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Human Sensory Cortex Contributes to the Long-Term
Storage of Aversive Conditioning

Yugqi You, Joshua Brown, and Wen Li
Department of Psychology, Florida State University, Tallahassee, Florida 32306

Growing animal data evince a critical role of the sensory cortex in the long-term storage of aversive conditioning, following
acquisition and consolidation in the amygdala. Whether and how this function is conserved in the human sensory cortex is
nonetheless unclear. We interrogated this question in a human aversive conditioning study using multidimensional assess-
ments of conditioning and long-term (15 d) retention. Conditioned stimuli (CSs; Gabor patches) were calibrated to differen-
tially activate the parvocellular (P) and magnocellular (M) visual pathways, further elucidating cortical versus subcortical
mechanisms. Full-blown conditioning and long-term retention emerged for M-biased CS (vs limited effects for P-biased CS),
especially among anxious individuals, in all four dimensions assessed: threat appraisal (threat ratings), physiological arousal
(skin conductance response), perceptual learning [discrimination sensitivity (d’) and response speed], and cortical plasticity
[visual evoked potentials (VEPs) and cortical current density]. Interestingly, while behavioral, physiological, and VEP effects
were comparable at immediate and delayed assessments, the cortical substrates evolved markedly over time, transferring
from high-order cortices [inferotemporal/fusiform cortex and orbitofrontal cortex (OFC)] immediately to the primary and
secondary visual cortex after the delay. In sum, the contrast between P- and M-biased conditioning confirms privileged condi-
tioning acquisition via the subcortical pathway while the immediate cortical plasticity lends credence to the triadic amyg-
dala-OFC-fusiform network thought to underlie threat processing. Importantly, long-term retention of conditioning in the
basic sensory cortices supports the conserved role of the human sensory cortex in the long-term storage of aversive
conditioning.

Key words: aversive conditioning; fear learning and memory; long-term memory; magnocellular and parvocellular visual
pathways; neural plasticity; perceptual learning

(s )

A growing network of neural substrates has been identified in threat learning and memory. The sensory cortex plays a key
role in long-term threat memory in animals, but such a function in humans remains unclear. To explore this problem, we
conducted multidimensional assessments of immediate and delayed (15 d) effects of human aversive conditioning.
Behavioral, physiological, and scalp electrophysiological data demonstrated conditioning effects and long-term retention.
High-density EEG intracranial source analysis further revealed the cortical underpinnings, implicating high-order cortices
immediately and primary and secondary visual cortices after the long delay. Therefore, while high-order cortices support aver-
sive conditioning acquisition (i.e., threat learning), the human sensory cortex (akin to the animal homolog) underpins long-
term storage of conditioning (i.e., long-term threat memory). /

generates associative threat learning and memory, underpinned

Introduction ; .
The pressure to efficiently detect and respond to threat has moti- by plastic changes in the amygdala (Pavlo.v,. 1927; LeDoux, 2090)'
Recent work has further revealed plasticity in several cortical

vated the evolution of adaptive neural machinery to support ) . . . e
. . o L . areas associated with various aspects of aversive conditioning,
threat learning and memory. Aversive conditioning reliably . .
including the sensory cortex, insula, and prefrontal cortex

(Antoniadis et al., 2007; Machado et al., 2009; Sehlmeyer et al.,
2009; Fullana et al., 2016).
The sensory cortex has gained rapidly growing recognition as a
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critical neural substrate for associative threat learning and memory
(Sehlmeyer et al, 2009; Miskovic and Keil, 2012; Li, 2014;
Dunsmoor and Paz, 2015; McGann, 2015; Fullana et al, 2016;
Grosso et al,, 2017), reviving early pioneering findings of auditory
cortical plasticity for conditioned stimuli (CSs; Galambos et al., 1956;
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Figure 1.  Experimental paradigm. A, We calibrated three properties of the Gabor patches—chromaticity, luminance con-
trast, and spatial frequency—to generate a luminance stimulus type (achromatic, low spatial frequency, low luminance con-
trast) and a chromatic stimulus type (red-green isoluminant, high spatial frequency), thereby preferentially engaging M
versus P visual pathways. Akin to their visual properties, these two types of stimuli are known to evoke distinct VEPs. To iso-
late a basic visual cortical response in the initial feedforward sweep, we focused on the first VEP they each elicit (i.e., P1 and
(1 for the luminance and chromatic stimuli, respectively). B, Paradigm of an 0DT, which contained trials of two consecutively
delivered Gabor patches of either the Same or Different orientation. The first Gabor patch was either the ¢S/~ and the sec-
ond Gabor patch had either the same orientation (50%) or differed by 12° (50%) from the first Gabor patch. The task was
performed at preconditioning, day 1 postconditioning, and day 16 postconditioning, while EEG and SCR were simultaneously
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feedforward transmission of CSs, triggering
threat encoding in the sensory cortex
(Krusemark and Li, 2011; Kumar et al,
2012; Krusemark et al, 2013; Krusemark
and Li, 2013; Kragel et al., 2019). Akin to
the “multiple-waves model” of emotion
processing (Pessoa and Adolphs, 2010), this
sensory cortical threat encoding repre-
sents an alternative, parallel mechanism
to amygdala-centric threat processing
(Phelps and LeDoux, 2005). However, to
date, sensory cortical storage of long-
term threat memory has been demon-
strated in animals only. Furthermore, it
remains equivocal whether extant evi-
dence of threat processing in the human
sensory cortex arises directly from the
sensory cortex or consequent to amygda-
lar inputs.

To address these issues, we assessed
threat learning and memory in a human
aversive conditioning study including a
retention test 15d after conditioning.
Four major domains of conditioning
were assayed using a combination of
threat appraisal, threat-related arousal
[skin conductance response (SCR)], per-
ceptual learning [using an orientation
discrimination task (ODT)], and visual
cortical plasticity [based on visual-
evoked potentials (VEPs) and intracra-
nial source estimation; Fig. 1]. We fur-
ther calibrated visual properties of the
CS (i.e., chromaticity, spatial frequency,
and luminance contrast of Gabor
patches) and created “luminance” and
“chromatic” CSs (Fig. 1A). These two
types of stimuli are known to bias the
engagement of the parvocellular (P) ver-
sus magnocellular (M) visual pathways,
preferentially mediating cortical versus

recorded.

