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SUMMARY

Sudden unexpected environmental changes capture attention and, when perceived as potentially
dangerous, evoke defensive behavioral states. Perturbations of the lateral septum (LS) can
produce extreme hyperdefensiveness even to innocuous stimuli, but how this structure influences
stimulus-evoked defensive responses and threat perception remains unclear. Here, we show that
Crhr2-expressing neurons in mouse LS exhibit phasic activation upon detection of threatening
but not rewarding stimuli. Threat-stimulus-driven activity predicts the probability but not vigor

or type of defensive behavior evoked. Although necessary for and sufficient to potentiate stimulus-
triggered defensive responses, LSS""Z neurons do not promote specific behaviors. Rather, their
stimulation elicits negative valence and physiological arousal. Moreover, LSS activity tracks
brain state fluctuations and drives cortical activation and rapid awakening in the absence of threat.
Together, our findings suggest that LS directs bottom-up modulation of cortical function to evoke
preparatory defensive internal states and selectively enhance responsivity to threat-related stimuli.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

"Correspondence: toddeanthonyphd@gmail.com.

AUTHOR CONTRIBUTIONS

M.H., S.1.B., and A.P. performed photometry and/or optogenetic behavior experiments. M.H. performed rabies tracing. S.1.B. and

A.P. performed and analyzed HSV anterograde tracing. T.Y. performed ex vivo patch clamp recording and GCaMP imaging. A.V.
performed EEG/EMG studies. M.H., S.I.B., A.V,, AP, T.Y., and T.E.A. analyzed the data. D.A. built experimental setups and analysis
pipelines for looming and head-fixed recordings. T.E.A. conceived the study and wrote the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing interests.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2022.111521.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hashimoto et al. Page 2

In brief

Using /n vivo neural activity recording, optogenetics, and viral-mediated transneuronal
anterograde tracing, Hashimoto et al. find that, rather than simply gating behavior, the lateral
septum modulates cortical state and responsivity to sensory stimuli to promote preparatory
defensive behavioral states associated with heightened reactivity to threat-related cues.
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INTRODUCTION

Unexpected salient stimuli drive bottom-up, externally focused vigilant states associated
with increased arousal and altered cortical activity patterns (Corbetta and Shulman, 2002;
Aston-Jones and Cohen, 2005; Harris and Thiele, 2011; Lee and Dan, 2012). The ability
to calibrate responsivity to such stimuli enables defensive behavior to be flexibly tuned
according to environmental conditions, internal need states, and/or experience. For example,
aversive experience can increase reactivity to threat-related stimuli (Li et al., 2018).
However, chronic sensory hypersensitivity in the absence of threat can be maladaptive and
is a diagnostic feature of multiple mental illnesses (Freedman et al., 1987; Pitman et al.,
2012; Robertson and Baron-Cohen, 2017). Definition of the neural substrates that regulate
responsivity to environmental stimuli is fundamental to understanding sensory processing
deficits.
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The septohippocampal system has long been implicated in gating responses to sensory
stimuli. For example, auditory stimuli evoke habituating responses in hippocampal (HPC)
neurons (Vinogradova and Brazhnik, 1978; Vinogradova, 2001), and HPC activity is
required for suppressing responses to familiar or redundant stimuli (Ackil et al., 1969;
Solomon, 1977; Rickert et al., 1978; Kaye and Pearce, 1987). Several lines of evidence
suggest that HPC-dependent sensory gating is mediated via descending projections to its
primary subcortical target, the lateral septum (LS). LS neurons are phasically activated by
salient stimuli (Yadin and Thomas, 1981; Besnard et al., 2019; Wirtshafter and Wilson,
2019; Xu et al., 2019; Azevedo et al., 2020) and exhibit HPC-dependent habituating
responses to repeatedly presented unreinforced stimuli (Vinogradova and Brazhnik, 1978).
Moreover, lesioning or pharmacologically inactivating the septum (Brady and Nauta, 1953)
or LS (Kohler, 1976; Albert and Wong, 1978) can produce extreme sensory hypersensitivity
associated with exaggerated stimulus-driven defensive responses and delayed habituation to
innocuous stimuli. While such results suggested a role in suppressing defensive responses to
salient stimuli (Sheehan et al., 2004), other studies indicate that at least some LS populations
may promote threat-related behaviors (Treit and Pesold, 1990; Anthony et al., 2014; Xu et
al., 2019). Given the molecular and connectional complexity of the LS (Risold and Swanson,
1997a; 1997b), discrete neuronal cell types may exert distinct influences on sensory-evoked
responses. However, the identities and function of the relevant cell types have not been
determined.

Several models of LS function have proposed a regulatory “gating” role in which LS
output does not directly evoke but rather disinhibits behavior via long-range GABAergic
projections to downstream regions involved in locomotion or motivated behavior (Sheehan
et al., 2004; Besnard et al., 2019). Related models posit that LS integrates locomotor
and/or HPC-derived contextual information to influence action selection through effects on
downstream targets (Tingley and Buzsaki, 2020; Wirtshafter and Wilson, 2021). Consistent
with this idea, optogenetic stimulation of LS projections to the hypothalamus can modulate
avoidance, aggression, locomotion, and food seeking (Anthony et al., 2014; Bender et al.,
2015; Wong et al., 2016; Carus-Cadavieco et al., 2017). Notably, electrically stimulating LS
can acutely and reversibly alter activity in frontal cortex (Englot et al., 2009) and modulate
visual and auditory evoked potentials (Lorens and Brown, 1967; Golden and Lubar, 1971).
However, movement itself modulates sensory stimulus-evoked cortical responses (Niell and
Stryker, 2010; Lee et al., 2014). It is therefore unclear if LS effects on cortical activity are
an indirect consequence of a more proximal function to influence mobility or, alternatively,
there are LS subsets that exert direct effects on cortical state independent of movement.

LS neurons that express the type 2 corticotropin-releasing hormone receptor (LS9
represent a promising entry point for addressing these issues. CRHR2, a G protein-

coupled receptor bound by all CRF-related neuropeptide ligands (Henckens et al., 2016),

is expressed in a subset of predominantly GABAergic LS neurons (Anthony et al.,

2014). Signaling through LS CRHR2 receptors is engaged by aversive experience and
regulates multiple threat-related behaviors, including avoidance, neophobia, and hypophagia
(Radulovic et al., 1999; Henry et al., 2006; Bakshi et al., 2007; Ohata and Shibasaki, 2011).
Pharmacological blockade of LS CRHR2 signaling renders mice resistant to behavioral
consequences of acute stress (Radulovic et al., 1999), and LSS""Z neuronal activity is
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required for both induction and maintenance of stress-elicited anxious states (Anthony et
al., 2014). Moreover, LS CRHR2 receptors control defensive freezing evoked by aversive
stimuli (Bakshi et al., 2002), as well as associative conditioning to such stimuli (Radulovic
et al., 1999; Todorovic et al., 2007). LSS"2 neurons are therefore strong candidates

for modulating cognitive and behavioral responses to discrete threat stimuli in a stress-
dependent manner. However, neither the /n7 vivo neural activity of LS neurons nor
mechanisms by which they influence defensive behavior have been defined. Here, we
addressed this gap using a combination of /n vivo neural activity recording, optogenetic
manipulations, and polysynaptic anterograde transneuronal tracing. Our results suggest a
model in which threat-related stimuli activate LS7"Z neurons, which, in a locomotion-
independent manner, elicit preparatory defensive internal states by driving cortical activation
to enhance sensory-evoked responses.

