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Abstract

New therapeutic strategy for amyotrophic lateral sclerosis
Yasuto Itoyama
from

Department of Neurology, Tohoku University School of Medicine, 21 Seiryo~machi, Aoba—ku,
Sendai 980-8574, Japan.

Amyotrophic lateral sclerosis (ALS) is a late onset, slowly progressive and ultimately fatal neurodegenerative
disease, caused by the loss of motor neurons in the brain and spinal cord. ALS is thought to be one of the most re-
lentless neurological diseases. The cause of ALS remains unknown, but a mutant Cu/Zn superoxide dismutase
(SOD1) gene is thought to be one of most likely causes. Unfortunately, there are no effective medicines for this
disease. In order to develop a new therapeutic method or medicines for ALS, we invented a new ALS rat model,
SOD1 transgenic rat, which is 20 times larger in size than the mouse ALS model. Hepatocyte growth factor
(HGF), which was discovered by Professor Nakamura in Osaka University, is known to have a potent neuro-
trophic effect on motor neurons. Our recent experimental trial in which HGF was continuously administered to
ALS rats by an intrathecal route after the onset of disease showed significant effects on the clinical course and
histopathological findings. ALS rats in the HGF group survived 1.6 times longer than those in the placebo group.
For the clinical application of HGF for patients with ALS, we are now determining the safe doses and duration of
HGF medication or possible side effects using marmosets. Additionally, genetical treatment and neural stem cell
transplantation are discussed as a promising new treatment for ALS.
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Separation of p-Opioid Receptor Desensitization and
Internalization: Endogenous Receptors in Primary
Neuronal Cultures
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A close relationship between desensitization and internalization of p-opioid receptors (MORs) has been proposed based on differential
actions of series of agonists. The role that these two processes have in the development of tolerance and dependence to opioids has been
a controversial subject that has been studied in a variety of model systems. Here, we examine desensitization and internalization of
endogenous MORs simultaneously in primary cultures of locus ceruleus neurons using fluorescently tagged peptide agonists. With the
use of two fluorescent opioid peptides, dermorphin-Bodipy Texas Red and dermorphin-Alexa594 (Derm-A594), desensitization was
measured electrophysiologically and trafficking was followed by the accumulation of intracellular fluorescent puncta. Blocking endocy-
tosis with concanavalin A eliminated the accumulation of fluorescent puncta but desensitization induced by Derm-A594 was unaffected.
Likewise, after treatment with concanavalin A, there was no change in either desensitization or recovery from desensitization induced by
[Met]enkephalin. The results demonstrate that desensitization and the recovery from desensitization are not dependent on receptor
internalization and suggest that the activity of endogenous MORs in primary neurons can be modulated at the level of the plasma

membrane,
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Introduction

The activation of p-opioid receptors (MORs) mediates the anal-
gesic effects of opioids and repeated activation of these receptors
results in tolerance so that a higher concentration of opioids are
required to achieve the same level of analgesia (Contet et al,,
2004). Two early events that follow the activation of MORs are
the development of acute desensitization and induction of recep-
tor trafficking (Ferguson, 2001; Connor et al., 2004; Bailey and
Connor, 2005). With the use of a series of agonists, it was deter-
mined that agonists that cause desensitization also promote re-
ceptor trafficking, an observation that has been taken to suggest
that the two processes are closely linked (Keith et al., 1996; Al-
varez et al., 2002; von Zastrow et al., 2003). Morphine in partic-
ular was an agonist that did not cause desensitization or inter-
nalization. These results led to the hypothesis that receptor
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internalization was a mechanism that prevented adaptive
changes that initiate the development of tolerance (Whistler et
al., 1999; Finn and Whistler, 2001). Recent work has indicated
that, although morphine may not be as efficient as other agonists,
it can cause both desensitization (Borgland et al., 2003; Dang
and Williams, 2005; Koch et al., 2005) and internalization
(Haberstock-Debicetal., 2005). The discrepancy between studies
has led to an alternate hypothesis suggesting that internalization
plays an important role in the recovery from desensitization
(Kochetal., 2005). This alternate hypothesis proposes that inter-
nalization is the primary mechanism whereby receptors can be
removed from the desensitized state. Because morphine does not
cause efficient trafficking it results in much more desensitization
than other agonists (Koch et al., 2005). The conflicting theories
may well result from marked difference in the experimental mod-
els (Connor et al., 2004; Bailey and Connor, 2005). Most studies
have used systems in which receptors are overexpressed and that
measured both internalization and desensitization in separate
experiments with different experimental protocols. Very little
work has been done in primary neurons looking at endogenously
expressed receptors.

One limitation of using native neurons to study receptor traf-
ficking is difficulty in following the endogenous receptor in real
time. Fluorescent opioid ligands have been used successfully to
follow receptor internalization in Chinese hamster ovary and hu-
man embryonic kidney 293 (HEK293) cells expressing cloned



Arttamangkul et al. o Regulation of Endogenous MOR in LC Neurons

MORs (Arttamangkul et al., 2000; Alvarez et al., 2002) as well as
rat cortical neurons in cultures (Lee et al., 2002). In this study,
fluorescent peptides were used to study MOR activation, desen-
sitization, and internalization in primary neuronal cultures from
the mouse locus ceruleus (LC). The LC neurons were identified
by the presence of green fluorescent protein (GFP) that was ex-
pressed under the tyrosine hydroxylase promoter (TH-EGFP)
(Sawamoto et al., 2001; Matsushita et al., 2002). Cultured LC
neurons had functional MORs as determined by activation of
G-protein-activated inwardly rectified potassium channels
(GIRKs), inhibition of voltage-dependent calcium channels, and
inhibition of synaptic transmitter release at recurrent synapses
(autapses). Both desensitization and internalization were studied
on the same cell and the results showed that receptor desensiti-
zation and recovery from desensitization were not changed after
internalization was blocked with concanavalin A (con A).

Materials and Methods

Cultures. The TH-EGFP mice generated in Dr. Kobayashi’s laboratory
(Sawamoto et al,, 2001) were backcrossed to DBA-2] for at least five
generations before these experiments. Only heterozygous animals were
used because homozygous mice did not survive for more than a few
weeks. Mice (3-5 weeks) were used for these experiments to ensure that
the brains were fully developed before the cultures were made. The care
and use of animals were conducted in accordance with the National
Institutes of Health guidelines and with an approval from the Institu-
tional Animal Care and Use Committee of the Oregon Health and Sci-
ence University. Animals were anesthetized with halothane and decapi-
tated. The brain was removed and sliced horizontally using a vibratome
(Leica, Nussloch, Germany) in ice-cold artificial CSF (ACSF) containing
the following (in mm): 126 NaCl, 2.5 KCl, 1.2 MgCl,, 1.2 NaH,PO, 2.4
CaCl,, 21.4 NaHCO., and 11 glucose. Slices were equilibrated in warm
(35°C) oxygenated ACSF solution for 15 min and the area around the LC
was microdissected with two 23-gauge needles under a dissecting micro-
scope. The tissues were incubated in dissociation buffer containing pa-
pain (20 U/m}k Worthington Biochemical, Lakewood, NJ) for 5~7 min.
The dissociation buffer, adjusted to pH 7.4, contained the following (in
mm): 81.8 Na,SO,, 30 K,SO,, 12 MgCl,, 0.25 CaCl,, 4 HEPES, 0.2 glu-
cose, and phenol red. Dissociation was done in the growing media con-
taining Neurobasal A, 2% heat-inactivated fetal bovine serum (FBS), 1
mu glutamine, B-27 nutrient mix (all from Invitrogen, San Diego, CA),
and 0.5 mm kynurenate (Sigma, St. Louis, MO) by trituration with a
series of pasture pipettes having decreasing tip sizes. The cell suspension
was plated onto glial feeder previously grown on glass coverslips. A glial
feeder layer was prepared from the neonatal cortex and was allowed to
grow until a monolayer formed. The media for glial cells contained MEM
(Invitrogen), 0.1% mitogenic serum extender (BD Biosciences), 30 mm
glucose, and 4% non-heat-inactivated fetal calf serum. After LC neurons
were plated onto the feeder layer, media were changed from 2 to 1% FBS
of growing media on the next day and then a complete serum-free media
(Neurobasal A, 1 mu glutamine, B-27, and 0.5 mM kynurenate) for the
following feeding schedule. The cultures were grown in the serum-free
media for at Jeast 5 d before being used in the experiments.

Whole-cell recording. Coverslips containing the LC neurons were
transferred to a recording chamber and perfused with ACSF solution
equilibrated with 95% O, and 5% CO, to pH 7.4. Noradrenergic neurons
were identified as large green fluorescent cells using a Zeiss (Oberkochen,
Germany) Axioskop 2 FS fluorescent microscope. Recordings were made
with patch pipettes (2 M) containing the following (in mm): 115 potas-
sium gluconate, 20 NaCl, 1.5 MgCl,, 0.1 EGTA, 5 HEPES, 2 Mg-ATP, 0.5
Na-GTP, and 10 phosphocreatine, pH 7.4 (280 mOsm/kg). To record
inward potassium currents, the membrane potential was hyperpolarized
from —60 to — 100 mV for 30 ms in a high-potassium (10 mm) solution
at room temperature (25°C). To record the Ca?*/Ba ¥ inward currents,
CsCl was substituted for potassium gluconate and the external solution
contained BaCl, (1 mM) and tetrodotoxin (300 nm; Alomone Laborato-
ries, Jerusalem, Israel). To study the release of transmitter from cultured
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LC neurons, autaptic currents were evoked by depolarizing the mem-
brane potential ~60 to —20 mV for 2 ms. All drugs and solutions were
perfused onto the cultures by gravity flow or a fast-flow valve system
(Warner Instrument, Hamden, CT). The peptidase inhibitors bestatin
(10 pM) and thiorphan (2 uM) were included in all solutions containing
opioid peptides to prevent peptide metabolism (Williams et al., 1987).
[Met] 5enkephalin (ME), thiorphan, and bestatin were obtained from
Sigma. 5-Bromo-N-[4,5-dihydro-1 H-imidazol-2-yl]-6-quinoxalinamine
(U7K14304) was obtained from Research Biochemical (Natick, MA).
Dermorphin-Bodipy Texas Red (Derm-BTR) and dermorphin-
Alexa594 (Derm-A594) were prepared as described in Arttamangkul et
al. (2000). Morphine was obtained from the National Institute of Drug
Abuse. 3-Dioxobenzof]quinoxaline-7-sulfonamide (NBQX) was ob-
tained from Tocris (Ellisville, MO). Whole-cell recordings were made
with an Axopatch-1D (Molecular Devices, Union City, CA), filtered at 5
kHz, and digitized with an ITC-16 computer interface (Instrutech, Long
Island, NY). Data were sampled at 10 kHz with Axograph 4.5 software.
The membrane potential was held at —60 mV. All patch-clamp experi-
ments were done at room temperature, Data are presented as means *
SEM. All statistical comparisons were made using Student’s ¢ test and the
level of significance was considered as p < 0.05.

