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Fig. 6 Nunog interferes with BMP signaling ac the level of transcrip-
tion activity of Smad. (A1 Flow-cytometric analysis of Ti+) cells in
T-¢GFP ES cells cultured for three passages with 400 p/mL ot LIF
under conditions of inhibition (noggini or activation (BMP2. BMP4.
‘and BMP7) of BMP signaling. Bar shows mean = SD (n=4). (B)
Flow-cvlometric analysis of Tt+) cells produced from purified Ti+)
cells cultured with 400 p/mL of LIF under conditions ol inhibition
or activation of BMP signaling. Inhibition of endogenous BMP sig-
naling by noggin decreased the percentage of Ti+) cells at a similar
level of Nanog overexpression. whercas BMP activation increased the
percentage of T(+) eells. Bar shows mean = SD (n =4, (C) A reporter
construet of =1 1471d1-Luc containing the Smad-binding sites. but not
“9271d[-Lue. was activated in a BMP-dependent manner in ES cells
cultured with 400 p/mL ol LIF. Nanog and inhibitory Smads (Smad6
and Smad7) down-regulated —1 [47[d 1-Lue activity in a similar manner.
Bars show mean = SD (n=4). (D-F) Co-immunoprecipitation assays
of the physical interaction between Nanog and BMP-responsive Smadl.

to ES cells. whereas the remaining ~25% maintained EM
progenitor identity (Fig. 6B. see also Figs. 3E. 31, 4C). When
the cultures were supplemented with BMPs. the maintenance
of EM progenitors increased by ~2-fold. whereas it was
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og interacted with aciivated Smad| (D). Nanog interacted with the
MH2 domain of Smad! (E). Nanog interferad with the interaction be-
tween activated Smadl and p300 by competitively binding to Smad!l
in a dose-dependent manner (F). The relative p300:Nanog ratio was
I:1 or 1:2. 1G) Overexpression of p300 rescued the down-regalation
of =11471d1-Luc activity induced by Manog. Bars show mean £ SD
(n=-441. (H) The =396T-Luc reporter construct. but not =204T-Lue. was
activated in a BMP-dependent manner in ES cells cultured with 400
wml of LIF. Nanog and inhibitory Smads (Smadé and Smad7) down-
regulated -396T-Luc activity in a similar manner. The down-regulation
of =396 T-Luc activity induced by Nunog was rescued by overexpression
of p300. Bars show mean = SD (n =4). () Sequence of the 3"-upstream
regulatory region of the mouse T gene. Three putative BMP-responsive
Smad-binding sites are indicated with boxes. Please. add the follow-
ing text: Panels A-C and G-I are reproduced with permission of The
National Academy of Sciences of the United States of America [49]

decreased by half upon incubation with noggin (Fig. 6B).
[nterestingly. overexpression of Nanog in EM progenitors
resulted in a decrease in their maintenance similar to that
induced by noggin (Fig. 6B). These results indicate that
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the weneration and maintenance of M progenitors depends.
ot least in part, on the differentiation promoting activity of
BMPs and suggest that Nanog s abilivy o reduce the num-
bers of EM progenitors may depend on the blockade of BMP
signabing.

Siznaling by BMPs iv intincellularly
receptor-regulated Smads (Smadl. 5. and 81 and the co-
mediator Smad! and is antagonized by inhibitery: Smuads
(Smade and 71 [3]. To characterize the mechanism by
which Nanog blocks BMP signaling. we first unalyzed

the eftacts of Nanog overexpression in the BMP-induced

transduced by

transcriptional activation ot /l/. fd] is a well-characterized
transeriptional tarzet of BMP signaling [35]. for which the
Smud-binding elements have heen mupped to u specific
region in the Jd/ promoter [36]. We used fucilerase
reporter constructs containing (=11471d1-Luc) or lacking
(=9271d1-Luc) the Smad-binding sites [36] and analyzed
their activity in ES cells. Transient trausfection of these
reporters in ES cells resulted in a --4.5-fold uetivation of
the —11471d1-Luc reporter when compared 0 =927{d1-Luc
(Fig. 6C). indicating the existence of a significant level
ol endogenous BMP signaling associated with our culwre
conditions (see Discussion belowi. Addition of BMP to the
culture mediwn resulted in o strong up-regulation of the
~11471d]1-Luc reporter compared to =9271d 1-Luc (Fig. 6Cr.
That the activation of the =1 1471d -1 uc reporter was due
o BMP signaling was further confirmed by the fact that
co-transfection of ES cells with cDNAs encoding inhibitory
Smads drastically reduced the transcriptional activity of
the reporter induced by endogenous or exogenous BMPs
(Fig. 6C). Interestingly. Minog uverexpression in bS5 cells
closely mimicked the efteet of inhibitory Smads (Fig. 6C).
suggesting thar Nanog may block BMP signaling by
interfering with the tormation of activated Smad complexes.

Inhibitory Smads negatively regulate BMP signaling by
binding 10 activated receplor-regulated Smads. henee li-
miting their availability to form transcriptionally active
complexes with Smad+ and/or other nuclear cofactors [ 34].
To address whether Nanog blocked BMP signaling by a
Gimilar mechanism, we first analvzed its ability to io-
teract with the receptor-regulated Smadl inside the cell.
Co-immunoprecipitation assays in NIH3T3 cells revealed
that Nanong was indeed able to bind Smadl only when the
latter was activated by co-transtection of o constitutively
active ALK3 (caALK3. Fig. 6D). Nexi, we mapped the
interaction domain of Smadl with Nanog. The different
Siads contain two conscrved  domains, the N-terminal
Mad homology tMH) 1 and the C-terminal MH2 domain.

separated by a poutly conserved linker. The interaction of

receptor-regulated Smads with Smad+ and other ranserip-
tion factors and cotactors. as well as with inhibitory Smads.
oceurs through the MH2 domain [34]. In cells co-transfected
with Nanog and expression comstructs encoding  the

individual MH . MHT=linker. or MH2 Jomains of Smadl.
nteraction with Nuanog was found exciusivels with the
MH?2 domain (Fig. 6E). These resulis ure consistent with
a negative role of Nanog on BMP signahing by interfering
with the interaction of receptor activated Smads with Smad4
and/or additional nuclear factors.

The CREB-
binding proiein (CBP) and p3o0 are nuclewr cofactors
important for TGFf signaling. including that of BMPs,
that interact with the MH2 domain of receptor-reguluted
Smuads and Smad< [37-39]. To gain turther insights into the
mechanism af Nanog-mediated down regulation of BMP
signaling, we tested whether Nanog interlered with the
recruitment of p300 1o the complexes of acuvated Smads.
For this purpose. Myc-tagged Smadl. HA-ugged pi00.
and caALK3 were expressed in NIHAT3 cells with or
without HA-ragged Nanog. Immunoprecipitations of cell
lysates were performed with anti-Myc antibodies followed

paralogous  transcriptional  coactivaton

by Western bloting utilizing anti-ITA antibodies. In the
ahsence of Nanog. Smad | efficiently co-immunoprecipitated
p300 (Fig. 6F) [n the presence of co-expressed Nunog.
the amount of p300 bound to Smad| decreased in a Nunog
dose-dependent manner (Fig. 6F). The functional signi-
ficance of these lindings was further verified by the fact
that overexpression of p300 completely rescued the down-
regulation in the transcriptional activity of the /d promoter
induced by Nanog (Fig. 6G). These results indicate that
Nanog negatively regulates BMP signaling by interfering
with the recruitment of the co-activator p300 to the Smad
rranscriptional complex.

Finully. the Ainding that the expression of the Xhra. the ho-
maologue of Tin Xenopus. is regulated by TGF signals [40]
prompted us to investigate whether 7 could be a ranscrip-
tional target of BMP signaling in ES cells. and. if so, whether
Nanog could direetly block the induction of T by BMPs. In
a preliminary analysis. we identified a BMP-responsive ele-
ment in the ~1.2-kb region upstream of the translation initi-
ation site of the mouse 7 promoter (data not shown). We then
generated a series of [uciferase reporter constructs covering
this region. We transfected these constructs into ES cells
culturad in medium containing 400 p/ml. of LI and supple-
mented with BMP7. und further mapped the BMP-responsive
clement to a regien located between -396 and =204 hp of
the mouse 7 gene (Fig. 6H). Under these conditions. the
activity of the =396T-Luc reporter was ~3-fold that of -
204T-Luc and decreased by half upon co-expression of in-
hibitory Smads or Nanog (Fig. 6H). Interestingly. the down-
regulation of -396T-Luc activity induced by Nunog could be
completely rescued by co-expression of p300 (Fig. 6H1. The
analysis of this region in the mouse T promoter detected three
motifs with homology o the reported consensus of BMP-
responsive Smad-binding sites (41]. These results indicate
that 7 is a direct transcriptional target of BMP signaling. and
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that Nanog down-regulates T expression by inhibiting BMP
signaling at the level of the formation of active Smads/p300

complexes.
8 Discussion

Mouse ES celis. consistent wiih their developmental origin
in (he embryo epiblast. have the ability to give rise o
derivatives of all three primary germ layers. However, unlike
cells in the epiblast. in which pluripotency is very transient.
mause ES cells can be maintained in culture indefinitely in a
pluripotent state. The mechanism(s) whereby the adaptation
w culture conditions releases epiblast cells from the loss of
pluripotency remain an outstanding question in the biology
of ES cells.

