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Interaction of fear conditioning with eyeblink conditioning supports the 37 

sensory gating hypothesis of the amygdala in men 38 

 39 

Abstract 40 

Inhibition of the amygdala slows down acquisition of conditioned eyeblink responses (CRs). 41 

Based on the two-stage or two-factor theory of aversive conditioning, amygdala-dependent 42 

conditioned fear is a necessary prerequisite to acquire eyeblink CRs, but is no longer needed 43 

after eyeblink CRs are attained. According to the sensory gating hypothesis of the amygdala, 44 

on the other hand, the amygdala modulates the salience of unconditioned and conditioned 45 

stimuli (US and CS) in eyeblink conditioning. We tested these two opposing assumptions in 46 

five groups of 20 young and healthy men. On day 1, three groups underwent fear acquisition 47 

training followed by acquisition of eyeblink CRs. On the next day (day 2), extinction was 48 

tested. In Group 1, fear and eyeblink extinction trials overlapped; in Group 2, fear and 49 

eyeblink extinction trials alternated; and in Group 3, fear extinction trials were followed by 50 

eyeblink extinction trials. Groups 4 and 5 were control conditions testing fear and eyeblink 51 

conditioning only. Preceding fear acquisition training facilitated acquisition of conditioned 52 

eyeblinks. Concomitant fear extinction impeded extinction of eyeblink CRs, which was 53 

accompanied by increased autonomic responses. Fear extinction, however, was not 54 

significantly altered by concomitant eyeblink extinction. Recall of fear CRs on day 2 was 55 

facilitated in Group 1 suggesting additive response summation. Findings are difficult to 56 

explain with the two-stage theory of aversive conditioning which predicts suppression of 57 

conditioned fear once conditioned eyeblinks are acquired. Facilitated acquisition and 58 

impeded extinction of eyeblink CRs, however, are in accordance with the sensory gating 59 

hypothesis of the amygdala. 60 

  61 
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Significance Statement 62 

It has been proposed that conditioned eyeblink responses, once established, may help to 63 

facilitate fear extinction. This has potential clinical relevance because extinction of learned 64 

fear responses is at the core of exposure therapy in the treatment of many anxiety disorders. 65 

Based on our findings this proposal has to be rejected. Our findings do not support the two-66 

stage theory of aversive conditioning which predicts suppression of conditioned fear once 67 

conditioned eyeblinks are acquired. Rather, we found that concomitant extinction of 68 

conditioned eyeblink and fear responses facilitated recall of conditioned fear responses, and 69 

impeded extinction of conditioned eyeblinks. Findings are best explained by increased 70 

salience of conditioned stimuli, and therefore support the sensory gating hypothesis of the 71 

amygdala.  72 

73 
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Introduction 74 

Eyeblink conditioning is one of the most widely used paradigms to understand the 75 

underlying neural mechanisms of associative motor learning (Gerwig et al., 2007; Bracha et 76 

al., 2009; De Zeeuw and Ten Brinke, 2015 for reviews). The contribution of the cerebellum 77 

has been studied in great detail (McCormick and Thompson, 1984). Fear conditioning, on the 78 

other hand, has been extensively employed to study emotional learning, which relies 79 

centrally on the role of the amygdala (LeDoux, 2000; Phelps and LeDoux, 2005). Although 80 

studied in much less detail, the amygdala is also known to be involved in eyeblink 81 

conditioning. For example, inhibition of the amygdala slows down acquisition of conditioned 82 

eyeblink responses (Weisz et al., 1992; Neufeld and Mintz, 2001; Lee and Kim, 2004; Farley 83 

et al., 2016; Farley et al., 2018), whereas prior fear acquisition training facilitates the 84 

acquisition of conditioned eyeblinks (Neufeld and Mintz, 2001). The two-stage or two-factor 85 

theory of aversive conditioning is most commonly used to explain these observations 86 

(Konorski, 1967; Rescorla and Solomon, 1967; Thompson et al., 1987; Lennartz and 87 

Weinberger, 1992; Mintz and Wang-Ninio, 2001): In the first and fast stage, unspecific 88 

aversive responses, that is conditioned fear responses are thought to be acquired as an 89 

expression of learning and memory within the amygdala. In the second and slower stage, the 90 

specific aversive response, that is the conditioned eyeblink response, is learned which 91 

depends on associative plasticity within the cerebellum. Based on this two-stage theory of 92 

aversive conditioning, learned fear is a necessary prerequisite to acquire conditioned 93 

eyeblink responses, but is no longer needed after acquisition of the latter has occurred. In 94 

fact, a third stage of learning has been proposed, in which the initially acquired fear 95 

responses are extinguished. Magal and Mintz (2014) found that electrical activation of the 96 

cerebellar nuclei (mimicking conditioned response (CR) output) suppressed activation of the 97 
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amygdala to an aversive periorbital electrical stimulation (mimicking the unconditioned 98 

stimulus, US) in rats. The authors suggested that once conditioned eyeblinks are learned, the 99 

CR-related output of the cerebellar nuclei inhibits the US-related signal in the amygdala 100 

leading to extinction of the amygdala-dependent conditioned fear responses. A comparable 101 

inhibitory feedback loop between the cerebellar nuclei and the inferior olive is known to 102 

contribute to extinction of conditioned eyeblink responses in unpaired trials (Hesslow and 103 

Ivarsson, 1996; Medina et al., 2002; Bengtsson et al., 2007). 104 

Recently, the two (or three)-stage theory of learning has been challenged. Freeman and 105 

colleagues found that inactivation of the amygdala impaired not only acquisition but also 106 

retention of conditioned eyeblink responses (Farley et al., 2016). Furthermore, amygdala-107 

dependent modulation did not require memory consolidation in the amygdala (Steinmetz et 108 

al., 2017). Both observations are at variance with the two-stage theory. The authors 109 

proposed an alternative hypothesis, known as sensory gating hypothesis of the amygdala, 110 

with the amygdala gating inputs about the conditioned stimulus (CS) to the cerebellum. 111 

Gating of the CS is conceptualized as increasing selective attention to the CS, leading to 112 

increased salience of the CS and therefore increased cerebellar learning (Farley et al., 2016). 113 

The amygdala has known monosynaptic projections to the pontine nuclei (Mihailoff et al., 114 

1989; Farley et al., 2016) and there is experimental evidence that the amygdala modulates 115 

eyeblink conditioning through these projections (Farley et al. 2018). More recent findings 116 

show that connections of the amygdala to the locus coeruleus and periaqueductal gray also 117 

play a role (Farley and Freeman, 2019) 118 

Differentiation between these two assumptions has potential clinical relevance: In case the 119 

two (or three)-stage theory is correct, eyeblink conditioning should, once the initial fast 120 

learning phase has been achieved, eventually suppress the amygdala. Conditioned eyeblinks, 121 
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but possibly also other forms of cerebellar-dependent motor learning, may modify 122 

pathological fear responses (Magal and Mintz, 2014). Although any clinical application would 123 

require that effects are longer lasting, and it is unclear whether the suppression is equally 124 

present in the presence of an US eliciting fear, this suppression may help to facilitate fear 125 

extinction which is at the core of exposure therapy in the treatment of many anxiety 126 

disorders (Craske and Mystkowski, 2006; Craske et al., 2014 for reviews). In case the sensory 127 

gating hypothesis of the amygdala is correct, however, the amygdala remains to play a 128 

modulatory role in eyeblink conditioning once conditioned responses have been acquired. 129 

