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SUMMARY 14 

 15 

Memory retrieval of fearful experiences is essential for survival but can be maladaptive if 16 

not appropriately suppressed. Fear memories can be acquired through contextual fear 17 

conditioning (CFC) which relies on the hippocampus. The thalamic subregion Nucleus 18 

Reuniens (NR) is necessary for contextual fear extinction and strongly projects to 19 

hippocampal subregion CA1. However, the NR-CA1 pathway has not been investigated 20 

during behavior, leaving unknown its role in contextual fear memory retrieval. We 21 

implement a novel head-restrained virtual reality CFC paradigm and show that 22 

inactivation of the NR-CA1 pathway prolongs fearful freezing epochs, induces fear 23 

generalization, and delays extinction. We use in vivo sub-cellular imaging to specifically 24 

record NR-axons innervating CA1 before and after CFC. We find NR-axons become 25 

selectively tuned to freezing only after CFC, and this activity is well-predicted by an 26 

encoding model. We conclude that the NR-CA1 pathway actively suppresses fear 27 

responses by disrupting ongoing hippocampal-dependent contextual fear memory 28 

retrieval. 29 

 30 

INTRODUCTION 31 

 32 

Flexibly encoding and retrieving memories of fearful events is a critically conserved 33 

survival behavior, as a single failure can be deadly. However, failing to suppress 34 

inappropriate fear responses can also have devastating consequences, manifesting as 35 

negative affective states in generalized anxiety disorder and post-traumatic stress 36 

disorder1,2. One way in which fear memories can be studied in the laboratory is through 37 

contextual fear conditioning (CFC), in which a spatial context, the conditioned stimulus 38 

(CS), is repeatedly paired with a noxious unconditioned stimulus (US), generally a mild 39 

shock3–56. Freezing is a species-specific fear response, and a quantifiable readout of 40 
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contextual fear memory retrieval (CFMR) of the learned association7,8. With continued 41 

exposure to the CS in the absence of the US, freezing generally decreases and 42 

exploratory behavior increases - a process termed fear extinction. Fear extinction occurs 43 

as animals learn over time that the context no longer predicts shocks9–12. For extinction 44 

to occur, mice must therefore suppress CFMR during each fearful freezing epoch to avoid 45 

excessive freezing, which would be detrimental to survival. Therefore, mechanisms must 46 

exist in the brain to suppress CFMR as it is occurring. 47 

 48 

Contextual fear in both mice and humans relies on coordinated brain regions including 49 

the Medial Prefrontal Cortex (mPFC), Thalamus, Amygdala, and Hippocampus13. The 50 

contextual component of these memories relies on the hippocampus, which retrieves and 51 

updates contextual fear memories6,14–19. Experimental inhibition of a subset of 52 

hippocampal neurons tagged using immediate early genes active during CFC is sufficient 53 

to suppress CFMR20–22. This suggests that natural suppression of ongoing CFMR must 54 

involve a circuit that can modulate hippocampal activity. 55 

 56 

One potential source of this modulation is the ventral midline thalamic subregion, Nucleus 57 

Reuniens (NR). Sometimes termed ‘limbic thalamus’ for its diverse set of inputs from 58 

limbic-related regions in the brainstem, hypothalamus, amygdala, basal forebrain, mPFC, 59 

entorhinal cortex (EC), and hippocampal subregion CA1, NR sits at the nexus of 60 

emotional regulation and serves as a major communication hub among these limbic-61 

activated areas23–28. While mPFC does not have a direct excitatory projection to CA1, it 62 

does send a strong excitatory projection to NR23,24.  63 

 64 

The mPFC-NR projection and NR itself is necessary for both fear extinction and for 65 

preventing fear generalization to a neutral context, a process in which mice fail to form 66 

context-specific memory and additionally associate a non-shocked context with fear29–35. 67 

NR stimulation reduces contextual fear-induced immediate early gene expression in both 68 

mPFC and CA135,36. While the roles of the mPFC-NR pathway and NR itself have been 69 

explored during CFMR, the role of the NR-CA1 pathway is unknown. We hypothesize that 70 

NR transmits a signal to CA1 to suppress ongoing CFMR, thereby reducing fear 71 

responses (freezing) and promoting exploratory behavior (movement). 72 

 73 

To test our hypothesis, we used a chemogenetic approach to directly inhibit the NR-CA1 74 

pathway, and 2-photon calcium imaging in head-restrained mice to record NR-axons in 75 

CA1, before and after CFC. While CFC induction in head-restrained mice in virtual reality 76 

(VR) has been attempted, none to our knowledge have replicated the characteristic 77 

‘freezing’ behavior of freely-moving mice in real-world CFC37,38. We therefore developed 78 

a new VR-based CFC paradigm (VR-CFC), using a conductive fabric to deliver mild tail 79 

shocks that induces context-dependent freezing behavior in mice. By combining VR-CFC, 80 
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targeted chemogenetic NR-CA1 inactivation, and 2-photon NR-axonal calcium imaging, 81 

we were able to determine the role of the NR-CA1 pathway in CFMR. 82 

 83 

RESULTS 84 

 85 

Contextual Fear Conditioning and Extinction in Virtual Contexts 86 

 87 

To ensure mice were comfortable with the VR setup before shocks were delivered, we 88 

trained water-restricted mice to run in a VR context for water rewards until they reached 89 

~4 traversals of the context per minute, as previously discussed39,40. To avoid confounds 90 

from the water reward during CFC, these trained mice were then introduced to two novel 91 

VR contexts without a water reward. At this stage, the custom-designed conductive 92 

tailcoat was fitted to their tails (Fig. 1A, Extended Data Fig. 1A; Method Details). Mice 93 

spent ~5 minutes in each novel VR context which allowed them to habituate to running 94 

with the tailcoat. (Fig. 1A, Extended Data Fig. 1A; Method Details).  95 

 96 

Mice in all experimental conditions that continued to meet the criterion for movement (i.e. 97 

>4 traversals per minute) were advanced to the next stage the following day (36/64 mice), 98 

where they were re-exposed to both novel contexts for ~5 minutes each, then were 99 

administered 6 mild 0.6 mA tail shocks through the tailcoat for a duration of 1 s each, 20-100 

26 s apart, (Fig. 1A: day 0). These shocks were delivered at pseudorandom locations 101 

throughout one of the contexts (‘shocked’), but not the other (‘control’; Extended Data Fig. 102 

1B). Mice responded to each tail shock with an abrupt stereotyped increase in running 103 

speed, a behavioral validation of successful shock delivery (Extended Data Fig. 1D). To 104 

test for CFMR and subsequent fear memory extinction, mice were then re-exposed for ~5 105 

minutes each, in a pseudorandom order, to both the shocked and control contexts while 106 

wearing the tailcoat for the following three retrieval days (Fig. 1A: day 1-3).  107 

 108 

On retrieval day 1, the subset of mice used for VR-CFC (N = 20) froze in the control 109 

context on average 26.7 ± 7.2% of the time (95% CI), while mice in the shocked context 110 

froze significantly more, on average 47.8 ± 8.3% of the time (Fig. 1D: day 1, Wilcoxon 111 

Rank Sum shocked versus control context, P = day 0 pre-shocks: 0.0076, day 1: 0.0014, 112 

day 2: 0.0009 day 3: 1.00). Compared to baseline levels of freezing pre-shocks, freezing 113 

on retrieval day 1 in both contexts was elevated, although mice increased their freezing 114 

significantly more in the shocked context than in the control context (P = Shocked: 5.04e-115 

07, Control: 0.0021, Extended Data Fig. 2B). This remained true on retrieval day 2, as 116 

mice continued to freeze at significantly elevated levels of 42.7 ± 8.0% in the shocked 117 

context compared to 28.3 ± 7.1% in the control context, with freezing levels in both 118 

contexts significantly higher than pre-shock freezing levels (Fig. 1D: day 2; Extended Data 119 

Fig. 2B: day 2, P=Shocked: 3.89e-07, Control: 0.00191). By the third day of retrieval, mice 120 

froze at similar levels across contexts, at 28.4 ± 9.6% in the shocked versus 23.1 ± 7.2% 121 
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in the control context, and returned to near baseline in the shocked context and baseline 122 

in the control context (Extended Data Fig. 2B: day 3). 123 

 124 

While freezing quantity differed between contexts and days of retrieval, freezing position 125 

was distributed evenly across all track locations in both contexts on all retrieval days. This 126 

shows that mice associated fear with the entire context, and not specific locations along 127 

the track or near specific objects in VR (Extended Data Fig. 1C). As an additional control, 128 

a separate group of mice went through the same process but were never shocked in 129 

either context. These mice froze significantly less on retrieval days 1-3 (on average 11.6 130 

± 8.7%) without any significant differences to freezing on day 0 or between contexts (Fig. 131 

1F, Extended Data Fig. 2H). These spontaneous freezing events in both the control 132 

condition and the pre-shocked contexts (i.e. before the delivery of any shocks) could 133 

potentially be caused by the lack of water reinforcement, the presence of the tail coat 134 

itself, or an unrelated temporary disinterest in running, and provide a within-mouse 135 

comparison to post-shock fear-evoked freezing.  136 

 137 

To further quantify freezing behavior, we measured the duration of each individual 138 

freezing event (freezing epoch) and found that freezing epochs were longer in the 139 

shocked versus the control context on retrieval day 1 (Fig. 1G). Freezing epochs 140 

remained longer on day 2 in the shocked compared to the control context, however, they 141 

became similar by day 3 (Extended Data Fig. 2F-I), corresponding with the total time 142 

spent freezing. Our results show that VR-CFC produces robust CFMR, that can be 143 

measured via context-specific increase in freezing and can be reliably extinguished 144 

following ~3 days of re-exposure to the shocked context in the absence of additional 145 

shocks.  146 

 147 

Inhibition of the NR-CA1 Pathway during CFMR Increases Freezing Behavior 148 

 149 

To test the involvement of NR-CA1 projecting neurons in CFMR, we designed a designer 150 

receptor exclusively activated by designer drugs (DREADD) based inhibition paradigm41–151 
43 (Fig. 1b). We injected a Cre-expressing virus bilaterally in NR, and a retrograde Cre-152 

dependent virus carrying the inhibitory G(i)-coupled DREADD receptor, hM4Di-DREADD, 153 

bilaterally in the SLM of dorsal CA1 where hippocampal-projecting NR-axons terminate 154 