Kraus and Disterhoft, 1982; Diamond and Weinberger, 1984;
Weinberger et al., 1984). Particularly, recent evidence has identi-
fied a potentially causal role of the sensory cortex in the for-
mation and storage of long-term memory of aversive
conditioning (Weinberger et al., 1993; Galvan and Weinberger,
2002; Sacco and Sacchetti, 2010; Kwon et al., 2012; Grosso et al.,
2015; Cambiaghi et al., 2016; Yang et al., 2016; Grosso et al., 2017).
Such sensory cortical plasticity is found to accompany and poten-
tially play a necessary role in perceptual learning of the CS, includ-
ing improved stimulus detection and discrimination (Li et al,,
2008; Padmala and Pessoa, 2008; Chapuis and Wilson, 2011;
Wilson and Sullivan, 2011; Ahs et al., 2013; Aizenberg and Geffen,
2013; McGann, 2015). By facilitating stimulus analysis and accu-
rate threat detection, such associative perceptual learning is likely
to afford further ecological advantage to an organism.

Long-term memory storage of threat CSs in the sensory cor-
tex can further support sensory cortex-based threat encoding
(Weinberger, 2011; Miskovic and Keil, 2012; Li, 2014; Miskovic
and Anderson, 2018; Li, 2019). That is, stored representation of
acquired threat in the sensory cortex can be activated by

subcortical signal transmission, respec-

tively (Merigan and Maunsell, 1993; Lee,

2011, 2019). Accordingly, these stimuli

would evoke distinct VEPs [e.g., a posi-
tive-going (P1) component and a negative-going (C1) compo-
nent, respectively], allowing for differentiation of CS processing
in parallel subcortical and cortical pathways (Fig. 1; Tobimatsu
et al.,, 1995; Ellemberg et al., 2001; Schechter et al., 2005; Foxe et
al., 2008). Our hypothesis testing centered on differences
between CS™/~ from preconditioning (Pre; baseline) to postcon-
ditioning (Post). We further examined their association with indi-
vidual differences in anxiety, a critical modulatory factor of
aversive conditioning (Zinbarg and Mohlman, 1998; Lissek et al.,
2005).

Materials and Methods

Participants

Fifty-two right-handed college students (mean age, 19.5years; 22 men)
with normal or corrected-to-normal vision participated in the first of the
two-session experiment. Forty-two of them returned for the second ses-
sion ~15d later (SD =3.6d). For EEG analysis, 5 of the 52 participants
in the first session were excluded for excessive eye movements, severe
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EEG artifact, and technical failures, resulting in a final N of 47 for the
first session. Among the 42 participants who returned for the second ses-
sion, 6 were excluded for the above reasons, resulting in a final number
of 36 participants for the second session. All participants denied a his-
tory of severe head injury, psychological/neurologic disorders, or current
use of psychotropic medication. All participants provided informed con-
sent to participate in this study, which was approved by the University of
Wisconsin Institutional Review Board.

Anxiety assessment

We assessed trait anxiety of the participants at the beginning of study
using the Behavioral Inhibition Scale (BIS). The BIS is a 7-item self-
report questionnaire (rated on a Likert scale of 1-4, with a total score of
7-28), measuring the strength of the behavioral inhibition system and
threat sensitivity, known to reflect trait anxiety (Carver and White,
1994). This scale is neurobiologically motivated with high reliability and
strong predictive validity of anxiety (Zinbarg and Mohlman, 1998; Gray
and McNaughton, 2000).

Stimuli

Two types of Gabor patches (sinusoidal gratings multiplied by a
Gaussian envelope; 9° x 9° in visual angles) were generated with specific
visual properties that are known to preferentially stimulate the M and P
pathways, respectively (Fig. 1A; Rudvin et al.,, 2000). To maximize the
preferential activation of the M pathway, M-biased Gabor patches (i.e.,
luminance CSs) were achromatic, with low spatial frequency (<0.67
cycles/®) and low luminance contrast (6.9% Michelson contrast; lumi-
nance range, 20.16-23.14 cd/m?). By contrast, P-biased Gabor patches
(i.e., chromatic CSs) were chromatic (i.e., red-green) and isoluminant,
and had high spatial frequency (>4 cycles/°). The red-green-gray isolu-
minant point was individually determined for each participant using het-
erochromatic flicker photometry (Bone and Landrum, 2004) with red,
green, or gray squares alternatingly (at 30 Hz) presented on a CRT
monitor.

Two grating orientations (for either luminance or chromatic Gabor
patches) were differentially conditioned as CS™ and CS™ by pairing with
aversive or neutral unconditioned stimuli (UCSs), respectively (Fig. 14).
The assignment of CS™ orientation was counterbalanced across partici-
pants. Two sets of Gabor patches (33° and 57° or 123° and 147° clock-
wise from the vertical meridian) were included and counterbalanced
across participants to exclude orientation-specific confounds. Aversive
and neutral UCSs each consisted of seven pairs of simultaneously pre-
sented images and sounds. Images were selected from the International
Affective Picture Set (Lang et al., 2008) and internet sources, depicting
threatening scenes (e.g., knife put to throat; gun pointed to head) or
household artifacts (e.g., whistle, cabinet). Fearful sounds (i.e., screams)
were obtained from the fear subset of human affective vocalizations
(Hawk et al., 2009), and neutral sounds consisted of pure tones at 300,
500, and 800 Hz.

All visual stimuli were presented on a gray background (21.65 cd/m?)
through a CRT monitor, which had been calibrated by first fitting a
gamma function for each RGB channel based on sampled luminance val-
ues of each channel measured by a photometer, and then applying a
reverse-gamma function on each RGB channel to achieve uniform steps
of luminance increase using the Psychophysics Toolbox (Brainard,
1997). Stimulus presentation was linked to the refresh rate (60 Hz) of the
CRT monitor and delivered using Cogent2000 software (Wellcome
Laboratory of Neurobiology, UCL, London, UK) as implemented in
MATLAB (MathWorks). Synchronization between stimulus display and
data acquisition was verified using a photodiode placed at the center of
the monitor screen.

