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Visual Abstract

To characterize the rat as a potential model of frontal-parietal auditory processing during sustained attention,
target detection, and response inhibition, we recorded field potentials (FPs) at multiple sites in medial-dorsal
frontal and posterior parietal cortex simultaneously while rats performed an equiprobable auditory go/no-go

Significance Statement

Our results constrain potential neural models of sustained attention and auditory discrimination in rat cortex.
To our knowledge, our study is the first to unambiguously support that the rat P2 auditory event-related
potential (ERP) component is amplified by target detection as distinct from response production. This
validates that our experimental paradigm can be used to mechanistically probe the cellular basis of the ERP,
and potentially could reveal how ERP phenomena are disrupted in multiple neuropsychiatric disorders. Our
results complement those of “active oddball” studies in which a neural response potentially related to target
detection or response activation may be confounded with automatic rare-tone response amplification.
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discrimination task. Event-related potentials (ERPs) were calculated by averaging tone-triggered FPs across hit,
miss, false alarm (FA), and correct rejection (CR) trials separately for each recording session, and five peak
amplitudes (termed N1, P2, N2, P3E, and P3L) were extracted from the individual-session ERPs. Comparing peak
amplitudes across different trials types indicated a statistically significant amplification of the P2 peak on hit trials
that accompanies detection of the target tone prior to the behavioral go response. This result appears analogous
to human ERP phenomena during auditory target discrimination. Conversely, the rat P3 responses were not
associated with target detection as in the human ERP literature. Likewise, we did not observe the “no-go N2” or
“no-go P3” responses reported in the human literature in association with response inhibition, which might reflect
differences in task context or a difference in auditory processing between rats and humans. We also present
analyses of stimulus-induced spectral power and interarea coherence to characterize oscillatory synchronization
which may contribute to ERPs, and discuss possible error-related processing at the N2, P3E, and P3L peaks.

Key words: coherence; cortex; event related potentials; impulse control; oscillatory synchronization; sustained
attention

Introduction
In humans, attention is generally associated with the

amplification of N1, P2, and P3 components of cortical
event-related potentials (ERPs) as compared with passive
or ignored stimulation contexts (Picton and Hillyard, 1974;
Crowley and Colrain, 2004; Linden, 2005; Polich, 2007).
Go/no-go tasks offer a window into the functional involve-
ment of these ERP peaks in target detection and response
production or inhibition. In go/no-go tasks, a positive P2
peak around 200 ms post-stimulus that tends to be larger
on go trials has been suggested to underlie response
activation (Gajewski and Falkenstein, 2013; Borchard
et al., 2015), but other studies found the P2 to be larger on
no-go trials and attributed it to stimulus classification
processing (Crowley and Colrain, 2004). Similarly, a later
positive parietal “go P3” peak (i.e., larger on go trials) has
been suggested to underlie target detection (Picton and
Hillyard, 1974; Linden, 2005; Polich, 2007) or response
production (Pfefferbaum et al., 1985).

Rats passively exposed to auditory stimuli exhibit a
vertex ERP response comparable to the human N100-
P200 complex (Knight et al., 1985); we will refer to these
peaks as the N1 and P2. More recent studies revealed a
P3 ERP response (Yamaguchi et al., 1993; Imada et al.,

2013) that shares some properties with the frontal-central
P3a that signals novelty in humans oddball paradigms
(Courchesne et al., 1975; Squires et al., 1975a,b; Ble-
dowski et al., 2004; Polich, 2007). This response is distinct
from a later target detection-related P3b potential with a
central-parietal distribution (Linden, 2005; Polich, 2007).
ERP studies of rats performing auditory “active oddball”
tasks in particular (Shinba, 1997, 1999; Sambeth et al.,
2003, Hattori et al., 2010) have generally supported that
active engagement in the task (i.e., attention) dramatically
amplifies ERP responses at P2 and P3 peaks in a manner
roughly comparable to their counterparts in humans. How-
ever, target stimuli were rare (i.e., “oddballs”) compared to
distractor stimuli in these studies, and it is not clear to what
extent automatic rare-tone response amplification (i.e., odd-
ball responses) contributed to their results.

To characterize ERP correlates of target detection in rats,
constrain their neural mechanisms, and further characterize
the rat brain as a model of executive functions, we simulta-
neously recorded FPs at multiple sites in medial-dorsal fron-
tal cortex and posterior parietal cortex in rats performing an
equiprobable auditory go/no-go discrimination task. Target
and distractor tones were equiprobable to eliminate con-
founding rare-tone response amplification (i.e., oddball) ef-
fects. In particular, we sought to test whether rat cortical P2
or P3 ERP responses are modulated by target detection or
motor response activation as in humans. To compare
evoked response components on different trial types, we
defined three positive-going ERP peaks (P2 usually between
50 and 100 ms post-tone, P3E typically near 200 ms, and
P3L after 400 ms) and two negative-going ERP peaks (N1
around 30 ms post-tone, and N2 between P2 and P3L).

A secondary objective of this study was to test whether
“no-go N2” or “no-go P3” responses comparable to those
observed in human ERPs (Pfefferbaum et al., 1985; Smith
et al., 2008; Gajewski and Falkenstein, 2013) could be
observed in rats performing an equiprobable auditory
go/no-go task, as potential neural correlates of cognitive
or motor response inhibition (Smith et al., 2008).

Materials and Methods
Animals

A total of thirteen male Long–Evans rats, Rattus norve-
gicus (500–700 g, Charles River Laboratories), were used
for this study. Nine rats comprised our main go/no-go
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dataset, while two rats were used for control recordings
under passive auditory stimulation, and two rats (noted
below) did not produce viable data. Rats were housed in
pairs before multi-electrode array implantation surgery
and individually after surgery in a dedicated animal care
facility on a 12/12 h light/dark schedule (lights on at 6
A.M./off at 6 P.M.) with ad libitum access to food. Rats
were allowed limited water access during the week to
encourage task participation and free water access for
15–20 min post-training and over the weekend. The
weights of each rat were recorded before each training
session, and a rat was returned to ad libitum water if
their weight fell below 85% of their lifetime maximum
weight. All methods were performed in accordance with
the Wellesley College animal care committee’s regula-
tions.

Go/no-go task
An auditory sustained attention task was designed to

capture goal-driven, top-down attention (Fig. 1). ABET-II
software (Lafayette Instruments, Inc.) was used to pro-
gram the task and generate pure tones. Rats were placed
into standard operant chambers (80003NS, Lafayette In-
struments, Inc.) and presented with either a target (3000
Hz) tone for 80 ms during go trials or a distractor (1500 Hz)
tone for 80 ms during no-go trials. The sound pressure
level of both tones was 60 dB (i.e., relative to the human

approximate threshold of 20 �Pa). Both tones were
equally probable and ABET-II randomly selected the in-
tertrial interval (ITI) to be 1, 2, or 3 s. A rat licking prema-
turely during the ITI period resulted in a 10-s penalty
period during which the rat would not receive another trial.
If the rat continued to lick during the ITI period, it would
once again enter the penalty period.