LSC™r2 neurons are activated by unexpected and/or threat-associated sensory stimuli but
suppressed during consummatory behavior

Recent /n vivo recording studies implicating LS in spatial cognition and mobility focused
on interactions with dorsal HPC (Bender et al., 2015; Tingley and Buzsaki, 2018; Besnard
et al., 2019; Wirtshafter and Wilson, 2019, 2020), but ventral HPC also innervates LS
(Risold and Swanson, 1996, 1997b). To map hippocampal and other inputs to LS¢""2
neurons, which comprise ~10% of LS cells (Anthony et al., 2014), we performed rabies-
mediated monosynaptic transsynaptic retrograde tracing (Wickersham et al., 2007; Wall et
al., 2010). Rabies* HPC inputs to LSS"Z neurons derived primarily from ventral regions,
with dense marking observed in deep regions of the CA1 pyramidal layer, oriens, and
subiculum (Figure S1). In contrast, few inputs were detected in dorsal HPC, with small
numbers of rabies* cells observed in dCA2/3 and none in dCAL. Inputs from outside

HPC derived primarily from the hypothalamus, with smaller numbers in the thalamus,
nucleus accumbens, and bed nucleus of the stria terminalis (Figure 1A). Together, these
data demonstrate that LSS"Z neurons receive most of their top-down input from ventral
HPC, suggesting distinct functional roles for this population compared with LS subsets that
receive strong descending input from dorsal HPC.

To define natural activity patterns that underlie LSS7Z neuronal control of threat-related
behavior, we used fiber photometry to record population activity from neurons expressing
the calcium indicator GCaMP6s (Chen et al., 2013; Gunaydin et al., 2014) (Figure 1B).

Ex vivorecordings confirmed that GCaMP6s fluorescence exhibits a linear relationship

to spiking in LSS""Z neurons (Figure S2). Initial recordings revealed robust responses

to approach of laboratory personnel (Figure 1C), a stimulus that evoked vigilance and
defensive behaviors in septally lesioned animals (Brady and Nauta, 1953). Phasic activation
was also evoked by other salient or innately threatening stimuli across multiple modalities,
including visual threats, footshock, and loud auditory stimuli (Figures 1D-1F). Notably,
repeated stimulus presentations resulted in significantly reduced responses to later exposures
that were observed for all modalities tested and not due to photobleaching (Figure 1G;
Figure S3). While exposure to unpaired footshocks did not reverse habituation (Figures S3F
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and S3G), stable responsivity to an auditory stimulus could be produced if presentation was
paired with aversive footshock (Figures 1H—1J). Thus, LSS""Z responses to sensory stimuli
can be modified by aversive associative memory.

To determine whether LSS""2 neurons respond to rewarding stimuli, water-restricted mice
were placed in a chamber with a lick spout delivering a sucrose solution. In contrast

to aversive stimuli, sucrose consumption resulted in decreased GCaMP fluorescence for

the duration of licking (Figure 2A). Surprisingly, similar decreases occurred when mice
consumed a bitter solution (Figure 2B), suggesting this inhibition may facilitate engagement
in consummatory behavior rather than reflect detection of rewarding stimuli. To test this
idea and dissociate reward from consumption, water-restricted mice were trained daily for
10 days in a task where each trial began with a tone onset indicating water availability 3

s later from a port at one end of the chamber; port entries were monitored via infrared

beam breaks (Figures 2C, S4A, and S4B). Early in training (day 2), port entries were
accompanied by GCaMP fluorescence decreases regardless of whether or not water reward
was available in the port (Figure S4C). However, once mice exhibited behavioral evidence of
task learning, fluorescence decreases occurred only when water was available and mice were
thirsty (Figures S4D-S4G). Moreover, trial-by-trial fluorescence decreases were related to
port entries but not tone onsets (Figures 2D-2F), indicating that activity is inhibited when
mice anticipate and/or engage in water consumption, not in response to reward-predictive
stimuli. Together, these data demonstrate that LSS neurons are phasically activated by
threat- but not reward-associated sensory stimuli, and are suppressed during consummatory
behavior.

Stimulus-driven activation of LSC™2 neurons occurs upon threat detection and is related
to probability but not vigor of defensive responses

To determine how threat-induced activation of LSZ neurons is related to defensive
behavior, we further analyzed neural activity and behavioral responses to visual looming
stimuli. These overhead expanding black discs mimic approaching aerial predators and
elicit robust defensive reactions in mice (Yilmaz and Meister, 2013). Photometry recordings
were made in a rectangular arena with a shelter area on one end; entry into a trigger

zone in the non-sheltered open region resulted in loom presentation from an overhead
monitor but no other aversive stimulus (Figure 3A). The first three presentations of rapidly
expanding stimuli elicited a consistent behavioral sequence: initial behavioral inhibition (i.e.,
suppression of ongoing exploration) indicating threat stimulus detection, followed by flight
into the shelter; freezing in the trigger zone or other behaviors (e.g., risk assessment) were
observed in some instances (Figure 3B). Loom stimuli robustly activated LS”Z neurons
upon threat detection irrespective of whether mice exhibited flight or freezing, responses
observed at multiple LS recording sites (Figures 3C, 3G and S5D-S5I; Videos S1 and

S2). In addition, vigor of flight and subsequent freezing responses were unrelated to the
magnitude of evoked neural activity (Figure 3D); neural activity was similarly unrelated to
velocity during initial baseline recordings in the absence of threat-related stimuli (Figure
S5J).
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Stimulus intensity influences perceived threat (Hersman et al., 2020) and modulates latency
and vigor of loom-elicited defensive responses (Yilmaz and Meister, 2013; Dunn et al.,
2016; Bhattacharyya et al., 2017; von Reyn et al., 2017; Evans et al., 2018). To determine
if LSC2 neurons are sensitive to threat stimulus intensity, we tested a slowly expanding
loom stimulus and found it evoked significantly reduced behavioral and neural responses
compared with rapid stimuli (Figures 3E-3G). Importantly, although the magnitude of
LSC2 responses to loom stimuli was unrelated to behavioral vigor (Figure 3D), it was
highly predictive of whether or not a defensive response would occur on a given trial (Figure
3H). Conversely, repeated presentations of loom stimuli resulted in parallel decreases of
both behavioral and LS neural activity responses (Figure 31). Moreover, we observed
neither defensive nor neural activity responses to expanding white discs (Figure S5), which
are not innately threatening (Yilmaz and Meister, 2013). Thus, stimulus-evoked LS<72
activity occurs upon threat detection, depends on perceived threat, and is associated with
elicitation of defensive internal states but not specific behaviors.

