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Fre.1. LY/Lhx8 and Lhx6 mRNAs arc expressed in developing basal forebrain, The L3/Lhx8 raRNA expression domain is included in that of Lkx6. (2} L3/Lhx8
1nRNA is expressed in the medial ganglionic eminence (MGE) and mesenchymal cells in the upper and lower jaws (JAWS). A sagittal section of the wild type (WT)
E12.5 embryo was hybridized with an L3/Lhx8 full-length probe. (b and c) The L3/Thx8 mRNA expression domain is included in that of Lhx6 in the MGE and L3/Lhx8
mRNA is expressed in a relatively more anterior part of the MGE than ZAx6. The scale bar in (a) represents ! zam, also for (c). Seral sagittal sections of an E12.5
embryo were hybridized with an L3/Lh<8 full-length probe (b) or Lhx§ probe (c). (d-) L/Thx8 and [hx6 mRNAs are co-localized in the same cells in the MGE.
Double-labelling flucrescence in sity hybridization was performed on the same coronal section of the E12.5 embryo; green, L3/Lhx8 probe (c and g); red, Lax6 probe
(e and b); and merged (f and §}. Double-positive cells are yellow. Panels (g)-{i) are higher-magnification photographs of (d)-{f), respectively. The scale bar in (d)
represents S0 pm, and for (¢) and (f). The scale bar in (g) represents 25 pm, and for (b) and (i).
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M-MLYV RTase from Spg total RNA. PCR was performed with the
primers described previously (Lopez-Caviella er af., 2000).

Results

Characterization of L3/Lhx8 SHD mice

L3/Lix8 mRNA was expressed in the medial ganglionic eminence
{MGE) and the mesenchyme around the oral cavity (Matsumoto ef al.,
1996; Zhao et al., 1999) (Fig. la). Lhx6 is closely related to L3/Lix8
and has a similar gene-expression profile; these two genes could have a
redundant role in developing mice (Grigoriou et al., 1998; Zhang e1 al.,
2002) (Fig.1b and ¢). Double-labelling FISH indicated that their
mRNAs were co-localized in the MGE (Fig. 1d-i). A notable point
was that the L3/LAhx8 mRNA expression domain was included within
the Lhx6 mRNA expression domain (Asbreuk ef al., 2002) (Fig. 1b—i).
We therefore designed a targetng vector to disrupt the L3/Lhx8
function and to limit simultaneously possible compensational effects
of Lhx6 (see Materials and methods, Fig. 2a)

Heterozygous (§HD/+) mice appeared normal and these animals
mated to produce homozygous mutants. Progenies intercrossed
between heterozygous mice were genotyped after weaning, We found
that only 14 (3.76%) were SHD/BHD out of 372 offspring after
weaning. Judging from the matio of genotypes of embryos, SHD/
SHD mutants were not embryonic lethal and so were born alive
(Table 1). Their appearances and spontaneous motions were indistin-
guishable from WT and 8HD/+ mice (data not shown}, but most died
within several hours, possibly due to a complete cleft of the secondary
palate. The incidence rate of cleft palate among the SHD/SHD mutants
was about 94% on postnatal day (P) 0; however. mutants without
cleft palate (5.6%) could survive to adulthood (P30) (Table 1). The rate
was clearly different from that (60%) of the previous —/— mice {(Zhao
et al., 1999). Other craniofacial features of the SHD/GHD mutants
{mandible, maxilla, teeth. tonguc. cte.) appeared normal. The cranio-
facial phenotypes of the BHD/SHD mice will be described in detail
elsewhere.

We could not detect an eGFP protein expression from targeted
alleles under fluorescent microscopy of by immunochistochemistry
with an anti-GFP antibody. Because eGFP mRNA expression was
confirmed by ISH with an eGFP probe (Fig. 2f) and the expression
pattern was similar to that of L3/LAx8 mRNA in WT mice (Fig.2g and
i), we speculate that the translation efficiency of eGFP is very low orit
may be suppressed in the mice for some unknown reascn. In the $HD/
3HD mice. we could detect ISH signals with an L3/Lhx8 full-length
probe (Fig.2j) but not with an HD probe (Fig.2h). These results
indicate that mRNA for the LIM domain of L3/Lhx8 protein is
expressed from the targeted allele.

TasLe 1. L3/Lhx8 $HD/SHD mice were not embryonic lethal

1.3/Lhx8 regulates forebrain cholinergic fate 3133

Molecular marker expression in the basal forebrain of
SHDASHD mice

To check whether patterning within the developing ventral telence-
phaton of SHD/SHD mice is altered, we compared expression patterns
of several molecular markers between WT. SHD/+ and SHD/6HD
mice by ISH histochemistry. The following probes were used as
markers of the ventral telencephalon: Dix2 [ventricular zone (VZ)
and subventricular zone (SVZ) of lateral and medial ganglionic
eminence (LGE and MGE)] (Eisenstat ef al., 1999) (Fig.3a and b);
D5 (SVZ and mantle layer of LGE and MGE) (Eisenstat f al., 1999)
{Fig.3c and d); Nkx2.1 (whole MGE} {Marin ef al.. 2002) (Fig. 3eand
f); Lhx6 (SVZ and mantle layer of MGE) (Grigoriou er al., 1998;
Kimura ef al., 1999) (Fig. 3g and h); and Gbx2 (mantle layer of MGE)
(Bulfone et al., 1993) (Fig. 3i and j}. In addition. $kh (mantle layer of
MGE) {Kohtz ef al.. 1998) (Fig. 3k and 1) and its signalling compo-
nents, Pzc (VZ most prominent in MGE) (Fig. 3m and n) and Smo (VZ)
(Fig.30 and p) mRNA expressions were examined, because Shh
signalling is essential for the establishment of the ventral forebrain
(Ericson ef al., 1995; Kohiz ef al., 1998). As illustrated in Fig. 3, none
of the marker expression patterns changed in SHD/BHD mice as
compared with WT or helerozygous mice.

Cholinergic neurons decreased in the basal forebrain
of sHD/AHD mice

Because most BFCNs in adults express L3/Lhix8 (Asbreuk et al., 2002),
we next examined several cholinergic marker expressions in 8HD/
SHD mice. At PO, we could not detect any cholinergic marker
expressions in the basal forebrain; the markers included VACHhT
{Fig.4e-h), p75 - a low-affinity NGF receptor (Fig. 4i-), ChAT (data
not shown) and choline transporter-1, CHT-1 (Misawa et al., 2001)
{data not shown). It should be noted that in other central nervous
system regions, such as the spinal cord motor neurons, the
marker expressions were similar between WT and 3HD/BHD mice
{Fig.4m and n).