Experiment procedure

The experiment included four phases with the first three, Pre (baseline),
conditioning, and first postconditiong (Post day 1) taking place on day
1, and the fourth phase (second postconditioning) on day 16 (Post day
16). Note, we checked the success of conditioning on day 1 based on par-
ticipants’ report of CS-US contingency at the end of the session. Only
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those correctly reporting the contingency were invited back for the
retention test on day 16.

Orientation discrimination task. To assess perceptual learning and
memory via aversive conditioning, we implemented a challenging ODT
at Pre, Post day 1, and Post day 16. Participants were seated ~60 cm
from a CRT monitor with the head supported on a chin rest while simul-
taneous EEGs and SCRs were recorded. As illustrated in Fig. 1B, each
trial began with a central fixation cross for a jittered duration of 1600~
1900 ms. A CS (CS™ or CS™) Gabor patch then appeared for 400 ms, fol-
lowed by a visual mask of 100 ms, which was replaced by a second
Gabor patch for 400 ms and another visual mask of 100 ms. The orienta-
tion of the second Gabor patch was either the same as (i.e., “same” trial)
or different from (“different” trial; 12° off clockwise or counterclockwise)
the first Gabor patch with equal probability (50%). Participants were to
report same or different for the pair. A total of 360 trials, 90 trials per
condition (luminance/chromatic * CS*/CS™) were intermixed and ran-
domly presented across three blocks. To minimize extinction potentially
introduced by the repeated CS presentation, we inserted 10-12 rein-
forced CS trials randomly into the ODT at the two postconditioning
phases (Post day 1 and Post day 16), as used in prior studies (Li et al,,
2008; Padmala and Pessoa, 2008; Lissek et al., 2014; Onat and Biichel,
2015). These trials were excluded from the analysis.

We note that in contrast to typical conditioning manipulation, this
reinforcement was designed to prevent extinction that otherwise would
arise from the repeated CS presentation in the ODT. Accordingly, the
reinforcement was sparse and delivered evenly across the task (approxi-
mately four trials/sub-block), in contrast to a typical conditioning para-
digm with reinforcement rates >50% and reinforced trials concentrated
at the beginning of the conditioning session. Such a sparse and evenly
distributed reinforcement schedule was not expected to induce reliable
conditioning effects. This notion was verified in an independent group
of college students (N=30) who underwent the same ODT (including
the same reinforcement) but did not undergo the conditioning phase.
Specifically, these participants showed no increase in risk, unpleasant-
ness, or fear ratings for the CS™ (vs CS"), independently or in interaction
with anxiety (p values >0.12). Also, they showed no improvement in ori-
entation discrimination in either discrimination sensitivity (d') or
response times (RTs) for the CS™ (vs CS; p values >0.24).

Aversive conditioning. Luminance and chromatic CSs were presented
in two separate blocks, each consisting of 20 trials (10 for CS*, 10 for
CS™; 70% reinforcement). To ensure attention to the CS, participants
were asked to indicate the CS orientation as either “steep” or “flat.” The
order of the luminance or chromatic block was counterbalanced across
subjects. In each reinforced trial, a CS Gabor patch was centrally pre-
sented for 3000 ms, followed by simultaneous delivery of a threat or neu-
tral UCS image (2000 ms) and sound (1500 ms). For the remaining 30%
of trials, no UCS was presented following the CS.

Subjective ratings. At the end of the postconditioning phase on both
days, participants were asked to rate on a visual analog scale (VAS) as to
(1) how likely it was that a CS would be followed by a UCS (0—100%
probability), (2) how pleasant a CS was (extremely unpleasant to
extremely pleasant, 0-100), and (3) how fearful a CS was (not frighten-
ing at all to extremely frightening, 0-100). To minimize suggestibility
and expectation biases, we avoided subjective ratings at the precondi-
tioning phase.

EEG recording and analysis

The experiment took place in a dimly lit, electrically shielded room,
where EEG data were recorded from a 96-channel (ActiveTwo, BioSemi)
system at a 1024 Hz sampling rate. An electrooculogram was recorded at
two eye electrodes at the outer canthus of each eye and one infraorbital
to the left eye. EEG signals were referenced offline to the average of the
96 channels. EEG artifact detection and removal was achieved by the
Fully Automated Statistical Thresholding for EEG artifact Rejection
(FASTER) algorithm implemented in EEGLAB (Delorme and Makeig,
2004). Data were downsampled to 256 Hz, digital bandpass (0.1-40 Hz)
filtered, and segmented into epochs of 200-300 ms around the onset of
the CS (first Gabor patch). Epochs were rejected if their amplitude range,
variance, and deviation exceeded the threshold of z = *£3 SDs, followed
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by independent component analysis (ICA) using the Infomax algorithm
(Bell and Sejnowski, 1995) to detect and remove artifactual components
(e.g., muscular artifacts, eye blinks, and saccades, electrode “pop-ofts”).
Deviant channels within individually cleaned epochs were interpolated
using the spherical spline interpolation function in EEGLAB. The final
epochs were then corrected for the —200 ms baseline.

In keeping with the literature (Pourtois et al., 2005; Foxe et al., 2008;
Thigpen et al., 2017), we observed maximal distributions of the C1 and
P1 components at the midline occipital site Oz (collapsed across six sur-
rounding electrodes; see Fig. 5A). We thus extracted P1 and C1 mean
amplitudes at Oz, particularly, based on their rising slopes (P1, 78—
129 ms; Cl1, 70-89 ms) as they maximize sensitivity to early visual feed-
forward processes (Ales et al,, 2010; Kelly et al., 2013; Thigpen et al,,
2017).