LSCr2 neuronal activity is necessary for stimulus-triggered defensive behavior and
sufficient to drive responses to low-intensity threats

To determine if stimulus-evoked activity causally influences defensive behavior, we first
tested effects of optogenetically inhibiting LS¢""Z neurons. An adeno-associated virus
(AAV) directing Cre-dependent expression of the inhibitory opsin archaerhodopsin 3.0
(Arch 3.0) was bilaterally injected into LS of CrAr2-Cre or nontransgenic control mice;

both groups were implanted with fiber optic ferrules and illuminated with 532-nm light
during rapid loom stimulus presentations (Figure 4A). We found that photoinhibition of
LSC2 neurons suppressed defensive responses to rapid loom stimuli, significantly reducing
both incidence of flight and maximum velocity within the first 6 s following stimulus onset
(Figures 4B and 4C).

Our photometry recordings revealed that the magnitude of stimulus-evoked LSE7Z activity
is related to the probability that a defensive response will be engaged (Figure 3H). We
therefore asked if optogenetic stimulation could elicit reactivity to low-intensity stimuli
that normally do not evoke defensive responses. Indeed, photostimulating LSS72 neurons
expressing Channelrhodopsin-2 (ChR2) was sufficient to potentiate defensive responses

to slowly expanding loom stimuli, producing flight with increased velocity and greater
post-stimulus freezing than controls (Figures 4D-4F; Video S3). Notably, effects of these
optogenetic manipulations did not shift defensive responses from one behavior to another
(e.g., flight to freezing), but rather altered the probability of a defensive response being
exhibited. Moreover, photostimulation inside the looming arena but in the absence of loom
stimulus presentations did not significantly alter these behaviors (Figure 4G).

The LS sends GABAergic projections to the hypothalamus proposed to gate motivated
behavior and hormonal status via multisynaptic disinhibitory connections (Risold and
Swanson, 1997b; Sheehan et al., 2004; Anthony et al., 2014). Accordingly, the above

results potentially suggest a gating mechanism in which LSS""2 activation is permissive
(but not instructive) for elicitation of any among a set of defensive behaviors. Such a
function could be implemented by disinhibition of downstream effector circuits that actually
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drive the responses. If this were the only underlying mechanism by which LS¢”"Z neurons
influence behavior, photostimulation might be expected to have no acute measurable effects
in absence of a threat stimulus. However, we found that photostimulation elicits avoidance
in a real-time place aversion assay without altering locomotion (Figure 4H). Similarly,
photostimulation suppressed self-initiated burying but not distance traveled in a marble-
burying assay (Figure 41). Thus, LS neuronal activation elicits an aversive internal state
that can have multiple behavioral consequences, potentiating active or passive defensive
responses depending on the situation and on the presence or absence of a discrete threat
stimulus.

Polysynaptic anterograde transneuronal tracing indicates that LSC™2 neurons send
indirect projections to discrete neocortical regions

While the above results do not exclude a role for gating, they demonstrate that LSC/772
activity has acute effects on internal state that can influence responsivity to threat-associated
stimuli. In considering mechanisms by which LSS7Z neurons might produce such effects,
we were struck by the prior finding that electrically stimulating LS can acutely and
reversibly alter local field potential and cholinergic signaling in frontal cortex (Englot et al.,
2009; Li et al., 2015). Moreover, we observed LS photometry transients during testing
that tracked small head movements resembling risk assessment and that occurred while
mice were otherwise immobile (Video S2). Such observations, together with their strong
threat-stimulus-driven activation (Figures 1 and 2) and known LS contribution to orienting
responses (Kohler, 1976), suggested to us that LS¢Z neurons might promote bottom-up
attention via modulation of cortical function.

The LS2 population is composed primarily of GABAergic neurons that innervate
multiple subcortical targets but does not send direct ascending projections to neocortex
(Anthony et al., 2014). However, prior studies suggested that LS may modulate cortical
state through indirect projections to subcortical arousal systems that in turn innervate
neocortical targets (Li et al., 2015; Motelow et al., 2015). To test this idea, we infected
LSEr2 neurons with the transneuronal tracer H129ATK-TT (Zemanick et al., 1991 Lo and
Anderson, 2011). Following a Cre-mediated recombination event, H129ATK-TT expresses
the fluorescent reporter tdTomato and becomes replication competent, moving through and
marking synaptically connected chains of neurons exclusively in the anterograde direction
(Figure 5A). At 1 day post injection (dpi), robust tdTomato was observed only in LS cells
surrounding the injection site (Figure 5B; Figures S6A-S6C). By 3 dpi, strong marking
was observed in the anterior hypothalamic area and paraventricular nucleus (Figure 5C),
regions we previously showed to be downstream of LS7"Z neurons (Anthony et al., 2014).
Notably, dense marking at 3 dpi was also observed in preoptic and supramammillary areas
(Figures 5D and 5E), two subcortical regions that influence cortical state (Chung et al.,
2017; Pedersen et al., 2017; Yamagata et al., 2021). In contrast, neocortical marking was
minimal to undetectable at 3 dpi (Figures 5F-5H). By 5 dpi however, tdTomato™ cells were
consistently detected in several discrete neocortical regions, including orbitofrontal cortex,
prefrontal and infralimbic cortices, and posterior areas that appear to include secondary
visual cortex with minimal labeling in V1 (Figures 51-5K; Figure S6E). Of note, many
other neocortical areas lacked detectable viral marking at all time points assayed (e.g.,
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somatosensory cortex; Figure S6D). Importantly, tdTomato was undetectable when virus
was injected into nontransgenic control animals (not shown). Together, these data indicate
that LSS neurons send indirect projections, routed through subcortical intermediates, to
specific frontal and sensory cortical targets (Figure 5L).

LSC™r2 neuronal activity tracks brain state fluctuations independent of movement and
promotes physiological arousal

Neuromodulatory populations that regulate cortical function exhibit neural activity
correlations with ongoing brain state changes, as indexed by pupil diameter (McGinley et
al., 2015; Reimer et al., 2016). We reasoned that, if the LSSZ population influences brain
state, its activity might similarly track pupillary fluctuations. In fact, simultaneous fiber
photometry and pupillometry recordings revealed a striking correlation between LS¢"2
neuronal activity and dynamic pupil diameter changes (Figures 6A and 6B). Importantly,
these correlations were independent of movement (Figures 6C—6F), indicating a relationship
to ongoing brain state changes rather than to locomotion. In addition, we found that
photostimulating LSS7"Z neurons increased pupil dilation and heart rate, demonstrating
sufficiency to causally influence these processes (Figures 6G—6l).

