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STMIl, a member of the STAM (signal transducing adapter molecule) family, has a unique structure
containing a Src homology 3 domain and ITAM (immunoreceptor tyrosine-based activation motif), STAMI
was previously shown to be associated with the Jak2 and Jak3 tyrosine kinases and to be involved in the
regulation of intracellular signal transduction mediated by interleukin-Z (IL-2) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) in vitro. Here we generated mice lacking STA1"n by using homologous
recombination with embryonic stem cells. STAMI -/- mice were morphologically indistinguishable from their
littermates at birth. However, growth retardation in the third week after birth was observed for the STAMI-/­
mice. Unexpectedly, despite the absence of STAMl, hematopoietic cells, including T· and 8.lymphocyte and
other hematopoietic cell populations, developed normally and responded well to several eytokines, including
IL-2 and (iM-CSF. However, histological analyses revealed the disappearance of hippocampal CA3 pyramidal
neurons in STAMI.-/- mice. Furthermore, we observed that primary hippocampal neurons derived from
STAM 1- /- mice are vulnerable to cell death induced by excitotoxic amino acids or an NO donor. These data
suggest that STAMI is dispensable for cytokine-mediated signaling in lymphocytes but may be involved in the
survival of hippocampal CA3 pyramidal neurons.

STAM (signal transducing adapter molecule) was previously
identified as a phosphotyrosine protein induced by stimulation
with a variety of cytokines and growth factors, such as inter­
leukin-2 (IL-2), IL-4, IL-7, IL-3, granulocyte-macrophage col­
ony-stimulating factor (GM-CSF), platelet-derived growth fac­
tor (PDGF), and epidermal cell growth factor (34). It was
demonstrated that STAM has unique structures containing a
Src homology 3 (SIB) domain and a tyrosine duster region
including an immunoreceptor tyrosine-based activation motif
(ITAM) (34) . STAM was also found to be associated with
Janus kinase 2 (J ak2) and Jak3 and to be involved in signaling
for cell growth and c-myc induction mediated by IL-2 and
GM-CSF in vitro (35). Recently, a new member of the STAM
family, STAM2, was molecularly cloned (9, 27). Hence, we
renamed the original STAM as STAMl. The in vitro function
of STAM2 was not distinguishable from that of STAM1 (9,27,
35). Although the STANI family proteins have been suggested
to he important for the downstream signaling of the Jaks in
vitro , their in vivo biological significance is still unknown.

Jak3 and Jak:2 are associated with the cytoplasmic portions
of the common cytokine receptor subunits, 'YC and !3cchains,
respectively (31, 32); they are activated by their respective
cytokines to induce the downstream signal transduction includ-
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ing phosphorylation and activation of the Stat family proteins,
which transmit signals from the receptors to the nucleus to
induce the expression of target genes (14, 17). IL-2-induced
cell proliferation is significantly impaired in peripheral T cells
derived from StatSA/B double-knockout mice, but these dou­
ble-knockout mice show normal development of T cells (22),
indicating that Stat5A and Stat5B are dispensable for T-cell
development. Since the "ie-Jak3 signaling pathway is indispens­
ably involved in T-cell development (16, 25, 32), we speculate
that signaling molecules other than StatS are critically involved
in the signaling pathway directly downstream of Jak3 for T-cell
development. To investigate this possibility, we focused on
STAM1, associated with the Jaks , and generated STAM1
knockout mice by gene targeting. Unexpectedly, the develop­
ment of lymphocytes was unaltered in STAM1 -- /-- mice, and
there was no obvious difference in IL-2-mediated DNA syn­
thesis and c-myc induction between wild-type and STMl1 -- /-­
mice. However. histological analysis revealed a loss of hip­
pocampal CA3 pyramidal neurons in STAMI -/- mice . The
phenotypes of STAMI-/- mice suggest that STA..:.\11 is dis­
pensable for cyrokine-rnediated signaling in lymphocytes but
may be involved in the survival of hippocampal CA3 pyramidal
neurons in vivo.

MATERLUS AND METHODS

Targeted disruption of STAMI. The STAMl genomic locus was isolated from
a AFixll mouse 129/Sv genomic library (Strat agene) using a S' region of STA!\.l1
eDNA. The targeting vector was constructed using a pGK-neo cassette flanked
by a pair of loxl"sequences for positive selections and a diphtheria toxin A-chain
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gene cassette without a polyadenylarion site for negative selec tion (Fig. lA ). Th is

targeting co nstruct replaces a 0.6-kb Psti -Pstt genomic fragment encompassing

exons 3 and 4, flank ed by 6.5·k b (Xhol -Pstl) an d 1.4·kb (Pstl-}'.>rl) genomic

sequences derived from the I29/S" genomic lib rary (F ig. lA). The construct was
linearized and electroporated into 129/Sv-de rived .l1 ES cells , and colo nie s were

selected with G418 (5, 24, 30). Homologou s recombination events were assessed
by Southern blot hybridiza tion (Fig. l B), Four ES ceil clones co ntaining a
mutated allele we re ide ntified. Two targeted ES clones (Tl-23 and '1'2-137) were

injected into C57BU6 blastocysrs and transferred to foster mothers to obtain

chimeric mice . The chimeric male mice we re mated with C57R U6 female iIIict~ . ·

The F 1 heterozygous mice carrying the STA M I mutation were identified by

Southern blot hybridizatio n and intercrossed to produce F2 hom ozygous off­
sp ring. T he F2 mice were genotyped by So uthern blot hybridization a nd by PCR

with D NA fro m tail bio psy specimens .

The follow ing oligonucleotide primers were used: STA1VllFA (p rimer 1),
CGGGACCAGAGGAAAA.GCACCTGTCAC: STAtvllRA (primer 2) , ATCA

GTGTACA"\ .ATGGGAAGGTATrAT; and PGK-2 (prime r 3), T GC GAG GC
CA GAGGCCACTIGTGTAGC. PCR conditions were as follows: denaturation
at 94°C for 2 min, followed by 35 cycles of 1 min at 94°C, I min at 5TC, and 1

min at 72°C. The wild-type and mutant alleles gave rise to PeR-amplified

fragments of 325 an d 379 bp, respectively.
RT-PCRs. Reverse transcription (RT)-PCRs were carried out with 5 f-lg of

tota l R NA derived from splc nocytes of 8-wet~k-old ST AJvll ;' / +, STAMI r'': a nd
STA MI -/ - mice as the tem plate. T he total R NA fro m each mouse was pr ep ared
by using T Rlzol (G ibco-BRL). First-strand synthesis was performed using a
Superscript preamplification system (G ibco-BR L). PCR s were pe rformed with a

50'f.L1 mixture consisting of 10 mM Tris -HCl (pH 8.3), 1.5 mM MgCI 2, 50 mM
KCI, 0.2 mM deoxynuclcoside rriphosl'hate mixture, 1 }J.M concen trat io ns of
var ious prime rs, 1.25 U of Taq DN A polymer ase (Ta ka ra Shuzo), and 2 f-ll of th e
RT reaction mixture as a template. PCR co ndi tions we re as foll ows: denaturation
at 94°C for 2 min , followed by 35 cycles of 30 s a t 94°C, 3n s at 57°C , and l min

at 7T C.
T he followi ng oligon ucleotide pr imers were used: STAMexl F (prime r A),

CCCTICGACCAGG AT GTTGAGAAAGCA: and STAMexSR (p rime r B) ,
CCCITCGACCAGGATGTrGAGAA.A.GCA.

