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Abstract

Learning the temporal relationship between a warning cue (conditioned stimulus; CS) and aversive 

threat (unconditioned stimulus; UCS) is an important aspect of Pavlovian conditioning. Although 

prior functional magnetic resonance imaging (fMRI) research has identified brain regions that 

support Pavlovian conditioning, it remains unclear whether these regions support time-related 

processes important for this type of associative learning. Elucidating the neural substrates of 

temporal conditioning is important for a complete understanding of the Pavlovian conditioning 

process. Therefore, the present study used a temporal Pavlovian conditioning procedure to 

investigate brain activity that mediates the formation of temporal associations. During fMRI, 

twenty-three healthy volunteers completed a temporal conditioning procedure and a control task 

that does not support conditioning. Specifically, during the temporal conditioning procedure, the 

UCS was presented at fixed intervals (ITI: 20 s) while in the control condition the UCS was 

presented at random intervals (Average ITI: 20 s, ITI Range: 6-34 s). We observed greater skin 

conductance responses and expectancy of the UCS during fixed (i.e., temporal conditioning) 

relative to random (i.e., control procedure) interval trials. These findings demonstrate fixed trials 

support temporal conditioning, while random trials do not. During fixed interval trials, greater 

conditioned fMRI signal responses were observed within dorsolateral prefrontal cortex, inferior 

parietal lobule, inferior and middle temporal cortex, hippocampus, and amygdala. The current 

findings suggest these brain regions constitute a neural circuit that encodes the temporal 

information necessary for Pavlovian fear conditioning.
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Temporal information is important for successful Pavlovian conditioning. Specifically, while 

the formation of an association between a warning cue and threat is critical for determining a 

threat will occur, learning the relative timing of the threat in relation to the warning cue is 
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necessary for determining when a threat will occur. Thus, Pavlovian conditioning is 

dependent on learning the warning cues that predict threat as well as the timing of threat 

itself (Balsam, Drew, and Gallistel, 2010; Balsam, Fairhurst, and Gallistel, 2006; Balsam 

and Gallistel, 2009). During traditional Pavlovian fear conditioning procedures, an initially 

innocuous cue (i.e., a conditioned stimulus; CS) is paired with an aversive threat (i.e., an 

unconditioned stimulus; UCS). Therefore, the CS serves as a warning cue that predicts the 

UCS (i.e., the threat). The repeated pairing of the CS and UCS results in the formation of a 

CS-UCS association, evidenced by the expression of a conditioned response (CR). However, 

one must also learn the timing of the UCS to appropriately time CR expression (Davis, 

Schlesinger, and Sorenson, 1989; Gallistel and Gibbon, 2000; Gibbon, Malapani, Dale, and 

Gallistel, 1997; Kalmbach, Ohyama, and Mauk, 2010; LaBarbera and Church, 1974). For 

example, timing disruptions can result in a CR that is too early or too late (Papka, Ivry, and 

Woodruff-Pak, 1995; Perrett, Ruiz, and Mauk, 1993). Thus, the temporal relationship 

between the CS and the UCS is a critical component of fear learning and memory. Although 

prior human neuroimaging research has identified neural circuitry that supports Pavlovian 

fear conditioning, the mechanism by which temporal information is encoded within this 

circuitry remains unclear. Thus, determining the neural substrates of temporal conditioning 

would provide valuable insight into processes that mediate successful associative learning.

Prior research has identified neural circuitry that supports important aspects of Pavlovian 

fear conditioning. In particular, both human and animal studies have shown that the 

amygdala is at the center of a neural circuit that mediates Pavlovian fear conditioning 

(Cheng, Knight, Smith, Stein, and Helmstetter, 2003; Helmstetter, 1992; Knight, Nguyen, 

and Bandettini, 2005; LaBar, Gatenby, Gore, LeDoux, and Phelps, 1998; LeDoux, Cicchetti, 

Xagoraris, and Romanski, 1990) (however, see (Fullana, Harrison, Soriano-Mas, Vervliet, 

Cardoner, Avila-Parcet, and Radua, 2016)). Specifically, the amygdala is essential for the 

formation of the CS-UCS association and mediates expression of the conditioned fear 

response (Cheng, Knight, Smith, and Helmstetter, 2006; Cheng et al., 2003; Helmstetter, 