LSC™r2 neuronal stimulation drives short-latency cortical activation and persistent brain
state changes in the absence of threat

Pupillometry involves head fixation, which can be stressful for mice. The effects of
photostimulation on pupil and heart rate during pupillometry might therefore reflect a role
for LSS neurons to modulate the arousing effects of stress while not directly triggering
physiological changes. To test whether LSS neurons can instructively drive cortical
activation in the absence of threat, we tested whether photostimulation could produce
awakening from sleep in unrestrained animals previously habituated to the test chamber.
Mice expressing ChR2:YFP or YFP in LSS"Z neurons were implanted with electrodes for
electroencephalography (EEG) and electromyography (EMG), and subsequently connected
to a system for online sleep detection with closed-loop optogenetic stimulation (Figure

7A). Consistently, photostimulation of LSS"2 neurons was sufficient to trigger awakening
from both non-rapid eye movement (NREM) and rapid eye movement (REM) that in

some instances occurred within a few hundred milliseconds of light onset (Figures 7B

and 7C). Moreover, photostimulation for 50 min (15 Hz, 20-ms pulses, 5 s on, 5 s off)
produced wakefulness throughout the stimulation period, followed by sustained reduction of
frequencies in the high theta band (6-10 Hz) for 2 h following stimulation offset (Figure
S7). Thus, LSS"2 neural activity is sufficient to trigger acute cortical activation and provoke
persistent brain state changes in the absence of discrete threat.

DISCUSSION

The LS has long been implicated in regulating defensive behaviors, but the specific neuronal
populations and mechanisms involved have not been resolved. Here, we identify LSC72
neurons as a defined neuronal population that responds phasically to sensory stimuli
associated with threat but not reward. Activity of these neurons tracks global brain state
fluctuations and drives acute physiological arousal, cortical activation, and negative affect.
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Further, LSS"2 neurons are necessary for stimulus-triggered defensive responses and
potentiate reactions to mild stimuli while not promoting specific behaviors in the absence
of discrete threat stimuli. Thus, in addition to its proposed role as a broadly permissive gate
on behavior, our data suggest that the LS instructively evokes preparatory defensive internal
states, including both behavioral and physiological components, that prime an animal to
rapidly engage appropriate threat responses.

Septal lesions and focal chemical inactivation of LS both produce hyperdefensive
phenotypes in which animals exhibit exaggerated responses to mild or innocuous stimuli
(Brady and Nauta, 1953; Albert and Wong, 1978; Albert and Chew, 1980). It is therefore
counter to expectation that LS contains a threat-stimulus-driven neuronal subset such

as LSZ that promotes defensive responses. Similarly, photometry recordings from an
LS subdomain anterior to most LS¢Z neurons also detected threat-related activity, and
stimulation of excitatory inputs to this region was aversive and evoked defensive behaviors
(Xu et al., 2019). A likely explanation for such apparently contradictory results is that

the LS, a large heterogeneous structure (Risold and Swanson, 1997b, a), contains multiple
discrete neuronal subsets with distinct effects on threat responding and affect. In fact,
stimulation of neurons in posteroventral LS is rewarding and elicits both real-time and
conditioned place preference (Mu et al., 2020). Additionally, although LS%""Z neurons
are unresponsive to reward stimuli (Figure 2), electrophysiological recordings in dorsal
LS identified cells that fire in response to conditioned reward cues (Wirtshafter and
Wilson, 2019). Moreover, although LSS""Z neurons were inhibited during consummatory
behavior (Figure 2) and LS CRHR?2 receptors suppress consumption (Bakshi et al., 2007),
somatostatin®™ LS neurons promote food seeking (Carus-Cadavieco et al., 2017). Further
genetically based dissection of specific neuronal subsets should clarify the cellular and
circuit bases by which LS regulates defensive behavior and valence processing.

Despite the lack of a clear relationship with vigor of freezing or flight behavior, loom-
evoked LSEZ activation upon threat detection tracked stimulus intensity and strongly
predicted probability of a defensive response. Likewise, optogenetically manipulating
LSC2 cells during loom presentation altered the probability but not type of defensive
behavior engaged (Figure 3). Similar characteristics were observed in medial superior
colliculus (mSC) neurons proposed to function as threat integrators that evoke escape above
a critical threshold (Evans et al., 2018). Thus, LSS""Z and mSC neurons exhibit similar
neural activity relationships to threat intensity and probability of defensive responses while
apparently differing in the functional consequences of their output. The identification of
loom-responsive thalamic neurons that promote arousal, saliency-enhancing behaviors, and
positive affect (Salay et al., 2018) suggests that threat response circuits may be further
distinguished according to their associated valence and behavioral strategy evoked (e.g.,
confrontation versus avoidance).

Although it is unclear how LSE"Z activity influences cortical state, electrical stimulation
of LS can produce acute changes in cortical choline levels (Li et al., 2015). Moreover,

LS provides direct input to cholinergic neurons in basal forebrain that are presynaptic to
targets in frontal cortex (Gielow and Zaborszky, 2017), and LSS"2 axons are present in
the diagonal band (our unpublished findings). In addition, our viral transneuronal tracing
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(Figure 5) indicates that LSS""Z neurons are mono- and/or poly-synaptically connected
with targets in preoptic and supramammillary areas of the hypothalamus, regions known to
regulate cortical state (Chung et al., 2017; Pedersen et al., 2017; Yamagata et al., 2021) and
to directly or indirectly project to neocortex (Vertes, 1992; Risold et al., 1997). Through
multisynaptic LS > hypothalamus > cortex pathways, LSS neurons might influence
interpretation of, and/or sensitivity to, threat-related stimuli by functionally modulating
targets in discrete frontal and sensory neocortical regions. Precedent for such an idea comes
from work showing that hypothalamic agouti-related peptide-expressing “hunger neurons”
send indirect projections to insular cortex that modulate responsivity to food-related cues
(Livneh et al., 2017). Other connections may also contribute to LS control of brain state.

We previously reported that LSS7"2 neurons positively regulate circulating corticosteroid
levels (Anthony et al., 2014). Importantly, although it takes minutes for corticosterone
levels to rise in the blood following stress-induced activation of the HPA axis (Koolhaas et
al., 2011), phenotypes reported here (enhanced sensitivity to a low-intensity visual threat,
increased arousal and heart rate, cortical activation) could be observed within seconds of
optogenetic stimulation. This suggests that LS7Z neuron activation evokes behavioral and
physiological changes that operate over both short and long timescales to mediate phasic as
well as persistent enhancement of defensive responses.

