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Tamalin is a scaffold protein that interacts with metabotropic
glutamate receptors and the kinase-deficient neurotrophin TrkCT1
receptor and forms a protein complex with multiple protein-
trafficking and intracellular signaling molecules. In culture, tamalin
promotes intracellular trafficking of group 1 metabotropic gluta-
mate receptors through its interaction with guanine nucleotide
exchange factor cytohesins and causes actin reorganization and
membrane ruffling via the TrkCT1/cytohesin-2 signaling mecha-
nism. However, how tamalin serves its physiological function in
vivo has remained elusive. In this study, we generated tamalin
knockout (Tam�/� KO) mice and investigated behavioral alter-
ations resulting from their deficiency in functional tamalin. Tar-
geted deletion of functional tamalin altered neither the overall
brain architecture nor the general behavior of the mice under
ordinary conditions. However, Tam�/� KO mice showed a decrease
in sensitivity to acute morphine-induced hyperlocomotion and
morphine analgesic effects in the hot-plate test. Furthermore,
tamalin deficiency impaired the ability of the animals to show
conditioned place preference after repeated morphine administra-
tion and to display locomotor sensitization by chronic cocaine
treatment. Upon in vivo microdialysis analysis of the nucleus
accumbens, Tam�/� KO and wild-type mice showed no genotypic
differences in their response patterns of extracellular dopamine
and glutamate before or after morphine administration. These
results demonstrate that the tamalin scaffold protein plays a
unique role in both acute and adaptive behavioral responses to
morphine and cocaine and could regulate common neural sub-
strates implicated in drugs of abuse.

addiction � analgesia � metabotropic glutamate receptor � PDZ domain �
protein complex

Multimolecular protein assembly involving postsynaptic re-
ceptors is important for spatiotemporal regulation of

receptor localization, signal transduction, and synaptic plasticity
in neuronal cells (1, 2). Scaffold proteins that contain multiple
domains for protein–protein interaction are required for the
efficient and selective molecular assembly of protein complexes
(3, 4). Tamalin (also called GRP1-associated scaffold protein) is
a scaffold protein composed of multiple protein-interacting
domains, including a PSD-95/discs-large/ZO-1 (PDZ) domain, a
leucine zipper region, and a carboxyl-terminal PDZ binding
motif (5, 6). Tamalin forms a protein complex with group 1/2
metabotropic glutamate receptors (mGluRs) and guanine nu-
cleotide exchange factor cytohesins and promotes intracellular
trafficking and cell-surface expression of group 1 mGluRs in
transfected COS-7 cells and cultured hippocampal neurons (5,
6). Tamalin also binds to other scaffold proteins such as PSD-95,
Mint2, and CASK, all of which are involved in postsynaptic
organization and protein trafficking (7). Tamalin is phosphor-
ylated at tyrosines of its immunoreceptor tyrosine-based activa-
tion motif sequence by the Src family kinases and, in turn,
activates Syk kinase (8). A recent study further revealed that

tamalin links a kinase-deficient neurotrophin receptor, TrkCT1,
to the cytohesin-2/ADP-ribosylation factor 6 (ARF6) signaling
in a neurotrophin-3-dependent manner and causes membrane
ruffling and actin reorganization (9). Tamalin mRNA expression
overlaps with that of group 1 mGluR and TrkCT1 mRNAs and
is developmentally up-regulated during the postnatal period in
the telencephalic region of the brain (5, 7, 9). However, the
physiological role of tamalin in neuronal development, synaptic
plasticity, and various behaviors remains elusive.

In the present study, we established tamalin knockout
(Tam�/� KO) mice and investigated developmental and behav-
ioral alterations resulting from targeted deletion of tamalin.
Tam�/� KO mice developed normally and showed no abnormal
behaviors under ordinary conditions. However, tamalin defi-
ciency resulted in a marked reduction in sensitivity to acute
morphine responses and impaired adaptive responses to mor-
phine and cocaine. The tamalin scaffold protein thus plays a
pivotal role in the responsiveness to actions of both morphine
and cocaine.

