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Abstract

Visual stimulation-evoked blood-oxygen-level dependent (BOLD) responses can exhibit more 

complex temporal dynamics than a simple monophasic response. For instance, BOLD responses 

sometimes include a phase of positive response followed by a phase of post-stimulus undershoot. 

Whether the BOLD response during these phases reflects the underlying neuronal signal 

fluctuations or is contributed by non-neuronal physiological factors remains elusive. When 

presenting blocks of sustained (i.e. DC) light ON-OFF stimulations to unanesthetized rats, we 

observed that the response following a decrease in illumination (i.e. OFF stimulation-evoked 

BOLD response) in the visual cortices displayed reproducible multiple phases, including an initial 

positive BOLD response, followed by an undershoot and then an overshoot before the next 

ON trial. This multi-phase BOLD response did not result from the entrainment of the periodic 

stimulation structure. When we measured the neural correlates of these responses, we found that 

the high-frequency band from the LFP power (300 – 3000 Hz, multi-unit activity (MUA)), but 

not the power in the gamma band (30 – 100 Hz) exhibited the same multiphasic dynamics as the 
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BOLD signal. This study suggests that the post-stimulus phases of the BOLD response can be 

better explained by the high-frequency neuronal signal.

1. Introduction

Functional magnetic resonance imaging (fMRI) has been widely used to study brain 

functions with the assumption that it provides an indirect measure of neuronal-related 

events (Kwong et al., 1992; Ogawa et al., 1992; Pauling and Coryell, 1936). The blood-

oxygen-level dependent (BOLD) signal is routinely modeled as a linear convolution of the 

underlying neuronal signal (e.g., local field potentials (LFPs) or multi-unit activity (MUA)) 

with a hemodynamic response function (HRF). Indeed, correlated BOLD and neuronal 

responses have been generally found during sensory stimulation in primary sensory cortex 

(Angenstein et al., 2009; Drew et al., 2020; Goense and Logothetis, 2008; Kayser, 2004; 

Lima et al., 2014; Logothetis et al., 2001; Nir et al., 2007; Winder et al., 2017), particularly 

when the stimulation-evoked BOLD response only displays a positive phase. However, 

when the BOLD response displays more complex patterns, sometimes including a phase of 

positive response followed by a phase of post-stimulus undershoot, how different BOLD 

phases, especially the post-stimulus undershoot, relate to neuronal activities remain unclear 

(Shmuel et al., 2006; Winder et al., 2017).

Previous work suggests that BOLD undershoot could result from the mismatch of the 

temporal dynamics of individual hemodynamic and metabolic events including changes in 

cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral metabolic rate of oxygen 

(CMRO2) (Buxton et al., 1998; Lu et al., 2004). However, other work indicates that BOLD 

undershoot might reflect the post-stimulus reduction of neuronal activity (Shmuel et al., 

2006) or the activity of vasoconstrictive neurons (Uhlirova et al., 2016). Understanding the 

mechanism underlying different BOLD phases is of critical importance for the interpretation 

of BOLD data, particularly in relation to variable behavioral responses during different 

BOLD phases.

In our recent study (Zhang et al., 2022), we found that sustained (i.e. DC) light ON-

OFF stimulations can induce a reproducible multi-phase BOLD response in the visual 

cortices, with a clear BOLD undershoot during the OFF response. Interestingly, this BOLD 

undershoot can gradually return to positive activation before the light onset of the next 

trial. To elucidate the neuronal basis of this BOLD response pattern, here we conducted 

electrophysiological recording in a separate group of animals using the identical visual 

stimulation paradigm. We found that the multi-phase BOLD response reflected one neuronal 

responsive feature to the visual stimulation. Instead of being highly correlated with the 

gamma-range LFP power during sensory stimulations, the BOLD signal fluctuated in the 

same way as the MUA power (300 – 3000 Hz). The higher frequency range LFP (150 – 

250 Hz) shared more similarities with the MUA than gamma-range LFP. Therefore, the 

post-stimulus phases of the BOLD response might be better explained by the power in the 

MUA band (i.e. the high-frequency neuronal signal).
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2. Results

We separately performed fMRI and electrophysiology experiments during sustained (i.e. 

