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Abstract

Electroconvulsive seizure (ECS) induces structural remodelling in the adult mammalian brain,
including an increase in adult hippocampal neurogenesis. The molecular mechanisms that underlie
this increase in the proliferation of adult hippocampal progenitors are at present not well
understood. We hypothesized that ECS may recruit the Sonic hedgehog (Shh) pathway to mediate
its effects on adult hippocampal neurogenesis, as Shh is known to enhance the proliferation of
neuronal progenitors and is expressed in the adult basal forebrain, a region that sends robust
projections to the hippocampus. Here we demonstrate that the ECS-induced increase in
proliferation of adult hippocampal progenitors was completely blocked in animals treated with
cyclopamine, a pharmacological inhibitor of Shh signalling. Our results suggest that both acute
and chronic ECS enhance Shh signalling in the adult hippocampus, as we observed a robust
upregulation of Patched (Ptc) mRNA, a component of the Shh receptor complex and a downstream
transcriptional target of Shh signalling. This increase was rapid and restricted to the dentate gyrus,
where the adult hippocampal progenitors reside. In addition, both acute and chronic ECS
decreased Smoothened (Smo) mRNA, the other component of the Shh receptor complex,
selectively within the dentate gyrus. However, ECS did not appear to influence Shh expression
within the basal forebrain, the site from which it has been suggested to be anterogradely
transported to the hippocampus. Together, our findings demonstrate that ECS regulates the Shh
signalling cascade and indicate that the Shh pathway may be an important mechanism through
which ECS enhances adult hippocampal neurogenesis.
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Introduction

Electroconvulsive seizure (ECS) serves as a model for activity-dependent neural plasticity in
the adult brain. Amongst the structural plasticity that results from ECS is enhanced adult
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hippocampal neurogenesis, mossy fibre sprouting and synaptic reorganization (Vaidya et af.,
1999; Madsen et al., 2000; Malberg et al., 2000). This remodelling is thought to represent
adaptive changes, and not injury-induced reorganization, as it occurs in the absence of
neuronal death (Dam & Dam, 1986). However, the mechanisms that underlie activity-
dependent structural plasticity in the adult brain are poorly elucidated. Neurotrophic and
angiogenic molecules have been suggested as putative downstream candidates that
contribute to the ECS-induced increase in hippocampal neurogenesis (Newton et a/., 2003;
Altar et al., 2004), although at present there is a lack of direct evidence to support their role.
We hypothesized that a key developmental signalling molecule, Sonic hedgehog (Shh), may
be a mediator of the ECS-induced enhancement of adult hippocampal neurogenesis.

During development Shh, a secreted protein, has multiple effects on both neuronal and glial
precursors, these include regulation of their proliferation, survival and fate determination
(Ingham & McMahon, 2001). Shh has a mitogenic effect on embryonic neuronal precursors
(Rowitch er al.,, 1999; Palma & Ruiz-i-Altaba, 2004), and is involved in the maintenance of
telencephalic stem cell niches (Machold et a/., 2003). Shh continues to be expressed within
the vertical limb of the diagonal band (VDB) in the basal forebrain region of the adult rat
(Traiffort et al., 1999), from where it has been suggested to be anterogradely transported to
the hippocampus. Intriguingly, the Shh receptor components, Patched (Ptc) and Smoothened
(Smo), co-localize within the dentate gyrus, a target of the VDB (Traiffort ef al,, 1998). The
presence of Ptc and Smo within adult neurogenic niches, namely the subgranular zone
(SGZ) in the hippocampal dentate gyrus subfield and the subventricular zone (SVZ) lining
the lateral ventricles, support a role for Shh in adult neurogenesis (Traiffort et al., 1998).
However, few studies have addressed the role of Shh in the mature nervous system. Recent
reports indicate that adult hippocampal progenitors express both Ptc and Smo, and Shh
enhances their proliferation (Lai et a/,, 2003; Palma et a/.,, 2005). In addition, injury-induced
regeneration of the adult rat facial nerve has also been shown to involve the Shh pathway
(Akazawa et al., 2004). Taken together, these studies suggest that Shh continues to have an
important role beyond development, and may be reutilized to regulate structural plasticity in
the adult brain.

In the present study we addressed whether Shh is involved in the ECS-mediated
upregulation of adult hippocampal neurogenesis. We demonstrate that Shh signalling is
required for the increase in adult hippocampal progenitor proliferation following ECS, and
that ECS differentially regulates the expression of both Ptc and Smo mRNA, selectively in
the dentate gyrus subfield of the hippocampus. Taken together, our studies indicate that Shh
signalling is regulated by ECS, and suggest that it may play an important role in the ECS-
mediated regulation of structural plasticity in the adult brain.

Materials and methods

Animal treatment paradigms

Male Sprague-Dawley rats (200-250 g) bred in our animal-breeding colony were used in all
experiments. Animals were group-housed (three to four per cage) and maintained on a
controlled 12 h light : 12 h dark cycle with access to food and water ad /ibitum. All animal
procedures were carried out in accordance with the National Institutes of Health Guide for
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the Care and Use of Laboratory Animals, and were approved by the TIFR Institutional
Animal Ethics Committee. Animals received bilateral ECS treatment via spring-loaded ear
clip electrodes (ECT unit, UGO Basile, Comerio, Italy) (frequency: 100 pulses/s; pulse
width: 0.9 ms; pulse duration: 0.5 s; current: 70 mA) or sham treatment (application of ear
clip electrodes without electrical stimulation). The ECS treatment resulted in grand mal
seizures with tonic and clonic convulsive components. For the acute ECS study, animals (n7=
9 per group) received a single sham or ECS treatment, and were Killed 2 h later. In the time-
course experiment, animals (/7= 3 per group) were killed 4 h, 6 h and 24 h after acute ECS
treatment, and each time point had a separate sham group. For the chronic ECS paradigm,
animals (n7= 8 per group) received sham or ECS treatment once daily for 10 consecutive
days and were killed 2 h after the final ECS treatment. One group of animals was killed 21 h
following the final ECS treatment (1= 4 per group). After decapitation, brains were rapidly
removed and frozen on dry ice and stored at —70 °C prior to cryostat sectioning and /in situ
hybridization analysis. In addition, some animals were subjected to acute or chronic ECS/
sham treatment and were killed 2 h following treatment, and further processed for either
immunohistochemistry (n= 4 per group) or Western blotting (7= 4 per group). For the
immunohistochemistry experiments, animals received an overdose of sodium pentobarbital
(100 mg/kg, Sigma, MO, USA) and were killed through transcardial perfusion with 4%
paraformaldehyde. Coronal sections (50 pm) were generated using a vibratome (The
Vibratome Company, MO, USA) and were processed for Shh immunohistochemistry. For
the Western blotting experiments, animals were rapidly decapitated, brains were removed
and the hippocampi and the VDB were microdissected in sterile physiological saline prior to
being frozen in liquid nitrogen and stored at —70 °C.

