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Abstract 35 

Life threatening fear after a single exposure evolves in a subset of vulnerable individuals to anxiety, which 36 

may persist for their lifetime. Yet neither the whole brain's response to innate acute fear nor how brain 37 

activity evolves over time is known. Sustained neuronal activity may be a factor in the development of 38 

anxiety. We couple two experimental protocols to obtain a fear response leading to anxiety. Predator stress 39 

(PS) is a naturalistic approach that induces fear in rodents; and the serotonin transporter knockout (SERT-40 

KO) mouse responds to PS with sustained defensive behavior. Behavior was monitored before, during and at 41 

short and long times after PS in WT and SERT-KO mice. Both genotypes responded to PS with defensive 42 

behavior, and SERT-KO retained defensive behavior for 23 days, while wild type (WT) mice return to 43 

baseline exploratory behavior by 9 days. Thus, differences in neural activity between WT and SERT-KO at 9 44 

days after PS will identify neural correlates of persistent defensive behavior. We used longitudinal 45 

manganese-enhanced magnetic resonance imaging (MEMRI) to identify brain-wide neural activity between 46 

behavioral sessions. Mn2+ accumulation in active neurons occurs in awake behaving mice and is 47 

retrospectively imaged. To confirm expected effects of PS, behavior was monitored throughout. Following 48 

the same two cohorts of mice, WT and SERT-KO, longitudinally allowed unbiased quantitative comparisons 49 

of brain-wide activity by statistical parametric mapping (SPM). During natural behavior in WT, only low 50 

levels of activity-induced Mn2+-accumulation were detected, while much more accumulation appeared 51 

immediately after PS in both WT and SERT-KO, and evolved at 9 days to a new activity pattern at p<0.0001, 52 

uncorr., T=5.4. Patterns of accumulation differed between genotypes, with more regions of the brain and 53 

larger volumes within regions involved in SERT-KO than WT. A new computational segmentation analysis, 54 

using our InVivo Atlas based on a manganese-enhanced MR image of a living mouse, revealed dynamic 55 

changes in the volume of significantly enhanced voxels within each segment that differed between genotypes 56 

across 45 of 87 segmented regions. At Day 9 after PS, the striatum and ventral pallidum were active in both 57 

genotypes but more so in the anxious SERT-KO. SERT-KO also displayed sustained or increased volume of 58 

Mn2+ accumulation between Post-Fear and Day 9 in eight segments where activity was decreased or silenced 59 

in WT. Staining of the same mice fixed at the conclusion of imaging sessions for c-fos, a marker of neural 60 

activity, confirmed that MEMRI detected active neurons. Intensity measurements in 12 regions of interest 61 

(ROIs) supported the SPM results.  Between group comparisons by SPM and of ROI measurements identified 62 

specific regions differing between time points and genotypes Thus we report brain-wide activity in response 63 

to a single exposure of acute fear, and, for the first time, its evolution to new activity patterns over time in 64 

individuals vulnerable to anxiety. Our results demonstrate the power of longitudinal MEMRI to discover how 65 

brain-wide activity evolves during recovery or persistence of fear responses leading to anxiety. 66 

  67 
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Introduction 68 

A single experience of life threatening fear induces lifelong anxiety in vulnerable people 1, yet the biological 69 

basis for this is unknown. Longitudinal MR imaging has the potential to reveal brain-wide activity changes 70 

accompanying the evolution of fear to an anxiety state. Since in human, capturing an acute life-threatening 71 

response is not feasible, we leveraged two conditions in mice to produce fear and image its evolution to 72 

anxiety: predator stress (PS) and knock-out of the serotonin transporter gene (SERT-KO) 2.  73 

Predator stress can be induced by predator odor, a naturalistic stimulus, displayed as defensive behavior in 74 

rodents 3-6. For predator odor, the synthetic 2, 3, 5-trimethyl-3-thiazoline (TMT), a product of fox anal gland, 75 

can be measured and delivered in precise, reproducible amounts. TMT has been extensively used and 76 

validated for producing PS, in rodents, primates and even human 7-12 and for activation of neural activity in 77 

the olfactory system 7,9.  78 

Progression from PS to anxiety is promoted by deletion of the serotonin transporter (SERT) gene 13. SERT-79 

KO mice display prolonged defensive behavior after a single PS experience 3. SERT-KO mice are considered 80 

a validated "model" for post-traumatic stress disorder (PTSD) 14, which in humans is defined as a severe 81 

anxiety disorder arising after a life-threatening event 15. By contrasting brain-wide activity in WT with SERT-82 

KO before, immediately and at long-term after PS, we expect to identify localized neural activities in 83 

response to acute innate fear and how those activities resolve, persist, or increase when evolving towards an 84 

anxiety state.  85 

Mn2+-enhanced MR signal is a direct retrospective indicator of integrated neural activity occurring throughout 86 

the brain between systemic delivery of Mn2+ and subsequent MR scanning. Mn2+, a paramagnetic divalent 87 

cation, acts as a Ca2+analog, entering active neurons through voltage-gated Ca2+ channels, such as Cav1.2 16, 88 

and is detectible as a hyper-intense signal in T1-weighted MRI 17-19. Thus MEMRI is unlike blood oxygen 89 

level dependent (BOLD) functional MRI (fMRI), which is a proxy for activity occurring in the scanner 20. 90 

BOLD fMRI is qualitatively different from MEMRI, relying on a complex dynamic between vascular and 91 

neuronal events. Both MEMRI and BOLD imaging are useful yet give different information. In small animal 92 

fMRI studies, presentation of the stimuli or behavioral events are typically performed within the scanner, and 93 

thus BOLD results may be limited by anesthesia, require adaptive training or restraint 21,22. fMRI requires fast 94 

imaging protocols to match the time dependence of BOLD events (seconds) and has the advantage of not 95 

requiring any exogenous agents. In contrast, Mn2+ enters active neurons over 24-48h after systemic delivery 96 

via tail vein, peritoneal cavity or subcutaneous tissue 19,23-26. In rat, signal may persist for 4 days and has 97 

dissipated by 14 days 27. Although radioactive Mn2+ may linger for months in the brain 28,29, this long-lived 98 

radioactive pool does not appear to be adequate to give a T1-weighted signal, or is not accessible for uptake in 99 



 4

active neurons. Mn2+ delivered by intra-peritoneal injection (IP) accumulates more slowly in the brain than 100 

direct intravenous infusion 30. The hyper-intense signal at early time points likely represents both intra-neural 101 

Mn2+ and vascular/interstitial pools, since when mice are imaged at 24h and then exposed to new stimuli at 102 

25-27h post-Mn2+ injection, new regions with Mn2+-enhancement appear 31. Thus a baseline image can be 103 

acquired, against which the consequences of stimulation can be detected. 104 

MEMRI has been used to visualize functional activity maps at single times points in a number of species 105 

including mouse 32-35, rat 36-40, avian 41 and non-human primate 42,43. In rat, MEMRI signal has been correlated 106 

with electrophysiology 40, and with intermediate early gene expression 44.  MEMRI has been applied to 107 

understand patterns of neural activity in songbird vocalization 45; in neonatal mice for pain response 46and in 108 

rats for barrel whisker stimulation 47,48 and for predator odor response 49. In Aplysia, the sea slug, Mn2+ 109 

accumulation is proportional to excitatory neural activity measured by electrophysiology 50,51. Systemic Mn2+ 110 

does not abnormally activate neurons, as evidenced by lack of induction of intermediate early gene expression 111 

31. Low dose systemic Mn2+ is non-toxic 23,37,41, and does not affect behavior even when perfused continuously 112 

for two weeks 52. Thus animals may be repeatedly injected IP 42, potentially producing rich MEMRI datasets 113 

to follow how activity evolves in awake behaving mice over time. 114 

Here we follow the evolution of brain-wide neural activity from the freely behaving mouse, to immediately 115 

after a single PS exposure, then again at 9 days later to detect residual signal, and finally after a second IP 116 

Mn2+ injection to detect on-going and new activity (Fig. 1, for more detail see Methods). By performing a 117 

single fear exposure after capturing a "resting state" image, we compare brain-wide activity of freely 118 

exploring mice with their immediate fear responses, avoiding additional experience of another IP injection 119 

prior to the fear event. Behavioral measurements across all time points confirms the impact of TMT as a fear-120 

stimulant, and the effect of SERT-KO on persistent defensive behavior. Between imaging sessions and during 121 

PS exposure and behavioral measures, mice are freely moving, during which time Mn2+ enters active neurons. 122 

We parse the resulting complex imaging data of 24 animals imaged at 5 time points by performing statistical 123 

parametric mapping followed by automated segmentation with our new high resolution InVivo Atlas of 87 124 

regions, enabled by our skull-stripping and alignment programs 53,54. We then calculate the volume of activity 125 

in specific neuronal nuclei throughout the brain for each condition. Activity maps based on statistical 126 

significance are confirmed by region of interest analyses measuring intensity values, and further validated 127 

with c-fos histology. Results demonstrate a highly dynamic evolution of brain-wide activity during 128 

progression from fear to anxiety states dependent on the serotonergic system, and pinpoint specific brain 129 

regions involved. 130 

Materials and Methods 131 
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Ethics Statement 132 

All protocols involving animals in this work were approved by Institutional Animal Care and Use 133 

Committees (IACUC) of California Institute of Technology and University of New Mexico. Animal numbers 134 

for all experiments were determined by a statistical power analysis based on pilot data. By performing 135 

experiments on the same group of animals over time, we obtain within group internal controls for each step in 136 

the procedure. Specific control experiments were performed on separate, smaller groups of animals to 137 

minimize animal numbers. 138 

Animals 139 

Mice were obtained from Jackson Laboratory (Jax.org, Bar Harbor, ME). Serotonin transporter (SERT-KO) 140 

knock-out mice (B6.129(Cg)-Slc6a4tm1Kpl/J, (Stock No: 08355), originally donated by Dr. Dennis Murphy 55, 141 

were back-crossed for 12 generations to be congenic with C57BL/6J (Stock No: 000664), the strain used as 142 

wild-type (WT). In addition to mice used for the full protocol, WT mice were also used in control 143 

experiments to determine Mn2+ kinetics, effects of IP Mn2+ and anesthesia on behavior, and to compare Mn2+ 144 

accumulation and c-fos expression in mice without PS to mice with PS. 145 

Mice acclimated for one week after delivery from JAX and were handled daily by trained veterinarian staff 146 

technologists. All mice were housed at Caltech's Beckman Institute Biological Imaging Facility in the MR 147 

scanner mouse house to allow for longitudinal imaging studies outside the animal care barrier. Housing, 148 

imaging, and behavioral testing were all done within the Small Animal Magnetic Resonance Imaging Center, 149 

which is environmentally controlled and sound-proofed. The mice were group-housed by littermates and set 150 

on a 12h light/dark cycle with standard bedding, and food and water provided ad libitum. Animal Care 151 

technologists regularly inspected mice for signs of injury or toxicity resulting from Mn2+ injections, 152 

anesthesia or imaging and found none. Mice were aged on average 81 days at the time of fear stimulus. We 153 

used all male mice for this study as our pilot studies in which we compared all time points between male and 154 

female mice revealed no significant differences, and using the same gender improved housing logistics. 155 

Animal Procedure Overview 156 

A schematic is shown in Fig. 1. The entire longitudinal procedure lasts 32 days--7 days to settle after 157 

shipping, 1 day for fear protocol, 9 days to recover, 1 day for recovery protocol, and another 14 days until 158 

final behavioral measure. Gray drop-down boxes represent the two experimental procedures, "Fear Protocol" 159 

and "Recovery Protocol," separated by 9 days. Green arrows indicate behavioral recordings; blue arrows, MR 160 

imaging; and red arrows, the two IP Mn2+ injections. The odors, neutral and predator, were delivered once, in 161 
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the "Fear Protocol", as indicated. Open horizontal rectangles/block arrows indicate awake behaving animals, 162 

and single horizontal lines indicate brief anesthesia for MR imaging.  163 

Mn2+ accumulation depends on the degree and duration of neural activity 19,20,23,26,32,50,56 and the extracellular 164 

concentration of Mn2+ in the brain 19,24,57,58. We reported that a neuro-active hallucinogen, delivered 25h after 165 

Mn2+ IP, results in significant increases in Mn2+-dependent intensity in specific locations at 27h compared to 166 

24h pre-drug images of the same animals, or to non-treated animals at 27h (p<0.0001) 31. Thus a strong 167 

stimulus that increases neuronal activity delivered during the height of Mn2+ brain intensity results in 168 

enhanced Mn2+ signal detectable after time intervals as short as two hours. This timing allows us to obtain a 169 

pre-stimulus image of basal neural activity prior to stimulation, as recommended 27. If the biology allowed us 170 

to boost the Mn2+ concentration and increase time for uptake, we might see more signal. However, higher 171 

Mn2+ concentrations were lethal in SERT-KO mice. We also ruled out repeated injections to increase Mn2+ 172 

concentrations 24, as these are associated with elevated stress hormone, cortisol 52,57. Thus because of SERT-173 

KO's physical fragility and vulnerability to stress from handling, such further manipulations would further 174 

complicate interpretation of predator stress responses. Since we observed increased signal with PS delivered 175 

at 26-28h after IP Mn2+ in our pilot studies and in published work with drug stimulation 31, we adopted this 176 

experimental timing. This timing minimized manipulations and also had the benefit of allowing us to capture 177 

a Pre-Fear image shortly before PS exposure in the same animal rather than in a separate cohort, as has been 178 

done previously 59. By measuring behavior before and after MR imaging with anesthesia, we confirmed that 179 

this procedure did not affect behavior in wild type (Fig. 2). Behavior measurements in the SERT-KO revealed 180 

its vulnerability to all manipulations, as detailed further in Figure 4 below. By acquiring video recordings of 181 

mouse behavior, we confirmed that mice had fully recovered from any post-anesthesia effect at the time of the 182 

"Fear Protocol".  183 

Before any manipulations, a baseline of mouse behavior was recorded in the light dark box (L/D Box). A pre-184 

injection MR image was then collected before administration of Mn2+. This image served as the non-contrast 185 

image to which all other images were compared. Next, each animal received an IP injection of Mn2+ for a 186 

whole body concentration of 0.3 mmoles/kg from a stock of warm 25mM MnCl2- 4H2O solution in sterile 187 

saline. The injection volume was calculated based on the weight of each mouse, on average 26g.  188 

At 22-24h after injection, behavior was recorded (L/D Box: Pre-Fear), and then mice were subjected to MR 189 

imaging (MRI: Pre-Fear). This first post-Mn2+ image represents an integrated picture of the mouse's brain 190 

activity while freely moving in its cage in the environmentally controlled mouse house. After imaging, each 191 

mouse was awoken from anesthesia and allowed to recover for 2h in its home cage, then exposed in the light-192 

dark box, first to saline, a neutral odor (L/D Box Neutral Odor), and then to predator odor, (L/D Box: 193 
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Predator odor), 2,3,5-Trimethyl-3-thiazoline (TMT) (ConTech, Victoria, BC, Canada Cat #v 300000368 lot 194 

11125). We considered the entire Fear Protocol “predator stress” (PS). Each odorant exposure was for 30m, 195 

with Noldus video recording during the last 10m. Exposures were performed in a clean air hood to reduce 196 

external noise, smells or other sensory stimuli. Immediately after TMT, mice were again anesthetized and a 197 

second longer MR imaging session was performed. After the second imaging session, mice were returned to 198 

their home cages in the environmentally controlled sound-proofed mouse house. After 9 days, behavior was 199 

recorded (L/D Box: Day 9) and then a pre-injection MR scan was again captured (MRI: Day 9 pre). This scan 200 

monitored for any residual signal remaining from the first Mn2+ injection. Then each mouse was re-injected IP 201 

with Mn2+, returned to the home cage in the mouse house for 24h, and imaged again at 26h post-IP (MRI: Day 202 

9), correlating with the same interval between Mn2+ IP and MRI as the Post-Fear scan ("Recovery Protocol"). 203 

Mice were returned to their home cage for 14 days and then behavior was recorded again in L/D box. Note 204 

that in each case the experimental condition occurred in the awake behaving animal, in a carefully controlled 205 

environment and that Mn2+ accumulation was detected retrospectively by MRI. Also note that there is only 206 

one fear experience--at 9 days there is no additional exposure. Finally, by recording with the Noldus video 207 

system, any residual anesthesia effects on motility could be rapidly detected, and none were found. 208 

At the conclusion of the data collection, mice are sacrificed and perfused for histology, and behavioral 209 

recordings and images analyzed as described below. 210 

Behavior 211 

To monitor TMT-provoked defensive behavior, mouse activity was tracked in the L/D box with Noldus 212 

Ethovision (Ethovision XT9). The L/D box was a custom two-component plastic apparatus constructed by 213 

UNM Carpentry Shop and shipped to Caltech, with the dark side being a black walled enclosure (38 x 13 x 20 214 

cm) with a dark tinted ceiling, or lid, that allowed infrared light to pass and a larger white-walled enclosure 215 