1992; Helmstetter and Bellgowan, 1993; Knight et al., 2005; LeDoux et al., 1990). Human 

neuroimaging research has also shown that other brain regions including the hippocampus, 

insula, prefrontal cortex (PFC), and inferior parietal lobule (IPL) also support processes that 

are important for various aspects of fear learning and memory (Büchel, Morris, Dolan, and 

Friston, 1998; Delgado, Nearing, LeDoux, and Phelps, 2008; Knight, Smith, Cheng, Stein, 

and Helmstetter, 2004b; Knight, Smith, Stein, and Helmstetter, 1999). However, prior brain 

imaging studies of Pavlovian conditioning have largely focused on brain regions that show 

CS-elicited CRs. These CRs represent responses to the CS and may not reflect a temporal 

conditioning process. Specifically, these CRs may reflect a component of the CS-UCS 

association that does not depend on the temporal dynamics of the CS-UCS relationship. 

Therefore, the neural substrates that encode temporal information during associative fear 

learning remain unclear.

Although the neural substrates of human temporal conditioning have yet to be determined, 

previous studies of Pavlovian trace conditioning may provide insight into brain regions that 

may mediate temporal conditioning processes. During trace conditioning, a temporal gap 

(called the trace interval) separates termination of the CS and onset of the UCS. Thus, 

successful learning requires the formation of an association between events (i.e., the CS and 
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UCS) that are separated in time. Therefore, learning the relative timing of the CS and UCS is 

critical for an appropriately timed CR during trace conditioning (Davis et al., 1989; 

Kalmbach et al., 2010). Prior human and animal research suggests the hippocampus plays an 

important role in trace conditioning (Büchel, Dolan, Armony, and Friston, 1999; Cheng, 

Disterhoft, Power, Ellis, and Desmond, 2008; Crestani, Keist, Fritschy, Benke, Vogt, Prut, 

Blüthmann, Möhler, and Rudolph, 2002; Haritha, Wood, Ver Hoef, and Knight, 2013; 

Knight, Cheng, Smith, Stein, and Helmstetter, 2004a; Shors, Miesegaes, Beylin, Zhao, 

Rydel, and Gould, 2001; Solomon, Vander Schaaf, Thompson, and Weisz, 1986). Further, 

learning-related changes within the amygdala, PFC, IPL, and insula have been observed 

during trace conditioning in both animals (Belova, Paton, Morrison, and Salzman, 2007; 

Ferry and Di Scala, 1997; Ferry, Wirth, and Di Scala, 1999; Kalmbach et al., 2010; 

Takehara-Nishiuchi and McNaughton, 2008) and humans (Büchel et al., 1999; Haritha et al., 

2013; Knight et al., 2004a). Thus, these brain regions may also be important for temporal 

conditioning.

While the previous fMRI research of trace conditioning has provided insight into human 

brain regions supporting time-related processes, these studies utilized discrete CS 

presentations which complicate interpretations related to temporal conditioning in prior 

work. Specifically, brain activity that supports timing-related processes overlaps with brain 

activity elicited by the CS and trace interval (Büchel et al., 1999; Cheng et al., 2008; Díaz-

Mataix, Martinez, Schafe, LeDoux, and Doyère, 2013; Knight et al., 2004a). The overlap of 

these processes makes it difficult to determine whether brain activation during trace 

conditioning reflects a time-related process or a combination of time, CS-related, and trace 

interval processes. More specifically, the temporal resolution of the blood oxygen level 

dependent (BOLD) fMRI signal response makes it difficult to separate the fMRI signal 

elicited by the CS and trace interval from the response elicited by temporal processes 

(Büchel et al., 1999; Cheng et al., 2008; Knight et al., 2004a; Logothetis and Wandell, 

2004). Thus, although timing is important for successful trace conditioning, it remains 

unclear whether the brain activity observed in prior conditioning studies support temporal 

conditioning. Therefore, fMRI research that investigates the neural substrates that encode 

temporal information in the absence of a discrete CS is needed for a better understanding of 

time-related associations during conditioning.