To study the effect of the Shh antagonist, cyclopamine (Toronto Research Chemicals,
Ontario, Canada), on the ECS-mediated increase in hippocampal neurogenesis, animals were
divided into four experimental groups: (i) Vehicle + Sham; (ii) Vehicle + ECS; (iii)
Cyclopamine + Sham; and (iv) Cyclopamine + ECS (7= 5 per group). Cyclopamine is a
naturally occurring plant alkaloid that has been demonstrated to specifically block Shh
signalling by binding to the Shh receptor Smo (Cooper et al., 1998; Incardona et al., 1998;
Taipale et al., 2000; Chen et al., 2002). This dose of cyclopamine was selected to be within
the range used in previous studies (Lai ef al., 2003; Palma et al., 2005). Rats were
anaesthetized using ketamine (50 mg/kg, Sigma) and xylazine (20 mg/kg, Sigma), and were
placed in a Stoelting stereotaxic Instrument (Stoelting, Illinois, USA). All animals received a
unilateral intracerebroventricular (i.c.v.) implant with a 28-gauge osmotic minipump cannula
at stereotaxic coordinates —0.8 mm posterior from Bregma, —1.4 mm medio-lateral and —4.0
mm ventral to skull surface (Paxinos & Watson, 1998). Prior to implantation, the osmaotic
minipumps (Alzet Model, 2001, 7 day pump, 1 puL/h; CA, USA) were filled with either
vehicle [45% 2-hydroxypropyl-B-cyclodextrin (HBC) in sterile phosphate-buffered saline,
Sigma] or cyclopamine [1 mg/mL (w/v) in 45% HBC], and were then connected to
polyethylene tubing (Brain infusion Kit, Alzet) via the flow moderator and sealed with
Loctite glue. The minipumps were primed by placing them overnight in sterile saline at

37 °C. Following cannula implantation, the osmotic minipumps were attached to the cannula
using the polyethylene tubing and sealed with Loctite. The minipumps and tubing were
placed subcutaneously between the scapulae and the animals were allowed to recover from
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the surgery for 2 days. On the third day following surgery, animals from Groups 2 (Vehicle +
ECS) and 4 (Cyclopamine + ECS) received ECS treatment once daily for two consecutive
days, whereas Groups 1 (Vehicle + Sham) and 3 (Cyclopamine + Sham) received sham
treatment. All animals were administered the mitotic marker bromodeoxyuridine (BrdU, 100
mg/kg; Sigma) 45 min after the final ECS/sham treatment, and were Killed 2 h later. Animals
received an overdose of sodium pentobarbital (100 mg/kg; Sigma) and were killed through
transcardial perfusion with 4% paraformaldehyde. Serial coronal sections (50 pm) through
the rostro-caudal extent of the hippocampus were generated using a vibratome and were
further processed for immunohistochemistry. Some sections from each animal were
processed for Cresyl violet staining to determine the integrity of brain parenchyma around
the infusion site and to confirm correct cannula placement.

For the receptor antagonist experiments, the drugs or vehicle were administered i.p. 30 min
prior to sham or acute ECS treatment. The A-methyl-p-aspartate (NMDA) receptor
antagonist 5-methyl-10,11-dihydro-5H-dibenzo (a,d) cyclohepten-5,10-imine maleate
(MK-801; 3 mg/kg; Sigma) and the alpha-amino-3-hydroxy-5-methyl-isoxozole propionic
acid/kainate (AMPA/KA) receptor antagonist 6,7-dinitro-quinoxaline-2,3-dione (DNQX;
12.5 mg/kg; Sigma) were administered in physiological saline. The treatment groups were as
follows: Experiment 1: Vehicle + Sham, Vehicle + Acute ECS, MK-801 + Sham, MK-801 +
Acute ECS (n= 4 per group); Experiment 2: Vehicle + Sham, \ehicle + Acute ECS, DNQX
+ Sham, DNQX + Acute ECS (7= 3 per group). All animals were killed 2 h after the
sham/ECS treatment and brains were rapidly removed, frozen on dry ice and stored at

=70 °C prior to cryostat sectioning and /n situ hybridization analysis.

In situ hybridization

In situ hybridization was carried out as previously described (Nibuya et al,, 1995; Dias et al.,
2003). In brief, 14-um-thick coronal sections were cut on the cryostat and thaw mounted
onto ribonuclease-free Probe-on plus slides (Electron Microscopy Services, USA). Slides
were fixed in 4% paraformaldehyde, acetylated and dehydrated prior to storage at =70 °C.
Rat Sonic hedgehog (Shh), Smoothened (Smo) and Patched (Ptc) cRNA probes were
generated from transcription-competent plasmids (PGEM-4Z2) provided by Dr Martial Ruat
(Centre National de la Recherche Scientifique, France) containing Shh (678-1356 bp), Ptc
(1765-3587 bp) or Smo (411-2016 bp). All cRNA probes were transcribed using 35S-
labelled UTP (Amersham). Slides were incubated for 20-24 h at 60 °C with hybridization
buffer [50% formamide, 1 x standard sodium citrate (SSC), 25 x Denhardt’s solution, 40 mm
dithiothreitol, 150 pg/mL yeast tRNA, 10% dextran sulphate, 400 pg/mL salmon sperm
DNA] containing 35S-UTP-labelled riboprobes at a concentration of 1 x 108 ¢.p.m./150 uL
per slide. After hybridization, the slides were washed in 2 x SSC for 10 min, treated with
RNase A (20 pg/mL) at 45 °C for 30 min, followed by stringent washes in decreasing
concentrations of SSC, with a final wash in 0.5 x SSC at 60 °C. Slides were air-dried and
exposed to Hyperfilm 3-max (Amersham) for 2-3 weeks. In addition, some slides were
dipped in emulsion (LM-1, RPN40, Amersham) and developed 8 weeks later. Sense
riboprobes for Shh, Ptc or Smo, or a ribonuclease (40 pg/mL at 37 °C for 30 min)
prehybridization wash did not yield significant hybridization (data not shown), confirming
the specificity of the signal observed with these antisense riboprobes.
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Immunohistochemistry and immunofluorescence