(38 x 28 x 20 cm) that had a translucent plastic ceiling that allowed illumination of the chamber. A floor level 216 

aperture (13 x 8 cm) allowed the mouse to move between compartments 60. The lid of the box contained odors 217 

within the box. Mice were randomly selected for testing regardless of genotype. The light-dark box was 218 

placed in a fume hood to reduce extraneous stimuli. Prior to behavioral recording after the Pre-Fear image, 219 

mice were recovered from anesthesia and allowed to explore their home cage for a minimum of 2h. Each 220 

mouse was placed in the dark-side chamber and left undisturbed for 30 min with a petri dish containing a 221 

gauze strip on the light side to acclimate to the chamber. For neutral odor, the gauze strip was first soaked in 222 

saline, and the mouse allowed to freely explore light and dark compartments for 30 min with recording during 223 

last 10 min. For TMT, the saline-soaked gauze strip was replaced with a gauze strip treated with TMT (600 µl 224 
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of a 20 µl TMT mixed with 20 µl Ethanol and 582 µl of distilled water (3% solution)). Mice were again 225 

allowed to explore the box for 30 min with recording during last 10 min. 226 

Mouse behavior was tracked by Ethovision 61 with the videos from all trials manually inspected to ensure no 227 

tracking errors, and that no mice had motor impairments, abnormal gait or evidence of residual anesthetic 228 

effects. After each trial, the box was wiped down with 10% ethanol to remove any residual odor. Only one 229 

mouse was tested in a single day, further reducing the chance of odor contamination. The fume hood cleared 230 

the air between trials.  231 

Behavioral statistics 232 

To quantify time spent in light versus dark side of the box, videos were analyzed using the Noldus Ethovision 233 

software which generates a .csv file. For statistics, we performed two-way repeated measures ANOVAs in 234 

GraphPad Prism (GraphPad Software, La Jolla California USA, www.graphpad.com). Between group factor 235 

was genotype and within subject factor were the six time points when behavior was recorded (see green bars 236 

in Fig. 1). Multiple comparisons between genotypes at all-time points were performed with post hoc 237 

Bonferroni correction 62. To determine whether mice returned to normal baseline exploration, an additional 238 

post hoc comparison was performed with Dunnett multiple comparison 63, which compares each time point to 239 

its baseline obtained prior to imaging and Mn2+-injection within each genotype. 240 

Manganese-enhanced magnetic resonance imaging (MEMRI) 241 

To image retrospectively Mn2+ accumulation occurring in the awake behaving mouse, mice were imaged in an 242 

11.7 Tesla 89 mm vertical bore Bruker BioSpin Avance DRX500 scanner (Bruker BioSpin Inc, Billerica, 243 

MA) equipped with a Micro2.5 gradient system and a 35mm linear birdcage radio frequency (RF) coil was 244 

used to acquire all mouse images 53,54,64-72. For in vivo imaging, mice were anesthetized with 1-2% isoflurane 245 

(vol/vol). Temperature and respiration were continuously monitored to remain within normal ranges of 37oC 246 

and 100-120/m respiration rate 72. To minimize movement, the animal’s head was secured in a Teflon® 247 

stereotaxic unit within the RF coil which also ensured reproducible placement of the mouse head within the 248 

magnet during imaging. We employed a fast low angle shot (FLASH) imaging sequence that gives a T1/T2 249 

signal 73, 8 averages, TR/TEeff=25 ms/5 ms; matrix size of 200×124×82 and FOV 250 

20.0 mm×12.4 mm×8.2 mm, yielding 1003 µm3 isotropic voxels. Five MR images were collected for each 251 

animal (Fig. 1). Imaging time was 34 min except after PS, when four 34 min images were collected and 252 

subsequently averaged, since the exposure time during which Mn2+ redistribution would occur was short (10 253 

min). This averaging did not affect overall intensity measurements nor the pattern, as determined by statistical 254 
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parametric mapping of single compared to averaged Post-Fear images (Supporting Information Fig. S2, and 255 

Fig. S3). 256 

Mn2+ kinetics and effect on behavior 257 

Kinetics of Mn2+ uptake in brain after IP injection: The dose of Mn2+ was determined from a series of pilot 258 

experiments following recommendations (24 in which we found that greater than 0.3mmoles/kg IP was lethal. 259 

We previously reported that stimulation by a hallucinogen at 25hr post IP Mn2+ resulted in robust signal when 260 

imaged at 27h 31. To measure the kinetics of Mn2+ at longer time points, we performed a series of pilot 261 

experiments by injecting 0.3mmoles/kg Mn2+ IP and imaging WT mice (n=5) at 24h, 48h, 72h, 13d and 19d 262 

with no odor exposure (Fig. 2).  We also measured intensity in muscle outside the brain in the same images 263 

and found a similar time course of intensity changes (not shown).  264 

Measurements show the highest brain intensity between 20 and 28h in four brain regions (Fig. 2) with only a 265 

50% fall off by 48h that is sustained at 72h, and diminishes subsequently, while never completely returning to 266 

baseline even at 13 days.  267 

We reasoned that intensity at 24h included extra-neuronal Mn2+, since signal increases at 24-27h with 268 

neurostimulation, indicating the availability of Mn2+ for uptake into active neurons. Inevitably, Mn2+ arrives 269 

more slowly into the brain after IP injection than after a tail-vein infusion, since absorption of ions and fluid 270 

from the peritoneal cavity into the vasculature is slow 74,75. Furthermore, Mn2+-induced intensity in the 271 

ventricles after IP injection lags behind that of tail-vein infusion30.  This data forms the basis of our 272 

experimental procedure, with a 9-day pre-injection image to capture the pattern of residual Mn2+, followed by 273 

a second injection to replicate the conditions of the fear protocol, boosting the Mn2+ interstitial concentration 274 

for entry into any neurons that newly activated during progression to anxiety. Thus we can compare activity 275 

immediately after fear with that at 9 days. 276 

No effect on exploratory behavior: To monitor the effect of IP injection and imaging with its anesthesia on 277 

behavior, WT mice (n=6) were monitored in the L/D box before and at 24h after Mn2+ injection and imaging, 278 

both initially and then again 9 days later.  279 

At this dosage (0.3mmole/kg), neither Mn2+ IP nor the imaging experience had a statistically significant effect 280 

on average time spent in the light side of the L/D box, even after a second IP injection 9 days after the first, by 281 

repeated measures ANOVA (p=0.997) (Fig. 2J). A decreased variance in behavior was noted at 24h after 282 

each procedure, with complete recovery at 9 days. We also found that IP injection of higher amounts of 283 

MnCl2 (0.4 mmoles/kg) was lethal for SERT-KO. Lack of Mn2+ effect on behavior is consistent with other 284 



 10 

reports in rats using subcutaneous infusion over two weeks 52. These results confirmed that the procedure did 285 

not significantly affect behavior of WT. 286 

Preprocessing of MR images: Brain image extraction and image 287 

alignment 288 

To perform statistical comparison, images need to be gray-scaled and aligned 54,76. All MR scans (five images 289 

of 24 mice for 120 whole-head images) were preprocessed using our protocols for brain extraction 53 and MR 290 

image alignment 54 (Fig. 3). Minimum deformation atlases (MDA) of the pre-injection images were generated 291 

as we described 53,54. The template image is available in from Medina et al. in that online Supplemental 292 

Materials54. Briefly, for this study, all alignments began by converting the Bruker Paravision images to NIFTI 293 

(.nii) format, preserving the voxel size of 0.1 x 0.1 x 0.1 mm 77-80 Image borders were cropped to 200x124x82 294 

using the Medical Image Processing, Analysis and Visualization program (MIPAV) developed by NIH 81 such 295 

that all images had the same dimensions. Headers were checked to ensure identical headers. 296 

Our group has pioneered protocols that standardize brain extraction such that extraneous tissue, present in live 297 

mouse imaging, does not interfere with brain alignments (Fig. 3) 53,54. To extract the brain (skull stripping), a 298 

rigid body transformation (6 degrees of freedom) was performed to align each mouse’s whole head image. 299 

These images were corrected for B-field inhomogeneity using the N3 method 82, followed by modal intensity 300 

scaling using our MATLAB script 53. Next a reference mask was manually generated using Brain Suite 83 301 

based on one of the images in the dataset (reference whole head image). This drawn mask was then applied to 302 

all head images using our automated brain extraction protocol 53 with visual inspection of each stripped brain 303 

image to ensure accuracy. Any remaining non-brain tissue was removed manually in FSLeyes 84. The skull-304 

stripped images were once again corrected for B-field inhomogeneity and the gray scale normalized by setting 305 

the mode of the histogram for all images to our template image 54. Stripped brains were then aligned with the 306 

normalization function in SPM 85,86 (Fig. 3). To validate our alignments we used visual inspection and 307 

CheckReg in SPM. Please refer to Supporting Information Figs S2 for skull-stripped images before (Fig. 308 

S2A) and after (Fig. S2B) alignments. 309 

Statistical parametric mapping 310 

For statistical analysis using SPM 87(Fig. 3), aligned images were first smoothed with a full-width half-311 

maximum (FWHM) Gaussian kernel, three times greater than the voxel size  (0.3mm), as we previously 312 

described Delora, 2016 #41;Medina, 2017 #42}. To detect significant intensity changes due to accumulation 313 

of Mn2+ within genotypes, we performed a series of pairwise within group t-tests. Comparing post-Mn2+ time 314 

points with its pre-injection images for both genotypes at all time points produced a T(1,11)=5.4, p<0.0001, 315 
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uncorrected with cluster size of 128. By requiring significant voxels be within a cluster, we eliminate false 316 

discovery of isolated random voxels, although by clustering we may miss signal in some small discrete, but 317 

relevant, nuclei of <128 voxels. To compare between groups, we performed two-sample between group t-tests 318 

in SPM between genotypes at each time point. We did not attempt a flexible factorial analysis, as the 319 

complexity of these factorial models makes them unable to accurately partition variance 88,89. Most likely one 320 

image, the SERT-KO post fear image, would be the factor accounting for the most variance. To ensure that 321 

our four-image averaging in the Post-Fear dataset did not introduce error by increasing detection uniquely for 322 

that time point, we also performed pair-wise SPM t-tests of a single image from the four captured Post-Fear 323 

compared with pre-injection images, and of the 4-image average with pre-injection images (Supporting 324 

Information Fig. S3). Very few statistically significant differences were found. 325 

Videos of the statistical maps were rendered in Amira (Thermo-Fisher, 326 

https://www.thermofisher.com/us/en/home/industrial/electron-microscopy/electron-microscopy-instruments-327 

workflow-solutions/3d-visualization-analysis-software/amira-life-sciences-biomedical.html) (see Supporting 328 

Information Video S1). 329 

Segmentation Atlas 330 

To parse the complex SPM results, we developed a digital segmentation atlas with 87 annotated regions based 331 

on a manganese-enhanced MR image of a living mouse brain with 80µm resolution 90. This segmentation 332 

atlas improves on others with fewer segments created from MR images of fixed brains with less contrast 91, 333 

and on those with more segments but lower resolution, which are available commercially (Ekam Solutions, 334 

Boston, MA). Our InVivo Atlas was hand-drawn, as we previously reported for a non-contrast enhanced 335 

image 92, based on visible gray-scale anatomy in our high contrast MR image with reference to histological 336 

atlases from Mouse Reference Atlas, Allen Institute 93 and Paxinos & Franklin 94. 337 

Computational alignment with our 3D dataset was achieved by aligning the labeled atlas to our template 338 

image (aligned to our MDA) using FLIRT 95,96 in the FSL package 97 with a 12 parameter affine rotation, a 339 

mutual information cost function, and a nearest neighbor interpolation, which adjusts the image sizes between 340 

our dataset (100µm isotropic voxels) and the atlas (80µm isotropic voxels). Alignments were checked by 341 

visual inspection of overlays in FSLeyes 84. 342 

Volumetric comparisons of significantly enhanced voxels 343 

To quantify the total number of voxels in each segment, the atlas was applied to the template image and the 344 

number of voxels calculated in fslmaths and stats 98. Individual masks for each of the 87 sub-regions in the 345 

InVivo Atlas were generated through fslmaths 97,98 and applied to T-Maps identified by SPM. Voxels with 346 
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statistically significant intensity increases (p<0.0001, uncorr., T=5.4) that fell within each segmentation mask 347 

were quantified with fslstats 97,98. The number of significantly increased voxels in each segment was divided 348 

by the total number of voxels of that segment to obtain a ratio of "activated" voxels. These ratios were plotted 349 

as column graphs or heatmaps with a customized MATLAB script (MATLAB 2016b, The MathWorks, Inc., 350 

Natick, Massachusetts, United States) (Supporting Information Fig. S4 and S5). 351 

Regions of interest (ROI) analysis 352 

To measure the magnitude of intensity greater than pre-injection in regions showing significantly enhanced 353 

voxels in SPM analyses, region of interest (ROI) analyses were performed. ROI coordinates were selected 354 

based upon areas of statistically significant increase identified in paired t-tests contrasting WT Pre-Fear and 355 

WT Post-Fear images greater than WT pre-injection image. To compare between genotypes at Day 9, 356 

coordinates were selected based upon areas of strong signal in paired T-maps from each genotype at Day 9 357 

greater than pre-injection projected onto the same gray scale template. These coordinates were propagated 358 

across all aligned, warped, unsmoothed images at Pre-Fear and Post-Fear of WT, and at Day 9 of both 359 

genotypes. The ROIs were generated by extracting a cube of 5x5x5 voxels at each selected coordinate, with a 360 

volume of 0.125mm3 centered on each location. The mean intensity and standard deviations of these sub-361 

regions were calculated via fslstats 95. Two-way ANOVAs with FDR multiple comparison correction 99 were 362 

used to calculate statistical differences between conditions in each ROI using GraphPad Prism (GraphPad 363 

Software, La Jolla California USA, www.graphpad.com). 364 

Immunohistochemistry 365 

To detect neural activity by an alternative method, we stained histologic sections for the intermediate gene c-366 

fos 100. At the completion of the final imaging session, 6 mice of each genotype were deeply anesthetized and 367 

subjected to intra-cardiac perfusion of warm heparinized saline followed by 4% buffered paraformaldehyde as 368 

previously described 67-71. After perfusion, the head was removed, tissue stripped down to the skull, and brains 369 

in the skull incubated overnight in fixative. Brains were popped from the skulls and re-fixed for 1-2 days 370 

before embedding in gelatin for sectioning. All 12 brains were embedded in the same block and serially 371 

sectioned in register at 35µm intervals. Sections were collected in a series of 24 cups such that each cup 372 

contained serial sections through the whole brain of all 12 animals at ~0.8mm intervals. For non-PS-exposed 373 

controls, mice (12 each WT and SERT-KO) were injected with Mn2+, imaged 4 times in the scanner and 374 

embedded and sectioned at the same interval as the PS-exposed mice. Cups were stained with anti-c-fos 375 

immunohistochemistry by Neuroscience Associates (NSA) (https://www.neuroscienceassociates.com). 376 
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Microscopy of sections was performed on an Olympus microscope with a 5 Megapixel camera using CellSens 377 

software and prepared as figures in Photoshop.  378 



 14 

Results  379 

Defensive behavior occurred in both WT and SERT-KO mice during 380 

the "Fear Protocol" 381 

The "Fear Protocol" elicited defensive behavior in WT and SERT-KO mice acutely, which persisted in the 382 

SERT-KO for at least 23 days. Videos at Baseline (BL, before IP Mn2+), Pre-Fear (PreF, 24h after IP Mn2+), 383 

during exposure to saline (Neutral odor, NO) and to TMT (Predator odor, PO), and finally at 9 and 23 days 384 

(D9 and D23) recorded mouse motility and time spent in the light or dark side of the L/D box (Fig. 4). 385 

Tracings of movements of two individual mice showed exploration in the light by each genotype at baseline 386 

(BL) (Fig. 4A, top row), decreased time in the light during predator odor (PO) without a decrease in overall 387 

motility (Fig. 4A, middle row). At Day 9, WT returned to the light side more often than SERT-KO (Fig. 4A, 388 

bottom row). Similar motility of both genotypes was observed at PreF, neutral odor, and Day 23, although 389 

relative time spent in the light differed. This comparable motility at all time points demonstrates successful 390 

recovery from low anesthesia levels used for the earlier imaging session prior to the behavioral assay.  391 

Quantitative analysis of time spent in the light or dark for all 24 mice in the dataset found a significant main 392 

effect of time point (F (5, 90) = 16.39, p≤0.0001), a significant main effect of genotype (F(1, 18)=20.06, p≤0.0003) 393 

and a significant interaction of time point and genotype (F(5, 90)=3.51, p≤0.006). Two post-hoc comparisons 394 

identified significant differences at each time point between genotypes (Fig. 4B), and between each time point 395 

compared to baseline behavior within each genotype (Fig. 4C). 396 

Baseline (BL) behavior, obtained prior to pre-injection imaging, was not statistically different between 397 

genotypes. During the second behavioral session (PreF), obtained one day after the first pre-injection MRI 398 

and Mn2+ injection, WT displayed time in the light similar to baseline, but SERT-KO spent reduced time in 399 

the light, although difference between genotypes was not statistical significant (Fig. 4B). During odor 400 

presentation (neutral odor, NO, and predator odor, PO), the vulnerable SERT-KO avoided the light side of the 401 

box even with neutral odor (NO) despite normal motility, while WT remained unaffected by NO (between 402 

genotypes, p<0.0001, Bonferroni corr.). With PO, WT and SERT-KO were not significantly different, with 403 

both groups displaying defensive behavior in the presence of TMT. WT recovered to baseline by Day 9 (D9) 404 

but SERT-KO did not (between genotypes, p≤0.005, Bonferroni corr.).   405 

WT behavior was only statistically different from baseline during PO, while SERT-KO displayed increasing 406 

vulnerability beginning with the "Fear Protocol"  (Fig. 4C). SERT-KO maintained statistically significant and 407 

persistent defensive behavior, even to D23 (within genotype difference from baseline at 23 days, p ≤0.0001). 408 
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This defensive behavior of SERT-KO was likely a cumulative response to all manipulations. Thus the anxiety 409 

phenotype of this knock-out mouse represents a composite of frightening experiences and serotonergic 410 

deregulation. With PO, WT mice displayed defensive behavior not significantly different than SERT-KO. 411 

