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mutants display enhanced RNAi even

in the first generation of treatment, it

is possible that MET-2 down-regulates

factors that promote heritable RNAi.

This model is supported by recent work

demonstrating that a feedback response

between endogenous and exogenous

RNAi pathways controls the duration of

heritable RNAi [19].

These new findings raise several

important questions concerning the

relationship between small RNAs and

chromatin modifications that will

hopefully steer us towards a clearer

understanding of transgenerational

inheritance. C. elegans has been at the

forefront in recent years in identifying roles

for small RNAs in transgenerational gene

silencing. The extent to which small RNAs

affect transgenerational gene silencing

in other species is poorly understood.

Worms can propagate a small RNA signal

at each generation via the activity of RNA-

dependent RNA polymerases, a class of

enzymes lacking in mammals, and it is

unclear if small RNA-based mechanisms

of transgenerational silencing exist in

humans [2]. However, in flies, which also

lack RNA-dependent RNA polymerases,

piRNAs are transgenerationally inherited

to maintain piRNA production and

transposon silencing from one generation

to the next [20]. It will be important to

identify the mechanisms underlying

transgenerational inheritance across

different species.
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A new study shows that direct stimulation of memory-relevant brain
areas can enhance memory performance, but only when stimulation is
applied during brain states associated with poor memory outcome —
stimulation during optimal states results in a decrease in memory.
Zaphod Beeblebrox — a character in

Douglas Adams, comic sci-fi novel ‘‘The

Hitchhiker’s Guide to the Galaxy [1]’’ —
is in a rather confused state when his

spaceship lands on planet ‘Vogtsphere’.

Conveniently, he has at hand a ‘thinking
7, May 22, 2017 ª 2017 Elsevier Ltd. R385
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Figure 1. Illustration of the stimulation protocol and results of Ezzyat et al. [3].
(A) Intracranial EEG is recorded during a memory task. Brain activity during encoding is split into two
classes (hits or misses) based on later memory performance. (B) A classifier is trained on the data to
identify states that are associated with ‘optimal’ or ‘poor’ memory based on the spectral profile.
Electrical stimulation during ‘optimal states’ reduces memory performance, whereas stimulation during
‘poor states’ increases memory performance.
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cap’, a device that electrically stimulates

the brain in order to improve cognitive

function. This intuition that electrical

stimulation modifies brain function is not

only evident in various sci-fi novels, but

actually has a long standing history in

cognitive neuroscience. For instance,

over half a century ago Wilder Penfield [2]

pioneered the technique of pre-surgical

mapping, whereby brain areas that

underlie specific cognitive and motor

functions are mapped by applying

electrical pulses to the brain tissue. A

given area is assumed to be functionally

relevant if electrical stimulation interferes

with the associated cognitive or motor

function, as manifested, for example, by

interruptions or difficulties in the naming

of objects during the stimulation of

language areas (Wernicke’s area, for

example). But can this same stimulation

technique be utilized in a way that

does not disrupt but instead enhances

cognitive performance? As they reported

very recently in Current Biology, Ezzyat

et al. [3] have developed a new approach
R386 Current Biology 27, R378–R397, May 2
to brain stimulation, obtaining results that

show that brain stimulation is capable of

improvingmemory, but only when applied

during certain brain states.

The relationship between brain

activity and memory is commonly

studied with so-called subsequent

memory experiments [4], wherein a list of

items, for example words, is presented

sequentially to a participant who then

has to recall the items during a later

test. Based on the participant’s recall

performance during the test phase, brain

activity during the learning phase can

be classified into ‘subsequent hit trials’

(items that were later recalled) or

‘subsequent miss trials’ (items that could

not be recalled). Contrasting the internally

generated brain activity between these

two classes of items results in a so-called

subsequent memory effect, which

quantifies the difference between brain

activity during subsequently recalled

and forgotten items (Figure 1A). The

former is typically associated with

a pattern of increased high frequency
2, 2017
power and decreased low frequency

power, whereas the latter is characterized

by a pattern of decreased high frequency

power and increased low frequency

power [5,6]. This subsequent memory

effect suggests that the brain naturally

fluctuates between states that do or do

not facilitate memory formation. These

‘optimal’ and ‘poor’ memory states are

characterized by distinct spectral profiles

of electrical brain activity. Accordingly,

Ezzyat et al. [3] hypothesized that the

effect of electrical stimulation on memory

performance may depend on whether

stimulation is applied during ‘optimal’ or

‘poor’ memory states.