For BrdU immunohistochemistry, coronal free-floating sections (50 pum), generated using a
vibratome, were processed for BrdU immunohistochemistry as described previously
(Kulkarni et al., 2002). In brief, following DNA denaturation and acid hydrolysis, sections
were incubated overnight with mouse anti-BrdU antibody (1 : 500, Boehringer Mannheim,
USA) and then exposed to secondary antibody (biotinylated antimouse 1gG, 1 : 500, Vector
Laboratories, CA, USA). Signal amplification was carried out with an avidin—biotin
complex (Vector Laboratories) and was detected with diaminobenzidine (Sigma). For Shh
immunohistochemistry, 50-um-thick coronal sections containing the VDB region were
further processed. Sections were washed in blocking buffer (0.1 m phosphate buffer
containing 10% horse serum) and incubated with mouse anti-Shh antibody (5E1, 1 : 250;
Developmental Studies Hybridoma Bank, California, USA) for 8 h at 37 °C. Sections were
then exposed to biotinylated anti-mouse 1gG (1 : 500; Vector Laboratories) followed by
streptavidin fluorescein (Amersham). Sections were then mounted onto slides with
Fluoromount (Sigma) and imaged using an epifluorescent Zeiss (Axioskop 2 plus)
microscope. Experiments with the appropriate isotype control, and in the absence of primary
antibody, did not yield any signal indicating the specificity of Shh and BrdU
immunohistochemistry.

Double immunohistochemistry and in situ hybridization

Free-floating sections were subjected to fixation and acetylation, prior to being placed in
hybridization buffer containing digoxigenin-labelled riboprobes for Smo or Ptc. Sections
were then washed with increasing stringency before exposure to an alkaline phosphatase-
tagged anti-digoxigenin antibody (Roche). NBT/BCIP (4-nitro blue tetrazolium chloride/5-
bromo-4-chloro-3-indolylphosphate; Roche) was used as the alkaline phosphatase substrate,
and the colour reaction was fixed prior to commencement of the immunohistochemistry
protocol. Sections were blocked in 10% horse serum in 0.1 m phosphate buffer containing
3% Triton X-100 prior to incubation with an anti-doublecortin antibody (1 : 250; Santa
Cruz) overnight. Sections were washed and then exposed to secondary antibody
(biotinylated anti-goat 1gG, 1 : 250, Vector Laboratories). Signal amplification was carried
out with an avidin—biotin complex (Vector Laboratories) and was detected with
diaminobenzidine (Sigma).

Western blot analysis

Frozen brain tissue from the hippocampus and VDB was Dounce homogenized in 0.1 m
phosphate buffer containing the protease inhibitors phenyl methyl sulphonyl fluoride (725
ug/mL; Amersham), pepstatin A (12.5 pg/mL; Amersham) and leupeptin (31.25 pug/mL;
USB, OH, USA). Brain homogenates were incubated on ice and then centrifuged at 13,000 g
for 10 min at 4 °C in a Heraeus Biofuge Stratos centrifuge, and supernatants were processed
further for Western blotting. Aliquots of brain extracts containing 25 g total protein were
subjected to electrophoresis on a 14% sodium dodecyl sulphate—polyacrylamide gel.

Purified mouse N-terminal Shh protein was used in the Western blotting experiments as a
positive control (R & D Systems, USA). Proteins in gel were then electrophoretically
transferred to a polyvinylidene fluoride (PVDF) membrane (Amersham) and subjected to
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immunoblot analysis. Following electrophoretic transfer, the PVDF membrane was blocked
with 5% non-fat dry milk in buffer and then probed with a rat anti-Shh IgG antibody (MAB
464; 1 :10,000; R & D Systems) overnight at 4 °C. This antibody is raised against the N-
terminal peptide (amino acid 25-198) of the mouse Shh protein. The membranes were then
incubated with peroxidase-conjugated antirat antibody (1 : 10,000; Amersham) and
developed with an enhanced chemiluminescence system (Amersham) followed by exposure
to Hyperfilm-ECL (Amersham) for 2 min. Immunoblots were stained with Ponceau (Sigma)
to confirm equal loading and transfer of proteins.

Cell counting analysis

Quantification of the BrdU-positive cells was carried out on coded sections by an
experimenter blind to the study code. BrdU-positive cells within the SGZ and granule cell
layer (GCL) of the dentate gyrus were counted. Sections were counterstained with cresyl
violet (0.1%, Sigma) to aid visualization of the GCL of the dentate gyrus. The average
number of BrdU-positive cells within the SGZ and GCL of the dentate gyrus per section was
determined in each animal (12 sections/animal) from all treatment conditions. For
quantification of the SVZ progenitors, every third striatal section was processed for BrdU
immunohistochemistry. Using a stereology-based protocol (Sailor et al., 2003), BrdU-
positive cells present on the lateral face of the lateral ventricle were counted (six sections/
animal; Bregma 1.6-0.2: 7= 3-4 per group). The area in which the cells were counted was
traced using a NIH image 1.62 software (Scion image, USA) to yield the number of BrdU-
positive cells/mm?.

Autoradiogram quantification

Levels of Shh, Ptc and Smo transcripts were analysed using the Macintosh-based Scion
Image software (Scion, USA). To correct for non-linearity, 14C standards were used for
calibration. For Shh mRNA, we analysed the expression in both the horizontal and vertical
limbs of the diagonal band (VDB) as well as the neocortex. We have shown the data for only
the VDB as it does not differ from data we obtained in the horizontal limb of the diagonal
band. For Ptc and Smo mRNA, we quantified expression in the dentate gyrus GCL and in
the SVZ. An equivalent area was outlined for each sample, and optical density
measurements from both sides of four individual sections from each animal were analysed,
from which the mean value was calculated. Levels of Shh immunoreactivity were quantified
by outlining the Shh band in the autoradiogram and by determining the optical density using
densitometric analysis (Scion image 1.62).

