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a bladder carcinoma that grows rapidly in 
syngeneic Wistar rats. Immunization with 
BERH-2-B cells did not inhibit the growth of 
NBT-II cells in vivo (Table 2). In addition, 
CD8+ T cells from rats immunized with 
BERH-2-B lysed BERH-2 cells but not NBT- 
II cells in vitro (12). 

Finally, we determined whether in vitro 
selection of hybrid tumor cells was obligatory 
for the induction of tumor immunity. After 
fusing BERH-2 tumor cells with activated B 
cells, we washed the mixture of cells and 
injected them subcutaneously into syngeneic 
rats without prior in vitro selection. The 
efficiency of the fusion ranged from 30 to 
50%. For controls, we injected BERH-2 tu- 
mor cells mixed with activated B cells in the 
absence of PEG. All animals were then in- 
jected with the parental BERH-2 cells intra- 
hepatically. Only animals immunized with 
tumor cells fused with activated B cells were 
protected from tumor formation. Simply mix- 
ing tumor cells with activated B cells was not 
effective in inducing protective immunity 
(Fig. 2D), nor was treating BERH-2 tumor 
cells with PEG alone (12). 

In summary, a BERH hepatocarcinoma- 
specific vaccine in rats can be made by fusing 
tumor cells with syngeneic, activated B 
cells. In addition to MHC class II and B7 
antigens, BERH-2-B cells may express other 
cell surface molecules that are essential for 
the stimulation of host T cells. Production of 
B cell-specific cytokines by hybrid tumor 
cells may be important in the elicitation of 
host immune responses (13). BERH-2 cells 
fused with activated T cells were unable to 
stimulate BERH-2-specific immune respons- 
es (12). Preliminary experiments suggest 
that tumor cells fused with activated alloge- 
neic B cells are also immunogenic and can 
induce protective immunity (12). 

In order to induce protective immunity, 
the hybrid tumor cells must retain their ca- 
pacity to express tumor-specific antigens. In 
addition, the hybrid tumor cells must be able 
to process and present tumor-specific antigens 
so as to activate host T cells. Whether this 
approach can be used in other tumor models 
remains to be determined. Our observation 
that protective immunity can be induced by 
tumor cells fused with activated B cells with- 
out in vitro selection may have broad clinical 
applications and may provide a useful strategy 
for cancer immunotherapy. 
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Parallel Neuronal Mechanisms for 
Short-Term Memory 

Earl K. Miller* and Robert Desimone 
Although objects that have just been seen may persist in memory automatically for a time 
and interact passively with incoming stimulation, some tasks require that the memory be 
actively maintained and used. To test for the existence of separate automatic and volitional 
mechanisms of short-term memory, recordings were made from neurons in the inferior 
temporal cortex of monkeys while the monkeys held a sample picture "in mind" and 
signaled when it was repeated in a sequence of pictures, ignoring other stimulus repeti- 
tions. Some neurons were suppressed by any picture repetition, regardless of relevance, 
whereas others were enhanced, but only when a picture matched the sample. Short-term 
memory appears to reflect the parallel operation of these two mechanisms-one being 
automatic and the other active. 

Combined evidence from psychology and 
neuroscience has cleaved long-term memory 
into two functionally independent systems: an 
explicit system for facts and events, and an 
implicit system for the leaming of perceptual 
and motor skills and habits (1). Psychological 
studies suggest that there may be more than 
one neural system mediating short-term mem- 
ory (STM) as well. Some theoretical ac- 
counts, for example, posit that incoming 
stimuli are automatically held in some type of 
short-term storage buffer but may, in addition, 
be voluntarily maintained by active rehearsal 
mechanisms (2). We sought neurophysiolog- 
ical evidence for multiple STM mechanisms 
in recordings from the anteroventral portion 
of the inferior temporal (IT) cortex, a region 
important for visual memory in primates, 
including humans (3). 

