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Abstract 

Background. The antihypertensive drug losartan has been shown to improve memory in 

humans as well as learning and fear extinction in rodent models, highlighting its potential to 

have similar synergistic effects on exposure-based cognitive-behavior therapy (CBT) for 

anxiety disorders. This study investigated the effect of losartan on neural correlates of 

processing threat versus safety stimuli in highly anxious individuals, to identify potential 

pathways of how the drug might facilitate psychological treatment.  

Methods. 30 healthy volunteers high in trait anxiety were randomly assigned to a single dose 

of losartan (50mg) versus placebo, before undergoing functional magnetic resonance imaging. 

We measured brain response to happy and fearful faces presented for 80s, to assess emotional 

processing and habituation over time.  

Results. The placebo group showed similarly high left amygdala activation early on during 

presentation of fearful and happy faces, which decreased over time. In contrast, losartan 

reduced amygdala response to happy faces early on. In response to fearful faces, the drug 

prevented habituation, caused sustained amygdala activation, and led to increased activation 

in other brain areas associated with threat processing, such as the insula and putamen.  

Conclusion. Our findings suggest two distinct effects of losartan on emotional processing, 

including an improvement of early discrimination of stimuli as threatening versus safe, and 

facilitation of threat processing. Both these processes are known to be relevant for successful 

exposure, highlighting two potential pathways by which losartan might exert facilitative 

effects on psychological treatment. (The Effect of Losartan on Emotional Processing in 

Healthy Volunteers; clinicaltrials.gov; NCT03434054) 

 

keywords: amygdala, anxiety, emotional processing, fear extinction, habituation, losartan 
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Introduction 

There has been strong interest in the combination of psychological and 

pharmacological treatments for anxiety disorders to increase treatment efficacy and 

efficiency. Recent work shows that drugs targeting glutamatergic mechanisms, such as d-

cycloserine, can significantly improve the number of responders to exposure-based cognitive-

behaviour therapy (1-3). However, an increasing number of studies also report no or even 

detrimental effects of d-cycloserine on clinical outcome (4). Such findings might be due to the 

drug not only enhancing fear extinction during successful exposure but also fear 

reconsolidation during unsuccessful sessions, leaving the risk of patients deteriorating (5).  

A promising alternative add-on treatment to exposure-based therapies might be 

compounds targeting the renin-angiotensin system, which is predominantly involved in 

cardiovascular regulation. Angiotensin receptor antagonists such as losartan are routinely 

used to treat hypertension, but increasing evidence suggests that such drugs may also enhance 

cognition (6-10) and prevent the development of anxiety disorders in humans (11). Most 

importantly, recent studies suggest that angiotensin regulation may directly affect fear 

extinction in animal models (12, 13).  A single dose of losartan prior to fear extinction in 

rodents – often thought of as an analogue to human exposure therapy - has been shown to 

significantly reduce fear response at retest, while having no effect on fear acquisition (14). 

Drugs such as losartan block AT1 receptors, which leads to increased availability of 

angiotensin II-converted angiotensin IV, thought to play a crucial role in neuroplastic 

processes (15). Recent data suggest that angiotensin receptors are expressed within the brain 

as well as the periphery and can be found in brain regions involved in threat processing and 

fear conditioning, such as the amygdala, hippocampus and PFC (16-19). One recent study 

demonstrated that angiotensin receptors within the amygdala may be in part necessary for fear 

and threat processing (20). Such findings support the hypothesis that the angiotensin pathway 

may directly affect central nervous system threat processing in addition to peripheral 
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regulatory pathways. Overall, these findings not only suggest that losartan might be an 

effective adjacent treatment to exposure to improve overall efficacy, but also that - different 

from d-cycloserine – it might have the potential to minimize drug-induced worsening of 

clinical symptoms after unsuccessful exposure.  

