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Mechanisms of Memory

LARRY R. SQUJRE

Recent studies of animals with complex nervous systems,

including humans and other primates, have improved our

understanding of how the brain accomplishes learning

and memory. Major themes of recent work include the

locus of memory storage, the taxonomy of memory, the

distinction between declarative and procedural knowl

edge, and the question of how memory changes with

time, that is, the concepts offorgetting and consolidation.

An important recent advance is the development of an

animal model of human amnesia in the monkey. The

animal model, together with newly available neuropath

ological information from a well-studied human patient,

has permitted the identification of brain structures and

connections involved in memory functions.

M
OST SPECIES ARE ABLE TO ADAPT IN THE FACE OF EVENTS

that occur during an individual lifetime. Experiences

modil' the nervous system, and as a result animals can

learn and remember. One powerful strategy for understanding

memory has been to study the molecular and cellular biology of

plasticity in individual neurons and their synapses, where the

changes that represent stored memory must ultimately be recorded

1. Indeed, behavioral experience directly modifies neuronal and

synaptic morphology 2. Of course, the problem of memory

involves not only the important issue of how synapses change, but

also questions about the organization of memory in the brain.

Where is memorv stored? Is there one kind of memory or are there

many? What brain processes or systems are involved in memory and

what jobs do the' do? In recent years, studies of complex vertebrate

nervous systems, including studies in humans and other primates,

have begun to answer these questions.

Memory Storage: Distributed or Localized?

The collection of neural changes representing memory is com

monly known as the engram 3, and a major focus of contemporary

work has been to identif' and locate engrams in the brain. The brain

is organized so that separate regions of neocortex simultaneously

carry out computations on specific features or dimensions of the

external world for example, visual pattems, location, and move

ment. The view of memory that has emerged recently, although it

still must be regarded as hypothesis, is that informatin storage is

tied to the specific processing areas that are engaged during learning

4, 5. Memory is stored as changes in the same neural systems that

ordinarily participate in perception, analysis, and processing of the

information to be learned. For example, in the visual system, the

inferotemporal cortex area TE is the last in a sequence of visual

pattern-analyzing mechanisms that begins in the striate cortex 6.

Cortical area TE has been proposed to be not only a higher order

visual processing region, but also a repository ofthe visual memories

that result from this processing 4.

The idea that information storage is localized in specific areas of

the cortex differs from the well-known conclusion of Lashley's

classic work 7 that memory is widely and equivalently distributed

throughout large brain regions. In his most famous study, Lashley

showed that, when rats relearned a maze problem after a cortical
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lesion. the number of trials ieqtiired liw relearning was proportional

to the eteiu 01 the IL'SiOhl .ukl as unrelated to its location. Yet

I ashlevs results are ci insistent with the iiii idern view if one

supposes that the ma/c habit depends on nianv kinds otinforniation

tot esaiiiplc. istial. spatial. and ollacti irv I and that cacti kind of

infornianon is scparatels processed and localized. Indeed, the brain

regions. or functional units, within which infiwmation is equivalent-

lv distributed mai' be very small tS. Th. Thus. memory is localized in

the sense that particular brain systems represent specific aspects of

each event 0, and it is distributed in the sense that many neural

systems participate iii representing a whole event.

The Neuropsychological-Neural Systems

Approach

Oiie useful strategy for learning about the neural organizatioii of

memory has been to study human memory pathology. Iii sonic

patients with brain injuit or disease, memon' impairment occurs as

a circumscribed disorder in the absence of other cognitive deficits.

Carellil study of these cases has led to a number of insights into how

the brain accomplishes learning and meninrv 11-12. Moreover.

animal models of human amnesia have recently been developed in

the monkey 4, 13 and rat 114 Animal models make it possible to

identifr the specific neural structures that when damaged produce

the syndrome, and thei' set the stage for more detailed biological

studies.

It has been known for nearly 100 years that niemorv i.s impaired

hi' bilateral damage to either of two brain regions-the medial

aspect of the temporal lobe and die midline of the diencephalon.

Damage to these areas makes it difficult to establish new memories

anterograde amnesia as well as to retrieve some memories fbrmed

before the onset ofamnesia retrograde amnesia. General intellectu

al capacity is intact, as is immediate memory for example, the ability

to repeat correcdv six or seven digits, language and social skills,

personality, and memory for the remote past, especially childhood.

Because amnesia can occur against a background of normal cogni

don, the severity of the condition is often underappreciated. For

example, patient N.A. an example of diencephalic amnesia became

amnesic in 1960 after an accident with a miniature fencing foil 15.

Radiographic evidence later identified a minimal area of damage in

the left mediodorsal thalamic nucleus 16. This patient is a pleasant

Fig. 1. Learning and retention of a mirror-reading

skill despite amnesia for the learning experience

25. A Patients prescribed bilateral or right

unilateral ECT and depressed patients not receiv

ing ECT practiced mirror-reading during three

sessions on three different days three wnrds per

trial, 50 trials per session. The time required to

read each word triad aloud during each block of

ten trials provided the measure of mirror-reading

skill. The first ECU of the prescribed series inter

vened between practice sessions I and 2. An

average of seven EGTs and a total of 35 das

intervened between practice sessions 2 and 3. 13

Sample word triad from the mirror-reading test.

C At the beginning of session 3, subjects were

tested for their recollectioii of the previous learn

ing sessions nine-ponit interview and for their

ability to recognize the words they had read

chance, 50°U I.

A
63

E

4'

B

40

man svith au agreeable sense of humor, who could join in ans' social

activity without special notice. However, he would he unable to

learn the nanies of his colleagues, or keep up with a developing

conversation, or speak accurately about pyblic events that have

occurred since his injury, lie has an intelligence quotient IQ of

124, can make accurate predictions of his own niemorv abilities

1 Th, and has no noticeable impairment of higher cognitive fine

tions except a severe verbal memory problem.

Medial temporal amnesia is best illustrated by the noted amnesic

patient HIs!. 18, who sustained a bilateral resection of the medial

temporal lobes in 1953 in an eltbrt to relieve severe epileptic

seizures. Since that time, H.M. has exhibited profound anterograde

amnesia, forgetting the eveilts of daily life almost as fast as they

occur. His defect iil nlenion' extends to both verbal and nonverbal

material, and it involves information acquired through all sensors'

modalities. Other etiologies tf amiiesia have also contributed useful

information, including Korsakolfs syndrome 19, electroeon

vulsive therapy 20, anoxia and isehemia 21, and encephalitis

22.

