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Effects of top-down influence
suppression on behavioral and V1 neuronal
contrast sensitivity functions in cats

Jian Ding,1,5 Zheng Ye,1,5 Fei Xu,1 Xiangmei Hu,1 Hao Yu,1 Shen Zhang,1 Yanni Tu,1 Qiuyu Zhang,1 Qingyan Sun,1

Tianmiao Hua,1,* and Zhong-Lin Lu2,3,4,6,*

SUMMARY

To explore the relative contributions of higher-order and primary visual cortex (V1)
to visual perception, we compared cats’ behavioral and V1 neuronal contrast sensi-
tivity functions (CSF) and threshold versus external noise contrast (TvC) functions
before and after top-down influence of area 7 (A7) wasmodulatedwith transcranial
direct current stimulation (tDCS).We found that suppressing top-down influence of
A7 with cathode-tDCS, but not sham-tDCS, reduced behavioral and neuronal
contrast sensitivity in the same range of spatial frequencies and increased behav-
ioral and neuronal contrast thresholds in the same range of external noise levels.
The neuronal CSF and TvC functions were highly correlated with their behavioral
counterparts both before and after the top-down suppression. Analysis of TvC func-
tions using thePerceptual TemplateModel (PTM) indicated that top-down influence
of A7 increased both behavioral and V1 neuronal contrast sensitivity by reducing
internal additive noise and the impact of external noise.

INTRODUCTION

Visual perception is accomplished through information processing in a network with feedforward, feedback,

and recurrent connections (Angelucci et al., 2017; Angelucci and Bressloff, 2006; Federer et al., 2021; Merrikhi

et al., 2018). Most studies have focused on the primary visual cortex (V1), where neurons exhibit response sen-

sitivities comparable to behavioral performance in visual signal detection (Barlow et al., 1987; Busse et al., 2011;

Chirimuuta and Tolhurst, 2005; Glickfeld et al., 2013; Meng et al., 2013; Niemeyer and Paradiso, 2016; Parisi

et al., 2006; Ress and Heeger, 2003), and information processing along feedforward connections from low-

to high-level visual cortical areas (Dreher et al., 1996; Hubel and Wiesel, 1968; Lee, 2002; Nassi and Callaway,

2009). However, there is mounting evidence suggesting that top-down feedback affects neural processing

(Gilbert and Li, 2013). How top-down influence affects visual perception at the behavioral level and neuronal

processing in low-level visual areas is less well understood. Numerous physiological studies have shown that

neuronal responses in the low-level visual areas can be altered when higher-order visual areas are affected

by pharmacological administration (Chen et al., 2014; Hishida et al., 2019; Tong et al., 2011; Yang et al.,

2016b), cooling (Huang et al., 2017; Nassi et al., 2013; Wang et al., 2000, 2007, 2010), optogenetic manipulation

(Huh et al., 2018; Keller et al., 2020; Nurminen et al., 2018; Pafundo et al., 2016; Pak et al., 2020; Zhang et al.,

2014), and attention (Chalk et al., 2010; Lee and Maunsell, 2010; Li et al., 2008; Lu et al., 2011; Thiele et al.,

2009; Williford and Maunsell, 2006), but the results are diverse or even contradictory (Han and VanRullen,

2016; Harrison et al., 2007; Hishida et al., 2019; Huh et al., 2018; Lu et al., 2011; Murray et al., 2002; Nassi

et al., 2013; Tong et al., 2011; Wang et al., 2000, 2007; Zhang et al., 2014), probably because different modula-

tion techniques might have caused variations in the time course and reversibility of top-down effects. Further-

more, these studies have not examined behavioral changes after acute modification of top-down influence

(Zhang et al., 2014). Conversely, other studies have evaluated top-down influence on behavioral performance

but have not examined its influence on neuronal processing in low-level cortical areas (Cutrone et al., 2014;

Dosher and Lu, 2000a; b; Lu and Dosher, 1998, 2004; Rolls, 2008; Schweid et al., 2008). Therefore, it remains

unclear how top-down influence affects both visual detection behavior and neuronal processing in low-level

cortical areas.

The goal of this study is to investigate effects of top-down influence of area 7 (A7) on V1 (area 17) neuronal

processing and its potential causal effects on contrast detection behavior by modulating neuronal activity
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in A7 with transcranial direct current stimulation (tDCS). In addition, we applied the external noise para-

digm and Perceptual Template Model (PTM) analysis to reveal mechanisms of top-down influence on

neuronal and behavioral functions.

Located on the middle suprasylvian gyrus and the adjacent lateral bank of the lateral sulcus, the A7 re-

ceives input neural connectivity from area 19, 20a, 20b, 21a, 21b, AMLS, ALLS, and PLLS (Connolly et al.,

2012; Olson and Lawler, 1987). Based on its location and neural connectivity pattern, it is defined as a

higher-order extrastriate visual cortical area (Hicks et al., 1988). Recent studies using neural tracing

with horseradish peroxidase (HRP) showed that A7 had direct feedback connections to area 17 of the pri-

mary visual cortex (V1), and the feedback neurons are primarily pyramidal cells that are distributed in

discontinuous and sequential patches in layers 1, 2, and 3 or layer 5 of A7 (Han et al., 2008; Yang

et al., 2016b). Studies using fMRI have found that inactivation of A7 with local injection of GABA or lesion

induced by liquid nitrogen freezing caused a spatial frequency-dependent decrease in response ampli-

tude of orientation maps in both area 17 and 18 (Yang et al., 2016b). The evidence indicates that A7 is

a high-level visual cortical area that may have direct excitatory top-down influence on low-level cortical

areas. Nevertheless, how feedback from A7 affects behavioral and V1 neuronal contrast sensitivity func-

tions remains unclear.

tDCS is a widely used noninvasive tool that can reversibly modulate neuronal excitability in the stimulated

local brain region (Impey et al., 2016; Krause et al., 2013; Kunori and Takashima, 2019; Nitsche and Paulus,

2000; Pan et al., 2021a; Zhao et al., 2020). Because tDCS-induced effects can last for 60–90 min (Bachtiar

et al., 2015; Monte-Silva et al., 2010; Nitsche and Paulus, 2001; Schweid et al., 2008; Stagg et al., 2009,

2011; Zhao et al., 2020), it gives us enough time to measure top-down influence on neuronal contrast sensi-

tivity functions and animal behavioral performance in contrast detection.

The PTM was constructed to model observer performance in perceptual tasks in terms of perceptual tem-

plate(s), transducer nonlinearity, and internal additive and multiplicative noises (Dosher and Lu, 1999; Lu

and Dosher, 1998). It has been used to identify mechanisms of attention (Dosher and Lu, 2000a; Lu and

Dosher, 1998, 2004) and perceptual learning (Dosher and Lu, 1999; Huang et al., 2008; Lu et al., 2005;

Zhou et al., 2006). In this study, we applied the external noise paradigm to measure both behavioral and

neuronal TvC functions and the PTM to identify mechanisms underlying effects of top-down suppression.

The experiments were conducted on three cats after successful conditioning training. We measured the

behavioral CSF in zero external noise, and the TvC function in detecting a grating stimulus at a fixed SF,

as well as visually evoked field potentials (VEPs) from V1 before and after tDCS of A7. Neuronal CSF and

TvC functions were constructed based on Receiver Operating Characteristics (ROC) analysis. We found

that suppressing top-down influence of A7 with cathode (c)-tDCS, but not sham (s)-tDCS, significantly

decreased both behavioral and neuronal contrast sensitivities (CS) in the same range of spatial frequencies

(SFs) and significantly increased both the behavioral and neuronal contrast thresholds over the same range

of external noise levels. The neuronal CSF and TvC were highly correlated with their behavioral counter-

parts both before and after suppression of the top-down influence. Analysis of the TvC functions with

the PTM indicated that suppression of top-down influence increased internal additive noise and the impact

of external noise at both the behavioral and neuronal levels. Taken together, these results suggest that top-

down influence of A7 increases both behavioral and V1 neuronal contrast sensitivity by reducing internal

additive noise and the impact of external noise.

RESULTS

Top-down influence of A7 on neuronal activity in the V1 cortex

To confirm whether top-down influence of A7 affected neuronal activity in V1, we recorded VEPs from V1 of

four cats before and at different time points (0–90 min with an interval of 10 min) after the end of sham (s)-

and cathode (c)-tDCS in A7 as well as c-tDCS in area 5 (A5), a nonvisual cortical area adjacent to A7 (Aven-

daño et al., 1988; Galuske et al., 2002; Han et al., 2008; Lajoie et al., 2010; Olausson et al., 1990; Wong et al.,

2018) (See STAR Methods) (Figures 1A–1C). The VEP traces contained an initial negative N1 component, a

positive P1 component, and a late negative N2 component, consistent with previous studies (Aydin-Abidin

et al., 2006; Padnick and Linsenmeier, 1999; Tomiyama et al., 2016; Zhao et al., 2020). The latencies of the

N1, P1, and N2 components in V1 were 24.1–38.8, 49.4–72.5, and 105.6–139.5 ms after the stimulus onset,

evidently shorter than those in visual cortical area 21a (Zhao et al., 2020).
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The mean latency of the N1, P1, and N2 components in V1 across all cats showed no significant effect of

measurement time (0, 10, 20, 30, 40, 50, 60, 70, 80, and 90 min) after s- and c-tDCS in A7 as well as c-

tDCS in A5 (N1: F(10,759) = 1.63, p = 0.094; P1: F(10,759) = 1.563, p = 0.113; N2: F(10,759) = 0.721, p =

0.705), with no significant interaction between measurement time and tDCS condition (N1: F(20, 759) =

0.678, p = 0.85; P1: F(20, 759) = 0.437, p = 0.985; N2: F(20, 759) = 0.438, p = 0.985) (Figure 1D), suggesting

that tDCS in A7 and A5 had no significant impact on the latencies of VEP components in V1.

