
SHP-1 that in turn functions to inactivate 
the kinase and negatively regulate TCR 
signal transduction. Therefore, the kinase is 
directly responsible for its own negative 
regulation. 
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Entorhinal-Hippocampal Interactions Revealed 
by Real-Time Imaging 

Toshio lijima,* Menno P. Witter, Michinori Ichikawa, 
Takashi Tominaga, Riichi Kajiwara, Gen Matsumoto 

The entorhinal cortex provides the major cortical input to the hippocampus, and both 
structures have been implicated in memory processes. The dynamics of neuronal circuits 
in the entorhinal-hippocampal system were studied in slices by optical imaging with high 
spatial and temporal resolution. Reverberation of neural activity was detected in the 
entorhinal cortex and was more prominent when the inhibition due to 7-aminobutyric acid 
was slightly suppressed. Neural activity was transferred in a frequency-dependent way 
from the entorhinal cortex to the hippocampus. The entorhinal neuronal circuit could 
contribute to memory processes by holding information and selectively gating the entry 
of information into the hippocampus. 

A number of mechanisms have been pro
posed to underlie memory formation in the 
central nervous system, including long-last-
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ing changes in synaptic efficacy (I) and 
reverberation of activity in a closed loop of 
excitatory neurons (2) as demonstrated in 
the cerebellonuclear-pontonuclear system 
(3). In the entorhinal-hippocampal system, 
both mechanisms have been proposed to 
underlie the significant contribution of this 
system to learning and memory (4). The 
hippocampus (5) is a crucial structure for 
memory processes, and the closely associat
ed entorhinal cortex (EC) likely executes a 
specific role as well (6). Superficial layers of 
the EC receive sensory inputs from parts of 
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the association cortex and convey that in- turned to the deep layers o f  EC, which may information takes place (6),  or to the super- 
formation to the hippocampus. The output return the information either to the associ- ficial layers of EC (7). 
of the hippocampus is subsequently re- ation cortex, where the long-term storage of Within a horizontal slice preparation, 

p : : T  +, : , , .,* ..,-&{ .-? -r .s =\&wq,;.;,-', . , 
.. @.:..;n,.i.r. ...,, t ' .. -. ~ . ~ : . ~ - . - '  ~. _ . . ,  . - .- . 

, . , . , 
I .  ,. ' _ - K'. 

Fig. 1. (A) Real-time imaging of the spread of 
neural activity in the entorhinal-hippocampal slice 
(9) with 5 pM bicuculline added to the medium. 
The time after the stimulation is indicated below 
each image (in milliseconds). Optical recording 
with fluorescence voltage-sensitive dye (70) was 
made from the square area in (B), which included 
EC and the hippocampus. The stimulating elec- 
trode was placed between layers II and Ill. At 1.2 
ms after stimulation, a spot of about 200 pm in 
diameter was activated, the activity of which ex- 
panded to a strip of about 1.4 mm by 0.7 mm in 
the superficial layer in 4.8 ms (not shown). Neural 
activity was encoded as pseudocolor and super- 
imposed on the bright-field images. The length of 
the color code bar corresponds to a 0.1 % frac- 
tional change in fluorescence signal. A fraction of 
each optical signal, the amplitude of which was 
below the maximum amplitude of background 
noise, was not color coded. Reverberation was 
observed only in horizontal slices obtained from 
the ventral part of the rat brains, 2.4. to 3.0 mm 
dorsal to the interaural plane. (6) Digitized image 
of the counterstained slice in (A) (7 7). Abbrevia- 
tions: DG, dentate gyrus; LEA, lateral entorhinal 
area; MEA, medial entorhinal area; and S, subic- 
ulum. (C) An optical signal (lower trace) recorded 
by a pixel over a part of MEA is compared to the 
field potential (upper trace) obtained from the 
same site simultaneously. The record was ob- 
tained from a slice other than the one shown in (A) 
and (B), but under similar conditions. (Supple- 
ment) Reverberation of neural activity in EC and 
transfer of activity from EC to the hippocampus. 
The movie is available on Science On-Line (14). 