Even though prior research has typically employed a discrete auditory or visual CS during 

Pavlovian conditioning procedures, a traditional CS is not necessary for associative learning. 

Specifically, the UCS can be presented at regular time intervals in the absence of a discrete 

CS such that time itself serves as the CS (i.e., the warning cue) that predicts the UCS 

(Kirkpatrick and Church, 2000; Lockhart, 1966; Pendergrass and Kimmel, 1968). During 

this time-cued type of temporal conditioning procedure, an anticipatory CR prior to UCS 

presentation is taken as evidence that the association between time and the UCS has been 

learned (Lockhart, 1966). Thus, time-cued temporal conditioning procedures differ from 

traditional CS-cued conditioning procedures because an association must be formed between 

the passage of time and the UCS, rather than between a discrete CS and the UCS. Time-cued 

conditioning procedures are well suited for fMRI investigations of temporal conditioning 

because no discrete CS is presented. Thus, the fMRI signal response reflects brain activity 

that encodes temporal associations independent of CS-elicited activity.
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The present study used fMRI during a time-cued Pavlovian conditioning procedure to 

investigate brain regions that support temporal conditioning. Participants were exposed to a 

temporal conditioning (i.e., fixed interval UCS presentations expected to support 

conditioning) and control procedure (i.e., random interval UCS presentations that should not 

support conditioning) (Lockhart, 1966; Pendergrass and Kimmel, 1968). We expected 

participants to show conditioned responses during temporal conditioning compared to the 

control procedure. Given prior human neuroimaging findings in trace conditioning (Büchel 

et al., 1999; Cheng et al., 2008; Haritha et al., 2013; Knight et al., 2004a), we hypothesized 

the dorsolateral PFC (dlPFC), dorsomedial PFC (dmPFC), IPL, hippocampus, insula, and 

amygdala would show learning-related changes during temporal conditioning. The current 

study elucidates the neural substrates of temporal conditioning, and provides novel insight 

into the neural mechanisms of associative fear learning.

Materials and methods

Participants

Twenty-four healthy right-handed volunteers participated in this study. Volunteers were 

recruited from the Birmingham-Metropolitan area. Exclusion criteria included: left-

handedness, history of blood or circulation disorders (e.g., anemia or sickle-cell), diabetes, 

brain or spinal abnormalities, pregnancy, previous head injury (e.g., traumatic brain injury, 

concussion, or loss of consciousness), or mental illness. One participant was excluded due to 

excessive head movement in the scanner. Data from the remaining 23 participants were 

included in the analysis [10 female, 13 male; age: mean = 19.92±0.59, range: 18-27 years]. 

All participants provided written informed consent as approved by the University of 

Alabama at Birmingham Institutional Review Board.

Unconditioned Stimuli

Participants were exposed to temporal conditioning and a control procedure in which the 

UCS was presented at fixed or random intervals respectively. A loud (100 dB) white noise 

UCS (0.5 s duration) was presented through MRI-compatible pneumatic headphones during 

these scans. The UCS was presented a total of 120 times over four 620 s scans (30 UCS 

presentations per scan). During the temporal conditioning scans, the UCS was presented at 

fixed intervals (ITI: 20 s). During the control scans, the UCS was presented at random 

intervals (Average ITI: 20 s, ITI range: 6-34 s). Participants completed two scans of each 

condition. Participants were randomly assigned to either an ABBA or BAAB scan order to 

control for order effects. Specifically, one half of the participants completed a fixed pattern 

scan followed by a random pattern scan, then completed a random pattern scan followed by 

a fixed pattern scan. The other half of the participants completed these scans in the opposite 

order. Participants were informed prior to each scan whether the UCS would be presented in 

a fixed or random pattern, but were not informed of the precise timing of the UCS.