In the homozygous adults that survived (Table 1), we were able to
detect ChAT-immunopositive cells in the basal forebrain, but the
numbers were greatly diminished compared with WT or heterozygous
mice (Fig. 5a-h}. When we counted the cholinergic neurons per nuclei
of the basal forebrain, the extent of the reduction varied between each
nucleus in the homozygous mice as compared with WT mice (see
Fig.9). There are iwo possible explanations for this reduction: first,
BFCNs of the homozygous mice died in a necrotic or apoptotic
manner. and sccond, they changed their transmitter phenotype during
development. We corrently favour the latter hypothesis. The GFP
mRNA expression patiern in the homozygous mice (Fig. 2f) was very
similar to that of L3/Lhx8 in the WT or heterozygous mice (Fig. 2i),

SHD/SHD SHD/SHD
Stage Total WT (n) WT (%) +/SHD (n) +/8HD (%) SHD/SHD (n} SHD/SHD (%) with cleft palate with nommal palate
E12.5 33 31 352 39 443 18 205 - -
El45 383 107 279 189 49.3 37 227 - -
E16.5 57 16 281 27 474 14 246 - -
E185 43 15 nas3 2 438 12 25.0 - -
PO 178 50 28.1 15 421 53 19.8 50 3
P30 - - - - - - - [ 3

Heterozygous mice were intercrossed and their progenies genotyped at each stage, Homozygous embryos are present in the expected mendelian ratio of roughly
25% during the embryonic stage. Among 53 homozygous mice on PO, only three exhibit normal palate and survive to adulthood (P30). The incidence of cleft
palate among homozygous rice was about 94%. The moming of the appearance of the copulation plug was defined as EO.5.
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Fi6. 3. Molecular marker expression patlerns in developing basal {orebrain. In sitn hyhridization histochemistry was performed with corenal sections of E12.5

embryos from heterozygous (a, ¢, ¢, g, i. k. m and 0) and homozygous (b, d, £, b, j.

1, n and p) mice. Becausc the cxpression patterns are comparable between WT and

heterozygous mice, only heterozygous mice ar¢ shown in this figure as controls. The markers are indicated at the left of each paired panel: Dix2 (a,b), Dix5 (c and d),
Nix2.1 (e and f), Lhx6 (g and h), Gbx2 (i and j), Senic hedgehog (k and 1}, Parched (m and n) and Smoothened (o and p). Shh, sonic hedgehog; Pte, parched, Smo,
smoothened:; VZ, ventricular zone; SVZ, subventricular zone; MTL, mantle layer. The scale bar in (a) represents 500 pm for all panels.

strongly suggesting that neurons expressing GFP in the basal forebrain
did not die but transformed to a phenotype other than cholinergic in
L3/Lhx8 SHD/SHD mice. In view of this hypothesis, we next examined
distributions of several neurctransmitters, i.e. enkephalin (Fig.6a
and b), newropeptide Y (Fig. 6c and d), somatostatin (Fig.6e and f).
substance P (Fig. 6g and h), galanin (data not shown) and GAD (data
not shown) of PO and adult mice (data not shown) in the basal

forebrain. No significant changes of their mRNA expressions wers
observed.

[t has been shown that bone morphogenetic proteins (BMPs), espe-
cially BMP-9, induce and maintain the cholinergic phenotype in the
basal forebrain (Lopez-Coviella et af., 2000). We therefore examined
BMP-9 mRNA expression in the E14.5 basal forebrain of all the
genotypes with RT-PCR. BMP-9 mRNA was always detected (Fig. 7).
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Fi6.6. Almost all neurotransimitter mRNAs distributed in the basal forebrain arc expressed normally in the L3/Lhx8 SHD/SHD mice. Coronal sections of PO pups
from the wild type (WT, &, ¢, ¢ and g) or PO homozygous pups (SHD/SHD:; b, d, f and k) were hybridized with cach probe indicated at the lefi of each paired panel;
enkephalin (a, b}, newropeptide Y (¢ and d), somatostatin {e and f) and substance P (g and h). NPY, neuropeptide Y. The scale bar represents 1 mm for all panels.

Interneurons in the olfactory bulb, hippocampus and cerebral
cortex were normal in L3/Lhx8 SHD/E HD mice

Most GABAergic interneurons in Todent forebrain are derived from the
ventral forebrain; in the clfactory bulb they are derived from the LGE
{Anderson et al., 1999); all of them in the hippocampus (Pleasure et al.,
2000) and most of them in the neocortex (Anderson et al:, 1997) are
derived from both the LGE and the MGE.

cDNA RNA
T
M WT «5 516 WT +5 818 M

— Primer
dimer

Fi6.7. BMP9mRNA is detected by RT-PCR in L3/Lhx8 SHD/SHD mice. When
we use a cDNA template prepared from. the basal forebrain- of the EJ4.5
embryos and mouss genomic DNA (G) as 2 positive control, we can detect a-
90-bp PCR product of BMP9 in all the genotypes (WT, wild type; +/8, +/611D;

§/5, SHD/SHD). As negative controls we use DNase-treated RNAs as a PCR-

template. In those cases, only the primer dimers of non-specific PCR preducts
are detected. G, genomic DNA: M, molecular marker.

To test the possibility that interneurons derived from ventral tele-
ncephalon could be affected by targeted disruption of L3/Lhx8, we
compared GABAergic neurons in the olfactory bulb (Fig. 8a and b),
hippocampus (Fig. 8¢ and d) and cerebral cortex (Fig. 8¢ and f) of PO
mice:; We detected GABAergic newurons in each brain region of
homozygous mice and their numbers and morphologies were simitar
to those of WT or heterozygous mice. In addition, Lhx6-expressing
cells in the cerebrat cortex of homozygous mice also migrate from the
MGE, in a manner indistinguishable from ‘WT mice (Fig. 8g and h).

Discussion

Different phenotypes between two fines of L3/Lhx8-targeted
mice.

Consistent with 2 previous study- (Zhao er al., 1999), L3/Lix8 8HD
mice also suffered from cleft palates; but the incidence of cleft palate
was much higher {about 95% among SHD/SHD mice) than for
L3/Lkx8—/~ mice (60%). The lower incidence of cleft palate in the
—/— mice could result from the compensation of the L3/Lix8 function
by Lhs6, becavse L3/Lhx8 and Lhx6 mRNAs were co-expressed in
many cells in the MGE and palatal mesenchyme throughout cmbryonic
development (Grigoriou ef al., 1998; Zhang et al., 2002). The differ-
ence could hardly be attributed to the genetic backgrounds of twao lines
of L3/Lhx8-targeted mice; 129 strain-derived ES cells (R1 used in the
previous study of Zhao et al., 1999; D3 used: in- this study} were

© 2004 Federation of European Neuroscience Socicties, European Journal of Neuroscience, 19, 3129-3141



oni et al.

T. M

3138

6 HD/ 6 HD

WT

e

¥

4 "‘"! &

2

-

L

: coai ] R Yaa -
i %

L

| . ﬂ.”-..uvm.n?u-.