Immuuoprecipitat ion and immunoblutting. Neocortices from mice were ho­
mogenized ill Non idet P-40 lysis buffer (1% Nonidet P-40 , 25 rnM Tris-HCl [pH

7.5], 140 mM NaCl, 10 mM EDTA, 1 mM phenylrnethylsu lfonyl fluoride , 20 IJ..g
of aprotlnin/ml, 1 mM Na;\V04 ) . Supernatan ts of the lysat es wer e subjected to

imrnuuoblott ing. Activated T cell s were lysed in Nonidet P-40 lysis bu ffe r. Th eir
lysates were innnu noprecipitated with TUS-l (inun unoglubulin GJ [lgGl]), <J

monoclonal antibody (MAb) specific for STAMI (.34) . The lysares or immune­

precipitates were separated by sodium dodecyl sulfate (SDS)-1O% polyacryl­
amide gel electro pho resis (PAGE) and the n tra ns ferred to polyvinylide ne diflu ­
or ide (PVDF) me mbr anes (Mi llipore). Aft er bloc king with 5% nonfat milk in
phosphate-buffered saline (PBS) con taining 0.1 % Tween 20, the filters wer e

incubated with 'IUS-I , followed by incubation with ant i-mouse IgG coupled with
horseradish peroxidase; visua lization was done by use of the enhanced chemilu ­

minescence dete ction system (Amersham Pha rmacia Biotec h) .
T-cell isol ation aud cu ltu ring. Splenic cells were isolated from 4-week-o ld

wild-type or STAM I-deficient mice. In br ief, freshly iso lated spleens were passed

through a eel! str ainer to separate fibrous tissues, and red blood ce lls were lysed

in a lysis buffe r (pH 7.3) containing 150 mM NH 4Ci , 1 mM KHCO~., and 0.1 mM
EDT A. The splenic cells were resuspe nded in RPMl 1640 medium co ntain ing

1O~" fetal bovine serum (FBS) and 50 IJ.M 2-rl1t~rL'apromet hano l at lOb cells/ml.
CD4 + T cells were pu rifi ed from spleens by using anti -CD4 Dynabeads (Dynal)

ami were further separated from the"beads by using DETACHaBEAD (Dy nal).

The pu rity of the C D4 '" '1' cells was confi rmed to be greater than 9H% by flow
cyto metry. For preparation of activa ted T cells, the sp leni c ce lls were st imulated

with phorbolrnyristate acetate (PM A) (10 ng/rnl; Sigma) a nd iono rnycin (1

f.Lgfml; Sigma) fo r 24 h and then were cultured wit h recombinant human l L-2
(rh IL-2; 1 nM ; Aji no moto) for 7 days .

Proliferation assay. Single-cell suspefls ions of spleen cells, bone marrow cells,

or CD4" T cells from sp lee ns in RP Ml 1640 medium sup ple mented with Hl%

FBS, 50 ILM 2-me rcilptomethanol, peni cillin, a nd st replornycin were plated in

96-well plat es at a de nsity of 105 ce lls per well in 100 f-ll of mediu m. Stim uli were

added and cultured for 42 h. The stimuli were rhl L-2, recombinant mu rine lL-7
(Pe proTech), recombinant murine GM-CSF (Pe p roTe ch), an an ti-C D3 MA.b

(145 .2Cll ; Pharmingen) , conca nava lin A (Cl)!'A), PMA, iOllomycin, and iipo ­

polyf>accharide (LPS ; S igma) . T hen the cel ls were pul sed with r'lH]thymid ine ilnd

harvestetl after 6 h. T he incorporat ed [~H]thymidine was counted with a Mic ro ­

Beta liqu id scintilla tion counter (Amersham Pharm acia Biot ech).

Flow cytom etry , Thymocyres and splenic cells were suspended in PBS supple­
men ted with 3% FRS. They were preincubated in normal mouse serum to

prevent labeled MAbs from nonspecific binding to the cell su rface . They were
then stained with MAbs con jugated with fluorescein isothiocyan ate , phyco­

erythrin, or biotin for 30 min at 4°C. The cells were washed with PBS- 3% FBS ,
and the biotinylated ant ibo dies were developed with streptavid in-Al'C (Phar ­
mingen ). All the MAbs used we re purchased from Pharmingen, Th e su rface

staini ng with MAbs was ana lyzed with a FACSCalibur flow cytometer (Becton
Dickinson) in two- or three-color mode us ing CellQucst software ,

Internalization and degradation of IL-2. Assays of in ternalizat ion and degra­
dati on of lL-2 wer e performe d as descr ibed pr eviously (10). In br ief, cells wer e
was hed twice with PRS and incuba ted in RPMI1640 med ium conta ining 1% FBS

a nd 25 mM HE PES (RPMI-HEPES) for 4 h. Th ey were further incubated with
200 pM l2$1-rhlL-2 (6 X lORto 8.5 X 10" cpm/pmol) in RPMI-HEPES for 30 min
at We. They were then washed three time s with PBS co ntaining 3% bovine

serum albumin, resuspended in 1.0 rnl of RPMI-HEPES, and furt her incubated
for ind icated time s at 37°C. Aft er cent rifuga tio n, the supernatants were har­

vested and the cell pellets were treated with chilled 0.2 M glycine bulfer (p H 2.8)
for 10 min <I t (Joe. The rad ioactivities of the supernatant frac tions, acid-removed
glycine buffer fractions (sur face ligands), a nd non -add-removed cell precipitates
(internalized ligands) wer e cou nted . For determination of degradation of :25 1_
rhIL-2, the supernatants wer e subjected to tr ichloroacetic ac id pr ecipitation. The
radi oactivities of the trichloroacetic ac id-soluble (deg raded ligands) and insolu­
ble fra ctions we re measu red, The" rate of internalization was expressed as the
ratio of internalized ligands to surface ligands plus internalized ligands plus
degraded ligands. The ra te of degradation was expressed as the ra tio of degraded
ligands to sur face liga nds plus internalized ligands plm; de graded ligands.

