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sents a task-dependent correlation between brain activation and 
behavior that may relate specifically to episodic memory.

Our findings support the notion that neurotransmitter modu-
lation can alter brain activation and behavior in a task-specific 
manner,14,16,31,56 even though neurotransmitter systems mediating 
wakefulness and arousal, such as the cholinergic system, have 
very widespread representation throughout the cerebral cortex. 
Further, the neuroanatomically and psychologically plausible 

considerable evidence concerning how cholinergic augmenta-
tion can benefit attention and memory,53-55 some caution is in 
order in attributing the observed effects in the current studies 
solely to the cholinergic system.

Functionally Relevant Relationships Between fMRI Signal and 
the Effects of State and Drug Highlight Its Value as a Functional 
Probe

The within-subject design of this study controlled for con-
founds that could arise from inter-individual variation in 
response to sleep deprivation, donepezil or both these manipu-
lations. Additionally, imaging the same volunteers as they per-
formed tasks from different cognitive domains allowed us to 
differentiate task-independent and task-dependent effects on 
brain activation.

We found brain regions where donepezil modulated behav-
ior and brain activation in a consistent manner across visual 
short-term memory, visual perceptual control,25 and episodic 
memory tasks. These were the intraparietal sulcus that mediates 
attentional control and bilateral extrastriate regions involved in 
visual sensory processing. The effect of donepezil on attention 
(measured by the non-response rate) was reproduced across 
different tasks (correlation with non-response rate between 
the present experiment and previously reported tasks were: r = 
0.81, P < 0.001 for the short-term memory task and r = 0.58, P 
= 0.002 for the visual perceptual control task).

In the current study, we also found significant correlation be-
tween left inferior prefrontal activation at encoding, and recog-
nition memory that was not previously observed with the visual 
short-term memory and perceptual control tasks. This repre-
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Figure 6—Declines in non-responses with donepezil following 
sleep deprivation (SDD–SDP) correlated (P < 0.05) with activa-
tion increases in (A) the left superior parietal cortex (r = −0.43), 
(B) right fusiform gyrus (r = −0.45), (C) left fusiform gyrus (r = 
−0.43) and left ventral occipital cortex (r = −0.44). SDD: sleep 
deprivation donepezil; SDP: sleep deprivation placebo. Note that 
N = 25 following the exclusion of an outlier.

Figure 7—Donepezil-related modulation in corrected recognition correlated (P < 0.05) with activation in (A) the left middle prefrontal cortex 
(r = 0.54), (B) the left inferior frontal gyrus (r = 0.53), and (C) the right fusiform gyrus (r = 0.39). The highlighted frontal regions overlapped 
(orange) with those showing a subsequent memory effect (yellow; Supplementary Figure 2). SDD: sleep deprivation donepezil; SDP: sleep 
deprivation placebo. Note that N = 25 following the exclusion of an outlier.
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coding so as to affect long-term consolidation. Some effects on 
memory consolidation may take longer than the experimental 
period (up to months) to reveal.71,72 A useful metaphor arises 
from the concept of “safety factor” in neuromuscular transmis-
sion.73 Transmission remains effective under various physiolog-
ical conditions because the amount of transmitter released per 
nerve impulse is greater than that required to minimally trigger 
a muscle action potential. Along this line of reasoning, we posit 
that some of the “redundant” activation observed in association 
with task performance after a normal night of sleep could serve 
to ensure robust encoding into long-term memory.

Conclusion

Donepezil reduced decline in recognition performance in in-
dividuals vulnerable to the effects of sleep deprivation by im-
proving both attention and enhancing encoding. Additionally 
our findings demonstrate the utility of combined fMRI–behav-
ior evaluation in psychopharmacological studies.
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