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Persistent Neuronal Activity 
in Anterior Cingulate Cortex 
Correlates with Sustained 
Attention in Rats Regardless of 
Sensory Modality
Dingcheng Wu1, Hanfei Deng1,2, Xiong Xiao1,2, Yanfang Zuo1, Jingjing Sun1 & Zuoren Wang1

The anterior cingulate cortex (ACC) has long been thought to regulate conflict between an object of 
attention and distractors during goal-directed sustained attention. However, it is unclear whether ACC 
serves to sustained attention itself. Here, we developed a task in which the time course of sustained 
attention could be controlled in rats. Then, using pharmacological lesion experiments, we employed 
it to assess function of ACC in sustained attention. We then recorded neuronal activity in ACC using 
multichannel extracellular recording techniques and identified specific ACC neurons persistently 
activated during the period of attention. Further experiments showed that target modality had 
minimal influence on the neuronal activity, and distracting external sensory input during the attention 
period did not perturb persistent neuronal activity. Additionally, minimal trial-to-trial variability in 
neuronal activity observed during sustained attention supports a role for ACC neurons in that behavior. 
Therefore, we conclude that the ACC neuronal activity correlates with sustained attention.

The ability to maintain attention is fundamental to daily life, allowing human beings to concentrate cognitive fac-
ulties on critical tasks over prolonged periods of time1,2. Given that our environment is often complex, the brain 
chooses what to process over a period of time until a task is complete. Deficits in sustained attention, however, 
affect a large number of people, especially children with attention deficit hyperactivity disorder (ADHD), leading 
to difficulties in learning and in social and affective functions. Therefore, it is critical to identify neuronal mech-
anisms underlying sustained attention.

Many lines of evidence from studies of humans3–8, other primates9,10, and rodents11–13 indirectly support the 
idea that the anterior cingulate cortex (ACC) functions in sustained attention. Those reports indicate that the 
ACC is recruited to regulate conflict between an object of attention and distractors during goal-directed sustained 
attention3–5,7,10. However, some argue that attention and conflict regulation are processed separately14, while oth-
ers propose that the ACC encodes both preparatory attention and error detection11–13, and also functions in 
predicting upcoming events7,9.

Using a three-choice serial reaction time task in rats, Totah and colleagues demonstrated that a subset of ACC 
neurons was recruited in preparatory attention11. In addition, Weissman and colleagues found that reduced ACC 
activity accounted for attention lapses15. Furthermore, analysis of event-related potentials (ERPs) suggests that the 
contingent negative variation (CNV) is caused by sustained attention16,17 and derived primarily from ACC activity8.  
Nonetheless, it remains unknown whether ACC neurons are required for maintenance of attention. Given that 
CNV activity persists in sustained attention, it is reasonable to predict that at least a group of ACC neurons are 
consistently activated or suppressed during attention.

Sustained attention is described as a psychological state of readiness to detect upcoming rare or unpredict-
able signals1, suggesting that attention enhances signal detection accuracy. Target unpredictability requires that 
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attention be maintained1, while predictability of type of target enhances accuracy in tasks of attention18,19. Thus, 
changes in target modality may perturb attention, requiring comparisons across modalities to identify a compo-
nent common to sustained attention.

To conduct such comparisons, we evaluated behavioral performance during sustained visual and olfactory 
attention. Using pharmacological lesion and electrophysiological experiments, we found that rat ACC neurons 
function in sustained attention regardless of target modality, For this analysis, we developed a training system to 
control the time course of sustained attention in visual and olfactory modalities, allowing evaluation of neuronal 
function in that period. In vivo multichannel recording in behaving rats revealed that the time window of activity 
of particular ACC neurons coincided with that of sustained attention regardless of target modality, suggesting 
that these neurons are critical to maintain sustained attention.

Results
Acquisition of sustained attention in visual and olfactory modalities in rats. We designed a task 
to assess sustained attention in visual and olfactory modalities in rats (Fig. 1). In it, animals poked an aper-
ture with their nose to trigger transient delivery of a stimulus from one of three other apertures after a random 
time interval termed the Trigger-Stimulus Interval (TSI, time window from entering the trigger port to stimulus 
presentation). Specifically, rats with limited access to water were first trained to detect location of the transient 
stimulus and then respond by poking the stimulus aperture to obtain a water reward. By increasing the TSI and 
decreasing stimulus duration (Fig. 1d,e, Figure S1a), tasks became more difficult but a state of attention was initi-
ated20. Rats that passed the highest stage of the training procedure (Figure S1b,c) were subjected to test sessions.

Several criteria must be fulfilled to assure that a task sufficiently initiates a state of attention and its design 
assesses how well that state sustained. First, TSIs should differ and be randomly employed in each session. To 
meet this criterion, we designed three TSIs (short, medium or long) with defined gaps. Second, accuracy, defined 
as percentage of correct responses relative to total number of correct and incorrect trials, should not be less than 
80%, and the percentage of premature trials, trials with repeated triggers (retriggers) or omitted trials should 
be less than 20%. We compared two types of experimental design with different TSI gaps (Figure S2d,e) and 
found that accuracy significantly decreased when TSIs were 3 seconds in both visual and olfactory modalities 
(Figure S2e, TSIs: 0, 1.5, and 3 seconds), suggesting that TSIs should be shorter than 3 seconds. Using TSIs of 1, 
1.5, and 2 seconds, we observed no significant differences among the three TSIs (Figure S2d), including results 
relevant to premature responses, omission, and retriggers (Figure S2a). We conclude that these TSIs set met the 
second criterion. Third, use of different TSIs should alter the duration of attention, as defined as the time of the 
TSI plus response time (the duration from stimulus presentation to response). Use of short, medium and long 
TSIs resulted in significant differences: the longer the TSI, the more rapidly rats responded (Figure S2b), suggest-
ing that gaps in TSI length should be great enough to assess longer attention durations associated with longer 
TSIs. As shown in Figure S2c, comparisons of attention duration indicated that TSI lengths employed in the 
designed task met these criteria, namely, TSI gaps were sufficient to distinguish three attention durations without 
loss of accuracy.

