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Abstract

The Sonic hedgehog (Shh) signaling pathway carries out a wide range of biological functions such
as patterning of the embryonic neural tube and expansion of cerebellar granule cell precursors. We
previously have found that the Shh signaling receptors, Patchedl (Ptchl) and Smoothened (Smo),
are expressed in hippocampal neurons of developing and adult rats, suggesting the continued
presence of Shh signaling in postmitotic, differentiated neurons. Here, we report that Ptch1 and
Smo are present in the processes and growth cones of immature neurons in the developing
cerebellum, and that, in the mature cerebellum, Ptch1l and Smo are expressed by several types of
neurons including Purkinje cells, granule cells, and interneurons. Within these neurons, Ptchl and
Smo are predominantly localized in the postsynaptic side of the synapses, a distribution pattern
similar to that found in hippocampal neurons. Our findings provide morphological evidence that
Shh signaling events are not confined to neuronal precursors and are likely to have ongoing roles
within the postmitotic neurons of the developing and adult cerebellum.
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Introduction

During its development, the growth of the cerebellum depends on several growth factors;
one of which is Sonic hedgehog (Shh) [1-4]. Shh stimulates the proliferation of granule cell
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precursors (GCPs) [5-10] and this stimulatory effect is stronger than other growth factors
[7]. The current dogma regarding the source and the target of Shh—in the developing
cerebellum—is that Shh is released by Purkinje cells and acts on the GCPs in the external
germinal layer before they migrate to the internal granular layer [1, 4-8].

Little is known, however, about why Shh and its signaling receptor components, Patched1
(Ptchl) and Smoothened (Smo) [2, 3], continue to exist in the cerebellum even after the
GCP proliferation and migration phase [1, 8, 11, 12; Allen Brain Atlas]. As a first step
towards uncovering the functional significance of Shh in the mature cerebellum, we used
immunoelectron microscopy to examine the expression and subcellular distribution of Ptchl
and Smo in the cerebellar neurons. The analysis was performed in postnatal day 2 (P2) and
adult (P35-37) cerebella; the ages for which we have previously characterized Ptch1 and
Smo in hippocampal neurons [13]. We found that Ptch1l and Smo are present in both young
and mature cerebellar neurons, and that both Ptch1 and Smo are enriched postsynaptically.

Materials and Methods

Animals

All animal procedures were approved by the NIDCD Animal Care and Use Committee and
complied with the NIH Guide for Care and Use of Laboratory Animals.

Antibody Characterization

The Smo and Ptchl antibodies used in this study have been characterized and described in
detail in a previous study [13]. The specificity of the Smo and Ptch1 antibodies has been
demonstrated by immunoblot analysis of endogenously and exogenously expressed Smo or
Ptch and analysis of Smo or Ptchl —/- MEFs [13].

Immunoelectron Microscopy

Preembedding electron microscope (EM) immunoperoxidase/diaminobenzidine (DAB)
labeling and postembedding immunogold labeling were performed exactly as described in a
previously study [13]. For both ages (P2 and P35-37 adult; male, Sprague—Dawley rats)
with either immunoperoxidase/DAB or immunogold, two to three animals were examined
using each method.

Parasagittal thick sections were taken from the cerebellum in all cases. For EM
immunoperoxidase/DAB labeling, thin sections were taken from the thick sections but
perpendicular to the thick sections. For EM immunogold labeling, thin sections were taken
from the thick sections in the same parasagittal plane. Adult sections for EM immunogold
were taken from lobules I11-V. The number of images examined was: Smo/immunogold P2,
143; Ptchl/immunogold P2, 89; Smo/DAB adult, 121; Ptch1/DAB adult, 105; Smo/
immunogold adult, 146; and Ptchl/immunogold adult, 94.

For all electron micrographs acquired, the images were stored in their original formats and
final images for figures were prepared in Adobe Photoshop and exported to Adobe
[llustrator for labels. Control sections for immunogold or immunoperoxidase methods
omitting the primary antibody showed only rare gold particles or DAB reaction product
(Supplemental Figs. S1 and S2).