UCS Expectancy

A UCS expectancy rating scale was presented on an IFIS-SA LCD (Invivo Corp.; 

Gainesville, FL) video screen using Presentation software (Neurobehavioral Systems, Inc.; 

Albany, CA). The screen was located above the participant’s head and viewed through a 
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mirror attached to the head coil. An MRI compatible joystick (Current Designs; 

Philadelphia, PA) was used to monitor participants’ expectancy of UCS presentation on a 

moment-by-moment basis. The joystick controlled a rating bar that was presented 

throughout the session on the video screen. Each participant was instructed to rate their UCS 

expectancy on a continuous scale from 0 to 100 (0 = certain the UCS would not be 

presented, 50 = uncertain whether the UCS would be presented, 100 = certain the UCS 

would be presented). UCS expectancy was calculated as the average response during the 

second (40 Hz sample rate) prior to UCS onset. Additional details on this methodology have 

been published previously (Knight and Wood, 2011).

Skin Conductance Response

An MRI compatible physiological monitoring system (Biopac Systems; Goleta, CA) was 

used to collect SCR data. SCR was sampled (10 kHz) with a pair of disposable radio-

translucent electrodes (1 cm diameter, Biopac Systems; Goleta, CA) from the thenar and 

hypothenar eminences of the nondominant hand. SCR data were processed using Biopac 

AcqKnowledge 4.1 software. A 1 Hz low pass digital filter was applied and SCR data were 

resampled at 250 Hz. Conditioned SCRs were assessed from the phasic increase in 

conductance during the 8 s preceding UCS presentation. SCRs were calculated using 

procedures adapted from previous guidelines (Roth, Dawson, and Filion, 2012). Specifically, 

conditioned SCRs were calculated during the 8 s immediately preceding UCS presentation 

by subtracting the skin conductance signal at response onset from the peak skin conductance 

value. Trials in which an unconditioned SCR was elicited during the 8 s window prior to a 

subsequent UCS presentation were excluded from the analysis. Responses smaller than 0.05 

μSiemens were assigned a value of zero.

MRI

Structural and functional imaging data were acquired on a 3 Tesla Siemens Allegra scanner. 

High resolution anatomical magnetization prepared rapid acquisition gradient echo 

(MPRAGE) images were obtained in the sagittal plane using a T1 weighted series (TR=2300 

ms, TE=3.9 ms, flip angle=12°, FOV=25.6 cm, matrix=256×256, slice thickness=1 mm, 0.5 

mm gap) to serve as an anatomical reference. Whole-brain BOLD fMRI was conducted 

using a gradient-echo echoplanar pulse sequence in an oblique-axial orientation (TR=2000 

ms, TE=30 ms, flip angle=70°, FOV=24 cm, matrix=64×64, slice thickness=4 mm, no gap) 

during each block of stimulus presentations. Functional image processing was performed 

with the Analysis of Functional NeuroImages (AFNI) software package (Cox, 1996). The 

first 2 volumes of fMRI data were discarded due to transient magnetization effects. Echo-

planar time series data were corrected for slice timing offset, motion corrected, 

concatenated, reregistered to the fifth volume of the first imaging block, and spatially 

smoothed using a 4 mm full-width-at-half-maximum Gaussian kernel.

Functional MRI data were analyzed at the individual subject level using multiple linear 

regression. The analysis modeled the hemodynamic response during the 18 s period prior to 

the UCS using 3dDeconvolve from the AFNI software package (Cox, 1996). Because time, 

instead of a discrete CS, served to signal UCS presentation in the present study, a model was 

selected that allowed the shape of the hemodynamic response to vary, instead of assuming a 
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predetermined response shape (Saad, Chen, Reynolds, Christidis, Hammett, Bellgowan, and 

Cox, 2006). Regressors of no interest were modeled with a Gamma variate hemodynamic 

response function to account for brain activity not related to the anticipatory CR, and 

included reference waveforms for joystick movement and UCS presentation. Six motion 

parameters (i.e., three displacement and three rotation parameters) were included as 

additional regressors of no interest to account for participant head motion.

Group level analyses compared percent signal change as an index of the magnitude of the 

anticipatory CR. The average percent signal change data from the 8 seconds (i.e., 4 volumes) 

acquired prior to UCS presentation was used as an index of the CR magnitude of the fMRI 

signal during temporal conditioning (i.e., fixed ITI trials) and the control (i.e., random ITI 

trials) condition. Functional maps reflecting percent signal change were then converted to 

the Talairach and Tournoux stereotaxic coordinate system for group analyses (Talairach & 

Tournoux, 1988).