Nearly all behavioral and physiological 
studies of memory in the IT cortex have used 
some variation of the delayed matching-to- 
sample- (DMS) task, in which the subject 
indicates whether a test stimulus matches a 
previously shown sample stimulus. The 
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11B80, National Institute of Mental Health, Bethesda, 
MD 20892. 
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memory of the sample has a lasting effect on 
many IT neurons, because their response to 
subsequent test items is suppressed according 
to how well they match the sample-a 
property we have termed "adaptive mne- 
monic filtering" (4, 5). Because the sample 
is behaviorally relevant in DMS tasks, it is 
commonly assumed that it is actively main- 
tained in memory (that is, "working memo- 
ry"), interacting with the neural processing 
of incoming test stimuli; however, it is also 
possible that all stimuli, relevant or not 
(including, but not limited to, the sample), 
automatically linger in memory for a time, 
interacting with incoming stimuli. For ex- 
ample, if one actively searches for a repeti- 
tion of the sample number 3897 in the 
following series-1436 3482 3482 3897- 
one may automatically detect the repeated 
but irrelevant number 3482, in addition to 
detecting the specific repetition of the sam- 
ple number. Thus, detection of stimulus 
repetition in DMS tasks might be mediated 
by either automatic or active mnemonic 
mechanisms, or both. 

To distinguish among these possibilities, 
we tested two monkeys with two types of 
trials (Fig. 1). The first type, standard trials, 
were conventional DMS trials identical to 
those used in our previous studies of adaptive 
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wREPORTS 

Fig. 1. A standard trial is illustrat- Nonmatching test items 
ed in the top row and an ABBA Sample Matching test 
trial in the bottom row. From zero 
to three test stimuli intervened be- 
tween the sample and the final 
match. The repeated nonmatches Standard 
appeared after either zero (pic- v J 
tured) or one intervening stimulus 
between them (for example, AB- 
CBA). ABBA q6 

mnemonic filtering (4, 5). A sample stimu- 
lus ("A") was followed by one or more 
sequential test stimuli ("BCDEA"), and the 
monkey was rewarded for signaling when 
one matched the sample (6). None of the 
test stimuli matched each other-the only 
repeated stimulus in the trial was the sample- 
match stimulus. The second type of trial was 
termed an "ABBA" trial. In these trials, two 
of the intervening nonmatch test stimuli 
("BB") matched each other but not the 
sample. The animal had to withhold its 
response to these repeated nonmatch stimuli 
and respond only to the repeated stimulus 
that matched the sample. Although the 
standard trials might be solved by a mecha- 
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Fig. 2. Average responses of suppressed and 
enhanced neurons. (A) Average response of 46 
suppressed neurons to all 73 stimuli that elicited 
a significantly weaker response when they 
matched the sample than when they did not. 
Average responses (and SEM) to matches, non- 
matches, and repeated nonmatches were 19.2 
(0.8), 23.5 (1.0), and 19.8 (1.0) spikes per sec- 
ond, respectively. (B) Average response of 26 
enhanced neurons to all 45 stimuli that elicited a 
significantly stronger response. Average re- 
sponses (and SEM) to matches, nonmatches, 
and repeated nonmatches were 25.3 (1.5), 21.2 
(1.6), and 20.7 (1.7) spikes per second, respec- 
tively. Spontaneous firing was approximately 10 
spikes per second for both types of cells. 

nism that automatically detects any type of 
stimulus repetition regardless of relevance, 
the ABBA trials would force the animals to 
maintain the sample item in working mem- 
ory and compare test items to it. 

Both monkeys were originally trained 
with standard trials only. When their perfor- 
mance was 85 to 90% correct, the ABBA 
trials were introduced, comprising about half 
the total trials in a session and randomly 
intermingled with standard trials. Unexpect- 
edly, initial performance on the ABBA trials 
revealed that the animals had learned stan- 
dard DMS by using a simple stimulus-repe- 
tition rule rather than by comparing test 
stimuli to just the sample memory. That is, 
both monkeys released the bar to the repeat- 
ed nonmatch stimuli (for example, to the 
second "B"), resulting in an error. In the first 
five sessions, performance on ABBA trials 
ranged from 0.5% (monkey 1) to 56% 
(monkey 2) correct, which was significantly 
worse than on the standard trials, which 
ranged from 85 to 90% correct, respectively 
(paired t test, monkey 1: t = 9.716, P = 
0.001; monkey 2: t = 6.297, P = 0.003). 