Exact low-resolution electromagnetic tomography source localization
Based on artifact-minimized VEP data from high-density EEG (hdEEG),
we conducted intracranial source analyses using exact low-resolution
electromagnetic tomography (eLORETA; Pascual-Marqui et al., 2011).
The eLORETA algorithm on hdEEG data has been increasingly used for
intracranial source estimation (Krusemark and Li, 2011, 2013; Whitton
et al., 2018; Imperatori et al., 2019; Samogin et al., 2019; Clancy et al.,
2020), having been cross-validated in multiple studies combining EEG-
based LORETA with fMRI (Worrell et al., 2000; Vitacco et al., 2002;
Mulert et al., 2004; Mobascher et al., 2009; Olbrich et al., 2009), positron
emission tomography (Dierks et al., 2000; Pizzagalli et al., 2004), and in-
tracranial recordings (Zumsteg et al., 2005).

The solution space consists of 6239 cortical gray matter voxels with a
spatial resolution of 5 X 5 X 5 mm in a realistic head model (Fuchs et al.,
2002) registered to standardized space from a digitized MRI at the
Montreal Neurologic Institute (MNI). We estimated voxelwise current
density during the C1 and P1 windows for each condition, which were
then submitted to voxelwise statistical analyses. To minimize false-posi-
tive results in intracranial source localization, our laboratory has rou-
tinely applied two constraints in the analyses (Krusemark and Li, 2011,
2013; You and Li, 2016; Clancy et al., 2020). First, we constrained
eLORETA analysis to the time windows and tests where surface ERP/
EEG effects were significant (Thatcher et al., 2005). Second, we used
Monte Carlo simulation based on the voxel spatial correlation in the
data to set a corrected statistical threshold of p < 0.05. As such, applying
the Gaussian filter widths estimated from our data (FWHMx = 0.75 mm,
FWHMy=0.82 mm, FWHMz=0.75 mm), the voxel size (5x5 x 5
mm?), and a connection radius (5 mm), we derived a corrected threshold
consisting of a voxel-level p < 0.01 over four contiguous voxels for the
P1 potential and p < 0.05 over eight contiguous voxels for the C1 poten-
tial (given its typically small amplitude). All coordinates are reported in
the MNI space.

SCR recording and analysis

Skin conductance levels were continuously recorded (simultaneously
with EEG recordings) during all phases of the experiment using the
BioSemi ActiveTwo system. The continuous skin conductance record-
ings were downsampled to 256 Hz offline and analyzed using the SCR
module of PsPM (version 3.1.1; Bach and Friston, 2013). The estimated
SCR data were than high-pass filtered with a first-order Butterworth fil-
ter with a cutoff frequency of 0.05Hz, downsampled further to 10 Hz,
and normalized (z score transformed) for each participant. PsPM used a
general linear model (based on a finite impulse response over 10 1 s time
bins) to deconvolve rapid, overlapping, event-related SCRs. The result-
ing B values (regression coefficient) for each time bin were extracted for
each condition, with the peak B8 value during the 1-9 s poststimulus
window submitted to statistical analyses as the parameter estimate for
evoked SCR.

Statistical analysis

Orientation discrimination performance in the ODT was characterized
by the signal detection theory statistic d’. Extreme values (i.e., 0 or 1) of
hit and false alarm rates were adjusted by [1 + 100 X hit (or false alarm)
rate]/102 (Stanislaw and Todorov, 1999). RTs to all trials were extracted,
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with those <100ms or 2 SDs above the subject’s mean RT excluded
from analysis. Given the negative polarity of the C1 component, we
inverted the C1 magnitude (multiplied by —1) so that it could be com-
pared with the P1 amplitude in statistical analyses.

As mentioned earlier, our hypotheses centered on conditioning,
reflected by changes in differences between CS™ and CS™ from precondi-
tioning to postconditioning. We thus derived difference scores between
CS* and CS™ (CS* - CS") for chromatic/luminance trials at Pre and
Post sessions and submitted them into omnibus analyses of covariance
(ANCOVAs; with Greenhouse-Geisser correction for nonsphericity) of
Stimulus type (luminance/chromatic), Phase (Pre/Post), and Anxiety
(BIS scores). Since evidence for conditioning rested on the effect of
Phase, our hypothesis testing would follow marginal (p < 0.1) or signifi-
cant Phase-related (simple or interaction) effects in the omnibus
ANCOV As. As such, effects not involving the Phase factor would not be
further considered. Hypothesis testing in the follow-up tests would be
thresholded at p < 0.05, following multiple comparisons using the false
discovery rate (FDR) criterion (i.e., FDR p < 0.05). To note, for hypothe-
sis testing corrected for multiple comparisons (e.g., FDR p < 0.05 used
here), significant higher-order F tests do not provide additional protec-
tion for type I errors but rather overly restrict such errors (Wilcox,
1987). To strike a balance between type I and type II errors, our labora-
tory has routinely used significant or marginally significant F tests to jus-
tify and protect follow-up hypothesis testing (Clancy et al., 2020). As 10
subjects failed to return on day 16, we conducted analyses for day 1 and
day 16 separately to preserve the sample size.

Results

Threat learning and memory

Threat appraisal

Threat ratings were conducted after conditioning only, and our
key effects of interest concerned the main effects of CS (CS™ vs
CS"). Separate three-way ANCOVAs of CS (CS*/CS™), Stimulus
(luminance/chromatic), and Anxiety (BIS scores) on postcondi-
tioning ratings (risk, valence, and fear) revealed strong main
effects of CS on both day 1 and day 16 (day 1: F values > 56.77,
FDR p values<0.001; day 16: F values>37.18, FDR p
values < 0.001, 77123 values > 0.50). As illustrated in Fig. 2, on both
days 1 and 16, CS™ (vs CS") were rated as more unpleasant,
more frightening, and more associated with the UCS.
However, on neither day was there a main effect of Stimulus
(day 1: F values < 2.70, p values > 0.10; day 16: F values < 3.47,
p values > 0.07) or CS x Stimulus interaction (day 1: F values
< 2.20, p values > 0.14; day 16: F values < 0.89, p values > 0.35) on
these ratings. Anxiety did not modulate these effects of conditioning
(p values > 0.09). In sum, these results supported immediate and
lasting threat appraisal through aversive conditioning via both visual
pathways.

