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ABSTRACT Mitochondria are essential organelles whose biogenesis, structure, and function
are regulated by many signaling pathways. We present evidence that, in hippocampal neu-
rons, activation of the Sonic hedgehog (Shh) signaling pathway affects multiple aspects of
mitochondria. Mitochondrial mass was increased significantly in neurons treated with Shh.
Using biochemical and fluorescence imaging analyses, we show that Shh signaling activity
reduces mitochondrial fission and promotes mitochondrial elongation, at least in part, via
suppression of the mitochondrial fission protein dynamin-like GTPase Drp1. Mitochondria
from Shh-treated neurons were more electron-dense, as revealed by electron microscopy,
and had higher membrane potential and respiratory activity. We further show that Shh pro-
tects neurons against a variety of stresses, including the mitochondrial poison rotenone,
amyloid B-peptide, hydrogen peroxide, and high levels of glutamate. Collectively our data
suggest a link between Shh pathway activity and the physiological properties of mitochon-
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dria in hippocampal neurons.

INTRODUCTION

Mitochondria are a lifeline of all eukaryotic cells. In addition to their
role in producing cellular energy in the form of ATP, mitochondria
are highly involved in essential cellular processes such as buffering
calcium and controlling apoptosis. In neurons, these mitochondrial
functions have proven critical in regulating the development of
young neurons (Mattson and Partin 1999; Ruthel and Hollenbeck,
2003) and the synaptic plasticity of mature neurons (Li et al., 2004).
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Perturbation of mitochondrial functions in neurons has been linked
to the pathogenesis of several neurological disorders including
stroke, Alzheimer's disease, and Huntington'’s disease (for a review,
see Mattson et al., 2008).

In keeping with their importance, mitochondrial form and func-
tion are controlled and fine-tuned by a range of growth factors and
signaling pathways. For instance, nerve growth factor signaling
regulates mitochondrial movement in the axon of neurons (Chada
and Hollenbeck, 2004). Similarly, brain-derived neurotrophic factor
controls the transport and thus the distribution of mitochondria in
neurons (Su et al., 2014). Moreover, the insulin-like growth factor-1
receptor has been reported to regulate mitochondrial function,
which has a direct effect on synaptic transmission of hippocampal
neurons (Gazit et al., 2016). Glial cell line—derived neurotrophic fac-
tor (GDNF) receptor signaling also regulates mitochondria, as
down-regulation of the GDNF pathway impairs mitochondrial func-
tion in dopaminergic neurons (Meka et al., 2015).

The Sonic hedgehog (Shh) signaling pathway exists in hippo-
campal neurons (Yao et al., 2016), and its activity can be dynamically
up-regulated in response to stimulation by Shh or Shh agonist (Pe-
tralia et al., 2011a,b; Mitchell et al., 2012; Yao et al., 2015). In earlier
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Shh increases mitochondrial mass in hippocampal neurons. (A) Cultured
hippocampal neurons were incubated with ShhN (10%) for various durations from 1 to 24 h. The
abundance of the Shh transcriptional target, Gli1, was measured in the neuronal lysates by
immunoblot using a Gli1-specific antibody. The same Gli1 blot (film) was exposed for 5 or 60 s as
indicated. (B) Representative immunoblot showing COXIV protein levels in untreated control or
ShhN- or SAG-treated neurons. SAG was used at 400 nM. (C) Quantification of B. Band intensity
for COXIV and B-actin was measured using ImageJ. B-Actin levels were used as a normalization
control. Values represent mean + SEM; four experiments; *p < 0.05. (D) Control or ShhN-treated
neurons were fixed, permeabilized, and coimmunolabeled with an antibody to the mitochondrial
enzyme ATP synthase (green) and an antibody to a neuronal marker, class Il B-tubulin (Tuj; red).
Neurons were visualized using confocal microscopy. Representative ATP synthase images show
elongated mitochondria in ShhN-treated neurons. Scale bars, 25 pm (top), 10 um (bottom).

(E) Mitochondria abundance and morphology were visualized in control or ShhN-treated
neurons coincubated with a mitochondrial dye, MitoTracker Green, and a membrane marker
dye, BODIPY (red). Representative live-cell images show longer mitochondria in ShhN-treated
neurons. Scale bars, 100 pm (top), 10 pm (bottom). (F) Quantification of mitochondrial
morphology and abundance (described in Materials and Methods). More than 80,000
MitoTracker Green—labeled mitochondria from four experiments were measured. Data
represent mean + SEM. ***p < 0.001.