Results
Generation of Tam�/� KO Mice. The PDZ domain and the leucine
zipper region of tamalin bind to the carboxyl-terminal region of
group 1 mGluRs and the coiled-coil region of cytohesins,
respectively (5). To circumvent possible lethality of conventional
Tam�/� KO mice, we decided to generate not only conventional
KO mice with tamalin deficiency in their whole body, but also
conditional KO mice lacking tamalin restrictedly in the brain. A
targeting vector was constructed in which a neomycin-resistance
gene (Neo) and exons 5–7 encoding the carboxyl-terminal half of
the PDZ domain and the entire leucine zipper region of tamalin
were flanked by three loxP sites (Fig. 1A). Under this design, the
excision of both Neo and exons 5–7 by Cre recombinase gener-
ates conventional KO mice, whereas the excision of Neo alone
provides a transgenic (floxed) line from which conditional KO
mice can be produced by crossing with brain-specific Cre trans-
genic mice (10). We first generated a mouse line in which the Neo
and three loxP sites were inserted in the tamalin gene. We
succeeded in generating the two types of mutated mice by
crossing them with EIIa promoter-driven Cre (EIIa-Cre) trans-

Author contributions: M.O., T.M., J.K., K.M., and S.N. designed research; M.O. performed
research; M.O., K. Nakamura, K.F., H.K., R.N., and K. Nakao contributed new reagents/
analytic tools; M.O. analyzed data; and M.O. and S.N. wrote the paper.

The authors declare no conflict of interest.

Abbreviations: mGluR, metabotropic glutamate receptor; KO, knockout; Tam�/� KO,
tamalin knockout; CPP, conditioned place preference; NAc, nucleus accumbens; DA, do-
pamine; PDZ, PSD-95/discs-large/ZO-1.

§Present address: Division of Systems Medical Science Institute for Comprehensive Medical
Science, Fujita Health University, Toyoake, Aichi 470-1192, Japan.

�Present address: Division of Human Biology, Fred Hutchinson Cancer Research Center,
Seattle, WA 98109-1024.

‡‡To whom correspondence should be addressed. E-mail: snakanis@obi.or.jp.

© 2007 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0706945104 PNAS � September 11, 2007 � vol. 104 � no. 37 � 14789–14794

N
EU

RO
SC

IE
N

CE



genic mice on a C57BL/6 genetic background (10, 11). We found
that the conventional homozygous Tam�/� KO mice were viable
and fertile with a normal Mendelian ratio of genotypes in the
offspring [69:152:71 for wild-type (WT)/heterozygous/
homozygous mutant mice]. We generated two independent lines
of conventional Tam�/� KO mice and confirmed no phenotypic
difference between them. Therefore, we used one line of these
conventional KO mice in all subsequent experiments. Northern
blot analysis with cDNAs of exons 5–7 used as a probe showed
the lack of tamalin mRNA in the brain of Tam�/� KO mice (Fig.
1B Left). However, a probe covering the exon 1–7 sequence
displayed expression of the short-length tamalin mRNA (Fig. 1B
Right). Reverse transcriptase–PCR analysis disclosed that this
mRNA was devoid of the exon 5–7 sequence and that the exon
4 sequence was directly linked to the exon 8 sequence. Because
the amino acid sequence encoded by exon 4 was connected
in-frame with that encoded by exon 8, a low level of the tamalin
protein lacking the exon 5–7-encoding 76-aa sequence was also
detected in brain lysates (Fig. 1C). However, this aberrant
tamalin with the deletion is defective, because the carboxyl-
terminal half of the PDZ domain and the leucine zipper region
are essential for binding to the PDZ-binding motif and cyto-
hesins, respectively (3, 5, 6).