Confocal microscopy. Neurons were submerged in serum-free media
plus HEPES buffer (50 mm). Derm-BTR solution containing bestatin (10
uM) and thiorphan (2 psm) was added to the cells with the temperature of
the chamber set at 15°C. Images were captured at various times after the
temperature was rapidly raised (within 1 min) to 35°C. Images were
acquired on a Bio-Rad (Hercules, CA) MRC-1024 confocal microscope
equipped with a krypton—argon laser. Cells were visualized under a Plan
Apo 60X (1.4 numerical aperture, oil) objective lens. The filters used for
scanning green fluorescent protein were 488 (excitation) and 522 nm
(emission), and for Derm-BTR they were 568 (excitation) and 585 nm
(emission). Acquisition parameters were averaged two frames per image
using a direct filter to prevent photobleaching and normal scanning
mode. All images were processed using CAS 40 software (Bio-Rad), Im-
age ] (National Institutes of Health, Bethesda, MD), and Adobe (San Jose,
CA) Photoshop 6.0.

Two-photon microscopy and intracellular recording. Simultaneous re-
cording of membrane potential and imaging was done with an electro-
physiological setup equipped with a custom-built two-photon micro-
scope. Intracellular recordings of membrane potential were done with
glass electrodes filled with KCI (300 ma) having a resistance of 100-200
MA). Experiments with a combination of intracellular recordings and
imaging were all done at 35°C. Data collection was done with Power Lab
(Chart version 4.1). Drugs were applied by perfusion. Images were ac-
quired using Scan lmage software (Pologruto et al., 2003). The Ti-
sapphire laser was set at 810 nm. The emission filter sets were 510 nm for
EGFP and 600 nm for Derm-A594. Cells were imaged with a z-series taken
through the cell at 0.5 wm intervals, averaging two frames per image. Data
were processed off-line using Image J and Adobe Photoshop 6.0.

Results

Cultured LC neurons

The LC is a dense and compact group of green fluorescent neu-
rons located on the lateral aspect of the fourth ventricle in slices
from the TH-EGFP mice (Fig. 1A, B). The GFP fluorescent cells
costained with anti-tyrosine hydroxylase antibodies, thus con-
firming that they were noradrenergic (Fig. 1C). Cultures were
prepared from animals that were 3—5 weeks old and used within
14 d of plating. Generally, there were approximately five GFP-
positive neurons per coverslip. Some cells were isolated having no
contact with other neurons (Fig. 1 D). LC neurons were identified
by the presence of GFP and the characteristic morphology when
viewed with infrared illumination. Cells were large (>20 pum)
with a round cell body and multipolar processes and exhibited
dark granulated vesicles. ~90% of cells having these characteris-
ticresponded robustly to the a,-adrenergic agonist UK14304 and
of those cells a small percentage (~25%) were equally sensitive to
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LC neurons expressing GFP. 4, The LC is found next to the fourth ventricle (10 X).
B, An enlarged image showing the dense and compact structure of the nudeus (20X). (,
Colocalization of GFP and anti-tyrosine hydroxylase {(mouse monoclonal) labeled with Texas
Red-conjugated secondary antibody. , A single neuron in culture for 9 d.

Figure 1.

opioid agonists. The reason that many cells responded poorly to
opioids is not clear, but was dependent on the culture. Only cells
that responded robustly to ME were included in this study.

Opioid actions
Opioids are known to have three different actions on LC neurons,
an increase in potassium conductance, an inhibition of voltage-
dependent calcium current, and an inhibition of noradrenaline
release from terminal regions (Williams et al, 2001). In the
present study, each of these actions was studied. As has been
observed in slice and acutely dissociated cell preparations, opioid
agomists increased GIRK conductance in cultured neurons (Fig.
2A). Experiments were done in a high-potassium (10 mm) solu-
tion to increase the amplitude of the GIRK current. Cells were
held at —60 mV, stepped to —100 mV, and the inward potassium
current measured at — 100 mV. ME, morphine, Derm-BTR, and
an a,-adrenergic agonist UK14304 increased potassium currents.
To make comparisons between cells, the currents induced by
different opioid agonists were normalized to the current pro-
duced by UK14304 (10 uMm). The amplitude of the ME (30 um)
(Fig. 2 A) current was similar to that induced by UK14304, having
a ratio of 0.91 = 0.07 (» = 12). Morphine (10 uM) induced a
current that was approximately one-half the size of that induced
by UK14304 (ratio = 0.45 * 0.04; z = 5). The results suggested
that morphine was a weak agonist at MOR in these cultured
neurons. The fluorescent peptide agonist Derm-BTR was tested
at two different concentrations (0.1 and 1 uMm). Both applications
produced potassium currents that were about one-half of current
induced by UK14304 (Derm-BTR, 0.1 uM = 0.54 £ 0.12,n = 3;
Derm-BTR, 1 uM = 0.56 = 0.08, n = 8) (Fig. 2A). This finding
agreed with previous work done in rat brain slices indicating that
Derm-BTR was less efficacious than ME (Arttamangkul et al,,
2000).

Opioids have been demonstrated to inhibit calcium (barium)
currents in dissociated LC neurons and slices (Ingramet al., 1997;
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Figure 2,  Effectors sensitive to the activation of MORs. 4, Activation of GIRK conductance.
Whole-cell recordings were made in a high-potassium (10 ma) solution (V-hold —60 mV, step
to — 100 mV). Inward currents were measured at — 100 mV. Thesuperimposed traces show the
currents triggered by Derm-BTR (D-BTR; 1 M) and UK14304 (UK; 10 pw). The bar graph
summarizes the currents induced by opioid agonists normalized to the current induced by
UK 14304, Both Derm-BTR (1 uu) and morphine {10 1.m) were partiaf agonists in this assay. 8,
inhibition of voltage-dependent caicium (barium) conductance. Whole-cell recordings were
made and the inward current induced by a depolarizing step from —60 to —20 mV was
measured. Representative traces show the inhibition caused by Derm-BTR (0.7 ). The bar
graph summarizes the inhibition of calcium (barium) currents as percentage of control. Derm-
BTR caused the same maximal inhibition as ME (30 u) in this assay. €, Recurrent synapses
(autapses) mediated by glutamate are inhibited by opioids. The superimposed traces show the
current induced during depolarization of cells from —60 to ~ 10 mV followed by an EPSC. The
EPSCs were inhibition by Derm-BTR (1 gea). The bar graph summarizes the inhibition of EPSCs
by ME (10 ), Derm-BTR (1 24, UK 14304 (10 pam), and NBQX, an AMPA antagonist (10 p).
The results indicate that L cells release glutamate when maintained in an isofated cell culture
and opioids inhibit that release. Error bars indicate SE.

o

i
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Chieng and Bekkers, 1999; Connor et al., 1999: Torrecilla et al,,
2002). The membrane potential was depolarized from —60 to
—20 mV for 10 ms to activate an inward current carried by cal-
cium and barium. ME (30 um) and Derm-BTR (0.1 pMm) de-
creased barium currents by 27.5 & 3.6% (17 = 9) and 26.4 = 1.6%
{n = 3), respectively (Fig. 2B). Unlike activation of GIRKs,
Derm-BTR produced the same maximal inhibition as ME. Aswas
suggested in experiments done in acutely dissociated LC neurons,
it appears that the coupling of opioid receptors to the inhibition
of calcium (barium) currents is more efficient than that required
to activate potassium currents (Ingram et al.,, 1997). The activa-
tion of a,-adrenergic receptors by UK14304 also reduced the
inward calcium (barium) current by 45.8 * 2.1% (n = 3).
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Figure3.

in the soma. D, E, Fluorescent puncta containing Derm-BTR found in a GFP-positive process.
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Figure4.  TimecourseofDerm-BTR internalization and desensitization. 4, A representative exper-
imentshowing the block of Derm-BTR (D-BTR; 100 nw) internalization by naloxone (10 um; top row).
Naloxone was washed from the bath and Derm-BTR (100 nx) was reapplied to demonstrate the
presence of MORs on this cell. Images were taken with a confocal microscope at 2 min intervals. To
reduce photobleaching, a single frame was collected at each of 5 z-planes. Only nonspecific staining
was found in the presence of naloxone. B, Fluorescent intensity in the cytoplasm increased over the
first 45 min and reached a plateau at 10 min. The fluorescence was nommalized to the intensity
measured at 10 min. €, A representative experiment showing the peak and decline of the potassium
current induced by Derm-BTR (1 1) during a 10 min application. The experiment was done in a
high-potassiumsolution asin Figure 2 A. Theinward currentwas measured during a voltage step from
—60 to —100 mV applied once every 20 s. The current is plotted as an outward current fo better
llustrate the declinein the current. Error bars indicate SE.

Inhibition of transmitter release is a well known action of
opioids (Williams et al., 2001). Cultured LC neurons plated at
low density often formed recurrent synapses (autapses) (Fig. 2C).
When these cells were depolarized from —60 to —20 mV for 2 ms,
a sharp-rising inward current was observed. The currents had a

internalization of Derm-BIR (450 nw). 4, Binding of Derm-BTR (450 i) to receptors on the plasma membrane was observed
a a fluorescent ring along plasma membrane (15°C). The temperature was then increased to 35°C within 1 min and internalization was
monitored for 45 min. B, Image of the same cell taken after incubation for 30 min. , Afterwashing the Derm-BTR with a hypertonic acid
solution (0.5 MNaClin acetate buffer, pH 4), extracellular fluorescence outside the cefl was removed and fluorescent punctawere observed
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mean amplitude of 2.1 = 0.6 nA (n = 13).
The mean duration was ~10 ms. This
EPSC was blocked by the AMPA receptor
antagonist, NBQX (10 um; 91 = 6.2% in-
hibition of the control EPSC; # = 6). This
result suggests that LC neurons, like other
monoaminergic neurons (Johnson, 1994;
Sulzer et al., 1998), release glutamate when
maintained in isolated cell culture. Both
opioids and UK14304 decreased the am-
plitude of the autaptic EPSC. There was
no significant difference between the inhi-
bition caused by the opioid or a,-adreno-
ceptor agonists [Derm-BTR, 1 uMm, 53 =
15% inhibition (n = 4); ME, 10-uM, 43 =
13% inhibition (n = 4); UK14304, 10 uMm,
62 = 8% inhibition (7 = 8)].

Agonist-induced internalization

The internalization of Derm-BTR in the
LC cultures was examined using a confo-
cal microscope. As was found in experi-
ments done with cell lines expressing Flag-
tagged MORs (Arttamangkul et al., 2000;
Alvarez et al.,, 2002), Derm-BTR resulted
in the appearance of fluorescent puncta in
the LC cultured neurons and was taken as
a measure of receptor internalization. This
internalization was opioid-receptor de-
pendent because no fluorescent puncta
were observed in the presence of naloxone (10 uM; 72 = 4). Inter-
nalization was temperature dependent. When the cell was incu-
bated with Derm-BTR at 15°C, fluorescence was found only at
the plasma membrane (Fig. 3A). Cells were incubated in Derm-
BTR (450 nMm) for a total of 45 min at 35°C. Fluorescent puncta
were found in the cytoplasm primarily in the perinuclear region
(Fig. 3B). High-resolution images of the internalized Derm-BTR
were taken after a hypertonic acid wash. Fluorescent puncta were
found in soma, proximal, and distal dendrites (Fig. 3C-E).