After 2 to 6 weeks of additional training, 
their performance on ABBA trials reached 
85% correct. The animals now knew both 
to maintain the sample in memory and to 
compare test stimuli to it, and they presum- 
ably applied this new strategy to all trials, 

A Match Nonmatch Repeated 
155 nonmatch 

*0 

0 

C) 
'n160_L 

C,) 

Fig. 3. (A) Responses of a suppressed neuron 
to a single stimulus appearing as a match, 
nonmatch, and repeated nonmatch. (B) Same 
as in (A), for an enhanced neuron. Horizontal 
bars under the histograms indicate when the 
stimuli were on, which was 500 ms for the 
nonmatch and repeated nonmatch stimuli. The 
match stimulus was terminated when the animal 
made its response (8). The bin width is 20 ms. 

because they could not predict in advance 
whether a trial would be ABBA or stan- 
dard. We then recorded from 148 IT neu- 
rons during standard and ABBA trials, ran- 
domly intermixed (7). 

We first separated cells into mnemonic 
and nonmnemonic classes, with a two-way 
analysis of variance (ANOVA) carried out 
separately on each cell, evaluated at P < 
0.05. The six stimuli were one factor and 
their matching-nonmatching status on a giv- 
en trial was the other (8). The ANOVA 
showed that half the cells (74 out of 148) 
showed significant memory effects and that 
nearly all of these (70 out of 74) were also 
stimulus-selective. That is, the responses of 
these cells were a joint function of the 
current stimulus and of memory traces, 
which is consistent with previous findings 
(4, 5, 9, 10). Many cells also showed stim- 
ulus-specific activity in the delay following 
the sample ( 1), but this activity was abol- 
ished by the first intervening test stimulus. 
Useful mnemonic information was carried 
only in the cells' responses to test items. 

Of the cells showing memory effects, the 
responses of 62% (46 out of 74) were 
suppressed by test stimuli that matched the 
sample (as compared to nonmatch respons- 
es). Responses were suppressed even when 
up to three stimuli, the maximum tested, 
intervened between the sample and the 
matching stimulus, according to a paired t 
test (P < 0.001) performed on the popula- 
tion data. This is the same "adaptive mne- 
monic filtering" found in previous studies 
(4, 5). For convenience, we will refer to it 
here as "match suppression." 

However, the ABBA trials revealed that 
the responses of these cells were suppressed 
not only by match stimuli but also by repeat- 
ed nonmatches (Fig. 2A). Responses to 
matches and repeated nonmatches were not 
significantly different (paired t tests, P > 
0.11). The responses of one such cell are 
shown in Fig. 3A. Thus, responses were 
suppressed by both relevant and irrelevant 
stimulus repetitions within the trial, not just 
by the test stimulus that was a repetition 
(match) of the sample. These results suggest 
that adaptive mnemonic filtering underlies 
automatic memory for stimulus repetition. 

In contrast to the suppressed cells, 35% 
(26 out of 74) of the cells with significant 
memory effects gave enhanced responses to 
test stimuli that matched the sample mem- 
ory, as compared to nonmatching responses. 
We term this effect "match enhancement." 
Although the suppressed cells did not distin- 
guish between matches and repeated non- 
matches, the responses of these enhanced 
cells were enhanced only by stimuli that 
matched the sample, not by the repeated 
nonmatch stimuli that "matched" each oth- 
er (Fig. 2B). The responses of one such cell 
are shown in Fig. 3B. Like the suppression 
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effect, the enhancement effect lasts at least 
several seconds, as it was maintained even 
when three stimuli intervened between the 
sample and the final match, the maximum 
tested (paired t tests, P < 0.001). The 
enhancement effect, like the animal itself, 
uniquely identified the one stimulus in the 
sequence that matched the actively main- 
tained sample memory. This is consistent 
with an active, or working, memory mech- 
anism. Only 3% of the cells (2 out of 74) 
showed mixed effects, namely suppression by 
some stimuli and enhancement by others. 
The two classes of cells appear to be distinct. 