Identification of specific cerebellar structures was based on multiple published studies on
the ultrastructure of the cerebellum [14-18]. Climbing and parallel fiber synapses on
Purkinje cell dendrite spines were distinguished by the nature and arrangement of their
synaptic vesicles (Supplemental Fig. S1). Climbing fiber terminals have large round vesicles
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that are densely packed and extend to the cell membrane in all directions. Parallel fiber
terminals have slightly smaller and slightly less rounded vesicles that concentrate only near
the synaptic active zone and usually do not extend to the opposite side of the cell membrane.
In addition, climbing fiber terminals are very large and extensive, and typically the spine
forms a synapse on the side opposite of the side of the terminal that contacts the Purkinje
dendrite.

The mRNA of Smo and Ptchl is expressed at a detectable level in young and mature
cerebella [6, 11, 12, 19; Allen Brain Atlas]. Consistently, Smo and Ptch1l proteins are
expressed in the cerebellum of P2 and adult rats [13]. In this study, we used immunoelectron
microscopy to examine the subcellular distribution of Smo and Ptch1l in developing and
mature cerebellar neurons.

Smo and Ptchlin the Early Postnatal Cerebellum

The cerebellum at P2 [15, 16] is largely composed of nascent processes and growth cones.
Early synaptic contacts are occasionally observed. By examining the inner (or
differentiating) zone of the external germinal layer, we found Smoimmunogold particles in
young developing processes (Fig. 1a—c; Supplemental Fig. S3). These young processes were
variable in structural characteristics: many were filled with filaments or microtubules (Fig.
1a, b) and some had vesicles (Fig. 1c). In deep neuropil below the external germinal layer,
Smo labeling was commonly seen in growth cones and filopodia (Fig. 1d—f). Growth cones
were evident at the ultrastructural level in vivo as large irregular structures containing
various sized ovoid endosomal vesicles but lacking the organized central microtubule array
of axon and dendrite shafts; portions of filopodia were sometimes seen along the edge of the
growth cone profile [13, 20, 21]. Within the growth cones, Smo labeling was often seen near
endosomes or directly associated with them (Fig. 1d—f).

In our examination of Ptchl immunogold labeling in the same cerebellar areas, we observed
Ptchl labeling in similar types of young processes and growth cones (Fig. 2). Within these
processes or growth cones, Ptchl labeling was also seen on or within endosomes (Fig. 2b,
e). Thus, in the early postnatal cerebellum, Smo and Ptchl are present in growing young
processes and growth cones.

Smo and Ptchlin the Adult Cerebellum

We next examined the adult cerebellum. Light microscopic analysis of immunoperoxidase/
DAB labeling revealed that both Smo and Ptchl labeling were pronounced in the dendrites
of Purkinje cells (Fig. 3). Upon a closer examination, we noticed a subtle difference in the
pattern of their dendritic distribution. Smo labeling was more intense in dendritic shafts than
it was in dendritic spines (Fig. 3a), whereas Ptchl labeling in dendritic shafts was similar to
or even less intense than it was in dendritic spines (Fig. 3b).

To further focus on the synaptic distribution of Smo and Ptchl, we used electron microscopy
to examine the immunoperoxidase/DAB-labeled cerebellar tissues. Analysis of the
molecular layer of the cerebellum showed conspicuous Smo labeling in dendritic shafts and
spines of Purkinje cells (Fig. 4a—d, f) and in the dendritic shafts of interneurons (Fig. 4c, e).
The dendrites of interneurons were distinguished from Purkinje cell dendrites by the
presence of excitatory synapses (asymmetric synapse with thick postsynaptic density; round
presynaptic vesicles) formed directly on the dendrite shaft of the former. In contrast to the
prevalent postsynaptic labeling, the presynaptic terminals of parallel fibers opposed to the
Smo-labeled postsynaptic terminals did not show visible Smo labeling. Similar to the Smo-

Cerebellum. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Petralia et al.

Page 4

labeling pattern, Ptch1-labeling products were also prominent in the postsynaptic terminals
resulting in a great contrast to the opposed—but unlabeled—presynaptic terminals (Fig. 49—
n). Comparing the dendritic patterns, Smo labeling was seen in spines as well as dendrites,
whereas Ptchl labeling in general was strong in the spines but weak in the dendrites (Fig.
4g-n), consistent with the dendritic patterns revealed by the light microscopic analysis (Fig.
3). To confirm these results, we examined the adult molecular layer with immunogold
labeling (Fig. 5). For both Smo and Ptchl, immunogold labeling was found in neurons,
including labeling associated with the postsynaptic and extrasynaptic membranes of the
spines of Purkinje cells.