Without PS, there would have been no WT fear response and recovery to compare with SERT-KO. 412 

Neural activity paralleled behavioral measures 413 

Differing patterns of brain-wide activity were identified by SPM corresponding to each condition for each 414 

genotype (p<0.0001 uncorr., T=5.4) (Fig. 5). In WT changes in signal in the olfactory bulb between Pre-Fear 415 

and Post-Fear confirmed an effect of TMT stimulation on Mn2+ accumulation during the 24-27h time frame 416 

with no signal prior to odor exposure in WT and a strong signal afterwards (Fig. 5, Wild type, Pre-Fear and 417 

Post-Fear, white arrows), correlating with normal behavior at PreF and defensive behavior during PO. 418 

Significantly, very little activity was detected in Pre-Fear images of WT. Pre-Fear imaging was performed 419 

after the mice had experienced two sessions in the light-dark box, an MR scan with anesthesia and restraint 420 

during scanning, and an IP Mn2+ injection (see Fig. 1). Hence, signal is not induced by these manipulations in 421 

WT, consistent with the lack of behavioral changes.  422 

In WT Post-Fear, signals appeared in many areas in addition to olfactory system, including basal forebrain 423 

(Fig. 5, Wild Type, Post-Fear, red arrow). Finally at Day 9, the distribution of significant voxels changed 424 

further to include the hypothalamus (Fig. 5, Wild Type, Day 9, green arrows), although some activity had 425 

dissipated, that remaining appeared more caudal, consistent with the behavioral return to baseline. 426 

In contrast, SERT-KO at Pre-Fear already showed signal in olfactory bulb which increased Post Fear (Fig. 5, 427 

SERT-KO, Pre-Fear  and Post-Fear, white arrows). Fear-associated locations were also enhanced in the 428 

SERT-KO Pre-Fear, such as hypothalamus (Fig. 5, SERT-KO, Pre-Fear, green arrow) and basal forebrain 429 

(red arrow), consistent with its defensive behavior during PreF. Note that basal forebrain activity was ignited 430 

by PS in WT, but already active in SERT-KO at Pre-Fear (red arrows). This signal in SERT-KO Pre-Fear 431 

images likely represents its vulnerability to effects from all preceding manipulations excepting the odors. 432 

Without this pre-stimulus imaging, attribution of the effect of fear would be difficult. In SERT-KO Post-Fear, 433 

volumes of activity increased in locations already active in Pre-Fear, including olfactory bulb (white arrows) 434 

basal forebrain (red arrows) and hypothalamus (green arrows). At Day 9 in SERT-KO, with persistent 435 

defensive behavior, activity remained high in most regions with new activity appearing caudally. 436 

 Parsing differences in activity in these complex 3D whole brain T-maps with visual inspection is difficult. 437 

Hence, to evaluate this data quantitatively we developed a new computational method that segments 87 438 

regions and measures their relative activity. 439 
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InVivo Atlas-based segmentation revealed that volumes of activity-440 

dependent Mn2+ intensity within segments is dynamic 441 

To annotate sub-regions and digitally extract voxel-wise information from specific regions, we created an 442 

MRI-based InVivo Atlas that segments 87 neuronal regions at 80µm resolution throughout the brain of a 443 

living mouse (Fig. 6). The atlas was created based on our template image, a manganese-enhanced image of a 444 

living mouse brain  (Fig. 6A) 54, and manually segmented based on recognizable gray scale contours with 445 

reference to histological atlases (Fig. 6B) 93,94. Although encompassing 87 distinct segments, this atlas is not 446 

as comprehensive as histological atlases of fixed mouse brain with some histologically defined regions not 447 

included. Our InVivo Atlas is particularly useful for this MR data as the template image was captured on the 448 

same MR scanner yet at higher resolution than our new dataset, which thus can be aligned without altering the 449 

new data at 100µm resolution (Fig. 6C). 450 

Segmenting the T-maps allowed automated quantification of (1) numbers of voxels within each segment from 451 

the pre-injection anatomic image; and (2) numbers of voxels with significant intensity at specific threshold 452 

values from T-maps. With this information we calculate ratios of enhanced voxels versus total voxels for each 453 

segment at each time point for each genotype. Enhanced voxels were identified as significant at p<0.0001 454 

uncorr., T=5.4. We found 45 segments with ≥5% increase in the ratio of enhanced voxels compared to total 455 

voxels at any time across the datasets. SERT-KO displayed more significantly enhanced voxels than WT 456 

throughout the brain at all-time points. 457 

How ratios of enhanced voxels change across 45 segments between Pre-Fear, Post-Fear and Day 9 was 458 

visualized with column graphs and heat maps (Figs. 7 and 8, and Supporting Information Fig. S4 and S5). 459 

Graphs, ordered by anatomy as columns and ranked by ratios in WT Pre-Fear images as heat maps, illustrate 460 

how regional activity evolves . Below we detail each condition/time-point in detail. 461 

A single exposure to acute fear (PS) resulted in increased Mn2+ 462 

accumulation in multiple regions of the brain compared to Pre-Fear 463 

First we analyzed the differences between Pre- and Post-Fear in WT and in SERT-KO (Fig. 7, blue, Pre-Fear; 464 

red, Post-Fear, purple both). In Pre-Fear images, WT mice displayed few segments with activity ratios >5% 465 

whereas SERT-KO mice displayed activity ratios >25% in eleven segments, including the hypothalamus 466 

(p<0.0001 uncorr,. T=5.4). Lack of signal in WT Pre-Fear (blue) could be because our statistical processing 467 

doesn't detect individual variations in neural activity that would be expected in brains after naturally random 468 

exploratory behavior. In contrast in Post-Fear T-maps there is a group-wise effect with all mice responding 469 
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more or less equivalently, and thus producing statistically significant changes. Increased neural activity in 470 

SERT-KO Pre-Fear may be due to its reported behavioral vulnerability to stress and possibly also to novelty 3, 471 

already manifest at PreF and worsening with NO in our behavioral testing. This significant increase in volume 472 

of enhanced voxels Post-Fear compared to Pre-Fear validates our experimental protocol, in which we first 473 

image a "resting state" pre-stimulus (Pre-Fear) at 24h post Mn2+ IP, and then stimulate with PS, imaging again 474 

immediately thereafter. Despite this short time frame for Mn2+ accumulation, significant additional signal is 475 

obtained. 476 

In both WT and SERT-KO predator odor resulted in increased volume of enhancement of olfactory bulb 477 

(MOB) and anterior olfactory nucleus (AON) (Fig. 7, lower panels). Increased ratios in the olfactory system 478 

serve as an internal control that MEMRI has detected the expected TMT response 44,49. In WT, nineteen 479 

segments, including the olfactory system, increased signal in Post-Fear compared to Pre-Fear (p<0.0001, 480 

T=5.4) (Fig. 7, left panels, red columns). These increases were not due to averaging of four images captured 481 

Post-Fear, as single images gave virtually identical results (Supporting Information Fig S3).  482 

In WT many segments displayed increases in the relative number of significant voxels between Pre- and Post-483 

Fear in: amygdala, striatal structures (nucleus accumbens (ACB), bed nuclei of the stria terminalis (BST), 484 

lateral septum (LSr), medial septum (MS), and diagonal band (NDB)), thalamic nuclei involved in integrating 485 

activity between segments (ventral anterior lateral thalamic complex (VAL) and subparafascicular area (SPA)), 486 

hypothalamic and cerebellar structures (Fig. 7, left panels, see Table 1 for Key to Abbreviations). A small 487 

increase in enhancement was also detected in the ventral tegmental area (VTA). Table 2 summarizes the 488 

changes between Pre-Fear and Post-Fear, ordered anatomically as in the column graphs and separated into 489 

two sections, one with those segments increased in WT Post-Fear (Table 2A) and the other with those 490 

increased in SERT-KO Post-Fear (Table 2B). 491 

In SERT-KO, Pre-Fear activity somewhat resembled WT Post-Fear (Fig. 7, right panel, blue columns). Purple 492 

arrows indicate examples of similarities, as if even before PO the SERT-KO brain was in a fear-like state 493 

corresponding to its decreased time spent in the light at PreF (Fig. 4). When the same segment in both 494 

genotypes increased activity in Post-Fear compared to Pre-Fear, the increase was greater in SERT-KO (Fig. 7, 495 

both lower panels). Even in Pre-Fear images, SERT-KO displayed high ratios of enhanced to total volumes 496 

in the main olfactory bulb (MOB) similar to those of WT Post-Fear. 497 

In SERT-KO both Pre- and Post-Fear, high ratios were found in striatum and ventral pallidum (Fig. 7, bottom 498 

right panel). Many regions in SERT-KO that increased with fear were not affected in WT (Fig. 7, lower 499 

panels, examples indicated by red arrows). Many other examples of increased activity in SERT-KO compared 500 

to WT may be seen (Table 2). In contrast to WT, SERT-KO at both time points had no increased ratio in 501 
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basolateral amygdala (BLA), but higher activity than WT in reticular nucleus of the thalamus (RT). SERT-502 

KO also had strong activity in the hypothalamus Pre-Fear which was reduced Post-Fear (Table 2). Overall, 503 

SERT-KO had Pre-Fear activity patterns similar to a predator stressed WT, and this activity evolved 504 

differently than WT in a number of regions--six with increases and five with decreases (Table 2).  505 

Although many of these segments are areas that Mn2+ seems to prefer 25, our statistical approaches reveal 506 

changes in them between conditions. Other than activity in cortical transition zones, cortical activity was not 507 

detected at p<0.0001, although MEMRI has been used to identify alterations of cortical activity in mutant 508 

mice 101 and cortical layer architecture 102. This failure to detect cortical activity was in part a result of our 509 

high statistical threshold of p<0.0001 (T=5.4), since at p<0.05 (T=1.8) bilateral activity is detectible by SPM 510 

in pre-limbic areas of medial prefrontal cortex and in retrosplenial cortex in Post-Fear SPMs of both 511 

genotypes (not shown). Our approach may under-estimate Post-Fear activity because of the relatively low 512 

dose of Mn2+, the timing of the PS and the short uptake period (2-3h). Despite this, we detected significantly 513 

increased activity in specific regions brain-wide in Post-Fear in both WT and SERT-KO.  514 

Brain activity evolved differently in SERT-KO from Post-Fear to Day 515 

9 than in WT 516 

To discover a brain-state corresponding to prolonged defensive behavior, we compared patterns of activity 517 

between WT and SERT-KO at Day 9 (Fig. 8, red, Post-Fear; green, Day 9; purple, both times; Table 3). We 518 

focused on Day 9 because at this time WT recovered baseline exploratory behavior while SERT-KO remained 519 

defensive 3, confirmed in our mice here (Fig. 4). Sustained defensive behavior in SERT-KO occurs in context 520 

of deregulation of the serotonergic system, and may represent a cumulative response of this vulnerable 521 

genotype to all experimental manipulations. Thus, SERT-KO provides a valuable opportunity to image an 522 

anxiety-related phenotype, which may not represent all types of anxiety produced by an acute fear event. WT, 523 

who returned to baseline behavior, revealed what normal recovery looks like, including complex transitions of 524 

continuing activity not manifested as defensive behavior in the L/D box. By comparing brain activity in 525 

SERT-KO at Day 9 with WT, some anxiety-associated activity is revealed. 526 

To check for any residual signal from the first injection we captured a pre-injection image at Day 9 before 527 

injecting the second dose of Mn2+. We found minimal signal in this Day 9 pre image (See Supporting 528 

Information Fig. S4 for column graph analyses). Thus the Day 9 post-Mn2+ signal represents new Mn2+-529 

accumulation in neurons active then. 530 

Brain-wide activity increased, decreased or persisted from Post-Fear to Day 9 in both genotypes (Fig. 8, 531 

Table 3, and Supporting Information Fig. S5 and S6). We term these changes in activity over time 532 
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"evolution of brain state," which occurs spontaneously without any additional stimuli. More brain-wide 533 

activity at Day 9 was apparent in SERT-KO compared to WT. Activity decreased in both WT and SERT-KO 534 

in the olfactory bulb at Day 9 compared to Post-Fear, consistent with the absence of predator odor. 535 

Our original hypothesis (Supporting Information Fig. S1) was that neural activity would resolve to Pre-Fear 536 

patterns in WT when behavior returned to baseline. Review of the WT imaging data comparing Post-Fear to 537 

Day 9 does not support this idea. In fact, activity increased in eight regions, decreased in nine and remained 538 

the same in three (Fig. 8 and Table 3). Increased activity at Day 9 occurred in four segments within the 539 

striatum and ventral pallidum (ACB, FS, SI, BST), as well as in hippocampus (DG), hypothalamus (MEP), 540 

and midbrain (IPN, DR) (Fig. 8, left panels, and Table 3). Thus, the picture is more complex, more nuanced, 541 

then we originally imagined. 542 

Nine segments with decreased activity in WT at Day 9 compared to Post-Fear were: MOB, LA, MS, VAL, 543 

SPA, RT, ZI, VTA and NOD (Table 3). Activity persisted in three segments within the ventral pallidum: LSr, 544 

GPe, and NDB. This activity in WT at Day 9 was in mice whose exploratory behavior appeared grossly 545 

similar to baseline in the light/dark box, and thus may represent a memory of fearful experience that emerges 546 

on subsequent exposures and either provokes more dramatic responses or leads to resilience.  547 

Segments with activity that decreased in both SERT-KO and WT at Day 9 are unlikely to contribute to 548 

defensive behavior, but rather may represent normal recovery processes. These include: MS, RT, and NOD 549 

(Fig. 8 and Table 3). Segments with activity that persisted in WT and decreased in SERT-KO are also 550 

unlikely to contribute to defensive behavior, unless their function is inhibitory and silences abnormally active 551 

regions: LSr, GPe, NDB. 552 

Segments at Day 9 in SERT-KO whose activity either persisted or increased in contrast to WT are most likely 553 

those that contribute to its prolonged defensive state. Three segments increased activity from Post-Fear to Day 554 

9 in SERT-KO and were not active in WT at either time point: PVT, MB, and PRN. Segments that decreased 555 

in WT and persisted in SERT-KO included: LA, VAL, SPA, and ZI (Table 3B). The only segment that 556 

decreased activity in WT but increased in SERT-KO from Post-Fear to Day 9 was the VTA (Table 3B).  557 

Analysis of segment-wise changes between Post-Fear images, when both groups are defensive, and Day 9 558 

images, when WT recovers but not SERT-KO, presents one way to interpret this data. Alternatively, the 559 

balance of activity between segments across the brain may contribute to defensive behavior. For example, in 560 

WT NOD is more active than ACB at Post-Fear, whereas ACB is more active than NOD at Day 9 (Fig. 8, left 561 

panel, column graphs: Red arrows, Post-Fear; Green arrows, Day 9). Shifts in the balance of activity between 562 

segments is more dramatic in SERT-KO, with RT much more active than DR Post-Fear and the opposite at 563 

Day 9 (Fig. 8, right panel column graphs, red and green arrows). Finally, the degree of activity together with 564 
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the balance of activity between segments may be the most significant in determining underlying brain activity 565 

correlating with defensive behavior. And there may be other regions, not yet detectible in these experiments, 566 

which also contribute to behavioral differences.  567 

Regions of interest (ROI) analyses supported statistical mapping, 568 

demonstrated magnitude of fear-induced neural activity changes, and 569 

quantified differences in the degree of activity between genotypes 9 570 

days after fear. 571 

To quantify the magnitude of intensity changes, regions of interest (ROI) analyses were next performed. Six 572 

regions in WT were selected from Pre-Fear and Post-Fear image datasets based on statistically significant 573 

increases over pre-injection image by SPM (p<0.0001, uncorr., T= 5.4) (Fig. 9A). Significant differences of 574 

3-8% between Pre-Fear and Post-Fear were found in all six regions: MOB, NDB, LSr, ACB, LA and SPA 575 

(*=p<0.05; **=p<0.01, FDR, by one-way ANOVA). Comparison of each of these regions by two way 576 

repeated measures ANOVA demonstrated a main effect of time F(1,11)=47.31, p<0.0001, with no significant 577 

main effect of segment. These results further document Mn2+ accumulation occurring with a stimulus at 24-578 

27h after IP injection. 579 

To compare differences between genotypes directly, we performed two between group analyses: (1) 580 

Comparison of intensity values in ROIs between Day 9 images of WT and SERT-KO (Fig. 9B); and (2) SPM 581 

unpaired t-tests between both genotypes at all time points (Supporting Information Fig. S6).  582 