Nissl staining and immunostaining for the dendritic marker
MAP2 and the presynaptic marker synaptophysin showed no
overall alteration in the brain architecture, nor any morpholog-
ical abnormality of neuronal cells (Fig. 1 D–F). The expression
levels of tamalin-interacting proteins, including mGluR1a,
mGluR2, mGluR5, GABAB2 receptor, cytohesin-2, PSD-95,
Mint2, and CASK (5, 7), remained unchanged in striatum
homogenates from Tam�/� KO mice as compared with their
levels in WT mice (Fig. 1H). Also, no obvious change in the

distribution pattern of mGluR5 immunoreactivity was noted in
the hippocampus (Fig. 1G).

General Characteristics of Tam�/� KO Mice. To address whether
tamalin deficiency affects any physical or behavioral character-
istics, we subjected Tam�/� KO mice and their WT littermates
to a comprehensive battery of physical and behavioral tests (12,
13). Tam�/� KO mice were healthy and showed no alteration in
physical characteristics (body weight, appearance of fur and
whiskers, and rectal temperature), in behavior involving sensory/
motor functions (wire hang, grip strength, sensory-motor reflex,
prepulse inhibition, and rotarod test), or in emotional behaviors
(light/dark transition, elevated plus maze, social interaction, and
forced swim tests).

Acute Responses to Morphine in Tam�/� KO Mice. The distribution
of tamalin mRNA, and that of mGluR5 mRNA, correlates well
in the striatum, nucleus accumbens (NAc), cerebral cortex, and
hippocampus, which serve as critical neural substrates for actions
of drugs of abuse (5, 14–18). Furthermore, group 1 mGluRs are
important for both acute response to addictive drugs and neural
plasticity in drug addiction (17, 18). So we addressed whether the
tamalin deficiency would affect behavioral responses to acute
morphine administration (Fig. 2). When total distance traveled
in an open field for 1 h was counted, there was no difference in
the locomotor activity in the new environment between WT and
Tam�/� KO mice [WT, 9,373.6 � 377.2 cm; KO, 8,813.9 � 325.2
cm; P � 0.262; n � 33 (WT) and 38 (KO)]. These mice were
again habituated to the open field for 1 h on the fourth day after
the first test, and the locomotor activity was then counted every
5 min for 2 h after the s.c. administration of morphine. Both WT
and Tam�/� KO mice showed a progressive increase in locomo-
tor activity after the injection of morphine (for min, 2.5 mg/kg,
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Fig. 1. Generation and characterization of Tam�/� KO mice. (A) Strategy for generation of Tam�/� KO mice. The WT allele of the tamalin gene (second diagram)
is shown along with the structure of the tamalin protein (first diagram) as a reference. In the targeting vector (third diagram), exons 5–7 encoding the middle
part of tamalin and Neo were flanked by three loxP sites, and a diphtheria toxin-A gene (DT) was attached to the 5� side of the targeting gene for negative
selection. HpaI (Hp), BglII (Bg), AvrII (Av), and EcoRI (EI) restriction sites were used for vector construction. Diagnostic HindIII (Hi) and SpeI (Sp) restriction sites
and a 5� probe (5�-P) and a 3� probe (3�-P) were used to identify the correctly targeted recombinant allele in ES clones (fourth diagram). The resultant mouse
line containing the recombinant allele was crossed with EIIa-Cre transgenic mice to remove exons 5–7 and the Neo gene (bottom diagram). Removal of these
DNA sequences was confirmed with an internal probe (Int-P) after MunI (Mu) digestion. (B) Northern blot analysis of tamalin mRNA expression. cDNAs encoding
exons 5–7 (Left) and exons 1–7 (Right) were used to probe total RNA isolated from adult whole brains; knt, kilonucleotides. (C) Immunoblot analysis of tamalin.
Total homogenates of the adult whole brain were immunoblotted with anti-tamalin antibody; KD, kilodaltons. (D) Nissl staining of parasagittal sections of adult
whole brains. (E–G) Immunofluorescence analysis of the hippocampal CA1 region with antibodies against MAP2 (E), synaptophysin (F), and mGluR5 (G). SP,
pyramidal cell layer; SR, stratum radiatum. (H) Immunoblot analysis of homogenates prepared from the striatum. In D–H, no difference was observed between
the two genotypes. (Scale bars: D, 2 mm; E and F, 70 �m; G, 40 �m.)
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P � 0.0001; 5 mg/kg, P � 0.0001), but the morphine-induced
hyperlocomotion was significantly reduced in Tam�/� KO mice
compared with WT mice (Fig. 2). When the total distance
traveled was counted during the acute phase (the first 60 min)
of the morphine responses (Fig. 2), Tam�/� KO mice showed
significantly less morphine-induced hyperlocomotion than WT
mice at 2.5 mg/kg morphine [WT, 6,928.3 � 705.9 cm; KO,
4,650.7 � 550.7 cm; P � 0.018; n � 9 (WT) and 11 (KO)] and
5 mg/kg morphine [WT, 13,513.8 � 1,463.2 cm; KO, 9,322.6 �
809.9 cm; P � 0.017; n � 12 (WT) and 13 (KO)], but not at 10
mg/kg morphine [WT, 20,836.3 � 3,432.8 cm; KO, 23,107.0 �
3194.0 cm; P � 0.637; n � 6 (WT) and 7 (KO)]. The results
indicate that tamalin deficiency reduces the sensitivity to mor-
phine during the acute phase of the morphine-induced hyper-
locomotion.