RESULTS AND DISCUSSION

Shh pathway activity increases
mitochondrial mass

We previously found that exposure to a bio-
active form of Shh (ShhN; Chen et al., 2002a)
or the Shh agonist SAG (Chen et al., 2002b)
for 24-48 h activates the Shh signaling path-
way in cultured hippocampal neurons (Yao
etal., 2015). One of the assessments for cel-
lular Shh activity is the expression level of
Gli1 protein measured by immunoblot
(Ingham and McMahon, 2001; Varjosalo and
Taipale, 2008; Yao et al.,, 2015). To deter-
mine how quickly neurons would respond to
ShhN, we incubated neurons with ShhN for
various durations from 1 to 24 h, harvested
the neurons, and analyzed Gli1 protein ex-
pression level. We found that Gli1 protein
level in the hippocampal neurons increased
after as little as 1 h of exposure to ShhN,
and the increase continued with time in a
linear manner (Figure 1A). Because 24 h of
ShhN incubation strongly activated the
pathway, we used this protocol for most ex-
periments described in this study unless
noted otherwise.

In an initial survey of ShhN-treated neu-
rons, we noticed elevated levels of mRNAs
for many mitochondria-related molecules
(Supplemental Table S1); among them is cy-
tochrome C oxidase complex IV (COXIV),
an inner mitochondrial membrane protein
(Vogel et al., 2006; approximately twofold
increase from three biological replicates by
microarray). Therefore we measured the
COXIV protein level in ShhN-stimulated
neurons by immunoblot, using B-actin
levels as a normalization control. In ShhN-
treated neurons, the COXIV protein level
was noticeably higher than control neurons
(Figure 1, B and C). Similarly, the Shh ago-
nist SAG also significantly increased the
COXIV level (Figure 1, B and C).

We next examined the mitochondrial en-
zyme ATP synthase by coimmunolabeling
the neurons with an antibody to ATP syn-
thase and an antibody to a neuronal marker,
class Il B-tubulin (Tuj1). Although ATP syn-
thase-labeled mitochondria were observed
in both control and ShhN-treated neurons,
the mitochondria were noticeably longer in
ShhN-treated neurons (Figure 1D). Monitor-
ing mitochondria with MitoTracker Green,
which labels mitochondrial inner mem-
branes (Mitra and Lippincott-Schwartz,
2010), we again observed an increase in the
population of long tubular mitochondria in

studies, we found that Shh signaling accelerates the outgrowth of  the ShhN-treated neurons (Figure 1E). We used a custom analysis
axons and stimulates the development of presynaptic terminals in  strategy to quantify the observed changes in mitochondrial mor-
hippocampal neurons (Mitchell et al., 2012; Yao et al., 2015). In this phology and abundance (described in Materials and Methods).
study, we show that Shh signaling pathway activity influences multi- ~ Measurements of >80,000 MitoTracker Green-labeled mitochondria
ple properties of mitochondria in hippocampal neurons. revealed that mitochondria in ShhN-treated neurons were ~2.5 times
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FIGURE 2: Shh reduces mitochondrial fission protein Drp1.

(A) Cultured neurons were incubated with ShhN (10%) or SAG

(400 nM) for 24 h, and neuronal lysates were collected. Each sample
was divided into three equal sets (~20 pg per set) and analyzed in
three immunoblots using an antibody to mitofusin1 (Mfn1) or
mitofusin2 (Mfn2) or B-actin. (B) Quantification of A. Band intensity
was measured using ImageJ. For each sample, the intensity of the
Mfn band was normalized to B-actin. The data presented are
normalized to the control samples. Data represent mean + SEM; three
experiments. (C) As in A, cell lysates from control or ShhN- or
SAG-treated neurons were analyzed by immunoblots. Samples run in
parallel were probed for Opa1, Drp1, Drp1 serine 616~
phosphorylated form (p616Drp1), or B-actin. (D) Quantification of C.
The ratio of each band relative to B-actin was normalized relative to
the value of the control samples. Data are mean + SEM; ***p < 0.001,
six experiments. The increased levels of Opa1 are not statistically
significant (0.99 + 0.02 in control vs. 1.11+ 0.07 in ShhN-treated

neurons, p=0.16; or vs. 1.12 £ 0.02 in SAG-treated neurons, p = 0.06).

(E) To assess the abundance of proteins associated with mitochondria,
mitochondria were isolated (described in Materials and Methods).
Immunoblot of purified mitochondria shows reduced levels of Drp1
and p616Drp1 associated with mitochondria in ShhN-treated neurons.
PonS, Ponceau S-stained blot corresponding to the Drp1 area.

(F) Quantification of E. The intensity of the bands in the ShhN
samples is displayed as a percentage of the intensity of the bands in
control cells. Data are mean = SEM. **p < 0.01, *p < 0.05; four
experiments for Drp1 and five for p616Drp1. (G) Quantification

of the rate of mitochondrial fission events in ShhN vs. control cells
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longer than mitochondria in the untreated control neurons (Figure
1F). In addition, we observed a greater density of mitochondria in
the ShhN-treated neurons (Figure 1F). Collectively these findings
suggest that Shh pathway activation in hippocampal neurons in-
creases overall mitochondrial mass by promoting mitochondrial
elongation and increasing mitochondrial number.