ANy

© 2004 Federation of European Neuroscience Socicties, European Journal of Newroscience, 19, 3129-3141



L3/Lhx8 regulates forebrain cholinergic fate 3139

a0
80
70 1
4
_ 7
5 60 1 .[ A
£ 7 ::
[ /] /)
3 %2
=3 % 'l'
B A
® z
2 ﬁ I I
% 40
& o
2 ; I |
i 30 L/ 2 /
] Z 7
7 7
20 ¥, A
7
Z
4 I
10 +-4
/
/]
/
z
0 Tu Acb vDB hDB Ms Cpu MCPO sl LGP
aWT 20.27 58.4 61.58 31.93 57.53 66.67 3886 256 358
n SHD/+ 25.87 66 50.48 29 50.87 65.87 37.47 28.73 26.67
osHD/BHD| 266 46.2 16.83 3 127 84 5.07 587 233

F16.9. ChAT-immunopositive neurons were counted in each nucleus of adult (1 month old) brain and compared between littermates. We counted immunopositive
cells in five sections pet one animal, and average numbers of three jndependent brains arc indicated as columps (hatched column, WT; filled colurm, +/8HD; open
column, 5HD/SHD) and in Table 1. Error bars indicate the standard deviations. Note that the extent of reduction varies between each micleus in the SHD/SHD mice as
comparcd with the WT mice. Tu, clfactory tubercle; Acb: accumbens nucleus; vDB, vertical limb of the diagonal band nucleus; hDB, horizontal Limb of the diagonal
band nuclens; MS, medial septura; Cpu, caudate putamen; MCPO, central subnucieus of the medial preoptic nucleus; SI, substantia innominata; LGF, lateral globus

pallidus.

employed and back-crossed with C57BLS in these lines. Although we
do not have direct evidence of a dominant-negative effect exerted by
the LIM domain-only protein of L3/Lhx8, it is likely that we could
lessen the compensation of Lix6 with our present strategy. Further
studies will be required to elucidate the mechanisms underlying the
difference.

Specification of cholinergic neurons in the basal forebrain

Several studies suggest that chelinergic neurons in the basal forebrain
are heterogeneous. For example, about 13% of the BFCN co-express
galanin (Miller ef al., 1998) and some cholinergic neurons co-cxpress
Isl-1 whereas others do not (Wang & Liu, 2001). Our study also
suggests that L3/Lhx8 plays important roles in the differentiation of
some populations of BFCNS, because a great number of the BFCNs
were decreased in adult brains of SHD/SHD mice (Fig. 9). While the
present study was in preparation, it was reported that L3/Lhx8—/—
mice showed reduction of BFCNs, albeit to a lesser extent (25-75%
reduction) (Zhao e al., 2003) than that of ocur mice. The lesser
reduction of BFCNs in L3/Lhx8—/— mice might be attributed to the
compensation by Lhx6, as in the palate development. The varied

extents of the BFCN reduction between each nucleus of SHI/SHD
and —/— mice imply a complex nature to the differendation of
cholinergic neurons. For example, the cholinergic neurons in the
olfactory tubercle and accumbens nucleus were spared in both lines
of targeted mice, These cholinergic neurons could not be descendants
of MGE, but of LGE where neither L3/Lhx8 nor Lhx§ are expressed; or
they do not need both L3/Lhx8 and Lix6 functions. By contrast,
cholinergic neurons in the vertical limb of the diagonal band, caudate
putamen and globus pallidus require L3/LAx8 function for their proper
differentjation, because even L3/LAx8—/~ mice with possible com-
pensation by Lhxb lost up to 75% of their chotinergic neurons (Zhao
et al., 2003). The fact that eGFP mRNA derived from a recombinant
allele of BHD/SHD mice was expressed at PO in a comparable pattern
to that of L3/Lhx8 mRNA in WT mice (Fig. 4a—d) indicates that BECN
precursors do not undergo apoptosis, but adopt a fate other than that of
the cholinergic neuron without L3/Lhx8 functions. Neurons positive
for enkephalin, neuropeptide ¥, somatostatin, substance P, GABA and
galanin in the basal forebrain appeased unchanged (Fig. 6), although it
would be very difficult to detect a ‘slight increase’ of certain pheno-
types at the expense of the BFCNs, numbers of which are small in the

Fic. 8. GABAergic interneurons in the L3/Lhx8 SHDVSHD mice appear normal. GABAergic interneurons in the olfactory bulb (a and b), hippocampus {c and d) and
cerebral cortex (e} derived from the basal forebrain are examined. Coronal sections of PO mice were processed with a GAD probe {a-d), Lhx6 probe (g and h) and
anti-GABA antibody (e and f). The scale bar in (a) represents 200pm (a. b, ¢, f, g and h) and 500 pm (c and 4).
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adult brain, Because we failed to detect any significant increase in the
number of GAD-positive neurons in the basal forebrain of 8HD/SHD
mice, we require further study to investoigate this changed fate.

Cholinergic fate is probably determined before birth, because we
desected none of the cholinergic markers in the PO basal forebrain of
SHD/8HD mice, whereas we could always observe ChAT-positive
BFCNs in PO WT mice. Consistent with this hypothesis, the expression
levels of the two Lhx factors (L3/LAx8 and Lhxf) are much higher in
embryonic than in postnatal brain (Matsumoto et al., 1996; Kimura
et al., 1999).

Taking a recent study (Asbreuk et al., 2002} into account, it is likely
that sequential and/or simultancous expressions of the transcription
factors, such as L3/Lax8, Lhx8, Isl-I and Gbx-1 (and possibly Gbx-2, in
this study, Fig.3i and j), are necessary for proper differentiation of
BFCNs. The importance of the combination of multiple transcription
factors in neuronal differentiation is reinforced by the following
data; migrating cortical interneurons expressing Lhx6, GABA and
neuropeptide ¥ (Marin et al., 2001), which derived from the ventral
forebrain (MGE and/or LGE), were detected in SHD/BHD mice and
their number did not apparently decrease compared with that in WT
mice (Fig.9). These ventral forebrain-derived cortical interneurons
might be descendants of precursor cells expressing Lix6 (but not L3/
Lhx8), which distribute in the relatively posterior part of the MGE.
BFCNs could be derived mainly from the arterior part of the MGE (L3/
Lhx8 and Lhx6 double-positive precursors).

The present study provides evidence that L3/Lhx8 (and possibly
Lhx6) has important roles in the differentiation of BFCNs. This is the
first step toward an understanding of how a neuronal precursor adapts a
cholinergic fate.
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Ultrastructural Localization of High-
Affinity Choline Transporter in the Rat
Neuromuscular Junction: Enrichment on
Synaptic Vesicles
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ABSTRACT  In cholinergic neurons, Na*- and Cl™-dependent, hemicholinium-3-sen-
sitive, high-affinity choline uptake system is thought to be the rate-limiting step in
acetylcholine (ACh) synthesis. The system is highly regulated by neuronal activity; the
choline uptake is increased by a condition in which ACh release is favored. Here we
analyzed the ultrastructural localization of the high-affinity choline transporter (CHT)
in the rat neuromuscular junctions with two separate antibodies. The majority (>90%)
of immunogold labeling of CHT was cobserved on synaptic vesicles rather than the
presynaptic plasma membrane. Less than 5% of the gold-silver particles were associated
with the plasma membrane, and more than 70% of such particles were localized within
or in close vicinity to presynaptic active zones. Our morphological data support the
recent hypothesis that trafficking of CHT from synaptic vesicles to the plasma mem-

brane couples neuronal activity and choline uptake. Synapse 53:53-56, 2004.