9 The Transient EM Progenitor Population

In this study. we identify a population of EM progenitors
normally present in cultures of mouse ES cells. The commit-
ment of EM progenitors to mesoderm fates is evident upon
LIF withdrawal. which results in differentiation restricted to
mesoderm lineages and by their failure to contribute to em-
bryogenesis in vivo (Fig. 2A. 2C. 2E). In the presence of LIF,
however. EM progenitors are phenotypically indistinguish-
able from ES cells. as both populations co-exist in colonies of
undifferentiated morphology and both maintain pluripotency
over extended periods of time in culture (Fig. [C). Moreover.
EM progenitors maintain the expression of pluripotency-
associated markers such as Ocrd. Nanog. and Rex/ and have
high levels of alkaline phosphatase activity (Figs. 1B, 3A.
and data not shown). Indeed. in the presence of LLIF. EM pro-
genitors and ES cells interchange their identities at a rate that
depends. precisely. on the amount of LIF.

In this sense. the regeneration of a pluripotent ES cell
phenotype from EM progenitors is reminiscent of the
reversion to ES cells of early primitive ectoderm-like (EPL)
cells [42]. EPL cells are generated in vitro by culturing ES
cells in medium conditioned by HepG2 cells with or without
LIF [42]. Similar to the population of EM progenitors
characterized in this study. EPL cells express markers
of pluripotency at levels comparable to ES cells. do not
contribute to embryonic lineages upon injection into mouse
blastocysts. can be reverted to an ES cell phenotype in the
presence of LIF upon withdrawal of HepG2-conditioned
medium [42]. and differentiate in vitro preferentially (though
not exclusively) into mesoderm-derived lineages [43]. EPL
cells can be differentiated from ES cells based on their
characteristic expression profile. which includes high levels
of Fgfs expression and down-regulation of Rex/ and Gbx2
expression [42]. In contrast. EM progenitors display expres-
sion levels of Rex! and Gbx2 comparable to ES cells and do
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nat express Fgfd (Fig. 3A). Thus, despite some similarities.
EM progenitor cells are distinct from EPL cells and are more
closely related (o pluripotent ES cells. at least based on their
respective transcriptional profiles. [n addition. two important
characteristics of the EM progenitor population make its
analysis especially relevant for our understanding of ES
ceil pluripotency: tii EM progenitors are generated from ES
cells under standard culture conditions. noi by addition of
ill-characterized conditioned media. and {ii) in the same cul-
ture conditions. EM progenitors undergo a deditferentiation
process that gives rise o pluripotent ES cells.

10 Differentiation-Promoting Activity
of BMPs

The results from our analyses indicate that the generation
of EM progenitors (rom ES cells depends on the direct
mesoderm-inducing ability of BMP stimulation (Fig. 6). This
finding is consistent with the reporied roles of BMP signaling
during embryo development [27. 28]. and with previous
studies of ES cell differentiation in vitro [29-31]. However.
the mesoderm-difterentiating activity of BMPs seems to
be at odds with their role in maintaining the self-renewal
of pluripotent ES cells [7]. Indeed. BMP signaling appears
to have contrasting effects in the maintenance of ES cell |
pluripotency. On the one hand. BMPs arc nccessary to '
prevent ES cell differentiation toward neural fates [7. 30.
44]. On the other hand. signaling by BMPs results in loss
of ES cell pluripotency by promoting their differentiation
toward non-neural fates such us mesoderm-derived lineages
[29. 31| tand this study). These opposing effects of BMPs
can be partially explained by differences in the experimental
conditions used in those studies: Thus. in the absence of LIF,
low concentrations of BMPs (~0.25-10 ng/mL) promote
mesoderm differentiation (29-31] at the expense of neural
fates [30]. In the presence of LIF, however, similar low
concentrations of BMPs prevent neural differentiation of ES
cells [7. 44] and naintain their pluripotency with no signs of
mesoderm differentiation [7]. Consistent with this notion. we
did not detect increased generation of EM progenitors with
BMP concentrations below 100 ng/mL in the presence of LIF
(data not shown). Thus, LIF appears to render ES cells refrac-
tory to the mesoderm-inducing activity of BMPs. Our studies
demonstrate that this resistance is. at least in part. dependent
on the negative feedback mechanism mediated by Nanog.

11 A Negative Feedback that Blocks
Mesoderm Differentiation

While investigating the role of LIF in the maintenance of
mouse ES cell pluripotency. Rathjen and colleagues [45]
found that the expression of Lif itself is up-regulated in the
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Fig.7 Nanog-mediated dedifferentiation of EM progénitars is required
for maintaining mousc ES cells. (A) Flow-cytometric analysis of I'(+)
celis in T-¢GFP ES cells (1000 or 400 wml of LIF). after down-
regulation of I or Nanog activities with daT or Nunog-shRNA. (B)
Comparison of expression profiles of mouse and human ES cells.
Mouse and human ES cells were ransfecred with mouse Nonog and
hiNunogl. raspectively. or a control vector. then rreated with LIF and/or
BMP7. In human ES cells. hiNuiog ] was down-regulated in response
to BMP7 stimulation. whereas T expression increased. In contrast. in
nouse LS cells, these genes wers up-regulated by LIF and BMP7.

early phases of ES cell differeatiation. This mechanism pro-
vides a negative feedback that may limit the progression of
ES cell differentiation and contribute to the self-renewal of
pluripotent RS cells (45). The transition of EM progenitors
to ES cells does not appear to depend on such a mech-
anism. since Lif expression is not noticeably up-regulated
in EM progenitors (Fig. 3A). In contrast. EM progenitors
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() Schematic representation of the mechanism for the maintenance
of pluripotent mouse ES cells. EM progenitors are generated in £5 cell
cultures depending on the balance herween the level of LIF/STATA and
BMP/Smad activation. Nanog expression increases in EM proganitors
by the combinaterial action of T and activated STAT?. As a result.
Nanog inhibits the differentiation signal of BMP by interfering with the
formation of activated Smad/p300 complexes. and promotes the dedif-
ferentiation of EM progenitors into pluripetent ES cells. See main texi
for details

do up-rezulate the expression of Nanog (Fig. 3A). Our re-
sults also show that. in the presence of LIF. Nunog over-
expression is sufficient to accelerate the transition of EM
progenitors to ES cells (Fig. 3F. 3H. 3J). More importantly.
down-regulation of Nanog function results in impaired ded-
ifferentiation of EM progenitors to ES cells (Fig. 3G. 3H.
and 3K). Thus. we identify Nanog as a critical compenent of
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4 negative feedback mechanism that blocks the progression
of ES cell differentiation toward mesoderm fates (Fig. 7C).
In this mechanism, mesoderm differzutiation of ES cells is
initiated by BMP signaling. Possible sources of BMP activ-
ity in our cultre conditions include fetal culf serum [29).
fibroblast feeder layer, and/or ES cells themselves | 7). Con-
sistent with this. we detect a significant activation ol the
=1H71d1-Luc reporter even in the absence of exogenous
BMP supplements (Fig. 6C1. ES celis that initiate mesoderm
differentiation express the early mesoderm marker 7 In the
presence of LIF. activated STAT3 cooperates with T to di-
rectly up-regulate the ekpression of Manog (Fig. 3. which.
An wrn, provides a negative feedback that down-regulates T
expression and eventually leads to the regencration of ES
cells from EM progenitors. In the absence of LIF/STAT3
signating. T is not sufficient to up-regulate the expression
of Nunog. and mesoderm differentiation proceeds. The rel-
evance of this negative feedback mechanism for maintaining
the pluripotency of ES cells is evident in long-term cultures.
Thus. the size of the EM population cannot be maintained
in ES cells in which either Nanog or T function is ex-
perimentally down-regulated (Fig. 7A). In such conditions.
the cultures progressively accumulate EM progenitors and
eventually lose pluripotency (not shown),

The existence of such a negative feedback mechanism in
mouse ES cells contributes Lo explaining previous obser-
vations on the function of Nanog. For instance. the fact that
averexpression of Nanog bypasses the need for LIF/STAT3
signaling [10] and BMP stimulation [7] to maintain
self-renewal of pluripotent ES cells is easily understood in
light of this mechanism. Since the final outcome of BMP
activity is the up- regulation of Nanog expression. which
is mediaied by LIF/STAT3 signaling. the experimental
up-regulation of Nanog would obviate the need for both
BMP and LIF It is clear, however. that the functions of
LIF and Nanog in the mainienance of ES cell pluripotency
are not restricred to participating in the negative feedback
mechanism characterized in this study. Thus. the complete
lack of Nanog function promotes differentiation of ES
cells to endoderm lincages [9]. indicating the existence
of additional roles of Nanog other than that of preventing
mesoderm  differentiation. [ndeed. the up-regulation of
Nanog expression by T and STAT3 ouly takes place in EM
progenitors, whereas the constitutive expression of Nanog in
ES cells is regulated by more proximal regions of the Nunog
promoter (Fig. SE).