The peak-to-peak amplitudes of the N1P1 and P1N2 complexes were extracted and analyzed (Aydin-Abi-

din et al., 2006; Souza et al., 2007; Zhao et al., 2020). Two-way ANOVA indicated that N1P1 and P1N2

Figure 1. Top-down influence of A7 on the VEPs in V1

(A–C) Sample VEP voltage traces showing the three main components (N1, P1, and N2) as well as the changes of VEPs

before (b) and at different time points (0, 10, 20, 30, 40, 50, 60, 70, 80, and 90 min) after sham (s)-tDCS in A7, cathode (c)-

tDCS in A7, and c-tDCS in A5 (c’-tDCS), respectively. Solid arrowheads indicate visual stimulus onsets. The vertical solid

scale bars in the upper left corners represent 100 mV.

(D) The mean latency (blue, magenta, and green open circles with error bar of SDs) at the peak of the N1, P1, and N2

components across 4 cats before (b) and at different time points (0–90 min) after s-tDCS in A7 (blue), c-tDCS in A7

(magenta), and c-tDCS in A5 (c’-tDCS) (green), respectively. The blue, magenta, and green crosses represent individual

data points of 24 measurements across 4 cats before and after s-tDCS in A7, c-tDCS in A7, and c-tDCS in A5, respectively.

(E and F) The peak-to-peak amplitude of N1P1 (E) and P1N2 (F) complexes across all cats before (b) and at different time

points (0–90 min) after the end of tDCS. The blue, magenta, and green open circles indicate the mean amplitude

(means G SDs) measured at each time point before and after s-tDCS in A7, c-tDCS in A7, and c-tDCS in A5, respectively.

The blue, magenta, and green crosses represent individual data points of 24 measurements across 4 cats (6 repeated

measurements/cat) before and after s-tDCS in A7, c-tDCS in A7, and c-tDCS in A5, respectively.
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amplitudes measured before and at different time points after s- and c-tDCS in A7 as well as c-tDCS in A5

showed a significant main effect of time (N1P1: F(10,759) = 52.193, p < 0.0001; P1N2: F(10,759) = 107.77, p <

0.0001) and interaction between time and tDCS condition (N1P1: F(20,759) = 48.402, p < 0.0001; P1N2:

F(20,759) = 101.488, p < 0.0001) (Figures 1E and 1F). Additional one-way ANOVA showed that the mean

N1P1 and P1N2 amplitudes before and after s-tDCS in A7 did not significantly vary with time (N1P1:

F(10,253) = 0.316, p = 0.976; P1N2: F(10,253) = 0.825, p = 0.604) and c-tDCS in A5 (N1P1: F(10,253) =

1.142, p = 0.331; P1N2: F(10,253) = 0.395, p = 0.948), but the mean N1P1 and P1N2 amplitudes before

and after c-tDCS in A7 varied significantly with time (N1P1: F(10,253) = 153.474, p < 0.0001; P1N2:

F(10,253) = 405.723, p < 0.0001) (Figures 1E and 1F). More specifically, post hoc analysis indicated that

themean N1P1 and P1N2 amplitudes at 0, 10, 20, 30, 40, 50, and 60min after c-tDCS in A7 were significantly

lower than those before c-tDCS (N1P1: all p < 0.0001; P1N2: all p < 0.0001), whereas the mean N1P1 and

P1N2 amplitudes at 70, 80, and 90 min after c-tDCS did not differ significantly from those before c-tDCS

(N1P1: p = 0.444, 0.748, and 0.244; P1N2: p = 0.141, 0.48 and 0.087) (Figures 1E–1F).

These results demonstrated that c-tDCS in A7, but not s-tDCS, suppressed neuronal excitability in V1, and

the effect lasted about 60–70 min. The c-tDCS-induced VEP amplitude reduction in V1 reflected top-down

influence of A7, not direct current stimulation across cortical regions, because c-tDCS in the adjacent

nonvisual A5 exhibited no significant influence on VEP amplitudes in V1.

Top-down influence on behavioral and neuronal CSFs

To examine how top-down influence affects behavioral contrast sensitivity and neuronal contrast sensitivity

in V1, we measured both behavioral and neuronal CSF functions in three cats after conditioning training

(see STAR Methods).

Top-down influence on behavioral CSF

We measured behavioral CSF at 79.4% correct performance level before and after tDCS in A7 using a 3-

down/1-up staircasemethod (see STARMethods, Figure S1, Video S1). As shown in Figure 2, the behavioral

CSFs had an inverted-U shape for all three cats, with peaks between 0.2 and 0.4 cycle/deg. A two-factor

ANOVA across three cats showed that c-tDCS in A7 had a significant effect on contrast sensitivity (CS)

(F(1,276) = 256.362, p < 0.0001) and a significant interaction with SF (F(5,276) = 34.861, p < 0.0001) (Figure 2).

Post hoc analysis showed that c-tDCS significantly reduced CS at 0.1, 0.2, 0.4, and 0.6 cycle/deg (all p <

0.0001), but had no significant effect on CS at 0.8 (p = 0.123) and 1.2 (p = 0.35) cycle/deg. By contrast,

s-tDCS had no significant effect on the CS (F(1,276) = 1.286, p = 0.258) and no interaction with SF

(F(5,276) = 0.565, p = 0.727) (Figure 2). These results demonstrated that c-tDCS in A7 reduced behavioral

contrast sensitivity in low and intermediate SFs (0.1–0.6 cycle/deg).

Figure 2. Behavioral contrast sensitivity functions measured in three cats (Cat1, Cat2, and Cat3) before (open

symbol) and after (filled symbol) sham (s)-tDCS (blue triangle) and cathode (c)-tDCS (magenta square) in A7,

respectively

The behavioral contrast sensitivity was the inverse of threshold contrast needed for detecting visual stimuli at different

spatial frequencies. The dotted (before tDCS) and solid (after tDCS) curves in each plot represent the best gauss fits of

contrast sensitivity functions. Error bars stand for SDs computed from multiple trials.
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Top-down influence on neuronal CSF

We estimated neuronal CSFs at the 79.4% accuracy level based on ROC analysis of the N1P1 and P1N2 am-

plitudes of VEPs recorded from V1 before and after tDCS in A7 (see STAR Methods, Figures S2, S3). Similar

to the behavioral CSFs, the neuronal CSFs had an inverted U-shape, with peaks between SF 0.2 and 0.4 cy-

cle/deg (Figure 3). A two-factor ANOVA across three cats showed that c-tDCS in A7 had a significant effect

on both N1P1- and P1N2-neuronal CS (N1P1: F(1,708) = 55.814, p < 0.0001; P1N2: F(1,708) = 186.202, p <

0.0001) and a significant interaction with SF (N1P1: F(5,708) = 7.073, p < 0.0001; F(5,708) = 28.945, P1N2: p <

0.0001) (Figure 3). Post hoc analysis showed that c-tDCS in A7 significantly reduced CS at 0.1, 0.2, 0.4, and

0.6 cycle/deg (N1P1: all p < 0.02; P1N2: all p < 0.002), but had no significant effect on CS at 0.8 (N1P1: p =

0.61; P1N2: p = 0.389) and 1.2 cycle/deg (N1P1: p = 0.694; P1N2: p = 0.542) (Figure 3). By contrast, s-tDCS

had no significant effect on the N1P1- and P1N2-neuronal CS (N1P1: F(1,708) = 0.596, p = 0.441; P1N2:

F(1,708) = 0.425, p = 0.515) and no interaction with SF (N1P1: F(5,708) = 0.275, p = 0.927; P1N2:

F(5,708) = 0.177, p = 0.971) (Figure 3). These results demonstrated that c-tDCS in A7 reduced neuronal

contrast sensitivity in low and intermediate SFs (0.1–0.6 cycle/deg).