We next tested antinociceptive responses to morphine by
conducting hot-plate and tail-f lick tests (Fig. 3). Tam�/� KO
mice exhibited normal nociceptive thresholds in both the hot-
plate test (52°C, P � 0.659; 55°C, P � 0.861, n � 9–11) (Fig. 3A)
and the tail-f lick test [P � 0.659, n � 11 (WT) and 9 (KO)] (Fig.
3B). When the acute analgesic effect was examined in the
hot-plate test every 15 min after administration of 10 mg/kg
morphine, Tam�/� KO mice showed a significant decrease in
their analgesic response to morphine during the first 45 min [for
genotype, P � 0.049; interaction genotype � min, P � 0.142, n �
10 (WT), n � 11 (KO)] (Fig. 3C). However, the duration of the
morphine analgesic effect (about 90 min) was not changed by the
tamalin deficiency (Fig. 3C). When the dose–response relation-
ship of the acute morphine analgesic effect was examined 30 min
after morphine administration, a significant difference was
observed at 10 mg/kg morphine [P � 0.015, n � 6 (WT) and 7
(KO)] but not at 20 mg/kg morphine [P � 0.308, n � 8 (WT) and
9 (KO)] (Fig. 3D), indicating again the significant reduction in
the sensitivity to morphine in the tamalin-deficient mice. In con-
trast to the results from the hot-plate test, no difference in the
sensitivity to morphine in the tail-f lick test was observed be-
tween the two genotypes [2.5 mg/kg, P � 0.423; 5 mg/kg, P �
0.315, n � 6–9] (Fig. 3E). In general, it has been accepted that
the hot-plate response involves supraspinal analgesia, whereas
the tail-f lick response mainly occurs at the level of the spinal
cord (19). Therefore, the results obtained for two different
behavioral paradigms (locomotor activity and hot-plate analge-
sic response) indicate that tamalin plays an important role in
acute morphine-induced responses at the supraspinal level.

In Tam�/� KO mice, neither morphine antinociceptive toler-
ance nor morphine withdrawal effects (20) were altered. When
the morphine antinociceptive effects were examined by the
hot-plate test after daily administration of 10 mg/kg morphine,
antinociceptive tolerance developed in both WT and Tam�/�

KO mice, but no genotypic difference was noted [for genotype,

P � 0.155; for day, P � 0.0001; interaction genotype � day, P �
0.196, n � 7 (WT) and 6 (KO)] (Fig. 3F). To examine morphine-
induced physical dependence, mice were injected i.p. with esca-
lating doses of morphine (20–100 mg/kg) for three days, and then
physical signs of morphine withdrawal were monitored during a
30-min period after the injection of 1 mg/kg naloxone (an opioid
receptor antagonist). No difference in the morphine withdrawal
symptoms was observed between the two genotypes (jumping:
WT, 58.0 � 11.9, KO, 52.4 � 4.9, P � 0.673; paw tremor: WT,
140 � 25.8, KO, 158 � 39.5, P � 0.724, n � 5 each).