Therefore, conditioned eyeblinks should not alter or even impede the extinction of 130 

conditioned fear responses. We tested these two opposing possibilities in young and healthy 131 

human participants. On the first day, conditioned fear responses were acquired prior to the 132 

acquisition of conditioned eyeblink responses. On the second day, concomitant extinction of 133 

conditioned fear and conditioned eyeblink responses was performed.  134 

 135 

  136 
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Materials and Methods 137 

Participants 138 

Because menstrual cycle and oral contraceptives influence acquisition and extinction of 139 

conditioned fear (Merz et al., 2018), only male participants were included in this study. The 140 

required sample size for the present study was calculated with G*Power software (Faul et al., 141 

2009). 100 participants divided into five groups were required to obtain a medium (f = 0.25) 142 

effect size (Cohen, 1988), with a given significance level of α = 0.05, an assumed correlation 143 

among repeated measurements of r = 0.35, and a power (1 − β) of 0.9.  144 

One hundred and ten young and healthy male participants were recruited. Six participants 145 

had to be excluded from the analysis for technical reasons. Four participants did not finish 146 

the experiment. 100 participants were included in the analysis (mean age 23.58 ± 3.26 years, 147 

range 18 to 32 years). All participants were right-handed according to the Edinburgh 148 

Handedness Inventory (Oldfield, 1971) with the group median (interquartile range - IQR) 149 

score of 100 (82.95 – 100) on a -100 (pure left hander) to 100 (pure right hander) point scale. 150 

Only participants without any neurological or psychiatric disorder were included. None were 151 

taking centrally-acting drugs, and none were smoking more than ten cigarettes per month. 152 

All participants had normal or corrected-to-normal vision and did not wear contact lenses 153 

regularly (which may impact eyeblink conditioning).  154 

Each participant underwent neurological examination prior to the start of the experiment 155 

which was always unremarkable. Participants’ depression, anxiety and stress levels were 156 

assessed using the DASS-21 questionnaire (Henry and Crawford, 2005; Norton, 2007). Scores 157 

were within the normal range: depression score, median 2 (IQR 0 - 4), anxiety score, 2 (0 - 158 

4.5), stress score, 6 (2 - 10). Participants were asked to refrain from alcohol consumption 159 
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one day, and from caffeine two hours prior to the experiment. The study was approved by 160 

the Ethics Committee of the University Hospital Essen and conforms to the principles laid 161 

down in the Declaration of Helsinki. All participants signed the written informed consent. 162 

Participants were compensated for their participation with 60 Euros. 163 

Methods 164 

Participants sat in a comfortable chair in front of a computer screen. The paradigms were 165 

implemented using the software Presentation (version 16.4, Neurobehavioral System Inc., 166 

Berkeley, CA). Participants were randomly assigned to one of five groups (20 participants per 167 

group; Fig. 1). The experiment was performed on two consecutive days. In Groups 1-3, fear 168 

acquisition training was performed followed by eyeblink acquisition on day 1. Partial 169 

reinforcement rates were used to slow down extinction learning (Lonsdorf et al., 2017 for 170 

review). On day 2, extinction training took place. In Group 1 (“overlapping extinction trials”), 171 

fear and eyeblink extinction trials were presented simultaneously. In Group 2 (“alternating 172 

extinction trials”), individual fear and eyeblink extinction trials alternated. Based on the 173 

findings by Magal and Mintz (2014), the proposed modulatory effects on the amygdala were 174 

expected to be most prominent during the presentation of the eyeblink CS. Thus, effects on 175 

extinction of learned fear responses were expected to be more prominent in Group 1 176 

(“overlapping extinction trials”) compared to Group 2 (“alternating extinction trials”). 177 

Groups 3, 4 and 5 were control groups. In Group 3 (“successive extinction phases”), fear 178 

extinction training was followed by eyeblink extinction. In Group 4 (“fear conditioning-179 

control”), fear acquisition training was performed on day 1, and fear extinction training on 180 

day 2. In Group 5 (“eyeblink conditioning-control”), eyeblink acquisition training was 181 

performed on day 1, and eyeblink extinction on day 2.  182 
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Physiological data, i.e. skin conductance responses (SCRs) and eyeblink electromyography 183 

EMG) responses, were recorded at 1 kHz sampling rate with a modular measurement station 184 

with corresponding amplifier modules and propriety recording software (MP160, EDA100C, 185 

EMG100C, AcqKnowledge 5.0.2, BIOPAC Systems Inc, Goleta, CA). Verbal reports of 186 

subjective experiences were used as additional outcome parameters (Lonsdorf et al., 2017 187 

for review).  188 

 189 
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 190 

Figure 1. Summary of the experimental protocols in Groups 1-5. Acquisition training 191 
protocols on day 1 are shown in the left column, and extinction training protocols on day 2 192 
in the right column. In fear conditioning two geometrical figures (diamond and square) 193 
served as conditioned stimuli (CS), electric shock (indicated by the flash symbol and red line) 194 
as unconditioned stimulus (US). In eyeblink conditioning a tone (indicated by the speaker 195 
symbol) served as CS, an air puff as US (indicated by arrow and the red line). Number of trials 196 
is given on the x axis. Between fear conditioning trials a fixation cross was shown. Further 197 
details can be found in the text. 198 
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Fear conditioning 199 

Differential fear conditioning was performed with two geometrical figures of identical 200 

brightness (diamond and square) serving as conditioned stimuli (CS+, CS-; Fig. 1; Merz et al., 201 

2014; Utz et al., 2015). Geometrical figures were shown in black color against a grey 202 

background with a duration of 8 s. Between visual stimulus presentations, a black fixation 203 

cross on grey background was displayed (intertrial interval (ITI) 12 s ± 1.2 s).  204 

During fear acquisition training, 16 CS+ (62.5 % reinforcement rate) and 16 CS- trials were 205 

presented in a pseudo-randomized order. During fear extinction training, a total of 32 (16 206 

CS+ and 16 CS−) fear CS only trials were presented. In Group 1 (“overlapping extinction 207 

trials”), eyeblink CS only onset was jittered and started 2144 ms ± 722 ms (range between 208 

943 and 3347 ms) after fear CS only onset (ITI 12 s ± 1.2 s). In Group 2 (“alternating 209 

extinction trials”) eyeblink CS only trials alternated with fear CS only trials (ITI 15.1 s ± 3.2 s). 210 