In summary, c-tDCS in A7 reduced both behavioral and V1-neuronal CSFs in the same SF range. To further

examine the relationship between these two effects, we analyzed the correlation between behavioral and

neuronal CSFs before and after c-tDCS in A7. Before c-tDCS, the behavioral CSFs were significantly correlated

with neuronal CSFs constructed from N1P1 (mean r2 = 0.912, p = 0.011) and P1N2 (mean r2 = 0.977, p = 0.001)

(Figure 4A and 4B). After c-tDCS, the behavioral CSFs were also significantly correlated with the N1P1-neuronal

CSFs (mean r2 = 0.923, p = 0.009) and P1N2-neuronal CSFs (mean r2 = 0.99, p < 0.0001) (Figures 4C and 4D).

c-tDCS in A7 reduced the mean behavioral CS by 16.43%, 27.17%, 22.14%, and 18.17% at 0.1, 0.2, 0.4, and

0.6 cycle/deg, respectively, the mean N1P1-neuronal CS by 21.99%, 18.14%, 17.82%, and 18.15%, and the

Figure 3. Neuronal contrast sensitivity functions in three cats (Cat1, Cat2, and Cat3) before (open symbol) and

after (filled symbol) sham (s)-tDCS (blue triangle) and cathode (c)-tDCS (magenta square) in A7, respectively

The neuronal contrast sensitivity was the inverse of threshold contrast measured by ROC analysis of N1P1 (R1) and P1N2

(R2) amplitudes recorded in V1. The dotted (before tDCS) and solid (after tDCS) curves in each plot represent the best

gauss fits of contrast sensitivity functions. Error bars stand for SDs.

ll
OPEN ACCESS

iScience 25, 103683, January 21, 2022 5

iScience
Article



mean P1N2-neuronal CS by 23.71%, 41.43%, 41.91%, and 35.92% at 0.1, 0.2, 0.4, and 0.6 cycle/deg, respec-

tively. ANOVA analysis showed that the behavioral CS reductions at 0.1, 0.2, 0.4, and 0.6 cycle/deg were not

significantly different from the N1P1-neuronal CS reductions (F(1,328) = 0.850, p = 0.357) but significantly

lower than the P1N2-neuronal CS reductions (F(1,328) = 51.799, p < 0.0001) with no significant interaction

with SF (F(3,328) = 1.761, p = 0.154). The results suggested that neuronal contrast sensitivities measured

with the earlier VEP components (N1P1) in V1 were similarly affected by A7 top-down influence as the

behavioral contrast sensitivities, whereas the neuronal contrast sensitivities measured with the later VEP

components (P1N2) in V1 were more sensitive to A7 top-down influence than behavioral contrast

sensitivities.

Mechanisms of top-down influence on visual contrast sensitivity

Comparisons of post- and pre-tDCS TvC functions

To identify the mechanisms of top-down influence on visual contrast sensitivity, we measured the behav-

ioral and neuronal threshold versus external noise contrast (TvC) functions in the three trained cats. The

behavioral TvC functions of the cats, measured at 70.7% (using a 2-down/1-up staircase) and 79.4% correct

(using a 3-down/1-up staircase) performance criteria (see STARMethods, Figure S1, Video S2), were similar

in shape to those of human subjects (Dosher and Lu, 1999; Huang et al., 2009; Lu and Dosher, 1998, 2008;

Zhou et al., 2006): the log threshold contrast (TC) values were relatively constant in low external noise con-

ditions, but increased linearly with log external noise contrast in high external noise conditions (Figure 5). A

three-factor ANOVA showed that c-tDCS in A7 significantly increased the behavioral TCs (F(1,340) =

282.022, p < 0.0001), with no significant interaction with external noise level (F(4,340) = 0.113, p = 0.978)

and performance criterion (F(1,340) = 1.773, p = 0.184) (Figure 5). By contrast, s-tDCS in A7 had no signif-

icant effect on the behavioral TCs (F(1,340) = 0.243, p = 0.622) (Figure 5).

The neuronal TvC functions were estimated at the 70.7% and 79.4% accuracy levels based on ROC analyses

of the VEPs recorded in V1 before and after tDCS in A7 (see STAR Methods). The shapes of the neuronal

TvC functions constructed from N1P1 and P1N2 were similar to that of the behavioral TvC functions

Figure 4. Correlation between behavioral and neuronal contrast sensitivity at different spatial frequencies

Scatterplots of neuronal versus behavioral contrast sensitivities at different spatial frequencies (0.1, 0.2, 0.4, 0.6, 0.8, and

1.2 cpd) for three cats (Cat1, Cat2, and Cat3) before (A and B) and after (C and D) c-tDCS in A7. The magenta, blue, and

green open circles represent neuronal and behavioral contrast sensitivity (CS) in Cat1, Cat2, and Cat3, respectively. The

magenta, blue, and green solid lines in each plot represent the best linear fits.
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(Figure 6). Three-factor ANOVA indicated that c-tDCS in A7 significantly increased the N1P1- and P1N2-

neuronal TCs (N1P1: F(11,180) = 183.441, p < 0.0001; P1N2: F(11,180) = 294.671, p < 0.0001), with no sig-

nificant interaction with external noise level (N1P1: F(41,180) = 1.730, p = 0.141; P1N2: F(41,180) = 0. 10,

p = 0.982) and performance criterion (N1P1: F(11,180) = 0.375, p = 0.827; P1N2: F(11,180) = 0.437, p =

0.509) (Figure 6). By contrast, s-tDCS in A7 had no significant effect on N1P1- and P1N2-neuronal TCs

(N1P1: F(11,180) = 1.493, p = 0.222; P1N2: F(11,180) = 0.097, p = 0.755) (Figure 6).

In summary, c-tDCS in A7 had similar effects on both behavioral and V1-neuronal TvC functions, and the

effects were independent of external noise level and performance criterion. To further examine the rela-

tionship of the effects, we analyzed the correlation between behavioral and neuronal TvC functions before

and after c-tDCS in A7. Before c-tDCS, the behavioral TvCs were highly correlated with N1P1-neuronal

TvCs at both the 70.7% (mean r2 = 0.999, p < 0.0001) and 79.4% (mean r2 = 0.992, p = 0.001) performance

levels and the P1N2-neuronal TvCs at both the 70.7% (mean r2 = 0.994, p = 0.001) and 79.4% (mean r2 =

0.986, p = 0.002) performance levels (Figure 7). After c-tDCS in A7, the behavioral TvCs were also highly

correlated with N1P1-neuronal TvCs at both the 70.7% (mean r2 = 0.999, p < 0.0001) and 79.4% (mean

r2 = 0.994, p = 0.001) performance levels and the P1N2-neuronal TvCs at both the 70.7% (mean r2 =

0.995, p < 0.0001) and 79.4% (mean r2 = 0.986, p = 0.002) performance levels (Figure 7).

c-tDCS in A7 increased the average behavioral TC by 38.29%, 38.43%, 33.45%, 24.74%, and 21.22% at the

70.7% performance level and by 40.80%, 35.07%, 29.67%, 24.73%, and 20.42% at the 79.4% performance

Figure 5. Behavioral contrast threshold versus external noise contrast (TvC) functions

Behavioral TvC functions measured at two performance levels (70.7% and 79.4% accuracy) in three cats (Cat1, Cat2, and Cat3) before (open symbol) and after

(filled symbol) s-tDCS (blue triangle) and c-tDCS (magenta square) in A7, respectively. The dotted (before tDCS) and solid (after tDCS) curves represent the

best Perceptual Template Model (PTM) fits of TvC functions. Error bars stand for SDs.
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level in the 0.00, 0.04, 0.08, 0.16, and 0.32 external noise contrast conditions, respectively. In comparison, c-

tDCS in A7 increased the average N1P1-neuronal TC by 46.89%, 56.72%, 46.11%, 30.45%, and 26.65% at the

70.7% performance level and by 44.71%, 48.51%, 45.16%, 34.27%, and 24.76% at the 79.4% performance

level in the 0.00, 0.04, 0.08, 0.16, and 0.32 external noise contrast conditions, respectively. c-tDCS in A7

increased the average P1N2-neuronal TC across by 98.67%, 121.53%, 83.05%, 41.03%, and 32.76% at the

Figure 6. Neuronal contrast threshold versus external noise contrast (TvC) functions

Neuronal TvC functions constructed based on N1P1 (R1, R2) and P1N2 (R3, R4) amplitude at 70.7% (R1, R3) and 79.4% (R2,

R4) performance levels before (open symbol) and after (filled symbol) s-tDCS (blue triangle) and c-tDCS (magenta square)

in A7, respectively. The dotted (before tDCS) and solid (after tDCS) curves represent the best PTM fits of TvC functions.

Error bars stand for SDs.
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70.7% performance level and by 57.61%, 65.04%, 58.16%, 32.88%, and 22.62% at the 79.4% performance

level in the 0.00, 0.04, 0.08, 0.16, and 0.32 external noise contrast conditions, respectively. ANOVA showed

that the average behavioral TC increases were not significantly different from the average N1P1-neuronal

TC increases at both the 70.7% (F(1,380) = 2.661, p = 0.104) and 79.4% (F(1,380) = 2.550, p = 0.111) perfor-

mance levels, but were significantly lower than the P1N2-neuronal TC increases at both the 70.7%

(F(1,380) = 11.136, p = 0.001) and 79.4% (F(1,380) = 8.387, p = 0.004) performance levels with no significant

interaction with noise contrast condition (70.7%: F(4,380) = 0.778, p = 0.54; 79.4%: F(4,380) = 0.847, p =

0.496). These results indicated that the behavioral and neuronal TCs measured with the early VEP compo-

nents (N1P1) in V1 were comparably affected by A7 top-down influence, but neuronal TCs measured by the

later VEP components (P1N2) weremore susceptible to A7 top-down influence than behavioral TCs, consis-

tent with results on behavioral and neuronal CSFs.

