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neurons, which innervate discrete dendritic 
domains of hippocampal pyramidal neurons10, 
provide an ideal input signal for the genera-
tion of synaptically mediated NMDA spikes 
and voltage-activated ion channel–dependent 
dendritic spikes11. The efficient transfer of 
information from dendrite to the axon can 
therefore be mediated by distinct active den-
dritic mechanisms. A related issue is the physi-
ological robustness of the integration scheme 
detailed by Vaidya and Johnston1. HCN chan-
nels are powerfully deactivated by membrane 
depolarization, suggesting that widespread 
synaptic depolarization of the dendritic arbor 
will alter HCN channel control of the timing 
of synaptic input. Future experimental and 
modeling studies will be needed to align these 
active dendritic integration schemes and deter-
mine their physiological utility.

The new findings do reveal that active mech-
anisms exist to minimize site-dependent time 
delays in the dendritic arbor of CA1 pyramidal  

neurons, and, together with previous results 
revealing synaptic mechanisms that compen-
sate for the distance-dependent attenuation of 
dendritic excitatory synaptic input12,13, they 
suggest that CA1 pyramidal neurons possess 
intricate mechanisms to transform spatially 
distributed excitatory synaptic input into a 
coherent neuronal output. Furthermore, the 
integration scheme described by Vaidya and 
Johnston1 provides new insight into plasticity 
mechanisms in the hippocampus. The Johnston 
group and others have shown that long-term 
changes in synaptic strength are accompanied 
by activity-dependent alterations in the distri-
bution of dendritic HCN channels4,14,15. The 
synchronization properties of CA1 pyramidal 
neurons may therefore be modifiable to allow 
pyramidal neurons to modulate responsiveness 
to patterned network activity. Thus, Vaidya and 
Johnston’s findings1 help to set the stage for a 
greater understanding of how single neurons 
read out network computations.

nervously in the blocks for the starting gun. A blue 
cross initiated each trial (“on your marks …”).  
Subsequently, subjects pressed a button or lever 
(“get set …”) to initiate a short interval (~1 s), 
after which an imperative tone was presented 
(“go!”). Correct responses were those that 
occurred rapidly after the tone; the precise 
length of the available response window was 
continuously adjusted to ensure ~20% errors. 
It has been known for decades2 that response 
times on tasks such as this gradually speed up 
across trials until an error occurs, after which 
both humans (although not Linford Christie in 
Atlanta) and rodents typically show ‘post-error 
slowing’—a sharp increase in response latencies 
on the post-error trial (Fig. 1a).

Here, the authors observed that slowed 
responses on post-error trials were accompa-
nied by strikingly similar patterns of electroen-
cephalographic (EEG) activity recorded both 
at the human scalp and intracortically in rat 
mPFC. Specifically, in both humans and rats, 
trials following errors were associated with both 
stereotyped changes in average EEG signals and 
more pronounced theta-band activity (fluctua-
tions in excitability at 4–8 Hz) occurring around 
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oh, rats! Post-error behavioral adjustment in 
creatures great and small
Christopher Summerfield & Nick Yeung

Errors are typically followed by more cautious responses. A study now provides evidence that remarkably conserved 
neural dynamics underlie these post-error adjustments to behavior in rodents and humans.

At the climax of the 1996 Olympic Games, the 
world’s eyes were on the British sprinter and 
defending 100m champion, Linford Christie. 
Christie had just false-started in the men’s 100m 
final and was straining in the starting blocks for 
a second time. The starting gun sounded and 
then fired quickly again, recalling the runners 
from a second false start: Christie had leapt too 
early from the blocks again, this time earning 
himself an irrevocable disqualification from the 
competition. Incensed, he refused to accept the 
decision, remaining on the track and delaying 
the final for several minutes. The race was even-
tually won by the Canadian Donovan Bailey in 
a world-record time of 9.84 s.

What went wrong for Christie at that second 
false start? A new study by Narayanan et al.1 
published in this issue of Nature Neuroscience 
sheds new light on the neural mechanisms 
by which mammals adjust the timing of their 
actions following commission of a premature 

response. Three remarkable findings emerge 
from their work. First, by studying both rats 
and humans, they were able to show that neu-
ral mechanisms of post-error adjustment are 
strikingly consistent across the two species, with 
common neural signatures being observed in 
the frontal cortex following an error. Second, 
post-error response adjustments depend criti-
cally on the coordination of slow fluctuations 
in cortical excitability between the medial pre-
frontal cortex (mPFC) and the motor cortex, 
strengthening a growing case that electrocorti-
cal oscillations are a key mechanism for struc-
turing the timing of sensorimotor control across 
the brain. Third, inactivating the mPFC in rats 
abolishes post-error adjustments by altering the 
coupling between spiking activity and oscilla-
tions in the downstream motor cortex, high-
lighting spike-field coupling as a likely cause of 
post-error changes to behavioral performance. 
Together, these findings portray, in exquisite 
detail, a regulatory control system that may 
have been conserved for some 50 million years 
of mammalian evolutionary history.