In Group 3 (“successive extinction phases”) fear and eyeblink extinction training were 211 

performed as separate blocks, with the fear extinction training preceding eyeblink extinction 212 

training (interval between phases: 25 s; ITI between fear extinction trials: 18 s ± 1.2 s, 213 

between eyeblink extinction trials: 12 s ± 1.2 s). A total of 32 eyeblink CS only trials were 214 

presented in Groups 1-3. In Group 4 (“fear extinction-control”) only fear CS only trials were 215 

presented (ITI 18 s ± 1.2 s).  216 

A total of 16 CS+ and 16 CS- trials were presented in each phase. An equal number of CS+ 217 

and CS- trials were presented in the first and second half of fear acquisition and extinction 218 

training, respectively (fear acquisition training: 5 reinforced CS+ and 3 non-reinforced CS+ 219 

trials, 8 CS- trials; extinction training: 8 CS+ trials, 8 CS- trials). Use of the two geometrical 220 

figures as CS+ and CS- was counterbalanced within each group. CS+ and CS- were presented 221 



 

13 
 

in a pseudorandom order which was the same for all participants. The following restrictions 222 

were applied: i) each CS was presented no more than two consecutive times; ii) first two and 223 

last acquisition trials were reinforced CS+ trials; iii) first two extinction trials were CS+ trials. 224 

The unconditioned stimulus (US; 100 ms duration) was composed of four consecutive 500 μs 225 

current pulses. The transcutaneous shock was applied to the back of the right hand via a 226 

concentric bipolar surface electrode (WASP electrode, Specialty Developments, Bexley, UK) 227 

using a constant current stimulator (DS7A, Digitimer Ltd., London, UK; maximum output 228 

voltage: 400 V). In reinforced trials, the US started 7.9 s after CS+ onset and co-terminated 229 

with the CS+ (delay conditioning). The CS- was never followed by a US. Prior to the 230 

experiment, electric shock intensity was individually adjusted. Intensity was increased until 231 

perceived as uncomfortable but not painful (mean current 6.22 mA ± 3.56 mA). To 232 

counteract habituation to the US leading to weakening of the CRs (i.e., inhibition with 233 

reinforcement; Burns and Kimmel, 1975), 20 % was added to the individual thresholds (mean 234 

added current 1.24 mA ± 0.71 mA). Electric shock intensity was kept constant throughout 235 

the experiment. Participants, however, were allowed to ask for a decrease in intensity if 236 

needed. In two participants intensity was decreased on request (by 10 % and 15 %, 237 

respectively) after the first presentation of the US. At the beginning of the experiment, 238 

participants were instructed that should they perceive a pattern between stimuli that this 239 

pattern would not change throughout the experiment.  240 

SCRs were obtained throughout the experiment using two SCR electrodes placed on the 241 

hypothenar of the left hand using electroconductive gel (Gello GmbH Geltechnik, Ahaus, 242 

Germany). SCR data was bandpass filtered (0.5 Hz to 10 Hz) to avoid high-frequency noise 243 

and low-frequency drifts. Raw SCRs were normalized through a logarithmic (ln(1+SCR)) 244 

transformation. Processing of SCR data and semi-automated peak amplitude detection was 245 
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performed using MATLAB software (Releases 2017a and 2019a, The MathWorks Inc, Natick, 246 

MA), followed by visual inspection and correction. SCRs were defined as the maximum 247 

trough-to-peak response amplitude within three predefined time windows (Prokasy and Ebel, 248 

1967). Responses with an onset in the time window of 1.0 to 4.99 s after CS onset were 249 

defined as first interval response (SCRFIR), with an onset of 5.0 to 8.49 s after CS onset as 250 

second interval response (SCRSIR), and with an onset of 8.5 to 13.0 s after CS onset as third 251 

interval response (SCRTIR; Fig. 2A) (Jentsch et al., 2020). 252 

Normalized data and the distribution of residuals were tested for normality using the 253 

Shapiro-Wilk-test. Since the normality test revealed a non-normal distribution of SCRs and 254 

the residuals (p < 0.05), non-parametric statistical analysis was performed using the PROC 255 

Mixed procedure in SAS (SAS Studio 3.8, SAS Institute Inc, Cary, NC, USA). SCRs were 256 

analyzed separately for fear acquisition training on day 1 and extinction training on day 2 257 

using non-parametric ANOVA-type statistics for repeated measures (Brunner et al., 2002; 258 

Shah and Madden, 2004) with SCRs as dependent variable, Group (Groups 1-4) as between-259 

subject factor and Stimulus type (CS+ vs. CS-) and Trial (16 trials) as within-subject factor. 260 

Post-hoc pairwise comparisons were performed where appropriate using least square means 261 

tests.  262 

To display individual data points and effect sizes, Cumming estimation plots (Cumming, 263 

2012)  were generated using the web-application of DABEST ("data analysis with bootstrap-264 

coupled estimation”; http://www.estimationstats.com/; Ho et al. (2019)).  265 
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 266 

Figure 2. Examples of bandpass filtered individual SCRs. (A,B): showing first, second and 267 
third interval responses (SCRFIR, SCRSIR, SCRTIR) in a reinforced CS+ fear acquisition training 268 
trial (A), and an unreinforced CS+ only fear acquisition training trial (B). Time windows of the 269 
first (1.0 to 4.99 s after CS onset), second (5.0 to 8.49 s after CS onset) and third (8.5 to 13.0 270 
s after CS onset) interval responses are indicated by arrows and hatched lines. (C,D): 271 
showing SCRs in a paired CS/US eyeblink acquisition trial (C), and an unpaired CS only 272 
eyeblink acquisition trial (D). SCR time window in eyeblink conditioning trials (1 to 5 s after 273 
CS termination) is indicated by an arrow and hatched lines. 274 

 275 

Eyeblink conditioning  276 

A standard delay eyeblink conditioning protocol was applied according to Gormezano and 277 

Kehoe (1975). The acquisition phase on day 1 consisted of 128 trials (80 paired CS/US trials 278 

with 48 CS only trials interspersed, 62.5 % reinforcement rate). The extinction phase on day 279 

2 consisted of 32 CS only trials. A neutral tone (1 kHz, duration 550 ms) was used as CS, and 280 

presented to the right ear via earplugs using an AD229 diagnostic audiometer (Interacoustics, 281 

Middlefart, Denmark). Prior to the experiment, participants were tested for individual 282 

hearing thresholds. CS intensity was set to 80 dB. Ear defenders were used to reduce 283 
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environmental noise. Participants wore an in-house build headband with an attached nozzle 284 

to apply an air puff as US. The air puff (intensity 400 kPa at source, 110 kPa at nozzle, 100 ms 285 

duration) was directed to the outer canthus of the right eye with approximately 1 cm 286 

distance to the skin. US onset was set 450 ms after CS onset. The US co-terminated with the 287 

CS. ITI was 14 s ± 1.18 s. Participants watched a silent nature movie during the eyeblink 288 

acquisition phase. They were instructed that they would need to answer questions about the 289 

video after the experiment to maintain vigilance.  290 

EMG electrodes were attached to the lower eyelids and nose bridge to obtain signals from 291 

the orbicularis oculi muscles. The collected data was pre-amplified, rectified and filtered 292 

(bandpass filter frequency between 100 Hz and 5 kHz, gain 2000, 1 kHz sampling rate). EMG 293 

signals were semi-automatically analyzed with a custom-made software (Zuchowski et al., 294 

