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Abstract:   
Prior adversity increases susceptibility to subsequent stressful events, but the causal 
underlying changes in brain circuitry are poorly understood. We harnessed unbiased whole-
brain activity mapping to identify circuits that are functionally remodeled by prior adversity. This 
revealed that the anterior hypothalamic nucleus (AHN) displays heightened stress reactivity in 
previously stressed mice. This was accompanied by increased functional connectivity between 
the AHN and a threat-related limbic network. Using in vivo Miniscope imaging, we found that 
neuronal activity in the AHN encodes stressor valence. Moreover, stimulating AHN neurons 
enhanced, and inhibiting their activity mitigated, reactivity to stressful events. Lastly, silencing 
amygdala inputs to the AHN abolished the ability of prior adversity to increase stress 
sensitivity. These findings define a key role of the AHN in gating stress vulnerability by scaling 
valence signals from the amygdala. 
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Introduction 1 

The brain’s response to stress is fundamentally protective, engaging physiological and 2 
behavioral adaptations that promote survival.  However, stressful experiences can also 3 
precipitate maladaptive brain plasticity that increases susceptibility to conditions like post-4 
traumatic stress disorder (PTSD), anxiety, depression, and substance use disorder (1-5).  5 
Notably, there is substantial variation in how individuals cope with stressful life events.  6 
Exemplifying this, only a small proportion of individuals who experience a traumatic event will 7 
at some point develop PTSD or other trauma-related illness (3).  How variability in stress 8 
circuits in the brain confers susceptibility to trauma-related illnesses is poorly understood. 9 

The prior experience of stress – whether in the form of early childhood adversity or adult 10 
psychological trauma – is one of the most reliable predictors of adverse reactions to 11 
subsequent stressful experiences (1, 2, 6-8).  To date, research on stress vulnerability has 12 
predominantly focused on a small subset of brain regions, among them the amygdala, 13 
prefrontal cortex, nucleus accumbens, and hippocampus (9-11).  These efforts have yielded 14 
important insights into the cellular, molecular, and circuit sequelae of stress (11-14).  However, 15 
in order to discover how these canonical regions interact with broader brain circuits, and to 16 
identify novel targets for disease intervention, we must also pursue more exploratory 17 
approaches. 18 

Here, we capitalized on an unbiased discovery-based approach to map brain-wide 19 
neuronal activity patterns in concert with a “two-hit” stress procedure that renders mice 20 
susceptible to stressful events. We identify the anterior hypothalamic nucleus (AHN) as a novel 21 
regulator of stress vulnerability and find that functional connectivity between the AHN and other 22 
stress-related brain regions is increased following stress.  Further, we demonstrate that 23 
neurons within this under-studied region potently encode the valence of stressful events, and 24 
that their activity is able to bi-directionally regulate stress responses.  Lastly, we demonstrate 25 
the AHN interacts with canonical stress circuits to scale the impact of stressful events.  26 
Accordingly, the AHN represents a compelling new target for understanding stress 27 
susceptibility.    28 
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Results 29 

Prior stress enhances AHN response to a future stressor 30 

 To investigate how prior adversity influences brain-wide reactivity to subsequent stress, 31 
we leveraged our previous observation that mice subjected to a strong stressor show a long-32 
lasting and experience-dependent sensitization of subsequent stress responses (Fig 1A) (15).  33 
Mice were subjected to a high-intensity stressor (Stressor 1), in which they received 10 34 
footshocks (Stressed, S), or they were placed in the same environment but did not receive 35 
footshocks (Non-Stressed, NS).  Then, ~10 days later, both groups of mice were exposed to a 36 
loud auditory stressor while in their homecages (Stressor 2).  Critically, animals that underwent 37 
Stressor 1 showed a heightened defensive freezing response to Stressor 2 (Fig 1B), 38 
resembling the sensitizing impact of prior adversity on stress responses in humans (1, 2, 6-8). 39 

To identify brain-wide activation patterns associated with this sensitized stress 40 
response, intact brains were stained for the activity-dependent immediate early gene cFos and 41 
cleared using the iDISCO+ method (16).  Three-dimensional images were then acquired using 42 
light-sheet microscopy, processed, and aligned to the Allen Brain Atlas, permitting group 43 
differences in cFos activity across >450 regions to be assessed in an unbiased manner (Figs 44 
1C, S1; Tables S1-S2).   45 

Mice previously exposed to Stressor 1 showed broad cortical hypoactivation in 46 
response to Stressor 2 relative to mice not subjected to Stressor 1, particularly in superficial 47 
prefrontal and somatomotor cortical layers (Fig 1C; see Tables S1-2 for all statistics and 48 
abbreviations).  This is consistent with previous reports showing hypoactivation of cortical 49 
regions in previously stressed mice (17, 18), and stress-induced alterations in cortical function 50 
(19).  Additionally, previously stressed mice displayed hyperactivation of the pontine central 51 
gray (PCG), a region that has been shown to be critical for auditory startle responses (20, 21).  52 
They also displayed hyperactivation of the anterior hypothalamic nucleus (AHN), a brain region 53 
implicated in defensive behaviors but is relatively understudied (22-25). Critically, the AHN is 54 
well positioned to regulate stress susceptibility based on its dense connectivity with limbic and 55 
hypothalamic brain regions (26). Lastly, although several stress-associated regions did not 56 
show differential activation based upon stress history, we validated that these regions showed 57 
heightened cFos relative to control animals that did not receive Stressor 2 (Fig S2 58 

  59 

Prior stress remodels AHN functional connectivity 60 

 A major advantage of whole-brain cFos mapping is the ability to extend beyond group 61 
comparisons of discrete brain regions, to build models of functional connectivity across the 62 
brain.  Given that the AHN is interconnected with established stress circuits (26), we 63 
investigated whether a prior stressful experience biases AHN connectivity with other brain 64 
regions in response to a subsequent stress.  Examining the correlations between cFos 65 
expression in the AHN and every other mapped structure, previously stressed animals (S) 66 
demonstrated connectivity between the AHN and other stress-associated limbic regions, 67 
particularly the amygdala, hippocampus, and medial prefrontal cortex (Fig 1D).  Much smaller 68 
numbers of correlations between the AHN and other brain regions were observed in the 69 
animals that did not experience Stressor 1 (NS, Fig 1D).  This suggests that prior experience 70 
increases functional connectivity between the AHN and brain regions involved in processing 71 
stress. 72 

 To further explore the possibility that the AHN might be part of a brain network whose 73 
activity is modified by prior experience, we next performed hierarchical clustering of brain 74 

.CC-BY-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 October 28, 2024. ; https://doi.org/10.1101/2024.10.28.620614doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.28.620614
http://creativecommons.org/licenses/by-nd/4.0/


Pennington et al. 3 
regions in the previously stressed mice.  This approach allows for natural segregation of brain 75 
regions into clusters based upon their stress-evoked co-activity.  Taking all region-region 76 
correlational pairs into account, we found that the AHN was situated in a large cluster of stress-77 
related regions (Fig 1E, Cluster 1).  Once again, this AHN cluster was composed of stress-78 
related limbic regions including amygdala nuclei (COAp, CEA, BLAa, BLAp, BMA, MEA), 79 
hippocampal nuclei (CA1, CA3, SUB), the periaqueductal gray (PAG), the lateral 80 
hypothalamus (LH), and substantia nigra (SNr, SNc). Of relevance, several of these structures 81 
have been found to have monosynaptic connections with the AHN (23, 24, 26).  Lastly, we 82 
assessed if prior stress might influence the coordinated activity of this cluster of AHN-related 83 
brain regions.  We found that the average correlational strength of Cluster 1was substantially 84 
higher in previously stressed relative to unstressed animals (Fig 1E), and this change was not 85 
due to higher brain-wide correlational strength (Fig S3). These findings suggest that prior 86 
adversity increases the functional connectivity of the AHN with a network of threat-related brain 87 
regions. 88 