We next examined the distribution of Smo and Ptchl in a different cerebellar region, the
glomeruli in the granular layer. Figure 6 shows immunoperoxidase/DAB electron
microscopy. Smo labeling was visible in the dendritic claws of granule cells that encircle
mostly unlabeled mossy fiber terminals (Fig. 6a—e). Occasionally, we saw some Smo
labeling in mossy terminals (Fig. 6f). Within the claws, the Smo labeling sometimes was
seen at the synapses, but more often was enriched on the extrasynaptic membrane, including
attachment plaques (Fig. 6b—e) [17]. Similarly, Ptchl labeling was also more prominent in
the dendritic claws of granule cells than it was in the mossy terminals (Fig. 6g, h) and was
associated with attachment plaques (Fig. 6g, i) and spinules (Fig. 6h; for a description of
spinules, see [13]). Immunogold electron microscopy (Fig. 7) confirmed the observations of
the immunoperoxidase/DAB electron microscopy for both Smo and Ptchl in the dendritic
claws of granule cells, including associations with attachment plaques and spinules (Fig. 7).

Discussion

The consensus with respect to Shh signaling transduction—in the developing cerebellum—
is that Shh is produced by Purkinje cells and that it functions as a potent stimulator for the
proliferation of GCPs [1, 4-10]. It is also known that Shh and its downstream signaling
components continue to exist in the late postnatal and even in the adult cerebellum [1, 6, 8,
11, 12, personal communication with Dr. M. Kengaku (see ref. 19); Allen Brain Atlas], but
it remains unclear in what cells of the mature cerebellum that Shh signaling takes place.

Through the results presented here, we have revealed the expression and subcellular
distribution of the Shh receptor Ptchl and the transducer Smo in the neurons of the mature
cerebellum. The Ptch1- and Smo-expressing neurons include Purkinje cells, granule cells,
and interneurons. The Purkinje cells have been long believed to be the Shh-producing cells
in the developing cerebellum [1, 5-7, 22] as well as in the mature cerebellum [8]. Our
finding of Ptch1 and Smo in the Purkinje cells indicates that these Purkinje cells—at least in
the mature cerebellum—may also receive Shh signaling. Furthermore, although it is well
established that GCPs proliferate in response to Shh [5-10], the continued presence of Ptchl
and Smo in the postmitotic granule cells suggests that Shh signaling may actually have
ongoing functions in differentiated granule cells—functions beyond its role as a mitogen in
the developing neurons.

The distribution patterns of Ptch1 and Smo within the cerebellar neurons seen in this study
are virtually identical to what has been observed in the hippocampal neurons [13]. In the
neurons of both these brain regions, Ptch1 and Smo are concentrated postsynaptically. And,
in both the cerebellar and the hippocampal neurons, postsynaptic Ptchl is found more
frequently in the spines than it is in the dendrites, whereas Smo is seen in many dendrites
and only in some spines. Additionally, the labeling for Ptchl and Smo is often observed in
close proximity to, or even associated with, a number of subcellular structures including
endosomes, synaptic spinules, attachment plaques, and autophagosomes. Together, this

Cerebellum. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Petralia et al.

Page 5

study and the previous study [13] demonstrate not only the existence of Ptchl and Smo in
differentiated neurons but also their distinctive spatial organization at the synapse.

Could the postsynaptic enrichment of Ptch1 and Smo reflect the directionality of Shh
signaling transduction across the synapse? One possible scenario is that Shh is released from
the presynaptic terminal, crosses the synaptic cleft, and then acts on the postsynaptic
terminal. This would resemble the signaling transduction of another morphogen, Wnt, at the
synapse [23]. It is not yet known if, like Wnt [23], Shh is released by neurons. The presence
of Drosophila Hedgehog in the axons of photoreceptor neurons [24, 25] and of mammalian
Shh at or near the presynaptic synaptic contact of hippocampal neurons [26] could be
indicative of Shh signaling transduction from the presynaptic to postsynaptic direction. On
the other hand, because Shh is also found in the postsynaptic spines and dendrites [26], an
alternative but more speculative rationale is that Shh, much like brain-derived neurotrophic
factor, is released from the postsynaptic terminals in addition to the presynaptic ones [27].
The postsynaptically produced Shh could activate the pathway in an autocrine manner at the
postsynaptic site.