2014). In each trial CR onset was defined as the time when EMG reached 7.5 % of maximum 295 

amplitude. Trials were visually inspected. Recordings erroneously identified as CRs by the 296 

algorithm were manually corrected, e.g. artifacts caused by technical errors (e.g. 297 

detachment of the electrode) or movement (e.g. talking of the participant). EMG responses 298 

occurring within 150 ms after CS onset, were considered as reflexive (alpha) responses to 299 

the tone and not rated as CRs (Gerwig et al., 2005). In paired CS/US paired trials, responses 300 

occurring between 150 ms after CS onset and US onset were rated as CRs. In CS only trials, 301 

responses occurring between 150 ms after CS onset and CS termination were rated as CRs. If 302 

spontaneous blinks occurred 550 ms prior to CS onset, responses were not counted as CRs. 303 

Blocks of eight trials (5 paired CS/US trials and 3 unpaired CS only trials in the acquisition 304 

phase; 8 unpaired CS only trials in the extinction phase) were used to calculate percentage 305 

CR incidences per block. Latencies of CR onset and peak time, CR area and CR duration were 306 

also analyzed as detailed in Figures 5-3, 5-4, 5-5, 5-6.  307 
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Non-parametric ANOVA-type statistics for repeated measures were used for statistical 308 

analysis. Analyses were performed separately for the acquisition and extinction phases with 309 

CR incidence as dependent variable, Group (Group 1, 2, 3, 5) as between-subject factor and 310 

Block (16 in acquisition; 4 in extinction) as within-subject factor. Post-hoc comparisons were 311 

performed using least square means tests.  312 

In addition, SCR data during eyeblink conditioning were analyzed. The maximum trough-to-313 

peak-amplitude was calculated within a time window of 1 s to 5 s following CS termination 314 

(Fig. 2C,D). During acquisition training, SCR data was analyzed separately for paired CS/US 315 

and unpaired CS only trials, because SCR data is confounded by response to the US (air puff) 316 

in paired CS/US trials. Data of 5 consecutive CS/US trials and 3 consecutive CS only trials 317 

were averaged, resulting in 16 CS/US and 16 CS only blocks. During extinction training, SCR 318 

data was averaged across 8 consecutive trials resulting in 4 blocks. Non-parametric ANOVA-319 

type statistics for repeated measures was calculated separately for paired and unpaired 320 

trials in acquisition training, and for unpaired trials in extinction training with SCR as 321 

dependent variable, Group (Groups 1, 2, 3, 5) as between-subject factor and block (16 in 322 

acquisition; 4 in extinction) as within-subject factor. 323 

Fear conditioning questionnaires  324 

Participants were required to answer questionnaires before and after fear acquisition 325 

training, and after fear extinction training. The questionnaires were print copies. Participants 326 

were required to rate valence and arousal to images of the CS+ and CS- on a nine-step Likert 327 

scale to assess the affective components of learning (Lonsdorf et al., 2017 for review). The 328 

scale went from “very pleasant” and “calm” to “very unpleasant” and “very excited”, 329 

respectively. The valence and arousal ratings were compared using non-parametric ANOVA 330 

type statistic for repeated measures with self-reported valence or arousal score as 331 
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dependent variable, Group (Groups 1, 2, 3, 4) as between-subject factor and time (prior 332 

acquisition, post acquisition, post extinction) as within-subject factor. Post acquisition 333 

training, participants were asked to rate US unpleasantness on a nine-step Likert scale from 334 

“not unpleasant” to “very unpleasant”, and to estimate mean probability that a US occurred 335 

after presentation of the CS+ (that is, CS/US contingency). Unpleasantness of the US was 336 

rated after fear acquisition training to control for possible effects of habituation and 337 

sensitization (Lonsdorf et al., 2017 for review). Differences between groups were analyzed 338 

using non-parametric ANOVA-type statistics.  339 

 340 

 341 

  342 
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Results 343 

Fear conditioning 344 

Acquisition phase (day 1): SCRFIR were significantly higher in CS+ trials compared to CS- trials 345 

in all groups (Fig. 3A-C). Non-parametric ANOVA-type statistics revealed a significant main 346 

effect of Trial (Trial 1-16; F11.2 = 29.18, p < 0.001), Stimulus type (CS+ vs. CS-; F1 = 24.91, p < 347 

0.001) and a significant Trial x Stimulus type interaction (F12.1 = 5.95, p < 0.001). No 348 

significant main effects of Group (p = 0.64), Group x Stimulus (p = 0.87), Group x Trial (p = 349 

0.66) or Group x Stimulus x Trial (p = 0.86) were revealed. Similar findings were observed 350 

considering SCRSIR (Fig. 3-1). In CS+ trials, no significant Group differences and interactions 351 

were observed regarding SCRs in the third time window (SCRTIR; all p values > 0.42). 352 

Extinction phase (day 2): SCRFIR were higher in CS+ trials compared to CS- trials in all groups 353 

at the beginning of extinction training. This difference disappeared in later trials (Fig. 3A-C). 354 

Non-parametric ANOVA-type statistics revealed a significant main effect of Trial (Trial 1-16; 355 

F9.73 = 30.91, p < 0.001), Stimulus type (CS+ vs. CS-; F1 = 47.95, p < 0.001) and a significant 356 

Trial x Stimulus type interaction (F11.5 = 1.93, p = 0.0301). The Group x Trial interaction did 357 

not reach significance (F1 = 29.2, p = 0.064). The Group main effect (p = 0.52), the Group x 358 

Stimulus (p = 0.75) and Group x Stimulus x Trial (p = 0.12) interactions were not significant.  359 

Closer inspection of Fig. 3 showed that SCRFIR in the initial CS+ and CS- trials, that is during 360 

recall of learned fear responses, were higher in Group 1 (“overlapping extinction trials”) 361 

compared to the control Group 4, but not in Group 2 (“alternating extinction trials”) and 362 

Group 3 (“successive extinction phases”) compared to the control Group 4. This difference is 363 

further illustrated in Fig. 4 showing SCRFIR averaged across the first three extinction trials. 364 

Mann-Whitney U tests revealed significant differences between Groups 1 and 4 (CS+: U = 365 
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122, Z = -2.110, p = 0.035; CS-: U = 123, Z = -2.083, p = 0.037), but no significant differences 366 

comparing Group 2 and Group 4 (CS+: U = 177, Z = -0.622, p = 0.53; CS-: U = 157, Z = -0.927, 367 

p = 0.35), and Group 3 and Group 4 (CS+: U = 184, Z = -0.433, p = 0.67; CS-: U = 148, Z =-368 

1.407, p = 0.16). No group differences were observed considering SCRSIR (Figs. 3-1, 4-1). 369 

 370 
 371 
Figure 3. Fear conditioning data. Group mean SCRFIR and individual data on day 1 (fear 372 
acquisition training) and day 2 (extinction training) across trials. (A) Group 1 (“overlapping 373 
extinction trials”; shown in red) vs. Group 4 (control; shown in blue), (B) Group 2 374 
(“alternating extinction trials”; shown in red) vs. Group 4 (control; shown in blue), (C) Group 375 
3 (“successive extinction phases”, shown in red) vs. Group 4 (control; shown in blue). 376 
Horizontal lines represent group mean values; vertical lines indicate 95% confidence 377 
intervals. Black dots represent individual data points. See Fig. 3-1 for SCRSIR data. 378 

