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Introduction: Threat processing, enabled by threat circuits, is supported by a remarkably conserved neural architecture across mammals. Threatening stimuli relevant for most species include the threat of being attacked by a predator or an aggressive conspecific and the threat of pain. Extensive studies in rodents have associated the threats of pain, predator attack and aggressive conspecific attack with distinct neural circuits in subregions of the amygdala, the hypothalamus and the periaqueductal gray. Bearing in mind the considerable conservation of both the anatomy of these regions and defensive behaviors across mammalian species, we hypothesized that distinct brain activity corresponding to the threats of pain, predator attack and aggressive conspecific attack would also exist in human subcortical brain regions.

Methods: Forty healthy female subjects underwent fMRI scanning during aversive classical conditioning. In close analogy to rodent studies, threat stimuli consisted of painful electric shocks, a short video clip of an attacking bear and a short video clip of an attacking man. Threat processing was conceptualized as the expectation of the aversive stimulus during the presentation of the conditioned stimulus.

Results: Our results demonstrate differential brain activations in the left and right amygdala as well as in the left hypothalamus for the threats of pain, predator attack and aggressive conspecific attack, for the first time showing distinct threat-related brain activity within the human subcortical brain. Specifically, the threat of pain showed an increase of activity in the left and right amygdala and the left hypothalamus compared to the threat of conspecific attack (pain > conspecific), and increased activity in the left amygdala compared to the threat of predator attack (pain > predator). Threat of conspecific attack revealed heightened activity in the right amygdala, both in comparison to threat of pain (conspecific > pain) and threat of predator attack (conspecific > predator). Finally, for the condition threat of predator attack we found increased activity in the bilateral amygdala and the hypothalamus when compared to threat of conspecific attack (predator > conspecific). No significant clusters were found for the contrast predator attack > pain.

Conclusion: Results suggest that threat type-specific circuits identified in rodents might be conserved in the human brain.
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1. Introduction

Processing threats is vital to an organism’s chance of survival. On the anatomical level, threat processing is associated with brain circuits that extend from subcortical circuits in the hypothalamus and periaqueductal gray (PAG), to the amygdala, striatum and hippocampus, and finally to cortical areas such as prefrontal and cingulate cortices (1–3). The involved subcortical structures, such as hypothalamus, PAG and amygdala, are known to be structurally highly conserved throughout the mammalian evolution (4–6). On the behavioral level, many responses to threat, called defensive responses, are highly consistent across mammals (7). In rats and mice, for example, unambiguous threat stimuli, such as a close predator, tend to result in escape, when an escape route is available, and freezing, when it is not (8). In contrast, if the threat stimulus is ambiguous or partial (e.g., the smell of a predator), the prototypical response is to orient to and investigate the stimulus (risk assessment) (9). Very similar behavioral patterns are observed in humans (10–14).

Although the precise sources of threat vary among species, one can distinguish basic types of threatening stimuli that are relevant for most species [see (15)]. These include the threat of being attacked by an aggressive conspecific or a predator and the threat of pain, such as the threat of injuring one’s body. Remarkably, studies in rodents have associated different types of threatening stimuli with distinct subcortical pathways (16–23); for reviews see Gross and Canteras (15) and Silva et al. (24). They suggest that the threats of pain, predator attack and aggressive conspecific attack engage distinct neural circuits within the amygdala, the hypothalamus and the PAG (see Figure 1). For instance, threat of pain in rodents was shown to recruit preferentially the basolateral amygdala (BLA), lateral amygdala (LA) and central amygdala (CEA) to generate defensive responses to pain via the ventrolateral PAG (vlPAG). Threat of predator attack, on the other hand, was shown to involve mainly LA and basomedial amygdala (BMA), the dorsomedial part of the ventromedial hypothalamus (dmVMH), the anterior hypothalamic nucleus (AHN), the ventrolateral part of the dorsal premammillary nucleus (vlPMD) and the dorsolateral PAG (dlPAG), while the threat of aggressive conspecific attack in rodents was demonstrated to recruit the medial amygdala (MEA), the ventrolateral part of the VMH (vlVMH), the dorsomedial PMD (dmPMD), the medial preoptic nucleus (MPN), the ventral premammillary nucleus (PMV), and the dorsomedial PAG (dmPAG).
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FIGURE 1
Study’s empirical and theoretical background and derived hypothesis. (A) Empirical background: a number of immunohistochemical, electrophysiological, and lesion studies in rodents have found that the threat of pain, predator attack and aggressive conspecific attack engage distinct neural circuits in subregions of the amygdala, the hypothalamus and the periaqueductal gray (PAG). From left to right: simplified illustration of the experimental setup for three distinct threat types, adapted from Canteras et al. (131); coronal histological slices of the three regions of interest, based on the Allen Mouse Brain Atlas (132); example of an immunohistochemical outcome (c-Fos-expressing cells in the ventromedial hypothalamus), based on Wang et al. (133). (B) Theoretical background: model of distinct threat circuits by Gross and Canteras (15): threat of pain recruits the basolateral amygdala (BLA), lateral amygdala (LA) and central amygdala (CEA) to generate defensive responses to pain via the ventrolateral PAG (vlPAG). Threat of predator attack involves LA and basomedial amygdala (BMA), the dorsomedial part of the ventromedial hypothalamus (dmVMH), the anterior hypothalamic nucleus (AHN), the ventrolateral part of the dorsal premamillary nucleus (vlPMD), and the dorsolateral PAG (dlPAG), triggering defensive responses to a predator attack. Threat of aggressive conspecific attack recruits the medial amygdala (MEA), the ventrolateral part of the VMH (vlVMH), the dorsomedial PMD (dmPMD), the medial preoptic nucleus (MPN), the ventral premammillary nucleus (PMV), and the dorsomedial PAG (dmPAG), resulting in defensive responses to a conspecific attack. Adapted from Gross and Canteras (15). (C) Hypothesis: given the considerable degree of mammalian evolutionary conservation of threat behavior and of the anatomy of the implied regions, the question arises of whether distinct neural pathways for different types of threat exist also in the human brain. The present fMRI study investigated the neural correlates of three analogous types of threat (threat of pain, threat of predator attack and threat of conspecific attack) in 40 healthy subjects with a conditioning paradigm, hypothesizing differential conditioned stimulus (CS)-related brain activation in the amygdala, the hypothalamus and the PAG.


Not surprisingly, studies in humans hint at the involvement of these same brain structures in processing threat signals. fMRI studies have implicated the human amygdala in pain conditioning [reviewed by (25)] as well as in response to fearful conspecific faces [e.g., (26)]. Mobbs et al. (27) showed that as a virtual predator approached, brain activity shifted from the ventromedial prefrontal cortex to the PAG. A modification of the experiment showed an increase in PAG activity the closer a tarantula was placed to the foot of the subject lying in the scanner (28). In addition, electrically stimulating the dorsal PAG and the ventromedial hypothalamus elicits feelings of panic [reviewed in (29)]. Threat images, compared to merely negative images, have been found to evoke greater and earlier BOLD activations in the amygdala and PAG (30). A recent study examined humans with bilateral calcifications of the BLA and rats with BLA lesions and found evidence that the BLA is necessary for switching from passive defensive to active escape behavior in both species (31).

It is unclear, however, whether different threat types distinctively recruit these subcortical regions in the human brain. Given the considerable degree of anatomical conservation of the implicated regions (4–6) and the similarities in defensive behaviors across mammalian species, we aimed to investigate whether different types of threat would also differentially activate the human subcortical brain.

This issue is of great importance, because dysregulated threat processing and defensive responses characterize many neuropsychiatric disorders. In anxiety disorders, major depression, and chronic pain, for instance, attentional biases to threatening stimuli play an important role in the development and maintenance of the disorder (32–35). Drugs that are clinically effective against anxiety disorders in humans modulate defensive behavior in rodents (36–38). The benzodiazepine lorazepam, which has anxiolytic effects, has been shown to modulate the expression of avoidance behavior toward threatening stimuli in humans (39). Elucidating basic neural mechanisms that support adaptive threat processing and behavior is thus crucial to gaining a better understanding of disorders characterized by maladaptive responses to threat.

Translating research paradigms from animal to human studies and vice versa brings with it a number of methodological challenges, however. For instance, animal studies can investigate more ethologically valid threatening situations, whereas ethical considerations place restraints on the nature and intensity of aversive stimuli which can be used in human studies. Despite methodological disparities, a large body of work investigating threat conditioning in animals and humans has found a largely overlapping core neural network involved in conditioning and extinction (25, 40–42), suggesting that this experimental paradigm can detect meaningful and comparable underlying neural mechanisms across species.

To investigate the neural correlates of distinct threat types in the human brain, we used functional magnetic resonance imaging (fMRI) to measure blood-oxygenation-dependent (BOLD) activity and examined differential brain activations to three types of threat in 40 healthy females within a conditioning paradigm. Based on the principle of classical Pavlovian conditioning (43), threat conditioning is a widely used paradigm in translational neuroscience.

We specifically focused on threat processing (rather than defensive responses, which are more challenging to investigate in humans in a scanner setting), which was conceptualized as the expectation of the aversive, unconditioned stimulus (US) during the conditioned stimulus (CS) presentation. In analogy to the rodent studies the aversive stimuli in our study were painful electric shocks (“threat of pain”), a short video clip of an attacking bear (“threat of predator attack”) and a short video clip of an attacking aggressive man (“threat of conspecific attack”). Because of the different sensory modalities of the conditions threat of pain (electric shocks) and threat of predator/conspecific attack (audio-visual stimuli) we decided to focus the analysis on CS instead of US-related brain activity. This allowed for a comparison across conditions without confounding effects of different properties of the aversive stimuli.

We hypothesized that the conditions threat of pain, threat of predator attack and threat of conspecific attack would involve distinct CS-related BOLD activations within the amygdala, hypothalamus and PAG of healthy humans.



2. Materials and methods


2.1. Ethics statement

This study was approved by the ethics committee at the Technical University of Munich. All participants gave their informed consent and received monetary compensation for their participation.



2.2. Participants

Forty-five healthy females with a mean age of 23.6 years (SD = 4.1) took part in the experiment, carried out at the Technical University of Munich in Germany. All participants were right-handed native German speakers with normal or corrected-to-normal vision, reported no history of psychiatric or neurological disorders and no current intake of psychoactive medication. Data from five participants were excluded from analysis due to excessive head-movement during fMRI acquisition (N = 1), a high score for depressive symptoms [a score of 22 on the Beck Depression Inventory (44), N = 1], extreme sleepiness during the experiment detected by eye monitoring (N = 2) or technical error (N = 1). Only female subjects were included in the study due to previously reported sex differences in fear conditioning in humans and rodents [reviewed in (45)]. For instance, male rodents acquire CS-US associations faster than females and display freezing behaviors more frequently than females (46, 47). Similarly, in humans, larger conditioned responses during fear acquisition were found in men relative to women (48). Human fMRI studies on fear conditioning with painful stimuli have shown significantly greater BOLD-signal changes in the right amygdala, right rostral anterior cingulate (rACC) and dorsal anterior cingulate cortex (dACC) (49) and more insula activation (50) in women compared with men. In order to increase sample homogeneity (and thereby signal-to-noise ratio) and because of the higher occurrence of anxiety and stress-related disorders in females compared to males (51, 52), we chose only female subjects for the study.