Statistical analysis

Results were subjected to statistical analysis using the program Prism (Graphpad, USA).
Experiments with two groups were analysed for differences using the unpaired Student’s #
test, with significance determined at £ < 0.05. Experiments with four groups were subjected
to statistical analyses using two-way anova followed by the Bonferroni post-hoc test, with
significance determined at P-values < 0.05. Data are expressed as means + SEM, with
percentages indicating percentage of Sham results.
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Results

The Shh signalling inhibitor cyclopamine prevents the ECS-mediated increase in the
proliferation of dentate granule cell progenitors

To examine whether the inhibition of Shh signalling would alter the ability of ECS to
enhance the proliferation of dentate granule cell progenitors in the adult rat hippocampus,
animals received cyclopamine (1 pug/uL per hour) delivered i.c.v. via osmotic minipumps
prior to ECS administration. Cyclopamine is a selective pharmacological inhibitor of Shh
signalling (Berman et al., 2002), which is thought to function through direct binding to Smo,
the signalling component of the Shh receptor complex (Chen et al., 2002). The effects of
ECS on the proliferation of adult dentate granule cell progenitors were assessed using the
mitotic marker BrdU. Cyclopamine completely prevented the ECS-mediated increase in the
number of BrdU-positive cells per section within the dentate gyrus (Fig. 1). BrdU-positive
cells were found to be localized to the SGZ at the border of the hilus and the GCL (Fig. 1A),
and showed a significant induction (twofold) following ECS treatment, which was absent in
animals that received cyclopamine. In agreement with a previous study (Lai et a/., 2003), we
also observed a significant decline (~ 45%) in the number of BrdU-positive cells per section
in animals that received only cyclopamine as compared with the vehicle-treated controls
(Fig. 1B). ECS administration to cyclopamine-treated animals failed to induce an increase in
the number of BrdU-positive cells in the dentate gyrus, indicating that inhibition of Shh
signalling blocks the effects of ECS on dentate granule cell progenitor proliferation.

We also examined the number of BrdU-positive cells/mm? observed within the SVZ, lining
the lateral ventricles, the other major neurogenic region in the adult rat brain. We did not
observe any effect of either ECS, cyclopamine or an interaction between these treatments on
the number of BrdU-positive cells/mm? in the SVZ (Vehicle + Sham, 5546 + 269.1 cells/
mm?; Vehicle + ECS, 5195 + 287.54 cells/mm?; Cyclopamine + Sham, 6276 + 449.92
cells/mm?Z; Cyclopamine + ECS, 6193 + 615.72 cellssmm2, 7= 3-4 per group, P> 0.05).
Treatment with cyclopamine did not have any effect on the duration or the pattern of
seizures induced following ECS treatment, as all animals in the ECS treatment groups
exhibited grand mal seizures with tonic-clonic convulsions. Animals were checked for
cannula placement to confirm correct localization and subjected to Cresyl violet staining to
ensure that there was no tissue damage (data not shown).

Influence of acute and chronic ECS administration on Shh mRNA and protein expression
in the adult rat brain

The effects of acute and chronic ECS treatment on the expression of Shh mRNA were
determined using /n situ hybridization analysis. Shh mRNA has been reported to be
expressed in the basal forebrain region of the adult rat brain in the VDB and also within
layer V of neocortex (Traiffort ef a/, 1999, 2001). Our results confirm this basal expression,
and indicate that neither acute nor chronic ECS appear to significantly alter the mRNA
levels of Shh in either the VDB (Fig. 2A and B) or the neocortex (Acute ECS experiment:
Sham, 100 * 6.76%; Acute ECS, 95.07 + 18.9%. Chronic ECS experiment: Sham, 100

+ 3.71%; Chronic ECS, 113.13 + 15.3%; 7= 3-4 per group, A> 0.05). We did not detect any
Shh mRNA expression within the hippocampus of either sham- or ECS-treated animals (data
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not shown). To address the influence of acute ECS treatment on the expression of Shh
protein we used Shh immunofluorescence and Western blot analysis. Using Shh
immunofluorescence, we did not detect any change in the number of Shh-immunopositive
cells observed within the VDB (Fig. 2C) following ECS treatment. The Shh
immunoreactivity in layer V of neocortex was also unaltered following ECS treatment, and
no Shh immunopositive cells were observed in the hippocampus (data not shown). However,
it has been suggested that Shh may be transported to the hippocampus from the VDB via the
fornix pathway (Traiffort ef al,, 2001; Lai et al., 2003). Therefore, we quantitatively analysed
the expression of Shh protein in the VDB and hippocampus following acute and chronic
ECS. Our Western blotting experiments did not reveal any change in the levels of Shh
immunoreactivity in either the VDB or the hippocampus (Fig. 2D).

Acute and chronic ECS upregulate the expression of Ptc mRNA and downregulate the
expression of Smo mRNA in the dentate gyrus

We next examined the influence of both acute and chronic ECS on mRNA expression of the
Shh receptor complex, which consists of Ptc and Smo. The expression of Ptc mMRNA was
significantly increased within the dentate gyrus region of the hippocampus 2 h following
acute or chronic ECS treatment (Fig. 3A). Emulsion autoradiography revealed that the
cellular localization of upregulated Ptc mRNA was within the GCL of the dentate gyrus. The
silver grains were observed in both the GCL as well as the SGZ, and following ECS
treatment were upregulated through the GCL including the SGZ (Fig. 3C). This upregulation
of Ptc mMRNA was restricted to the dentate gyrus and not observed in any other hippocampal
subfield. The other neurogenic brain region that is also known to express high levels of Ptc
MRNA is the SVZ; however, neither acute nor chronic ECS influence Ptc mMRNA expression
in the SVZ (Acute ECS experiment: Sham, 100 + 7.11%; Acute ECS, 115.07 £ 17.24%.
Chronic ECS experiment: Sham, 100 + 7.06%; Chronic ECS, 114.43 + 8.21%; n= 6 per
group, P> 0.05). We also examined the time course of the acute ECS-mediated regulation of
Ptc mMRNA (Table 1). The regulation of Ptc mMRNA was time-dependent, and was observed to
be maximal at 2 h following acute ECS administration. The upregulation of Ptc mRNA was
transient and returned to baseline 4 h following acute ECS treatment. We then addressed
whether chronic ECS treatment (once daily for 10 days) results in sustained elevation of Ptc
MRNA levels in the dentate gyrus, but found that 21 h after the final ECS treatment Ptc
MRNA levels did not significantly differ between the ECS- and sham-treated groups (Sham,
100 + 1.95%; Chronic ECS + 21 h, 101.39 £ 5.27%; n= 4 per group, P> 0.05).