Following a lick-free ITI period, an 80-ms tone played to
initiate either a go or no-go trial. For both trial types, the
rats had 3 s to respond appropriately. During go trials, the
rats were trained to lick in response to a target tone (a hit
trial) to receive a water reward. A new ITI period would
then start 6 s after the target tone (including the 3-s response
window and an additional 3-s grace period during which
further licking was not penalized). If a rat failed to lick after
a target tone (a miss trial), it did not receive the water
reward but incurred no further penalty before entering a
new ITI period. During no-go trials, the rats were trained to
refrain from licking in response to distractor tones [a
correct rejection (CR) trial] for 3 s before entering a new ITI
period. If a rat licked within 3 s after a distractor tone [a
false alarm (FA) trial], it entered into the 10-s penalty
period. A training session lasted for 40–60 min. Rats
typically took 40–50 training sessions to reach 80% cor-
rect on both go and no-go trials, but we observed rats
reach stable performance at this criterion level in as few
as 12 training sessions.

Figure 1. Rat behavior. A, Auditory go/no-go discrimination task: rats were presented equiprobably with either a target or distractor
tone, followed by a 3-s response window. Licks in response to the target tone (a hit) result in a squirt of water, while failing to lick (a
miss) forfeits the opportunity for water reward. Licking in response to the distractor tone is deemed a FA and results in a 10-s penalty
period. A CR refers to when the rat successfully refrains from licking after the distractor tone. Licks during the ITI were punished with
a 10-s time out. On hit trials, rats were given a 3-s grace period after the response period, during which additional licks would not be
penalized. B, Distribution of single-session behavioral performance (percentage correct) of each rat on target (go, black box plots) and
distractor (no-go, gray box plots) trials, shown by the median performance (horizontal lines), the typical range (vertical boxes), and
putative outlier sessions (plus signs). The right group column plots the distribution of performances for the whole group of nine rats.
C, RT histogram of first-lick latencies on hit (black line) and FA (gray line) trials cumulated over 30 go/no-go sessions in nine rats.
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Multi-electrode array implantation surgery
A total of 10 of 11 rats successfully learned the go/

no-go task (80% correct for both go and no-go trials) and
underwent surgery for electrode implantation. Rats were
removed from the water-deprivation schedule at least 2 d
before surgery and given bacon-flavored painkiller tablets
daily to familiarize them with the flavor of the tablets. Rats
were placed in a stereotaxic apparatus with atraumatic
ear-bars during surgery and sedated and anesthetized
using isoflurane (1–2% in O2) and locally anesthetized by
bupivacaine (0.125%, 2 mg/kg, 0.16 ml/100 g) before
incision. 32-microelectrode arrays (Innovative Neurophys-
iology, Inc.) were implanted in the right frontal (2.0 mm
anterior to bregma, 0.75 mm right from midline, and 1.5
mm beneath the brain surface) and right parietal (4.15 mm
posterior to bregma, 3.5 mm right from midline, and 1.2
mm beneath the brain surface) cortices and secured with
dental cement. A 2 � 16 array was placed in the frontal
cortex, and a 4 � 8 array was placed in the parietal cortex.
Both arrays had a row spacing of 300 �m and an inter-
electrode spacing of 150 �m apart (resulting in anterior-
posterior spans of �2.25 and 1.05 mm for the frontal and
parietal arrays, respectively). Our electrodes were 35 �m
in diameter with “micro polished” tips (Innovative Neuro-

physiology, Inc.) resulting in �962 �m2 of exposed tip
area and impedance between 500 and 750 k� at 1 kHz.
The arrays were grounded by wires attached to skull
screws in the left frontal, left parietal, and right occipital
lobes. Following surgery, rats were given bupivacaine
(0.125%, 2 mg/kg, 0.16 ml/100 g) for pain relief up to 48
h post-surgery. Rats were weighed and monitored for
pain daily for one week after surgery and were allowed
free access to water and food during recovery. Five of the
nine brains (after discarding an outlier animal described
below) included in the FP dataset described below were
processed histologically to confirm electrode penetration
in the target areas. Forty-micrometer coronal sections
from frontal and parietal cortex were Nissl-stained and
electrode penetration tracks (Fig. 2) were observed in
both frontal and parietal cortices in each of the five brains.

Electrophysiological recording
Electrophysiological recordings were performed after at

least one week of recovery from implantation surgery.
Rats were briefly anesthetized using isoflurane (4% in O2)
to insert the recording head-stage. Recordings did not
begin until the rats exhibited normal motor control. FP
activity referenced to ground was recorded from the fron-

Figure 2. Histology. Representative Nissl-stained coronal sections (left panels) showing electrode penetrations in the right hemi-
sphere (next to the 1-mm vertical calibration bar) of dorsomedial frontal (A) and posterior parietal (B) cortex. The right panels show
diagrams from the Paxinos and Watson rat brain atlas (Paxinos and Watson, 1997) with their designations for the cortical areas 2.7
mm anterior to bregma (in A; Cg1 is cingulate cortex, M2 and M1 are secondary and primary motor cortex) and 4.16 mm posterior
to bregma (in B; PtA is parietal association cortex, RSA is retrosplenial agranular cortex, and CA1 and CA3 are fields of the
hippocampus).
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tal and parietal cortices during the go/no-go task using a
Cerebus Data Acquisition System (Blackrock Microsys-
tems) with a 1000-Hz sampling rate. A 150-Hz low-pass
filter was applied to remove high-frequency artifacts and
noise. For analysis, the FP data were transferred to MAT-
LAB using NeuroExplorer.

Data pre-processing
All data analysis was conducted in MATLAB on PC

computers running Windows 10, and all sessions under-
went pre-processing before ERP analysis as described
below. The analysis code described in this paper is
freely available online at https://repository.wellesley.edu/
neurosciencefaculty/. We only included a session in our
dataset if a �2 analysis supported that the proportion of go
responses on target trials was significantly different from
the proportion of go responses on distractor trials (p �
0.001). Due to RAM limitations of our analysis computers,
we used 32 FP channels distributed across both arrays
(avoiding neighbor electrodes) rather than the full set of
64. FP trials were defined in a 1.5-s window starting 0.5 s
before the tone and ending 1 s after tone onset. Each
session underwent artifact rejection analysis to discard
trials with flat lines or extreme FP signals exceeding 600
�V. If �10% of trials were found to exceed this cut value
on a particular electrode, then that electrode was omitted
from the analysis. In addition, FPs were bandpass filtered
between 0.5 and 50 Hz. After discarding four sessions
from one outlier animal described below and five other
sessions contaminated by artifact, the cleaned dataset
comprised a total of 10,578 trials recorded across 30
sessions in nine animals, with an average of 353 trials per
session being recorded from an average of 13 frontal
channels and 15 parietal channels. All but three of the 30
sessions had more than five surviving channels on each of
its arrays after artifact rejection.