 379 
 380 
 381 
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 382 
 383 

 384 
 385 
Figure 4. Recall of learned fear responses for SCRFIR at the beginning of extinction training. 386 
Cumming estimation plots showing mean differences between groups 1-3 (shown in red) 387 
and the control group 4 (shown in blue) averaged across the first three extinction trials of A) 388 
CS+ and B) CS- SCRFIR. Dots on upper panel represent individual data points. Gapped lines 389 
indicate group means (gap) and standard deviations. Lower panel shows effects sizes. Black 390 
dots represent mean differences between groups and error bars 95% confidence intervals 391 
(CI). 95% CI are calculated by bootstrap resampling (Ho et al., 2019). Filled curves represent 392 
the bootstrap sampling distribution of the observed data. Dark colors = CS+, light colors = CS-. 393 
* indicates significant differences between respective stimuli between Group 1 and Group 4 394 
(control) (Mann-Whitney U tests, p values < 0.05). † indicates significant SCRFIR differences 395 
between CS+ and CS- in the same group (Wilcoxon signed rank test, p < 0.05). No group 396 
differences were observed considering SCRSIR (Fig. 4-1). 397 
 398 

Eyeblink conditioning  399 

CR incidences. 400 

Acquisition phase (day 1): Fig. 5 shows the mean percentage and 95% confidence intervals 401 

(CIs) of CR incidences across the 16 acquisition and 8 extinction blocks in the four groups. In 402 

the acquisition phase, a significant increase in CR incidences was observed in all groups. 403 
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Taking all participants (n = 80) together, mean CR incidences increased from 23.91 ± 25.01 404 

(mean ± SD) % in the first acquisition block to 48.44 ± 31.1 % in the last acquisition block. 405 

Non-parametric ANOVA-type statistics revealed a significant effect of Block (F9.7 = 15.10; p < 406 

0.0001), but no Group (p = 0.59) or Group x Block interaction effects (p = 0.45).  407 

 408 

Figure 5. Eyeblink conditioning: Group mean percentage CR incidences and individual data 409 
shown in the acquisition phase on day 1 (16 blocks à 8 trials), and in the extinction phase on 410 
day 2 (4 blocks à 8 trials). (A) Group 1 (“overlapping extinction trials”, shown in green) vs. 411 
Group 5 (control, shown in yellow); (B) Group 2 (“alternating extinction trials”, shown in 412 
green) vs. Group 5 (control, shown in yellow); (C) Group 3 (“successive extinction phases”, 413 
shown in green) vs. Group 5 (control, shown in yellow). Horizontal lines represent mean 414 
values, vertical lines indicate 95% confidence intervals. Black dots show individual data 415 
points. CR incidences for the first four acquisition blocks are shown in Fig. 5-1. Trial-by-trial 416 
analysis of the first acquisition and extinction blocks are shown in Fig. 5-2.  Latencies of CR 417 
onset and peak time, CR area and CR duration are presented in Figures 5-3, 5-4, 5-5, 5-6. 418 

 419 

Closer inspection of Fig. 5 revealed that CR incidences were higher in the three groups which 420 

had received prior fear conditioning (Groups 1-3, indicated in green) compared to the 421 
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control group (Group 5, indicated in yellow). This difference was most marked in the first 422 

three acquisition blocks. Non-parametric ANOVA-type statistics performed in individual 423 

blocks revealed significant group differences in the first block only (Block 1: F3 = 3.87, p = 424 

0.0124; Block 2: F3 = 2.51, p = 0.065; Block 3: F3 = 1.49, p = 0.26; Blocks 4-10 p > 0.41). Post-425 

hoc pairwise comparisons revealed significantly increased CR incidences in Groups 1, 2 and 3 426 

compared to the Group 5 (control) during the first acquisition block (least square means 427 

tests, all p values < 0.0086, Fig. 5-1). The difference between control and experimental 428 

groups is further illustrated in Fig. 5-2 showing a trial-by-trial analysis of the first acquisition 429 

block, and in Fig. 6 showing EMG eyeblink traces of individual participants from each group. 430 

 431 
 432 

Figure 6. EMG eyeblink traces of individual participants from each group (groups 1, 2, 3 and 433 

5). Rectified and filtered (100 Hz) EMG data of the orbicularis oculi muscle of 80 paired 434 

CS/US and 48 CS only trials on Day 1 (acquisition training) and 32 CS only trials on Day 2 435 

(extinction training). The first (solid) vertical line indicates the beginning of the tone (CS), the 436 



 

24 
 

second (solid) vertical line the beginning of the air puff (US). Responses occurring within the 437 

150 ms interval after CS onset (dotted vertical line) were considered alpha blinks. AU – 438 

arbitrary unit, CS – conditioned stimulus, US – unconditioned stimulus. 439 

 440 

Closer inspection of EMG eyeblink traces in Fig. 6 showed that responses occurred earlier in 441 

the three groups having received prior fear learning, compared to control participants, and 442 

responses sustained until US onset. CR onset and peak time latencies showed a high degree 443 

of variability within individual participants and were not significantly different between 444 

groups (Group effects, Group x Block interaction effects: all p values > 0.48; Figures 5-3, 5-4). 445 

In CS only trials, non-parametric ANOVA-type statistic with CR duration as dependent 446 

variable revealed significant effects of Group and Group x Block interaction (all p values < 447 

0.0167); the block effect was not significant (p = 0.0708). In CS/US trials, no significant main 448 

effects of Block, Group or a Group x Block interaction were revealed (all p values > 0.28; Fig 449 

5-5). CR area was also significantly different between groups in CS only trials (p = 0.0015), 450 

but not in CS/US trials (p = 0.0788); main effects of Block and Group x Block interaction were 451 

not significant (all p values > 0.23; Figure 5-6). 452 

Extinction phase (day 2): In the extinction phase, CR incidences decreased significantly in all 453 

groups (Fig. 5). Considering all participants together, mean CR incidences decreased from 454 

20.63 ± 24.77 % in the first extinction block to 7.65 ± 11.85 % in the last extinction block. 455 

During late extinction (extinction blocks 3-4), mean CR incidences were higher in Groups 1-3 456 

(indicated in green) compared to Group 5 (control, indicated in yellow). Non-parametric 457 

ANOVA-type statistics revealed a significant main effect of Block (F2.73 = 7.42; p < 0.0002). No 458 

significant main effect of Group or Group x Block interaction were revealed (p > 0.08). 459 
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Post-hoc non-parametric ANOVA-type statistics comparing CR incidences in early extinction 460 

(trials 1-16) with late extinction (trials 17-32) revealed a significant main effect of Block 461 

(early vs. late; F1 = 12.53; p = 0.0007), and a significant Group x Block interaction (F3 = 3.76; p 462 

= 0.0143). The Group effect was not significant (p = 0.12). Post-hoc pairwise comparisons 463 

comparing early and late extinction revealed a significant CR reduction in Group 2 (22.5 ± 464 

22.16 % to 10.94 ± 16.21 %; least square means test, p = 0.0139) and the control Group 5 465 