Addictive Responses to Morphine and Cocaine in Tam�/� KO Mice. We
next investigated the addictive effects of repeated administration
of morphine and cocaine to Tam�/� KO and WT mice. Mor-
phine can establish preference for an environment associated
with repeated morphine exposure. This conditioned place pref-
erence (CPP) serves as a model of adaptive responses to
repeated morphine administration (21). Mice were conditioned
with repeated morphine administration in one of two chambers
that differed visually and texturally. Before conditioning, mice
visited two chambers with no difference (Fig. 4A). After con-
ditioning with morphine for 3 days, the development of CPP of
Tam�/� KO mice was significantly reduced compared with that
of WT mice at 3 mg/kg morphine [P � 0.036, n � 11 (WT) and
12 (KO)]. A higher dose of morphine (5 mg/kg) also tended to
reduce the CPP of Tam�/� KO mice, although the difference

Fig. 2. Acute effect of morphine administration on locomotor activity. After
1-h habituation, morphine (2.5 mg/kg or 5 mg/kg) was s.c. administered to WT
and Tam�/� KO mice, and the distance traveled was counted every 5 min for
120 min; squares, 2.5 mg/kg morphine; circles, 5 mg/kg morphine.

Fig. 3. Analgesic responses to morphine in the hot-plate and tail-flick tests.
(A and B) Nociceptive thresholds were tested by measuring latencies of
analgesic responses in the hot-plate test (A) and in the tail-flick test (B). (C)
Analgesic responses to morphine were examined in the hot-plate test every 15
min after s.c. injection of 10 mg/kg morphine [*, P � 0.022, n � 10 (WT) and
11 (KO)]. %MPE, percentage of maximal possible effect. (D and E) Dose–
responses of analgesic effects of morphine in the hot-plate test (D) and the
tail-flick test (E). Analgesic responses were examined 30 min after s.c. injection
of the indicated doses of morphine (*, P � 0.015, n � 6–9). (F) Development
of morphine analgesic tolerance was examined once a day 30 min after
administration of 10 mg/kg morphine [*, P � 0.015, n � 7 (WT) and 6 (KO)].

Ogawa et al. PNAS � September 11, 2007 � vol. 104 � no. 37 � 14791

N
EU

RO
SC

IE
N

CE



between the two genotypes was not statistically significant [P �
0.322, n � 8 (WT) and 9 (KO)] (Fig. 4A).

Repeated administration of cocaine induces a progressive
increase in locomotor activity, called locomotor sensitization
(22). We addressed whether tamalin deficiency would affect
locomotor sensitization by daily administering cocaine to mice
(Fig. 4B). Mice were habituated to the open field for 3 days, and
their locomotor activity was measured immediately after injec-
tion of saline on days 4 and 5 and after injection of 5 mg/kg
cocaine from day 6 to day 10. No genotypic difference in
locomotor activity was observed after saline administration (Fig.
4B). Tam�/� KO mice showed significantly less locomotor
activity on the first (P � 0.039, n � 15 each) and second (P �
0.033) days of cocaine administration. This reduction continued
on the third to the fifth day of cocaine administration, although
the differences on the third to fifth days were not statistically

significant (Fig. 4B). The results demonstrate that tamalin
deficiency results in reduced responses to chronic exposure to
both morphine and cocaine.

To address the behavioral selectivity involving the neural
plasticity of tamalin deficiency, we examined whether learning
and memory deficits might accompany tamalin deficiency. The
radial maze test (Fig. 5A) and contextual and cued fear condi-
tioning test (Fig. 5 B–D) were conducted to examine genotypic
distinctions in learning and memory (12). No genotypic differ-
ences were observed in the number of revisits to the arms in the
radial maze test (for genotype, P � 0.633, n � 20 each) (Fig. 5A).
Also, no genotypic differences in fear conditioning or in con-
textual and cued conditioning fear memories were observed
between the two genotypes (for genotype, fear conditioning, P �
0.903; contextual fear memory, P � 0.193; cued fear memory,
P � 0.568, n � 18 each) (Fig. 5 B–D). These results indicate that
tamalin deficiency selectively impairs the adaptive neural plas-
ticity involved in reinforcement and addiction to drugs of abuse.

