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Long-term value memory in primates

Wim Vanduffel>®<"

Every year around Christmas we receive a visitor from
the Nordic countries. A hawk keeps returing to a
particular branch of a single tree throughout the entire
winter, knowing that he will obtain daily treats with
little effort. With the advent of spring, he happily
returns to his breeding grounds, only to reappear the
following winter. This raptor has associated that
particular tree branch with easy food and distinguishes
it from millions of virtually identical tree branches
between Scandinavia and Flanders. Linking sensory
stimuli with value is essential to survival, not only for
this particular bird but for any organism, both inver-
tebrates and vertebrates. This type of information needs
to be encoded, stored, and quickly retrieved after the
first stimulus—value associations have been made, and to
remain available even after extensive periods of time in
the absence of contingent stimulus—reward associations.
While short-term memory allows recall of recently
acquired information for up to a minute, its capacity is
very limited. Long-term memory, on the other hand, has
a much greater storage capacity, lasting up to a lifetime.
The initial phase of stimulus-value associations depends
on dopaminergic-dependent reward-prediction error
signals broadcasted by the ventral midbrain, which
can be either positive or negative. These signals are
ideally suited to promote or suppress behavior associ-
ated with the reward (1, 2). The storage in short-term
memory is thought to depend on the hippocampus
and/or amygdala in the medial temporal lobe, in con-
cert with several divisions of the frontal cortex (3). Over
time, however, the memory becomes consolidated and
is represented in a distributed cortical network indepen-
dent of the hippocampus. Major, largely unanswered,
questions relate to how and where item value is stored
in long-term memory. In PNAS, Ghazizadeh et al. (4)
address the "where"” question by charting the brain net-
work in nonhuman primates involved in the long-term
storage of values associated with many visual objects.
In the first phase of their experiments, they trained
monkeys using a conditioning task whereby subjects
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Fig. 1. Schematic of main cortical areas in the monkey
(lateral view of the left hemisphere, frontal cortex to the left)
showing high-capacity short-term (green) and long-term (red)
value memory signals. Arrows indicate projections from the
head and tail of the caudate nucleus, respectively.

were required to make a saccadic eye movement to
the only object present on a screen. The stimuli were
selected from a huge set of fractals, half of which were
consistently paired with high rewards and half with low
rewards, thus creating “good” and “bad” object cat-
egories for the monkey.

After 10 d of training, the second phase of the
experiment began. Whole-brain activity was measured
using functional magnetic resonance imaging (fMRI)
while the monkeys stared at a central fixation point.
Meanwhile, good and bad fractals were randomly pre-
sented in blocks, either on the left-hand or right-hand side
of the screen. In contrast to the preceding training phase
of the experiment, rewards were noncontingent relative
to the visual stimuli and given only to encourage fixation
behavior. Hence, measured differences in fMRI activity
should be related to value memory signals that were
encoded during the training phase of the experiment.

The fMRI signals acquired immediately after the
training phase revealed mainly higher activities for
good objects than for bad objects (green outlines in
Fig. 1), especially in the ventral visual stream in and
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around the superior temporal sulcus. Similar value memory signals
were observed in the ventrolateral prefrontal and orbitofrontal
cortex; a small region in the parietal cortex; and also, to a lesser
extent, in early visual areas (V1-V4).

Remarkably, when the same animals were again tested 6-
13 mo after training, without having been exposed to the stimuli
during this period, a restricted set of the above-mentioned re-
gions still retained long-term value memory signals (red outlines
in Fig. 1). Extrastriate regions characterized by such long-term
value memory signals included areas in and near the fundus of
the superior temporal sulcus. In the ventral frontal cortex, these
months-old value memory signals were largely restricted to area
45B. In contrast, the previously good-preferring voxels in the early
visual, parietal, and orbitofrontal cortices had lost their differential
activations (good > bad) during the months following training.
Thus, value signals were restricted to a subset of the cortex that
had initially shown memory signals. Value-coding areas showed
strong laterality effects immediately after training, reflecting the
representation of the unilaterally presented stimuli in the contralat-
eral hemisphere. This lateralization was reduced in the months after
training, which may indicate that the cortex generalized across value
memory signals independent of the original stimulus appearance.