DC) light ON-OFF stimulations to unilateral eyes in unanesthetized rats (Fig. 1A, left). 

During both experiments rats were restrained with a 3D-printed restrainer. The fMRI data 

were collected in two separate groups of animals, each with a different radiofrequency 

(RF) coil (referred to as the 3- and 4- channel coils, respectively). In both fMRI and 

electrophysiology experiments, two visual stimulation paradigms were used, fixed and 

randomized stimulations. For the fixed stimulation, the ON/OFF duration per trial was 

25 s. For the randomized stimulation, the ON/OFF duration per trial was drawn from a 

uniform distribution of 10 – 30 s (Fig. 1A, right). Each run (15 min) started with a 5-min 

resting-state recording (i.e. without visual stimulation), followed by the ON-OFF visual 

stimulation paradigm (10 min). Data acquired during the resting state were defined as the 

baseline for the run, and all ON and OFF trials were normalized to the same baseline in the 

run. This analysis was the same for both fMRI and electrophysiology data.

2.1. Post-stimulus BOLD undershoot and pre-ON BOLD overshoot in the right visual 
areas

We first analyzed the BOLD responses to sustained ON-OFF visual stimulations delivered to 

the left eye of unanesthetized rats (Zhang et al., 2022). To visualize the temporal evolution 

of the BOLD signal, we first time-lock averaged fMRI frames across trials for the fixed 

stimulation paradigm. Figs. S1&S2 show the videos of the averaged spatiotemporal BOLD 

patterns of the ON and OFF responses from the 3-channel and 4-channel coil, respectively. 

Surprisingly, we observed that voxels within the right visual areas (rV1/V2, referred to as 

rVA hereinafter) showed positive response even before the onset of the ON stimulation 

(referred to as pre-ON activation hereinafter). This pattern was consistent in the two datasets 

separately collected with two RF coils (Fig. 1C), indicating that this BOLD temporal pattern 

is reproducible across animals and experimental setup. Compared to the ON-stimulation 

evoked response (Fig. 1C at 1 s, and also shown in Fig. 1 in (Zhang et al., 2022)), this 

pre-ON activation spatially covered smaller visual areas, but predominantly existed in the 

stimulation responsive hemisphere (i.e., the right hemisphere).

To test whether this pre-ON activation was in any way related to the immediate following 

ON stimulation (e.g. anticipation of the trial onset shown in (Cardoso et al., 2019; Sirotin 

and Das, 2009)), in each recording session (15 mins, ~11 ON-OFF cycles) we randomly 

omitted ON stimulations in 2 – 3 trials. We then time-lock averaged the fMRI frames across 

those omitted-ON trials. Voxels within the rVA persistently showed positive activation 

around the potential light onset that was omitted (Fig. 1E, one sample t-test, one tail, p 
= 5 × 10−14). To further quantify the pre-ON BOLD response features, voxels displaying 

significant positive BOLD responses around the potential light onset in the rVA were 

selected (defined as rVA*, see Methods). The cross-trial averaged time courses of the rVA* 

suggested that this pre-ON activation started from the late OFF period of the immediate 

preceding OFF trials and was sustained until the end of the whole omitted-ON trials (Fig. 

1D). This long-lasting positive response indicates the anticipatory effect in the BOLD 

response (Cardoso et al., 2019; Sirotin and Das, 2009), if existed, was not precise here.