The requirement of LIF/STAT3 signaling for the main-
tenance of mouse ES cells has been related to the ability
of pre-implantation mouse embryos to arrest development
when implantation is prevented (a phenomenon known as
dispause) [46). In keeping with this idea. it appears reason-
able that cells in the inner cell mass of mouse blastocysts
evolve specific mechanisms to prevent unwanted cell differ-
entiation during dispause. The mechanism described in this
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study could very well serve this purpose. In contrust. ES cells
derived from human embryvos. in which dispause does not
ocedr. donot depend on LIF/STAT3 signaling 10 maintain
pluripotency [47). Interestingly. the Nunog-mediated nega-
tive feedback mechanism characterized in this study does not
appear to be operative in human ES cells. First. the overal]
conservation of the mouse Vanog EN-enhancer in the human
Nuitog gene is very poor. and no T-hinding site is present
(not shown). Second. unlike mouse ES cells. human ES cells
do not up-regulate Nanog expression in response to LIF and
BMP stimulation. even though 7 expression is induced un-
der these conditions (Fig. 781, The absence of a functional
negative feedback mechanism mediated by T. LIF/STAT3,
and Nanog in human ES cells provides additional mechanis-
tic insights into the reasons why LIF is dispensable for the
self-renewal of human ES cells.
Taken together, our results
underlying mouse ES cell pluripotency, by which committed
mesoderm progenitors undergo an active process of de-
differentiation mediated by the combined action of the
extrinsic cytokine LIF and the intrinsic pluripotency factor
Nanog. These findings contribute to unravel the complex
network ol molecular interactions required to maintain
the self-renewal of ES cells and shed light on the cellular
bases of ES cell pluripotency. Furthermore. the possibility
of reverting the differentiation status of committed cells &
offers new ways to approach the generation of pluripotent
cells for future therapeutic interventions of regenerative

uncover a  mechanism

medicine.
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Selective attention was assessed in mice using a classical fear conditioning procedure. Mice were trained
by three regimens involving contextual and/or cued conditioning (classical fear conditioning). Most
notably, C57BL/6] mice exhibited salient contextual blocking, whereas DBA/2] and ICR mice did not. This
study provides a new method to assess the selective attention of mice and describes an animal model for
certain human mental disorders, such as schizophrenia.

© 2010 Elsevier B.V. All rights reserved.

In traditional learning theory, it has been proposed that after an
initial conditioned stimulus (CS1) is learned to predict an outcome,
asecond conditioned stimulus (CS2) presented in combination with
CS1 that leads to the same outcome cannot be learned to pre-
dict the outcome completely. This phenomenon is called blocking
(Kamin blocking effect) [11]. The principle of blocking provides a
model for investigating the selective attention process in animals
and humans [6,11,12]. Selective attention is one of the principle
mechanisms for information processing, especially with respect to
how an organism obtains the information it needs (e.g., cocktail
party effect) [3]. Disruption of attention leads to the breakdown
of normal information processing, and causes some mental disor-
ders such as schizophrenia in humans [1,13]. Some studies have
reported schizophrenia patients that exhibited a disrupted block-
ing effect [2,7,9,10,15,16]. Therefore, blocking protocols provide
not only useful tools for screening humans for schizophrenia, but
also unique animal models for studying mental disorders.

One of the most basic procedures for studying the block-
ing effect uses the conditioned emotional response (CER) in rats
[11,17,18,22]. In CER experiments, rats are first trained an instru-
mental behavior such as lever pressing (reinforced by a reward
such as a food pellet) or licking (reinforced by a reward such as
water). When they have acquired the desired behavior, the rats

* Tel.: +81 48 467 7659; fax: +81 48 467 6287.
E-mail address: kaz-yamada@brain.riken.jp.

0166-4328/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2010.04.037

are trained by classical fear conditioning using a tone or light as a
conditioned stimulus (CS)and an electric foot shock as an uncondi-
tioned stimulus (US). In the test trial, the rats are again exposed to
the instrumental and/or appetitive behavior situation and eventu-
ally the CS. During CS presentation, rate of lever pressing or licking
is suppressed by the “memory of fear experience”. In the classical
fear conditioning phase of a blocking study, the first CS (e.g., light)
is conditioned to foot shocks, and the second CS (e.g., tone) is con-
ditioned to foot shocks with light. During the subsequent training
phase, the rats suppress their lever pressing or licking when a light
CS is presented, but do not suppress their behavior when a tone CS
is presented.

Although this procedure is simple and the results are repro-
ducible, a long training period is required for instrumental
conditioning, Furthermore, this procedure is quite difficult to adapt
for mice, which do not press levers, poke holes or lick water as
frequently as rats. This presents a serious limitation, because ani-
mal models for mental disorders have been shifting from rats to
genetically modified mice, such as transgenic (TG) and knockout
(KO) mice [5,24,25]. Moreover, as screening of genetically modi-
fied mice often relies on high-throughput procedures, more simple
procedures for blocking experiments are needed.

Another procedure used to assess attention mechanisms in mice
is latent inhibition, in which mice are exposed to a CS without a
prior US conditioning trial [14,20]. This method is very simple and
is frequently used for phenotyping genetically engineered mice.
Although, the “memory” that inhibits the second conditioning in a
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Table 1
Summary of conditioning schedule.
Conditioning 1 Conditioning 2 Test

Group CN No treatment Context +noise Noise
Group C-CN Context Context +noise Noise
Group CC Context Context Noise
Group LN No treatment Light + noise Noise
Group L-LN Light Light + noise Noise
Group LL Light Light Noise

Note: Noise was 70 dB of broadband white noise. Light was supplied by white LED
(1501x). i

blocking experiment is explicit, the “memory” that inhibits the later
CS-US learning in latent inhibition is implicit. This fact suggests that
blocking and latent inhibition may reflect different neuronal mech-
anisms. The aim of this study was to develop a simple procedure
for examining the blocking effect in mice, and to evaluate the per-
formance of this procedure in mouse strains commonly used in
behavioral experiments in order to develop a new animal model of
mental disorders.

Subjects included 48 male C57BL/6] mice, 21 male DBA/2] mice,
and 20 male ICR mice. All mice were commercially obtained (JCL
Inc., Tokyo, Japan) at 8 weeks of age and were housed individually
for 1 week prior to the experiment. The breeding room and exper-
imental room were air-conditioned (22 °C, 50-60% humidity), and
a 12-h light-dark cycle was implemented (lights on at 08:00). Food
and water were freely available except during experimentation. All
experiments were conducted during the light cycle, between 13:00
and 17:00. All animal experiments in this study were performed in
strictaccordance with the guidelines of The Institute of Physical and
Chemical Research (RIKEN), and were approved by the institute’s
Animal Investigation Committee.

Experimental apparatuses consisted of two types of sound-
proof boxes (40 cm x 50 cm x 60 [H] cm each; inside wall white or
black), a shock chamber (10 cm x 10 cm x 10 [H] cm; clear Plexiglas
with 2-mm-diameter stainless steel shock grids), a test chamber
(10cm x 10 cm x 10 [H] cm; clear Plexiglas without shock grids),
and a shock generator and scrambler (0'Hara, Tokyo, Japan). The
ceiling of each sound-proof box was equipped with a fluorescent
bulb (white box; 4W; ~701x on the floor of the box) or light-
emitting diodes (LED; black box; ~901x on the floor of the box).
In addition, two LEDs (for CS; ~1501x) were placed on the side
walls of the black box. Experiments were controlled by a Macin-
tosh computer and data were collected and analyzed using Image
FZ software (0'Hara) modified from NIH Image (free software avail-
able at http://rsb.info.nih.gov/nih-image/).

Mice were randomly divided into three groups, as summarized
in Table 1. The first group received only context and cued condition-
ing (classical fear conditioning) on day 2 (group CN). The second
group received a series of contextual conditioning on day 1 and
classical fear conditioning on day 2 (group C-CN). The final group
received a series of contextual conditioning on day 1 and another
contextual conditioning on day 2 (group CC). In the contextual con-
ditioning, there was no obvious stimulus except the inside of the
sound-proof box and experimental chamber. In contrast, in the con-
text and cued conditioning trial, three 15-s pulses of white noise
(70dB)were presented as CS, each followed by a foot shock (0.3 mA,
2s). In the first contextual conditioning of group C-CN and group C-
C, eight foot shocks (0.3 mA, 2 s each) were administered at 1-min
intervals without noise presentation. In the second contextual con-
ditioning of group C-C, mice were given three foot shocks (0.3 mA,
2 s each)at 1-min intervals. On day 3, a test trial was conducted for
all groups. Mice were individually introduced to atest chamber that
wasa completely different environment from that of the condition-
ing chamber. The two-part test trial consisted of 2 min for assessing
the non-specific fear response to the new environment, followed
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Fig. 1. Context-noise conditioning in C57BL/6] mice (n=9 in each group). Data rep-
resent mean+ SEM. Group names are described in the text. CS2 was white noise.
Asterisks indicate statistical significance compared to CN (*p<0.05; **p<0.01).

by 2 min for assessing the fear response to the white-noise CS. In
C57BL/6] mice, alight CS experiment (1501x, 15 s)was conducted in
addition to the noise CS experiment. Fear response was assessed by
freezing rate, which was calculated as freezing rate = (no movement
time/duration of experiment) x 100.