PTM modeling analysis

To detect the mechanism of top-down influence at a system level, we fit the PTM to the behavioral and

neuronal TvC functions (see STAR Methods). For all subjects and their average, the best fitting model to

the behavioral TvC function (r2>0.97) consisted of a mixture of twomechanisms (Table 1): stimulus suppres-

sion (as indicated by an Aa of 1.769 G 0.332) and increased external noise admission (as indicated by an Af

of 1.189 G 0.126). This model was statistically equivalent to the most saturated model with three mecha-

nisms (all p > 0.5, Table 1) and was superior to all its reduced models (all p < 0.05, Table 2).

Similar results were obtained on the neuronal TvC functions. For all subjects and their average, the best

fitting model (r2 > 0.96) to both the N1P1- and P1N2-neuronal TvC functions also consisted of a mixture

of two mechanisms (Table 1): stimulus suppression (as indicated by an Aa of 1.963 G 0.348) and increased

external noise admission (as indicated by an Af of 1.291 G 0.064). This model was statistically equivalent to

the most saturated model with three mechanisms (all p > 0.4, Table 1) and was superior to all its reduced

models (all p < 0.05, Table 2).

As shown earlier, top-down suppression of A7 exerted similar effects on behavioral and neuronal TvC functions

measuredwith the early VEP components (N1P1) in V1; we also fit a single PTM toboth the behavioral andN1P1-

neuronal TvC functions. Because the neuronal TC were evidently higher than the corresponding behavioral TC

both before and after top-down influence suppression (Figures 5 and 6), we added a parameter A to normalize

the neuronal template gain relative to the behavioral template gain in the PTM by multiplying b with A in Equa-

tion 1. Again, for all subjects and their average, the best fitting model to the behavioral and neuronal TvC

Figure 7. Correlation between behavioral and neuronal threshold contrast (TC) at different external noise level

Scatterplots of neuronal versus behavioral TCs at different external noise level (0.00, 0.04, 0.08, 0.16, and 0.32) for three cats (Cat1, Cat2, and Cat3) before and

after c-tDCS in A7. The magenta, blue, and green solid lines in each plot represent the best linear fits.
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functions (r2 > 0.97) consisted of amixture of twomechanisms (Table 1): increased internal additive noise (as indi-

cated by an Aa of 1.664G 0.406) and increased impact of external noise (as indicated by an Af of 1.238G 0.142).

This model was statistically equivalent to the most saturated model with three mechanisms (all p = 1.0, Table 1)

and was superior to all its reduced models (all p < 0.05, Table 2).

Table 1. The best-fitting parameters (mean G SD) of the Perceptual Template Model (PTM) to the behavioral and

neuronal TvC functions in each cat (Cat1, Cat2, and Cat3) and their average (Cat1–3) before and after top-down

influence was suppressed by c-tDCS in A7

TvC functions

Fitting

parameter Cat1 Cat2 Cat3 Cat1-3

Behavioral Na 0.042G0.017 0.019G0.012 0.021G0.015 0.022G0.016

Nm 0.086G0.113 0.052G0.039 0.055G0.039 0.055G0.040

b 2.007G0.031 1.640G0.131 1.847G0.165 1.748G0.155

g 1.437G0.218 1.757G0.273 1.737G0.300 1.718G0.301

Aa 1.583G0.244 1.736G0.290 1.790G0.305 1.769G0.332

Af 1.269G0.124 1.186G0.093 1.225G0.124 1.189G0.126

r2 0.971 0.983 0.983 0.983

p 0.9993 0.560 1.000 1.000

N1P1-neuronal Na 0.034G0.031 0.095G0.098 0.009G0.011 0.041G0.037

Nm 0.074G0.030 0.230G0.228 0.076G0.029 0.074G0.031

b 0.708G0.131 0.973G0.314 0.565G0.056 0.693G0.140

g 1.514G0.435 1.775G0.779 2.227G0.300 1.713G0.539

Aa 2.219G1.008 1.444G0.353 1.868G0.631 1.921G0.925

Af 1.349G0.255 1.261G0.277 1.177G0.145 1.256G0.285

r2 0.967 0.990 0.989 0.985

p 0.820 0.998 1.000 0.439

P1N2-neuronal Na 0.045G0.032 0.014G0.015 0.044G0.032 0.032G0.030

Nm 0.060G0.122 0.078G0.030 0.067G0.036 0.072G0.033

b 0.966G0.167 0.751G0.092 1.207G0.226 0.949G0.196

g 1.229G0.338 1.545G0.311 1.367G0.374 1.405G0.378

Aa 1.713G0.327 2.347G0.971 2.189G0.964 2.245G0.936

Af 1.340G0.232 1.305G0.211 1.315G0.269 1.319G0.284

r2 0.978 0.978 0.979 0.983

p 0.722 0.801 0.788 0.957

Behavioral and

N1P1-neuronal

Na 0.039G0.019 0.053G0.037 0.016G0.001 0.037G0.022

Nm 0.070G0.029 0.135G0.158 0.063G0.029 0.068G0.029

b 1.934G0.094 2.145G0.281 1.926G0.066 1.979G0.144

g 1.401G0.260 1.593G0.476 1.926G0.302 1.574G0.351

A 0.385G0.034 0.332G0.052 0.304G0.017 0.337G0.031

Aa 1.774G0.410 1.501G0.377 1.739G0.376 1.664G0.406

Af 1.300G0.144 1.188G0.159 1.239G0.111 1.238G0.142

r2 0.980 0.972 0.991 0.991

p 1.000 1.000 1.000 1.000

Note: Na, standard deviation of additive internal noise; Nm, standard deviation of multiplicative internal noise; b, gain from

template matching; g, nonlinearity exponent; A, parameter for normalization of template gain between psychophysical and

neuronal performance; Aa, parameter associated with signal enhancement equivalent to internal additive noise reduction; Af,

parameter associated with external noise exclusion; r2, goodness of fit; p indicates p value of f-test between reduced model

(Aa & Af) and most saturated model.

Because of a similar top-down effect on behavioral and N1P1-neuronal TvCs, the behavioral and N1P1-neuronal TvC func-

tions were also fitted together with PTM.
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The PTM analysis suggested that suppressing top-down influence of A7 decreased behavioral and

neuronal contrast sensitivity through a combined mechanism of increased internal additive noise and

increased impact of external noise.

DISCUSSION

In this study, we examined top-down influence of area 7 (A7), a high-level visual cortical area of cat (Han

et al., 2008; Olson and Lawler, 1987; Yang et al., 2016b), on behavioral and V1 neuronal contrast sensitivity

function (CSF) and contrast threshold versus external noise contrast (TvC) function. The top-down influence

of A7 was modulated using tDCS, a noninvasive tool that could reversibly regulate neuronal activity in the

stimulated local brain region (Impey et al., 2016; Krause et al., 2013; Kunori and Takashima, 2019; Pan et al.,

2021a). Behavioral CSF and TvC functions weremeasured using the staircasemethod (Dosher and Lu, 1999,

2005; Hua et al., 2010; Lu and Dosher, 1998; Meng et al., 2013; Zhou et al., 2006). Neuronal CSF and TvC

functions in V1 was assessed by visual evoked potentials (VEP), which reflect membrane potentials from

a large population of neurons at a high temporal resolution (Haider et al., 2016; Si et al., 2016; Tokashiki

Table 2. P vaules of the nestedmodel tests of the reducedmodels (No change, Aa, Am, Af, Aa & Am, Aa, & Af, and Am