To determine the time course of internalization, images were
taken at 2 min intervals for 10 min (Fig. 4A). To make compari-
sons between experiments, intracellular fluorescence was mea-
sured at each time point and plotted as a ratio of fluorescence
measured at the end of the 10 min incubation. The fluorescence
increased quickly (2—4 min) and reached a plateau within 10 min
(Fig. 4B) {n = 6). The time course of internalization of Derm-
BTR in the cultured LC neurons was similar to that measured in
HEK cells (Alvarez et al.,, 2002).

Desensitization and internalization

When recordings were made during the application of Derm-
BTR (1 uM, at 25°C) the potassium current rose to an initial peak
and declined in the continued presence of the drug. After 10 min,
the current declined to 82 * 12% of the initial peak (Fig. 4C) (n =
4). Because Derm-BTR is a very hydrophobic molecule, it was not
possible to completely wash the high concentration of Derm-
BTR, particularly after a prolonged application period. Naloxone
{1 M) was used to rapidly reverse the current induced by Derm-
BTR, to make an accurate measurement of the desensitization
(Fig. 4C). Without using a hypertonic acid wash, the continued
presence of extracellular fluorescent resulted in images of poor
quality. It was therefore not possible to examine both desensiti-
zation and internalization in the same experiment.
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Two changes in the experimental pro-
tocol were necessary to carry out experi-
ments where desensitization and internal-
ization could be examined on the same
cell. First, intracellular recordings were
used for these experiments because these
recordings were stable over 60 min and
did not disrupt cell morphology. High-
resistance pipettes (100-200 M) were
used and membrane potential was mea-
sured. All experiments with intracellular
recordings in combination with imaging
were done at 35°C. As a control, each cell
was tested with ME before imaging exper-
iments. The amplitude of the hyperpolar-
ization induced by ME (10 uM} was 16.1 =
1.3 mV (n = 23), which was similar, but
somewhat smaller (5-10 mV) than that
measured with intracellular recordings in
mouse brain-slice experiments (S. Artta-
mangkul, unpublished observations). The
second change in the experimental proto-
col required the synthesis of a more hy-
drophilic fluorescent dermorphin analog, Derm-A594. The ad-
vantage of this compound was the increased water solubility,
enabling a more rapid (5 min) and complete wash-out, even with
the use of high concentrations and prolonged exposures.

Superfusion with Derm-A594 (6 uM) caused a hyperpolariza-
tion of 14.8 £ 2.6 mV (n = 7), not significantly different from
that induced by ME (10 un; Student’s ¢ test, p = 0.61) (Fig. 7C).
During a 10 min application of Derm-A594 (6 uMm), the peak
hyperpolarization declined by 44 = 7% (n = 5). This decline was
taken as a sign of desensitization. After washing for 5 min, fluo-
rescent puncta were present in the cytoplasm (Fig. 5, top panel).
To confirm that the hyperpolarization and internalization were de-
pendent on opioid receptors, experiments were done aftertreatment
with the irreversible  opioid  antagonist,  B-chlornal-
trexamine (B-CNA; 1 uM). After B-CNA, Derm-594 (6 um) did not
change the resting membrane hyperpolarization and no fluorescent
puncta were found in the neurons observed (Fig. 5, bottom panel)
(n=3).

With the combination of these measures it was possible to
determine the role of receptor internalization on the desensitiza-
tion process. First, the hyperpolarization induced by ME (300 ny;
12.8 = 1.1 mV; n = 14) was tested before and after a 2 min
application of Derm-A594 (6 uM) (Fig. 6). The hyperpolarization
induced by ME (300 nu) tested 5 min after the application of
Derm-A594 was 42 * 5% (n = 5) of control. Thus, as was found
with a 2 min application of ME in brain-slice experiments (Dang
and Williams, 2004), Derm-A594 caused significant desensitiza-
tion. After this short application of Derm-A594, no significant
fluorescent puncta were detected (Fig. 6 B). This may indicate
that desensitization was induced in the absence of internaliza-
tion. It is also possible that the intracellular fluorescence was
below the limit of detection. To determine whether desensitiza-
tion and internalization were separate processes, receptor desen-
sitization was exarnined under conditions where internalization
was blocked.

The application of concanavalin A to block receptor internal-
ization via clathrin-dependent pathways has been shown previ-
ously (Xiang et al., 2002; Kim et al., 2004). In the present exper-
iments, all cells were initially tested with ME (10 uM, 2 min).
Concanavalin A (160 or 200 pg/ml) was superfused for 20 min

Figure 5.
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Desensitization and internalization in the same neuron. A, Intracellular recording and two-photon microscopy were
done simultaneously during treatment with Derm-A594 (D-A594). The top left shows an image of a neuron take with infrared
iliumination and the same neuron after incubation with Derm-AS594 (6 s, 10 min, 5 min wash; right). The trace to the rightis the
recording of the membrane potential of that neuron. ME {10 ) and Derm-A594 hyperpolarized this neuron. The hyperpolariza-
tion induced by Derm-A594 peaked and declined during a 10 min application. After washing Derm-A594, UK'14304 caused 2
maximal hyperpolarization. B, The blockade of the hyperpolarization and internalization by S-CNA (1 um).
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= = =
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Figure 6.
where desensitization resulting from a short application of Derm-A594 was measured. B, Flu-
orescence image taken with a two-photon microscope showing the lack of any puncta aftera 2
min treatment with Derm-A594 (6 ). €, Recording of membrane potential from the neuron
shown in A and 8. Desensitization was determined by comparing the decrease in the amplitude
of the hyperpolarization induced by ME (300 na), before and after a short pulse (2 min) of
Derm-A594 (D-A594; 6 ).

Desensitization by a short pulse of Derm-A594. 4, Image of a representative cell

followed by treatment with Derm-A594 (6 uM, in con A) for 10
min. The initial hyperpolarization induced by Derm-A594 was
15.1 = 1.1 mV (n = 6), which declined by 45 % 4% over the 10
min application period (n = 6) (Fig. 7). After treatment with
concanavalin A, neither the peak nor the decline in the hyperpo-
larization induced by Derm-A594 was significantly different
from control (Student’s t test, p = 0.68 and p = 0.88, respec-
tively). The block of internalization was confirmed because no
fluorescent puncta were found in the cytoplasm of cells (Fig. 7,
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Thus, concanavalin A blocked internalization
but did not change the desensitization induced by Derm-A594,
nor was the peak hyperpolarization induced by UK14304
changed (control 19.6 = 3.6 mV; con A 16.3 = 1.4mV; p = 0.31)
(Fig. 7).

Recovery from desensitization

The recovery from desensitization was determined by comparing
the hyperpolarization induced by ME (300 nM, 2 min) before and
after application of a saturating concentration of Derm-A594 (6
M, 2 min) or ME (10 uM, 2 and 5 min). The hyperpolarization
induced by ME (300 nM) was 42 = 5and 61 % 6% of control 5and
20 min after washout of Derm-A594, respectively (6 um, 2 min;
n = 5). After desensitization with ME (10 uM, 2 min), the hyper-
polarization caused by ME (300 nm) was 42 + 14 and 81 * 12%
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(p = 0.71 after 5 min; p = 0.66 after 20
min). The recovery from desensitization
was therefore not changed under condi-
tions where internalization was blocked.

Discussion

The results from this study demonstrate
functional regulation of MORs in cultured
LC neurons from TH-EGFP mice. With
the combination of electrophysiological
recording and the imaging of fluorescent
opioid ligands, both desensitization and
internalization were examined on the
same cell under identical conditions. The
use of primary cultures of neurons and
fluorescent agonists made it feasible to
study endogenous MORs. The results
show that desensitization and the recovery
from desensitization were not affected un-
der conditions where internalization was
blocked.

Effectors and receptor coupling

The results of the present study indicate
that the coupling efficiency between vari-
ous agonists and effectors can be distin-
guished. Although Derm-BTR was effec-
tive at inducing internalization, and
caused a maximal inhibition of voltage-

C 30 - D dependent calcium corrents and transmit-
= 80 ¢ ter release, it was not potent at activating
£ @ z (5) GIRKSs. By examining the relative action of
S 2} < T Derm-BTR and ME on several different
= (213) @ ©) S 40} effectors on the same cells, it was clear that
o T ‘S’ the activation of GIRKs required the more
% 10k ‘% 20 potent agonists to reach a maximal effect.
<3 c i This difference in agonist/receptor cou-
2 3 pling has been observed previously in
Ea . 2 acutely dissociated LC neurons, where ME

ME D-A594 E&?‘*A UK L CmA - Con A was a potent agonist at activating GIRK
conductance, but morphine was an antag-

Figure7.  MORdesensitization is not changed after blockade of internalization. 4, Imagesofa neuron showing theappearance ~ Omist (Ingram et al., 1997). Unlike the ac-

of flucrescent punctaina control experiment (top). 8, Images of cell after treatment with con A. No flucrescent puncta were found.
€, Recording of membrane potential from a cell treated with con A. All cells were nitially tested with ME (10 pem). Con A (160 -200
mg/mt) was superfused for 20 min. Derm-A594 (D-A594; 6 i, in con A} induced membrane hyperpolarization similar in ampli-
tude to that of ME. D, Summarized data showing the amplitude of the hyperpolarization induced by Derm-A594 and UK 14304 (UK)
in the absence and presence of con A. E, shows that the dedline of the hyperpolarization induced by Derm-A594 was the same in

the absence and presence of con A. Error bars indicate SE.

of control after 5 and 20 min, respectively (n = 3) (Fig. 8C). The
recovery from desensitization was not significantly different after
washout of Derm-A594 or ME ( p = 0.14) and was similar in time
course to that found in rat brain-slice experiments (Dang and
Williams, 2004).