Fig. 1 shows the results of the C57BL/6] white-noise CS experi-
ment. In the first 2 min (left; no CS2), one-way ANOVA revealed a
significant conditioning effect (F(2,24)=10.69, p<0.001), and post-
hoc analysis (Turkey’s test) showed that the freezing rate of group
CC was statistically higher than that of group CN (T=6.45, p<0.01).
This enhanced fear response in group CC was a non-specific fear
response caused by repeated contextual conditioning over 2 con-
secutive days. In the second 2 min (right; CS2), one-way ANOVA
again revealed a significant conditioning effect (F2,24)=7.34,
p<0.01), and post-hoc analysis (Turkey’s test) showed that the
freezing rates of groups C-CN and CC were both statistically lower
than that of group CN(T=4.29, p<0.05 and T=5.03, p<0.01, respec-
tively). Within-group comparisons revealed a significant statistical
difference only in group CN (T=2, p<0.01, Wilcoxon’s test). These
results indicate that conditioning prior to the contextual CS may
block subsequent conditioning to another CS (white noise).

Fig. 2 shows the results of the C57BL/6] light CS experiment. In
the first 2 min (left; no CS2), one-way ANOVA revealed no signifi-
cant conditioning effect (F(2,21)=1.57, n.s.). These results indicate
that there was no enhanced non-specific fear response in either
group following CS conditioning with light. In the second 2 min
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Fig. 2. Context-light conditioning in C57BL/6] mice (n=7 in each group). Data rep-

resent mean + SEM. Group names are described in the text. CS2 was light stimulus.
Asterisks indicate statistical significance compared to LN (**p<0.01).
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Fig. 3. Context-noise conditioning in DBA/2] mice (n=7 in each group). Data repre-
sent mean+SEM. Group names are described in the text. CS2 was white noise,

(right; CS2), one-way ANOVA revealed a significant conditioning
effect (F(2,21)=9.31, p<0.005), and post-hoc analysis (Turkey’s
test) showed that the freezing rate of group LL was statistically
lower than that of group LN (T=6.09, p<0.01), but the freezing
rate of group L-LN was not significantly lower than that of group
LN. Within-group comparisons revealed statistical differences in
groups LN and L-LN (T=0, p<0.01 and T=0, p<0.01, respectively;
Wilcoxon's test). These results indicate that repeated condition-
ing to the light CS used in this study produced only an incomplete
blocking effect.

Fig. 3 shows the results of the tone CS experiment using an
inbred mouse strain, DBA/2]. In the first 2min (left; No CS2),
because an initial Bartlett's test was significant, ANOVA could
not be applied, so a non-parametric test (Steel Dwass’s test) was
conducted. This test showed that there were no statistical differ-
ences between groups. In the second 2 min (right; CS2), one-way
ANOVA revealed no significant conditioning effect (F(2,18)=0.99,
n.s.). Within-group comparisons revealed statistical differences in
groups C-CN and CC (T=0, p<0.05 and T=0, p<0.05, respectively;
Wilcoxon's test). These results indicate that DBA/2] mice can easily
learn certain types of classical fear conditioning but did not exhibit
any blocking effect, at least in this protocol.

Finally, Fig. 4 shows the results of the tone CS experiment using
ICR mice. In the first 2min (left; no CS2), as for DBA/2] mice, the
initial Bartlett's test was significant, but subsequent analysis by
Steel Dwass's non-parametric test revealed no statistical differ-
ences. In the second 2min (right; CS2), one-way ANOVA revealed
no significant conditioning effect (F(2,17)=2.52, n.s.). However,
within-group comparisons revealed statistical differences in all
groups (CN: T=0, p<0.05; C-CN: T=9, p<0.05; CC: T=0, p<0.05;
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Fig. 4. Context-noise conditioning in ICR mice (n=7 in group CN and C-CN, n=6 in
group CC). Data represent mean + SEM. Group names are described in the text. CS2
was white noise.

Wilcoxon’s test). These results indicate that ICR mice canlearn clas-
sical fear conditioning, but the context CS did not block the response
to the noise CS under these experimental conditions.

In this study, a simple blocking experiment for mice was devel-
oped and tested using several commonly used laboratory mouse
strains. To simplify the methodology, a conventional classical fear
conditioning protocol was used, and a successful blocking effect
was obtained in the C57BL/6] strain, which has been widely used in
learning and memory experiments and is the background strain
for many genetically modified mice [5]. In contrast, DBA/2] and
ICR mice only exhibited cued (auditory) fear conditioning, and did
not exhibit any blocking effects. These results suggest that there
are strain differences in the blocking effect using contextual condi-
tioning. Therefore, studies of selective attention using a contextual
blocking procedure should be conducted in the C57BL/6] strain and
genetically modified mice of C57BL/6] background.

In the present protocol, multiple foot shocks were presented
to mice in the first contextual conditioning phase (groups C-CN,
CC, L-LN, and LL). Previous studies reported that inescapable foot
shock could lead to learning deficits (e.g., learned “helplessness”)
[19]. Although multiple inescapable foot shocks were presented to
the mice in this study, none of the mice in any strain displayed
“helplessness” (being unable to learn second conditioning and/or
immobile) and all strains were able to learn auditory-cued con-
ditioning. Furthermore, all mice could explore freely in the cage,
both with and without white-noise presentation (data not shown),
These observations indicate that mice were able tolearn in this pro-
cedure, and that the test can be used fairly to assess the blocking
effect in mice.

Recently, latent inhibition has been used to assess functional
properties of mutant mice [14,20]. Because mice are left only in
the conditioning chamber, this procedure may be simpler than
the blocking method. However, latent inhibition reflects the effect
of implicit learning (CS evokes no events) on later conditioning,
whereas blocking reflects the effect of explicit events (CS evokes
foot shock) on later conditioning. This difference likely underlies
different mechanisms for these two phenomena. Therefore, it may
be better to apply both methods to the analysis of selective atten-
tion mechanisms in mice.

The three mouse strains used in this study (C57BL/6J, DBA/2],
and ICR) have been used in many behavioral studies and their
behavioral properties have been well characterized [4]. Although
C57BL/6] mice have often been reported to have hearing deficits,
such hearing deficit progresses slowly over a year [23]. In this
study, mice were 8 weeks of age at the beginning of the exper-
iment, so their auditory abilities were intact. Hearing deficits in
DBA/2] mice more rapidly progress than in C57BL/6] mice [23],
but these mice still maintain their hearing ability until at least
6 months. Thus, no effect of hearing loss should confound the
results of the current study. DBA/2] mice have also been reported
to have learning deficits in trace fear conditioning [8]. However,
a delayed conditioning procedure was used in this study, and
these mice successfully learned auditory fear conditioning, There-
fore, the hearing and/or learning deficiency in DBA/2] mice seem
unlikely to have affected this results. DBA/2] mice learned the fear-
conditioned response to the auditory CS but did not exhibit any
blocking effect in the test phase. As the freezing rate of DBA/2]
mice was almost identical to that of C57BL/6] mice, the absence
of a blocking effect might be attributable to lower attention to the
contextual stimuli in DBA/2] mice. A recent study reported that
DBA/2] mice showed schizophrenia-like endphenotypes, including
impaired latent inhibition [21]. In the present study, DBA/2] mice
did not exhibit blocking. Taken together, these results suggest that
the DBA/2] strain may be, a useful animal model of human mental
disorders. Like DBA/2] mice, ICR mice displayed a normal but lower
auditory fear-conditioned response and exhibited no contextual
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blocking effects to the white-noise CS (group C-CN). Nevertheless,
the absence of a blocking effect might be attributed not only to
lower attention to the contextual stimuli but also to their higher
activity in the test cages than other strains (data not shown).