(Fig. 2A)44. This enabled us to intraperitoneally (IP) inject the hM4Di agonist, 155 

deschloroclozapine dihydrochloride (DCZ)43, before the first post-shock re-exposure to 156 

the contexts on retrieval day 1, therefore selectively inhibiting a subset of NR-CA1 157 

projecting neurons during ongoing CFMR. To ensure our injection paradigm and 158 

administration of DCZ did not alter context-dependent fear behavior, we had two 159 

DREADD-control groups. One group (N = 4) expressed mCherry in place of hM4Di, and 160 

received DCZ on retrieval day 1. A separate group (N = 4) expressed the hM4Di receptor, 161 
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and received saline instead of DCZ on retrieval day 1 (Extended Data Fig. 3A). In both 162 

control groups (Extended Data Fig. 3A), freezing behavior was similar to the experimental 163 

mice shown in Fig. 1D, and the groups were thus combined and termed the NR-CA1 164 

intact group for further analysis. We then compared the behavioral impact of inhibiting the 165 

NR-CA1 pathway on day 1, and on subsequent retrieval days 2 and 3 with the NR-CA1 166 

intact group (Fig. 1B Bottom). 167 

 168 

We found that in the shocked context on retrieval day 1, NR-CA1 inhibited mice (N = 5) 169 

spent ~57% more time freezing than NR-CA1 intact mice (77.8% ± 12.4% versus 49.3% 170 

± 10.1%; Fig. 1D and E, day 1; P=7.43e-07; see also Extended Data Fig. 3C). Time spent 171 

freezing during NR-CA1 inhibition on day 1 remained significantly higher in the shocked 172 

versus the control context (Fig. 1E; P = 0.0026), even though freezing levels also 173 

increased in the control context compared to NR-CA1 intact mice (Extended Data Fig. 174 

3D). In both contexts, the dynamics of freezing behavior changed during NR-CA1 175 

inhibition. Freezing epochs lengthened, as mice froze 284% longer on average in the NR-176 

CA1 inhibited mice (21.1 s) compared to intact mice (5.5 s) in the shocked context (Fig. 177 

1G versus 1H). There was a similar average increase in freezing lengths of 188% in the 178 

control context (12.1 s in inhibited vs 4.2 s in intact mice), albeit not as high as in the 179 

shocked context (Fig. 1G control context; Fig. 1H control context). These findings suggest 180 

that inhibiting the NR-CA1 pathway during CFMR increases the time spent in a 181 

contiguous, ongoing state of fear in both contexts as revealed by the lengthening of 182 

individual freezing epochs. This suggests that the NR-CA1 pathway may be suppressing 183 

CFMR in both appropriate (shocked) and inappropriate (unshocked control) contexts, to 184 

reduce fearful freezing. 185 

 186 

Given these findings, we asked if mice could still discriminate well between the shocked 187 

and the control context after NR-CA1 inhibition. To do so, we calculated a discrimination 188 

index29 which revealed a significant decrease in discrimination between the shocked and 189 

control contexts on day 1 from 32.2% ± 6.6% with NR-CA1 intact to 18.1% ± 6.3% with 190 

NR-CA1 inhibited (Extended Data Fig. 4B, P = 0.0034), suggesting that inhibition of the 191 

NR-CA1 pathway reduces fear-induced contextual discrimination. 192 

 193 

The long-term impact of the increase in fearful behavior on retrieval day 1 caused by NR-194 

CA1 inhibition could be seen on retrieval day 2 where freezing levels remain higher than 195 

in NR-CA1 intact mice, even though the NR-CA1 pathway was intact on day 2 (Extended 196 

Data Fig. 3C day 2; 64.5 ± 10.1% versus 42.1 ± 6.2%; Extended Data Fig. 2F and G, P = 197 

3.2e-5). This long-term effect of NR-CA1 inhibition was not observed in the control context 198 

(Extended Data Fig. 3D day 2; 28.9 ± 14.4% versus 27.3 ± 7.5%). On day 3, freezing in 199 

the shocked context in the NR-CA1 inhibited group fell to similar levels as the control 200 

context (Shocked: 24.8 ± 11.8% Control: 22.6 ± 9.7%). Freezing levels on day 3 were not 201 
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significantly different from pre-shock levels in either context (Extended Data Fig. 3C), 202 

indicating successful fear extinction. Thus, the absence of the NR-CA1 input on retrieval 203 

day 1 caused an increase in CFMR on day 2 in the shocked context, reducing fear 204 

extinction, but reinstatement of the NR-CA1 pathway on day 2 allowed extinction to occur 205 

on day 3.  206 

 207 

We wanted to ensure that the DCZ-induced increase in freezing was not due to a general 208 

decrease in movement. To do so, we exposed NR-CA1 inhibited and intact mice to a 209 

‘dark’ context (devoid of any visual cues) for ~5 minutes after they were exposed to both 210 

the shocked and control contexts on retrieval days 1-3. In this dark context, mice quickly 211 

recovered their running behavior, with NR-CA1 inhibited mice freezing on average only 212 

4.4 ± 4.0% of the time across all 3 days of retrieval. Both within and across-mice controls 213 

froze at comparably low levels (on average under 5%; Extended Data Fig. 3B). Therefore, 214 

neither DREADD inhibition, nor DCZ itself, impacted the mouse’s ability to move, and the 215 

increase in freezing behavior is therefore specific to when mice are navigating in VR 216 

contexts. This indicates that the increase in post-shock freezing that we observe in the 217 

control context in both NR-CA1 intact and inhibited mice over baseline could not be due 218 

to an overall decrease in movement, but is specific to the VR context. It additionally 219 

indicates that the increase in fear generalization to the control context in NR-CA1 inhibited 220 

mice is due exclusively to NR-CA1 pathway inhibition. Our results indicate that the NR-221 

CA1 pathway sends a potent fear suppression signal, critical for shortening the length of 222 

freezing epochs, preventing fear generalization, and inducing contextual fear extinction.  223 

 224 

NR-CA1 Axon Activity Becomes Tuned to Freezing Behavior Following CFC 225 

 226 

Excitatory NR projections to the hippocampus are restricted to the stratum lacunosum-227 

moleculare (SLM) of CA1 and subiculum; NR does not project to any other hippocampal 228 

subregions or layers44–46. Previous work stimulating this projection shows it depolarizes 229 

CA1 pyramidal neurons across the dorsal-ventral axis, and induces firing in multiple 230 

interneuron subtypes with dendritic processes in SLM47–50. However, the activity of the 231 

NR-CA1 projection in vivo during behavior is unknown. To determine the information 232 

conveyed directly from the NR to CA1 during CFMR, we performed in vivo 2-photon Ca2+ 233 

imaging of NR-axons in SLM.  234 

 235 

We injected an axon-targeted virus carrying axon-GCaMP6s into NR, followed by a 236 

cannula window over CA1 as previously described (Fig. 2A: 39,40). Expression in NR was 237 

confirmed via histological evaluation following the completion of experiments (Fig 2A; 238 

left). NR-axons could be observed in the SLM of CA1 during experiments (Fig. 2A, right) 239 

We successfully recorded reliable GCaMP6s expression from 1 NR-axon per mouse (N 240 

= 10) in hippocampal CA1 during the VR-CFC paradigm (day 0 and retrieval days 1-3). 241 
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We limited our analysis to a putative single axon per animal, since all identified axonal 242 

segments within the field of view with above-baseline activity were highly correlated (see 243 

Method Details). We were additionally able to track a subset of the same NR-axons (N = 244 

4) across days (Extended Data Fig. 5A).  245 

 246 

We found that NR axons switched their activity from untuned sparse activity (Fig. 2B; Top) 247 

pre-shocks, to activity highly selective for freezing epochs post-shocks, even after filtering 248 

for axons with detectable pre-shock activity (Fig. 2B; Bottom; same axon shown on both 249 

days). Since behavior necessarily changes following successful CFC, which induces 250 

more and longer freezing epochs, we needed to avoid potential confounds in comparing 251 

axon activity during dissimilar freezing epoch lengths before and after CFC. To do so, we 252 

quantified axon activity in three different ways.  253 

 254 

First, we examined the mean normalized Δf/f of peaks in both contexts during running 255 

(Fig. 2C, Control: Green, Shocked: Blue) and freezing (Fig. 2C, Control: Orange, 256 

Shocked: Red). Axons were normalized each day to near-maximum activity, controlling 257 

for any potential differences in amplitudes across days. This analysis shows that pre-258 

shocks, NR-axonal activity in the to-be shocked context was similar between running and 259 

freezing epochs, with a slight preference for running epochs, which was slightly elevated 260 

in the control context (Fig. 2C, Student’s T-test, P = 0.085 in to-be shocked context, 0.039 261 

in control context). Conversely, post-shocks in both contexts and on all 3 retrieval days, 262 

we found that NR-axons had significantly higher mean peak activity during freezing 263 

compared to running (Fig. 2C, Student's T-test, Shocked P = day 1: 9.42e-15, day 2: 264 

6.64e-18, day 3, 1.22e-12, Control P = day 1: 6.27e-13, day 2: 7.19e-13, day 3, 1.47e-265 

13). 266 

 267 

Second, we binned freezing epochs into 1 s intervals based on their total length from 1-2 268 

s to 6-7 s, and compared pre-shock to post-shocks activity within those bins, therefore 269 

comparing the NR-axonal activity of similar lengths of freezing both pre and post shocks 270 

(Fig. 2D, Extended Data Fig. 4F). Freezing epochs that were longer in length than 7s 271 

were not used for this analysis due to the low quantity of such epochs present pre-shock. 272 

(Extended Data Fig. 2C). Within each binned epoch, we trial-aligned activity to the 273 

freezing to running transition point (Fig. 2D, black center line). We then compared 274 

average NR-axon activity from all axons during freezing (Fig. 2, peach-shaded regions) 275 

to activity during running (unshaded regions; Fig. 2D, 3-4 s long freezing epochs shown; 276 

all epochs in Extended Data Fig. 4F). Pre-shocks in either context, NR-axons did not 277 

significantly modulate their activity between running and freezing epochs (Fig. 2D, 278 