We selected six regions to measure in Day 9 images of both genotypes based on their significant intensity 583 

increase over pre-injection by SPM of SERT-KO at Day 9, and on their being previously implicated in fear 584 

and anxiety in other studies 103: ACB, SI, FS, HY, DR and PRN (Fig. 9B, Table 1 and 3 for abbreviation 585 

keys). Intensity values of Day 9 ranged from 7-11%, with SERT-KO values higher than WT in all ROIs. 586 

These differences in intensity values between genotypes were found statistically significant in all six regions 587 

(*=p<0.05; **=p<0.01 FDR by two-way ANOVA). Comparison of these measurements by two-way repeated 588 

measures ANOVA demonstrated a main effect of genotype F(1,22)=28.39, p<0.0001 with no significant effect 589 

of segment.  590 

We also performed unpaired t-tests by SPM between genotypes at all three time-points for SERT-KO greater 591 

than WT, which gave signal at p<0.01 uncorr,. T=2.7. Results identified the FS, MG, PO, MB and PRN at 592 

Day 9 as having increased ratios of activated/total voxels in SERT-KO compared to WT (see Table 1 for 593 
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Abbreviation key, and Supporting Information Fig. S6 for SPMs of un-paired t-tests and column graphs 594 

comparing segment-wise ratios of active to total voxels across all time-points between genotypes). 595 

Immediate Early Gene (IEG), c-fos, expression validates MEMRI 596 

To further establish that SPMs of Mn2+-dependent intensity changes reflect neuronal activity, we performed c-597 

fos immunohistochemistry as an alternative measure of brain-wide activity (Fig. 10). Subsets of brains from 598 

each genotype were fixed after conclusion of the protocol, embedded and sections stained for expression of 599 

the immediate early gene (IEG), c-fos, either with or without the Fear Protocol. Like Mn2+ uptake, c-fos 600 

expression is dependent on calcium channels that open upon neural excitation, and thus is an alternative 601 

indicator of active neurons 104-106. We previously reported that expression of another IEG, egr-1, is not 602 

induced by systemic Mn2+ or by anesthesia, and that its expression patterns matched MEMRI signal after 603 

psychopharmacologic treatment 31. 604 

TMT-exposure induces c-fos expression in rats 7-10. The location of this expression correlates with MEMRI in 605 

the olfactory system, as we observe here (Fig. 10A-D). We examined WT and SERT-KO mice with and 606 

without TMT exposure and compared staining patterns in the olfactory system and dorsal raphe (DR). We 607 

observed strong c-fos nuclear staining in mice exposed to TMT in the olfactory system, including the main 608 

olfactory bulb (MOB) and anterior olfactory nucleus (AON), as well as the dorsal raphe (DR), concordant 609 

with SPM-identified Mn+2 enhanced intensity changes (Fig. 10B-D). Less staining was apparent in the non-610 

TMT exposed mice that also had less MEMRI signal (Fig. 10A and C). Anatomic patterns in MOB of the 611 

TMT-exposed animals in both c-fos histology and MEMRI were strong in the granular layer, with a high 612 

density of nuclei, and less in the central subepidendymal zone. The AON and DR also displayed 613 

complimentary c-fos/MEMRI signal (Fig. 10E and F). Thus both positive and negative c-fos staining 614 

coincided with positive and negative MEMRI-based SPM signal anatomically, with or without TMT 615 

exposure. 616 

MEMRI and immunohistochemistry are very different techniques, with different caveats and spatiotemporal 617 

dimensions. Preservation of c-fos activation is tricky and can be lost during fixation and processing. Our 618 

MEMRI images have 100µm resolution, while c-fos stained micrographs can be at the single cell level, or 619 

even as low as 500nm to 2µm. While we can set a threshold for signal significance in MEMRI, that is not yet 620 

possible with immunohistochemistry, where significance may be determined by numbers of stained nuclei 621 

within a certain area or volume rather than stain intensity. MEMRI is likely less sensitive than c-fos staining 622 

to low levels of neuronal activity, as is behavior. Hence the close similarity we show here between these two 623 

techniques, MEMRI and c-fos, is surprising and reassuring. A next step will be to acquire whole brain c-fos 624 

activation with such approaches as iDISCO and laser light sheet microscopy 107,108 and then to align resulting 625 
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3D IEG-stained images with MEMRI datasets 109, which will provide more precise information about the 626 

similarities and dissimilarities between these two techniques. 627 

Many enhanced regions crossed segment boundaries and some signal 628 

occurred in areas not annotated 629 

T-maps did not respect segmental boundaries with highly enhanced segments contiguous at p<0.0001, T=5.4 630 

(Fig. 11). This effect was particularly noticeable in the ventral pallidum of the SERT-KO Post-Fear and D9 631 

images when statistically significant enhancement was most pronounced. These results suggest that parsing 632 

the brain into histologically distinct segments tells only part of the story--these segments may act together 633 

functionally in as yet undefined ways. 634 

Although our imaging is voxel-wise and brain-wide, not all regions of the brain have yet been annotated in 635 

our InVivo Atlas, or in any other available MR atlases of living mouse brains to our knowledge. Our 636 

segmentation is based on an MRI atlas manually drawn on a Mn2+-enhanced MR image of a living mouse, in 637 

which insufficient intensity differences between sub-regions limited accurate identification. While we could 638 

guess at boundaries of these segments, we chose a more conservative approach for this version of our atlas 639 

and only annotated those regions whose outline could be definitively identified in Mn2+-enhanced MR images 640 

of a living mouse brain. Thus, in addition to signal in the annotated sub-regions described above, our SPM 641 

maps also contained significantly enhanced voxels in regions that were not annotated, and thus not included 642 

in our column graphs.  643 

By comparing our activity maps with histological atlases, we can identify some of these non-annotated 644 

regions in specific slices (Fig. 12). For example, a strongly enhanced region between basolateral amygdala 645 

(BLA) and caudate putamen (CP) appears to correlate with central amygdala, not annotated in our atlas but 646 

significantly enhanced by SPM (Fig. 12A). In the brainstem the atlas is minimally segmented and thus our 647 

analysis may attribute activity to larger regions with many sub-regions not defined. Conversely, activity in 648 

small sub-regions within larger segments may not be included in our column graphs, as the large number of 649 

non-active voxels would drown signal in our ratiometric calculations. For example, in the pons, the signal in 650 

SERT-KO at Day 9 encircles the periaqueductal gray and overlays regions identified in the Allen Brain Atlas 651 

as the midbrain reticular nucleus (Fig. 12B). These regions were not originally sub-divided in the InVivo 652 

Atlas and are annotated as "midbrain" (MB), because their boundaries were not recognized in the MR image. 653 

Further work will be needed to identify and annotate these formerly invisible segments based on activity maps 654 
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in live mice, thus building upon this high resolution InVivo Atlas with functional information for future 655 

applications. 656 

Discussion 657 

Longitudinal whole brain MEMRI reveals evolution of regional neural activity from natural behavior, to 658 

fearful experience, to an anxiety state corresponding to exploratory or defensive behavior in living mice. We 659 

term these transitions "evolution" as changes develop gradually, with differing degrees and direction of 660 

change across regions from one state to the other over time. Neural activity transitions were not localized but 661 

occurred throughout the brain in 45 of the 87 sub-regions in our segmentation atlas. Some activity did not 662 

fluctuate but remained constant. For each state, the balance of activity between many segments differed, with 663 

some segments higher than others at one point and lower at another. Only with brain-wide measurements such 664 

as our MEMRI can this complex dynamic be witnessed. 665 

In Pre-Fear images, after Mn2+ accumulation had occurred in freely moving mice, WT had minimal activity 666 

by SPM, while SERT-KO's activity was high, with a pattern resembling WT Post-Fear. In Post-Fear images, 667 

in both genotypes, the olfactory system lit up, as expected from exposure to a strong novel odor. Also in Post-668 

Fear, activity in both genotypes increased in many other brain regions, particularly in the striatum and ventral 669 

pallidum, hypothalamus and interpeduncular nucleus, which overshadowed small increases in the amygdala. 670 

SERT-KO sustained post-threat defensive behavior for 9 days while WT returned to normal exploration, both 671 

responses as expected 3. In tandem with behavior, SERT-KO brain activity remained high at Day 9 while WT 672 

transitioned to a new state, partly similar to its Pre-Fear. A striking difference in neural activity between 673 

genotypes at Day 9 was persistence of activity in SERT-KO striatum/pallidum, a region that projects to 674 

midbrain regulatory centers, as well as increased activity in the ventral tegmental area and sustained activity 675 

in thalamic nuclei, midbrain, and pons. Three regions stand out as having a much larger ratio of activity in 676 

SERT-KO than WT at Day 9: fundus of striatum (FS), dorsal raphe (DR) and pontine reticular nucleus 677 

(PRN), consistent with their roles in serotonin regulation and anxiety. 678 

In this study, we analyze the consequences of a single fear event. Analysis of conditioned fear, where mice 679 

undergo multiple fearful events, has traditionally focused upon the amygdala 110,111. In fact the amygdala is 680 

not required for at least some types of innate fear responses in human 112-114. Animal studies of fear-related 681 

long-term potentiation in amygdala 115, lesion studies 116 and in humans with bilateral calcification within the 682 

amygdala who are unable to recognize fearful faces 117,118 further confirm a complex role of amygdala in 683 

fearful responses. Functional divisions within the central, medial, and basolateral amygdala determine the 684 

amygdala’s connections to structures in ventral pallidum in conditioned fear 119-126. The BST may be a first 685 
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stop in a fear response, activating prior to the amygdala 121,124,126. However, conditioned fear is likely different 686 

from the single fear event studied here. 687 

With brain-wide imaging, we find some activation in lateral amygdala in the immediate response to acute 688 

innate fear and activity in the central amygdala. This activation was not as great as in other brain regions, 689 

demonstrating that amygdala activation may not be the driver of an acute response to a single fear-provoking 690 

event 127. Our findings of activity in striatum and ventral pallidum, part of a network dubbed the “extended 691 

amygdala” 128, which increase at Day 9 are areas associated with anxiety 129-131. That we do not detect strong 692 

activity in basolateral amygdala immediately after PS may be because the amygdala activates later in the 693 

sequence of events following sensory perception of threat. Since we only image again 9 days later, our work 694 

does not determine whether or not the amygdala has activated and de-activated during that 9-day interval. 695 

Evidence suggests a network of structures extending to and from the amygdala is involved in the evolution of 696 

fear to anxiety 119,120,123,128,132. The data we present here add to this work by witnessing activity in a set of 697 

regions in the anxious mouse, for example the fundus of striatum, bed nucleus of the stria terminalis, and the 698 

interpeduncular nucleus among others. With future mining of our data for network dynamics by repurposing 699 

emerging software from human MRI analyses, these network dynamics, and their connections/interactions, 700 

will be more precisely determined 39,133. 701 

Our results of anxiety-like behavior corresponding to striatum/pallidum activity are supported by 702 

contemporary research in mouse and human. Until now most studies focus on a single region, hence 703 

speculations of how regions interact are based on aggregating multiple studies into a single composite 103,134. 704 

Inevitably, pre-selection of candidate regions provides a narrow view that emphasizes brain activity in one 705 

region while blind to all others. In addition when studies use different paradigms to elicit fear, results may 706 

appear inconsistent 135-137. Very recent reports of brain-wide electrophysiological recordings show a more 707 

comprehensive picture of sub-region interactions 138, although, like our atlas, these studies do not include all 708 

possible brain nuclei. Conceptualizing and mining rich datasets from whole brain imaging such as we report 709 

here obtained by MEMRI or by brain-wide electrode arrays is computationally challenging 139. By examining 710 

commonalities and discrepancies between studies, we may begin to ascertain neural representations of anxiety 711 

between mouse and human. In surveying the vast literature reporting studies on fear and anxiety, the specific 712 

type of fear provocation, and whether naturalistic or conditioned, likely plays a role in brain regions involved 713 

134. 714 

As neural activity evolves across the whole brain from acute fear-like to anxiety-like states, the balance of 715 

activation between segments changes. In Post-Fear images, the volume of active voxels increases in 19 716 

different segments throughout the WT brain. Enduring “activity profiles” illustrate the persistence in some 717 
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segments, while activity arising in new segments, or dissipating in others, reveals a dynamic progression, an 718 

evolution, from acute to prolonged defensive states. Our whole brain analysis shows that these states are not 719 

simply activation of a discrete segment but involve a dynamic balance of activity between segments. 720 

Progression of neural activity to Day 9, the anxiety state in SERT-KO, predominately evolves in the striatum 721 

and ventral pallidum, subcortical areas: targets of serotonergic neuromodulation and conserved across species 722 

140,141. 723 

Here we used the well-characterized SERT-KO mouse with disruption of the SLC6α4 gene encoding SERT to 724 

generate an anxious phenotype 13,142, an extreme model of anxiety. This SERT-KO mouse has marked 725 

decrease in intracellular serotonin levels 143-145 and increased serotonin in interstitial fluid in the brain, with 726 

down-regulation of 5-HT1A and 5-HT1B receptor expression 146-148. These changes, likely a result of life long 727 

loss of SERT, are also found in humans after long-term treatment with selective serotonin reuptake inhibitors 728 

149. SERT-KO mice have perturbed functional anatomy of prefrontal pyramidal cell projections 69, altered 729 

hypothalamic-pituitary-adrenal (HPA) axis output 150, and abnormal gut microbiome metabolism 151,152. The 730 

anxiety-like behavior of SERT-KO thus could be caused by a multitude of factors stemming from a 731 

deregulated serotonergic system both in the brain and throughout the body. We focused on quantifying 732 

functional brain-wide activity of the anxiety-like phenotype as an aggregate of all these influences, and not a 733 

specific response to PS. Anxiety-like behavior stemming from de-regulation of the serotonergic system may 734 

differ from anxiety-like behavior arising from other mechanisms. 735 

Previous studies by optical or electrophysiological methods are hampered by the size of the brain, as localized 736 

field recording and imaging lack the ability to witness brain-wide activity or to penetrate deep structures. In 737 

vivo imaging by MEMRI provides an integrated longitudinal view of neural activity occurring throughout the 738 

brain in the awake behaving mouse 16,17,19,26,31,47,56,57,64-66,68,153-158. Corroborating evidence that MEMRI 739 

accurately represents neural activity includes activation of the olfactory system after odor with 740 

correspondence of MEMRI signal with expression of c-fos, an immediate early gene, which like Mn2+ also 741 

responds to neural activity via calcium currents 44,159-161. MEMRI is thus regarded as a reliable and powerful 742 

tool for imaging neural activity without the drawbacks of viral or synthetic agents that could alter endogenous 743 

neural activity in unpredictable ways.  744 

We account for basal neural activity by imaging Mn2+ uptake occurring during 22-24h of freely behaving 745 

mice and comparing subsequent changes at successive times after predator odor in the same animals. This 746 

longitudinal strategy provides internal controls for the effects of manipulations, as each mouse serves as its 747 

own baseline. Since the WT mice return to baseline behavior at 9 days even with the most significant 748 

provocation (Mn2+-IP injection, exposure to predator odor, MR imaging), we did not attempt to perform 749 
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parallel imaging at each time point in a separate set of mice to determine specific effects of each experience. 750 

It is possible that SERT-KO mice exposed only to handling and MR imaging would display prolonged 751 

anxious behavior without additional fear provocation.  Hence we cannot specifically assign prolonged 752 

defensive behavior in SERT-KO solely to the predator odor experience. Our goal was to leverage the 753 

combination of a single predator stress provocation and SERT-KO genotype to produce mice with prolonged 754 

defensive behavior to compare their neural activity with a WT mouse experiencing similar conditions, and 755 

thereby identify neural correlates of that persistent defensive behavior. Without the predator stress, WT mice 756 

would not display defensive behavior, limiting their value as a normal control. 757 

Although MEMRI allows for imaging in vivo, a drawback of MEMRI relative to optical imaging is less 758 

resolution due to low signal to noise ratio. MEMRI resolution can be increased with longer imaging times 759 

readily performed in fixed brains 46, although fixation precludes longitudinal studies. In living mice imaging 760 

longer than 2 hours requires extensive life support inside the scanner bore, technically challenging. In our 761 

study we obtained 100µm3 voxel resolution, encompassing ~125 cells, in < 35 min scan time enabled by our 762 

high field MR scanner (11.7T). Another way to improve resolution and maintain statistical power would be to 763 

perform longer imaging sessions, although this is unlikely to reach better than a 50µm resolution and could 764 

further stress the animals. 765 

For the first time, empowered by MEMRI and computational analysis that allows for automated co-766 

registration and segmentation, we witness the evolution of neural activity between brain sub-regions, during 767 

and after a fearful experience. Imaging brain-wide activity in multiple animals over time produces a rich, 768 

complex dataset. We deploy our computational expertise to mine this dataset and find striking differences 769 

between time points and genotypes. However, quantifying the ratio of active to total voxels within each 770 

segment throughout the brain may under-estimate activity changes in larger regions with small areas of 771 

activity, and possibly over-estimate activity in smaller segments. Also, by aligning images of 12 individuals 772 

in each genotypic cohort, we miss individual differences, and by requiring voxels be within a 128-voxel 773 

cluster we also may miss small but significant tiny regions. Finally, our atlas does not segment all possible 774 

brain regions, and those not segmented are absent from this analysis. Activation by MEMRI or c-fos 775 

expression does not inform on whether regions are excitatory or inhibitory. In future experiments, brains fixed 776 

after MEMRI and imaged by whole brain light-sheet microscopy will provide the possibility of molecular 777 

identification of neuronal subtypes, whether stimulatory or inhibitory, to elucidate the function of activated 778 

segments, such as the medial pre-optic nucleus (MEP).  779 

While here we characterize neural activity in an anxiety-like state produced by fear in the context of a 780 

deregulated serotonergic system, other types of anxiety may have different patterns of neural activity. 781 
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Abnormal noradrenergic signaling, which also results in vulnerability to anxiety 162, has different forebrain to 782 

limbic system anatomy 70 and hence likely to have different neural activity patterns. Like SERT, the 783 

norepinephrine transporter (NET) is also a pharmacological target for psychiatric disorders 163-165. Strong 784 

associations between adverse early life experiences and susceptibility to anxiety later in life predict yet other 785 

neural activity patterns 166-168, with evidence for interactions with the serotonergic system 169-173. Further 786 

investigation of other monoamine systems and of early life adversity will distinguish neural correlates of 787 

anxiety-like behaviors. MEMRI will illuminate whether brain activity dynamics differ between anxiety states. 788 