The results of the present study indicate that mice, especially
of the C57BL/6] strain, can be used to assess selective attention
(blocking). In so doing, I have demonstrated that mice have the
capacity for selective attention and can be used as an animal model
of selective attention. Furthermore, the method described herein
can be applied to the analysis of genetically engineered mice that
lack the blocking effect, which can serve as an animal model of
mental disorders such as schizophrenia. Application of the present
protocol to the analysis of genetically engineered mice will fur-
ther our understanding of the mechanisms underlying selective
attention.
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ABSTRACT

Glycosphingolipids (GSLs) occur in all mammalian plasma
membranes. They are most abundant in neuronal cells and
have essential roles in brain development. Glucosylceramide
(GlcCer) synthase, which is encoded by the Ugcg gene, is the
key enzyme driving the synthesis of most neuronal GSLs.
Experiments using conditional Nestin-Cre Ugcg knockout mice
have shown that GSL synthesis in vivo is essential, especially
for brain maturation. However, the roles of GSL synthesis in
mature neurons remain elusive, since Nestin-Cre is expressed
in neural precursors as well as in postmitotic neurons. To
address this problem, we generated Purkinje cell-specific Ugcg
knockout mice using mice that express Cre under the control of
the L7 promoter. In these mice, Purkinje cells survived for at
least 10-18 weeks after Ugcg deletion. We observed apparent
axonal degeneration characterized by the accumulation of axo-
nal transport cargos and aberrant membrane structures.
Dendrites, however, were not affected. In addition, loss of GSLs
disrupted myelin sheaths, which were characterized by
detached paranodal loops. Notably, we observed doubly myelin-
ated axons enveloped by an additional concentric myelin
sheath around the original sheath. Our data show that axonal
GlcCer-based GSLs are essential for axonal homeostasis and
correct myelin sheath formation.  ©2010 Wiley-Liss, Inc.

INTRODUCTION

Glycosphingolipids (GSLs) form lipid microdomains
(rafts) that serve as key assembly and sorting platforms
for cell—cell interactions and signal transduction com-
plexes. They are also involved in the regulation of multi-
ple cellular processes. Glucosylceramide (GleCer) is the
core precursor molecule of most GSLs, which have many
different carbohydrate chains. Some GSLs (e.g., ganglio-
sides) even contain sialic acids. GlcCer synthesis is cata-

©2010 Wiley-Liss, Inc.

lyzed by glucosyltransferase, which is encoded by the
Ugcg gene (Ichikawa and Hirabayashi, 1998). In addi-
tion, a few GSLs that are characteristic components in
myelin are derived from galactosylceramide.

Previous studies have suggested that GSLs play an im-
portant role in neural cells for processes such as axonal
elongation (Boldin and Futerman, 1997; Mutoh et al.,
1998; Schwarz and Futerman 1997); synaptic transmission
(Fujii et al., 2002); and neuron-glia interactions (Vyas et
al., 2002). To elucidate their physiological functions in vivo,
researchers have generated ganglioside synthase gene
knockout (KO) mice. Disruption of the mouse Ugcg gene
results in embryonic lethality during gastrulation, demon-
strating an essential role of the Ugcg gene in embryo sur-
vival (Yamashita et al., 1999). Mice lacking complex gan-
gliosides reach adulthood with nervous system deficits
(Inoue et al., 2002; Sheikh et al., 1999; Sugiura et al., 2005;
Yamashita et al., 2005b). Jennmann et al. (2005) also gen-
erated neural cell-specific disruption of the Ugcg gene
using a Nestin-Cre transgenic deleter strain. These mice
displayed neuronal defects and died between postnatal
Days 11 and 24, suggesting that GSLs are required for
brain maturation after birth. Compared with mice lacking
complex gangliosides, Jennmann et al’s Ugcg knockout
mice have a severe phenotype, emphasizing the impor-
tance of GlcCer-based GSLs in the nervous system. How-
ever, because GSL synthesis was suppressed in both neuro-
nal and non-neuronal cells, such as radial glia, it is unclear

Additional Supporting Information may be found in the online version of this
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whether the observed axonal dystrophy and neurodegener-
ation represented neuron-autonomous defects. Since
neighboring non-neuronal cells such as astrocytes and oli-
godendrocytes support neuronal cell survival and function,
glial-expressed GSLs might influence neurons indirectly,
via neuronal-glial interactions; for example, GSLs on
astrocytes can affect axonal elongation (Freire et al., 2004).
In addition, the short survival time of Nestin-Cre-driven
conditional Ugeg KO mice precludes the examination of
GlcCer-based GSL function at adult stages.

In this study, we generated Purkinje cell-specific Ugcg
KO mice by crossing L7 gene promoter-driven Cre trans-
genic mice and Ugcg-ﬁanked mice. In the cerebellum of
L7-Cre - Ugcg™ " mice, Cre expression was specific
to Purkinje cells three weeks after birth, when most
Purkinje cells have already matured. We observed dys-
trophic morphology of Purkinje cell axons and subse-
quent degeneration. Furthermore, our histological analy-
ses demonstrated that axonal transport cargos abnor-
mally accumulated in swollen axons, suggesting that
axonal transport was impaired in Ugcg ( /) neurons.
These mice displayed an unusual myelin morphology in
which some axons were “doubly myelinated,” having
what appeared to be an additional compact myelin
sheath completely enveloping the original myelin
sheath. Our results suggested that de novo synthesis of
GSLs in neurons is essential for the maintenance of axo-
nal homeostasis and normal myelin formation.

MATERIALS AND METHODS

Transgenic Animals

Mice with loxP-flanked exons 7-9 of the Ugcg gene
locus were generated as described (Yamashita et al.,
2005a). For the generation of mice with a Purkinje cell-

Ex6 Ex7 ExBExS 3UT Neo
l Gre recombination  JloxP

Ugeg® ———HH—

<~
pomerT phmer

Ugceg®™* x Ugcgo*:L7-Cre's”
& &

Ugeg™?~:L7-Cre®® Ugcg®®e®:[ 7-Cre's?

(Control) (L7UgcgKO)
(B)
500—
300—
100—
b.p.
1 week
Fig. 1. Generation and characterization of floxed allele. A: Sche-

matic representation of Cre-mediated recombination of Ugcg™® The
predicted outcome of Cre recombination is shown at the hottom. B:
Identification of Cre-mediated recombination of the Ugcg" allele in
brain (left panel). Genomic DNA from cerebellum and cerebrum of
8-week-old L7UgecgKO mice were subjected to PCR analysis using pri-

mers 1 and 3. Identification of the Ugcg’™¥ allele (right panell. Tail
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specific deletion of Ugcg, homozygous floxed mice were
crossed with homozygous L7-Cre mice to generate dou-
ble-heterozygous offspring. These were intercrossed to
yield Ugcg™™ - L7-Cre”® "¢ mice, which were finally
crossed with Ugcg’®F/"P mice to yield Ugcg’®F/tr
L7-Cre'’° mice for analysis (Fig. 1A). These mice
appeared in the expected Mendelian ratio of around 50%
of the litters. Their Ugcgl"“‘P " L7-Cre'’? littermates
were used as controls in each experiment.

Genotyping of Mutant Mice

PCR analysis of tail biopsies was performed for confir-
mation of the wild-type, floxed, and null alleles (Fig. 1A).
For PCR, the following primers were used: Ugeg/wild type
forward (primer 1; Fig. 1A), 5-ATGTGCTAGATCAGGCA
GGAGGGCTCATAG-3; wild type/Ugcg-flox reversed
(primer 2), 5-CCAACAGATATTGAATGCGAATGCTCTG
CC-3'; Ugeg null reversed (primer 3), 5-GAGCCAGTCC
ATTACTCTCGTTGATTGCAT-3". PCR products of about
230 bp, 280 bp, and 300 bp were indicative of the wild-
tyvpe, floxed, and null alleles, respectively (Yamashita
et al., 2005a). The constitutive L7Cre transgene was
detected using the following primers: L7Cre forward,
5 -AGGTTCGTTCACTCATGGA-3'; and L7Cre reverse,
5-TCGACCAGTTTAGTTACCC-3". A 200 bp PCR product
was indicative of the L7Cre transgene.

Immunohistochemistry and Fluorescent
Light Microscopy

Adult mice were anesthetized with 0.1 mL of 50 mg/mL
Nembutal. They were perfusion-fixed with 4% (w/v) para-
formaldehyde (PFA) in 0.1 M phosphate buffer, pII 7.4,

3 weeks

2 weeks

DNA from Ugeg’®®' " L7-Cre®®'? and Ugcg™'™P . L7-Cre®’’ mice
were subjected to PCR analysis using primers 1 and 2. C: An L7-Cre
mouse was bred with a Rosa26-lacZ reporter mouse, and Cre expression
in the cerebellum of the resulting progeny was assessed for B-galactosi-
dase activity. In the sagittal sections from mice 1-3 postnatal weeks
old. blue-colored staining indicates Purkinje cell-specific Cre expression.
Scale bars: 2 mm (lower panels); 1 mm (upper panels).
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using a peristaltic pump. The perfused brain tissues were
post-fixed in 4% PFA in 0.1 M phosphate buffer overnight
at 4°C and embedded in 5% low-melting agarose gel. Sag-
ittal sections of the cerebellum were cut at 50 pm using a
LEICA microtome and stored in phosphate-buffered sa-
line (PBS) at 4°C. In a few cases cerebellar coronal sec-
tions were cut. Free-floating sections of cerebellum were
blocked for non-specific binding with PBS containing
0.1% (v/v) Triton X-100 and 10% {v/v) goat serum and
incubated with primary antibody at 4°C overnight. The
sections were washed and incubated with a species-appro-
priate secondary antibody (AlexaFluor-conjugated anti-
rabbit, antirat, or anti-mouse IgG) at room temperature
for 120 min, washed extensively, mounted onto glass
slides with Immu-mount {(Shandon, Inc., Pittshurgh, PA),
and examined with fluorescent light microscopes. For
some sections, cell nuclei were counterstained with 4/,6/-
diamidino-2-phenylindole (DAPI; Nacalai Tesque Inc.,
Kyoto, Japan). For sodium channel and Caspr staining,
PFA-perfused brains were cryoprotected with 30% sucrose
in PBS (pH 7.4) for 24 h at 4°C, as described previously
(Hoshi et al., 2007). After embedding in optimal cutting
temperature (OCT)-mounting medium, the blocks were
cut in 8-um-thick sections.