2.3. Experimental design

To investigate the neural correlates of different threat types in the human brain, three different types of aversive stimuli were presented within a conditioning paradigm with fluctuating conditioned–unconditioned stimulus (CS–US) contingencies (Figures 2A, B). The design was adapted from two previous studies, where it had been used for conditioning with painful stimuli (53) and aversive pictures (54). The conditioning paradigm was chosen since the focus on CS-related activity enabled the comparison of brain activity across different threat types. This was particularly relevant due to the different sensory modalities of the conditions threat of pain (electric shocks) and threat of predator/conspecific attack (audio-visual stimuli). Focusing the analysis on CS- instead of US-related brain activity allowed for a comparison across conditions without confounding effects of different properties of the aversive stimuli such as sensory modality or intensity.
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FIGURE 2
Experimental design – threat conditioning for three distinct threat types. (A) Schematic trial from each run: each trial began with a fixation cross, followed by a conditioned stimulus (CS) in the form of a simple geometric shape. During the first three seconds of CS presentation, participants were asked to predict whether they believed an unconditioned stimulus (US) would follow or not, by pressing a button. The US differed according to threat type condition: Pain – electric shocks applied to the participant’s wrist; predator – an audio-visual stimulus picturing a roaring bear jumping toward the viewer; conspecific – an audio-visual stimulus of an aggressive man coming toward the viewer with a knife in his hands. When no US followed, the screen remained black. Next, participants were asked to rate their arousal on the Self-Assessment Manikin (SAM) scale. Each trial ended with an inter-trial-interval (ITI) of varying length. (B) CS-US Contingency across one run: the CS–US contingency was modulated according to a sinusoidal function in order to avoid habituation effects. In each run, there were two reinforced CSs (CS+one and CS+two, paired with the US in 50% of all cases, with phase-shifted contingency functions but followed by the same US), and one non-reinforced CS (CS–; never paired with a US, serving as a baseline in later analyses). (C) Trial sequence across one run: the experiment consisted of three runs (one for each threat type) with 88 trials each. Shown here is an exemplary sequence of CS+one, CS+two and CS– trials in one run.


The three types of US in the current study included painful stimuli in the form of electric shocks (for the condition threat of pain) as well as two audio-visual stimuli with a length of 2.5 s simulating an attack by a predator and by a conspecific (for the conditions threat of predator attack and threat of conspecific attack, respectively). In the predator attack condition, the US was a video showing a roaring bear leaping toward the viewer with a wide-open jaw. The video consisted of scenes from the horror movie Into the Grizzley Maze (55). In the conspecific attack condition, the video showed an aggressive young man with a knife in one hand, coming toward the viewer. The scene was shot with the help of a befriended actor and cinematographer. Both video clips were cut with the software iMovie (Version 10.0.7, Apple Inc.) and are available upon request. In each attack condition, the same video clip was repeated across trials, to increase comparison with the electric shock condition. The electric shocks were applied to the dorsum of the right wrist for a duration of 1 s, using a constant voltage stimulator (STM200, Biopac Systems, Goleta, CA, United States). In order to ensure that the level of perceived pain was comparable across participants, we performed a calibration procedure with each participant, following the example of previous studies on pain conditioning (56–58). Specifically, the current was first increased gradually to define the minimum current the participant was able to feel as well as their subjective maximum, defined as the highest tolerable pain. Within this range, a number of test shocks of random intensities were applied and the participants were asked to rate the intensity of each shock on a numerical rating scale from 0 (not painful at all) to 10 (highest tolerable pain). A sigmoid function was fitted to the acquired data points and finally a single individualized current corresponding to a rating of 8/10 according to that fit was chosen.

The experiment consisted of three runs, one per threat type, with 88 trials each. On each trial, participants had to predict whether a CS would be followed by the US or by a black screen (see Figure 2A). In each threat type condition (pain, predator, and conspecific) there was only one type of US (electric shocks, video of an attacking bear or video of an attacking conspecific, respectively), but three different CSs (CS+one, CS+two, and CS−, consisting of different simple geometric shapes (see Figure 2A). Two of the three CSs were associated with the US: CS+one and CS+two were reinforced CSs, which were paired with the US in 50% of all cases. The third CS (CS−) was a non-reinforced CS, which was never paired with the US and served as a baseline in later analyses (Figures 2B, C). The participant’s task was to correctly predict whether a US would follow a particular CS. To avoid habituation effects (53, 59), the CS–US contingency of CS+one and CS+two was modulated according to a sinusoidal function (Figure 2B). The order of the three runs and the colors and shapes of the CSs were counterbalanced across participants. At the end of each trial, participants were asked to rate their current arousal on the Self-Assessment Manikin (SAM) scale (60).



2.4. Experimental procedure

Participants were informed that the purpose of the study was the investigation of brain activity during emotional learning and that it would include aversive audio-visual stimuli and painful electric shocks. Informed consent was followed by a short training session, in which participants practiced the task on a laptop outside the scanner room until they could successfully predict the occurrence or non-occurrence of the US. An audio-visual stimulus picturing a passing streetcar exemplified the US in the training session. Inside the scanner, participants were first asked to assist with the calibration of the electric shocks. Afterward they completed the fMRI session, consisting of three runs, lasting 24 min each.



2.5. Behavioral measures


2.5.1. Arousal ratings for the unconditioned stimuli

Participants rated their arousal at the end of each trial. To test whether the US successfully induced a threat response (i.e., an aversive emotional response) in each condition, we conducted a 2 × 3 ANOVA on SAM arousal scores with within-subjects factors US Presence (US Absent and US Present) and Threat Type (Pain, Predator, and Conspecific), as well as three post hoc 2 × 2 ANOVAs and post hoc paired t-tests. A significance level of α = 0.05 was set for all tests. Effect sizes were estimated as partial eta squared for ANOVAs and as Cohen’s d for t-tests.



2.5.2. Effect of conditioning for each threat type

During CS presentation, participants had to predict via a button press whether they believed the US would follow or not. To make sure that the conditioning procedure was successful, in other words that participants expected the US more often after CS+ compared to CS− presentation, the proportion of “US present” predictions was calculated for each participant, separately for each threat type. A 2 × 3 ANOVA on the proportion of “US present” predictions with the factors CS Type (CS+ and CS−) and Threat Type (Pain, Predator, and Conspecific) as well as three post hoc 2 × 2 ANOVAs and post hoc t-tests were performed.




2.6. Physiological measures

Physiological noise induced by cardiac and respiratory cycles accounts for a considerable amount of variance in the BOLD signal, especially in the areas close to the brainstem, such as the ones our hypothesis focused on (61). To estimate the impact of physiological noise, we recorded respiratory and cardiac phase throughout the experiment and entered this data in a retrospective image correction (RETROICOR) noise model as implemented by the PhysIO toolbox (62). The resulting nuisance regressors were included in the General Linear Model (GLM) analysis. Respiratory data was recorded with an inductive belt placed around the ribcage. Cardiac phase was derived from a photoplethysmographic signal measured with a pulse-oxymeter fixated on the ring finger of the left hand. Both measures were recorded using the Biopac System MP150 together with the AcqKnowledge Software (Biopac Systems, Goleta, CA, United States).



2.7. Neuroimaging: Data acquisition and preprocessing

The MR imaging was performed with a 3 T Philips Ingenia scanner with a 32-channel head coil at the Technical University of Munich. T1-weighted anatomical images were acquired using a magnetization-prepared acquisition gradient echo sequence (MPRAGE) with a resolution of 0.67 mm × 0.67 mm × 0.70 mm. For the functional images we used interleaved multiband imaging with a factor of 2 and a contrast-gradient echo-planar T2*-weighted sequence (EPI) covering the whole brain (repetition time = 2,700 ms, echo time = 26 ms, flip angle = 90°, acquisition matrix = 96 × 94, 64 slices, slice thickness = 2 mm, no gap, in-plane resolution = 2 mm × 2 mm). Audio-visual stimuli were presented using Presentation software (Neurobehavioral Systems, Inc., Berkeley, CA, United States), which received trigger pulses from the scanner for synchronization with image acquisition. Visual information was projected on a screen at the head of the scanner, viewable through an adjustable mirror. Sound was transmitted via MR-compatible headphones.

Image processing and statistical analysis was completed with SPM 12 (Wellcome Trust, London, UK), running on MATLAB 2016b (The MathWorks Inc., Natick, MA, United States). After discarding the first two volumes, the functional images were slice time corrected, realigned to the first image of each run and unwarped. The participants’ structural images were co-registered to the functional images, segmented and then normalized to a standard T1 template in the Montreal Neurological Institute (MNI) space. These normalization parameters were applied to the functional images, which were then smoothed with a 4 mm full-width-at-half-maximum Gaussian filter.

The control of movement-related artifacts, including vessel-induced artifacts in the brainstem and physiological ‘noise’ such as heartbeat, were performed at the subject-specific first level data analysis, which was based on the GLM approach, as described below.



2.8. Neuroimaging: Data analysis


2.8.1. First-level analysis

A first-level GLM was estimated for each subject using the following event-related regressors: hemodynamic response function (HRF)-convolved onsets of CS+one, CS+two, CS−, US-presentone, US-presenttwo, US-absentone, US-absenttwo, US-absentminus, and arousal rating scale. The GLM also included the following regressors of no interest: (1) parametric modulations of CS onset regressors, using participant’s trial-wise arousal ratings, to control for the additional variance related to arousal fluctuations over the course of the run; (2) the 1st order derivatives of the six movement regressors obtained during the realignment procedure (63); (3) 18 regressors accounting for cardiac and respiratory noise, derived from the RETROICOR (physiological noise) model with the default settings: a 3rd order cardiac model (six regressors, sine/cosine), 4th order respiratory model (eight regressors), and a 1st order interaction model (four terms); (4) motion censoring regressors: a temporal mask flagging volumes with >2 mm/degrees of head motion. Via the motion censoring regressors, volumes in which head motion exceeded a threshold of 2 mm translation and 2° rotation were withheld from GLM estimation, adapting the strategy known as “motion censoring” (63). If this threshold was exceeded in more than three instances per run, however, the subject was excluded from all analyses (N = 1).



2.8.2. Second-level analysis

Subjects’ parameter estimate maps for CS-related activity were then entered into a second-level 2 × 3 factorial analysis with factors CS Type (CS+ and CS−) and Threat Type (Pain, Predator, and Conspecific). The aim of the analysis was threefold: (1) to confirm that the conditioning procedure was successful both at the region of interest level and the whole brain level – by investigating the main effect of CS Type, (2) to test our hypothesis of differential activity corresponding to the threats of pain, predator attack and conspecific attack in the amygdala, hypothalamus and PAG – by exploring the 3-way interaction effect between the factors CS Type and Threat Type and (3) to further investigate any differential threat type activity by examining post hoc comparisons between each threat type pair for the contrast CS+ vs. CS, for example pain (CS+vs. CS−) vs. conspecific (CS+vs. CS−).

With the exception of the additional whole-brain analysis for the main effect of CS Type, all analyses were restricted to the three regions of interest defined by the rodent threat pathway model (15): amygdala, hypothalamus, and PAG. The mask for the amygdala was based on the Jülich histological atlas as implemented in the SPM Anatomy toolbox (64), a widely used probabilistic cytoarchitectonic atlas, which allows for a differentiation into different nuclei of the amygdala, such as the basolateral and centromedial amygdala. Maps of the hypothalamus and PAG are not included in this atlas. For the hypothalamus, we therefore used the CIT168 atlas (65), a probabilistic in vivo anatomical atlas of subcortical nuclei, based on MRI data from 168 healthy adults. The PAG mask was derived from the connectivity-based segmentation by Ezra et al. (66), who used diffusion magnetic resonance imaging and probabilistic tractography to segment the human PAG, making it possible to investigate the four different columns of the PAG.