Whole-brain voxel-wise paired t-test analyses were completed using the AFNI software 

package (Cox, 1996). Monte Carlo simulations were used to determine the p < 0.05 

(corrected) significance threshold (t > 3.58; p < 0.001; cluster volume > 400 mm3) for the 

whole-brain analysis. However, amygdala activity often does not meet whole-brain corrected 

significance thresholds given the relatively small volume of this structure. Therefore, a 

separate voxel-wise paired t-test analysis was completed for the amygdala using Monte 

Carlo simulation determined p < 0.05 (amygdala volume corrected) significance criteria (t > 

2.86; p < 0.005; cluster volume > 66 mm3).

Results

UCS Expectancy

Based on prior work (Lockhart, 1966; Pendergrass and Kimmel, 1968), UCS presentations 

at fixed ITIs should support temporal conditioning, while UCS presentations at random ITIs 

should not. Given this directional hypothesis, UCS expectancy data were included in a 1-

tailed paired t-test to determine whether expectation of the UCS differed between temporal 

conditioning (i.e., fixed ITI) and control (i.e., random ITI) conditions. UCS expectancy was 

higher during temporal conditioning than the control condition [t (22) = 6.82; p < 0.001; 

Figure 1]. These data demonstrate that participants were more certain of the timing of the 

UCS when separated by a fixed vs. random ITI (i.e., temporal conditioning).

Skin Conductance Response

Prior research has demonstrated temporal conditioning of SCR (Lockhart, 1966; Pendergrass 

and Kimmel, 1968). Therefore, we expected conditioned SCRs would be greater during 

temporal conditioning than the control procedure. Two participants were excluded from the 

SCR data analysis as nonresponders. Nonresponders were defined as participants that 

produced no SCRs greater than 0.05 μSiemens. Data from the remaining 21 participants 

were included in a 1-tailed paired t-test comparison (given our directional hypothesis) of CR 

magnitude for temporal conditioning and control conditions. CR magnitude was greater 

during temporal conditioning (i.e., fixed ITI) than control (i.e., random ITI) trials [t (20) = 
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2.02; p = 0.028; Figure 1]. These data demonstrate stronger temporal conditioning to fixed 

vs. random interval UCS presentations.

Functional MRI

Functional MRI data from all 23 participants were included in a 2-tailed t-test to determine 

areas of differential activation for temporal conditioning (i.e., fixed interval UCS 

presentations) and control (i.e., random interval UCS presentations) conditions. Given that 

some brain regions (e.g., ventromedial PFC) may show task-related deactivations (i.e., 

greater deactivation during temporal conditioning compared to the control condition), a 2-

tailed t-test was completed on the data. The whole-brain fMRI data analysis revealed 

learning-related differences in brain activity within a number of brain regions including the 

hippocampus, IPL, dlPFC, and temporal cortex (Table 1). Each of these regions showed a 

greater fMRI signal response during temporal conditioning than the control condition 

(Figures 2 and 3). Similarly, the fMRI analysis restricted to the amygdala also showed 

learning-related differences in bilateral amygdala activity. Specifically, amygdala activity 

was greater during temporal conditioning compared to the control condition (Figure 4). 

There were no regions that showed a greater CR to random than fixed trials.

Discussion

Learning the relationship between the CS and UCS is an important aspect of Pavlovian 

conditioning (Balsam et al., 2010; Balsam et al., 2006; Balsam and Gallistel, 2009). 

Specifically, learning the timing of a threat during Pavlovian fear conditioning promotes 

defensive behaviors (e.g., escape and avoidance) that minimize the impact of the threat 

(Kalmbach et al., 2010; Pendergrass and Kimmel, 1968; Takehara-Nishiuchi and 

McNaughton, 2008). However, limited prior human fMRI research has investigated the 

neural substrates of temporal conditioning. Therefore, the current study was designed to 

investigate brain activity that supports temporal conditioning processes. Greater conditioned 

SCRs and higher UCS expectancies were observed during temporal conditioning (i.e., fixed 

interval UCS presentations) than the control (i.e., random interval UCS presentations) 

procedure. These findings indicate participants were able to predict the UCS on fixed, but 

not random trials (i.e., temporal learning). Further, learning-related differences in the fMRI 

signal response were observed within the amygdala, hippocampus, dlPFC, IPL, and 

temporal cortex. The present findings suggest these brain regions mediate temporal fear 

conditioning processes and provide new insight into the mechanisms of associative learning 

and memory.