& Af) and the most saturated model in each cat (Cat1, Cat2, and Cat3) and their average (Cat1–3) before and after

top-down influence was suppressed by c-tDCS in A7

TvC functions

Fitting

model Cat1 Cat2 Cat3 Cat1-3

Behavioral No change 0.0002 <0.0001 <0.0001 <0.0001

Aa 0.0229 0.0427 0.0231 0.0363

Am 0.0015 0.0014 0.0008 0.0009

Af 0.0016 0.0002 0.0001 0.0001

Aa & Am 0.0067 0.0354 0.0228 0.0326

Aa & Af 0.9993 0.5596 1.0000 1.0000

Am & Af 0.0004 0.0004 0.0002 0.0003

N1P1-neuronal No change <0.0001 <0.0001 <0.0001 <0.0001

Aa 0.0446 0.0461 0.0154 0.0133

Am 0.0009 0.0002 0.0001 <0.0001

Af 0.0003 <0.0001 <0.0001 <0.0001

Aa & Am 0.0129 0.0149 0.0053 0.0139

Aa & Af 0.8197 0.9981 1.0000 0.4385

Am & Af <0.0001 <0.0001 <0.0001 <0.0001

P1N2-neuronal No change <0.0001 0.0002 <0.0001 <0.0001

Aa 0.0445 0.0380 0.0447 0.0258

Am <0.0001 0.0010 <0.0001 <0.0001

Af 0.0002 0.0008 <0.0001 <0.0001

Aa & Am 0.0198 0.0273 0.0144 0.0070

Aa & Af 0.7215 0.8012 0.7884 0.9569

Am & Af <0.0001 0.0002 <0.0001 <0.0001

Behavioral and

N1P1-neuronal

No change <0.0001 0.0128 <0.0001 <0.0001

Aa 0.0234 0.0495 0.0065 0.0132

Am 0.0008 0.0205 0.0007 0.0005

Af 0.0003 0.0220 0.0002 0.0001

Aa & Am 0.0087 0.0243 0.0060 0.0111

Aa & Af 1.0000 1.0000 1.0000 1.0000

Am & Af 0.0004 0.0428 0.0004 0.0002

Note: Aa, parameter associated with signal enhancement or equivalent to internal additive noise reduction; Am, parameter

associated with the proportional constant of multiplicative noise; Af, parameter associated with external noise exclusion.
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et al., 2018; Tomiyama et al., 2016; Whittingstall et al., 2008). We found that suppressing top-down influ-

ence of A7 with cathode (c)-tDCS, but not sham (s)-tDCS, significantly reduced both behavioral and V1

neuronal contrast sensitivity in the same range of spatial frequencies (SFs) and significantly increased

both behavioral and neuronal contrast thresholds over the same range of external noise levels. The

neuronal CSFs and TvC functions were highly correlated with their behavioral counterparts both before

and after suppression of the top-down influence. Analysis of the TvC functions with the Perceptual Tem-

plate Model (Dosher and Lu, 1999; Huang et al., 2008, 2009; Lu et al., 2005; Lu and Dosher, 2008) showed

that suppression of top-down influence increased internal additive noise and the impact of external noise

at both the behavioral and neuronal levels. These results indicate that top-down influence of A7 increases

behavioral and V1 neuronal contrast sensitivity through reducing internal additive noise and the impact of

external noise.

Top-down influence of A7 on V1 neuronal activity

In this study, we first confirmed the top-down influence of A7 on V1 neuronal activity by examining VEP

changes in V1 before and after tDCS in A7. We found that c-tDCS of A7 significantly reduced VEP ampli-

tudes but not latencies in V1, whereas s-tDCS of A7 and c-tDCS in the adjacent nonvisual cortical area

A5 had no significant impact. Furthermore, our previous studies have shown that neuronal response in

V1 was not significantly affected by c-tDCS of higher-order visual cortical areas A7 and 21a after neuronal

activity in those areas was abolished by electrolytic lesions (Ding et al., 2021; Pan et al., 2021a). These results

demonstrated that c-tDCS of A7 suppressed neuronal activity in V1 through a reduction of top-down influ-

ence from A7, not through diffusion of electrical current across cortical areas.

Our results suggest that the normal top-down influence of A7 in the absence of c-tDCS enhances neuronal ac-

tivity in V1, consistent with previous studies in neuroimaging (Chen et al., 2014; Galuske et al., 2002; Huang et al.,

2004; Liang et al., 2007; Tong et al., 2011; Yang et al., 2016b) and single-unit recordings (Huh et al., 2018; Jansen-

Amorimet al., 2012;Wanget al., 2000, 2007, 2010; Zhanget al., 2014).Our results are also supported by neuronal

tracing studies that showed that most feedback neurons are CaMKII-positive pyramidal neurons (Budd, 1998;

Han et al., 2008; Johnson and Burkhalter, 1994, 1997; Pan et al., 2021b) and may use primarily excitatory amino

acid as neurotransmitters (Johnson and Burkhalter, 1994; van Loon et al., 2015). The observed excitatory top-

down influence of A7 on V1 is, however, different from reports of inhibitory top-down effects of V2/V3 on V1 neu-

rons in primate and rodent studies (Hishida et al., 2019; Maniglia et al., 2019; Nassi et al., 2013, 2014). The

different effects of top-down influence suggest that the type of top-down influence may depend on the specific

higher-level cortical area or neuronal circuitry in different animal species. For example, feedback from themouse

frontal cortex has been shown to activate inhibitory neurons through local circuitry in V1 (Zhang et al., 2014); this

may explainwhy someauthors report a bidirectional top-down influence of enhancement and suppression onV1

neurons (Cox et al., 2019; Klink et al., 2017; Nurminen et al., 2018). Further studies are necessary to clarify these

different observations.

Top-down influence of A7 on behavioral and V1 neuronal contrast sensitivity

How visual signals are processed by the visual system is under debate for decades (Crick and Koch, 1995;

Kang and Maunsell, 2020; Liu et al., 2020; Murphey and Maunsell, 2007; Riesenhuber and Poggio, 1999).

Basedon theneuronal receptive fieldproperties along the visual pathway (Hubel andWiesel, 1968; vanKleef

et al., 2010), it is generally thought that visual perception is formed through feedforward processing inwhich

information flows from low-level visual cortical areas to high-level cortical areas (Crick and Koch, 1995; Rie-

senhuber andPoggio, 1999; Serre et al., 2007). Because top-down influence can affect visual detection (Ahis-

sar and Hochstein, 2000; Dosher and Lu, 2000a; Hupé et al., 1998; Ro et al., 2003) and neuronal activity in V1

(Galuske et al., 2002; Lee, 2002; Pascual-Leone and Walsh, 2001; Wang et al., 2000), some have proposed

that visual perception may occur in a reverse hierarchy with both feedforward and feedback processing

loops mediated by recurrent connections between V1 and higher-order cortical areas (Juan et al., 2004;

Juan and Walsh, 2003). However, the relative contributions of top-down feedback and V1 remain elusive.

Some studies have emphasized the role of top-down influence (Al-Aidroos et al., 2012; Chalk et al., 2010;

Eger et al., 2007; Fenske et al., 2006; Gazzaley et al., 2005; Gilbert and Li, 2013; Huang and Dobkins,

2005; Kamiyama et al., 2016; Keller et al., 2020; Lee and Maunsell, 2010; Li et al., 2008; Manita et al., 2015;

Nassi et al., 2013; Nurminen et al., 2018; Pak et al., 2020; Roland et al., 2006; Rolls, 2008; Wang et al.,

2013; Zhang et al., 2014). Other studies have showed that V1, including back projections to V1, is crucial

for visual detection (Chirimuuta and Tolhurst, 2005; Gerard-Mercier et al., 2016; Glickfeld et al., 2013; Hurme

et al., 2017, 2019; Koivisto et al., 2010; Roebuck et al., 2014; Seidemann and Geisler, 2018; Silvanto et al.,
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2005a, 2005b). Furthermore, the necessity of V1 for conscious visual perception is strongly supported by the

blindsight phenomenon (Cowey, 2010; Stoerig andCowey, 1995, 2007). However, recent studies report that

patients without V1 can perceive phosphenes in their blind hemifields when transcranial magnetic stimula-

tion is applied over the ipsilesional parietal cortical region (Mazzi et al., 2014), suggesting that visual percep-

tion can occur without any contribution from V1 (Mazzi et al., 2019; Silvanto, 2014, 2015), and thus may chal-

lenge the reverse hierarchy model and the necessity of V1 in visual perception.

The brain mechanism of contrast detection, which is fundamental to the perception of object shape, size, and

motion features (Baker, 2013; Ginsburg, 2006), is also in debate. Numerous studies have highlighted the role

of V1 in contrast detection because of the relationship between V1 neuronal contrast-response functions and

behavioral contrast detection performance (Albrecht, 1995; Anzai et al., 1995; Chirimuuta and Tolhurst, 2005;

Clatworthy et al., 2003), especially the well-predicted behavioral contrast detection performance from pooled

neuronal responses to stimulus contrasts in V1 or other early visual cortical areas (Busse et al., 2011; Chirimuuta

andTolhurst, 2005;Glickfeld et al., 2013;Niemeyer andParadiso, 2016; Parisi et al., 2006; Ress andHeeger, 2003).

Our previous studies showed that the behavioral CSF measured in cat was highly correlated with the neuronal

CSF constructed from neuronal responses in V1 (Meng et al., 2013), and perceptual learning of contrast detec-

tion improved both behavioral and V1 neuronal CSFs around the trained spatial frequency (Hua et al., 2010).

Conversely, other studies have shown that top-down influence can also modulate behavioral contrast sensitivity

(Cutrone et al., 2014; Dosher and Lu, 2000a; Han and VanRullen, 2016; Lu and Dosher, 1998). Still others report

that top-down influence may affect neuronal contrast sensitivity in V1 or low-level visual cortex (Li et al., 2008;

Maniglia et al., 2019; Nauhaus et al., 2009; Thiele et al., 2009; Williford and Maunsell, 2006; Zhang et al.,

2014). All these results led to the hypothesis that top-down influence from higher-order cortex may affect

contrast detection through modulation of neuronal contrast sensitivity in V1.

