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excitatory synaptic transmission5, Nf1 defi-
ciency leads to increased GABAergic synaptic 
transmission13,14. Thus, it will be interesting 
to determine precisely how hyperactivation 
of Ras-Erk signaling differentially controls 
GABAergic and glutamatergic synaptic trans-
mission in NF1 and NS, respectively.

The overall disruption in the balance between 
excitation and inhibition caused by mutations 
in Nf1 or Ptpn11 (Fig. 1) and the fact that epi-
leptic seizures have been observed in NS and 
NF1 patients raise some interesting questions. 
First, do NS and NF1 mouse models exhibit 
electrographic seizures? If so, what exactly 
is their contribution to the cognitive pheno-
type? In addition, could Erk or Ras inhibitors  
suppress the seizure phenotype? Disruption 
in the balance between excitation and inhibi-
tion is a common synaptic feature of mouse 
models of autism spectrum disorders. Thus, 
it would be also interesting to assess whether 
NF1 and NS mouse models show behavioral 
endophenotypes that are associated with 
autism, including deficits in social behav-
ior and stereotypic repetitive behaviors, and 
whether those are caused by abnormally high 
Erk-Ras signaling. Finally, the solid findings 

that lovastatin can decrease Ras-mediated 
Erk activation in the brain12. Treating adult 
Ptpn11D61G/+ mice with lovastatin not only 
normalized Erk activity, but fully rescued 
their severe learning and memory and LTP 
deficits. Remarkably, the lovastatin-treated 
Ptpn11D61G/+ mice performed as well as  
wild-type mice, and lovastatin was not 
observed to have any detrimental effect in 
wild-type mice.

These synergistic and elegant experi-
ments by Lee et al.5 provide strong evidence 
that the hippocampus-dependent memory 
impairment in NS mouse models is caused by 
hyperactivation of Ras-Erk signaling. More 
importantly, they suggest that it may be pos-
sible to reverse this neurodevelopmental dis-
order even during adulthood. The study by Lee  
et al.5 builds on previous work from the same 
laboratory on other RASopathies (disorders 
caused by changes in Ras activity). In a series 
of groundbreaking studies, Silva’s research 
group has shown that normalization of Ras-
Erk signaling in Nf1+/– mice, a mouse model of 
neurofibromatosis 1 (NF1), rescues the long-
term memory and LTP deficits13,14. Unlike 
NS mouse models, which show exaggerated 

with Nf1+/– mice and lovastatin have already 
led to early clinical trials15. Given the very 
encouraging preclinical findings presented 
by Lee et al.5, personalized treatment of NS 
patients with MEK inhibitors or statin-based 
drugs may ultimately follow.
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replay to remember: a boost from dopamine
Laura A Ewell & Stefan Leutgeb

A study links transient activation of the brain’s reward system during a novel experience to frequent reactivation  
of memory traces during sleep and shows that artificial activation of the reward circuit can strengthen memories.

We all know that some experiences stand  
out in our memories, whereas others seem to 
not be there at all. Certain conditions, such 
as novelty, seem to promote memory. For 
example, think about the detailed memo-
ries when you travel to a new destination as 
opposed to the scarce memories from a regular 
commute. What is different about the brain 
dynamics during novel experiences? Novelty 
promotes the release of the neurotransmitter 
dopamine1, which is canonically thought of as 
a reward signal, but has more recently been 
implicated in signaling a mismatch between 
reality and one’s expectation of reality2,3. Novel 

experiences may represent the most extreme 
mismatch of this sort. To study the influence 
of dopamine release during novelty in mem-
ory augmentation, McNamara et al.4 used  
optogenenetics to precisely control the activ-
ity of dopaminergic neurons. They then read 
out the effects of the manipulation with large- 
scale neural population recordings of hip-
pocampal neuronal activity patterns. By 
combining these approaches, they linked 
the memory-promoting effects of transient 
dopamine release during the experience to a 
persistent change in neuronal network activ-
ity. During sleep after the novel experience, 
hippocampal neuronal activity patterns from 
the experience continued to be frequently 
reactivated and memory for the experience 
became enhanced.