Shh pathway activity reduces mitochondrial fission

We observe that Shh treatment results in both an increase in the
length of the individual mitochondria and more total mitochondria.
Although these two effects together could contribute to increased
mitochondria function (investigated later), the mechanism for gener-
ating these effects can be considered separately. Mitochondria length
is regulated by the balance between mitochondria fission and fusion.
The observed increase in mitochondria length could be caused by
increased levels of the fusion-promoting proteins mitofusin1 (Mfn1),
mitofusin2 (Mfn2), and Optic atrophy 1 (Opa1; Scott and Youle, 2010;
Westermann, 2010). To investigate whether Shh signaling alters the
levels of the fusion-promoting proteins, we performed Western blot
analysis of neuronal lysates. We observed no changes in the levels of
either Mfn1 or Mfn2 in ShhN- or SAG-treated cultures (Figure 2, A
and B). We also observed no significant increase in Opa1 levels in
ShhN- or SAG-treated cultures (Figure 2, C, top, and D, left).

We next examined the mitochondrial fission protein dynamin-
like GTPase Drp1. Phosphorylation of Drp at serine 616 increases
the fission activity of the protein (Taguchi et al., 2007; Chang and
Blackstone, 2010). Decreased Drp1 activity could contribute to the
observed increase in mitochondrial length, so we quantified the lev-
els of total Drp1 and its serine 616—phosphorylated form (phos616
Drp1 or p616Drp1). Although we did not see a consistent change in
total Drp1 (Figure 2, C and D, middle), the level of phos616Drp1was
reduced significantly in ShhN- or SAG-treated neurons (Figure 2, C
and D, right). Because Drp1 is recruited to fission sites on the mito-
chondrial surface (Scott and Youle, 2010; Westermann, 2010), we
purified mitochondria from the ShhN-treated neurons and the un-
treated control neurons and examined Drp1 associated with mito-
chondria. Immunoblot analysis revealed a significant reduction of
mitochondria-associated Drp1 and phos616 Drp1 in the ShhN-
treated neurons (Figure 2, E and F). These results suggested that
Shh signaling alters mitochondrial length by reducing fission events
through decreased Drp1 activity.

We tested this hypothesis using live confocal fluorescence imag-
ing of mitochondria in control versus ShhN-treated neurons and ob-
served that ShhN treatment caused a significant reduction in the
number of mitochondrial fission events in ShhN neurons (0.33 fis-
sion event every 10 min per cell, n = 10 cells) compared with the
control (0.86 fission event every 10 min per cell, n = 10 cells;
p < 0.005; Figure 2G). Taken together, our results support the hy-
pothesis that Shh induces mitochondrial elongation in hippocampal
neurons in part by reducing phos616 Drp1 levels and activity,
thereby reducing the overall rate of mitochondrial fission.

In addition to longer mitochondria, Shh stimulation causes more
than twice as many mitochondria to accumulate in neurons. Taken
alone, one would expect the observed decrease in fission events to

(mean + SEM). Mitochondria in control or ShhN-treated neurons were
labeled with MitoTracker Green and imaged at 10-s intervals for

10 min using a spinning-disk confocal microscope. Fission events were
visually identified during postacquisition review of the data sets. The
graph displays the mean number of mitochondrial fission events every
10 min per cell. **p < 0.01.

Hedgehog and mitochondria in neurons | 389



FIGURE 3: Shh alters mitochondrial ultrastructure. (A, B) Hippocampal neurons were treated
with ShhN for 2 or 3 d and processed for electron microscopy. Representative electron
micrographs (five examples for each group) show the range of mitochondrial structures and
density in control and ShhN-treated neurons. Many noticeably darker mitochondria are seen in
the ShhN-treated neurons. Most micrographs show synaptic regions where axons with
presynaptic terminals (pre) and dendrites can be distinguished readily. Scale bar, 500 nm
(bottom left and top three), 1 um (otherwise). (C) Mitochondrial intensity was measured using
ImageJ. In each electron micrograph, a random area over the cytoplasm (mitochondria-free) was
selected, and intensity (mean gray value) was measured. The same selected area was then
moved over a mitochondrion, and intensity was measured. For each micrograph, three randomly
selected mitochondria were measured and the ratio of each mitochondrial intensity to the
cytoplasmic intensity was calculated (mean + SEM; ***p < 0.001, 2519 mitochondria for 2-d
treatment and > 465 for 3-d treatment). (D) Mitochondria were purified from control and
ShhN-treated neurons, and the solubilized proteins were separated by SDS-PAGE. Immunoblot
analysis shows that the inner membrane protein COXIV increases upon ShhN treatment, but the
level of the outer membrane protein VDAC is relatively unchanged. (E) Quantification of D. The
intensities of the bands were quantified using ImageJ. The intensity of the bands in the ShhN
samples is normalized to the value in the control samples. *p < 0.05, four experiments.

cause a decrease in the mitochondria population. It is known, how-
ever, that mitochondria elongation decreases degradation of mito-
chondria by mitophagy (Rambold et al., 2011). Although Shh stimu-
lates some forms of autophagy in hippocampal neurons (Petralia
et al., 2013), the increased mitochondria length due to decreased
fission upon Shh treatment likely protects mitochondria from degra-
dation (Gomes et al., 2011).