Although there is consensus that LS is an essential regulator of threat responding, studies

of the mechanisms involved have focused on different underlying processes. Much current
work has addressed LS roles in the integration of spatial and/or locomotor information
derived from HPC and hypothalamic inputs (Luo et al., 2011; Bender et al., 2015; Tingley
and Buzsaki, 2018; Besnard et al., 2019; Wirtshafter and Wilson, 2019; van der Veldt

et al., 2021). Models based on these studies emphasize a key role for LS in promoting
contextually appropriate action selection (Tingley and Buzsaki, 2020; Wirtshafter and
Wilson, 2021). Importantly, substantial evidence indicates that HPC subserves multiple
non-spatial functions relevant to avoiding danger, including episodic memory and event
sequencing (Fortin et al., 2002), timing uncertainty (Cavdaroglu et al., 2021), novelty-
familiarity discrimination (Rutishauser et al., 2006; Okuyama et al., 2016), and conflict
detection and resolution (Gray and McNaughton, 2000; Schumacher et al., 2018). At least
some of these functions appear likely to involve HPC projections to LS. For example,
habituation of LS responses to repeated unconditioned tone presentations is absent when
HPC and LS are disconnected via septo-fimbrial lesions (Vinogradova and Brazhnik, 1978).
Related, LS lesions retard habituation of orienting responses to repeated presentations of
salient but innocuous stimuli (Kohler, 1976). Moreover, projections from ventral HPC to LS
control approach-avoidance conflict behavior in a task involving processing of visuotactile
but not spatial cues (Yeates et al., 2022). The extensive molecular and connectional diversity
of both HPC and LS (Risold and Swanson, 1996, 1997a; Thompson et al., 2008; Dong et
al., 2009; Anthony et al., 2014; Cembrowski et al., 2016; Gergues et al., 2020; Garcia et al.,
2021) suggests the possibility of separable hippocamposeptal pathways that control context-
action selection, conflict resolution, or stimulus-behavioral state pairing, with intraseptal
connections mediating interactions between them. Genetically targeted recordings from
defined LS subsets and their HPC inputs will be important for testing this model.
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Many neuronal subsets distributed throughout the brain exhibit grossly similar activity
patterns and related phenotypes when perturbed as described above for LS¢Z neurons.
For example, electrophysiological recordings showed that norepinephrine neurons in the
locus coeruleus (LC-NE) respond phasically to salient stimuli across multiple modalities
(Foote et al., 1980; Aston-Jones and Bloom, 1981). Similarly, LC-NE stimulation evokes
pupil dilation, rapid awakening, negative affect, and enhanced cortical responses to salient
stimuli, and is required for sensory-evoked awakening (Carter et al., 2010; McCall et al.,
2015; Vazey et al., 2018; Breton-Provencher and Sur, 2019; Hayat et al., 2020). Related
observations in many other populations raise a general question: what is the unique function
for different stimulus-driven neuronal populations? At least one distinction may be with
respect to valence. For example, cholinergic and noncholinergic neurons in basal forebrain
(Lin and Nicolelis, 2008; Hangya et al., 2015) and dorsal raphe dopaminergic neurons (Cho
et al., 2017) respond to salient stimuli irrespective of hedonic valence, whereas LS 72
neurons are selective for aversive or threatening stimuli (Figures 1 and 2). It is also

possible that simultaneous multi-site recordings performed with high temporal resolution
would reveal important regional distinctions, such as the precise kinetics of stimulus-driven
activity. Alternatively, it could be that many regions perform related computations and
produce similar global effects when activated, with the primary functional distinction lying
in their inputs and regulation. In particular, as the primary subcortical target of HPC, the
LS places stimulus-driven cortical activation and defensive behavior under HPC control.
Related, LSS""2 neurons express Criir2mRNA more highly than any other area of the
rodent brain (Van Pett et al., 2000), and receive robust innervation from ventral HPC (Figure
S1), a well-known regulator of affective state (Fanselow and Dong, 2010; Strange et al.,
2014). As recipients of both vHPC output and stress-activated CRHR?2 signaling, our results
suggest a model in which LSS"2 neurons regulate stimulus-driven cortical activation by
integrating HPC-derived contextual and mnemonic information with hormonal signaling
evoked by recent behavioral challenge. Our findings establish a platform for investigation
of hippocamposeptal control of sensory processing by providing a point of entry into a key
LS subset. Definition of the circuits through which LSS"Z neurons regulate cortical state,
and their modulation by CRHR2 signaling, will yield important insight into how stressful
experiences produce persistent changes in mood and behavior.

Limitations of the study

Neurons expressing the Crfir2 gene are distributed across several LS subdomains that

prior work has shown to be molecularly, connectionally, and functionally distinct. It is
therefore possible that LSS neurons are not functionally homogeneous, and that some
population-level neural activity patterns and optogenetic phenotypes reported here are
mediated by multiple discrete neuronal cell types that all express the CrAr2 gene. Follow-
up studies using cellular resolution /n vivo recordings (e.g., microendoscopic calcium
imaging), transcriptional profiling (e.g., single-nucleus RNA sequencing), and connectivity-
based approaches will be important for determining how the LS¢""Z population controls
preparatory defensive internal states.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Todd Anthony:
toddeanthonyphd@gmail.com.

Materials availability—This study generated new AAV plasmids (listed in key resources
table), which are available upon request to the lead contact.

Data code availability—All data reported in this paper will be shared by the lead contact
upon request. All original code (behavior, pupillometry, and neural activity data acquisition
and analysis) has been deposited at Zenodo and is publicly available as of the date of
publication. DOIs are listed in the key resources table. Any additional information required
to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal care and experimental procedures were approved by the Institutional Animal
Care and Use Committee at Boston Children’s Hospital or Beth Israel Deaconess Medical
Center. Mice were maintained on a 12:12 light dark cycle in constant temperature (22

+ 1°C) and humidity with ad libitum access to food and water. We previously described
the generation and characterization of the CrirZa.-Cre BAC transgenic line (maintained on
FVB/NTac background), which expresses an eGFPCre fusion protein from the start codon
in the third exon of the brain-selective alpha-splice variant of the CrAr2 gene (Anthony

et al., 2014). For behavior and imaging experiments, hemizygous transgenic FVB/NTac
animals were bred to nontransgenic C57BL/6N mice (Envigo), to generate FVBxB6 F1
hybrids (a.k.a. ‘FVBBG6F1") transgenics used for testing. Male mice were used to generate
all data in the manuscript except photometry recordings during threat conditioning (Figure
1), sucrose/quinine consumption, and reward conditioning (Figure 2), which utilized females
(though we note that sex differences were not observed, e.g. males show neural activity
decreases during consummatory behavior, and females robustly respond to loom stimuli).
After surgical procedures, mice were singly housed; all animals were tested between

12 and 24 weeks of age. Due to toxicity associated with HSV infection, H129ATK-TT
anterograde tracing was performed using a Crir2-IRES-Cre line (Prescott et al., 2020),
JAX stock #033728; the lower efficiency of recombination in this IRES-Cre line (as
compared with CrhrZa-Cre BAC mice, in which Cre is expressed from the ATG of the
CrhrZa gene) enabled longer survival times post-injection, facilitating viral spread to higher-
order targets. Gene nomenclature is based on the “Guidelines for Nomenclature of Genes,
Genetic Markers, Alleles, and Mutations in Mouse and Rat”, International Committee on
Standardized Genetic Nomenclature for Mice, full details available on Mouse Genome
Informatics website.