Extracellular Dopamine (DA) and Glutamate Levels in the NAc of
Tam�/� KO Mice after Morphine Administration. The acute admin-
istration of morphine rapidly increases extracellular levels of DA
in the NAc (23, 24). We performed in vivo microdialysis analysis
to address whether tamalin deficiency would influence extracel-
lular DA and glutamate levels in the NAc after morphine
administration. Samples were collected from the NAc of con-
scious, freely moving mice, and extracellular levels of DA and
glutamate were assessed by HPLC before and after injection of
morphine (2.5 mg/kg, s.c.). Basal levels of DA [WT, 0.60 � 0.122
nM; KO, 0.59 � 0.084 nM; P � 0.933; n � 4 (WT) and 6 (KO)]
and glutamate [WT, 120.4 � 8.9 nM; KO, 114.7 � 6.8 nM; P �
0.628; n � 3 (WT) and 4 (KO)] before morphine administration
were comparable between WT and Tam�/� KO mice. Morphine
administration rapidly increased the extracellular DA levels in
both genotypes, but no significant difference was observed
between the two genotypes [for genotype, P � 0.881, n � 4 (WT)
and 6 (KO)] (Fig. 6). Morphine administration had no effect on
glutamate release in the NAc of either WT or Tam�/� KO mice.
Thus, tamalin deficiency has no direct effect on the release of
either of these neurotransmitters in the NAc.

Discussion
Tamalin is an evolutionarily highly conserved scaffold protein
and possesses a PDZ domain, a leucine zipper region, and a
PDZ-binding motif (7). The multiple protein domains of tamalin
interact with many neuronal proteins involved in synaptic trans-
mission and neuronal development (5–9). Thus, we did not
expect that Tam�/� KO mice would show no obvious behavioral

Fig. 4. Morphine-induced CPP and cocaine-induced locomotor sensitization.
(A) CPP was measured before and after conditioning with s.c. injection of the
indicated doses of morphine for 3 days. The time difference of CPP was
calculated by subtracting the time mice spent in the saline-paired side from
the time they spent in the morphine-paired side (*, P � 0.036, n � 8–12). (B)
Immediately after the injection of saline or cocaine, locomotor activity was
counted for a 10-min period (*, P � 0.05, n � 15 each).

Fig. 5. Radial maze test (A) and contextual and cued fear conditioning (B–D). (A) In the eight-arm radial maze test, the number of revisits to the arms to obtain
all eight pellets in each arm is presented for each trial. Mice went through 1 trial per day from trial 1 to trial 8 and two trials per day from trial 9 to trial 22. (B)
Mice freely moved in a sound-attenuated chamber for the first 2 min. The conditioned stimulus (CS) was presented for 30 sec, followed by the unconditioned
stimulus (US) for 2 sec. Two more CS–US pairings were presented with a 2-min interstimulus interval. Freezing was calculated every 1 min for 8 min, and
percentages of freezing are presented from the beginning of analysis. (C) Contextual fear responses were tested every 1 min for 5 min 1 day after the above
conditioning. (D) Cued fear responses with altered context were tested every 1 min for 6 min 1 day after conditioning of the above mice by using a triangular
box, which was located in a different room. CS was presented for 3 min from 3 min after placing mice in the different environment.
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abnormality under ordinary conditions, or any appreciable de-
velopmental or architectural changes in their brain. Cytohesin-
binding protein (CBP) is a closely related protein that possesses
a PDZ domain and a leucine zipper domain (5). However, CBP
lacks all other protein motifs characteristic of tamalin and is not
expressed in the brain (5). It is thus unlikely that this lack of
obvious phenotypic abnormalities in Tam�/� KO mice is due to
redundancy of the tamalin-related gene family. This investiga-
tion was thus extended further to the analysis of more defined
and enforcing behavioral changes, and the results indicated that
tamalin deficiency caused a significant reduction in the sensi-
tivity to morphine in the acute response and to morphine and
cocaine in adaptive responses.

