriatal CbInl may be a novel means of
improving symptoms or slowing progression in Parkinson's Disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) CbInl immunoreactivity in cells of the PF. Cbinl-ir cells are seen throughout the PF. B—
C) Chartings of the distribution of CbIn1-ir neurons in the PF (B) and in the CM complex
(panel C). In contrast to the PF, only rare cells in the CM complex, including centrolateral,
paracentral, and central medial nuclei, express CblInl-ir. D) Charting of the distribution of
Cbln1-ir axons in the striatum. CblInl-ir axons are seen throughout the striatum, but with a
clear mediolateral gradient in their density. Abbreviations: CM, central medial complex; cl,
centrolateral division of CM; pc, paracentral division of CM; fr, fasciculus retroflexus; MD,
mediodorsal nucleus of the thalamus; pvt, paraventricular thalamic nucleus. Scale bar panel
A, 200 um; B, C 100 um; D, 100 pm.
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Figure 2.
CblIn1-ir is expressed in neurons of the PF. A—C) Cbinl-ir cells (shown in magenta) in the

PF (panel A) also express the neuronal marker NeuN (shown in green in panel B), with the
merged image shown in C. D, No CbIn1-ir is seen in the PF of the cbinl knockout mouse.
Scale bar, 10 um.

J Comp Neurol. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kusnoor et al.

Page 17

Figure 3.

A) PF neurons were retrogradely-labeled from the striatum with FluoroGold (green). All
retrogradely-labeled FG cells expressed CblInl-ir (magenta), although some Cbinl1-ir cells,
seen toward the bottom of the panel, were not retrogradely-labeled. B) Fine-caliber Cbln1-ir
axons (magenta) are present in the striatum, with profuse terminal plexi that appear to be
apposed to the dendrites and somata of striatal NeuN-ir neurons (green). C,D) Relationship
of CbInl-ir axons (magenta) to Lucifer Yellow-filled MSNs (green). In panel C a merged
confocal image shows that CblInl-ir axons are interspersed among the dendrites of MSNSs.
Panel D shows an Imaris reconstruction of a confocal image revealing CbInl1-ir appositions
onto both a spine head and the dendritic shaft of a distal MSN dendrite. Scale bars: A, B, 20
um; C, 10 ym; D) 2.0 um.
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Figure 4.

Electron microscopic localization of CbInl immunoreactivity in the rat striatum. CbInl-ir
(arrows) was found in many different subcellular compartments in the striatum, including
axon terminals and dendrites. A) Within spines, CbIn1-ir was occasionally associated with
the spine apparatus. B) In dendrites, CbInl-ir was often observed adjacent to mitochondria,
though other small vesicular structures were also seen nearby. C, D) Within axon terminals,
CblInl-ir was also often observed near mitochondria or vesicles in close proximity to the
mitochondria. Synaptic contacts made by labeled terminals were always asymmetric and
targeted both spines (panel C) and dendrites (D). Scale bar represents 500 nm in A, C, and
D; and 600 nm in B.
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Figure 5.

MSN dendritic spine density is increased in cbin1™~ mice. A) Dendritic spine density is
increased in the cbinl knockout (KO) relative to wildtype (WT) mice. B) Total dendritic
length of MSNs does not differ across genotypes. C) The frequency distributions of the
length of MSN spines are not significantly different across cbin1*/* and cbin1~~ mice.
Moreover, none of the spines has a length corresponding to that of filopodia (> 4.5 um). D)
No differences in the proportions of thin, stubby, or mushroom-shaped MSN spines were
observed across genotypes. E) Neurolucida reconstructions of Golgi-impregnated MSNs
from cbln1*/* (left) and cbln1~/~ (right) mice. Scale bar, 10 um.

*p <.0001
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VGIUT2 (% WT)

Figure 6.

A) There is no difference in the number of PF neurons in cbinl knockout (KO) and wildtype
(WT) mice, as revealed by sterological assessment. B) Striatal VGIuT2 levels, as revealed
by a single band at ~66 kDa on immunoblots, are not significantly different in cbinl KO (-)
and WT (+) mice.
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Table 1
Primary Antibodies
Antigen Immunogen Source Manufacturer Dilution
CbInl Synthetic peptide (amino acids 95— Rabbit, Polyclonal James |. Morgan 1:600

112 of mouse Cblnl), conjugated to
keyhole limpet hemocyanin (KLH);
affinity purified with the same
peptide (Bao et al. 2005)

(immunofluorescence)
1:1000 (electron
microscopy)

1:2000 (immunoperoxidase)

coupled to KLH

Cholera toxin B | Cholera toxin B subunit Goat, polyclonal List Biological (Campbell, | 1:5000
CA), #703

NeuN Purified cell nuclei from mouse brain Mouse, monoclonal | Millipore (Billerica, MA), 1:500
#MAB377

VGIuT2 Amino acids 569-582 of rat VGIuT2 Rabbit, polyclonal MADb Technologies (Stone | 1:4000

Mountain, GA), # VGT2-
3
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