The current study examined the hypothesis by investigating the dual effects of top-down influence of high-level

visual cortex on behavioral and V1 neuronal contrast sensitivity in cat. We found that suppressing top-down in-

fluence of A7 concurrently reduced behavioral and neuronal contrast sensitivity in the same spatial frequency

range. In addition, the behavioral and V1 neuronal contrast sensitivity functions were highly correlated with

each other both before and after the top-down influence suppression, suggesting that top-down influence

may affect behavioral contrast detection by modifying neuronal contrast sensitivity in V1. Specifically, the

neuronal contrast sensitivity measured by the early VEP components (N1P1) was equally affected by top-

down suppression as the behavioral contrast sensitivity, whereas the neuronal contrast sensitivity measured

by the later VEP components (P1N2) was more affected by top-down suppression than the behavioral contrast

sensitivity. The results suggest that top-down influence of A7 affects both early and later responses in V1, consis-

tent with some previous studies (Foster et al., 2021; Kelly and Mohr, 2018; Zhang et al., 2015), but inconsistent

with other studies that report top-down effects only on the later responses in V1 (Alilovi�c et al., 2019; Baumgart-

ner et al., 2018; Kirchberger et al., 2021). Future studies are necessary to clarify if top-down effects on the early

and late response components in V1 depend on the strength of the top-down influence in different tasks (Kelly

and Mohr, 2018; Slotnick, 2018) or the source of top-down influence (Johnson and Burkhalter, 1997; Pan et al.,

2021b). We found that behavioral contrast detection is more highly coupled to early sensory responses in V1,

which is consistent with previous observations (Bao et al., 2010; Richter et al., 2018; Zhang et al., 2015). Further-

more, our modeling analysis indicated that suppressing top-down influence of A7 affected behavioral and

neuronal contrast sensitivity through a mixture mechanism of increased internal additive noise and increased

impact of external noise, providing the first evidence that top-down influencemaymodulate behavioral contrast

detection through regulation of neuronal contrast sensitivity in V1. The results provide an evidence that chal-

lenges the feedforward hierarchical visual processing model and supports the reverse hierarchy theory about

visual perception based on information processing loops mediated by recurrent connections between V1 and

higher-level cortical areas (Johnson and Burkhalter, 1997; Juan et al., 2004; Juan and Walsh, 2003; Koivisto

et al., 2010; Tong, 2003).

Limitations of the study

In this study, we found that suppression of top-down influence from A7 had similar effects on behavioral

and V1 neuronal contrast sensitivity. There are several limitations that need to be addressed in future

investigations.

First, the current study used tDCS tomodulate top-down influence fromA7. Although tDCS is a noninvasive

tool and can reversibly modulate neuronal activity in a local brain area (Impey et al., 2016; Kunori and
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Takashima, 2019; Nitsche and Paulus, 2000; Pan et al., 2021a; Zhao et al., 2020), it is unknown if the results

observed in this study can be generalized to studies using different manipulation methods, such as GABA/

GABA receptor’s agonists application (Chen et al., 2014; Hishida et al., 2019; Tong et al., 2011), cortical

cooling (Bardy et al., 2009; Nassi et al., 2013; Wang et al., 2000), optogenetic manipulation (Huh et al.,

2018; Kirchberger et al., 2021; Zhang et al., 2014), and attention control (Al-Aidroos et al., 2012; Baumgart-

ner et al., 2018; Gilbert and Sigman, 2007; Li et al., 2008). We are working on new experiments to test the

generalizability of the results observed in this study.

Second, this study assessed neuronal contrast sensitivity using VEP from V1. Although VEP provides a mea-

sure of activities from large populations of neurons (Haider et al., 2016; Tokashiki et al., 2018; Whittingstall

et al., 2008) and exhibits tuning responses for stimulus orientation, motion direction, contrast and size

similar to single- or multi-unit responses (Kayser and König, 2004; Lashgari et al., 2012), it contains a

wide range of frequency components that may have different relationships with single/multi-unit responses

(Lashgari et al., 2012) and visual perception (Gail et al., 2004; Han et al., 2021; Henrie and Shapley, 2005;

Richter et al., 2018; Wang et al., 2016). Subsequent studies need to further examine top-down influence

on V1 neuronal contrast sensitivity using simultaneous recordings and analysis of unit response and local

field potentials.

Finally, considering that top-down effects may be considerably reduced under anesthesia (Keller et al.,

2020), future studies should conduct electrophysiological recording in awake cats using microelectrode-

array implantation and optogenetic modulation techniques (Huh et al., 2018; Kirchberger et al., 2021;

Zhang et al., 2014).
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Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact Z-L Lu (zhonglin@nyu.edu).

Materials availability

This study did not generate new specimens or materials. All images are included in the text and supple-

mental information.

Data and code availability

d All original dataset has been deposited at Mendeley Data and are publicly available as of the date of

publication. The DOI is listed in the key resources table.

d All original code has been deposited at Mendeley Data and is publicly available as of the date of pub-

lication. The DOI are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Seven young adult male cats (age 2–5 years, body weight 2.7–4.2 kg) were used in this study. Four of them

were randomly selected to evaluate tDCS-induced top-down influence on neuronal activity in V1. The other

three were used in the experiment for behavioral and neuronal contrast sensitivity measurement before

and after tDCS. All subjects were purchased fromNanjing Qing-Long-Shan Animal Breeding Farm (Jiangn-

ing District of Nanjing, Certificate No. SX1207), and all of them were disease-free, healthy cats with no op-

tical or retinal abnormality. All animals were reared in rooms separated by transparent glass walls. Each

room had comfortably organized living, feeding and playing areas with the room temperature maintained

at 25�C. All experiments in this study were performed strictly in accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals, and conformed to the principles and regulations

as described in the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments). All experi-

ments and animal treatments were approved by the Ethics Committee of Anhui Normal University

(approval NO. NS2017001).
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Data by figure Mendeley Dataset https://www.dx.doi.org/10.17632/

ysbjtgrg2p.1
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Psychtoolbox 2.54 (Brainard, 1997) http://psychtoolbox.org/, RRID:SCR_002881

Igor Pro 6.54 WaveMetrics, Inc. http://www.wavemetrics.com/products/

igorpro/igorpro.htm, RRID:SCR_000325

SPSS 13.0 IBM Corp., Armonk, N.Y., USA https://www.ibm.com/products/spss-

statistics, RRID:SCR_019096

Matlab and Igor code Mendeley Dataset https://www.dx.doi.org/10.17632/ysbjtgrg2p.
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METHOD DETAILS

Preparation for VEP recording in V1 cortex

The preparation for recording of visual evoked field potentials (VEPs) in V1 was performed with the

following procedures according to previous studies (Hua et al., 2006, 2010; Meng et al., 2013; Yang

et al., 2016a; Zhao et al., 2020). The cat was first anesthetized with ketamine HCl (40 mg/kg, im) and xylazine

(2 mg/kg, im). Noninvasive intubation of tracheal and intravenous cannula was performed under sterile

preparation. After the cat was fixed in a stereotaxic apparatus, glucose (5%)-saline (0.9%) solution contain-

ing a mixture of urethane (20 mg/kg body weight) and gallamine triethiodide (10 mg/kg body weight) was

infused intravenously to maintain necessary anesthesia and paralysis. Artificial respiration was performed,

and the expired pCO2 was kept at approximately 3.8%. Heart rate (approximately 180-220 pulses/min) and

electrocardiogramweremonitored throughout the experiment to assess the level of anesthesia and ensure

that the animals were not responding to pain. The body temperature (38�C) wasmaintained using a heating

blanket. Pupils were maximally dilated with atropine (0.5%). Artificial tear was applied to protect the

cornea.

After tDCS chamber implantation in the higher-level cortex (A7&A5 or A7), a small hole (4 3 3 mm) was

drilled on the skull over the central V1 area (Horsley–Clarke coordinates: P2-6/L2-4) of the left hemisphere.

A chloride (Ag/AgCl) silver wire electrode (extending from P2 to P6, with an impedance of 0.3–0.5 MU) was

placed on the surface of the dura over V1 area for VEP recording. The small hole was sealed with tissue ad-

hesive after filling it with 4% agar. At the end of VEP recording in behavioral cats, the small hole on the skull

over V1 was cleaned with saline, covered with absorbable gelfoam, and then sealed with bone wax. Intra-

venous infusion was terminated first, and artificial ventilation was disconnected once the animal recovered

spontaneous breathing. The animal was sent to the nest after receiving a shot (1 mL) of antibiotic (800,000

units penicillin). Full care was given to the animal in the following week till complete recovery.