In the current study, we observed evidence of temporal conditioning in the UCS expectancy 

data. Participants reported greater UCS expectancy during fixed (i.e., temporal learning) 

versus random interval (i.e., control condition) UCS conditions. These findings demonstrate 

participants learned the timing of the UCS when the UCS was presented in a fixed pattern, 

but not when the UCS was presented randomly (i.e., temporal conditioning). UCS 

expectancy is a direct measure of participant self-reported expectations of the UCS at any 

particular moment (Knight and Wood, 2011). While UCS expectancy has been used in prior 

research to infer contingency awareness (i.e., awareness of the CS-UCS association) 
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(Knight, Nguyen, and Bandettini, 2003; 2006; Knight, Waters, and Bandettini, 2009; Schultz 

and Helmstetter, 2010), it can also be used to determine participant knowledge of the timing 

of the UCS. In the current study, UCS timing was experimentally manipulated between the 

fixed and random conditions. Thus, the greater expectancy during temporal conditioning 

(i.e., fixed interval UCS presentations) compared to the control condition (i.e., random 

interval UCS presentations) indicates participants learned the timing of the UCS.

To our knowledge, the current study is the first to identify human brain regions that support 

an association solely between the passage of time and UCS presentation (i.e., temporal 

conditioning). Timing information is essential for Pavlovian conditioning (Balsam et al., 

2010; Balsam, Drew, and Yang, 2002; Balsam et al., 2006), however aside from the limited 

number of trace conditioning studies, brain activity that supports temporal conditioning 

processes has received little attention in the human neuroimaging literature. Although 

several prior trace conditioning studies have suggested brain regions like the hippocampus, 

dlPFC, and IPL support temporal information (Büchel et al., 1999; Cheng et al., 2008; 

Haritha et al., 2013; Knight et al., 2004a), these prior studies were not designed to separate 

time-related from CS-elicited or trace interval activation. Specifically, these prior studies 

used discrete CS and trace interval presentations that overlapped with the temporal 

information these events contained. Given the temporal dynamics of the hemodynamic 

response, CS and trace interval elicited activity could not be adequately distinguished from 

activity elicited by temporal conditioning. The present study did not use a discrete CS and 

thus separates brain activity that supports temporal conditioning from other confounding 

processes (i.e., CS-elicited and trace interval processes). Therefore, the results of the current 

study demonstrate temporal conditioning, identify the brain regions that support this type of 

learning, and extend prior findings from trace conditioning research.

Temporal learning-related changes in brain function were observed within the amygdala, 

hippocampus, dlPFC, IPL and temporal cortex in the present study. Specifically, greater 

conditioned fMRI signal responses (i.e., the CR) were observed within these brain regions 

during temporal conditioning compared to the control condition. No brain regions showed 

greater activity on control compared to temporal conditioning trials. The current findings 

suggest the activated brain regions form a neural circuit that encodes the temporal 

information that is necessary for successful Pavlovian conditioning. Prior studies of delay 

and trace conditioning have also reported learning-related changes in activity within these 

brain regions (Büchel et al., 1999; Büchel et al., 1998; Dunsmoor, Bandettini, and Knight, 

2007; Haritha et al., 2013; Knight et al., 2004a; Knight et al., 1999; LaBar et al., 1998). 

However, these prior studies were not designed to disentangle CS-elicited from time-related 

activity. Given the present study did not include a discrete CS. The current findings extend 

prior trace conditioning research and demonstrate these brain regions process temporal 

information that predicts UCS presentation to support Pavlovian conditioning.

Prior research suggests the dlPFC may be particularly important for timing-related processes 

during associative learning. In particular, this brain region may be essential for timing the 

anticipatory CR (Crestani et al., 2002; Jin, Fujii, and Graybiel, 2009; Shors et al., 2001). 