  89 
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 90 
Figure 1.  Prior stress increases activity and functional connectivity of the AHN 91 

A) Mice underwent Stressor 1, consisting of 10 footshocks (S), or were placed in the same environment and 92 
received no stress (NS).  10 days later, all mice received Stressor 2, a loud auditory stimulus.  Intact brains 93 
were then cleared and brain-wide cFos was quantified. N=10/group. 94 

B) Mice that received Stressor 1 (S) displayed increased freezing relative to mice that did not (NS), both during 95 
Stressor 1 (left), and during Stressor 2 (right).  RM-ANOVA for Stressor 1 freezing – Group: F1,18=113.5, 96 
p<0.001.  ANOVA for Stressor 2 freezing – Group: F1,19=4.6, p=0.046. 97 

C) Group differences in cFos aligned to the Allen Brain Atlas.  Animals that received Stressor 1 (S) showed 98 
broad cortical hypoactivation coupled with subcortical hyperactivation of the AHN and PCG.  Red = S>NS.  99 
Blue = S<NS.  See Tables S1-S2 for statistics and abbreviations. 100 

D) Animals that received Stressor 1 (S) showed an increased number of correlations between the AHN and 101 
other brain regions, including several limbic brain regions.  Chi-square contingency test of S vs NS: 102 
χ2=116.09, p<0.001.   103 

E) Left) Hierarchical clustering places the AHN in a cluster (Cluster 1) that includes many limbic brain regions.  104 
Right) Previously stressed animals (S) display higher intra-cluster correlational strength (right) (permutation 105 
test, p<0.001). 106 

p<.05 (*), p<0.01 (**), p<0.001 (***).   Error bars reflect standard error of the mean.  107 
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GABAergic AHN neuron activity reflects stressor valence 108 

 Immediate early gene imaging allowed us to identify the AHN as a putative regulator 109 
stress vulnerability, but lacks the temporal precision necessary to identify what features of 110 
stress, or of the stress response, precipitate changes in AHN activity.  Moreover, few studies 111 
had recorded from AHN neurons in vivo to determine the features of stress encoded by these 112 
neurons.  Therefore, we tracked the activity of individual AHN neurons, employing calcium 113 
imaging of freely behaving mice with open-source Miniscopes (Fig 2A-C) (27).  GABAergic 114 
AHN neurons were recorded because they are the dominant neuronal population within the 115 
AHN (23, 24), and many GABAergic AHN neurons provide efferent synaptic input to 116 
downstream brain regions (28).  We found that a large population (~40%) of AHN neurons 117 
reliably respond to the onset of the footshock stress (Fig 2D).  Moreover, the amplitude of AHN 118 
calcium transients was closely correlated with the intensity of the footshock (Fig 2D).  119 

Then, to assess if AHN neurons respond specifically to footshock/somatosensory 120 
events, or if they might provide a broader signal about stressful events, we examined the 121 
response of AHN neurons to a stressful auditory stimulus.  We found a similar proportion of 122 
neurons within the AHN reliably respond to this stimulus as to footshock (Fig 2E).  In addition, 123 
to see if the same population of AHN neurons might encode different stressor modalities, we 124 
cross-registered cells across footshock and auditory stressor sessions (Fig 2F).  Although a 125 
fraction of neurons responded uniquely to either footshock (~17%) or auditory stress (~24.5%), 126 
a nearly equivalent proportion of neurons responded to both stimuli (20.8%).  These findings 127 
indicate that at least a subpopulation of GABAergic AHN neurons respond to multiple aversive 128 
stimuli and dynamically track the intensity of the stressor (i.e., stressor valence).    129 
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 130 
Figure 2. GABAergic AHN neurons reflect stressor valence 131 

A) To track neuronal activity of the AHN in freely behaving mice, GCaMP6f was expressed in GABAergic AHN 132 
neurons and a GRIN lens was implanted overlying the AHN.  Activity was recorded with a Miniscope.  133 

B) Example of a maximum projection across a Miniscope recording session showing the field of view. 134 
C) To examine AHN neuronal responses to stress, animals were exposed to low and high amplitude footshock, 135 

as well as to an auditory stressor. 136 
D) GABAergic neurons respond to footshock in a graded fashion.  Left) Each row represents the average 137 

response of a neuron to low and high amplitude footshock.  Responsive neurons show a stronger response 138 
to high (vs low) amplitude shock (RM-ANOVA for post-shock activity – Amplitude: F1,73=30.1, p<0.001).  139 
Top-middle) Proportion of neurons that reliably respond to footshock.  Top-right) Example field of view, 140 
pseudo-colored to depict spatial location of shock-responsive cells in red.  Bottom-right) Average activity of 141 
shock-responsive cells to low and high amplitude shocks across 6 trial pairs.   142 

E) GABAergic neurons respond to auditory stressor.  Left) Each row represents the average response of a 143 
neuron to an auditory stressor. Top-middle) Proportion of neurons that reliably respond to auditory stressor.  144 
Top-right) Example field of view, pseudo-colored to depict spatial location of auditory-responsive cells in 145 
blue.  Bottom-right) Average activity of responsive cells to auditory stressor across 5 trials.   146 

F) A proportion of GABAergic AHN neurons respond to both footshock and auditory stress.  Top) Proportion of 147 
neurons that that respond to footshock stress, auditory stress, both stressors, or neither stressor.  B) 148 
Example showing alignment of neurons across sessions. 149 

p<.05 (*), p<0.01 (**), p<0.001 (***).   Error bars reflect standard error of the mean.    150 
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Augmenting AHN activity amplifies stressor valence. 151 

The preceding results suggest that the AHN encodes stressor valence and that prior 152 
stress might alter this encoding, sensitizing the behavioral response to stressful stimuli.  To 153 
directly test the possibility that facilitation of AHN activity by prior stress augments stressor 154 
valence, we expressed the excitatory chemogenetic receptor HM3Dq in GABAergic AHN 155 
neurons, or a control virus expressing mCherry (Figs 3A, S4).  Applying the agonist clozapine-156 
N-oxide (CNO) to excite these neurons (Fig 3B), we hypothesized that this manipulation would 157 
promote defensive responding to an auditory stressor.  As anticipated, activation of AHN 158 
neurons increased post-stress freezing (Fig 3C).   159 

The facilitation of stress-elicited freezing by AHN stimulation could reflect an 160 
amplification of the auditory stressor’s valence.  Alternatively, it may be that activation of the 161 
AHN is itself stressful or promotes a general anxiety-like state.  First, pre-stressor freezing was 162 
not altered by AHN activation (Fig 3C), suggesting this manipulation is not aversive.  Second, 163 
testing the same animals in the light-dark test to assess anxiety-related behavior (29), we 164 
found that activating AHN neurons did not influence time spent in the dark, the primary metric 165 
of anxiety-related behavior, nor did it alter locomotion (Fig 3D).  Thus, enhanced neural activity 166 
in the AHN appears to amplify the valence of stressful stimuli.  167 
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 168 
Figure 3. Augmenting AHN activity amplifies stressor valence 169 

A) To excite GABAergic AHN neurons, a cre-dependent virus expressing HM3Dq, or a control virus expressing 170 
mCherry, was infused into the AHN of GAD2Cre mice.  N = 9 HM3Dq (4 female), 12 mCherry (6 female). 171 

