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FiG. 4. TBS-induced LTP in area CAl of the gad mouse hippocampus was
impaired. (A) LTP induced by TBS in wild-type (O) and gad (@) mice. The
fEPSP slope was normalized to baseline (pre-TBS) values. Typical fEPSP
traces are shown above. Traces were recorded (a) just before TBS, (b)
immediately after TBS and (c) 45 min after TBS. (B) Tetanus-induced LTP
was identical in wild-type and gad mice.

post-TBS was 1.43 £ 0.07 (n = 5) in the presence of actinomycin D,
and this value differed significantly from that in wild-type hippocam-
pal slices without actinomycin D (1.87 + 0.08, P = 0.003; two-tailed
Student’s z-test). This result agrees with a previous report (Nguyen &
Kandel, 1997). In contrast, TBS-induced LTP in gad mice was
insensitive to actinomycin D (Fig. 6B). The normalized fEPSP slope
at 45 min post-TBS was 136 £0.04 (n = 5) in the presence of
actinomycin D and did not differ significantly from the value in gad
hippocampal slices without actinomycin D (1.36 + 0.07, P = 0.948;
two-tailed Student’s r-test). These results suggest that a transcription-
dependent component of LTP is impaired in gad mice. In both
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FIG. 5. Stimulus—output curves, paired-pulse facilitation and NMDA recep-
tor-mediated currents were similar in wild-type and gad mice. (A) The rela-
tion between stimulus intensity and the slope of the fEPSP was identical in
wild-type and gad mice. For each slice, fEPSP slopes elicited by six different
stimulus intensities (1-6 V; sample traces in the right panel) were normalized to
the value obtained using 6-V stimulation, and then normalized values were
averaged. (B) Paired-pulse facilitation of fEPSPs did not differ substantially
between wild-type and gad mice. (C) The ratio of NMDA receptor-mediated
currents to non-NMDA receptor-mediated currents was identical in wild-type
and gad mice. Patch-clamp recordings from neurons voltage-clamped to -70
and +40 mV. The arrowhead indicates the peak of the non-NMDA receptor-
mediated current, and the arrow indicates 100 ms poststimulation for the
NMDA receptor-mediated current; current amplitudes at these points were used
for the ratio.

wild-type and gad mice, actinomycin D did not affect the baseline
fEPSP slope (without TBS) up to 80 min postapplication (Fig. 6C
and D).

CREB phosphorylation was altered in gad mice

Late-phase LTP in the hippocampal CAl field requires transcription
elicited by phosphorylation of serine 133 on cAMP response element
binding protein (CREB; Nguyen et al., 1994). In addition, Aplysia
UCH is involved in persistent activation of PKA during long-term
synaptic facilitation (Hedge et al., 1997). From these reports and our
experiments using actinomycin D above, we suspected that phosphor-
ylated CREB (pCREB)-induced transcription is disrupted in gad mice.
To address this, we analysed pCREB in the CAl field of slices used
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FIG. 6. Transcription-dependent LTP was impaired in gad mice. (A and B)
Actinomycin D (Act D) suppressed late-phase LTP in (A) wild-type mice but
(B) had no effect in gad mice. Act D was applied 10 min before LTP
induction and was continuously applied until 50 min post-TBS. LTP in the
absence of Act D (control) has been reproduced from Fig. 4. (C and D) Without
TBS, Act D had no effect on the normalized fEPSP slope in either (C) wild-
type or (D) gad mice.

for electrophysiological recording by Western blotting (Fig. 7A). In
wild-type mice, pCREB levels at 15 min post-TBS did not differ from
pre-TBS levels, but at 45 min post-TBS levels were increased relative
to pre-TBS levels. The onset of CREB phosphorylation (45 min
postconditioning) is in agreement with a previous report (Ahmed &
Frey, 2005). In gad mice, however, pCREB levels were increased at
15 min post-TBS but not maintained at 45 min post-TBS (Fig. 7A).
Unphosphorylated CREB levels were similar among samples

A wl gad
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PKA Rllc
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pCREB / CRE
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FiG. 7. CREB phosphorylation was altered in gad mice. (A) Westem blot-
ting of samples prepared from hippocampal slices recovered pre-TBS (0),
15 min post-TBS (15) or 45 min post-TBS (45). Primary antibodies are
indicated to the left of the blots. Similar results were obtained at each time point
in six slices from wild-type mice and five slices from gad mice. (B) The nor-
malized band density of pCREB to CREB at time 0 (pre-TBS), 15 min and
45 min post-TBS in wild-type (n = 5) and gad (n = 4) mice. *P = 0.012 and
**p = (.014, Bonferroni-Dunn test.

(Fig. 7A). Similar results were obtained in slices from five wild-type
and four gad mice. In each set of slices, the band density of pCREB
was normalized to that of CREB and the values were averaged
(Fig. 7B). In wild-type mice (Fig. 7B), the normalized pCREB levels
at 15 min post-TBS did not differ significantly from pre-TBS levels
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(P = 0.656; Bonferroni-Dunn test) but at 45 min post-TBS pCREB
levels were significantly higher than pre-TBS levels (P = 0.012). In
gad mice (Fig. 7B), pCREB levels were significantly higher at 15 min
post-TBS (P = 0.014), but at 45 min post-TBS pCREB levels were
not significantly different from pre-TBS levels (P = 0.393). These
results suggest that the onset and persistence of CREB phosphory-
lation are altered in gad mice.

In Aplysia, serotonin stimulation that induces synaptic plasticity
increases expression of UCH by about five-fold. The increased UCH
expression stimulates proteasomal degradation of the PKA regulatory
subunit N4, thereby inducing persistent PKA activity (Hedge et al.,
1997). To determine whether this process also exists in mice, we
analysed UCH-L1 and PKA regulatory subunits I and Ilx in the CA1
field of hippocampal slices by Western blotting. As Fig. 7A shows, the
level of UCH-L1 was not obviously affected by TBS at either 15 or
45 min post-TBS in wild-type mice. For quantitative analysis, the
band density of UCH-L1 was normalized to that of p-actin and the
normalized value was then further normalized to pre-TBS values. At
15 and 45 min post-TBS, the normalized values were 1.00 + 0.24
(n = 5)and 1.06 + 0.21 (n = 5), respectively, confirming that UCH-
L1 levels were unchanged. Similarly, TBS-induced changes in the
levels of PKA regulatory subunit I« and Il were also not apparent in
either type of mouse (Fig. 7A). For example, the relative band-density
of PKA Il normalized to B-actin was 1.03 + 0.14 (15 min post-TBS)
and 1.06 £ 0.12 (45 min post-TBS) for wild-type mice (n = 5). In
gad mice (n = 4), values were 1.02 + 0.20 (15 min post-TBS) and
1.01 £ 0.25 (45 min post-TBS). For pre-TBS, the relative band-
density of PKA Ila normalized to B-actin also did not differ between
wild-type and gad mice [the normalized value for gad mice/the
normalized value for wild-type mice was 0.96 £ 0.10 (n = 4)].

Discussion

In this study, we demonstrated that UCH-L1 is required for (i)
maintenance of memory in a passive avoidance test and exploratory
behaviour in a novel environment, and (ii) a transcription-dependent
component of TBS-induced LTP in area CA1 of the hippocampus.
UCH-L1 may be essential in transcription-dependent TBS-LTP
because it maintains the integrity of TBS-induced CREB phosphor-
ylation. No outstanding forebrain atrophy or aberrant structures were
evident in 6-week-old gad mice at the level of the light microscope.
Thus, the functional abnormalities caused by the lack of UCH-L1
occurred in the absence of any detectable gross structural abnormal-
ities in the brain. However, abnormalities in neuron morphology,
such as spine morphology or density, remain a possibility in gad
mice.

Several studies suggest that synaptic and memory abnormalities
precede neuronal cell death in AD (Yao et al., 2003) and in AD model
mice (Chapman et al., 1999; Freir et al., 2001; Snyder et al., 2005;
Shemer et al., 2006), which supports the hypothesis that synapses may
be an initial target in AD (Small ef al., 2001; Selkoe, 2002). AP is
thought to be one of the major players that disrupt synaptic function
(reviewed in Selkoe, 2002). Because we have shown here that UCH-
L1 is essential for memory maintenance, exploratory behaviour and a
particular form of hippocampal LTP, it is possible that the AD-
associated reduction in UCH-L1 (Choi et al., 2004) further exacer-
bates the synaptic and memory deficits induced by A} accumulation.
In addition, glutamate-induced CREB phosphorylation is decreased by
AP treatment of cultured hippocampal neurons (Vitolo et al., 2002).
Thus, accumulation of AP and reduction of UCH-L1 may act
cooperatively to disrupt CREB phosphorylation. The recent finding
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that introduction of exogenous UCH-L1 into AD model mice rescues
synaptic and memory deficits supports this possibility (Gong et al.,
2006).

It should be noted that memory deficits are already evident in young
gad mice (6 weeks of age). Analysis of AD model mice has shown
that the onset of the behavioural phenotype is generally much slower.
For example, deficits in visible platform recognition become evident
by 9 months of age, and deficits in sensorimotor tasks are clearly
manifest by 14 months in the Tg2579 transgenic AD model mice
(King & Arendash, 2002). Impairments in passive avoidance and
small-pool performance are marked only at 18 and 25 months of age
in the APP23 transgenic AD model mice (Kelly et al., 2003). It has not
been reported whether UCH-L1 is down-regulated in these model
mice. In the APP/PS] mouse model of AD, on the other hand,
relatively young (3- to 4-month-old) mice have impaired contextual
leaming (Trinchese er al., 2004; Gong et al., 2006), and reduced
hippocampal UCH activity is evident at 4-6 months of age (Gong
et al., 2006). Whether the onset of the reduction in the hydrolase
activity is synchronous with the onset of impaired contextual learning
in the APP/PS1 mouse is unknown. This information is necessary to
further verify the involvement of UCH-L1 in memory deficits
associated with AD and in AD model mice.

Impairment of memory in gad mice was associated with impaired
transcription-dependent LTP in the hippocampus. Because LTP is a
well-known cellular mechanism of memory (reviewed in Bliss &
Collingridge, 1993), it is reasonable to speculate that impaired LTP is
one of the mechanisms underlying the memory deficits in gad mice.
Our results provide a possible mechanistic link between the lack of
UCH-L1 and impaired LTP: alteration of CREB phosphorylation.
Proper timing and persistence of CREB phosphorylation are essential
for the gene expression required to maintain LTP in area CAl of the
hippocampus (Impey et al., 1996). After conditioning in the passive
avoidance test, cAMP response element-mediated transcription is
induced in hippocampal area CA1 (Impey et al., 1998). Thus, the
alteration of CREB phosphorylation and subsequent failure to
maintain LTP might be responsible for reduced performance of gad
mice in the passive avoidance test. However, LTP at hippocampal
CA1 synapses is dependent on NMDA receptors (Harris et al., 1984;
Larson & Lynch, 1988). Phosphorylation of CREB is also NMDA
receptor-dependent (Ahmed & Frey, 2005). This type of LTP occurs in
various brain regions (reviewed in Martin et al., 2000), and UCH-L1
is expressed in almost all brain regions. Therefore, impaired LTP in
other brain regions may also be involved in the poor performance of
gad mice in the passive avoidance test and other behavioural tests.
Postsynaptically, the ubiquitin-proteasome system is involved in
activity-dependent changes in postsynaptic protein composition and
signalling (Ehlers, 2003; reviewed in Yi & Ehlers, 2007). UCH-L1 has
in vitro enzymatic activity that exposes the free C-terminus of
ubiquitin, which is required for protein ubiquitination (Larsen ef al.,
1998), and monoubiquitin levels are decreased in gad mouse brain
(Osaka et al., 2003).