Thus, the dlPFC may underlie time-related processes that are critical for temporal 

conditioning. Prior work has demonstrated dlPFC activation during Pavlovian conditioning 
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(Delgado et al., 2008; Dunsmoor, Bandettini, and Knight, 2008; Haritha et al., 2013; Knight, 

Waters, King, and Bandettini, 2010; LaBar et al., 1998; Wood, Ver Hoef, and Knight, 2012) 

as well as other tasks that rely upon processing sequences of stimuli over time (Barch, 

Braver, Nystrom, Forman, Noll, and Cohen, 1997; Cohen, Perlstein, Braver, Nystrom, Noll, 

Jonides, and Smith, 1997; Dormal, Dormal, Joassin, and Pesenti, 2012; Harrington, Haaland, 

and Knight, 1998; Owen, McMillan, Laird, and Bullmore, 2005; Rao, Mayer, and 

Harrington, 2001). Similar observations have been made in animal studies. Specifically, 

prior research has demonstrated the medial PFC (mPFC), the rodent homologue to human 

dlPFC (Weiss, Kronforst-Collins, and Disterhoft, 1996), is critical for timing-related 

processes especially during trace conditioning (Gilmartin and McEchron, 2005; Kronforst-

Collins and Disterhoft, 1998). In fact, conditioned eyeblink responses mediated by cerebellar 

cortex in rodents are dependent on mPFC activity (Kalmbach et al., 2010). Consistent with 

the view that dlPFC supports temporal processes, we observed greater BOLD fMRI signal 

responses during temporal conditioning than control trials within the dlPFC. Thus, the 

observed dlPFC activity appears to represent an anticipatory process that relies upon time-

related information about impending threats.

In addition to the dlPFC, the hippocampus may also be important for time-related learning 

processes. Previous research has frequently observed hippocampal activity during trace 

conditioning (Büchel et al., 1999; Cheng et al., 2008; Crestani et al., 2002; Haritha et al., 

2013; Knight et al., 2004a; Shors et al., 2001; Solomon et al., 1986). Further, prior work has 

shown that disruption of hippocampal activity disrupts the adaptive timing of the CR 

(Kishimoto, Nakazawa, Tonegawa, Kirino, and Kano, 2006; Tam and Bonardi, 2012). These 

findings suggest the hippocampus is necessary for behavioral responses to events separated 

in time. In the present study, we observed greater conditioned fMRI signal responses within 

the hippocampus during temporal conditioning than the control procedure. Given the lack of 

a discrete CS in our procedure, the time between UCS presentations represents temporal 

information which must be encoded for an appropriately timed CR. Taken together, these 

data suggest the hippocampus may support a process that encodes the time between 

subsequent UCS presentations.

While the hippocampus and dlPFC appear to support temporal information processing, the 

amygdala may be the site where time and UCS-related information converge to mediate CR 

acquisition. Prior research has demonstrated CS (e.g., time in the present study) and UCS 

information projects to the amygdala where the CS-UCS association is formed (LeDoux et 

al., 1990; Romanski and LeDoux, 1992; 1993). Additionally, recent work indicates that 

projections from the PFC and hippocampus to the amygdala are important for CR 

acquisition during complex Pavlovian conditioning procedures (e.g., trace conditioning) 

(Ferry et al., 1999; Gilmartin, Kwapis, and Helmstetter, 2012). Further, projections from the 

amygdala to brain regions such as periaqueductal gray, hypothalamus, and other subcortical 

structures appear to mediate expression of the peripheral emotional response (Cheng et al., 

2006; Cheng et al., 2003; Davis, Walker, Miles, and Grillon, 2010; Fendt and Fanselow, 

1999; Helmstetter, 1992; Knight et al., 2005; LeDoux et al., 1990). Thus, the association 

between the passage of time and the UCS may be formed within the amygdala which then 

projects to other subcortical brain structures to elicit the CR.
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The current study presented the UCS at both fixed (i.e., temporal conditioning) and random 

(i.e., control condition) intervals. Specifically, UCS presentations were predictable during 

fixed trials and were unpredictable during random trials. Interestingly, UCS predictability 

may influence fear and anxiety processes. Specifically, predictable UCS presentations 

support an association between the CS and UCS resulting in a phasic fear response. 