This is the first study to investigate the underlying brain mechanisms by which 

losartan might affect emotional processing in humans, to explore possible synergies with 

exposure therapy for anxiety disorders. In a group of high-trait anxious individuals, we tested 

the effect of a single drug versus placebo administration on brain activation during prolonged 

exposure to fearful and happy facial expressions. Contemporary models of exposure therapy 

for anxiety disorders propose that an essential mechanism of treatment action is inhibitory 

learning (21). Through extended exposure to feared stimuli without the anticipated aversive 

consequences, stimuli previously perceived as predictive of threat are no longer predictive of 

threat, leading to an overwriting of stimulus-threat associations in memory. For successful 

inhibitory learning to take place during exposure, it is thought to be essential for attentional 

and emotional processing to be focused on the threat stimulus for a prolonged period of time, 

to allow prediction error correction (21-23). We therefore hypothesized that losartan would 

promote sustained threat processing in limbic areas in response to fearful faces and interrupt 

the typical pattern of habituation (24, 25).  

 

Methods and Materials 

 

Participants  

Thirty high-trait anxious, healthy participants were recruited through local 

advertisements. Formal sample size calculation was limited by the lack of previous evidence 

regarding the effect of losartan on neuroimaging outcomes. We estimated sample size based 

on the only available study into the effect of losartan on memory in healthy volunteers. With 
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observed prospective memory detection rates of M=3.9/SD=2.4 after placebo and 

M=5.7/SD=1.6 after losartan (7), conservative calculations suggested 15 participants per 

group to achieve effect sizes d>0.8 and a statistical power of 80% (α-level 0.05). 

Participants were included in the study if they presented with a score of 40 or higher 

on the trait form of the State-Trait Anxiety Inventory (STAIT), to capture a sample scoring 

above published population means (26). All but 3 participants had scores of at least 45, 

resulting in high-trait anxiety samples similar to or more anxious than those tested in previous 

studies (27, 28). Participants were excluded if they met criteria for a current DSM-IV Axis I 

disorder as assessed using the Structured Clinical Interview for DSM-IV (29). Participants 

also had to be medication-free for at least 6 weeks, have a body mass index of 18-30 kg/m2, 

be right-handed, have no contraindication to magnet resonance imaging (MRI), and have no 

first-degree family member with a history of a severe psychiatric disease. The study was 

approved by the Oxford University research ethics committee, and all participants gave 

written informed consent. 

 

Materials and Study Design 

To characterise the sample, all participants completed a questionnaire battery at 

screening: the Anxiety Sensitivity Index Revised (ASI-R) (30), the neuroticism subscale of 

the Eysenck Personality Inventory (EPI) (31); the Behavioural Inhibition Scale (BIS) (32), the 

Beck Depression Inventory (BDI) (33), and the Attentional Control Scale (ACS) (34). The 

National Adult Reading Test (NART) (35) was applied to estimate verbal intelligence. On the 

test day, participants were stratified for gender and randomly allocated to one of two 

treatment conditions in a double-blind design: losartan (Cozaar, Merck Sharp & Dohme Ltd.) 

given as a single oral 50mg dose or matched placebo (microcrystalline cellulose; Rayotabs, 

Rayonex GmbH). Scanning began 1.5 hours after medication administration, when drug peak 

plasma levels are typically reached (36, 37). A sub-clinical dose of 50mg was chosen to be 
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able to establish effects on emotional processing without potential confounding hypotensive 

effects (7).  

To assess potential changes in subjective state mood and physiological symptoms, 

participants completed visual analogue scales before administration of medication and before 

testing, at which time we also measured heart rate and blood pressure, using an Omron 705IT 

sphygmomanometer.  