Histological a nd immunohistochemical analyses of brains. Mice were per­
fused with PBS followed by 4% paraforrnaldehyde-Pllx. Bra ins were removed
for processing and embedding in paraffin and were sectioned at a 5- or ltl -um

th ickness by a mic rotome. For histo logica l ana lyses, the 5-f.Lm sectio ns wer e
stained with hematoxylin- eosin (HE). Th e sectio ns were also used for detect ion
of calbindin (23) . The sections were incubate d with rabbit polyclonal a nt i-cal­

bindin antiserum (1:10,(1110) in PBS for 24 hat 4'e. They were washed in PBS ami
subsequently incubated with an avidin-biotin-horseradish peroxidase complex
(AB C Elit e ; Vector) for 1 h at room temperature. T he final reaction product was
visual ized with 3,3' -diamino benzidine . For terminal deoxynucleo tidyltransferase­
mediated dUTP-biotin nick end labe ling (TUNEL) assays, the l tl -u.rn sec tions
were deparaffinized, and terminal transferase labeling of fragme nted DNA in the
sections was performed with a TACS 2 TdT kit (HRP-Blue Label ; T revigen)
according to the assay protocol of this kit.

For innnuno tluoro histoche rnical ana lyses of glial fibrillary acid ic prot ein
(GFAP) a nd STAM l. fres h frozen brai ns of mice wer e se ctioned at <J 1O-lJ..m
thickness by a cryosta t. fixed in 4% paraforrnaldebyde-Pfsx for 10 min at 4'C,
permeabilized in 0.3% Triton X-IOO for 20 min, and preincubaied in PRS con­

taining 5% ho rse serum for 1 h at room temperature. Sub sequent ly, the sections
were incubated overni gh t at 4°C with p rimary ant ibod ies against GFAP (goat
pulyclonal, 1 jJ.-gfml: Sant a Cruz Biotechnology) or STAM I (TUS-I; 10 p.g/ml ).
T he sections wer e then incubated with the corresponding fluor escein- or rho­
damine-conjugated secondary antibodies (1:100 ; Vector) for 1 h at room tem ­
perature. Coverslips were mounted in Perrnaf'luor (Shandon).

In situ hybridizatlon. In situ hybrid izatio n for mouse STAMI was p erform ed
according to a mod ified method described previousl y (2S). Fresh froze n whole
bodies at embryonic da y IX (EIR) and bra ins at po stn at al wee k 5 of wild- type and
mutant mice were sect ioned at a 30-p.1Il thickness by a cryos ta t. After fixatio n in
4% parufor rualdehyde-Ill M sodiu m phosphate buffer (pH 7.2). the sect io ns
were acetylated with 0.25% ace tic a nhyd ride in 0.1 M triet hanolam ine (pH 8.0)

and prehybridized for 1 h in a buffe r containing 50% de ion ized formarn ide, 4x
SSC (I X SSC is 0.15 M Nael plus 0.015 M sodium cit rat e [pll 7.4]) , 0.02clr,
polyvi nylpyrrolidone, 0.02% bovine serum albumin, 0.02% Ficol l, 1% sodium
N-Iauroyl sarcosinate (Sarkosyl), 0. 1 M sodium phosphate buffer, and IOn f.Lg of
tR NA/ m!. Hybridization was performed overnight at 42°C with the preh ybrid­

ization buffer supplemented with 10% dextran sul fate , 100 mM dithiothreito l,
and ~5S-1abe led ol igonucleotide probes (2 X 1(j7 cpm /mi ). TIle sections were
washed with (l.l X SSC-fl.l % Sarkt)syl four times for 30 min each time at 50°C.
T hey were exposed to Hyp erfi lm ~-lIIax (A me rsham Pharmacia Ril)tech) for 2

wee ks at room temper a tu re . They we re subsequenrly ilutcHildjographed using
NTB2 nuclear rrack. emulf>ion (Kodak) for 3 weeks ilr 4°C.

A 35S-labeled oligonucleotide probe for mouse STAMI was prepared as fol­
lows. An antisense 30-me.r oligonucieotide was synthesized, which was comple­
ment ary to nucleot ide resitlues 173 to 202 co nta ined in exon J of mouse STAM 1.

The oligo nucle oti de was labeled using term inal deoxyn uc1eotidyltnlll sferase
(Gib co-BRL) with lu- :{SS]JATP (N EN Life Science ProJ ucls).
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FIG. 1. Generation of S'I'Alvll-deficient mice. (A) Schematic repres entation of the mouse STAMI (mSTA.\11) eDNA, stam l genomic locus,
targeting vector, and stam l mutated locus. The positions of stam l exam; are shown as boxes. The targeting vector was designed to replace exon
3 (E3) and E4, encoding amino acids 42 to 99 of SIAM 1. The fragments expected to be generated by BamHI digestion are 5.5 and 3.0 kb for the
wild-type and the mutated alleles, respectively. B, BamHI ; P, PstI; X, Xbal, (B) Southern blot analysis of the staml mutation in ES cell clones and
mice. Lines indicate the positions of the DNA fragments corresponding to the wild-type (5.5 kb) and mutated (3.0 kb) alleles. (C) RT-PCR analysis
of total RNA from pur ified splenocytes of STAMI +/-+, STAMI"': and STArvl1- ' - mice. The primers used are primers A and B, shown in panel
A. (D) Weste rn blot analysis for STAM1. Neocortex lysates (20 ug) from STAMl-+/", STAMI~/-, and STANl1-' - mice were separat ed by
SDS-PAGE and blotted with anti-STAMI antibody. The position of STAMI is marked by an arrowhead. (E) Imrnunoprecitipation analysis for
STAMI. Lysates of act ivated T cells from STAMl -+ /<·. STAMI " : and STAM1 --t - mice were immunoprecipitated and then immunoblotted
with anti-STAMI antibody. The position of STAMI is marked by an arrowhead.
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Neuronal culturing. Primal)' hippocampal neurons were isolated from wild­

type and STA,.'vll -·i -· embryos <II EIR.5 . Fetal hippocampi were dissected and

minced with scissors. Individual cells were mechanically isolated by trituration in

calcium- and magnesium-free Hanks' balanced salt solution with a siliconized

9-in. Pasteur pipette with a tip barely fire polished. The cells were plated on

poly-p-lysine-coated plates (Falcon) and maintained in Neurobasal medium

(Gibco-BRL) plus B27 supplement (Gibco-BRL) at 37~C in a humidified atmo­

sphere of 5% CO 2 and 95% room air. CeIL~ were seeded at a density of 600

cells/mm". .

Immunostaioiog of cells. CeIL~ were fixed in 4% paraformaldehyde in PBS for

10 min <II room temperature, perrneabilized in 0.3% Triton X-IOO for 20 min,

and rinsed in PBS . The cells were preincubated in 5% normal goal serum-PBS

at room temperature for I h and incubated overnight at 4°C with primary

antibodies against STAMI ('IUS-I; 10 ug/ml), GluRI (rabbit polydona!, 1 fLgi

ml; Upstate Biotechnology), synapsin 1 (rabbit polyclonal, 1:1,000 ; Chemicon),

and 5NAP-25 (rabbit polycloaal, 1:I,fJOO; Chernicon). The sections were then

incubated with the corresponding fluorescein- and/or rhodamine-conjugated sec­

ondary antibodies (1:100; Vector) for 1 h at room temperature. Coverslips were

mounted in PermaFluor (Shandon). They were analyzed by coufocal laser scan­

ning microscopy (TCS NT ; Leica),

Subcellular fractlonatinn. Subcellular fractions were prepared from adult

C57BL/6 mouse brains as described prev iously (7, 13,21 , 2h) but with minor

modifications. Briefly, cerebral cortices were homogenized in ice-cold .buffered .

sucrose (0.32 M sucrose, 10 mM 'Iris buffer [pH 7.4]) and centrifuged for 10 min

at 4°C and 1,000 X g. The resulting pellet (PI) was discarded, while the super­

natant (Sl) was collected and centrifuged for 30 min at 15,000 X g. The super­

natant (52; cytosolic fraction) was removed, and the pellet (P2) was washed by

resuspension in buffered sucrose and recentrifuged for 30 min at 15,nOO X g to

yield a supernatant (S2') and a pellet (P2;}.