Zhang et al. Page 3

Neuroimage. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We applied the rVA* masks as used in Fig. 1D to the data collected with the 3- and 4- 

channel coils during fixed stimulations (Fig. 1F). The ON and OFF time courses had two 

striking features: (a) an undershoot following the evoked response to the light stimulation 

onset/offset; and b) in the late OFF period, the response returned to positive and was 

continuously being positive prior to the next ON stimulation (Fig. 1F). The first feature 

can also be appreciated from the whole-brain frames: during the undershoot period (8 – 12 

s), negative response was localized in the visual areas for the ON trials, and in both the 

visual areas and superior colliculus for the OFF trials (Figs. 1F, S1–S3, one sample t-test, 

one tail, ON trials: p = 3 × 10−9, OFF trials: p = 6 × 10−5). These multi-phase BOLD 

responsive features indicate that a stimulus-relevant mechanism which is specific to this 

ON-OFF stimulation may contribute to this BOLD response pattern. It also suggests that 

the pre-ON activation mentioned above might represent a continuous recovery of BOLD 

response in the late OFF period, instead of an anticipation of the next trial onset shown in 

(Cardoso et al., 2019; Sirotin and Das, 2009).

2.2. Multi-phase BOLD response in the rVA was not entrained by the periodic stimulation 
structure

To test whether the multi-phase BOLD response feature (i.e., from post-stimulus undershoot 

to pre-ON activation) resulted from the entrainment of the periodic structure of ON-OFF 

stimulations, we analyzed the data in which animals experienced randomized ON-OFF 

stimulations (Fig. 1A). The BOLD response was time-lock averaged based on the stimulus-

ON time across trials. Fig. 1F, derived from the fixed stimulation, suggests that the BOLD 

signal on average slowly recovered to positive around 20 s post light offset. Therefore, we 

only averaged the ON trials with the OFF durations in the immediate preceding OFF trials 

longer than 24 s. The same multi-phase BOLD response pattern, including the post-stimulus 

undershoot and pre-ON activation, consistently appeared in the rVA* (Fig. 2, one sample 

t-test, one tail, negative: p = 0.0017, positive: p = 0.0032), arguing against that this BOLD 

pattern results from an entraining effect of the periodic structure of visual stimulations. 

Consistent BOLD response pattern in randomized ON-OFF stimulations again suggests 

that the pre-ON BOLD activation is not due to the anticipation of the next ON trial, but 

represents a continuous rebound of BOLD activity in the late OFF period.

2.3. MUA signal shared the same responsive features as the BOLD signal

If the multi-phase response was a neuronal responsive feature to ON-OFF stimulations 

manifested on the BOLD signal, the underlying neuronal signal would agree with the BOLD 

signal during ON-OFF stimulations. To test this concept, in a different set of rats (n = 5), 

we recorded neuronal responses of the monocular area of the primary visual cortex (mV1) 

to the same stimulation paradigms as used in the fMRI experiment outside of the MRI 

scanner. The low-frequency LFP signal (< 100 Hz) was modulated by stimulations robustly 

across recordings, but did not show the two characteristic features as the BOLD signal, 

namely the post-stimulus undershoot and pre-ON activation (Fig. 3B). Visual inspection of 

the low-frequency LFP spectrogram showed several clustered structures in the graph (Fig. 

3A). Based on these clusters, instead of filtering the LFP signal into traditionally defined 

frequency bands, we separated the signal into 6 bands: 1 – 5 Hz (delta range), 5 – 11 Hz 

(theta range), 12 – 25 Hz (alpha to beta range), 28 – 50 Hz (low gamma range), 70 – 100 
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Hz (gamma range), and 150 – 250 Hz, so each clustered feature in the spectrogram remained 

in one band. The averaged power of each band is shown in Fig. 3B. The 28 – 50 Hz gamma 

power had a different temporal evolution as the BOLD signal, especially in the OFF period 

(Fig. 3B). Only power in the higher frequency range LFP (150 – 250 Hz) shared some 

similarities with the BOLD signal (Fig. 3B).

Since the higher frequency range LFP (150 – 250 Hz) was more correlated with spiking 

activity (Ray and Maunsell, 2011), we next examined the temporal dynamics of the MUA 

(300 – 3000 Hz) power. The pattern of the MUA power averaged across trials during the 

fixed stimulation highly resembled the evolution of the averaged BOLD signal shown in Fig. 