Our data reports brain regions activated by acute fear and the progression of brain-wide activity to the 789 

anxiety-state. A complimentary line of evidence on the role of the extended amygdala as a center of chronic 790 

anxiety adds to the interpretation of our results 174. We contribute to this literature by broadening the focus 791 

and revealing a brain-wide picture of dynamic activity throughout the brain, with many nuclei displaying 792 

greater activity than the amygdala, such as striatum and ventral pallidum, structures known to connect the 793 

amygdala to the hypothalamus. Through our statistical mapping, we uncover regions in the SERT-KO brain 794 

whose volume of activity is greater than WT nine days after an acute fear event, including paraventricular 795 

nucleus, ventral tegmental area, midbrain and pontine nuclei. Measuring the magnitude of intensity increases, 796 

we identify regions at Day 9 with 7-11% increased intensity in SERT-KO compared to WT, even in some 797 

regions statistically enhanced in both. Thus we uncover a dynamic balance of activities across and between 798 

many brain regions that together respond to acute fear and resolve or progress to anxiety states in a 799 

choreographed complex pattern. Changes in the balance of activity between structures rather than activity 800 

within any particular region appears to be involved in progression to the anxiety phenotype. Targeting these 801 

structures pharmacologically may disrupt the evolution from fearful responses to the anxiety brain state. 802 

Conclusions 803 

MEMRI is a powerful tool that allows repeated in vivo imaging over time producing data to witness and 804 

quantify brain-wide activity as it evolves before, during and after experiences. Transition from natural 805 

behavior in the home environment to a single acute fear event culminating in persistent, chronic anxiety 806 

appears to depend on recruitment of not just one specific neural correlate but rather dynamic brain-wide 807 

networks between which the balance of activity evolves. In this paper we demonstrate that WT has little 808 

neural activity during normal exploratory behavior, responds to predator odor with increased activity in 809 

multiple brain segments and returns to baseline in behavior but not entirely by MEMRI by 9 days. In contrast, 810 

the SERT-KO mouse displays persistent defensive behavior in tandem with sustained or increased neural 811 

activity in multiple subcortical and brainstem structures where wild type activity declines. The areas with 812 
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greatest differences between genotypes, such striatum and ventral pallidum, paraventricular nucleus, 813 

midbrain, dorsal raphe and pontine reticular nucleus, may represent neural correlates of anxiety. Thus, brain-814 

wide activity mapping reported here reveals a complex dynamic with many brain regions participating in 815 

response to an acute fear experience and its resolution or progression to anxiety state. These results have the 816 

potential for translation to human fMRI results to inform future clinical research in drug targeting of sub-817 

cortical and deeper brain structures. 818 

Acknowledgements 819 

We thank Christopher S. Medina for guiding us in his processing protocols; Aaron Gonzales for pilot 820 

behavior sessions; Kathleen Kilpatrick for technical support with histologic preparation; Xiaowei Zhang for 821 

MRI session recordings; Sharon Wu Lin for animal staff support; and Kevin P. Reagan, Kyla Sorenson, 822 

Angela Miller and Daniel Perez for administrative assistance. We are grateful to Jonathan Brigman for 823 

helping set-up and perform the behavioral studies, Afonso Silva for critique of the protocol and the MS, and 824 

to Ralph Adolphs for helpful discussions on data analysis. 825 

 826 

This research was supported in part by NIH NIMH RO1 MH096093 (EB), P50 GM085273 (EB) and the 827 

Harvey Family Endowment (EB). Additional support was provided by postdoctoral research fund ASERT 828 

NIH NIGMS 5K12GM088021(DB) 829 

 830 

  831 



 29 

References 832 

1. Lang, P.J., Davis, M. & Öhman, A. Fear and anxiety: animal models and human cognitive 833 

psychophysiology. Journal of affective disorders 61, 137-159 (2000). 834 

2. Flandreau, E.I. & Toth, M. Animal Models of PTSD: A Critical Review. Curr Top Behav Neurosci 835 

38, 47-68 (2018). 836 

3. Adamec, R., Burton, P., Blundell, J., Murphy, D.L. & Holmes, A. Vulnerability to mild predator 837 

stress in serotonin transporter knockout mice. Behavioural Brain Research 170, 126-140 (2006). 838 

4. Cohen, H., Matar, M.A., Buskila, D., Kaplan, Z. & Zohar, J. Early post-stressor intervention with 839 

high-dose corticosterone attenuates posttraumatic stress response in an animal model of posttraumatic 840 

stress disorder. Biological psychiatry 64, 708-717 (2008). 841 

5. Hebb, A.L., Zacharko, R.M., Gauthier, M. & Drolet, G. Exposure of mice to a predator odor increases 842 

acoustic startle but does not disrupt the rewarding properties of VTA intracranial self-stimulation. 843 

Brain research 982, 195-210 (2003). 844 

6. Fendt, M. & Endres, T. 2,3,5-Trimethyl-3-thiazoline (TMT), a component of fox odor – Just 845 

repugnant or really fear-inducing? Neuroscience & Biobehavioral Reviews 32, 1259-1266 (2008). 846 

7. Asok, A., Ayers, L.W., Awoyemi, B., Schulkin, J. & Rosen, J.B. Immediate early gene and 847 

neuropeptide expression following exposure to the predator odor 2, 5-dihydro-2, 4, 5-848 

trimethylthiazoline (TMT). Behavioural brain research 248, 85-93 (2013). 849 

8. Day, H.E., Masini, C.V. & Campeau, S. The pattern of brain c-fos mRNA induced by a component of 850 

fox odor, 2, 5-dihydro-2, 4, 5-trimethylthiazoline (TMT), in rats, suggests both systemic and 851 

processive stress characteristics. Brain research 1025, 139-151 (2004). 852 

9. Janitzky, K., Kröber, A. & Schwegler, H. TMT predator odor activated neural circuit in C57BL/6J 853 

mice indicates TMT-stress as a suitable model for uncontrollable intense stress. Brain research 1599, 854 

1-8 (2015). 855 

10. Janitzky, K. et al. Behavioral effects and pattern of brain c-fos mRNA induced by 2, 5-dihydro-2, 4, 856 

5-trimethylthiazoline, a component of fox feces odor in GAD67-GFP knock-in C57BL/6 mice. 857 

Behavioural brain research 202, 218-224 (2009). 858 

11. Laska, M. et al. Detecting danger—or just another odorant? Olfactory sensitivity for the fox odor 859 

component 2, 4, 5-trimethylthiazoline in four species of mammals. Physiology & behavior 84, 211-860 

215 (2005). 861 

12. Sarrafchi, A., Odhammer, A.M., Salazar, L.T.H. & Laska, M. Olfactory sensitivity for six predator 862 

odorants in CD-1 mice, human subjects, and spider monkeys. PloS one 8, e80621 (2013). 863 



 30 

13. Bengel, D. et al. Gene structure and 5′-flanking regulatory region of the murine serotonin transporter. 864 

Molecular brain research 44, 286-292 (1997). 865 

14. Yamamoto, S. et al. Single prolonged stress: toward an animal model of posttraumatic stress disorder. 866 

Depression and anxiety 26, 1110-1117 (2009). 867 

15. Etkin, A. & Wager, T.D. Functional neuroimaging of anxiety: a meta-analysis of emotional 868 

processing in PTSD, social anxiety disorder, and specific phobia. American Journal of Psychiatry 869 

164, 1476-1488 (2007). 870 

16. Bedenk, B.T. et al. Mn(2+) dynamics in manganese-enhanced MRI (MEMRI): Cav1.2 channel-871 

mediated uptake and preferential accumulation in projection terminals. Neuroimage 169, 374-382 872 

(2018). 873 

17. Koretsky, A.P. & Silva, A.C. Manganese�enhanced magnetic resonance imaging (MEMRI). NMR in 874 

Biomedicine 17, 527-531 (2004). 875 

18. Silva, A.C., Lee, J.H., Aoki, I. & Koretsky, A.P. Manganese�enhanced magnetic resonance imaging 876 

(MEMRI): methodological and practical considerations. NMR in biomedicine 17, 532-543 (2004). 877 

19. Lin, Y.J. & Koretsky, A.P. Manganese ion enhances T1�weighted MRI during brain activation: an 878 

approach to direct imaging of brain function. Magnetic resonance in medicine 38, 378-388 (1997). 879 

20. Silva, A.C. Using manganese-enhanced MRI to understand BOLD. Neuroimage 62, 1009-13 (2012). 880 

21. Moore, K. et al. BOLD Imaging in Awake Wild-Type and Mu-Opioid Receptor Knock-Out Mice 881 

Reveals On-Target Activation Maps in Response to Oxycodone. Front Neurosci 10, 471 (2016). 882 

22. Ferris, C.F. et al. Studies on the Q175 Knock-in Model of Huntington's Disease Using Functional 883 

Imaging in Awake Mice: Evidence of Olfactory Dysfunction. Front Neurol 5, 94 (2014). 884 

23. Aoki, I., Wu, Y.-J.L., Silva, A.C., Lynch, R.M. & Koretsky, A.P. In vivo detection of 885 

neuroarchitecture in the rodent brain using manganese-enhanced MRI. NeuroImage 22, 1046-1059 886 

(2004). 887 

24. Bock, N.A., Paiva, F.F. & Silva, A.C. Fractionated manganese-enhanced MRI. NMR Biomed 21, 473-888 

8 (2008). 889 

25. Lee, J.H., Silva, A.C., Merkle, H. & Koretsky, A.P. Manganese-enhanced magnetic resonance 890 

imaging of mouse brain after systemic administration of MnCl2: Dose-dependent and temporal 891 

evolution of T1 contrast. Magnetic Resonance in Medicine 53, 640-648 (2005). 892 

26. Lin, Y.J. Doctoral Thesis, Carnegie-Mellon University (1997). 893 



 31 

27. Silva, A.C. & Bock, N.A. Manganese-Enhanced MRI: An Exceptional Tool in Translational 894 

Neuroimaging. Schizophrenia Bulletin 34, 595-604 (2008). 895 

28. Takeda, A. Manganese action in brain function. Brain Res Brain Res Rev 41, 79-87 (2003). 896 

29. Takeda, A., Sawashita, J. & Okada, S. Biological half-lives of zinc and manganese in rat brain. Brain 897 

Res 695, 53-8 (1995). 898 

30. Kuo, Y.T., Herlihy, A.H., So, P.W., Bhakoo, K.K. & Bell, J.D. In vivo measurements of T1 899 

relaxation times in mouse brain associated with different modes of systemic administration of 900 

manganese chloride. J Magn Reson Imaging 21, 334-9 (2005). 901 

31. Malkova, N.V., Gallagher, J.J., Yu, C.Z., Jacobs, R.E. & Patterson, P.H. Manganese-enhanced 902 

magnetic resonance imaging reveals increased DOI-induced brain activity in a mouse model of 903 

schizophrenia. Proceedings of the National Academy of Sciences 111, E2492-E2500 (2014). 904 

32. Yu, X., Wadghiri, Y.Z., Sanes, D.H. & Turnbull, D.H. In vivo auditory brain mapping in mice with 905 

Mn-enhanced MRI. Nature Neuroscience 8, 961-968 (2005). 906 

33. Watanabe, T., Natt, O., Boretius, S., Frahm, J. & Michaelis, T. In vivo 3D MRI staining of mouse 907 

brain after subcutaneous application of MnCl2. Magnetic Resonance in Medicine: An Official Journal 908 

of the International Society for Magnetic Resonance in Medicine 48, 852-859 (2002). 909 

34. Weng, J.-C., Chen, J.-H., Yang, P.-F. & Tseng, W.-Y.I. Functional mapping of rat barrel activation 910 

following whisker stimulation using activity-induced manganese-dependent contrast. Neuroimage 36, 911 

1179-1188 (2007). 912 

35. Chuang, K.-H., Lee, J.H., Silva, A.C., Belluscio, L. & Koretsky, A.P. Manganese enhanced MRI 913 

reveals functional circuitry in response to odorant stimuli. Neuroimage 44, 363-372 (2009). 914 

36. Alvestad, S. et al. In vivo mapping of temporospatial changes in manganese enhancement in rat brain 915 

during epileptogenesis. Neuroimage 38, 57-66 (2007). 916 

37. Eschenko, O., Canals, S., Simanova, I. & Logothetis, N.K. Behavioral, electrophysiological and 917 

histopathological consequences of systemic manganese administration in MEMRI. Magnetic 918 

resonance imaging 28, 1165-1174 (2010). 919 

38. Hoch, T., Kreitz, S., Gaffling, S., Pischetsrieder, M. & Hess, A. Manganese-enhanced magnetic 920 

resonance imaging for mapping of whole brain activity patterns associated with the intake of snack 921 

food in ad libitum fed rats. PLoS One 8, e55354 (2013). 922 

39. Nomi, J.S. et al. Dynamic functional network connectivity reveals unique and overlapping profiles of 923 

insula subdivisions. Hum Brain Mapp 37, 1770-87 (2016). 924 



 32 

40. Gobbo, O.L., Petit, F., Gurden, H. & Dhenain, M. In vivo detection of excitotoxicity by manganese�925 

enhanced MRI: Comparison with physiological stimulation. Magnetic resonance in medicine 68, 234-926 

240 (2012). 927 

41. Van der Linden, A., Van Meir, V., Tindemans, I., Verhoye, M. & Balthazart, J. Applications of 928 

manganese�enhanced magnetic resonance imaging (MEMRI) to image brain plasticity in song birds. 929 

NMR in Biomedicine: An International Journal Devoted to the Development and Application of 930 

Magnetic Resonance In Vivo 17, 602-612 (2004). 931 

42. Bock, N.A., Kocharyan, A. & Silva, A.C. Manganese�enhanced MRI visualizes V1 in the non�932 

human primate visual cortex. NMR in Biomedicine: An International Journal Devoted to the 933 

Development and Application of Magnetic Resonance In vivo 22, 730-736 (2009). 934 

43. Yamada, M. et al. Diffusion-tensor neuronal fiber tractography and manganese-enhanced MR 935 

imaging of primate visual pathway in the common marmoset: preliminary results. Radiology 249, 936 

855-864 (2008). 937 

44. Lehallier, B. et al. Brain Processing of Biologically Relevant Odors in the Awake Rat, as Revealed by 938 

Manganese-Enhanced MRI. PLOS ONE 7, e48491 (2012). 939 

45. Van der Linden, A. et al. In vivo manganese-enhanced magnetic resonance imaging reveals 940 

connections and functional properties of the songbird vocal control system. Neuroscience 112, 467-941 

474 (2002). 942 

46. Sperry, M. et al. Mapping of pain circuitry in early post-natal development using manganese-943 

enhanced MRI in rats. Neuroscience 352, 180-189 (2017). 944 

47. Almeida-Correa, S., Czisch, M. & Wotjak, C.T. In Vivo Visualization of Active Polysynaptic 945 

Circuits With Longitudinal Manganese-Enhanced MRI (MEMRI). Front Neural Circuits 12, 42 946 

(2018). 947 

48. Weng, J.C., Chen, J.H., Yang, P.F. & Tseng, W.Y. Functional mapping of rat barrel activation 948 

following whisker stimulation using activity-induced manganese-dependent contrast. Neuroimage 36, 949 

1179-88 (2007). 950 

49. Chen, W., Tenney, J., Kulkarni, P. & King, J.A. Imaging unconditioned fear response with 951 

manganese-enhanced MRI (MEMRI). Neuroimage 37, 221-229 (2007). 952 

50. Jelescu, I.O., Nargeot, R., Le Bihan, D. & Ciobanu, L. Highlighting manganese dynamics in the 953 

nervous system of Aplysia californica using MEMRI at ultra-high field. Neuroimage 76, 264-71 954 

(2013). 955 

51. Svehla, P., Bedecarrats, A., Jahn, C., Nargeot, R. & Ciobanu, L. Intracellular manganese enhanced 956 

MRI signals reflect the frequency of action potentials in Aplysia neurons. J Neurosci Methods 295, 957 