For hematoxylin and eosin (HE) staining, PFA-perfused
brains were kept in the same PFA fixative solution for one
week, and then embedded in paraffin, Paraffin-embedded
brains were sectioned at a thickness of 5 pym and proc-
essed for H&E staining. For X-gal staining, the brains
were perfused with ice-cold PBS and 30% sucrose, dis-
sected, and rapidly frozen in mounting medium. Cryostat
sections (15-20 pm) were prepared and postfixed for 5
min in 4% PFA in PBS. The fixed sections were washed
and subjected to X-Gal staining overnight at room tem-
perature. The X-Gal staining solution comprised 1 mg/mL
X-Gal (4-chloro-5-bromo-3-indolyl-b-galactosidase), 4 mM
K Fe(CN)-3H0, 4 mM K;3Fe(CN)s, and 2 mM MgCl, in
PBS. The slides were washed with PBS twice and once in
distilled water, and then counterstained with eosin.

Electron Microscopy

Animals were perfused intracardially through the left
ventricle with a fixative containing 2.5% (v/v) glutaral-
dehyde and 2.0% (w/v) PFA in 0.1 M phosphate buffer
{pH 7.4). Cerebellums were dissected and postfixed by
immersion in the same fixative overnight at 4°C then
sagittal 50-um sections of the cerebellar vermis were
prepared. After osmification in a 1% (w/v) osmium te-
troxide solution, the specimens were dehydrated
through a graded alcohol series and embedded in Epon
812 (TAAB Laboratories, Aldermaston, Berks, UK).
Semithin sections were collected and stained with 0.5%
(w/v) toluidine blue in 0.1 M phosphate buffer (pH 7.4).
Ultrathin sections were cut using an Ultracut microtome
(Leica EM-UC6) and stained with uranyl acetate and
lead citrate for contrast. The sections were examined
with a transmission electron microscope (Hitachi H-7100
and H-7650).

1199
Western Blot

Cerebellar extracts were prepared in 50 mM Tris-HCI
(pH 7.4), 5 mM EDTA, and one tablet of Complete mini/
25 mL (protease inhibitors; Roche Diagnostics). Samples
were mixed with Laemmli buffer with or without (for
anti-myelin-associated glycoprotein [MAG]) 2-mercapto-
ethanol. SDS-PAGE was performed, and separated pro-
teins were transferred onto polyvinylidene difluoride
membranes and subjected to immunoblotting with indi-
vidual primary antibodies, including anti-MAG, anti-
myelin basic protein (MBP), and antialpha tubulin (in-
ternal control). Immunoreactivity was visualized with
HRP-conjugated secondary antibodies and a chemilumi-
nescence detection system, according to the manufac-
turer’s instructions (Millipore).

Antibodies

The following primary antibodies were used: mouse
monoclonal anti-cytochrome ¢ (clone 6H2.B4); mouse
anti-GM130 (BD Transduction Laboratories, San Diego,
CA); mouse anti-a-tubulin; mouse antipan sodium chan-
nel; mouse antisynaptophysin (Sigma, St. Louis, MO};
mouse anticalbindin D28k (Swant, Bellinzona, Switzer-
land); mouse anti-Tud1 (Covance, Princeton, NJ); mouse
antikinesine heavy chain; mouse anti-MAG; rabbit poly-
clonal anti-calbindin D28k; rabbit anti-glutamate recep-
tor delta 1/2 (GluR31/2); rat anti-MBP (Chemicon Inter-
national, Temecula, CA); rabbit anti-Caspr (Abcam,
Cambridge, MA); and rabbit anti-GFAP (Dako). Rat
anti-inositol 1, 4, 5-triphosphate receptor 1 (IP3R1, clone
18A10) antibody was kindly provided by Dr. K. Mikosh-
iba. Rabbit polyclonal antibody to the C terminus (amino
acids 372-394) of human GleCer synthase (GlcT-1) was
generated according to Marks et al. (1999).

Statistics

Data were expressed as means * S.E.M. Significant
differences between mean values were evaluated using
two-tailed, unpaired Student’s  tests.

RESULTS
Purkinje Cell-Specific Glycosphingolipid Deletion
in L7UgcgKO Mice

To ensure that Cre was exclusively expressed in
Purkinje neurons, we crossed L7-Cre mice with Rosa26-
lacZ reporter mice and monitored Cre expression in
their double-transgenic progeny (Fig. 1C). X-Gal stain-
ing for B-galactosidase activity indicated that Cre was
exclusively expressed in Purkinje neurons of adult mice.
Cre expression began two weeks after birth (postmitotic
stage), becoming stronger and reaching a plateau four
weeks after birth. The expression was highly specific for
Purkinje neurons, all of which were positive for X-gal
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staining in the brains of four-week-old double transgenic
mice. A similar pattern of X-gal staining was observed
in cerebellar coronal sections. We detected no X-gal
staining in any other neurons in the brain. However,
weak signals were detectable in retina, as reported by
Oberdick et al. (1990). v

UgegoPoxP . 17.Cre®®’% mice (L7UgegKO) comprised
about 50% of the litter, indicating no prenatal death {see
Methods). PCR analysis detected Cre recombination in
cerebellum, but not cerebrum, in 8-week-old KO mice
(Fig. 1B). Immunostaining against GleT-1 (a Golgi-local-
ized protein)} verified that the Golgi apparatus of the
Purkinje cells of L7UgcgKO mice lacked GleT-1 immuno-
reactivity (Fig. 2D-F, P-R). Other cells in the molecular
and granule layers, however, were GlcT-1 immunoreac-
tive (arrowheads, Fig. 2D-F, J-L). Furthermore, in con-
trast to control mice (Ugcg™®  : L7-Cre®¥’%), in
L7UgcgKO mice Purkinje cells lacked P-path antibody
immunostaining (Fig. 2V-X). P-path antibody is an anti-
body that recognizes O-acetyl-GD3, an anabolite of glu-
cosylceramide that is enriched in Purkinje cells (Leclerc
et al., 1992). Thus, the immunohistochemical analysis
confirmed the Purkinje cell-specific deletion of GlcCer
synthase and absence of corresponding lipids.

Purkinje Cells With an L7-Promoted Ugcg
Deletion Showed Numerous Axonal Swellings

Although the cerebellum of 22-week-old L7UgcgKO
mice remained morphologically intact (Fig. 3C), Purkinje
cell loss was evident (Fig. 3D,H,I), with increased GFAP
expression (Supp. Info, Fig. 2). However, significant
Purkinje cell loss was not observed in 14-week-old mu-
tant mice (Fig. 3F,1), indicating that the loss of Purkinje
cells occurred sometime between 14 and 22 weeks after
birth. Despite Purkinje cell degeneration, 23- to 39-
week-old mutant mice showed no motor deficits in an
open-field test and rotor-rod test (Supp. Info. Fig. S1).

In comparison with the Purkinje cell axons of normal,
age-matched mice, those of 14-week-old L7UgcgKO mice
possessed numerous swellings (Fig. 4; mean + SD swel-
lings/section in lobule V: 14-week-old control mice, 1.0 *
1.0; 14-week-old KO mice, 16.6 = 5.9; 22-week-old con-
trol mice, 2.9 = 2.3; and 22-week-old L7UgcgKO mice,
31.2 + 10.6 swellings/section. Nine sections from three
mice in each group). These swollen axons were located
proximal to somata in the granular layer and were
located distally in the deep cerebellar nuclei. These find-
ings indicated that the deletion of GSLs led to axonal
defects prior to Purkinje cell loss.

In contrast to the significant axonal degeneration, we
did not observe dendritic degeneration in our light mi-
croscopy analysis of anticalbindin D28k immunofluores-
cent-stained sections (see Fig. 5). To further evaluate
changes in dendrites, we examined the expression pat-
terns of the glutamate receptor GluR31/2 and synapto-
physin. There were no differences in localization or im-
munostaining intensity of either GluR31/2 or synapto-
physin between 14-week-old control and L7UgcgKO
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mice (Fig. 5B,C.E,F). Thus, the Ugcg deletion had little
effect on Purkinje cell dendrites. Apparently the Ugcg
deletion elicits differential effects on dendritic and axo-
nal compartments, with axons being particularly vulner-
able to GSL deficiency.