The important neural network for actions of morphine and
cocaine is the mesolimbic DA system, which originates in the
ventral tegmental area (VTA) and targets the NAc (15–18).
Morphine primarily acts on �-opioid receptors and suppresses
GABAergic interneurons in the VTA. This suppression disin-
hibits DA neurons in the VTA and, in turn, leads to an increased
level of DA in the NAc (23, 24). Also, cocaine blocks the activity
of DA transporters, which results in an increased DA level in the
NAc (24). DA thus plays a central role in both morphine and
cocaine actions. In addition, the convergent interaction of DA
and glutamate in the NAc is important for controlling the
cellular and behavioral responses to drugs of abuse (15–18). Our
in vivo microdialysis experiment confirmed a marked and rapid
morphine-induced increase in extracellular DA without any
change in extracellular glutamate in the NAc. However, neither
basal and induced levels of DA, nor those of glutamate, were
different between WT and Tam�/� KO mice. These findings
suggest that the altered responses to morphine and cocaine in
Tam�/� KO mice result from impaired scaffold function and/or
intracellular signaling of tamalin rather than dysregulation of
synaptic neurotransmitters.

Recently, several scaffold proteins have been implicated in
both cellular and behavioral responses to morphine and cocaine.
PSD-95 is markedly down-regulated in the striatum, and long-
term potentiation (LTP) is enhanced at the frontocortical-NAc
glutamatergic synapses after chronic cocaine treatment (25).
Targeted deletion of PSD-95 persistently enhances LTP and
augments the acute locomotor-stimulating effects of cocaine
(25). Deletion of Homer2 augments extracellular glutamate in
the NAc and alters regulation of glutamate by mGluR1 and
cystine/glutamate exchange (26). The Homer2 knockout mice
show cocaine-sensitized phenotypes including enhanced
cocaine-induced locomotion and CPP (26). Deletion of
�-arrestin-2 impairs the acute locomotor stimulant effect of
morphine but conversely enhances adaptive responses to mor-
phine such as morphine antinociceptive tolerance and CPP (27,

28). The behavioral alterations in acute and chronic responses to
morphine and cocaine are thus different between Tam�/� KO
mice and those reported for the other scaffold proteins. Tamalin
is involved in protein assembly of key synaptic receptors and
multiple protein-trafficking and signaling proteins (5–9). For
example, tamalin-associated cytohesins control the activity of
the ARF family (29). The ARF family is involved in endocytosis,
recycling of target proteins, actin reorganization, and intracel-
lular signaling (30–32). Furthermore, group 1 mGluRs have
been shown to be important for both acute and chronic responses
to morphine and cocaine (18). Tamalin not only interacts with
group 1 mGluRs but also forms a multimolecular protein
assembly comprising c-Src protein kinase and SHP2 pro-
tein phosphatase (8). Tamalin also mediates Syk kinase signaling
in an immunoreceptor tyrosine-based activation motif-based
fashion (8). Although the mechanisms underlying tamalin-
mediated behavioral responses need further investigation, the
distinctive behavioral alterations of Tam�/� KO mice provide a
clue to study novel spatiotemporal molecular assembly and signal
transduction in tamalin-mediated neural and behavioral plastic-
ity in vivo.

Materials and Methods
Generation of Tamalin Mutant Mice. A 129/SvJ mouse DNA library
(Stratagene, La Jolla, CA) was used for isolation of genomic
fragments containing the tamalin gene. Electroporation of the
vector DNA into CCE ES cells, isolation of recombinant clones,
and generation of chimeric mice were carried out as described in
ref. 33. Another targeting vector was constructed from a
C57BL/6 BAC genomic clone (BACPAC Resources, Oakland,
CA). The basic design of this targeting vector was the same as the
one described above. The targeting vector was electroporated
into TT2 ES cells (34). One and two independent germ-line
chimeric mice were obtained from the 129/Sv allele and C57BL/6
allele, respectively. Mouse lines harboring the mutation in the
129/Sv allele and C57BL/6 allele (CDB0420K) were each crossed
with EIIa-Cre transgenic mice on a C57BL/6 genetic background
(a gift from U. Rudolph, University of Zurich, Zurich, Switzer-
land). All animals used in this investigation were handled
according to guidelines of Kyoto University Faculty of Medicine
and the Animal Research Committee of the Osaka Bioscience
Institute.