Extended Data Fig. 4F). However, post-shocks, we found that NR-axons significantly 279 

increased their activity during freezing epochs, compared to reduced activity during 280 
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running epochs. This was observed during all post-shocks freezing epochs, in both the 281 

shocked and control contexts, in all binned intervals (Fig. 2C; Extended Data Fig. 4F).  282 

 283 

Third, we characterized the dynamics of NR-axon activity within each freezing epoch on 284 

pre-shocks day 0 and compared to retrieval day 1. To do so we aligned NR-axons by 285 

dividing each freezing or a running epoch into 5 even bins, each containing a mean 286 

normalized Δf/f of NR-axon peaks, then took the within-bin mean across all epochs pre 287 

and post-shocks. This enabled us to effectively ‘stretch’ or ‘shrink’ all epoch lengths to a 288 

uniform standard. Using this method, we found that mean axon activity ramped up rapidly 289 

in the beginning of a freezing epoch, plateaued, then fell right before freezing transitioned 290 

to running (Fig. 2E). Such temporal dynamics were absent during  the freezing epochs 291 

pre-shocks (Fig. 2E). These dynamics were all similarly observed in axons tracked across 292 

days (Extended Data Fig. 5B-E). These results collectively show that NR-axons projecting 293 

to CA1 strongly tune their activity to fearful freezing epochs during CFMR, and this post-294 

shock activity is context-independent. 295 

 296 

Encoding Model Predicts NR-CA1 Axonal Activity, But Only Following CFC 297 

 298 

To further quantify the relationship between behavior and NR-axon activity, we developed 299 

a quantitative encoding boosted trees decision model to predict axonal activity from 300 

behavioral variables. We trained the model using XGBoost51 to use behavioral information 301 

about freezing epochs, running epochs, velocity, location on the track, and pupil diameter 302 

to predict NR-axon activity. We separately trained on 80% of traversals and tested on the 303 

remaining 20% of traversals in each mouse, on each day, and in each context (Fig. 3; 304 

Extended Data Fig 6; Method Details). Model prediction most heavily relied on behavioral 305 

parameters pertaining to whether the mouse was freezing or running, its velocity, and 306 

duration passed or remaining within a freezing or running epoch (Fig. 3H, Extended Data 307 

Fig. 6B). Overall, the model predicted NR-axon activity well in both the shocked and 308 

control contexts on retrieval days post-shocks (with a context/day-combined 0.43 r2 309 

goodness of fit; Fig. 3G), but predicted axonal activity poorly in both contexts pre-shocks 310 

(with a context-combined 0.01 r2; Fig. 3G). In the example mouse shown in panels C-F, 311 

the maximum model accuracy pre-shocks was r2 of 0.06 (Fig. 3C) compared to a much 312 

higher r2 of 0.86, 0.88, and 0.78 on retrieval days 1, 2, and 3, respectively (Fig. 3D-F). 313 

 314 

Because there was variability in the fluorescence signal recorded from the axons, we 315 

checked whether model accuracy was related to the signal-to-noise. Indeed, model 316 

accuracy was correlated with axon activity - the greater the change in the normalized 317 

fluorescence signal from baseline, the better the model performed (Fig. 3B). The model 318 

performed significantly above chance in predicting NR-axon signal in 8/10 mice, on 319 

retrieval days 1-3. In 2/10 mice, model prediction was poor on retrieval days, due to lower 320 

signal-to-noise ratio (SNR) of the fluorescence signal. However, changes in SNR did not 321 
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account for the poor model performance pre-shock, as model accuracy was still low in 322 

animals with higher axon activity. Although overall activity was higher in post-shock days, 323 

pre-shock activity in longitudinally-tracked axons reached similar peak heights as in post-324 

shock days (Extended Data Fig. 4A), and all mice included in analysis had at least 2 325 

peaks reaching a minimum of 0.1 Δf/f in the recording session, ensuring that poor model 326 

performance was not simply due to a lack of signal to predict. In summary, using an 327 

encoding model, we demonstrated that NR-axon activity recorded in hippocampal CA1 328 

can be predicted from freezing behavior during CFMR, but not before the animal is fear-329 

conditioned, revealing the development of predictable structure in NR-axon activity tuned 330 

to CFMR.  331 

 332 

DISCUSSION 333 

 334 

Our findings expand on a previous canon of work that indicates both the mPFC-NR 335 

projection and NR itself are required for contextual fear extinction and preventing fear 336 

overgeneralization29,33–35. Our results suggest that in addition to these roles, NR reduces 337 

time spent freezing following CFC by suppressing CFMR as it is occurring during freezing 338 

epochs. We found that the NR-CA1 pathway is a key component of the circuit responsible 339 

for mediating the fear suppressive function of NR. This is supported by our observation 340 

that NR axons in CA1 become selectively tuned to freezing epochs following CFC and 341 

inhibiting the NR-CA1 pathway lengthens freezing epochs. The function of the NR-CA1 342 

pathway in CFMR suppression is not restricted to the context in which shocks were 343 

presented, but extends to similar contexts where shocks never occurred. This seems to 344 

limit overgeneralization as shown by NR-CA1 inhibition reducing context discrimination. 345 

Lastly, the process of suppressing ongoing CFMR by the NR-CA1 pathway also has 346 

longer term effects, as shown by reduced fear extinction a day following NR-CA1 347 

inhibition. In summary, our observations support a framework in which the NR-CA1 348 

pathway actively suppresses fear responses by disrupting ongoing hippocampal-349 

dependent CFMR to promote non-fearful behavior, and this process also limits 350 

overgeneralization and promotes fear extinction. 351 

 352 

Interestingly, we did not observe a significant difference in NR-axon activity during CFMR 353 

between contexts on retrieval days, despite NR-CA1 inactivation reducing discrimination 354 

between these contexts. It could be that while the NR-axons in CA1 are not contextually 355 

modulated, their activity induces postsynaptic dynamics in CA1 that encode differences 356 

in context. This is supported by previous work showing that CA1 is specifically necessary 357 

for the context-dependence of fear extinction52. We also found the difference between 358 

NR-axonal activity in freezing and running epochs following CFC does not decrease over 359 

days, even as mice decrease their time spent freezing. Previous work shows that 360 

extinction does not erase previously-learned contextual fear memories, as reactivation of 361 
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hippocampal fear memories rapidly reinduces fear behavior21,53. This suggests that fear 362 

memories are retained but are dormant after extinction. Continued differential activity of 363 

NR-axons between freezing and running epochs in CA1, even after extinction, may be 364 

necessary to prevent the maladaptive retrieval of dormant fear memories, therefore 365 

enabling successful extinction learning.  366 

 367 

A recent study showed that during freezing epochs in remote post-conditioning CFMR, 368 

optogenetic activation of NR significantly shortened freezing epochs, while inactivation 369 

lengthened freezing epochs54 - in agreement with our NR-CA1 inhibition results. These 370 

authors revealed a transient increase in NR activity before the termination of freezing 371 

epochs, and showed a similar signal in the NR-BLA (basolateral amygdala) pathway. The 372 

profile of the NR and NR-BLA activity during freezing epochs they report differs from the 373 

profile we report, as they ramped up at the end of a freezing epoch and remained high 374 

during running. What could be causing this discrepancy? One key difference is the time 375 

period in which the NR and NR-BLA signals occur, compared to our reported NR-CA1 376 

signal. We recorded 1 day following CFC, whereas NR and NR-BLA signals were 377 

measured 30 days following CFC, a time period in which memories are considered 378 

remote and no longer dependent on the hippocampus55. In addition, the NR-BLA pathway 379 

was not necessary to facilitate extinction one day following shocks. This suggests the NR 380 

may interact directly with CA1 to suppress recent CFMR, and directly with the BLA to 381 

suppress remote CFMR, through distinct activity dynamics. Future work using closed-382 

loop optogenetic stimulation of the NR-CA1 pathway during freezing epochs, and 383 

investigating NR-CA1 activity at remote time points, is needed to directly test this 384 

hypothesis.  385 

 386 

The input driving the NR-CA1 pathway is most likely from the mPFC, encompassing both 387 

the prelimbic (PL) and infralimbic (IL) regions. While PL is needed for fear acquisition and 388 

retrieval, IL is necessary for the opposing task of fear suppression and preventing 389 

overgeneralization56–59. The likely opposing influences of IL and PL on NR during CFMR 390 

illustrates the importance of understanding NR output pathways. Our results indicate that 391 

a fear suppression signal circuit may be transmitted from IL, through NR, and into CA1 392 

during CFMR. Of note, a small population of NR neurons that project both to CA1 and 393 

either PL or IL may have a key role in facilitating cross-regional theta synchrony 394 

associated with CFMR28,60. While we cannot rule out that some of our recorded NR-axons 395 

collaterally project to mPFC, since this population makes up a small subset of all NR 396 

neurons (~3-9%60), we would expect the majority of our recordings to be from non-dual 397 

projecting neurons. It additionally remains to be seen if the NR-CA1 exclusively projecting 398 

versus the NR-CA1 dual projecting populations have distinct dynamics during CFMR.  399 

 400 
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A key question that arises from our work is how the NR-CA1 pathway potentially disrupts 401 

CFMR-associated neural dynamics in CA1. NR exclusively projects to the SLM within 402 

CA1, where the distal dendritic tuft of pyramidal neurons receive targeted synaptic input 403 

from both medial and lateral EC and local inhibitory interneurons44,61–63. Whether NR 404 

directly synapses on these dendrites is under contention, with contradictory anatomical 405 

and electrophysiological reports supporting evidence for and against these direct 406 

synapses29,50,64,65. Electrophysiological stimulation of NR projections to CA1 in rodent 407 

slice work has largely supported that NR projections depolarize, but do not directly drive 408 

firing in pyramidal neurons 48–50,66, with one notable early exception47.  409 

 410 

Interestingly, NR and EC both project to the same dendritic compartments, and dual 411 

activation of NR and EC projections in slice amplifies nonlinear dendritic spiking, implying 412 

that NR/EC interactions may be important in vivo for synaptic plasticity49,67. Such 413 

dendritic-spike-induced plasticity has been associated with the formation of new place 414 

fields in novel environments68 could provide a mechanism through which NR both disrupts 415 