(16.56 ± 22.51 % to 2.19 ± 5.08 %, least square means test, p = 0.0001), but not in Groups 1 466 

and 3 (least square means tests, p values > 0.45). Post-hoc pairwise comparisons between 467 

groups revealed higher mean CR incidences in late extinction in Groups 1, 2 and 3 (11.88 ± 468 

12.65 %, 22.5 ± 22.16 % and 12.81 ± 13.97 %, respectively) compared to the control Group 5 469 

(2.19 ± 5.08 %, least square means tests, all p values < 0.0063). No significant differences 470 

were found in early extinction (least square means tests, all p values > 0.28; Fig. 7).  471 

 472 
 473 
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Figure 7. CR incidences in early and late extinction. Cumming estimation plot showing mean 474 
differences between groups 1-3 (shown in green) and control group 5 (shown in yellow) for 475 
A) early and B) late extinction (blocks à sixteen trials). Dots on upper panel represent 476 
individual data points. Gapped lines indicate group means (gap) and standard deviations. 477 
Lower panel shows effects sizes. Black dots represent mean differences between groups and 478 
error bars 95% confidence intervals (CI). 95% CI are calculated by bootstrap resampling (Ho 479 
et al., 2019). Filled curves represent the bootstrap sampling distribution of the observed 480 
data. * indicates significant differences between respective stimuli between Groups 1/2/3 481 
and Group 5 (least square means tests, p values < 0.05). † indicates significant CR differences 482 
between early and late extinction in the same group (least square means tests, p < 0.05). 483 
 484 
 485 
In the extinction phase, CR onset and peak time latencies, and CR area were not significantly 486 

different between groups (Group effects, Group x Block interaction effects: all p values > 487 

0.14; Figures 5-3, 5-4, 5-6). Non-parametric ANOVA-type statistic considering CR duration 488 

revealed a significant main effect of Group (F2.79 = 3.89; p = 0.0157); effects of Block and 489 

Group x Block interaction were not significant (all p values > 0.16; Figure 5-5).  490 

Skin conductance responses (SCRs). 491 

Acquisition phase (day 1): As expected, SCR analysis revealed higher SCR peak amplitudes in 492 

CS/US paired trials compared to CS only trials during early acquisition blocks in all groups (Fig. 493 

8). This difference became less in later blocks. In CS/US paired and CS only trials, SCR peak 494 

amplitudes tended to be higher in Groups 1-3 compared to the Group 5 (control, indicated in 495 

yellow). This difference was most prominent at the end of fear acquisition training. 496 

Considering paired CS/US trials, non-parametric ANOVA-type statistics revealed a significant 497 

main effect of Block (F8.23 = 40.52, p < 0.0001) and Block x Group (F24.6 = 1.79, p = 0.0114) 498 

interaction. Considering CS only trials, non-parametric ANOVA-type statistics revealed a 499 

significant main effect of Block (F10.8 = 16.0, p < 0.0001) and a significant Block x Group (F32.4 = 500 

1.63, p = 0.0156) interaction. No significant main effects of Group (paired: p = 0.15; 501 

unpaired: p = 0.25) were revealed. Post-hoc comparisons revealed significantly higher SCR 502 

peak amplitudes in Group 1, 2, and 3 compared to the control group considering the 503 
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following acquisition blocks: paired trials: Group 1: Blocks 1, 11, 13-15; Group 2: Blocks 10, 504 

11, 13, 15, 16; Group 3: Blocks 1, 14-16; unpaired trials: Group 1: Blocks 14-16; Group 2 and 505 

3: Blocks 15, 16 (least square means tests, all p values < 0.0477).  506 

Extinction phase (day 2): SCRs during extinction training were significantly higher in Groups 1, 507 

2, and 3 compared to the control Group 5 (Fig. 8). This difference was most prominent in the 508 

first extinction block. Non-parametric ANOVA-type statistics revealed a significant main 509 

effect of Block (F2.56 = 38.31, p < 0.0001), Group (F2.99 = 2.78, p = 0.0475) and a significant 510 

Block x Group interaction (F7.65 = 2.56, p = 0.0127). Post-hoc comparisons revealed 511 

significantly higher SCRs comparing Groups 2 and 3 with the control Group 5 (least square 512 

means tests, all p values < 0.046) and a close to significant difference comparing Groups 1 513 

and 5 (least square means test, p = 0.0511). Pairwise Group x Block comparisons of Groups 1, 514 

2, and 3 with the control Group 5 revealed significantly higher SCRs in the following blocks: 515 

Group 1 vs. 5: Block 4; Group 2 vs. 5: Blocks 1, 2, 4; Group 3 vs. 5: Blocks 1, 2 (least square 516 

means tests, all p values < 0.049).  517 

 518 
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 519 

Figure 8. Eyeblink conditioning: Group mean SCRs per block and individual data during 520 
eyeblink acquisition training in paired CS/US trials (5 trials per block), during eyeblink 521 
acquisition training in CS only trials (3 trials per block), and during eyeblink extinction 522 
training in CS only trials (8 trials per block). (A) Group 1 (“overlapping extinction trials”, 523 
shown in green) vs. Group 5 (control, shown in yellow); (B) Group 2 (“alternating extinction 524 
trials”, shown in green) vs. Group 5 (control, shown in yellow); (C) Group 3 (“successive 525 
extinction phases”, shown in green) vs. Group 5 (control, shown in yellow). Horizontal lines 526 
represent mean values, vertical lines indicate 95% confidence intervals. Black dots show 527 
individual data points. * indicates significant differences between respective stimuli between 528 
Groups 1/2/3 and Group 5 (least square means tests, p values < 0.05). 529 

 530 

Fear conditioning questionnaires  531 

Valence. Prior acquisition training, valence ratings of the CS+ and CS- were not significantly 532 

different from each other (Table 1). Post acquisition training, valence of the CS+ was rated as 533 



 

29 
 

less pleasant compared to the CS-. A small difference in valence ratings remained post 534 

extinction training (a finding frequently seen in the literature, e.g. Ernst et al., 2019). There 535 

was no difference between groups (Group 1, 2, 3 and Group 4 (control)). Non-parametric 536 

ANOVA-type statistic revealed a significant main effect of Time (prior acquisition vs. post 537 

acquisition vs. post extinction training; F1.84 = 4.03, p = 0.023), Stimulus (CS+ vs. CS-; F1 = 538 

81.56, p < 0.0001) and a Stimulus x Time interaction (F1.91 = 48.68, p < 0.0001). The Group 539 

main effect (p = 0.9), the Group x Stimulus (p = 0.9) and Group x Stimulus x Time (p = 0.35) 540 

interactions were not significant. Post-hoc tests showed significantly less pleasant valence 541 

rating towards CS+ than CS- post acquisition and extinction training (least square means 542 

tests, all p values < 0.0002), but not prior acquisition training (least square means test, p = 543 

0.6). Valence ratings towards the CS+ post acquisition were rated significantly less pleasant 544 

compared to prior acquisition training, with the CS- ratings showing the opposite effect 545 