Short-Term and Long-Term Memory

The study of amnesia has provided strong evidence for distin

guishing between a capacity-limited immediate sometimes called

short-term memon', which is intact in amnesia, and more long-

lasting i long-term menion', which is impaired 10, 23. Amnesic

patients can keep a short list of numbers in mind for several minutes

if they rehearse them aiid hold their attention to the task. The

difficulty comes when die amount of material to be remembered

exceeds what can he held in ininiediate memory or when recovery of

even a small amount of material is attempted after an intervening

period of distraction. Ininiediate memory is independent of the

medial temporal and diencephalie regioiis daniaged in amnesia. One

possihiliit is that immediate memory is an intrinsic capacity of each

cortical processing system 24. Thus, temporary information stor

age mai' occur within each brain area where stable changes in

synaptic efficacy long-term memory can eventually develop. The

capacitx' for long-term memory requires die integrity of the medial

temporal and diencephalic regions, which must operate in conjunc

tion with die assemblies of neurons that represent stored informa

tioii.
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Declarative and Procedural Knowledge

In addition to a distinction between short-term and long-term

memory hincuons, recent findings suggest a fi.irther distinction

within the domain of long-term memory. The memory deficit in

amnesia is narrower than previously thought in that not all kinds of

learning and memory are afkcted. Amnesic patients i demonstrate

intact learning and retention of certain motor, perceptual, and

cognitive skills and ii exhibit intact priming effects: that is, their

performance, like that of normal subjects, can be influenced by

recent exposure to stimulus material. Both skill learning and priming

effects can occur in amnesic patients without their conscious aware

ness of prior study sessions and without recognition, as measurcd by

formal tests, of the previously presented stimulus material.

Skill learning has been studied in subjects being taught to read

words that are mirror-reversed 25. For normal subjects, the ability

to read mirror-reversed words improved gradually during 2 days of

practice and was then maintained at a high level for more than a

month. Skill learning in amnesia was studied in psychiatric patients

whose memories were temporarily impaired as a result of a pre

scribed course of electroconvulsive therapy ECT. Patients im
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Fig. 2. Intact priming effccts in amnesia 28-30, 41. Subjcets studicd words

like those in D and E and then were tested in one of several ways. A

Amnesic Arnn patients were impaired at unaided recall and at cued recall,

where the first three letters of the study words were given as cues. B

Amnesic patients exhibited normal word completion effects priming,

where they completed each three-letter fragment with the first word that

came to mind. Amnesic patients produced the study words as frequently as

control Con subjects chance, 10%. Patients with dementia resulting from

Huntington's disease HD also exhibited intact priming effects, but priming

effects were reduced in patients with dementia due to early-stage Alzheimer's

disease Alz. C When the study words and the three-letter fragments were

presented in different sensors' modalities auditory-visual rather than the

same modality visual-visual, priming effects were attenuated. D Priming

effects were transient. B Amnesic patients exhibited normal free association

semantic priming effects. B and B The amnesic patients were patients

with Korsakoff's syndrome,;: = 7 or 8; A, C, and D the amnesic patients

were patients with Korsakoff's syndrome, ;: = 7 or 8, plus two cases of

anoxic or ischemic amnesia. Control subjects, n = 8 to 20; Huntington's

disease, n = 8; Alzheimer's disease, n = 8.

161-1.

proved their mirror-reading skill at a normal rate and later retained

the skill at a normal level Fig. 1. Yet the same patients, unlike

control subjects, could not recognize the words that they had read

during the training sessions, and often they could not recall the

training experience at all. Other kinds of amnesic patients also

exhibit intact learning and retention ofthe mirror-reading skill 26.

Priming can be tested by presenting words and then providing the

first three letters of the words as cues 27. The instructions

determine the outcome 28. When subjects are instructed to use the

three-letter fragments each of which can form at least ten common

words as cues to retrieve recently presented words from memory,

normal subjects perthrm better than amnesic patients. Amnesic

patients perform normally only when subjects are directed away

from the memory aspects of the task and are asked instead to

complete each three-letter fragment to form the first wotd that

comes to mind Fig. 2.

Intact priming effects in amnesia can also be demonstrated in free

association tests 29 and when recently presented words are cued by

category names 30. For example, when the word baby had been

presented, the probability was more than doubled that this word

would later be elicited by instructions to free associate a single

response to the word child Fig. 2. In fact, priming effects in

amnesia can be füll' intact even when attempts to recall the words

from memors' fail altogether 29 and when multiple-choice recogni

tion memory is no better than chance 31. Thus priming effects

seem to be independent of the processes of recall and recognition

memory. In the word-completion task, the words seem to "pop"

into mind, vet amnesic patients are unable to recognize them as

familiar. Studies of normal subjects have also emphasized the

differences between priming and standard recall and recognition

tests 32.

These results has-c suggested a distinction between information

based on skills or procedures and information based on specific facts

or data. This distinction is reminiscent of earlier accounts in

philosophy and psychology of how knowledge is represented 33.

The terms "procedural" and "declarative" 34 describe the kinds of

information that amnesic patients can and cannot learn 12, 35. The

distinction reflects the operation of two kinds ofmemory processes

or systems. Declarative memory is explicit and accessible to con

scious awareness, and it includes the facts, episodes, lists, and routes

of everyday life. It can be declared, that is, brought to mind verbally

as a proposition or nonverbally as an image. It includes both

episodic memory specific time-and-place events as well as semantic

memory facts and general information gathered in the course of

specific experiences 36, 37. Declarative memory depends on the

integrity of the neural systems damaged in amnesia as well as on the

particular neural systems that store the information being learned.

In contrast, procedural knowledge is implicit, and it is accessible

only through performance, by engaging in the skills or operations in

which the knowledge is embedded. Procedural learning may depend

in some cases on the participation of the extrapyramidal motor

system 38. In priming, preexisting representations are activated

39, and the information that is acquired is implicit and has other

characteristics of procedural knowledge 40. Priming effects may

depend exclusis'ely on intact cortical representations because they are

reduced in patients with dementia resulting from early stage Alz

heimer's disease, but not in amnesic patients svith equivalently severe

memory problems and not in patients with dementia resulting from

Huntington's disease 41.

Priming effects are distinct from declarative memory in two other

important respects. i The information acquired by priming is fully

accessible only through the same sensory modality in which material

svas presented initially 30. More complex information learned by

amnesic patients sometimes ha this same feature; that is, it is'
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Fig. 5. Impaired recognition niemorv and intact skill learning in nionkevs
with medial temporal lesions 8. 80. 82. 92. M Eight normal N
monkeys, eight with hippocampal H lesions, and four with conjoint
hippocampal-amvgdaloid H-A lesions were tested on the trial-unique,

delayed nonniatching-to-sample task 93, a test of recogiiition memory

analogous to tests Iiiiled by human amnesic patients. To obtain a raisin
reward, monkeys chose the novel one of two objects, the familiar one having
been presented alone 8 seconds to 10 minutes previoush'. H lesions impaired

recognition memory, hot conjoint I-I-A lesions produced a more severe

impairment. Each data point is the average of 100 trials. B Three monkeys

in each group learned to obtain a candy Lifesaver by maneuvering it along a

metal rod and around a 90 bend. The rate of learning six trials per session

was identical in the three groups, and retention was identical after a I-month

delay.

and memory grew resistant to disruption during the first few weeks

after training. In humans, niemon' for television programs persisted

for more than 16 years, and memory remained susceptible to

disruption for a few years after initial learning. In both eases,

retrograde amnesia covered a significant portion of the lifetime of

the memon'. Thus, initial acquisition of information was followed

by two parallel events: gradual fbrgetting and gradually developing

resistance to disruption of what remained.