Mitochondria, Synaptophysin, and Kinesin Heavy
Chain Accumulate in Swollen Axons

Disruption of axonal transport causes axcnal enlarge-
ment and aberrant accumulation of cargo proteins, mito-
chondria, and synaptic vesicles that travel to or from
the axon terminal (Yagashita, 1979). To determine
whether mitochondria accumulate in the swollen axons
of L7UgegKO mice, we immunostained cerebellar sec-
tions with an antibody against cytochrome ¢, a marker
for mitochondria. The axonal swellings in L7UgcgKO
mice showed enhanced cytochrome immunoreactivity
compared with those in control mice (Fig. 6F), indicating
that mitochondria did indeed accumulate within the
axonal swellings. Furthermore, immunostaining of the
synaptic vesicle protein synaptophysin and the microtu-
bule-associated motor protein kinesin heavy chain
revealed that both of these proteins also accumulated
within axon swellings (Fig. 6D,E). The accumulation of
these cargo molecules and organelles indicated that the
mutant mice had axonal transport defects.

To further assess the effect of the GlcT-1 deletion, we
examined the ultrastructure of the axonal swellings of
L7UgcgKO mice. Electron microscopy revealed that the
axonal swellings contained accumulated aberrant mem-
brane structures and abnormal organelles (Fig. 6G,H).
Taken together, the immunofluorescence and electron
microscopy analyses show that disruption of GSLs syn-
thesis led to axonal transport defects.

Some Axons in the Mutant Mice Were Surrounded
by Two Concentric Myelin Sheaths

In L7UgcgKO mice, severe demyelination was not
observed, even of swollen axons. Immunoblot analysis of
cerebellar extracts revealed that myelin proteins (MBP
and MAG) were present in similar amounts in control
and KO mice (data not shown). In L7UgcgKO mice,
however, paranodal junctions were disrupted and para-
nodal loops were detached from the axonal plasma mem-
brane (Fig. 7B-D), indicating reduced adhesion between
glial loops and axons.

Next, we examined Caspr localization specifically on
Purkinje cell axons by co-immunostaining with IP3R1, a
Purkinje cell marker (Maeda et al., 1988). Caspr was a
useful marker for assessing the integrity of paranodal
junctions on myelinated axons. Lengths of Caspr clus-
ters in 17- to 22-week-old L7Ugcg KO mice were signifi-
cantly shorter than those of control mice (Fig. 7E).
These results are consistent with the loss of transverse
bands in the paranodal loops (see Fig. 7). Furthermore,
sodium channel clusters were elongated in the 17- to
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control KO control

KO

control

KO

Fig. 2. Deletion of glucosylceramide synthase (GlcT-1) and an ana-
bolite of glucosylceramide, o-acetyl GD3 (P-path antigen), were con-
firmed in eight-week-old Purkinje cell-specific Ugcg KO mice. A-F:
Anti-GleT-1 (A, D); anti-GM130 (Golgi apparatus marker, B,E); and
merged (C,F). G-L: Anti-GleT-1 (G, J); anti-TuJ-1 (neuronal marker, H,
KJ; and merged (I, L). M-R: Anti-GlcT-1 (M, P); anti-calbindin D28k
(N, Q) and merged (O, R). 8-X: P-path (S, Vi; anti-calbindin D28k

22-week-old KO mice, also suggesting disorganization of
paranodal structures. These findings indicated that axo-
nal GSLs contributed to Caspr localization and mainte-
nance of nodal structures.

1201

Merge

(T. W); and merged (U. X). Insets show high-magnification images of
the white rectangular area in the granular layer. In the merged micro-
graphs, cell nuclei were visualized with DAPI staining (blue). M, molec-
ular layer; P, Purkinje cell layer; G, granule cell layer. Arrowheads
point to GlcT-1-immunopostive cells. These results were observed in
a]l mice of each genotype (n = 3). Scale bars: 50 pm (A-L, S-X); 20 um
(M-R); 10 pm (insets).

Notably, as shown in Fig. 8, excessive paranodal loops
were formed on otherwise normal myelin sheaths. In
longitudinally sectioned Purkinje cell axons, some mye-
lin sheaths overlapped with neighboring sheaths and
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Fig. 3. Purkinje cell loss in L7UgegKO mice. A-D: Hematoxylin and
eosin (H&E )-stained cerebellar sections from 22-week-old control mice
(A, By and KO mice (C, D). Mid-sagittal sections through the entire
extent of the cerebellum (A, C) show intact morphology in KO mice.
Arrowheads point to Purkinje cell somata (B, D). Cerebellar sections
from 14-week-old (E, F) and 22-week-old (G, I) control and KO mice
were immunostained with anti-calbindin D28k, a Purkinje cell marker.
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L7UgegKO mice showed Purkinje cell loss at 22 weeks (H'. but no sig-
nificant Purkinje cell loss at 14 weeks (Fi. Quantitation of Purkinje
cells in lobule V of midsagittal sections of control and L7UgcgKO mice
at 14 and 22 weeks; anticalbindin D28k stained Purkinje cells. The
data are expressed as number of Purkinje cells per millimeter of Pur-
kinje cell layer; n — 3, *P < 0.05 (I). Scale bars: 1 mm (A, C); 50 pm (B,
D); 100 um (E-H).

(E)

control

14 weeks

Fig. 4. Axonal swellings of Purkinje cells in L7UgcgKO mice. Cere-
bellar sections from 14-week-old and 22-week-old control and KO mice
were immunostained with anti-calbindin D28k antibody. After postnatal
week 14, axonal swellings were observed in both cerebellar deep nuclei
(D, 14 weeks; H, 22 weeks) and cerebellar cortex (B, 14 weeks; F. 22

with paranodal loop-like structures that were filled with
cytoplasm (see Fig. 8). Transverse bands, which link
paranodal myelin loops with axolemma, were absent in
these paranodal loop-like structures (Fig. 8E). These
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weeks). Control mice showed no axonal dystrophy in cerebellar cortex
(A, 14 weeks; E, 22 weeks) or deep cerebellar nuclei (C, 14 weeks; G,
22 weeks). Arrowheads indicate axonal swellings. Scale bars: 25 um for
cerebellar cortex; 10 pm for cerebellar nuclei.

structures were observed at both postnatal 14 and 22
weeks, suggesting that the excessive paranodal loops
and doubly-myelinated regions were formed prior to
Purkinje cell loss.
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Fig. 5. Ugcg deletion had little effect on dendritic tree morphology.
Immunofluorescent staining of cerebellar sagittal sections from 14-
week-old L7UgegKO mice showed normal localization and appearance
of GluR8 and synaptophysin. The dendrites (red, ant-icalbindin D 28k
immunostaining) of both wild-type and L7UgegKO mice displayed com-
parable anti-synaptophysin (B, E; green) and anti-GluR31/2 (C, F:
green) immunostaining. Nuclei were labeled with DAPI (A, D; blue).
These results were observed in all mice of each genotype (n = 3). Scale
bars: 50 pm for low magnification panels (A, D); 10 pm for high magni-
fication panels (B, C, E, F.

DISCUSSION

GSLs, in particular the GlcCer-based GSLs, occur as
sialic acid-containing gangliosides in the brain at a
much higher concentration than in other organs. They
might, therefore, play an important role in the nervous
system. The majority of membrane GSLs is derived from
the precursor, GlcCer. Therefore Ugcg, the gene encod-
ing the glucosylceramide synthase (GlcT-1) that cata-
lyzes the initial step of GSL biosynthesis, is a key regu-
lator of total GSL synthesis. To elucidate the physiologi-
cal roles of GSLs in neurons, we generated GlcT-1
conditional knockout mice using the Cre-loxP system.
Given that GlcT-1 is essential for embryo survival, we
decided to generate a Purkinje neuron-specific mutation
of the Ugcg gene using L7-Cre transgenic mice.

In Purkinje cell-specific Ugeg KO mice, Purkinje cells
started to degenerate 14-22 weeks after birth. This
observation suggested that Ugcg is required for the
maintenance of Purkinje cells. However, Purkinje cells

1203

survived for up to several weeks after Ugcg gene dele-
tion, raising the possibility that GlcT-1 loss is not the
immediate cause of the neuronal degeneration.

Before the Purkinje cell loss, we observed axonal swel-
lings in Purkinje cells. Although axonal degeneration is
considered to be diagnostic of neuronal cell death, recent
studies have suggested that axonal defects are primary
events that occur prior to overt neuronal degeneration
following CNS injury, toxicity, genetic defects, and neu-
rodegenerative disorders, including Alzheimer’s disease
(Coleman, 2005; Stokin et al., 2005). However, GlcT-1 is
decreased in the brains of Alzheimer’s disease patients
(Marks et al., 2007), and mutant presenilin 1, which is
associated with familial Alzheimer’s disease, can cause
the degradation of GlcT-1 protein (Mutoh et al., 2006).
It is, therefore, likely that mutant presenilin 1 causes
axonal defects by degrading GlcT-1 protein. Consistent
with this premise is the finding that Alzheimer preseni-
lin 1 mutations impair kinesin-based axonal transport
(Lazarov et al., 2007; Pigino et al., 2003), which in turn
leads to axonal swellings.

