
RGCs (8) . Similar results were obtained un-
der both conditions. After 2 weeks in culture, 
we used whole-cell patch-clamp recording to 
measure the significant enhancement of spon- 
taneous synaptic activity by astrocytes (Fig. 
1, A and B) (9). In the absence of astroglia, 
little synaptic activity occurred even when 
RGCs were cultured with their tectal target 
cells (6). This difference in synaptic activity 
persisted even after a month in culture, indi- 
cating that it is not accounted for by a matu- 
rational delay. To examine whether glia reg- 
ulate synaptic activity by enhancing postsyn- 
aptic responsiveness, we measured the re-
sponse of RGCs to pulses of L-glutamate 
applied to the cell somas. Regardless of the 
presence of glia, RGCs responded with in- 
ward currents (Fig. 1C) that were blocked by 
glutamate receptor antagonists (10). The size 
of the postsynaptic response, however, was 
threefold larger in RGC neurons cultured 
with glia (Fig. ID), consistent with the in- 
creased amplitude of spontaneous synaptic 
miniature events (miniature excitatory 
postsynaptic currents, or mEPSCs) recorded 
in the presence of glia (Fig. 2G). To deter- 
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Although astrocytes constitute nearly half of the cells in  our brain, their 
function is a long-standing neurobiological mystery. Here we show by quanta1 
analyses, FM1-43imaging, immunostaining, and electron microscopy that few 
synapses form in  the absence of glial cells and that the few synapses that do 
form are functionally immature. Astrocytes increase the number of mature, 
functional synapses on central nervous system (CNS) neurons by sevenfold and 
are required for synaptic maintenance in  vitro. We also show that most syn- 
apses are generated concurrently wi th  the development of glia in  vivo. These 
data demonstrate a previously unknown function for glia i n  inducing and 
stabilizing CNS synapses, show that CNS synapse number can be profoundly 
regulated by nonneuronal signals, and raise the possibility that glia may actively 
participate in  synaptic plasticity. 

Astrocytes, which ensheathe synapses through- 
out the CNS, are presently thought of as syn- 
aptic support cells, clearing ions and neuro- 
transmitters from the synaptic cleft, but accu- 
mulating evidence suggests the possibility of 
more active roles as well (1-3). The role of glia 
at CNS synapses has been difficult to study 
because glial cells are present in CNS cultures 
and are often necessary for neuronal survival. In 
this study, we have taken advantage of recently 
developed methods to isolate a defined type of 
CNS neuron, retinal ganglion cells (RGCs), by 
immunopanning the cells to greater than 99.5% 
purity (4, 5) and then culturing them in a de- 
fined serum-free medium (5). Using these 
methods, we have previously shown that RGCs 
cultured in the presence of astrocyte-condi- 
tioned medium have 10 times higher levels of 
synaptic activity (6). This glial effect is not 
simply due to enhancement of RGC maturation, 
because RGCs cultured either in the presence or 
absence of glia are electrically excitable, devel- 
op comparable numbers of dendrites and axons, 
and have identical sunrival rates. In addition, 
RGCs cultured under both conditions synthe- 
size, secrete, and respond to glutamate (6) and 
express nearly identical levels of rnRNAs for a 
large battery of neurotransmitter receptors, volt- 
age-dependent ion channels, and synaptic pro- 
teins, as assessed by gene chip analysis (7). In 
this study, we examine whether the increased 
synaptic activity in glia is due to an increase in 
the number of synapses or to the efficacy of 
synaptic transmission. 

rified RGCs in the presence or absence of 
astrocytes. RGCs were cultured for 1 week 
followed by the addition of astrocytes either 
in contact with RGCs or as a feeding layer for 