These findings suggest that menion' consolidation is neither an

automatic process with a fixed lifetime nor a process that is

determined entirely at the time of learning. Consolidation best refers

to a hypothesized process of reorganization within representations

of stored information, which continues as long as information is

being forgotten. Memory is affected by rehearsal and by subsequent

memory storage episodes. These events may influence the fate of

recent, and unconsolidated, memories by remodeling the neural

circuitn' underlying the original representation. As time passes,

sonic parts of the initial representation could he lost through

forgetting, while other parts become more stable and coherent. In

this sense, neural ensembles representing stored inflirmation could

continually reorganize as the' accommodate new information. The

process of nieniorv storage and consolidation may he competitive

5, in the same way that competition among axons occurs in the

developing nervous svsteni 59. Dynamic and presuniahlv competi

tive changes have also been described in the representation of the

hand in adult primate sensoriniotor cortex after both deprivation

and selective experience 60.

In patients with known brain lesions, the processes of memory

storage and consolidation can he related to the medial temporal

region. In particular, remote niemon' tests have demonstrated that

in some amnesic patients retrograde amnesia is temporally limited,

affecting only events that occurred during the years ininiediately

preceding the onset of amnesia. For example H.M., who has

bilateral medial temporal lesions, exhibits amnesia extending froni a

few s'ears to perhaps 11 years before his surgen' in 1953 18, 61.

He can both produce well-formed autobiographical episodes and

also recall infomiation about public events that occurred before

surgery. Other patients with medial temporal amnesia for example,

patient R.B. 62], are reported to have no measurable retrograde

amnesia. or perhaps 2 or 3 years of retrograde amnesia, despite

B marked anterograde amnesia. Some patients exhibit prolonged and
extensive retrograde amnesia 22, 63, hut damage beyond the
medial temporal region has either been demonstrated in these

instances or can be reasonably presumed.

Because amnesic patients have access to mans' premorbid memo

ries, even to the extent that the quality and detail of their recall

cannot he distinguished from that of normal recall 64, the medial

temporal region caiiiiot he a permanent memory storage site. For

the same reason, the deficit seen in amnesia cannot he a general

impairment in retrieval. The medial temporal region would seem to

do its job during the time of learning and during some or all of the

lengthy period of consolidation. Thus, for a period after learning,

the storage of declarative memorv and its retrieval depend on an

interaction between the neural systems damaged in amnesia and

nienion' storage sites located elsewhere in the brain 4, 5, 65. This

interaction is thought to maintain the organization of an ensemble

of distant and disirihuted memory storage sites until the coherence

of these sites has become an intrinsic property ofthe ensemble. Ifthe

interaction is disrupted, the ability to acquire new declarative

menion' is impaired, and recently acquired memories that have not

hilly consolidated are lost. After sufficient time has passed, at least

some memories no longer require die participation of the medial

temporal region.

In amnesic patients with diencephalic lesions, die nature of

anterograde and retrograde amnesia is less clear. For example,

patients with Korsakoffs syndrome exhibit, instead of a temporally

limited retrograde amnesia, a severe and extensive impairment of

remote memory that covers most of their adult lives 57, 66. One

possibility is that aniiiesia is a unitary deficit affecting both the

establishment of new memories and the retrieval of old ones and

that the deficit is qualitatively the same regardless of which part of

the system is damaged Ofl. According to this view, the extensive

remote memory deficit obsen-ed in Korsakoff patients is correlated

with and predicted by the severity of their anterograde amnesia.

Another possibility is that remote memon' impairment is dissociable

from the remainder of the memory disorder 68 and that extensive

remote memon' impairment is caused by additional neuropathology

beyond that required to produce anterograde amnesia. This idea is

supported by the near-zero correlation r = 0.04 between antero

grade amnesia and remote memon' impairment in patients with

Korsakoff's syndrome O9; by the finding that patient N.A., an

example of diencephalic amnesia with a presumably circumscribed

lesion, has little remote memory impairment 57, 64; and by the

finding that patient N.M. has better remote memory than Korsakoff

patients, despite having a more profound anterograde amnesia 61.

More data are needed to better understand the significance of

extensive remote memon' impairment. It seems reasonable to

suppose that the typical Korsakoff patient has more widespread

neuropathology dian other amnesic patients under study. A list of

cognitive deficits has accumulated in recent years-deficits that are

particularly frequent in this patient group, but not in others, and

that are unrelated to die seyerity of anterograde amnesia. These

include i failure to release from proactive interference 70, 71-

that is, the nornial improvement in performance does not occur

when subjects attempt to learn words belonging to a new category

after attempting set'eral word lists from another category; ii a

disproportionately large inipairment in making judgments about

temporal order 71; iii impaired metamemon' skills-that is,

inability to monitor and predict one's own niemory performance

11; iv source amnesia in sonic Korsakoff' patients 37-that is,

die successful recall of previously learned information without

niemon' for when or where the information was acquired [also see

72J. The question is whether remote memon' impairment should

be added to this list.
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Animal Models and the Neuroanatomy of

Memory

Careful descriptions of amnesia have helped to detirie the particu

lar niemorv function that is daniagcd and have led to other useful

intorniation about how memory is organized in the brain. Yet to

understand how the brain actually accomplishes learning and memo

n, it is essential to ideiitilS the specific brain structures that when

damaged produce aninesia. This information must then he guided

by neuroanatoniy to specifr a functional brain system consisting of

the identified stnictures and their connections. Clinicopadiological

niaterial from amnesic patients has generalh' identified where dam

age must occur in the brain to produce amnesia: the medial temporal

region, with emphasis on the hippocampus; and the midline

diencephalic region, with emphasis on die mediodorsal thalamic

nucleus and the mam.millarv nuclei. However, diis inforniation has

not established precisely which structures and connections are

important. Patients frequently have brain lesions in addition to

diose that cause amnesia. Moreover, patient niaterial seldom in

cludes both derailed neuropadiological data and quantitative behav

ioral information.