Threat-related arousal

A three-way ANCOVA of Stimulus, Phase (Pre/Post day 1), and
Anxiety on day 1 differential (CS* - CS™) SCR yielded a margin-
ally significant Stimulus x Phase interaction (Fso)=3.29,
p=0.076, 73, = 0.06; Fig. 3). We then followed up with separate ¢
tests for each stimulus type. The luminance CS™ (vs CS”) evoked
greater SCR at postconditioning than preconditioning (¢;s1)=
2.52; FDR p < 0.05; d=0.35). However, no such SCR enhance-
ment was observed for the chromatic CS™ (fs,=0.42, p=
0.678). A similar ANCOVA on day 16 (Phase: Pre/Post day 16)
also revealed a trending Stimulus x Phase interaction (F(j39)=
3.32, p=0.076, 13 = 0.08). Similar follow-up  tests for the two
stimulus types also demonstrated significantly elevated SCR to
luminance CS* (vs CS”) at day 16 postconditioning relative to
preconditioning (f40y=2.92; FDR p<0.01; d=0.46), while
showing no change for chromatic CS* (vs CS7; t(40= —0.38,
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Figure 2.  Subjective affective ratings after visual aversive conditioning. A—C, On both day 1 and day 16, participants provided postconditioning ratings for the (5™ and CS™ on the likelihood
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Figure 3.  SCR effects of visual aversive conditioning. Participants showed greater SR to
luminance (but not chromatic) CS™ (vs CS”) at postconditioning on both day 1 and day 16.
The center red lines represent the mean values, with the red and blue areas representing the
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(greater than third quartile + 1.5 x interquartile range (IQR), orless than first quartile
—1.5 x IQR); there was a single red dot indicating an extreme outlier (>3 IQR). These out-
liers appeared at both ends of the distributions. Exclusion of these outliers did not change
the results such that they were included in the analyses for completeness. *p << 0.05.

p=0.708). Therefore, only the M pathway-mediated CS exhib-
ited threat arousal acquisition and memory. Last, anxiety had no
effect on the SCR independently or interactively with the other
factors (p values > 0.30).

Perceptual discrimination

Similar three-way (Stimulus x Phase x Anxiety) ANCOVAs
were performed on differential (CS* - CS”) ODT d’ and RTs for
day 1 and day 16. For day 1, there were no significant

conditioning effects on RTs (F values < 2.62, p values > 0.11),
but a significant three-way interaction (Stimulus x Phase X
Anxiety; Phase: Pre/Post day 1) emerged for d' (F(js0)=8.27,
p=0.006, 7, = 0.14; Fig. 44). Follow-up analyses indicated a sig-
nificant Phase x Anxiety interaction for the luminance stimuli
(F1,50)=5.22, p=0.027, n%, = 0.09), substantiated by stronger d’
increases for luminance CS™ (vs CS") at postconditioning (vs
preconditioning) among subjects with higher anxiety (r=0.31;
FDR p < 0.05). However, there were no conditioning effects for
the chromatic stimuli (p values>0.15). For day 16, similar
ANCOVAs (Phase: Pre/Post day 16) showed no significant con-
ditioning effects on d’" (F values < 1.40, p values > 0.24), but a
significant three-way interaction effect emerged for RTs
(F(1,40)=7.49, p =0.009, 77123 = 0.16; Fig. 4B). Follow-up analyses
further isolated a Phase x Anxiety interaction for luminance
CS (F1,40)=19.24, p < 0.001, n% = 0.33), substantiated by faster
RTs to luminance CS™ (vs CS") at day 16 postconditioning (vs
preconditioning) among anxious subjects (r = —0.57, FDR
p <0.01). However, again, there were no conditioning effects
for chromatic CS (F values < 1.39, p values > 0.24). Together,
in support of associative perceptual learning and memory, per-
formance in the ODT was significantly improved for luminance
CS at postconditioning among anxious subjects, manifested as
higher d’ on day 1 and faster RTs on day 16.

Neural plasticity associated with threat learning and memory
After confirming the signature VEPs for chromatic and lumi-
nance Gabor patches, we examined the effects of conditioning
on differential (CS™ - CS”) VEPs in similar three-way (Phase x
Stimulus x Anxiety) ANCOVAs for day 1 and day 16. We fur-
ther estimated intracranial sources for significant VEP effects
using eLORETA.

The ANCOVA for day 1 showed a trending three-way
(Stimulus x Phase x Anxiety) interaction (F(;45=3.23, p=
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Figure 4. Perceptual effects of conditioning on orientation discrimination performance. A, Immediate (day 1 postconditioning vs preconditioning) increase in @’ to luminance (5™ (vs CS7;
black dots), varying as a function of BIS scores (indexing trait anxiety). No effects were observed for the chromatic CS (red dots). B, Faster RTs at day 16 postconditioning (vs preconditioning)

to luminance but not chromatic CS™* (vs (™), varying as a function of trait anxiety. p << 0.05

0.079, my = 0.07; Fig. 5B). Follow-up tests on P1 amplitudes
revealed a significant Phase x Anxiety interaction evoked by lumi-
nance CS (F(; 45)=5.74, p=0.021, nf, =0.11) and greater enhance-
ment in P1 to luminance CS™ (vs CS") at postconditioning (vs
preconditioning) among anxious subjects (r=0.34, p=0.021).
eLORETA and voxelwise regression analysis isolated the cortical
source of this P1 effect in the visual cortex [right fusiform gyrus:
peak, x =30, y = —40, z= —10, r = 0.45, k = 77; right middle occipi-
tal gyrus: peak, x = 45, y = —85, z=5, r=0.54, k=19; FDR p
values < 0.05; right orbitofrontal cortex (OFC): peak, x =20, y =
35, z=—20, r=0.52, k=64; FDR p < 0.05; Fig. 5C].