© 2004 Wiley-Liss, Inc.

. Acetylcholine (ACh) is a major neurotransmitter

both in the central and peripheral nervous system.
ACh is synthesized from choline and acetyl-CoA by the
enzyme choline acetyltransferase (ChAT), which is spe-
cifically expressed in cholinergic neurons. For efficient
and sustained neurotransmission, cholinergic neurons
are endowed with a unique high-affinity choline uptake
(HACU) system (Haga, 1971; Haga and Noda, 1973;
Kuhar et al.,, 1973; Kuhar and Murrin, 1978; Tucek,
1985; Yamamura and Snyder, 1972). The HACU activ-
ity is Na*- and Cl™-dependent and inhibited by hemi-
cholinium-3 (HC-3) (Kuhar and Zarbin, 1978;
Yamamura and Snyder, 1972, 1973). Studies using
brain synaptosomes and slices demonstrated that the
HACU system is the rate-limiting step in ACh synthe-
sis, and the HACU activity is highly regulated by neu-
ronal activity (Murrin et al., 1977; Saltarelli et al.,
1987; Simon and Kuhar, 1975). Owing to a lack of
structural information, the cellular mechanism govern-
ing the activity-dependent regulation of the HACU ac-
tivity remains largely unknown.

By using information from the Caenorhabditis el-
egans Genome Project and expression screening in Xe-

© 2004 WILEY-LISS, INC,

nopus laevis oocytes, Okuda et al. (2000} first cloned
the nematode high-affinity choline transporter (cho-1).
Later, mammalian ¢DNA clones encoding the high-
affinity choline transporter (CHT) were isolated and
characterized from rat (Okuda et al., 2000), human
(Apparsundaram et al., 2000; Okuda and Haga, 2000),
and mouse (Apparsundaram et al., 2001). Light micro-
scopic immunohistochemical studies in rodents (Fergu-
son et al., 2003; Lips et al., 2002; Misawa et al., 2001)
and primates (Kobayashi et al., 2002; Kus et al., 2003;
Misawa et al., 2001) showed that CHT was uniquely
expressed in all major cholinergic cell groups and en-
riched in their projection fields, being consistent with
the known function of CHT at cholinergic axon termi-
nals. Recently, Ferguson et al. (2003) showed, by using
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Fig. 1. Immunoelectron photomicrographs of neuromuscular june-
tions in the rat diaphragms labeled with anti-CHT antibody against
GST-fusion protein (a, b} or with anti-CHT antibody against C-ter-
minal peptide (e, d). The silver-enhanced gold particles are mostly
associated with synaptic vesicles, and cceasionally with the plasma
membrane (arrows) in the phrenic motor azon terminals (T) forming

immunoelectron microscopy and biochemical charac-
terization, that CHT was enriched on small presynap-
tie vesicles in the cholinergic terminals in the rat facial
motor nucleus and striatum. In the present study, we
analyzed the ultrastructural localization of CHT in rat
neuremuscular junctions (NMJ) with two separate an-
tibodies against CHT.

All the procedures conducted in this study were ap-
proved by the Institutional Animal Care and Use Com-
mittee at Tokyo Metropolitan Institute for Neuro-
science. Six adult female Sprague Dawley rats (250-
300 g; SLC, Shizuoka, Japan) were used. Animals were
deeply anesthetized with sodium pentobarbital (150
mg/kg) and perfused through the aortic cone at a flow
rate of 20 ml/min with 50 ml of 0.1 M phosphate buffer
pH 7.4 containing 0.9% NaCl (PBS), followed by 250 ml
of 4% paraformaldehyde in 0.1 M phosphate buffer (PB,
pH 7.4) containing 0.1% glutaraldehyde and 0.2% sat-
urated picric acid. Whole diaphragms were removed
and postfixed in the same fixative for 2 h at 4°C. After
fixation, the diaphragms were cut into 1.5-2-mm-
square pieces and blocked in 3% normal goat serum
(NGS; Vector Labs, Burlingame, CA) in 0.02 M FBS
containing 0.01% saponin (PBS-S) overnight at 4°C.
The diaphragm pieces were then incubated for 3 days

typical neuromuscular junctions with the diaphragm muscle (M).
Some endosome-like irregular vesicles {arrowheads in d) are associ-
ated with the immuno-particles, Scale bars = 500 nm in a, ¢ (low-
magnification images); 100 nm in b, d (high-magnification images,
different section from a and ¢l

at 4°C with 80 ng/ml of affinity-purified anti-CHT rab-
bit IgG against the rat CHT C-terminal region (amino
acids 502-580) fused to glutathione S-transferase
(GST) (Misawa et al., 2001) or with 25 ng/ml of affinity-
purified anti-CHT rabbit IgG against the CHT peptide
{C-terminal 15 amino acids; Kobayashi et al., 2002) in
3% NGS in PRS-8. After several washes in PBS-S, the
pieces were incubated in a 1:100 dilution of affinity-
purified goat anti-rabbit Fab’ fragments conjugated to
1.4-nm colloidal gold particles (NANOGOLD-Fab’ con-
jugates; Nanoprobes, Yaphank, NY) in 3% NGS in
PBS-S for 16 h at 4°C. The pieces were rinsed in PBS,
postfixed for 15 min in 1% glutaraldehyde in PBS, and
rinsed in distilled water. The conjugated gold particles
were silver-enhanced in the dark with HQ Silver En-
hancement Kit (Nanoprobes) for 2 min at room temper-
ature. The labeled sections were fixed in 1% osmium
tetroxide for 30 min at 4°C, dehydrated through a
graded series of ethanol solutions and finally propylene
oxide, and embedded in Quetol 812 (Nissin EM, Tokyo,
Japan). Once the resin had polymerized, approxi-
mately 3-um sections were cut and examined with a
light microscope and the regions containing NM.J were
selected for electron microscopy. The sections were re-
embedded in Quetol 812, and then cut into uitrathin
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sections on an ultramicrotome (MT6000; RMC Inc.,
Tucson, AZ). The ultrathin sections were counter-
stained with Reynold’s lead citrate and uranyl acetate
and examined with an electron microscope (H7500;
Hitachi, Tokyo, Japan) at 20,000X magnification. To
quantify immunogold labeling in subcellular compart-
ments in the motor nerve terminal, electron micro-
scopic images were printed out and silver-gold particles
were counted. A total of 12 presynaptic terminals with
good morphological preservation were analyzed.