CFMR and promotes extinction learning. Additionally, either NR or EC projections to SLM, 416 

when coincident with CA3 inputs through schaffer collaterals, induce burst firing in CA1 417 

pyramidal cells69–72. CA1 pyramidal cell bursts are also capable of inducing new place 418 

fields in CA1 through behavioral timescale synaptic plasticity (BTSP)69,71–73. If our newly-419 

reported NR input to the apical tuft during fearful freezing epochs coincides with CA3 420 

inputs, their combined activity could induce burst firing and initiate BTSP. The bursts 421 

themselves could disrupt population dynamics to “push” the network out of CFMR, 422 

enabling the behavioral transition from freezing to running, while also inducing new place 423 

cell representations to form (remapping) through BTSP to support extinction learning74. 424 

This framework could explain why inhibiting the NR-CA1 pathway on retrieval day one 425 

reduced fear extinction on retrieval day 2. In effect, we may have prevented BTSP from 426 

inducing remapping and thus prevented extinction learning.  427 

 428 

Alternatively, NR could disrupt CA1 dynamics through inhibition. It is well established that 429 

NR induces strong firing in various hippocampal interneuron populations with dendritic 430 

processes in SLM47–50. Which specific inhibitory populations are directly stimulated by NR 431 

is an open question, and one that has wildly divergent implications for the overall impact 432 

of NR on CA1 activity. In the case where NR-axons in SLM exclusively target inhibitory 433 

interneuron postsynaptic partners, the overall impact of NR-CA1 pathway activation on 434 

CA1 pyramidal population activity could still be net inhibitory, net excitatory, or selectively 435 

mixed. NR-axons could activate inhibitory micro-circuits that disrupt awake replay of 436 

location-specific activity sequences of the shocked context during freezing75, or silence 437 

temporally-restricted reactivation of engram cells21 to induce fear memory suppression 438 

and enable extinction learning. Further research on the impact of NR on CA1 dendritic 439 
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and somatic population dynamics is needed to unravel how the NR-CA1 pathway 440 

mechanistically induces suppression of ongoing CFMR. 441 

 442 
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 476 

 477 
Figure 1. Nucleus Reuniens-CA1 Pathway Inhibition During Memory Retrieval Increases Fearful 478 

Behavior 479 

(A) After training, head-restrained mice were put in two unrewarded contexts. They then received mild tail 480 

shocks in only one context (shocked), and not the other (control). They were re-exposed to both contexts 481 

in pseudo-random order for 3 retreival days. (B) Top: NR-CA1 axons were inhibited using cre-dependent 482 

DREADDs, resulting in a subset of CA1-projecting NR neurons expressing HM4di receptors. Bottom: ~30 483 

minutes before day 1 context re-exposure, mice received 0.1 mg/kg of the HM4d agonist DCZ. (C) Example 484 

track position from a mouse on day 0 pre-shocks (Top), and on retrieval day 1 (Bottom), in the shocked 485 

(left) and control (right) contexts. Red shading indicates freezing epochs. (D) Line indicates mean, shading 486 

indicates 95% CI. Mice froze significantly more post-shocks, and froze more in the shocked context (teal) 487 

than the control context (pink), on both retrieval days 1 and 2. By retrieval day 3, freezing between contexts 488 

was equivalent (N = 20 mice; Wilcoxon Rank Sum, P=pre-shocks: 1.00, day 1: 4.12e-4, day 2: 9.87e-3, day 489 

3: 0.55). (E) NR-CA1 inhibited mice froze significantly more in both contexts than NR-CA1 intact mice (D) 490 

on retrieval day 1 (N = 5 mice). Freezing in these mice remained elevated in the shocked, but not the 491 

control, context on day 2. Freezing levels in both contexts became similar by day 3. (Wilcoxon Rank Sum, 492 

P = pre-shocks: 0.76, day 1: 1.43e-30, day 2: 8.11e-3, day 3: 1.00). (F) Mice were otherwise trained as in 493 
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Fig. 1A, but not shocked on day 0. These mice froze at baseline levels across all days, (N = 4 mice, 494 

Wilcoxon Rank Sum, P = pre-shocks: 0.13, day 1: 0.5, day 2: 0.5, day 3: 0.25). (G) Kernel density estimates 495 

and density histogram of freeze epochs were shorter in the control than the shocked context on day 1 496 

(Mann-Whitney U, P = 4.30e-5). (H) Freeze epochs were similar during NR inhibition relative to day 1 in 497 

NR-CA1 intact mice (Mann-Whitney U, P = Shocked: 3.63e-4, Control: 4.22e-4). (I) Freeze epochs in the 498 

shocked context with NR inhibition skewed longer compared to without inhibition on day 1 (Mann-Whitney 499 

U, P = 2.16e-6). 500 

 501 

 502 
Figure 2. Nucleus Reuniens-CA1 Axons Increase Activity During Fearful Behavior Following CFC 503 

 (A) Left: Schematic representation of NR axonal imaging. Mice were trained as in Fig. 1A. Middle left: NR 504 

mRuby expression in Nucleus Reuniens under confocal imaging. Middle right: Axonal expression in the 505 

hippocampus limited to the SLM layer in subiculum and CA1. Right: Example average FOV of NR axons in 506 

SLM through 2-photon during mouse behavior. (B) Example mouse NR axonal activity pre-shocks (Top) 507 

and on day 1 (Bottom) in the shocked (left) and control (right) contexts. Red shading indicates freezing 508 

epochs. Middle trace is the mouse position on retrieval day 1. (C) Normalized mean Δf/f of axonal peaks 509 

per freezing epoch plotted as dots, boxplot indicates median, 25-75th interquartile range, whiskers include 510 

all data points not determined to be outliers. In both contexts, mean normalized axonal activity increases 511 

post-shocks compared to pre-shocks, and remains elevated during post-shocks freezing epochs as 512 

compared to running epochs. Correspondingly, activity in running epochs decreased post-shocks from pre-513 

shocks (Student’s T, P = pre-shocks: 0.085, 0.039, day 1: 9.42e-15, 6.27e-13, day 2: 6.64e-18, 7.19e-13, 514 

,day 3, 1.22e-12, 1.47e-13). (D) Peach shading (left) indicates freezing epochs. Line indicates mean, 515 

shading indicates 95% CI. Pre-shocks, NR-CA1 pathway axonal activity is comparable during freezing and 516 
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running epochs. Post-shocks, activity is significantly elevated during freezing when compared to running 517 

epochs (Wilcoxon Rank Sum left: P = 0.14, right: P = 1.37e-52). Freezing epochs displayed are 3-4 s long, 518 

additional epoch windows are shown in Extended Data Fig 4F). (E) Normalized mean Δf/f of axonal peaks 519 

were binned into 5 categories based on percent progress throughout the freezing epoch. For the majority 520 

of the pause (20-100% freeze progress) in both contexts (purple), axonal activity was significantly increased 521 

than activity before shocks (green) (Student’s T, P = 0-20%: 0.81, 20-40%: 1.71e-3, 40-60%: 9.75e-4, 60-522 

80%: 1.46e-3, 80-100%: 8.70e-3).  523 
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Figure 3. Nucleus Reuniens-CA1 Axon Activity is Accurately Predicted by a Computational Model 525 

Following CFC  526 

(A) Simplified schematic of decision tree prediction. (B) Model performed better on axons with higher 527 

fluorescence signals. Goodness of model fit r2 was calculated for all model runs and plotted against median 528 

unnormalized axonal peak height as a proxy for data quality, color coded per mouse (N=8000 total runs; 529 

10 mice, run 100 times per mouse, day, and context). (C-F) Examples of model prediction for the same 530 

axon in the same mouse tracked across days in the shocked context. Matched control context model 531 

examples are shown in Extended Data Fig. 6D). (G) Points indicate goodness of fit r2 for each model run, 532 

color coded by mouse, boxplot indicates median r2, 25-75th interquartile range, whiskers include all data 533 

points not determined to be outliers. Median model performance improved for both the shocked (pink) and 534 

control (teal) contexts across all days post-shocks, compared to pre-shock, in 8/10 imaged mice (Wilcoxon 535 

Rank Sum, P = Shocked: day 1: 3.10e-2, day 2: 2.46e-2, day 3: 1.85e-2, Control: day 1: 4.23e-2, day 2: 536 

3.48e-2, day 3: 3.11e-2). (H) Mean gain fraction plotted per category, error bar indicates SEM. Model 537 

parameters pertaining to information about pausing, velocity, and duration of time paused or remaining in 538 

either a pausing or running interval (‘interval’) were used more than model parameters pertaining to running 539 

information, location on the track, or pupil information. Full gain fractions are shown in Extended Data Fig 540 

6B.  541 

 542 

KEY RESOURCES TABLE 543 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and virus strains   

pENN.AAV9.axon.GCaMP

6.P2A.mRuby3  

Broussard et al. 201876 
 Addgene #112005-AAV9 

pENN.AAVrg.hSyn.DIO.hM

4D(Gi).mCherry  

Krashes et al. 201177 Addgene # 44362-AAVrg 

pENN.AAV.hSyn.Cre.WPR

E.hGH 

Wilson Lab Plasmids 
(unpublished) 

Addgene # 105553-AAV9 

pENN.pAAV.hSyn.DIO.mC

herry  

 Roth lab DREADDs 
(unpublished) 

Addgene # 50459-AAVrg; 

Experimental models: 

Organisms/strains 

  

Mouse: C57BL/6J Jackson Laboratories JAX 000664 - C57BL/6J 

Antibodies   

rabbit-α-mCherry  Abcam ab167453 
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goat-α-mRuby  St. John’s Laboratory STJ140251 

goat-α-rabbit Alexa Fluor 

488 

ThermoFisher A32731, ThermoFisher  

rabbit-a-goat Alexa Fluor 

488  

ThermoFisher A27012, ThermoFisher  

Software and Algorithms   

Fiji Schindelin et al., 201278 https://imagej.net/software/

fiji/; RRID:SCR_002285 

Suite2p Pachitariu et al., 201679 https://github.com/MouseL

and/suite2p 

MATLAB MATLAB. (2018). 
9.7.0.1190202 (R2018a).  