Emerging evidence suggests a functional link between Drp1, ac-
tin filament dynamics, and actin regulatory proteins (Korobova
et al, 2013, 2014; Hatch et al., 2014; Ji et al., 2015; Manor et al.,
2015), including cofilin (Li et al., 2014; Prudent and McBride, 2016).
Down-regulation of cofilin affects Drp1-mediated mitochondrial
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fission, leading to the elongation of mito-
chondria (Li et al., 2014). Because Shh path-
way activity in the hippocampal neurons
effectively down-regulates cofilin (Yao et al.,
2015), it is plausible that the activity of the
Shh signaling pathway could influence mi-
tochondria by regulating both Drp1 and
cofilin.

T o Shh pathway activity changes
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We next examined the ultrastructure of Shh-
stimulated mitochondria using transmission
electron microscopy. Considering great ex-
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& &
the ShhN-treated neurons to the untreated
control neurons. The noticeable difference
between the two groups was the generally
darker mitochondria in the ShhN-treated
neurons (Figure 3, A and B, and Supplemen-
e * tal Figures S1 and S2). To make objective
i comparisons, we quantified the intensity of
s mitochondria relative to the intensity of the
2 cytoplasm of the same neuron. Measure-
; ments of 984 mitochondria confirmed that
the average intensity of mitochondria in
ShhN-treated neurons was significantly
higher than that of mitochondria in untreated
control neurons (ratio of mitochondrial inten-
sity to cytoplasmic intensity for 2-d ShhN
treatment: ShhN 32.0 + 0.85 vs. control
23.8 £ 1.14, p < 0.001; n = 519 mitochon-
dria, cultures from three rats; 3-d ShhN treat-
ment: ShhN 39.6 + 1.34 vs. control 26.6 +
0.91, p < 0.001; n = 465 mitochondria;
cultures from three rats; Figure 3C).

Significant advances have been made in
understanding the morphology and struc-
ture of mitochondria. The biological rele-
vance of mitochondrial electron density
seen under electron microscopy, however, is
not understood. In an early electron micro-
scopic study of rat liver cells, mitochondria
became lighter or less electron-dense after
starvation and then refeeding (Rouiller and
Bernhard, 1956). In a more recent study of
mouse embryonic fibroblasts, mitochondria were darker after star-
vation under some experimental conditions (Gomes et al., 2011).
These observations imply, at least in nonneuronal cells, a correlation
between mitochondrial electron density and their activity. In the
case of neuronal cells, the differences in mitochondrial electron
density seem to be only incidentally observed. In an electron micro-
scopic characterization of cultured hippocampal neurons—the neu-
ronal type studied in this work, mitochondria appeared darker in
axons than in dendrites (Bartlett and Banker, 1984), although the
difference was not explicitly investigated. A similar difference was
also seen in auditory nerves, for which presynaptic mitochondria
appeared noticeably darker (Redd et al., 2000).

Mito COXIV level
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One might speculate that darker mitochondria are indicative of
greater amounts of mitochondrial proteins, particularly those resid-
ing on the inner membranes of mitochondria (Gomes et al., 2011).
Because the COXIV protein resides in the mitochondrial inner mem-
branes (Vogel et al., 2006) and its level is markedly increased in the
total cell lysates of ShhN-treated neurons (Figure 1, B and C), we
compared the COXIV protein level in mitochondria purified from
ShhN-treated neurons to those from control neurons. Immunoblot
analysis revealed that mitochondrial COXIV was approximately four-
fold higher in ShhN-treated than in control neurons (4.27 + 0.98
in ShhN-treated vs. 0.99 £ 0.03 in control, p = 0.045, n=4; Figure 3,
D and E).