In conclusion, we report that UCH-L1 is required for the
maintenance of memory in passive avoidance learning, exploratory
behaviour and hippocampal CA1 LTP in mice. We propose that UCH-
L1-mediated maintenance of the temporal integrity and persistence of
CREB phosphorylation is required for CA1 LTP.

Acknowledgements

We thank Drs Chiaki Itami and Shun Nakamura for their advice in the early
stage of this work. We also thank Miss Hisae Kikuchi for her technical
assistance. This work was supported in part by Grants-in-Aid for Scientific

© The Authors (2008). Joumnal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 27, 691-701

-200-



700 M. Sakurai et al.

Research from the Ministry of Health, Labour and Welfare of Japan, Grants-in-
Aid for Scientific Research from the Ministry of Education, Culture, Sports,
Science and Technology of Japan, the Program for Promotion of Fundamental
Studies in Health Sciences of the National Institute of Biomedical Innovation,
and a grant from the Japan Science and Technology Agency.

Abbreviations

AP, amyloid B-protein; ACSF, artificial cerebrospinal fluid; AD, Alzheimer’s
disease; CREB, cyclic AMP response element-binding protein; fEPSPs, field
excitatory postsynaptic potentials; gad, gracile axonal dystrophy;, H&E,
hematoxylin and eosin; LTP, long-term potentiation; pCREB, phosphorylated
CREB; PD, Parkinson’s disease; PKA, protein kinase A:; TBS, theta-burst
stimulation; UCH-L1, ubiquitin C-terminal hydrolase L1.

References

Abel, T, Nguyen, P.V,, Barad, M., Deuel, TA. & Kandel, E.R_ (1997) Genetic
demonstration of a role for PKA in the late phase of LTP and in the
hippocampus-based long-term memory. Cell, 88, 615-626.

Ahmed, T. & Frey, J.U. (2005) Plasticity-specific phosphorylation of CaMKIl,
MAP-kinases and CREB during late-L TP in rat hippocampal slices in vitro.
Neuropharmacology, 49, 477-492.

Bevilaqua, L., Ardenghi, P, Schroder, N., Bromberg, E., Schmitz, PK.
Schaeffer, E., Quevedo, J., Bianchin, M., Walz, R., Medina, JH &
Izquierdo, L (1997) Drugs acting upon the cyclic adenosine monophos-
phate/protein kinase A signaling pathway modulate memory consolidation
when given late after training into rat hippocampus but not amygdala. Behav.
Pharmacol., 8, 331-338.

Bliss, T.V. & Collingridge, G.L. (1993) A synaptic model of memory: long-
term potentiation in the hippocampus. Nature, 361, 31-39.

Bouton, M.E., Kenney, F.A. & Rosengard, C. (1990) State-dependent fear
extinction with two benzodiazepine tranquilizers. Behav. Neurosci., 104,
44-55.

Bradshaw, K.D., Emptage, N.L. & Bliss, T.V. (2003) A role for dendritic
protein synthesis in hippocampal late LTP. Eur. J. Neurosci., 18, 3150-3152.

Castegna, A., Aksenov, M., Aksenova, M., Thongboonkerd, V., Klein, J.B.,
Pierce, WM., Booze, R., Markesbery, W.M. & Butterfield, D.A. (2002)
Proteomic identification of oxidatively modified proteins in Alzheimer’s
disease brain. Part I: creatine kinase BB, glutamine synthase, and ubiquitin
carboxy-terminal hydrolase L-1. Free Radic. Biol. Med., 33, 562-571.

Chapman, P.F., White, G.L., Jones, M.W., Cooper-Blacketer, D., Marshall, V.J o,
Inzarry, M., Younkin, L., Good, M.A., Bliss, T.V.,, Hyman, B.T., Younkin,
S.G. & Hsiao, K.K. (1999) Impaired synaptic plasticity and leaming in aged
amyloid precursor protein transgenic mice. Nat. Neurosci., 2, 271-276.

Choi, I, Levey, AL, Weintraub, S.T., Rees, H.D., Gearing, M., Chin, LS. &
Li, L. (2004) Oxidative modifications and down-regulation of ubiquitin
carbocyl-terminal hydrolase L1 associated with idiopathic Parkinson's and
Alzheimer’s diseases. J. Biol Chem., 279, 13256-13264.

Ehlers, M.D. (2003) Activity level controls postsynaptic composition and
signaling via the ubiquitin-proteasome system. Nat. Neurosci., 6, 231-242.

Freir, D.B., Holscher, C. & Herron, C.E. (2001) Blockade of long-term
potentiation by B-amyloid peptides in the CA1 region of the rat hippocampus
in vivo. J. Neurophysiol., 85, 708-713.

Gong, B., Cao, Z., Zheng, P, Vitolo, 0.V, Liu, S., Staniszewski, A., Moolman,
D., Zhang, H., Shelanski, M. & Arancio, O. (2006) Ubiquitin hydrolase Uch-
L1 rescues beta-amyloid-induced decreases in synaptic function and
contextual memory. Cell, 126, 775-788.

Harris, EW., Ganong, A.H. & Cotman, C.W. (1984) Long-term potentiation in
the hippocampus involves activation of N-methyl-D-aspartate receptors.
Brain Res., 323, 132-137.

Hedge, AN., Inokuchi, K., Pei, W., Casadio, A., Ghirardi, M., Chain, D.G.,
Martin, K.C., Kandel, E.R. & Schwartz, J.H. (1997) Ubiquitin C-terminal
hydrolase is an immediate-early gene essential for long-term facilitation in
Aplysia. Cell, 89, 115-126.

Ichihara, N., Wu, J., Chui, D.H., Yamazaki, K., Wakabayashi, T. & Kikuchi, T.
(1995) Axonal degeneration promotes abnormal accumulation of amyloid
beta-protein in ascending gracile tract of gracile axonal dystrophy (GAD)
mouse. Brain Res., 695, 173-178.

Impey, S., Mark, M., Villacres, E.C., Poser, S., Chavkin, C. & Storm, D.R.
(1996) Induction of CRE-mediated gene expression by stimuli that generate
long-lasting LTP in area CAl of the hippocampus. Neuron, 16, 973-982.

Impey, 8., Smith, D.M., Obrietan, K., Donahue, R., Wade, C. & Storm, D.R.
(1998) Stimulation of cAMP response element (CRE)-mediated transcription
during contextual learning. Nat. Newrosci., 1, 595-601.

Kabuta, T., Suzuki, Y. & Wada, K. (2006) Degradation of amyotrophic lateral
sclerosis-linked mutant Cu, Zn-superoxide dismutase proteins by macro-
autophagy and the proteasome. J. Biol. Chem., 281, 30524-30533.

Kelly, P.H., Bondolfi, L., Hunziker, D., Schlecht, H.-P.,, Carver, K., Maguire, E.,
Arbamowski, D., Wiederhold, K-H., Sturchler-Pierrat, C., Jucker, M.,
Bergmann, R., Staufenbiel, M. & Sommer, B. (2003) Progressive age-related
impairment of cognitive behavior in APP23 transgenic mice. Neurobiol
Aging, 24, 365-378.

Kikuchi, T, Mukoyama, M., Yamazaki, K. & Moriya, H. (1990) Axonal
degeneration of ascending sensory neurons in gracile axonal dystrophy
mutant mouse. Acta Neuropathol., 80, 145-151.

King, D.L. & Arendash, G.W. (2002) Behavioral characterization of the
Tg2576 transgenic model of Alzheimer’s disease through 19 months.
Physiol. Behav., 75, 627-642.

Larsen, C.N,, Krantz, B.A. & Wilkinson, K.D. (1998) Substrate specificity of
deubiquitinating enzyme: ubiquitin C-terminal hydrolases. Biochemistry, 37,
3358-3368.

Larson, J. & Lynch, G. (1988) Role of N-methyl-D-aspartate receptors in the
induction of synaptic potentiation by burst stimulation pattened after the
hippocampal theta-thythm. Brain Res., 441, 111-118.

Leroy, E., Boyer, R., Auburger, G., Leube, B., Ulm, G., Mezey, E., Harta, G.,
Brownstein, M.J., Jonnalagada, S., Chemova, T, Dehejia, A., Lavedan, C.,
Gasser, T, Steinbach, P.J., Wilkinson, K.D. & Polymeropoulos, M.H. (1998)
The ubiquitin pathway in Parkinson’s disease. Nature, 395, 451-452.

Lever, C., Burton, S. & O’Keefe, L. (2006) Rearing on hind legs, environ-
mental novelty, and the hippocampal formation. Rev. Newrosci., 17, 111-133.

Liu, Y.C,, Fallon, L., Lashuei, HA., Liu, Z.H. & Lansbury,P.T. Ir (2002) The
UCH-LI gene encodes two opposing enzymatic activities that affect alpha-
synuclein degradation and Parkinson’s disease susceptibility, Cell, 111, 209
218.

Malinow, R. & Malenka, R.C. (2002) AMPA receptor trafficking and synaptic
plasticity. Annu. Rev. Neurosci., 25, 103-126.

Maraganore, D.M., Farrer, M.J., Hardly, J.A_, Lincoln, S.J., McDonnell, S.K. &
Rocca, WA. (1999) Case-control study of the ubiquitin carboxy-terminal
hydrolase L1 gene in Parkinson’s disease. Neurology, 53, 1858-1860.

Martin, S.J., Grimwood, P.D. & Morris, R.G.M. (2000) Synaptic plasticity and
memory. Annu. Rev. Neurosci., 23, 649-711.

Morris, R.G., Garrud, P., Rawlins, J.N. & O’Keefe, J. (1982) Place navigation
impaired in rats with hippocampal lesions. Nature, 297, 681-683.

Nguyen, PV,, Abel, T. & Kandel, E.R. (1994) Requirement of a critical period
of transcription for induction of a late phase of LTP. Science, 265, 1104-
1107.

Nguyen, PV, Duffy, S.N. & Young, J.Z. (2000) Differential maintenance and
frequency-dependent tuning of LTP at hippocampal synapses of specific
strains of inbred mice. J. Neurophysiol., 84, 2484-2493.

Nguyen, P.V. & Kandel, E.R. (1997) Brief theta-burst stimulation induces a
transcription-dependent late phase of LTP requiring cAMP in area CAl of
the mouse hippocampus. Learn. Mem., 4, 230-243.

Osaka, H., Wang, Y.-L., Takada, K., Takizawa, S., Setsuie, R., Li, H., Sato, Y.,
Nishikawa, K., Sun, Y.-J., Sakurai, M., Harada, T.. Hara, Y., Kimura, L,
Chiba, S., Namikawa, K., Kiyama, H., Noda, M., Acki, S. & Wada, K.
(2003) Ubiquitin carboxy-terminal hydrolase L1 binds to and stabilizes
monoubiquitin in neuron. Human Mol. Genet., 12, 1945-1958.

Saigoh, K., Wang, Y.-L., Suh, J.G., Yamanishi, T., Sakai, Y, Kiyosawa, H.,
Harada, T, Ichihara, N., Wakana, S., Kikuchi, T. & Wada, K. (1999)
Intragenic deletion in the gene encoding ubiquitin carboxy-terminal hydro-
lase in gad mice. Nat. Genet., 23, 47-51.

Selkoe, D.J. (2002) Alzheimer’s disease is a synaptic failure. Science, 298,
789-791.