We asked whether the enhancement effect 
might be related to the behavioral response 
itself or to the expectation of reward. To 
address this question, we first examined re- 
sponse histograms averaged across the popu- 
lation of cells (Fig. 4). Match enhancement 
(Fig. 4B) and suppression effects (Fig. 4A) 
both occurred early in the visually evoked 
response of the neurons, about 80 to 90 ms 
after stimulus onset and well before the ani- 
mals' mean behavioral response latency of 369 
ms (range, 321 to 501 ms). Enhancement 
occurred nearly simultaneously with the arriv- 
al of visual information in the IT cortex, 
almost certainly before the animal chose the 
appropriate behavioral response. 

We also examined responses of IT neu- 
rons to repeated nonmatches in error trials 
in which the animals released the bar to the 
repeated nonmatch. If enhancement were a 
result of the behavioral response and re- 
ward, the neurons' responses to repeated 
nonmatches should have been enhanced 
when the animals mistakenly responded to 
them. In fact, across the population of 
enhanced cells, responses to nonmatches 
(22.56 spikes per second) and to repeated 
nonmatches followed by an incorrect be- 
havioral response (22.16 spikes per second) 
were not significantly different (paired t 
test, P = 0.79). Enhancement is exclusive- 
ly related to the memory aspect of the task. 

In previous studies using animals trained 
only with standard trials, we found about the 
same proportion of cells with significant 
memory effects (48%) as in the present 
study, but the proportion of those cells 
showing match enhancement was signifi- 
cantly smaller than that found here (9% 
versus 35%, P = 0.0001, x2) and the pro- 
portion showing suppression was correspond- 
ingly higher (4, 5). Furthermore, we record- 
ed from 57 neurons in the same region of the 
cortex of one of the animals in our study 
before the animal had received ABBA train- 
ing, and all cells with memory effects (40% 
of total cells) showed suppression. Although 
not yet conclusive, the relatively large num- 
ber of enhanced cells we observed suggests 
that learning a new strategy in order to 
perform the ABBA trials resulted in a shift 
toward the enhancement mechanism. 

Our results show that the IT cortex 
contains at least two mechanisms operating 
in parallel that could mediate visual STM 
(12). One, the suppression (or adaptive 
filtering) mechanism, is engaged by simple 
stimulus repetition. As a result, neuronal 
responses are largest for stimuli that differ 
from those seen in the immediate past, an 
effect that might be caused by activation- 
induced depression of synapses on IT cells. 
Such a mechanism might underlie the per- 
formance of standard DMS tasks used in 
behavioral and physiological studies and 
may explain automatic stimulus repetition 
effects in studies of human STM (2). 

The second mechanism, enhancement, 
is engaged when primates deliberately use 
the contents of their working memory to 
search for a particular object occurring at an 
unknown time. In this case, IT neurons can 
be biased, or preset, to give a potentiated 
response to the expected stimulus. Because 
we have recently found IT-like enhance- 
ment and suppression effects in the prefron- 
tal cortex (13), another region implicated 
in STM, these active and passive memory 

mechanisms appear to be common compo- 
nents of distributed STM systems. 

Fig. 4. (A) Population aver- 

age histogram for sup- 
Match 

Nnonmatch 
pressed neurons respond- B 
ing to the same stimuli as A B 
in Fig. 2A. (B) Population 40 40 
average histogram for en- 
hanced neurons respond- 
ing to the same stimuli as , 30 30 
in Fig. 2B. See Fig. 3 for 0 * 
conventions. 2 

20 ~~~~~~~~20 :* 

C 
0 * e 09' 

0 4 

-80 0 80 160 240 320 -80 0 80 160 240 320 
Time from stimulus onset (ms) 

REFERENCES AND NOTES 

1. L. R. Squire, Psychol. Rev. 99, 195 (1992). 
2. A. Baddeley, Working Memory (Clarendon Press, 

Oxford, 1986). 
3. J. A. Horel, D. E. Pytko-Joiner, M. L. Voytko, K. 