METHOD DETAILS

Virus injection surgical procedures—All surgery was performed under aseptic
conditions and body temperature maintained with a heating pad. Mice were anesthetized
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with isoflurane mixed with oxygen (3% for induction, 1.5% for maintenance, 0.8 min-1
oxygen flow rate) and placed in a Model 940 or 1900 digital small-animal stereotax

(David Kopf Instruments). Following initial induction, hair was removed from the dorsal
surface of the head with hair clippers, ophthalmic ointment applied to the eyes, and the
incision area scrubbed with alcohol and betadine. Coordinates used for LS injection were:
AP+0.65 mm, ML%0.63 mm, DV-2.7 mm. Virus was backfilled into glass capillaries

(tip diameter ~50 mm) and delivered using a nanoliter injector controlled by an ultra
microsyringe pump (Nanoliter Injector, 2010 & Micro4, World Precision Instruments)

at a flow rate of 30 nL min~1; the pipette was withdrawn at least 3 min after

viral injection completion. For fiber photometry, 150 nL of AAV5_CAG(del)-GCaMP6s-
FLEX(/oxP) (Addgene) was unilaterally injected into LS. For optogenetic experiments,

90 nL of AAV5_CAG(del)-Arch3:YFP-FLEX(/oxP) (custom plasmid), AAV9_CAG(del)-
ChR2(H134R):YFP-FLEX(/oxP) (custom plasmid), or AAV9_CAG(del)-EYFP-FLEXx(/oxP)
(custom plasmid) were bilaterally injected into LS. For rabies-mediated monosynaptic
retrograde tracing, two vectors (AAV5_CAG(del)-split-TVA:Citrine-FLEx(/oxP) (custom
plasmid) + AAV5_CAG(del)-Rabies G-FLEXx(/oxP) (custom plasmid, cloned by moving RG
from pAAV-CA-FLEX-RG (Watabe-Uchida et al., 2012) into CAG(del) promoter-driven
AAV vector) were mixed at a 1:9 ratio, and 30 nL of this mixture was unilaterally injected
into LS. Two weeks later, 60 nL of EnvA G-Deleted SADB19 Rabies-mCherry virus
((Osakada et al., 2011), packaged by the Salk GT3 Vector Core) was injected into the

same site. All custom AAV vectors were packaged by the Boston Children’s Hospital Viral
Core Facility. For Cre-dependent transsynaptic anterograde tracing, H129ATK-TT (60 nL,
CNNV) was injected into the LS of Crir2-IRES-Cre mice; animals were perfused at 1-5
days post-injection to enable temporal progression of anterograde viral spread to be mapped.

Optic fiber and head post implantation—Following viral injection, ceramic
(optogenetics) or metal (fiber photometry) ferrules with optic fibers (optogenetics: 200mm
diameter, 0.37 N.A.; fiber photometry: 400mm diameter, 0.48 N.A.) were implanted into
centrolateral LS above CrAr2-expressing neurons (AP+0.65mm, ML+0.63mm, DV-2.5mm).
The fibers, two small screws and/or custom-made titanium headposts were fixed to the skull
using C&B Metabond (Parkell). Appropriate post-surgical analgesia was administered to all
mice. Mice were given at least 10 days recovery prior to beginning testing.

Surgical procedures for EEG/EMG recording with optogenetic stimulation—
Mice received unilateral injections of 100 nL AAV9_CAG(del)-ChR2:YFP-FLEx(/oxP) or
AAV9 CAG(del)-EGFP-FLEX(/oxP) into LS. Two weeks later, the EEG/EMG headset was
implanted together with an optical fiber above the injection site for optogenetic stimulation.
The headstage consisted of a 6-pin connector (Heilind Electronics, catalog #MMX853—
43-006-10-001000) soldered to 4 EEG screws (Pinnacle, catalog# 8403) and 2 flexible
EMG wire electrodes (Plastics One, catalog #E363). Mice were prepared for surgery as
described above and burr holes drilled above the LS for unilateral placement of the optical
fiber. Three additional burr holes (0.7 mm diameter) were drilled in the skull: one anterior
burr hole was drilled at AP+1.0 mm and ML-1.0 mm and two posterior burr holes were
drilled at AP-2.0 and ML+1.0. EEG electrode screws were inserted into the burr holes

and an optic fiber was stereotaxically guided into position and fixed in place using dental
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cement and cyanoacrylate glue. EMG electrodes were then guided down the back of the
neck underneath the trapezius muscle, and the entire assembly was coated in a layer of
dental cement for insulation and stability.

Fiber photometry recording—Fiber optic cables (1m, 400um core, 0.48

NA; Doric Lenses) were coupled to implanted optic fibers with zirconia

or bronze sleeves (Doric Lenses). Excitation and emission light was passed

through a fluorescence minicube (FMC6_AE(405) E1(465-480) F1(500-540) E2(555-
570)_F2(580-680)_S, Doric Lenses). Excitation light (~100 pW) was provided by 405nm
and 465nm LEDs (Doric) modulated at 531 or 211 Hz using an RZ5P fiber photometry
processor (Tucker-Davis Technologies, TDT) running Synapse, and emission light collected
via fluorescence photodetector heads integrated into the minicube (Doric Lenses). Signals
were demodulated, digitized at 1 kHz, and acquired via the RZ5P processor. Transistor—
transistor logic (TTL) time stamps were used to align the signal, video frames, and
experimental stimuli. Photometry recordings were done between 4 and 8 weeks following
viral vector injection.

Behavioral procedures—All behavioral testing was performed during the dark cycle;
pupillometry and EEG/EMG recording were done during the light cycle. Test equipment
was thoroughly cleaned with detergent in between animals.

Threat conditioning

Experiment set-up: Behavioral sessions were performed in a standard operant chamber
(Med Associates Inc.) equipped with a house light and tone generator using two different
contexts. In context A, mice were placed into a white, cylindrical chamber with a smooth
floor, with 1% acetic acid odor and ambient light. Context B contained a square enclosure
with an electrical grid floor used to deliver footshock, with 70% ethanol odor and no
ambient light. Both chambers contained a speaker on one wall through which auditory
stimuli (500 ms pips at 1 Hz, 7.5 kHz for 10 s in total) were delivered at 80dB.

Protocol: On day 1 (pre-exposure, context A), following a 3 min baseline period, mice were
presented with four presentations of auditory stimuli with 80 s average pseudorandom ITI
(range 70-90 s). On day 2 (conditioning, context B), after a 3min baseline period, mice were
conditioned with five CS-US pairings of the auditory stimulus that co-terminated witha 1 s,
0.6 mA DC footshock, with 215 s average pseudorandom ITI (range 200-230 s). On day 3, a
tone test was performed in context A, with the same protocol as pre-exposure.