-

-

4-

Fig. 1. Clial astrocytes (glia) 
enhance synaptic efficacy by 
both presynaptic and postsyn- 
aptic mechanisms. (A and B) In 
the absence of glia, only a low 
frequency of small spontane- 
ous synaptic currents is ob- 
served (A), whereas in the 
presence of glia large sponta- 
neous synaptic currents are 
frequently observed (0). All 
synaptic currents were CNQX- 
sensitive (70). (C) Application 
of 50-ms pulses of 100 FM 
L-glutamate to RCC cell bodies 
at a holding potential of -70 
mV results in sustained inward 
currents. (D) Current densities 
of RCCs cultured in the ab- 
sence or presence of glia. 
Whole-cell currents: RCCs 
without glia, 15.7 + 4.7 pA/pF; 
RCCs with glia, 45 F 8.6 pAf 
pF (P = 0.015, Student's t 
test). (E and F) Autaptic EPSCs 
from RCCs cultured in the ab- 
sence (E) or presence (F) of 
glia. (C and H) Higher synaptic 
failure rates are seen in RCCs 
without glia (C) than in RCCs 
with glia (H). (I) Without glia, 
44 t 18% autaptic neurons 
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0 No GLlA Plus GLlA 

-1 
60 80 
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6 0  8 0  
have detectable EPSCs, where- 
as 100% have EPSCS in the 
presence of glia (Mann-Whit- 
ney U test, P < 0.05). (J) 

Time (msec) Time (msec) To address this question, we cultured pu- 
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Quantal content of RCCs cul- 
tured in the absence of glia is 
7 2 4 compared with 47 110 
for RCCs cultured with glia (in- 
cluding failures, P = 0.004). 
Quantal content was deter-
mined with the direct method. 
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mine whether astrocytes also enhanced pre-
synaptic function, we measured quanta1 con-
tent (QC) of evoked responses in autaptic 
neurons cultured with a feeding layer of as-
trocytes (Fig. 1, E and F) (11, 12), thus 
allowing us to measure presynaptic differenc-
es independently of differences in postsynap-
tic responsiveness. Glia increased QC by sev-
enfold (Fig. lJ). In addition, RGCs cultured 
without glia produced EPSCs only half as 
often as RGCs cultured with glia (Fig. lI), 
and the EPSCs detected without glia had 

Fig. 2. Clial astrocytes (glia) in-
crease the total number of syn-
aptic vesicles released. (A to C) 
Labeling of synaptic puncta with 
FMI-43 in high K+. In RCCs cul-
tured in the absence of glia (A, 
left), FMI-43 weakly labeled 
puncta; pseudocolor inset shows 
weakly labeled areas along neu-
rites. In RCCs cultured with glia 
(A, right), FMI-43 strongly la-
beled many puncta. (B) Normal-
ized data indicate that puncta 
destain in the presence or ab-
sence of glia with similar time 
courses. (C) Comparison of the 
difference in fluorescence inten-
sity (AF) between fully stained 
and fully destained puncta in 
cells cultured with or without 
glia. RCCs with glia take up sev-
en times more FMI-43: without 
glia, mean AF = 216 + 9; with 
glia, mean AF = 1429 + 100 for 
RCCs [arbitraw fluorescence 

higher depression rates (Fig. 1, G and H). 
These findings indicate that glia enhance syn-
aptic efficacy by both a postsynaptic and a 
presynaptic mechanism. 

To directly measure presynaptic function 
without using postsynaptic responsiveness as 
an indicator, we next examined the ability of 
RGCs to take up the fluorescent stryryl dye 
FMl-43 into synaptic vesicles during activity 
(13-16). Despite a prolonged depolarization, 
RGCs that had been cultured in the absence 
of glia took up little FM 1-43 compared with 
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o 
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fold Yncrea; ;n Ca2+-current 
density at a holding potential of 
-50 mV (right). Peak currents: 
-20.7 pA1pF without glia, -87.1 
pA1pF with glia. (E) lonomycin (5 
pM) in the presence of TTX (1 
pM) and picrotoxin (50 pM) in- ;6screases the spontaneous rate of 1 5 5 0
miniature synaptic currents 
(mEPSCs) in RCCs grown both in 