In striking contrast to the ECS-mediated increase in Ptc mRNA, a robust and significant
downregulation of Smo mRNA within the GCL of the hippocampal dentate gyrus region
was observed 2 h following both acute and chronic ECS administration (Fig. 3B). Emulsion
autoradiography revealed that Smo mRNA is expressed in the GCL as well as in the SGZ,
and after ECS treatment appears to be reduced in both these areas of the dentate gyrus
subfield (Fig. 3D). Smo mRNA expression, in contrast to the relatively wider expression of
Ptc mRNA, is restricted predominantly to the neurogenic regions, namely the dentate gyrus
and SVZ in the adult rat brain (Traiffort et a/, 1999). The downregulation of Smo mRNA
observed following both acute and chronic ECS treatment was restricted to the dentate gyrus
(Fig. 3B) and not observed in the SVZ (Acute ECS experiment; Sham, 100 + 6.09%; Acute
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ECS, 119.12 + 10.89%. Chronic ECS experiment: Sham, 100 £ 7.92%; Chronic ECS, 97.22
+ 4.72%; n= 6 per group, P> 0.05). The time course of the acute ECS-mediated regulation
of Smo mRNA revealed a maximal downregulation of Smo mRNA (~ 90%) 4 h following
acute ECS administration (Table 1). At 6 h following ECS Smo mRNA levels in the dentate
gyrus were still ~55% reduced as compared with sham-treated animals. Twenty-four hours
after ECS treatment no significant differences were observed in Smo mRNA expression as
compared with the sham group, indicating a return to baseline (Table 1). When we examined
the levels of Smo mRNA 21 h after chronic ECS treatment (once daily for 10 days) to
address whether repeated ECS treatment results in a sustained decrease of Smo mRNA
levels in the dentate gyrus, we found that Smo mRNA did not significantly differ between
the ECS- and sham-treated groups (Sham, 100 + 17.78%; Chronic ECS + 21 h, 77.45

+ 2.30%; n=4 per group, P> 0.05). Taken together, these results indicate that both acute
and chronic ECS treatment induce a substantial regulation of the Shh receptor complex
resulting in enhanced mRNA levels for Ptc, whilst concomitantly downregulating Smo
MRNA expression.

To examine whether adult hippocampal progenitors express Ptc and Smo mRNA, we
performed combined immunohistochemistry and /n situ hybridization with an anti-
doublecortin antibody to label hippocampal progenitors and digoxigenin-labelled riboprobes
for Ptc or Smo. Doublecortin-positive cells, which reside in the SGZ, were found to be
positively labelled with both Ptc (Fig. 3E) and Smo (Fig. 3F) mRNA.

Influence of the NMDA receptor antagonist MK-801 on the acute ECS-mediated regulation
of Ptc and Smo mRNA

To examine the possibility that NMDA receptors contribute to the ECS-mediated regulation
of Ptc and Smo mRNA levels in the dentate gyrus, the influence of the non-competitive
NMDA receptor antagonist MK-801 on this ECS-mediated effect was addressed.
Pretreatment with MK-801 prior to ECS administration did not alter the ECS-mediated
upregulation of Ptc mRNA in the GCL of the dentate gyrus (Fig. 4A). In addition,
administration of MK-801 alone did not influence basal expression of Ptc mRNA. In
contrast, MK-801 treatment resulted in a substantial increase (~ 80%) in the basal expression
of Smo mRNA within the dentate gyrus (Fig. 4B). This finding suggests that the NMDA
receptor contributes to maintaining the basal expression levels of Smo mRNA in the
hippocampus. Although an influence of MK-801 on basal Smo mRNA expression was
observed, no significant interaction was seen in the effects of MK-801 and ECS on Smo
mMRNA levels (Fig. 4B). Indeed, the ECS-mediated decline in Smo mRNA was similar (~
40%) in both the vehicle- and MK-801-pretreated groups (Fig. 4B). These results suggest
that the NMDA receptor does not contribute to the ECS-mediated regulation of Ptc and Smo
mRNA levels in the hippocampus, but indicates that the basal expression of at least one
component of the Shh receptor complex, namely Smo, is regulated by the NMDA receptor.
The MK-801-pretreated animals did exhibit ataxia, and the number of generalized clonic
seizures observed in the MK-801 + ECS group was lower than the Sham + ECS group.
However, this effect of MK-801 on the ECS-induced seizure pattern does not appear to alter
the ability of ECS to regulate either Ptc or Smo mRNA expression.
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Influence of the AMPA/KA receptor antagonist DNQX on the acute ECS-mediated
regulation of Ptc and Smo mRNA

To address the role of the other ionotropic glutamate receptors, namely AMPA/KA, in the
ECS-mediated regulation of Ptc and Smo mRNA levels in the dentate gyrus, we used the
AMPA/KA receptor antagonist DNQX. Treatment with DNQX before acute ECS
administration did not significantly influence the ECS-induced regulation of either Ptc or
Smo mRNA (Fig. 5A and B). The DNQX pretreatment did not alter in any way the pattern
or intensity of ECS-induced seizures. The upregulation of Ptc mRNA was observed in both
vehicle- and DNQX-pretreated animals following ECS administration (Fig. 5A). The ECS-
induced increase in Ptc mMRNA levels in vehicle treated animals was ~ 85% and the
induction in DNQX-treated animals was ~40%; however, this did not result in a statistically
significant interaction effect between DNQX and ECS treatments (Fig. 5B, two-way ANOVA,
P> 0.05). Administration of DNQX alone had no effect on the basal expression of Ptc
mRNA in the dentate gyrus (Fig. 5A). DNQX treatment significantly increased (~ 38%) the
basal expression of Smo mRNA (Fig. 5B), suggesting that the AMPA/KA receptors
contribute to the regulation of basal Smo mRNA levels. However, the ECS-mediated
decrease in Smo levels does not appear to involve the AMPA/KA receptors as acute ECS
treatment resulted in a significant decline in Smo mRNA expression in animals that were
pretreated with either vehicle or DNQX (Fig. 5B). Collectively the findings indicate that the
AMPA/KA ionotropic glutamate receptors contribute to the basal expression of Smo mRNA,
but not the ECS-mediated regulation of either Ptc or Smo mRNA expression in the
hippocampus.

Discussion

The concept that a key developmental signalling pathway, the Shh cascade, may be recruited
by paradigms like ECS that enhance adult hippocampal neurogenesis is particularly
interesting, as it implies that Shh may be a putative mediator through which a dynamic
control can be exerted on adult neurogenesis. The major finding of our study revealed that
blockade of Shh signalling abolished the ECS-mediated induction of adult hippocampal
neurogenesis by preventing the enhanced proliferation of hippocampal progenitors. Our
results also demonstrated that key components of the Shh cascade are regulated by ECS. Ptc
and Smo mRNA, which encode proteins that together constitute the Shh receptor complex,
were differentially regulated by both acute and chronic ECS. This regulation was selectively
observed in the dentate gyrus region of the hippocampus, a major neurogenic site in the
adult rat brain. Collectively, these findings provide evidence that the Shh pathway may be an
important mechanism through which ECS regulates hippocampal neurogenesis in the adult
brain.