Shemer, 1., Holmgren, C., Min, R, Fulop, L., Zilberter, M., Sousa, K.M.,
Farkas, T., Hartig, W., Penke, B., Bumashev, N., Tanila, H., Zilberter, Y. &
Harkany, T. (2006) Non-fibrillar p-amyloid abates spike-timing-dependent
synaptic potentiation at excitatory synapses in layer 2/3 of the neocortex by
targeting postsynaptic AMPA receptors. Eur: J. Neurosci., 23, 2035-2047.

Small, D.H., Mok, S.S. & Bomstein, J.C. (2001) Alzheimer's disease and AP
toxicity: from top to bottom. Nat. Rev. Neurosci., 2, 595-598.

Snyder, EM., Nong, Y., Almeida, C.G., Paul, S., Moran, T., Choi, E.Y., Naim,
A.C,, Salter, AW, Lombroso, P.J., Gouras, G.K. & Greengard, P. (2005)
Regulation of NMDA receptor trafficking by amyloid-p. Nat. Neurosci., 8,
1051-1058.

©® The Authors (2008). Journal Compilation @ Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 27, 691-701

-201-



Takamatsu, L, Sekiguchi, M., Wada, K., Sato, T. & Ozaki, M. (2005) Propofol-
mediated impairment of CA| long-term potentiation in mouse hippocampal
slices. Neurosci. Lett., 389, 129-132.

Trinchese, F., Liu, S., Battaglia, F., Walter, S., Mathews, PM. & Arancio, O.
(2004) Progressive age-related development of Alzheimer-like pathology in
APP//PS] mice. Ann. Neurol., 55, 801-814.

Vitolo, O.V., Sant’Angelo, A., Costanzo, V., Battaglia, F., Arancio, O. &
Shelanski, M. (2002) Amyloid p-peptide inhibition of the PKA/CREB
pathway and long-term potentiation: reversibility by drugs that enhance
cAMP signaling. Proc. Natl. Acad. Sci. USA, 99, 13217-13221.

Wilkinson, K.D., Lee, K.M., Deshpande, S., Duerksen-Hughes, P., Boss, J.M.
& Pohl, J. (1989) The neuron-specific protein PGP 9.5 is a ubiquitin
carboxyl-terminal hydrolase. Science, 246, 670-673.

Xue, S. & Jia, J. (2006) Genetic association between ubiquitin carboxy-
terminal hydrolase-L1 gene SI8Y polymorphism and sporadic Alzheimer's
disease in a Chinese Han population. Brain Res., 1087, 28-32.

Abnormal brain function in UCH-L 1-deficient mice 701

Yamada, K., Santo-Yamada, Y. & Wada, K. (2003) Stress-induced impairment
of inhibitory avoidance leamning in female neuromedin B receptor-deficient
mice. Physiol. Behav., T8, 303-309.

Yamada, K., Santo-Yamada, Y., Wada, E. & Wada, K. (2002) Role of bombesin
(BN)-like peptides/receptors in emotional behavior by comparison of three
strains of BN-like peptide receptor knockout mice. Mol. Psychiatry, 7, 113
117.

Yao, PJ., Zhu, M., Pyun, E.L, Brooks, A.L, Therianos, S., Meyers, VE. &
Coleman, P.D. (2003) Defects in expression of genes related to synaptic
vesicle trafficking in frontal cortex of Alzheimer's disease. Neurobiol. Dis.,
12, 97-109.

Yi, J.J. & Ehlers, M.D. (2007) Emerging roles for ubiquitin and protein
degradation in neuronal function. Pharmacol. Rev., 59, 14-39.

Zushida, K., Sakurai, M., Wada, K. & Sekiguchi, M. (2007) Facilitation of
extinction leaming for contextual fear memory by PEPA-a potentiator of
AMPA receptors. J. Neurosci., 27, 158-166.

© The Authors (2008). Joumnal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Lid

European Journal of Neuroscience, 27, 691-701

-202-



Available online at www.sciencedirect.com
ScienceDirect

Neuroscience Research 61 (2008) 143-158

Neuroscience
Research

www.elsevier.com/locate/neures

Behavioral and gene expression analyses of Wfs/ knockout
mice as a possible animal model of mood disorder

Tadafumi Kato ™, Mizuho Ishiwata®, Kazuyuki Yamada ", Takaoki Kasahara®,
Chihiro Kakiuchi *, Kazuya Iwamoto®, Koki Kawamura®,
Hisamitsu Ishihara®, Yoshitomo Oka

* Laboratory for Molecular Dynamics of Mental Disorders, RIKEN Brain Science Institute, Hirosawa 2-1, Wako, Saitama 351 -0198, Japan
® Support Unit for Animal Experiment, RIKEN Brain Science Institute, Wako, Saitama 351-0198, Japan
© Laboratory for Cell Culture Development, RIKEN Brain Science Institute, Wako, Saitama 351-0198, Japan
4 Division of Molecular Metabolism and Diabetes, Tohoku University Graduate School of Medicine, Sendai, Japan

Received 21 November 2007; accepted 7 February 2008
Available online 14 February 2008

Abstract

Wolfram disease is a rare genetic disorder frequently accompanying depression and psychosis. Non-symptomatic mutation carriers also have
higher rates of depression and suicide. Because WfS1, the causative gene of Wolfram disease, is located at 4p16, a linkage locus for bipolar disorder,
mutations of WfS/ were suggested to be involved in the pathophysiology of bipolar disorder. In this study, we performed behavioral and gene
expression analyses of Wfs/ knockout mice to assess the validity as an animal model of mood disorder. In addition, the distribution of Wfs1I protein
was examined in mouse brain. Wfs knockout mice did not show abnormalities in circadian rhythm and periodic fluctuation of wheel-running
activity. Behavioral analysis showed that Wfs] knockout mice had retardation in emotionally triggered behavior, decreased social interaction, and
altered behavioral despair depending on experimental conditions. Wfs-like immunoreactivity in mouse brain showed a similar distribution pattern
to that in rats, including several nuclei potentially relevant to the symptoms of mood disorders. Gene expression analysis showed down-regulation
of Cdc42ep5 and Rndl, both of which are related to Rho GTPase, which plays a role in dendrite development. These findings may be relevant to the

mood disorder observed in patients with Wolfram disease.

© 2008 Published by Elsevier Ireland Ltd and the Japan Neuroscience Society.
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1. Introduction

Wolfram disease (Online Mendelian Inheritance in Man
[OMIM] 222300) is a rare autosomal recessive neurodegenera-
tive disorder characterized by early-onset diabetes mellitus,
progressive optic atrophy, diabetes insipidus, and deafness
(Domenech et al., 2006); WfS1/wolframin has been identified as
the causative gene (Strom et al., 1998; Inoue et al., 1998).
Approximately, 60% of the patients with Wolfram disease have
mental symptoms, such as severe depression, psychosis,
impulsivity, and aggression (Swift et al, 1990). More
importantly, carriers of WfS/ mutations, who are not affected
with Wolfram disease, have a 26-fold higher likelihood of

* Corresponding author. Tel.: +81 48 467 6949; fax: +81 48 467 6947.
E-mail address: kato@brain.riken jp (T. Kato).

psychiatric hospitalization mainly due to depression (Swift and
Swift, 2000). The WfSI gene locates at 4p16.1 (Strom et al.,
1998: Inoue et al., 1998), a replicated linkage locus of bipolar
disorder (Ewald et al., 1998, 2002; Detera-Wadleighet al., 1999).
Some studies showed that bipolar disorder with psychosis (Als
etal., 2004; Cheng etal., 2006) or suicidal behavior (Cheng et al.,
2006) is linked with this locus. These lines of evidence suggested
the possible role of WfS1 mutations in the pathophysiology of
bipolar disorder and related phenotypes.

To date, mutation screening of the WfS! gene has been
reported in 84 patients with bipolar disorder, 54 with major
depression, 119 with schizophrenia, 100 suicide victims, 3 with
schizoaffective disorder, and several other patients with other
psychiatric diagnoses (Ohtsuki et al., 2000; Martorell et al.,
2003; Torres et al., 2001: Crawford et al., 2002; Evans et al.,
2000). However, none of these patients had mutations causing
Worfram disease.

0168-0102/$ — see front matter © 2008 Published by Elsevier Ireland Ltd and the Japan Neuroscience Society.
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Despite the fact that WfS mutations may not be a frequent
cause of mental disorders, the mechanism underlying how WfS1
mutations lead to mental symptoms in patients with Wolfram
disease will shed light on the pathophysiology of mood
disorders. Mice lacking the Wfs/ gene might be useful as a
genetic animal mode] of mood disorders.

The symptoms of Wolfram disease resemble those of
mitochondrial diseases and, indeed, initial studies suggested
mitochondrial dysfunction in Wolfram disease based on
mitochondrial DNA (mtDNA) deletions found in patients
(Rotig et al., 1993). However, the protein coded by Wf51 was
found to be localized in endoplasmic reticulum (ER) (Takeda
et al., 2001; Philbrook et al., 2005). WfSI expression was
induced by ER stress (Fonseca et al., 2005) or XBPI
overexpression (Kakiuchi et al, 2006), and disruption of
WfsI caused a dysfunctional ER stress response (Fonseca et al.,
2005; Riggs et al., 2005; Yamada et al., 2006). Recent studies
have provided insight into the function of WfSI protein; WfS!
induces cation channel activity on ER membranes (Osman
et al., 2003) and regulates calcium levels in ER (Takei et al.,
2006). It also plays a role in stimulus-secretion coupling for
insulin exocytosis in pancreatic B cells (Ishihara et al., 2004).
Disruption of Wfs/ increased vulnerability to cell death in the
knockout (KO) mice (Ishihara et al., 2004; Philbrook et al.,
2005; Riggs et al., 2005; Yamada et al., 2006). In the rat brain,
WfS1 was distributed predominantly in neurons of the so-called
limbic system (Takeda et al., 2001). WfS] mutations could lead
to loss of WfSI-expressing neurons in particular brain regions
of patients with Wolfram disease, which may underlie
progression of mental symptoms.

In this study, we performed behavioral analysis of Wfs! KO
mice to characterize their behavioral abnormality. We
previously developed neuron-specific mutant polymerase -
transgenic mice (mPolg Tg mice) based on a mitochondrial
dysfunction hypothesis of bipolar disorder (Kato and Kato,
2000) and demonstrated that these mice had bipolar disorder-
like phenotypes, such as altered circadian rhythm and periodic
fluctuation of wheel-running activity (Kasahara et al., 2006).
Whether or not the Wfs! KO mice show such wheel-running
activity was examined. A behavioral test battery was also
conducted to search for other behavioral phenotypes. Distribu-
tion of Wfs! in the brain was examined to search for the neural
basis of behavioral alteration. In addition, gene expression
analysis was performed to search for the molecular basis of
behavioral phenotypes of Wfs/ KO mice.

2. Experimental procedures
2.1. Generation of Wfsl KO mice

The methods for the generation of Wfs/ KO mice have been described
elsewhere (Ishihara et al., 2004). In brief, a ncomycin-resistance gene was
inserted into exon 2 of the Wfs! gene in the targeting vector. The targeting
vector was injected into 129Sv embryonic stem (ES) cells, and the ES cells with
homologous recombination were obtained. By crossing the chimeric mice with
C57BL/6J (B6) mice, Wfs] heterozygous KO mice were obtained. Genotyping
was performed as previously described (Ishihara et al., 2004). The heterozygous
KO mice were crossed with the B6 mice for at least eight generations before the

analysis. The mice were maintained in a 12-h light:12-h dark cycle, except for
several specific experiments as indicated. Wild-type (WT) littermates were used
for the control whenever possible. All animal experiments were approved by the
local animal experiment committees of RIKEN and Behavioral and Medical
Sciences Research Consortium (BMSRC) (Akashi, Japan). Animal experiments
were carried out in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals. All efforts were made to minimize the
number of animals used and their suffering.