We also tested memory of the task. Time intervals between tests were at least six weeks (47.4 ±  6.5 days), and 
each test consisted of two 30-minutes sessions on two consecutive days. The results showed that rats maintained 
a memory of the task for at least six weeks (Figure S2f).

Overall, we conclude that the task employed is valid to assess sustained visual and olfactory attention in rats 
and evaluate neuronal mechanisms underlying attention.

ACC lesions impair sustained attention regardless of modality. Previous rat studies employing the 
5-choice serial reaction time test (5CSRTT) show that ACC lesions promote long-term loss of preparatory visual 
attention12,13. Lack of lesion data relevant to other modalities led us to assess ACC function in both visual and 
olfactory attention following ACC lesioning by ibotenic acid injection (Fig. 2a–c). We began test sessions approx-
imately 6 (5.8 ±  1.7) days after lesion surgery. We first compared accuracy and proportion of premature responses 
(based on one-way ANOVA) in tests undertaken (1) pre-surgery (Pre), (2) on the first post-surgery day (day 0), 
and (3) after day 0 (Post). Overall, ACC lesioning significantly decreased accuracy in both visual (Fig. 2d) and 
olfactory (Fig. 2f) attention, and significantly increased the probability of premature responses in both visual 
(Fig. 2e) and olfactory (Fig. 2g) attention tasks. However, we observed no significant differences between tests 
of Pre and Post in accuracy or proportion of premature responses regardless of modality (Fig. 2d–g). Thus, sus-
tained attention deficits seen following ACC lesioning recovered over time in post-surgery tests (Figure S3c,d). 
Saline-injected controls showed no significant effects relative to the lesion group (Fig. 2d–g).

Direct comparisons of lesion and control groups revealed significant differences in accuracy on day 0 in all rats 
in both visual and olfactory tasks (Figure S3a). Relevant to the proportion of premature responses, we observed 
no significant differences in tests on day 0 (Figure S3b).

ACC neuronal activity correlates with sustainment of attention regardless of modality. To fur-
ther assess ACC function in sustained attention, we recorded neuronal activity using multichannel extracellular 
recording techniques (Figure S4) while rats performed a visual task. After sorting isolated neurons using MClust 
software (Figure S5), we searched for neurons showing altered activity during sustained attention, beginning 
when the animal poked the trigger port. Neurons activated or suppressed during that period were identified 
based on whether their activity during time window of attention significantly changed relative to the time window 
before attention (paired t-test, P <  0.05, e.g., Fig. 3b,c). The activated population contained three types of neurons 
based on activity at the trigger (Figure S7). Evaluation of their average activity indicated persistent activation 
during attention because of no significant differences in early, middle or late periods of attention duration (Fig. 3e, 
one-way ANOVA: F(2,135) =  0.31, P =  0.732). It is noteworthy neuronal activity after the response in the short 



www.nature.com/scientificreports/

3Scientific RepoRts | 7:43101 | DOI: 10.1038/srep43101

e

a d

Response

Response 
within 8 s

P
re

m
at

ur
e

Trigger 
Light

Reward & Buzz

Buzz R
esponse

Stimulus 

O
m

is
si

on

In
co

rr
ec

t

C
or

re
ct

ITI 10 s

TSI

Retrigger
light

odor pipe

infrared receiver infrared emitter

stimulus aperture

air in

flo
w

m
et

er

valve

od
or

 o
il

m
in

er
al

 o
il

delivery site

b

c

Response TP SP RP

Response Prompt Continued Buzz Trigger Light

External

Note:
TP = trigger port, SP = stimulus port, RP = reward port, Continued: light cue 
stimulus duration: 0.5 − 3 second, based on the stage
reward delivery: about 0.3 − 0.5 second, based on the delivery speed
TSI: trigger stimulus interval, 0 - 2 second, based on the stage
attention duration: about from reponse to TP to response to SP
indicate that the time was fixed
indicate that the time was not fixed

0 1 2 3
0

2

4

Time from Valve on

O
do

r C
on

ce
nt

ra
tio

n

 

 