In rodents, memory is often studied in the 
context of spatial memory. Principal neurons in 
the hippocampus exhibit robust spatial tuning, 
such that they are only active when an animal 
is at particular positions in an environment.  

These neurons are referred to as place cells5. 
For a given environment, the activity of hip-
pocampal place cells is thought to provide the 
neural substrate for a road map and for know-
ing where one is on the map. In this scheme, 
the quality and stability of the map would be 
directly correlated with the quality and stabil-
ity of the spatial component of memory. Think 
back to traveling to a new place; do memories 
of where you went stand out? What makes hip-
pocampal spatial codes for novel experiences 
stable and the experiences memorable? It was 
previously suspected that hippocampal place 
codes for novel environments were stabilized 
by dopamine6, but how does dopamine sup-
port the long-lasting stabilization process?

To understand how dopamine improves 
spatial stability, and eventually memory, 
McNamara et al.4 first showed that neurons 
in the ventral tegmental area (VTA) fired 
in bursts in the novel environment, which 
is known to result in dopamine release in  
its target areas, including the hippocampus. 

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



1630 volume 17 | number 12 | DeCember 2014  nature neuroscience

n e w s  a n d  v i e w s

This occurred even in the absence of food 
reward. They then hijacked control of the 
dopamine release by targeting dopaminergic 
neurons with channelrhodopsin, a protein that 
activates neurons in the presence of light. With 
an optic fiber that targeted either the dop-
aminergic cells in the VTA or the dopaminer-
gic terminals in the hippocampus, they were 
then able to precisely control when dopamine 
was released. With this tool in hand, they set 
out to test a prevalent hypothesis in the field of 
memory research (Fig. 1). The future strength 
of a memory is thought to depend on repeating 
brain activity patterns from the previous expe-
rience during subsequent sleep. Such reacti-
vation or replay events are observed during 
bouts of fast oscillations in the hippocampus, 
referred to as sharp-wave ripples, and these 
events are thought to coordinate the emer-
gence of highly connected groups of neurons 
across cortical areas7.

Reactivation was known to be more likely 
after novel experiences8. McNamara et al.4 
took this idea one step further and postu-
lated that the presence of dopamine during 
an experience selects neuronal patterns for 

future reactivation. To test this, they recorded 
place cell activity under three conditions: 
when mice explored a highly familiar envi-
ronment (for you, analogous to a regular 
morning commute), when mice explored a 
novel environment (such as a road trip to a 
new destination) and when animals explored 
a novel environment while the experiment-
ers added the optical activation of dopamine 
neurons (perhaps this could be imagined to be 
something like traveling to a foreign country: 
the brain is signaling that this experience is 
exceptionally novel). After each of these con-
ditions, the authors recorded the reactivation 
of neuronal ensembles during sharp-wave 
ripples in post-experience sleep. If dopamine 
promotes stabilization of select experiences, 
then it would be expected that, during sleep 
following the novel experience and during 
sleep following the stimulation of dopamine 
pathways, replay events would correspond 
more often to the neuronal ensembles that 
identify the dopamine-rich conditions. Exactly 
as expected for a dopamine-driven reactiva-
tion process, McNamara et al.4 found that the 
content of the post-experience replay events 

shifts toward representing the experience 
that was tagged by dopamine. Furthermore, 
the effect was additive: when they stimulated 
dopamine pathways in novel environments, 
they saw a larger enhancement than for novel 
experience alone.