2.2. Wheel-running activity

For this analysis, 11 homozygous KO mice (Wfs/ ") and 9 WT littermates
(WfsI*'*) were used. All were males aged 34 weeks at the initiation of the
analysis. The groups did not differ significantly in body weight.

The methods for the analysis of wheel-running activity were described in
detail elsewhere (Kasahara et al., 2006). In brief, mice were individually housed
in cages (width, 24 cm; depth, 11 cm; height, 14 cm) equipped with a steel
wheel (width, 5 cm; diameter, 14 cm) (O"Hara & Co., Tokyo, Japan). Wheel-
running activity was monitored by measuring the rotation of the wheel (3
counts/] rotation). Food and water were available ad libitum. The data of initial
7-10 days were omitted from the analysis. Delayed and anticipatory activity
indices, referring to the wheel-running activity during the initial 3 h of a light
phase and that during the last 3 h of a light phase, were cakulated. The
periodicity of wheel-running activity was assessed by Lomb-Scargle period-
ogram (Kasahara et al., 2006).

The Mann-Whitney U-test was used for statistical analyses. Significance
levels were set at 0.05 (two-tailed; d.f., degree of freedom). The average and
standard error of mean (S.E.M.) were presented for each experimental para-
meter in one group.

2.3. Behavioral analysis: phase 1. Screening by a test battery

This analysis was performed at BMSRC (Akashi, Japan). For this analysis,
14 homozygous KO mice (Wfs1~'), 14 heterozygous KO mice (WfsI "), and
13 WT littermates (WfsI*’*) were analyzed. All were males aged 12 weeks at
the initiation of the behavioral analysis. The analyses were performed in the
order of open-field test, startle response and prepulse inhibition test, elevated
plus maze, Morris water maze, passive avoidance learning, active avoidance
learing, and forced swimming test. After the behavioral test battery, the non-
fasting blood glucose level was examined to rule out the possibility that elevated
blood glucose levels might affect the results of behavioral analysis. There was
no significant difference among the genotypes, consistent with a previous report
that there was no apparent increase in blood glucose levels in Wfs! KO mice on
the B6 background (Ishihara et al., 2004).

2.3.1. Open-field test

A transparent cubic box without a ceiling (30 cm x 30 cm x 30 cm) was
placed in a ventilated sound-attenuating chamber. A 40-W white lamp provided
room lighting, which was approximately 110 Ix on the floor of the chamber. In
addition, a fan attached on the upper part of the wall at one end of the chamber
presented a masking noise of 45 dB. Two infrared beams were set on each wall
2 cm above the floor with an interval of 10 cm. The total number of successive
interceptions of two adjoining beams on each bank was scored as locomotion
behavior. The other 12 infrared ray beams were attached 4.5 cm above the floor
in 2.5-cm intervals, and the total number of vertical beam interceptions was
scored as rearing behavior. Each mouse was allowed to explore freely in the
open-field area for 20 min.

For statistical analysis, repeated measures analysis of variance {ANOVA)
with the intrasubject factor of time (1-20 min) and the intersubject factor of
genotype (—/—, +/—, and +/+) was applied.

2.3.2. Startle response and prepulse inhibition (PPI)

Each mouse was enclosed in a transparent acrylic box (7cm x 7 cm x
10 cm). Startle response was detected as vibration of the box, using an
accelerometer (GH-313A, Keyence, Osaka, Japan). The acoustic startle pulse
of broadband burst (115 dB, 50 ms) and tone prepulse (85 dB, 30 ms) were
presented via a speaker located in front of the box. Light prepulse (30 ms) was
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applied by LED. At the beginning of the session, 40 startle pulses were
presented to test for basal startle responsiveness and its habituation. The average
values of eight blocks, consisting of five startle pulses each, were used for the
statistical analysis. After that, three different types of trials were performed:
startle pulse alone (n = 12), startle pulse preceded by a tone prepulse (n = 12),
and startle pulse preceded by a light prepulse (n = 12). Prepulses were presented
50, 100, or 200 ms before the startle pulse. In total, six types of prepulse (n =4,
each) were applied. The mean interval averaged 25 s (1545 s) throughout the
session. The startle response was recorded for 200 ms with the sampling
frequency of 1000 Hz. The PPI was assessed by the ratio of the mean response
of trials with one type of prepulse (n = 4) divided by the mean response of trials
without prepulse (n = 12). Because light prepulse did not attenuate the startle
response at all, only the data of tone prepulse were presented.

2.3.3. Elevated plus maze

The maze consisted of four arms, two open arms and two closed arms, 5 cm
wide and 30 cm long with a gray acrylic floor, that met at a 10 cm x 10 cm
center zone. Two closed arms had the transparent walls of 15 cm height on both
sides, and the open arms had the low walls of 3 mm height on the both sides. The
apparatus was mounted 75 cm above the floor of the room. The room lighting
was approximately 20 Ix on the maze. The video camera was placed 80 cm
above the maze. A fan generated a masking noise of 45 dB. The animal was
placed gently onto the center of the maze and was allowed to explore the maze
freely for 10 min. Number of entries into each arm and time spent in each arm
were recorded from videotapes.

2.3.4. Morris water maze

A round pool, with the diameter of 95 cm and the depth of 21.5 cm, was
placed in the center of a 140 cm x 130 cm room. A platform with the diameter
of 11 cm was set in one of quadrants and 5 mm beneath the surface of black
water maintained at 21 £ 1 °C. On the first to fifth days, five trials per day were
performed for leaming phase. The mouse was released on one of three quadrants
of the pool without the platform, and the time to reach the platform was
measured. When the mouse could not reach the platform within 60 s, the
experimenter placed the mouse on the platform. On the sixth day, a probe test
was performed to examine whether the mouse remembered the place of the
platform. The mouse was released in the quadrant on the opposite side of the
platform and its behavior for 60 s was videotaped. The time staying in the target
quadrant, where the platform had been placed, and immobility time were
measured.

2.3.5. Passive avoidance learning

A mouse was placed in a box, consisting of two rooms separated by a
shutter, that is, light and dark compartments (10 cm x 10 cm each). In the
acquisition trial, the mouse was kept in the light compartment. Five seconds
later, the door to the dark compartment was opened. When the mouse moved
into the dark compartment, the shutter was closed, and 10 s later, an electrical
shock (160 V, 3 s) was delivered through the grid floor. Twenty-four hours later,
each mouse was placed again in the light compartment and the latency to enter
the dark compartment was recorded up to a maximum of 180 s.

2.3.6. Active avoidance learning

The same apparatus with the one used for passive avoidance learning was
used, but there was no shutter between the light and dark compartments. The
box was set in a soundproof chamber, and illuminated by a 20 W white light set
on the chamber. The ceiling of the dark room is made of a black acryl board, and
the ceiling of the light room was a transparent acryl board.

The training was performed for 3 days. On each day, one session consisting
of 50 trials was performed. In each trial, a condition stimulus (CS) of 1500 Hz
sound (85 dB) was followed by an unconditioned stimulus (US) of 140-V
electrical shock. The US was given 5s after the initiation of the CS and
continued until the mouse escaped to the other compartment. If the mouse did
not move to the other compartment, the US lasted 15 s together with the CS. If
the mouse moved within 5 s after the CS, CS was stopped and no US was given.
None of the mice experienced the maximum length of the CS. The time from the
CS to the escape and the number of escapes were used for the performance of
leaming.

-205-

2.3.7. Forced swimming test

Animals were thrown into a square pool 24 cm x 24 cm in size. The water
was maintained constant at 21 °C. On the first day, the mice were left in the pool
for 20 min, and the mobility during the first 5 min recorded by videocamera was
assessed. On the second day, animals were thrown into the pool for 5 min and
the immobility time during the 5 min was recorded. The immobility was defined
by the two criteria. (1) No movement of all legs and the tail. (2) Completely
stationary state in the pool, or the movement only by inertia by the adjacent
movement. The immobility was assessed by three independent raters by
scrutinizing the video and the median value of the three raters was used for
the analysis.

2.4. Behavioral analysis: phase Il

This analysis was performed at the Support Unit for Animal Experiment,
RIKEN BSI. For this analysis, 9 homozygous KO mice (Wfs/ ) and 11 WT
littermates (WfsI*"*) were analyzed. All were males aged 31 weeks at the
initiation of the behavioral analysis. There was no significant difference of body
weight at the initiation of the behavioral tests.

The analyses were performed in the order of home cage activity, open-field
test, light-dark (L-D) box test, elevated plus maze, startle response and PPI test,
Morris water maze, and fear conditioning. After each trial (except the auditory
startle response and the water maze), apparatuses were wiped and cleaned by
80% alcohol and damp towel. For data acquisition, the Image J program (http://
rsh.info Nih.gov/ij) was used after some modification.

2.4.1. Environment of behavioral laboratory and housing condition of mice

Mice were housed individually for several days before they were trans-
ferred to the behavioral laboratory. The laboratory was air-conditioned and
maintained temperature and humidity within approximately 22-23 °C and
50-55%. Food and water were freely available except during experimenta-
tion. Large tweezers were used to handle mice to avoid individual differences
in the handling procedure. All of the experiments were conducted in the light
phase (9:00-18:00 h), and the starting times of the experiments were kept
constant.

2.4.2. Home cage activity measurement

Spontaneous activity of mice in their home cage was measured using a 24-ch
ABsystem 4.0 (Neuroscience, Tokyo, Japan). Cages were individually set into
the compartments made of stainless steel in the negative pressure rack (JCL,
Tokyo, Japan). An infrared sensor was equipped on the ceiling of each
compartment and it detected movements of the mice. Home cage activity
was measured for 1 week from the aftemoon of the day of transferring to the
behavioral laboratory (day 1) until the next day of the week (day 8). After the
termination of home cage activity measurement, cages and bedding materials
were changed to fresh ones and then mice were maintained in the micro-
isolation rack (Allentown Inc., Allentown, PA, USA), the same as those used in
breeding rooms throughout the behavioral screening.

2.4.3. Open-field test

Four days after the termination of home cage activity measurement (day 12),
an open-field test was conducted. The detailed protocol is shown in the
supplementary information.

2.4.4. L-D box test

The next day (day 13) after the open-field test, an L-D box test was
conducted. A four-channel of the L-D box system was equipped in the same
sound-proof room as the open field. Each light box was made of white plastic
(20 cm x 20 cm x 20 cm [H]) and illuminated by LEDs (250 Ix at the center
of the box); a CCD camera was equipped on the ceiling. Each dark box was
made of black plastic (20 cm x 20 cm x 20 cm [H]) and an infrared camera
was equipped on the ceiling. There was a tunnel for transition on the center
panel between the light box and dark box (3 cm x 5 cm) with an automatic
sliding door. In the L-D box test, mice were individually introduced into the
light box, and the door of the tunnel automatically opened 3 s after the
introduction of a mouse. Then mouse was allowed to move freely in the L-
D box for 10 min. Total distance traveled, percent distance traveled in the light
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box, percent duration staying in the light box, numbers of the transition
between light and dark box, and the first latency to enter the dark box were
measured as indices.

2.4.5. Elevated plus maze test
The next day (day 14) after the L-D box test, an elevated plus maze test was
conducted. The detailed protocol is shown in the supplementary information.

2.4.6. Auditory startle response

The next day after the L-D box test, an auditory startle response test was
conducted for 2 days. The detailed protocol is shown in the supplementary
information.

2.4.7. The Morris water maze test

Three days after the termination of the auditory startle response test (day
18), a series of the Morris water maze test began. The detailed protocol is shown
in the supplementary information.