1F: (a) an undershoot following the evoked response to the light stimulation onset/offset; 

b) in the late OFF period, the MUA power went back to positive and was continuously 

being positive prior to the next ON stimulation (Fig. 4A, S6A, one sample t-test, one 

tail, ON trials: p = 9×10−4, OFF trials: p = 6×10−17). Correspondingly, the MUA power 

remained positive during the omitted-ON trial (Fig. 4B), representing a continuous recovery 

of neuronal activity in the late OFF period of preceding OFF trials, a feature also presented 

in the BOLD signal (Fig. 1D).

To test if different baseline normalization methods biased the MUA power time course, 

instead of using the resting-state (without visual stimulation) signal in the same run as the 

baseline, we used the signal 2 s before stimulation transition as the baseline for each trial. 

The MUA power maintained the same responsive features (Fig. S4A). We also Z-score 

normalized the MUA power, which did not change the responsive features either (Fig. S4B). 

The MUA power during randomized stimulation remained positive in the late OFF period as 

well (Figs. S5, S6B, one sample t-test, one tail, p = 0.0024).

To better appreciate the temporal similarities between BOLD and MUA power, the averaged 

OFF time courses of the BOLD signal and MUA (300 – 3000 Hz) power during fixed 

and randomized stimulations were plotted together (Fig. S7). For both of those two 

signal modalities (MUA and BOLD), light offset induced an undershoot following the 

peak response and rebounded to positive before light onset of the next trial. The shared 

responsive patterns between the BOLD and MUA power suggest a stimulus-relevant 

neuronal mechanism contributes to the observed multi-phase BOLD activation pattern. 

Taken together, our study shows that the initial postive BOLD response can be reflected 

by LFP power in all frequency bands, but the following BOLD phases of undershoot and 

rebound are better explained by high-frequency neuronal signal.

3. Discussion

The hemodynamic activation preceding the trial onset was previously reported as an 

anticipatory hemodynamic response in the monkey V1 (Cardoso et al., 2019; Sirotin and 

Das, 2009), and in the human visual cortex (Burlingham et al., 2022; Griffis et al., 2015; 

Roth et al., 2020). However, the pre-ON activation observed in our study should not be 

interpreted as an anticipatory BOLD response but a rebound following the post-stimulus 

BOLD undershoot, as our finding is different from the previous monkey studies (Cardoso et 

al., 2019; Sirotin and Das, 2009) at both the behavioral and neuronal levels. Behaviorally, 
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the rats only passively viewed the visual stimuli, but the monkeys actively performed eye 

fixation task for a reward. The anticipatory hemodynamic response in the monkey V1 was 

independent of visual inputs but was entrained by the periodic task structure. Simultaneously 

recorded neuronal signals (both MUA and LFPs) failed to predict that anticipatory 

hemodynamic response with the conventional “linear kernel” (i.e., hemodynamic transfer 

function) convolution approach. In contrast to those findings, the independently recorded 

BOLD and MUA (300 – 3000 Hz) signals in the present study showed that the responsive 

patterns across these two modalities were highly consistent. Compared to the gamma range 

LFP (28 – 50 Hz and 70 – 100 Hz) power, the higher frequency LFP (150 – 250 Hz) power 

bore higher resemblance with the BOLD signal, maybe due to the “spike bleeding through” 

the higher frequency LFP range (Ray and Maunsell, 2011). It is important to keep in mind 

that the activity of neuronal nitric oxide synthathase expressing neurons is not detectable in 

the LFP, and the activity of these neurons plays an important role in driving sensory evoked 

dilations and controlling baseline arterial tone (Echagarruga et al., 2020).

The undershoot following stimulation transitions suggests that both neuronal and BOLD 

signals have a refractory period which constrains responses to fast transitions (a form 

of visual adaptation). Adaptation is important for information coding in a dynamic 

environment (Weber and Fairhall, 2019). Using fMRI to study visual adaptation raises 

many concerns (Larsson et al., 2016). We propose that the BOLD undershoot following the 

stimulation-related positive response represented a decreased populational neuronal firing. 