Because of the recent development of an animal model of human

amnesia in the monkey 4, /3, as well as the neuroanatomical

information now available about the relevant brain regions in the

nionkev 73, these issues can now he studied systematically. Several

behavioral tests of nicmorv that are sensitive to human amnesia have

been adapted for the monkey, and memory pertbrmance from

different studies can he quantified and compared. At the same time,

in other animal models progress has been made at identifring where

in the brain memory is stored 74.

With regard to amnesia and the niedial temporal region, interest

has focused recendv on both the hippocanipus and die amgdala.

The amvgdaloid coniplex is linked directly and reciprocally to both

sensory-specific and multimodal conical association areas. Afferent

and efferent conical pathways also communicate with the hippocam

pal formation 75, albeit indirectly through polvsensorv adjacent

regions including the temporal pole, perirhinal cortex, and especially

the parahippocampal gvrus. These extensive and widespread con

nections to die cortex are precisely what is needed if die medial

temporal lobe is to have access to sites of information processing and

meniorv storage.

Monkeys with bilateral lesions of die amvgdala and hippocampal

formation, which included perirhinal cortex and parahippocampal

gvrus, exhibited severe niemory impairment Fig. 5. This lesion

was intended to reproduce die surgical removal sustained by the

amnesic patient F.M. As in human amnesia, the memory deficit in

monkeys occurred in both visual and tactual modalities 76, and it

was exacerbated by distracting die animals during the retention

inten-al 77. Moreover, as in human amnesia, the same monkeys

that were diagnosed as amnesic by these measures acquired percep

tual-motor skills normally. They also leamed normally skill-like

cognitive tasks such as pattern discrimination learning, which, like

niotor skills, involve stimulus repetition and incremental learning

over many trials 78, 9. Monkeys widi lesions of die "temporal

stem," a fiber system that lies superficial to the hippocampus, were

riot amnesic 78, 80. This fiber system links temporal neocortex

vidi suhcortical regions, and it had been proposed to be the critical

structure damaged in medial temporal lobe amnesia 81.

Studies in nionkevs have also evaluated die effects on meniory of

separate hippocanipal lesions that included dentate gyms, subicular

cortex, niost of the paraliippocampal gurus, and posterior entorhinal

cortex 0, 82-84 Fig. 5. Aldiough hippocampal lesions pro

duced a clear memob' inipairment, the impairment was still larger

a tier the combined Ii ippocampal-amvgdaloid lesion. Recent work

suggests that the deficit in the combined lesion group may depend

on removal of the anivgdala together with the adjacent structures

typically included in amygdala surgery entorhinal and perirhinal

cortex 84, 85.

One recent proposal is that the critical structures are the hippo-

campus and amvgdala and their diencephalic targets, the anterior

nucleus of die thalanius and the mediodorsal thalamie nucleus,

respectively 4. Bilateral medial thalamic lesions, including lesions

limited to the posterior portion of die mediodorsal thalamic nucle

us, cause a nioderately severe memory impairment 86, 87. Such a

proposal is compatible with a role in the same functional system for

structures with strong anatomical connections to the medial tempo

ral region and the medial thalamus, such as the mamillary nuclei

88, ventromedial frontal cortex 89, and basal forebrain 90.

However, further studies are needed to quantift and compare the

impairment that fellows removal of these and other candidate

structures. The amnesic syndrome is not an all-or-none phenome

non, and its severity can vary with the structure or combination of

structures that are damaged.

Although animal studies are essential, they cannot illuminate the

clinical significance of the obsen'ed memory impairments unless the

severity of die impairments can he understood in terms of human

memory dysfunction. For exaniple, the hippocampus has long been

linked to human memory impairment, though there have been few if

ans' well-documented cases of amnesia with damage limited to this

structure. Monkeys widi hippocampal lesions do have a clear

memory impairment. Would this correspond to a substantial memo

ry impairment in humans or only a minor one?

Our laboratory recently obtained extensive clinicopathological

information from a patient who developed amnesia at the age of 52

after an ischemic episode 62. Until his deadi 5 yeats later, he was

tested extensively as part of our neuropsychological studies of

memory and amnesia. He exhibited marked anterograde amnesia

Fig. 6, little if any retrograde amnesia, and no signs of cognitive

impairment other than memory. His score on the Wechsler Adult

Intelligence Scale WAIS was 111, and his Wechsler Memory Scale

SSTMS score was 91. In normal subjects the WMS score is

equivalent to the WAIS IQ, and the difference between the two

Fig. 6. Performance by amnesic patient R.B. on two

separate administrations ofdie Rey-Osterreith complex

figure test 94. R.B. was asked to copy the figure

illustrated to die upper right. Then 10 to 20 minutes

later, without forewarning, he was asked to reproduce

it from memory. A R.B.'s copy top and reproduc

tion bottom 6 months after the onset of his amnesia.

B His copy and reproduction 23 months after the

onset of amnesia. C Copy and reproduction by a

healths' control subject 62.

R.B. Control
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Fig. 7. Photoniierographs of thitinin-st.iined, coronal sections through the

luppocampal formation of a normal control brain left and patient R.B.'s

brain right. LB. developed an aninesie syndrome in 1978 after an ischemic

episode. He died in 1983 at the age of 57. Histological examination revealed

a bilateral lesion involving the entire CAl held of the hippncampus. In the

control section, the two arrows indicate the limits of the CAl field. In R.B.'s

brain, the only pathologi' evident in the hippocampal Ibrmation was a

scores provides one index of the severitY of memory impairment.

Thorough histological examination revealed a circumscribed bilater

al lesion of the CAl field of the hippocampus that extended its full

rostral-caudal length hut not beyond Fig. 7. Sonic additional

minor pathology was found fur example, left glohus pallidus, right

postcentral gvrus, and patchy loss of cerehellar Purkinje cells, hut

the onl' damage that could he reasonably associated with the

memory defect was the hippocanipal lesion.

Although the lesion was spatially limited, it afkcted an estimated

4.6 million pyramidal cells and would be expected to have a

profound impact on die function of the hippocanipus. A lesion in

the CA! field interrupts the essentially unidirectional flow of

information that begins at the dentate gyros and ends in the

subicular complex and entorhinal cortex. These structures are the

main sources of output from the hippocampus to subcortical,

limhic, and cortical structures. Thus, a CAl lesion would signifi

cantly disrupt the interaction between the hippocanipus and memo

ry storage sites, an interaction presunied to be critical fur the storage

and consolidation of declarative memory.

Conclusion

In neuroscience, questions about memon' have often been fo

cused at the cellular and molecular level-for example, how do

synapses change xs'lien memory is formed? In psychology, memory

has often been studied as whole behavior, without reference to the

brain, and as a problem ofwhat computations learning and memory

require. This article describes what can be learned from an interme

diate, neuropsvchological level of analysis, which focuses on die

brain processes and brain systems involved in learning and memory.