2.4.8. Classical fear conditioning

Three days after the termination of the Morris water maze test (day 25), a
classical fear-conditioning test was conducted. This test consisted of three
parts: a conditioning trial (day 25), a context test trial (day 26), and a cued
test trial (day 27). Fear conditioning was carried out on a clear plastic
chamber equipped with a stainless steel grid floor (34 cm x 26 cm x 30 cm
[H]). A CCD camera was equipped on the ceiling of the chamber and was
connected to a video monitor and computer. The grid floor was wired to a
shock generator. White noise (65 dB) was supplied from a loudspeaker as an
auditory cue (CS). The conditioning trial consisted of a 2-min exploration
period followed by two CS-US pairings separated by 1 min each. A US (foot-
shock: 0.5 mA, 2 s) was administered at the end of the 30-s CS period. A
context test was performed in the same conditioning chamber for 3 min in the
absence of the white noise at 24 h after the conditioning trial. Further, a cued
test was performed in an altemative context with distinct cues; the test
chamber was different from the conditioning chamber in brightness (almost
0-1 Ix), color (white), floor structure (no grid), and shape (triangular). The
cued test was conducted 24 h after the contextual test was finished and
consisted of a 2-min exploration period (no CS) to evaluate the non-specific
contextual fear followed by a 2-min CS period (no foot shock) to evaluate the
acquired cued fear. Rate of freezing response of mice was measured as an
index of fear memory.

2.5. Behavioral analysis: phase 1Il

This analysis was performed at the Support Unit for Animal Experiment,
RIKEN BSL. For this analysis, seven homozygous KO mice (Wfs/ /") and eight
WT littermates (WfsI*'*) were analyzed. All were males aged 9 weeks at the
initiation of the behavioral analysis. There was no significant difference of body
weight at the initiation of the behavioral tests (WT, 252+ 0.6 g; KO,
252+ 05g).

The analyses were performed in the order of social interaction, rotarod
test, sucrose preference test, tail suspension test, forced swimming test,
marble burying test, hot plate test, and tail flick test. Inter-test intervals were
1 day to a week. After each trial (except the auditory startle response and the
water maze), apparatuses were wiped and cleaned by 80% alcohol and damp
towel. For data acquisition, the Image J program was used after some
modification.

2.5.1. Social interaction test (encounter method)

Subject mice were individually put into the center of a white-colored open
field (40 cm x 40 cm x 30 cm [H]). Immediately after the introduction of the
subject mouse, a target mouse was also introduced into the same open field. The
duration of contact behavior was measured for 60 min to assess passive contact.
Contact or separation of mice was expressed as “1" or “2" by computerized
image analysis. If the two mice contacted, the software retumn value of “1,” and
if separated, retumn value “*2.” Thus, smaller number means higher contact. Data
were collected and analyzed using a personal computer and commercially
available software (Time HC; O'Hara, Tokyo, Japan).

2.5.2. Motor coordination and motor learning test (rotarod)

Mice were individually placed on a rotating rod (OHara, Tokyo, Japan} and
the time each animal was able to maintain its balance walking on top of the rod
was measured. The speed of the rotarod was 4 rpm (on the first day) or
accelerated from 4 to 40 rpm over a 4-min period and 40 rpm another 1 min
(day 2 to day 5). Mice were given a trial for 2 min (day 1) or four trials with a
maximum time of 300 s (inter-trial intervals were 20-30s). Time between
placement and falling or revolving around the rod was recorded manually.

2.5.3. Sucrose preference test

Mice were tested for a 3-days 24-h test and 1-day 1-h test with water
deprivation. The 24-h tests were free choice between two bottles, one with
sucrose (3% in filtered water) and another with filtered water. To eliminate the
side preference, the position of bottles was switched every 24 h. The consump-
tion of water and sucrose solution was assessed daily. After the choice test, mice
were deprived water for 24 h and then a 1-h choice test between water and
sucrose was conducted.

2.5.4. Tail suspension test

Mice were individually hung by the tail using an adhesive tape placed
approximately 1.5 cm from the tip of the tail attached to a wire and 30 cm above
the floor. The duration of immobility was scored and analyzed using Image J TS
(O’Hara, Tokyo, Japan) for 5 min.

2.5.5. Forced swimming test

Mice were individually placed for 15 min (day 1) or 5 min (day 2) in glass
cylinders (30cm high, 10 cm in diameter) containing 10cm of water
maintained at 23-25 °C. The duration of immobility was scored and analyzed
using Image J software. The immobility time during the first 5 min was
assessed.

2.5.6. Marble burying test

The test was performed in the test cage identical to their home cage with a 5-
cm thick layer of bedding material (TEK-FRESH, Edstrom Industries, Water-
ford, WI, USA). Mice were habituated to fresh bedding for 30 min and then
briefly returned to their home cage; 20 glass marbles (1.5 cm in diameter) were
placed evenly on the bedding. Mice were then reintroduced into the test cage
and the number of buried marbles (buried into the bedding over 2/3) was
analyzed 30 min later.

2.5.7. Hot plate and tail flick test

In the hot plate test (Model MK-350C, Muromachi-kikai, Tokyo, Japan),
mice were individually placed on the plate (52 + 0.5°C) enclosed in a
translucent plastic wall, and the time between placement and licking of the
paws and jumping was recorded manually as the response latency. A cut-off
time was 90 s. Because most of the mice did not jump, latency to licking was
used for statistical analysis.

In the tail flick test (Model MK-330B, Muromachi-kikai, Tokyo, Japan),
mice were individually restricted on the radiant heat meter and focused heat was
applied to the surface of the tail at 2-3 cm from its tip; the latency to reflexive
removal of the tail from the heat was recorded manually as the tail flick latency.
A cut-off time was 10 s.

In these tests, data were obtained by two observers, and the shorter scores
were adopted as the response time.

2.5.8. Statistical analysis

For statistical analysis of behavioral analyses phases I-III, the Student’s
t-test, one-way ANOVA, and repeated measures ANOVA (RMANOVA)
were used. When a significant effect was found by one-way ANOVA, Tukey
post hoc comparisons were applied. When sphericity was rejected by the
Mauchly test before the application of RMANOVA, the Greenhouse-Geisser
estimate was used. Paired r-test and two-sample r-test were also used for
post hoc analysis when necessary. These statistical analyses were performed
using SPSS 11.0 for Windows (SPSS Japan, Tokyo, Japan). Significance
levels were set at 0.05 (two-tailed); d.f., degree of freedom. Average and
standard error of mean (S.EM.) were presented for each experimental
parameter in one group.
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2.6. Immunohistochemistry

Because several computer programs predicted that mouse Wfs! protein
would be cleaved around position 36, we used the following amino acid
sequence, Glu”~Gly* as an antigen. A hexadecapeptide (CEPPRAPRPQADP-
SAG) was synthesized, purified using high-performance liquid chromatogra-
phy, and conjugated to keyhole limpet hemocyanin (KLH). Five Balb/c mice
were injected intraperitoneally with the KLLH-conjugated peptide emulsified in
complete Freund's adjuvant. Antiserum was obtained 1 week after boosting
with the same antigen. We performed Western blot analysis to selected sensitive
antiserum specific to Wfs/ protein.

For immunohistochemical analysis using WfS1 antibody, wild-type B6 mice
aged 20-22 weeks were used. The mouse brain was fixed by perfusion of
paraformaldehyde and embedded with paraffin. Coronal or sagittal sections
with the thickness of 8 um were sliced from paraffin-embedded mouse brain.

After deparaffinization and hydration, the slices were incubated for 10 min
at 95 “C in sodium citrate buffer. Endogenous peroxidase activity was quenched
by H;O»/methanol treatment. For blocking, 0.8% Block Ace (Dainippon
Sumitomo Pharma, Osaka, Japan) in phosphate-buffered saline (PBS) was
used. Anti-WfS/ antiserum was used by 2500 dilution. For second antibody,
biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA) was
used. Peroxidase/DAB staining was performed by Vectastain Elite ABC kit
(Vector Laboratories).

2.7. DNA microarray analysis

DNA microarray analysis was performed in two developmental stages, 12
and 30 weeks old. Eight homozygous Wfs/ KO mice and 8 WT littermates were
sacrificed at the age of 12 weeks. Seven homozygous Wfs! KO mice and five
WT littermates were also analyzed at the age of 30 weeks.

The hippocampus was rapidly dissected, and total RNA samples were
extracted from the hippocampi using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Microarray analysis was performed according to the manufacturer’s
protocol (Affymetrix, Santa Clara, CA, USA). Briefly, 5 pg total RNA of each
sample was reverse-transcribed into cDNA, and biotinylated cRNA was synthe-
sized from the cDNA by in vitro transcription. DNA microarray experiments
were performed using Mouse Genome 430 2.0 GeneChips (Affymetrix). The
hybridization signal on the chip was scanned by a GeneArray scanner and
processed by GeneSuite software (Affymetrix). The probe sets labeled as
“present” in 8 of 16 samples at 12 weeks old (24703/45101 probe sets) or
in 5 of 12 samples at 30 weeks old (24455/45101 probe sets) were selected. The
raw data were analyzed using MAS5 (Affymetrix) and then imported into
GeneSpring 7.3 software (Silicon Genetics, Redwood, CA). The signal intensity
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of each probe set on the microarray was divided by its median value using
GeneSpring 7.3 software.

For statistical analysis, the Mann—Whitney U-test was performed between
the KO mice and their WT littermates, and P < 0.05 was considered statistically
significant.

The probe sets were classified based on the information from GeneOntology
(hitp://www.geneontology.org/) using GeneSpring software. For the GeneOn-
tology analysis, the differentially expressed probes were selected. The cate-
gones showing overrepresentation at the level of P < 0.05 and containing 10 or
more probe sets were selected.

2.8. Real-time quantitative polymerase chain reaction (RT-PCR)
analysis

The representative probe sets that showed altered expression in the DNA
microarray analysis of mouse brains were verified by RT-PCR. The ¢DNA used
for the DNA microarray analysis was used. Primers and probes for Gapdh,
cdc42ep5, Rnd1, Wnt2, and Gaml] were commercially available by the Assay-
on-Demand service (Applied Biosystems, Foster City, CA). The assays were
camried out according to the protocols supplied by the manufacturer using
7900HT real-time PCR systems (Applied Biosystems). The relative values were
calculated by measuring AG, = C; (cach gene) — C; (Gapdh) for each sample in
quadruplicate. For statistical analysis, one-tailed Mann-Whitney U-test was
applied, and P < 0.05 was considered statistically significant.

3. Results
3.1. Wheel-running activity

To assess whether or not the Wfs/ KO mice show bipolar
disorder-like behavioral phenotypes, wheel-running activity of
the Wfs/ KO mice and WT littermates was recorded for a period
up to 2 months. The levels of wheel-running activity and the
circadian rhythm were assessed using male mice that were 34
weeks old at the initiation of this analysis (KO, n=11; WT,
n=09). Average wheel-running activity per day of Wfsl KO
mice during 28 days under the L-D condition did not differ from
that of WT littermates (Fig. la; WT, 221.3 + 64.7 [mean
+S.EM.] counts; KO, 1422 +57.6 counts, d.f =18,
U=29, P=0.21 by Mann-Whitney U-test). Delayed activity
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Fig. 1. Long-term wheel-running activity analysis. (a) Wheel-running activity. (b) Delayed activity index. Delayed activity index is defined as a percent of the wheel-
running activity during the first 3 h of the light period with the total activity during the previous dark period (12 h). (c) Anticipatory activity index, the wheel-running
activity in the last 3 h of light phase in comparison with the activity during dark phase. +/+, WT mice; —/—, Wfs1 homozygous KO mice. Bars indicate averages. Each
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index (WT, 7.70 £ 2.50; KO, 529 + 1.16, d.f. = 18, U=42,
P=0.84) and anticipatory activity index (WT, 0.14 & 0.05;
KO, 0.34 + 0.21, df. =18, U=41, P=0.78) did not differ
between the KO mice and WT littermates (Fig. la—c).