1 second
0.5 second

Incorrect

Incorrect

Transient 
Stimulus

Correct

Trigger

Figure 1. Stimulus delivery apparatus and behavioral test design. (a) Schematic diagram of the task panel. 
The water tray was located on the opposite site of the four apertures. (b) Schematic of stimulus aperture. 
Aperture depth was 2.5 cm, and the light was located at the center of the aperture base. The infrared emitter and 
receiver were located 0.6 cm from the entrance. For olfactory tasks, the odorant (isoamyl acetate, IAA for short) 
was delivered at the bottom of the entrance. (c) Setup for odorant delivery. Left: schematic showing components 
used for odorant delivery. Right: Odorant concentration at the odor outlet. When the valve was open, air passed 
through mineral oil containing dissolved IAA, allowing its delivery. When the valve was closed, air passed 
through mineral oil alone. The air flow rate was about 0.8 liter per minute. (d) Schematic representation of trial 
events. (e) Illustration of the procedure. As training stages advanced, TSIs (0–2 seconds) became longer and the 
stimulus delivery period (3–0.5 seconds) became shorter. For the test task, TSIs of 1, 1.5 or 2 seconds were used 
at random. Four responses were possible: correct, animal poked stimulus aperture; incorrect, animal poked 
non-stimulus aperture; omission, animal did not poke any aperture; and premature, animal poked stimulus 
aperture before stimulus delivery. “Retrigger” indicated that the trial would be stopped if animal poked the 
trigger twice within the TSI. Reward-associated buzz was used to speed initiation of a new trial when the rat did 
not respond correctly.
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TSI condition differed among the three TSI conditions (Fig. 3d), confirming that activity persists during a period 
of sustained attention. Activity of the suppressed population persisted over the attention period (Figure S8d), 
suggesting that these neurons also function in sustained attention. However, neurons suppressed during atten-
tion became activated when rats began consuming the reward (Figure S8f), suggesting that their activity is also 
correlated with reward.
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Figure 2. Effect of ACC lesions on sustained attention in visual and olfactory modalities. (a) An example 
of ACC with lesion by injection of Ibotenic acid (IBO). (b,c) IBO or control saline injection sites. Sites depicted 
here were deduced from coordinates relative to bregma (coordinate: 0, 0, 0) recorded in the surgery procedure 
and confirmed by histological methods (see panel a). Rat brain sketches were from Paxinos and Watson, 
2007. (b) Injection sites targeting sagittal sections of rat brain (lateral 0.18 mm). (c) Injection sites targeting 
coronal sections of rat brain (bregma 0.48 mm). (d–g) Comparisons in accuracy or proportion of premature 
responses among different time. Top: comparisons in lesion group. Bottom: comparisons in control group. Pre: 
averaged behavioral performance on five test days before surgery; Day 0: behavioral performance on first post-
surgery day; Post: averaged behavioral performance on five test days after first post-surgery day. (d,e) Visual 
attention (Total: n =  11, lesion: n =  6, control: n =  5). (d) Lesion effects in accuracy (one-way ANOVA: Lesion: 
F(2,15) =  5.41, P =  0.017, Control: F(2,12) =  0.44, P =  0.657). (e) Lesion effects in premature responses (one-way 
ANOVA: Lesion: F(2,15) =  6.16, P =  0.011, Control: F(2,12) =  1.78, P =  0.210). (f,g) Olfactory attention (Total: 
n =  9, lesion: n =  5, control: n =  4). (f) Lesion effects in accuracy (one-way ANOVA: Lesion: F(2,12) =  8.56, 
P =  0.005, Control: F(2,9) =  0.87, P =  0.452). (g) Lesion effects in premature responses (one-way ANOVA: 
Lesion: F(2,12) =  17.82, P =  0.0003, Control: F(2,9) =  1.00, P =  0.407). The results of multiple comparisons 
showed in panel d-g were from post hoc of one-way ANOVA with Bonferroni adjustment.
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We then compared correct and incorrect trials, as previous studies indicate that neuronal activity in incor-
rect trials could be decreased relative to correct trials during attention processing11,21,22. In terms of activated 
neurons, neuronal activity in incorrect trials was sustained longer than in correct trials (Fig. 3f, Figure S9a–c). 
Simple effect analyses after two-way ANOVA with Greenhouse-Geisser adjustment (correctness: F(1,45) =  2.83, 
P =  0.099; time: F(2,90) =  59.37, P =  2.42e-14; correctness × time: F(2,90) =  12.22, P =  1.31e-4) showed that dur-
ing the attention period neuronal activity was significantly higher for correct trials relative to incorrect trials, and 
in the time period after the attention task neuronal activity was significantly higher for incorrect trials relative to 
correct trials (Fig. 3g,). Further, significant differences between correct and incorrect trials showed in early, mid-
dle or late periods of attention duration (Fig. 3h, two-way ANOVA with Greenhouse-Geisser adjustment: correct-
ness: F(1,45) =  29.45, P =  2.20e-6; time: F(2,90) =  0.25, P =  0.678; correctness × time: F(2,90) =  0.78, P =  0.429). 
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Figure 3. ACC neuronal activity correlates with visual sustained attention. (a) Behavioral performance in 
the recording sessions (rat no. =  4). (b) Activities of an attention-related activated neuron (#157). Top: raster 
plot of spikes at the three TSI values; grey transparent shadow indicates TSI time window; bottom: trend of 
firing rate in correct trials at the three TSI values aligned to the time from trigger. (c) Comparisons in firing 
rate of neuron #157 among time windows: duration of attention (DA), an interval equaling DA before attention 
(BA), and the same interval after attention (AA) (one-way ANOVA: F(2,360) =  85.04, P =  5.66e-31). The DA 
period was divided into three equal and consecutive time windows (DA1, DA2 and DA3) (one-way ANOVA: 
F(2,360) =  0.78, P =  0.460). (d) Population activities of attention-related activated neurons shown by trend 
of normalized firing rate in correct trials at the three TSI values aligned to the time from trigger (n =  46, 
proportion: 13.11%, all recorded neurons: n =  351). (e) Comparisons in normalized firing rate of all attention-
related activated neurons among time windows (see c, one-way ANOVA: BA, DA, and AA: F(2,135) =  65.41, 
P =  1.37e-20). For each time window, the firing rate was normalized with mean firing rate of the total time 
window (from − 5 to 5 second aligned to trigger). (f–h) Comparisons between correct and incorrect trials 
for all attention-related activated neurons (same as d). (f) Trend of normalized firing rate aligned to the time 
from trigger. (g) Comparisons in normalized firing rate (see e) in the three time windows BA, DA and AA 
(see c) between correct and incorrect trials. (h) Comparisons in normalized firing rate (see e) in the three time 
windows DA1, DA2 and DA3 (see c) between correct and incorrect trials. The results of multiple comparisons 
showed in panel c and e were from post hoc of one-way ANOVA with Bonferroni adjustment. The statistic 
results showed in panel g and h were from post hoc simple effect analyses (MANOVA).
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Comparisons of premature and correct trials showed similar results (Figure S10a–c). Evaluation of suppressed 
neurons also revealed sustained activity after the response in incorrect trials but not in correct trials, although 
no significant differences were seen during the sustained attention (Figure S13a–c). These results may be due to 
the fact that in incorrect and premature trials an attention state was maintained since no reward was delivered.