Statistical maps were corrected for multiple comparisons with the family-wise error rate (FWE) correction, using a threshold of p < 0.05, based on a height threshold of p < 0.005. For analyses within the regions of interest, FWE-correction was carried out at the peak level within a combined mask of amygdala, hypothalamus and PAG. For post hoc comparisons, which further explored the 3-way interaction result, FWE-correction was carried out within a mask of the significant clusters from the interaction result and was considered significant if below the p-value of 0.0083 (0.05/6, considering the 6 post hoc comparisons). For the whole brain analysis, FWE-correction was implemented at the cluster level, with the whole-brain as the volume of interest. Results are reported in Montreal Neurological Institute space.




2.9. Control analysis for habituation effects

Since a differential habituation to the US across the different conditions could represent a potential confound, we carried out a control analysis to investigate habituation responses to the three threat stimuli. At the first level, we substituted regressors for CS1, CS2, and CS3 correspondingly with three nearly equally long regressors representing the respective 1st, 2nd, and 3rd third of the run. All other design parameters and regressors were held equal to the main analysis. Comparing the first and last section of a task to model habituation is a practice repeatedly used in previous research (67–69). We computed contrast maps comparing CSplus (1st third) > CSplus (3rd third), which then entered a second-level analysis, where a Factorial 1 × 3 ANOVA with the factor Threat Type (Pain, Predator, and Conspecific) was performed and the interaction effect with F-Tests as a measure of differential habituation between experimental modalities was examined. Statistical maps were corrected for multiple comparisons with FWE-correction at the peak level, using a threshold of p < 0.05, based on a height threshold of p < 0.005, within the combined mask of amygdala, hypothalamus and PAG.




3. Results


3.1. Behavioral results


3.1.1. Arousal ratings for the unconditioned stimuli

To validate that the stimuli used in the experiment elicited a reliable threat response, we tested whether the US successfully induced increased arousal ratings in each threat condition. A 2 × 3 ANOVA on arousal scores with the factors US Presence (US Absent and US Present) and Threat Type (Pain, Predator, and Conspecific) was conducted. This revealed a significant main effect of US Presence (F[1,38] = 145.43, p < 0.001, [image: image] = 0.79) with participants rating US present trials as more arousing than US absent trials in all threat conditions combined (Figure 3A). Post hoc t-tests revealed consistently higher self-reported arousal for US Presence for each of the three threat types (Pain: t[39] = 12.34, p < 0.001, d = 1.16; Predator: t[39] = 8.67, p < 0.001, d = 0.90; Conspecific: t[39] = 7.68, p < 0.001, d = 0.82).
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FIGURE 3
Threat conditioning. (A) Arousal ratings for the unconditioned stimuli. In each condition, trial-wise arousal ratings were significantly higher after the appearance of the unconditioned stimulus (US present) than the black screen (US absent), confirming that the stimuli were perceived as arousing by the participants. Arousal ratings were higher in the pain condition compared to the conditions predator attack and conspecific attack. Arousal was assessed with the Self-Assessment Manikin (SAM) scale and scores ranged from 1 (least aroused SAM) to 5 (most aroused SAM). Analysis based on a 2 × 3 ANOVA on arousal scores with within-subjects factors US Presence (US Absent and US Present) and Threat Type (Pain, Predator, and Conspecific) ***p < 0.001, based on post hoc two-tailed paired t-tests for each threat type (US present vs. US absent) and on the main effects of threat type in post hoc 2 × 2 ANOVAs for pain vs. conspecific attack and pain vs. predator attack. ns, not significant. Error bars represent standard error of the mean (SEM). (B) Effect of conditioning for each threat type. Participants expected the US significantly more often after CS+ compared to CS– presentation, suggesting that the conditioning procedure was successful at the behavioral level. In the pain condition participants expected the US slightly more often than in the other two conditions. Analysis based on a 2 × 3 ANOVA on the proportion of “US present” predictions with the factors CS Type (CS+, CS–) and Threat Type (Pain, Predator, and Conspecific). *p < 0.05, based on the main effects of threat type in post hoc 2 × 2 ANOVAs for pain vs. conspecific and pain vs. predator. ***p < 0.001, based on post hoc two-tailed paired t-tests for each threat type (CS+ vs. CS–). ns, not significant. Error bars represent standard error of the mean (SEM). (C) Effect of conditioning in the regions of interest: main effect of CS type (CS+, CS–). Significant main effects of CS Type were found in all three regions of interest, indicating that the conditioning procedure was successful in the amygdala, hypothalamus, and PAG. Based on a second-level 2 × 3 factorial analysis with factors CS Type (CS+, CS–) and Threat Type (Pain, Predator, and Conspecific). FWE-corrected (p < 0.05) at the peak level within amygdala, hypothalamus and PAG, based on a height threshold of p < 0.005. (D) Effect of conditioning in the whole brain: main effect of CS type (CS+, CS–). At the whole brain level, regions with significant main effects of CS Type coincide with the large-scale network consistently identified across fear conditioning studies, including the anterior insula, pre- and postcentral gyrus, SMA (supplementary motor area) and anterior cingulate gyrus. Based on a second-level 2 × 3 factorial analysis with factors CS Type (CS+, CS–) and Threat Type (Pain, Predator, and Conspecific). Whole-brain FWE-corrected (p < 0.05) at the cluster level (extent threshold of 144 voxels), based on a height threshold of p < 0.005.


The ANOVA also revealed a significant main effect of Threat Type on arousal ratings (F[1.33,50.56] = 61.61, p < 0.001, [image: image] = 0.619) as well as a significant interaction effect between Threat Type and US Presence (F[1.49,56.64] = 13.03, p = 0.001, [image: image] = 0.25), after Greenhouse–Geisser correction. Post hoc tests in the forms of 2 × 2 ANOVAs showed that the main and interaction effects remained significant when either of the two threat of attack conditions were taken out of the ANOVA (main effect of Threat Type [Pain, Predator]: F[1,39] = 85.72, p < 0.001, [image: image] = 0.69; main effect of Threat Type [Pain, Conspecific]: F[1,38] = 57.56, p < 0.001, [image: image] = 0.60), but not when the threat of pain condition was excluded (main effect of Threat Type [Predator, Conspecific]: F[1,38] = 2.09, p = 0.56, [image: image] = 0.05). The US in the pain condition was thus perceived as more arousing by the participants (see Figure 3A). All in all, these findings confirm that all threat types were arousing to the participants, with painful stimuli being more arousing than the other two stimuli.



3.1.2. Effect of conditioning for each threat type

To confirm that the conditioning procedure was successful on the behavioral level, we examined whether participants expected the occurrence of the US more often during CS+ than during CS− trials. ANOVA on the proportion of “US present” predictions revealed a significant main effect of CS Type (CS+, CS−) (F[1,39] = 1139.01, p < 0.001, [image: image] = 0.97), with participants predicting the occurrence of the US significantly more often during CS+ than during CS− trials across conditions (Figure 3B). Post hoc t-tests confirmed that this was true for each of the three threat types (Pain: t[39] = 32.29, p < 0.001, d = 7.72; Predator: t[39] = 19.50, p < 0.001, d = 5.08; Conspecific: t[39] = 24.70, p < 0.001, d = 5.83). During CS presentation, participants were thus expecting the US to appear significantly more often during CS+ than during CS− trials, validating that the conditioning procedure was successful on the behavioral level. The analysis also revealed a small but significant main effect of Threat Type (F[2,78] = 4.109, p = 0.020, [image: image] = 0.095) and an interaction effect between Threat Type and CS Type (F[2,78] = 4.895, p = 0.010, [image: image] = 0.112). Post hoc tests in the forms of 2 × 2 ANOVAs showed that the main and interaction effects remained significant when either of the two threat of attack conditions were taken out of the ANOVA (main effect of Threat Type [Pain, Predator]: F[1,39] = 5.85, p = 0.020, [image: image] = 0.130; main effect of Threat Type [Pain, Conspecific]: F[1,39] = 4.87, p = 0.033, [image: image] = 0.111), but not when the threat of pain condition was excluded (main effect of Threat Type [Predator, Conspecific]: F[1,39] = 0.087, p = 0.769, [image: image] = 0.002). Participants thus expected the US slightly more often in the pain condition, compared to the conditions predator attack and conspecific attack.




3.2. Neuroimaging results


3.2.1. Effect of conditioning in the regions of interest: Main effect of CS type (CS+, CS−)

To verify that conditioning had occurred in our regions of interest, we explored brain activity corresponding to the main effect of CS Type (CS+, CS−) in the amygdala, hypothalamus and PAG. Significant effects of the factor CS Type were found in all three regions (see Table 1 and Figure 3C), indicating differential brain activity corresponding to the threatening CS+ (i.e., the expectation of the aversive stimulus) versus the non-threatening CS− (i.e., the expectation of a black screen) and thus suggesting an effect of the conditioning procedure on neural activity in our regions of interest.


TABLE 1    Effect of conditioning: main effect of CS type (CS+, CS−).

[image: Table 1]



3.2.2. Effect of conditioning in the whole brain: Main effect of CS type (CS+, CS−)

We additionally examined the main effect of CS Type at the whole-brain level, to test whether the cortical activations would coincide with the regions typically associated with the anticipation of painful and audio-visual conditioned stimuli, see Fullana et al. (70) for a meta-analysis. Significant main effects of CS Type (CS+, CS−) were found in clusters extending over the left and right anterior and ventral insula as well as frontal operculum, pre- and postcentral gyrus, supplementary motor area, paracingulate and anterior cingulate gyrus, cerebellum, thalamus and occipital pole (see Table 1 and Figure 3D). These findings coincide well with the large-scale network consistently identified across threat conditioning studies (70), supporting the presence of a conditioning effect in our paradigm.



3.2.3. Differential threat-related activity among threat types: Interaction between CS type (CS+, CS−) and threat type (pain, predator, and conspecific)

To test our hypothesis of differential activity corresponding to the threats of pain, predator attack and conspecific attack in the amygdala, hypothalamus and PAG, we explored brain activations for the interaction effect of CS Type and Threat Type in these three regions. Significant interaction effects were found in the left and right CMA and BLA, as well as in the left hypothalamus (see Table 2 and Figure 4). No significant clusters were detected within the PAG. Results thus support our hypothesis of differential brain activations among the threats of pain, predator attack and conspecific attack within the amygdala and hypothalamus, but not the PAG.


TABLE 2    Differential threat-related activity.

[image: Table 2]
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FIGURE 4
Differential threat-related activity among threat types: interaction between CS type (CS+, CS) and threat type (Pain, Predator, and Conspecific). Significant interaction effects were found in the left and right centromedial and basolateral amygdala as well as in the left hypothalamus, supporting our hypothesis of differential activation corresponding to the threats of pain, predator attack and conspecific attack. No significant clusters were detected within the PAG. Based on a second-level 2 × 3 factorial analysis with factors CS type (CS+, CS–) and threat type (Pain, Predator, and Conspecific). Height threshold of p < 0.005, FWE-corrected (p < 0.05) at the peak level within amygdala, hypothalamus and PAG.




3.2.4. Differential threat-related activity between threat type pairs: Post hoc comparisons

The condition threat of pain showed a relative increase of activity in the left BLA and CMA as well as the left hypothalamus compared to threat of conspecific attack (pain[CS+ > CS−] > conspecific[CS+ > CS−]), and increased activity in the left CMA compared to predator attack (pain[CS+ > CS−] > predator[CS+ > CS−]). Threat of conspecific attack, on the other hand, revealed heightened activity in the right BLA both in comparison to pain (conspecific[CS+ > CS−] > pain[CS+ > CS−]) and predator attack (conspecific[CS+ > CS−] > predator[CS+ > CS−]). Finally, for the condition threat of predator attack we found increased activity in the amygdala (left BLA, right CMA) and the hypothalamus when compared to conspecific attack (predator[CS+ > CS−] > conspecific[CS+ > CS−]). No significant clusters were found for the contrast predator (CS+ > CS−) > pain (CS+ > CS−). Looking at the three threat type pairs, results demonstrate significant differences between all three threat type pairs in the amygdala, and differences between two out of the three threat type pairs (pain vs. conspecific and predator vs. conspecific) in the hypothalamus. Consequently, the interaction effect was likely not driven by any one threat type, quite the opposite – we found a distinct pattern of activity for each threat type.