(least square means tests, all p values < 0.0001). 546 

Arousal. Prior acquisition training, arousal ratings of the CS+ and CS- were not different from 547 

each other (Table 1). Post acquisition, arousal towards the CS+ was rated higher compared 548 

to the CS-. A small difference in valence ratings remained post extinction. There was no 549 

difference between groups (Group 1, 2, 3 and Group 4 (control)). Non-parametric ANOVA-550 

type statistic revealed a significant main effect of Time (prior acquisition vs. post acquisition 551 

vs. post extinction training; F1.71 = 5.33, p = 0.009), Stimulus (CS+ vs. CS-; F1 = 56.72, p < 552 

0.0001) and Stimulus x Time interaction (F1.94 = 33.34, p < 0.0001). The Group main effect (p 553 

= 0.49), the Group x Stimulus (p = 0.86) and Group x Stimulus x Time (p = 0.94) interactions 554 

were not significant. Post-hoc tests showed significantly higher arousal ratings towards CS+ 555 

than CS- post acquisition and extinction training (least square means tests, all p values < 556 

0.0001), but not prior acquisition training (least square means test, p = 0.55). Arousal 557 
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towards the CS+ post-acquisition training was rated significantly higher compared to prior 558 

acquisition training, whereas arousal towards CS- was rated significantly less compared to 559 

prior acquisition training (least square means tests, all p values < 0.0004). 560 

 561 

Table 1. Fear conditioning questionnaires. Self-reported median (interquartile range) valence 562 

and arousal ratings prior acquisition training, post acquisition training and post extinction 563 

training.  564 

Time of 
assessment 

Group 1 - Overlapping 
extinction trials  

Group 2 - Alternating 
extinction trials 

Group 3 - Successive 
extinction phases 

Group 4 – Fear 
conditioning control 

CS+ CS- CS+ CS- CS+ CS- CS+ CS- 

Valence ratings (1 – uncomfortable, 9 – comfortable) 
Prior 
Acquisition 5 (5-6) 5 (5-7) 5.5 (5-7) 5.5 (5-7) 5 (5-6.25) 5 (5-7) 5 (5-7) 5 (5-7) 

Post 
Acquisition 3 (2.75-5) *† 7 (6.75-8.25) *† 3.5 (2-5) *† 7.5 (6-9) *† 4 (3-5) *† 7 (6-8.25) *† 4 (3-5) *† 7 (6-8.25) *† 

Post 
Extinction 5 (3-7) * 7 (5.75-7.25) *† 5 (5-6.25) * 7 (5-8) *† 5 (5-7) * 7 (5-8) *† 5 (5-7) * 6.5 (5-8) *† 

Arousal ratings (1 – calm, 9 – excited) 
Prior 
Acquisition 3 (1-5) 2.5 (1-5) 3.5 (2-5) 3 (2-5) 3 (1-5) 2.5 (1-5) 3.5 (2-5) 5 (1.75-5) 

Post 
Acquisition 5.5 (3.75-7) *† 2 (1-3) *† 5 (4.5-7) *† 1.5 (1-3) *† 6 (3-7) *† 1 (1-3.25) *† 5 (4.5-7) *† 2 (1-4.25) *† 

Post 
Extinction 3.5 (2.75-6) * 3 (1.75-3.25) *† 4 (2-5) * 2 (1-3) *† 3 (1-5) * 2 (1-5) *† 4 (2-5) * 2.5 (1-5) *† 

* significant differences between pre- and post-acquisition training; † significant differences 565 
between CS+ and CS- (least square means tests, p < 0.05) 566 

 567 

US unpleasantness and CS-US contingency. Post acquisition training, median US 568 

unpleasantness rating was 7 (interquartile range 6-8) on a Likert scale from 1 (“not 569 

unpleasant”) to 9 (“very unpleasant”) considering all participants. There was no significant 570 

difference between groups (non-parametric ANOVA-type statistic; p = 0.13). Post acquisition 571 

training, participants reported that they recognized a pattern between CS+ and US 572 

contingency after 2.9 ± 1.4 minutes. Across all participants, mean probability that a US 573 

occurred after presentation of the CS+ was estimated as 63.9 ± 17.8 %, and after 574 

presentation of the CS- as 2.53 ± 7.8 % (0 % probability by 68 out of 80 (85 %) participants). 575 
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There was no significant difference between groups (non-parametric ANOVA-type statistic; p 576 

= 0.39). 577 

578 
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Discussion 579 

The concomitant presentation of eyeblink and fear conditioning stimuli (CSs) did not 580 

facilitate extinction learning but facilitated recall of previously learned fear responses. 581 

Furthermore, extinction of conditioned eyeblink responses was impeded, and was 582 

accompanied by increased autonomic fear responses. Findings do not support the 583 

hypothesis that conditioned eyeblink responses, once established, suppress conditioned fear 584 

responses (Magal and Mintz, 2014). The possible interactions between eyeblink and fear 585 

conditioning are discussed in more detail below. 586 

The amygdala is critically involved in acquisition and retention of learned fear responses 587 

(Weisz et al., 1992; Rogan et al., 1997; Rosenkranz et al., 2003; Schroeder and Shinnick-588 

Gallagher, 2005; Butler et al., 2018). Extinction of learned fear requires inhibition of the 589 

amygdala (Amano et al., 2010; Herry et al., 2010; Krabbe et al., 2018). Thus, in case the 590 

assumption is correct that conditioned eyeblink responses lead to inhibition of the amygdala 591 

(Magal and Mintz, 2014), concomitant conditioned eyeblinks should reduce recall and 592 

accelerate extinction of conditioned fear responses. This was not the case. The concomitant 593 

presentation of conditioned eyeblink and fear stimuli had no significant impact on fear 594 

extinction learning. However, overlapping CSs resulted in increased recall of conditioned fear 595 

responses. The increase was most marked for SCRs in the first interval response (FIR) 596 

window (1-4.99 seconds following CS onset). This agrees with findings that conditioning 597 

related changes of SCR amplitudes are most prominent in the first 3-4 seconds following CS 598 

onset (Pineles et al., 2009; Jentsch et al., 2020). It has been argued that FIR reflect orienting 599 

or novelty responses (Ohman, 1972, 1974). Other studies suggest that FIR are also related to 600 

associative processes, in particular during extinction (Jentsch et al., 2020). Increased recall of 601 

learned fear responses is in good agreement with the phenomenon of additive response 602 
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summation: Following individual conditioning for two different CSs, the compound 603 

presentation of the two CSs results in a CR that is the sum of the responses to each of the 604 

individual CSs (Hull, 1943; Kimble, 1961; Wolf, 1963; Weiss, 1964; Miller, 1969; Weiss, 1972). 605 

The response increase is most obvious when CSs from different modalities are used to learn 606 

the same response (Pérez et al., 2018). In the present study, a visual fear CS and a tone 607 

eyeblink CS were used. Both result in conditioned fear responses. Additive response 608 

summation suggests that fear responses accompanying initial eyeblink conditioning are not 609 

fully suppressed after the specific aversive motor response has been developed. In fact, 610 

Lindquist et al. (2010) also provided evidence that fear conditioning in eyeblink conditioning 611 

is an autonomous learning process which is not turned off when conditioned eyeblink 612 

responses have been acquired. They found that preceding eyeblink conditioning resulted in 613 

facilitated acquisition of conditioned fear and increased conditioned fear responses.  614 