Fig. 2. Real-time imaging of neuronal actkity in the entohi- 
nal-hippocampal slice (9) superfused with normal solution. 
Optical recording was made with the use of absorption dye 
(10). Repetitive stimulation (1 Hz) was applied to the LEA at a 
position comparable to that illustrated in Fig. 1 B. (A) Propa- 
gation of activity after the first stimulus is restricted to super- 
ficial and deep layers of LEA, with only minor spread into 
MEA. (6) Propagation of activity after the seventh stimulus. 
After 21.6 ms, activation enters the dentate gyrus, subse- 
quently spreading along its transverse extent (32.4 ms). Ac- 
tivity was almost stable up to 60 ms, after which a decline 
occurred. Even after the second stimulus, the medial spread 
of activity in EC was evident. The second through ffth stimuli 
also resulted in weak and restricted activation of the dentate 
gyrus. Only after the sixth and seventh stimuli was activation 
apparent in the dentate gyrus along its transverse extent . 
The length of the color code bar corresponds to a 0.05% 
fractional change. (Supplement) Gating the entry of neural activity into the hippocampus, the movie is available on Science On-Line (14). 
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large portlons of the entorhinal-hippocam- 
pal c i r c ~ ~ i t  are conserl,ed (3). T o  reveal the 
f~lnctional dy~lamics of tills circu~try, \re 
visualized the propagation of neural act~vity 
in slices (9) that follolved entorlii~h~il stim- 
ulatlon through the use of ~~oltage-sensitive 
dyes and real-time opt~cal  ~lnaginfi (1 0, 11 ). 
Because the propa,aation of ne~lrxl activity 
in a s l~ce  can be suppressed 1?y local inh~b-  
itiory ~ l e ~ ~ r o t r a l h s ~ l h i s ~ i o ~ ~ ,  we performed some 
of the optical recordings 111 sl~ces bathed 111 

bicuculline (1  or 5 ~ h . 1 )  to partly suppress 
the ~nhib i t~o l l  by y-am~nohutyr~c acid 
(GABA)-containing inhibitory neurons. 

Figure 1 sho~vs the op t~ca l  imaging of 
the propagation of neural activ~ties in a 
horizontal slice of the rat brain containing 
the EC a n ~ l  hippocampus (12) .  Before 
stimulation, no spontaneous activity was 
recorded by optical ~maging. Focal neural 
excitation In two of the superfic~al layers 
(layers I1 and 111) of EC was evoked by a 
single electr~cal sti~nulation (Fig. 1B). The  
activity first spread laterally and medially 
in the superficial layers and subsequently 
led to act~vat ion of the deep layers (layers 
\I and VI). A t  33.6 111s after EC stirnula- 
tlon, activity invaded the hippocampus. 

. . . . . . . . . . . . . . . . . . . . . . . .  

Association cortex 

Fig. 3. Model of neural crcults that may underlle 
the propagation of neural acii\~liy in EC and the 
hppocampus. The EC contains a closed neuronal 
loop ~ncudng variable transverse and radal local 
connectons (19). One of the possible local clrcuits 
corresponding to theactlvaton patterns In Fg. 1 is 
Indicated by the s o d  n e .  Input-output pathways 
link this network to the hippocampus and the as- 
sociat~on cortex. Incoming sensory information 
from adjacent assocation areas (gray arrow) influ- 
ences the superiicial layers of EC. By the perforant 
path this actvity could be transferred to the hp- 
pocampus. Resulting acti\~ity of the dentate gran- 
ular cells W!I be transferred to CA3. CAI and the 
subiculum, In parallel, the incomlng actlvlty may 
be held In the entorhlna reverberating clrcuit. 
Eventually, processed informailon w enter the 
entorhlna network 17). Over tlme. the repetitive 
activation of the superiicial and deep layers of EC 
may lead to frequency-dependent mult~ple actlva- 
tions of the hppocampal formation: alternatively. 
the EC could convey nformation to the assocla- 
tion coriex. 

Although activity of the hippocamp~~s dis- 
appeared around 15 1.2 111s after tlhe stim- 
~ ~ l a t ~ o n ,  EC renlained active. During tlhe 
lnext 200 Ins. the a c t i v i t ~ ~  reverberated at 
least twice alo~hg the medial-to-lateral axls 
of EC. During thls period, the hippocam- 
pus showed only partial and weak activa- 
tlon. The  nest  excitation of EC, mlhich 
ben'in at 352.8 ms, aoain induced activa- - 
tlon of the hlppocampus. The  exci tat~on 
that appeared laterally ~n the Jeep layers 
of EC moved mediallv. and at ahout 386.4 , , 

nu,  transfer to the superficial layers oc- 
curred. Subseuuentlv, activity entered the 
hippocampus and remained present for 
about 79 ms. During that same period, 
act~vi ty reverberated once Inore in EC and 
ceased after 503 111s (13). This pattern of 
activation can be v~ewed in real time in 
Science On-Line (14). Based on  calcula- 
tions fl-om these data, the conduction ve- 
locity in each layer ranges from 0.04 to 
9.99 m/s (15). 