121-128 (2018). 958 



 33 

52. Vousden, D.A. et al. Continuous manganese delivery via osmotic pumps for manganese-enhanced 959 

mouse MRI does not impair spatial learning but leads to skin ulceration. Neuroimage 173, 411-420 960 

(2018). 961 

53. Delora, A. et al. A simple rapid process for semi-automated brain extraction from magnetic resonance 962 

images of the whole mouse head. Journal of neuroscience methods 257, 185-193 (2016). 963 

54. Medina, C.S., Manifold�Wheeler, B., Gonzales, A. & Bearer, E.L. Automated Computational 964 

Processing of 3�D MR Images of Mouse Brain for Phenotyping of Living Animals. Current 965 

protocols in molecular biology, 29A. 5.1-29A. 5.38 (2017). 966 

55. Murphy, D.L., Lerner, A., Rudnick, G. & Lesch, K.-P. Serotonin transporter: gene, genetic disorders, 967 

and pharmacogenetics. Molecular interventions 4, 109 (2004). 968 

56. Aoki, I. et al. Dynamic activity-induced manganese-dependent contrast magnetic resonance imaging 969 

(DAIM MRI). Magn Reson Med 48, 927-33 (2002). 970 

57. Grunecker, B. et al. Fractionated manganese injections: effects on MRI contrast enhancement and 971 

physiological measures in C57BL/6 mice. NMR Biomed 23, 913-21 (2010). 972 

58. Mok, S.I., Munasinghe, J.P. & Young, W.S. Infusion-based manganese-enhanced MRI: a new 973 

imaging technique to visualize the mouse brain. Brain Struct Funct 217, 107-14 (2012). 974 

59. McGuire, J.L. et al. Traits of fear resistance and susceptibility in an advanced intercross line. Eur J 975 

Neurosci 38, 3314-24 (2013). 976 

60. Brigman, J.L., Mathur, P., Lu, L., Williams, R.W. & Holmes, A. Genetic relationship between 977 

anxiety-and fear-related behaviors in BXD recombinant inbred mice. Behavioural pharmacology 20, 978 

204 (2009). 979 

61. Noldus, L.P., Spink, A.J. & Tegelenbosch, R.A. EthoVision: a versatile video tracking system for 980 

automation of behavioral experiments. Behavior Research Methods, Instruments, & Computers 33, 981 

398-414 (2001). 982 

62. Bonferroni, C. Teoria statistica delle classi e calcolo delle probabilita. Pubblicazioni del R Istituto 983 

Superiore di Scienze Economiche e Commericiali di Firenze 8, 3-62 (1936). 984 

63. Dunnett, C.W. A multiple comparison procedure for comparing several treatments with a control. 985 

Journal of the American Statistical Association 50, 1096-1121 (1955). 986 

64. Barto, D., Uselman, TW, Bearer, EL. Evolution from fear to anxiety: Live imaging of brain states and 987 

role of the serotonergic system. in Society for Neuroscience Vol. Nanosymposium Session Number 988 

270. Neural Mechanisms Underlying Depression and Anxiety (Chicago, Ill, 2019). 989 



 34 

65. Bearer, E.L., Barto, D., Riviere, A.R.H. & Jacobs, R.E. Neural activation imaged by MEMRI in 990 

mouse models of PTSD: Early Life Stress and Role of the Serotonergic System in Prolonged 991 

Response to Fear. International Society for Magnetic Resonance in Medicine. Med 2120(2018). 992 

66. Bearer, E.L. et al. Role of neuronal activity and kinesin on tract tracing by manganese-enhanced MRI 993 

(MEMRI). Neuroimage 37, S37-S46 (2007). 994 

67. Bearer, E.L. et al. Alterations of functional circuitry in aging brain and the impact of mutated APP 995 

expression. Neurobiology of aging 70, 276-290 (2018). 996 

68. Bearer, E.L., Zhang, X. & Jacobs, R.E. Live imaging of neuronal connections by magnetic resonance: 997 

Robust transport in the hippocampal–septal memory circuit in a mouse model of Down syndrome. 998 

Neuroimage 37, 230-242 (2007). 999 

69. Bearer, E.L., Zhang, X., Janvelyan, D., Boulat, B. & Jacobs, R.E. Reward circuitry is perturbed in the 1000 

absence of the serotonin transporter. Neuroimage 46, 1091-1104 (2009). 1001 

70. Gallagher, J.J. et al. Altered reward circuitry in the norepinephrine transporter knockout mouse. PloS 1002 

one 8, e57597 (2013). 1003 

71. Medina, C.S. et al. Hippocampal to basal forebrain transport of Mn 2+ is impaired by deletion of 1004 

KLC1, a subunit of the conventional kinesin microtubule-based motor. NeuroImage 145, 44-57 1005 

(2017). 1006 

72. Zhang, X. et al. Altered neurocircuitry in the dopamine transporter knockout mouse brain. PLoS One 1007 

5, e11506 (2010). 1008 

73. Haase, A., Frahm, J., Matthaei, D., Hanicke, W. & Merboldt, K.-D. FLASH imaging. Rapid NMR 1009 

imaging using low flip-angle pulses. Journal of Magnetic Resonance (1969) 67, 258-266 (1986). 1010 

74. Poole, D.S. et al. Continuous infusion of manganese improves contrast and reduces side effects in 1011 

manganese-enhanced magnetic resonance imaging studies. Neuroimage 147, 1-9 (2017). 1012 

75. Ritter, J.M. et al. Rang and Dale's Pharmacology, Ninth Edition, 808 (Elsevier, 2020). 1013 

76. Henkelman, R.M. Measurement of signal intensities in the presence of noise in MR images. Medical 1014 

physics 12, 232-233 (1985). 1015 

77. Modat, M. et al. Fast free-form deformation using graphics processing units. Computer methods and 1016 

programs in biomedicine 98, 278-284 (2010). 1017 

78. Modat, M. et al. Global image registration using a symmetric block-matching approach. Journal of 1018 

Medical Imaging 1, 024003-024003 (2014). 1019 



 35 

79. Ourselin, S., Roche, A., Subsol, G., Pennec, X. & Ayache, N. Reconstructing a 3D structure from 1020 

serial histological sections. Image and vision computing 19, 25-31 (2001). 1021 

80. Rueckert, D. et al. Nonrigid registration using free-form deformations: application to breast MR 1022 

images. IEEE transactions on medical imaging 18, 712-721 (1999). 1023 

81. McAuliffe, M.J. et al. Medical image processing, analysis and visualization in clinical research. in 1024 

Computer-Based Medical Systems, 2001. CBMS 2001. Proceedings. 14th IEEE Symposium on 381-1025 

386 (IEEE, 2001). 1026 

82. Sled, J.G., Zijdenbos, A.P. & Evans, A.C. A nonparametric method for automatic correction of 1027 

intensity nonuniformity in MRI data. IEEE transactions on medical imaging 17, 87-97 (1998). 1028 

83. Shattuck, D.W. & Leahy, R.M. BrainSuite: an automated cortical surface identification tool. Medical 1029 

image analysis 6, 129-142 (2002). 1030 

84. McCarthy, P. FSLeyes (Version 0.32.0). (Zenodo, 2019). 1031 

85. Ashburner, J. & Friston, K.J. Why voxel-based morphometry should be used. Neuroimage 14, 1238-1032 

1243 (2001). 1033 

86. Friston, K.J. Statistical parametric mapping and other analyses of functional imaging data. Brain 1034 

mapping: The methods (1996). 1035 

87. Friston, K.J. et al. Statistical parametric maps in functional imaging: a general linear approach. 1036 

Human brain mapping 2, 189-210 (1994). 1037 

88. Chen, G., Adleman, N.E., Saad, Z.S., Leibenluft, E. & Cox, R.W. Applications of multivariate 1038 

modeling to neuroimaging group analysis: a comprehensive alternative to univariate general linear 1039 

model. Neuroimage 99, 571-588 (2014). 1040 

89. McFarquhar, M. Modeling Group-Level Repeated Measurements of Neuroimaging Data Using the 1041 

Univariate General Linear Model. Frontiers in neuroscience 13, 352-352 (2019). 1042 

90. Medina, C.S., Manifold-Wheeler, B., Gonzales, A. & Bearer, E.L. Automated Computational 1043 

Processing of 3-D MR Images of Mouse Brain for Phenotyping of Living Animals. Curr Protoc Mol 1044 

Biol 119, 29A 5 1-29A 5 38 (2017). 1045 

91. Johnson, G.A. et al. Waxholm space: an image-based reference for coordinating mouse brain 1046 

research. Neuroimage 53, 365-72 (2010). 1047 

92. MacKenzie�Graham, A. et al. A multimodal, multidimensional atlas of the C57BL/6J mouse brain. 1048 

Journal of anatomy 204, 93-102 (2004). 1049 



 36 

93. Lein, E.S. et al. Genome-wide atlas of gene expression in the adult mouse brain. Nature 445, 168-76 1050 

(2007). 1051 

94. Paxinos, G. & Franklin, K. The Mouse Brain in Stereotaxic Coordinates, 296 (Academic Press, San 1052 

Diego, 2001). 1053 

95. Jenkinson, M., Bannister, P., Brady, M. & Smith, S. Improved optimization for the robust and 1054 

accurate linear registration and motion correction of brain images. Neuroimage 17, 825-841 (2002). 1055 

96. Jenkinson, M. & Smith, S. A global optimisation method for robust affine registration of brain 1056 

images. Med Image Anal 5, 143-56 (2001). 1057 

97. Jenkinson, M., Beckmann, C.F., Behrens, T.E., Woolrich, M.W. & Smith, S.M. FSL. Neuroimage 62, 1058 

782-90 (2012). 1059 

98. Smith, S.M. et al. Advances in functional and structural MR image analysis and implementation as 1060 

FSL. Neuroimage 23, S208-S219 (2004). 1061 

99. Benjamini, Y., Krieger, A.M. & Yekutieli, D. Adaptive linear step-up procedures that control the 1062 

false discovery rate. Biometrika 93, 491-507 (2006). 1063 

100. Kovacs, K.J. Measurement of immediate-early gene activation- c-fos and beyond. J Neuroendocrinol 1064 

20, 665-72 (2008). 1065 

101. Angenstein, F. et al. Manganese-enhanced MRI reveals structural and functional changes in the 1066 

cortex of Bassoon mutant mice. Cereb Cortex 17, 28-36 (2007). 1067 

102. Silva, A.C. et al. Detection of cortical laminar architecture using manganese-enhanced MRI. J 1068 

Neurosci Methods 167, 246-57 (2008). 1069 

103. Tovote, P., Fadok, J.P. & Lüthi, A. Neuronal circuits for fear and anxiety. Nature Reviews 1070 

Neuroscience 16, 317 (2015). 1071 

104. Bullitt, E. Expression of c�fos�like protein as a marker for neuronal activity following noxious 1072 

stimulation in the rat. Journal of Comparative Neurology 296, 517-530 (1990). 1073 

105. Guzowski, J.F. et al. Mapping behaviorally relevant neural circuits with immediate-early gene 1074 

expression. Current opinion in neurobiology 15, 599-606 (2005). 1075 

106. Dragunow, M. & Faull, R. The use of c-fos as a metabolic marker in neuronal pathway tracing. 1076 

Journal of neuroscience methods 29, 261-265 (1989). 1077 

107. Renier, N. et al. Mapping of brain activity by automated volume analysis of immediate early genes. 1078 

Cell 165, 1789-1802 (2016). 1079 



 37 

108. Renier, N. et al. iDISCO: a simple, rapid method to immunolabel large tissue samples for volume 1080 

imaging. Cell 159, 896-910 (2014). 1081 

109. Vousden, D.A. et al. Whole-brain mapping of behaviourally induced neural activation in mice. Brain 1082 

Structure and Function 220, 2043-2057 (2015). 1083 

110. LeDoux, J. The emotional brain, fear, and the amygdala. Cellular and molecular neurobiology 23, 1084 

727-738 (2003). 1085 

111. LeDoux, J.E. Emotion circuits in the brain. Annual review of neuroscience 23, 155-184 (2000). 1086 

112. Feinstein, J.S. et al. Fear and panic in humans with bilateral amygdala damage. Nat Neurosci 16, 270-1087 

2 (2013). 1088 

113. Khalsa, S.S. et al. Panic Anxiety in Humans with Bilateral Amygdala Lesions: Pharmacological 1089 

Induction via Cardiorespiratory Interoceptive Pathways. J Neurosci 36, 3559-66 (2016). 1090 

114. Wiest, G., Lehner-Baumgartner, E. & Baumgartner, C. Panic attacks in an individual with bilateral 1091 

selective lesions of the amygdala. Arch Neurol 63, 1798-801 (2006). 1092 

115. Rogan, M.T., Stäubli, U.V. & LeDoux, J.E. Fear conditioning induces associative long-term 1093 

potentiation in the amygdala. Nature 390, 604 (1997). 1094 

116. Anderson, A.K. & Phelps, E.A. Lesions of the human amygdala impair enhanced perception of 1095 

emotionally salient events. Nature 411, 305-9 (2001). 1096 

117. Brand, M., Grabenhorst, F., Starcke, K., Vandekerckhove, M.M. & Markowitsch, H.J. Role of the 1097 

amygdala in decisions under ambiguity and decisions under risk: evidence from patients with Urbach-1098 

Wiethe disease. Neuropsychologia 45, 1305-1317 (2007). 1099 

118. Siebert, M., Markowitsch, H.J. & Bartel, P. Amygdala, affect and cognition: evidence from 10 1100 

patients with Urbach–Wiethe disease. Brain 126, 2627-2637 (2003). 1101 

119. Tye, K.M. et al. Amygdala circuitry mediating reversible and bidirectional control of anxiety. Nature 1102 

471, 358 (2011). 1103 

120. Shackman, A.J. & Fox, A.S. Contributions of the central extended amygdala to fear and 1104 

anxietycontributions of the central extended amygdala to fear and anxiety. Journal of neuroscience 1105 

36, 8050-8063 (2016). 1106 

121. Yassa, M.A., Hazlett, R.L., Stark, C.E.L. & Hoehn-Saric, R. Functional MRI of the amygdala and bed 1107 

nucleus of the stria terminalis during conditions of uncertainty in generalized anxiety disorder. 1108 

Journal of Psychiatric Research 46, 1045-1052 (2012). 1109 



 38 

122. Rosen, J.B. The Neurobiology of Conditioned and Unconditioned Fear: A Neurobehavioral System 1110 

Analysis of the Amygdala. Behavioral and Cognitive Neuroscience Reviews 3, 23-41 (2004). 1111 

123. Janak, P.H. & Tye, K.M. From circuits to behaviour in the amygdala. Nature 517, 284-292 (2015). 1112 

124. Walker, D.L., Toufexis, D.J. & Davis, M. Role of the bed nucleus of the stria terminalis versus the 1113 

amygdala in fear, stress, and anxiety. European journal of pharmacology 463, 199-216 (2003). 1114 

125. Maren, S. & Quirk, G.J. Neuronal signalling of fear memory. Nature Reviews Neuroscience 5, 844 1115 

(2004). 1116 

126. Lebow, M. & Chen, A. Overshadowed by the amygdala: the bed nucleus of the stria terminalis 1117 

emerges as key to psychiatric disorders. Molecular psychiatry 21, 450 (2016). 1118 

127. Adolphs, R. et al. A mechanism for impaired fear recognition after amygdala damage. Nature 433, 68 1119 

(2005). 1120 

128. Davis, M., Walker, D.L., Miles, L. & Grillon, C. Phasic vs sustained fear in rats and humans: role of 1121 

the extended amygdala in fear vs anxiety. Neuropsychopharmacology 35, 105 (2010). 1122 

129. Davis, M. Are different parts of the extended amygdala involved in fear versus anxiety? Biological 1123 

psychiatry 44, 1239-1247 (1998). 1124 

130. Adhikari, A. Distributed circuits underlying anxiety. Frontiers in behavioral neuroscience 8, 112 1125 

(2014). 1126 

131. Carlezon, W.A. & Thomas, M.J. Biological substrates of reward and aversion: A nucleus accumbens 1127 

activity hypothesis. Neuropharmacology 56, 122-132 (2009). 1128 

132. Alheid, G.F. Extended amygdala and basal forebrain. Annals of the New York Academy of Sciences 1129 

985, 185-205 (2003). 1130 

133. Thompson, P.M. et al. The ENIGMA Consortium: large-scale collaborative analyses of neuroimaging 1131 

and genetic data. Brain Imaging Behav 8, 153-82 (2014). 1132 

134. Silva, B.A., Gross, C.T. & Gräff, J. The neural circuits of innate fear: detection, integration, action, 1133 

and memorization. Learning & Memory 23, 544-555 (2016). 1134 

135. Martinez, R.C.R., de Oliveira, A.R. & Brandão, M.L. Serotonergic mechanisms in the basolateral 1135 

amygdala differentially regulate the conditioned and unconditioned fear organized in the 1136 

periaqueductal gray. European Neuropsychopharmacology 17, 717-724 (2007). 1137 

136. Cahill, L., Weinberger, N.M., Roozendaal, B. & McGaugh, J.L. Is the amygdala a locus of 1138 

“conditioned fear”? Some questions and caveats. Neuron 23, 227-228 (1999). 1139 



 39 

137. Davis, M., Schlesinger, L.S. & Sorenson, C. Temporal specificity of fear conditioning: Effects of 1140 

different conditioned stimulus--unconditioned stimulus intervals on the fear-potentiated startle effect. 1141 