To examine this hypothesis, the authors

tested patients with refractory epilepsy

who were implanted with depth and

surface grid electrodes for pre-surgical

diagnostic purposes. The experiment

followed a two-stage procedure. In the

first stage (Figure 1A), patients performed

a memory task where they learned a list

of words, which they had to recall later.

During this stage no stimulation was

carried out; instead the patients’

electrical brain activity was recorded

and subsequent memory effects were

identified by means of a pattern classifier

algorithm. As hypothesized by the

authors, a consistent picture emerged

across patients, in which high frequency

power increases and low frequency

power decreases predicted later

successful retrieval — indicative of an

optimal memory state. Conversely, low

frequency power increases and high

frequency power decreases predicted

later misses — indicative of a ‘poor’

memory state.

In the second stage (Figure 1B), the

patients again performed the same

memory task (with different words), this

time receiving stimulation, in the form of

electrical pulses at 50 Hz, for half of the

words, whereas the other half served as a

baseline control. The stimulated sites

differed between patients but weremostly

memory-relevant regions like the medial

temporal lobe or dorsolateral prefrontal

cortex. As expected, electrical stimulation

led overall to a small but statistically

significant memory decrease. However,

when taking into account the brain state

during which stimulation was applied, a

drastically different pattern of results

arose. When being stimulated during

optimal memory states, patients showed
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worse memory compared to when not

being stimulated; importantly, however,

when the patients were stimulated during

poor memory states, their memory

improved significantly.

These are exciting results as they show

that natural fluctuations in brain states,

which are indicated by the frequency

spectrum of the EEG, can account for

the variable effects of brain stimulation.

This could potentially resolve the question

why stimulation studies with similar

stimulation protocols show discrepant

results, with some reporting improved

memory [7] and others impaired memory

during stimulation [8,9]. Furthermore,

these results show that it is possible to

increase cognitive performance, but only

when stimulation is applied during states

which indicate non-efficient information

processing.

The study by Ezzyat et al. [3] opens up

a number of interesting questions to be

addressed by future experiments. There

are three questions that we think are

most pressing. First, is it possible to

improve memory performance online

by selectively stimulating during brain

states correlated with poor processing?

Notably, this is still an open question, as

the authors stimulated throughout the

memory task and obtained the results

offline after splitting the data post-hoc

into good and bad memory states.

Addressing this question requires a

closed-loop stimulation protocol [10,11]

in which specific brain states are targeted

online, that is, during a memory task,

based on a priori defined brain states.

Second, what is the neurophysiological

mechanism by which electrical

stimulation during poor brain states

boosts memory? One possibility is that a

simultaneous increase in low frequency

power and a decrease in high frequency

power may reflect an inhibited state of

a cortical region. An unspecific high

frequency electrical stimulus could act as

an excitatory drive to a given area that

causes it to switch from a passive to an

active state, thus mimicking a ‘wake-up

call’ for the network. Interestingly, a study

in animals showed that stimulation of the

cortex during a passive state increases

neural firing, whereas stimulation during

an active state induces a decrease in

neural firing [12]. These findings from

animals fit perfectly with the opposing

effects on memory reported by Ezzyat
et al. [3] and are consistent with the

observation that electrical stimulation

during poor memory states induced

increased high frequency activity (which

can be taken as a proxy of increased

excitation).

Third, can this approach be utilized for

non-invasive state-dependent brain

stimulation in order to increase memory

performance in healthy subjects?

Transcranial magnetic (TMS) and

transcranial electrical stimulation (TES)

are currently the most used non-invasive

brain stimulation techniques and hold

the promise of becoming tomorrow’s

tools of cognitive enhancement [13,14].

However, each of these techniques

has its limitations: in the case of TES,

these are poor spatial resolution and

attenuation of currents as they travel from

the scalp to the brain; and in the case of

TMS is poor ability to reach deep brain

structures such as the hippocampus

(but see [14]).

Nevertheless, the ability to boost

memory via non-invasive stimulation

might increase considerably if fluctuations

between brain states is taken into

account, as highlighted in the study by

Ezzyat et al. [3]. Importantly, in order to

follow this example EEG and/or MEG

should be simultaneously recorded during

magnetic [15,16] or electrical stimulation

[17,18], which is not done routinely at the

moment. Together, the new results open

the way for the development of closed

loop stimulation protocols in order to

increase brain function, thus moving

‘thinking caps’ from the realm of

science fiction into reality.
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