$ 45 

the absence (left) and presence 2 40 

II 
(right) of glia. (F) Comparison of X l o  
the number of mEPSCs detected 5 

after treatment with ionomycin 2 o 1000 zoo0 3000 
indicates that RCCs cultured in AF (arbitrary units) 

the presence of glia have more 
vesicles available for release. Number of mEPSCs: RCC with glia, 3928 + 307 eventslmin; RCCs 
without glia, 250 + 217 eventslmin (ANOVA, P = 0.0006). (G) Cumulative amplitude histogram 
of mEPSC recorded in RCCs in the presence and absence of glia. Mean mEPSC amplitude:with glia, 
33 ? 4 PA; without glia, 21 + 2 pA (P < 0.05, Student's t test). Maximum mEPSC amplitude:with 
glia, 151 PA; without glia, 60 PA. (H and I) Amount of presynaptic vesicle turnover caused by 
calcium influx with ionomycin treatment visualized with FMI-43. In RCCs cultured without glia, 
little labeling of presynaptic puncta occurs (H, left) compared with RCCs cultured with glia 
(H, right). (I) There is no difference between the AF values for puncta loaded with ionomycin or 90 
mM K +  in RCCs without glia (ANOVA, P > 0.5). Bar, 50 pm. 

RGCs that had been cultured with glia (Fig. 
2A). In both cases, FMl-43 was observed in 
synaptic punctalike spots along dendrites and 
somas (Fig. 2A), and these puncta destained 
with similar kinetics (Fig. 2B). However, glia 
significantly increased the fluorescence dif-
ference AF, measured from FM 1-43-loaded 
puncta before and after destaining, by about 
sevenfold (Fig. 2C). These findings indicate 
that glia strongly enhance presynaptic func-
tion (17). 

To determine whether glia enhance pre-
synaptic efficacy by increasing calcium in-
flux, and thereby triggering synaptic vesicle 
release (18), we next compared the density of 
voltage-dependent calcium currents in RGCs 
cultured in the presence and absence of glia 
by measuring whole-cell calcium-current 
densities at two different holding potentials 
(-90 and -50 mV). At both holding poten-
tials, glia increased calcium current density 
by about two- to threefold (Fig. 2D), suggest-
ing that an increased presynaptic calcium in-
flux might account for the glial enhancement 
of presynaptic function. To test this possibil-
ity directly, we bypassed the endogenous pre-
synaptic voltage-gated calcium channels in 
RGCs by using the calcium ionophore iono-
mycin to produce a large presynaptic calcium 
influx (19, 20). The number of ionomycin-
induced mEPSCs recorded was still 10-fold 
greater in RGCs cultured with glia than with-
out (Fig. 2, E and F). Comparable results 
were obtained when 500 mM sucrose or 0.3 
nM a-latrotoxin were used to trigger vesicu-
lar release rather than ionomycin (10). Simi-
larly, when we used ionomycin to load and 
unload presynaptic terminals with FM1-43, 
vesicular recycling was still greater in RGCs 
cultured with glia (Fig. 2H). Notably, the AF 
values measured with ionomycin in RGCs in 
the absence of glia were indistinguishable 
from the values measured with high-K' stim-
ulation of these neurons (Fig. 21). These data 
indicate that glia do not increase presynaptic 
function solely by increasing presynaptic cal-
cium influx; rather, glia increase the total 
number of vesicles released. 