There was no abnormality of free running period measured
at the constant dark condition in Wfs/ KO mice (average 23.7 h,
n =6). None of female KO mice showed significant periodicity
in wheel-running activity with the duration of 4-5 days (data
not shown). These results show that the behavioral phenotypes
of Wfsl KO mice are different from the mPolg Tg mice that
exhibit altered circadian rhythm of wheel-running activity
(Kasahara et al., 2006).

3.2. Behavioral analysis: phase I. Screening by a test
battery

To screen the behavioral abnormality of Wfs! KO mice, we
performed a conventional behavioral test battery using 14
homozygous KO mice, 14 heterozygous KO mice, and 13 WT
littermates. The results of behavioral tests are summarized in
Table 1.

3.2.1. Open-field test

Although a significant effect of time was found for both
locomotor activity (d.f. = 8.6, F =3.0, P = 0.002) and rearing
(df.=11.0, F=9.7, P=0.000), no significant effect of
genotype was found for locomotor activity (d.f =2,
F =0.70, P =0.49) and rearing (d.f. =2, F =0.57, P=0.56).
There was no significant interaction between time and genotype
(locomotor, d.f. =17.3, F = 21.1, P = 0.57; rearing, d.f. = 22.0,
F =080, P=0.71) (Fig. 2a and b).

3.2.2. Startle response and prepulse inhibition

When RMANOVA was applied for the data of startle
response, significant effect of blocks was found (d.f. =5.12,
F =780, P<0.001). However, no significant effect of
genotype (d.f. =2, F =0.664, P = 0.52) or genotype x block
block interaction (d.f. = 10.2, F =1.30, P =0.22) was found
(Fig. 2¢). No significant effect of genotype was found for the
PPI ratio regardless of the interval of prepulse (50 ms, d.f. =2,
F=038, P=068; 100ms, df. =2, F=065 P=0.52;
200ms, d.f. =2, F=041, P=0.66, one-way ANOVA)
(Fig. 2d).

3.2.3. Elevated plus maze

The number of entry into the open arms (F =031, d.f. =2,
P =0.72, one-way ANOVA) (Fig. 2e) and the time spent in the
open arms (F =205, df.=2, P=0.14) (Fig. 2f) were not
significantly different among the genotypes. A significant effect
of genotype was found for the total number of boluses
(F=7.16, df. =2, P=0.002) (Fig. 2g). The Tukey honest
significant difference (HSD) test showed that homozygous KO
mice had a significantly lower number of fecal boluses
(2.7 + 0.3 [mean + S.E.M.]) compared with heterozygous KO
mice (4.8+05, P=001) and WT mice (52£0.5,
P =0.004).

Table 1

Summary of findings in behavioral tests

Test battery Findings

Wheel-running activity (34 weeks, 11 KO, 9 WT)
Periodicity NS
Diurnal activity rhythm NS

Phase 1 (12 weeks, 13 KO, 14 Hetero, 13 WT)
Open field NS
Startle/PP1 NS
Elevated plus maze NS
Morris water maze NS

Passive avoidance test
Active avoidance test
Forced swimming test

Phase 1T (31 weeks, 9 KO, 11 WT)

Longer latency to move
Reduced number of escape at day 3
Reduced immobility on the second day

Home cage activity NS
Open field NS
Light-dark box NS
Elevated plus maze NS
Startle/PPI NS

Morris water maze Increased escape latency without the
change of distance traveled

Enhanced freezing during conditioning
and before the cue at the cue test

Fear conditioning

Phase IIT (9 weeks, 7 KO, 8§ WT)

Social interaction Decreased interaction

Rota-rod NS
Sucrose preference NS
Tail suspension test NS
Forced swimming test Reduced immobility on the second day
Marble burying test NS
Hot plate test NS
Tail flick test NS

KO, Wfsl (—/—); Hetero, WfsI (—/+); WT, Wfsl (++). PPI: prepulse inhibition
test, NS, non-significant.

3.2.4. Morris water maze

The time to reach the platform during the 5-day learning
phase became shorter than the first day, shown by a significant
effect of day by RMANOVA (d.f. =4, F=19.1, P <0.001)
(Fig. 2h). However, there was neither significant effect of
genotype (d.f. =2, F =0.56, P = 0.57) nor significant interac-
tion of day and genotype (d.f. =2, F =0.53, P=0.94). The
time spent in the target quadrant (d.f. =2, F =0.10, P =0.90,
one-way ANOVA) and immobility time (df. =2, F =0.58,
P =0.56) at the probe test performed on day 6 did not show a
significant difference among the genotypes (Fig. 2i).

3.2.5. Passive avoidance test

The latency to escape at the conditioning phase was
significantly different among the genotypes (d.f. =2, F = 4.70,
P =0.015, one-way ANOVA). Multiple comparison showed
that the latency in homozygous KO mice was significantly
longer than that in WT mice (P = 0.02) (Fig. 3a). There was no
significant difference in escape latency at the test session
(d.f. =2, F =0.81, P=092, one-way ANOVA).

3.2.6. Active avoidance test
The time course of mean escape latency was examined
during 3-days’ training, consisting of 5 blocks in each day
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(Fig. 3¢). In the three-way RMANOVA with the within-group
factors of day and block and the between-group factor of
genotype, although no significant effect of genotype was found
(d.f. =2, F =0.75, P = 0.47), there was a significant interaction
between genotype and block (d.f. = 1.75, F = 2.94, P =0.007).
No other two-way or three-way interactions were statistically
significant. This significant interaction may be caused by longer
escape latency of KO mice only at the first block. A post hoc
analysis showed that the escape latency of the homozygous KO
mice at the first block on day 3 was significantly longer than
that in WT mice (d.f.=25, r=234, P=0.027, with no
correction for multiple comparison).

Similar interaction between genotype and block was also
seen for the numbers of avoidance (d.f.=6.3, F=3.25,
P =0.004) (Fig. 3d). Both homozygous and heterozygous KO
mice showed significantly lower numbers of avoidance at the
first block on day 3 (homozygotes, d.f.=25, t=-282,
P = 0.009; heterozygotes, d.f. =25, t=-2.15, P =0.04).

3.2.7. Forced swimming test

When the immobility time was analyzed by RMANOVA, a
significant effect of day (d.f.=1, F=5.5, P=0.024) and a
significant interaction of day and genotype (d.f. =2, F =3.8,

P=0.031) were found, whereas no significant effect of
genotype was found (d.f. =2, F =0.48, P =0.61) (Fig. 3b).

In the WT mice, immobility time was significantly longer on
the second day (144.6 £ 53.0 s) compared with the first day
(103.0 + 48.3 s, d.f. = 12, = —-3.45, P = 0.005, paired t-test),
possibly reflecting the learned despair (Parra et al., 1999). On
the other hand, such a significant increase of immobility time
on the second day was not observed for heterozygous (day I,
128.5+394s; day 2, 117.5+3945s; df.=12, r=1.11,
P =0.28) and homozygous (day 1, 97.4 £50.6s; day 2,
1220+ 570s; df.=13, t=—-144, P=0.17) KO mice
(Fig. 3b).

3.2.8. Summary of the phase I behavioral analysis
The results of the phase I behavioral analysis are
summarized as follows.

(1) There was no abnormality in open field, elevated plus maze,
PPI, and Morris water maze. However, it cannot be ruled out
that the mice develop behavioral phenotypes at later age
because depression is an adult-onset disease.

(2) The passive avoidance test showed the longer latency to
enter the other chamber in Wfs/ KO mice. This could be
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explained either by low anxiety or retardation, that is
slow movement or delayed onset of motion. However, it
is also possible that mice could have been just busy
exploring the first box, or they had some kind of place
neophobia.

(3) The active avoidance test showed longer escape latency and
lower numbers of avoidance at the first block on day 3 in
Wfsl KO mice. This might suggest that the emotional
memory is impaired in the Wfs/ KO mice. It cannot be
cxcluded, however, that Wfs/ KO mice have impairment of
pain sensitivity.

(4) Altered response to serial forced swimming test. This may
suggest that the Wfs/ KO mice tend to be resistant to
behavioral despair.

3.3. Behavioral analysis: phase Il

To further characterize the behavioral phenotypes of Wfsl
KO mice, additional behavioral analysis was performed.

3.3.1. Open-field, elevated plus maze, PPI tests, and
Morris Water Maze at 31 weeks

At first, four of behavioral tests were repeated in the mice
aged 31 weeks to assess the effect of age. There were no
significant difference between WT mice and Wfs/ KO mice for
three of these behavioral tests: open-field, elevated plus maze,
and PPI tests (data not shown).

On the other hand, the Morris water maze test showed longer
escape latency. Two-way RMANOVA showed significant
effects of genotype (df.=1, F=9.04, P=0.008) and day
(df. =3, F =845, P <0.001) (Fig. 4a). The WfsI KO mice
showed longer escape latency than controls. There was no
significant interaction between genotype and day (d.f.=3,
F =0.60, P = 0.61). On the other hand, there was no significant
effect of genotype on the distance (d.f. = 1, F = 0.38, P = 0.54)
(Supplementary Fig. 1a). Effect of day was significant (d.f. = 3,
F =252, P < 0.001), but the interaction between genotype and
day was not significant (d.f. =3, F = 0.71, P = 0.54). To assess
the speed of swimming, a new index, swimming speed
index = (total distance)/(latency to reach platform) was
calculated. Two-way RMANOVA showed no significant effects
of day (d.f. = 1.77, F =2.57, P = 0.09) and genotype (d.f. =1,
F =0.04, P =0.83). There was no significant day x genotype
interaction (d.f.=1.77, F=0.33, P=0.69) (Supplementary
Fig. 1b). Spatial memory cannot be assessed because no
significant difference was found between the time spent in the
target quadrant and that in the other three quadrants, suggesting
that the probe test did not work properly even for wild-type
mice (data not shown).

3.3.2. Home cage activity

To assess the general activity level, home cage activity was
recorded for 8 days. When RMANOVA was applied, a
significant effect of day (d.f. =5, F =5.95, P < 0.001) was
found. There was no significant effect of genotype (d.f. =1,
F =0.61, P=0.44) and genotype x day interaction (d.f. =35,
F =053, P=0.75) (Fig. 4b).

el o

3.3.3. Anxiety-like behavior

Next, the level of anxiety-like behavior was further assessed
by the L-D box. The marble burying test was also performed in
the 9-week-old mice in the phase III behavioral analysis.

In the L-D box test, no significant difference was found in
the time spent in the light box (WT, 39.2 +9.0%, KO,
37.1 £ 9.8%, df. =18, t=0.50, P=0.61). There was no
significant difference in the number of marbles buried (WT
16.0 + 0.8, KO 17.1 £ 0.7, r= 1.0, P =0.33). These findings
suggest that longer latency to escape at the passive avoidance
test was not due to lower anxiety-like behavior.

3.3.4. Emotional memory

To test the hypothesis that emotional memory is impaired in
the Wfsl KO mice, the fear conditioning test was performed.