The two polyclonal antibodies specific to CHT used in
this study exhibited almost the same pattern of CHT
localization in the motor nerve terminals (Fig. 1). Sur-
prisingly, the majority of CHT immunogold-silver par-
ticles were located on synaptic vesicles; only a small
portion of CHT jmmunoreactivity was associated with
the plasma membrane. The synaptic vesicles in motor
axon terminals labeled with the silver grains had usu-
ally spherical and occasionally endosome-like irregular
morphology (Fig. 1d). We counted a total of 1,139 sil-
ver-enhanced gold particles and categorized them as
either synaptic vesicle-associated, plasma membrane-
associated, or others (associated with mitochondria,
cytoplasm, or unidentified compartments) (Fig. 2a).
The plasma membrane-associated particles were
counted when the immuno-particles were located
within 50 nm from the plasma membrane. Among the
plasma membrane-associated CHT immuno-particles
(48 particles), a large portion (>70%) was located
within or in close vicinity (within 100 nm) to the active
zones, where the nerve terminal directly opposes junc-
tional folds in the postsynaptic membrane (Figs. 1, 2b).
We categorized 41% of the linear distance of the pre-
gynaptic membrane (16.4 pm) as “active zones” out of
the total length of the presynaptic membrane analyzed
(40 pm).

We report here the first deseription of the immuno-
electron microscopic localization of CHT in the rat
NMJ, the best characterized of all cholinergic synapses
(Ha!l and Sanes, 1993; Sanes and Lichtman, 1999).
Two kinds of polyclonal antibody against CHT gave the
same pattern of labeling in NM.J; >90% on the synaptic
vesicles and <5% on the plasma membranes. Further-
more, the stereotypic well-characterized structure of
the NMJ enabled us to quantify a fine localization of
CHT in the presynaptic plasma membrane; CHT im-
muno-particles were preferentially found at the pre-
synaptic active zones or its vicinity. The active zones
are sites where synaptic vesicles fuse to the plasma
membrane and release their content (ACh) to the syn-
aptic cleft. The preferential localization of CHT at the
active zones possibly suggests that CHT is delivered to
the plasma membrane from synaptic vesicles via mem-
brane fusion. Recently, Ferguson et al. {2003) reported,
by using immunoelectron microscopy, that a large por-
tion of CHT immunoreactivity was localized on synap-
tic vesicles in cholinergic presynaptic terminals in the
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Fig. 2. Quantitative analysis of the subcellular distribution of
CHT immunoreactivity in the phrenic motor axon terminals (a) and
within the plasma membrane (b}. Percentage of immunogold particles
is calculated by dividing the number associated with each eompart-
ment by the total number of particles counted (a, 1,139; b, 48). We
counted 736 particles in 7 terminals stained with anti-CHT antibody
against GST-fusion protein (30 particles were on the plasma mem-
brane), and 403 particles in § terminals stained with anti-CHT anti-
body against C-terminal peptide (18 particles on the plasma mem-
brane).
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facial motor nucleus and striatum. Moreover, by using
biochemical characterization, they presented a novel
and intriguing hypothesis that neuronal activity trig-
gers CHT trafficking from synaptic vesgicles to the
plasma membrane where levels of choline-uptake cou-
ples to ACh release, Although we cannot rule cut the
possibility that CHT functions as a vesicular trans-
porter for choline or as yet unidentified substrates on
synaptic vesicles, the immunoelectron microscopic data
presented here strongly support Ferguson et al’s
(2003) hypothesis.

Our immunoelectron microscopic analysis demon-
strates that only a small portion (<5%) of CHT immu-
noreactivity is associated with the plasma membrane.
This low percentage possibly suggests that CHT under-
goes efficient recovery from the plasma membrane to
intracellular vesicles by an endocytic pathway. Fur-
thermore, we occasionally observed CHT immuno-par-
ticles on pleiomorphic vesicles, possible endocytic or-
ganelles (Fig. 1d). In accordance with this observation,
recent CHT transfection analyses in cultured cells
demonstrate that CHT is efficiently and constitutively
internalized by a clathrin-mediated endocytic pathway
(Ferguson and Blakely, 2004; Ribeiro et al., 2003).

In aging and in Alzheimer’s disease, dysfuction of
cholinergic neurons is well correlated with a decline in
cognitive function, and acetylcholinesterase (AChE) in-
hibitors are so far the only class of drugs for treatment
of these disorders. The activity-dependent trafficking
model will provide a basis for CHT as a potential new
therapeutic target for these disorders.
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Abstract

We recently confirmed that oxidized galectin-1 is a novel factor enhancing axonal growth in peripheral nerves after axotomy, but the
process of extracellular release and oxidization of endogenous galectin-1in the injured nervous tissue remains unknown. In the present
study, we examined the distribution of galectin-1 in adult rat dorsal root ganglia (DRG) in vive and in vitro. By RT-PCR analysis and in situ
hybridization histochemistry, galectin-1 mRNA was detected in both DRG neurons and non-neuronal cells. Immunohistochemical
analyses revealed that galectin-1 was distributed diffusely throughout the cytoplasmiin smaller diameter neurons and Schwann cells in
DRG sections. In contrast, the immunoreactivity for galectin-1 was detected in almost all DRG neurons from an early stage in culture
(3h after seeding) and was restricted to the surface and/or extracellular region of neurons and Schwann cells at later stages in culture.
In a manner similar to the primary cultured cells, we also observed the surface and extracellular expression of this molecule in
immortalized adult mouse Schwann cells (IMS32). Western blot analysis has revealed that both reduced and oxidized forms of galectin-
1 were detected in culture media of DRG neurons and IMS32. These findings suggest that galectin-1 is externalized from DRG neurons
and Schwann cells upon axonal injury. Some of the molecules in the extracellular milieu may be converted to the oxidized form, which
lacks lectin activity but could act on neural tissue as a cytokine.

.ntroduction

Galectin-1 is a member of the galectins, a family of B-galactoside-
binding animal lectin (Barondes et al., 1994; Cooper & Barondes,
1999). It is 2 homodimer with a subunit molecular weight of 14.5kDa
and exhibits lectin activity only in the reduced form (de Waard et al.,
1976; Kasai & Hirabayashi, 1996; Perillo er al., 1998). It has been
suggested that this lectin plays roles in a wide variety of biologicat
functions such as cell growth and differentiation, apoptosis, cell
adhesion, tumour spreading, neurite outgrowth and inflammatory
response (Outenreath & Jones, 1992; Mahanthappa et al., 1994; Perillo
et al., 1995, 1998; Puche et al., 1996; Rabinovich et al., 2000a,b,
2002). Despite lacking a signal leading peptide, galectin-1 has been
reported as being externalized from myogenic cells (Cooper & Bar-
ondes, 1990), neuroblastoma cells {Avellana-Adalid et al, 1994),
Chinese hamster ovary (CHO) cells (Cho & Cummings, 1995) and
human leukaemia cell lines (Lutomski et al., 1997). These findings
suggested a pathway for the extracellular release of galectin-1 which is
distinct from the classic secretory pathway (Cooper & Barondes, 1990;
Cleves et al., 1996; Hughes, 1999). Some other members of galectin
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family, namely galectin-3 (Mehul & Hughes, 1997) and galectin-4
(Danielsen & van Deurs, 1997), are subject to externalization in a
manner similar to galectin-1. Tt has been suggested that, following
externalization, some of the galectin molecules associate with surface
or extracellular matrix glycoconjugates where lectin activity is stabi-
lized while the others, free from glycoconjugate ligands, are rapidly
oxidized and inactivated in the nonreducing extracellular environment
(Tracey et al., 1992; Cho & Cummings, 1993). In contrast to the
concept that galectin-1 is biologically active only in the reduced form,
we introduced oxidized galectin-1 as a novel factor enhancing axonal
regeneration in peripheral nerves (Horie et al., 1999; Inagaki ef al.,
2000; Fukaya et al., 2003). Oxidized galectin-1 lacked lectin activity,
but it exhibited marked axonal regeneration-promoting activity at
concentrations (pg/mlL range) substantially lower than those at which
the lectin effects of galectin-1 were exhibited in neuronal cells in vitro
(> ng/mL) (Outenreath & Jones, 1992; Puche et al., 1996). Taking
these findings into consideration, oxidized galectin-1 is likely to act on
nervous tissue not as a lectin but as a cytokine.