Study of animals with complex nervous systems, including humans

and other priniates, has led to a view of memory and the brain that

should have considerable generality across vertebrate species, and

certainly across all mammals. The ultimate goal is to be able to move

complete loss of pyramidal cells from the CAl field between the arrows.

The amgdala, mammillary nuclei, and niediodorsal thalamic nucleus were
normal, aiid there is a'. no other significant pathology that could reasonably
account or the memory impairment. Abbreviations: PrS, presuhiculuni; 5,

suhiculuni; CA! and CA3, fields of the hippocampus; PG. dentate gvrus; F,

fimbria of the tisrnix. O2

across levels of analysis, froni formal descriptions of cognition to

underlying brain systems and finally to the neurons arid cellular

events within these systems. The problem of niemorv needs to be

studied at all these levels, and should draw jointly on the disciplines

of cognitive psychology. neuropsvchologv, arid neurobiology.

REFERENCES AND NOTES

1. E. It. Kandel and 1. 11. Schwartz, Science 218, 433 1982; 1 Lynch and M.
Baudrv, ibid. 224. 1057 1984; 1. P. Changeux and M. Konishi, Eds,, Neural and
Molecular ilecha,nans ofLeanung 5 pringerXcrlag, Berlin, in press.

2. M. R. Rnsenzwcig, in Jerelopn:enr and Evolution oJ'Brain Size: Behavioral Isaplica

rims, M. E. I lahn. C. Jensen, B. Dudek, Eds. Academic Press, New York, 1979,

pp. 263-294; %`. T. Greenough. in Nenn,biolosy of Learninq and Me,norv, G.

Lynch. 1. 1.. McGaugls. N. SI. Vcinberger, Eds. Guilford, New York, 1984, pp.
470-478.

3. R. Scmon. die %1nc:ne ale erhalrcndes Prinzip in: ii `cchsel des ocganischen Geschehent

wilhelm Engelnsann. Leipzig. 1904; 1. L. Sehacter, Srranqcrliehind the Enqra:n

Erlhauni, ilillsdale, NJ, 1982.
4. M. Mishkin. l'hilos. Trans. It. Soc. London 5cr. B 298. 85 1982.
5. L. R. Squire. in J'Iandboot' ofPhssiolqqv: The Nervous Svsecn:, I. M. Brookhart and V.

B. Mounrcasrle, Ed'.. American Physiological Society, Bethesda, Ml, in press;
Memore and Bra::: Oxford L'niv, Press, New York, in press.

o. C. G. jtOss, in Handbook of'Sensorv Phs'sioloqy, K. Jung, Ed. Springer-Verlag,
Berhn, 1973, pp. 451-452: A. Cnwcv, in The Oçpanizarionoj'tbe Cerebral cortex,

F. 0. Schniiit, F. .1 Worden, C. Adclman, S. C. Dennis, Eds. MIT Press,
Cambridge, MA, 1981, pp. 395-413; %V. tingerlcider and M. Mishkin, in The

Anatssis of Visual Behavio, 0. 1. Ingle, K. J, W. Mansfield, M. A. Gnodale, Eds.
MIT Press, Cambridge. MA. 1982, pp. 549-586.

7. K. S. Lashlcv, Brain Mcchaniims and Inteljgence: A Quantieatii'e Study oflnjunes to

the Bran: Cniv. of Chicago Press, Chicago, 1929.
8. V. B. Mnuntcastle, in The Neurosciences, F. 0. Schmitt and F. C. Worden, Eds.
MIT Press, Cambridge, MA, 1979, pp. 2 1-42.

9. M. Davis, 0. 5. Cendelman, M. I. Tisehler, P. M. Gendelman,J. Nenrurci. 2, 791
1982; R. F. Thompson, T. Berger, I. Madden, Anon. Ito'. Neunstci. 6, 447
1983; Ii 11. Cohen. in Men:orv Systems of the Brain, N. M. Wcinbcrger, I. L.
McGaugh. C. Lynch, Eds. Cuiltord, New York, 1985. pp. 27-48.

10. B. Mimer, Yin. Nenrosncq. 19,4211972; L. Weisknnrz, in Philo:. Trans. It. Sac.

London 298, 97 1982; L. S. Cermak, Ed., Human Memory and Amnesia

Erlhaum, Hillsdak. NJ, 1982; A. Mayes and P. Meudell, inAienson' in Animals

and Hnn:ans, A. Slaves. Ed. `an Nostrand Reinhold, Berkshire, England, 1983,

pp. 203-252.
J. W Hint, Psichol. Bnll. 91,435 1982; 0. Selsacter, inMen:orvsvsrenuoftheBrain,

N. 1st. Weinhcrgcr. I. L. McCaugh, C. Lynch, Ed:. Guillbrd, Nesv York, 1985,

pp. 35 1-379.
12. L. R. Squire and N. J. Cohen, in A'curobiolog-y o/'Learninq andMemory, C. Lynch, J.

L. McGaugls, N. 51. Weinherger, Eds. çuiltord, Nesv York, 1984, pp. 3-64.
13. L. R. Squire and S. Zola'Morgan. in The Phvsiokqieal Basis of Memorc, J. A.

Control
t *.

a.

>1"

I

- 3.'

r6i8 SCIENCE, VOL. 232



Iu,-,nt,Ii. 1.1 V il. `n' I' - N' .`ik. .1 2 I'J .11 li, 111,1 1 I'c

iii `,t'p'' ,r -`4 1 n r- 1 It s,-,t,e `I N -```- ,- t ,nlt,.',I ,.

``k. 1 5-I -v ``r

11 11 S 14'-ti ti ```- -`--;- *`r.ll--'n-. I It N p' ```,l N Iluti,'-., HI-
I,i,!t,,'.t ,. .`;L 1'''-4 pp .. It -tip,' U I' ,b.,,-. Iii I

I i'iI'nin.i. I I I' I 4 *. cp,.-,, J , - -< I'154 . It I' k,.!utihI 11 t I i!ti ` 1, in

2cti,i',r-'- /h'i,i ,c if ``i - I It S.iti,'t _,``tI N Rt''i c'' I I' ``t'.'.t N, ` `iL,