3.2.5. Control analysis for habituation effects

To examine whether differential habituation to the US across the different conditions may have influenced our results, we performed a control analysis on habituation responses to the three threat stimuli. Small-volume-corrected results yielded no suprathreshold activations for the interaction effect of the threat modalities (threat of pain, threat of predator attack, and threat of conspecific attack). Thus, we could not find evidence for a confounding effect of habituation on differential threat-related activity in any of our regions of interest (amygdala, hypothalamus, and PAG).





4. Discussion

Inspired by findings in rodents, we tested the hypothesis of distinct threat type-dependent neural activity in the human amygdala, hypothalamus and PAG of healthy females using simultaneous fMRI and threat conditioning. We found differential CS-related brain activity for the threat of pain, predator and conspecific in the amygdala and hypothalamus. To the best of our knowledge, these findings represent first direct evidence of distinct threat type-dependent brain activity within the human subcortical brain, suggesting that rodent threat type-specific circuits might be conserved in the human brain.


4.1. Confirmation of conditioning success

In order to test the validity of our approach, the data were first examined for evidence that the conditioning procedure was successful. At the behavioral level, it was shown that the US of all three threat types elicited a significant aversive response and that the subjects expected the occurrence of the US significantly more often during CS+ than during CS− trials, indicating successful conditioning (Figures 3A, B). At the neural level, evidence for successful conditioning was found in the significant main effect of the factor CS-type (CS+, CS−) in all three region of interest (Figure 3C and Table 1A). In addition, the main effect of the factor CS-type (CS+, CS−) was examined at the whole brain level (Figure 3D and Table 1B). Significant clusters were found extending over the left and right anterior and ventral insula as well as the frontal operculum, pre- and postcentral gyrus, supplementary motor area, paracingulate and anterior cingulate gyrus, cerebellum, thalamus and occipital pole. These areas coincide well with the network that has been repeatedly identified in studies of conditioning with aversive (mainly painful) stimuli (70), providing additional evidence that conditioning was successful in the present study.



4.2. Amygdala

We found differential CS-related activity between all the three threat types in the amygdala (Table 2 and Figures 4, 5). This finding is in line with a number of neural activity mapping and lesion studies in rodents, which have shown that different types of threatening stimuli depend on distinct subnuclei of the amygdala (16, 21, 71). The amygdala is a heterogeneous complex of several nuclei and plays an important role in the appraisal of the biological (i.e., basic motivational) relevance of a stimulus (72). The structural organization of the amygdala shows strong parallels across mammalian evolution (5, 73). In the context of threat, it has been proposed that the amygdala acts a site of integration, collecting threat-related afferents from different sensory modalities and channeling them along distinct downstream targets to produce contextually appropriate behaviors (74, 75).


[image: image]

FIGURE 5
Differential threat-related activity between threat type pairs: post hoc comparisons. Pairwise contrasts revealed significant differences between all three threat type pairs in the amygdala as well as differences between two threat type pairs (pain vs. conspecific and predator vs. conspecific) in the hypothalamus. Based on post hoc comparisons between each threat type pair for the contrast CS+ > CS– (for example, pain[CS+ > CS–] vs. conspecific[CS+ > CS–]). FWE-corrected (p < 0.0083, Bonferroni-corrected for 6 post hoc tests) at the peak level within a mask of the significant voxels from the interaction result in amygdala and hypothalamus, based on a height threshold of p < 0.005.


The rodent threat circuitries are segregated at the level of amygdala outputs, with the predator cue circuit depending on outputs from the BMA, the conspecific attack cue circuit depending on outputs from the MEA and the pain cue responsive circuit depending on the BLA, LA, and CEA (15).

In humans, lesion studies have shown deficits in the recognition of threatening stimuli such as fearful facial expressions after removal of the amygdala in epilepsy patients or after calcification of the amygdala as a consequence of the Urbach–Wiethe disease (76–78). A large number of fMRI studies have implicated the human amygdala in fear conditioning with painful stimuli [reviewed by (25)] as well as in response to fearful faces of conspecifics [e.g., (26)]. Kveraga et al. (30) compared responses to threatening pictures to those of merely negative images and showed that the threat images triggered larger and earlier BOLD activations in the amygdala. Thus, while there is ample evidence for a role of the amygdala in processing threat in humans, it remains unknown whether different types of threat differentially recruit the amygdala. Although our data does not allow any inferences to be made at the level of individual nuclei, our findings suggest that a spatial segregation of circuits responsive to the threat of pain, predator attack and conspecific attack exists in the human amygdala (Figure 5).



4.3. Hypothalamus

In the hypothalamus, we found significant differential CS-related activity between the threat types predators and conspecifics as well as between pain and conspecifics (Table 2 and Figures 4, 5). The hypothalamus, an evolutionarily highly conserved region (6) at the base of the diencephalon, has been placed downstream of the amygdala in models of threat processing, controlling processes such as sympathetic outflow and the suppression of threat irrelevant behaviors, such as eating, drinking, and sexual behaviors (15).

The association of the hypothalamus with threat processing and defensive responses dates back to stimulation studies from the 1960s, in which it was discovered that stimulation of the hypothalamus in cats elicited “sham rage” responses (79). Lin et al. (80) applied optogenetic techniques showing that stimulation of the ventromedial hypothalamus in rats resulted in an attack on conspecifics as well as on inanimate objects. Case reports of humans following deep brain stimulation, specifically of patients with severe depression (81), chronic cluster headaches (82), and obsessive-compulsive disorder (83), describe strong feelings of anxiety and panic, as well as physical symptoms of hyperventilation, shortness of breath, and increased blood pressure after the electrical stimulation of the hypothalamus [summarized in (29)]. An activation of the hypothalamus has also been repeatedly reported in human fMRI studies with threatening stimuli (70, 84).

Our finding of distinct CS-related activity between the threat types predator and conspecific attack in the hypothalamus is in keeping with the rodent literature, which has identified sub-circuits within the medial hypothalamus that are preferentially recruited by predator-associated cue processing and by conspecific-associated cue processing, respectively (Figure 1) (16, 19, 85). Unlike the model of Gross and Canteras (15), which does not implicate the hypothalamus in the processing of pain related cues, we also found differential CS-related activations between the threat types pain and conspecific attack. While this is in line with more recent research, which implicates the medial hypothalamus in pain-related avoidance behavior (86, 87), further research is needed to corroborate our finding in the human brain.



4.4. PAG

Our results did not show differential threat-related activity among threat types in the PAG, despite significant conditioning effects in this region (Table 1 and Figure 3C).

The PAG forms a part of the ventricular gray matter and surrounds the midbrain aqueduct. It is commonly divided into four columns: the lateral PAG (lPAG), vlPAG, dlPAG, and dmPAG (88, 89). In addition to a role in pain perception and modulation (90, 91) and the regulation of respiratory and cardiovascular processes (92, 93), the PAG is considered an effector structure of defensive responses (15, 94, 95). Lesions in the dPAG attenuate responses such as risk assessment, flight or freezing in rats (20, 96), while electrical, pharmacological, or optogenetic stimulation of the PAG elicit defensive responses in rats, cats, and mice (97–102). Different columns of the PAG are thought to mediate distinct responses to different threatening stimuli (18, 103). More specifically, the threat of pain was preferentially associated with activation of the vlPAG, the threat of a predator with the dlPAG, and the threat of an aggressive conspecific with the dlPAG (15).

In contrast to the rodent literature, our study did not find differential PAG activations for the three threat conditions. Studies in humans have implicated the PAG in the processing of threatening stimuli. In a study with 12 patients with chronic pain syndromes, electrical stimulation of the dPAG induced strong feelings of panic (104). The aforementioned fMRI study, which compared responses to images of actual threat with those to merely negative images, found greater and earlier BOLD activation in the PAG in response to threat images compared with negative images (30). Mobbs et al. (27) showed that with the approach of a virtual predator, brain activity shifted from the ventromedial prefrontal cortex to the PAG. The PAG is thought of as an “output” structure in the context of threat, mediating distinct defensive responses (18, 103). As our subjects were lying in the scanner in all three threat conditions and were thus limited in terms of their responses and escape possibilities, we do not necessarily expect different “efferent” limbs of the treat circuit to be activated, compared to the rodent studies where distinct behavioral responses to different threats were observed in more ecologically valid settings. It seems that the experimental setting and/or the nature of aversive stimuli in our study was not sufficient to mediate distinct PAG-mediated responses for different threat types.



4.5. Control analysis

To investigate whether differential habituation to the US across the different conditions could explain some of the differential activations, we carried out a control analysis to investigate habituation responses to the three threat stimuli. We found no significant differential habituation effects across threat types in the regions of interest (amygdala, hypothalamus, and PAG), demonstrating that habituation effects did not impact our results.



4.6. Clinical relevance

Together, our findings point to the existence of distinct neural correlates of being threatened by pain, predator attack and conspecific attack in the human amygdala and hypothalamus.

Elucidating neural mechanisms that support adaptive threat processing and responding is relevant for our understanding of maladaptive threat processing, especially as many neuropsychiatric disorders are thought to be characterized by dysregulated processing and/or responding to threats (34, 105). Evolutionary theories of depression, for example, relate depressive symptoms to a defensive strategy known as ‘arrested flight’ (106), in which experiences of defeat and entrapment in a threatening environment are met with protective behaviors such as social withdrawal (107, 108). The development of depression has also been linked to the chronic exposure to environmental stressors. One of the major biological stress response systems in humans is the hypothalamic–pituitary–adrenal (HPA) axis, which has been shown to be altered in many individuals with depression through an impaired negative feedback mechanism leading to increased concentrations of cortisol (109, 110). Neurotransmitters implicated in the pathogenesis of depression, such as serotonin, are known to be involved in the regulation of the HPA axis (111). Furthermore, many depressive symptoms, such as disturbances in appetite, sleep or sex drive, point to disturbances in the hypothalamic function. In anxiety disorders, hyper-vigilance to threatening cues and responses in the absence of appropriate threats are thought to play a large role in the pathology, with consequent avoidance behaviors contributing to the maintenance of the conditions (112, 113). A meta-analysis of 172 studies showed that threat-related attentional biases were reliably found with different experimental paradigms across children and adults with different anxiety disorders as well as high-anxious non-clinical populations (114). Hyperactive amygdala responses to negative stimuli were found in a meta-analysis of positron emission tomography (PET) and fMRI studies in individuals with social anxiety disorder, specific phobia and posttraumatic stress disorder (115). The PAG, on the other hand, has been implicated in the pathophysiology of panic disorder, since electrical stimulation of the PAG has been shown to induce panic-like symptoms (104, 116). Interestingly, increased gray matter volume in the midbrain has been found in patients with panic disorder (117) and was shown to correlate with the severity of the disorder (118). A third example is pain, driven by actual or potential injury that leads to the avoidance of future threats and/or protective behaviors, which can become maladaptive in the form of chronic pain (34).

Interestingly, drugs, which show anxiolytic and antidepressant properties in humans, modulate defensive behavior in rodents (36–38, 119). For instance, the repeated administration of the antidepressants imipramine and fluoxetine (37) as well as the benzodiazepine alprazolam (119) attenuated defensive responses, such as defensive attack, in mice confronted with rats. Similarly, in humans, the benzodiazepine lorazepam has been shown to modulate the expression of avoidance behavior toward threatening stimuli (39).