Galectin-1 is expressed in dorsal root ganglion (DRG) neurons and
motor neurons with immunoreactivity localized to neuronal cell
bodies, axons and Schwann cells of adult rodents (Regan et al.,
1986; Hynes et al., 1990; Fukaya et al., 2003). After axonal injury,
cytosolic reduced galectin-1 is likely to be externalized from growing
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axons and reactive Schwann cells to an extracellular space, where
some of the molecule may be converted to the oxidized form and
enhance axonal regeneration {(Horie & Kadoya, 2000). However,
extracellutar release of galectin-1 from mature neurons and/or non-
neuronal cells after axotomy remains to be clarified. In the present
study, we examined histochemical localization of galectin-1 in adult
rat DRG beth in vive and in vitro.

Materials and methods

Animals

Three-month-old female Sprague-Dawley rats were used. All experi-
ments were conducted in accordance with the Guideline for the Care
and Use of Animals (Tokyo Metropolitan Institute for Neuroscience,
2000).

RT-PCR analysis

The rats were anaesthetized with ether and killed. Thirty-five DRG
(from the cervical to sacral levels) with associated nerve bundles and
kidneys were dissected and removed from each animal. Nerve bundles
were severed from ganglia, using a sharp blade. Each tissue (ganglia,
spinal nerve fibres or kidneys) was separately collected in a sterile tube
and stored at —80 °C. Total RNA was isolated from these tissues using
Trizol reagent (Invitrogen, Groningen, Netherlands), and was reverse
transcribed with M-MLYV reverse transcriptase (Invitrogen) and pd(N)s
random primer (Amersham Biosciences Corp., Piscataway, NJ, USA}
(Sango et al., 2002b). The synthesized cDNA was used as a template
for the PCR reaction. The PCR primers were designed to amplify the
408bp of rat galectin-l open reading frame; sense primer, 3'-
ATGGCCTGTGGTCTGGTCGCC-3' and antisense primer, 5'-TCAC-
TCAAAGGCCACACACTT-3' (GenBank Accession No. M19036)
(Clerch et al., 1988). PCR was performed in a 25-pL mixture solution
containing 0.2 mM dNTP mix, 10x PCR buffer with 25 mm MgCl,,
0.5 uM of each primer and 0.623U of AmpliTag Gold DNA poly-
merase (Applied Biosystems, Foster City, CA, USA). After denatura-
tion at 95 °C for 9 min, the PCR reaction was cycled 30 times at 95°C
for 1 min, 55 °C for 1 min and 72 °C for 2 min. The PCR products were
separated by electrophoresis through 2% agarose gel and visualized
with ethidium bromide staining.

Preparation of the plasmid containing rat galectin-1 cDNA

The plasmid containing the rat galectin-1 cDNA. fragment was created
by PCR cloning as described previously (Toba et al., 2002). Briefly, the
408-bp fragment amplified by PCR was subcloned into pGEM-T Easy
Vector (Promega Corp., Madisen, W1, USA) according to the man-
ufacturer’s instructions, and the resulting plasmid DNA was sequenced
(Sawady Custom Technology Service, Tokyo, Japan).

In situ hybridization

We examined mRNA expression patterns of galectin-1 by in situ
hybridization histochemistry as described previously (Ichikawa
et al., 1997) with slight modifications. Digoxigenin-labelled antisense
and sense cRNA probes for galectin-1 were prepared using DIG RNA
labelling mix (Roche Diagnostics, GmbH, Mannheim, Germany) with
linearized plasmid DNA according to the manufacturer’s instructions.
The rats were anaesthetized by intraperitoneal injection of pentobar-
bital sodium (50 mg/kg), and then briefly perfused through the left
cardiac ventricle with 100mM phosphate-buffered saline (PBS,
pH 7.4) followed by 4% paraformaldehyde. Lumbar DRG dissected
from the rats were processed for paraffin embedding and sectioned into
5-jum-thick slices. Deparaffinized sections were treated with 0.2 NHCI
for 15min, 0.2% triton-X for 10min at room temperature, and

proteinase-K (Invitrogen, 2mg/mL in 100mm PBS) for 20min at
37°C, postfixed with 4% paraformaldehyde in 100mM PBS for
10min, and treated with 2mg/mL glycine in 100mM PBS for
20min at room temperature. The hybridization buffer contained
50% formamide, 300mM NaCl, 2.5mmM EDTA, 0.5mg/mL Escher-
ichia coli tRNA, 20mM Tris-HC1 (pH 8.0), 1 x Denhardt’s solution
(Eppendorf, Hamburg, Germany). Both the antisense and the sense
probes were diluted to a final concentration of 310 ng/mL. Hybridiza-
tions were performed overnight at 50 °C. Thereafter, the samples were
washed in 2 x standard saline citrate (S58C; 1 x S8C =150 mM NaCl,
15mM sodium citrate) containing 50% formamide for 1h at 50°C,
followed by 2 x 5 min in 10 mM Tris-HC] (pH 8.0} containing 500 mM
NaCl at room temperature, 30 min in 10 mM Tris-HCI (pH 8.0) con-
taining 20 pg/mL RNase A and 500 mm NaCl at 37°C, 2 x Smin in
10 mM Tris—HC) (pH 8.0) containing 500 mM NaCl at room tempera-
ture, 2 x 30 min in 1 x SSC containing 50% formamide at 50°C, and
finally 3 x Smin in 100mM Tris-HC] (pH7.5) containing 150 mMm
NaCl at room temperature. The digoxigenin-labelled probes were
detected using alkaline-phosphatase-conjugated antidigoxigenin
(Roche Diagnostics). The positive signal was detected as a dar
precipitate  (BCIP/NBT; S5-bromo-4-chlore-3-indoyl-phosphate
toluidine salt/4-nitroblue tetrazolium chloride). Tissue sections were
then mounted with Crystal/Mount (Biomeda Corp., Foster City, CA,
USA) without cover glasses and dried at 70°C.