I is-I `p A5 `1

l II I II''"i. II Ski-. II S u''' -` et'''i'n 1'V1it 6.2'' l'''S P
K.,iii'FI. .51 ,`,i''i P

```` I - U'- I'' mV. ;s'.;

11 1 It Spiir'- .iui,l It "I-i-' .1':,: A.-t' n ;n3 I'-'

V A P Shlni1m,'r.i 3,1,1 1 It Nun,'. / 1 P hi ``1 1 i'--''-,i-r: I? 4?

18 U' II .N,nuik' `nd 13 .Iuin''r./ .5--n,-'' In Jim 20. II IV't. S ``k,,i s-n"

*V,nn'I 4. 249 1984,

19 N Iliurrct-c. Scums Veto-,'! 4. 22" }054

20 1 ft. *Sqiiurt'. iii hat, .1k I',nu''i,' -`I / t `1. Ii 1 ncr, It I SP,'innr, It II lit-In, `I,

I-ds I `Phi. I t'nd''n, I'N4
- pp 1 5n IH

21 13. 1 `t'Ipe and U' II,,sr..4rJt Vet"-! 41.4Th,

22 I' I -- Iti"c .,n.t I . P Scm, mdc. /?` ``n 83. 1 `t I `tf I I 5 4 ``"` ik in-4 SI

11 onn,mr. .V'nn'pnI"-Ssiza 21. 2 13 I `153 `. A It I 1.,", in,'. I' I I- clint , . II

D.iniasu `. I SV `ni II,'cscn. S , `well. .4 nI' ,`s'-.'! 42 2 2 . I
23 A I 11,idd,'k's- .ii,,I I' K S',urrmnpti,t. / Ic'!' / `rn' V-ri' fl,'I'ar' 9. 1 Th , l'fll.

It U Arkrnc,,n .ini It S I "thu/nit. in II',- I'., `-",n ,q / ,-an,nsi and .3 `neatit",

.1 least, i- in /`f,-,ear,-/' ,r','l i/san. K 55 51t,ti. c -ni-I I I S p-i' t'. I tic

`it cc. NL'n S , eL. I QoM . "`I 2. pr" 1 `1 I his ,1,s ci' 1' "`iii `"ii cii, in 1,-nil `11,1

``ii rep ii tulc'lth `l's ti''''' -` lii l,I,-i it the Ins 4 ``1 neural n conic, ``a'' t4i,' I pc,'

4 flt'ti 0 ifl .ini cvii apcec .51 ,``n'' m's `-ci ii' a cii' It's r'en''.r''rt' i''' ,` pt-ru `ii t 4
cc, tiritic t, niunuirec, dt'pt'n I'm t am oh,' rc,i Il-,',,,'r't iii ` `m''r.n' in `it rb, un'itr.i I

`S sic `i'm' `I `n' aged it ari,iiec, -i i'm' rIles cit `rant ``1 `nd rn neval trout I n mi

flht'E'iiit'S' Ihe s.lflt' tt't'iii'. liii e .iI'.' t h,'eui i,ct'ui ill I ,i,IIeteiit `en'e. it the in ci ``I

surtL'It' nL'uiitiiiS. o 1,"-. ha' t!' rt'ntp' `m.d cequ"n i' `it ci utiptit t P rnte that leads it

peru'na'i"nt illt'ifli `ii

24 5 `ti, ,rms,-fl, n J',r,'i'nun"n : Srsnp",iniry an `1 aenri.'i, `in,! /``ii,'i'it!tiJl, ` II 13 "iii,.,

md I. i3,utunliinc. I ` i'.rIl'a,inu. 1 lilIsdik. NI. 1 "54, nil Ill. pp I

23 1 - It Stlmiire. N 1 I ,iht'ii, I :5 7''tiet autos ui'/ifl - I"hgiii 22. 143 1 I984

26 N 1. 1 ,mhen and H It. Squire. S. inn,' 2 II. 214' - lS'lh

Y F. K SV.,rnunzron md 1. Veuskr,inr,, ,Veun,'c `1 andes 1 228. 628 190i

28. P. Grit. H It Squire. G S1.iuidlt'r. J it-p i'ncIsri I cant .1/run. I `anrr 10, 164
1984

29. A. P. Shintanmr.i .ind 1. It. Squire, / Lvp l'n4'al I ; 113. ;Th - 1984

30. 11. 1- Roller. I 1''n-mnrc. N I3i,rterc, i-v 9, 1 iS , l'l - 1' 1 `rat. 5

P. Shumimori. 1.. It Squire. / i-vp J'ci-:i'-'! Iran, .licn, C ,`ainf 11. 386 , I 955

31 . I.. It. Squire. A P Shirnani,ir.i. 1' ;I. / [vp i'nc/'.! /,ni,n .1/n,: `-`au:! 11.

1987'

32. F. Tu'Ivung. I I.. Sch.i rem, II I Sr,ek. s/rid 8, 336 1'82 . I I Jae''k an,i `ti

Dallas, 1, hvp /ke/ui'! G,'n 3, 3116 - 1981,: I' I ;t. t SI.indier. 1' I- II iulen.

Ant-nec 218. 1243 t I982i.

33. 11. Ik'rgson. .1 Janet' and ,U,n:"-,- t :5 lien & t `nun,. I ``ii, I' ,o, 19 lit. U Itvlu', I l'c

`twer/ir `if,lftnd I I Iurehinson. San 1-raneisco. I 9494; 1 5 Iir,nirr, iii flit l','iriu'u!,iat

of,1eiitt'ut, U. A. TaIl,,,id ,iflLl N. C - Vattgh. hIs. 4 Aea'iemic Press. Ness- York.

1969. pp. 253-239.

34. T. Winograd. in itejn-e'cneaeu'n and I `nderrraadinn, Studier sit aasotri-e Science. I'

Bohrnw j15j A. Collins. Pc/s. uAe.ideniue I'ress, New York. 15. pp I85 211: 1
It. Anderson, 1_ananaip'. .lein"n', and jiu'nglrr u Itrlhauin,, I Iillsdale, NI. I 96i.

35. N. 1. `then, thesis. I `iiiverslrv of `.slilirnia. San lingo u 19817.

3n. F. `fuils-ing. I-'Irsncnrc `f hh-"' %jrisn'i',' R Iarendiin. I xthrd. 1983.

3". A. P. Shimamora and I . It. Squire. in prc'par.itim'i.

38, ,`si ,Iusliktrt, 13 ,Slalannir. I Ilachevalier, ii *Vr:m'I'u'/ean- ,,f'/ carn:sn; and .1 nna,',

U. lynch, J. I.. MeGaii&i. N .S1 U'eunherger. Ed 1 ;,Ifhd. New York, 1984.

pp. 65-77.

39. L. S `ermak. N. Talbor, K. Chandler. I.. It. U'olharst. *Versnp-eisahaaza 23. 615

i1985i.

41. Printing effirets ire ennsidered here to be ,i parr of procedural knowledge tEig. 3.