During the conditioning phase, two-way RMANOVA
revealed significant effect of genotype (d.f.=1, F =4.47,
P =0.049) and time (d.f.=3.54, F=22.1, P <0.001). No
significant period x genotype interaction was found (d.f.=
354, F=173, P=0.16). The Wfs] KO mice showed
significantly longer time of freezing during the conditional
stimuli (periods 5 and 7) and at the final period (Student’s #-test,
P < 0.05) (Fig. 4¢).

For the cue test, two-way RMANOVA was applied to the
data set before and after the cue, separately. For the data of
freezing before the cue, a slight tendency of the effect of
genotype (d.f.=1, F =29, P=0.10) was seen, whereas there
was significant effect of time (d.f. = 3, F = 5.93, P = 0.001) and
no interaction between genotype and time (d.f. =3, F = 0.30,
P = 0.82). The Wfs] KO mice spent a significantly longer time
for freezing (r=2.48, P <0.01) (Fig. 4d). However, no
significant effect of genotype was found after the cue (effect
of genotype, df.=1, F=148, P=0.23; effect of time,
df. =3, F=160, P=0.19; genotype x time interaction,
d.f. =3, F =040, P=0.75). There was no significant effect
of genotype at the context test (Fig. 4e).

These findings suggested that memory of emotion is not
impaired in the Wfs! KO mice.

3.4. Behavioral analysis: phase I

3.4.1. Pain sensation

As noted above, it cannot be excluded that Wfs! KO mice
have impairment of pain sensitivity. To rule out such possibility,
the hot plate test and tail flick test were performed. No
difference in the latency to licking (WT, 10.3 + 1.2 s; KO,
99+09s, 1=0.219, df. =12, P=0.83, by Student’s r-test)
was found between the Wfs] KO mice and WT mice by the hot
plate test. There was no significant difference in the latency to
flick the tail (WT, 3.5+0.2s; KO, 34+02s, df =12,
t=0.29, P=0.77).

3.4.2. Motor function

As noted above, many of the positive findings in behavioral
tests can be interpreted as reflecting retardation. Such findings
can be explained by altered motor functions, such as
impairment in muscle contraction, voluntary movement, or
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motor coordination. To test this possibility, the rotarod test was
performed. Three-way RMANOVA with the intra-individual
factors of day and trial and inter-individual factor of genotype
showed no significant effect of genotype (df.=1, F =102,
P=0.33). Whereas significant effects of day (d.f.=3,
F=156, P<0001) and tral (df.=3, F=510,
P < 0.001) were found, no significant two-way or three-way
interactions were detected except for a trend of interaction
between day and trial (d.f. =3, F =2.54, P =0.07) (Fig. 4f).

3.4.3. Behavioral despair

As noted above, WfsI KO mice showed altered response
to the serial forced swimming test. To further confirm
this finding, the forced swimming test was performed
again.

RMANOVA revealed a tendency of effect of day (d.f. = 1.0,
F = 3.83, P = 0.07). There was no significant effect of genotype
(df.=1, F=0.18, P=0.67) and day x genotype interaction
(d.f.=1.0, F=0.17, P =0.68).
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Although no day x genotype interaction was found in this
analysis, the paired r-test was applied similarly to the first
experiment (Fig. 4g). Immobility time tended to be longer on
the second day (99.7 + 17.4 s) compared with the first day
(71.0 £ 10.55 5, r = 0.68, P = 0.064, paired r-test) in WT mice,
whereas no significant difference was found in Wfs/ KO mice
(day 1, 74.5 £ 17.1 s; day 2, 96.2 + 10.0 s, = 0.50, P = 0.24).
This analysis showed a similar tendency to the first experiment.

The other test of behavioral despair, the tail suspension test,
was also performed. There was no significant difference in the
immobile time between the Wfs! KO mice and WT mice (WT,
9.0 £+ 2.8%; KO, 9.4 + 3.0%, t=0.09, P =0.92).

3.4.4. Other aspects of depression

Some of these noted findings in the Wfs! KO mice can be
explained by the retardation in emotionally triggered motion.
This could not be explained by abnormalities in instrumental
motor functions. Such findings seem to be similar to
“psychomotor retardation’ seen in human depressive patients.
Though the findings in the forced swimming test and tail
suspension test are equivocal, behavioral despair is not always a
valid depression model. Thus, we further examined the other
aspects of depression.

The sucrose preference test is an established test for
anhedonia, one of the core symptoms of depression. In the
choice test for 3 days, there was no significant effect of
genotype (df.=1, F=0.95 P=0.34) by two-way RMA-
NOVA (WT, day 1, 44.2 + 16.7%, day 2, 94.1 + 5.2%, day 3,
84.5 + 9.7%; KO, day 1, 37.3 £+ 12.9%, day 2, 97.3 + 1.7%,
day 3, 60.2 £ 16.0%). A significant effect of trial (d.f. =2,
F =10.7, P=0.001) and no significant interaction of genoty-
pe X trial was found (d.f. =2, F=0.68, P=0.51). The 1-h
choice test after 24-h water deprivation did not show a
significant difference between genotypes (WT 90.2 + 1.7%,
KO 86.3 £5.3%, U =28, NS).

The social interaction test is an established test for anxiety-
like behavior (File and Seth, 2003). However, its response to
drugs is different from elevated plus maze, and it is more
sensitive to serotonergic drugs. Recently, this test is also
applied to animal models of schizophrenia (Miyakawa et al.,
2003) and autism, and to genetic models of anxiety and
depression (Overstreet et al., 2003). Thus, social behavior of the
Wfsl KO mice was examined by this test. Two-way
RMANOVA revealed no significant effect of genotype
(df.=1, F=20, P=0.17) and time (df =11, F=0.93,
P =0.51). There was a trend of genotype x time interaction
(d.f.=11, F=1.67, P=0.08) (Fig. 4h). The Wfsl KO mice
showed significant decrease of social interaction at the periods
3 and 10 (Student’s r-test, P < 0.05) shown by the higher
number of particles observed.

3.5. Wfsl immunohistochemistry

To determine the molecular basis of behavioral abnormality
in Wfs1 KO mice, we verified whether the distribution of WfsI
protein in the brains of WT B6 mice is similar to that in rats
(Fig. 5a—f) (Takeda et al., 2001). We verified that no staining

was observed in Wfs1 KO mice, suggesting the specificity of the
anti-WfsI antibody (Fig. 5g).

Wfsl-like immunoreactivity (WfsI-IR) localized mostly to
neurons and its regional distribution was mostly similar to that
in rats (Fig. 5a). Wfs/-IR was most abundant in the
hippocampal CA1l pyramidal neurons (Fig. 5b), and strong
in the layer II pyramidal neurons of the cerebral cortex
(Fig. 5¢). Similar to rats, WsfI-IR was also rich in the striatum,
nucleus accumbens, thalamus, cerebellar Purkinje cells,
amygdala, and bed nucleus of the stria terminalis (Fig. 5d).
In addition, WfsI-IR was observed in several hypothalamic
nuclei, such as the paraventricular nucleus and suprachiasmatic
nucleus (SCN) in mice (Fig. 5e). In the adjacent region of SCN,
sub-paraventricular zone, some cell bodies showed WfsI-IR.
The ventromedial nucleus and arcuate nucleus also showed
Wfsl-IR (Fig. 5f). WfsI-IR was also found in the locus
coeruleus and cochlea nucleus (data not shown).

3.6. DNA microarray analysis

To examine what sort of functional impairment occurs in the
neurons of Wfsl KO mice, we performed gene expression
analysis using DNA microarray. Because Wfs/-IR was most
abundant in hippocampus, we performed DNA microarray
analysis in the hippocampus of the Wfs/ KO mice. A total of
1012 probe sets were changed at the age of 12 weeks. To narrow
down the gene list, we repeated the experiment at the age of 30
weeks. We assumed that the true gene expression difference
observed at age 12 weeks should be replicated at age 30 weeks.
At the age of 30 weeks, 3508 probe sets showed significant
differences. The genes altered in the same direction at both the
ages of 12 and 30 weeks, and the fold change higher than 1.2 are
shown in Table 2.

GeneOntology (GO) analysis showed that genes related to
ribosome biogenesis (GO:3735: structural constituent of
ribosome, GO:7046: ribosome biogenesis, GO:3723: RNA
binding) or other basic cellular functions (GO:5622: intracel-
lular, GO:44249: cellular biosynthesis, GO:15399: primary
active transporter activity, GO:5623: cell, GO:7028: cytoplasm
organization and biogenesis) were commonly up-regulated at
the age of 12 and 30 weeks (Supplementary Tables 1 and 2).
The major difference between the weeks 12 and 30 is the
inclusion of neurodevelopment-related genes at the age of 30
weeks (GO:48666: neuron development, GO:30182: neuron
differentiation, GO:7409: axonogenesis, GO:48667: neuron
morphogenesis during differentiation, and GO:31175: neurite
morphogenesis) (Supplementary Table 2).

3.7. RT-PCR analysis

To test whether the findings by DNA microarray analysis are
chance findings, RT-PCR analysis was performed. For this
purpose, two down-regulated genes, cdc42ep5 and Rndl, as
well as two up-regulated genes, Wnt2 and Garnll, were
examined using Gapdh as a reference.

The level of cdc42ep5 and Rnd1 tended to be lower at 12
weeks but not at 32 weeks. On the other hand, Wnt2 and Garnl1
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Fig. 5. Localization of Wfs!-like immunoreactivity in mouse brain. Immunochistochemistry analysis of mouse brain using anti-Wfs/ antiserum. Coronal sections are
shown except for panel a. (a) Sagittal section of the whole brain. (b) Hippocampus. CA1 (corpus ammon 1) region is selectively stained. (c) Cerebral cortex. Layer II

pyramidal neurons are stained. (d) Coronal section at the level of bed nucleus of

striata terminalis (BNST). At this level, the regions with intense Wfs/-IR looked as if

they are surrounding the internal capsule (arrowhead). (e and f) Hypothalamus. Suprachiasmatic nucleus and sub-paraventricular zone are indicated by an arrow and

an arrowhead, respectively (e). Arcuate nucleus and ventromedial nucleus are

shown by an arrow and an arrowhead, respectively (f). (g) Immunohistochemistry

analysis of the brain of a Wfs] KO mouse using anti-Wfs/ antiserum. No staining is detected.

were significantly up-regulated at 32 weeks but not at 12 weeks
(Table 3).

4. Discussion
4.1. Behavioral analyses

We recently reported that mPolg Tg mice show bipolar
disorder-like behavioral phenotypes, such as altered circadian
rhythm in both males and females and periodic fluctuation of
wheel-running activity in females (Kasahara et al., 2006).
Based on previous reports suggesting that patients with
Wolfram disease are frequently affected with depression or
bipolar disorder, we speculated that the Wfs/ KO mice might
also show these bipolar disorder-like phenotypes, which were
seen in the mPolg Tg mice. However, Wfs! KO mice did not
show similar phenotypes (Fig. 1).