Apart from the source of the Shh ligand, it is noteworthy that, within the postsynaptic site,
Ptchl and Smo do not completely colocate. Rather, Ptchl is found more frequently in the
spines than in the dendrites, whereas Smo is found mostly in the dendrites. We have
repeatedly observed this differential pattern in multiple types of neurons including those in
the cerebellum (this study) and the hippocampus [13], as well as in cultured hippocampal
neurons [13]. We propose a model in which the Ptchl molecules sit in the spines—ready to
interact with the ligand Shh; once binding, the Shh signaling is somehow relayed to Smo,
which is placed both geographically and functionally down the pathway. Further
understanding of the physiological relevance of the differential arrangement awaits detailed
information of the dynamic of Ptchl and Smo during Shh signaling activation in these
neurons.

What about the primary cilium? Because interfering with the formation of the primary
cilium in mammalian cells results in phenotypes starkly similar to those resulting from the
loss of Shh signaling activity [28-31], the primary cilium is believed to be crucial for Shh
signaling. The primary cilium is generally considered to serve as a hub in which Shh carries
out its signaling activity, as several components of the Shh signaling pathway—Ptchl1 and
Smo included—are found to accumulate on the primary cilium in response to Shh pathway
activation [32, 33]. It should be noted that whether endogenous Ptch1 or Smo permanently
reside within the primary cilium in vivo has not yet been made explicit. Also, although fully
differentiated neurons appear to possess the primary cilium [34-36], the relationship
between the primary cilium and the Shh signaling pathway in these neurons is unknown.
Our data do not directly address the above questions. The sampling limitations of electron
microscopy are exacerbated by the fact that each neuron has only a single primary cilium
and the fact that the size of the cilium is substantially smaller in comparison to the neuron
and its extensive neurites. Among the 1826 images examined throughout this study, there
are fewer than ten neurons in which part of the primary cilium is revealed, and in none of
these did the cilia have Ptchl or Smo immunogold labeling (Fig. S4; data not shown). It is
conceivable that the presence of Ptchl and Smo within the primary cilium is brief and
transient, and/or, that the fraction of ciliary Ptch1 and Smo at any given moment in a finite
population of neurons is small.

What, then, is the biological significance of the Shh singling pathway in differentiated
neurons? The type of morphological evidence we present here cannot definitively address
the function of the pathway. Nonetheless, our results offer some hints in light of the unique
spatial patterns of Ptchl and Smo in the neuron and their close vicinity to or coexistence
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with certain organelles at the synapse. The postsynaptic enrichment and arrangement of
Ptchl and Smo likely represent the location where Shh signaling initiates in these neurons.
But the association between Ptchl or Smo and synaptic spinules, attachment plaques, and
autophagosomes suggests that the synapse could also be the site where the Shh signaling
pathway exerts its function. Synaptic spinules are small bulges at the synaptic membranes
[13, 37-39]. The high incidence of synaptic spinules has been linked to synaptic remodeling
[39-41]. Similarly, attachment plaques have been also suggested to have a role in synaptic
plasticity [17, 42]. Moreover, as for the autophagosomes, while their role in mammalian
synapses is not yet clear, it has been shown that autophagy promotes synapse formation in
Drosophila [43]. Therefore, it is possible that the Shh signaling pathway is involved in the
synaptic plasticity of differentiated neurons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Subcellular localization of Smo in immature processes and growth cones of the developing

cerebellum (P2). a In the inner zone of the external germinal layer, Smo immunogold-
labeled processes (arrowheads) vary in morphology and structure; processes Z and 5 have
microtubules (~25 nm diameter, linear structures marked by small arrows) and filaments;
process 2has mainly filaments; process 3has mostly microtubules; and process 4 has only
filaments. Profiles of filaments are less than half the diameter of microtubules and probably
include intermediate filaments and actin. Smo labeling is also seen near vesicles of a young
axonal terminal (). A lower magnification of this area is shown in supplemental Fig. S2. b
Higher magnification of a part of a. ¢ is another example of Smo labeling in young axonal
terminals that are filled with vesicles. d—f In deep neuropil of the cerebellar cortex, Smo
labeling is common in growth cones (gc¢) where it is associated with endosomes (¢) and
filopodia (#). Scale baris 500 nm in aand eand 100 nmin b, ¢, d, f
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Fig. 2.