Analysis: All behavioral sessions were conducted, video recorded, and analyzed with Video
Freeze software (Med Associates Inc.). Freezing behavior was quantified using motion
index, (frame-by-frame mask size difference); freezing bouts were included when motion
index was below the threshold for longer than 0.5 s.
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Sucrose and quinine consumption

Experiment set-up: Experiments were performed in the same operant chamber described
above. A lick-spout (Med Associates) delivering 10% sucrose or 1% quinine was installed at
one side of the wall, and licking bouts recorded in Synapse (TDT).

Protocol: All mice were water restricted for at least one week prior to testing, weighed
daily, and maintained between 80% and 85% of their body weight throughout the
experiments. Following a 5 min baseline period, the lick-spout was inserted into the
chamber, which provided either sucrose or quinine. Mice had access to the lick-spout for
total of 30 min.

Reward conditioning

Experiment set-up: Behavioral sessions were performed in the same operant chamber

as threat conditioning. The chamber contained a water dipper on one wall with an IR-
beam at the port to detect entries, and an electrical grid floor to deliver footshock. No

odor was applied to the context for reward conditioning. Experiments were controlled by
custom-written Med-PC codes, and neural signals, stimuli, and camera recording time were
synchronized using the TDT system.

Protocol: All mice were water restricted for at least one week prior to start of training,
weighed daily, and maintained in between 80% and 85% of their body weight throughout
the experiments. Training sessions consisted of 50 trials of auditory stimuli presentation
(500-ms pips at 1 Hz, 7.5 kHz, 80 dB) for 10 s, with water available at the port for the latter
7 s with a 19.8 s average pseudorandom ITI (range 10-29 s). The tone-water association
learning was established in stages. On day 1, mice were allowed to freely explore the arena
without any footshocks to learn the water availability at the port. From day 2, mild DC
footshocks (0.35 mA) were introduced when mice entered the port during the ITI period to
facilitate learning. Two seconds following each trial was designated as a ‘safe period’ when
no footshocks were applied. All mice trained in this way exhibited evidence of learning after
8 training days.

Analysis: The first 50 trials were used for statistical analysis unless otherwise noted.
Learning was assessed using % trial beam break (% of trials out of 50 that mice exhibited a
beam-break during water available period) and ITI beam-break count. Mice exhibiting >80%
trial beam-break and <25 IT| beam-breaks for three consecutive sessions were considered

to have learned the task. “Pre-learning” sessions were taken from Day 2. Mice that did not
exhibit learning following 10 days of training were excluded from analysis.

Looming assay

Experimental set-up: Looming assays were performed in a rectangular IR-transparent
Perspex arena (W: 45.8 cm x L: 28.8 cm x H: 25.3 cm) with a low roof (W: 12 cm x L:
28.8 cm x H: 17 cm) at one end to create a ‘shelter zone’, and a regular computer monitor
mounted above the open area of the arena for visual stimulus presentation. Experiments
were recorded at 30 frames per second with two orthogonally positioned near-IR ace GigE
cameras (Basler). The illumination level was ~20 lux in the arena, and ~5 lux in the shelter.

Cell Rep. Author manuscript; available in PMC 2022 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hashimoto et al.

Page 16

The location of the mouse in the arena (X, Y) was tracked online by a custom-written
Bonsai program as previously described (Shang et al., 2018), and used to deliver stimuli
when the mouse entered the “trigger zone’ (15 cm x 15 cm area under the monitor)

by custom-written MATLAB code. Neural signals, stimuli, and camera recording times
were synchronized in Synapse (TDT). A gray background was presented on the monitor
throughout the experiment, with white or black looming stimuli presented on individual
trials. The maximum disk size was set at 60% of the shorter length of the window.

Protocol: Mice were placed in the arena and given 3 min to explore the new environment.
This was followed by the presentation of overhead white or black looming visual stimuli
of two types: rapid loom - 3x loom stimulus that expands to maximum size in 0.25 s and
remains on the monitor for 0.25 s, with 0.5 s interstimulus interval); slow loom - single
loom stimulus that expands to maximum size over 3 s and remains on the monitor for 3

s (see panels in Figure 3). In a typical experiment, mice were presented first with a white
stimulus, which was then followed by a series of black stimuli. As stimulus presentation is
self-initiated, the intertrial interval (ITI) varied across trials and mice but was limited to be
at least one minute. A typical test session lasted for about 30 min. Note: the predominant
defensive response observed to rapid loom stimuli in our animals was flight behavior; use
of other stimuli or test conditions (e.g. slow loom stimuli, removing the shelter, or sweeping
stimuli (De Franceschi et al., 2016)) did not significantly increase freezing.

For Arch3.0-mediated optogenetic inhibition, mice received bilateral continuous
illumination from a 532 nm DPSS laser (Shanghai Laser Optic Century) with a 250 ms
ramp down to prevent rebound excitation (modulated with an Arduino board). Light was
delivered from 0.5 s prior to the looming stimulus onset and continued for 20 s, and power
was 2-3 mW at the fiber tips. Nontransgenic littermates were used as controls.

For ChR2-mediated optogenetic stimulation, mice received bilateral pulsed photostimulation
from a 473 nm DPSS laser (SLOC) at 15 Hz (20 ms pulse duration); power was 2—-3

mW at the fiber tips. Photostimulation was applied together with loom stimulus onset, and
continued for 7 s. To test effects of stimulating in the absence of a loom stimulus, the same
15 Hz photostimulation stimulation was applied when mice entered the trigger zone, but
without stimulus presentation on the overhead monitor. Nontransgenic littermates were used
as controls.

Analysis: Flight or freeze scoring was done manually by an observer blinded to
experimental treatment. A trial was categorized as ‘ flight if mice showed both an acute
behavioral response to looming stimulus presentation (typically cessation of ongoing
exploratory behavior) and also completed entrance into the shelter within 6 s of stimulus
onset. A trial was categorized as ‘ freeze’ if mice showed a complete absence of movement
for longer than 1 s during the 6 s period from the stimulus onset. Trials not categorized as
either flight or freeze were scored as ‘neither . Max velocity was calculated during the first
6 s period from stimulus onset for trials that were categorized as either “flight’ or ‘neither’.
Freezing was quantified when the mask size difference of frames was below 1.5% for longer
than 1 s, and % freezing was calculated for the period of 20 s from stimulus onset for all
category trial types.
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Real-time place testing—Animals were placed into a custom-made arena (L: 52 cm;
W: 25 cm) made from black acrylic with two compartments of equal size (25 x 25 cm),

as previously described (Stamatakis and Stuber, 2012). Mice with ChR2:YFP or EYFP
expression in LSSZ neurons were allowed to freely explore the arena for 30 min. Entry
into one compartment triggered bilateral photostimulation (1 or 15 Hz, 20 ms pulse width)
while the animal remained in the light-paired chamber; entry into the other chamber
terminated photostimulation. The % time spent in stimulation side and distance traveled
were quantified using Ethovision XT (Noldus).