ERP analysis
FP signals were averaged across surviving FP channels

on each array separately to produce frontal and parietal
average FPs, which were then averaged across trials
within each trial type (hit, miss, CR, FA) to produce frontal
and parietal ERPs for each session. Grand average ERP
plots for each trial type were produced by averaging ERPs
across 30 sessions from nine rats. Each session in the
grand average was weighted according to the number of
trials in the session. Our trained animals generally pro-
duced greater numbers of correct than incorrect trials,
with average numbers of hit, CR, miss, and FA trials per
session being 153, 117, 32, and 50, respectively. Five (4)
of 30 sessions had fewer than 10 remaining miss (FA)
trials after rejecting suspected artifactual trials as de-
scribed above.

ERP component analysis was also performed for indi-
vidual sessions to determine peak amplitudes and laten-
cies for each trial type. The N1, P2, N2, early P3 (P3E), and
late P3 (P3L) peaks were defined as the greatest positive-
going or negative-going peak found within time windows
determined by visual inspection of the grand average ERP
plots and individual session ERPs (see Results). The P2
peak was identified first as the highest peak (local maxi-

mum) between 50- and 150-ms post-tone onset. The P3E
was identified next as the highest peak between the P2
latency and 365-ms post-tone. Our main results (see
Results) were unchanged when we re-ran our analysis
using an alternate P3E definition that enforced a 60-ms
gap between the P2 and P3E (data not shown). The P3L
was defined as the highest peak between 350 and 1000
ms post-tone (and in every case was a distinct peak from
the P3E). The negative-going N1 peak was identified as
the lowest trough (local minimum) after 10-ms post-tone
onset but before the P2 latency. If we detected no trough
in that window, we extended the N1 search to smaller
positive latencies. Finally, the N2 was defined as the
lowest trough between the P2 and late P3L latencies,
which could appear before or after the P3E peak. The
peak latencies of one animal were consistently delayed in
comparison to the rest of the dataset (e.g., P2 around 200
ms rather than before 100 ms) so this outlier animal was
omitted from the analysis.

Statistical analysis of ERP component amplitudes
and latencies

A three-factor ANOVA was used to examine the effect
of brain region (frontal or parietal), trial type (hit, miss, FA,
or CR), and peak (N1, P2, N2, P3E, or P3L) on ERP
component amplitudes and latencies. All three factors
were within-subject repeated measures. Tukey’s HSD test
was used for post hoc tests. Effects with p � 0.05 were
considered statistically significant.

Spectral analysis of single-trial FPs
To characterize induced oscillatory activity that might

relate to the ERP components we measured, we calcu-
lated spectrograms with a sliding 200-ms window in
50-ms steps, comprising 0.2 s before to 1 s after the tone,
using the multitaper Fourier transform approach imple-
mented by the Chronux Spectral Analysis Toolbox (Bokil
et al., 2007). The time-bandwidth product and number of
tapers were set to [5 9] for spectrogram calculations as
well as coheregram calculations described below. With a
200-ms analysis window and a 1000-Hz sampling rate,
these parameters result in spectra with frequency bins
�1-Hz wide. We focused our analysis on frequencies up
to 20 Hz. We calculated spectrograms for each FP chan-
nel on each trial, and then averaged over frontal and
parietal electrodes separately to produce frontal and pa-
rietal average spectrograms for each trial. These were
then averaged over trials to produce average induced (i.e.,
non-phase locked to the tone) frontal and parietal spec-
trograms for each trial type in each session. These single-
session-spectrograms were then averaged across
sessions to produce grand average frontal and parietal
spectrograms for each trial type.

We also calculated frontal-parietal coheregrams to
characterize induced rhythmic coordination of activity
across frontal and parietal cortices, again using a 200-ms
window sliding in 50-ms steps. Interarea coheregrams
were calculated for every frontal-parietal electrode pair on
every trial, averaged across interarea electrode pairs, and
then averaged over trials of each trial type to produce
single-session coheregrams. We averaged the single-
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session coheregrams to generate grand average induced
interarea coheregrams for each trial type.

To distinguish regions in the time-frequency plots
(spectrograms and coheregrams) in which higher spectral
power or coherence was significantly different on different
trial types, we used two-tailed t tests based on the vari-
ability across sessions.

Results
To characterize sensory processing in the frontal-

parietal cortical network of rats, we recorded FPs from
micro-electrode arrays implanted in the medio-dorsal
frontal and posterior parietal cortex of nine rats while they
performed an equiprobable auditory go/no-go task (Fig.
1A). We histologically confirmed electrode penetrations
into both target areas in five of the nine rats (Fig. 2).

Behavior
Behavioral performance varied across rats and individ-

ual recording sessions as shown in Figure 1B, averaging
80 � 13% (SD) correct during target trials and 68 � 21%
(SD) correct on distractor trials. In every recorded session,
rats responded by licking significantly more during target
trials than during distractor trials as assessed by a �2

proportion comparison (p � 0.001), demonstrating that
they were effectively discriminating target and distractor
tones despite variations in performance.

On hit trials, it took rats an average of 0.6 � 0.3 s (SD)
from tone onset to produce their lick response, as com-
pared to an average reaction time (RT) of 1.0 � 0.7 s (SD)
during FA trials. The distributions of RTs on hit and FA
trials were similar (Fig. 1C).

ERPs
Figure 3A shows example single-trial FPs recorded

from a frontal and parietal array. To characterize stimulus-
locked frontal-parietal auditory processing, FP responses
aligned to the onset of target (go) or distractor (no-go)
tones were averaged across frontal and parietal recording
electrodes and across hit, miss, CR, and FA trials sepa-
rately to generate frontal and parietal ERPs for each trial
type from each recording session. In particular, we aimed
to test potential roles of the P2 and P3 (E or L) peaks in
target detection, and possible roles of the N2 or P3 (E or
L) peaks in response inhibition.

On hit trials a target was correctly detected, as indi-
cated by a licking response, while a CR was characterized
by withholding of a licking response following a distractor
tone. Figure 3B–D compare hit and CR ERPs from frontal
and parietal cortex during three example recording ses-
sions in three different rats. These examples illustrate the
variability of ERPs across rats, but also show a consistent
pattern that motivates our definitions of five ERP peaks for
analysis: two negative-going peaks called N1 and N2, and

Figure 3. Single-trial FPs and single-session frontal and parietal auditory ERPs. A, Single-electrode field potentials (FPs) recorded in
frontal (left panel) and parietal (right panel) cortex on three example hit trials. B–D, Single-session hit (black traces) and CR (gray
traces) ERPs (in microvolts) recorded in frontal (left panels) and parietal (right panels) cortex of a different rat in each row. The ERPs
shown are averaged frontal and parietal FPs referenced to the onset of the target or distractor tone at t � 0 on the horizontal axis.
Upwards and downwards triangles label the approximate latencies and amplitudes of the N1, P2, N2, P3E, and P3L peaks identified
by our automated analysis.
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three positive-going peaks that we label as P2, P3E (early
P3) and P3L (late P3) as shown in Figure 3B (see Materials
and Methods).