Given that calcium influx is not sufficient 
to explain the glial increase in' synaptic effi-
cacy, we next examined presynaptic proteins 
such as the putative calcium sensor synapto-
tagmin (21). To determine if glia affect syn-
aptic protein levels, we performed immuno-
blots on extracts of RGCs cultured with or 
without a feeding layer of astrocytes (22). 
These analyses show that glia do not appre-
ciably alter the levels of several major pre-
synaptic vesicular proteins including synap-
totagmin and synaptophysin (Fig. 3A), as 
well as SV2 (10). To determine if glia affect 
the localization of these proteins, we immu-
nostained RGCs that had been cultured with 
or without astrocytes (23). In the absence of 
glia, only a diffuse, nonpunctate pattern of 
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presynaptic protein immunoreactivity was 
observed when the cultures were stained with 
specific antibodies for synaptotagmin (Fig. 
3B, left), synaptophysin, or SV2 (10). Only 
occasional small immunoreactive puncta 
were observed. In contrast, in the presence of 
glia, nearly all RGCs displayed numerous 
large, brightly immunoreactive puncta along 
their somas and dendrites (Fig. 3B, right). 
This analysis revealed that, although the ab- 
solute levels of synaptic proteins are un- 
changed, glia have a pronounced effect on the 
localization of these proteins, promoting their 
aggregation into synaptic puncta. 

To confirm that the large immunoreactive 
puncta correspond to synapses, we examined 
whether these puncta that stained brightly 
with antibodies to presynaptic proteins such 
as synaptotagmin colocalized with postsyn- 
aptic antigens. As shown in Fig. 3, B to D, 
puncta of presynaptic synaptotagmin were 
almost always colocalized with puncta of 
postsynaptic PSD-95 immunoreactivity in the 
presence of glia. In contrast, few puncta of 
postsynaptic PSD-95 or GluR213 formed in 
the absence of glia, and there was little colo- 
calization with the few presynaptic puncta 
that formed. These data show that presynap- 
tic and postsynaptic markers colocalize in 
puncta that are structural counterparts of syn- 
apses in the presence of glia, but rarely in 
their absence. The glial-dependent clustering 
and colocalization of synaptic markers was 
also observed when RGCs were cocultured 
with their highly purified target neurons from 
the superior colliculus (24), indicating that 
the inability of RGCs to form synapses with- 
out glia cannot be accounted for by the ab- 
sence of their normal target neurons [see 
supplemental data (25)l. 

To determine if these puncta correspond 
to functional synapses, we counted synaptic 
puncta on autaptic neurons using immuno- 
staining (Fig. 3E). Glia increased the number 
of GluR213-positive synaptic puncta by six- 
fold (Fig. 3F). The average number of immu- 
noreactive puncta that formed on RGCs in the 
presence and absence of glia was 35 t 4 and 
6 t 1, respectively. By comparison,. the av- 
erage number of quanta released in response 
to a strong stimulation in autaptic neurons 
cultured in the presence and absence of glia 
was 47 + 10 and 7 ? 4, respectively. The 
similarity of these values suggests that the 
immunoreactive puncta that form in the pres- 
ence of glia correspond to functional syn- 
apses. They also indicate that few synapses 
form between RGCs in the absence of glia 
and that glia increase the total number of 
synapses per RGC by six- to sevenfold. The 
few synapses that do form in the absence of 
glia are functionally immature, as indicated 
by their high failure rates and low uptake of 
FM1-43. Although functional synaptic activ- 

excitable cells coming into contact, a mature 
ultrastructural appearance takes days to de- 
velop (26-28). To determine the effect of glia 
on the ultrastructural characteristics of syn- 
apses, we performed electron microscopy 
(EM) (29, 30). RGC neurons were cultured 
for 14 days in the presence or absence of glial 
feeding layers, and then fixed and processed 
for EM (Fig. 4, A and B). In both cases, 
synapses were present and displayed the nor- 
mal ultrastructural characteristics of asym- 
metric synapses formed by RGCs in vivo (31, 
32). RGCs cultured in the presence of astro- 
cyte-conditioned medium, however, had sev- 
enfold more synapses than RGCs cultured in 
the absence of glia (Fig. 4C). Both the num- 
bers of total vesicles and docked vesicles per 
synapse were unaffected by glia (Fig. 4D). 
These data demonstrate that glia significantly 
increase the average number of synapses per 
cultured neuron. 