 

fMRI Image Acquisition and Analysis 

Task Design. Stimuli were black-and-white photographs of 4 female and 4 male faces, 

each once with a fearful and once with a happy expression (38). Experimental design and 

timings were based on previously published work using the same task (24, 25): Each 

participant was presented with four face-blocks of 80s each, each embedded between 20s low-

level baseline fixation blocks. In each of these blocks, the same facial image was presented 

160 times for 300ms, separated by 200ms interstimulus intervals. Each participant was 

presented two different female and two different male faces, with each gender showing one 

happy and one fearful facial expression. In each experiment, the two happy and two fearful 

blocks alternated, and 25% of participants in each drug group started with a female happy, 

female fearful, male happy, versus male fearful block. Before each face block, participants 

were instructed to attend to the eye level of the face and remain alert. Immediately after the 

scan, participants were asked to identify the four faces seen during the scan presented among 

12 distractor faces, and they gave valence (from -3 negative to +3 positive) and arousal (from 

0 low to 6 high) ratings for each face (Figure 1). 

Image Acquisition. Images were recorded using a 3T Siemens Trio scanner. 3D high-

resolution T1-weighted images were acquired for subject alignment, using an MPRAGE 

sequence with the following parameters: 174x192x192 field of view matrix, flip angle = 8°, 

voxel resolution 1mm3, TR=2040ms, TE=4.7ms, inversion time (TI)=900ms, acquisition 



Reinecke et al.                                                                                                                           7 

time = 5 min 56 sec. T2*-weighted functional data were acquired for a whole-brain field-of-

view using a gradient echo EPI sequence (147x192x192 field of view matrix, flip angle=87o, 

voxel resolution 3mm3, repetition time (TR)=3000ms, echo time (TE)=30ms, acquisition 

time = 7 min 36 sec). Field maps were acquired using a dual echo 2D gradient echo sequence 

with echos at 5.19 and 7.65ms, and a repetition time of 488ms. 

Image Analysis. Imaging data were analysed using FSL (FMRIB Software Library; 

www.fmrib.ox.ac.ul/fsl). Registration to high resolution structural and/or standard space 

images was carried out using FLIRT (39). Registration from high resolution structural to 

standard space was then further refined using FNIRT nonlinear registration. Z statistic fMRI 

images were thresholded using clusters determined by Z>2.3 and a (corrected) cluster 

significance threshold of P=0.05. Pre-processing included motion correction using MCFLIRT 

(39), non-brain removal using BET (40), slice-timing correction using Fourier-space time-

series phase-shifting, fieldmap correction, spatial smoothing using a Gaussian kernel of 

FWHM 6.0mm, grand-mean intensity normalisation of the entire 4D dataset by a single 

multiplicative factor, highpass temporal filtering (Gaussian-weighted least-squares straight 

line fitting, with sigma=45.0s). 

At the first-level, fMRI data were analysed using a general linear model approach with 

local autocorrelation correction (41). Four regressors of interest were modelled, including the 

first (early) and last (late) 40s of fearful versus happy facial expression blocks. Fixation 

blocks were the implicit baseline reference. The main contrasts of interests to assess response 

to valence were: fear versus happy blocks (and vice versa) over the whole 80s presentation, 

fear versus happy (and vice versa) for early presentation (first 40s per block), and fear versus 

happy (and vice versa) for late presentation (last 40s). The main contrasts of interest to assess 

response habituation were: early (first 40s per block) versus late (last 40s) presentation (and 

vice versa) collapsed across fearful and happy faces, early versus late presentation (and vice 

versa) for fearful facial expressions, and early versus late presentation (and vice versa) for 

http://www.fmrib.ox.ac.ul/fsl
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happy facial expressions. Individual activation maps were then entered into the group level, 

using a mixed-effects whole-brain analysis (42).  

Based on previous work identifying the bilateral amygdala as relevant in response 

habituation using this task (24, 25) we also ran region of interest analyses (ROI), including 

anatomical masks of both amygdala. Significant whole-brain and ROI interactions were 

explored by entering extracted percent blood oxygenation level-dependent (BOLD) signal 

changes valence (fear, happy) x time (early, late) x group ANOVAs. 

 

Statistical Analysis of Non-imaging Variables 

Statistical analyses of non-imaging variables were carried out using SPSS 20 software 

(SPSS, Inc., Chicago IL), using two-tailed tests and ɑ=0.05. Potential drug-induced changes 

in mood and physiological parameters were assessed using independent-samples t-tests on 

peak-level scores. Group differences in recognition rate, arousal and valence ratings for 

experimental faces were assessed using independent-samples t-tests.  