Salsbury, Behav. Brain Res. 23, 29 (1987); S. 
Zola-Morgan, L. R. Squire, D. G. Amaral, W. A. 
Suzuki, J. Neurosci. 9, 4355 (1989); D. Gaffan and 
E. Murray, Behav. Neurosci. 106, 30 (1992); M. 
Meunier, J. Bachevalier, M. Mishkin, E. A. Murray, 
J. Neurosci. 13, 5419 (1993). 

4. E. K. Miller, L. Li, R. Desimone, Science254, 1377 
(1 991). 

5. , J. Neurosci. 13, 1460 (1993). 
6. Two rhesus monkeys were trained to fixate a small 

target on a computer display over which a series 
of stimuli was presented sequentially. Stimuli were 
digitized pictures of complex objects, 1? to 30 
wide, presented for 500 ms and separated by 
1000-ms intervals. The stimuli were chosen ran- 
domly for each neuron tested and were shown 
repeatedly before data collection b6gan so that 
they would be familiar to the monkeys. When a 
test stimulus matched a sample stimulus, the 
monkey released a bar for a reward of juice, 
terminating the stimulus. Fixation was monitored 
by a magnetic search coil. For details, see (5). 

7. Electrode sites were localized between the ante- 
rior middle temporal and rhinal sulci in the IT 
cortex, by magnetic resonance imaging in both 
monkeys, with histological verification in one. 

8. Neuronal responses were averaged over the 75- to 
275-ms interval immediately after stimulus onset, 
ending well before the animals' behavioral response 
to the match stimulus. For the ANOVA, we excluded 
responses to matches that appeared after four in- 
tervening stimuli, so that the mean number of inter- 
vening items preceding matches and nonmatches 
was the same. We also excluded responses to 
repeated nonmatches so that these responses 
could later be examined independently. 

9. Other studies of IT neurons using standard DMS 
tasks have likewise found significant suppression 
effects almost exclusively [C. G. Gross, D. B. 
Bender, G. L. Gerstein, Neuropsychologia 17, 215 
(1979); G. C. Baylis and E. T. Rolls, Exp. Brain 
Res. 65, 614 (1987); I. P. Riches, F. A. Wilson, M. 
W. Brown, J. Neurosci. 11, 1763 (1991); E. N. 
Eskandar, B. J. Richmond, L. M. Optican, J. 
Neurophysiol. 68, 1277 (1992)]. 

10. Neither the stimulus nor the memory had an 
"all-or-none effect" on the cells' responses. Rath- 
er, whether or not the current stimulus matched 
the memory trace caused a modulation of the 
underlying sensory response, which is consistent 
with the results of prior studies (4, 5, 9). 

11. J. M. Fuster and J. P. Jervey, Science 212, 952 
(1981). 

12. Because neither the suppression nor the en- 
hancement bridged stimuli across trials when the 
stimuli were already familiar, the effects are within 
the domain of STM [see (4, 5) for the relevant 
tests of the suppression mechanism]. 

13. L. Chelazzi, E. K. Miller, A. Lueschow, R. Desi- 
mone, Soc. Neurosci. Abstr. 19, 975 (1993). The 
prefrontal cortex may also be the source of the 
bias signal for enhanced cells, because prefrontal 
cells show stimulus-specific maintained activity 
during the delay interval of delayed response 
tasks [J. M. Fuster, R. H. Bauer, J. P. Jervey, Exp. 
Neurol. 77, 679 (1982); F. A. W. Wilson, S. P. 0 
Scalaidhe, P. S. Goldman-Rakic, Science 260, 
1955 (1993)]. We have recently found that this 
maintained activity survives intervening items in 
the ABBA task, unlike in the IT cortex. 

14. We thank L. Chelazzi, P. DeWeerd, A. Lueschow, 
M. Mishkin, J. I. Nelson, and L. G. Ungerleider for 
comments on the manuscript and T. White for 
computer programming. Supported in part by the 
Human Frontiers Science Program Organization. 