B) The agonist cno was administered before delivery of an auditory stressor.  Additionally, mice were tested in 172 
the light-dark test twice, on and off cno (order counter-balanced). 173 

C) Activation of GABAergic AHN neurons had no effect on baseline freezing, but increased freezing after an 174 
auditory stressor.  RM-ANOVA for freezing – Virus x Time: F1,19=10.9, p<0.01.  Pre – Group: F1,19=4.2, 175 
p=0.053.  Post – Group: F1,19=7.8, p=0.01.   176 

D) Activation of GABAergic AHN neurons had no effect on the proportion of time animals spent in the dark, nor 177 
on locomotor activity.  RM-ANOVA for time in dark – Virus: F1,19=2.7, p=0.12; Virus x drug: F1,19=0.8, p=0.39.  178 
RM-ANOVA for distance travelled – Virus: F1,19=0, p=0.96; Virus x drug: F1,19=1.4, p=0.25.   179 

p<.05 (*), p<0.01 (**), p<0.001 (***).   Error bars reflect standard error of the mean.    180 
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AHN activity is necessary for the induction and expression of stress-induced defensive 181 
behavioral changes. 182 

 Having found that AHN activity is sufficient to increase stress reactivity, we next asked if 183 
AHN neuronal activity is necessary for stress-induced changes in defensive behavior (i.e., 184 
threat-elicited behavior) (Fig 4).  We first tested the effect of silencing AHN neurons during a 185 
strong footshock stressor (Stressor 1), utilizing the inhibitory opsin stGtACR1 (GtACR, Figs 186 
4A-F, S5) (30).  Acute inhibition of AHN neurons drastically reduced freezing during Stressor 1 187 
(Fig 4C), consistent with a reduction in stressor valence.  Moreover, testing these animals days 188 
later when the AHN was no longer inhibited, we found that prior AHN inhibition during Stressor 189 
1 reduced subsequent freezing in the shock-associated context (Stressor 1 Recall, Fig 4D).  190 
Additionally, AHN inhibition during Stressor 1 reduced the response to a subsequent auditory 191 
stressor (Stressor 2, Fig 4E,F).  This shows that AHN activity is necessary not only for the 192 
immediate defensive freezing response to footshock, but the induction of persistent defensive 193 
behavioral changes afterward, such as recall of the stress memory (Stressor 1) and 194 
sensitization to subsequent stress (Stressor 2).  Importantly, we have previously found that 195 
reducing stressor valence through a reduction in shock amplitude reduces these same 196 
behaviors (15). 197 

 Next, we tested the necessity of GABAergic AHN neurons for the expression of stress-198 
induced changes in defensive behavior (Fig 4G-L).  After experiencing an initial footshock 199 
stressor (Stressor 1, Fig 4I), silencing GABAergic AHN neurons reduced freezing when 200 
animals were returned to the stressor context (Stressor 1 Recall, Fig 4J).  This indicates that 201 
these neurons are necessary for responding to stress-associated cues, in addition to 202 
responding to stressors themselves.  Moreover, similar to the effect of silencing AHN neurons 203 
during Stressor 1, silencing these neurons during a subsequent auditory stressor (Stressor 2) 204 
blunted freezing across the session (Fig 4K), as well as when animals were placed back into 205 
this context when these neurons were no longer inhibited (Stressor 2 Recall, Fig 4L).  Taken 206 
together, these results demonstrate that the AHN is necessary for both the induction and 207 
expression of stress-induced defensive behavioral changes.   208 
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 209 
Figure 4.  AHN activity is necessary for the induction and expression of stress-induced 210 
defensive behavioral changes 211 

A) To pan-neuronally inhibit AHN neurons, a virus expressing the inhibitory opsin stGtACR1 (GtACR) or a 212 
control virus expressing mCherry was infused into the AHN.  Optic fibers were implanted just overlying the 213 
AHN.  N = 11 mCherry, 14 GtACR. 214 
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B) Animals underwent a strong footshock stressor (Stressor 1) with light inhibiting AHN neurons throughout the 215 

session.  With the AHN no longer inhibited, animals were then tested for their memory of the footshock 216 
context (Stressor 1 Recall), their response to an auditory stressor in a new context (Stressor 2), and their 217 
memory for that context (Stressor 2 Recall). 218 

C) Inhibition of AHN neurons potently reduced post-shock defensive freezing during Stressor 1.  RM-ANOVA 219 
for freezing – Virus: F1,25=37.6, p<0.001, Virus x Shock: F9,225=0.8, p=0.51. 220 

D) Prior inhibition of AHN neurons during Stressor 1 reduced freezing during Stressor 1 Recall.  ANOVA for 221 
freezing – Virus: F1,25=24, p<0.001. 222 

E) Prior inhibition of AHN neurons during Stressor 1 reduced freezing after Stressor 2.  RM-ANOVA for 223 
freezing – Virus x time: F1,25=10.8, p<0.01.  ANOVA for post-stressor freezing – Virus: F1,25=10.7, p<0.01.  224 
ANOVA for pre-stressor freezing – Virus: F1,25=0, p=0.96. 225 

F) Prior inhibition of AHN neurons during Stressor 1 reduced freezing during Stressor 2 Recall.  ANOVA for 226 
freezing – Virus: F1,25=6.5, p=0.017. 227 

G) To inhibit GABAergic AHN neurons, a cre-dependent virus expressing the inhibitory opsin stGtACR (GtACR) 228 
or a control virus expressing mCherry was infused into the AHN of GAD2Cre mice.  Optic fibers were 229 
implanted just overlying the AHN.  N = 13 mCherry (6F), 12 GtACR (7F). 230 

H) AHN neurons were inhibited during Stressor 1 Recall to assess their contribution to fear memory recall, and 231 
Stressor 2, to assess their contribution to sensitized stress responses. 232 

I) No difference was observed between groups during Stressor 1, when the AHN was not inhibited. RM-233 
ANOVA for post-shock freezing – Virus: F1,23=0, p=0.85; Virus x Shock: F9,207=0.7, p=0.73. 234 

J) Inhibiting GABAergic AHN neurons reduced freezing during Stressor 1 Recall.  RM-ANOVA for freezing – 235 
Virus x Light: F1,23=54, p<0.001.   236 

K) Inhibiting GABAergic AHN neurons reduced freezing during Stressor 2.  RM-ANOVA for freezing – Virus: 237 
F1,23=12.4, p<0.01; Virus x Time: F1,23=2.7, p=0.11. 238 

L) Prior inhibition of GABAergic AHN neurons during Stressor 2 reduced subsequent freezing during Stressor 239 
2 Recall.  ANOVA for freezing – Virus: F1,23=23.2, p<0.001. 240 

p<.05 (*), p<0.01 (**), p<0.001 (***).   Error bars reflect standard error of the mean.   241 
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An amygdala-hypothalamic circuit gates stress vulnerability. 242 