A single stimulus applied to EC resulted 
In several reverberaton, waves in EC. In 
only two of the reverberations, activity ~ n -  
vaded the hippocampus. Keurons in the 
superficial layers of EC, which send t h e ~ r  
axons to the hippocampus, are u~lder strong 
local inhibiton- control, which can be over- 
come by highe' fl-equencr stirnulatio~l ( I  6) .  
It is possible that reverberation leads to 
renet~tive stimulation. which overconles 
the inhibitorr component that is still 
present in the slice (17). This hypothesis 
nas tested by a p ~ l ~ c a t i o n  of a 1-Hz stimulus 
to the sunerfic~al lavers of LEA of slices 
bathed in normal solutio~l (without 
GABA,  antagonists). The first stimulus re- 
sulted only in restricted activation in lateral 
entorhinal area (LEA) (Fig. 2).  After the 
seventh stimulus, marked spread of activity 
into the medical entorhinal area (MEA) 
and into the whole of the dentate gyrus was 
observed. 

The  moveme~lt of the activity as imaged 
in entorhinal-hippoca~npal slices can be ex- 
plained by the interaction of at least two 
circuits, one constituting a reverberat~ng 
entorh~nal  circuit and the other connecti~lg 
the EC with the hippocampus (Fig. 3). The  
reverberating circuit is driven not only by 
activat~on of the cunerf~cial lavers. ~vhich , , 

are the major recipients of multimodal sen- 
sory inputs ( 7 ) ,  but also by hippocalnpal 
output from C A I  and the subiculu~n to the 
dee i  layers of EC ( 1  8). 

The present f~ndings have at least two 
fr~nctional implicat~ons. First, the presence 
of reverberating circuits indicates that EC 
may hold i~lfor~nation for a certain per~od of 
time. Second, by selectively gating informa- 
tion flow, entorhinal circuits may srtbser\-e 
spatial and temporal integrat io~~ of entorhi- 
11al activity before inforlnation is conveyed 
to the hippocampus. 
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form actl\!lty However, we concluded that thls was 
not the case because (I) no actlvity was recorded 
before s t~muaton to EC was apped.  (11)  s tmuaton 
of EC evoked acrvty only for 6CO ms. and ,lo activity 

was measured afterriard, (111) no sgnfcant change In 
propagaton patterns was seen durng sessons (up 
to 2 hours), (IS!) drecty adjacent s c e s  under smlar  
condtons conslstenty d ~ d  not show any oscilat~ons: 
and b) no overall osc~llatory actlvlty is seen n the 
hppocampus of the same slice [E. \IV. Lothman, E. 
H. Bertram I .  J L. Stringer, Prog. Neuiobiol. 37 1 
(1 991) U Henemann e: a/., Epilepsy Res. Suppi. 7,  
273 (1 992). 

14 The mo\!ie 1s a\!alIable at http /:sc~ence-mag aaas 
org/sc~ence/feature/beyond/*~~j~ma. 

15 I. Vraneslc. T. I j~ma. M ch14awa. G Matsumoto T. 
Knopfel, Proc Natl Acad. SCI. U.S.A 91 , 1301 4 
(1 994) 

16 R. S. G Jones, Tienok Neuiosci 16,  58 (1993). 
Hippocampus 5, 125 !1995), D. M Flnch A. M 
Tan, M sokawa-Akesson. J Neuroscl. 8, 2213 
(1988): D. M. Flnch E E. \!Vong. E. L Derlan. T. L 
Babb, Brain Res. 397, 205 (1986). The freauency- 
dependent d e c n e  In GABA lnhlbton may be due 
to desensitization of GABA receptors, to changes 
in eau~ lb r~um potentials ior C and K' resulting 
froln redlstrbuted o n  gra-llents, or to the feedbacK 
nhlbltlon of GABA release aiter actvation of pre- 
synaptc GABA, or GABA, receptors or both [M. 
McCarren and B E Ager.  J. Neuiophys~o! 53, 557 
(1985). J. R.  Huguenard and B E. Ager,  /bid. 56 1 
(1 986). S. M T h o ~ ~ p s o n  and B H Gai iwer ,  ibid. 

TABI: An Activator of the TAKI MAPKKK in 
TGF-P Signal Transduction 

Hiroshi Shibuya, Kyoko Yamaguchi, Kyoko Shirakabe, 
Akane Tonegawa, Yukiko Gotoh, Naoto Ueno, Kenji Irie, 

Eisuke Nishida, Kunihiro Matsumoto* 

Transforming growth factor-p (TGF-P) regulates many aspects of cellular function. A 
member of the mitogen-activated protein kinase kinase kinase (MAPKKK) family, TAKl , 
was previously identified as a mediator in the signaling pathway of TGF-P superfamily 
members. The yeast two-hybrid system has now revealed two human proteins, termed 
TAB1 and TAB2 (for TAKl binding protein), that interact with TAKI. TABl and TAKl were 
co-immunoprecipitated from mammalian cells. Overproduction of TAB1 enhanced ac- 
tivity of the plasminogen activator inhibitor 1 gene promoter, which is regulated by TGF-P, 
and increased the kinase activity of TAKl.  TABl may function as an activator of the TAKl 
MAPKKK in TGF-P signal transduction. 