Shh pathway activity increases mitochondrial oxidative
phosphorylation activity

Next we examined mitochondrial function using two approaches.
First, we coincubated the neurons with two dyes: CMXRos, a red
fluorescent dye that accumulates in mitochondrial membranes
based on their membrane potential, and MitoTracker Green, which
labels mitochondria irrespective of their membrane potential (Mitra
and Lippincott-Schwartz, 2010). We used the ratio of CMXRos to
MitoTracker Green to measure the mitochondrial membrane poten-
tial in the ShhN-treated and the untreated control neurons. We
found that ShhN-treated neurons have substantially higher (~10-fold
higher) CMXRos:MitoTracker Green ratios than control neurons (p <
0.001; Figure 4, A and B). Second, we measured the cellular oxygen
consumption rate (OCR) using the Seahorse system (Ferrick et al.,
2008) and compared mitochondrial respiration and ATP-linked res-
piration between ShhN-treated and control neurons. The ShhN-
treated neurons have significantly higher basal and maximal respira-
tory activities (Figure 4, C and D), as well as increased levels of
ATP-linked respiration (Figure 4E). These findings suggest that Shh
signaling activity shifts hippocampal neurons from a lower energy—
producing, anaerobic metabolic state mainly dependent on glycoly-
sis to a higher energy—producing, aerobic state that also employs
oxidative phosphorylation for ATP production (Wu et al., 2007).

Shh pathway activity protects neurons against stress
Finally, we investigated the functional consequence of the observed
Shh-enhanced mitochondrial activity in the hippocampal neurons by
examining the effect of several toxins. The neurons were first treated
with the Shh-agonist SAG for 24 h and then exposed to a neurotoxic
stressor for an additional 24 h. Cell viability was measured using a
colorimetric cell viability assay. The neurons were exposed to the
neurotoxins for 24 h rather than a shorter period of time to mimic
chronic neurological stress or disease rather than an acute insult.
The neurotoxic agents used were amyloid B-peptide (AB; amino
acids 1-42), hydrogen peroxide, glutamate, and rotenone. AB was
used to mimic the conditions neurons experience as AR aggregates
and accumulates in the brain in Alzheimer's disease. Aggregating
AR generates reactive oxygen species that cause membrane lipid
peroxidation, impaired calcium handling, and mitochondrial dys-
function in neurons (Mattson et al., 1992; Keller et al., 1997; Mark
etal., 1997; Prasansuklab and Tencomnao, 2013). Hydrogen perox-
ide treatment was used to mimic cellular oxidative stress, whereas
glutamate induces excitotoxicity, and rotenone reduces mitochon-
drial function by inhibiting complex | of the mitochondrial electron
transport chain. We found that in the neurons without SAG treat-
ment, each toxin significantly compromised neuronal viability:
39.3% reduction with 7.5 pM AB, 30.0% reduction with 15 uM hy-
drogen peroxide, 29% reduction with 50 pM glutamate treatment,
and 19.8% reduction with 75 nM rotenone (Figure 5, A and B).
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Shh increases mitochondrial oxidative phosphorylation
activity. (A) Control or ShhN-treated neurons were coincubated with
CMXRos and MitoTracker Green. Representative images show a heat
map of the ratio of CMXRos to MitoTracker Green in live, control, and
ShhN-treated neurons. Bottom, magnifications of the regions indicated
at the top. Scale bars, 100 um (top), 20 pm (bottom). (B) Quantification
of the ratio of CMXRos to MitoTracker Green in control vs. ShhN-
treated neurons (six experiments, with ~10 cells in each experiment;
mean + SEM; **p < 0.01). (C) OCR of control and ShhN-treated
neurons (described in Materials and Methods). (D) Average values of
basal and maximal respiration capacity in control and ShhN-treated
neurons. (E) Higher ATP-linked respiration in ShhN-treated neurons.
For C-E, six experiments. Mean + SEM. **p < 0.01, *p < 0.05.
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FIGURE 5: Shh protects neurons against neurotoxins. Hippocampal
neurons were treated with SAG (200 nM) on culture day 6 (A; AB and
H,0; experiments) or 7 (B; glutamate and rotenone experiments) for
24 h, followed by coincubation with the indicated neurotoxin for an
additional 24 h. Cell viability was then assessed using a colorimetric
assay (described in Materials and Methods). Data are plotted as
percentage viability compared with the untreated control cells. All
toxins reduced cell viability of the neurons. Treatment with SAG
significantly improved cell viability reduced by each toxin (**p < 0.01,
*p < 0.05; at least three experiments).

Preexposure to and cotreatment with SAG significantly attenuated
the compromised cell viability caused by all toxins tested: 23.2,
17.4, 14, and 12.9% for neurons treated with AB, hydrogen perox-
ide, glutamate, and rotenone, respectively (Figure 5, A and B).
These results indicate that Shh signaling can protect neurons, at
least to some extent, against death caused by oxidative, excitotoxic,
and metabolic stress.