 Finally, we investigated how AHN neurons respond to inputs from upstream brain 243 
regions to regulate behavioral responding to stressful events (Fig 5).  The AHN is known to 244 
receive input from stress-associated regions, among them the basolateral amygdala (BLA) and 245 
the ventral hippocampus (vHC) (Fig S6).  Of interest, we have previously shown that stress-246 
induced protein synthesis and subsequent neuronal activity in the BLA, but not the vHC, is 247 
necessary for stress-induced enhancements in negative valence (15).  Thus, we speculated 248 
that neuronal projections from the amygdala to the AHN, but not the vHC, support heightened 249 
representations of stressor valence in animals that experienced prior adversity.  To test this 250 
hypothesis, a retrograde virus expressing cre-recombinase was infused into the AHN and a 251 
cre-dependent virus expressing the inhibitory chemogenetic receptor HM4D was infused into 252 
either the BLA or vHC.  Alternatively, a control virus was infused into these structures (Fig 5A).  253 
This allowed us to selectively silence BLA or vHC cells that directly project to the AHN (Fig 5B).   254 
After receiving an initial stressor (Stressor 1), CNO or vehicle was administered prior to recall 255 
of the initial stressor context (Stressor 1 Recall).  Here, neither inhibition of BLA-AHN nor vHC-256 
AHN projecting neurons was able to reduce freezing (Fig 5D).  However, when CNO was 257 
administered prior to the second auditory stressor (Stressor 2), inhibition of BLA-AHN 258 
projecting neurons inhibited freezing, whereas inhibiting vHC-AHN projections was without 259 
effect (Fig 5E-F).  These results are consistent with the established role of the amygdala in 260 
processing the valence of threatening stimuli (31-33), and suggest that the AHN gates valence 261 
signals from the BLA to modulate behavioral responses to stressful events.   262 

Finally, although inhibiting vHC inputs to the AHN had no effect on freezing during 263 
Stressor 1 or Stressor 2 recall, we found that silencing these neurons reduced stress-induced 264 
changes in anxiety-related behavior (Fig S7), in line with prior work on the vHC in anxiety-265 
related behavior (15, 34).  Additionally, we found that inputs from the lateral septum (LS) to the 266 
AHN regulate freezing during Stressor 1 Recall (Fig S7).  Accordingly, the AHN appears to 267 
integrate inputs from diverse sources to regulate a range of defensive behaviors.   268 

269 
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 270 
Figure 5.  An amygdala-hypothalamic circuit gates stress vulnerability. 271 

A) To silence AHN inputs, a retrograde virus expressing cre-recombinase was infused into the AHN in 272 
combination with a cre-dependent HM4D-expressing virus, or a mCherry-expressing virus, in the BLA 273 
or vHC.  N = 14 mCherry, 9 HM4D: BLA, 11 HM4D: vHC. 274 

B) AHN inputs were inhibited during Stressor 1 Recall to assess their contribution to fear memory recall, 275 
and during Stressor 2, to assess their contribution to sensitized stress responses. 276 

C) No difference was observed between groups during Stressor 1, when AHN inputs were not inhibited. 277 
RM-ANOVA for post-shock freezing – Group: F2,31=0.9, p=0.44; Group x Shock: F18,279=1, p=0.42. 278 

D) Inhibition of BLA and vHC inputs to the AHN had no impact on freezing during Stressor 1 Recall.  RM-279 
ANOVA for freezing – Group x Drug: F2,31=0, p=0.99. 280 

E) Inhibition of BLA and vHC inputs to the AHN had no impact on freezing during Stressor 2.  RM-ANOVA 281 
for freezing – Group: F2,31=0.4, p=0.63; Group x Time: F2,31=0.4, p=0.66. 282 

F) Inhibition of AHN inputs from the BLA, but not the vHC, during Stressor 2, reduced freezing during 283 
Stressor 2 Recall.  ANOVA for freezing – Group: F2,31=5.8, p<0.01; mCherry vs BLA: F1,21=6.9, p=0.02; 284 
mCherry vs vHC: F1,23=0.7, p=0.42. 285 

p<.05 (*), p<0.01 (**), p<0.001 (***).   Error bars reflect standard error of the mean. 286 
  287 
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Discussion 288 

 Above, we have identified the AHN as a putative regulator of stress vulnerability and its 289 
hub-like influence over stress-associated behavior.  Stress-induced AHN activity was 290 
potentiated by the prior experience of stress, as was its connection with a threat-associated 291 
brain network.  Additionally, recording from GABAergic AHN neurons in vivo, we found their 292 
activity reflected stress severity, suggesting they encode stressor valence.  Providing causal 293 
support for this notion, manipulations of GABAergic AHN neurons were able to modulate 294 
behavioral responding to stressful stimuli in manner consistent with altering stressor valence.  295 
Lastly, AHN inputs from the amygdala – a region known for encoding valence – were found to 296 
similarly influence behavioral responding to aversive stimuli.  These findings lead to the 297 
hypothesis that the AHN gates valence signals, and suggest that prior adversity may amplify 298 
AHN encoding of negative valence, resulting in heightened stress vulnerability.  299 

This work elevates the need to complement investigations into known regions of interest 300 
with exploratory approaches in order to identify novel circuit interactions relevant to mental 301 
health.  Prior work on the hypothalamus’ role in stress has most heavily focused on the 302 
paraventricular nucleus (PVN), a nucleus known to control release of the stress hormone 303 
cortisol via the hypothalamic-pituitary-adrenal axis (35).  Notably, although the PVN receives 304 
diverse inputs (36), the AHN projects directly to the PVN, and in this way can directly modulate 305 
stress hormone release (22).  That said, beyond its neuroendocrine actions, the AHN is likely 306 
to regulate stress-evoked behavior through complex extrahypothalamic interactions.  These 307 
include monosynaptic projections to the LS, the PAG, and the amygdala (37), regions known to 308 
regulate behavioral responses to stress (22, 38).  Indeed, a recent report found that AHN 309 
projections to the PAG are able to control attack behavior in response to painful stimuli (39).  310 
Combined with our observation that different inputs to the AHN are able to regulate distinct 311 
components of defensive behavior, the AHN appears to be a central hub regulating multiple 312 
defensive behaviors.  While we have identified the critical role of amygdala inputs to the AHN 313 
in responding to aversive stimuli, future work is needed to more fully disentangle the complex 314 
input/output functions of the AHN, as well as how these interactions are modified by prior 315 
adversity.  By understanding these relationships, novel targets for disease intervention might 316 
be discovered.  317 
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 472 
Figure S1.  Distribution of whole-brain cFos activation across groups (Main Figure 1) 473 

Depiction of average cFos activation in control animals that did not receive Stressor 2 (Ctrl, 1st column), 474 
animals that received Stressor 2 but not Stressor 1 (NS, 2nd column), and animals that received both Stressor 1 475 
and Stressor 2 (S, 3rd column).  Additionally, the contrast between groups S and NS is shown.  Red = S>NS.  Blue 476 
= S<NS.  See Table S1 for statistics.  477 
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 478 
Figure S2.  Stressor 2 activates a numerous brain regions associated with stress (Main 479 
Figure 1). 480 

Relative to animals that did not receive Stressor 2, animals that previously experienced Stressor 1 (S), as 481 
well as animals that did not (NS), display increased cFos in threat-related regions.  This includes several 482 
amygdala subregions (LA, BLAp, BMA, MEA), prefrontal regions (PL2/3, IL2/3), and hypothalamic regions (LHA, 483 
VMH).  * reflects difference from Ctrl.  Boxplot represents mean and standard error.  N = 8 Ctrl, 10 NS, 10 S.  See 484 
Table S1 for statistics.  LA = lateral amygdala; BLAp = posterior basolateral amygdala; BMA = basomedial 485 
amygdala; MEA = medial amygdala; PL2/3 = prelimbic, layers 2/3; ILA2/3 = infralimbic, layers 2/3; LHA = lateral 486 
hypothalamic area; VMH = ventromedial hypothalamus.  487 
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 488 
Figure S3.  Selection of cluster cutoff and brain-wide correlation differences between 489 
groups (Main Figure 1). 490 