T h e  mitogen-activated protein kinase 
(MAPK) pathxay is a conserved eukaryotic 
signaling nlodule that converts receptor sig- 
nals into various outpnts. This pathway in- 
cludes three protein kinases: MAPKKK, 
MAPKK, and MAPK; LllAPK is a c t i ~ a t e d  
through p h o ~ p h o r ~ l a t i o n  by LllAPKK, 
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which is first activated by MAPKKK ( I  ) .  A 
member of the MAPKKK family, T A K l  
(TGF-P-activated kinase I ) ,  that functions 
in the signaling pathway of TGF-P super- 
family ~llenlhers has been identified (2) .  
TGF-P signals through a heteromeric com- 
plex of type I and type I1 TGF-P receptors, 
which are translne~nbrane proteins that 
contain cytoplasmic serine- and threonine- 
specific kinase do~nains  (3). However, little 
is known at  the molecular level of the  sig- 
naling mechanism do~vnstream of the  
TGF-P receptors. 

T o  analyze the  TAK1-dependent path- 
way that functions in TGF-P signal trans- 
duction, we used the  yeast two-hybrid sys- 
tem (4)  to search for proteins that directly 
interact ~ v i t h  TAK1. Yeast cells were co- 
transformed with a T A K l  expression vec- 
tor, encoding the  LexA D N A  binding do- 
main fused to T A K l  (S), and plasmids con- 

61. 501 (19891. R. A. Deisz and D. A. Prlnce, J. 
Physioi. (London) 41 2, 51 3 (1 989); L. S Benardo, 
Brain Res. 607, 81 (1 993)l. 

17. Even In the presence of bcuculline (1 to 5 pM) mem- 
brane depolarizat~ons were generally followed by 
o n g a s t n g  hyperpoarizations, wh ch m p e s  that the 
nhbltory system is not fully suppressed, In normal 
solution. stmuus frequencies of 1 Hz and hgher can 
overcome the o c a  inhbiton (16). Thus, with a partal 
suppresson of nhibtion. the reverberating crcult at 
C.l Hz mght be suiilclent to overcome inhibtlon, re- 
sulting In acti\!aton of the perforant pathway 

18. In smlar preparatons. stlmuaton of eitherCA3 orthe 
sub~culum led to activation of the deep layers of EC 
and subsequent reverberat~ng actlvlty Also, dlrect 
stimulation laterally in the deep layers of LEA resulted 
in the spread of activity In the deep layers to M W .  
subsequent spread into superficial layers of MW, fo-  
lowed by actl\!atlon of the reverberating clrcult 
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taining human brain c D N A  expression li- 
brary clones fused to D N A  encoding the 
GAL4 activation domain (GAD) .  Twenty- 
six positive clones encoding two distinct 
proteins, named T A B l  and TAB2,  were 
obtained fl-om -1 X 1C6 transformants. 
T h e  G A D  fusion proteins expressed by the  
two classes of library isolates will be referred 
to as GAD-TAB1 and GAD-TAB2.  T o  
localize the  regions in T A K l  responsible for 
interaction with T A B l  and TAB2,  we ex- 
amined a set of LexA-TAK1 deletion chi- 
meras in two-hybrid assays (Fig. 1A) .  These 
studies revealed that T A B l  and TAB2 in- 
teract with the NH,- and COOH-terminal 
domains of TAK1,  respectively. 

Proteins that interact with T A K l  may 
include both upstream regulators and down- 
stream targets. If either T A B l  or TAB2 has 
a role in the activation of TAK1, one would 
expect that co-expression with T A K l  would 
influence the activity of the latter in yeast. 
W e  developed an in vivo system for assaying 
mammalian MAPKKK activity in the yeast 
pheromone-induced MAPK pathway (2 ,  6) .  
A n  activated form of T A K l  (TAKIAN) is 
able to substitute for Ste l  l p  LllAPKKK ac- 
tivity (7). Expression of full-length TAK1, 
however, fails to rescue the steI 1 A mutation, 
suggesting that yeast cells do not possess an  
activator of T A K l  (2) .  Wi th  the use of the 
yeast LllAPK pathway, both GAD-TAB1 
and GAD-TAB2 constructs were tested for 
their ability to complement the stel  l A mu- 
tation in the presence of TAK1. Co-expres- 
sion of GAD-TAB1 with T A K l  rescued the 
S te l  l p  deficiency, whereas GAD-TAB2 had 
no  effect (Fig. 1B). These results indicate 
that T A B l  augments the activity of TAK1. 

T o  determine nvhether T A B l  increases 
T A K l  activity in yeast cells, we trans- 
formed cells expressing or  not  expressing 
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