We then compared visual and olfactory sustained attention and corresponding neuronal activity and recorded 
neuronal activity while rats performed an olfactory attention task. We then searched for neurons activated 
or suppressed during sustained attention and performed population analyses on these neurons. Results seen 
following olfactory attention were similar to those following visual attention: (1) persistent neuronal activity 
during sustained olfactory attention was seen in both activated (Figure S11d,e, Figure S12a–c) and suppressed 
(Figure S12d–f) neurons; (2) activity of these neurons in incorrect and premature trials was also prolonged after 
the response (Figure S9d–f, Figure S10d–f).

To determine whether visual and olfactory attention tasks share common mechanisms in the ACC, we under-
took tasks of both visual and olfactory sustained attention by training rats to perform blocks of both visual and 
olfactory tasks while we recorded ACC neuronal activity. We observed no significant differences in behavioral 
performance between modalities (Fig. 4a, accurate: t(10) =  0.33, P =  0.750; premature: t(10) =  0.35, P =  0.733; 
omission: t(10) =  1.31, P =  0.220; retrigger: t(10) =  1.56, P =  0.149), and no significant differences were seen in 
persistent activity of neurons activated in attention period between modalities (Figs 4e–g and 4b–d shows an 
example of a neuron that belongs to the type shown in Figure S7c).

Trial-to-trial variability in neuronal activity correlates with sustainment of attention regardless 
of modality. We examined trial-to-trial variability of neuronal activity using the Fano factor, as previous 
studies indicate that it is useful to evaluate differences between attention and non-attention states23,24. For all neu-
rons recorded in the visual task, including those not activated or suppressed during attention, the Fano factor dur-
ing sustained attention was reduced relative to that in the pre-attention time window (Fig. 5a,b, Figure S14a–d). 
Furthermore, the Fano factor remained constant during sustained attention, and we observed no significant dif-
ferences among early, middle and late segments of the attention period (Fig. 5b). Further comparisons between 
attention-related excited neurons and other neurons showed significant differences during and after attention but 
not before (Fig. 5c,d).

The Fano factor of neuronal activity followed the same pattern seen in olfactory and visual tasks 
(Figure S14e–h, Figure S15): namely, trial-to-trial variability of recorded neurons decreased with sustained atten-
tion and remained low in the attention period, and attention-related neurons showed lower trial-to-trial variabil-
ity during the attention period relative to other neurons, regardless of modality.

Auditory distractors do not perturb persistent neuronal activity in ACC. Our findings suggest that 
mechanisms underlying attention in different sensory modalities share common neuronal mechanisms in ACC. 
To further investigate the effect of other modalities on sustained attention, we introduced a transient auditory 
tone as a distractor prior to stimulus delivery to potentially perturb sustained attention and/or neuronal activity 
(Fig. 6a). In the test session, half of the trials employed random presentation of the distractor tone, enabling us 
to compare performance with and without it. We observed no differences in accuracy or response time between 
the presence and absence of the tone (Fig. 6b,c). However, the presence of the distractor resulted in more trials 
with premature responses and omitted trials (Fig. 6b), suggesting that sustained attention can be disturbed by 
an auditory signal without altering accuracy in finding the stimulus-delivery port. We then compared neuronal 
activity in distractor and non-distractor correct trials (Fig. 6d–f) and observed no significant differences in firing 
rate of activated neurons during the period of sustained attention. Since the presence of the distractor increased 
the proportion of omitted trials, we compared neuronal activity between correct and omitted trials. The results 
showed that distractor-associated omission reduced attention-related neuronal activity (Fig. 6g).

External visual input does not drive persistent neuronal activity in the ACC. Previous studies 
showed that the ACC can process a visual signal25, suggesting that external visual input is a source of persistent 
neuronal activity during sustained attention. To distinguish potential internal and external sources, we manip-
ulated the length of a visual cue of a successful trigger in well-trained rats. We alternatively presented either 
transient or continuous cues, in one of two blocks in each test session (Fig. 7a). If driven by external visual input, 
neuronal activity in the transient cue block should also be transient. We observed no significant difference in 
terms of accuracy and proportion of premature responses between transient and continued cue blocks (Fig. 7b). 
However, rats responded more rapidly in transient than in continuous cue blocks (Fig. 7c). Notably, the percent-
age of omitted trials in transient blocks was greater than that in continuous blocks (Fig. 7b). Thus, loss of the 
transient signal tended to trigger withdrawal of sustained attention on the stimulus delivery port. Moreover, we 
observed no significant difference in neuronal activity between continuous and transient blocks (Fig. 7d–f): per-
sistent neuronal activity was sustained until rats responded, even if the cue associated with initiation of attention 
was transient, strongly suggesting that that neuronal activity is not driven by external visual input. Further com-
parison of correct and omitted trials revealed significant differences in neuronal activities during the attention 
period in correct trials (Fig. 7g).