During development, Shh influences the proliferation of various neuronal precursors
including cerebellar granule cell (Dahmane & Ruiz-i-Altaba, 1999; Wechlser-Reya & Scott,
1999), neocortical (Palma & Ruiz-i-Altaba, 2004) and spinal cord progenitors (Rowitch et
al,, 1999). Recent reports (Lai et al, 2003; Palma et al., 2005) indicate that Shh also
regulates the basal proliferation of adult hippocampal progenitors. The present study
provides the first evidence that Shh signalling may be required to upregulate adult
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hippocampal neurogenesis above basal levels. Our experiments using the Smo antagonist
cyclopamine demonstrated that the ability of ECS to increase the proliferation of adult
hippocampal progenitors requires intact Shh signalling. The mechanisms through which Shh
exerts a mitogenic effect on adult hippocampal progenitors are unknown, although several
possibilities can be suggested. Shh could directly regulate G1 phase cyclins (Kenney &
Rowitch, 2000), transcription factors such as N-myc (Kenney et al., 2003), regulators of
chromatin structure-like helicases (Oliver et al., 2003), and repress cell-cycle inhibitors like
cyclin G2 (Bennin et al., 2002). The effects of Shh could also involve the regulation of
growth factors such as insulin-like growth factor-2, which is upregulated in response to Shh
signalling (Hahn et a/, 2000) and is also a transcriptional target of ECS (Newton et al.,
2003).

In contrast to adult hippocampal progenitors, the proliferation of SVZ progenitors was not
altered by cyclopamine, ECS or their combination. The lack of a proliferative effect on S\VZ
progenitors following ECS is consistent with a previous study that ECS selectively
influences adult hippocampal progenitors (Malberg et a/., 2000). Previous reports (Lai et al.,
2003; Machold et a/., 2003) indicate that Shh is sufficient to induce proliferation of
hippocampal progenitors, but are less clear about the proliferative effects on SVZ
progenitors (Charytoniuk et al., 2002a; Machold et al., 2003; Palma et al., 2005). It has been
suggested that the predominant effect of Shh within the SVZ is the maintenance of the
neurogenic niche through effects on the stem cell pool (Machold et a/., 2003; Palma et al.,
2005). Our data indicate that cyclopamine does not alter the proliferation of SVZ
progenitors, in contrast to the clear reduction in the proliferation of SGZ progenitors, further
supporting the possibility that SGZ and SVZ progenitors respond differentially to Shh.

Given that ECS requires Shh signalling to enhance adult hippocampal neurogenesis, we
examined whether ECS influences Shh expression within the adult rat brain. Our results
confirmed the basal expression of Shh mRNA within the VDB and in the neocortex of the
adult rat, and the absence of Shh transcripts in the hippocampus (Traiffort ef a/., 1999). It
has been suggested that basal forebrain structures, which project to the hippocampus
(Nyakas et al., 1987), may anterogradely transport Shh to this neurogenic site (Traiffort et
al., 2001; Lai et al., 2003). Indeed, our study supports this contention as we detected Shh
protein in hippocampal extracts, despite the absence of Shh mRNA. ECS did not alter Shh
MRNA expression in the VDB, or the levels of Shh protein within the VDB or the
hippocampus. However, our results indicating that ECS upregulates a Shh-transcriptional
target gene suggest that enhanced Shh signal may be perceived in the hippocampus. Shh
signals by binding Ptc, relieving the Ptc-mediated inhibition of the Shh signalling receptor
Smo, which results in recruitment of Gli transcription factors that influence Shh
transcriptional target genes, including Ptc itself (Chen & Struhl, 1998; Murone et al., 1999).
Previous reports indicate that the absence of Shh downregulates Ptc, while enhanced Shh
signalling increases Ptc transcription, setting up a feedback control (Goodrich et a/., 1996;
Charytoniuk et al., 2002b). A striking effect we observed following ECS was a dramatic and
selective upregulation of Ptc mRNA within the hippocampal dentate gyrus region,
suggesting that ECS results in enhanced Shh signalling. An intriguing possibility is that ECS
may induce an activity-dependent increase in hippocampal Shh secretion or may modify
anterograde transport from the basal forebrain to the hippocampus. The rapid upregulation
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of Ptc could act to temporally and spatially alter the Shh morphogen gradient via receptor-
dependent internalization (Casall & Struhl, 2004; Gallet & Therond, 2005), and may be a
reason why we do not pick up an observable increase in Shh protein levels within the
hippocampus following ECS. The upregulation of Ptc mRNA in the dentate gyrus was
observed in both the GCL as well as the SGZ, where adult hippocampal progenitors reside.
In addition, our results as well as a previous report (Lai et a/, 2003) indicate that adult
hippocampal progenitors express the Shh receptor components Ptc and Smo. Taken together,
this raises the possibility that adult hippocampal progenitors may perceive an enhanced Shh
signal following ECS.

In addition to the ECS-mediated increase in Ptc mRNA, we observed a rapid and robust
reduction in Smo mRNA expression restricted to the dentate gyrus hippocampal subfield
following both acute and chronic ECS. Although several studies have examined the post-
transcriptional regulation of Smo (Alcedo et al., 2000; Denef et al,, 2000; Ingham et al,
2000), few have addressed its transcriptional regulation (Akazawa et al., 2004). It has been
suggested that unlike Ptc, Smo does not appear to be transcriptionally regulated by the Shh
signal (Zhu et al., 2003). However, the heptahelical Shh signalling receptor Smo bears
homology to G-protein-coupled receptors (DeCamp et a/., 2000), which exhibit
transcriptional downregulation in response to enhanced ligand. At present we do not
understand the mechanisms that underlie the ECS-induced decrease in hippocampal Smo
MRNA. Further studies are required to address whether the effects of ECS on Smo mRNA
involve enhanced Shh signalling, a role for Ptc, a direct transcriptional repression or an
altered stability in Smo mRNA. Nevertheless, our studies show that ECS does dramatically
regulate the expression of Shh receptor components, Ptc and Smo. Enhanced Ptc could act as
a feedback control restricting the Shh signal (Incardona et a/., 2000) and as an opponent to
Smo function (Chen & Struhl, 1996; Bergstein et a/,, 2002). In addition, reduced Smo
mMRNA could further regulate the response to Shh signalling following ECS. This raises the
possibility that ECS, through regulation of the Shh receptor components, could act to control
the Shh signal as a potent but transient mitogen.