The consistency between the two signals to visual stimulations provides evidence that fMRI 

can be used to measure adaptation effects over visual hierarchy or be complementary to 

direct neuronal recordings. This notion is in line with the previous report of dynamic BOLD 

visual responses that are dependent on stimulation frequencies in awake and anesthetized 

rodents (Bailey et al., 2013; Dinh et al., 2021; Van Camp et al., 2006)

Previous work studied the neuronal correlates of hemodynamic responses with simultaneous 

neuronal and hemodynamic signal recordings. Generally, without sensory stimulation, the 

correlation between neuronal signals and hemodynamic response in the resting state is weak 

(Winder et al., 2017). During brief sensory stimulations, MUA and LFP have comparable 

correlations with the hemodynamic signal (Lima et al., 2014; Nunez-Elizalde et al., 2022; 

Winder et al., 2017). With continuous visual stimulations, in monkey V1, the BOLD signal 

is more correlated with LFP (20 – 60 Hz) than MUA, in both anesthesia and alert conditions 

(Goense and Logothetis, 2008; Logothetis et al., 2001). As the temporal frequency of visual 

stimuli increases, tissue oxygen changes remains correlated with LFP (25 – 90 Hz) but 

not MUA (Viswanathan and Freeman, 2007). However, in the current study, a qualitative 

comparison of the neuronal and BOLD signals using the same stimulation paradigms 

showed that the MUA signal was more correlated with the observed BOLD signal. This 

suggests that when the evoked BOLD signal exhibits multi-phase response, and when the 

MUA is not completely coupled with the gamma-range LFP, the MUA power can be a better 

predictor for the BOLD signal. Neuronal recordings in the monkey V1 showed that the 

MUA can be as sustained as the LFP signal (Burns et al., 2010) which indicates MUA may 

contribute to sustained BOLD response as well. However, the non-simultaneous collection 

of the neuronal and BOLD signals precludes the current study from further analyzing how 

much variance in the BOLD signal can be explained by the MUA power. Qualitatively, we 
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noticed that the undershoot in OFF trials was stronger than the undershoot in ON trials in 

the MUA signal, whereas the BOLD undershoot in OFF trials was not stronger than that 

in ON trials. One possible reason for this discrepancy is that BOLD undershoot in ON 

and OFF trials could be underlaid by different types of neuronal activity and/or different 

neurovascular relationships.

The observed pre-ON BOLD activation draws attention to task designing and modeling 

the BOLD signal triggered by task events. A prolonged activation/deactivation followed by 

stimulation may interfere with the response to the following inputs. Previous studies, using 

awake mice and brief vibrissae stimulation, have found that the HRFs in somatosensory 

cortex do not show a negative phase, though an undershoot in blood volume was caused 

by a post-stimulus decrease in neural activity (Winder et al., 2017). When modeling the 

BOLD response as a linear kernel convolved with the task events (rather than the neuronal 

signal), the estimated kernel could deviate from the real HRFs. However, it has to be noted 

that our results should not be interpreted as there is definitely no undershoot in the HRF. 

In our previous publication (Zhang et al., 2022), we showed that the BOLD undershoot 

contains both a global component which is contributed by brain-wide ongoing activity and a 

local component which is from local neuronal responses. It is likely that an undershoot still 

exists in the HRF. More quantitative assessment of how much of the variance in the BOLD 

undershoot is attributed to local and global components also requires simultaneous BOLD 

and electrophysiological recordings in future experiments.