Discussion
In this study, we developed a task to assess sustained attention in rats in both visual and olfactory modalities 
based on the widely used 5CSRTT paradigm20. Then, using pharmacological lesion experiments, we employed 
it to assess function of ACC in sustained attention. We then recorded neuronal activity in ACC using multi-
channel extracellular recording techniques. The results showed that a group of ACC neurons was persistently 
activated during the period of attention, suggesting a correlation between ACC neuronal activity and sustainment 
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Figure 4. The neuronal basis of sustained attention in ACC is comparable in different sensory modalities. 
(a) Comparisons in behavioral performance between visual and olfactory attention (n =  11, 5 rats first trained 
in olfactory task, 6 first in visual task). (b–g) Electrophysiological data (rat no. =  2). (b) Comparisons in activity 
of an attention-related activated neuron (#5) between different modalities. Top: raster plots of spikes, grey 
transparent shadow indicates TSI time window; bottom: trend of firing rate in correct trials aligned to the time 
of trigger onset. (c) Comparisons in firing rate of neuron #5 in the time windows of DA, BA, and AA (see Fig. 3) 
between visual and olfactory attention (two-way mixed ANOVA with Greenhouse-Geisser adjustment: time: 
F(2,188) =  37.26, P =  8.46e-12; time × modality: F(2,188) =  0.81, P =  0.420). (d) Comparisons in firing rate of 
neuron #5 in the time windows of DA1, DA2, and DA3 (see Fig. 3) between visual and olfactory attention (two-
way mixed ANOVA with Greenhouse-Geisser adjustment: time: F(2,188) =  12.20, P =  1.84e-5; time × modality: 
F(2,188) =  0.95, P =  0.384). (e) Trend of normalized population activities of attention-related activated neurons 
in correct trials aligned to the time of trigger onset in visual and olfactory attention (n =  9, proportion =  9.68%). 
(f) Comparisons in normalized firing rate (see Fig. 3e) of all attention-related activated neurons (same as e)  
in the time windows of DA, BA, and AA between visual and olfactory attention (two-way ANOVA with 
Greenhouse-Geisser adjustment: modality: F(1,8) =  0.14, P =  0.719; time: F(2,16) =  12.59, P =  6.21e-4; 
modality × time: F(2,16) =  1.41, P =  0.273). (g) Comparisons in normalized firing rate (see Fig. 3e) of all 
attention-related activated neurons (same as e) in the time windows of DA1, DA2, and DA3 between visual and 
olfactory attention (two-way ANOVA with Greenhouse-Geisser adjustment: modality: F(1,8) =  0.01, P =  0.925; 
time: F(2,16) =  0.10, P =  0.808; modality × time: F(2,16) =  1.62, P =  0.230). The statistic results showed in panel 
c,d,f, and g were from post hoc simple effect analyses (MANOVA).



www.nature.com/scientificreports/

8Scientific RepoRts | 7:43101 | DOI: 10.1038/srep43101

of attention. The following results demonstrated this correlation. First, modality of attention target had min-
imal influence on neuronal activity. Second, although the presence distractors during the attention period 
resulted in a greater number of premature responses and omitted trials, we observed no significant difference in 
attention-related neuronal activity in terms of accuracy between the presence and absence of distractors (Fig. 6). 
Third, we demonstrated that persistent activity seen during sustained attention is not driven by sensory input 
(Fig. 7). Furthermore, trial-to-trial variability of population activities in the ACC decreased significantly within 
the attention period, especially in attention-related neurons (Fig. 5, Figure S15).

To clarify the correlation between ACC neuronal activity and sustained attention, we should also eliminate 
potential psychological interferences including reward expectation, motivation, and working memory. In the 
present task, reward expectation and motivation should be equivalent for correct and incorrect trials and for 
omitted and correct trials, since the reward amount does not change during testing. But the neuronal activity 
between correct and incorrect trials, as well as omitted and correct trials was significantly different (Figs 3f–h, 
6g and 7g). Thus, it is unlikely that these differences were due to altered reward expectation and motivation 
but rather emerged from changes in the psychological state of attention. Also, tests of working memory usually 
employ different objects to memorize in each trial26. However, we did not train rats to memorize different objects 
in each trial but rather to recall the task rules. Such recall could not be sustained during the entire period of 
attention and differed in correct and incorrect trials. Thus, the present task likely eliminates potential interference 
by working memory. However, attention-related neurons may also be activated or suppressed in other contexts, 

Figure 5. Fano factor of the recorded neurons in visual task was correlated with sustained attention. 
The data were the same as data in Fig. 3: rat no. =  4, all recorded neuron no. =  351, excited neuron no. =  46. 
(a) Trend of normalized fano factor of all recorded neurons in correct trials at the three TSI values aligned 
to the time from trigger. (b) Comparisons in fano factor among different time windows (see Fig. 3 for 
definitions of time windows) (one-way ANOVA: BA, DA, and AA: F(2,1044) =  3.51, P =  0.030; DA1, DA2, 
and DA3: F(2,1044) =  0.47, P =  0.627). The statistic results showed in this panel were from post hoc multiple 
comparisons of one-way ANOVA with Bonferroni adjustment. (c) Trend of normalized fano factor for excited 
and other neurons in correct trials aligned to the time from trigger. (d) Comparisons in normalized fano factor 
(normalized to fano factor of the total time window) in time windows of BA, DA, or AA between excited 
and other neurons (two-way mixed ANOVA with Greenhouse-Geisser adjustment: time: F(2,698) =  26.35, 
P =  1.90e-11; time × neuron type: F(2,698) =  6.35, P =  0.002). The statistic results showed in this panel were 
from post hoc simple effect analyses (MANOVA).
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suggesting that these neurons are active in other states in addition to attention. First, neurons inhibited during 
sustained attention were maximally activated at initiation of reward consumption (Figure S8f, Figure S12f), sug-
gesting they function in the reward process, in accordance with previous findings that ACC activity is associated 
with reward processing27. Second, two of three types of activated attention-related neurons identified were acti-
vated or suppressed simultaneously with the trigger (Fig. 4a, Figure S7b,c), suggesting they function in response 
to the trigger or in initiating attention.