It is also possible that ECS may directly regulate Ptc and Smo mRNA independent of an
effect on the ligand, Shh (Borjigin et al, 1999). Given that ECS robustly enhances glutamate
release in the hippocampus (Stewart & Reid, 2002), we examined the contribution of the
NMDA and AMPA/KA glutamatergic receptors to the ECS-mediated regulation of Ptc and
Smo. Our studies reveal that ECS does not regulate either Ptc or Smo expression in the
hippocampus via the NMDA or AMPA/KA receptors. Further studies are required to explore
the mechanisms of ECS regulation of these Shh receptor components. Interestingly, our
studies revealed a dramatic and selective induction in the hippocampal expression of Smo,
but not Ptc, mRNA following treatment with the NMDA or AMPA/KA receptor antagonists.
This provides the first evidence for a role of glutamatergic ionotropic receptors in regulating
Smo mRNA levels, and suggests an intriguing possibility that activity could influence Shh
signalling by regulating the basal expression of the Shh signalling receptor, Smo.

In conclusion, our studies provide the first evidence that ECS induces a rapid regulation of
key genes of the Shh cascade, and that Shh signalling is required for ECS to enhance adult
hippocampal neurogenesis. This implies that Shh may be reutilized in the adult brain to
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induce activity-dependent neural plasticity, in particular that involving the regulation of adult
neurogenesis. In addition, our data provide evidence that glutamatergic transmission may
work to maintain basal expression of the Shh signalling receptor Smo, further supporting a
link between neuronal activity and the Shh signalling cascade. Given the role of ECS as a
potent anti-depressant treatment (Duman & Vaidya, 1998) and the requirement of adult
hippocampal neurogenesis in the behavioural actions of antidepressants (Santarelli ef a.,
2003), our studies raise the exciting possibility that Shh signalling may also be a potential
therapeutic target for anti-depressant action. The developmental role of Shh is far better
understood in contrast to its function in the adult brain; however, recent reports (Lai et af.,
2003; Akazawa et al., 2004; Palma et al., 2005), including the present study, support an
emerging role for Shh in regeneration and repair in the adult mammalian brain.
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Abbreviations

AMPA/KA alpha-amino-3-hydroxy-5-methyl-isoxozole propionic acid/kainate
Brdu bromodeoxyuridine

DNQX 6,7-dinitroquinoxaline-2,3-dione

ECS electroconvulsive seizures

GCL granule cell layer

HBC 2-hydroxypropyl-p-cyclodextrin
i.C.V. intracerebroventricular

MK-801  5-methyl-10,11-dihydro-5H-dibenzo (a,d) cyclohepten-5,10-imine maleate

NMDA N-methyl-p-aspartate

Ptc Patched

PVDF polyvinylidene fluoride

SGZ subgranular zone

Shh Sonic hedgehog

Smo Smoothened

SSC standard sodium citrate

Svz subventricular zone

VDB vertical limb of the diagonal band.
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Fig. 1.

C)?clopamine prevents the electroconvulsive seizure-mediated increase in the proliferation of
dentate granule cell progenitors. Rats received i.c.v. administration of either vehicle or
cyclopamine through osmotic minipumps prior to the administration of sham or
electroconvulsive seizure (ECS) treatment, as described in Materials and methods. The
number of proliferating progenitors within the subgranular zone (SGZ)/granule cell layer
(GCL) of the dentate gyrus was determined using the mitotic marker BrdU. ECS
administration resulted in a significant increase in the number of BrdU-positive cells per
section within the dentate gyrus of the vehicle + ECS group (B; *£< 0.001 as compared
with the Vehicle + Sham treatment). Cyclopamine pretreatment significantly reduced the
number of BrdU-positive cells per section in the Cyclopamine + Sham group (B; *£< 0.001
as compared with the Vehicle + Sham treatment group). ECS administration to animals
pretreated with cyclopamine (Cyclopamine + ECS group; B) did not significantly increase
the number of BrdU-positive cells within the dentate gyrus as compared with the
Cyclopamine + Sham treatment, indicating that cyclopamine prevents the ability of ECS to
enhance the proliferation of dentate granule cell progenitors. The Cyclopamine + ECS group
had significantly decreased numbers of BrdU-positive cells per section as compared with the
Vehicle + ECS group (8P < 0.001; B). Shown are representative images of the dentate gyrus
region from Vehicle + Sham, Vehicle + ECS, Cyclopamine + Sham and Cyclopamine + ECS
groups (A). BrdU-positive cells (arrow A) were observed in the SGZ, at the border of the
hilus (H) and the GCL. The results are expressed as the mean + SEM (=5 per group)
number of BrdU-positive cells per section in the dentate gyrus. *£ < 0.001 indicates
significantly different from Vehicle + Sham; §/”< 0.001 indicates significantly different from
Vehicle + ECS (anova and Bonferroni post-hoc test).
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Fig. 2.

Influence of acute and chronic electroconvulsive seizure (ECS) administration on the
expression of Sonic hedgehog (Shh) mRNA within the vertical limb of the diagonal band
(VDB), and Shh protein within the VDB and hippocampus. Rats received either acute or
chronic ECS/sham treatment as described in Materials and methods, and the levels of Shh
mRNA in the VDB were determined using /n situ hybridization analysis and quantitative
densitometry. Representative autoradiograms from a sham and acute ECS-treated animal are
shown with an arrow indicating the VDB (A). Levels of Shh mRNA in the VDB were not
altered by either acute or chronic ECS treatment (B). The results are expressed as the mean
+ SEM percentage of sham (Acute ECS experiment 7= 9 per group; Chronic ECS
experiment, 7= 8 per group; Student’s #test). Shh immunoreactivity was observed in cell
bodies within the VDB, and neither the number of immunopositive cells nor the intensity of
staining appeared to be altered following either acute or chronic ECS treatment (C; n=4 per
group). Shown are representative fluorescence photomicrographs of Shh immunoreactivity
in the VDB from a sham and acute ECS-treated animal (C). Representative immunoblots (D)
show Shh levels in the VDB and hippocampus after sham (S) or chronic ECS (E) treatment,
Shh represents the positive control of purified N-terminal Shh protein. Neither acute nor
chronic ECS was found to alter the expression of Shh protein levels in the VDB or the
hippocampus. Levels of Shh immunoreactivity following sham or chronic ECS treatment are
represented as arbitrary OD units and results are expressed as mean + SEM (7= 4 per group,
P<0.05, Student’s #test).
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Fig. 3.
Acute and chronic electroconvulsive seizures (ECS) regulate the expression of the Shh