The pellet (P2 ') was resuspended in buffered sucrose and applied to a gradient

containing 0.8 and 1.2 M sucrose solutions. The sucrose density gradients were

centrifuged for 2 h at h3,OOO X g. The band between 0.8 and 1:2 M containing

synaptosomes was collected (Syn). To prepare the synaptosomal membrane

fraction, the synaptosomal fraction was lysed by suspension in 5 mM Tris-O.l

mM EDTA (pH 8.0) and stirring of the suspension at 4°C for 1 h. The. synap­

tosornal membranes were spun down for 1 h at 100,000 X g and resuspended in

buffered sucrose. 'Ihen the suspension was applied to the grad ient containing

0.85, 1.0, and 1.2 M sucrose solutions . The sucrose density gradients were cen­

trifuged for 20 min at 48,200 X g. The band between 1.0 and 1.2 M sucrose

containing synaptosomal membranes was collected (Sm). To prepare postsynap­

tic density (PSD) fractions, the synaptosomal fraction was incubated with ice­

cold 0.5% Triton x -IOn and then centrifuged for 20 min at 32,OnOX g to obtain

the pellet. This pellet was resuspended, incubated a second time in 0.5% Triton

X-100 , and centrifuged for I h at 201,ROO X g to obtain the PSD pellet (PSD).

To prepare the synaptic vesicle fraction, the 1'2' pellet was lysed by hypo­

osmotic shock (suspended in ice-cold water). The suspension was then centri­

fuged for 20 min at 25,000 x g. The supernatant was collected and recentrifuged

for 2 h at 165, 000 X g. The pellet was resuspended in 40 mM sucrose and applied

to the 50 to 800 mM sucrose gradient. 111e sucrose density gradients were

centrifuged for 5 h at 65,nOO X g. The 200 to 400 mM sucrose region containing

synaptic vesicles was collected (Sv).

Electrophoresis was performed with SDS-polyacrylamide gels and 10 fLg of

protein from each fraction and then transferred to PVDF membranes (Milli­

pore). After blocking with 5% nonfat milk in PBS containing 0.1% Tween zn, the

filters were incubated with primary antibodies against STAMI, Synapsin-I,

SNAP-25, or PSD-95 (Transduction Laboratories) followed by incubation with

appropriate secondary antibodies coupled with horseradish peroxidase and visu­

alized by using the enhanced chemiluminescence detection system.

Clinical signs of drug-induced seizures. Seizure responses to drugs were ob­

served in C57BLi6-backgrounJ 3-week-old wild-type and STAMI - i - mice, be­

cause the loss of CA3 pyramidal neurons occurred in older S1'AMI - I - mice. All

drugs were administrated intraperitoneully. Seizures were scored as described

previously (43). At least six mice in each group were observed and scored to

derive the temporal response curve. Since pentetrazol (PTZ) provoked rapid and

abrupt general tonic -clonic convulsions, the same criteria were used to record

P'I'Zeinduced seizures within 5 min of inject ion.

Cell survival assay. Primary neurons were cultured for 12 days in Neurobasal

medium plus 827 supplement. The cultured neurons were resuspended in Neu­

robasal medium pius B27 supplement but minus AO (Life Technologies) sup ­

plement, because B27 supplement contains some antioxidants. They were ex­

posed to 1511 ILMka inic acid or 50 I-LM sodium nitroprusside (SNP) for 24 hand

stained for 2 h with 10% Alamar blue dye (Alamar Biosciences, Sacramento,

Calif.), which is a redox indicator, to assess the viabil ity and metabolic activity of

-38-

the cells (37, 42). TIle light absorbance of the reduced form of the dye was

measured at 540 nm, whereas the oxidized form was measured at 020 urn. The

viability of cells was expressed as the optical density at 540 nm (ODS4U) minus the

OD62ft- The viability of primary STAMI + 1+ neurons with no drug treatment was

taken to be 100%.

RESULTS

Generation of mice targeted for STA~n. To generate

STAMI-deficient mice, 11 ES cells were transfecred with the

targeting construct shown in Fig. IA. The gene encoding

STAMI was inactivated by replacing exons 3 and 4, which

encode amino acids 44 through 99, with the targeting construct

containing a neomycin resistance (neo) gene. Two independent

clones of 11 ES cells which carried the disrupted STAMI gene

were used to generate heterozygous (STAMI +1-) and ho­

mozygous (STAMI - 1- ) mice (Fig. IB). To assess if exons 3

and 4 were deleted, we performed RT-PCR analysis of purified

splenocytes from STANl1 +1+ , STA1vl1 +1'-, and STMl1- l ­

mice ..A pair of primers _spanning exons 3 and 4 amplified a

415-bp fragment from STAMI +/~'cells and a 238-bp fragment

from STAM r -i --' cells (Fig. IC). Sequence analysis of the

RT-PCR fragments showed that the STA.:\.11 mRNA transcript

from STA.:\t11-1- cells contained a deletion of nucleotides 170

through 341, resulting in a frameshift and a stop codon in exon

5. Moreover, immunoblotting analyses with an anti-STAMI

MAb, TUS-I, revealed that STAMI was undetectable in ex­

tracts of neocortices of STAMI-/- mice but was detectable in

those of STAMI +/+ and STAMI +/- mice (Fig. ID). Similarly,

the expression of ST.t\..i\11 was undetectable in activated T cells

derived from ST.t\1.\11 -/- mice but was detectable in those

derived from STAMI + / + and STAMI +1- mice (Fig . IE). Col­

lectively, these data show that the homologous mutation of the

STAMI gene leads to a deficiency of STAMI in mice.

Viability, behavioral phenotype, and fertility of STAl\U-I ­

mice. STAMI-deficient mice were morphologically indistin­

guishable from their Iitterrnates at birth. Genotypic analysis of

neonatal offspring (n = 134) from STA.:\.11 + /- matings re­

vealed (he expected Mendelian ratios of STAMI + /+ (26%),

STAMI +1- (49%), and STAM1-/- (24(;.'b) animals (data not

shown), indicating that STAMI is not essential for embryonic

development. Heterozygous mice did not differ in growth, vi­

ability, or behavior from their wild-type littermates. However,

growth retardation of STAMI --1- mice became detectable by 2

weeks of age and then gradually increased, and most of the

STAMI - I
- mice did not show any increase in their body

weights after 5 weeks of age (Fig. 2A). The STAMI --/ .. mice

began to die after 6 weeks of age and could not survive for

more than 6 months (Fig. 2B).