Immunohistochemistry

The rats were anaesthetized using pentobarbital sodium as described
above and perfused through the left cardiac ventricle with 100 mm PBS
followed by acid-alcohol (95% ethanol and 5% acetic acid). DRG
dissected from the rats were processed for paraffin embedding and
sectioned into 5-pm-thick slices. Deparaffinized sections were incu-
bated overnight at 4 °C with rabbit antigalectin-1 polyclonal antibody
(1: 1000, diluted with 0.5% skimmed milk) (Horie et al., 1999). After
rinsing with distilled water, the sections were incubated for 1hat 37 °C
with peroxidase-conjugated antirabbit IgG antibody (1:100; Vector
Laboratories Inc., Burlingame, CA, USA). The immunoreaction was
visualized under a light microscope using 0.01% diaminobenzidine
tetrahydro-chloride (DAB; Wako Co., Tokyo, Japan) and 0.01%
hydrogen peroxide in 50mM Tris buffer (pH7.4) at 37°C fo.
15 min (Kawano et al., 1999).

Cultures

The rats were killed by ether exposure. Primary culture of adult DRG
neurons was performed as previously described (Sango et al., 1991).
Briefly, 2025 ganglia (from the thoracolumbar level) were dissected
from each animal and dissociated with collagenase (Worthington
Biochem., Freehold, NI, USA) and trypsin (Sigma, St Louis, MO,
USA). These ganglia were subjected to density gradient centrifugation
(5 min, 200g) with 30% Percoll (Pharmacia Biotech, Uppsala, Swe-
den) to eliminate the myelin sheath. This procedure resulted in a yield
of >5 x 10" neurons together with a smaller number of non-neuronal
cells such as Schwann cells, satellite cells and fibroblasts, The cells
were suspended in Ham’s F12 (Invitrogen) containing 10% fetal calf
serum (Mitsubishi Kasei Co. Ltd, Tokyo, Japan), and seeded on poly
L-lysine (PL, Sigma, 10 pg/mL)-coated wells of 8-well chamber slides
(Nalge Nunc International, Naperville, IL, USA) or PL-coated Aclar
fluorocarbon coverslips (Nissin EM Co. Ltd, Tokyo, Japan; 9 mm in
diameter) in 60-mm culture dishes (Falcon, Lincoln Park, NJ, USA).
The density of neurons was adjusted to =22 x 10*/em? in each well or
coverslip. After remaining in serum-containing medium for 12 h, cells
were cultured in serum-free medium [Ham's F12 with B27 supplement
(Invitrogen)] for up to 7 days.
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A spontaneously immortalized Schwann cell line established from
adult ICR mice, IMS32 (Watabe et al., 1995) were seeded on culture
flasks (Nalge Nunc) at a density of 5 x 10%cm® and maintained in
Dulbecco’s Modified Eagles medium (DMEM,; Sigma) supplemented
with 5% FCS. When the cell density reached confluence, cells were
trypsinized and reseeded on coverslips at a density of 1-2 x 10%cm’ or
collected to extract total RNA for use in Northern blotting. Cells
seeded on coverslips were kept in DMEM with B27 supplement for up
to 7 days.

Immunocytochemistry

Cells dissociated from DRG after 3 or 12h or 2, 4 or 7 days in culture
and IMS32 cells after 1, 2 or 4 days of seeding on coverslips were fixed
with acid-alcohol for 30 min at room temperature. The fixed cells were
incubated overnight at 4°C with rabbit antigalectin-1 polyclonal
antibody (1 : 3000). After rinsing with PBS, the cells were incubated
for 1h at 37 °C with peroxidase-conjugated antirabbit IgG antibody
(1 :100, Vector Laboratories). The immunoreaction was visualized as

iscribed above.
ouble immunofiuorescent staining

To verify that both neurons and Schwann cells are immunoreactive
for galectin-1, double immunostaining for neurofilament and galec-
tin-1, or 5100 protein and galectin-1 in cultured DRG cells was
performed. Two different fixatives were used, depending on the
antigen to be examined: acid-alcohol for detection of neurofilament
and alcohalic formaldehyde (85% ethanol, 4% formaldehyde and
5% acetic acid) for detection of $100. Fixed cells were incubated
overnight at 4 °C with a mixture of rabbit antigalectin-1 polyclonal
antibody (1:1000) and mouse antineurofilament 200 monoclonal
antibody (1:1000; Sigma) or mouse anti-5100 monoclonal
antibody (1:100, Chemicon International, Inc., Temecula, CA,
USA). After rinsing with PBS, they were then incubated in a mixture
of fluorescein isothiocyanate (FITC)-conjugated antirabbit IgG
(1:100, Vector Laboratories) and biotinylated antimouse IgG
(1:100) for 1h at 37 °C. Finally, cells were incubated with strepta-
vidin-Texas Red {1:100, Vector Laboratories) for 1h at room
temperature.

Image presentation

Sections processed for in situ hybridization and immunohistochem-
istry and cell culture samples processed for immunocytochemistry
were observed and recorded using a Zeiss Axiophoto microscope
(Carl Zeiss Co. Ltd, Germany) equipped with a cooled CCD camera
(Zeiss AxioCam) and Zeiss Axiovision software. The digital
images were manually aligned using PhotoShop 4.0 (Adobe Systems
Incorporated, Mountain View, CA, USA) to equalize tone and
contrast.

Immunoelectron microscopy

Cells dissociated from DRG and IMS32 cells on coverslips were kept
in the serum-free medium for 7 days and fixed with 4% paraformal-
dehyde, 0.05% glutaraldehyde and 0.2% picric acid for 30 min at room
temperature (Llewellyn-Smith er al., 1983). The fixed cells were
incubated overnight at 4°C with rabbit antigalectin-1 polyclonal
antibody (1 : 1000). After rinsing with PBS, the cells were incubated
for 1h at 37°C with 1.4nm Nanogold-conjugated antirabbit IgG
antibody (1 : 100; Nanoprobes, Yaphank, NY, USA). After the postfix
with 1% glutaraldehyde and silver enhancement according to the
manufacturer’s instruction, the samples were processed for embedding
in epoxy resin for observation using an electron microscope (Sango
et al., 2002a).
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Northern blot analysis

The galectin-1 ¢DNA fragment (10ng/wL) was prepared from the
plasmid, and labelled with alkaline phosphatase (AlkPhos Direct;
Amersham Biosciences) according to the manufacturer’s instructions.
Northern blotting was performed on total RNA isolated from confluent
cultures of IMS32 in a culture flask. Twenty micrograms of RNA was
electrophoresed in 1% agarose-formaldehyde gel, transferred to
Hybond N+ membrane (Amersham Biosciences) and hybridized
overnight at 55 °C with the labelled probe. The CDP-Star™ chemi-
luminescent detection reagent (Amersham Biosciences) was used for
visualization of the positive signals (Zajc Kreft et al., 2000).