Note that the N2 can appear before or after the P3E,
depending on which side of the sustained negativity is
deeper. Figure 3B shows a case where the N2 appears
after the P3E (clearest in the frontal hit ERP in the left
panel), whereas Figure 3C shows an example in which the
CR ERP (in the right panel) has a deeper negativity (the
N2) before the P3E. The example in Figure 3D shows that
in some ERPs the P3E is not visible at all or can appear as
a “hump” on the downslope of the P2 (in the right panel).

Hit versus CR grand ERPs
To capture stimulus-locked processing components

that were consistent across animals, we averaged single-
session ERPs to produce grand average ERPs for each
trial type. Grand average hit and CR ERPs are compared
in the left panels of Figure 4. The peaks identified in
individual sessions (Fig. 3) are visible in the frontal and
parietal grand hit ERPs (Fig. 4, left panels). The most
prominent effect suggested by comparing the hit and CR
ERPs is the dramatic amplification of the P2 on hit trials in
both frontal and parietal cortex as compared to CR trials.
The frontal and parietal N2 and P3L peaks also tend to be
larger on hit trials versus CRs. The N1 is the only compo-
nent that trends toward being larger on CRs as compared
to hits in the grand ERPs. The right panels of Figure 4

depict the range of peak amplitudes extracted from
individual-session ERPs.

Statistical analysis of peak amplitudes
To better interpret the trends observed in the hit-CR

grand ERP comparison, we performed a three-way
repeated-measures ANOVA of individual-session ERP
peak amplitudes, incorporating factors: brain region �
trial type � peak. We found a main effect of peak on
amplitude but did not pursue this further as our primary
objective was to determine the effect of trial type on each
ERP component. The brain region � peak interaction was
significant (F(4,116) � 3.1, p � 0.02; Table 1)a. Post hoc
Tukey tests found the parietal N2, P3E, and P3L peaks to
be significantly larger in amplitude than their frontal coun-
terparts (p � 0.03, p � 0.04, p � 0.01)b,c,d.

Our ANOVA also revealed a significant trial type � peak
interaction (F(12,348) � 3.8, p � 2 � 10	5)e that justifies the
post hoc test results reported below for each peak.

N1 peak amplitudes
Pairwise post hoc tests comparing N1 amplitude on

different trial types did not reveal any significant differ-
ences.

P2 peak amplitudes
A post hoc Tukey test found the amplification of the P2

peak on hits compared to CRs (noted above from the

Figure 4. Comparison of hit and CR trial grand average ERPs and component amplitudes. Grand average ERPs and peak amplitudes
from frontal and parietal cortex are shown in the upper and lower panels, respectively. FPs from the frontal or parietal cortex were
averaged to produce ERPs (left panels) for hit (black traces and black box plots) and CR trials (gray traces and gray box plots). The
ERPs were referenced to the onset of the tone. We used the peak amplitudes of the session ERPs to compute the component
amplitudes for each session whose distribution is shown by the box plots in the right panels. Horizontal lines show median peak
amplitude, white xs denote the mean amplitude, and plus signs denote putative outliers outside 1.5� the interquartile range. In
calculating the grand average ERPs, the single-session ERPs were weighted according to each session’s number of trials to give
greater weight to the more statistically reliable (i.e., higher-n) ERPs. The asterisk indicates a significant target detection-related
amplification of the P2 peak on hits compared to CRs (Tukey’s HSD, p � 0.006)f.
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grand ERPs in Fig. 4) to be highly significant (p � 0.006)f.
Amplification of the P2 peak on hits as compared to CRs
might reflect target identification or behavioral (motor)
response activation, which both occur on hits but not CR
trials. To constrain this interpretation, we compared hit to
FA ERPs (Fig. 5) because both hits and FAs involve a
motor response (lick), but actual target detection occurs

only on hit trials. The frontal and parietal P2 peaks are
significantly larger on hits than FAs in both the grand
ERPs and component analysis (Tukey’s HSD, p �
0.0009)g, suggesting the P2 enhancement on hit trials
cannot be solely attributed to response activation or neu-
ral correlates of licking for water. The P2 tended to also be
larger on hits than miss trials (Fig. 6), though this differ-

Table 1. Statistical results

Data structure Type of test p value Power
a Normal ANOVA brain region � peak interaction 0.02 0.80
b Normal Tukey’s HSD 0.03 0.37
c Normal Tukey’s HSD 0.04 0.33
d Normal Tukey’s HSD 0.01 0.46
e Normal ANOVA trial type � peak interaction 2 � 10–5 0.99
f Normal Tukey’s HSD 0.006 0.71
g Normal Tukey’s HSD 0.0009 0.85
h Normal Tukey’s HSD 0.3 0.22
i Normal Paired t test 0.04 0.81
j Normal Tukey’s HSD 0.003 0.76
k Normal Tukey’s HSD 0.03 0.52
l Normal Tukey’s HSD 4 � 10–6 0.99
m Normal Tukey’s HSD 0.04 0.49
n Normal Levene’s test for equal variances 0.009 0.82
o Normal Levene’s test for equal variances 0.004 0.83

The letters in the left column are superscripts labeling each statistical result reported in the text. The second and third columns from left describe the data
distribution and statistical test used in each case. The two right-most columns list p values reported in the text and the estimated post hoc power corre-
sponding to each p value. We estimated post hoc power of F tests using Equation 4 from Lenth (2007) cited in Pek and Park (2019) and estimated post hoc
power of the pairwise post hoc tests as the post hoc power of the equivalent t test using the MATLAB function sampsizepwr.m.

Figure 5. Hit versus FA ERPs and component amplitudes. As in Figure 4, Grand average ERPs and peak amplitudes from frontal and
parietal cortex are shown in the upper and lower panels, respectively. FPs from the frontal or parietal cortex were averaged to produce
ERPs (left panels) for hit (black traces and black box plots) and FA trials (gray traces and gray box plots). The ERPs were referenced
to the onset of the tone. We used the peak amplitudes of the session ERPs to compute the component amplitudes for each session
whose distribution is shown by the box plots in the right panels. Horizontal lines show median peak amplitude, white xs denote the
mean amplitude, and plus signs denote putative outliers outside 1.5� the interquartile range. In calculating the grand average ERPs,
the single-session ERPs were weighted according to each session’s number of trials to give greater weight to the more statistically
reliable (i.e., higher-n) ERPs. The asterisk indicates a significant amplification of the P2 peak on hits compared to FAs (Tukey’s HSD,
p � 0.0009)g.
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ence was not significant (p � 0.3)h. It is possible that the
P2-evoked response to the higher frequency target is
larger than the response to the lower frequency distractor
independent of task context, though previous passive
recordings did not reveal any frequency tuning of the P2
component (Knight et al., 1985). To further constrain this
possibility, we recorded ERP responses in two rats (dis-
tinct from all rats in the active go/no-go dataset) to
equiprobable passive presentation of the two tones used
in our active task (Fig. 7). In both rats the P2 amplitude in
response to the lower pitch (1500 Hz, the distractor in the
active go/no-go task) tended to be larger than the re-
sponse to the higher pitch (3000 Hz, the target in the
active task). This difference was significant in the pooled
data (paired t test, degrees of freedom (df) � 9, p � 0.04)i.