A neurological abnormality was suspected on the basis of the

observation that the STAMI-/- mice retracted their hind

limbs toward the trunk when they were lifted by their legs. in

contrast with their wild-type and heterozygous litterrnatcs,

which invariably responded by extending their legs (Fig. 2C).

This abnormal leg-clasping reflex, which became evident at 2

weeks of age, was pronounced by 3 to 4 weeks and was atten­

uated in surviving adults. This phenotype was observed for

more than 200 mice tested, although the severity of the symp­

toms varied from mouse to mouse. Apart from this phenotype,

coordination of movement appeared normal.

In STAMI -- I -- male mice surviving for more than 8 weeks,



FIG. 2. Phenotypes of STAMl-:- mice. (A) Growth curves for STAMl -'-I+ (male, n = 26; female, n = 9), STAMI + /- (male, n = 36; female ,
n = 30), and STAM1 --f -- (male, n = 21; female, n = 12) mice. One male mouse died at 7 weeks, and four male mice and two female mice died
at Rweeks. Error bars indicate standard errors. (B) Survival curves for STAMI +/+ (male, 12 = 21; female, 12 = 31), STAM1 -'/ -- (male, n = 27;
female, n = 31), and STANU --1-- (male, n = 21; female, n = 30) mice. (C) Abnormal limb reflex of STAMl -- /-- mice. STAMI +/+ mice extend their
legs when lifted by the tail (left panel), whereas STA.\lU--{-- mice lack this reflex and show clasping of the hind limbs (right panel). The mice were
4-week-old littermates. (D) Priapism in STAM1 -- t -- mice. Priapism was observed in male STAMI --1-- mice surviving for more than 8 weeks . About
70% of STAMl - ;- male mice suffered from priapism during their lives.

priapism, persistent penile erection, was observed (Fig. 2D).
About 70% of the STAMI - I - male mice suffered from pria­
pism during their lives. Since we could not histologically find
any embolus in the veins of the penises of these affected mice,
we suspect that this phenomenon may have been due to a
neurological abnormality. Moreover, adult STA.:.\l1 -/ -- males
with or without priapism housed with wild-type females failed
to produce litters, although histological examination of
STAMl --t -- mouse testes revealed that mature spermatozoa
were present in the lumens of seminiferous tubules (data not
shown). The same phenotype was observed for mutant strains
derived from two independent clones with mixed 129/Sv X

C57BL/6.J and congenic C57BL/6J (2:lO-generation backcross)
genetic backgrounds. These observations suggest that the in­
fertility of the STAM1 - t - males is caused by impotence.

Normal development, proliferative responses, and IL-2 in­
ternalization of T cells in STAMl-t

- mice. To analyze the
contribution of STAMI in lymphoid development, a number of
parameters were examined with 4-week-old mice. With regard
to the anatomy of the lymphoid organs, there was no apparent
defect in any of the STAM1 ---I --- mice tested. The thymuses of

the STAMl- t
- and wild-type mice were equal in size, and the

ratios of CD4 + or CD8+ cells in the STAMI-/- thymuses
were the same as those in the wild-type thymuses (Fig. 3A).
The spleens from the STAMI -- /- mice were smaller than those
from the wild-type mice, but the ratios of CD4 + or CD8 + cells
in the spleens were not significantly different between the
STAMl -- j

-- and wild-type mice (Fig. 3A). We also analyzed
markers for B-cell (IgM and B220), myeloid (Grl and CDllb),
and erythroid (Ter119) lineages in splenocytes, but there was
no significant difference between wild-type and STAMI --I -­

mice (data not shown).
To analyze perturbations in the intracellular signaling path­

ways and proliferative responses of STAMl - j- mice, spleno­
cytes or bone marrow cells were compared with those of wild­
type mice. The proliferative responses to ConA, LPS, anti-CD3,
1L-2, or 1L-7 and to their combinations were not significantly
different between the STAM1 -- I - - and STAMl +/+ mice (Fig.
3B). The proliferative responses of purified CD4 + T cells to
anti -CD3 and activated T cells to 1L-2 were also compared
between the STAM1--/-- and STAMl +(+ mice. Similar magni­
tudes of proliferative responses to various doses of anti-CD3
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FIG. 3. Comparison of T-cell development, prol iferative responses to cytokines, and internalization of IL-2 between STAM I h + and
STAM1 --'-- mice. (A) Flow cytometric analysis for CD4 and CDS. Thymic and splenic lymphocytes derived from 5-week-old STAMl··i + (n = 7)
and STAM1 --I-- (n = 7) mice were doubly stained with anti-CD4 and anti-CDR MAbs. Numbers indicate the average percentages of the gated
cellular suhpopulations within the lymphocyte population. (B) Proliferat ive responses of hone marrow and spleen cells. Total splenocytes or bone
marrow cells (l05per well) were stimulated with the indicated ligands: 10 ug of ConAiml, 3 l1gof anti -CD3 MAb /ml, 10 nM IL-2, 100 ng of LPS/ml,
5 ng of IL-7/ml, and 30 ng of GM-CSF/ml. They were cultured for 42 h, pulsed with eH]thymidine. and harvested after 6 h. (C) Proliferative
responses of T cells. CD 4+ T cells (105 per well) purified from spleens were stimulated with anti-CD3 MAh (1. 45.2Cll) or PMA (10 nglml) plus
ionornycin ( 1. ug/ml) for 42 h (left panel). ConA-activated splenic T cells (105 per well) were preincu bated with RPMl 1640 medium containing
1% FBS and 50 l1M 2-11wrcaptodhanol for 12 h and then stimulated with rhIL-2 for 42 h (right panel) . Inc cells were then pulsed with
eH]thymidine and harvested. (D) Internalization and degradation of IL-2 in activated T cells. Activated T cells from STAM1+ /+ or STAMI-/­
mice were tested for 1251_lL_2 internalization (left panel) and degradation (right panel). Data represent means and standard errors for three
independent experiments performed in triplicate.

and IL-2 were seen for the STAMI + /+ and STA1V11-/- mice
(Fig. 3C). \Ve also confirmed that IL-2 induced the expression
of c-myc, c-fos, and bcl-Z in activated T cells derived from
STAMI +/+ and STAMl - l -- mice equally well (data not shown).