 

Results 

Group Matching, Drug Side Effects, and Facial Stimuli 

The groups were well-matched on sociodemographic, clinical and personality 

parameters. There were no group differences in peak-level blood pressure and heart rate, state 

mood and physiological symptoms. Participants in the two groups were also no different with 

regards to their valence and arousal ratings for fearful and happy facial stimuli, and they 

showed similar recognition rates for previously seen faces (Table 1, Table 2). 

 

BOLD fMRI 

Whole-brain analysis.   
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Main effects of Task (across groups). a) Response to valence (fear vs happy): During 

early presentation (first 40s of face block), fearful compared to happy facial expressions more 

strongly activated bilateral occipital areas, right middle temporal and angular gyri, and 

cerebellum. Towards the end of a face block (last 40s), fearful versus happy faces continued 

to more strongly activate lateral occipital cortices, angular gyri, cerebellum and right occipital 

fusiform gyrus. In addition, stronger activation was seen in posterior cingulate and precuneus 

and left temporal fusiform gyrus and hippocampus (Figure 2A, Table S1, Table S2).  

b) Response habituation (early vs late): Habituation to fearful faces was associated 

with decreasing activation in the lateral occipital cortex and left ventrolateral prefrontal cortex 

(PFC)/ orbitofrontal cortex. Similarly, habituation to happy faces resulted in decreasing 

activation in occipital areas and left ventrolateral PFC/ orbitofrontal cortex, but also in 

anterior and posterior cingulate cortices, left hippocampus, amygdala, insula and left temporal 

and frontal gyri (Figure 2A, Table S1, Table S2).  

Drug Group x Task Interaction. a) Response to valence (fear vs happy): During early 

presentation (first 40s), results identified a significant group x task interaction in a cluster in 

the right putamen/ insula (585 voxels, MNI 28,10,-8, Z=3.63, p=0.04). Post-hoc analyses on 

BOLD signal change extracted from this cluster indicated that the losartan group showed 

significantly larger activation in this cluster in response to fearful compared to happy faces 

(t=2.98, df=14, p=0.010). A statistically non-significant trend for an opposite direction of 

effects in response to fearful versus happy faces was found in the placebo group (t=1.82, 

df=14, p=0.090) (between-group t-tests happy/ fear both t<1.86, both df=28, both p>0.073). 

During the later stage of facial presentation (last 40s), we found a significant group x task 

interaction in a cluster in the left middle temporal gyrus (682 voxels, MNI -68,-40,8, Z=4.15, 

p=0.03). Post-hoc analyses on BOLD signal change extracted from this cluster indicated that 

the placebo group showed significantly less activation in this cluster in response to happy 

(versus fearful) faces in the left middle temporal gyrus (t=2.52, df=14, p=0.025). No such 
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reduction in activation was found in the losartan group (t=1.25, df=14, p=0.233; between-

group t-tests: fear t=0.36, df=28, p=0.723, happy t=2.48, df=28, p=0.019) (Figure 2B; Table 

S3).  

b) Response habituation (early vs late): There were no group differences in 

habituation to fearful faces. When comparing early and late BOLD response to happy faces, 

results showed significant group x task interactions in six clusters, including left putamen/ 

amygdala (1063 voxels, MNI -28,-12,-4, Z=3.83, p=0.004), right insula (5184 voxels, MNI 

36,6,-10, Z=4.29, p<0.001), anterior cingulate cortex (2196 voxels, MNI -10,4,34, Z=3.86, 

p<0.001), right dorsolateral PFC (1802 voxels, MNI 36,-2,40, Z=4.69, p<0.001), left occipital 

fusiform (3524 voxels, MNI -38,-62,-18, Z=4.20, p<0.001) and right angular gyri (1953 

voxels, MNI 46,-40,40, Z=4.27, p<0.001). Post-hoc analyses on BOLD signal change 

extracted from each of these clusters suggested habituation to happy faces in the placebo 

group, reflected in significant reduction in activation over time in these areas (all t>2.42, all 

df=14, all p<0.030). No change in response to happy faces was seen in the losartan group (all 

t<1.60, all df=14, all p>0.132). This effect might have been driven by the drug group already 

showing lower activation in these areas at the beginning of face presentation, even though 

independent t-tests only reached statistical significance for the putamen/ amygdala cluster 