To our knowledge, ours is the first study to investigate potential effects of target modality on the neural basis 
of sustained attention. We observed that the same neurons participated in both visual and olfactory attention, 
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Figure 6. Effect of an auditory distractor on sustained attention. (a) Schematic of events in one trial (for 
comparison see Fig. 1d). A 0.3-second auditory distractor was delivered 0.5 second before stimulus delivery. 
(b) Comparisons of behavioral performance between trials with and without distractor (rat no. =  23, non-
D: trials without distractor) (accurate: t(22) =  0.85, P =  0.407; premature: t(22) =  3.60, P =  0.0016; omission: 
t(22) =  3.44, P =  0.0024; retrigger: t(22) =  0.79, P =  0.441). (c) Comparisons of reaction time between trials with 
and without distractor (t(22) =  0.17, P =  0.867). (d–g) Electrophysiological data (rat no. =  4). (d–f) Comparisons 
between trials with and without distractor for all attention-related activated neurons (n =  19). (d) Trend of 
normalized firing rate in correct trials aligned to the time from trigger. (e) Comparisons in normalized firing 
rate (see Fig. 3e) in the three time windows BA, DA and AA (see Fig. 3c) between distractor and non-distractor 
trials (two-way ANOVA with Greenhouse-Geisser adjustment: distractor: F(1,18) =  1.81, P =  0.195; time: 
F(2,36) =  53.43, P =  5.92e-11; distractor × time: F(2,36) =  0.22, P =  0.801). (f) Comparisons in normalized 
firing rate in the three time windows DA1, DA2 and DA3 (see Fig. 3c) between distractor and non-distractor 
trials (two-way ANOVA with Greenhouse-Geisser adjustment: distractor: F(1,18) =  0.03, P =  0.868; time: 
F(2,36) =  3.08, P =  0.072; distractor × time: F(2,36) =  0.77, P =  0.465). (g) Trend of normalized firing rate of 
attention-related activated neurons (n =  13) in correct and omission trials in distractor condition with omission 
trials. The statistic results showed in panel b and c were from t tests. The statistic results showed in panel e and f 
were from post hoc simple effect analyses (MANOVA).
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suggesting a common ACC pathway functioning in sustained attention. These findings are consistent with the 
idea that the attention system enhances all sensory input processing1, although deployment of attention is distinct 
for different targets28,29. During sustained attention in our experimental paradigm, properties of the detected 
target shaped strategies to detect the stimulus port. For example, in the olfactory task, rats were required to put 
their nose near the delivery site to detect an olfactory stimulus, while rats could detect visual stimuli more rapidly 
(Figure S2b), likely because they did not need to evaluate stimulus ports one by one. Thus, distinct detection 
strategies may underlie differences in response time between modalities or differences in behavioral performance 
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Figure 7. Effect of external visual input on sustained attention. (a) Schematic of events in one trial (for 
comparison see Fig. 1d). Continued cue, the cue was presented until the rat responded to the stimulus port; 
transient cue, 0.5 second long, both were presented when the animal entered the trigger port, and they were 
alternated in different blocks in each session. (b) Comparisons of behavioral performance between continued and 
transient cue blocks (accurate: t(12) =  0.97, P =  0.349; premature: t(12) =  2.17, P =  0.051; omission: t(12) =  3.95, 
P =  0.0019; retrigger: t(12) =  1.24, P =  0.239). (c) Comparisons of reaction time between continued and transient 
cue blocks (t(12) =  4.03, P =  0.0017). (d–g) Electrophysiological data (rat no. =  3). (d–f) Comparisons in activities 
of all attention-related activated neurons (n =  19) between continued and transient cue blocks. (d) Trend of 
normalized firing rate in correct trials aligned to the time from trigger. (e) Comparisons in normalized firing rate 
(see Fig. 3e) in the three time windows BA, DA and AA (see Fig. 3c) between continued and transient cue blocks 
(two-way ANOVA with Greenhouse-Geisser adjustment: cue: F(1,18) =  0.20, P =  0.658; time: F(2,36) =  37.89, 
P =  2.11e-8; cue × time: F(2,36) =  0.18, P =  0.818). (f) Comparisons in normalized firing rate in the three time 
windows DA1, DA2 and DA3 (see Fig. 3c) between continued and transient cue blocks (two-way ANOVA with 
Greenhouse-Geisser adjustment: cue: F(1,18) =  0.23, P =  0.639; time: F(2,36) =  0.74, P =  0.418; cue × time: 
F(2,36) =  0.84, P =  0.400). (g) Trend of normalized firing rate of attention-related activated neurons (n =  19) 
in correct and omission trials in transient blocks with omission trials. The statistic results showed in panel b 
and c were from t tests. The statistic results showed in panel e and f were from post hoc simple effect analyses 
(MANOVA).
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or neuronal activity. However, we found that activity of certain types of ACC neurons did not differ between 
modalities (Fig. 4), suggestive of common mechanisms related to attention.

It should be noted that our lesion results differed in some respects from previous studies. First, decreased 
accuracy resulting from the ACC lesion was temporary (Fig. 2), although comparable lesion studies of visual 
attention report long-term deficits in attention12,13. Second, here the proportion of premature responses increased 
following lesioning, but a similar study reported an increase in the proportion of premature responses following 
lesion of the orbital frontal cortex (OFC) and infralimbic cortex (IL) but not after ACC lesion12. These differences 
might be due to differences in the extent or location of lesioned sites: sites in previous studies (AP +  2.2 ~ +  3.2) 
were approximately two millimeters anterior to lesion sites employed here (AP 0 ~ +  1). Also our experimental 
design differed from previous studies: ours is the first to use a trigger aperture to control the period of sustained 
attention.