Recovery from desensitization was next examined 5 and 20
min after the application of ME (10 uM, 5 min) in the absence and
presence of concanavalin A (160 pg/ml, 20 min preincubation)
(Fig. 84,B). The hyperpolarization induced by ME (300 nm) 5
and 20 min after desensitization with ME (10 uM, 5 min) was
35 = 8 and 70 = 7% (1 = 4) of control in the absence of con-
canavalin A and 40 = 12 and 65 = 10% (n = 4) of control in the
presence of concanavalin A, respectively. There was no signifi-
cant difference in the amount of recovery at either time point

tivation of GIRK conductance, however,
morphine caused an inhibition of calcium
currents in acutely dissociated LC neurons
(Connor et al., 1999). The coupling effi-
ciency between MORs and the activation
of GIRKs suggests that the receptor re-
serve was limited in this culture assay,
thereby decreasing the proportion of neu-
rons that responded to opioids. Similar results were reported in
dissociated cell cultures of rat LC cells, where <<50% of cells were
hyperpolarized by even high concentrations of [p-Ala?,
p-Leu?]enkephalin (DADLE; 10-30 pm) (Masuko et al., 1986).
In brain-slice experiments on LC neurons, DADLE was a potent
agonist that hyperpolarized all neurons through an activation of
MORs (Williams and North, 1984). In the present study, each cell
was tested with an EC;, concentration of ME (300 nM); only cells
that were hyperpolarized by at least 10 mV were selected for
further study. The hyperpolarization in these “healthy” cells was
similar to that measured in brain-slice recordings, suggesting that
the opioid receptor regulation in these neurons was not dramat-
ically changed. Each cell also served as its own control in all
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desensitization and recovery experiments. A
The decline in the hyperpolarization in- M2 HEG0#M
duced by the test application of ME (300
nu) after treatment with a saturating con-
centration of agonist was a sensitive mea-
sure to detect desensitization. Neither the
extent nor the time course of recovery
from desensitization was different from
what has been measured in rat brain-slice
experiments (Dang and Williams, 2004).
e e Figure 8.
Homologous desensitization
Homologous MOR desensitization has
been reported in several different prepara-
tions (Kovoor et al., 1998; Borgland et al,,
2003; Celver et al., 2004). In the present
study, the hyperpolarization induced by
an a,-adrenoceptor agonist was not re-
duced after MOR desensitization. Similar
results have been reported in LC cells re-
corded in rat brain slices (Bailey et al,
2004; Dang and Williams, 2004) (but see Blanchet and Luscher,
2002). The simplest interpretation of the present results is that a
2~10 min application of an opioid agonist induced homologous
desensitization at the receptor. It is possible, however, that desen-
sitization results from a point beyond the receptor but not at the
potassium channel. One possibility would be a depletion of
G-proteins that are selectively activated by opioid receptors.

Desensitization and receptor trafficking
The mechanism underlying desensitization in LC neurons re-
mains unclear but presumably involves receptor phosphoryla-
tion by G-protein-receptor kinases and translocation of
B-arrestin (Gainetdinov et al., 2004). This sequence could result
in a blockade of signaling without internalization, however, the
binding of arrestin to the ligand/receptor complex is thought to
proceed to endocytosis via clathrin-coated pits (Law and Loh,
1999; Ferguson, 2001; von Zastrow etal., 2003). The separation of
internalization and desensitization has been reported for other
G-protein-coupled receptors such as pB,-adrenergic and
neurokinin-1 receptors (Pippig et al., 1995; Bennett et al., 2002),
but it has also been show that the desensitization of somatostatin
and V1b vasopressin receptors requires internalization (Beau-
mont et al., 1998; Hassan and Mason, 2005). Although this se-
quence has been established in many heterologous systems, the
role of this process in MOR signaling is the subject of some de-
bate. One theory is that the removal of receptors from the plasma
membrane by internalization decreases signaling, thus mediating
desensitization (Whistler et al., 1999; Finn and Whistler, 2001).
Other work suggests that receptor desensitization is augmented
when receptors are not removed from the plasma membrane
(Koch et al., 2005). Given the differences in results obtained in
model systems and the fact that far less work has been done in
primary neurons, it is not a surprise that the basic mechanisms
underlying desensitization and receptor trafficking in neurons
have not been completely characterized (Connor et al., 2004).
The ability to study receptor signaling on single neuronsin the
absence of internalization was made possible with the
use of Derm-A594. The inhibition of G-protein-coupled receptor
internalization with concanavalin A is well established (Xiang et
al., 2002; Kim et al., 2004). In the present study, experiments
using concanavalin A confirmed the absence of internalized
Derm-A594. After blockade of internalization, Derm-A594 still
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MOR recovery from desensitization is independent of internalization. 4, A representative trace showing the recovery
from desensitization induced by ME (10 zs). ME (300 ni) was tested before and 5 and 20 min after application of ME (10 s, 5
min). The cv,-adrenoceptor agonist UK14304 (1 pam} was applied at the end of the experiment. B, The recovery from desensitiza-
tion induced by ME (10 12m) was not changed after treatment with concanavalin A (160 peg/mi, preincubated for 20 min). €,
Summarized data showing the recovery from desensitization. Left, A short (2 min) application of ME (10 w; gray bars) and
Derm-A594 {D-A594; 6 u; black bars) decreased the hyperpolarization induced by ME {300 ni) to ~40% of control 5 min after
washout. After 20 min, significant recovery was observed. Right, ME (10 zun) was perfused for 5 min and the hyperpolarization
induced by ME (300 nw) was tested after 5 and 20 min. The time course or extent of recovery was not changed by concanavalin A
{white bars) compared with controls (gray bars). Error bars indicate SE.

caused a hyperpolarization that peaked and declined (desensi-
tized) as in control. Thus, desensitization induced by Derm-
A594, a compound that normally is efficient at causing internal-
ization, is completely unaffected after the block of
internalization. This experiment also showed that concanavalin
A did not interrupt processes such as receptor binding, the cou-
pling to G-proteins, the activation of potassium channels, or the
a,-adrenoreceptor-dependent increase in potassium conduc-
tance. This observation confirms work done in AtT20 cells show-
ing that morphine caused desensitization but was poor atinduc-
ing internalization (Borgland et al., 2003) and suggests that the
desensitization caused by many, if not all, opioid agonists will
proceed as normal under conditions where receptor trafficking is
disrupted.

Based on experiments done in HEK293 cells expressing
epitope-tagged MORs where the recycling of receptors was
blocked with monensin, desensitization induced by DAMGO
{[p-Ala®, N-Me-Phe’, glycinol®] enkephalin) was increased,
whereas that induced by morphine was not affected (Koch et al.,
2005). Treatment of brain slices with monensin also increased the
degree of desensitization to both ME and an active metabolite of
morphine, morphine-6-B-pD-glucuronide (Dang and Williams,
2004). It was concluded that internalization plays a role in recov-
ery from desensitization rather than desensitization itself. The
present results show that both the onset and recovery from de-
sensitization occurred in preparations where receptor trafficking
was blocked with concanavalin A. This observation suggests that
the role of receptor endocytosis and recycling is not the only
mechanism responsible for either the initial desensitization or
recovery. This does not rule out an action on the prolonged re-
covery from desensitization seen after chronic morphine treat-
ment (Dang and Williams, 2004). It is equally possible that re-
dundant pathways mediate acute desensitization and blocking
one mechanism has little effect on the decrease in downstream
signaling.
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Suppression of basal autophagy in neural cells
causes neurodegenerative disease in mice

Taichi Hara', Kenji Nakamura®, Makoto Matsui®**, Akitsugu Yamamoto®, Yohko Nakahara®,
Rika Suzuki-Migishima?, Minesuke Yokoyama®, Kenji Mishima’, Ichiro Saito’, Hideyuki Okano®’

& Noboru Mizushima''®

Autophagy is an intracellular bulk degradation process through
which a portion of the cytoplasm is delivered to lysosomes to be
degraded'. Although the primary role of autophagy in many
organisms is in adaptation to starvation, autophagy is also thought
to be important for normal turnover of cytoplasmic contents,
particularly in quiescent cells such as neurons. Autophagy may
have a protective role against the development of a number of
neurodegenerative diseases™ . Here we report that loss of autophagy
causes neurodegeneration even in the absence of any disease-
associated mutant proteins. Mice deficient for Afg5 (autophagy-
related 5) specifically in neural cells develop progressive deficits in
motor function that are accompanied by the accumulation of
cytoplasmic inclusion bodies in neurons. In A1g5 ~/~ cells, diffuse,
abnormal intracellular proteins accumulate, and then form aggre-
gates and inclusions. These results suggest that the continuous
clearance of diffuse cytosolic proteins through basal autophagy is
important for preventing the accumulation of abnormal proteins,
which can disrupt neural function and ultimately lead to
neurodegeneration.

Every eukaryotic cell has two main systems for the degradation of
intracellular components: the ubiquitin-proteasome system and
autophagy. Autophagy is a generic term for the degradation of
cellular components in lysosomes™. Macroautophagy (hereafter
referred to as autophagy) is believed to be the main pathway among
several subtypes of autophagy. During the process of autophagy,
small portions of cytoplasm are sequestered by autophagosomes
and then degraded on fusion with lysosomes. In contrast to the
ubiquitin—proteasome system, which accounts for most of the
selective intracellular protein degradation, autophagy is less selective.
Autophagy induced by starvation is a mechanism for producing
amino acids within cells. In yeast, autophagy-defective cells are
susceptible to starvation. In comparison, mice deficient for Atgd
and Atg7, which are essential for autophagosome formation®, suffer
from severe nutrient- and energy-insufficiency soon after birth'*".
Thus, adaptation to starvation is an evolutionarily conserved role of
autophagy.

In addition to induced autophagy, a low level of comstitutive
autophagy is important for intracellular clearance under normal
conditions. Mice bearing a liver-specific conditional knockout allele
of Atg7 show hepatic dysfunction and intracellular ubiquitin-positive
inclusion bodies''. We have also observed the accumulation of
ubiquitin-positive inclusion bodies in hepatocytes and a subset of
neurons in Atg5-knockout (A5 ') neonates (Supplementary

Fig. S1); however, conventional histological analysis revealed no
significant abnormality™®. These data suggest that intracellular pro-
tein quality-control by autophagy is particularly important in neural
cells. Indeed, several studies have suggested that impairment of
autophagy could worsen the accumulation of abnormal proteins in
neurodegenerative disease models in vitro and in vivo™™. However,
direct evidence demonstrating that autophagy contributes to the
prevention of neurodegeneration has been lacking, in part because
Atg5™'™ and Atg7 ™' mice die soon after birth'®',

To determine the role of autophagy in neural cells, we generated
neural-cell-specific Atg5~'” mice (Supplementary Fig. S2). Mice
bearing an Aig5™ allele, in which exon 3 of the Atg5 gene is
flanked by two loxP sequences, were crossed with a transgenic line
expressing Cre recombinase under the control of the nestin promoter
(nestin-Cre)*2. In these mice, Cre recombinase is expressed in neural
precursor cells after embryonic day (E)10.5, causing deletion of the
loxP-flaniked exon 3 (Supplementary Fig. $3). Recombination was
successful in over 90% of all brain cells from Atg5™¥/*; nestin-Cre
mice. The expression of Atg5 (detected as an Atgl2-Atg5
conjugate’’) and the Atg5-dependent conversion of microtubule-
associated protein 1 light chain 3 (LC3)-I to LC3-II (LC3~phospha-
tidvlethanolamine (LC3-PE) conjugate)’™!* were almost completely
suppressed in the brains of A1g5™™%; nestin-Cre mice after E15.5
(Fig. 1a and Supplementary Fig. $3). These data suggest that
autophagosome formation is impaired in the brains of these mutant
mice.