(t=2.07, df=28, p=0.048), and non-significant trend-effects for the insula (p=0.064), the 

occipital fusiform (p=0.056), and the angular gyrus (p=0.095; all other p>0.157) (Figure 2B, 

Table S3).  

 
ROI analysis.  

Drug Group x Task Interaction. a) Response to valence (fear vs happy): The valence 

(fear, happy) x time (early, late) x group ANOVA for extracted right amygdala signals 

revealed a significant valence x group (F=4.38, df=1/28, p=0.046) but no significant valence 

x time x group effect (F=0.68, df=1/28, p=0.416). Exploring these effects further using 
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paired-samples t-tests for fear and happy blocks collapsed across the two time conditions 

suggested that overall, the losartan group showed lower amygdala response to happy 

compared to fearful faces (t=2.07, df=14, p=0.050), while the placebo group showed similarly 

high amygdala effects to both valences (t=0.76, df=14, p=0.463) (between-group independent 

t-tests: fear t=1.64, df=28, p=0.112, happy t=0.24, df=28, p=0.816). For the left amygdala, 

similar patterns of activation were observed, even though interaction effects failed to reach 

statistical significance (all F<4.12, all df=1/28, all p>0.052) (Figure 3).  

b) Response habituation (early vs late): The valence (fear, happy) x time (early, late) x 

group ANOVA for right amygdala signal revealed a significant time x group (F=10.61, 

df=1/28, p=0.003) but no significant valence x time x group effect (F=0.68, df=1/28, 

p=0.416). Exploring these effects further using paired-samples t-tests for early and late 

presentations collapsed across the two facial expressions revealed that while the placebo 

group showed significant habituation effects in response to emotional faces overall (t=4.38, 

df=14, p=0.001), amygdala activation remained sustained over time in the losartan group 

(t=0.38, df=14, p=0.710). In line with these observations, amygdala activation was 

significantly lower in the placebo versus losartan group at the end of face blocks (early: 

t=0.70, df=28, p=0.492, late: t=2.18, df=28, p=0.038). For the left amygdala, similar patterns 

of activation were observed, even though interaction effects failed to reach statistical 

significance (all F<4.05, all df=1/28, all p>0.054) (Figure 3). 

 

Control analysis of hemodynamic response. We also ran an ROI analysis in an 

anatomical mask of the right occipital fusiform gyrus, a region strongly implicated in face 

processing (43), as a measure of overall hemodynamic impact of the drug. BOLD % signal 

change in response to faces versus baseline was not different between groups (placebo 

M=1.10/SD=0.77; losartan M=0.99/SD=0.61; t=0.44 df=28, p=0.666), suggesting that the 



Reinecke et al.                                                                                                                           12 

emotion-specific effects of losartan reported above are unlikely to merely be due to the drug 

leading to global hemodynamic response increases. 

 

Discussion 

Our findings suggest two differential effects of losartan on emotional processing, 

including i) an improvement of early discrimination of stimuli as threatening versus safe, and 

ii) a facilitation of threat processing, both processes known to be relevant for exposure to be 

successful in reducing anxiety (21, 23).   

 

Improving Threat-Safety Differentiation  

While during early presentation the placebo group showed similarly high right 

amygdala activation in response to fearful and happy faces which then decreased over time, 

the losartan group showed significantly reduced amygdala response to happy faces from the 

start of presentation. In animal work, losartan has been shown to predominantly target 

amygdala function, by reducing mRNA levels of AT1 receptors (14). This area is thought to 

be crucial in threat processing, particularly responding to stimuli associated with danger (44), 

suggesting that losartan might help to differentiate between threat versus safety signals more 

rapidly. Furthermore, our results show that losartan mitigated the decrease in middle temporal 

lobe response to happy faces towards the end of face presentation seen in the placebo group. 