Administration of transcranial direct current stimulation

Before VEP recording or behavioral measurement, 3D-printed plastic rectangle-shaped chambers (83 63

10 mm) were implanted respectively on the skull over A7 (Horsley-Clarke coordinates: A0-A8/L6-L12) and

A5 (A11-A19/L6-L12) or only A7 (in behavioral cats) (Avendaño et al., 1988; Galuske et al., 2002; Han et al.,

2008; Lajoie et al., 2010; Olausson et al., 1990; Wong et al., 2018) of the left hemisphere using dental

cement. The surgery was performed after the animals were anesthetized and maintained in normal phys-

iological state with noninvasive artificial respiration and intravenous infusion as described above. At the

end of the surgery for behavioral cats, all incisions around the trauma were closed and sutured, and the

animals received full care in the subsequent two weeks. Antibiotic (penicillin, 800,000 units per day) was

administered for about 2-3 days as needed. Behavioral measurement and VEPs recording in V1 cortex

began after the cats recovered completely from the trauma.

tDCS was administered with an HD-tDCS stimulator (Soterix Medical, USA). A metal pin-type electrode

(cathode) was placed in the tDCS chamber filled with 0.9% saline for conductance. The reference electrode

(saline-soaked rubber electrode, 33 3 cm) was placed on the dorsal central neck skin after the hair over the

intended site was clipped and cleaned with alcohol swabs. The output current intensity was maintained at 1

mA. At the onset and offset of stimulation, current was slowly ramped up and down over about 15 s to avoid

sudden current change (Nitsche and Paulus, 2000; Schweid et al., 2008; Wilson et al., 2018; Zhao et al.,

2020). For s-tDCS, the tDCS current was ramped down to zero after ramping up at the onset of stimulation,

but ramped up and ramped down again at the end of sham stimulation. The application of different tDCS

conditions (c- and s-tDCS in A7, c-tDCS in A5) was performed in a pseudorandom order in each cat.

Because previous studies reported that tDCS-induced effects lasted for 60-90 min (Bachtiar et al., 2015;

Monte-Silva et al., 2010; Nitsche and Paulus, 2001; Stagg et al., 2009, 2011; Zhao et al., 2020), we set the

time interval between tDCS sessions at least 90 min. The duration of each tDCS session was 15 min.

Psychophysical measurement of behavioral contrast sensitivity

Conditioning training. Three adult male cats (age of 3-5 years, body weight of 3.4–4.2 kg) were used in

this experiment. The behavior training equipment contained a PC computer for visual stimuli generation

and presentation, left and right nose keys for the two-alternative forced choice task and a food reward

pipe that was gated by an electric valve and automatically controlled by a custom-made electric circuit

(De Weerd et al., 1990; Hua et al., 2010; Meng et al., 2013; Vandenbussche and Orban, 1983). Cats were
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trained to identify the orientation of a vertically- or horizontally-oriented grating on the display by touching

the left (for vertical gratings) or right (for horizontal gratings) nose key to get fish mush reward (Supple-

mental videos/Video S1). During conditioning training, the vertical or horizontal grating stimuli had a fixed

spatial frequency (SF) of 0.4 cycle/deg and a fixed contrast of 100%. Each cat performed 640-800 trials per

day, arranged in 8-10 training blocks. Each block contained 80 trials, with a 2-min resting period between

blocks. The conditioning training ended after R90% correct performance was reached.

Measurement of behavioral CSF and TvC functions. To assess top-down influence of A7 on the behav-

ioral contrast sensitivity function, we measured the cats’ contrast thresholds in identifying vertical versus

horizontal grating stimuli over a range of spatial frequencies (SF: 0.1, 0.2, 0.4, 0.6, 0.8 and 1.2 cycle/deg)

(Figure S1A) using a 3-down/1-up staircase (d’ = 1.634) method (Dosher and Lu, 1999; Zhou et al., 2006)

before and after c- or s-tDCS in A7 (Figure S1B, Video S1). Eight daily CSF assessments, with 30 trials at

each SF conditions in a pseudorandom order, were completed within 15 min both before and after

tDCS. The estimated contrast thresholds from the previous day were used as initial contrasts in the stair-

case procedure. The average value of 1/threshold (mean G SD) across eight repeated measurements

was used to construct the CSF before and after c- and s-tDCS in A7.

To identify mechanisms of top-down influence on perceptual contrast sensitivity, we alsomeasured the TvC

function with increasing amounts of external noise (0, 0.04, 0.08, 0.16 and 0.32) (Figure S1C) before and after

c- or s-tDCS in A7. The SF of the grating stimuli was fixed at 0.2 cycle/deg (near the optimal SF on the CSF).

Twelve daily TvC measurements, with 30 trials at each of the five external noise conditions in a pseudo-

random order (Figure S1D, Supplemental videos/Video S2), were completed using either a 2-down/1-up

(d’ = 1.089) or a 3-down/1-up (d’ = 1.634) staircase procedure within 13 min both before and after tDCS.

The average threshold values (mean G SD) across six repeated sessions at each noise level was used to

construct the TvC functions at the two performance criterion levels before and after c- and s-tDCS in A7.

At the end of each daily measurement, the cats were provided with supplemental ordinary food according

to the food requirement during conditioning training.

Visual stimuli and display. Visual stimuli used in the conditioning training and psychophysical measure-

ments included windowed sinusoidal gratings and external noise images (Figures S1A–S1C). All grating

stimuli were generated in real time by a PC computer running MATLAB programs with Psychotoolbox ex-

tensions (Brainard, 1997), and were displayed on a CRT (resolution 1024 3 768 pixels, refresh rate 75 Hz)

positioned 57 cm from the animal’s eyes. The grating stimuli oriented vertically or horizontally, extended

8� in radius, and had a fixed mean luminance of 19 cd/m2. The orientation of the grating was randomly

selected in each trial and presented with an inter-trial interval of 2.5 s. The duration of each grating presen-

tation was 2.35 s, including a denied period (RDP) of 0.35s during which nose key touch triggered no food

reward. Before each stimulus presentation, a flashing dot (0.2�C3 0.2�C) was displayed at the center of the

CRT as a cue for the cat to fixate. Because large-size grating stimuli (8� in radius at 57 cm viewing distance)

were used in this study, eye fixation was not important and was not monitored.

In the TvC measurements, visual stimuli were composed of external noise and signal frames (Figure S1C).

The external noise frames had the same size as that of the signal frames with each noise element subtend-

ing 23 2 pixel or 0.024�C3 0.024�C. The graylevels of the noise elements in each external noise framewere

drawn independently from a Gaussian distribution with mean 0 and standard deviation corresponding to

the external noise condition. To guarantee that the external noise did conform to the Gaussian distribution,

the maximum standard deviation of the noise was kept below 33% maximum achievable contrast. Five

external noise levels (0.00, 0.04, 0.08, 0.16 and 0.32) were used in the experiment.

VEP recording and visual stimuli

VEP signals in V1 cortex were recorded with the embedded silver wire electrode. Signals were amplified

with a microelectrode amplifier (Dagan 2400A, USA) (gain 1000, band-pass filtered between 1 and

100 Hz). Visual stimuli were generated by a PC computer usingMATLAB programs based on Psychotoolbox

extensions (Brainard, 1997), and were presented on a CRT (resolution 1024 3 768 pixels, refresh rate 75 Hz)

positioned 57 cm from the animal’s eyes.
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Examination of top-down influence on neuronal activity in V1. To evaluate whether and how top-

down influence of A7 affects neuronal activity in V1, we recorded VEPs in V1 cortex in response to horizontal

sinusoidal grating stimuli (full screen size, with 0.2 cycle/deg spatial frequency, 2 Hz temporal frequency

and 100% contrast) before and after c- and s-tDCS in A7 as well as c-tDCS in A5 of the non-visual parietal

cortex. The application of different tDCS conditions were performed in a pseudorandom order with an in-

terval of at least 90 min. We repeated 6 recording sessions (each with 3 different tDCS conditions) in each

cat. For each tDCS condition, the VEPs were recorded repeatedly before and at different time points (0-

90 min, with a 10-min interval) after tDCS. Data collection at each time point consisted of 30 trials of visual

stimulus presentation. .

Examination of neuronal contrast sensitivity in V1. Visual stimuli Because VEP provides measures of

neuronal population activities that exhibit similar preferences for stimulus orientation, direction of motion,

contrast and size as single-unit activities (Kayser and König, 2004; Lashgari et al., 2012) and are closely

related to visual perception (Kayser and König, 2004; Souza et al., 2007), we evaluate neuronal contrast

sensitivity changes in the V1 cortex of behavioral cats based on VEPs recorded before and after tDCS in

A7. The c- and s-tDCS were applied in a pseudorandom order with an interval of at least 90 min (Zhao

et al., 2020) and repeated 6 sessions in each cat. VEPs were elicited by horizontally moving grating stimuli

(with an 8� diameter size and 8 Hz temporal frequency) with varied luminance contrasts (0, 0.05, 0.1, 0.2, 0.3,

0.4, 0.5, 0.6, 0.8 and 1.0) at different SFs (0.1, 0.2, 0.4, 0.6, 0.8 and 1.2 c/deg) or moving grating stimuli (at

fixed SF of 0.2 cycle/deg, near optimal SF) with gradient luminance contrasts at different external noise

levels (0.00, 0.04, 0.08, 0.16 and 0.32) generated by adding external noise images to sinusoidal gratings

as described above (Figure S1C) except that the grating and noise images were moving in the same direc-

tion. All grating stimuli and noise images were displayed on the CRT (resolution: 10243 768 pixels, refresh

rate: 75 Hz) positioned 57 cm from the animal’s eyes. The duration of each stimulus presentation was 0.4 s,

and baseline VEPs were acquired during a 0.3 s pre-stimulus interval in which the still grating image was

shown on the CRT.