Ghazizadeh et al. (4) also analyzed correlations in fMRI signals
across cortical regions while the monkeys simply stared at the
fixation dot, without additional visual stimulation. Such resting-
state fMRI analyses provide a measure of functional connectivity
across regions. Interestingly, they observed particularly strong
functional connectivity, during rest, between the ventrolateral
prefrontal cortex and posterior inferotemporal regions showing
long-term value memory signals, which are also known to be an-
atomically connected (5). Moreover, the strength of the functional
connectivity to this frontotemporal network predicted the persis-
tence of long-term value coding for other cortical areas. It is un-
likely that the value memory signals are driven (only) by increased
attention toward previously highly rewarded objects (6), as typical
selective-attention areas in the parietal and frontal cortex (7, 8)
lack long-term value memory signals.

Value-based long-term memory signals were also observed
subcortically in the caudal-ventral putamen and claustrum, the tail
of the caudate, and the dorsal and lateral nuclei of the amygdala.
These subcortical structures also showed significant resting-state
functional connectivity with the frontotemporal network, expressing
long-term value memory signals. The apparent lack of hippocampal
involvement in value memory coding may be related to the role of
this medial temporal role structure in explicit (declarative) rather
than implicit (nondeclarative) memory (9). Indeed, no conscious
process was required to explicitly retrieve the object information
in the monkey's task.

Finally, behavioral preferences reflected long-term differences
in fMRI activity between good and bad objects. In a free-viewing
task, monkeys showed a clear preference for good versus bad
objects, which can be regarded as an index of memory strength. One
monkey actually showed an even stronger bias for good objects
months after the training phase than he had in the days immediately
afterwards. Thus, despite the shrinkage of the cortical territory
showing value memory signals over time, the behavioral preference
for good objects increased. This may indicate that the consolidation
process, possibly requiring additional resources, was still ongoing
in days immediately after training. Altematively, fewer or more efficient
neurons may be required to sustain a long-term behavioral preference.

The combined functional and behavioral results point to a
high-capacity, long-term value memory system that is housed in a
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frontotemporal cortical network. This network connects with ventral
parts of the amygdala, putamen, caudate, and claustrum. Signa-
tures of reward processing or leamed associations between objects
and reward are ubiquitous in the brain and have previously been
shown in the orbitofrontal (10, 11), prefrontal (12), temporal (13, 14),
parietal (15), and even early visual (16, 17) cortex. Most of these
previous studies, however, focused on reward-related signals that
are evident either during or immediately after training, as required
for immediate decision-making and flexible cognitive processes.
The present study stands out, as it has found very-long-term
value effects for an extensive set of stimuli far beyond the
context of the conditioning phase of the experiment. The engage-
ment of prefrontal areas in long-term memory processes has

The combination of both short- and long-
term value memories in the prefrontal cortex
may be key to making correct decisions based
on the combination of remote and recent
memories.

been hinted at before (18). The prefrontal cortex, however,
is more typically associated with short-term memory pro-
cesses ideally suited for executive control, whereby current
information needs to be kept online for short periods of time (19).
How can that be reconciled with the present findings, whereby the
(lateral) prefrontal cortex is involved in both short-term and long-
term value memory processes? The answer may lie in the pre-
frontal cortex’s connectivity with the ventral basal ganglia and
posterior inferotemporal areas. Kim and Hikosaka (20) have re-
cently shown that short-term and long-term value memory for
visual stimuli is coded in different compartments of the basal
ganglia. Specifically, the tail of the caudate nucleus and the cau-
dolateral sectors of the substantia nigra encode long-term mem-
ories. Exactly these nuclei are connected with the prefrontal
regions showing long-term value memory signals (red arrows
in Fig. 1). The combination of both short- and long-term value
memories in the prefrontal cortex may be key to making cor-
rect decisions based on the combination of remote and recent
memories.

Although the high-capacity network for long-term reward value
largely overlaps with the short-term memory network, future
research is required to examine convergence at the single-cell
level, as well as the functional, anatomical, and biochemical
changes underlying long-term memory storage at the neuronal
or microcircuit level in primates. The present type of imaging
experiments will be crucial for guiding such research (21). Insofar as
Ghazizadeh et al. (4) have tapped into mainly implicit memory pro-
cesses, lingering questions remain regarding the degree of overlap
with other long-term memory systems, such as declarative memory.
Finally, the present data call for causal experiments to evaluate the
contributions of the individual nodes in the long-term value-
coding network (21).

Long-term value memory is essential for survival, as in the
case of our yearly returning hawk. However, it is also highly
relevant in the diseased brain, such as in addiction, where old,
very-high-value memories can trigger relapse during periods of
drug abstinence. Understanding the macro- (22) and microcir-
cuitry and mechanisms underlying long-term memory in such
cases may be key in our fight against these devastating disor-
ders for the patients, their families, and society at large.
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