Ptghl is also found in immature processes and growth cones of the developing cerebellum
(P2). a In the inner zone of the external germinal layer, Ptchl immunogold labeling
(arrowhead) is seen on young processes. b—e In deep neuropil of the cerebellar cortex, Ptchl
labeling is seen in and on developing processes including growth cones (gc). e endosome.
Scale bar, 100 nm
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Fig. 3.

Distribution of Smo and Ptchl in the dendrites of Purkinje cells in the adult cerebellum
revealed by immunoperoxidase/DAB light microscopy. a Smo labels more intensely in
dendrites (black arrows) than it does in the dendritic spines (yellow arrowheads). b In
contrast, Ptch1 antibody labels the dendritic spines (yellow arrowheads) equally to or more
intensely than it labels in dendrites (b/ack arrows). Note that a part of the Purkinje cell body
is visible in the lower right. Scale bar, 10 um
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Fig. 4.
Subcellular distribution of Smo and Ptch1l in the molecular layer of the adult cerebellum,

revealed by immunoperoxidase/DAB electron microscopy. a—f Prominent Smo labeling
(arrowheads) in dendrites (d) and postsynaptic spines (s) of Purkinje cells. Smo-labeled
spines are commonly opposed to unlabeled presynaptic terminals (o) of parallel fibers.
Postsynaptic Smo labeling is also seen in synapses on the dendrite shaft of interneurons (c,
€). g—n Examples of Ptchl labeling. Compared to Smo, Ptchl labeling (arrowheads) is
usually not prominent in dendrites () but is dense in postsynaptic Purkinje spines ().
Dendrites (d) shown in g (bottorm) and h are from Purkinje cells, and another in g (fop) is
from an interneuron. Ptch1-labeled Purkinje cell spines are opposed to unlabeled presynaptic
terminals (p) from parallel fibers (g—m); postsynaptic labeling also is seen in some dendrite
shaft synapses (g, fop). n A climbing fiber synapse with prominent postsynaptic Ptchl
labeling. Scale bars, 500 nm
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Fig. 5.

In?munogold electron microscopy also shows postsynaptic localization of Smo and Ptchl in
the molecular layer of the adult cerebellum. a Smo labeling (arrowheads) in the cell body of
a Purkinje cell. b and d Smo labeling in postsynaptic Purkinje spines (s) opposed to the
presynaptic terminals (p) of parallel fibers. c Smo labeling in a Purkinje dendrite (a) as well
as its spine (8) that is opposed to a presynaptic terminal (p) of a climbing fiber. e-g Ptchl
labeling (arrowheads) in postsynaptic Purkinje spines (s) opposed to the presynaptic
terminals () of parallel fibers. h Postsynaptic Ptchl labeling at a dendritic (d) synapse of an
interneuron. Scale bars, 100 nm
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Fig. 6.

Subcellular distribution of Smo and Ptchl in the granular layer (glomeruli) of the adult
cerebellum revealed by immunoperoxidase/DAB electron microscopy. a—f Smo labeling
(arrowheads) in the dendritic claws (a) of granule cells that surround the unlabeled mossy
fiber terminal (mf;, in b—e). f A mossy fiber terminal with some Smo labeling. Smo labeling
of the claws is sometimes seen at the synapse (a, d, and f; Jower right), but is often
concentrated on the extrasynaptic membrane including the attachment plaques (arrows). In i,
the post-synaptic density of the upper dendrite profile is longer than 0.3 pm and this may
indicate that this is a dendrite from a unipolar brush cell [18], although otherwise this profile
resembles that of a typical granule cell dendritic claw. g-i Similar to Smo, Ptchl labeling
(arrowheads) is prevalent in the dendritic claws (d) that surround the mossy fiber terminal
(m#), which shows only occasional labeling (g, h). Note that the Ptchl labeling in h is
associated with adjacent spinules (asterisks). The Ptchl labeling of the claws is seen at the
synapse (h), but is more common on the extrasynaptic membrane area including attachment
plaques (arrows). Scale bars, 500 nm
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Fig. 7.
Immunogold electron microscopy also shows dendritic and postsynaptic Smo and Ptchl in

glomeruli of the adult cerebellar granular layer. a—c Smo labeling (arrowheads) is seen in the
dendritic claws (a) of granule cells that surround the mossy fiber terminal (/7). Some Smo
labeling is associated with spinules (asterisks). d, e Similarly, Ptchl labeling is also seen in
the dendritic claws and spinules. Arrows indicate attachment plaques. Scale bars, 100 nm
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