Journal of Experimental Psychology: Animal Behavior Processes 15, 295 (1989). 1142 

138. Allen, W.E. et al. Thirst regulates motivated behavior through modulation of brainwide neural 1143 

population dynamics. Science 364, eaav3932 (2019). 1144 

139. Stringer, C. et al. Spontaneous behaviors drive multidimensional, brain-wide activity. bioRxiv, 1145 

306019 (2018). 1146 

140. Hen, R. Structural and functional conservation of serotonin receptors throughout evolution. in 1147 

Comparative molecular neurobiology 266-278 (Springer, 1993). 1148 

141. Yamanaka, H. et al. A possible mechanism of the nucleus accumbens and ventral pallidum 5-HT1B 1149 

receptors underlying the antidepressant action of ketamine: a PET study with macaques. 1150 

Translational Psychiatry 4, e342-e342 (2014). 1151 

142. Murphy, D.L. et al. How the serotonin story is being rewritten by new gene-based discoveries 1152 

principally related to SLC6A4, the serotonin transporter gene, which functions to influence all 1153 

cellular serotonin systems. Neuropharmacology 55, 932-960 (2008). 1154 

143. Bengel, D. et al. Altered brain serotonin homeostasis and locomotor insensitivity to 3, 4-1155 

methylenedioxymethamphetamine (“Ecstasy”) in serotonin transporter-deficient mice. Molecular 1156 

pharmacology 53, 649-655 (1998). 1157 

144. Kim, D.K. et al. Altered serotonin synthesis, turnover and dynamic regulation in multiple brain 1158 

regions of mice lacking the serotonin transporter. Neuropharmacology 49, 798-810 (2005). 1159 

145. Torres, G.E., Gainetdinov, R.R. & Caron, M.G. Plasma membrane monoamine transporters: structure, 1160 

regulation and function. Nature Reviews Neuroscience 4, 13-25 (2003). 1161 

146. Fabre, V. et al. Altered expression and functions of serotonin 5�HT1A and 5�HT1B receptors in 1162 

knock�out mice lacking the 5�HT transporter. European Journal of Neuroscience 12, 2299-2310 1163 

(2000). 1164 

147. Gobbi, G., Murphy, D.L., Lesch, K.-P. & Blier, P. Modifications of the serotonergic system in mice 1165 

lacking serotonin transporters: an in vivo electrophysiological study. Journal of Pharmacology and 1166 

Experimental Therapeutics 296, 987-995 (2001). 1167 

148. Gainetdinov, R.R. & Caron, M.G. Monoamine transporters: from genes to behavior. Annual review of 1168 

pharmacology and toxicology 43, 261-284 (2003). 1169 

149. Haenisch, B. & Bönisch, H. Depression and antidepressants: Insights from knockout of dopamine, 1170 

serotonin or noradrenaline re-uptake transporters. Pharmacology & Therapeutics 129, 352-368 1171 

(2011). 1172 



 40 

150. Jiang, X., Wang, J., Luo, T. & Li, Q. Impaired hypothalamic-pituitary-adrenal axis and its feedback 1173 

regulation in serotonin transporter knockout mice. Psychoneuroendocrinology 34, 317-331 (2009). 1174 

151. O’Mahony, S.M., Clarke, G., Borre, Y., Dinan, T. & Cryan, J. Serotonin, tryptophan metabolism and 1175 

the brain-gut-microbiome axis. Behavioural brain research 277, 32-48 (2015). 1176 

152. Murphy, D.L. & Lesch, K.-P. Targeting the murine serotonin transporter: insights into human 1177 

neurobiology. Nature Reviews Neuroscience 9, 85 (2008). 1178 

153. Massaad, C.A. & Pautler, R.G. Manganese-Enhanced Magnetic Resonance Imaging (MEMRI). in 1179 

Magnetic Resonance Neuroimaging: Methods and Protocols (eds. Modo, M. & Bulte, J.W.M.) 145-1180 

174 (Humana Press, Totowa, NJ, 2011). 1181 

154. Koretsky, A.P. & Silva, A.C. Manganese-enhanced magnetic resonance imaging (MEMRI). NMR 1182 

Biomed 17, 527-31 (2004). 1183 

155. Silva, A.C., Lee, J.H., Aoki, I. & Koretsky, A.P. Manganese-enhanced magnetic resonance imaging 1184 

(MEMRI): methodological and practical considerations. NMR Biomed 17, 532-43 (2004). 1185 

156. Golub, Y. et al. Reduced hippocampus volume in the mouse model of Posttraumatic Stress Disorder. 1186 

J Psychiatr Res 45, 650-9 (2011). 1187 

157. Grunecker, B. et al. Regional specificity of manganese accumulation and clearance in the mouse 1188 

brain: implications for manganese-enhanced MRI. NMR Biomed 26, 542-56 (2013). 1189 

158. Kao, C.Y., Stalla, G., Stalla, J., Wotjak, C.T. & Anderzhanova, E. Norepinephrine and corticosterone 1190 

in the medial prefrontal cortex and hippocampus predict PTSD-like symptoms in mice. Eur J 1191 

Neurosci 41, 1139-48 (2015). 1192 

159. Greenberg, M., Thompson, M. & Sheng, M. Calcium regulation of immediate early gene 1193 

transcription. Journal of Physiology-Paris 86, 99-108 (1992). 1194 

160. Morgan, J. & Curran, T. Calcium as a modulator of the immediate-early gene cascade in neurons. 1195 

Cell calcium 9, 303-311 (1988). 1196 

161. Roche, E. & Prentki, M. Calcium regulation of immediate-early response genes. Cell calcium 16, 1197 

331-338 (1994). 1198 

162. Fentress, H.M. et al. Norepinephrine transporter heterozygous knockout mice exhibit altered transport 1199 

and behavior. Genes Brain Behav 12, 749-59 (2013). 1200 

163. Brown, W.A. & Rosdolsky, M. The clinical discovery of imipramine. Am J Psychiatry 172, 426-9 1201 

(2015). 1202 



 41 

164. Haenisch, B. & Boenisch, H. Depression and antidepressants: Insights from knockout of dopamine, 1203 

serotonin or noradrenaline re-uptake transporters. Pharmacology & Therapeutics 129, 352-368 1204 

(2011). 1205 

165. Zhou, J. Norepinephrine transporter inhibitors and their therapeutic potential. Drugs Future 29, 1235-1206 

1244 (2004). 1207 

166. Chen, Y. & Baram, T.Z. Toward Understanding How Early-Life Stress Reprograms Cognitive and 1208 

Emotional Brain Networks. Neuropsychopharmacology 41, 197-206 (2016). 1209 

167. Lewis, C.R. & Olive, M.F. Early-life stress interactions with the epigenome: potential mechanisms 1210 

driving vulnerability toward psychiatric illness. Behav Pharmacol 25, 341-51 (2014). 1211 

168. Yehuda, R. et al. Putative biological mechanisms for the association between early life adversity and 1212 

the subsequent development of PTSD. Psychopharmacology (Berl) 212, 405-17 (2010). 1213 

169. Beach, S.R. et al. Impact of child sex abuse on adult psychopathology: a genetically and 1214 

epigenetically informed investigation. J Fam Psychol 27, 3-11 (2013). 1215 

170. Bennett, A.J. et al. Early experience and serotonin transporter gene variation interact to influence 1216 

primate CNS function. Mol Psychiatry 7, 118-22 (2002). 1217 

171. Homberg, J.R. & van den Hove, D.L. The serotonin transporter gene and functional and pathological 1218 

adaptation to environmental variation across the life span. Prog Neurobiol 99, 117-27 (2012). 1219 

172. Houwing, D.J., Buwalda, B., van der Zee, E.A., de Boer, S.F. & Olivier, J.D.A. The Serotonin 1220 

Transporter and Early Life Stress: Translational Perspectives. Front Cell Neurosci 11, 117 (2017). 1221 

173. Bearer, E.L., Ji, J., Trickett, P., Kaplan, C.D. & Mennen, F. Towards a Role for Clinical Pathology 1222 

Diagnostics for Childhood Maltreatment. Austin J Clin Pathol 2(2015). 1223 

174. Rosen, J.B. & Schulkin, J. From normal fear to pathological anxiety. Psychological review 105, 325 1224 

(1998). 1225 

 1226 

 1227 

  1228 



 42 

Table 1. Key to abbreviations. 1229 

Abbreviation Nominal Label  Abbreviation Nominal Label  
ACB Nucleus accumbens MOBgl Main olfactory bulb glomerular 
aco Anterior commissure olfactory limb MOBgr Main olfactory bulb granule layer 
AOB Accessory olfactory bulb MOBipl Main olfactory bulb inner plexiform layer 
AON Anterior olfactory nucleus MOBmi Main olfactory bulb mitral layer 
aot Accessory optic tract MOBopl Main olfactory bulb outer plexiform layer 
AV Anteroventral nucleus of thalamus MS Medial septal nucleus 
BLA Basolateral amygdala nucleus NDB Diagonal band nucleus 
BST Bed nuclei of the stria terminalis NOD Nodulus X 
CA1-CA3 Field ca1 ca2 ca3 pyramidal layer onl Nerve layer of main olfactory bulb 
CB Cerebellum opt Optic tract 
CM Central medial nucleus of the 

thalamus 
OT Olfactory tubercle 

COA Cortical amygdala area P Pons 
CP Caudoputamen PA Posterior amygdalar nucleus 
CTX Cerebral cortex PCG Pontine central gray 
DEC Declive  VI  PF Parafascicular nucleus 
DG Dentate gyrus PO Posterior complex of the thalamus 
DR Dorsal raphe nucleus PRNr Pontine reticular nucleus 
EPd Endopiriform nucleus dorsal part PT Parataenial nucleus 
fi Fimbria PVT Paraventricular nucleus of the thalamus 
FS Fundus of striatum PYR Pyramus VIII 
GPe Globus pallidus RE Nucleus of reunions 
Gr Gracile nucleus RN Red nucleus 
HPF Hippocampal formation RT Reticular nucleus of the thalamus 
HY Hypothalamus SEZ Subependymal zone 
IAM Anteromedial nucleus of thalamus SI Substantia innominata 
IMD Intermedial dorsal thalaumus SNc Substantia nigra compacta part 
int Internal capsule SPA Subparafascicular area 
IPN Interpeduncular nucleus st Stria terminalis 
LA Lateral amygdala nucleus TT Taenia tecta dorsal part 
lot Lateral olfactory tract body UVU Uvula IX 
LP Lateral posterior nucleus of the 

thalamus 
V3 Third ventricle 

LSc Lateral septal nucleus caudal part VAL Ventral anterior lateral thalamic complex 
LSr Lateral septal nucleus rostral part vhc Ventral hippocampal commissure 
MB Midbrain VL Lateral ventricle 
MD Mediodorsal nucleus of thalamus VPL Ventral posterolateral thalamus 
MEDob Medulla oblongata VPM Ventral posteromedial nucleus of the thalamus 
MEPO Median preoptic nucleus VM Ventral medial thalamic nucleus 
MG Medial geniculate complex VTA Ventral tegmental area 
MH Medial habenula ZI Zona incerta 
MOB Main olfactory bulb, all layers   

  1230 
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Table 2: Change between Pre-Fear and Post-Fear in WT and 1231 

comparison with change SERT-KO mice 1232 

Abbrev. Nominal label WT SERT 
A. Activity increased from Pre-Fear to Post-Fear in WT 

MOB & 
AON 

Main olfactory bulb & 
Anterior olfactory nucleus 

++ ++ 

LA Lateral Amygdala ++ + 

BLA Basolateral amygdala + - 

COA Cortical amygdala area ++ - 

ACB Nucleus accumbens ++ + 

LSr Lateral septal nucleus,  
rostral part 

++ ++ 

GPe Globus pallidus ++ ++ 
MS Medial septum ++ ++ 
NDB Diagonal band nucleus ++ - 
BST Bed nucleus of the stria 

terminalis 
++ = 

SPA Subparafascicular area ++ = 
MEP Medial preoptic area ++ -- 
ZI Zona incerta ++ ++ 
VTA Ventral tegmental area ++ N/A 
IPN Interpeduncular nucleus ++ ++ 
CB Cerebellum + - 

NOD Nodulus X ++ - 
B. Activity increased from Pre-Fear to Post-Fear in SERT 
DG Dentate gyrus = ++ 
CA1-CA3 CA1-CA3 of hippocampus = + 
FS Fundus of striatum = ++ 
LP Lateral posterior nucleus of 

the thalamus 
N/A ++ 

RT Reticular nucleus of the 
thalamus 

= ++ 

CM Central medial nucleus of 
the thalamus 

N/A ++ 

WT activity changes differently than SERT-KO after acute fear. 1233 

A. Segments with greater volume of activated voxels in Post-Fear compared to Pre-Fear 1234 

in WT, contrasted with SERT-KO, and ordered according to column graphs (Fig. 7).  1235 

B. Segments with greater number of activated voxels in SERT-KO contrasted with WT, 1236 

and ordered according to column graphs (Fig. 7). 1237 

++ > 50% increase 1238 

+   >10% increase in activated ratio between Pre-Fear and Post-Fear; 1239 

-    >10% decrease in activated ratio between Pre-Fear and Post-Fear; 1240 

--  >50% decrease in activated ratio between Pre-Fear and Post-Fear; 1241 

=   <10% change in activated ratio between Pre-Fear and Post-Fear; 1242 

N/A, no detected activity 1243 

Results are based on voxels with significantly increased intensity from within genotype, 1244 

paired t-tests in SPM (p<0.0001, T=5.4) (Fig. 7). 1245 
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Table 3: Changes in activity from Post-Fear to Day 9, compared 1247 

between genotypes. 1248 

 1249 

Abbrev. Nominal label WT SERT 
A. Activity increased from Post-Fear to Day 9 in WT 

DG Dentate gyrus + - 
ACB Nucleus accumbens + - 

FS Fundus of the striatum + + 
SI Subtantia innominata + = 
BST Bed nucleus of the stria 

terminalis 
+ + 

MEP Medial preoptic area + ++ 
IPN Interpeduncular nucleus + + 
DR Dorsal raphe + ++ 

B. Activity decreased from Post-Fear to Day 9 in WT 
MOB & 
AON 

Main olfactory bulb & 
Anterior olfactory nucleus 

- - 

LA Lateral amygdala - = 
MS Medial septum - - 
VAL Ventral anterior lateral 

thalamic complex 
- = 

SPA Subparafascicular area - = 
RT Reticular nucleus of the 

thalamus 
- - 

ZI Zona incerta - = 
VTA Ventral tegmental area - + 
NOD Nodulus X - - 

C. Activity persisted from Post-Fear to Day 9 in WT 
LSr Lateral septal nucleus 

caudal part 
= - 

GPe Globus pallidus = - 
NDB Diagonal band nucleus = - 

D. Activity increased from Post-Fear to Day 9 in SERT 
PVT Paraventricular nucleus of 

the thalamus 
N/A + 

MB Midbrain N/A + 
PRNr Pontine reticular nucleus N/A ++ 

 1250 

Each section (A-D) is ordered according to column graphs (Fig. 8) 1251 

+  >10% increase in activated ratio between Post-Fear and Day 9; 1252 

-   >10% decrease in activated ratio between Post-Fear and Day 9; 1253 

=  <10% change in ratio 1254 

N/A, no detected activity 1255 

Results are based on within genotype, paired t-tests in SPM (p<0.0001, T=5.4) as shown 1256 

in Fig. 8. 1257 

 1258 

  1259 
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FIGURE LEGENDS 1260 

Figure 1: Schematic of experimental procedures 1261 

Open rectangles and block arrows indicate awake-behaving animals, horizontal single lines indicate 1262 

anesthesia for imaging; Green arrows indicate behavioral recordings; Blue indicate MR imaging; Red indicate 1263 

Mn2+ injection. Gray drop-down boxes are the two 26h experimental manipulations: Acute exposure to innate 1264 

fear ("Fear Protocol"): Black bar, recovery from anesthesia; White bar, Neutral odor; Orange bar, Predator 1265 

odor; Recovery or progression from acute fear  ("Recovery Protocol"), with no second fear exposure; Open 1266 

arrow, No odors, No behavioral recording. 1267 

 1268 

After arrival to the facility mice were acclimatized and handled daily for a minimum of 7 days. The 1269 

experimental procedure began with a baseline behavioral recording in the light-dark box (L/D Box), and then 1270 

capture of a pre-injection MR image. The "Fear Protocol" began with an intra-peritoneal Mn2+ injection after 1271 

which mice were returned to the home cage for 22h for Mn2+ uptake to occur. Behavior was again recorded 1272 

(L/D Box: Pre-Fear) followed by MR imaging (MRI: Pre-Fear). Afterwards mice were allowed ~2h in the 1273 

home cage to recover from anesthetic used in imaging (Recovery), and, when normally active, placed in the 1274 

L/D Box again, first with saline (white bar L/D Box Neutral odor), followed by TMT, a predator odor (orange 1275 

bar, L/D Box: Predator odor) for 30 min each, with behavior recorded in the last 10 min. Mice were then 1276 

returned to the MR scanner (MRI: Post-Fear). After this image, mice returned to the home cage for 9 days 1277 

after which behavior was recorded (L/D Box: Day 9), and a pre-injection MR image (MRI: Day 9 pre) 1278 

captured to monitor any residual manganese-enhanced signal from the first Mn2+ injection. Mice then 1279 

underwent another sequence, "Recovery Protocol," which, except for the odors, was identical to the "Fear 1280 