N2 peak amplitudes
The grand hit ERPs show a negative dip (the N2; espe-

cially in parietal cortex) that is essentially absent from the
grand CR ERPs (Fig. 4), providing no support for a no-go
N2 in rats, at least in the context of the equiprobable
go/no-go task. To further investigate potential correlates
of response inhibition we compared CR ERPs to miss trial
ERPs (Fig. 8). Since no licking response is executed in
either CR trials or miss trials, any difference between miss
and CR ERPs could reflect active response inhibition.
Though the difference is not visible in the grand ERPs of
Figure 8, the N2 peak extracted from individual sessions
was significantly larger (i.e., more negative) on miss trials
as compared to CR trials (Tukey’s HSD, p � 0.003)j.

P3E peak amplitudes
The P3E amplitude on miss trials was significantly

larger than on CR trials (Fig. 8; Tukey’s HSD, p � 0.03)k.

P3L peak amplitudes
The P3L amplitude was significantly larger on miss trials

than CR trials (Fig. 8; p � 4 � 10	6)l and FA trials (Fig. 8;
p � 0.04)m.

To further constrain interpretation of the amplification of
miss trials noted on the N2, P3E, and P3L peaks, we
performed a statistical comparison of ERP variances on
different trial types. Levene’s test of equal variances re-
vealed a significant difference among the FP amplitude
variances of the four trial types (quadratic Levene’s test,
F(3,236) � 3.9, p � 0.009)n. A follow-up test showed that
variances on miss and FA trials were significantly larger
than on hit and CR trials (quadratic Levene’s test, F(1,238)

� 8.5, p � 0.004)o.

Peak latency analysis
Figure 9 shows the range of latencies of each peak

across sessions. A three-way ANOVA performed on the
latencies of the ERP component peaks did not reveal any
significant effect of brain region or trial type on peak
latencies.

Spectral analysis: spectrograms
To investigate whether the ERP peaks we observed are

related to the onset of events within particular frequency
bands, we calculated spectrograms quantifying oscilla-

Figure 6. Single-session ERP-peak amplitudes by trial type. Each row presents box plots of peak amplitudes (in microvolts) extracted
from single-session ERPs for each trial type (hits, misses, CRs, and FAs). Peak amplitudes from frontal and parietal ERPs are shown
in the left and right panels, respectively. As in previous box plots horizontal lines show median peak amplitude, white xs denote the
mean amplitude, and plus signs denote putative outliers outside 1.5� the interquartile range.
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tory power for every electrode in a sliding 200-ms window
relative to tone onset on every trial. We averaged these
separately across frontal and parietal electrodes and
across each trial type separately to generate frontal and
parietal average spectrograms for each trial type for each
session. The single-session-spectrograms were averaged
to produce grand average frontal and parietal spectro-
grams. Figure 10 compares hit to CR spectrograms. In
both frontal and parietal cortices both trial types exhibit
typical power spectra with relatively large power at lower
frequencies, and both show a modest increase in low-
frequency power induced by the tone at t � 0 (Fig. 10A,B).
The difference spectrograms in Figure 10C (hit spectro-
gram – CR spectrogram) reveal distinct phenomena in
different frequency bands. The tone-induced power be-
tween 7 and 14 Hz tends to be greater on CRs than hits,
whereas at frequencies below 7 Hz and above 14 Hz, hit
trials have more power than CRs. Figure 10D plots the
significance of these differences in terms of the p-values
produced by conducting a t test at each time-frequency
bin.

To investigate potential rhythmic contributions to the
larger peak amplitudes observed on miss trials (Fig. 8), we
compared miss to CR spectrograms (Fig. 11). In both
frontal and parietal cortex miss trials tend to show greater
power than CRs, particularly at the lower frequencies.
Interestingly, the difference spectra (Fig. 11C) in both
frontal and parietal cortices reveal a band in the � range
(near 7 Hz) with particularly high power on misses as

compared to CRs, both before and after presentation of
the unpredictably-timed tone. Comparing spectrograms
on hit and miss trials revealed a similar excess of power
near 7 Hz on miss trials as compared to hits (Fig. 12),
again both before and after the tone at t � 0. In parietal
cortex this excess power on miss trials extended to a
broader range of frequencies.

Coheregrams
To reveal any interarea rhythmic synchronization events

that might contribute to ERP components, we also calcu-
lated coheregrams for each frontal-parietal electrode pair
on every trial. We averaged these over interarea electrode
pairs and across trials of each type separately to generate
single-session coheregrams for each trial type. We then
averaged the single-session coheregrams to produce
grand average coheregrams. Average coheregrams on hit
and CR trials are compared in Figure 13. Unlike the power
spectra displayed in the spectrograms of Figures 10-Figures
12, the interarea coherence spectra are not skewed toward
the lower frequencies (Fig. 13A,B). The difference coher-
egram in Figure 13C shows greater induced fontal-
parietal coherence on hit than CR trials at all frequencies
up to 20 Hz. Figure 13D plots the significance of these
differences in terms of p-values of t tests at each time-
frequency bin. Comparing hit coheregrams to miss coher-
egrams (Fig. 14) shows greater induced coherence on hit
trials at all frequencies up to 20 Hz, from �250 to 650 ms
post-tone, but no significant effects before the tone. This
is in contrast to the local power in each area, which was

Figure 7. ERP responses to equiprobable passive presentation of lower-pitched and higher-pitched tones equivalent to the distractor
and target tones, respectively, in the active go/no-go task. A, B, ERPs and peak amplitudes for two different rats. Upper panels depict
frontal and parietal ERPs recorded in response to the lower pitch (black traces) or higher pitch (gray traces), while lower panels show
box plots (with conventions as in previous figures) of peak amplitudes for lower pitch (black) or higher pitch (gray) ERPs. The lower
pitch (distractor in the active context) tends to elicit a larger P2 peak than the higher pitch; this difference was significant in the pooled
data (paired t test, df � 9, p � 0.04)i. In the passive context, rats were not water restricted and had no access to a lick tube.
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greater on misses than hits, even before the tone (Fig. 12).
We also compared miss to CR coheregrams but found no
significant differences (data not shown) and no sign of

interarea coherence specific to the �-frequency rhythm
present on misses in each cortical area individually (Figs.
11, 12).

Figure 8. Comparison of CR and miss trial ERPs and component amplitudes. As in Figure 4, Grand average ERPs and peak
amplitudes from frontal and parietal cortex are shown in the upper and lower panels, respectively. FPs from the frontal or parietal
cortex were averaged to produce ERPs (left panels) for CR (black traces and black box plots) and miss trials (gray traces and gray
box plots). The ERPs were referenced to the onset of the tone. We used the peak amplitudes of the session ERPs to compute the
component amplitudes for each session whose distribution is shown by the box plots in the right panels. Horizontal lines show median
peak amplitude, white xs denote the mean amplitude, and plus signs indicate putative outliers outside 1.5� the interquartile range.
In calculating the grand average ERPs, the single-session ERPs were weighted according to each session’s number of trials to give
greater weight to the more statistically reliable (i.e., higher-n) ERPs. Asterisks indicate significantly greater peak amplitude on miss
trials compared to CRs at the N2 (Tukey’s HSD, p � 0.003)j, P3E (p � 4 � 10	6)l, and P3L (p � 0.04)m peaks.