A) To select number of clusters for hierarchical clustering, we utilized the ‘elbow method’, in which the 491 
relationship between within-cluster variance and the number of clusters is plotted.  The point at which 492 
within-cluster variance begins to stabilize is selected.  Additionally, we attempted to keep average 493 
within-cluster correlations high (average R>0.5). 494 

B) Increased correlational strength within Cluster 1 for animals that previously received Stressor 1 (S) 495 
relative to those that did not (NS) could reflect a broad and non-specific increase in region-region 496 
correlational strength across the brain.  Negating this possibility, it was actually found that when every 497 
brain region is examined, NS animals actually display higher region-region correlations on average.  498 
(permutation test, p<0.001). 499 

p<.05 (*), p<0.01 (**), p<0.001 (***).  500 

.CC-BY-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 October 28, 2024. ; https://doi.org/10.1101/2024.10.28.620614doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.28.620614
http://creativecommons.org/licenses/by-nd/4.0/


Pennington et al. 23 

 501 
Figure S4.  Distribution of HM3Dq in AHN (Main Figure 3). 502 
 Viral placement of HM3Dq in AHN.  A) Example of expression at center of injection site.  B) Anterior-503 
posterior distribution of expression.  Expression was centered in the AHN, covering anterior, central and posterior 504 
components.  There was occasional spread anterior into the medial preoptic nucleus, posteriorly into the 505 
dorsomedial hypothalamus, and dorsal into thalamus.  Numbers adjacent to each coronal section correspond to 506 
anterior-posterior distance from bregma, in mm, according to the atlas of Franklin and Paxinos (40).  507 
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508 
Figure S5.  Distribution of optic fiber placement in AHN (Main Figure 4). 509 

A) Example of stGtACR expression at center of injection site.  B) Distribution of fiber tip placement for all 510 
animals from the experiment presented in Fig 4A-F, representative of all optogenetic experiments.  Fiber tips were 511 
located immediately above the central compartment of the AHN.  Number adjacent to coronal section correspond 512 
to anterior-posterior distance from bregma, in mm, according to the atlas of Franklin and Paxinos (40).  513 
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 514 
 515 
Figure S6.  Retrograde tracing of inputs to AHN (Main Figure 5). 516 
 Previous reports indicate that the AHN is innervated by several stress-related regions (23, 24, 26).  517 
Validating these findings, we infused a retrograde virus that expresses EGFP into the AHN (left).  Consistent with 518 
prior reports, we found robust labeling of cells in the medial prefrontal cortex (mPFC), lateral septum (LS), 519 
basolateral amygdala (BLA), ventral hippocampus (vHC), periaqueductal gray (PAG), and parabrachial nuclei 520 
(PB). 521 
  522 
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 523 
Figure S7.  AHN regulates defensive behavior in an input-specific manner. 524 

A) To silence AHN inputs, a retrograde virus expressing cre-recombinase was infused into the AHN in 525 
combination with a cre-dependent HM4D-expressing virus, or a mCherry-expressing virus, in the BLA, 526 
vHC, or lateral septum (LS).  Note that this is the same experiment from Main Figure 5 with data for LS 527 
group included, as well as a final set of light-dark tests.  N = 14 mCherry, 9 HM4D: BLA, 11 HM4D: 528 
vHC, 10 HM4D: LS. 529 

B) AHN inputs were inhibited during Stressor 1 Recall to assess their contribution to fear memory recall; 530 
during Stressor 2, to assess their contribution to sensitized stress responses; and during the light-dark 531 
test, to assess their contribution to anxiety-related behavior. 532 

C) No difference was observed between groups during Stressor 1, when AHN inputs were not inhibited. 533 
RM-ANOVA for post-shock freezing – Group: F3,40=0.8, p=0.52; Group x Shock: F27,360=1, p=0.43. 534 

D) Inhibition of BLA and vHC inputs to the AHN had no impact on freezing during Stressor 1 Recall.  535 
However, inhibition of inputs from the LS to the AHN increased freezing.  Given the predominantly 536 
inhibitory influence of LS outputs (22), this is consistent with a disinhibitory effect on the AHN.  RM-537 
ANOVA for freezing – Group x Drug: F3,40=2.34, p=0.09.  Post-hoc test LS – Drug: F1,9=9.7, p=0.01. 538 

E) Inhibition of BLA and vHC inputs to the AHN had no impact on freezing during Stressor 2.  RM-ANOVA 539 
for freezing – Group: F3,40=2.4, p=0.08; Group x Time: F3,40=2, p=0.13. 540 

F) Inhibition of AHN inputs from the BLA, but not the vHC, during Stressor 2, reduced freezing during 541 
Stressor 2 Recall.  ANOVA for freezing – Group: F3,40=4.1, p=0.01; mCherry vs BLA: F1,21=6.9, p=0.02; 542 
mCherry vs vHC: F1,23=0.7, p=0.42; mCherry vs LS: F1,22=0.3, p=0.62. 543 

G) Inhibition of inputs to the AHN influenced anxiety-related behavior.  Whereas inhibiting vHC inputs 544 
reduced time spent in the dark, consistent with prior reports inhibiting vHC (15, 41), inhibiting LS inputs 545 
increased time spent in the dark.  ANOVA for time in dark – Group x Drug: F3,40=3.9, p=0.02.  Post-hoc 546 
test of effects of drug on time in dark – BLA: F1,8=0.9, p=0.38; vHC: F1,10=5.6, p=0.04, LS: F1,9=7.7, 547 
p=0.02; mCherry: F1,13=2.2, p=0.96. 548 

p<.05 (*), p<0.01 (**), p<0.001 (***).   Error bars reflect standard error of the mean.   549 
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MATERIALS AND METHODS 550 

 551 

ANIMALS:  552 

All mice were bred on a C57BL/6J genetic background and were approximately 2-6 553 
months old at the start of testing.  Male C57BL/6J were obtained from Jackson Laboratories for 554 
whole-brain immediate early gene imaging as well as pan-neuronal optogenetic silencing 555 
(Jackson Laboratories, #000664).  Studies with homozygous GAD2-IRES-Cre mice (Jackson 556 
Laboratories, #028867) utilized an equal mixture of female and male mice that were bred in-557 
house.  Animals were housed in a temperature- and humidity-controlled vivarium on a 12/12 558 
light-dark cycle (lights on at 7 a.m.), and all handling and behavioral testing took place during 559 
the light phase.  All experimental procedures were approved by the Icahn School of Medicine 560 
at Mount Sinai IACUC. 561 

 562 

 563 

SURGERY: 564 

For all surgeries, anesthesia was induced with 5% isoflurane and subsequently kept at 565 
1-2%.  Body temperature was maintained during surgery/recovery with a heating pad below 566 
the animal, and ophthalmic ointment was applied to lubricate the eyes.  All surgeries followed 567 
aseptic surgical technique.  Following surgery, animals were given 20 mg/kg ampicillin and 5 568 
mg/kg carprofen (s.c.) per day for 7 days and body weight and general disposition were 569 
monitored daily.  Animals that underwent gradient refractive index (GRIN) lens implantation 570 
were additionally treated with 0.2 mg/kg dexamethasone (s.c.) for 7 days following surgery.  All 571 
viruses were infused through a glass micropipette at 2 nL/sec using a Nanoject III (Drummond 572 
Scientific).  Following viral infusion, an additional 5-10 minutes were allowed to pass before 573 
retracting the micropipette.  Micropipettes were slowly retracted at 0.1 mm/min over 3-5 574 
minutes before being retracted at a faster rate.  All coordinates listed below are relative to 575 
bregma. 576 