EAST and HBP, respectively, are chicken and mouse mol­
ecules homologous to STAMI and were recently reported to

be involved in the recep tor-me diated end ocytosis of epidermal
cell growth factor (18) and the vesicular transp ort of PDGF­
PDGF receptor complexes through early endosomes (33).
Hence, we examined whether or not STA..M1 is involved in the
internalization and degradation of IL-2. Activated T cells de­
rived from the spleens of STAMI -f / + and STAM l --/ -- mice
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FIG. 4. Abnor ma lities in hippocampal CA3 subfields of STAM1 "/-' mice. (A to H) HE staining of anterio r coronal hippocampus sec tions of
mice. Mice were STAMl +/ '- (A. C. E, and G ) and STAMl ' -1" (B. D, F. and H) and were S weeks old (A and B), 5 wee ks old (C and D), 7 weeks
old (E and F), and 9 weeks old (G and H) . No te the loss of pyramidal cells in tht: CA3 subfields in STAMl -r-Lr- mice (a rrowheads) . DG, dentate
gyrus. (J to L) Anti-GFAP antibody staining . Bra in sections derived from STAMI +/~ and STAMl - /- mice were irnrnunostained with anti-GFAP
antibody. Gliosis (arrowhea ds) in hippocampal CAi subfields was observed in STAMl - 1- mice that were 4 weeks old (J ) and 7 weeks old (L) but
not in STAMI ~/~ mice that were 4 weeks old (I) and 7 weeks old (K). (M and N) T UNE L stai ning of hippocampa l CA3 subfields. Hippocampus
sections of 4-week-old STAMI ~:+ and STMl1 - /- mice wer e staine d for TUNEL. Arrowhead s indicate pos itive staining for TUNEL. (0 and P)
Calbindin immunos ta ining. The sect ions wer e prepar ed from the brains of9-week-o ld STAMI + / + and STAM 1- 1

- mice. DG and mo, dentate gyrus
and mossy fibers, respectively. Bars, 0.4 men.

were examined for in ternalization and degradation of IL-2,
and no significant differe nce in these processes was observed
between the se mice (F ig. 3D ).

Abnormalities in hippocampal CA3 subfields in STAMI-1
­

mice. Histopathologica l examinations of STA M I ../ .. mice re­
vea led no rma l morphogenesis in all tissues, including lymphoid
tissue s. How eve r, one clear exception was provided by analysis
or the brains of these mice. HE stain ing of hippocampus sec­
tions showed litt le d ifference bet ween 3-week-old STAMI +/+

and STANll - l
- mice (F ig. 4A and B). However , the numbers

of pyramida l cells in th e hippocampal CA3 subfields were
significan tly reduced in 5- and 7-week-old STAMI-/- mice
(Fig . 4C to F). Few pyramid al cells could still be observed in
the hippocampal CA3 subfields of STAM1" /'- mice at 9 weeks
of age, whereas the numbers of these cells were unchanged in
STAM 1+/+ mice of a similar age (Fig. 40 and H) . The same
abnormality in the hippocampal CA3 subfields was observed

for mutant strains derived from two ind ependent clones with
mixed I 29/Sv X C57BU6J and congenic C57BL/6J ( ~10-gen­

era tion backcross) genetic backgrounds. Th ese observations
indicated that the defect in CA3 pyramidal cells in STAr...ll

o

. / ••

mice was due to their degeneration aft er normal hippocampi
initia lly developed.

To assess the gliosis caused by neural ce II destruction in the
STAMl - 1- hippocampal CA3 subfield, we performed imrnu­
nostaini ng assays for GFAP. The numbers of GFAP-positive
astrocytes in the hippocampal CA3 sub fields were significantly
higher in the STAM 1- /- mice and increased as the mice aged
from 4 to 7 weeks old relative to the results for the STAMl +1+

mice (Fig. 41 to K). Moreover, moderate gliosis also occurred
in amygdaloid nuclei and thalamic nuclei in 7-week-old
STANn --/_.- mice (data not shown). Next we performed

TUNEL staining, which detects DNA fragmentation in dying
cells. Numerous TUNEL-positive cells were detected in the
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FIG. 5. Expression of STAMl in adult mouse brains and embryos. (A and B) Expression of STAAll mRNA in brains. Brain sections prepared
from 4-week-old STAM1~-i+ and STAM1 --/-- mice were used for in situ hybridization for STAM1 mRNA. Cb, cerebellar cortex; CP, caudate
putamen; ex, cerebral cortex; 1-1, hippocampal formation; MO, medulla oblongata; OB, olfactory bulb; Th, thalamus. Bar, 1 mm. (C and D)
Expression of STAM1 in hippocampal formation. Hippocampal sections prepared from 4-week-old STAM1··-/+ and STAM1--/--' mice were used
for in situ hybridization for STAM1 mRNA. Note STAM1 mRNA in a hippocampal pyramidal cell layer from CAl to CA3 and the dentate gyms
(DG). MH, medial-habenular nucleus; CC, corpus callosum. Bar, 0.5 mm. (E and F) Expression of STAM1 mRNA in embryos. STAM1+ 1+ and
STAM1- /- embryos at E1K5 were tested for STAMl mRNA expression by in situ hybridization. BF, brown fatty tissue; Cb, cerebellar cortex; Cx,
cerebral cortex; DRG, dorsal root ganglia; G, gut; H, hippocampal formation; Ht, heart ; Li, liver; SP. spinal cord; Thy, thymus. Bar, 1 mm. (G and
H) STAM1 immunostaining of mouse hippocampal formation at postnatal days 5 (G) and 14 (H). DG,dentate gyms. Bars, 0.2 mm.

hippocampal CA3 subfields of STAMI-/- mice, but few were
detected in those of STA.:.\H +/+ mice (Fig. 4M and N). These
results suggest that neuronal cell death occurs in a specific
region, especially the hippocampal CA3 subfields, of the
STAMr-/"- mouse brain.

To examine the mossy fiber pathway that connects granule
cells to CA3 pyramidal cells, we performed immunostaining
assays for calbindin, which selectively stains neurons in the
dentate gyrus containing the mossy fiber pathway. Despite the
profound reduction of pyramidal cells in the hippocampal CA3
subfields of STAMI - /- mice, the staining patterns of calbindin
were not significantly different between STAM1 +/+ and
STAMI-/- mice (Fig. 40 and P). This result suggested that
the mossy fiber pathway was normal in its overall projections in
the hippocampi of STAMI - /- mice.

Expression of ST~Hin mouse brains and embryos. His­
topathological examinations revealed abnormalities in the hip­
pocampal CA3 subfields of STA1\1I"-/-" brain tissues. Hence, in

situ hybridization was performed in order to examine the ex­
pression of the STAMI gene in the central nervous system. In
the brains of 4-week-old STA:.\1I +/+ mice, STAlvIl mRNA was
expressed throughout the neuroaxis, including the olfactory
bulb, cerebral cortex, caudate putamen, thalamus, cerebellar
cortex, medulla oblongata, and spinal cord (Fig. 5A). An ap­
parently higher level of STAMI mRNA expression was ob­
served for the hippocampal pyramidal and dentate granule cell
layers without any obvious differences among sectors of Am­
mon 's horns (CAl to CA3) (Fig. 5C) . Weak hybridization
signals were also detected in the white matter, such ali the
corpus callosum, hippocampal fimbria, and cerebellar medulla,
suggesting that both neuronal and glial cells expressed STAMI
mRNA At E18, STAMI mRNA was ubiquitously expressed in
organs and tissues, including the brain, spinal cord , dorsal root
ganglia , thymus, heart, lungs, liver, kidneys, gut, and brown
adipose tissues (Fig. 5E). In STAMI --/-- mice, the hybridiza­
tion signals described above were completely abolished, sug-