From these results, it would be predicted 
that the spatial maps that represent the novel 
and dopamine-rich experiences would become 
more stable and support memory better than 
maps that are not boosted by dopamine.  
In these first experiments, however, there is 
no way to probe the animal’s memory of the 
experience. Thus, the authors switched to 
recording during a spatial memory task in 
which mice learn to navigate a complicated 
maze to retrieve a food reward. In one case, 
they let the mice learn the task without manip-
ulating dopamine levels, and in the other case 
they stimulated dopamine neurons with light.  
As would be expected from their earlier 
results, the content of post-sleep replay after 
the dopamine-rich condition was shifted 
to represent more replays from the boosted 
experience. Strikingly, when animals were 
tested on the maze 1 h later, the group that 
received dopamine stimulation throughout 
the training remembered the shortest path 
to the reward better. Furthermore, the spatial 
representations of the maze were more stable 
for the group that received dopamine stimula-
tion than for the group that did not. These data 
suggest that dopamine helps to control what 
gets remembered and selects which experience 
will continue to be stabilized.

This finding is important because it suggests  
that a positive feedback loop is sustained 
beyond the duration of the dopamine release 
during the experience. The hippocampus 
is known to detect novelty and promote  
dopamine release9. The released dopamine  
is known to facilitate the induction and main-
tenance of long-term potentiation (LTP) in the 
hippocampus10, and LTP is necessary for stabi-
lizing new place maps11. Given that dopamine 
promotes not only the induction of LTP, but 
also its maintenance, it seems likely that the 
reason for more reactivation events after novel 
experience is because the synapses that coacti-
vate cell ensembles remain strengthened at a 
higher level for a longer period. This sets the 
stage for continuing to stabilize the memory 
during post-experience sleep by promoting 
reactivation events that contain the informa-
tion about the recent experience (Fig. 1).

One might wonder whether the reactivation 
is actually necessary for retaining the mem-
ory or whether it would be sufficient to just 
strengthen synapses more during the experi-
ence. Supporting the necessity of reorganiz-
ing neural circuits during sleep reactivation 

Figure 1  Novelty enhances memory through sleep reactivation. A feedback loop strengthens memory 
under novel conditions. Novelty is detected in the hippocampus (1), which leads to increased activity 
in dopamine neurons in the VTA (2), which causes increased dopamine release in the hippocampus (3).  
DG, dentate gyrus. The experimenters boosted the novelty signal (dopamine) by activating light-
sensitive excitatory currents in either the VTA proper or, more selectively, in projections to the 
hippocampus. Inset (3a) shows the effect of dopamine on synaptic strength in the hippocampus.  
Pairs of cells are coactivated when their spatial tuning curves (place fields) have substantial overlap. 
Here, blue pyramidal cells are coactivated during the theta cycle shaded in blue and the orange 
pyramidal cells are coactivated during the theta cycle shaded in orange. Synaptic connections between 
CA3 and CA1 pyramidal cells undergo LTP, which is stronger and longer lasting when dopamine is 
released during novel experience (circles represent strengthened synaptic connections). In the post-
experience sleep (4), a fraction of ripple events (examples are labeled 1–5) shows reactivation of 
the same cell pairs that were coactivated during the preceding behavioral experience (color scheme 
corresponds to 3a). With the dopamine-mediated LTP, many of the reactivations represent the novel 
experience, which may facilitate memory consolidation. 
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cortical geography is destiny
Charles E Connor

A study demonstrates that learning different character sets produces a repeatable arrangement of distinct cortical 
modules, suggesting that a preexisting cortical architecture is repurposed during learning.

are findings that show memory impairments 
when sharp-wave ripples are blocked12,13. 
Furthermore, it seems that learning dynami-
cally regulates the drive to generate ripples, 
as if to ensure that there are enough events 
to consolidate the newly learned informa-
tion14. Such increased activation of more 
ripples, together with shifting the content of 
ripples toward experiences of interest, may 
be the ingredients that are required to make 
memories permanent. Moreover, it is known 
that long-lasting memories, once established, 
do not require the hippocampus for their per-
sistence15, and it will therefore be interesting 