hut they may deserve separate consideration. given the ditlerences between prirntng

and both declarative nienion' and skill learning. I-or example. certai'n priniung'like

effects are based tin the ti,nnari,,ui of ness' asc,icianuins rather rli.ii, on aeiivantiii of

rreetmstung representations, arid rhese dii not easily fir an escl,isis'rls' declarative or

procedural elassufjearicin I Schacier. in .31,-susan- .S,'ctcnsr a! tIre Beans. N. 51

SVeinherger. I. I..AlcUamigh. U. I inch, his. 1 iuiult,ird, Nets York. 19851. pp
351-379, See 4.'. 3 flit hmrmlier ,iuseuissnin J.

41. A P. Shun,anmra. Ii. Salmon. I. It. Squire. N Butters, in preparaiitm

42. F. L. Glickv. Il. 1.. Seh'ierer. P. `Fumls-ung. .Vrnnupn-e/'sS1aia. in press

43. 1., It. Squore. A. P Shiniamura, P. Graf. sI':d . in press.

44. 1'. Rnnn, J'nua. Pn-c/us/n,I. l'/rmnaf !`n-eI;i!. 6. 245 , IVT'hi.

45. U. J. Alpisruus and %V I. Iavis. Science 180, 317 i 1 93u. T I `hang and A

UcI'i,n. l'uvc. ,Vatl. dead So. `.5,1. 77. 62114 198111: Sahles', A. Uelperrn. I.
V Rudy. i/nd. 78, 641 t 1981,, it. P. 1 lass-kins. `1' U' ,Ahranis. 1 I. arew, It. ft.

Kandel, Sot-ncr 219. 411 1 `$3, 1. 1.. A1k'n. sb'id 226, 1 113 I 984,.

46 N. I. Mackintosh. C `andsnasiina and,1 i','ciarn'e /,,`,inmsti9 t%ft it,1 I `nix' Press, Ness'

York, I 9831, It A. ltese,,rla intl A It tVagner. in C `/act,ca/ C `ausdrruunrsua lb

C `s,ui'ene Beuraim/' assd i'brr,'rr, A. Blink and 55'. I'nik icy. I',Is. u Appleron' ennun'

Croft;, Nesi York. I `5"2 . pp. 64-9'

47. 1.. `euckraiit'i and I- K. SVarrinrtln. *`rnu-"pn-'/s'laaia I , I 8 I 99u, see N I
`ci ac'k rut, ish un A truman' S-crcs,m, a/rite /1 rain, N `ti Un, nbu-rper. I I . 51,-C rai ugh. I

I inch. I-tIc 4 Uuiltord, New Smirk. 1985u. pp 335 35111 It `r a ,lisnicsu,n `1' h'uis

sonic classucal euiuidio,iniog parailignis can pr xli cc' Isorli tieclar tine anul pr,it-ediural

knuisvleduzt'; `eu It. I - Ituics. U' II I Itt. P 1 I Iolland. `1 U' Ilerger Ifi,'!iai'

.5cm"' 98. 21 I - l'sMt ii'r cs.iuiit'I'c .uf ,laccital c,in,Iii, nutig thai are ailected hi-
- `-`p ` -

IS s. I 51W- - `-IS l'rln-,L,',. 7 b-i 1'.' 1. 1 1 I'U1l1,.

-I's 55 II !`m--n''''n *l''t I i-m/'-' 14. 382 .1913-

I I i,s, uumpmm .inI Si I l1'-t -- .iI,'rnu-, I `oo'ahdaru'rs ,Alh,,,ui. Saii Fran,is,',i,
Ii `2 `. I 4 P `r' o er ii .V,'u,,'mu .1 1r-,/',rso'n,- `f J.,',rnmrn,r as:,! .1!,'ni,'r',, 51 It
11 -n,'''-, up -`.1 I I 11,-not-ti, Id'. Sill I'resc, C anihru,lcr", SI-S.. ItV'41, PP.
Si, 552

I 1 1 I,i i.tonh. `1 nun hi,- 1'-, /- " 34, 2'r - I9S'3u

52 U' It It u-c'' ii in,I 1'. U'. Nathan, ilr,un 69. 2811 4 I 94/it; J. llarhu,'rt, Hnrstan
I mimi, i',, I:' I' i'm/c/-an - I're"unaii. 5'rn I -aults,'.

I P Sq,''''. N I i oli,'si, I Nail. in .l!,'nn'n C "`ssu"l:danass, II. U'eung,urtu,er and
I-k', I ,` I `iI'aiini, I IrlIc,Ial-'. NI. 1'84i, p' 185-2111.

54 1 It Sqiun md I' I Slater, / /sp /`ncbs'! I/ton, I,r,rrss .i!ent 104. 51 u 1975 p

I It Squirt' a'i'I SI SI l'ur'. /Ie/are lIe' .3/er/i'd' In.crnsis:. 12. 538 119811,
55 I It 5h . I' I Shier, I' SI I bane, Scurncc l. 77 1975u.

I It Sq''' c-. P `tI I hat e, I' I. Sl.ircr. ,`aeai'r u it'd": 260, "5 1976; 1.. ft.
Sqiui:" ```.1 N I I i `Inn, /1W',1 .`r':rr,rb II:.'! 25, 115 II 9"'h.

I I `1':", ``i I II Njiumr,'. -u,i';--t-Is'/e,uua 19. 337 t 19814.
;s I It 5,j,,,,, i. 1 1 U' 5piuun., !lu'/rai' .Vr,,n"ci 98. 345 1 19841.
SO I Pun ,n arid I U lit iirni.,u, 5, nm-c 211, 153 j 198114: 1'. SVuesel, ,Varns'e

- I an/en 299. SSS ` I `182,.

61 U' `ti I,'uukutis ant Si SI Alcraeiitth. 5's' Nm'nu,t,': .1 /ute,- 10. 665 I 1984; Si Si.
.ler,e,iut ii ut a? - .5":, inc 11, 63' - `uM, -

oh U I'm Slarckn U'ilc''i *iui,h II I. I either, ,V,-,rotvcIstkrqs,r 13. 353 u 1975p H 1,
`canar. N I I ` lien. S Iou kuti, I. II. C ;r''sx tb,uo. .Ini: N.Y. .Icad..Sn 444. 533
l"'

62 `c /.-u Si ,`-p',m, I it S,1ruit','. I I Am iral. / .`t'enn"o . in press.

o S I 1',:kuri. I `i':-' 2. 4' - IM4 m

64 S 1''la -`ti `rp.iu, N I I , hen. I.. It. Sqiire. 2t'cnri/'.'s:/''/siua 21, 48" 1 1983.
65 I- I Ialureui. ii 1/ic .V:'-'j''.,'l'-'hmau u'/,iI,-st'-'r, I.. It. Squire antI N. lurters, Edt,