Narayanan et al.1 created an experimental sit-
uation similar to that faced by an athlete waiting 
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Narayanan et al.’s results1 provide a compre-
hensive picture of how behavioral adjustment 
occurs in situations in which a single response 
is prepared vigorously and the cost of premature 
action is high. The next steps will be to extend 
this work to provide a more general theory of 
control that can accommodate the rich and 
often bewildering body of empirical work that 
has sought to understand the function of the 
mPFC and, in particular, of the anterior por-
tion of the cingulate cortex (ACC), which is its 
most prominent feature in mammals. Lists of 
the ACC’s potential function have grown so 
wild and varied that one tongue-in-cheek paper 
(Gage, G.J., Parikh, H. & Marzullo, T.C. Annals 
of Improbable Research 14, 12–16; 2008) sug-
gested that the ACC is simply responsible for 
all cognitive function. A more plausible recent 
account has emphasized a role for the ACC in 
prompting an animal’s decision to switch away 
from a depleting resource to find more fertile 
foraging grounds13. One unified view that can 
encompass the current findings alongside this 
appealing ecological perspective is that the 
mPFC determines the timing of behavior in 
response to reinforcement14, exerting control 
over the ‘when’ of responding to the imperative 
cue, just as it determines the when of switching 
to a new, more fruitful, course of action. In other 
words, as Linford Christie stood defiant on the 
track with the world watching him, the same 
mPFC and ACC that had let him down minutes 
before was signaling the gradually increasing 
value of accepting his inevitable disqualifica-
tion and walking back to the stands.
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the time of the imperative tone. Critically, these 
enhancements in theta-band activity predicted 
the degree of post-error slowing, providing a 
link between this neural signal and the post-
error adjustment of behavior in both species.

These observations join a constellation of 
recent findings that have revealed how the 
mPFC (in conjunction with subcortical and 
other frontal structures) helps us ‘hold our 
horses’ in the face of temptation or distraction3–5 
and underpins the cautious behavior observed 
following errors or other adverse events6,7. In 
other words, it is the mPFC that prompts us to 
stop, take stock and exert greater caution when 
an error has occurred. Interactions between the 
mPFC and motor or other control structures are 
thought to regulate the urgency or caution with 
which a given task is performed, according to 
recent motivational signals such as error feed-
back or negative reinforcement. For example, 
in previous human brain imaging studies, the 
mPFC response to errors was found to predict 
both the degree of motor slowing and the cor-
responding reduction in motor activity on the 
subsequent, post-error trial7,8.

From a computational standpoint, actions 
are initiated when activation levels in motor 
circuits grow to reach a threshold. Under this 
widely accepted framework, post-error slowing 
may result from a reduction in quiescent levels of 
response activation, so that the distance between 
initial and threshold activation levels is greater 
and post-error responses are correspondingly 
more sluggish9,10 (Fig. 1b). The work presented 
by Narayanan et al.1 prompts us to consider a 
mechanistic account of how slow neural oscil-
lations might give rise to post-error slowing. 
The authors measured phase coherence in the 
human and rat EEG signals, an estimate of the 
extent to which oscillations in potentially inter-
connected brain regions become synchronized, 

and found that theta-band coherence between 
mPFC and motor cortex was enhanced on post-
error relative to post-correct trials in both spe-
cies. One possible explanation for this finding is 
that the mPFC ‘entrains’ the phase of slow corti-
cal oscillations in the neighboring motor cortex, 
determining when the up and down swings of 
cortical excitability will occur with respect to the 
imperative tone. By varying global levels of excit-
ability in this way, the mPFC can control the tim-
ing of synchronous spiking activity in the motor 
cortex, thereby regulating initial levels of motor 
activation at target onset and determining the 
overall urgency or caution with which a response 
is made (Fig. 1b). A comparable role for oscilla-
tory activity in regulating the timing of informa-
tion processing has recently been described in 
the domains of perception and attention11,12.

This account sounds plausible, but does it 
stand up to empirical scrutiny? Narayanan et al.1 
provide two further convincing demonstrations 
that post-error slowing (and its motor cortical 
correlate) depends on slow neural oscillations 
that originate in the mPFC. First, they confirm 
that coupling between spikes and oscillations 
is also increased after errors, presumably driv-
ing the heightened control over the timing of 
responses that characterizes post-error slowing. 
Second, they investigated the consequences of 
reversible inactivation of the mPFC with the 
GABA agonist muscimol. As expected, mPFC 
inactivation was found to abolish post-error 
slowing, but, critically, it also eliminated the dif-
ferences in theta-band activity on post-correct 
and post-error trials, and the slow spike-field 
coupling characteristic of error trials under 
control conditions. These findings further sup-
port the mechanistic account of behavioral 
adjustment outlined above and, in particular, 
the causal role of the mPFC in the increased 
response caution that typically follows an error.

Figure 1  Post-error slowing. (a) A schematic representation of canonical reaction time (RT) effects, 
showing reaction time (relative to average, shown by dashed line) on trials before an error (..., e – 2,  
e – 1), on an error (e; red) and after an error (e + 1, e + 2, ...). Trials following an error are slower.  
(b) A theoretical account of post-error slowing. Activation buildup after an error (red trace) is dampened 
by a reduction in spiking activity (overlaid raster) at around the time of the “go” signal (purple line). 
This is driven in turn by coupling between spikes and a slow oscillatory signal arising in the mPFC, 
which is enhanced after errors. Compared to post-correct trial (black trace), participants will exhibit 
greater response caution on post-correct trials because the distance to threshold is greater.
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