It is noteworthy that the decrease in the Fano factor of neuronal activity started about 2 sec before the trigger. 
Here, except for sustained attention, the event sequence and locomotion of animals were comparable across trials, 
which could also decrease trial-to-trial variability of neuronal activity and lead to a decrease in the Fano factor 
before the trigger. However, the fact that the Fano factor decreased more significantly after rather than before the 
trigger and then differed significantly between attention-related activated neurons and other neurons suggests 
that sustained attention correlates with a decrease in the Fano factor.

ACC function is extensive and includes affective processing (such as regulation of emotion30), reward pro-
cessing27, and representation of both physical31,32 and social33 pain. The ACC also participates in cognitive control 
through conflict monitoring10,34,35 and error detection36–39. Bush et al. proposed that the ACC is divided into 
dorsal cognitive and ventral affective subdivisions that interact with each other30, potentially accounting for the 
structure’s complex function. Our results, along with previous studies of ACC function in attention, suggest a 
slightly different perspective, namely, that both affective and cognitive processing consumes sustained attention, 
leading to persistent neuronal activity in ACC as a critical part of the attention system.

We analyzed neuronal activity in the ACC only. However, others note that multiple brain regions function 
in sustained attention1,8. The ACC is clearly an important component of this network that cooperates with other 
brain regions to enable sustained attention. In fact, a pattern of persistent neuronal activity has been observed 
in medial prefrontal cortex in tasks of attention11,21 and waiting40, and similar persistent OFC activity is seen in 
a waiting task41. Also, although our study showed comparable ACC activation in visual and olfactory attention, 
brain networks underlying sustained attention may differ for particular modalities. Therefore, understanding 
of mechanisms underlying sustained attention requires investigation of attention-related activity in the entire 
network across modalities.

Methods
Ethics statement. All experiments were carried out according to the protocol approved by the Animal Care 
and Use Committee of the Institute of Neuroscience, Chinese Academy of Sciences, and adhered to guidelines of 
the Ministry of Science and Technology of the People’s Republic of China for care and use of laboratory animals. 
All surgeries were performed under anesthesia, and efforts were made to minimize the number of animals and 
their suffering.

Animals. In total, 49 male Sprague-Dawley rats (weighing 250 g at the start of training) were used in the pres-
ent experiments: 34 in the visual task and 26 in the olfactory task (13 in both visual and olfactory tasks). Rats were 
housed in pairs in an individual ventilation cage (IVC) system on a 12-hour light/dark cycle with training and 
test sessions during the light cycle. During training and test sessions, limited water (~20 ml per day per rat) was 
delivered to the home cage after the task. One rat could take part in both visual and olfactory tasks.

Test apparatus. The dimensions of the custom-made behavioral chamber were 30 ×  26 ×  28 cm3. All six 
sides were aluminum and when connected functioned like a faraday cage. The top side was chimney-shaped 
(24 ×  16 ×  14 cm3) to prevent rats from escaping and enable extracellular recording without loss of the faraday 
shield effect. The behavior chamber was placed in a soundproof iron box. Odor (valve: V290-4E, SYM Corp., 
South Korea) and reward (valve: USB2-M5-2, CKD Corp., Japan) delivery systems were placed outside the box to 
reduce noise pollution. Plastic pipes (inner diameter, 2.5 mm; SANG-A PNEUMATIC CO., LTD., South Korea) 
were used to deliver odors, air and reward water.

The task panel had one trigger aperture and three stimulus apertures (Fig. 1a). The vertical distance between 
trigger and stimulus apertures was 2 cm, and the horizontal distance was 4 cm. Aperture depth was 2.5 cm. Light 
emitting diodes delivering transient visual stimuli were located at the center of the aperture base (Fig. 1b). The 
odor delivery site was at the bottom of the stimulus apertures (see Fig. 1b; inner diameter of the pipe orifice was 
1.5 mm). The infrared emitter and receiver used to detect the animal’s snout were located in the apertures and 
0.6 cm from the aperture entrance.

Valves were used to control delivery of the odor isoamyl acetate (IAA), air and reward water. To deliver olfac-
tory stimuli, air passed through mineral oil containing dissolved IAA (1:1000), and IAA was delivered to the 
delivery site 100 milliseconds later after valves were opened (Fig. 1c; odor concentration was measured by a pho-
toionization detector, MiniPID, Ion Science INC, USA). When valves were closed, air passed through the mineral 
oil at a flow rate of ~0.8 liter per minute (flowmeter: LZB-3WB, ZHENXING Corp., Yuyao, Zhejiang, China). For 
reward delivery, a water port was placed at the opposite site of the task panel to control direction bias in stimulus 
detection. The reward delivery site was at the bottom of the water port and below the infrared device used to 
detect reward consumption. The liquid level was ~25 cm above the water port to control flow rate. Delivery lasted 
150 milliseconds to ensure receipt of ~0.05 ml water for each correct trial.
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Behavioral training and tests. Software used for behavioral training and test was from Anilab Software 
and Instruments Co., Ltd (Ningbo, Zhejiang, China). Rats were individually trained for one 30-min session daily. 
In that procedure, rats were free to feed but water-restricted. Each rat consumed 20 ml water daily after training 
or test sessions. Water used as reward during training contained saccharin (dissolved 5:10000) to increase moti-
vation. In visual and olfactory tasks, rats were trained to poke the trigger aperture with their nose to promote 
transient stimulus delivery from one of three stimulus apertures after a random time interval (TSI). To obtain 
the reward rats had to detect the location of a forthcoming transient stimulus and poke the aperture that had 
presented the stimulus (Fig. 1a,d,e, Supplementary video S1 and S2).