receptor components Patched (Ptc) and Smoothened (Smo) in the dentate gyrus. Rats
received either acute or chronic sham/ECS treatment as described in Materials and methods,
and mRNA levels of the Shh receptors, Ptc and Smo in the hippocampal dentate gyrus
subfield were determined using /n situ hybridization analysis and quantitative densitometry.
Representative autoradiographs of Ptc (A) and Smo (B) mRNA expression from a sham and
acute ECS-treated animal are shown with an arrow indicating the dentate gyrus (DG). Levels
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of Ptc mMRNA and Smo mRNA in the dentate gyrus hippocampal subfield are shown in the
bar graphs below the representative autoradiograms. Acute and chronic ECS significantly
enhanced the expression of Ptc mMRNA within the dentate gyrus, whereas the expression of
Smo mRNA was significantly decreased following both acute and chronic ECS treatment.
The results are expressed as the mean + SEM percentage of sham (Acute ECS experiment 77
=9 per group; Chronic ECS experiment, /7= 8 per group). *£ < 0.05 indicates significantly
different from sham (Student’s ~test). Cellular localization of the ECS induction of Ptc
mRNA and the downregulation of Smo mRNA was visualized with emulsion
autoradiography and then counterstained with Cresyl violet. Shown are representative
emulsion sections through the granule cell layer (GCL) for Ptc (C) and Smo (D) mRNA
from a sham and acute ECS-treated animal. Note the presence of black silver grains, in both
the Ptc and Smo emulsion, through the entire GCL including the subgranular zone (SGZ) at
the border of the GCL and the hilus. Shown are representative images indicating the
expression of Ptc mRNA (purple, E) and Smo mRNA (purple, F) in doublecortin-
immunopositive adult hippocampal progenitors (arrowhead) within the SGZ.
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Influence of pretreatment with the NMDA receptor antagonist 5-methyl-10,11-dihydro-5H-
dibenzo (a and d) cyclohepten-5,10-imine maleate (MK-801) on the acute ECS-mediated
regulation of Patched (Ptc) and Smoothened (Smo) mRNA. MK-801 (3 mg/kg) was
administered 30 min prior to sham/acute ECS treatment as described in Materials and
methods. The levels of Ptc and Smo mRNA within the dentate gyrus (DG) were determined
using /n situ hybridization analysis and quantitative densitometry. Representative
autoradiograms for Ptc (A) and Smo (B) mRNA expression in the dentate gyrus from the
Vehicle + Sham, Vehicle + Acute ECS, MK-801 + Sham and MK-801 + Acute ECS groups
are shown. Levels of Ptc mMRNA and Smo mRNA in the dentate gyrus hippocampal subfield
are shown in the bar graphs below the representative autoradiograms. Acute ECS
significantly increased the expression of Ptc mMRNA and decreased Smo mRNA within the
dentate gyrus (*~ < 0.05 as compared with Vehicle + Sham). Pretreatment with MK-801 did
not significantly influence either the basal expression or the ECS-mediated increase in Ptc
mMRNA levels (A). MK-801 treatment resulted in a significant increase in the basal
expression of Smo mMRNA levels, but did not influence the ECS-mediated decrease in Smo
MRNA expression. The results are expressed as the mean + SEM percentage of Vehicle +
Sham (7= 4 per group). *P < 0.05 indicates significantly different from Vehicle + Sham; #£
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< 0.05 indicates significantly different from MK-801 + Sham (anova and Bonferroni post-
hoc test).
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Fig. 5.

Influence of pretreatment with the AMPA/KA receptor antagonist 6,7-
dinitroquinoxaline-2,3-dione (DNQX) on the acute electroconvulsive seizures (ECS)-
mediated regulation of Patched (Ptc) and Smoothened (Smo) mRNA. DNQX (12.5 mg/kg)
was administered 30 min before sham/acute ECS treatment, as described in Materials and
methods. The mRNA levels of Ptc and Smo within the dentate gyrus were determined using
in situhybridization analysis and quantitative densitometry. Representative autoradiogram
images of Ptc (A) and Smo (B) mRNA expression in the dentate gyrus from the following
groups: Vehicle + Sham, Vehicle + Acute ECS, DNQX + Sham and DNQX + Acute ECS are
shown. Levels of Ptc and Smo mRNA in the dentate gyrus hippocampal subfield are shown
in bar graphs below the representative autoradiograms. Acute ECS significantly upregulated
the expression of Ptc mMRNA, and downregulated Smo mRNA within the dentate gyrus (*P <
0.05 as compared with \ehicle + Sham). Pretreatment with DNQX did not significantly
influence either the basal expression or the ECS-mediated increase in Ptc mMRNA levels (A).
DNQX treatment resulted in a significant upregulation in the basal expression of Smo
MRNA levels but did not influence the ECS-mediated downregulation of Smo mRNA
expression. The results are expressed as the mean + SEM percentage of Vehicle + Sham (7=
3 per group). *P < 0.05 indicates significantly different from \ehicle + Sham; #£< 0.05
indicates significantly different from MK-801 + Sham (anova and Bonferroni post-foc test).
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Table 1

Time course of acute ECS-mediated regulation of Ptc and Smo mRNA in the dentate gyrus

Ptc MRNA (%) Smo mRNA (%)

Treatment  Sham

Acute ECS Sham Acute ECS

ECS+2h 100 +11.44
ECS+4h 100 + 7.85
ECS+6h 100 +3.94
ECS+24h 100+9.36

199.91+27.76 100+17.92 26.54+3.38
109.83+4.62 100+21.04 7.78+1.98
106.22+592 100+4.37  4591+10.98
88.21+3.41 100+17.18 64.96 +13.69

Page 24

Rats received acute ECS treatment as described in Materials and methods, and were killed 2, 4, 6 and 24 h following the sham/ECS treatment.
Levels of Ptc and Smo mRNA were determined by /7 situ hybridization and densitometric analysis. The results are expressed as mean + SEM
percentage of sham; 7= 3-4 per group.
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