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Sonic hedgehog (Shh) regulates neural
progenitor cells in the adult brain but
its role in postmitotic mature neurons
is not well understood. Using immuno-
electron microscopy, we have recently
demonstrated the postsynaptic distribu-
tion of Patched (Ptch) and Smoothened
(Smo), the receptors for Shh, in hippo-
campal neurons of the adult rat brain. In
this study, we describe the distribution of
Shh protein in these adult hippocampal
neurons. We find that Shh is present in
both presynaptic and postsynaptic ter-
minals. In presynaptic terminals, Shh
is located either at the center or on the
side of the synaptic junction. In postsyn-
aptic terminals, Shh is mostly located
on the side of the synaptic junction.
We also find Shh in dendrites. Synaptic
and dendritic Shh often reside in or are
associated with vesicular structures that
include dense-cored vesicles, synaptic
vesicles and endosomes. Thus, our sub-
cellular map of Shh and its receptors
provides a foundation for elucidating the
functional significance of Shh signaling
in mature neurons.

Sonic hedgehog (Shh) plays at least two
important roles in the nervous system.
One is to stimulate the production of stem/
progenitor cells, which include granule
cell precursors in the young cerebellum!'”?
and neural stem cells in the specific brain
regions of the adult brain.*® The other is
to promote axon growth of young neu-
rons, which include spinal cord commis-

sural neurons,”!’

retinal ganglion cells,"
If: 2 and mid-
olfactory sensory neurons,'”> and mi

brain dopaminergic neurons.”” Evidence

has indicated that Shh and its signaling

components also exist in mature neurons,
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neurons that do not have progenitor prop-
erties."*1® However, where Shh signaling
takes place in these mature neurons and
how Shh signaling affects them remain
largely unknown.

We have recently described the sub-
cellular distribution of Patched (Ptch)
and Smoothened (Smo), the receptor and
transducer for Shh respectively, in hippo-
campal neurons of adult rats.” Multiple
types of hippocampal neurons express
Ptch and Smo, which are particularly con-
centrated in their dendrites, spines and
postsynaptic terminals.” Here, we stud-
ied the distribution of Shh protein within
adult hippocampal neurons.

We used the same hippocampal tissue
samples from adult rats that were used
in our previous ultrastructural analy-
sis of Ptch and Smo.” We performed
postembedding immunogold labeling
(two animals) using monoclonal anti-Shh
antibody (5E1; Developmental Studies
Hybridoma Bank). The 5EI antibody was
generated against the N-terminus of Shh
(aa 1-198 of rat Shh)'" and its specificity
has been characterized.'®">'%"

Because of the preferential distribu-
tion of Ptch and Smo in the postsynaptic
terminals of hippocampal neurons,” we
wondered whether Shh also was located
near or at the synapse. We examined sev-
eral hippocampal regions that include
the CA1 stratum pyramidal and stratum
radiatum, the molecular layer of the den-
tate gyrus, and the CA3 stratum lucidum.
Synapses from these regions exhibited
different morphological characteristics.
Nevertheless, we found Shh labeling pres-
ent in all of these synapses (Fig. 1). Figure
1A is an example of an inhibitory syn-
apse based on its symmetric appearance.
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Figure 1. Distribution of Shh at the synapses in CA1, CA3, and dentate gyrus of the adult rat
hippocampus. Immunoelectron micrographs showing Shh immunolabeling at synaptic sites in:
the CA1 stratum pyramidal (A and C), the CA1 stratum radiatum (B and D-G), the molecular layer
of the dentate gyrus (H), and the CA3 stratum lucidum (I-M). Shh labeling (10 or 15 nm gold par-
ticles) is indicated by arrowheads. (A) shows an inhibitory synapse in which Shh labeling is in the
presynaptic terminal (p) as well as the postsynaptic soma (so). In the case of both the presynaptic
and postsynaptic compartment, Shh labeling is not in the active zone of the synaptic junction but
is extrasynaptic. Also notice that the postsynaptic labeling is associated with pit-like structures,
which are located opposite and across from the presynaptic labeling. (B-D) are examples of excit-
atory synapses in all of which Shh labeling is in the presynaptic terminal—near the center of the
synaptic junction and directly contacting the presynaptic membrane. s, postsynaptic spine. (E-G)
are also examples of excitatory synapses but in these cases, Shh labeling is found postsynapti-
cally and it concentrates near the side of the postsynaptic membrane. (H) is an excitatory synapse
in which Shh labeling is located both in the center and extrasynaptic side of the presynaptic
membrane. (I-M) show Shh labeling in the mossy fiber terminal (m) and the postsynaptic thorny
excrescence (te). Presynaptic Shh labeling is often associated with various vesicular structures (ar-
rowheads in |, J and M) and dense-cored vesicles (arrows in J-M). Postsynaptic Shh labeling is seen
in tubulovesicular organelles (I) or associated with the membrane (L). sa in K, spine apparatus; * in
M marks a spinule. Scale bars are 100 nm.