 577 

Calcium imaging:  578 

300 nL of AAV1-syn-flex-GCaMP6f-WPRE was infused into the AHN (AP: -0.5, ML: 0.5, 579 
DV:-5.2).  A 0.6 mm diameter needle was then slowly lowered to 0.2 mm above the injection 580 
site and then retracted in order to create space for the GRIN lens (needle lowered 3x).  Lastly, 581 
a GRIN lens (0.6 x 7.3 mm, Inscopix, 1050-004597) was lowered to the same coordinates and 582 
affixed to the scull using super glue and dental cement.  The lens was subsequently covered 583 
with Kwik-Sil (World Precision Instruments) followed by a thin layer of dental cement in order to 584 
protect the lens prior to baseplating.  4-6 weeks later, while animals were under anesthesia, 585 
the lens was uncovered and a baseplate connected to a UCLA Miniscope V4.4 (OpenEphys) 586 
was lowered toward the lens until the optimal field of view was identified.  The baseplate was 587 
then affixed to the skull with super glue and dental cement.  The Miniscope was then detached 588 
and a dust cover was connected to the baseplate to protect the lens when not imaging.   589 

 590 

Optogenetics:  591 
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For optogenetic silencing of AHN neurons, 150 nL of AAV5-hSyn-SIO-stGtACR1-592 

FusionRed (2.1 x 10^13 gc/ml), or AAV5-hSyn-DIO-mCherry (1.1 x 10^12 gc/ml), was infused 593 
at the following coordinates at a 20 degree angle: AP: -0.7, ML: 0.5, DV: -5.5.  For pan-594 
neuronal silencing, 150 nL of AAV9-hSyn-Cre (1 x 10^12 GC/ML) was co-infused.  595 
Subsequently, optic fibers (200 um diameter, 0.5 NA, RWD Life Science) were lowered to 0.6 596 
mm above the injection site, also at a 20 degree angle. Optic fibers were affixed to the skull 597 
with super glue and dental cement. 598 

 599 

Chemogenetics:  600 

For chemogenetic activation of AHN neurons, 100 nL of AAV5-hsyn-DIO-HM3Dq-601 
mCherry (2.5 x 10^13 GC/ML), or AAV5-hSyn-DIO-mCherry (4.5 x 1012 GC/ML), was infused 602 
at the following coordinates at a 20 degree angle: AP: -0.5, ML: 0.5, DV: -5.5.  For 603 
chemogenetic silencing of inputs to the AHN, a 100 nL mixture of rgAAV-efla-Cre (7.3 ×10^12 604 
GC/ML) and AAV8-hSyn-EGFP (1.5×10^12 GC/ML) was infused at the following coordinates: 605 
AP: -0.7, ML: 0.5, DV: -5.5. Separately, 150 nL of AAV5-hSyn-DIO-hM4Di (2.4 x10^13 GC/ML), 606 
or AAV5-hSyn-DIO-mCherry (7.3 x 10^12 GC/ML), were infused into either the amygdala (AP: 607 
-1.4, ML: 3.1, DV: -5.2), the ventral hippocampus (AP: -3, ML: 3.2, DV: -4.5), or the lateral 608 
septum (AP: 0.8, ML: 0.4, DV: -3.3). 609 

 610 

Retrograde tracing: 611 

 75 nL of rgAAV-hSyn-EGFP (titer: 1.36 x 10^13 GC/ML) was infused unilaterally at the 612 
following coordinates: AP: -0.5, ML: 0.5, DV: -5.5. 613 

 614 

 615 

BEHAVIORAL TESTING: 616 

 617 

Single-housing and habituation: 618 

 All animals were singly housed 1-2 weeks prior to beginning behavioral testing.  During 619 
this time, they were handled in the vivarium for 1 min/day for 3-5 days.  Additionally, animals 620 
were habituated to transport to the laboratory for 3-5 days, where they were also handled.  621 
Animals in chemogenetic experiments were habituated to restraint 3x during this time.  Animals 622 
in Miniscope and optogenetic experiments were habituated to connection to the 623 
Miniscope/patch cords ~5 times.  During each of these habituation sessions, animals were 624 
connected to the Miniscope/patch cords and returned to their home cage while still connected 625 
for 3-5 minutes.   626 

 627 

Experimental contexts: 628 

Stressor 1 (foot-shock stress) and Stressor 2 (auditory stressor), as well as their 629 
respective recall sessions, took place in unique experimental contexts, consisting of highly 630 
distinct visual, olfactory, auditory, and spatial cues.  For Stressor 1, animals were transported 631 
from the vivarium in their cages on a cart to the experimental testing room, which was well lit 632 
and had an air filter providing ambient sound.  Animals were then placed in a brightly lit 633 
experimental testing chamber with a grid floor (Med Associates) scented with 5% Simple 634 
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Green solution.  For Stressor 2, with the exception of the iDISCO experiment (see details 635 
below), animals were transported from the vivarium in P1000 pipet boxes and carried in a dark 636 
cardboard box to the experimental testing room, which was dark except for a dim red light.  637 
Animals were then placed inside of a dark testing chamber (Med Associates) with a flat 638 
plexiglass floor and a curved rear wall.  The chamber was scented with 1% acetic acid 639 
solution. 640 

 641 

Stressor 1 and Stressor 1 Recall: 642 

After a 5 min period of baseline exploration, animals received 10, 1 sec, 1 mA, 643 
scrambled foot-shocks, with an inter-shock interval of 30 sec.  Animals were taken out of the 644 
testing chamber 30 sec after the last shock.  For the iDISCO experiment, animals received the 645 
same number of shocks, pseudo-randomly distributed over a 60 minute session.  When 646 
optogenetic inhibition was applied during Stressor 1, blue laser light (473 nm, 5 mW, 20 hz, 20 647 
ms pulse) was continuously administered beginning 30 sec before the first shock and 648 
continuing until the end of the session.  For Stressor 1 Recall, animals were transported to the 649 
same experimental testing chamber for an 8 min test session.  When optogenetic inhibition 650 
was applied during Stressor 1 Recall, light was administered in 2 min intervals (alternating off-651 
on-off-on). Light-off and light-on epochs were collapsed after similar patterns were observed 652 
across the first and second off-on cycles.  Stressor 1 and Stressor 1 Recall were separated by 653 
at least 2 days.   654 

 655 

Stressor 2 and Stressor 2 Recall: 656 

After a 3 min baseline period, animals were exposed to a single loud auditory stimulus 657 
(3 sec, 125-130 dB white noise, 0 ms rise time) that was delivered by a speaker attached to 658 
the chamber wall.  Animals were removed 10 sec later and returned to the vivarium.  When 659 
optogenetic inhibition was applied during Stressor 2, blue laser light (473 nm, 5 mW, 20 hz, 20 660 
ms pulse) was continuously administered throughout the entirety of the session.  For the 661 
iDISCO experiment, Stressor 2 was administered in the home cage in order to avoid cFos 662 
evoked by transport habituation.  For calcium imaging, a series of 5 auditory stimuli were 663 
presented, enabling us to define whether cells reliably fire to the auditory stimuli.  In these 664 
sessions, after the baseline period was shorted to 2 minutes and the interstimulus interval was 665 
also 2 minutes.  For Stressor 2 Recall, animals were transported to the same experimental 666 
testing chamber for an 8 min test session.  Stressor 2 and Stressor 2 Recall were separated by 667 
1 day.   668 

 669 

Shock sensitivity assay: 670 

 To assess responses to multiple amplitude shocks, animals were placed in a 671 
perceptually distinct conditioning chamber and received a series of 12, 2 second, foot-shocks 672 
(6 of each amplitude: 0.25 mA and 1 mA).  The first shock occurred 120 seconds after being 673 
placed in the chamber and each shock was separated by 60 seconds.  Shock amplitudes were 674 
presented in a random order with the constraint that a single amplitude was never presented 675 
more than twice in a row.   676 