To determine whether astrocytes increase 
synaptic stability, we tested whether thc glial 
effect was reversible. We allowed large num- 
bers of synapses to form by culturing autaptic 
RGCs with astrocyte-conditioned medium for 
5 days, then removed the glia and cultured the 
RGCs for another 6 days. We found a signif- 
icant reduction in both the QC and number of 
synaptic puncta after removal of glia. (33). 
The QC was 47 -C 12 before removal of glia 
and 14 -C 8 after removal of glia (P < 0.05). 
Postsynaptic GluR213 puncta that colocalized 
with presynaptic SV2 immunoreactivity on 
autaptic neurons were counted blind. The 
number of synaptic puncta was 41 ? 4 before 
removal of glia and 13 + 1 after removal of 
glia ( P  < 0.001, Mann-Whitney U test). This 
fourfold reduction in the number of synapses 
upon removal of glia demonstrates that astro- 
cytes significantly increase synaptic stability 
and are necessary for synapse maintenance. 

A Fig. 3. Clial astrocytes (glia) markedly in- - + - + - + GLIA crease the number of puncta containing both 
pre- and postsynaptic proteins. (A) Immuno- - - - - - Synaptotagmin blot analysis of extracts of RCCs cultured 
without glia or with glia indicates no change - - - - - - Synaptophysin in total synaptic synaptotagmin and synap- 
tophysin protein levels. p115 is a control for 
total protein. (B) Synaptic protein immuno- 
reactivity in RCCs cultured in the presence 
and absence of glia. Cultured RCCs were 
fixed with paraformaldehyde and immuno- 
stained with antibodies against pre- and 
postsynaptic markers. Staining of RCCs with 
an antibody against the presynaptic marker 
synaptotagmin shows that in the absence of 
glia presynaptic markers are diffuse (left), 
whereas in the presence of glia presynaptic 
markers are discretely clustered (right). (C) 
Staining of RCCs with an antibody to the 
postsynaptic marker PSD-95 reveals that in 
the absence of glia there are relatively few 
PSD-95 puncta, whereas in the presence of 
glia numerous puncta are apparent. (D) In 
the absence of glia there is little overlap 
between pre- and postsynaptic markers, 
whereas in the presence of glia there is a high 
degree of overlap. Bar, 50 pm. (E) Double 
labeling of autaptic neurons indicates that 
fewer synaptic puncta are present in the 
absence of glia than in the presence of glia. 
Bar, 50 pm. (F) About six times as many 
synaptic puncta are present in RCCs cultured 
in the presence of glia as in the absence of 
glia: with glia, 34.5 + 4.3 CluR213 puncta per 
cell; without glia, 6.1 + 0.9 CluR213 puncta 
per cell. 

ity has been reported within minutes of two 
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Fig. 4. Glial astrocytes (glia) in- 
crease the number of synapses 
per neuron. (A and B) Electron 
micrographs of synapses be- 
tween RGC neurons cultured in 
the absence of glia (A, left and 
right) and presence of glia (0, 
Left and right). No difference is 
apparent in synaptic ultrastruc- 
ture. Bar, 200 nm. (C) The num- 
ber of synapses detected by EM 
increased sevenfold in the pres- 
ence of glia: without glia, 0.4 ? 
0.4; with glia, 2.8 + 0.7 per cell 
body and proximal neurite (P = 
0.013, Student's t test). (D) 
There are no differences in the 
total number of vesicles (34 + 6 c 
without glia, 42 5 13 with glia) 
or docked vesicles (6.8 + 2 with- 
out glia, 8.7 ? 0.8 with glia) per 
synapse. (E) Double labeling of 