In this study, we provide evidence that Shh, well known as a
developmental morphogen, can influence mitochondrial abun-
dance, morphology, function, and stress resistance in hippocampal
neurons. A previous report of cultured cerebral cortical neurons
provided evidence that Shh can protect neurons against metabolic
stress induced by the succinate dehydrogenase inhibitor 3-nitro-
propionic acid (Wu et al., 2009). However, the underlying mecha-
nism was not investigated. We found that Shh signaling increases
the size and number of mitochondria and enhances mitochondrial
respiration and ATP production in hippocampal neurons. Because
of their ongoing electrical activity (action potentials) and excitatory
synaptic transmission (mediated by glutamate), neurons have a
very high ATP demand. Accordingly, decrements in ATP levels ren-
der neurons vulnerable to excitotoxicity, a type of neuronal death
known to occur in ischemic stroke and which also likely occurs in
Alzheimer’s, Parkinson’s, and Huntington’s diseases (Mattson,
2003). We found that Shh protected hippocampal neurons against
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glutamate-induced excitotoxicity and against death induced by the
mitochondrial toxin rotenone and AP, both of which have been
shown to increase the vulnerability of neurons to excitotoxicity
(Mattson et al., 1992; Kanki et al., 2004). Our findings suggest that,
by increasing mitochondrial mass and function, Shh can protect
neurons against pathological stressors that cause or promote
neuronal dysfunction and degeneration.

Shh-enhanced mitochondrial function possibly plays a role in
other cellular processes in neurons as well. For example, we previ-
ously found that Shh pathway activity selectively stimulates axon
outgrowth of hippocampal neurons (Yao et al., 2015), although we
did not determine whether mitochondria were involved. However,
other studies demonstrated the importance of mitochondria in axo-
nal growth (Mattson and Partin, 1999; Vaarmann et al., 2016). There-
fore it is reasonable to consider that up-regulation of mitochondrial
function by the Shh signaling pathway is important for Shh-stimu-
lated axon outgrowth in hippocampal neurons (Yao et al., 2015) and
other types of neurons (Charron et al., 2003; Parra and Zou, 2010;
Wilson and Stoeckli, 2013).

What is the mechanism underlying the Shh-induced mitochon-
drial upregulation? AMP-activated protein kinase (AMPK) plays a
role in mitochondrial biogenesis (Hardie, 2011). Although it was re-
cently reported that activation of AMPK suppresses Shh signaling
pathway activity in tumor cells (Li et al., 2015), it is unknown whether
the opposite holds, that is, whether Shh signaling affects AMPK.
Our preliminary observations indicate that Shh's effect on AMPK is,
at least in the hippocampal neurons, either nonexistent or negligibly
small (unpublished data).

Finally, it is of interest to note that Shh signaling has been pro-
posed to have an opposite effect on mitochondria in cerebellar
granule neuron precursors (CGNPs; Malhotra et al., 2016). One
distinction between CGNPs and hippocampal neurons is that the
former are proliferating but the latter are differentiated and post-
mitotic. Whether the differences in response to Shh signaling arise
from intrinsic differences in cell types, developmental stages, or
associated neural circuits are important questions. The discrepancy
between our findings and those by Malhotra et al. (2016) could
also result from differences in experimental conditions and design.
For example, they used recombinant Shh, whose bioactivity ap-
peared to be negligible comparing to that of ShhN (Supplemental
Figure S3).

MATERIALS AND METHODS

Animals

All animal procedures were approved by the National Institute on
Aging Animal Care and Use Committee and complied with the Na-
tional Institutes of Health Guide for Care and Use of Laboratory Ani-
mals. Timed pregnant female Sprague Dawley rats were used as the
source of embryonic brains to establish cultures of hippocampal
neurons.

Reagents

HEK293 cells that overexpress ShhN were provided by James K. Chen
(Stanford University, Stanford, CA). ShhN-conditioned medium from
ShhN-overexpressing 293 cells was prepared exactly as described
(Chen et al., 2002a,b). The efficacy of ShhN was validated using the
Shh-light2 assay (Taipale et al, 2000; Mitchell et al., 2012). HEK293
cell-conditioned medium was used as the control. ShhN, and control
media were used at 10% for all experiments. SAG was purchased
from Alexis Biochemicals. MitoTracker Green, BODIPY, and CMXRos
were from Invitrogen. Anti-COXIV (11967), anti-Drp1 (14647), anti-
phospho-Drp1 (ser616; 4494), anti-VDAC (4661), and anti-Gli1 (2534)
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antibodies were from Cell Signaling Technology. Anti-ATP synthase
antibody was from Millipore (MAB3494). Anti-mitofusin1 (ab128575)
and anti-mitofusin2 (ab1010550 were from Abcam. Anti-Opa1 anti-
body was from BD Biosciences (612606). Anti-Tuj1 antibody was from
Covance (MMS-435P). Anti—B-actin antibody was from Sigma-Aldrich
(5441 and A2066). AB1 47 peptide was from Bachem.