Atg5™78% pestin-Cre mice were born normally and survived
neonatal starvation. They did not show the suckling defects observed
in Atg5™/" and A1g7 ~'” neonates™, suggesting that an undetect-
able, but sufficient, level of Atg5 remains in the neurons controlling
the suckling response at this stage, or that non-neural cells may
mediate the suckling deficit in the non-conditional mutants. How-
ever, the Atg5™*™ nestin-Cre mice showed growth retardation:
their mean body weight was about 1.5-times lower than that of control
(A1g5™%; nestin-Cre) mice (Fig. 1b). Atg5™ ™ nestin-Cre mice
developed progressive motor and behavioural deficits after three
weeks of age, and footprint analysis revealed an ataxic walking
pattern (Fig. I1c). Mean stride lengths corrected for paw base widths
were significantly decreased compared with control (Atgs =
nestin-Cre) mice. The Ath"Z oxiflox,” nestin-Cre mice showed limb-
clasping reflexes when they were suspended by their tails, whereas
control mice extended their limbs (Fig. 1d). This abnormal reflex is
often observed in mouse models of neurodegenerative disease’™'“.
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Rotarod (Fig. le) and wire-hanging (data not shown) tasks also
showed severely impaired motor coordination, balance and grip
strength in Atg5™ ™ nestin-Cre mice. Finally, tremor was apparent
in 12-week-old mice. Some of the Atg5™ % nestin-Cre mice died
after three weeks of age. Neither Atgsﬁ“"’ﬂ"x mice (Cre-negative) nor
Atg5™¥=; nestin-Cre mice showed any abnormal phenotype.

The gross anatomy of the brain of the mutant mice was normal.
However, histological examination revealed degenerative changes in
the neurons of Atg5™™* nestin-Cre mice. These alterations were
most prominent in cerebellar Purkinje cells. Haematoxylin and eosin
{(H&E) staining (arrowheads in Fig. 2a) and immunohistochemical
staining with an antibody directed against calbindin (a selective
marker for Purkinje cells, left panels in Fig. 2b), demounstrated partial
loss of these neurons (Fig. 2¢). The remaining Purkinje cells showed
eccentrically located nuclei, with infolding of the nuclear membrane.
We also found a number of eosinophilic spheroids in H&E-stained
sectionsin the cerebellar nuclei of these mutant mice {(arrows in Fig. 2a),
which probably correspond to the calbindin-positive spheroids in
the same region (Fig. 2b, right panels). These structures suggest
massive swelling of Purkinje cell axons that project to the cerebellar
nuclei'”'®. In addition, TUNEL-positive cells were detected in the
adjacent granular layer, suggesting apoptosis of granular cells in
Atg5™ %, pestin-Cre mice (Fig. 2d). Consistent with previous
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Figure 1| Behavioural abnormalities in mice lacking Atg5 in the nervous
system. a, Immunoblot analysis of Atg3 and LC3. Brain homogenates were
prepared from six-week-old control (Arg5"™'*; nestin-Cre) and Arg5/ 7~/
nestin-Cre (Atg5™™*%) mice. Immunoblot analysis was performed using
antibodies against Atg5 and LC3. GSK-38 was used as a loading control. The
positions of the Atgl2—Atg5 conjugate, LC3-I and LC3-11 (LC3~-PE
conjugate) are indicated. Atg5 monomer was not detected in either lane
(data not shown). b, A representative male control (Atgsﬂ"‘/ *; nestin-Cre)
and an Atg5"™%; nestin-Cre (Atg5™*") littermate at three weeks of age.
¢, Left, paw placement records of eight-week-old mice. Right, stride lengths
corrected for paw base widths (stride/width ratio) of Atg> oxiflox, hestin-Cre
and control (Atg5"**; nestin-Cre) littermate mice. Values represent
means * s.d. of four mice. Asterisk, P < 0.01 (Student’s t-test).

d, Abnormal limb-clasping of an Atg5"**%; nestin-Cre mouse compared
with a control mouse (Atg57°*; nestin-Cre) when suspended by its tail.
e, Rotarod testing of Atg5™*'%; nestin-Cre (open symbols) and Azgs/<!fie=;
nestin-Cre (closed symbols) mice. One male and one female mouse were
analysed for each genotype. The time until drop from the rod (rotating at

20 r.p.m.) is shown.
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observations, the survival of granular celis largely depends on their
synaptic connectivity with Purkinje cells’’. Axonal swelling was
observed in other regions of the Afg5™ ¥ nestin-Cre brain,
including the cerebral cortex, the nucleus gracilis (Fig. 2a), the
posterior thalamic nucleus, hippocampus, inferior colliculus, tri-
geminal nucleus, parabranchial nucleus, anterior thalamic nucleus,
caudal pons and reticular nucleus (data not shown). Partial loss of
pyramidal cells also was observed in the cerebral cortex (data not
shown). Together, these data suggest that Atg5™ % nestin-Cre mice
suffer from neurodegeneration.

We next examined protein aggregation in the brain using an
antibody against ubiquitin, a marker of misfolded proteins. Large,
ubiquitin-positive inclusion bodies accumulated in the cytoplasm of
large neurons in the thalamus, pons, medulla, dorsal root ganglion
(DRG) (Fig. 3a) and midbrain (data not shown) of Atgs™™fe;
nestin-Cre mice. Neurons in the cercbral cortex, hippocampus
{especially in the CA3 and CA4 regions) (Fig. 3a), striatum and
olfactory bulb (data not shown) were also positive for these inclusion
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nucleus
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Figure 2 | Neuronal degeneration in Atg57°*/f'°%; qestin-Cre mice.

a, H&E-stained sections of the cerebral cortex, the gracile nucleus and
cerebellum from control (Arg5™'*; nestin-Cre) and Atg5"7*7°%; nestin-Cre
(A4tg5" ") mice at three months of age. Purkinje cells are indicated with
arrowheads. Arrows indicate eosinophilic spheroids, which represent axon
swelling. Scale bar, 10 um. b, Immunohistochemistry using an anti-
calbindin antibody on cerebellum sections from control (Azg5™*;
nestin-Cre) and Athﬂ""’ﬂ"z; nestin-Cre mice at six weeks of age. Scale bar,
25 pm. ¢, Loss of Purkinje cells in Atg5™%%; nestin-Cre mice. Purkinje cells
were counted in comparable areas for each mouse, and three fields were
counted in each area for each mouse. Data are normalized against values
from control mice (Ath-ﬂ‘”"' *; nestin-Cre). Values represent mean * s.d. of
three mice. Asterisk, P << 0.01 (#test). d, Apoptotic death of granular cells.
Cerebellum sections from control (Atg5™™/*; nestin-Cre) and Ags//%,
nestin-Cre mice at six weeks of age were subjected to TUNEL staining. Nuclei
were stained with Hoechst 33258, Scale bar, 500 um.
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bodies. Such inclusion bodies were not observed in the brains of
control {Arg5™™; nestin-Cre) mice. We observed ubiquitin-positive
inclusion bodies exclusively in cells positive for the neural cell marker
NeuN, suggesting that inclusion bodies were generated only in
neurons and not in glial cells (Fig. 3b). Notably, although there
was extensive loss of Purkinje cells, these neurons had very few
inclusion bodies in their cell bodies (Fig. 3a). Numerous ubiquitin-
positive dots were observed in the cerebellar nuclei (Fig. 3a), but
most of them did not colocalize with the calbindin dots observed in
Fig. 2b (data not shown).

The accumulation of inclusion bodies was time-dependent, and
the distribution of inclusion-body-positive cells was more limited in
Atg5 ™' and Atg5™™*; nestin-Cre newborns compared to adul
mice. In Azg5™'~ neonates, inclusion bodies were observed in the
pons, DRG, spinal cord (ventral horn} (Supplementary Fig. Si),
hypothalamus, midbrain and trigeminal ganglia (data not shown),
but not in the cerebral cortex (Supplementary Fig. S1). A similar
pattern was observed in the brain and DRG of Atg5 exiflex, pestin-Cre
nconates {Supplementary Fig. $4 and data not shown). Immuno-
electron microscopy of DRG neurons isolated from Atg5 ~/~ neomates

DRG
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. e * .
Cerebral Hippocampus  Purkinje cell Cerebellar
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Control

o Atg5ﬂax/nox

Figure 3 | Ubiquitin-positive inclusions in Atg5-deficient neurons.
a, Immunohistochemistry of brain sections from control (Az‘g:’iﬂ"x’"";
nestin-Cre) andAthﬂ"x'ﬂ""; nestin-Cre (Atg5ﬂ"‘/ﬂ %} mice at six weeks of age,
stained with an anti-ubiquitin antibody (1B3). Scale bar, 10 pm.

b, Ubiquitin-positive inclusions in neurons. Sections of medulla from
Atg57f1e%, nestin-Cre mice at six weeks of age were stained with an antibody
against NeuN (a neuron-specific nuclear protein) and ubiquitin. Nuclei were
stained with Hoechst 33258. Scale bar, 10 ym. ¢, Immunoelectron
microscopy of ubiquitin-positive indlusion bodies. DRG neurons isolated
from Atg5 "/ neonates were analysed by immunoelectron microscopy
using an anti-ubiquitin antibody. Scale bars, 500 nm.
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demonstrated the specific association of ubiquitin with amorphous,
occasionally filamentous, structures (Fig. 3¢, left), as well as with
more compact structures surrounded by filamentous materials
{Fig. 3¢, right; see Supplementary Fig. S5 for larger images). Qutside
the brain, Azg5 ™'~ neomates showed inclusion body formation in the
liver, the anterior lobe of pituitary gland (Supplementary Fig. S1) and
the adrenal gland (data not shown).

Histological examination of Atg5 ™'~ and A1g5"™; nestin-Cre
mice suggested that, in addition to the presence of inclusion bodies,
the intensity of diffuse cytoplasmic ubiquitin staining was higher
compared with wild-type mice. We thus analysed the time course of
accumulation of diffuse ubiquitinated proteins and inclusions in
DRG neurons {the neonatal tissue in which inclusion body formation
was most striking). DRG neurons from Azg5 ™'~ embryos at E13.5
had no apparent abnormality. However, at E15.5, some neurons
had accumulated diffuse, cytosolic ubiquitinated proteins with
infrequent inclusions (Fig. 4a). Later, in newborn (postnatal day
(P)0) Atg5™'" mice, multiple ubiquitin-positive inclusion bodies
were present in DRG neurons. Thus, the accumulation of diffuse
abnormal proteins seems to be the primary cellular phenotype of
Atg5 Wiz, pestin-Cre neurons, We obtained similar results using a
biochemical method with whole brains. Polyubiquitinated proteins
that accemulated in Atg3™™* pestin-Cre brains were primarily
Triton-soluble in six-week-old mice (Fig. 4b). In contrast, in 14-
week-old mice, Triton-insoluble polyubiquitinated proteins were
also abundant, suggesting that inclusion body formation is a later
event.

We confirmed these observations using hepatocytes, another cell
type that showed extensive inclusion body accumulation under
autophagy-defective conditions’’ {Supplementary Fig. S1). We
crossed Arg5"* mice with CAG-Cre mice that express Cre
recombinase ubiquitously (see Methods)*. As recombination effi-
ciency was not high when crossed with our Atgs™ " mice, the
resulting mice (Athﬂ"“"ﬂ"x; CAG-Cre) were mosaic for the mutant
allele and viable. In the livers of these mice, the A1g5 gene was deleted
in only about 30% of hepatocytes (Supplementary Fig. $6), which
allowed us to compare directly the immunoreactivity of knockout
cells with that of wild-type cells in the same specimen. Anti-ubiquitin
staining of the liver in four-month-old Atg5™*"% CAG-Cre mice
showed that about 30% of cells had very high levels of diffuse
cytoplasmic signals (in addition to inclusion bodies), compared
with surrounding cells that were probably wild type (Fig. 4c). The
results clearly demonstrate that cytosolic ubiquitinated proteins also
accumulate in Arg5 ™'~ hepatocytes.