4 August 1993, accepted 30 November 1993 

522 SCIENCE * VOL. 263 * 28 JANUARY 1994 


	Article Contents
	p. 520
	p. 521
	p. 522

	Issue Table of Contents
	Science, New Series, Vol. 263, No. 5146 (Jan. 28, 1994), pp. 441-580
	Front Matter [pp. 441-542]
	Editorial: Earthquakes and Collective Action [p. 451]
	Letters
	Minnesota Drug Sales [p. 453]
	Heavy Ion Drivers [pp. 453-454]
	ApoE, Amyloid, and Alzheimer's Disease [pp. 454-455]
	Academic Decision-Making [p. 455]
	For the Record [p. 455]

	Corrections and Clarifications: A Link between Cyclin A Expression and Adhesion-Dependent Cell Cycle Progression [p. 455]
	ScienceScope [p. 459]
	News
	How Many More After Northridge? [pp. 460-461]
	Letters Provoke Unintended Response [p. 461]
	Japan's H-II Rocket to Bolster Remote Sensing Projects [p. 462]
	Peer Review Triumphs Over Lobbying [p. 463]
	Researchers Nervous About Bioethics Bill [pp. 463-464]
	Another Shakeup at LBL Genome Center [p. 464]
	New Randon Study: No Smoking Gun [p. 465]
	Expected Increase Becomes a Cut [p. 465]
	Learning by Diffusion: Nitric Oxide May Spread Memories [p. 466]
	Hubble Repair and More Wins Astronomers' Acclaim [pp. 467-468]

	Random Samples [p. 469]
	Special News Report
	Radiation: Balancing the Record [pp. 470-473]
	Political Fallout: A National Bioethics Board? [p. 473]

	Policy Forum
	Ecological and Genetic Factors in Conservation: A Cautionary Tale [pp. 485-486]

	Perspectives
	Molecular Geometry and Nonlinear Optics [pp. 487-488]
	α-Helical Coiled Coils: More Facts and Better Predictions [pp. 488-489]

	Molecular Dynamics in Liquids: Spin-Lattice Relaxation of Nitroxide Spin Labels [pp. 490-493]
	Research Article
	Life on Land in the Precambrian [pp. 494-498]

	Reports
	Dynamics Affecting the Primary Charge Transfer in Photosynthesis [pp. 499-502]
	Decomposition of the Modulated Waves in a Rotating Couette System [pp. 502-505]
	Constraints on Transport and Kinetics in Hydrothermal Systems from Zoned Garnet Crystals [pp. 505-508]
	Glacial-Interglacial Changes in Moisture Sources for Greenland: Influences on the Ice Core Record of Climate [pp. 508-511]
	Large First Hyperpolarizabilities in Push-Pull Polyenes by Tuning of the Bond Length Alternation and Aromaticity [pp. 511-514]
	Meiosis-Induced Double-Strand Break Sites Determined by Yeast Chromatin Structure [pp. 515-518]
	Effective Tumor Vaccine Generated by Fusion of Hepatoma Cells with Activated B Cells [pp. 518-520]
	Parallel Neuronal Mechanisms for Short-Term Memory [pp. 520-522]
	Phospholipase D: A Downstream Effector of ARF in Granulocytes [pp. 523-526]
	Maspin, a Serpin with Tumor-Suppressing Activity in Human Mammary Epithelial Cells [pp. 526-529]
	Visualization of Quantal Synaptic Transmission by Dendritic Calcium Imaging [pp. 529-532]
	Locally Distributed Synaptic Potentiation in the Hippocampus [pp. 532-536]

	Technical Comments
	Experimental Support for the "Hydrophobic Zipper" Hypothesis [p. 536]
	Alzheimer's Disease and Possible Gene Interaction [p. 537]

	Book Reviews
	Review: Arrangements for Advanced Training [pp. 543-544]
	Review: Acaropathology [pp. 544-545]
	Review: Photosynthesis [pp. 545-546]
	Review: The Gram-Positive World [pp. 546-548]
	Books Received [p. 548]

	Inside AAAS [pp. 549-551]
	Back Matter [pp. 552-580]