C ;uiui'rI. New 5" irk. I `184, PP 16S.181; U 55,', Ilnesen. i'rendc A'rsovrci. 5,

345 - I"821
6" 51 S SIi,eri N ltuurters. 1 1 ,`s in, .InI. .`eso'al. 36, 2111 I 9'm'9 I; P. It. Aieuudell, 13.

Nonh,'mn, I S Sn i's len, I Near'. Yno'-'n'r/uc/aqia 18, 133 1980; 14. 1.
Sin'k'rs antI I' K U'a'r'n-pu in, 10-ant 94. 661 4 1171; B. Seltierand I. F. Benson,
!su's,n'ksyt 24. 52" ,194-.

6 I.. 5S'eiskrauir,. in ,iii'snan' Si `innu"/ dc 11 rats:, N. SI. Weinberger. I. 1..' ,`sieGaugh.
I s-rfl Ii. I- tIc. iC ;midlitr,I, New York. / 985, Pp. 3811-415.

68 N, Riurter', I' Sl,Ir,iris. 51 ci ,Alh'n, I', S Sn. iui .ldranres in Clinical .`s'rnraper'

elrabur', U. C;t'Ilstt',ii, I'd. Pinmirni. Ness- York, 1984, vol. l. PP. 127-159; F,.
I, `k'ix'rg ci aI., Sam-i 23, I 3I2 u 1981, 5 Zola'Morgan and i. ft. Squire, tn
,1/ci'u,'n Su'e,'s,i, ru/ sIc' itr'asrt, N SI - U'eirihergt'r, I. I.' McUaugli. U. 1.s'nch, E,ls,
`I *iiIl'n,i, Nov York. 1985i, P 463-I-"

69 A Ii SIi,nianntt a arid I It. squire. hIt-/ia'. .`,`sul-a'n. 100. 165 1 19861.
Th I. c t ernuuk and I. fsi,iremes. Br-ion I.anq 3, 16 II 976p; Si. Mu,seos'itch, in

/ Insnass .5 1,-sun'n and .`I inne',a. I., S. I erin ik, E'I. Erihaurn, El illsdalc, Nj, 1982,
33-3I

I. It Squirc'. / I--'," Pnc/tr!. It-ar,, ,lfrs,i. "qiurr 8. 560 1982.
2 I 1 5, b-utter, I. I - I larhli,k, II. It. SI l,a,hIaui, / i'ri'I', Lean:. l'crir. B c/ta,'. 23,

593.1984,

"3 11. 1. Arnaral, ri bj,rssdlsuaL' i'//'b's'ru'hisjv: i/ic .Vrr,"nc .Syctnss, I. `ti. Brnnkhart and
V B .iu,uuuiteisdi', 1',ls , Anieruean Phs'si,ilottical SocieLs', Bethesda, MD, in pressl;
U `t'ati Eloecen. .Is,n.!s' 1.7 .lcad, Sc:. 444, 9" 1 1985i.

"4 It F l'hi' `nips' in, .S,'scncc, in press.

"5. 1 lit' u'rni hupxicanipal flirmarruru,. as used here, includes the deunaie gs'ru.us, the
hippot ampuic pr'p"r. rIse tiel,Ic ,st'rhe suihieulai' complex. and the enrusrhinal cortex.

"6 Si 5I,ciik,u'm. .Varnr'r qI'nsdani 273. 29" 19781; F. A. Murray and SI, Mishkin,J.
,,`iunn': 4. 2565 , 1984.

-- ci /ola fsimrgaii and I.. ft Sqinre. BI'ai'. .Vt'nnts-i. 99. 22 1985,
"8 - -.

., / ,Vnio's's. 4. 1072 i 19841,
"9 Ii. A. .`cIalaun,n. It. C?. Saunders, SI. Siislskin, Bc/jar'. ,Vnesveci, 98, 759 1984,
81 S. `/asla-Siuirgan. I.. It. Squire. ,i, Siichkni. Nature 218. 1337 1982.
81. 1 A Morel. Brmon 101. 413 4 198,.

82 5, /``la-Siusrgan anti I.. ft. Sqiuure. Br/ia,'. .`nrrasci,, in press.
83. II. Siahutt. S. ZoIa-'tIorgan. ,"i. Sins;, J. Nnirsisci, 2, 1214 1982.

84. 1 II Squire and S. ZoIa.Morgan,Ann, Ni'. tlcad. Au. 444, 137 1985.
85 1- .5 Slrurras- arid Id. Slishkin, I. .Vrni',r'cr.. in press.
86 1 I'. Aggleron and Si. Siishkin. ky/i. /1rain 11cr, 52, 199 11983,
It" - -. - . .Vrsrnyrs-r/su/iymra 21. 189 19834; S. ZoIa'tcInrgan and 1.. ft. Squire, Ann.

.Vrni'aI 17, SDR f 1985.
SR. U'. U P. SI tim. I-, K. SVarrungnin, I,. U'eiskranrz, Brain 102, 749 1979. Mnnkeys

xsiiIi bilateral Iesiisns linined to the medial mammillars' nuclei had a small,
nehugihIe utnpainuient riui the delas'ed nonmarehing-in-saniple task J. P. Agglernn
anti Si Siushkni, Lip. Bnrns Er' 58. 191 1985]. One mlsnkes' with a seetinned
ns.immull,sthalanimc tract. plus damage i's s'inic midline thalanimc usurelei, ss'as
uiioderatels' unipaired I ,Sci

89 1 Baeliu'saluer and ,`ti - Siichkin. Bc/ia,. Brain 11cc,. in press.
91 I .-igoer ci al , Sic .`u':,racci. .1/un'. 10. 386 19841; A. R. Damasio, N. ft. iraff

Ita,lt,ir,I. I' I I shingc'r. 11. llamas,,,. N. Kassell. .Ius'I'. Ncnnii. 42. 263 1985.
91 11 S I Ituuil, 1 1 - Becker. U. It. I Ian,Ielniann, Br/at'. hlrais: .S'ri. 2. 313 199.
92 5 /`ua-Siu'rgarr and I.. It. Scliulre. unpriblisheti `Ian.
93 Si. ,`sIrshkuu, ais,I I. Delatouir. /. Itvp. /`ncis'I. .`I i'm:. hlrb'ai'. Pr.': 1. 326 1 19Thi
94 I' I lsterrcrth .4,','!' l'nclx,i .10, 316 1 `44

9 I thank 1' Animal, A Shsinianiiuri. an,i S /ola.Siurgan for helpllul d,scuussinn and
,-,sn,nn'ntc iiui the niaiitis'nipi. Smuppcir'rc'd hi' the ,Medical Research Sen'ice of' the
`,`;ctarlc A,Ini,ii,ctrati,un arid Ps the National lnsrintre of Isienr,il Health
5111246110

2." DYNE 1181's ARTICI.ES 1619