Follow-up tests on C1 magnitudes evoked by chromatic CS™
(vs CS”) showed a Phase effect (F(; 45)=7.33, p =0.010, 7712, =0.14):
Cl1 magnitudes were enhanced for chromatic CS* (vs CS") at
postconditioning (vs preconditioning). eLORETA then localized
this effect to the striate and circumstriate visual cortices [primary
visual cortex (V1)/secondary visual cortex (V2); peak: x =5, y =
—70, 2=15, t(46= 2.69, k= 10; FDR p < 0.05; Fig. 5D].

A similar ANCOVA for day 16 also showed a three-way
interaction (Stimulus x Phase x Anxiety; F(; 34y =4.05, p =0.052,
1;12, = 0.11; Fig. 6B). Follow-up tests again revealed a Phase X
Anxiety interaction on P1 amplitudes evoked by luminance stim-
uli (F1,34)=9.38, p=0.004, 1]12, = 0.22): greater enhancement in
P1 to luminance CS™ (vs CS") at postconditioning (vs precondi-
tioning) among anxious subjects (r=0.46, p =0.004). eLORETA
isolated this P1 effect in the V1 and V2 (peak,x =0, y =—85, z =
—5, r=0.56, k=43; FDR p values < 0.05), the right middle occi-
pital gyrus (peak, x = 40, y =—90, z = 0, r=61, k=22; FDR
p<0.05), and the left dorsolateral prefrontal cortex (DLPFC;
peak, x = —30, y =40, z =30, r=0.57, k=42; FDR p < 0.05; Fig.
6C). However, no conditioning effects were observed for C1
evoked by chromatic stimuli (p values > 0.32).

Confirmatory analyses of threat memory (postconditioning
day 1 vs day 16)

Finally, to further ascertain the long-term effects of conditioning,
we directly compared the two Post sessions in similar ANCOVAs

(Stimulus x Phase x Anxiety) on the dependent variables above,
with the Phase factor containing the Post sessions on day 1 and
day 16.

In keeping with the results above showing similar condition-
ing effects on threat appraisal, SCR, and scalp VEPs on both
days, these ANCOVAs confirmed no significant phase-related
effects: Phase (p values > 0.262), Stimulus x Phase (p values
>0.29), or Stimulus x Phase x Anxiety (p values > 0.36). There
were marginal Phase X Anxiety interaction effects on valence
(p=0.062) and fear ratings (p=0.071) but not on risk ratings
(p=0.562), reflecting somewhat greater modulation of anxiety
on threat ratings on day 16 (vs day 1). These results were not dis-
cussed further for failing to reach the statistical significance for
hypothesis testing. Overall, threat appraisal on both days indicate
comparable immediate learning and long-term memory effects
of conditioning.

Results above indicated that conditioning impacted different
aspects of perceptual discrimination (of luminance CS™) on day
1 and day 16. Indeed, the ANCOV A on RTs showed a significant
three-way (Stimulus x Phase x Anxiety) interaction (F(;0)=
5.18, p=0.028, 13 = 0.12). Follow-up analyses revealed faster
RTs to luminance CS™ (vs CS") at day 16 (vs day 1) postcondi-
tioning among anxious participants (r = —0.51, p=0.001).
Interestingly, although conditioning effects on d’ appeared on
day 1 only, the ANCOVA on d' showed no significant Phase
(p=0.470) or Stimulus x Phase interaction (p = 0.209), or their
interaction with anxiety (p values >0.10), in addition to a
marginal effect of Phase x Stimulus x Anxiety (p=0.098).
However, further follow-up tests on that marginal effect
showed no effect of Phase x Anxiety interaction for either
Stimulus type (p values > 0.18). In sum, these results thus sug-
gest a significant increase in perceptual discrimination speed,
but no significant change in accuracy, for luminance CS™ at
postconditioning from day 1 to day 16.

The results described above also indicated a shift in the intra-
cranial sources of the P1 effect from day 1 to day 16. eELORETA
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Immediate neural plasticity (day 1). A, Grand average VEP waveforms at 0z show distinct P1 and C1 potentials at preconditioning (dashed lines) and postconditioning (solid lines)

for luminance and chromatic CS, respectively. Temporal windows over the rising slopes of P1 and (1 are indicated by horizontal bars. (1 to chromatic ™ (vs (S”) was significantly potentiated
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dots (top, P1; bottom, C1). B, VEP (P1 and (1) changes postconditioning in relation to anxiety: enhancement in P1 amplitude (black dots) to CS™ (vs CS”) at postconditioning (vs precondition-
ing) positively correlated with anxiety, but not for C1 amplitudes (red dots). €, eLORETA source estimation localized enhanced P1 in relation to anxiety in the OFC, temporal fusiform gyrus, and
the middle occipital cortex (MOC). D, eLORETA localized the enhanced C1 for (5™ (vs (S”) to the V1 and V2. *p << 0.05.

analysis, regressing changes in differential current density from
day 1 to day 16 postconditioning [CS™ — CS™ (Post day 16 — Post
day 1)] on anxiety (thresholded at p<<0.05; k=8; FDR p
values < 0.05), identified greater current density to CS™ (vs CSY)
on day 16 (vs day 1) among anxious participants in the DLPFC
(peak, x = —25, y = 45, z = 25, r=045, k=32; FDR p
values < 0.05) and visual cortices (V1/V2; peak, x = 0, y = —90,
z = —15, r=0.40, k=19; FDR p values < 0.05). These clusters
appeared to be the same ones isolated in the comparison between
preconditioning and day 16 postconditioning above, highlighting
the neural substrates for long-term conditioning effects.

In summary, these results indicate that immediate condition-
ing effects in threat appraisal, SCR, and P1 persisted to day 16,
maintaining the initial strengths. They also highlighted a specific
increase in the speed of perceptual discrimination for luminance
CS™" and specific engagement of V1/V2 and DLPFC to support
luminance CS" processing on day 16.