In light of these considerations, it will be interesting to examine whether and how the subcortical neural architecture supporting processing and/or responses to distinct types of threatening stimuli is affected in patients with major depression, anxiety disorders and chronic pain. A better understanding of the pathomechanisms of threat related disorders will hopefully improve therapeutic approaches in the future.



4.7. Limitations

A number of limitations are worth noting. In comparison to the rodent studies that motivated this work, translation to human experiments involves inherent restraints. For instance, we can only investigate experimental analogs to experiences of threat, such as using film clips for predator and conspecific attacks. We are moreover confined to the spatial and temporal resolution of fMRI, not allowing inferences at the level of nuclei or individual neurons.

Furthermore, the BOLD signal may be driven by excitatory and/or inhibitory neural activity prohibiting differentiation between neural activations or deactivations (120), particularly so in our regions of interest where the nature of the neurovascular coupling is less well studied than in the cortex (121) and where noise induced by cardiac and respiratory phases plays a larger role due to brainstem proximity (61). We accounted for the impact of physiological noise on our data as far as possible by including cardiac and respiratory nuisance regressors in our GLM analysis.

We did not include a peripheral physiological measure to validate the success of conditioning. However, we carefully examined the behavioral and, most importantly, neural evidence with regard to conditioning success in a stepwise manner. We were able to demonstrate that our USs induced an arousal response for each threat type condition, and that the participants correctly anticipated the higher occurrence of the US during CS+ compared to CS− trials. At the neural level, we identified significant main effects of CS type (CS+, CS−) in our three regions of interest as well as on the whole brain level, with the latter results coinciding well with the whole-brain network that has been consistently identified in previous threat conditioning studies.

The USs used in our study differed in terms of sensory modality (audio-visual stimuli for predator attack and conspecific attack, painful electric shocks for pain) as well as behaviorally-reported arousal levels (higher for pain compared to the other two conditions, see behavioral results). We therefore designed our experiment carefully to circumvent this issue and focused our analysis on CS-related (instead of US-related) brain activity in the GLM analysis. We also carried out a control analysis on habituation effects on brain responses, since a different habituation to the three USs (e.g., a faster habituation to the audiovisual stimuli compared to electric shocks), could potentially influence our finding of threat-type dependent BOLD activations. We found no significant differential habituation effects for our three threat modalities (see also sections “2.9 Control analysis for habituation effects” and “3.2.5 Control analysis for habituation effects”). Nevertheless, we cannot completely rule out the possibility that some of the differences between pain and predator/conspecific attack could have been related to differences in stimulus intensity or modality.

A further limitation is the relatively limited variety of stimuli, since we only used three different stimuli for our three threat conditions. It would be interesting to include a variety of different threatening stimuli for each of the three conditions in future studies.

Lastly, our study included only female participants, whereas many rodent studies are performed in male populations. This design decision was based firstly on previously reported gender differences in emotion processing in general (122–124) and threat conditioning in particular (49, 125, 126) and secondly on the trade-off between increasing sample homogeneity (and thereby signal-to-noise ratio) and generalizability. Sex differences in learning and emotional memories have consistently been documented in rodents and humans (127). More specifically, in classical fear conditioning paradigms male rodents acquire CS-US associations faster than females (45). Defensive behaviors may also differ between male and female rodents, for instance freezing seems to be less common in female rats, whereas other defensive behaviors such as “darting” (rapid movements) has been found to be much more frequent in females (46, 47). Similarly, in humans larger conditioned responses during fear acquisition were found in men relative to women (48). Human fMRI studies on fear conditioning with painful stimuli have shown significantly greater BOLD-signal changes in the right amygdala, right rostral anterior cingulate (rACC) and dorsal anterior cingulate cortex (dACC) (49) and more insula activation (50) in women compared with men. In light of these differences, we made the decision to only include one gender in our study to increase sample homogeneity and thereby signal-to-noise ratio. This means, however, that our results are not generalizable to the male population.

Moreover, within a female sample, the level of sex hormones, in different phases of the menstrual cycle, or by the use of hormonal contraceptives, may influence fear conditioning (128, 129). More specifically, estradiol levels have been shown to influence the activation of brain regions underlying fear learning and extinction (129). We documented the phase of the menstrual cycle for each participant as well as whether they used hormonal contraceptives. Of the 21 naturally cycling females in our sample, only 1 single participant was in the second quarter of her cycle, in which estradiol levels are highest (130). This suggests that there was only a minimal effect of high estradiol levels on our results. However, we did not measure estradiol levels in our participants and cannot rule out the possibility that differences in estradiol levels may have influenced threat processing in our regions of interest. Future studies in relation to distinct threat type-dependent subcortical activations with male and female participants, taking hormonal levels into consideration, are needed.



4.8. Conclusion

In humans, different basic threats elicit distinct BOLD activations in the amygdala and the hypothalamus. More specifically, we find evidence for a dissociation between the threats of pain, conspecifics and predators in the human amygdala and hypothalamus. We believe that these findings are of interest as a first study investigating human subcortical neural correlates to distinct threat types and should be corroborated by further studies investigating the neurobiological basis of threat processing as well as studies including the male population and individuals with anxiety disorders, major depression and chronic pain.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This study was approved by the Ethics Committee at the Technical University of Munich. All participants gave their informed consent and received monetary compensation for their participation.



Author contributions

CS, SMB, TB, DHA, and FB contributed to the conception and design of the study. DHA, MH, SMB, and TB performed the experiment and data collection. TB, DHA, SMB, and CS performed the statistical analysis. TB wrote the first draft of the manuscript. CS, SMB, and DHA wrote sections of the manuscript. All authors contributed to the manuscript revision, read, and approved the submitted version.



Funding

This work was supported by the Studienstiftung des Deutschen Volkes (to TB and DHA) and the Slovenian Research Agency (ARRS J3-2525 and J5-3120 to SMB).



Acknowledgments

We thank Gili Feigenbaum, Lilith Kappelmann, and Benjamin Lange for their invaluable help with the creation of the audio-visual threat stimuli. We are thankful to Martin Gruber for his repeated technical advice.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. McNaughton N, Corr P. A two-dimensional neuropsychology of defense: fear/anxiety and defensive distance. Neurosci Biobehav Rev. (2004) 28:285–305. doi: 10.1016/j.neubiorev.2004.03.005

2. Price J. Free will versus survival: brain systems that underlie intrinsic constraints on behavior. J Comp Neurol. (2005) 493:132–9. doi: 10.1002/cne.20750

3. LeDoux J, Daw N. Surviving threats: neural circuit and computational implications of a new taxonomy of defensive behaviour. Nat Rev Neurosci. (2018) 19:269–82. doi: 10.1038/nrn.2018.22

4. Carrive P, Morgan M. Chapter 10 - Periaqueductal gray. In: Mai J, Paxinos G editors. The human nervous system. 3rd ed. San Diego, CA: Academic Press (2012). p. 367–400. doi: 10.1016/B978-0-12-374236-0.10010-0

5. Pabba M. Evolutionary development of the amygdaloid complex. Front Neuroanat. (2013) 7:27. doi: 10.3389/fnana.2013.00027

6. Xie Y, Dorsky R. Development of the hypothalamus: conservation, modification and innovation. Development. (2017) 144:1588–99. doi: 10.1242/dev.139055

7. Bolles R. Species-specific defense reactions and avoidance learning. Psychol Rev. (1970) 77:32. doi: 10.1037/h0028589

8. Blanchard R, Blanchard D, Hori K. An ethoexperimental approach to the study of defense. Dordrecht: Kluwer Academic (1989). doi: 10.1007/978-94-009-2403-1

9. Blanchard D, Griebel G, Pobbe R, Blanchard R. Risk assessment as an evolved threat detection and analysis process. Neurosci Biobehav Rev. (2011) 35:991–8. doi: 10.1016/j.neubiorev.2010.10.016

10. Blanchard D, Hynd A, Minke K, Minemoto T, Blanchard R. Human defensive behaviors to threat scenarios show parallels to fear-and anxiety-related defense patterns of non-human mammals. Neurosci Biobehav Rev. (2001) 25:761–70. doi: 10.1016/S0149-7634(01)00056-2

11. Perkins A, Corr P. Reactions to threat and personality: psychometric differentiation of intensity and direction dimensions of human defensive behaviour. Behav Brain Res. (2006) 169:21–8. doi: 10.1016/j.bbr.2005.11.027

12. Shuhama R, Del-Ben C, Loureiro S, Graeff F. Defensive responses to threat scenarios in Brazilians reproduce the pattern of Hawaiian Americans and non-human mammals. Braz J Med Biol Res. (2008) 41:324–32. doi: 10.1590/S0100-879X2008000400011

13. Löw A, Weymar M, Hamm A. When threat is near, get out of here: dynamics of defensive behavior during freezing and active avoidance. Psychol Sci. (2015) 26:1706–16. doi: 10.1177/0956797615597332

14. Bastos A, Vieira A, Oliveira J, Oliveira L, Pereira M, Figueira I, et al. Stop or move: defensive strategies in humans. Behav Brain Res. (2016) 302:252–62. doi: 10.1016/j.bbr.2016.01.043

15. Gross C, Canteras N. The many paths to fear. Nat Rev Neurosci. (2012) 13:651–8. doi: 10.1038/nrn3301

16. Dielenberg R, Hunt G, McGregor I. “When a rat smells a cat”: the distribution of Fos immunoreactivity in rat brain following exposure to a predatory odor. Neuroscience. (2001) 104:1085–97. doi: 10.1016/S0306-4522(01)00150-6

17. Bittencourt A, Carobrez A, Zamprogno L, Tufik S, Schenberg L. Organization of single components of defensive behaviors within distinct columns of periaqueductal gray matter of the rat: role of N-methyl-D-aspartic acid glutamate receptors. Neuroscience. (2004) 125:71–89. doi: 10.1016/j.neuroscience.2004.01.026

18. Cezario A, Ribeiro-Barbosa E, Baldo M, Canteras N. Hypothalamic sites responding to predator threats–the role of the dorsal premammillary nucleus in unconditioned and conditioned antipredatory defensive behavior. Eur J Neurosci. (2008) 28:1003–15. doi: 10.1111/j.1460-9568.2008.06392.x

19. Motta S, Goto M, Gouveia F, Baldo M, Canteras N, Swanson L. Dissecting the brain’s fear system reveals the hypothalamus is critical for responding in subordinate conspecific intruders. Proc Natl Acad Sci USA. (2009) 106:4870–5. doi: 10.1073/pnas.0900939106

20. Sukikara M, Mota-Ortiz S, Baldo M, Felicio L, Canteras N. The periaqueductal gray and its potential role in maternal behavior inhibition in response to predatory threats. Behav Brain Res. (2010) 209:226–33. doi: 10.1016/j.bbr.2010.01.048

21. Martinez R, Carvalho-Netto E, Ribeiro-Barbosa E, Baldo M, Canteras N. Amygdalar roles during exposure to a live predator and to a predator-associated context. Neuroscience. (2011) 172:314–28. doi: 10.1016/j.neuroscience.2010.10.033

22. Wang L, Chen I, Lin D. Collateral pathways from the ventromedial hypothalamus mediate defensive behaviors. Neuron. (2015) 85:1344–58. doi: 10.1016/j.neuron.2014.12.025

23. Tovote P, Esposito M, Botta P, Chaudun F, Fadok J, Markovic M, et al. Midbrain circuits for defensive behaviour. Nature. (2016) 534:206–12.