Figure 9. Distribution of ERP peak latencies on hit (black crosses) and CR (gray crosses) trials. Each cross marks the latency of the
respective peak (labeled on the vertical axis) in the ERP from one of 30 recording sessions (from nine rats) in our dataset. The N1 peak
was not identified in every session and is omitted from the figure.
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Discussion
To characterize cortical ERP responses in rats during

auditory target detection and behavioral response inhibi-
tion we recorded FPs from multiple sites in medial-dorsal
frontal and posterior parietal cortex while rats performed
an auditory go/no-go discrimination task. Lower average
performance on distractor (no-go) trials as compared to
target (go) trials supports that active response inhibition
was required to control the impulse to lick on distractor
trials.

The P2 amplitude reflects target detection, not just
response activation

We observed an amplification of the P2 amplitude on hit
trials as compared to CRs, consistent with the involve-
ment of P2 activity in target detection or initiation of a
licking response, which both occur during hit but not CR
trials. That we also observed an elevated P2 amplitude on
hits compared to FA trials, supports that this amplification
cannot solely be accounted for in terms of licking-related
activity. Thus, we conclude that neural activity underlying
the P2 ERP peak is involved in detection of the target tone.
We also observed a non-significant trend toward larger P2
amplitude on hit trials than misses, which is consistent with
the target detection interpretation of the P2 function. We
did not observe any significant difference between the
frontal and parietal P2 amplitudes.

In principle the P2 might have been larger in amplitude
on hit trials than CRs or FAs due to the target pitch (3000
Hz) intrinsically (i.e., independent of target detection or
attentional state) eliciting a larger P2 response than the
distractor pitch (1500 Hz), despite their identical physical
intensity. However, as there was no significant difference
between the P2 on miss trials (when the target pitch was
presented) and either CRs or FAs (when the distractor
was presented), significant pitch “tuning” in the P2 re-
sponse is unlikely. Furthermore, recordings in two control
animals during the equally probable passive presentation
of the two pitches revealed a significant trend toward a
larger P2 amplitude in response to the low pitch as com-
pared to the higher pitch. While these data are not sufficient
to establish frequency tuning in the rat P2 component, tun-
ing following the trend in our data would reduce the relative
P2 amplification on hit trials that we observed. Consistent
with these considerations, an investigation of frequency
tuning of the auditory ERP in rats did not report significant
tuning of this auditory ERP component (Knight et al.,
1985). We thus conclude the P2 amplification we ob-
served on hit trials most likely reflects target detection
related neural activity.

This conclusion is comparable to findings from surface
recordings in rats (Shinba, 1997; Ahnaou et al., 2018)
which show a P2 with a parietal maximum that was larger
in response to target than distractor tones in a head-fixed

Figure 10. Average Hit and CR spectrograms from frontal (left panels) and parietal (right panels) electrodes, aligned to tone onset at
t � 0. Hit and CR spectrograms are shown in rows A, B, respectively. Row C shows the difference between average H and CR
spectrograms (hit minus CR), such that the light blue and yellow time-frequency bins indicate greater hit power than CR power, and
dark blue bins indicate greater CR power than hit power. The color axes in rows A–C show power transformed to arbitrary logarithmic
units to allow smaller-amplitude features at higher frequencies to be visible. Row D shows the significance of a two-tailed t test
comparing spectral power on hits and CR trials at each time-frequency bin, based on the variability of the trial-averaged power across
sessions (n � 30). The statistical significance of the hit-CR difference at each time-frequency bin is plotted as log10(1/p) such that
differences from dark blue on the color scale indicates significant differences above the 95% confidence level, while light blue (color
scale � 2) and yellow (color � 3) indicate significance with 99% and 99.9% confidence, respectively [i.e., since log10(1/0.001) � 3; not
corrected for multiple comparisons; the t tests were based on raw trial-averaged spectral powers in units of square microvolts per Hz,
not the logarithmically transformed values displayed in rows A–C].
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auditory active oddball task. This refers to a go/no-go task
in which the targets are relatively rare. Similar observa-
tions have been reported by others in anterior cingulate
cortex and hippocampus, but without statistically com-
paring P2 amplitude on different trial types (Hattori et al.,
2010). However, in another study, skull recordings at the
vertex failed to show a significant difference between P2
amplitudes in response to targets and standards in an
auditory active oddball task (Sambeth et al., 2003).

Regardless, as target trials were rare in these previous
studies, oddball amplification of responses to rare tones
was conflated with effects of target detection processes
during the active task. Indeed, frontal and parietal cortical
rare-tone amplification effects have been reported in rats
at multiple ERP peaks including the P2 (Imada et al.,
2013). In contrast to these previous studies, the target and
distractor stimuli were presented with equal probability in
our auditory go/no-go task, so a rare-tone amplification
effect is ruled out. Thus, to our knowledge the present
results are the first to specifically implicate the rat P2 in
target detection as distinct from response activation pro-
cesses during an auditory go/no-go task.

The P2 enhancement we observed during hit trials in rat
frontal and parietal cortex appears analogous to the
go-P2 around 200 ms post-stimulus reported in recent
equiprobable auditory go/no-go ERP experiments in hu-
mans (Borchard et al., 2015) and other auditory go/no-go
studies (Gajewski and Falkenstein, 2013). The human

frontal-parietal P2 peak was larger during go trials and
could thus be associated with response activation or
target detection as we found in the rat.

The N2 negativity does not index response inhibition
but may reflect error processing

In our dataset the N2 amplitude was not consistently
associated with active response inhibition on no-go trials.
We instead found that the N2 amplitude is larger on miss
than CR trials, which might indicate error-related cortical
processing. This interpretation is dubious in our dataset
because our rats were relatively proficient at the task,
resulting in fewer incorrect than correct trials in each
session, leading to a significantly greater variance in our
incorrect trial ERPs than correct trial ERPs. Greater vari-
ability could be reflected as a bias toward systematically
larger peaks in the miss trial ERPs. Thus, while our results
are consistent with the possibility that the N2 negativity
reflects processing or monitoring of behavioral errors, we
cannot rule out a contribution from bias due to different-
sized samples of each trial type.

The N2 amplitude has been associated with error-
processing in some human ERP experiments. In this con-
text the component is known as the error-related N2 or
error negativity (Ne; Falkenstein et al., 1991; Scheffers
et al., 1996; Botvinick et al., 1999; Kok et al., 2004). The
N2 response we observed in rats may be analogous to
these error-related negativities described in human ERPs.