Additional analysis of the time course of conditioning on day 16
The different patterns of conditioning effects (especially in per-
ceptual learning and the intracranial substrates) for day 1 and

day 16 evinced unique processes involved in threat learning ver-
sus memory. We further clarified whether there were any condi-
tioning effects induced by the reinforcement (designed to
prevent extinction) in the ODT that could potentially contribute
to the conditioning effects for the luminance CS on day 16. As
the reinforced trials were evenly spread throughout the task
(approximately four trials/sub-block across three sub-blocks), if
they had induced conditioning on day 16, the effect should ex-
hibit a time course of increasing strength indicating that condi-
tioning had taken place. We analyzed this possible time course
by dividing day 16 postconditioning data for the luminance con-
dition by sub-block, which were then submitted to two-way
ANCOVAs of Block (sub-blocks 1-3) and Anxiety on the differ-
ence scores. These analyses showed no significant effects of
Block or Block x Anxiety interaction on differential SCR
(p values > 0.29), RT (p values > 0.37) or VEP (p values > 0.41),
and all effect sizes were minimal (F values <1.22; nf) values
< 0.03). These time course results further corroborated the
notion that the limited reinforcement in the ODT on day 16
(designed to prevent extinction) did not induce meaningful
conditioning.
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Long-term neural plasticity (day 16). A, Grand average VEP waveforms at 0z for luminance and chromatic CS at preconditioning (dashed lines) and day 16 postconditioning (solid

lines). Temporal windows over the rising slopes of P1 and (1 are indicated by horizontal bars. B, Long-term effects of conditioning on P1 and C1 in relation to anxiety: enhancement in P1 am-
plitude (black dots) to CS™ (vs (S) at postconditioning (vs preconditioning) positively correlated with anxiety, but not for C1 amplitudes (red dots). C, eLORETA source estimation localized
enhanced P1 in relation to anxiety to the V1/V2, middle occipital cortex (MOC), and the DLPFC. #:p < 0.01.

Discussion

We conducted multidimensional assessments of immediate and
long-term (15 d) effects of aversive conditioning using CS prefer-
entially engaging M and P visual pathways. Conditioning via the
M pathway resulted in immediate and long-term effects in all four
domains assessed (i.e., threat appraisal, physiological arousal, per-
ceptual learning, and cortical plasticity; Table 1). Importantly,
cortical substrates (isolated based on hdEEG) exhibited remark-
able temporal evolution, emerging in the OFC and fusiform cortex
immediately after conditioning to give way to the V1 and V2 after
the 15 d delay. Conditioning via the P pathway also heightened
threat appraisal but induced only transient cortical plasticity and
no perceptual learning or physiological arousal, confirming privi-
leged aversive conditioning via the M pathway (and, by extension,
the subcortical pathway). Together, these results elucidate human
cortical contribution to aversive conditioning, implicating higher-
order cortices in immediate learning and basic sensory cortices in
long-term storage of conditioning.

P-biased input reaches the amygdala, the primary site for con-
ditioning acquisition, via the ventral visual cortical stream, while M-
biased input arrives at the amygdala preferentially via a subcortical
(superior colliculus—pulvinar-amygdala) pathway (Merigan and
Maunsell, 1993; Linke et al., 1999; Amaral et al., 2003; McFadyen et
al, 2019). By pitting responses to chromatic (P-biased) and lumi-
nance (M-biased) CSs, we could differentiate cortical versus sub-
cortical contributions to conditioning. Therefore, we carefully
calibrated the visual properties of the CSs to differentially activate
these pathways. The chromatic CSs were isoluminant red/green
Gabor patches on an isoluminant gray background, with the isolu-
minance threshold determined for each participant using flicker
photometry. Accordingly, orientation information that differenti-
ated CS™ and CS™ was contained solely in the color, which is known

Table 1. Multilevel effects of aversive conditioning (CS™ vs (S7)

(S type Time Threat appraisal SCR Perceptual learning VEP

Luminance Day 1 + + +3# (d") + %
Day 16 + + -+ (RT) +*

Chromatic Day 1 + +
Day 16 +

Perceptual learning was manifested in d’ on day 1 and in RT on day 16.
-+ Significant increases from preconditioning to postconditioning.
#Changes from preconditioning to postconditioning correlated with BIS scores.

to efficiently activate the P but largely silence the M pathway
(Merigan and Maunsell, 1993; Lee, 2011, 2019). Additionally, these
Gabor patches contained only high-spatial frequency information
(>4 cydes/°) to further minimize M pathway activation. By con-
trast, luminance CSs were achromatic/gray Gabor patches of low
luminance contrast (6.9%) and low spatial frequency (0.67 cycles/°),
set to the levels known to strongly stimulate the M pathway but
largely silence the P pathway (i.e., <8% for luminance contrast;
Tootell et al., 1988; Rudvin et al., 2000) and <1 cycle/° for spatial
frequency (DeValois and DeValois, 1990). In validation of this stim-
ulus manipulation, the luminance versus chromatic stimuli evoked
distinct signature VEPs (i.e., a positive-going P1 vs a negative-going
CI component, respectively; Previc, 1988; Ellemberg et al., 2001;
Schechter et al., 2005; Foxe et al., 2008).

Conditioning for chromatic CSs (engaging the cortical path-
way) resulted in the following limited effects: heightened threat
appraisal (immediately and on day 16) and visual cortical
response (immediately only) for the CS, but no change in physio-
logical arousal or perceptual performance at either time point.
Reflecting immediate visual cortical plasticity, chromatic CS™ (vs
CS") evoked greater C1 potential and current density in V1/V2
at ~80ms, which is consistent with previous reports in humans
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and monkeys (Stolarova et al., 2006; Thigpen et al.,, 2017; Li et
al.,, 2019). The C1 potential is known to reflect the thalamus-to-
V1 sensory transmission (Martinez et al., 1999; Di Russo et al.,
2002). Therefore, the C1 (combined with V1/V2) effects here
highlight heightened basic sensory processing of CS in the initial
feedforward sweep. Echoing a previous report (Thigpen et al.,
2017), these visual cortical effects did not last and disappeared by
day 16. Absent heightened physiological arousal, this transient
visual cortical plasticity may not reflect the updated visual corti-
cal representation of CS (Sasikumar et al., 2018) but rather tran-
sient visual adaptation (e.g., heightened sensitivity) or saliency
processing for the CS (Tolias et al, 2005; Keil et al., 2007).
Notably, the lack of conditioning effects on day 16 further
excluded the possibility that the limited reinforcement in the
ODT could induce conditioning or reinstatement on day 16.