As expected, prior fear conditioning accelerated acquisition of conditioned eyeblink 615 

responses, accompanied by increased autonomic fear responses. Findings were most 616 

obvious in the first conditioning block. This agrees with the observation that learning occurs 617 

mainly in the first block of ten conditioning trials in humans (Kjell et al., 2018). Previous 618 

findings on accelerated eyeblink conditioning are based on experiments using the same CS in 619 

fear conditioning preceding eyeblink conditioning in rodents (Neufeld and Mintz, 2001). The 620 

present findings extend the effects of preceding fear conditioning to CSs from two different 621 

modalities in humans. Accompanying autonomic responses decreased during eyeblink 622 

conditioning, also in line with the previous literature (Neufeld and Mintz, 2001).  623 

In addition, prior fear conditioning resulted in changes of the topography of the conditioned 624 

responses. Responses were longer lasting, and frequently occurred at a shorter latency (Fig. 625 

6), although the latter was not significant. Long-lasting, short-latency responses are well 626 
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known in mouse eyeblink conditioning, and are thought to be at least partially driven by the 627 

amygdala (and not the cerebellum) (Boele et al., 2010). Conditioned responses, on the other 628 

hand, showed some resemblance to responses which were discussed as being volitional in 629 

the early human eyeblink conditioning literature (Coleman and Webster, 1988, for review). 630 

This does not exclude involvement of the amygdala and will be of interest to study in more 631 

detail in the future.  632 

Our findings show that the modulatory effect of preceding fear conditioning, and therefore 633 

likely the amygdala, go beyond the acquisition phase. Prior fear conditioning and 634 

concomitant fear extinction trials also impeded extinction of conditioned eyeblinks, which 635 

was accompanied by increased autonomic fear responses. Findings are in good agreement 636 

with the work by Farley et al. (2016), who showed that the modulatory effect of the 637 

amygdala is not restricted to acquisition, as predicted by the two-stage theory of aversive 638 

conditioning, but is also present during retention of conditioned eyeblinks. Emotional 639 

preconditioning has been found to enhance the eyeblink responses to the CS and to the US 640 

(Neufeld and Mintz, 2001). Concomitant presentation of fear and eyeblink CSs during 641 

extinction training has likely the same effect. The most parsimonious explanation is 642 

increased salience, that is aversiveness, of the CS (and US) input to the cerebellum, likely 643 

gated by the amygdala (Weisz et al., 1992; Taub and Mintz, 2010; Farley et al., 2016; Farley 644 

et al., 2018). The hypothesis that the amygdala gates selective attention to the CS rather 645 

than emotional modulation of responding is further supported by our observation that 646 

ratings of valence and arousal towards the fear CS, and unpleasantness of the fear US were 647 

not different between groups. Likewise, eyeblink conditioning is facilitated by a stressful 648 

event prior to conditioning which also leads to increased activity of the amygdala (Servatius 649 

et al., 2001; Shors, 2004; Weiss et al., 2005; Duncko et al., 2007). In fact, it has been shown 650 
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by Steinmetz et al. (2017) that the facilatory effect of the amygdala in eyeblink condioning 651 

does not require memory formation in the amygdala – which, as outlined in the introduction, 652 

is at variance with the two-stage theory of aversive conditioning.  653 

Findings of impeded extinction of conditioned eyeblinks were observed regardless of the 654 

temporal presentation protocols (that is, overlapping, alternating or successive presentation 655 

of fear and eyeblink CS extinction trials), that is effects were not restricted to the time of the 656 

fear CS presentation. Extinction training on day 2 lasted for a maximum of 26 minutes. 657 

Proposed effects of selective attention to the CS may be less only after more extended 658 

periods of extinction training (e.g. Itthipuripat et al., 2017).  659 

One possible limitation of the present study is that eyeblink conditioning was acquired in a 660 

single session, and learning did not reach full saturation. Humans, however, acquire 661 

conditioned eyeblinks much faster than rodents (Spence, 1966). As stated above, the first 662 

conditioned eyeblink responses occur frequently within the first ten paired CS/US trials (Kjell 663 

et al., 2018). Much of the learning is achieved at the end of a single session, and additional 664 

increase of CR incidences across multiple sessions is comparatively small (e.g. Gerwig et al., 665 

2010). Another possible limitation is that the interaction between conditioned fear and 666 

eyeblink responses was tested during extinction training, similar to studies testing additive 667 

response summation (Wolf, 1963; Weiss, 1964; Miller, 1969). Extinction of conditioned 668 

eyeblinks may have attenuated output of the cerebellar nuclei below threshold already after 669 

a limited number of trials. Magal and Mintz (2014) had mimicked eyeblink CRs by continuous 670 

stimulation of the cerebellar nuclei. The proposed third stage of learning, however, has 671 

never been tested directly during eyeblink conditioning in rodents. 672 

Findings appear to contradict the observation that goal-directed eye movements may be 673 

beneficial in the treatment of posttraumatic stress disorder (see the “eye movement 674 
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desensitization and reprocessing (EMDR)” method introduced by Shapiro (1989)). Eye 675 

movements involve the cerebellum, and it has been proposed that the cerebellum 676 

contributes to EDMR effects (Bergmann, 2000; Calancie et al., 2018). A recent fMRI study 677 

showed that EMDR in fact enhances extinction of conditioned fear responses. This effect, 678 

however, was not specific to eye movements, but also occurred with an accompanying 679 

working memory task (de Voogd et al., 2018). The authors found that the activity of the 680 

amygdala was decreased, which was accompanied by altered connectivity with dorsolateral 681 

and ventromedial prefrontal pathways. Because of the known connections of the cerebellum 682 

with the dorsolateral and (shown more recently) ventromedial prefrontal areas, the 683 

cerebellum may well have a modulatory role in EDMR (Strick et al., 2009; Watson et al., 684 

2009). The present data, however, show that a more direct inhibitory effect of the 685 

cerebellum on the amygdala may not be involved. Future studies, however, are needed 686 

investigating other forms of cerebellar dependent motor learning.  687 

Experiments have been performed in men only. Results may be different in women 688 

particularly regarding learned fear responses (Lebron-Milad et al., 2012; Fenton et al., 2016). 689 

In rats, however, the role of the amygdala in eyeblink conditioning does not seem to be sex-690 

dependent (Bral et al., 2019) Furthermore, sex differences observed in eyeblink conditioning 691 

in rodents (Dalla and Shors, 2009), have not been replicated in humans (Wolf et al., 2009).  692 

In conclusion, no evidence was found that cerebellum-dependent conditioned eyeblink 693 

responses accelerate extinction of conditioned fear. Rather, recall of conditioned fear was 694 

facilitated. As expected, fear conditioning facilitated subsequent eyeblink conditioning, but 695 

also impeded its extinction, accompanied by increased fear responses. Findings agree with 696 

the sensory gating hypothesis of the amygdala but are difficult to explain with the two (or 697 
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three)-stage theory of aversive conditioning which would predict suppression of conditioned 698 

fear once conditioned eyeblinks are acquired.  699 

 700 

 701 

  702 
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