A recent meta-analysis aiming to identify brain areas associated with fear conditioning (45) 

identified higher activation in the middle temporal lobe in response to safe compared to threat 

stimuli, implicating this area as potentially relevant in processing safety signals as well.  

It is assumed that a key mechanism of treatment action is inhibitory learning, where 

the previous association of a stimulus with ‘threat’ is overwritten by its association with 

‘safety’ (21-23). Successful exposure will result in the individual being able to rapidly 

discriminate between threat and safety cues, and to suppress fear responses when safety cues 
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are present. Strikingly, laboratory research has shown that anxious individuals show deficits 

in inhibitory learning, reflected in stronger response to threat and safety stimuli during 

conditioning and fear extinction (46-49), and in decreased response in brain areas associated 

with successful extinction, such as the orbitofrontal and medial prefrontal cortex (50-53). 

Such findings suggest that successful exposure depends on strong inhibitory learning, and that 

individuals with anxiety disorders are in need of strategies to enhance such processes (21).  

As a complimentary approach, it might be possible to compensate for deficits in 

inhibitory learning and threat-safety discrimination seen in anxious patients prior to exposure 

by using pharmacological add-on compounds such as losartan. Even though this remains to be 

demonstrated more directly in fear learning and extinction paradigms, our results suggest that 

the drug might improve rapid discrimination of safety cues.  

 

Improving Threat Processing during Exposure  

Our findings also suggest that losartan increases brain response to fearful faces in 

areas associated with threat processing. First, while the placebo group showed signal decline 

in the right amygdala over time, the initial level of amygdala response remained sustained 

over time in the losartan group, suggesting sustained processing of threat stimuli. Secondly, 

while the placebo group showed similar levels of response in the right putamen and insula to 

fearful and happy faces during early presentation, response to fearful faces was significantly 

increased after losartan administration. 

Amygdala and insula are crucial parts of the fear circuit of the brain, with the 

amygdala predominantly being involved in threat detection and processing (54), and the 

insula being implicated in awareness of internal physiological and emotional states (55-57). 

Increased activation in these areas can be seen during extinction learning and recall (58-61). 

Similarly, putamen response has been associated with enhanced threat processing (62-64), 
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and reduced activity has been seen to correlate with directing attention away from threat 

stimuli as a form of avoidance (65).  

Avoidance of threat stimuli – attentional, cognitive-emotional, or physical - is thought 

to play a crucial role in maintaining anxiety, as it prevents the patient from experiencing the 

absence of the anticipated catastrophe. Hence, for successful inhibitory learning to take place 

during exposure, it is essential for attentional and emotional processing to be focused on the 

threat stimulus for a prolonged period of time, to allow prediction error correction (21-23). 

Accordingly, experimental procedures guiding attention towards threat stimuli during 

exposure have been demonstrated to have facilitative effects on exposure outcome, while 

manipulations interfering with threat processing, such as cognitive load or safety behaviours, 

severely reduce the clinical effects of exposure (66, 67). In line with this argumentation, 

experimental research suggests that anxiety patients who show particularly pronounced 

attentional avoidance for threat prior to exposure therapy benefited less from treatment than 

patients who showed prolonged attention towards threat stimuli (68, 69). Neuroimaging 

research also shows that increased activation in brain areas previously associated with threat 

processing (4), such as the amygdala and insula, before exposure- predicts improved clinical 

response (70-74), further strengthening the argument that better treatment outcome might 

depend on increased responsiveness in brain areas involved in threat processing. 

We propose that the effects of losartan seen in this study, an increased or sustained 

activation in amygdala, putamen and insula in response to fearful faces, provide an additional 

potential pathway by which the drug might augment exposure in humans, where losartan 

enhances threat processing prior to psychological treatment.  