https://www.mathworks.co
m/help/matlab/release-
notes-R2018a.html 

Python Python 3.10.8 https://www.python.org/do
wnloads/release/python-
3108/ 

Pandas Pandas 1.1.4 https://pandas.pydata.org/ 

XGBoost XGBoost 1.5.0 https://xgboost.readthedoc
s.io/en/stable/python/pytho
n_api.html 

SciPy SciPy 1.9.3 https://scipy.org/install/ 

Seaborn 0.12.0 https://seaborn.pydata.org/i
nstalling.html 

 544 

RESOURCE AVAILABILITY 545 

Lead contact  546 

Further information and requests for resources and reagents should be directed to 547 

the lead contact Mark Sheffield (sheffield@uchicago.edu). All unique resources 548 

generated in this study are available from the lead contact with a completed Materials 549 

Transfer Agreement.  550 

Materials availability  551 

This study did not generate new reagents.  552 
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Data and code availability  553 

All data reported in this paper and original code will be shared by the lead contact 554 

upon request. DOIs are listed in the key resources table. Any additional information 555 

required to reanalyze the data reported in this paper is available from the lead contact 556 

upon request.  557 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 558 

All experimental and surgical procedures were in accordance with the University 559 

of Chicago Animal Care and Use Committee guidelines. We used 10-20 week old male 560 

C57BL/6J wildtype (WT) mice (23-33 g). Male mice were used over female mice due to 561 

the size and weight of the headplates (9.1 mm x 31.7 mm, ~2 g) which were difficult to 562 

firmly attach on smaller female skulls, and low weights reached under water restriction in 563 

female mice making the additional weight of the tailcoat potentially burdensome and 564 

interfere with experimental results. Mice were individually housed in a reverse 12 hour 565 

light/dark cycle and behavioral experiments were conducted during the animal’s dark 566 

cycle. We are unaware of any influence of strain or sex on the parameters analyzed in 567 

this study. A total of 66 mice were used, 36 of which were used in the final data. 30 mice 568 

did not meet running criteria (See Method Details: Behavior and Virtual Reality). Of these 569 

8 never reached the 4 traversals/minute cutoff after 14+ days of training, and 22 did not 570 

meet movement criterion after removal of water reward and addition of tailcoat. 20 mice 571 

were used in the NR-CA1 intact group, 10 of which were imaged in the NR-axon NR-CA1 572 

intact group. In the remaining 16 mice, 4 were eliminated for z-motion drift. The remaining 573 

12 mice were used for control groups: 4 mice were used for no-shock control, 4 mice were 574 

used for mCherry DREADD control, and 4 mice were used for saline DREADD control.  575 

 576 

METHOD DETAILS 577 

Mouse surgery and viral injections 578 

Mice were anesthetized (~1-2% isoflurane) and injected with 0.5 ml of saline 579 

(intraperitoneal IP injection) and 0.5 ml of Meloxicam (1-2 mg/kg, subcutaneous injection) 580 

before being weighed and mounted onto a stereotaxic surgical station (David Kopf 581 

Instruments). A small craniotomy (1-1.5 mm diameter) was made over the hippocampus 582 

(± 1.7 mm lateral, -2.3 mm caudal of Bregma) or nucleus reuniens (0.0 lateral, -0.6 caudal 583 

of Bregma). For NR imaging experiments, an axon targeted genetically-encoded calcium 584 

indicator, AAV9-axon-GCaMP6s-P2A-mRuby3 (pAAV-hSynapsin1-axon-GCaMP6s-585 

P2A-mRuby3 was a gift from Lin Tian Addgene viral prep # 112005-AAV9 ; 586 

http://n2t.net/addgene:112005 ; RRID:Addgene_112005) was injected (~50 nL at a depth 587 

of 4.1 mm below the surface of the dura) using a beveled glass micropipette leading to 588 

GCaMP6s and mRuby expression in a population of NR neurons. For DREADD 589 

experiments, first AAVrg-hSyn-DIO-hM4D(Gi)-mCherry (pAAV-hSyn-DIO-hM4D(Gi)-590 
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mCherry was a gift from Bryan Roth Addgene viral prep # 44362-AAVrg; 591 

RRID:Addgene_44362) was injected into bilateral hippocampal CA1 SLM (~50 nL per 592 

side at a depth of -1.5 mm below the surface of the dura). In the same surgical procedure, 593 

AAV9-hSyn-Cre (pENN.AAV.hSyn.Cre.WPRE.hGH was a gift from James M. Wilson 594 

Addgene viral prep # 105553-AAV9 ; http://n2t.net/addgene:105553 ; 595 

RRID:Addgene_105553) was injected into bilateral NR (~100 nL at a depth of -4.1 mm). 596 

For NR-DREADD Controls, AAVrg-hSyn-DIO-mCherry (pAAV-hSyn-DIO-mCherry was a 597 

gift from Bryan Roth Addgene viral prep # 50459-AAVrg; http://n2t.net/addgene:50459 ; 598 

RRID:Addgene_50459) was substituted for AAVrg-hSyn-DIO-hM4D(Gi)-mCherry. 599 

Afterwards, the site was covered using dental cement (Metabond, Parkell Corporation) 600 

and a metal head-plate (9.1 mm x 31.7 mm, Atlas Tool and Die Works) was also attached 601 

to the skull with the cement. Mice were separated into individual cages and water 602 

restriction began the following day (0.8-1.0 ml per day). At least 7 days following injection 603 

surgery, and approximately 7 days prior to the beginning of mouse training, mice 604 

underwent another surgery to implant a hippocampal window as previously described80. 605 

Following implantation, the head-plate was reattached with the addition of a head-ring 606 

cemented on top of the head-plate which was used to house the microscope objective 607 

and block out ambient light. Post-surgery mice were given 1-2 ml of water/day for 3 days 608 

to enhance recovery before returning to the reduced water schedule (0.8-1.0 ml/day). 609 

Expression of axon-GCaMP6s reached a steady state ~50 days after the virus was 610 

injected, as monitored through 2p imaging. Expression of hM4D(Gi)-mCherry was 611 

validated using post-hoc confocal imaging.  612 

Behavior and Virtual Reality 613 

Our virtual reality (VR) and treadmill setup was designed similarly to previously 614 

described setups40. The virtual environments that the mice navigated through were 615 

created using VIRMEn81. Mice were head restrained with their limbs comfortably resting 616 

on a freely rotating styrofoam wheel (‘treadmill’). Movement of the wheel caused 617 

movement in VR by using a rotary encoder to detect treadmill rotations and feed this 618 

information into our VR computer, as in (Heys et al., 2014; Sheffield et al., 2017). During 619 

training, mice received a water reward (4 µl) through a waterspout upon completing each 620 

traversal of the track (a lap), which was then associated with a clicking sound from the 621 

solenoid. Upon receiving the water reward, a short VR pause of 1.5 s was implemented 622 

to allow for water consumption and to help distinguish traversals from one another rather 623 

than them being continuous. Mice were then virtually teleported back to the beginning of 624 

the track and could begin a new traversal. Mice were also teleported to the beginning of 625 

a new contextual exposure.  626 

Mouse behaviors (running velocity, track position) were collected using a 627 

PicoScope Oscilloscope (PICO4824, Pico Technology). Pupil tracking was done through 628 

the imaging software (Scanbox, Neurolabware) at 15.49 Hz, using Allied Vision Mako U-629 
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130b camera with a 25 mm lens and a 750 nm longpass IR filter. IR illumination from the 630 

objective was used to illuminate the pupil for tracking. Behavioral training to navigate the 631 

virtual environment began ~7 days after window implantation (~30 minutes per day) and 632 

continued until mice reached a speed of greater than 4 traversals per minute, which took 633 

10-14 days (although some mice never reached this level). This high level of training was 634 

necessary to ensure mice continued to traverse the track similarly after reward was 635 

removed. Initial experiments showed that mice that failed to reach this criterion typically 636 

would not traverse the track as consistently without reward40 a potential confound for post-637 

shocks freezing data (data not shown). Mice that did not reach this criterion were not used 638 

for these experiments (28 mice removed across all conditions).  639 

Contextual Fear Conditioning Paradigm 640 

In mice that reached criteria in the training environment (>4 traversals per minute), 641 

were first exposed to two novel environments without water reward for 322 s (~5 minutes) 642 

each, with the addition of a custom-made tailcoat made of conductive fabric (Adafruit). 643 

Only mice that continued to maintain a speed of 4 traversals > minute without water 644 

rewards and with the tailcoat on were allowed to continue the experiment. Subselecting 645 

for mice with this consistent running behavior helped us to ensure that freezing responses 646 

recorded later were not due to the presence of the tailcoat or any discomfort from head-647 

fixation or removal of reward. Here onwards, the tailcoat was kept on the mouse during 648 

the experimental sessions on all subsequent experimental days. Each contextual 649 

exposure was for a duration of ~ 5 minutes. Prior to experimental day 0, mA level of shock 650 

delivery was confirmed using an oscilloscope. On day 0, mice were exposed to both novel 651 

contexts, then shocked in one of the two contexts, administering 6 0.6mA shocks 652 

delivered at an interval of 20-26 seconds each, (Coulbourn Instruments Precision Animal 653 

Shocker). Mice displayed rapid sprinting behavior when they received the tail shock, 654 

allowing us to confirm the delivery of shocks in real-time (Extended Data Fig. 1D). On 655 

subsequent days, mice were exposed to both the shocked and non-shocked (control) 656 

contexts pseudorandomly, for 3 days.  657 

DREADD Experimental Protocol 658 

To activate the hM4D(Gi) receptor and silence a subset of NR glutamatergic 659 

neurons that project to CA1, we used Deschloroclozapine dihydrochloride (DCZ, 660 

MedChemExpress). Due to the slow kinetics and known off-target effects of CNO and 661 

high, rapid efficacy of DCZ43, we chose to use DCZ for inactivation as in our past work40.  662 

Once mice met training criteria, they were habituated to the injection process. They were 663 

exposed to the rewarded training environment for ~10 min. Afterwards, they were 664 

removed from the VR set up, placed in the holding room, and injected with ~150 µL of a 665 

12% DMSO/Saline solution. After ~30-45 min, they were placed back in the VR setup and 666 

exposed to the rewarded training environment again for an additional 10 min. This was 667 

repeated for 3 days to acclimate mice to the injection procedure. Mice additionally 668 
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received ~150 µL of a 12% DMSO/Saline solution on Day -1 of the experiment 30 minutes 669 

prior to first exposure to both neutral contexts to mimic conditions on Day 0.  670 