 677 

Light-Dark Test:   678 
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The light-dark test was conducted using two interconnected square compartments with 679 

an open top (each compartment measured 7.5 in width x 11.25 in height), separated by a 1.5 680 
in wide passageway that could be closed with an opaque sliding divider.  One chamber was 681 
made of all white acrylic, while the walls of the other were covered in matte black wallpaper 682 
and had a red acrylic floor.  Overhead lighting provided luminance of 50 lux on the light side.  683 
After a 1 minute baseline period in which animals were confined to the dark side, the central 684 
divider was raised and the animals could freely explore both sides of the light-dark box.  For 685 
optogenetic experiments, this period was 8 minutes, and light was administered in 2 minute 686 
intervals (alternating off-on-off-on).  Light-off and light-on epochs were collapsed after similar 687 
patterns were observed across the first and second off-on cycles.  For all other experiments, 688 
animals were allowed 5 minutes to explore both sides of the chamber.  When animals were 689 
tested more than once, test sessions were separated by 2 days. 690 

 691 

Behavior quantification:  692 

For analysis of freezing and motion in conditioning chambers when no fibers/cables 693 
were attached to the mice, Med Associates Video Freeze software was used (42).  For 694 
measuring freezing and motion in chambers when cables were attached to the animals, as well 695 
as in the light-dark test, ezTrack was used (43).   696 

 697 

 698 

CHEMOGENETIC AND OPTOGENETIC ACTUATION 699 

 Actuation of HM4Di and HM3Dq was achieved through intraperitoneal administration of 700 
3 mg/kg cno-dihydrochloride (Tocris), 30-45 minutes prior to behavior, at a volume of 10 mL/kg 701 
(dissolved in saline). 702 

 For stGtACR1-mediated inhibition, laser light was delivered with a 473 nM laser 703 
(OptoEngine LLC) connected via a patch cord to a bifurcating rotary joint (Doric).  Consistent 704 
with prior reports inhibiting AHN neurons with stGtACR1 (30), we utilized 20hz, 20 ms pulse 705 
width, 5 mW, illumination.  Light intensity was measured from the fiber tip using a light meter 706 
(PM100D with S130C attachment, ThorLabs).   707 

 708 

HISTOLOGY 709 

 For confirmation of viral placement, GRIN lens placement, and fiberoptic placement, 710 
animals were transcardially perfused with 10 mL PBS followed by 10 mL 4% PFA.  Brains were 711 
then extracted, stored in 4% PFA overnight at 4C, and then transferred to a 30% sucrose/PBS 712 
solution before being sectioned at 50 um coronal sections on a cryostat and mounted on 713 
slides.  Tissue was then imaged on a Leica DM6 epifluorescent microscope.  Viral expression 714 
and cannula placement was evaluated using the mouse brain atlas of Franklin and Paxinos 715 
(40). 716 

 717 

iDISCO IMMUNOSTAINING 718 

Following perfusion with 10 mL of 1X PBS and 10 mL of 4% PFA, brains were extracted, 719 
any remaining dura and vasculature was carefully dissected off the brain with fine tweezers, 720 
and brains were stored overnight in 4% PFA at 4C.  Brains were then washed 3x in PBS prior 721 
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to the iDISCO+ procedure (16).  All subsequent steps were performed in 5 mL black Eppendorf 722 
tubes (fully filled to reduce air).  Except where stated, all steps were done while being rotated 723 
at 10 RPM. 724 

The general outline of staining/clearing is as follows: 725 

Day 1: Tissue was dehydrated in escalating concentrations of methanol (MeOH) in H20, for 1 726 
hr each, at room temperature (20%, 40%, 60%, 80%, 100%).  After an additional 2 hrs in 100% 727 
MeOH, brains were chilled on ice for 10 min and then incubated overnight in a solution of 728 
66.5% dichloromethane (DCM) and 33.5% MeOH at room temperature. 729 

Day 2: Tissue washed twice in 100% MeOH, 3 hours each wash, then chilled at 4C for ~10min.  730 
Subsequently, brains were incubated in chilled 5% hydrogen peroxide (H2O2; 1 volume of 731 
30% H2O2 to 5 volumes MeOH) and kept at 4C overnight, without rotation. 732 

Day 3: After allowing samples to warm to room temperature, tissue was rehydrated in 733 
decreasing concentrations of MeOH in H20 (60%, 40%, 20%), 1hr each, followed by 1hr in 734 
PBS.  Subsequently, tissue was incubated 2x in PTx.2 solution (0.2% Triton X-100 in PBS), 1 735 
hr each wash.  Lastly, tissue was permeabilized across 2 days at 37C in the following solution: 736 
80% PTx.2, 20% DMSO, 22% glycine (w/v). 737 

Day 5: Tissue was transferred to blocking solution (84% PTx.2, 6% donkey serum, 10mL 738 
DMSO) and incubated across 2 days at 37C. 739 

Day 7: Tissue was transferred to primary antibody (1:2000 rabbit anti-cFos; Abcam 190289) in 740 
PTwH (0.2% Tween-20, 0.1% of 10mg/mL heparin solution, in PBS) plus 3% donkey serum 741 
and incubated for 1wk at 37C. 742 

Days 14-15: Tissue was washed 4-5 times in PTwH at room temperature across 2 days. 743 

Day 16: Tissue was incubated in secondary antibody (1: 1000 donkey anti-rabbit IgG 744 
AlexaFluor 790; Invitrogen A11374) in PTwH plus 3% donkey serum for 7 days at 37C. 745 

Days 23-24: Tissue was washed 4-5 times in PTwH at RT across 2 days. 746 

Day 25: Tissue was dehydrated in escalating concentrations of MeOH in H20, for 1 hr each, at 747 
RT (20%, 40%, 60%, 80%, 100%). 748 

Day 26: Tissue was incubated for 3 hours in 66.5% DCM and 33.5% MeOH at room 749 
temperature.  After 2 washes in 100% DCM, each 15min, tissue was transferred to 100% 750 
dibenzyl ether (DBE). 751 

 752 

LIGHT-SHEET IMAGE ACQUISITION AND QUANTIFICATION 753 

 Cleared brains were imaged using a LaVision UltraMicroscope II light sheet microscope 754 
using a 1.3x objective lens coupled with 488nm and 785nm lasers for imaging 755 
autofluorescence and cFos, respectively.  12-bit horizontal brain images were collected using 756 
3.89uM NA light sheet width in 4.5uM step sizes, spanning from the dorsal-most to ventral-757 
most portion of the brain.   758 

 Light sheet images were processed using custom Python-based scripts written in-house 759 
to identify cFos cell positions (github.com/ZachPenn/ClearMap2; zmaster branch).  Images for 760 
each animal were preprocessed as follows: 2D images were first converted to 3D arrays, 761 
permitting 3D kernel operations.  Images were then smoothed using a small median kernel, 762 
followed by subtraction of local background fluorescence, estimated using a morphological 763 
opening.  Small intensity pixel fluctuations were then thresholded and set to zero.  To identify 764 
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cFos puncta in preprocessed images, a distance transform was then calculated, followed by 765 
identification of local maxima, corresponding to cell centroids.  Importantly, the same image 766 
processing parameters were applied to every subject and parameters were selected based 767 
upon visual inspection across multiple regions.  Images and cell-positions were then aligned to 768 
the Allen Brain Atlas (44) using the ClearMap2 software package (16, 45). 769 