24. Silva B, Gross C, Gräff J. The neural circuits of innate fear: detection, integration, action, and memorization. Learn Mem. (2016) 23:544–55. doi: 10.1101/lm.042812.116

25. Sehlmeyer C, Schöning S, Zwitserlood P, Pfleiderer B, Kircher T, Arolt V, et al. Human fear conditioning and extinction in neuroimaging: a systematic review. PLoS One. (2009) 4:e5865. doi: 10.1371/journal.pone.0005865

26. Whalen P, Kagan J, Cook R, Davis F, Kim H, Polis S, et al. Human amygdala responsivity to masked fearful eye whites. Science. (2004) 306:2061. doi: 10.1126/science.1103617

27. Mobbs D, Petrovic P, Marchant J, Hassabis D, Weiskopf N, Seymour B, et al. When fear is near: threat imminence elicits prefrontal-periaqueductal gray shifts in humans. Science. (2007) 317:1079–83. doi: 10.1126/science.1144298

28. Mobbs D, Yu R, Rowe J, Eich H, FeldmanHall O, Dalgleish T. Neural activity associated with monitoring the oscillating threat value of a tarantula. Proc Natl Acad Sci USA. (2010) 107:20582–6. doi: 10.1073/pnas.1009076107

29. Elias G, Giacobbe P, Boutet A, Germann J, Beyn M, Gramer R, et al. Probing the circuitry of panic with deep brain stimulation: connectomic analysis and review of the literature. Brain Stimul. (2020) 13:10–4. doi: 10.1016/j.brs.2019.09.010

30. Kveraga K, Boshyan J, Adams R Jr., Mote J, Betz N, Ward N, et al. If it bleeds, it leads: separating threat from mere negativity. Soc Cogn Affect Neurosci. (2015) 10:28–35. doi: 10.1093/scan/nsu007

31. Terburg D, Scheggia D, Triana Del Rio R, Klumpers F, Ciobanu A, Morgan B, et al. The basolateral amygdala is essential for rapid escape: a human and rodent study. Cell. (2018) 175:723–35.e16. doi: 10.1016/j.cell.2018.09.028

32. Foa E, Franklin M, Perry K, Herbert J. Cognitive biases in generalized social phobia. J Abnorm Psychol. (1996) 105:433–9. doi: 10.1037/0021-843X.105.3.433

33. Bradley B, Mogg K, White J, Groom C, De Bono J. Attentional bias for emotional faces in generalized anxiety disorder. Br J Clin Psychol. (1999) 38:267–78. doi: 10.1348/014466599162845

34. Baliki MN, Apkarian A. Nociception, Pain, Negative Moods, and Behavior Selection. Neuron. (2015) 87:474–91. doi: 10.1016/j.neuron.2015.06.005

35. Sylvester C, Hudziak J, Gaffrey M, Barch D, Luby J. Stimulus-driven attention, threat bias, and sad bias in youth with a history of an anxiety disorder or depression. J Abnorm Child Psychol. (2016) 44:219–31. doi: 10.1007/s10802-015-9988-8

36. Blanchard D, Blanchard R, Rodgers R. Risk assessment and animal models of anxiety. In: Olivier B, Mos J, Slangen JL editors. Animal models in psychopharmacology. Basel: Birkhäuser Basel (1991). doi: 10.1007/978-3-0348-6419-0_13

37. Griebel G, Blanchard D, Agnes R, Blanchard R. Differential modulation of antipredator defensive behavior in Swiss-Webster mice following acute or chronic administration of imipramine and fluoxetine. Psychopharmacology. (1995) 120:57–66. doi: 10.1007/BF02246145

38. Pinheiro S, Del-Ben C, Zangrossi H Jr., Graeff F. Anxiolytic and panicolytic effects of escitalopram in the elevated T-maze. J Psychopharmacol. (2008) 22:132–7. doi: 10.1177/0269881107079866

39. Perkins A, Ettinger U, Davis R, Foster R, Williams S, Corr P. Effects of Lorazepam and citalopram on human defensive reactions: ethopharmacological differentiation of fear and anxiety. J Neurosci. (2009) 29:12617–24. doi: 10.1523/JNEUROSCI.2696-09.2009

40. Fendt M, Fanselow M. The neuroanatomical and neurochemical basis of conditioned fear. Neurosci Biobehav Rev. (1999) 23:743–60. doi: 10.1016/S0149-7634(99)00016-0

41. LeDoux J. Emotion circuits in the brain. Annu Rev Neurosci. (2000) 23:155–84. doi: 10.1146/annurev.neuro.23.1.155

42. Milad M, Quirk G. Fear extinction as a model for translational neuroscience: ten years of progress. Annu Rev Psychol. (2012) 63:129–51. doi: 10.1146/annurev.psych.121208.131631

43. Pavlov I. Conditioned reflexes: an investigation of the physiological activity of the cerebral cortex. Oxford: Oxford University Press (1927).

44. Beck A, Ward C, Mendelson M, Mock J, Erbaugh J. An inventory for measuring depression. Arch Gen Psychiatry. (1961) 4:561–71. doi: 10.1001/archpsyc.1961.01710120031004

45. Dalla C, Shors T. Sex differences in learning processes of classical and operant conditioning. Physiol Behav. (2009) 97:229–38. doi: 10.1016/j.physbeh.2009.02.035

46. Pryce C, Lehmann J, Feldon J. Effect of sex on fear conditioning is similar for context and discrete CS in wistar, lewis and fischer rat strains. Pharmacol Biochem Behav. (1999) 64:753–9. doi: 10.1016/S0091-3057(99)00147-1

47. Gruene T, Flick K, Stefano A, Shea S, Shansky R. Sexually divergent expression of active and passive conditioned fear responses in rats. Elife. (2015) 4:e11352. doi: 10.7554/eLife.11352

48. Milad M, Goldstein J, Orr S, Wedig M, Klibanski A, Pitman R, et al. Fear conditioning and extinction: influence of sex and menstrual cycle in healthy humans. Behav Neurosci. (2006) 120:1196–203. doi: 10.1037/0735-7044.120.5.1196

49. Lebron-Milad K, Abbs B, Milad M, Linnman C, Rougemount-Bücking A, Zeidan M, et al. Sex differences in the neurobiology of fear conditioning and extinction: a preliminary fMRI study of shared sex differences with stress-arousal circuitry. Biol Mood Anxiety Disord. (2012) 2:7. doi: 10.1186/2045-5380-2-7

50. Benson S, Kattoor J, Kullmann J, Hofmann S, Engler H, Forsting M, et al. Towards understanding sex differences in visceral pain: enhanced reactivation of classically-conditioned fear in healthy women. Neurobiol Learn Mem. (2014) 109:113–21. doi: 10.1016/j.nlm.2013.12.014

51. Jacobi F, Klose M, Wittchen H. Psychische störungen in der deutschen allgemeinbevölkerung: inanspruchnahme von gesundheitsleistungen und ausfalltage. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz. (2004) 47:736–44. doi: 10.1007/s00103-004-0885-5

52. Kilpatrick D, Resnick H, Milanak M, Miller M, Keyes K, Friedman M. National Estimates of Exposure to Traumatic Events and PTSD Prevalence Using DSM-IV and DSM-5 Criteria. J Trauma Stress. (2013) 26:537–47. doi: 10.1002/jts.21848

53. Gläscher J, Büchel C. Formal learning theory dissociates brain regions with different temporal integration. Neuron. (2005) 47:295–306. doi: 10.1016/j.neuron.2005.06.008

54. Mulej Bratec S, Xie X, Schmid G, Doll A, Schilbach L, Zimmer C, et al. Cognitive emotion regulation enhances aversive prediction error activity while reducing emotional responses. Neuroimage. (2015) 123:138–48. doi: 10.1016/j.neuroimage.2015.08.038

55. Hackl D. Into the Grizzly Maze. Santa Monica, CA: Vertical Entertainment (2015).

56. Phelps E, Delgado M, Nearing K, LeDoux J. Extinction learning in humans: role of the amygdala and vmPFC. Neuron. (2004) 43:897–905. doi: 10.1016/j.neuron.2004.08.042

57. Schiller D, Levy I, Niv Y, LeDoux J, Phelps E. From fear to safety and back: reversal of fear in the human brain. J Neurosci. (2008) 28:11517–25. doi: 10.1523/JNEUROSCI.2265-08.2008

58. Delgado M, Jou R, Phelps E. Neural systems underlying aversive conditioning in humans with primary and secondary reinforcers. Front Neurosci. (2011) 5:71. doi: 10.3389/fnins.2011.00071

59. Bratec S, Xie X, Schmid G, Doll A, Schilbach L, Zimmer C, et al. Cognitive emotion regulation enhances aversive prediction error activity while reducing emotional responses. Neuroimage. (2015) 123:138–48.

60. Bradley M, Lang P. Measuring emotion: the self-assessment manikin and the semantic differential. J Behav Ther Exp Psychiatry. (1994) 25:49–59. doi: 10.1016/0005-7916(94)90063-9

61. Brooks J, Faull O, Pattinson K, Jenkinson M. Physiological noise in brainstem fMRI. Front Hum Neurosci. (2013) 7:623. doi: 10.3389/fnhum.2013.00623

62. Kasper L, Bollmann S, Diaconescu A, Hutton C, Heinzle J, Iglesias S, et al. The PhysIO toolbox for modeling physiological noise in fMRI data. J Neurosci Methods. (2017) 276:56–72. doi: 10.1016/j.jneumeth.2016.10.019

63. Siegel J, Power J, Dubis J, Vogel A, Church J, Schlaggar B, et al. Statistical improvements in functional magnetic resonance imaging analyses produced by censoring high-motion data points. Hum Brain Mapp. (2014) 35:1981–96. doi: 10.1002/hbm.22307

64. Amunts K, Kedo O, Kindler M, Pieperhoff P, Mohlberg H, Shah N, et al. Cytoarchitectonic mapping of the human amygdala, hippocampal region and entorhinal cortex: intersubject variability and probability maps. Anat Embryol. (2005) 210:343–52. doi: 10.1007/s00429-005-0025-5

65. Pauli W, Nili A, Tyszka J. A high-resolution probabilistic in vivo atlas of human subcortical brain nuclei. Sci Data. (2018) 5:180063. doi: 10.1038/sdata.2018.63

66. Ezra M, Faull O, Jbabdi S, Pattinson K. Connectivity-based segmentation of the periaqueductal gray matter in human with brainstem optimized diffusion MRI. Hum Brain Mapp. (2015) 36:3459–71. doi: 10.1002/hbm.22855

67. Wiethoff S, Wildgruber D, Grodd W, Ethofer T. Response and habituation of the amygdala during processing of emotional prosody. Neuroreport. (2009) 20:1356–60. doi: 10.1097/WNR.0b013e328330eb83

68. Blackford J, Allen A, Cowan R, Avery S. Amygdala and hippocampus fail to habituate to faces in individuals with an inhibited temperament. Soc Cogn Affect Neurosci. (2013) 8:143–50. doi: 10.1093/scan/nsr078

69. Plichta M, Grimm O, Morgen K, Mier D, Sauer C, Haddad L, et al. Amygdala habituation: a reliable fMRI phenotype. Neuroimage. (2014) 103:383–90. doi: 10.1016/j.neuroimage.2014.09.059

70. Fullana M, Harrison B, Soriano-Mas C, Vervliet B, Cardoner N, Avila-Parcet A, et al. Neural signatures of human fear conditioning: an updated and extended meta-analysis of fMRI studies. Mol Psychiatry. (2016) 21:500–8. doi: 10.1038/mp.2015.88

71. Kollack-Walker S, Don C, Watson S, Akil H. Differential expression of c-fos mRNA within neurocircuits of male hamsters exposed to acute or chronic defeat. J Neuroendocrinol. (1999) 11:547–60. doi: 10.1046/j.1365-2826.1999.00354.x