The main significance of this study is that it provides evidence that high-frequency neuronal 

power resembles the temporal evolution of the BOLD signal when the responsive patterns 

are complex. The mechanisms governing the undershoot after stimulation onset/offset and 

the rebound in the late OFF period require further investigations. A whole-field visual 

stimulation to one eye was used here. The ON/OFF surround inhibition can reduce 

populational neuronal responses which may contribute to the reduced MUA power after the 

peak response. Other factors that can modulate stimulation evoked responses include arousal 

(Niell and Stryker, 2010; Schröder et al., 2020) and body motion (Drew et al., 2019; Musall 

et al., 2019; Stringer et al., 2019; Winder et al., 2017). In the current study, a strong increase 

in the power in the 28 – 50 Hz band was seen for the whole OFF period. The frequency 

range is close to that observed in monkey V1 during visual stimulations (Burns et al., 2010; 

Ray and Maunsell, 2011). Narrow-band gamma oscillations occurred in a higher frequency 

range (~60 Hz) in mice (Lee et al., 2014; Niell and Stryker, 2010; Saleem et al., 2017), and 

may originate from feedforward thalamic input (Saleem et al., 2017). However, the narrow-

band gamma oscillation disappeared when mice were in complete darkness (equivalent to 

the OFF period in the current study) (Saleem et al., 2017). Different neuronal circuits may 

govern those narrowband oscillations in different stimulation conditions. Whether and how 

arousal/movement drives the long-lasting narrowband oscillations, and modulates the MUA 

power in a specific way that is dissociated from the modulation to other frequency bands 

require further studies.
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4. Methods

The fMRI data were collected in a previous study (Zhang et al., 2022). 11 rats were 

included in the 3-channel dataset and 13 rats were included in the 4-channel dataset. The 

electrophysiological data was recorded in the current study and 5 rats were included. All 

experimental procedures were approved by the Pennsylvania State University Institutional 

Animal Care and Use Committee (IACUC).

4.1. A few definitions

ON trial: response from light onset until light offset.

OFF trial: response from light offset until light onset of the next trial.

Omitted-ON trials: No light ON stimulation following an OFF trial during the fixed ON-

OFF stimulation.

4.2. fMRI data collection and preprocessing

The fMRI data were collected on a 7T MRI system interfaced with a Bruker console 

(Billerica, MA) at the High Field MRI Facility at the Pennsylvania State University. 

Gradient-echo images were acquired using echo-planar imaging with the parameters: 

repetition time (TR) = 1 s; echo time (TE) = 15 ms; matrix size = 64 × 64; FOV = 3.2 

× 3.2 cm2; slice number = 20; and slice thickness = 1 mm. A TTL signal was sent out from 

the scanner right after each brain volume collection to ensure the synchronization of visual 

stimulation and fMRI measurement. Each animal experienced 3 scanning sessions in each 

recording. Each session was 15 min, with the first 5 min being resting-state scanning and the 

following 10 min being fixed (ON/OFF duration: 25 s) or randomized (ON/OFF duration: 10 

– 30 s) visual stimulations. In the fixed stimulation paradigm, we randomly skipped 2 – 3 

ON trials per recording session.

The fMRI signal was preprocessed as: motion scrubbing (the framewise displacement (FD) 

was calculated, and frames with FD > 0.25 mm and neighboring frames were removed from 

the corresponding sessions), registration (MIVA, http://ccni.wpi.edu/), motion correction 

(SPM12, http://www.fil.ion.ucl.ac.uk/spm/), spatial smoothing (FWHM = 0.75 mm), motion 

regression and detrending. The signal from the first 5 min (resting-state period) was used as 

the baseline. The signal of each voxel at each time point was Z-scored by subtracting the 

mean and then dividing the standard deviation of baseline signal for that voxel. The number 

of trials for fMRI data was summarized in Table 1.

4.3. Definition of brain mask of rVA*

For omitted-ON trials (within each animal), we averaged the whole-brain fMRI response 

from −3 to 3 s aligned to the potential light onset that was omitted. We then used the 

90th percentile of this averaged whole-brain response as the threshold for brain voxels that 

responded to the potential light onset. The selected voxels were further masked with the 

functional right visual area (rVA) mask (Zhang et al., 2022) to get the responsive voxels 

within the rVA, defined as rVA*.
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4.4. Electrophysiology surgery

Adult male rats (Long Evans, Charles River, Wilmington, MA, 350 – 400 g) were initially 

anesthetized by ketamine (40 mg/kg) and xylazine (12 mg/kg). Oxygen without or with 

isoflurane (0.5 – 1.5%) was ventilated through a nose cone during the whole surgery. 