We then determined the time course of accumulation of ubiqui-
tinated proteins using Mx1-Cre transgenic mice”. In this system,
Cre recombinase is expressed under the control of an interferon-
responsive promoter that can be activated by application of poly-
inosinic acid-polycytidylic acid (pIpC), an interferon-inducible,
synthetic double-stranded RNA. The Arg5 gene in Atg5" ™™,
Mx1-Cre liver was deleted by intraperitoneal injection of pIpC.
Soon after injection, most targeted cells showed only diffuse ubiqui-
tin staining, with no inclusion bodies (Fig. 4d, ). In contrast, large,
ubiquitin-positive inclusion bodies were present in almost all tar-
geted hepatocytes 16 days after pIpC injection (arrowheads in
Fig. 4d). Cells with only inclusion bodies but not diffuse cytoplasmic
staining were observed very rarely. Taken together, our data demon-
strate that loss of autophagy first leads to accumulation of diffuse
abnormal proteins, followed by generation of inclusion bodies.

We have shown that the inhibition of autophagy in neural cells
causes neurodegeneration and symptoms of neurological pathology.
As the mouse mode! we used does not express any disease-associated
mutant proteins, the phenotype of these mutant mice indicates that
autophagy mediates essential and continuous turnover of intracellu-
lar proteins. This system is particularly important for neurons, in
which deregulation of this degradation process can induce cell
dysfunction. The role of autophagy could be even more critical if
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Figure 4 | Accumulation of diffuse ubiquitinated proteins in autophagy-
defective cells. a, Immunohistochemistry of DRG neurons from Atg5 ™"
and Arg5 ™' miceat different developmental stages (embryonic day (E}13.5,
E15.5 or postnatal day (P)0), stained with an antibody directed against
ubiquitin. Scale bar, 23 pm. b, Accumulation of Triton-X-100-soluble
polyubiquitinated proteins in the brains of Atg57*%; nestin-Cre mice.
Brain homogenate prepared at the indicated times from control (Atg5™~";
nestin-Cre) and Atg57°%; nestin-Cre (Atg5™*M**) mice were separated
into Triton-X-100-soluble (S) and -insoluble (P) fractions and analysed by
immunoblotting using anti-ubiquitin antibodies. Arrowhead indicates the

any aggregation-prone mutant proteins were expressed. Although
autophagy is generally thought to be a non-selective process, several
studies have suggested that autophagosomes can specifically engulf
inclusion bodies™*. In our system, however, inclusion bodies
appeared in later phases of autophagy deficiency, suggesting that
the primary role of autophagy under normal conditions is the
turnover of diffuse cytosolic proteins, not direct elimination of
inclusion bodies. As the population of ubiquitinated proteins in
Atg5™ =, pestin-Cre brains was similar to that in wild-type mouse
brains, we suggest that cytoplasmic proteins that are usually ubiqui-
tinated, rather than specific proteins, accumulate in larger amounts
in the absence of autophagy (Supplementary Fig. $7). Downregula-
tion of protein turnover could cause the accumulation of abnormal
proteins, which then could promote aggregate formation (Sup-
plementary Fig. §8). .

The critical role of autophagy in the basal turnover of diffuse
cytosolic proteins in neural cells should be emphasized, because it has
been suggested that large inclusion bodies themselves might not be
pathogenic, but that mutant proteins present diffusely in the cytosol
could be the primary source of toxicity™ . However, we do not rule
out the possibility that autophagosomes can selectively recognize
abnormal soluble proteins or microaggregates on the membrane sur-
face. Tt was recently reported that the polyubiquitin-binding protein
p62/SQSTM1 might mediate the specific recognition of protein
aggregates by autophagosomes™. This pathway might also be involved
in the degradation of diffuse ubiquitinated proteins by autophagy.
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stacking gel. ¢, Immunohistochemistry of liver sections from control
(Atg’a‘ﬂ‘””"L; CAG-Cre) and Athﬂ"’”ﬂ % CAG-Cre (Athﬂ'“"'ﬂ“) mice at four
months of age, using an anti-ubiquitin antibody. Scale bar, 25 pm.

d, Immunohistochemistry of liver sections from six-week-old Arg5/™*/1o%,
Mx1-Cre mice at the indicated time points after pIpC injection, using
anti-ubiquitin antibodies. Arrowheads indicate ubiquitin-positive inclusion
bodies. Scale bar, 25 pm. e, Five thousand hepatocytes were randomly
selected, and the number of cells with diffuse cytosolic ubiquitin signals,
with (black) or without (white) inclusion bodies, were counted.

METHODS

Generation of tissue-specific Atg5-deficient mice. An approximately 1-kb
Xbal-Spel mouse genomic fragment containing putative exon 3 of the A#gs
gene was flanked by two loxP sites containing the neomycin-resistant (neo”)
cassette from pMC1-Neo (Stratagene). The diphtheria toxin A (DT-4) gene was
inserted downstream of the short arm, for negative selection against random
integration of the vector {Supplementary Fig. 52). Targeted CCE embryonic
stem cells of 129/SvEv mouse origin were injected into C57BL/6 blastocysts, and
chimaeric mice were crossed with C57BL/6 mice to obtain Atg.’rﬂ 71 mice. We
used the following primers to detect wild-type Afg5 and Atg5™ alleles: A
(exon3-1), 5'-GAATATGAAGGCACACCCCTGAAATG-3'; B (short2), 5'-
GTACTGCATAATGGTTTAACTCTTGC-3'; C {check2), 5'-ACAACGTCGAG
CACAGCTGCGCAAGG-3's D (5L2), 5 -CAGGGAATGGTGTCTCCCAC-3';
E (crel), 5 -AGGTTCGTTCACTCATGGA-3"; F (cre2), 5'-TCGACCAGTTT
AGTTACCC-3'.

Southern blot analysis was performed using the probe shown in Supplemen-
tary Fig. 52 after digestion of genomic DNA with EcoRV and Kpnil, as described
previously'’. Nestin-Cre transgenic mice expressing Cre recombinase under the
control of the mouse nestin gene promoter and second intronic neural enhancer
(a gift from S. Noguchi} have been described previously™. CAG-Cre transgenic
mice expressing Cre recombinase under the control of the CAG (CMV enhancer
and chicken B-actin) promoter have been described previously®. Mx1-Cre
transgenic mice were obtained from the Jackson Laboratory™. Progeny contain-
ing the Afg5™™ allele were bred with these Cre transgenic mice to generate
AtgsPosfex pestin-Cre, Atgs™™ % CAG-Cre and Atg5™ ™ Mx1-Cre
mice. Atg5~'" mice have been described previously'. All animal experiments
were approved by the institutional committee of the Tokyo Metropolitan
Institute of Medical Science.

Antibodies. A monoclonal antibody against ubiquitin (1B3) was purchased from
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MBL and used for immunohistochemistry. Rabbit anti-ubiquitin polyclonal
antibody {DakoCytomation) was used for immunoclectron microscopy. Anti-
polyubiquitin monoclonal antibody (FK2, Nippon Bio-Test Laboratories) was
used in immunoblot analyses. The following antibodies were also used:
anti-NeuN monoclonal antibody (Chemicon), rabbit anti-calbindin polyclonal
antibody (Chemicon}, Alexa Fluor 488- and 660-conjugated goat anti-rabbit
IgG (H + 1) antibodies {Molecular Probes), monoclonal anti-glycogen
synthase kinase-38 antibody (BD Biosciences), monocional anti-w-tubulin
antibody {DMIA, Sigma-Aldrich), and antibodies against Atgs {S04)" and
LC3t.

Behavioural analysis. Mice were placed on 2 rod rotating at 20 .p.m., and the
time taken for them to fall from the rod was measured. If a mouse stayed on the
rod until the end of the 2-min trial, a time of 120's was recorded.
Immunohistochemical analysis. Mice were transcardially perfused with 4%
paraformaldehyde in phosphate buffer (pH 7.4). Tissues were post-fixed in the
same fixative overnight and embedded in paraffin. Sections were stained using
Meyer’s H&E. For immunohistochemical analysis, all tissue sections were
subjected to antigen retrieval using the microwave method (in 0.01 M citrate
buffer for 10min). After blocking, sections were incubated with primary
antibodics for 1 h, followed by 30 min incubation with fluorescently labelled
or biotinylated secondary antibodies that were detected using Histomouse-plus
kits {Zymed Laboratories) and the Liquid DAB substrate chromogen system
{DakoCytomation). Apoptotic cells were detected by TUNEL assay using an
in situ cell death detection kit (Roche Diagnostic).

Immunoelectron microscopy. For immunoelectron microscopy, the post-
embedding immuno-gold method was used to label tissuc sections embedded
with LR white resin (London Resin Co.) as previously described™.
Preparation of detergent-soluble and -insoluble fractions. Mouse brains were
homogenized in five volumes of ice-cold 0.25 M sucrose buffer (50 mM Tris-HCl
pH 7.4, 1 mM EDTA) with protease inhibitors. Homogenates were centrifuged at
500¢ for 10 nin at 4 °C, and the resulting supernatants were lysed with an equal
volume of cold sucrose buffer containing 1% Triton X-100. Lysates were
subjected to centrifugation at 13,000g for 15 min at 4 °C to separate supernatants
{fractions soluble in 0.5% Triton-X-100) and pellets. Pellets were resuspended in
1% SDS in PBS (Triton-X-100-insoluble fractions).
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In the subventricular zone of the adult mammalian forebrain,
neural stem cells (NSCs) reside and proliferate to generate young
neurons. We screened factors that promoted the proliferation of
NSCs in vitro by a recently developed proteomics technique, the
ProteinChip system. In this screen, we identified a soluble carbo-
hydrate-binding protein, Galectin-1, as a candidate. We show
herein that Galectin-1 is expressed in a subset of slowly dividing
subventricular zone astrocytes, which includes the NSCs. Based on
results from intraventricular infusion experiments and phenotypic
analyses of knockout mice, we demonstrate that Galectin-1 is an
endogenous factor that promotes the proliferation of NSCs in the
adult brain.

lectin | mobilization | stem cell niche

ecently, neural stem cells (NSCs) residing in the adult CNS

have been studied to elucidate the mechanisms of ongoing
tissue maintenance (1) and to develop strategies for regencrating
the damaged CNS (2, 3).

Two ncurogenic regions have been identified in the forebrain
(FB): the subventricular zone (SVZ) of the lateral ventricle (LV)
(4-6) and the subgranular layer of the hippocampal dentate
gyrus (7-9). NSCs in these regions can generate functional
neurons in the adult brain (10-12). Clinically, soluble factors that
regulate these progenitor cells may be uscful for regencrating the
damaged CNS (13). The identification of additional factors that
promote the proliferation of stem cells will contribute to NSC
biology and to the development of innovative strategics for brain
repair.