By contrast, conditioning for luminance CSs (preferentially
engaging the subcortical pathway) yielded full-blown (in all four
domains assessed) and lasting (until day 16) conditioning effects.
These results confirmed the privileged M pathway (and, by
extension, subcortical pathway) in mediating fear acquisition
and the resulting long-term fear memory (Davis, 1992; LeDoux,
2000). The findings of immediate and lasting perceptual
improvement for CS* can contribute to the burgeoning and yet
controversial literature on human conditioning-induced (i.e.,
associative) perceptual learning and memory (Li et al., 2008; Ahs
et al., 2013; Parma et al., 2015; Rhodes et al., 2018; Friedl and
Keil, 2020). First, this associative perceptual learning and mem-
ory positively correlated with trait anxiety (known to enhance
aversive conditioning; Lissek et al., 2005), highlighting its rele-
vance to fear and origin in aversive conditioning. In addition, the
covariation between such learning and anxiety suggests that
uneven representation of anxious participants in prior studies
(generally of small samples) could contribute to their incon-
sistent findings. Importantly, this close covariation lends
direct support to recent theories promoting the role of percep-
tual processes in aversive conditioning and anxiety (Li et al.,
2008; Dunsmoor and Paz, 2015; Li, 2019).

Second, immediate and delayed perceptual effects were man-
ifested in different perceptual aspects (i.e., d’) and response
speed, respectively. These discrepancies (and relatedly, the con-
troversial human literature) can find a viable explanation in the
striking differences in immediate versus delayed neural sub-
strates. Specifically, immediate plasticity in higher-order (OFC
and fusiform) cortices could refine visual analysis and thus
improve discrimination accuracy, whereas delayed plasticity
in V1/V2 could facilitate basic sensory processing and thus
increase response speed.

While the neural substrates evolved drastically over time, they
were similarly modulated by trait anxiety and coupled with
enhanced scalp P1 amplitude. The latter could reflect perceptual
categorization of CS* versus CS™ in early sensory processing
(Forscher et al., 2016; Meynadasy et al., 2020). Importantly, the
distinct loci for immediate versus delayed plasticity highlight
different neural and cognitive processes involved in threat
learning and long-term memory. Specifically, except for a
small cluster in the middle occipital gyrus, known for early
object processing (Ishai et al., 2000), which was present
throughout, the immediate substrates included the higher-
order inferotemporal (fusiform) visual cortex and the OFC,
while the delayed substrates involved the bilateral V1/V2 and
left DLPFC. The immediate substrates conform to the frontal-
posterior-cortical circuitry increasingly implicated in aversive
conditioning, which is thought to mediate dynamic
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interaction between sensory encoding and cognitive evalua-
tion of CS (Steinberg et al., 2012; Petro et al., 2017; Abend et
al., 2020). Specifically, the inferotemporal cortex and OFC are
densely connected via bidirectional axons, which could medi-
ate the efficient processing of M-biased stimuli (Bar et al,
2006; Kveraga et al., 2007). Furthermore, these two structures
are densely connected with the amygdala (excluded from
source analysis given its deep location and subcortical nature),
forming a triadic amygdala-OFC-temporal-cortex circuit to
support the integration of sensory features and emotional sig-
nificance (Ghashghaei and Barbas, 2002). Interestingly, we
demonstrated that this OFC-fusiform circuit was right lateral-
ized, underscoring the right hemisphere dominance in threat
processing (Adolphs et al., 1996; Borod et al., 1998; Forscher
and Li, 2012).

Overtime, this long-range frontal-posterior-cortical circuit
appeared to undergo substantial rewiring by involving V1/V2
and DLPFC to support long-term retention. Akin to the rich ani-
mal evidence of a critical (and potentially causal) role of the pri-
mary/secondary cortex in the long-term storage of aversive
conditioning (Weinberger, 2004; Li, 2014; McGann, 2015;
Grosso et al., 2017), the prominence of the basic sensory cortex
in this delayed circuit provides one of the first pieces of
human evidence for that idea. The increased current density
in the primary and secondary sensory cortices to CS could
underpin “acquired associative representations” (AARs) of the
CS (Weinberger, 2004; Li, 2014), which, in animals, can take
the form of augmented response, enlarged receptive field,
and/or sharpened tuning for the CS sensory features (e.g., gra-
ting orientation, tone frequency; Weinberger, 2007, 2011).
Enduring AARs arising from lasting sensory cortical plasticity
via aversive conditioning can be a neural mechanism for sen-
sory cortical encoding of acquired threat: the CS cue, even
long after the initial encounter, can activate its AAR to enable
threat encoding in the initial feedforward sensory sweep
(Sasikumar et al., 2018; Li et al., 2019).

Finally, the inclusion of the left DLPFC in the delayed cir-
cuit concurs with the increasingly recognized role of the
DLPEFC in various long-term memory processes (Blumenfeld
and Ranganath, 2006; Hamidi et al., 2009; Manenti et al,
2010), with the left DLPFC particularly involved in emotional
memory (Dolcos et al., 2004; Ferrari and Balconi, 2011). In
light of its additional role in cognitive appraisal of emotion
(Ochsner and Gross, 2008; Golkar et al., 2012) as well as atten-
tion and emotion regulation (Buschman and Miller, 2007), we
surmise that the left DLPFC would support memory retrieval
and regulatory processing of the CS.

The copious literature notwithstanding, contribution of the
sensory cortex to threat learning and memory remains elusive in
humans. Here, our findings provide important insights into this
underexplored problem, underscoring high-order cortices in
threat learning and, importantly, the conserved role of human
primary/secondary sensory cortical cortices in long-term threat
memory. Beyond that, the evolutionary expansion of human
PFC has promoted PFC participation in conditioning, culminat-
ing in a sensory-prefrontal-cortical circuit to support complex
and flexible processing of threat in humans.
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