Figure 11. Average Miss and CR spectrograms from frontal (left panels) and parietal (right panels) electrodes, aligned to tone onset
at t � 0. Miss and CR spectrograms are shown in rows A, B, respectively. Row C, shows the difference between average miss and
CR spectrograms (miss minus CR), such that the light blue and yellow time-frequency bins indicate greater miss power than CR
power, and dark blue bins indicate greater CR power than miss power. The color axes in rows A–C show power transformed to
arbitrary logarithmic units to allow smaller-amplitude features at higher frequencies to be visible. Row D shows the significance of a
two-tailed t test comparing spectral power on hits and CR trials at each time-frequency bin, based on the variability of the
trial-averaged power across sessions (n � 30). The statistical significance of the miss CR difference at each time-frequency bin is
plotted as log10(1/p) such that differences from dark blue on the color scale indicates significant differences above the 95%
confidence level, while light blue (color-scale � 2) and yellow (color � 3) indicate significance with 99% and 99.9% confidence,
respectively [i.e., since log10(1/0.001) � 3; not corrected for multiple comparisons; the t tests were based on raw trial-averaged
spectral powers in units of square microvolts per Hz, not the logarithmically transformed values displayed in rows A–C].
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Figure 12. Average hit and miss spectrograms from frontal (left panels) and parietal (right panels) electrodes, aligned to tone onset
at t � 0. Hit and miss spectrograms are shown in rows A, B, respectively. Row C shows the difference between average hit and miss
spectrograms (hit minus miss), such that the light blue and yellow time-frequency bins indicate greater hit power than miss power,
and dark blue bins indicate greater miss power than hit power. The color axes in rows A–C show power transformed to arbitrary
logarithmic units to allow smaller-amplitude features at higher frequencies to be visible. Row D, shows the significance of a two-tailed
t test comparing spectral power on hit and miss trials at each time-frequency bin, based on the variability of the trial-averaged power
across sessions (n � 30). The statistical significance of the hit-miss difference at each time-frequency bin is plotted as log10(1/p) such
that differences from dark blue on the color scale indicates significant differences above the 95% confidence level, while light blue
(color scale � 2) and yellow (color � 3) indicate significance with 99% and 99.9% confidence, respectively [i.e., since log10(1/0.001)
� 3; not corrected for multiple comparisons; the t tests were based on raw trial-averaged spectral powers in units of square microvolts
per Hz, not the logarithmically transformed values displayed in rows A–C].

Figure 13. Average Hit and CR coheregrams showing frontal-parietal coherence spectra as a function of time relative to tone onset
at t � 0. Coheregrams were averaged across trials and interarea electrode pairs, then across sessions. A, Average hit frontal-parietal
coheregram. B, Average CR frontal-parietal coheregram. The color axes in A, B depict dimensionless coherence values that can in
principle range between zero and one. C, Difference between hit and CR coheregrams (hit minus CR). D, Time-frequency bins where
the hit-CR coherence difference is significant at the 99% CL or above are plotted as log10(1/p) where p is the p value resulting from
a two-tailed t test based on the variability across sessions.
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Future experiments may be able to address this issue
more decisively if more difficult tasks are used to elicit
greater numbers of error trials.

In humans, multiple go/no-go ERP studies using visual
or auditory stimuli have reported a frontal-central no-go
N2 around 200–400 ms post-stimulus that is enhanced
during no-go relative to go trials (Pfefferbaum et al., 1985;
Jodo and Kayama, 1992; Sasaki et al., 1993; Watanabe
et al., 2002; Bekker et al., 2005a,b; Kaiser et al., 2006;
Smith et al., 2007; Borchard et al., 2015). Because the
no-go N2 was present even when targets on go trials were
merely counted mentally rather than their presence being
reported with an overt behavioral response (Pfefferbaum
et al., 1985; Smith et al., 2008), it may reflect “cognitive
control” (Folstein and Van Petten, 2008) or “cognitive inhibi-
tion” in auditory (Smith et al., 2008) and visual go/no-go
tasks (Gajewski and Falkenstein, 2013), rather than motor
inhibition. Again, our results do not support that such a
process occurs in the rat brain, at least in the context of
equiprobable target and distractor stimuli.

The (earlier) P3E peak does not reflect target
detection, consistent with a previously identified role
in deviance detection

Previous rat work reporting a P3 response around
200%, 250 ms (Yamaguchi et al., 1993; Imada et al.,
2013), suggest this component reflects novelty or devi-
ance analogously to the human P3a (Linden, 2005; Polich,
2007). However, other rat studies have reported a go-
related P3 with peak latencies overlapping the novelty-
related P3 but ranging to later times up to or exceeding
400 ms post-stimulus (Shinba, 1997; Sambeth et al.,
2003; Hattori et al., 2010). We therefore defined separate
early and late P3 peaks.

Neither stimulus in our experiments was rare compared
to the other, so we expect no novelty, deviance, or
mismatch-related contribution to the P3E in our experi-
ments. This task design allowed us to attribute a role in
target detection to the P2. In contrast to the P2, we did
not find support for the P3E having a role in target detec-
tion. Rather, we noted that the P3E amplitude on miss
trials was significantly larger than on CR trials. While this
might reflect error processing after failed go trials, this
interpretation is subject to the same concern as the pre-
viously discussed N2 error-related results, as the miss
ERPs are based on fewer trials than the CR ERP from the
same session.

The (later) P3L peak does not index target detection,
response inhibition or production

We observed a significantly larger P3L on misses than
FAs, arguing against a role of the P3L in response produc-
tion. The P3L was also significantly larger on misses than
CRs, and not significantly different on hits and misses, ar-
guing against a role of the P3L in target detection. As pre-
viously mentioned, interpreting the larger P3L amplitude on
miss trials as an indication of error-processing is subject to
the concern that error trials were fewer and their associated
ERPs more variable, likely resulting in a bias toward larger
peak amplitudes on incorrect trials.

Previous auditory ERP studies in the rat have generally
presented ERPs showing a larger target P3 than distractor
P3, which in some cases may not be present at all
(Shinba, 1997; Sambeth et al., 2003; Hattori et al., 2010;
Ahnaou et al., 2018). These studies used oddball para-
digms meaning that target tones were rare compared to
distractors. Their results are consistent with the P3 play-
ing a role in target detection or response production, but

Figure 14. Average hit and miss coheregrams showing frontal-parietal coherence spectra as a function of time relative to tone onset
at t � 0. Coheregrams were averaged across trials and interarea electrode pairs, then across sessions. A, Average hit frontal-parietal
coheregram. B, Average miss frontal-parietal coheregram. The color axes in A, B, depict dimensionless coherence values that can
in principle range between zero and one. C, Difference between hit and miss coheregrams (hit minus miss). D, Time-frequency bins
where the hit-CR coherence difference is significant at the 99% CL or above are plotted as log10(1/p) where p is the p value resulting
from a two-tailed t test based on the variability across sessions.
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since the target tones were rare compared to distractors
in these studies, interpretation of the P3 is confounded by
potential oddball responses to the rare target tones.