For animals receiving DCZ injections, i.e. both the experimental NR-CA1 inhibited AAVrg-671 

hSyn-DIO-hM4D(Gi)-mCherry group and the control NR-CA1 intact AAVrg-hSyn-DIO-672 

mCherry group, DCZ was dissolved in DMSO at at .02 mg/mL concentration and stored 673 

at -80 °C on day 0. On retrieval day 1, DCZ solutions were thawed to room temperature 674 

and diluted to 0.01 mg/mL with DMSO/Saline. ~30 minutes prior to context exposure, 675 

mice were brought to a holding room and IP injected with 0.1 mg/kg DCZ of a .02 mg/mL 676 

solution. A separate control group with hM4Di expression intact received DMSO/saline 677 

instead of DCZ on retrieval day 1. These mice were injected with a weight matched 678 

quantity (~100-150 µL) of saline in place of 0.01 mg/mL DCZ. In all groups, a quantity of 679 

DMSO/Saline solution identical to IP injection amount on Day 1 (~100-150 µL) was 680 

injected on all other experimental days, ~30 minutes prior to imaging, to control for the 681 

impact of any potential IP injection-induced stress. Imaging protocol for all DREADD NR-682 

CA1 inhibited experimental mice and intact controls was kept identical to VR-CFC NR-683 

axon imaged mice, with the addition of a ‘dark’ imaging session after context exposures 684 

of the same duration, where no context was displayed on screens, for ~5 minutes, to 685 

check for any impact of DCZ on movement (Extended Data Fig. 3B).  686 

Two-photon imaging 687 

Imaging was done using a laser scanning two-photon microscope (Neurolabware). 688 

Using a 8 kHz resonant scanner, images were collected at a frame rate of 15.49 Hz with 689 

unidirectional scanning through a 16x/0.8 NA/3 mm WD water immersion objective 690 

(MRP07220, Nikon). axon-GCaMP6s was excited at 920 nm and mRuby was excited at 691 

1040 nm with a femtosecond-pulsed two photon laser (Insight DS+Dual, Spectra-Physics) 692 

and emitted fluorescence was collected using two GaAsP PMTs (H11706, Hamamatsu). 693 

The average power of the laser measured after the objective ranged between 60-100 694 

mW, and was kept constant across days of imaging. A single imaging field of view (FOV) 695 

was positioned between 350-500 µm below the putative surface and 400-700 µm equally 696 

in the x/y direction to collect data from as many NR axonal segments as possible. Time-697 

series images were collected through Scanbox (Neurolabware) and the PicoScope 698 

Oscilloscope was used to synchronize frame acquisition timing with behavior. When 699 

possible, the same axonal field was returned to across days (Extended Data Fig. 5, N = 700 

4/10 imaged mice).  701 

Immunohistochemistry and Confocal Imaging 702 

 703 

Expression of either hm4D(Gi)-mCherry or GCaMP6s-mRuby in glutamatergic 704 

neurons in NR were checked post hoc. Mice were anesthetized with isoflurane and 705 

perfused with ~10 ml phosphate-buffered saline (PBS) followed by ~20 ml 4% 706 

paraformaldehyde in PBS. Brains were removed and immersed in 30% sucrose solution 707 
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overnight before being sectioned at 30 µm-thickness on a cryostat. Brain slices were 708 

collected into well plates containing PBS. Slices were washed 5 times with PBS for 5 min 709 

then were blocked in 1% Bovine Serum Albumin, 10% Normal goat serum, 0.1% Triton 710 

X-100 for 2hrs. Brain slices were then incubated with either 1:500 rabbit-α-mCherry 711 

(ab167453, Abcam) or 1:500 goat-α-mRuby (STJ140251, St John’s Laboratory) in a 712 

blocking solution at 4°C. After 48 hrs, the slices were incubated with either 1:1000 goat-713 

α-rabbit Alexa Fluor 488 secondary antibody (A32731, ThermoFisher) or 1:1000 rabbit-714 

a-goat Alexa Fluor 488 secondary antibody (A27012, ThermoFisher) respectively, for 2 715 

hrs. Brain slices were then collected on glass slides and mounted with a mounting media 716 

with DAPI (SouthernBiotech DAPI-Fluoromount-G Clear Mounting Media, 010020). 717 

Whole-brain slices were imaged under ×10 and x40 with a Caliber I.D. RS-G4 Large 718 

Format Laser Scanning Confocal microscope from the Integrated Light Microscopy Core 719 

at the University of Chicago. 720 

 721 

QUANTIFICATION AND STATISTICAL ANALYSIS 722 

Image Processing and ROI selection 723 

Time-series images were preprocessed using Suite2p (Pachitariu et al., 2017). 724 

Movement artifacts were removed using rigid and non-rigid transformations and assessed 725 

to ensure absence of drifts in the z-direction. Datasets with visible z-drift were discarded 726 

(N = 4). All datasets collected during shock administration on Day 0 were discarded, due 727 

to the high velocity post-shocks sprinting behavior of mice making FOVs too unstable for 728 

reliable analysis. Regions of interest (ROIs) were also defined using Suite2p (Fig. 1Aiii) 729 

and manually inspected for accuracy. Baseline corrected Δf/f traces across time were 730 

then generated for each ROI.  731 

In addition, to control for in-experiment motion artifacts for small axonal segments, 732 

a red mRuby channel was recorded simultaneously to GCaMP6s channel recordings. Per 733 

ROI, a savitzky-golay filter was applied to both channels to smooth the signal. Then, the 734 

demeaned red channel was ‘subtracted’ from the demeaned green channel, by 735 

orthogonalizing their vectors in variance space. That is, we took the projection of the red 736 

channel onto the green channel as 
𝐶𝑜𝑣(𝐺𝑟𝑒𝑒𝑛,𝑅𝑒𝑑)

𝐶𝑜𝑣(𝑅𝑒𝑑,𝑅𝑒𝑑)
⋅ 𝑅𝑒𝑑, and then subtracted that vector 737 

from the green channel. This results in a new vector which is guaranteed to have zero 738 

covariance with the red channel, thus removing any linear effects of the background 739 

fluorescence on the trace. All ROIs were analyzed for covariance, and any ROIs 740 

exceeding the 99th percentile of a shuffle distribution were combined using PCA and the 741 

first PC taken, in a method similar to 82. To ensure traces had sufficient activity for 742 

analysis, all mice used were required to have one axon per FOV with activity that 743 

exceeded 10% Δf/f twice on each experimental day (N = 10 mice). The activity of each 744 

axon was then internally rescaled per day to the 99th percentile of max activity to account 745 

for inter-axonal differences in calcium brightness. Peaks were calculated using the 746 
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scipy.signal.find_peaks package with a required minimum height of 10% Δf/f, distance of 747 

0.5 s, and prominence of 0.1. Multiple segments per mouse were not used, as correlation 748 

remained high enough in mice with multiple differentiable segments (>0.2) to not rule out 749 

that these segments could have originated from the same original axonal projection.  750 

Pupil measures 751 

To obtain images with dark pupils and high contrast around the borders of the 752 

pupils, pupil images were inverted, and their brightness/contrast was adjusted in ImageJ. 753 

Pupil area, pupil center of mass (COM), Pupil x and y positions, and blinking area were 754 

obtained using FaceMap (Stringer et al. 2019). Pupil data during blinking periods (frames 755 

where blinking area < mean – twice the standard deviation of the blinking area) was 756 

removed and the pupil data was interpolated to match the 2-photon imaging frame rate 757 

(15.49 Hz). Pupil area and x and y position data were smoothed with a savitzky-golay 758 

filter. 759 

Boosted Trees Model 760 

The encoding model used is the python implementation of the open-source 761 

gradient boosted trees algorithm XGBoost51. Behavioral model parameters (described 762 

below) were used to predict axon trace values. For reproducibility, the seed was set to 763 

42. Data were then split into laps, and split using an 80/20 train/test regime. Model was 764 

run either per mouse (Fig. 3) or across mice (Extended Data Fig. 6C), per, day, and 765 

context paradigm, for a total of 8,000 runs (N=10 mice, 4 days, 2 contexts, 100 draws). 766 

Chance performance was determined by shuffling neural activity by traversal compared 767 

to behavioral readout per mouse, across contexts and days. Model hyperparameters 768 

were set to: gamma = 1, learning_rate=0.01, n_estimators = 1000, base_score = 1, 769 

early_stopping_rounds = 5. The coefficient of determination r2 is defined as 1 −
𝑢

𝑣
 where 770 

u is the residual sum of squares ∑ (𝑦𝑡𝑟𝑢𝑒 − 𝑦𝑝𝑟𝑒𝑑)2
 and v is the total sum of squares 771 

∑ (𝑦𝑡𝑟𝑢𝑒 − 𝑦𝑚𝑒𝑎𝑛)2
. The best possible r2 score is 1.0, and the r2 score can be negative 772 

because the model can be arbitrarily worse than chance. For ease of interpretability in 773 

Fig 3h, the following groupings of related behavioral variables were made and their 774 

contributions averaged within each group: freezing = (‘freeze’, ‘is freezing’, ‘freeze 775 

remaining’, ‘is postfreeze’, ‘freeze progress’, ‘freeze elapsed’), velocities = (‘recorded 776 

velocity’, ‘velocity back 15 frames’, ‘velocity back 8 frames’, ‘velocity forward 8 frames’, 777 

‘velocity forward 15 frames’), running = (‘is running’, ‘running progress’,’running 778 

remaining’, ‘is backtracking’,’running_elapsed’, interval = (‘interval_elapsed’, 779 

‘interval_remaining’,’interval_progress’, location = ‘location’, pupil = (‘pupil area’, ‘pupil x 780 

position’, ‘pupil y position’). We used the importance type ‘gain’ parameter to determine 781 

the importance of each figure to the model’s overall performance. ‘Gain’ is how much an 782 

individual feature contributed to model accuracy (i.e. the distance between predicted and 783 
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actual r2 values) on each branch. For each feature’s use in the model, that value is 784 

summed, then averaged across all models by context. Full gain fractions for each 785 

parameter are shown in Extended Data Fig. 6B.  786 

Behavioral Parameters and Quantifications 787 

All parameters described below were calculated per mouse, day, and context, and 788 

used in model training, with the exceptions of total displacement and shocks.  789 