 

While these results are promising, there are limitations to their interpretation. First, 

even though our results provide evidence that losartan alters differentiation between fearful 

and happy faces, follow-up research using fear conditioning designs where threat versus 
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safety associations of originally neutral stimuli are learned are needed to confirm that the 

changes in processing highly complex, salient facial stimuli seen here translate to 

experimental designs more representative of fear acquisition and extinction. Secondly, one 

might wonder whether interpreting the increase in amygdala response to threat following 

losartan as potentially promising for augmenting exposure therapy is justified, considering 

that activation in this area is characteristically increased in anxiety. However, an anxiogenic 

interpretation of the losartan effects would not explain the reduction of amygdala response to 

happy faces following losartan, an effect that suggests improved safety learning, which is 

usually impaired in anxiety disorders (46-49). In line with our interpretation of losartan 

action, research shows that an increased pre-treatment amygdala response to negative stimuli 

predicts improved clinical outcome after exposure therapy (70-74), suggesting that losartan 

might improve treatment effects by boosting processing in this area prior to CBT. 

Nevertheless, the actual effect of losartan on exposure therapy in clinical samples remains to 

be investigated directly, to be able to fully evaluate the drug’s potential in improving clinical 

outcome. Thirdly, we propose in our interpretation of results that losartan prevented 

habituation in amygdala response to fearful but not happy faces, based on significant valence 

x group and time x group effects. Even though our interpretation is valid, assuming that after 

losartan amygdala activation remained high in response to fearful faces over time while 

remaining low in response to happy faces, a significant three-way interaction would provide 

final evidence for this assumption. Furthermore, the effects of losartan on emotion processing 

observed here should be replicated in larger samples.  

 

Taken together, this study has identified two potential mechanisms by which losartan 

might benefit clinical outcome of exposure for anxiety disorders. The results provide evidence 

that a single dose of losartan, in the absence of overall effects on blood pressure, heart rate, or 

mood, amplifies activation in brain areas relevant to emotional processing when processing 



Reinecke et al.                                                                                                                           16 

threat stimuli, while directing such resources away from non-threat stimuli. We propose that 

these effects might positively interact with exposure and improve clinical outcome, by 

facilitating safety learning, and by augmenting thorough threat processing and prediction-

error correction during exposure. Such knowledge will ultimately help to optimally combine 

this and similar pharmacological agents with psychological treatment, and it will drive the 

development of more accessible, more compact treatment formats targeting the mechanisms 

of CBT action more effectively. 
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Table 1: Sociodemographic, clinical and personality characteristics, physiological measures 

and experimental stimuli ratings of high-trait anxious participants in the losartan versus 

placebo group (M, SD, and t-test/ X2-test p-scores). 

 Losartan (N=15)  Placebo (N=15)  

 M SD  M SD P 

Sociodemographic Data       

Gender 11 ♀/ 4 ♂  11 ♀/ 4 ♂  
Age 22.4 3.9  22.4 4.8  
Verbal IQ (NART) 114.1 6.2  115.9 6.9  

Clinical and Personality Measures    
Trait Anxiety (STAIT) 53.3 7.3  51.5 6.1  
Anxiety Sensitivity (ASI) 29.0 15.9  33.4 24.6  
Behavioral Activation (BAS) 24.6 4.9  23.2 4.2  
Behavioral Inhibition (BIS) 13.6 3.3  12.9 2.7  
Beck Depression Inventory (BDI) 8.9 5.7  11.4 8.4  
Neuroticism (EPQ) 14.9 6.5  12.8 5.6  

Attentional Control (ACS)        

Total 53.0 7.4  51.3 7.0  
Focusing 23.0 3.8  21.9 4.5  
Shifting 30.0 4.7  29.4 5.1  

Physiological Measures     

Heart rate - Baseline 81.9 14.6  83.3 11.6  
Heart rate – Drug Peak 73.1 8.7  70.4 10.4 .46 
Systolic blood pressure - Baseline 115.4 14.3  120.7 16.9  
Systolic blood pressure – Drug Peak 116.6 12.5  114.7 14.8 .72 
Diastolic blood pressure - Baseline 73.1 11.3  73.8 9.5  
Diastolic blood pressure – Drug Peak 71.2 6.9  70.2 9.0 .74 