Heart rate, body temperature, and SpO2 were monitored (MouseSTAT Jr., Kent Scientific 

Corporation). A warming pad (PhysioSuite, Kent Scientific Corporation) was used to keep 

the body temperature at 35 – 37 °C. Three different kinds of electrodes were used in 

this study: homemade 4-channel tungsten electrode (0.1 – 0.2 MΩ), 4-channel Q-trode 

(~0.4 MΩ, NeuroNexus, Ann Arbor, MI), and 16-channel chronic electrode (~0.4 MΩ, 

NeuroNexus, Ann Arbor, MI). The electrode was lowered to the right mV1 (−6.6 to bregma, 

+3.2 to midline). The uppermost recording site of each electrode was positioned right below 

the pial surface (~100 μm).

4.5. Electrophysiological recording

The neuronal signal was recorded through the Tucker-Davis Technologies (TDT, Alachua, 

FL) system with a sampling rate of 24.414 kHz. The raw signal was recorded in the 

differential mode, so each channel was referenced to its nearby channel to avoid the volume 

conduction issue (Buzsaki et al., 2012; Kajikawa and Schroeder, 2011; Parabucki and 

Lampl, 2017).

4.6. Visual stimulation

For the electrophysiological data, we used either a blue laser (473TB-300FC, Shanghai 

Laser & Optics Century Co., Ltd. as used in the fMRI experiment) or a broadband 460 – 

860 nm LED (Thorlabs, Newton, NJ) as the light source for visual stimulations. The light 

coming out of a patchcord (Doric lenses, Quebec, Canada) was calibrated to 25 – 50 μW. 

The patchcord tip was placed about 2 cm to the animal’s left eye. A TTL pulse from a 

function generator was used to control the ON and OFF of the light source, which was 

recorded by the TDT recording system at the same sampling rate as the electrophysiological 

data (24.414 kHz) recording for synchronization.

During electrophysiology experiments, animals experienced ON-OFF stimulations in the 

same way as the fMRI experiments (Zhang et al., 2022). Visual stimulations (either fixed or 

randomized) were presented in 15-min blocks with the first 5 min being resting-state (i.e., 

no stimulation) recording. For fixed stimulation, the ON/OFF duration was always 25 s, 

and in each block, we randomly omitted 2 – 3 ON trials. For randomized stimulations, 

the ON/OFF duration per trial was drawn from a uniform distribution of 10 – 30 s. 

Randomized stimulations were presented to animals that had never been exposed to fixed 

visual stimulation before. Animals experienced 3 blocks of fixed stimulations or 3 blocks of 

randomized stimulations during each recording session.

4.7. Electrophysiological signal preprocessing

For the animals implanted with 4-channel electrodes, with differential recording, each 

animal provided signals from 2 channels. Because responses from those two channels were 

highly correlated (the distance between two channels was ~ 200 μm), we included data 

of one channel from each animal for the group-level analysis to reduce redundancy. For 
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animals implanted with 16-channel electrodes, which provided signals from 8 channels, we 

included data from 4 channels (closer to the brain surface) for the group-level analysis.

4.8. MUA power calculation

The raw signal was filtered to 300 – 3000 Hz with a third-order Butterworth filter 

(MATLAB functions: butter, zp2sos, filtfilt). The MUA power was calculated by squaring 

the signal and low pass filtering the result to < 2 Hz (MATLAB functions: butter, zp2sos, 

filtfilt) to smooth the power trace (Turner et al., 2020). The result was resampled to 30 Hz.

4.9. LFP spectrogram generation

Time-frequency spectrograms were calculated with the Chronux toolbox (function: 

mtspecgramc, tapers = [5, 9], fpass = [1, 300], movingwin = [2, 1]).