At 2.5 months of age, St3gal5/B4galnil double KO
mice display axonal spheroids in Purkinje cells and
vacuoles in white matter (Yamashita et al., 2005b). The
brains of these mice also accumulate lactosylceramide
and sulfated lactosylceramide, SM3 (Yamashita et al.,
2005b). Although our L7UgcgKO mice lacked all GlcCer-
based GSLs, axonal swellings were not detected in
8-week-old mice (data not shown). Moreover, no vacuoles
were observed in the mutant mice, even 22 weeks after
birth. The relatively mild phenotype of L7UgcgKO mice
compared with germline St3gal5/B4galnil double-KO
mice suggests that the GleCer-based GSLs of non-neuro-
nal cells may be essential for the maintenance of neuro-
nal cells. Alternatively, deletion of GSLs during develop-
ment may affect mature neurons at later stages. Con-
sistent with this idea is the observation that mice in
which Ugcg was conditionally deleted using Nestin-Cre
(which is expressed during embryogenesis in the neural
precursors of both neurons and glia) display more severe
phenotypes (Jennemann et al., 2005), leading to neuro-
nal degeneration and death of the mice by postnatal
Day 21. These reports, together with our own findings,
support the view that GSL expression during embryonic
stages and/or in non-neuronal cells is required for the
proper development and function of mature neurons.

In our L7UgcgKO mice, axonal swellings occurred
prior to Purkinje cell loss, indicating that the axonal
swellings were not secondary to neuronal degeneration.
It is important to note that axonal transport defects
contribute to axonal dystrophy (Coleman 2005; Stokin
et al., 2005). In L7UgcgKO mice, microtubule transport
cargo and machinery-such as cytochrome ¢, synaptophy-
sin, and kinesin heavy chain-accumulated at axonal swel-
lings, which is indicative of aberrant axonal transport.
These observations suggest that suppression of GleT-1
leads to axonal transport defects. Recent work indicates
that cholesterol-rich microdomains are essential for syn-
aptic vesicle sorting and that synaptic vesicle proteins
are localized to cholesterol-rich microdomains (Chamber-
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Intense staining for mitochondria, synaptic vesicles, and
kinesin heavy chain were observed in axonal swellings. suggesting that
axonal transport was severely defective in L7UgegKO mice. Cerebellar
sections were co-immunostained with anticalbindin D28k (red) and
antibodies against cargo markers (green), such as anti-kinesin heavy
chain (A, D); antisynaptophysin (B, E); or anticytochrome ¢ (C, F).

Fig. 6.

lain et al., 2001). Cholesterol/sphingolipid or GM1/chol-
era toxin B subunit complexes enhance microtubule-asso-
ciated kinesin motor motility (Klopfenstein et al., 2002).
The axonal swellings observed in our KO mice may be
due to microdomain disruption, since GSLs and choles-
terol are major components of lipid microdomains.

On the other hand, axonal degeneration and myelin dis-
organization are closely related. Although we did not
detect severe demyelination in L7UgegKO mice, their par-
anodal junctions were malformed, having shorter Caspr
clusters. Caspr mutant mice develop paranodal disrup-
tions and axonal swellings accompanied by mitochondria
accumulation and cytoskeletal disorganization (Garcia-
Fresco et al., 2006). Thus, abnormal localization of Caspr
in L7UgcgKO mice may result in axonal swellings.

Disruption of paranodal junctions was also observed
in germline B4galntl KO mice and St3gal5/B4galntl
double-null mice (Susuki et al., 2007; Yamashita et al.,
2005h). Unlike these KO mice, which lack GSLs in both
axons and myelin, our L7UgcgKO mice only lack axonal
GSLs. Thus, axonal GSLs are definitely essential for
maintaining axo-glial interactions at paranodal junc-
tions and for proper attachment of paranodal loops on
the axolemma with transverse bands in conjunction
with other cell adhesion molecules. On the other hand,
because some membrane proteins are localized in lipid
rafts, deleting axonal GSLs might impair lipid raft-de-
pendent interactions between axonal membranes and
oligodendrocyte processes. Supporting this idea are the
findings that GlcCer-based GSLs in axons and/or oligo-
dendrocytes contribute to localization of Caspr, an axo-
nal adhesion molecule, in lipid microdomain/lipid rafts
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Nuclei were labeled with DAPI (blue). Arrowheads indicate axonal
swellings. Scale bar: 10 pm (A-F). Transmission electron micrograph
showing the ultrastructure of a swollen axon from a L7UgegKO mouse
(G, H). Aberrant membrane structures and mitochondria accumulated
within axonal swellings. These results were observed in all mice of
each genotype (n = 3). Scale bars: 1 um (G); 0.3 pm (IT),

at the paranodal junction (Susuki et al., 2007). Indeed,
the disrupted axo-glial interactions exhibited by Ugt8-
or Gal3stl-mutant mice further support the premise
that GalCer-based GSLs, which are enriched in myelin,
play important roles in the maintenance of paranodal
structures and Caspr localization (Dupree et al., 1999;
Hoshi et al., 2007). Additionally, Ugt8-KO mice also
show significant reduction of raft-associated Caspr
(Schafer et al., 2004). These findings, together with our
own findings, support the view that GSLs in both axons
and myelin may be required for proper localization of
Caspr in lipid rafts. However, it is difficult to perform
biochemical analysis of axonal adhesion molecules in
lipid rafts, since Purkinje neurons are scarce in cerebel-
lar cortex. Furthermore, the excessive partial myelina-
tion (with cytoplasmic loop-like structure) in the KO
mice suggests that axonal GSLs may play an important
role in providing signals required for proper myelination
by oligodendrocytes.

Some axons in the mutant mice were surrounded by two
concentric myelin sheaths. How do these unusual struc-
tures form? In principle there are two possibilities: (1) The
additional myelin sheath might invade beneath a pre-
existing sheath, between the inner loop and the axon
surface at the node of Ranvier; or (2) the additional myelin
sheath might envelop an entire axon-myelin unit without
disrupting existing axon-oligodendrocyte interactions. We
cannot definitively distinguish these two possibilities by
examining static images. However, we strongly favor
the latter mechanism, because at the time of the Ugcg
gene deletion was induced (at three weeks of age), Purkinje
cell axons are already ensheathed by compact myelin
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Fig. 7. L7UgcgKO mice exhibit ultrastructural abnormalities at par-
anodes. Longitudinal section through the paranodal portion of an axon
from a control mouse (A) and KO mice (B-D). A: Normal ultrastructure
of node and paranode of a control mouse. The cytoplasmic loops at the
paranode are arranged orderly and are attached to the axolemma with a
transverse band (TB, red arrow), indicating that at the paranode, the
axon is enveloped by oligodendrocyte loops with a continuous TB. B:
Abnormal paranode from a 22-week-old L7UgcgKO mouse. A compact
myelin sheath consisting of 18 lamellae enwraps this axon. Of the 18
lamellae, nine of the lower and five of the upper paranodal cytoplasmic
loops attach themselves onto the axolemma with TB (red arrows). The
remaining loops, however. show abnormal contact with the axolemma
(circles). The number of lower paranodal cytoplasmic loops contacting the
axolemma with a TB is greater than that of the upper loops: nine vs. five
normal loops, respectively. This indicates that TBs distribute discontinu-
ously. Some loops (yellow circles) face away from the axon, presumably
due to cytoplasmic loop abnormalities. A glial process (red triangle). pre-

(Bouslama-Oueghlani et al., 2003). In addition, it seems
inherently unlikely that the adhesion between an axon
and myelin membrane, as well as the adhesion between
adjacent myelin sheets, could easily be disrupted.
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sumably from an astrocyte, invades the space between the paranodal
loops of the oligodendrocyte and axolemma. C: Abnormal paranode from
a 14-week-old KO mouse. I: High-magnification image of the white rec-
tangular area in (C). Two paranodal loops (white arrows) directly contact
the axolemma. Other paranodal loops (blue circles), however. do not
directly contact the axolemma. Deformed loops (green diamonds) attach
to the axolemma without TBs. These structures indicate abnormal
arrangement of paranodal cytoplasmic loops. These results were
observed in all mice of each genotype (7 = 3. Red triangles indicate proc-
esses that are presumably from an astrocyte. E: Cerebellar sections were
co-immunostained with anti-IP3R1 (blue), anti-Caspr (red), and anti-pan
sodium channel (green) antibodies. Elongated sodium channel clusters
and shorter Caspr clusters were observed in L7UgcgKO mice. F: Quanti-
tation of sodium channel cluster length, width, length-to-width ratio, and
Caspr cluster length in lobule Vof mid-sagittal sections of 17- to 22-week-
old control and L7UgcgKO mice (n = 3. *P < 0.05; "*P < 0.01; #**P <
0.001 compared with control mice. Scale bar: 1 um (A-E).

Our results strongly suggest that axonal GSLs are
required for axon-myelin interactions at various develop-
mental stages. The binding partner of axonal GSLs in
oligodendrocytes is MAG (Yang et al., 1996). MAG is a
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