Hippocampal neuron culture

Cultures of hippocampal neurons were prepared from embryonic
day 18 rat brains as described (Mattson et al., 1989; Kaech and
Banker, 2006; Yao et al., 2015). Dissociated neurons were plated at
a density of ~100-150 cells/mm?.

The neurons were grown in Neurobasal medium supplemented
with B27 (Invitrogen). For immunofluorescence and live-cell imag-
ing, the neurons were grown on polylysine (1 mg/ml)-coated glass
coverslips (no. 1.5). For immunoblotting, the neurons were grown in
polylysine (0.1 mg/ml)-coated plastic dishes. For most experiments,
the age of the cultures used was 7-10 days in vitro (DIV); for electron
microcopy, the age of the cultures used was ~19-20 DIV.

Immunoblot analysis

Cells were lysed in RIPA buffer (20 mM Tris-HCI, 150 mM NaCl,
1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 1% NP-40,
2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and
1% sodium deoxycholate) containing protease inhibitors (Halt Pro-
tease Inhibitor Cocktail; Thermo Scientific). The lysed cells were
centrifuged at 10,000 x g for 10 min at 4°C. The supernatant was
collected, and the amount of total proteins was estimated with a
BCA Protein Assay Kit (Pierce Biotechnology). Protein samples were
separated by 4-20% Bis-Tris SDS-PAGE and transferred to nitrocel-
lulose membranes. After incubation with blocking buffer (5% dry
milk and 0.05% Tween 20 in phosphate-buffered saline [PBS]), the
membranes were incubated overnight at 4°C in the blocking buffer
containing one of the antibodies Gli1, COXIV, mitofusin1, mito-
fusin2, Opa1, Drp1, phos616Drp1, or VDAC (all at 1:1000 dilution)
or B-actin (1:5000). The membranes were then washed (0.1% Tween
20 in PBS) and incubated with appropriate peroxidase-conjugated
secondary antibodies. The proteins were visualized using a chemilu-
minescence kit from Pierce. The intensity of protein bands on films
was scanned and analyzed using ImageJ software.

Mitochondria were isolated using a mitochondria isolation kit for
cultured cells (89874; Thermo Scientific) following the manufactur-
er's instruction. Approximately 108 cultured neurons were used for
each sample. Soluble mitochondrial proteins were extracted from
isolated mitochondria using the same RIPA buffer as described for
the neuronal lysates.

Immunocytochemistry, fluorescence microscopy,
and live-cell imaging
Immunofluorescence labeling was performed using a previously de-
scribed protocol (Yao et al., 2015). Briefly, neurons were fixed in 4%
paraformaldehyde (PFA) and 4% sucrose for 15 min. After permea-
bilization in 0.2% Triton X-100 and blocking in 10% bovine serum
albumin, the neurons were incubated with ATP synthase antibody
(1:100) and Tuj1 antibody (1:1000) overnight at 4°C. After being
washed, the neurons were incubated with fluorescence-tagged sec-
ondary antibodies. The glass coverslips containing the labeled neu-
rons were mounted in Prolong Gold antifade reagent (Thermo
Scientific).

Confocal images were acquired with an Apochromat 63x/1.4 nu-
merical aperture (NA) objective lens (Carl Zeiss) on a Marinas spin-
ning-disk confocal imaging system (Intelligent Imaging Innovations)
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using an electron-multiplying charge-coupled device (EMCCD)
camera (Evolve; Photometrics) or a 63x/1.4 NA objective (Nikon In-
struments) on a Yokogawa CSU-X1 spinning-disk system using an
EMCCD camera (Evolve). Large—field-of-view images were acquired
using the tiling function in NES software (Nikon Instruments). Indi-
vidual 16-bit tiff image files were exported and were processed us-
ing ImageJ. For live imaging of mitochondrial fission events, cells
were treated with 50 nM MitoTracker for 2 min and then washed
immediately before imaging. Imaging was performed in a CO,- and
temperature-controlled chamber in phenol-free culture medium.
We imaged control and Shh-treated neurons labeled with Mito-
Tracker every 10 s for 10 min using a Nikon spinning-disk confocal
microscope with a 60x/1.4 NA objective and Evolve EMCCD cam-
era. Mitochondrial fission events from 10 cells from three different
cultures were scored by visually tracking events in which single
mitochondria (visualized using MitoTracker) divided into two (not
necessarily of equal size). For mitochondrial membrane potential
ratio measurements, cells were simultaneously treated with 20 nM
MitoTracker Green and MitoTracker CMXRos for 5 min and then
washed immediately before imaging.