72. Cunningham W, Brosch T. Motivational salience: amygdala tuning from traits, needs, values, and goals. Curr Dir Psychol Sci. (2012) 21:54–9. doi: 10.1177/0963721411430832

73. Barton R, Aggleton J, Grenyer R. Evolutionary coherence of the mammalian amygdala. Proc R Soc Lond B Biol Sci. (2003) 270:539–43. doi: 10.1098/rspb.2002.2276

74. Feinstein J, Adolphs R, Damasio A, Tranel D. The human amygdala and the induction and experience of fear. Curr Biol. (2011) 21:34–8. doi: 10.1016/j.cub.2010.11.042

75. Pereira A, Moita M. Is there anybody out there? Neural circuits of threat detection in vertebrates. Curr Opin Neurobiol. (2016) 41:179–87. doi: 10.1016/j.conb.2016.09.011

76. Adolphs R, Tranel D, Damasio H, Damasio A. Impaired recognition of emotion in facial expressions following bilateral damage to the human amygdala. Nature. (1994) 372:669–72. doi: 10.1038/372669a0

77. Young A, Aggleton J, Hellawell D, Johnson M, Broks P, Hanley J. Face processing impairments after amygdalotomy. Brain. (1995) 118:15–24. doi: 10.1093/brain/118.1.15

78. Adolphs R, Tranel D, Hamann S, Young A, Calder A, Phelps E, et al. Recognition of facial emotion in nine individuals with bilateral amygdala damage. Neuropsychologia. (1999) 37:1111–7. doi: 10.1016/S0028-3932(99)00039-1

79. Reis D, Fuxe K. Brain norepinephrine: evidence that neuronal release is essential for sham rage behavior following brainstem transection in cat. Proc Natl Acad Sci USA. (1969) 64:108–12. doi: 10.1073/pnas.64.1.108

80. Lin D, Boyle M, Dollar P, Lee H, Lein E, Perona P, et al. Functional identification of an aggression locus in the mouse hypothalamus. Nature. (2011) 470:221–6. doi: 10.1038/nature09736

81. Jiménez F, Velasco F, Salin-Pascual R, Hernández J, Velasco M, Criales J, et al. A patient with a resistant major depression disorder treated with deep brain stimulation in the inferior thalamic peduncle. Neurosurgery. (2005) 57:585–93. doi: 10.1227/01.NEU.0000170434.44335.19

82. Rasche D, Foethke D, Gliemroth J, Tronnier V. Tiefenhirnstimulation im posterioren hypothalamus zur behandlung des chronischen clusterkopfschmerzes. Der Schmerz. (2006) 20:439–44. doi: 10.1007/s00482-005-0462-3

83. Shapira N, Okun M, Wint D, Foote K, Byars J, Bowers D, et al. Panic and fear induced by deep brain stimulation. J Neurol Neurosurg Psychiatry. (2006) 77:410–2. doi: 10.1136/jnnp.2005.069906

84. Mobbs D, Marchant J, Hassabis D, Seymour B, Tan G, Gray M, et al. From threat to fear: the neural organization of defensive fear systems in humans. J Neurosci. (2009) 29:12236–43. doi: 10.1523/JNEUROSCI.2378-09.2009

85. McGregor I, Hargreaves G, Apfelbach R, Hunt G. Neural correlates of cat odor-induced anxiety in rats: region-specific effects of the benzodiazepine midazolam. J Neurosci. (2004) 24:4134–44.

86. Kunwar P, Zelikowsky M, Remedios R, Cai H, Yilmaz M, Meister M, et al. Ventromedial hypothalamic neurons control a defensive emotion state. Elife. (2015) 4:e06633. doi: 10.7554/eLife.06633

87. Chiang M, Nguyen E, Canto-Bustos M, Papale A, Oswald A, Ross S. Divergent neural pathways emanating from the lateral parabrachial nucleus mediate distinct components of the pain response. Neuron. (2020) 106:927–39.e5. doi: 10.1016/j.neuron.2020.03.014

88. Carrive P. The periaqueductal gray and defensive behavior: functional representation and neuronal organization. Behav Brain Res. (1993) 58:27–47. doi: 10.1016/0166-4328(93)90088-8

89. Bandler R, Shipley M. Columnar organization in the midbrain periaqueductal gray: modules for emotional expression? Trends Neurosci. (1994) 17:379–89. doi: 10.1016/0166-2236(94)90047-7

90. Hosobuchi Y, Adams J, Linchitz R. Pain relief by electrical stimulation of the central gray matter in humans and its reversal by naloxone. Science. (1977) 197:183–6. doi: 10.1126/science.301658

91. Porreca F, Ossipov M, Gebhart G. Chronic pain and medullary descending facilitation. Trends Neurosci. (2002) 25:319–25. doi: 10.1016/S0166-2236(02)02157-4

92. Subramanian H, Balnave R, Holstege G. The midbrain periaqueductal gray control of respiration. J Neurosci. (2008) 28:12274–83. doi: 10.1523/JNEUROSCI.4168-08.2008

93. Dampney R, Furlong T, Horiuchi J, Iigaya K. Role of dorsolateral periaqueductal grey in the coordinated regulation of cardiovascular and respiratory function. Auton Neurosci. (2013) 175:17–25. doi: 10.1016/j.autneu.2012.12.008

94. Fanselow M. Neural organization of the defensive behavior system responsible for fear. Psychon Bull Rev. (1994) 1:429–38. doi: 10.3758/BF03210947

95. LeDoux J. Rethinking the emotional brain. Neuron. (2012) 73:653–76. doi: 10.1016/j.neuron.2012.02.004

96. Blanchard D, Williams G, Lee E, Blanchard R. Taming of wild Rattus norvegicus by lesions of the mesencephalic central gray. Physiol Psychol. (1981) 9:157–63. doi: 10.3758/BF03332917

97. Hunsperger R. Affektreaktionen auf elektrische Reizung im Hirnstamm der Katze. Helv Physiol Acta. (1956) 14:70–92.

98. Bandler R. Induction of ‘page’following microinjections of glutamate into midbrain but not hypothalamus of cats. Neurosci Lett. (1982) 30:183–8. doi: 10.1016/0304-3940(82)90294-4

99. Di Scala G, Schmitt P, Karli P. Flight induced by infusion of bicuculline methiodide into periventricular structures. Brain Res. (1984) 309:205–9. doi: 10.1016/0006-8993(84)90585-7

100. Bittencourt A, Nakamura-Palacios E, Mauad H, Tufik S, Schenberg L. Organization of electrically and chemically evoked defensive behaviors within the deeper collicular layers as compared to the periaqueductal gray matter of the rat. Neuroscience. (2005) 133:873–92. doi: 10.1016/j.neuroscience.2005.03.012

101. Chen S, Zhou H, Guo S, Zhang J, Qu Y, Feng Z, et al. Optogenetics based rat–robot control: optical stimulation encodes “stop” and “escape” commands. Ann Biomed Eng. (2015) 43:1851–64. doi: 10.1007/s10439-014-1235-x

102. Deng H, Xiao X, Wang Z. Periaqueductal gray neuronal activities underlie different aspects of defensive behaviors. J Neurosci. (2016) 36:7580–8. doi: 10.1523/JNEUROSCI.4425-15.2016

103. Vianna D, Landeira-Fernandez J, Brandão M. Dorsolateral and ventral regions of the periaqueductal gray matter are involved in distinct types of fear. Neurosci Biobehav Rev. (2001) 25:711–9. doi: 10.1016/S0149-7634(01)00052-5

104. Nashold B, Wilson W, Slaughter D. Sensations Evoked by Stimulation in the Midbrain of Man. J Neurosurg. (1969) 30:14. doi: 10.3171/jns.1969.30.1.0014

105. Gilbert P. Biopsychosocial approaches and evolutionary theory as aids to integration in clinical psychology and psychotherapy. Clin Psychol Psychother. (1995) 2:135–56. doi: 10.1002/cpp.5640020302

106. Dixon A, Fisch H, Huber C, Walser A. Ethological studies in animals and man, their use in psychiatry. Pharmacopsychiatry. (1989) 22:44–50.

107. Gilbert P, Allan S. The role of defeat and entrapment. (arrested flight). in depression: an exploration of an evolutionary view. Psychol Med. (1998) 28:585–98. doi: 10.1017/S0033291798006710

108. Griffiths A, Wood A, Maltby J, Taylor P, Tai S. The prospective role of defeat and entrapment in depression and anxiety: a 12-month longitudinal study. Psychiatry Res. (2014) 216:52–9. doi: 10.1016/j.psychres.2014.01.037

109. Holsboer F. The corticosteroid receptor hypothesis of depression. Neuropsychopharmacology. (2000) 23:477–501.

110. Pariante C, Miller A. Glucocorticoid receptors in major depression: relevance to pathophysiology and treatment. Biol Psychiatry. (2001) 49:391–404.

111. Chen G, Miller G. Tryptophan hydroxylase-2: an emerging therapeutic target for stress disorders. Biochem Pharmacol. (2013) 85:1227–33. doi: 10.1016/j.bcp.2013.02.018

112. Beck A, Emery G, Greenberg R. Anxiety disorders and phobias: A cognitive perspective. New York, NY: Basic Books (2005).

113. Mathews A, MacLeod C. Cognitive vulnerability to emotional disorders. Annu Rev Clin Psychol. (2005) 1:167–95. doi: 10.1146/annurev.clinpsy.1.102803.143916

114. Bar-Haim Y, Lamy D, Pergamin L, Bakermans-Kranenburg M, van IJzendoorn MH. Threat-related attentional bias in anxious and nonanxious individuals: a meta-analytic study. Psychol Bull. (2007) 133:1–24. doi: 10.1037/0033-2909.133.1.1

115. Etkin A, Wager T. Functional neuroimaging of anxiety: a meta-analysis of emotional processing in PTSD, social anxiety disorder, and specific phobia. Am J Psychiatry. (2007) 164:1476–88. doi: 10.1176/appi.ajp.2007.07030504

116. Amano K, Tanikawa T, Iseki H, Kawabatake H, Notani M, Kawamura H, et al. Single neuron analysis of the human midbrain tegmentum. Stereotact Funct Neurosurg. (1978) 41:66–78. doi: 10.1159/000102402

117. Protopopescu X, Pan H, Tuescher O, Cloitre M, Goldstein M, Engelien A, et al. Increased brainstem volume in panic disorder: a voxel-based morphometric study. Neuroreport. (2006) 17:361–3. doi: 10.1097/01.wnr.0000203354.80438.1

118. Fujiwara A, Yoshida T, Otsuka T, Hayano F, Asami T, Narita H, et al. Midbrain volume increase in patients with panic disorder. Psychiatry Clin Neurosci. (2011) 65:365–73. doi: 10.1111/j.1440-1819.2011.02219.x

119. Griebel G, Blanchard D, Jung A, Lee J, Masuda C, Blanchard R. Further evidence that the mouse defense test battery is useful for screening anxiolytic and panicolytic drugs: effects of acute and chronic treatment with alprazolam. Neuropharmacology. (1995) 34:1625–33. doi: 10.1016/0028-3908(95)00121-2

120. Drew P. Vascular and neural basis of the BOLD signal. Curr Opin Neurobiol. (2019) 58:61–9. doi: 10.1016/j.conb.2019.06.004

121. Devonshire I, Papadakis N, Port M, Berwick J, Kennerley A, Mayhew J, et al. Neurovascular coupling is brain region-dependent. Neuroimage. (2012) 59:1997–2006. doi: 10.1016/j.neuroimage.2011.09.050

122. McRae K, Ochsner K, Mauss I, Gabrieli J, Gross J. Gender differences in emotion regulation: an fMRI study of cognitive reappraisal. Group Process Intergroup Relat. (2008) 11:143–62. doi: 10.1177/1368430207088035

123. Whittle S, Yucel M, Yap M, Allen N. Sex differences in the neural correlates of emotion: evidence from neuroimaging. Biol Psychol. (2011) 87:319–33. doi: 10.1016/j.biopsycho.2011.05.003

124. Moriguchi Y, Touroutoglou A, Dickerson B, Barrett L. Sex differences in the neural correlates of affective experience. Soc Cogn Affect Neurosci. (2014) 9:591–600. doi: 10.1093/scan/nst030

125. Jackson ED, Payne J, Nadel L, Jacobs W. Stress differentially modulates fear conditioning in healthy men and women. Biol Psychiatry. (2006) 59:516–22.