Immunohistochemistry and Immunoblotting. Immunohistochemis-
try of parasagittal sections (20 �m) of the mouse adult brain was
performed as described previously (35). For immunoblotting (8),
the brain was quickly removed and sectioned on a brain matrix
(Muromachi, Tokyo, Japan) at a thickness of 1 mm. The striatum
was isolated from the slices on ice. Rabbit anti-mGluR2
(1:1,000), rabbit anti-GABAB2 (1:300), and goat anti-cytohesin-2
(1:200) were obtained from Upstate Biotechnology, Chemicon,
and Santa Cruz Biotechnology, respectively. Other antibodies
were obtained as described previously (5, 7, 8).

Behavioral Analysis. Heterozygous tamalin mutant mice were back-
crossed to the C57BL/6J background for at least seven generations.
All experimental mice were generated through mating of heterozy-
gous tamalin mutant mice. For all behavioral studies of morphine
and cocaine treatment, 10- to 14-week-old male Tam�/� KO mice
and their male WT littermates were used. Mice were used only once
for each experiment, and a new group of mice was used for each
dose and drug tested. Morphine hydrochloride and cocaine hydro-
chloride (both from Shionogi, Osaka, Japan) were used for behav-
ioral analysis. A comprehensive physical and behavioral test battery
and CPP were performed as described previously (12, 13, 36).
Locomotor activity was measured with an infrared activity monitor
(27 � 27 � 20 cm; Med Associates, Georgia, VT). The hot-plate
and tail-flick tests were performed as described previously (37).

Fig. 6. In vivo microdialysis analysis of DA after morphine administration.
After collection of 3 baseline fractions, morphine (2.5 mg/kg, s.c.) was admin-
istered, and 12 fractions were collected, 1 every 20 min. Data are normalized
to percentage changes by the average value of 3 baseline fractions.
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Baseline responses were determined for each mouse before mor-
phine injection. Cutoff times of the hot-plate and tail-flick tests
were 30 sec and 10 sec, respectively, to minimize tissue damage. The
antinociceptive response was calculated as a percentage of maximal
possible effect (%MPE), where %MPE � 100% � (drug response
time � basal response time) / (cutoff time � basal response time).
For morphine physical dependence and withdrawal analysis, mice
were injected i.p. with escalating doses of morphine (20, 40, 60, 80,
100, 100, and 100 mg/kg) every 8 h for 3 days. Two hours after the
last morphine injection, naloxone (1 mg/kg; Sankyo, Tokyo) was
administered s.c., and withdrawal behaviors (jumping and paw
tremor) were then monitored for 30 min.

The eight-arm radial maze test was conducted as described
previously (12). The contextual fear conditioning was performed
in a sound-attenuated test chamber (26 � 34 � 29 cm) as
described in ref. 12. A 55-dB white noise and a mild footshock
(2 sec, 0.3 mA) were used, respectively, as a conditioned stimulus
(CS) and an unconditioned stimulus (US). Cued testing with
altered context was conducted after conditioning using a trian-
gular box (35 � 35 � 40 cm) made of white opaque Plexiglas,
which was located in a different room.

In Vivo Microdialysis. In vivo microdialysis was performed as
described previously (36).

Statistical Analysis. Statistical analysis was conducted by using
STATVIEW (SAS Institute, Cary, NC). Data were analyzed by
the two-tailed t test, two-way ANOVA, or two-way repeated
measures ANOVA. Values in graphs are expressed as the
mean � SEM.
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