Shh labeling was seen in the presynaptic
compartment as well as in the postsyn-
aptic compartment. Within both com-
partments, the Shh labeling was similarly
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distributed toward the side rather than the
center of the synaptic junction (Fig. 1A).
Upon closer examination, the postsynap-
tic Shh labeling appeared to be associated
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with pitlike structures, which were situ-
ated opposite or across from the presynap-
tic Shh labeling (Fig. 1A).

Figure 1B—H show typical excitatory
synapses based on their prominent post-
synaptic density. In these synapses, pre-
synaptic Shh labeling displayed a slightly
different pattern from postsynaptic Shh
labeling. Presynaptic Shh labeling could
be found either directly at the membrane
of the synaptic junction (Fig. 1B-D) or
on the side of the terminal (Fig. 1H).
Postsynaptic Shh labeling, on the other
hand, was found mostly on the side, away
from the center of the synaptic junction
(Fig. 1IE-G).

Figure 1I-M shows examples of mossy
fiber synapses. As for other types of syn-
apses, Shh was found in both the presyn-
aptic mossy terminals and the postsynaptic
thorny excrescences. Within the presynap-
tic mossy terminals, most Shh labeling was
clearly seen associated with either dense-
cored vesicles (arrows in Fig. 1J-M), or
other smaller vesicular structures (arrow-
heads in Fig. 11, J and M). Within the
postsynaptic thorny excrescences, Shh was
associated with tubulovesicular organelles
in some cases (arrowheads in Fig. 1I), or
positioned quite close to the postsynaptic
membrane in other cases (arrowhead in
Fig. 1L).

In addition to synaptic localizations,
Shh labeling was found in various tubulo-
vesicular organelles in the soma and den-
drites of hippocampal neurons (Fig. 2).
Interestingly, some of these Shh-labeled
organelles made direct contact with the
cell membrane surface, typically near con-
tacts with adjacent processes (Fig. 2A-C).

Our previous immunoelectron micro-
scopic work has described the postsynap-
tic localization of Ptch and Smo in adult
hippocampal neurons.”” The present find-
ings showing the presence of Shh in the
presynaptic terminal, in particular local-
ized in close vicinity to or even directly at
the synaptic contact, raises the possibility
that Shh signaling may occur across the
synapse in these neurons. It is then tempt-
ing to ask what form of Shh protein is
being released from the presynaptic termi-
nal. In the photoreceptor neurons of the
developing Drosophila retina, while the
Hedgehog (Hh) C-terminus harbors the

axonal targeting signal, the N-terminal
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domain, and a small amount of the full-
length Hh, also travel along the axon.?
Our results obtained using the 5E1 anti-
body—specific to the Shh N-terminus,
could reflect the full-length as well as the
N-terminal domain of Shh. To definitively
identify the Shh forms that are present
and possibly released from the presynap-
tic terminal will require further studies,
including the use of the Shh C-terminus
specific antibody.

We also observed an interesting sub-
cellular distribution of Shh in postsynap-
tic spines and dendrites of hippocampal
neurons. Several studies have shown that
the dendrite and the postsynaptic termi-
nal of neurons can release transmitters?!
or growth factors.?> Moreover, studies
of other Hh-producing cells have shown
that the release of Hh occurs on the api-
cal and the basal side of the Drosophila
photoreceptor neurons.”® Likewise, in
Drosophila wing disk epithelium, Hh is
found in the apical and basolateral plasma
membranes.?? It will be interesting to
investigate whether Shh in mammalian
hippocampal neurons is also released from
both pre- and post-synaptic sites. The
mapping of Shh protein and its recep-
tors at the subcellular level will advance
the understanding of where and how Shh
signaling occurs, and what roles Shh plays
in the function and plasticity of mature
neurons.
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