Western blot analysis

DRG neurons seeded at a high density (> 5 x 10*/cm?) in each well of
an 8-well chamber slide and confluent cultures of IMS32 cells in a flask
were washed three times with serum-free medium (F12 supplemented
with B27) and incubated for 48 h in serum-free medium. The condi-
tioned medium from each of the cells was centrifuged (5 min, 200¢)
and subjected to SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). SDS-PAGE was performed under reducing—nonreducing con-
ditions using 15-25% polyacrylamide gradient gel. After electrophor-
esis, the proteins were transferred onto a polyvinylidene difiuoride
(PVDF) membrane with semidry electroblotter (Owi Scientific Inc.,
Woburn, MA, USA). The membrane was incubated with antigalectin-1
polyclonal antibody (1 pg/mL} for 1h after blocking with Block Ace
(Snow Brand, Tokyo, Japan). After rinsing with Tris-buffered saline
(TBS), the membrane was incubated in a solution of biotinylated
antirabbit IgG (1 : 3000, DAKO, Carpinteria, CA, USA) for 1 h. Then,
after rinsing, the membrane was incubated with HRP-conjugated
streptavidin (1:3000, DAKO) for 1h. Immunocomplexes on the
membrane were visualized by chemiluminesence using the Super-
Signal West Femto Maximum Sensitivity Substrate (Pierce Biotech-
nology Inc., Rockford, IL, USA) and LAS 1000 Image Analyser (Fuji
Film, Tokyo, Japan).

Results

Galectin-1 mRNA expression in adult rat DRG

RT-PCR analysis showed mRNA expressions of galectin-1 in all
tissues examined, i.e. dorsal root ganglia (containing both neurons
and non-neuronal cells), spinal nerve fibres (neuronal cell bodies were
excluded) and kidneys as a positive control (Fig. 1). This result implies
that both neurons and non-neuronal cells synthesize the lectin mole-
cule. By using in situ hybridization histochemistry with digoxigenin-
labelled cRNA probe, galectin-1 mRNA was abundantly detected in all
neurons in the sections of adult rat DRG (Fig.2). In general, the
staining intensity in smaller diameter neurons was higher than that in
larger diameter neurons. These findings are in agreement with those of
a previous study (Hynes et al., 1990), in which a 353-labelled cRNA
probe was used for in situ hybridization. The mRNA expression in non-
neuronal cells (Schwann cells, satellite cells etc.) was much weaker
than that in neurons. The positive reactions would seem to be specific
for galectin-] mRNA because the sense probe of galectin- failed to
hybridize in the tissue (Fig.2).

Immunchistochemical localization of galectin-1 in DRG in vivo
and in vitro

Intense immunoreactivity for galectin-1 was detected in a subset of
neurcns (arrows in Fig, 3A) and Schwann cells (arrowheads in Fig. 3A)
in the sections of adult rat DRG. We counted the number of immu-
noreactive and nonimmunoreactive neurons in three sections of
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FiG. 1. Galectin-1 mRNA expression in DRG and peripheral nerves: RT-PCR
analysis. The photograph of gel electrophoresis (from the left to the right lanes)
indicates a DNA marker (100-bp DNA ladder; Invitrogen), PCR products from
¢DNA of adult rat DRG, spinal nerves and kidneys (as a positive control), and a
PCR reaction without a template ¢DNA (as a negative control), respectively.

different ganglia in each rat. The ratio of galectin-1-immunoreactive
neurons was 26.1+1.9% (mean =+ SEM from nine sections, 1582
neurons from three animals). Most of the immunoreactive neurons
were small or intermediate (< 30 pm) in diameter, which was con-
sistent with previous findings (Regan et al., 1986). This positive
reaction was completely eliminated by preabsorption of antigalec-
tin-1 with antigen (not shown), suggesting its specificity for galectin-1.
In contrast to the in vivo results, galectin-1 immunoreactivity was
detected in almost all neurens at all culture times (Fig. 3B-E). The
immunoreactivity had spread throughout the cytoplasm by 3h
{Fig. 3B) in culture, but was localized to the surface of neurons after
2 days in culture (Fig. 3C and D). Double immunoflucrescent staining
with antineurofilament antibody (Fig. 4A—C) showed localization of
galectin-1 to neuronal cell bodies but not to neurites, when neurons
were cultured in serum-free medium. In contrast, the intense immu-
noreactivity for galectin-l was detected in both neuronal cell
bodies and neurites in culture in the presence of serum (Fig. 4D-F).
At early stages (3h, 12h and 2days) of culture, most galectin-1-
immunoreactive cells were neurons. In contrast, the immunoreactivity
for galectin-1 was detected in both neurons and non-neuronal cel
especially spindle-shaped cells {arrows in Fig.3E), at later stage
(4 and 7days) of culture. The spindle-shaped cells were immunor-
eactive for S100 (Fig. 4G-1) and were identified as Schwann cells. Ata
higher magnification, the immunoreactivity for galectin-1 was scat-
tered throughout Schwann cells and localized at the cell surface

(Fig. 3F).

sense, Ho.,
’,f e .

Fi6.2. In situ hybridization histochemistry complementary to galectin-1 mRNA in the adult rat DRG. Hybridization with an antisense probe (left panet) revealed
galectin-1 mRNA expression in all neurons, with a tendency for more intense signals to be observed in smaller nevrons than in larger ones. Hybridization with a sense
probe (right panel) resulted in no signals. Scale bar, 100 pm. .

Fi6. 3. Immunohistochernical localization of galectin-1 in aduli rat DRG (A) in vivo and (B-F) in vitro. (A) Galectin-1 immunoreactivity was observed diffusely in
the cytoso! of small neurons (arrows) and Schwann cells (arrowheads). The section was counterstained with haematoxylin, (B-F) The immunostaining was carried out
after (B) 3h, (C) 2, (D) 4 and (E and F) 7 days in culture. Galectin-1 immunoreactivity was throughout the eytosol of almost all neurons after 3 h in culture (B), but
became concentrated at the cell surface beyond 2days in culture (C-E). After 7 days in culture (E), not only neurons but alse Schwann cells (arrows) were
immunoreactive for galectin-1. At a higher magnification (F), galectin-1 immunoreactivity was scattered throughout Schwann cells and localized at the cell surface.
Scale bars, 50 pm (A), 50 pm (in E for B to E), 25 pm (F).

Fic.4. Immunofluorescence micrographs of adult rat DRG neurons (A—F) and Schwann cells (G-I} after 7 days in culture, stained with antibodies to galectin-1
{green; A, D and G) and neurofilament (red; B and E) or $100 (red; H). A and B are merged into C, D and E are merged into F, and G and H are merged into L. {A-C}
When neurons were cultured in serum-free medium, galectin-1 is localized to the cytoplasm near the surface of the neuronal cell bodies, but not to the neurites. (D—-F).
When neurons were cultured in serum-containing medinm, the immunoreactivity for galectin-1 was detected in both neuronal cell bodies and neurites, (G-1) Galectin-

1 immunoreactivity is observed in both the cytoplasm of Schwann cells and extracellular regions. Scale bars, 50 pm (A-F), 30 pm (G-I).
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