I’i"hc proliferation and differentiation of various adull stem
cells are regulated by common soluble factors (14). OP9 is a cell
line that has been used to screen for factors that support
hematopoicetic stem cells (HSCs) (15, 16). In the present study,
we [ound that OP9 conditioned medium (CM) promoted ncu-
rosphere formation, by which the protiferation of NSCs can be
monitored in vitro (17). Using the ProteinChip system (18), we
identificd Galectin-1 as one of the molecules responsible for this
activity.

Galectin-1 is a soluble carbohydrate-binding protein (19, 20)
that has been implicated in a variety of biological events (21, 22).
Carbohydrates on the cell surfacc may be involved in the
intercellular interactions of various stem cells, including NSCs
(23-25) and HSCs (26). A recent rcport suggested that
Galectin-1 promotes the proliferation of HSCs in vitro (27).
However, its functions in NSCs remain unknown. Here, we
report on the expression and function of Galectin-1 in the adult
mammalian brain.

Results and Discussion

Galectin-1 Was Found in OP9CM. To examine how OP9 cells affect
the proliferation of NSCs, we culturcd neurosphere cells (17)
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with or without OP9CM. At a density of onc cell per well, no
neurospheres formed in cultures grown without OP9CM (Fig.
14, Ctrl; 7 = 800 cclls) (28). In contrast, at the same culture
densitly, of the total cells grown with OPICM (n = 400), 49
(12.4 + 0.54%) initiated ncurosphere formation (Fig. 141, OP9).
Interestingly, the CM from OP9 cells that were passaged repeat-
edly over 6 months (inactivated OP9, TA-OP9) did not support
neurosphere formation (Fig. 14, TIA-OP9; n > 800).

To identify the OP9-derived molecules that enhanced neuro-
sphere formation, we used an expression screen based on mass
spectrometry (18) to detect molcceules that were more abundant
in OPYCM than in IA-OP9CM. A signal at ~14.6 kDa showed
a reproducible difference in peak height between the two CMs
(Fig. 5, which is published as supporting information on the
PNAS web site). This fraction was purificd, concentrated, and
scparaled by SDS/PAGE, and the band was cut from the gel and
analyzed by tandem mass spectrometry (scc Materials and
Methods). We obtained two amino acid scquences (VRGEVAS-
DAK and EDGTWGTEHR) that were identical to portions of
the Galectin-1 protein (1 = 3), suggesting that the 14.6-kDa peak
was Galectin-1. Western blotting with a specific Ab showed that
the OPYCM containcd more Galectin-1 than did the IA-OPICM
(n =3; P <0.01).

Adding recombinant Galectin-1 protein (10 and 100 ng/ml) to
the culture medium enhanced the formation of ncurospheres
cultured at 100 cells per well (Fig. 18; P < 0.01, ANOVA).
Galectin-1 did not mimic the full activity of the OPICM,
suggesting that there arc other factors that enhance neurosphere
formation in the OP9CM. The necurospheres grown with
Galectin-1 (100 ng/ml) were larger (Fig. 64, which is published
as supporting information on thc PNAS web site; P < 0.05),
{ormed morc sccondary neurospheres (Fig. 63; P < 0.05), and
differentiated into neurons, astrocytes, and oligodendrocytes
(Fig. 1C). Together, these results suggest that Galectin-1 is one
of the factors in OP9CM that enhances neurosphere formation.

Expression of Galectin-1 in the Aduit Mouse FB. To investigatc the in
vivo function of Galectin-1, we examined its expression in the
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Fig. 1. Galectin-1enhances neurosphere formation. (A) Effects of CM on neurosphere formation. Ctrl, control. (A’) The neurospheres initiated by OP9CM could
be passaged more than five times. (B) Galectin-1 enhances neurosphere formation. Note that some neurospheres formed in the control cultures under this
condition (culture density of 100 celis per well). +, P < 0.01. (C) The neurospheres initiated by Galectin-1 differentiated into neurons and glial cells. Representative
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images were obtained by confocal laser microscopy. (Scale bars: A, 100 um; C, 10 um.)

mousc brain by using a Galectin-1-specific Ab (29). To confirm
the specificily and sensitivity of the staining procedures, brain
sections from a galectin-1-null mutant mouse (30) were simul-
tancously incubated with the same anti-Galectin-1 Ab, and we
observed no staining (Fig. 7, which is published as supporting
information on the PNAS web site).

In the adult mouse FB, as reported previously (31), subscts of
ncurons in the cortex were Galectin-17 (Fig. 74'). In addition,
we found Galectin-1 staining signals in the SVZ (Fig. 74") and
dentate gyrus (Fig. 84, which is published as supporting infor-
mation on the PNAS web site), the two major adult neurogenic
regions. RT-PCR analysis also showed that Galectin-1 is cx-
pressed in the SVZ (Fig. 88). Almost all of the Galectin-17 cells
in the adult SVZ expressed glial fibrillary acidic protein (GFAP)
(Fig. 24; sce Fig. 8C for the confocal image), Nestin (Fig. 8D),

B

Gatectin-1

Fig. 2.

and S1008 (Fig. 8F). Some of these Galectin-1* cells were
positive for Ki67 (Fig. 8F) (32), a nuclear marker of cellular
replication. With regard to Galectin-1 expressionin GFAP™ cells
outside the SVZ, we found that subsets of GFAP* cells in the
subgranular layer and hilus were Galectin-17 (Fig. 84), whereas
most of the GFAP* cells in the cortex and striatum were
Galectin-1~ (Fig. 8 G and H). In the SVZ, the GFAP™ astrocytes
{type B cells) have been shown to act as NSCs (33, 34), which
generate DIx* /Mashl™ type C cells (35, 36) (Toida Kazunori,
personal communication) and subscquently differentiate into
PSA-NCAM?*/DIx* /Mash1~ type A cells (in which PSA-
NCAM is the polysialylated neural cell adhesion molecule) (35,
36). Among striatal neurons (Fig. 87), Mash1™ type C cells, and
PSA-NCAM™ type A cells (Fig. &), none showed Galectin-1
immunoreactivity. Dissociated SVZ cells were stained with

Galectin-1 is detected in SVZ astrocytes. (A) Low-magnification images of Galectin-1 (A) and GFAP (A’) double immunostaining in the coronal section

through the LV. Galectin-1 and GFAP double-positive cells are seen in the SVZ (arrows). Note there are some Galectin-1-negative cells among the GFAP* cells
(e.g., arrowhead). (A") Merged image. CC, corpus caliosum; Str, striatum; Dic, dorsolateral corner. (B) Experimental schema for marking slowly dividing cells. (Q)
Slowly dividing Galectin-17* cell. High-magnification confocal image of a Galectin-1 (green in celisoma) and BrdU (red in nucleus) double-positive cell in the SVZ.
Sections were made after 2 weeks of oral BrdU administration followed by 10 days of wash-out. (C" and (") 3D reconstruction images. (Scale bars: 5 pm.)
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Galectin-1 facilitates neural progenitor cell proliferation in the adult FB. (A) Experimental schema of the neurosphere formation assay after Galectin-1
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anti-Galectin-1 and anti-GFAP Abs to determine the percent-
ages of cach cell population in the SVZ. Of the total SVZ cells
counted (n = 336 {rom three mice), 32.7 + 6.38% (110 cells)
were Galectin-17, and 31.3 % 6.99% (105 cells) were GFAP*. Of
the GFAP™* cells, 71.4 = 1.48% werc also Galectin-1*. These
results suggest that Galectin-1 is expressed in a subsct of SVZ
astrocytces.

To detect the slowly dividing NSC population in the SVZ (37),
we gave BrdU 1o mice in their drinking water for 2 weeks and
killed the mice 10 days later (Fig. 2B); this delay allowed the
BrdU in the rapidly dividing type C cell population to be washed
out and the type A cell population to migrate to a more rostral
region, out of the SVZ (37). A subpopulation of the long-term
BrdU-retaining cells expressed Galectin-1 (Fig. 2C). Thus, we
conclude that Galectin-1 is expressed in a subsct of GFAP* SVZ
astrocytes that includes NSCs.

Galectin-1 Facilitates Proliferation of Neural Progenitor Cells in the
Adult FB. The in vitro functions and in vivo cxpression pattern of
Galectin-1 led us to examine whether it promotes adult neural
progenitor proliferation in vive. Galectin-1 protein was infused

7114 | www.pnas.org/cgi/doi/10.1073/pnas.0508793103

into the mouse LV for 7 days, and the number of neurospheres
derived from the SVZ was counted (Fig. 34); this number should
reflect the number of progenitor cell types in the SVZ, including
type B and C cells (36). As cxpected, significantly more neuro-
spheres were formed by SVZ cells from the Galectin-1-infused
adult brains than by SVZ cells from the control brains (Fig. 3B).
The ncurospheres in these cultures retained the properties of
stem cclls in vitro, and the proportion of ncurons produccd from
the spheres was not significantly different (Galectin-1, 7.61 =
0.61%: control, 5.84 = 0.47%).

Next, we tested the effects of Galectin-1 on cell proliferation in
the SVZ by infusing it into the LV, followed by BrdU injections
every 2 h for 10 h (Fig. 3C). Thirty minutes after the last BrdU
injection, the mice were killed. We counted the number of BrdU™
cells in the SVZ of the LV and found a significant increasc, on
average, compared with the saline-infused control group (Fig. 3 D
and E; P < 001; n > 3 mice each). There was no significant
difference in the number of apoptotic cells in the SVZ between the
two groups (Fig. 9 A4 and B, which is published as supporting
information on thc PNAS web site), suggesting that the Galectin-
1-induced increase in BrdU™ cells was caused by increased prolif-
eration rather than increased cell survival.

Sakaguchi et al.



Table 1. Galectin-1 increases the number of SVZ astrocytes in the
adult brain

No. of cells
Treatment Type B Type C Type A
Saline 40 = 14 200+ 12 64 * 6.6
Galectin-1 66 = 7.0* 280 £ 2.0* 64 * 31
Galectin-1/saline relative ratio 1.7 1.4 1.0

Significantly increased numbers of SVZ astrocytes (type B cells) and type C
cells were observed in the Galectin-1-infused brain. Data are the average
counts from 50-um sections. *, P < 0.05.

To determine what type of cells in the SVZ proliferated in
response to the Galectin-1 infusion, we used cell-type markers
(Fig. 10, which is published as supporting information on the
PNAS web site) that allowed us to distinguish proliferating type
B (BrdU~ /Sox21* /DIx™), type C (BrdU* /Mash1 %), and iype A
(BrdU*/Dix* /Mash1™) cells from others (BrdU™ /Sox217) (Ta-
ble 1; sce Materials and Methods {or details). The Galectin-1
infusion significantly increased the number of proliferating type
B and C cells (Table 1; P < (.03, Mann-Whitney U test).