-42-



VOL 21, 2001 STAM1 KNOCKOUT MICE 3815

L

STAM 1

Synapsin I

SNAP-25

PSD·95

FIG. 6. Subcellular localization of STAMl. Primary hippocampal neurons from STAMI +/+ (A) and STAMI-/- (B) embryos at ElKS were
imrnunostained with anti-STAMJ. antibody after 14 days of culturing. A spot-like staining pattern (arrowheads) was observed in STAM1+/+
neurons . Bars, 20 urn. (C to K) Coimmunostaining for STAMI and synaptic markers. Primary hippocampal neurons from a STAMI+l+ embryo
were stained with anti-STAM1 antibody (green, C, F, and I), ami-GluRl antibody (red, D), anti-Synapsin-I antibody (red, G), or anti-SNAP-25
antibody (red, J) or doubly stained with anti-STAM1 and each marker (E, H, and K). Considerable overlap (arrowheads) was observed between
the spots of STAMI and synaptic markers. Bars, 20 p.m. (L) Subcellular fractionation of synaptosomal components prepared from mouse cerebral
cortices as described in Materials and Methods. Ten micrograms of each fraction was analyzed by SDS-PAGE, electrophoretically transferred to
PVDF membranes, and incubated with anti-STAMl, anti-Synapsin-I, anti-SNAP-25, and anti-PSD -95 antibodies. Syn, synaptosome.

gesting the specificity of the oligonucleotide probe and further
confirming the disruption of the STA:.\1I gene (Fig. 5B, D, and
F). Furthermore, we performed immunohistochemical analysis
to examine the expression of the STAMI protein in the mouse
hippocampus at postnatal days 5 and 14 (Fig. 50 and H).
Hippocampal neuronal labeling was conspicuous throughout 0

the CAl, CA3, and dentate gyrus areas. Staining patterns of
STAMI were not altered during brain development.

Subcellular localization of STAAB in primary cultured neu­
rons. To investigate the function of STAi\11 in neurons, we
performed indirect immunofluorescence staining of STAMI in
primary hippocampal neurons derived from embryos. STAMI
staining was detected in the cytoplasm of dendrites and somata
but not in the nuclei of wild-type neurons (Fig. 6A), while it
was undetectable in STAMI ---i-- neurons, confirming the spec­
ificity of the anti-STAMI antibody (Fig. 6B). In dendrites, a
spot-like staining pattern was observed, suggesting that
STAMI might be present in synaptic regions. To test this idea,
Wild-type primary neocortical neurons were doubly stained for
STAMI and the synaptic markers GluRl (8), Synapsin-I (13),
and SNAP-25 (26). Overlapping staining between STAMI and
the synaptic markers was observed (Fig. 6E, H, and K). Fur­
thermore, to examine the subcellular localization of STAJ.\.f1,
We prepared immunoblots of subcellular fractions of synapto­
somal components prepared from mouse cerebral cortices.
STAMI was enriched in the synaptosomal fraction and more

enriched in the synaptic vesicle fraction (Fig. 6L). These results
suggest that STAMI is present in synaptic regions.

Susceptibility of STAMI-/- mice to kainic acid-induced
seizures. STAMI might contribute to signal transduction and
vesicle transport at synaptic sites. Moreover, STAMI-/- mice
had abnormalities in hippocampi and amygdaloid nuclei, which
are concerned with seizure attacks. Kainic acids elicit seizures
directly by stimulation of glutamate receptors and indirectly by
increasing the release of excitatory amino acids from nerve
terminals (4, 41). The region most vulnerable to kainic acid­
induced neuronal damage is the hippocampus (4). On the
other hand, PTZ is known to induce seizures by.blocking the
')'-aminobutyric acid inhibitory postsynaptic potential (43).
Hence, we tested the induction of seizures in C57BU6-
STAMI 0 __ / mice initially upon stimulation with kainic acid and
demonstrated that the seizure susceptibility of C57BV6­
STAMI -/- mice (?-:lO-generarion backcross with congenic
C57BU6J) was greater than that of wild-type C57BL/6 mice
(Fig. 7A). However, no difference in seizure susceptibility was
observed between C57BIJ6-STAMI-/- and wild-type C57BU6
mice following injection with PTZ ilt both low (30-mglkg) and
high (50-mg/kg) doses (Fig. 7B). These results suggest that the
greater susceptibility of STAM1-/- mice to kainic acid-in­
duced seizures is not due to alterations of drug delivery to the
brain or to blockage of the inhibitory postsynaptic potential.

Since our histological observations indicated that the loss of
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FIG . 7. Suscept ibility to kainic acid-induced seizures of STAM I - 1- mice. (A and B) Score s for seizures induced by kainic acid and PTZ.
Four-week-old C57Bl)6-STAM 1+ /+ (open symbols in A) and C57BlJ6-STAMI-I- (filled symbo ls in A) mice were injected intraper itoneally with
kainic acid (A) at doses of 10 (circles), 20 (triangles), and 30 (squares) rng per kg of body weight and with PTZ (B) at 30 and 50 rng per kg. Seizures
were scored as follows: 1, arrest of motion; 2, myoclonic jerks of the head and neck with brief twitching movements; 3, unilat eral clonic activity;
4, bilate ral forelimb tonic and donie activities; and 5, generalized tonic and clon ic activities with loss of posture and death from continuous
convulsions. At least six mice in each group were obse rved and scored to derive the temporal response curve . PTZ provoked rapid and abrupt
gene ral tonic-clonic convulsions, so the same criteria were used to record the PTZ-induced seizures within 5 min of injection. (C) Vulnerability
of STAM1 --/--- primary hippocamp al neuron s to cell deat h induce d by kainie acid and an NO donor. Hippocampal neurons were isolated from
C57BU6-STAMl';' /-'- and C57BU6-STAMl--/·· embryos at ElKS. Cult ured neurons were treated with 150 uM kai nic acid or 50 p.M SNP . After 24 h,
they were examined for cell viability by the Alama r blue assay. Data represen t means and standard errors for three independent experiments
pe rformed in triplicate. An asterisk indicat es a P value of <0.01 for a comparison with the wild type.
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neurons in STAM1-/- mice was due to a degenerative process
after normal hippocampi initially developed, we thought that
this degenerative process might be an accelerated vulnerability
of STAMI -/- neurons to death induced by various stresses. To
examine this possibility, we purified primary hippocampal neu­
rons from wild-type and STAMI --J -- embryos and tested them
for sensitivirv to kainic acid and an NO donor, SNP. The
neurons from STAMl ---/-- mice showed greater sensitivity to
death induced by kainic acid and SNP than did those from
STAMI +/+ mice (Fig. 7C).