Time to complete a traversal: This was calculated as the total time (in seconds) taken 790 

by the animal to run from 0 to 200 cm. Frames recorded within the teleportation window 791 

were dropped from analysis.  792 

Total Displacement: Total displacement was calculated as the distance traversed per 793 

mouse, per context, per day.  794 

Freezing: Freezing epochs were determined as uninterrupted epochs where mouse 795 

velocity fell below 0.001 cm/s for at least 12 consecutive frames (~0.75 s). All epochs of 796 

velocity below 0.001 cm/s but not reaching 12 consecutive frames were not considered 797 

freezing or running, and were discarded from future analysis. Freezing epochs were then 798 

counted up, and each not in a freezing epoch assigned a ‘0’, while each frame in a 799 

freezing epoch given a numeric value corresponding to the number of epochs in that 800 

recording (i.e. all frames that contained the 4th freeze of the recording would be assigned 801 

the integer ‘4’). Subsequent freeze features were then calculated, including the binary 802 

variable ‘is freezing’ which assigns a 1 to frames considered freezing, and 0 to frames not 803 

considered freezing, two sawtooth functions ‘freeze remaining’, and ‘freeze elapsed, 804 

which counts the frames from the beginning of a freeze up or down until the end of a 805 

freeze, respectively, and ‘freeze progress’ which tracks the progress of a freeze as a 806 

fraction from 0 to 1. 807 

Running: Running was determined as any epoch where forward progress velocity was 808 

sustained over 0.001 cm/s for 2 consecutive frames. The variables ‘is running’, ‘running 809 

remaining’, ‘running elapsed’, and ‘running progress’ are calculated using the running 810 

epoch data in the same fashion as their freezing counterparts. 811 

Backward movement: Some mice demonstrated backward movement behavior in the 812 

virtual environment post-shocks, where they made backwards movement through the 813 

context. This behavior was analyzed separately from running or pausing in Extended Data 814 

Fig. 1E. The binary variable ‘is backtracking’ assigns a 1 to frames considered 815 

backtracking, and 0 to frames not considered backtracking.  816 

Shocks: Shock delivery was recorded through the Picoscope. Shock location on track 817 

and stereotyped post-shocks sprinting behaviors are quantified in Extended Data Figure 818 

1B and 1D.  819 

Velocity: Velocity was both directly measured through the picoscope encoder, and 820 

recalculated from position, to assess for accuracy. Recorded velocity was used for all 821 
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velocity calculations and model training. Values were converted into cm/s for 822 

presentation. 823 

Velocity offsets: Future and past velocity at ~1 s and ~0.5 s were calculated by offsetting 824 

the velocity to frames. The resulting non-existent 8 or 15 velocity frames at the beginning 825 

or end of the trace were extrapolated from the prior 15 frames.  826 

Acceleration: Acceleration was calculated as the first derivative of recorded velocity.  827 

Intervals: Three variables, ‘interval elapsed’, ‘interval progress’, and ‘interval remaining 828 

combine pausing and running information into one datastream. Interval elapsed takes the 829 

component parts ‘freeze elapsed’ and ‘running elapsed’, and counts the time elapsed in 830 

either a pausing or running interval, before resetting at a switch point. ‘Interval remaining’ 831 

and interval progress do the same calculation, but using freeze remaining’/’running 832 

remaining’ and ‘freeze progress’/’running progress’ 833 

Location: Animal’s position on virtual track was determined for each frame, and binned 834 

in 1 cm bins along the virtual track. 835 

Pupil Area: Pupil area was calculated by FaceMap as previously described, then filtered 836 

with a savitzky-golay filter for smoothing.  837 

Pupil horizontal (x) movement: Pupil x movement was calculated by FaceMap as 838 

previously described then filtered with a savitzky-golay filter for smoothing.  839 

Pupil vertical (y) movement: Pupil y movement was calculated by FaceMap as 840 

previously described, then filtered with a savitzky-golay filter for smoothing. 841 

Statistics 842 

For data distributions, a Shapiro-Wilk test was performed to verify if the data was 843 

normally distributed. For non-normal distributions, a paired Wilcoxon signed rank test, 844 

unpaired Student’s T test, or an unpaired Mann-Whitney U test was used. For samples 845 

with five data points or less, only a non-parametric test was used. Multiple comparisons 846 

were corrected with a post-hoc holm-sidak correction. Box and whisker plots were used 847 

to display data distributions where applicable. The box in the box and whisker plots 848 

represent the first quartile (25th percentile) to the third quartile (75th percentile) of the 849 

distribution, showing the interquartile range (IQR) of the distribution. The black line across 850 

the box is the median (50th percentile) of the data distribution. The whiskers extend to 851 

1.5*IQR on either side of the box. A data point was considered an outlier if it was outside 852 

the whiskers or 1.5*IQR. Significance tests were performed with and without outliers. Data 853 

distributions were considered statistically significant only if they passed significance (p < 854 

0.05) both with and without outliers. Significance numbers reported are without outliers. 855 

To model the probability distribution in the datasets and get an accurate idea of the data 856 
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shape, a kernel density estimate was fitted to the data distribution and is shown alongside 857 

histograms. Cumulative probability distribution functions were compared using a 858 

Kolmogrov-Smirnov test. Correlations were performed using Pearson’s correlation 859 

coefficient. p < 0.05 was chosen to indicate statistical significance and p-values presented 860 

in figures are as follows: ∗, p < 0.05, ∗∗, p < 0.01, ∗∗∗, p < 0.001, N.S. not significant. Darker 861 

lines in the center of line plots are the mean, and shading is the 95% confidence interval, 862 

unless stated otherwise in text or figure legends. All regression analysis was conducted 863 

using the statsmodels Robust Linear Model package, which estimates a robust linear 864 

model via iteratively reweighted least squares, given a robust criterion estimator. The M-865 

estimator minimizes the function 𝑄(𝑒𝑖 , 𝜌)  =  ∑𝑖 𝜌(
𝑒𝑖

𝑠
) where 𝜌 is a symmetric function 866 

of the residuals and s is an estimate of scale. We used standardized median absolute 867 

deviation for s and Huber’s loss function, as it is less sensitive to outliers. Shading on 868 

regressions indicate 95% CI. (see 869 

https://www.statsmodels.org/dev/examples/index.html#robust-regression for additional 870 

details). Data preprocessing was done with MATLAB (Mathworks, Version R2018a). All 871 

other data and statistical analyses were conducted in Python 3.7.4, with primary data 872 

accrued in Pandas DataFrames, and data figures were made in Python 3.7.4 using the 873 

Seaborn and Matplotlib packages (https://www.python.org/). Schematic figures (Fig 1a, 874 

Fig 1b. Fig 2a, Fig 3a, and Extended Data Fig 1a), some figure text, and figure layouts 875 

were made with BioRender (https://biorender.com/).   876 
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 1084 
Extended Data Figure 1. Shock delivery and behavioral responses associated with VR-CFC  1085 

(A) Schematic of tailcoat apparatus. Left: Tailcoat is custom-made out of conductive cloth (Adafruit) with 1086 

two metal snaps that secure the cloth around the tail. Right: The tail coat is wrapped around the mouse’s 1087 

tail and suspended using lightweight alligator clips forming a supportive ‘hammock’ structure, which are 1088 

connected to a device that generates electric shocks. In this way, the circuit is completed via the portion of 1089 

the tail wrapped by the conductive fibers which is where the animal will experience the shock. This entire 1090 

apparatus weighs less than 1.8g the weight of which is supported by the ‘hammock’ structure, ensuring 1091 

minimum disruption of the mouse’s running behavior following the addition of the tail cloth. B) Density 1092 

histogram of shock locations across the virtual track. Track length was split into 40 bins, and locations 1093 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 27, 2023. ; https://doi.org/10.1101/2023.03.27.534420doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.27.534420
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

where shocks were administered were registered as 1 throughout the duration of the shock administration, 1094 

while all other locations were registered as 0, in all mice that were shocked across conditions. Y-axis is the 1095 

probability distribution of shocked locations containing a freeze start. Mice were shocked evenly at 1096 

pseudorandom locations across the context, as no section of track received significantly more shocks than 1097 

any other section of track (Kolmogorov-Smirnov, P =0.83). (C) Density histogram of freeze start locations 1098 

across the virtual track. Track length was split into 40 bins and mouse freezing start locations across 1099 

conditions and post-shocks days were binned with their probability of occurrence plotted. These data 1100 

indicated that mice froze evenly across the track and indistinguishably across contexts (Kolmogorov-1101 

Smirnov, P=Shocked: 0.056, Control: 6.13e-1, Mann-Whitney U, P=0.80). (D) Average post-shocks velocity 1102 

shows post-shocks sprinting behavior (line = mean, red shading = 95% CI). Grey shading indicates duration 1103 

of shock. Mouse velocity was aligned to shock initiation and plotted across all shocks in all shocked 1104 

conditions. When mice received a shock, they briefly ‘sprinted’, nearly quadrupling their velocity for the 1105 

duration of shocks and briefly post-shocks, before returning to baseline. We hypothesize this sprinting 1106 

behavior is a stereotyped escape behavior from receiving a shock on the tail. Because this sprinting 1107 

behavior perfectly correlated with shock onset, we also used it as a real-time verification for whether or not 1108 

a mouse received the shock. (E) Backward movement behavior in NR-CA1 intact mice. Dots indicate 1109 

average percent time spent moving backwards in each epoch, either in the first traversal (green), or all 1110 

other traversals (orange), boxplot indicates median, 25-75th interquartile range, whiskers include all data 1111 

points not determined to be outliers. We observed instances of backwards movement behavior, where mice 1112 

attempted to move ‘backwards’ on the track. This was significantly more common in the first 1-3 traversals 1113 

of the track than all other traversals post-shocks (Student's T, P=pre-shocks: 0.51, day 1: 0.0023, day 2: 1114 

0.30, day 3: 0.01), more common post-shocks than pre-shocks (Student's T, P=pre-shocks: 0.31, post-1115 

shocks: 0.0039), and more common in the feared context than the control context on day 1 (Student’s T, 1116 