pear around postnatal day 6 

superior colliculus (SC) reveals 6 
that synaptic puncta (green) ap- 

$ 1  

(P61, concurrentlv with the ap- ' NOOLIA 

pe&ance of ~106~-positive as- 

(34), containing Neurobasal (Cibco), bovine serum 
albumin, selenium, putrescine, triiodo-thyronine. 
transferrin, progesterone, pyruvate (1 mM), glu- 
tamine (2 mM), ciliary neurotrophic factor (CNTF) 
(10 nglml), brain-derived neurotrophic factor 
(BDNF) (50 nglml). insulin (5 pglml). and forskolin 
(10 pM). Recombinant human BDNF and CNTF 
were provided by Regeneron Pharmaceuticals. Te- 
trodotoxin (TTX) and picrotoxin were from RBI. 
Antibodies were obtained as follows: Anti-synap- 
tophysin (Sigma), anti-GluR213 (Upstate Biotech). 
and anti-PSD-95 (Chemicon). An antibody to syn- 
aptotagmin was generated by immunization of a 
rabbit with a peptide corresponding to the NH2- 
terminal lumenal portion of synaptotagmin (22). 
All other reagents were obtained from Sigma. 
F. W. Pfrieger. B. A. Barres. Science 277. 1684 (1997). 
K. Christopherson. C. Harrington. 5. Venkatapathy. 
B. A. Barres, data not shown. 

D 8. Preparation of astrocytes. Collicular glia were pre- 
50 pared as described (23). Briefly, pl-2 SCs were di- 

gested with trypsin and plated in tissue culture flasks 
40 (Falcon) in a medium that does not allow neurons to 
30 survive [Dulbucco's minimum essential medium, fetal 

20 
bovine serum (10%). penicillin (100 Ulml). strepto- 
mycin (100 mglml), glutamine (2 mM) and Na-pyru- 

10 vate (1 mM)]. After 4 days, nonadherent cells were 

-. 0 shaken off flasks and remaining cells were removed 
Numbor of Numbor of enzymatically and cultured in contact with RCCs 

Voalclaa Docked V O S ~ C ~ O S  unless othehise stated. 

trocytes (red, arrbis). Bar, 50 P2 SC 
9. Electrophysiology. Membrane currents were re- 

v'"'' 
P6 sc P12 sc corded by whole-cell patch clamping at room tem- - perature (18O to 2Z°C) at a holding potential of 

These findings raise the question of synapses and are necessary to maintain syn- 
whether glia also regulate synapse number aptic stability. These findings have impli- 
in vivo. RGC axons reach their targets in 
the superior colliculus (SC) around embry- 
onic day 16, yet form few synapses, as 
assessed by both ultrastructural and physi- 
ological studies, until around the end of the 
first postnatal week, as is true in most brain 
regions (31, 32). To determine whether 
there is a correspondence between the ap- 
pearance of synapses and astrocyte devel- 
opment, we immunostained cryosections of 
the SC at various times during develop- 
ment. The appearance of SV2-positive syn- 
aptic puncta in the SC corresponds closely 
to the appearance and proliferation of 
S100P-positive astrocytes at the end of the 
first pistnatal week ( ~ i ~ .  4E). Taken to- 
gether with our culture findings, the late 
appearance of synapses, only after glial 
generation, strongly suggests that astro- 
cytes trigger the increase in synapse num- 
ber within the CNS. 

In summary, these results show that the 
total number of synapses on a neuron is not 
an intrinsic property of that neuron, but can 
be profoundly regulated by extrinsic sig- 
nals. In the absence of glia, neurons in 
culture have only a limited ability to form 
synapses. Astrocytes greatly increase the 
number of structurally mature, functional 

cations for the possible roles of glia in vivo. 
They suggest that during normal embryonic 
development, initially formed synapses 
may be immature and highly plastic, with 
the postnatal appearance of astrocytes serv- 
ing to increase synapse number and lock 
synaptic circuitry in place. In addition, glia 
may play important and unexpected roles in 
adult neural plasticity underlying learning 
and memory. Finally, our results raise the 
question of whether the gliosis produced by 
brain injury increases synapse number, po- 
tentially leading to epilepsy and excitotoxic 
neurodegenerative changes. 
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R E P O R T S  