Protocol"--IP Mn2+, returned to the home cage for 24-26h, then imaged (MRI: Day 9), and returned to the 1281 

home cage. At the conclusion of the procedure, mice are sacrificed and brains submitted for c-fos staining. 1282 

Behavior and MR images are analyzed. 1283 

 1284 

Fig 2: Mn2+ reaches a peak at 24 h after IP injection and the protocol without PS has no effect on WT 1285 

behavior in the light-dark box.  1286 

A-H) Representative examples of coronal slices before (A-D) and 24 h after IP Mn2+ injection (E-H). 1287 

Locations where measurements were taken are indicated by circles, color-coded by region. MR pulse 1288 

sequence: T2* FLASH, TR/TE 25/5ms, flip-angle 20 degrees, 100 micron isotropic voxels with total image 1289 

time 34 min.  1290 

I) Graph of intensity over time after Mn2+ injection, color-coded by region. Note that all four regions show a 1291 

similar pattern. Also note that at 48h, 50% of intensity remains, and that even after 19 days intensity is still 1292 
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slightly above pre-injection. The rates of intensity increase likely represent a composite of absorption from 1293 

the peritoneum into the vasculature, perfusion into the brain, entry into brain interstitium and accumulation in 1294 

neurons; and likewise rates of decreased intensity would depend on excretion from the vasculature and 1295 

clearance from the interstitium and neurons. 1296 

J) Lack of effects on behavior of the protocol. Neither injection of Mn2+ nor the experience of anesthesia and 1297 

imaging had an effect on average time spent in the light side of the box, even after a second IP injection and 1298 

imaging 8 days after the first in WT mice without odor exposures (n=6). Quartile box-and-whisker plots with 1299 

median indicated by horizontal bar inside the blue box, and 1st & 4th quartile distributions indicated by tails. 1300 

There was no statistically significant difference in time spent in the light across time points (p=0.997), 1301 

although a decrease in variance after Mn2+ injection and imaging was found, indicated by whiskers. 1302 

 1303 

Fig 3: Diagram of automated processing steps: Skull stripping, registration and alignments.  1304 

Flow chart of our automated pre-processing pipeline described in Methods (top panel), with examples of how 1305 

images change with skull stripping and alignment steps (bottom panel). Raw images are brought into the same 1306 

dimensions, resolution and image type in the header, then N3 correction is applied to equalize any in-1307 

homogeneities of the B field during scanning, followed by normalization of the intensity scale by modal 1308 

scaling of the intensity histogram. Next the brain is extracted from whole head images with our automated 1309 

skull-stripping software. Extracted brain images undergo a second N3 correction and modal scaling and then 1310 

rigid body alignments. After linear alignment a minimal deformation atlas (MDA) is generated from the pre-1311 

injection, non-contrast-enhanced images. Each mouse's non-contrast image is then warped (non-linear 1312 

alignment) to the MDA and the warp field (control point grid) is applied to align the contrast-enhanced image 1313 

for each mouse. The Mn2+-enhanced image (Template) used to create our InVivo Atlas is co-processed 1314 

through all steps together with new data images. Align-warped images are ready for ROI analysis or to be 1315 

smoothed for statistical parametric mapping. For examples of images at each step, see Supporting 1316 

Information Fig. S2. 1317 

 1318 

Fig 4: Time spent in the light before, during, and after a single predator stress exposure.  1319 

A) Examples of movement trajectories of representative WT mouse (blue) and SERT-KO mouse (red) over a 1320 

10 min session at Baseline (BL), Predator odor (PO) and Day 9 (D9). The light side of the box is to the right 1321 

(colored tracings), and the dark side to the left (black tracings). Odors were introduced on a gauze pad in a 1322 

petri dish visible on the lighted side. Note that the density of tracings, representing mouse motility, even 1323 
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during PO after imaging and anesthesia, appear similar to baseline, and only the location of trajectories is 1324 

affected, whether in the light or dark side of the box.  1325 

B) Between group comparisons across time points shown as box and scatter plots, with WT (blue), SERT-KO 1326 

(red). The gray line indicates the group average, with colored boxes +/- one SEM, and dots representing each 1327 

individual. The shaded area indicates the three sessions acquired in the 26h "Fear Protocol". Baseline (BL); 1328 

Pre-Fear (PreF); neutral odor (NO); predator odor (PO); Day 9 (D9) and Day 23 (D23). ** p≤0.005; 1329 

****= p≤0.0001, 2-way ANOVA with Bonferroni correction. Note that WT mice displayed baseline 1330 

exploratory behavior 24h, after Mn2+ (PreF) and before MR scanning, and also during neutral odor (NO), after 1331 

the Pre-Fear scan that included anesthesia. This result demonstrated full recovery from anesthesia and no 1332 

effect of scanning on this behavior. In contrast, SERT-KO already showed a decrease in ratio of time spent in 1333 

the light at 24h post Mn2+ prior to the Pre-Fear scan, with further decrease during neutral odor presentation 1334 

(NO). Also note that at Day 9 (D9) and Day 23 (D23), when no anesthesia or imaging had occurred, SERT-1335 

KO retained this defensive behavior. Hence the SERT-KO response to NO was likely a combination of all 1336 

manipulations on this vulnerable genotype. 1337 

C) Within group comparisons of behavior at each time point (as in B), determined as change from Baseline 1338 

(horizontal dotted blue line). Horizontal bars within each box plot represent the group median, the boxes are 1339 

second and third quartiles, and whiskers are the range (minimum and maximum, first and fourth quartiles). 1340 

Five blue boxes represent WT behavior and five red boxes SERT-KO. Dots indicate each individual animal, 1341 

and those extending above and below the bars and whiskers represent outliers, defined by MATLAB boxplot 1342 

function as 1.5 times the interquartile range between the 1st and 3rd quartiles. **=p≤0.01; ***p≤0.001; 1343 

****= p≤0.0001 by ANOVA with post-hoc Dunnett correction. Note that there was no effect of Mn2+ injection 1344 

or imaging experience, including anesthesia, on WT behavior. Only TMT had a significant effect. This lack of 1345 

effect of neutral odor (NO) demonstrates that WT mice were sufficiently recovered from the imaging 1346 

procedure and anesthesia at the time of behavioral testing. For SERT-KO, behavior at all time points after 1347 

baseline displayed statistically significant decreases in time spent in the light, including at 9 days (D9), which 1348 

was performed 9 days after the most recent anesthesia and imaging session, demonstrating that all 1349 

manipulations had affected SERT-KO and arguing against any specific effect of delayed recovery from 1350 

anesthesia. 1351 

 1352 

Fig. 5: Statistical parametric maps (SPM) of Mn2+-induced intensity after each condition show 1353 

statistically significant Mn2+ intensity increases in discrete locations across the brain.  1354 
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Shown is an overview of the imaging data, with a multi-slice panel of coronal and sagittal slices from six 3D 1355 

SPMs projected onto the gray-scale MR template. Slices are evenly spaced across the 3D images in sagittal 1356 

and coronal orientations, slice locations (rightmost images, blue lines). Top panel: Wild type, Pre-Fear (blue), 1357 

Post-Fear (red), and Day 9 (green). Bottom panel: SERT-KO, similarly color-coded. Each condition was 1358 

contrasted to the pre-injection images for that genotype using paired t-tests by SPM, p<0.0001 uncorr,, 1359 

(T=5.4).  White arrows, olfactory bulb; red arrows, basal forebrain; green arrows, hypothalamus. Note in WT 1360 

that olfactory bulb is highlighted only after predator odor, as is basal forebrain; and that hypothalamus 1361 

activates only at Day 9. In SERT-KO, these regions are already active Pre-Fear and their volume of activity 1362 

appears to increase Post-Fear and to remain active at Day 9. Other areas of signal are also present throughout 1363 

the panel. See Supporting Information Video S1. 1364 

 1365 

Fig 6: Segmentation by alignment of an InVivo MR atlas into this study-specific datasets.  1366 

A) The template MEMR image of living mouse brain used to create the segmentation. B) Overlay of the 1367 

InVivo atlas onto the template. Colored regions show an example of labeled segments. C) Overlay of the 1368 

InVivo atlas onto the minimum deformation atlas from this dataset, shown in coronal, sagittal and axial slices 1369 

with segments outlined in different colors. 1370 

 1371 

Fig. 7: Identification and quantification of activity in 45 brain regions of Pre-and Post-Fear images for 1372 

WT and SERT-KO.   1373 

Top Panel: Sagittal and coronal overlay of Pre-Fear (blue), Post-Fear (red), and both (purple) (from bregma, 1374 

sagittal: ML 0.18mm, coronal: AP 0.69mm) (p<0.0001 uncorr,, T=5.4). 1375 

Bottom panel: Column graphs showing the ratio of enhanced/total voxels within segmented regions. 1376 

Segments are listed on the x-axis from anterior to posterior (for abbreviations see Table 1). Purple arrows 1377 

indicate examples of regions activated in both genotypes with predator odor. Red arrows indicate examples of 1378 

regions with activity in SERT-KO and not WT after predator odor. Many other examples of increased activity 1379 

in SERT-KO compared to WT are apparent (also see Table 2). For single Post-Fear images compared to 1380 

averaged Post-Fear see Supporting Information S3. For complete array of column graphs including Day 9 1381 

pre, see Supporting Information Fig. S4. For heat map comparing ratios of enhanced/total voxels per 1382 

segment, see Supporting Information Fig. S5. 1383 

 1384 
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Fig. 8: SERT-KO displayed prolonged neural activity at Day 9.  1385 

Top Panel: Sagittal and coronal overlay of statistically significant voxels Post-Fear (red), and Day 9 (green), 1386 

and both (purple). Note that there is no second predator odor after the "Fear protocol," which occurred 9 days 1387 

earlier. Note the additional Day 9 signal (green) in the SERT-KO sagittal slice (location of slices from 1388 

bregma: sagittal slice: ML 0.18; coronal slice: AP 0.69mm) (p<0.0001 uncorr., T=5.4). 1389 

Bottom panel: Column graphs showing activity within 45 segments that displayed >5% enhanced/total 1390 

voxels in any image in the dataset (p<0.0001, T=5.4). Note high level of activity in the SERT-KO. Pairs of 1391 

red and green arrows indicate examples of flips in amount of activity between regions from Post-Fear to Day 1392 

9. For example, in WT NOD has more enhanced voxels at Post-Fear than ACB, whereas at Day 9, ACB has 1393 

more than NOD. In SERT-KO this flip appears between RT and DR, where RT decreases at Day 9 and DR 1394 

increases. These changes in the balance of activity between segments can be found in other regions as well. 1395 

For a heat map across time points, see Supporting Information Fig. S5; for complete array of column 1396 

graphs, see Supporting Information Fig. S4. For between group comparisons at Day 9, see Supporting 1397 

Information Fig. S6. See Supporting Video S1. 1398 

 1399 

Fig. 9: Magnitude of intensity between Pre-Fear and Post-Fear in WT validated SPM, and 1400 

demonstrated that intensity differences between genotypes at Day 9 are significant. 1401 

A) Comparison between Pre-Fear and Post-Fear intensity increase over pre-injection in six ROIs of WT 1402 

(n=12), selected based on statistical maps, locations identified by alignment with the InVivo Atlas: Main 1403 

olfactory bulb (MOB), diagonal band (NDB), lateral septum rostral region (LSr), nucleus accumbens (ACB), 1404 

lateral amygdala (LA), and subparafascicular area (SPA). Coronal slices at the level of each segment are 1405 

shown as labeled. Segments are outlined. Template (gray scale image) is overlaid with masked SPMs of that 1406 

segment, with WT Pre-Fear (blue) and Post-Fear (red) (p<0.0001, uncorr., T=5.4). Minimal signal is detected 1407 

at this statistical threshold in WT Pre-Fear. Yellow crossbars indicate the position of measurements, centered 1408 

on 5 x 5 x 5 voxels. 1409 

Graph inset: Percent of intensity increase of Post-Fear and Pre-Fear images over pre-injection image (vertical 1410 

axis) for each segment at each time point: Pre-Fear (triangles) and Post-Fear (circles), with symbols at the 1411 

mean and lines indicating +/- SEM. Differences in intensities between Pre- and Post-Fear are significant by 1412 

repeated measures ANOVA with FDR correction. *=p<0.05, **=p<0.01, FDR. 1413 

B) Comparison of intensity increase over pre-injection between genotypes at Day 9 in six ROIs selected based 1414 

on statistically significant signal, locations identified by alignment with the InVivo Atlas. SPM images, with 1415 
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each segment masked, are overlaid onto the gray scale anatomic image, with WT in gold and SERT-KO in 1416 

green. Green is unique SERT-KO activity and dark green is activity common to both genotypes where the two 1417 

maps are superimposed. Segments are outlined. Slices are, from top to bottom: nucleus accumbens (ACB), 1418 

fundus of striatum (FS), substantia innominata (SI), hypothalamus (HY), dorsal raphe (DR), and pontine 1419 

reticular nucleus (PRN). Yellow crossbars indicate the position of measurements, centered on 5 x 5 x 5 1420 

voxels. 1421 

Graph inset: Percent intensity increase over pre-injection of ROIs in Day 9 images for each genotype in each 1422 

segment (vertical axis). WT (circles) and SERT-KO (squares) with symbols at the mean and lines indicating 1423 

+/- SEM. Intensity values are significant using two-way ANOVA with FDR correction. *=p<0.05, **=p<0.01 1424 

FDR. 1425 

 1426 

Fig. 10: Immediate Early Gene (c-fos) expression validates the Mn2+ signal.  1427 

A-B) Histological sections through the main olfactory bulb of WT mouse not exposed to TMT (A), and from 1428 

a WT mouse that had experienced TMT (B). Note low level of c-fos stained nuclei in (A) and darker staining 1429 

of the glomerular layer nuclei in (B) due to more nuclei stained for c-fos after TMT. C) SPM signal in the 1430 

main olfactory bulb of Pre-Fear WT (blue) overlaid on gray scale template (p<0.0001 uncorr., T=5.4), and D) 1431 

SPM of main olfactory bulb at Day 9 in WT (green) overlaid on template (p<0.0001 uncorr., T = 5.4).  Note 1432 

that neither c-fos nor MRI detects activity in anterior commissure olfactory limb or olfactory subependymal 1433 

zone. E) Histological section through the anterior forebrain. Note signal (arrows) in anterior olfactory nucleus 1434 

(AON) in both c-fos section and in MR image (inset, green SPM signal at D9 in WT) (p<0.0001 uncorr., 1435 

T=5.4). F) Histological section through the midbrain. The aquaduct (aq) provides orientation to the section 1436 

location. The dorsal raphe nucleus (DR, arrow) is highlighted by both c-fos staining and by SPM of the 1437 

MEMRI Day 9 (inset, green) (p<0.0001 uncorr., T=5.4) surrounding areas are negative in both except for one 1438 

small active area, very convincingly present in both c-fos and SPM images.  1439 

 1440 

Fig. 11: Enhanced regions extended beyond segment boundaries.  1441 

Left Panel: Post-Fear enhanced regions (red) in WT (top) and in SERT-KO (bottom) in sagittal (bregma 1442 

sagittal: ML -0.47mm) and corresponding coronal slices (bregma coronal: AP -0.5mm), at position indicated 1443 

by a gold line on the sagittal slice. Right Panel: Day 9 activity (green) in WT (top) and SERT-KO (bottom). 1444 

Slices are at the same location as in both panels, with active anatomical segments outlined. Note many 1445 
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regions where signal is contiguous across several segment boundaries, such as in SERT-KO ventral pallidum 1446 

at both time points. All SPM maps at p<0.0001, uncorr,. (T=5.4). 1447 

 1448 

Fig. 12: Activity was present in areas between annotated segments.  1449 

Examples of MR slices with SPM activity in SERT-KO overlaid on our segmented gray scale template (left 1450 

side) and on Mouse Brain Reference Atlas (right side of each slice), Allen Institute 93. Post-Fear (red), Day 9 1451 

(green), both (brown).  1452 

A) Coronal slice through striatum (bregma coronal: AP -1.97mm) with white arrow indicating activity in 1453 

region corresponding to the central amygdala in the Mouse Reference Atlas. "BRAIN" indicates non-1454 

segmented zones in the atlas. Abbreviations: hippocampal field (HPF); caudate-putamen (CP); basolateral 1455 

amygdala (BLA); midbrain (MB); pontine reticular nucleus (PRN). 1456 

B) Coronal slice through the midbrain (bregma coronal: AP -4.85mm) indicating activity in the 1457 

periaqueductal gray (PAG), also not segmented in the InVivo Atlas. Regions are labeled as in the Allen 1458 

Mouse Brain Reference Atlas 93. 1459 
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Highlights 
 
- Longitudinal MEMRI allows imaging of brain-wide activity as it evolves 
 
- Brain-wide activity transitions from fear to anxiety, corresponding to behavior 
 
- SPM with InVivo atlas allows segment-wise quantification of activated voxels  
 
- A dynamic balance of activity throughout the brain differs in fear- vs anxiety-states. 