P=0.004). We interpret this backwards movement as an attempt by the mouse to exit the context by ‘backing 1117 

out’ of it, and classify it as a fearful behavior. (F) Dots indicate each mouse’s mean non-freezing velocity 1118 

per context, boxplot indicates median, 25-75th interquartile range, whiskers include all data points not 1119 

determined to be outliers. We calculated mean running velocity in each mouse across contexts, conditions, 1120 

and days in identified running epochs to determine if our VR-CFC protocol altered running speed when the 1121 

mice were not freezing. We did not observe any significant differences in velocity between contexts or 1122 

conditions across days.  1123 
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 1124 
Extended Data Figure 2: Additional VR-CFC behavioral analysis in shocked and control contexts 1125 

with and without NR-CA1 pathway inhibition 1126 

(A) Example traces from retrieval day 2 (Top) and retrieval day 3 (Bottom) from the same mouse and 1127 

displayed in the same fashion as Fig. 1C. (B) Instead of comparing between contexts, we normalized mouse 1128 

percent time freezing to baseline in each context, and tested the difference from baseline within context (N 1129 

= same 20 mice as Fig. 1; CI = 95% shaded area). In this comparison, shocked mice froze significantly 1130 

more in the shocked context post-shocks than pre-shocks on both retrieval days 1 and 2. By retrieval day 1131 

3, freezing in the feared context remained slightly elevated, while freezing in the control context returned to 1132 

baseline (Wilcoxon Rank Sum was performed comparing percent time spent freezing per day within each 1133 
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context to the pre-shock baseline with holm-sidak multiple comparisons corrections, P = Shocked: 5.04e-1134 

07, 3.89e-07, 4.92e-02, Control: 3.23e-02, 1.92e-02, 3.27e-01). (C) Freeze lengths for the pre-shock 1135 

baseline day for NR-CA1 intact mice, calculated as in Fig. 1G. (D) Freeze lengths for the pre-shock baseline 1136 

day for NR-CA1 DREADD inhibited mice, calculated as in Fig. 1H. (E) Equivalent of Fig. 1E with baseline 1137 

normalized comparisons calculated as in Sup. Fig 2b. (F) Freeze lengths for retrieval day 2 for NR-CA1 1138 

intact mice, calculated as in Fig. 1G. (G) Freeze lengths for retrieval day 2 for NR-CA1 DREADD inhibited 1139 

mice, calculated as in Fig. 1H. (H) Equivalent of Fig. 1F with baseline-normalized comparisons calculated 1140 

as in Sup. Fig 2b. (I) Freeze lengths for retrieval day 3 for NR-CA1 intact mice, calculated as in Fig. 1G. (J) 1141 

Freeze lengths for retrieval day 3 for NR-CA1 DREADD inhibited mice, calculated as in Fig. 1H. (K) 1142 

Equivalent to Fig. 1D, but only with the subset of mice that were imaged from (N=10 mice), comparisons 1143 

calculated as in Fig. 1D. (L) Cumulative density plot of freeze lengths in both contexts and three conditions. 1144 

(M) Percent time freezing in only the shocked context across three conditions, NR-CA1 inhibited (Top; 1145 

bright teal), NR-CA1 intact (Middle; teal), and NR-CA1 intact in mice that did not receive shocks in any 1146 

context (Bottom; navy). These lines are the same data from Fig 1D-F, replotted together for effective 1147 

visualization of condition on freezing behavior in the shocked context. (N) Percent time freezing in only the 1148 

control context across three conditions, NR-CA1 inhibited (Top; apricot), NR-CA1 intact (Middle; pink), and 1149 

NR-CA1 intact in mice that did not receive shocks in any context (Bottom; burgundy). These lines are the 1150 

same data from Fig 1D-F, replotted together for effective visualization of condition on freezing behavior in 1151 

the control context.  1152 

 1153 

 1154 

 1155 

 1156 

 1157 
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 1158 
Extended Data Figure 3: DREADD inhibition controls, context controls, and within context 1159 

comparisons of NR-CA1 inhibition.  1160 

(A) DREADD control mice were either injected with the hM4Di-lacking AAVrg-hSyn-DIO-mCherry 1161 

(mCherry: see Method for details) and IP injected with 0.1mg/kg DCZ on day 1, 30 minutes before 1162 

experimental start and quantity-matched saline on all other days, or injected with the h4MDi-intact AAVrg-1163 

hSyn-DIO-h4MDi-mCherry (Saline) and IP injected with saline on all days. No difference between the 1164 

groups freezing activity was observed (Wilcoxon Rank Sum, p>0.05). (B) On retrieval days 1-3, we 1165 

additionally recorded in a ‘dark’ context, a dark VR with no visual cues in NR-CA1 inactivated mice and 1166 

DREADD control mice for the same length of time as context exposures. Mice froze at consistently low 1167 

levels in the dark across days, with no difference in freezing levels between groups (Wilcoxon Rank Sum). 1168 

(C) Direct comparison of freezing behavior in NR-CA1 inhibited mice (same data as Fig. 1E) versus 1169 

uninhibited mice (DREADD control mice, same data as panel A) in the shocked context (Wilcoxon Rank 1170 

Sum, P=day 1: 1.45e-5, day 2: 8.52e-3 ). (D) Same as C but in the control context (Wilcoxon Rank Sum, 1171 

P=day 1: 9.58e-11 ). 1172 
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 1173 
Extended Data Figure 4: Context discrimination with and without NR-CA1 pathway inhibition and 1174 

comparisons of NR-CA1 axonal activity before and after CFC 1175 

(A) To determine if there was a temporal aspect to the peak activity of each pause epoch, we plotted the 1176 

max activity of each axon per freezing epoch on each day in both contexts (Dots, color-coded by 1177 

experimental day), then plotted a robust linear regression regression to each day. This analysis indicated 1178 
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that the highest point of axonal activity within a freeze could occur anywhere temporally within a freezing 1179 

epoch. (B) Discrimination index was calculated per day for both the NR-CA1 intact shocked mice and NR-1180 

CA1 DREADD inhibited shocked mice as (% time spent freezing in shocked context - % time spent freezing 1181 

in control context)/total % time spent freezing in both contexts. Mice with an inhibited NR-CA1 pathway 1182 

discriminated less between the two contexts under the effect of inhibition (Wilcoxon Rank Sum, P=0.0046), 1183 

and discriminated better once the NR-CA1 pathway was uninhibited the following day (Wilcoxon Rank Sum, 1184 

P=0.0033), than mice without inhibition, indicating an important role for an intact NR-CA1 pathway in 1185 

discrimination following VR-CFC. (C) To test the impact of freeze length on maximum NR-CA1 axonal 1186 

amplitude, we plotted the maximum peak within each freeze against the length of the freeze epoch in the 1187 

NR-CA1 intact condition in the ‘shocked’ context before shocks (behavior plotted in Fig. 1D) with a robust 1188 

quadratic regression (see Method Details for details) showing a slight tendency for increased maximum 1189 

amplitude in longer freezing epochs: potentially caused by increased opportunities for freezing-related 1190 

activity to take place in longer continuous freezing epochs.(D) Analysis is the same as in Extended Data 1191 

Fig. 4C, but on retrieval day 1 in the shocked context. While the r2 of the robust regression increased in the 1192 

shocked context post-shocks compared to pre-shocks, since average freeze lengths also increased (as 1193 

mice freeze for longer epochs post-shocks), it is difficult to assert that fearful freezing is inducing changes 1194 

in normalized max axonal peak across all freezing epochs from these analyses. (E) Same analysis 1195 

conducted as Fig. 2E, but on only a subset of longer pauses (3s+ in length) showing a similar average 1196 

shape of activity throughout a freeze to Fig. 2E, with slightly higher activity towards the end of a freeze 1197 

epoch, possibly due to the consistent NR-axonal activity ~0.5s before the end of a freezing epoch 1198 

comprising a smaller fraction of the average time within the 80-100% of freeze bin. (F) Analyses conducted 1199 

identically to Fig. 2D, except the freezing and post-freeze running epoch window was restricted to different 1200 

window lengths of 1-2s, 2-3s, 4-5s, 5-6s, and 6-7s from top to bottom. All freezing epoch periods remained 1201 

significantly elevated compared to running epoch periods post-shocks (Wilcoxon Rank Sum), with the same 1202 

general underlying shape evident irrespective of the window chosen.  1203 
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 1204 
Extended Data Figure 5: Multi-day tracking of the same NR-CA1 axons 1205 

(A) Two example fields of view are shown. All FOVs are directly outputted from the Suite2p mean image 1206 

with no color correction modifications or crops applied. Left and middle column show a single FOV across 1207 

three retrieval days, with yellow arrows pointing to the same structure over all four imaging days. Right 1208 

column shows axonal structure from Fig. 2A (far right), with Suite2p ROIs that comprised the final combined 1209 
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trace highlighted on both the pre-shock baseline day and retrieval day 3, demonstrating our capacity to 1210 

track the same NR-CA1 axonal structure over multiple days (N=4/10 imaged mice). (B) Analyses same as 1211 

Fig. 2D (left), but on the subset of multi-day imaged axons. (C) Analyses same as Fig. 2C, but on the subset 1212 

of multi-day imaged axons. (D) Analyses same as Fig. 2C (right), but on the subset of multi-day imaged 1213 

axons. (E) Analyses same as Fig. 2E, but on the subset of multi-day imaged axons. 1214 

 1215 

 1216 

 1217 

 1218 

 1219 
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Extended Data Figure 6: Computational Model Details and Additional Examples  1220 

(A) Real example of a model tree on retrieval day 1 in the feared context from the same example mouse 1221 

shown in Fig. 3D. (B) Full ungrouped version of Fig. 3H. (C) Same analyses as Fig 3G, except from a model 1222 

that ran without differentiating and building models per individual mouse, but instead across all mice and 1223 

differentiating only on day and context, demonstrating that high inter-mouse variability in axonal activity and 1224 

amplitude led to decreased median r2 goodness-of-fit model performance compared to inter-mouse 1225 

modeling shown in Fig. 3G. (D) Analyses same as Fig. 3C-F in the same mouse shown in Fig. 3C-F, but in 1226 

the control instead of the shocked context.  1227 

 1228 
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