Similarly, multiple human studies (Pfefferbaum et al.,
1985; Rockstroh et al., 1996; Ochoa and Polich, 2000)
describe a P3 peak around 300 ms post-stimulus with a
parietal or parietal-central maximum that is larger during
target than standard trials in oddball tasks. In equiprob-
able go/no-go tasks this P3 has been associated with
response production (Pfefferbaum et al., 1985; Borchard
et al., 2015), as well as target detection in auditory mental
counting experiments without direct motor responses
(Picton and Hillyard, 1974; Wronka et al., 2008).

Our results do not support a role for either the early or
late P3 peak in target detection. Rather they suggest that
the larger P3 on target trials noted in previous rat work could
be due to an oddball amplification of the target response as
opposed to target detection. Our P3 results are consistent
with a study of parietal ERPs in rats performing a visual
sustained attention task, which found a “P300” response
(peaking before �250 ms post-target onset) that was
sensitive to target stimulus duration but not to detection
(i.e., no hit-miss difference) or attentional load (Broussard
and Givens, 2010). They concluded that the parietal P3
reflected “sensory aspects of the target, and not detec-
tion per se.”

General comparison to human ERPs
In terms of comparing the phenomenology of rat audi-

tory ERPs to humans’, Sambeth et al. (2003) considered
the rat P1, N1, P2, N2, and P3 peaks as corresponding to
human ERP components simply according to their order
of occurrence and polarity, and found the peak latencies
in the rat to be 1.8 times earlier in the rat as compared to
humans in roughly matched rat and human auditory active
oddball paradigms—except for the P3 which occurred at
roughly the same latency in rats and humans (350–380
ms in that study). On this basis they suggested the earlier
peaks reflect “sensory processes” while the P3 reflects a
more “cognitive. . .elaborative processing of stimuli” that
is amplified by the expectation of reward in the active
task. This is consistent with the demonstration of rare-
tone response enhancements of the P3E in rats that could
not be accounted for by simple stimulus-specific adapta-
tion mechanisms (Imada et al., 2013), suggesting some
more sophisticated memory comparison at the P3E be-
tween rare oddball tones and the recent history of stan-
dard tones.

As discussed previously, the human ERP literature sug-
gests the involvement of the P2 and P3 ERP components
in target detection and response production, and poten-
tial involvement of the N2 and P3 components in re-
sponse inhibition. While our recordings from rat brain
support the role of the P2 peak specifically in target
detection, our results do not support a major role of the P3
in target detection. Rather, our results are more consis-
tent with those of Broussard and Givens (2010) who re-
ported a parietal P3 response in a visual task that was not
modulated by attentional load and was virtually the same
on hit and miss trials. Thus, despite the identification of P3

responses in rat brain that share some properties with
their human analogues, the rat P3 responses do not
appear to share the role in target detection or response
production that has been reported for the human P3.

Similarly, our results do not reveal any obvious analog
in the rat of no-go N2 or no-go P3 responses described in
some human studies. We cannot decisively conclude at
this stage whether these differences represent real species
differences or differences in task context. These no-go
peaks might emerge in rats, as in humans (Nieuwenhuis
et al., 2004), when targets are relatively frequent and distrac-
tors are rare, leading to greater priming of the go response
and more difficulty or conflict in attempting to inhibit the go
response.

Induced oscillatory contributions to ERPs
The similar latency of P3 responses in humans and rats

in contrast to the earlier evoked potential components
recalls the suggestion that oscillatory brain mechanisms
may be tuned to maintain a similar set of frequencies across
species from rodents to humans (Buzsáki et al., 2013), and
raises interesting questions about how stimulus-induced
oscillations may be related to ERP components (Brous-
sard and Givens, 2010; Ahnaou et al., 2018). Our spectral
analysis found that post-stimulus induced low-frequency
power (1–7 Hz) was greater on hit trials than CRs, espe-
cially in frontal cortex, whereas power between 8 and 14
Hz was suppressed on hit relative to CRs. We also cal-
culated average coherence between frontal and parietal
electrodes as a function of time during each trial, and
observed broadband coherence induced on hit trials as
compared to CRs or misses. The induced low-frequency
power and broadband interarea coherence on hit trials
could reflect detection-related activity but are likely to
also reflect rhythmic licking for water.

Comparing miss trials to CRs and hits with our spectral
analysis revealed a band near 7 Hz at which power was
particularly elevated on miss trials, even before the onset
of the tone. Since we observed greater N2, P3E, and P3L
amplitudes on miss trials compared to CRs, it is possible
that our P3 and N2 ERP results reflect error-related oscil-
latory activity in the � range as has been reported in the
context of a delayed reaction-time task (Narayanan et al.,
2013; Laubach et al., 2015), particularly since our P3L
definition allowed later peaks (up to 1000-ms latency)
than most previous studies (typically not later than
500-ms latency). However, our observation of elevated
�-power before the unpredictably timed tone on miss
trials suggests instead a spontaneous state of reduced
attention that predisposes the animal toward failing to
respond to, i.e. missing, the target tone. This is consistent
with results from a study of cortical oscillatory dynamics
in rats performing a simple auditory detection task with
unpredictably timed target tones (Herzog et al., 2014).
However, that latter study found that both increased low-
frequency power and interarea (frontal-parietal) coher-
ence predicted miss trials, whereas our pre-stimulus
result was specific to the local synchronization (i.e.,
power) and did not appear in the interarea coheregrams.
This difference between studies may reflect a heightened

New Research 16 of 18

January/February 2020, 7(1) ENEURO.0055-19.2019 eNeuro.org



state of sustained attention during our more complicated
discrimination task, resulting in less global low-frequency
synchronization (i.e., interarea coherence) even during the
animal’s least attentive moments during a session, just
before miss trials.

Conclusions
Frontal and parietal ERPs corroborate the existence of

distinct P3E and P3L peaks in rats, as has been previously
reported. We found detection of the target tone to be
indexed by a larger P2 peak in frontal and parietal cortex on
hit trials. The P2 amplitude does not solely reflect prepara-
tion of a motor response. This is the main result of the
present study and appears to support consistent func-
tions of the P2 in rats and humans. We did not observe
any clear correlate of target detection or response inhibi-
tion at the N1, N2, P3E, or P3L peaks. This is in contrast
to human studies suggesting P3 involvement in target
detection and motor response inhibition, and N2 involve-
ment in cognitive response inhibition. Trends towards
larger N2, P3E, and P3L amplitudes on miss trials than
CRs may indicate neural processing of behavioral errors.

These results complement previous work in rats using
active oddball tasks, as our experiments did not confound
potential rare-tone response amplifications (“oddball re-
sponses”) with other factors that modulate peak ampli-
tudes. Our quantification of task-related modulation of rat
equiprobable go/no-go ERPs constrains potential cortical
mechanisms of auditory discrimination. Moreover, our study
of invasive multi-site FP recordings during active auditory
discrimination behavior contributes to the growing literature
showing that the rat brain can be used to probe neural
processes of sensation, perception, and cognitive control in
ways that are often more feasible and less expensive in rats
than in humans or non-human primates.
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