Conversely, unpredictable UCS presentations reinforce an association between context and 

the UCS resulting in sustained fear (i.e., anxiety) (Davis et al., 2010; Grillon, 2002; Grillon, 

Baas, Cornwell, and Johnson, 2006; Grillon and Davis, 1997; Grillon, Pellowski, 

Merikangas, and Davis, 1997; Rescorla and Wagner, 1972) . The present experiment was not 

designed or analyzed with the intent to investigate the role of predictability in phasic (i.e., 

fear) versus sustained (i.e., anxiety) responses. Thus, it is difficult to interpret the current 

results in relation to prior work that has attempted to distinguish fear and anxiety. Instead, 

the predictability of the UCS was used to support (i.e., fixed trials) or prevent (i.e., random 

trials) temporal conditioning. Thus, the current study demonstrates an association between 

time and the UCS, and identifies regions (e.g., dlPFC, hippocampus, and amygdala) that 

show temporal learning-related changes in brain activity, and should not be interpreted in 

terms of fear (phasic) versus anxiety (sustained) processes.

Conclusions

The present study investigated the neural substrates of Pavlovian temporal conditioning. The 

current findings suggest human brain regions including the amygdala, hippocampus, IPL, 

and dlPFC support temporal fear conditioning. These brain regions may form a neural 

network that supports temporal conditioning processes that are necessary for CR acquisition. 

To our knowledge, this is the first human neuroimaging study to investigate the neural 

substrates of temporal fear conditioning. Thus, the results of the current study elucidate the 

neural substrates of temporal fear learning in humans, and extend our knowledge of the 

mechanisms that underlie associative learning and memory.
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Highlights

• Neural substrates of human temporal conditioning were investigated.

• Learning-related changes were observed in the emotional response.

• Dorsolateral PFC, hippocampus, and amygdala showed learning-related 

changes.

• These regions appear to support temporal processes during fear 

conditioning.
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Figure 1. 
Unconditioned stimulus (UCS) expectancy and conditioned skin conductance response 

(SCR). UCS expectancy and conditioned SCR were greater during temporal conditioning 

(i.e., fixed interval UCS) than the control (i.e., random interval UCS) procedure. Error bars 

reflect the standard error of the mean. Asterisk indicates a significant difference.
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Figure 2. 
Cortical activity and temporal conditioning. Brain activity increased during the inter-trial 

interval of the temporal conditioning (i.e., fixed interval UCS; solid line), but not control 

(i.e., random interval UCS; dotted line) procedure within dorsolateral prefrontal cortex 

(PFC), inferior parietal lobule (IPL), temporal cortex, and postcentral gyrus. Graphs depict 

mean fMRI signal (% change) prior to UCS presentation.
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Figure 3. 
Hippocampal activity and temporal conditioning. Hippocampal activity increased during the 

inter-trial interval of the temporal conditioning (i.e., fixed interval UCS; solid line), but not 

control (i.e., random interval UCS; dotted line) procedure. Graphs depict mean fMRI signal 

(% change) prior to UCS presentation.
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Figure 4. 
Amygdala activity and temporal conditioning. Amygdala activity increased during the inter-

trial interval of the temporal conditioning (i.e., fixed interval UCS; solid line), but not 

control (i.e., random interval UCS; dotted line) procedure. Graphs depict mean fMRI signal 

(% change) prior to UCS presentation.
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Table 1

Regions showing temporal conditioning.

Structure Hemisphere Peak T-
Value

Cluster
(mm3)

Talairach Coordinates (X,Y,Z)

Amygdala Right 4.86 378 27 −4 −19

Left 3.94 379 −22 −9 −15

Hippocampus Right 6.25 579 23 −16 −15

Right 5.59 437 33 −24 −11

Dorsolateral PFC Left 5.92 453 −49 32 25

Postcentral Gyrus Right 6.13 4347 44 −32 53

Inf. Parietal Lobule Left 5.12 880 −51 −69 18

Inf./Mid. Temporal Gyrus Left 9.18 2826 −48 −51 −8

Right 5.14 649 30 −40 −9

Location, volume, and coordinates from Talaraich and Tournoux (1988) for the peak voxel (t-value) for areas of activation that met significance 
criteria. Inf = Inferior, Mid = Middle, PFC = Prefrontal Cortex.
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