 770 

MINISCOPE IMAGING AND CELL EXTRACTION 771 

 Calcium imaging was performed using the UCLA Miniscope, V4.4 (27).  Parts were 772 
obtained from Open Ephys and subsequently assembled in-house.  Following baseplating, 773 
animals were habituated to wearing the Miniscope over the course of several days while in 774 
their home cage.  Animals were lightly restrained (held in cupped hand), the dust cover was 775 
removed from the baseplate, and the Miniscope was attached to the baseplate and locked into 776 
position with a set screw.  They were then placed back in their home cage for several minutes 777 
with the Miniscope attached and turned on.  During this time, the optimal focal plane was 778 
identified and this focal plane was held constant throughout the duration of experimental 779 
testing by maintaining the setting of the electrowetting lens.  Additionally, on each day, the focal 780 
plane and field of view was manually compared to the prior day.  Miniscope videos were 781 
acquired at 30 frames per second. 782 

 Calcium imaging videos were processed using the open-source software, minian (46).  783 
In brief, for each session, videos were down-sampled to 15 fps and corrected for translational 784 
motion.  To improve signal quality, a minimum projection for each video was then subtracted 785 
from each frame to remove vignetting, a median filter was applied to remove granular noise, 786 
and a morphological opening was performed to identify – and subsequently filter out – local 787 
fluctuations in background.  To identify potential cell locations, local maxima in the field of view 788 
were defined across the video.  These local maxima were then utilized as input to the CNMF 789 
algorithm.  CNMF parameters were chosen for each animal based upon the auditory stressor 790 
session in a visually guided manner using minian.  These parameters were then applied to 791 
every video for that animal.  Parameters were selected blind to group membership.  For all 792 
analyses, we utilized the raw signal for each cell, obtained by multiplying the spatial footprint 793 
resulting from CNMF by its temporal activity (i.e., each pixel has a weight for each cell, and the 794 
weighted average of fluorescent intensity values across time for these pixels comprise a cell’s 795 
activity).  Cross-registration of cells across sessions was performed using minian. 796 

 797 

STATISTICAL ANALYSIS 798 

All statistical analysis were performed in R.  All data and statistical analysis are 799 
available at github.com/ZachPenn/AHN.  Group sizes are listed in each figure legend. 800 

Whole Brain cFos Analysis: 801 

Within the Allen Mouse Brain Atlas (44), regions are classified in a nested hierarchy 802 
(e.g., infralimbic layers 1 and 2 are nested within the infralimbic cortex which is in turn nested 803 
within the isocortex).  For all cFos analyses, the lowest available level of this hierarchy was 804 
used, providing the most granular regional information.  The olfactory bulbs and cerebellum 805 
were excluded from all analyses due to frequent damage resulting from dissections.  806 
Additionally, any region that had very low cFos counts across groups was excluded (median 807 
counts per group all less than 1).  This left a total of 454 brain regions across which 808 
subsequent analyses were conducted. 809 
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Group differences in regional cFos counts: 810 

To compare cFos counts across groups, negative binomial regression was performed 811 
using the MASS package in R (47).   For each region, count data was modeled as a function of 812 
group (y=B0+B1*NT+B2*T+e), with the three groups consisting of those animals that did not 813 
receive Stressor 2 (Control, Ctrl), those that did not receive Stressor 1 but received Stressor 2 814 
(NS), and those that received both stressors (S).  We first assessed whether group 815 
membership was a significant predictor of cFos counts by comparing the full model listed 816 
above to an intercept only model (y=B0+e).  Amongst the 90 regions that displayed group 817 
variation in cFos counts following FDR correction, we then assessed whether S and NS groups 818 
displayed differential cFos counts using post-hoc contrasts with the multcomp package (48).  819 
For this contrast, we display regions which surpass FDR correction, as well as those regions 820 
that display differential activation at an uncorrected threshold of p=0.05 in order to better 821 
capture the general pattern of results.  The results of statistical tests for each region can be 822 
found in Supplementary Table 1.  Additionally, summary statistics for each region/group can be 823 
found in Supplementary Table 2.  For full count information and analysis scripts, please see 824 
github.com/ZachPenn/AHN. 825 

Correlational analysis and hierarchical clustering: 826 

 For all correlational and hierarchical clustering analyses, cFos counts were z-scored 827 
separately for each group. Because analyses focused on NS and S animals, which had a 828 
substantial spread of counts and moderate sample size (n=10/group), Pearson correlations 829 
were used as the bases for these analyses.   830 

For hierarchical clustering, the region-region correlation matrix relating counts between 831 
brain regions (R) was first converted to an adjacency matrix (A = 1-R), and subsequently to a 832 
set of distances using the stats package in R (49).  Agglomerative hierarchical clustering was 833 
then performed on these distances using the average distance between clusters.  Cluster 834 
thresholds were set using the ‘elbow’ method, where cluster number is increased until within-835 
cluster variance no longer decreases substantially when increasing cluster number (Fig S3).  836 
Additionally, we attempted to keep within-cluster correlations high (R>=0.5).   837 

To compare cluster ‘strength’ across groups, we initially performed hierarchical 838 
clustering on animals exposed to Stressor 1 (S), as described above.  After identifying the 839 
cluster containing the AHN in these animals, we examined the correlation matrix exclusively for 840 
regions within this cluster in S and NS animals.  In particular, we extracted the mean off-841 
diagonal correlation, as this reflects overall within-cluster relatedness, and compared this value 842 
across groups (i.e., avg(Rt) – avg(RNT)).  This was compared to a null distribution computed by 843 
shuffling the off-diagonal correlation values across groups and computing the same difference 844 
of mean correlations 1000 times.  A similar approach was taken to compare the overall 845 
correlation matrix from each group. 846 

To compare the number of correlations between the AHN and other brain regions 847 
between animals that received Stressor 1 and those that did not, we compared the number of 848 
significant correlations between groups using the chi-square test.  Of note, while we used 849 
uncorrected significance (p=0.05) to more broadly illustrate functional connectivity of the AHN, 850 
using FDR correction provides a similar result (Chi-sqaure contingency test of S vs NS: 851 
χ2=10.2, p<0.01). 852 

 853 

Calcium Imaging Analysis 854 
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 For each cell and session, activity was first normalized by computing a z-score and then 855 
subtracting the minimum value from across the entire session, such that each cell’s activity 856 
was in standard deviation units with a minimum value of 0.  For plotting cell responses, activity 857 
was first averaged in 200 ms bins.  For comparing responses of cells to various amplitude 858 
shocks, activity was binned into 1 second intervals and cells were treated as individual 859 
datapoints.   860 

Classification of responsiveness: 861 

 To classify whether a cell was responsive to a particular stimulus (e.g., shock), the 862 
average change in activity in the 5 seconds following stimulus onset relative to the 5 seconds 863 
preceding stimulus onset was first assessed.  A null distribution was then obtained by randomly 864 
shuffling stimulus onset times and recalculating this average difference 1000 times.  Stimuli 865 
that had a response above the 95th percentile of this null distribution were considered 866 
responsive. 867 

 868 

Behavioral analysis 869 

 For analysis of behavioral data, omnibus ANOVA were conducted using the package 870 
ezANOVA with type 3 degrees of freedom.  The white adjustment was implemented to correct 871 
for heterogeneity of variance using heteroscedasticity corrected standard errors (‘hc3’).  For 872 
repeated measures ANOVA, the Greenhouse-Geisser correction was implemented when the 873 
assumption of sphericity was not met.  F and t values are rounded to the nearest tenth and 874 
hundredth, respectively.  Where F values were less than .1, F is listed as 0.   875 
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