DISCUSSION

STAM1, in association with Jak2 and Jak3, was previously
shown to be involved in signaling for cell growth and c-myc
induction mediated by IL-2 and GM-CSF (35). In spite of this
revelation of the in vitro functional role of STAMl, the present
study demonstrated that targeted disruption of STk\11 had
little effect on the development of hematopoietic cells, includ­
ing T, B, myeloid, and erythroid cells, and on the proliferative
responses of bone marrow cells and splenocytes to IL-2 and
GM-CSF. These data suggest that STAMI is not critically
required for the development of lymphocytes and cytokinc­
mediated signaling in lymphocytes. However. using STAMI -/­
mice, we documented here that STAMI is essential for the
survival of CA3 pyramidal cells in vivo. Mutant mice having a
specific abnormality in I he CA3 pyramidal cells of the hip­
poca mpus have not been reported thus far. Since the hip­
pocampal CA3 subfields are known to be implicated in learn­
ing and memory (12, 20), our STk\1r-/- mice may provide a
useful tool for revealing the neurological significance of CA3
subfie lds as well as the regulatory mechanism of CA3 pyrami­
dal cell survival.

STAMI is involved in the survival of CA3 pyramidal neu­
rons. STAMl -- /-· mice showed neurological abnormalities, in­
cluding defects in the hippocampal CA3 region and a leg­
clasping reflex. The abnormal leg reflex has been observed for
seve ral mutant mice as an early symptom of neurological de­
fect s (15, 40). Histological analysis of the nervous systems of
the STAM1 - /- mice revealed an apparent reduction in the
num bers of pyramidal cells in the CA3 subfields of the hip­
pocampi. We thought that such a phenomenon in STAIvl1 - /­
mice was not due to their growth retardation because no re­
duction in the numbers of other vulnerable neurons, for exam­
ple, CAl pyramidal cells and cerebellar Purkinje cells, was
see n. The fact that the loss of CA3 pyramidal cells was ob ­
served in adult STAMl --/-- mice but not in young STAMl--/-­
mice indicated that CA3 pyramidal cells initially developed in
STAM1 --/ -- mice and were then extinguished. GFAP immuno­
staining and TUNEL staining also disclosed neuronal cell
death, in particular, in the hippocampal CA3 sub fields of the
STAM1- i - mice. These data suggest that STAMI is dispens­
able for the development of CA3 pyramidal cells but is in­
volved in their survival. We confirmed the significant expres­
sion of STAM2 in the hippocampal CAJ subfields of the
STAr...'11--/- mice (data not shown), suggesting that STAM2 is
unable to compensate for STAMI in the promotion of CA3
pyramidal cell survival in STAMr-/- mice.

In situ hybridization and immunohistochemical analyses
showed that STAMI was highly expressed in the hippocampal
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pyramidal and dentate granule cell layers without any obvious
difference among subfields CAl to CA.1 in the wild specimen.
Although this result is insufficient to explain the specific de­
struction of CA3 pyramidal cells in STAMI - /- hippocampi, a
high level of STMIl expression in hippocampal neurons sug­
gests that STAMI may play an important role in the hippocam­
pus. On the other hand, we found that STAMl-- ;-- mice were
highly susceptible to kainic acid-induced seizures. Since kainic
acid causes neuronal damage, especially in the hippocampus
(4), the susceptibility to kainic acid-induced seizures may result
from hippocampal vulnerability of STAMI -/- mice. In this
context, we demonstrated that STAMI-/- primary hippocam­
pal neurons were more sensitive to death induced by kainic
acid and an NO donor in vitro than were wild-type neurons.
Since both kainic acid (3,29) and NO donors (29, 36, 37) are
known to induce neuronal cell death, it can be assumed that
STAMI may have a role in protection against these stresses in
hippocampal neurons. The NO donor-induced neuronal apo­
ptosis could be inhibited by antiapoptotic proteins, such as
Bcl-2 and Bel-X (36); however, when we investigated the ex­
pression of Bcl-2 and Bel-X in STAMI --/ -- primary hippocam­
pal neurons, no significant difference was seen between
STAMI-/- and STAMI + /+ mice (data not shown). Although
we have not yet elucidated the exact role of STAMI in sus­
taining the survival of CA3 pyramidal cells in hippocampi, the
loss of CA3 neurons and the susceptibility to kainic acid-in­
duced seizures in STAM1-/ - mice suggest that STAMI is
involved in the survival of CA3 pyramidal cells.

STAMI is associated with Hgs (Hrs), an FYVE finger pro­
tein (1, 6, 11, 19). A variant of Hrs, Hrs-2, has been shown to
playa regulatory role in the docking and/or fusion of synaptic
vesicles to plasma membranes through a calcium-regulated
interaction with SNAP-25 (2, 39). The Hrs-2 expression pat­
tern is very similar to that of STAMI in adult mouse brains and
embryos (38). Moreover, our data suggest that STAMI may be
present in synaptic sites. Hence, it can be hypothesized that
STAM 1 is also involved in the regulation of the docking and/or
fusion of synaptic vesicles. However, we showed that STAMI
was not essential for IL-2-mediated vesicular transport in
ST AMI-/ - lymphocytes. Although the processes of ligand­
mediated vesicular transport may not be identical between
synaptic sites and lymphocytes, it is possible that STAMI does
not contribute to vesicular transport in neurons.

STAMl --/-- mice showed growth retardation and had a short
lifespan. To investigate the mechanism of these phenotypes,
we examined various metabolic markers and hormones in the
blood and urine, such as levels in serum of total protein,
glucose, glutamic-oxaloacetic transaminase, glutamic-pyruvic
transaminase, lactic dehydrogenase, creatine phosphokinase,
blood urea nitrogen, electrolytes, growth hormone, thyroid­
stimulating hormone, insulin, lcptin, and corticosterone. We
could not detect any abnormalities in these indices, and the
serum leptin level and food intake of the STAMI-/- mice
were not significantly different from those of the wild-type mice
(data not shown). We observed that gliosis occurred not only in
the hippocampal CA3 region but also in the thalamic nuclei
and amygdaloid nuclei in older STAMI-/- mice (data not
shown). So, we can hypothesize that a systemic deficiency in
the nervous system leads to the death of older STAMl---/--­
mice. However, we have no evidence suggesting the direct
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mechanism causing the phenotypes, including death, of the
STAM1-t- mice.

Deletion of STAMI does not compromise lymphocyte re­
sponses to cytokines. The bone marrow cells and splenocytes
derived from the STAM1-/- mice responded to various mito­
gens, such as anti-CD3, IL-2, and GM-CSF and their combi­
nations, as well as did those derived from the wild-type mice.
Similarly, IL-2-induced c-myc expression was not impaired in
activated T cells derived from the STAMr-i'" mice. These
observations obtained with STAMI -/- cells suggest that
STAMJ is dispensable for cytokine-rncdiated signaling in lym­
phocytes . Since STAM2, like STAMI, was involved in signaling
for DNA synthesis and c-myc induction mediated by IL-2 and
GM-CSF in vitro (9, 27), it is possible that STAM2 compen­
sates for STAMI in the intracellular signaling mediated by
cytokines in STA1\1I-t- mice. In order to test the in vivo
relevance of such compensation, the generation of STA:.\12­
deficient .mice and their crossing with STAMI-deficient mice
are required.
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