Measurement of neuronal CSF and TvC functions Neuronal CSF and TvC functions in each behavioral cat

were measured separately on different days by recording VEPs on V1 cortex in response to grating stimuli

with gradient contrasts in different SF conditions and at different external noise levels, respectively. The c-

tDCS and s-tDCS in A7 were performed in an interleaved sequence and repeated 6 sessions. For each tDCS

session, VEPs recordings in different SF conditions or at different external noise levels were interleaved and

repeated 4 iterations. In each iteration, VEP recordings in different stimulus contrasts were randomized and

repeated for 5 trials in each SF or external noise condition. The recordings in each session were completed

within 15 min both before and after tDCS.

QUANTIFICATION AND STATISTICAL ANALYSIS

Evaluation of top-down influence on neuronal activity in V1

VEP signals were averaged across the 30 trials and filtered (60 Hz notch filter, 1-100 Hz bandpass) (Aydin-

Abidin et al., 2006; Bao et al., 2010; Geisler and Albrecht, 1997; Zhao et al., 2020) using Igor (see key re-

sources table). Peak latency of N1, P1 and N2 components and peak-to-peak amplitude of N1P1 (the

absolute amplitude from the peak of N1 to the peak of P1) and P1N2 (the absolute amplitude from the

peak of P1 to the peak of N2) were extracted (Figures 1A–1C) according to previous studies (Aydin-Abidin

et al., 2006; Ding et al., 2016; Souza et al., 2007; Zhao et al., 2020). The average latency and amplitude of

VEPs recorded before and at different time (0-90 min, with a 10-min interval) after tDCS were expressed as

mean G SD. Statistical comparisons of mean latency and amplitude of VEPs recorded before and at

different measurement time after (time point: n = 11) c- and s-tDCS in A7 as well as c-tDCS in A5 (tDCS con-

dition: n = 3) were conducted with ANOVA (in Figures 1D–1F and results) and post hoc tests (in Figures 1E

and 1F and results) using SPSS (see key resources table).

Construct neuronal CSF and TvC functions with ROC analysis

The VEP signals evoked by a stimulus with each signal contrast at each stimulus SF or at each external noise

level before or after tDCS were averaged every 30 trials, and then filtered (1-100 Hz band-pass, 60 Hz notch

filter) to measure the peak-to-peak amplitudes of the N1P1 and P1N2 (Aydin-Abidin et al., 2006; Ding et al.,

2016; Souza et al., 2007; Zhao et al., 2020) using Igor (Figures S2/M1 and S3). Because VEP amplitudes are

fine-tuned to stimulus contrast (Hood et al., 2006; Souza et al., 2007), we estimated the neuronal threshold
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contrast (TC) using the Receiver Operating Characteristics (ROC) analysis in MATLAB (see key resources

table) based on the distributions of VEP amplitudes in different stimulus conditions (Adab and Vogels,

2011; Edwards et al., 1995; Parisi et al., 2006). The VEP amplitude distribution in each stimulus condition

was constructed by estimating the VEP amplitude 500 times, each based on a random selection of 30 trials

(10 trials/session) from 3 out of 6 recording sessions (Figures S2/M2 and S3). We obtained 20 VEP amplitude

distributions in each stimulus condition based on random selection of 3 out of 6 recording sessions. These

VEP amplitude distribution at different stimulus contrasts were respectively compared with the baseline

(zero signal contrast in the same external noise condition) in a standard ROC analysis to compute the

area under the curve, that is, the accuracy in making signal-present or signal-absent decisions (Figures

S2/M3 and S3). The neurometric function in each external noise condition was then constructed by plotting

detection probability as a function of signal contrast. Neuronal threshold contrasts (TCs) corresponding to

70.7% (d1’ = 1.089) and 79.4% (d2’ = 1.634) detection accuracy in each stimulus condition were then esti-

mated from the neurometric function. The whole computation procedure was performed for 20 repetitions

to obtain standard deviations of the TCs (Figures S2/M4 and S3). The means of the inverted TCs across the

20 repetitions were used to construct pre- and post-tDCS CSF functions, and the mean TCs across 20 rep-

etitions in different external noise conditions were used to construct pre- and post-tDCS TvC functions. All

value were expressed as mean G SD.

Comparisons of behavioral and neuronal CSF and TvC functions

Comparisons of behavioral and neuronal CSF and TvC functions were performed using SPSS (see key re-

sources table). The mean behavioral and V1 neuronal contrast sensitivity (CS) at different stimulus SFs

(SF level: n = 6) before and after c- or s-tDCS in A7 was compared using two-factor ANOVA and post

hoc tests (in Figures 2 and 3 and results). The difference between behavioral CS reductions and N1P1-

or P1N2-neuronal CS reductions at 0.1, 0.2, 0.4 and 0.6 cycle/deg (SF level: n = 4) after c-tDCS was

compared with two-factor ANOVA (in results). The mean behavioral and V1 neuronal threshold contrast

(TC) measured at different external noise levels (noise level: n = 5) under two performance criteria (n =

2) before and after c- or s-tDCS in A7 was compared using three-factor ANOVA (in Figures 5 and 6 and re-

sults). The difference between behavioral TC increase and N1P1- or P1N2-neuronal TC increase at different

external noise levels (noise level: n = 5) after c-tDCS was compared with two-factor ANOVA (in results). The

relationship between behavioral and neuronal CSFs (SF level: n = 6) or TvCs (noise level: n = 5) before and

after c-tDCS in A7 was assessed with pearson correlation test (in Figures 4 and 7 and results).

PTM modeling analysis

In order to quantify top-down effect of A7 on neuronal contrast sensitivity in V1 and cats’ behavior in

contrast detection, we fit the Perceptual Template Model (PTM) (Dosher and Lu, 1999; Lu and Dosher,

1998) to the pre- and post-tDCS behavioral and neuronal TvC functions, respectively. The PTM has been

used to identify mechanisms of performance improvements in attention (Dosher and Lu, 2000a; Lu and

Dosher, 1998, 2004) and perceptual learning (Dosher and Lu, 1999; Huang et al., 2008; Lu et al., 2005;

Zhou et al., 2006). A least square procedure was used to fit the PTM to the neuronal and behavioral TvC

functions:

Ct =
1

b

"�
1+ ðAmNmÞ2

�
ðAfNextÞ2g + ðAaNaÞ2

1
.
ðd0Þ2 � ðAmNmÞ2

#2g
1

; (Equation 1)

where Ct represents threshold contrast at the d’ performance level, Na denotes the standard deviation of

internal additive noise, Next denotes the standard deviation of external noise, Nm denotes the proportional

constant of multiplicative noise, b denotes the gain of the perceptual template, and g denotes the expo-

nent of the non-linear transducer. Aa, Af and Am were set to 1.0 for TvCs before c-tDCS, and were free to

vary for TvCs after c-tDCS.

The fit was performed in MATLAB (2014a) (see key resources table) with the curvefit toolbox extension. The

sum of the squared differences between the measured and model-predicted log thresholds was mini-

mized. The goodness of fit (in Table 1 and results) was determined by:

r2 = 1:0 �
Ph

log
�
Cpredict

t

�
� logðCtÞ

i2
P flogðCtÞ � mean½logðCtÞ�g2

; (Equation 2)

ll
OPEN ACCESS

24 iScience 25, 103683, January 21, 2022

iScience
Article



An F statistic was used to compare nested models (in Tables 1, 2 and results):

Fðdf1;df2Þ =
�
r2full � r2reduced

��
df1�

1� r2full
��

df2
(Equation 3)

where df1 = kfull – kreduced and df2 = N – kfull; N is the number of predicted data points.

The standard deviation of each model parameter for the best-fitting model was estimated with a bootstrap

method (Dosher et al., 2013; Huang et al., 2009; Jeon et al., 2014; Zhou et al., 2006). In brief, the contrast

threshold at a given external noise level was assumed to have a Gaussian distribution with its mean equal to

the mean threshold of all the observers and the standard deviation estimated from inter-observer vari-

ability. The bootstrap procedure was used to generate 1000 pairs of resampled TvC functions based on

the mean and standard deviation of the observed data, corresponding to the 2-down/1-up (d1’ = 1.089)

and 3-down/1-up staircases (d2’ = 1.634), for each cat before and after tDCS. By fitting the PTM to these

resampled TvC functions, the mean and standard deviation of the best-fitting model parameters were ob-

tained (in Table 1 and results).
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