The initial training procedure (Figure S1) was used to train the movement sequence. After rats completed at 
least 80 trials for 2 consecutive sessions, training moved to stage 2 in which only one aperture delivered a stim-
ulus. From then on, as TSI increased and time of stimulus presentation decreased, tasks become more difficult 
as an attention state was initiated (modified as a 3-choice test from the 5CSRTT20; see Totah and colleagues11 
and Jacobson and colleagues42). Once the number of correct trials exceeded 50, accuracy (percentage of correct 
responses relative to correct plus incorrect trials) usually was greater than 80%, the proportion of both premature 
responses and repeated-trigger responses was less than 20%, and the proportion of omissions was less than 10% 
for 2 consecutive sessions. At that point the training moved to next stage.

Due to differences in difficulty of detecting visual and olfactory stimuli, the highest training stage was set 
differently for the two tasks. Stimulus duration was 0.5 sec in the highest stage of the visual task, and 1 sec in the 
olfactory task. Thus, there were seven stages in training of visual attention and six in training of olfactory atten-
tion. In the test task for both modalities, the TSI was 1, 1.5, or 2 seconds randomly applied in a single session. Rats 
passing the highest training stage were selected to perform the test task. Rats that met progression criteria in test 
tasks were used in lesion or physiological studies.

Surgery. For electrophysiological studies, rats were surgically implanted with a silicon-based electrode 
(NeuroNexus, USA, A4 ×  2-tet-5 mm-150-200-121-CM32, Figure S4a) or a custom made nickel-cadmium 
(KANTHAL Precision Technology, Palm Coast, FL, USA, diameter: 0.0005 in, impedance: ~500 kΩ)-based 
microdrive tetrode in the ACC of the right hemisphere (Figure S4b–d) under pentobarbital sodium (80 mg/kg, i.p.)  
anesthesia. Atropine sulfate (0.05 mg/kg, i.p.) was also administered to prevent breathing difficulties. Gentamycin 
(5 mg/kg, i.p.) and hexadecadrol (1 mg/kg, i.p.) were injected after surgery to prevent infection. Acrylic dental 
cement with skull screws was used to stabilize the electrode assembly. The electrode site was checked after record-
ing sessions using a histological method.

For lesioning, we used the same anesthesia and infection prevention procedures used in electrophysiological 
studies. The experimental group received bilateral injection of ibotenic acid (IBO, 10 mg/ml, Sigma, USA) in the 
ACC (600 nanoliters on each side, Fig. 2a–c); the control group received same amount of normal saline bilaterally 
in the ACC. IBO lesion sites were checked after behavioral tests using a histological method.

Data acquisition and analyses. Physiological test sessions were initiated 5 to 7 days after surgery during 
which time water was not restricted. The time of test session was not limited and determined by the rat’s perfor-
mance (usually less than 60 min) in order to collect as many trials as possible. Motorized Commutators (Plexon 
Inc., Dallas, TX, USA) were used to prevent wire entanglement by walking rats. Neuronal activity recorded from 
microelectrode arrays was acquired using an OmniPlex TM data acquisition system (Plexon Inc.). Digitized sig-
nals were sampled at 40 kHz. Spike waveforms were collected using a simple threshold with a length of 1.2 milli-
seconds. Time-stamps acquired from the behavioral system were sent to the physiological system to synchronize 
neuronal and behavioral data. Each rat was tested in one session per day.

Most data processing was carried out using MATLAB. Offline single units were manually sorted using MClust 
Spike Sorting Toolbox (version 3.5)43. Waveform features used for sorting were peak amplitude, valley amplitude, 
energy, and principle components. A unit was verified as isolated based on three criteria: first, refractory period 
should be more than 1 millisecond showed by auto-correlogram (e.g., Figure S5); second, isolation distance 
should be more than 15, L-ratio should be less than 0.2; third, waveforms during entire recording session should 
be stable. Peri-event time histograms (PETHs) were calculated with a 500 millisecond interval for each condition. 
All PETHs shown in the results were normalized (transformed into z-scores). Comparisons between conditions 
were made in specific time windows, such as attention duration. For each time window, the firing rate was nor-
malized with mean firing rate of the total time window (for reference of this simple normalization method for 
small samples see Murakami et al.44 when they normalized movement time in patient and impatient conditions 
and Zhang et al.45 when they normalized postsynaptic currents and orientation tuning of neuron activities). To 
characterize trial-to-trial variability of neuronal activity during sustained attention, the Fano factor46 was com-
puted with a bin of 500 milliseconds.

The reported trends of measured values such as normalized firing rate (e.g., Fig. 3d) and normalized Fano 
factor (e.g., Fig. 5a) were shown with color bar that is thermograph of P value of one-way ANOVA used to com-
pare among the conditions over time (Red: P ≤  0.05; Blue: P >  0.05, time interval: 500 ms). The grey transparent 
shadow around these trends indicates S.E.M. of the measured values. All the statistical data that we showed were 
mean ±  S.E.M. For the statistical results in all figures the symbol *** indicates P ≤  0.001, ** indicates P ≤  0.01,  
* indicates P ≤  0.05, and n.s. =  not significant.

Histology. Histological examination was performed to confirm recording or lesion locations. In physiolog-
ical studies, electric current (50 μ A, 10 s) was used to lesion brain tissue around electrode sites. Tetrode sites 
(Figure S4) were deduced from the lesion center. After the electrical lesion, rats were anesthetized with pento-
barbital sodium (80 mg/kg, i.p.), and their brains were removed after perfusion with paraformaldehyde. Brains 
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were sectioned in 60 μ m coronal sections, and slices were stained with Nissl to identify the lesion site. Histological 
methods used for lesion studies were comparable to those used for physiological studies, except there was no 
electric lesion.
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