Backward Spreading of 

Memory-Retrieval Signal in the 


Primate Temporal Cortex 

Yuji ~ a ~ a , ' *  Masatoshi ~oshida,'* Yasushi Miyashita','s3t 

Bidirectional signaling between neocortex and limbic cortex has been hypoth- 
esized t o  contribute t o  the retrieval of long-term memory. We tested this 
hypothesis by comparing the t ime courses of perceptual and memory-retrieval 
signals in  two neighboring areas in temporal cortex, area TE (TE) and perirhinal 
cortex (PRh), while monkeys were performing a visual pair-association task. 
Perceptual signal reached TE before PRh, confirming its forward propagation. In 
contrast, memory-retrieval signal appeared earlier in  PRh, and TE neurons were 
then gradually recruited t o  represent the sought target. A reasonable inter- 
pretation of this finding is that the rich backward fiber projections from PRh 
t o  TE may underlie the activation of TE neurons that represent a visual object 
retrieved from long-term memory. 

Encoding and retrieval of declarative memo- 
ry depends on the integrity and interaction 
between the neocortex and the medial tem- 
poral lobe system (I ,  2). The inferior tempo- 
ral (IT) cortex, which serves as the storehouse 
of visual long-term memory (3-lo), consists 
of two cytoarchitectonically distinct but mu- 
tually interconnected areas (11, 12): area TE 
(TE) and the perirhinal cortex (PRh). TE is 

,,aboratov of Cognitive Neuroscience, National In- 

stitute for Phvsioloeical Sciences. Okazaki. Aichi 444- , L. 

8585, Japan. 'Mind Articulation Project, international 
Cooperative Research Project (ICORP), Japan Science 
and Technology Corporation, Yushima, Tokyo 113-
0034, Japan. ,University of Tokyo School of Medicine, 
Hongo, Tokyo 11 3-0033, Japan. 

*These authors contributed equally t o  this report. 
?TO whom correspondence should be addressed. E-
mail: yasushi-miyashita@m.u-tokyo.ac.jp 

Fig. 1. (A) Left panel: Lateral A 
view of a macaque brain. TE 
is located at the final ore-
cessing stage of the ventral 
visual pathway. A36 is 
thought to be a part of the 
medial temporal lobe memo- 

located at the final stage of the ventral visual 
pathway (Fig. IA) (13, 14), whereas PRh is a 
limbic polymodal association area ( I ,  2). For- 
ward flow of visual information from TE to 
area 36 (A36), an immediate adjoining region 
in PRh, is thought to serve the memory-
encoding process (5, 6, 15, 16). Recently, we 
found that memory neurons are more abun- 
dant in PRh (16), and that a neurotrophin, 
BDNF (brain-derived neurotrophic factor), 

induced in PRh Inern-
ory formation (17),  further supporting the 
hypothesis of memory storage by neural cir- .. 	 - -
cuit reorganization. However, the function of 

the rich backward from A36 TE 
has not been examined. On the basis of pre- 
vious observations that IT are dy-
namically activated by the necessity for 
memory recall in monkeys (18-20), we hy- 

Signal Signal ? 

ry system. V4, visual area 4; information about 
TEO, area TEO. Right panel: Object Vision 
Role of the backward connec- 

stimuli were presented at the Fix Cue Delay Choice 
center of a video monitor. p 1.0 S 0.32 s 2.0 s c 1 .5s" 
Choice stimuli were present- D Recording Region in Area TE
ed randomly in two of four 
positions on the video moni- Recording Region in Area 36 

tor. (C) Location of recording 
sites in TE (red) and A36 
(green). Left panel: Ventral 
view of a monkey brain (an- 
terior at the right). Right pan- 
el: A part of the coronal cross 
section (dorsal at the top) indicated by a horizontal line on the ventral view. Scale bars, 10 mm. 
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