4.10. Electrophysiological data normalization

Two different baselines were used: (1) signal recorded during the resting state (i.e., the first 

5 min of each block without visual stimulation) was used as the baseline for all trials in 

that block; (2) signal 2 s before each trial onset was used as the baseline for that trial. 

When using resting-state signal as the baseline, we excluded the signal of the first 30 s from 

the baseline to reduce the effect of the OFF trial from the previous session. Each type of 

neuronal signal (MUA power or LFP spectrogram of each frequency) was normalized (or 

Z-score normalized) by subtracting and then dividing the corresponding mean (or standard 

deviation) which was derived from the baseline to get the neuronal signal percentage change 

(or Z-score). The number of trials for electrophysiological data was summarized in Table 2.

4.11. Data and code availability statement

• This manuscript did not use publicly available datasets.

• Raw data associated with any figures can be provided upon request.

• There is no restrictions on data availability.
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Fig. 1. 
(A) Two visual stimulation paradigms were used for separate fMRI or electrophysiological 

recordings in unanesthetized rats. The ON/OFF duration for fixed stimulations was 25 s. 

The ON/OFF duration for randomized stimulations was drawn from a uniform distribution 

of 10 – 30 s per trial. The first 5 min of resting-state recording without visual stimulation 

was used as the baseline for the whole run (15 min). (B) Structural mask for the visual 

cortices, including V1 and V2. Color code was based on the probability of each voxel 

belonging to the visual cortices. (C) Averaged fMRI frames around the light onset during 
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fixed stimulations. A subgroup of voxels in the rVA showed positive activation before the 

light onset in the fMRI data, and the pattern was consistent across the datasets collected with 

the 3- and 4- channel coils. The light was ON right after the collection of the fMRI frames 

at 0 s. (D) Averaged time course of the rVA* during omitted-ON trials. (E) Averaged fMRI 

frames around the potential light onset during omitted-ON trials. (F) Averaged ON/OFF 

(red/blue) time courses of the rVA* during fixed stimulations. Averaged fMRI frames (4-

channel data) during the undershoot period (8 – 12 s) for ON and OFF trials were shown on 

the left and right, respectively. Shaded area indicates SEM over all trials.
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Fig. 2. 
Averaged fMRI frames and time course of rVA* during randomized stimulations, with the 

OFF durations in the immediate preceding OFF trials longer than 24 s. Shaded area indicates 

SEM over all trials included.
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Fig. 3. 
(A) Averaged ON/OFF time-frequency spectrograms during the fixed stimulations. (B) 

Averaged ON/OFF time courses of LFPs power in 6 frequency ranges: 1 – 5 Hz (delta 

range), 5 – 11 Hz (theta range), 12 – 25 Hz (alpha to beta range), 28 – 50 Hz (low gamma 

range), 70 – 100 Hz (gamma range), and 150 – 250 Hz. The specific band of LFP power 

was normalized to the resting-state (without visual stimulations) baseline by subtracting the 

mean and then dividing the mean of the baseline LFP power of the corresponding frequency 

band. Shaded area indicates SEM over all trials.
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Fig. 4. 
(A) Averaged ON/OFF time courses of MUA (300 – 3000 Hz) power during the fixed 

stimulations. Dashed lines indicate the BOLD signal from Fig. 1F. (B) Averaged time 

courses of MUA (300 – 3000 Hz) power during the omitted-ON trials. The MUA power 

was normalized to the resting-state (without visual stimulations) baseline by subtracting the 

mean and then dividing the mean of the baseline MUA power. Shaded area indicates SEM 

over all trials.
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Table 2

Number of trials for electrophysiological data.

Fixed stimulation Randomized stimulation

ON trial OFF trial Omitted-ON trial ON trial (OFF duration in the preceding 
OFF trial > 18 s)

OFF trial (OFF duration in the current 
trial > 18 s)

1469 1469 400 304 324
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