126. Reichenberger J, Pfaller M, Forster D, Gerczuk J, Shiban Y, Mühlberger A. Men scare me more: gender differences in social fear conditioning in virtual reality. Front Psychol. (2019) 10:1617. doi: 10.3389/fpsyg.2019.01617

127. Andreano J, Cahill L. Sex influences on the neurobiology of learning and memory. Learn Mem. (2009) 16:248–66. doi: 10.1101/lm.918309

128. Zeidan M, Igoe S, Linnman C, Vitalo A, Levine J, Klibanski A, et al. Estradiol modulates medial prefrontal cortex and amygdala activity during fear extinction in women and female rats. Biol Psychiatry. (2011) 70:920–7.

129. Hwang M, Zsido R, Song H, Pace-Schott E, Miller K, Lebron-Milad K, et al. Contribution of estradiol levels and hormonal contraceptives to sex differences within the fear network during fear conditioning and extinction. BMC Psychiatry. (2015) 15:295. doi: 10.1186/s12888-015-0673-9

130. Reed B, Carr B. The normal menstrual cycle and the control of ovulation. South Dartmouth: MDText.com, Inc (2015).

131. Canteras N, Kroon J, Do-Monte F, Pavesi E, Carobrez A. Sensing danger through the olfactory system: the role of the hypothalamic dorsal premammillary nucleus. Neurosci Biobehav Rev. (2008) 32:1228–35.

132. Allen Institute for Brain Science. Allen reference atlas – mouse brain [brain atlas]. (2004). Available online at: https://atlas.brain-map.org/.

133. Wang L, Talwar V, Osakada T, Kuang A, Guo Z, Yamaguchi T, et al. Hypothalamic control of conspecific self-defense. Cell Rep. (2019) 26:1747–58.e5. doi: 10.1016/j.celrep.2019.01.078


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Human threat circuits: Threats of pain, aggressive conspecific, and predator elicit distinct BOLD activations in the amygdala and hypothalamus



		1. Introduction



		2. Materials and methods



		2.1. Ethics statement



		2.2. Participants



		2.3. Experimental design



		2.4. Experimental procedure



		2.5. Behavioral measures



		2.5.1. Arousal ratings for the unconditioned stimuli



		2.5.2. Effect of conditioning for each threat type







		2.6. Physiological measures



		2.7. Neuroimaging: Data acquisition and preprocessing



		2.8. Neuroimaging: Data analysis



		2.8.1. First-level analysis



		2.8.2. Second-level analysis







		2.9. Control analysis for habituation effects







		3. Results



		3.1. Behavioral results



		3.1.1. Arousal ratings for the unconditioned stimuli



		3.1.2. Effect of conditioning for each threat type







		3.2. Neuroimaging results



		3.2.1. Effect of conditioning in the regions of interest: Main effect of CS type (CS+, CS−)



		3.2.2. Effect of conditioning in the whole brain: Main effect of CS type (CS+, CS−)



		3.2.3. Differential threat-related activity among threat types: Interaction between CS type (CS+, CS−) and threat type (pain, predator, and conspecific)



		3.2.4. Differential threat-related activity between threat type pairs: Post hoc comparisons



		3.2.5. Control analysis for habituation effects











		4. Discussion



		4.1. Confirmation of conditioning success



		4.2. Amygdala



		4.3. Hypothalamus



		4.4. PAG



		4.5. Control analysis



		4.6. Clinical relevance



		4.7. Limitations



		4.8. Conclusion







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Psychiatry

Human threat circuits: Threats
of pain, aggressive
conspecific, and predator
elicit distinct BOLD activations
in the amygdala and
hypothalamus











OPS/images/fpsyt-13-1063238-i002.jpg






OPS/images/fpsyt-13-1063238-i001.jpg





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Psychiatry






OPS/images/fpsyt-13-1063238-g001.jpg
A Threat Types Amygdala Hypothalamus PAG

KA1 ITTT -_-L\\_\A\:\\\_u

- "
e,

Threat responses to
predator attack

Cue for predator attack

Threat responses to
conspecific attack

Cue for conspecific attack

Threat responses to
pain

Cue for pain

Hypothesis: Distinct threat-CS related BOLD activation in humans





OPS/images/fpsyt-13-1063238-i004.jpg





OPS/images/fpsyt-13-1063238-g002.jpg
A Schematic Trial from each Run

Pain Predator Attack

\
(6s) '
What follows? What follows?

us

or
no US
(2.5s)

B CS-US Contingency across one Run

paired
0 20 40 60 80
trial number
CS+ two
paired
0 20 40 60 80
trial number
CS-
paired
0 20 40 60 80

C Trial Sequence across one Run

0

20 40
CS+ two CS -

trial number

60 80

trial number






OPS/images/fpsyt-13-1063238-i003.jpg






OPS/images/email.jpg





OPS/images/fpsyt-13-1063238-i000.jpg





OPS/images/fpsyt-13-1063238-i009.jpg





OPS/images/fpsyt-13-1063238-g003.jpg
A Arousal Ratings for the Unconditioned Stimuli

Arousal Rating

Pain Predator Attack  Conspecific Attack

* %k

. US present trials
D US absent trials

B Effect of Conditioning for each Threat Type

Proportion of "US Present" Predictions

Pain Predator Attack  Conspecific Attack

. CS+ trials
D CS- trials

C Effect of Conditioning in the Regions of Interest: Main effect of CS Type (CS+, CS-)

Amygdala Hypothalamus PAG

4
’

W

S

Pre- & postcentral
yri, SMA

Insula

Calcarine &
occipital gyri






OPS/images/fpsyt-13-1063238-i006.jpg





OPS/images/fpsyt-13-1063238-g004.jpg
Amygdala

S ¥"’°F

‘:25 y:-

Hypothalamus

-

l"‘

l’Y [\"ﬂ «

PAG

no suprathreshold voxels






OPS/images/fpsyt-13-1063238-i005.jpg





OPS/images/fpsyt-13-1063238-g005.jpg
Pain > Conspecific Pain > Predator Conspecific > Predator

Pain < Conspecific Pain < Predator Conspecific < Predator

Amygdala

Hypothalamus






OPS/images/fpsyt-13-1063238-i008.jpg





OPS/images/fpsyt-13-1063238-i007.jpg





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fpsyt-13-1063238-t002.jpg
Cluster size

Peak MNI coordinates

y_

p(FWE-corr)

(A) 2 x 3 interaction between CS type (CS+, CS—) and threat type (pain, predator, and conspecific)

Basolateral amygdala (R) 17 30 2 —32 5.45 0.000
Centromedial and basolateral 36 —24 -8 —14 4.99 0.000
amygdala (L)

Hypothalamus (L) 25 —6 —4 —15 448 0.004
Centromedial amygdala (R) 7 18 -8 —16 4.08 0.017
(B) Post hoc comparisons between threat type pairs for the contrast CS+ > CS—

Pain (CS+ > CS-) > conspecific (CS+ > CS—)

Centromedial and basolateral 31 —16 —10 —16 5.01 0.000
amygdala (L)

Hypothalamus (L) 22 -2 2 -8 4.16 0.001
Centromedial amygdala (R) 6 18 -8 —14 4.61 0.000
Pain (CS+ > CS—) < conspecific (CS+ > CS—)

Basolateral amygdala (R) ‘ 17 30 2 —32 577 0.000
Pain (CS+ > CS—) > predator (CS+ > CS—)

Centromedial amygdala (L) ‘ 10 —24 -8 —14 4.83 0.000
Pain (CS+ > CS—) < predator (CS+ > CS—)

No suprathreshold voxels

Conspecific (CS+ > CS—) > predator (CS+ > CS—)

Basolateral amygdala (L) 11 30 0 —32 449 0.000
Conspecific (CS+ > CS—) < predator (CS+ > CS—)

Hypothalamus (L) 7 -6 —4 —14 495 0.000
Basolateral amygdala (L) 19 —28 —6 —20 4.12 0.001
Centromedial amygdala (R) 3 24 —12 —14 3.84 0.004

(A) Among threat types: interaction between CS type (CS+, CS—) and threat type (pain, predator, and conspecific) and (B) between threat type pairs: post hoc comparisons, FWE-corrected
(p < 0.0083, Bonferroni-corrected for 6 post hoc tests) at the peak level within a mask of the significant voxels from the interaction result in amygdala and hypothalamus, based on a height

threshold of p < 0.005. Subregions of the amygdala were identified with the Jiilich histological atlas.
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Cluster size

Peak MNI coordinates

(A) Regions of interest

p(FWE-corr)

Hypothalamus (R) 10 4 —12 —12 5.01 0.000
PAG 18 4 —28 —10 495 0.000
Hypothalamus (L) 16 —6 —8 —10 4.56 0.002
PAG 11 2 —30 -2 4.46 0.003
Hypothalamus (L) 17 —6 -2 -8 3.94 0.024
Basolateral amygdala (L) 19 —20 0 —20 3.78 0.042
(B) Whole brain

Insula (L), middle frontal gyrus (L), inferior frontal 2448 —28 26 -2 >8 0.000
gyrus (L)

Insula (R), middle frontal gyrus (R), anterior 1673 34 24 —6 >8 0.000
cingulum (R)

Postcentral gyrus (L), precentral gyrus (L), 10339 —10 —10 60 >8 0.000
supplementary motor area (R)

Middle frontal gyrus (R), inferior frontal gyrus (R) 946 38 24 26 7.78 0.000
Middle cingulum (R), superior frontal gyrus (R), 422 4 24 42 775 0.000
anterior cingulum (L)

Cerebellum (R) 202 8 —64 —54 7.61 0.014
Cerebellum (L), cerebellum (R) 2444 —34 —58 -30 7.18 0.000
Supramarginal gyrus (R), superior temporal gyrus 273 62 —48 24 713 0.002
(R), angular gyrus (R)

Middle temporal gyrus (R), superior temporal gyrus 201 46 —26 =6 6.86 0.014
(R), inferior temporal gyrus (R)

Calcarine fissure and surrounding cortex (R), 961 16 —96 -2 6.85 0.000
inferior occipital gyrus (R), lingual gyrus (R)

Cerebellum (L), cerebellum (R) 272 -8 —60 —52 6.69 0.002
Cuneus (R), cuneus (L), calcarine fissure and 192 6 —88 20 6.45 0.019
surrounding cortex (L)

Thalamus (R), thalamus (L), pallidum (L) 1190 20 —28 8 6.42 0.000
Lingual gyrus (R), parahippocampal gyrus (R), 247 24 —60 0 5.28 0.004
calcarine fissure and surrounding cortex (R)

(A) Regions of Interest: FWE-corrected (p < 0.05) at the peak level within amygdala, hypothalamus and PAG, based on a height threshold of p < 0.005. (B) Whole Brain: whole-brain FWE-corrected (p < 0.05) at the cluster level (extent threshold of 144
voxels), based on a height threshold of p < 0.005. Anatomical regions were identified with the Automated Anatomical Labeling (AAL) atlas; shown are the top three regions for each cluster (with the highest number of voxels).
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