to see whether the dopamine-promoted sharp 
waves in the hippocampus are responsible for 
eventually taking themselves out of the loop.
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The most dramatic neural correlate of learn-
ing is the formation of an entirely new brain 
module. For instance, learning to read pro-
duces the visual word form area (VWFA). 
This dedicated region of high-level visual 
cortex processes images of letters and words 
as a step toward semantic understanding1. 
The emergence of the VWFA must be a result 
of learning, rather than evolution, given 
that written language is so recent. In 2012, 
Srihasam et al.2 demonstrated an analogous 
phenomenon in monkeys: juveniles trained 
to recognize the relative reward values of 26 
alphanumeric symbols developed a cortical 
module that responded selectively to those 
symbols. These phenomena raise some fas-
cinating questions. Does the brain synthesize 
an entirely new cortical module that squeezes 
into the developing functional map (let’s call 
this the new module hypothesis)? Or does it 
co-opt some part of the existing architecture, 
shaping preexisting neural tuning functions 
into filters for the newly learned symbols (let’s 
call this the repurposing hypothesis)? And is 
there any way to tell the difference? In this 
issue of Nature Neuroscience, Srihasam et al.3  
come up with a way to do just that, and their 
results provide striking evidence for the repur-
posing hypothesis.

The authors designed an ambitious, long-
term experiment to leverage the manipula-
bility of developmental learning in monkeys. 
They trained juvenile monkeys on not just one 
symbol set, but three: Helvetica alphanumeric 
characters, Tetris-like block configurations and 
cartoon faces. For each 26-character set, mon-
keys learned associated reward values ranging 
from 0 to 25 drops of liquid. In each behavioral  
trial, two symbols were presented on a touch 
screen, and monkeys earned the reward asso-
ciated with the symbol that they touched. 
They learned, over the course of 6–8 months 
for each set, to select the higher value symbol 
on most trials. Importantly, different monkeys 
learned the symbol sets in different orders: 
some started with Helvetica, others with Tetris 
(Fig. 1a). After learning was complete on all 
three sets, Srihasam et al.3 used fMRI to look 
for brain regions selectively responsive to the 
learned symbols.

If you had asked me beforehand, I would 
have predicted the result diagrammed in 
Figure 1b, a single module sensitive to all 
three symbol sets. That seems reasonable: once 
the brain has gone to the trouble of setting up a 
new system for translating screen symbols into 
reward values, why not just tweak that system 
to learn additional symbols? But I would have 
been wrong; the authors found that the three 
character sets were represented in three dis-
tinct cortical patches.

If you had given me that hint, three distinct 
patches, and asked me to predict their arrange-
ment, I would have bet on one of the results 
shown in Figure 1c,d. My first guess would 

have been that training order determines 
relative position (Fig. 1c), on the assumption 
that squeezing new modules into the cortical 
map is constrained in a particular direction. 
For example, new modules might be progres-
sively added in the rostral direction, as cortex 
becomes more plastic as you move forward in 
the visual hierarchy, further away from pri-
mary visual cortex. My second guess would 
have been a haphazard arrangement (Fig. 1d), 
as squeezing new modules into the cortical 
map might be subject to random availability 
of territory at time of learning and map vari-
ability between individuals.

It turns out that none of my reasonable 
guesses would have been correct. Instead, 
Srihasam et al.3 got the surprising result dia-
grammed in Figure 1e: three distinct mod-
ules in inferotemporal cortex (IT), in the 
same relative locations regardless of training 
order— faces, Helvetica and then Tetris, from 
top to bottom (dorsal to ventral). This seems 
interpretable only under the repurposing 
hypothesis; there must be some preexisting 
organization of visual processing character-
istics with differential affinities to the three 
symbol sets. This is more obvious in the case of 
the cartoon faces, which activated cortex near  
previously identified face patches4. It is far 
from obvious for the Helvetica and Tetris sym-
bol sets, yet the Helvetica and Tetris modules 
reliably appeared at the same relative loca-
tions, regardless of which was learned first.  
There must be some preexisting visual pro-
cessing region with greater initial affinity 
for Helvetica (perhaps because it contains 

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

mailto:connor@jhu.edu