Thus, we next examined the possibility that Wfs] KO mice
show other types of behavioral phenotypes. At first, a battery of
established behavioral tests was applied. There was no marked
difference found in most of conventional behavioral tests, such
as the open-field test, startle response, prepulse inhibition test,
and elevated plus maze. The lack of marked difference in these
tests was replicated in the mice aged 31 weeks. On the other

hand, several tests in the initial test battery showed equivocal
findings. In the passive avoidance test, the mice showed longer
latency to move into the dark compartment at the training phase
(Fig. 3a). The active avoidance test showed subtle differences
between the KO and WT mice. On the third day of training, WT
mice kept the same level of escape latency and number of
avoidance reactions as the final block of the second day.
Although, WfsI KO mice seemed as if they forget the previous
memory of escape training (Fig. 3c and d), it is unlikely
considering the fact that there were no differences in the day 2
of the active avoidance test and in the contextual testing of
the fear conditioning test. Otherwise, they may remember the
events, but could not take the adequate action under the
situation for some other reasons. For example, a possibility is
that they showed retardation or increased behavioral despair
without any problems in memory retention. In the forced
swimming test performed for two sequential days, WT mice
showed an increase of immobility time on the second day
(Fig. 3d). This is in accordance with a previous study showing
that mice became immobile on the second day of the sequential
forced swimming test (Parra et al., 1999). This phenomenon
was not observed in the homozygous and heterozygous KO
mice (Fig. 3d). Although statistical analysis did not show the
same difference, a similar tendency was observed in the second
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Table 2

Probe sets commonly altered both at 12 and 30 weeks

Probe set ID P-value Fold change Gene symbol Gene title

chromosome
12w Jow 12w 30w

Down
1433815 at 0.0008 0.0074 -2.24 -1.72 Jakmipl 5qB3* Janus kinase and microtubule interacting protein 1
1448411 at 0.0008 0.0045 -2.10 -2.00 Wfsl 5qB3* Wolfram syndrome 1
1419744 at 0.0357 0.0424 ~1.45 -1.44 H2-DMb2 17qB1 Histocompatibility 2, class II, locus Mb2
1442241 at 0.0357 0.0424 ~1.41 -1.49 Srpk2 5qA3* Serine/arginine-rich protein specific kinase 2
1425620 at 0.0157 0.0284 -1.39 -1.22 Tgfbr3 5qES* Transforming growth factor, beta receptor I1I
1418712 at 0.0274 0.0284 -1.36 -1.47 Cdc42epS 7qAl CDCA42 effector protein (Rho GTPase binding) §
1441317 x at 0.0011 0.0045 -134 =171 Jakmipl 5qB3" Janus kinase and microtubule interacting protein 1
1455197 at 0.0357 0.0424 -1.26 -1.29 Rndl 15gF1 Rho family GTPase 1

Up
1418148 at 0.0087 0.0074 2.03 1.68 Abhdl 5qB1° Abhydrolase domain containing 1
1431328 at 0.0046 0.0424 1.50 1.21 Ppplcb 5qB1° Protein phosphatase 1, catalytic subunit, beta isoform
1459714 at 0.0157 0.0284 1.35 1.57 - 4qE1 -
1449425 at 0.0357 0.0074 1.28 1.28 Wnt2 6gqA2 Wingless-related MMTYV integration site 2
1457532 at 0.0357 0.0185 1.27 1.35 Garnli 129C1 GTPase activating RANGAP domain-like 1
1416569 at 0.0274 0.0118 1.25 1.24 Actl6a 3gA3 Actin-like 6A
1446406 at 0.0460 0.0424 1.24 1.20 Paqr8 1gA4 Progestin and adipoQ receptor family member VIII
1446815 at 0.0357 0.0424 1.23 1.29 Dphd 2qE3 DPH4 homolog (JJJ3, S. cerevisiae)
1456328 at 0.0460 0.0284 1.22 123 Bank1 3qG3 B-cell scaffold protein with ankyrin repeats 1

*The probe sets on the chromosome 5.

forced swimming test. In addition, the other test for behavioral
despair, the tail suspension test, did not show any significant
difference. On the other hand, the longer escape latency of the
KO mice without the difference of the distance traveled in the
Morris water maze might reflect the longer time for immobility
during the session. Thus, the Wfs/ KO mice might show

Table 3
Validation study of gene expression using RT-PCR
Gene Genotype N Average SEM. P-value
12w
cdcd2eps wT 8 0.68 0.02
KO 8 0.63 0.02 0.088"
Rndl WT 8 042 0.01
KO 8 0.39 0.02 0.070°
Wnt2 WT 8 042 0.01
KO 8 0.44 0.02 0.227
Gamll WT 8 15.30 0.37
KO 8 14.62 0.6 0.180
32w
cdcd2eps WwT 5 0.63 0.01
KO 7 0.66 0.03 0.225
Rndl wT 5 0.58 0.04
KO 7 0.54 0.04 0.235
Wnt2 WT 5 0.40 0.01
KO 7 044 0.02 0.041"*
Gamll WT 5 12.95 0.16
KO 7 14.37 0.64 0.049""

The gene expression levels were normalized by Gapdh. Each value represents
the gene/Gapdh ratio x 1072, P-values were calculated by Mann-Whitney U-
test (one tailed).

" P<0.10

* P <005

enhanced or attenuated behavioral despair depending on
experimental conditions.

As described above, it was speculated that longer latency to
move at the passive avoidance test can be explained either by
low anxiety or retardation of Wfs! KO mice. The former
possibility was not supported by two established tests for
anxiety-like behavior, the L-D box test, and the marble burying
test.

Wfs1 KO mice also showed longer escape latency and lower
numbers of avoidance during the active avoidance test. This
was not due to decreased pain sensitivity. This cannot be
explained by the impairment of emotional memory, because
there was no significant abnormality in fear conditioning test.
This test instead showed increased freezing during conditioning
phase. Freezing was also increased during the cue test, not after
the cue but before the cue.

The Wfs1 KO mice did not show impairment in fundamental
motor functions that can explain these findings.

In summary, the following findings were obtained.

(1) Longer latency to move in passive avoidance test.

(2) Diminished avoidance reaction during active avoidance
test.

(3) Longer escape latency in Morris water maze.

(4) Increased freezing during conditioning.

(5) Normal sensorimotor function and anxiety-like behavior.

These findings together suggest that the Wfs/ KO mice
might show retardation in the emotionally triggered motion. We
could not discriminate whether this feature of the Wfsi KO
mice reflects the slow movement, longer time to initiate
movement, or mixture of both. Psychomotor retardation, that is,
slow voluntary movement and thoughts and/or taking longer
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time to initiate movement, is one of the characteristic symptoms
of melancholic depression. The observed retardation of the
Wfsl KO mice resembled such a characteristic symptom of
depression. Thus, other aspects of depression were also
examined. Although, the sucrose preference test did not show
any difference, the social interaction test showed decreased
social interaction in Wfs/ KO mice.

Together these results suggest that Wfs/ KO mice have some
similarity to patients with depressive disorder. It should be
noted, however, that the observed difference in the social
interaction test might also reflect the retardation noted above.
The Wfsl KO mice did not show marked abnormalities in the
conventional behavioral despair paradigm, such as the forced
swimming test and tail suspension test. These tests are
established as screening tests for compounds having tricyclic
antidepressant-like properties. However, its construct validity
as a depression model is questioned (Crawley, 2007).

Taken together, the Wfs] KO mice show behavioral
alterations at least partly mimicking the symptoms of
depression. Further studies to examine the effects of
antidepressive agents would be extremely interesting.

4.2. Morphologic analyses

Immunohistochemistry demonstrated that the distribution of
WfsI-IR was similar to that in rats (Fig. 5) (Takeda et al., 2001).
In addition, we found that WfsI-IR is also present in the
hypothalamus. The presence of WfsI-IR in the arcuate nucleus
seems to be in accordance with diabetes insipidus, the major
symptom of Wolfram disease. In a similar way, Wfs/-IR in the
cochlea nucleus may be relevant to deafness in patients with
Wolfram disease. It is also interesting that WfsI-IR is found in
the locus coeruleus and substantia nigra, from which
noradrenergic and dopaminergic fibers originate. In Wfs! KO
mice, however, we did not observe marked morphologic
alterations in these regions using hematoxylin—eosin staining
and Kluver-Barrera staining (data not shown).

4.3. Gene expression analysis

The fact that Wfsl itself is included in the list of altered
genes (Table 2) supports the validity of our experiment and data
analysis. Among the eight down-regulated and nine up-
regulated genes, six other genes in addition to Wfs! itself
were on the chromosome 5. This is possibly caused by residual
genomic region derived from the 129Sv mice. Thus, only a part
of these changes can be attributable to the absence of Wfs/
itself. The present result is in accordance with a previous report
that there were only small differences in expression profiles
seen in fibroblasts obtained from patients with Wolfram disease
(Philbrook et al., 2005).

Among the three down-regulated genes outside chromosome
5, two (Cdc42ep5 and Rndl) were related to Rho GTPase.
Down-regulation of Rnd1 was validated at the age of 12 weeks
but not at 32 weeks.

Cdc42ep5 encodes CDC42 effector protein. CDC42 plays a
role in dendrite development (Threadgill et al., 1997).

Cdc42ep5 is one of the targets of CDC42 (Joberty et al,
1999), but its function in neurons is not known yet. Rndl also
plays a role in activity-dependent dendrite development
(Ishikawa et al., 2006). A recent fine mapping analysis of
13933 in bipolar disorder revealed the linkage with DOCKS9, an
activator of Cdc42 (Detera-Wadleigh et al., 2007). This finding
also suggested the possible role of Rho GTPase in mood
disorder. Together with the GO analysis showing altered neural
development related genes at age 30 weeks, these findings may
suggest that dendrite development may be impaired in Wfs! KO
mice. Although, we did not observe morphologic difference
between Wfs! KO mice and WT littermates using hematoxylin-
eosin staining and Kluver-Barrera staining, dendrite morphol-
ogy cannot be assessed using these methods. Further analysis
by Golgi staining or other methods might be promising.
Up-regulation of two genes were validated at 32 weeks but
not at 12 weeks. Up-regulation of Wnt2 is potentially
interesting because Wnt signaling plays a role in neural
plasticity and is implicated in the molecular pathology of
bipolar disorder (Gould and Manji, 2002; Matigian et al., 2007).
Up-regulation of ribosome-related genes at both 12 and 30
weeks revealed by gene ontology analysis might be in
accordance with the putative role of WfSI in ER stress
response (Fonseca et al., 2005; Yamada et al., 2006).

4.4. Phenotypic discordance between Wfsl KO mice and
patients with Wolfram disease

In this study, Wfs] KO mice did not show marked
sensorimotor and general health problems that are seen in
patients with Wolfram disease. This is in accordance with the
lack of spontaneous diabetes mellitus in Wfs/ KO mice on the
B6 background (Ishihara et al., 2004). Although, we detected
some behavioral phenotypes in KO mice, it cannot be ruled out
that some of detected behavioral alterations in Wfs/ KO mice
could be explained by the residual genomic region derived from
129Sv mice (Mouse Phenome Database, http://phenome.jax.-
org/pub-cgi/phenome/mpdcgi?rtn=docs/home).

It is possible that the symptoms in patients with Wolfram
disease are the combination of the loss of function of Wf51 and
the dominant-negative effect of the mutations. Meta-analysis of
genotype—phenotype correlation in Wolfram disease suggested
that nonsense or frame-shift mutations caused more severe
phenotypes compared with missense mutations (Cano et al,
2007). The Wfsl KO mice we analyzed in this study are Wfs/-
null mice. On the other hand, another line of Wfs/ KO mice, in
which the exon 8 of Wfsl is deficient, was reported to show
striking behavioral phenotypes (European Patent EP1353549).
These findings suggest the possibility that the symptoms of
Wolfram disease are accelerated by the aberrant proteins
truncated around exon 8. Because function of WfsI has not been
well established yet, it is difficult to conclude which
mechanism, loss of function or dominant-negative effect, is
more influential. Further studies will be necessary to make draw
a conclusion.

In summary, we studied the behavior and gene expression
patterns in Wfs-null mice. The Wfs! KO mice showed several
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behavioral features, such as retardation in emotionally
triggered motion, decreased social interaction, and enhanced
or attenuated behavioral despair depending on experimental
conditions. These findings might be relevant to the neuropsy-
chiatric phenotypes reported in patients with Wolfram disease.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.neures.2008.02.002.
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