Infusion of Galectin-1 Protein Increases the Slowly Dividing SVZ Celis.
We next examined the effect of Galectin-1 on the number of
slowly dividing cells. We gave BrdU to mice in their drinking
water during the 1-week infusion of Galectin-1 protein and killed
them 17 or 37 days after the beginning of the infusion (Fig. 3F).
There were significantly more BrdU™ cells in the SVZ of the
Galectin-1-infused brains than in that of the control brains at
both time points (Fig. 3 G and H; day 17, P = 0.01, n > 3 cach;
day 37, P < 0.001, n > 3 cach). These data suggest that Galectin-1
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infusion increased the population of slowly dividing SVZ pro-
genitor cells.

Galectin-1 exists in either a reduced or oxidized form, and only
the reduced form possesses carbohydrate-binding activity (38).
The infusion of CS-Galectin-1, a reduced form in which all of the
cysteines responsible for its oxidation have been converted to
serine (39), significantly increased the number of slowly dividing
cells (Fig. 11, which is published as supporting information on
the PNAS web site; day 17, P < 0.001, » > 5 mice cach). In
contrast, the oxidized Galectin-1 did not have a significant effect
(Fig. 11C). These results suggest that the carbohydrate-binding
capacity of the extracellularly administrated Galectin-1 is re-
quired for its effect on the number of slowly dividing cells. We
also found that CS-Galectin-1 could bind to SVZ cells, including
GFAP* astrocytes (unpublished data), suggesting that these
cells are responsive to Galectin-1.

Galectin-1-Null Mice Have Fewer Neural Progenitor Cells in the Adult
Brain. To study the {unction of endogenous Galectin-1 in adult
neural progenitor cells, we analyzed the phenotype of adult
gulectin-1 mutant mice. First, we counted the number of cycling
cells in the SVZ by using proliferating cell nuclear antigen
(PCNA), a proliferation marker (40), and found significantly
fewer in the golectin-I-null mice than in their wild-type ltter-
mates (Fig. 4 A-C; P < 0.01; n > 3 each). We also examined the
number of type C cells by counting the Mash1™ cells, of which
there were also significantly fewer in the galectin-1-null mice than
in wild-type littermates (Fig. 4 D-F; P < (0.05; n > 3 cach). We
then treated the animals with BrdU lor 2 weeks, followed by a
10-day wash-out period (Fig. 4G), and found that there were
significantly fewer slowly dividing cells in the SVZ of the
galectin-1-null mice than in their wild-type littermates (Fig. 4
H-J; P < 0.01; n > 3 cach). Furthcrmore, infusion of an
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Fig. 4. Adult galectin-1-null mice show decreased neural progenitor cells. (A-C) Significantly fewer PCNA" cells were seen in the SVZ of galectin-1-null mice
than in wild-type littermates. *+, P < 0.01; n > 3 each. (D-F) Significantly fewer Mash1* type Ccells were seen in the SVZ of galectin-7 null mice than in wild-type
littermates. *, P< 0.05; n > 3 each. (G-J) Fewer slowly dividing cells were seen in galectin-1-null mice than in wild-type mice. Stowly dividing cellsin the SVZ were
visualized as described in the legend of Fig. 2B. Dotted lines are drawn around the SVZ in H and /. (/) Significantly fewer long-term BrdU-retaining cells were
observed in the SVZ of galectin-1 mutant mice than in wild-type littermates. **, P < 0.01; n > 3 each. (Scale bars: 50 um.)
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anti-Galectin-1 neutralizing Ab (29) into the LV of adult wild-
type mice significantly decreased the number of slowly dividing
cells (Fig. 12, which is published as supporting information on
the PNAS wcb site), a phenotype similar to that scen in
galectin-1-null mutants (Fig. 4 G-J/), suggesting that the endog-
enous Galectin-1 protein in the adult SVZ plays a rolc in the
maintenance of neural progenitor cells. Moreover, the galectin-
I-null mutation did not affect the number of apoptotic cells in
the SVZ (Fig. 9 C and D). Together, these data suggest that
Galectin-1 is required for the normal proliferation of type B and
C cells in the adult brain.

The proliferation of adult and fetal NSCs is rcgulated by
distinct mechanisms (41). Radial glial cells act as NSCs in the
fetal and carly postnatal brain and then may differentiate into
astrocytes, expressing GFAP at approximately postnatal day (P)
7-15 (42, 43). Interestingly, Galectin-1 is not expressed before P9
in the FB (44). The brain of gulectin-I-null mice at birth is
indistinguishable from that of wild-type littermates (30, 45)
except for an aberrant topography of olfactory axons (46).
Thercfore, Galectin-1 is most likely to play a role in adult NSCs
rather than in embryonic NSCs. Taken together, our results
demonstrate that Galectin-1 is expressed in slowly dividing SVZ
astrocytes, which include the NSCs (34), and plays an important
role in the proliferation of adult neural progenitor cells, includ-
ing SVZ astrocytes. Stem cells reside in an area called a niche
(47, 48), which has a characteristic cellular composition and
signal mediators. In the niche, the state of each cell [ic., cell
cycle, apoptosis, and cell-cell or cell-extra cellular matrix
(ECM) interactions] is strictly regulated to maintain stem cell
homcostasis. Although ECM proteins arc cnriched in the SVZ
(24, 49, 50), the niche for NSCs, the physiological significance of
their carbohydrate structures has not been well characterized. In
general, lectins exert their biological effects by binding to certain
carbohydrate structures. Galectin-1's carbohydrate-binding abil-
ity is required for some functions but not others (27, 39, 51. 52).
The present study suggests that the carbohydrate-binding activity
of Galectin-1 is required for its promotion of adult ncural
progenitor cell proliferation. The analysis of Galectin-1 function
will help us understand the important roles of carbohydrate
molecules in stem cell biology, which may lead to the develop-
ment of inpovative therapies for human diseases.

Materials and Methods

Evaluation of OPICM Activity. To assay thc CM activity (sec
Supporting Materials and Methods, which is published as sup-
porting information on the PNAS wcb site), ncurosphercs,
prepared as described in ref. 53, were dissociated with trypsin
and then FACS-sorted (Supporting Materials and Methods) at
onc cell per well directly into 96-well low-adhesion microtiter
plates (Costar) containing cach CM in a separate well. Human
Galectin-1 was purchased from Genzyme Techne. To preparc
the neurosphere CM (NSCM), neurospheres were cultured in
the basal medium with 20 ng/ml human recombinant EGF
(PeproTech, Rocky Hill, NJ) and FGF-2 (Genzyme Techne) for
48 h. To evaluate the activity of Galectin-1, the cells were sorted
at 100 cells per well into NSCM-containing medium.

Molecular identification of Galectin-1 in the CM. The OP9CM and
1A-OP9CM preparations were analyzed by using the Protein-
Chip system (Ciphergen Biosystems). To screen the differ-
ences in peak heights, chemical surface chips that were
positively charged, negatively charged, hydrophobic, C4, and
Zn were used in the range of 500-200,000 Da. The affinity of
the protein for each chip was monitored by using wash buffers
of several pH values. To purify the 14.6-kDa protein, 200 ml
of the OP9CM was frecze-dried, and a condensed solution was
run on a Q-100 column (General Electric). The fraction that
was eluted with 200 mM NaCl was uscd for SDS/PAGE. The
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14.6-kDa band was cut from the gel and uscd for amino acid
sequencing by tandem mass spectrometry.

Infusion into the SVZ and Adult Neurosphere Culture. Galectin-1 (2
or 14 pg), anti-Galectin-1 neutralizing Ab (rabbit IgG, 30 pg/ml,
Kirin Brewery), or control rabbit IgG (30 pg/ml, Kirin Brewery)
was dissolved in 0.9% saline with 1T mg/ml mouse scrum albumin
(Sigma) and infuscd into the LV as described in ref. 54 by using
an osmotic pump (Alzct, Palo Alto, CA) at 0.5 pl/h for the given
number of days. Adult ncurosphere cultures from the infused
brain samples were prepared as described in rell 54.

Immunohistochemistry. Brains were perfusion-fixcd with 4% para-
formaldehyde (PFA) and postfixed in the samce lixative over-
night, and 50-pm scctions were cut on a vibratome. Differenti-
ated neurospheres grown on coverslips were immersion-fixed in
4% PFA for 15 min at room temperature. After three rinses in
PBS, the ncurosphercs or sections were incubated for 1 hin TNB
blocking solution ( Vector Laboratories), incubated with primary
antibodies overnight, and incubated for 60 min at room tem-
perature with biotinylated sccondary antibodics (1:200) or Alexa
Fluor-conjugated sccondary antibodies (1:200; Molccular
Probes), unless otherwise noted. Biotinylated antibodies were
visualized by using the Vectastain Elitc ABC kit and TSA
(Vector Laboratorics). Anti-Galectin-1-neutralizing Abs were
prepared as described in ref. 39. Other primary antibodies used
in this study arc described in Supporting Materials and Methods.

BrdU Labeling. For short-term labeling, after the intraventricular
infusion of Galectin-1 for 7 days, mice received i.p. injections of
BrdU (120 mg/kg dissolved in (.007% NaOH in phosphatc
buffer; Sigma) every 2 h for 10 h and were killed 0.5 h after the
last injection. For long-term labeling, 1 mg/ml BrdU was given
to mice in their drinking water for 2 weeks (or 1 week in
cxperiments involving the infusion of Galectin-1 or Abs). Mice
were killed 10 or 30 days after the last day of infusion, and the
brains were processed for immunohistochemistry.

Quantification of Histological Results. To quantify cach cell type, 20
coronal vibratome sections of the SVZ (50 pm thick) were
obtained at the fevel of the caudate-putamen (1.0-0 mm rostral
to the bregma) from cach hemisphere. The sections were stained
for threc dilferent markers with BrdU (Sox21/BrdU, Dix/BrdU,
or Mash1/BrdU). Single confocal images were taken as 1-um
optical scctions (LSM-510; Zeiss) from cach vibratome scction.
The BrdU* nuclei that were positive lor each marker (Sox21,
DIx, or Mash1) were counted, and the total number of BrdU™*
cells was multiplicd by the ratio of the cells of cach type to
BrdU~ cells, yielding the numbers for cach cell type as follows:
type B cells = total number of BrdU™* [(Sox21*/BrdU™*) -
(DIx*/BrdU™*)], type C cells = total number of BrdU~*
(Mash1*/BrdU™), and type A cells = total number of BrdU~
[(DIx*/BrdU*) — (Mash1*/BrdU*)]. The average number of
cach cell type per 50-pm section throughout the LV is indicated
in each figure. Apoptotic cells were detected by using an ApoTag
kit (Intergen, Purchase, NY). We quantified the cells in the LV
contralateral to the infused side, because exposure to the
increased concentration of reagent in the LV could have an
artifactual cffect.

Animals. For the adult mouse study, 8-week-old male mice were
killed by anesthetic overdose. galectin-1 knockout mice (129S]
background) are described in ref. 30. The animals werc main-
tained on a 12-h light/12-h dark cycle with unlimited access to
food and water. All experiments on live animals were performed
in accordance with Keio University guidelines and regulations.
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