Image processing and analysis

For mitochondria and neurite length measurements, the images
were first processed in MATLAB for thresholding. The first step of
processing each image was to use a contrast-limited adaptive histo-
gram equalization with the image divided into 11 rows and 11 col-
umns. The clip limit used was calculated based on the entropy of the
resulting image, as suggested by Min et al. (2013). Next the image
was denoised using a Gaussian filter with a large radius and sigma
value and subtracting the result from the original image. The image
was then normalized, and background was subtracted again. The
image was then thresholded and despeckled using a median filter.
Finally, the image was skeletonized, and the length of each mito-
chondrion was calculated based on its skeletonized area. Similarly,
the total lengths of the neurites were calculated based on the sum of
the area of all the skeletonized neurites. The number of mitochondria
per micrometer neurite was calculated as the ratio of the total num-
ber of mitochondria to the sum of all of the lengths of the neurites in
each image. Similarly, the total length of mitochondria per microm-
eter neurite was calculated as the sum of the lengths of all the mito-
chondria divided by the sum of the lengths of all the neurites in each
image. For mitochondrial membrane potential measurements, the
ratio of MitoTracker CMXRos to MitoTracker Green fluorescence was
determined using ImageJ’s masking and image calculator functions.

Electron microscopy

Electron microscopy was performed as described previously
(Petralia and Wenthold, 1999, Petralia et al., 2010). On ~DIV 20,
neurons were treated with ShhN. After 2-3 d, neurons were fixed in
2% PFA/2%glutaraldehyde in phosphate buffer at room tempera-
ture for 30 min. After washes, they were postfixed in 1% osmium
tetroxide in cacodylate buffer for 30 min and dehydrated in an
ethanol series (including 10 min in 1% uranyl acetate in 50% ethanol)
and then in propylene oxide and embedded in Epon. The glass
coverslip was removed with hydrofluoric acid, and thin sections
were stained with lead citrate and examined in JEOL JEM-1010 and
JEM-2100 electron microscopes.

Four culture experiments were performed. From two of these, an
observer (R.S.P) who was unaware of the identity of the groups pho-
tographed randomly selected fields from the control and ShhN-
treated neurons. A second observer (PJ.Y.), who also was unaware
of the identity of the groups, performed a qualitative analysis of the
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micrographs. Mitochondrial intensity was then measured using Im-
ageJ. In each electron micrograph, a random mitochondria-free
area over the cytoplasm was selected and drawn, and the intensity
(mean gray value) within this area was measured and recorded. The
same drawn area was subsequently moved over a mitochondrion,
and intensity was measured. In each micrograph, three mitochon-
dria were measured, and the ratio of each mitochondrial intensity to
the cytoplasmic intensity was calculated. The total number of mito-
chondria measured is indicated in the legend to Figure 3.

Mitochondrial activity measurement

Mitochondrial activity was assessed using the Seahorse XF96 Ana-
lyzer (Seahorse Bioscience; Ferrick et al., 2008) according to the
manufacturer’s instructions. Briefly, neurons were grown in Seahorse
96-well plates. After a 24-h incubation with ShhN, OCR was measured
after sequential addition of 2 uM oligomycin, 1 pM FCCP (carbonil-
cyanide p-triflouromethoxyphenylhydrazone), and 5 pM rotenone/
antimycin A. These various inhibitors allowed measurement of differ-
ent components of mitochondrial respiration. Oligomycin inhibited
mitochondrial ATP synthase activity and facilitated measurement of
ATP-linked respiration. FCCP uncoupled the mitochondrial proton
gradient and disrupted the mitochondrial membrane potential,
allowing measurement of maximal respiration. Rotenone inhibited
mitochondrial complex |, and antimycin inhibited mitochondrial
complex Ill. The use of rotenone and antimycin together turned off
mitochondrial respiration and allowed measurement of non-mito-
chondrial linked respiration.

Neurotoxicity assay

On DIV 6 or 7, neurons were treated with SAG (200 nM). After 24 h,
H,0O, (15 pM), glutamate (50 uM), rotenone (75 nM), or oligomer-
ized AB4, peptide (7.5 pM) was added for another 24 h. These
toxins were previously titrated to reduce cell viability ~20-40% after
24 h. Cell viability was assessed using an MTS cell viability assay per
manufacturer’s instructions (CellTiter Aqueous One Solution Cell
Proliferation Assay; Promega, Madison, WI). Briefly, 20 pl of CellTiter
Aqueous One Solution was added to cells in 100 pl of culture me-
dium. Cells were incubated at 37° C in 5% CO5 and A49p measured
with a Synergy H1 Microplate Reader (Biotek, Winooski, VT). The
MTS tetrazolium compound was reduced to a colored formazan
product by metabolically active cells. The amount of formazan mea-
sured at Az9g was proportional to the number of metabolically active
cells. Percentage viability was calculated compared with that of the
untreated control cells (100% viability).

Data analysis and statistics
Statistical comparisons were performed by using Student’s t test
(KaleidaGraph). All results are expressed as mean £ SEM.
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