Experimental Scan Measures     

Recognition accuracy - fear 0.53 0.40  0.77 0.26 .07 
Recognition accuracy - happy 0.50 0.42  0.60 0.39 .51 
Valence rating - fear -1.2 1.4  -1.7 0.8 .24 
Valence rating - happy 1.3 1.4  2.0 0.7 .10 
Arousal rating - fear 3.7 1.0  3.7 1.0 .90 
Arousal rating - happy 3.2 1.3  2.9 1.1 .56 

Note: NART = National Adult Reading Test; STAIT = State-Trait Anxiety Inventory; ASI = Anxiety 
Sensitivity Index; BAS = Behavioral Activation Scale; BIS = Behavioral Inhibition Scale; BDI = Beck 
Depression Inventory; EPQ = Eysenck Personality Inventory; ACS = Attentional Control Scale. 



Table 2. Visual analogue scale ratings in the two groups before drug intake and at drug peak-level (M, SD, and t-test p-scores).  

                         Baseline                  Drug Peak Level 
 Losartan  Placebo    Losartan  Placebo   

 M SD  M SD    M SD  M SD  P 

Visual Analogue Ratings VAS                
Anxious 28 23  26 20    16 19  23 21  .40 
Tearful 12 20  10 16    5 10  5 9  .94 
Hopeless 11 20  13 18    6 14  12 20  .36 
Sad 11 17  15 22    7 10  11 17  .43 
Depressed 12 17  12 16    5 8  9 13  .34 
Sleepy 27 26  21 17    23 24  19 11  .59 
Nauseous 11 18  3 7    7 12  2 4  .14 
Dizzy 6 12  5 7    4 6  7 17  .58 
Heart racing 15 19  12 15    11 16  5 5  .15 
Alert 54 21  46 27    48 25  38 25  .27 

 



Figure 1. Experimental task procedure. Each participant was presented with four face blocks, 

including two happy blocks and two fear blocks, each showing a different person. Half of the 

participants in each group started with a happy block, and half of the participants started with 

a fear block.  

 

Figure 2. A. Whole-brain fMRI main effect of task: Response to valence: Across groups, 

fearful versus happy facial expressions predominantly activated bilateral occipital areas 

during early presentation, and bilateral occipital areas, posterior cingulate, precuneus and left 

hippocampus during late presentation. Response habituation: Across groups, habituation to 

emotional faces was associated with decreasing activation in bilateral occipital areas and left 

ventrolateral PFC/ OFC. Habituation to happy faces also resulted in a decrease in anterior and 

posterior cingulate, and left insula, hippocampus and amygdala. B. Whole-brain fMRI task x 

group interaction. Response to valence: Early during face presentation, losartan lead to a 

significant increase in activation in the right putamen/ insula in response to fearful versus 

happy faces (i). Towards the end of face presentation, losartan sustained similar levels of 

activation in the left middle temporal gyrus in response to happy versus fearful faces, while 

placebo was associated with a significant decrease in activation in this area towards happy 

faces. Response habituation: The placebo group but not the losartan group showed a 

significant decrease in activation over time in response to happy faces in left putamen/ 

amygdala, right insula, anterior cingulate, right dorsolateral PFC, left occipital fusiform gyrus, 

and right angular gyrus.  

 

Figure 3. Region-of-interest analysis in the anatomical left and right amygdala. Group 

interactions were not significant for the left amygdala. For the right amygdala, the placebo 

group showed similarly high amygdala signal in response to both emotions, but the losartan 

group showed significantly lower amygdala response to happy compared to fearful faces. 
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Also, the placebo group showed significant reduction of activation over time in both valence 

conditions, suggesting habituation effects. In contrast, amygdala activation remained 

sustained over time in the losartan group. Error bars show s.e.m.  
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