Marble burying—Twenty black marbles (1 cm diameter) were arrayed 4x5 on the top of
a layer of clean bedding in a shoe box cage (19.5 x 34.5 x 14.5 cm). Patch cords were
connected, and mice were placed into the cage and allowed to freely explore for 30 min in
the dark while behavior was recorded using IR-sensitive cameras. Photostimulation (473 nm
light, 20 msec pulse width, 15 Hz, 12-14 mW at each fiber tip, 5 s ON, 5 s off) was applied
throughout the 30 min testing period. The number of marbles buried was counted manually;
distance traveled was quantified using Ethovision XT (Noldus).

Pupillometry and heart rate measurements—Mice were head-fixed on a running
wheel with a rotary encoder for monitoring locomotion, inside of a sound-attenuating
cubicle (Med Associates) under constant illumination. Pupils were illuminated with an
infrared LED and video of pupillary fluctuations captured using an FLIR Flea3 USB 3.0
camera at 30 fps. Pupil diameters were extracted in real-time using a custom workflow
on Bonsai 2.3 (OpenCV) that thresholded and binarized the pupil videos to determine the
largest diameter of the pupil per given frame. Eye blinks were removed post-hoc using a
custom MATLAB code.

To test effects of optogenetic stimulation on pupil and heart rate, mice were head-fixed on
the pupil rig, connected bilaterally to optical patch cords, and fitted with a pulse oximeter
collar (MouseOx Plus, Starr Life Sciences). At the beginning of each experiment, ambient
light in the test cubicle was briefly turned off to determine the maximum pupil diameter
per animal. Mice were given a 10 min baseline period to acclimate to the wheel. Bilateral
photostimulation (473 nm, 10 s activation, 15 Hz, 20 ms pulse width, 6 mW at fiber tips)
was then applied when the pupil diameter dropped below 60% of the maximum pupil
diameter with a minimum ITI of 60 s per trial. Analysis was done using the first 5 trials of
each experiment. Nontransgenic littermates were used as controls.

Optogenetic stimulation during NREM or REM sleep—Four weeks after viral vector
injection (Cre-dependent ChR2:YFP, experimental group; Cre-dependent EYFP, control
group), mice were transferred to a new home cage, adapted for connection of EEG/EMG

and fiber optic patch cables, and placed in the recording chamber. Mice were habituated to
these conditions for a period of two days before commencing experiments. Cortical EEG
(ipsilateral frontoparietal leads) and EMG signals were amplified x5000 (AM Systems,
Model 3600) and digitized with a resolution of 500 Hz using a Micro 1401-3 (Cambridge
Electronic Design). All mice underwent testing in the following order:

1. Baseline EEG/EMG recordings from ZT 3-9.
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2. Brief recurrent optogenetic stimulation during NREM sleep at ZT 3-9. A
modified open-source Online Sleep Detection script (Spike 2, Cambridge
Electronic Design, source code available from Cambridge Electronic Design
website) was used to detect when mice had been in NREM sleep for at least 20
s, which triggered administration of optogenetic stimuli (10 s duration,15 Hz, 20
ms pulse lengths; 473 nm light, 12-15 mW power at fiber tip) with a minimum
of 3 min between each stimulus.

3. Brief recurrent optogenetic stimulation during REM sleep at ZT 0-9. The closed-
loop online sleep detection script was used to administer optogenetic stimuli (10
s duration, 15 Hz, 20 ms pulse lengths; 473 nm light pulse at 12-15 mW power
at the fiber tip) when REM sleep was detected for at least 20 s, with a minimum
of 3 min between each stimulus.

Histological and immunostaining procedures—Mice were anesthetized with
ketamine and xylazine dilution, and sequentially perfused with saline and phosphate
buffered saline (PBS) containing 4% paraformaldehyde (PFA). Brains were removed and
incubated in PBS containing 4% PFA overnight on a rocking platform at 4°C. For vibratome
sectioning, brains were sectioned at 100 um thickness and fluorescent imaging performed
on upright epifluorescent or confocal microscopes (Zeiss Axioplan or LSM700). For
H129ATK-TT tracing, sections were immunostained for tdTomato using a polyclonal rabbit
anti-RFP primary antibody (MBL cat #PM005), followed by a donkey anti-rabbit Alexa
647 secondary antibody (Jackson Immunoresearch). For microtome sectioning, brains were
incubated in 20% sucrose at 4°C until they sank, sectioned at 40 pm, mounted onto poly-
L-lysine coated slides, and allowed to dry overnight before being imaged on an Olympus
BX61VS slide scanner. Mice in which optical fiber placement was not positioned over the
LS were discarded from the analysis.

Fiber photometry analysis—Both 465 nm and 405 nm signals were downsampled to
30 Hz (i.e. sampling rate of behavioral video recordings) and detrended by subtracting

the best-fit exponential trace across the entire fluorescence time series to correct for slow
bleaching artifacts, as previously described (Kim et al., 2016). We then calculated AF/F =
(F = Fp)/Fo, where Fq = the 10th percentile across the detrended time series. Signals in the
405 nm channel were used only for removing trials with significant motion artifacts, not for
processing GCaMP traces. Statistical analyses of neural activity are reported as normalized
activity (Zscore transformation). The AF/F time course was Z-scored by subtracting the
mean of all data within the 50t percentile, and dividing by the standard deviation of all data
with the 50t percentile. Peaks (significant increases in activity) were defined as time points
when the z-scored AF/F was >1.65 (Fadok et al., 2017), or >2 standard deviations (p < 0.05)
for a one-tailed 95% confidence interval. Peak AUC was calculated as the area in between
the signal and Zscore = 1.65, and peak duration was calculated as the length of peak.

Pupillometry analysis—Pupil signals were filtered using a second order butterworth
bandpass filter with cutoff frequencies of 0.05 Hz and 1 Hz as described (Breton-Provencher
and Sur, 2019). Z-scored dF/F photometry traces were lowpass filtered with a cutoff
frequency of 2 Hz. Normalized cross-correlations were then calculated on these two filtered
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signals across 13 animals imaged using MATLAB cross correlation functions. Coherence
analysis was done on unfiltered pupil and z-scored dF/F signals using MATLAB.

A custom MATLAB code was used to extract individual pupil bouts per recording session
for each animal. In short, pupillometry traces were bandpass filtered as described above.
Each trace was then z-scored, and a threshold of 0.5 Zscore used to determine indices where
pupil bouts occurred. These indices were then used to determine the onset of candidate pupil
bouts on the original pupillometry trace; candidate pupil bouts shorter than 1 s in duration
from onset to offset were removed from analysis. Pupil bout onset indices were then used

to extract corresponding fiber photometry and velocity onsets from each aligned time series
data. Delta z-scored dF/F across 13 animals was calculated by subtracting the mean z-scored
dF/F signal 2 s prior to pupil onset from the z-scored dF/F signal 2 s post pupil onset
(post-pre). The same pupil bout onset indices were used on circularly shuffled photometry
data (10 s offset) to generate shuffled delta z-scored dF/F calculations.

To analyze effects of optogenetic stimulation, pupillometry traces were first processed using
a lowpass filter with a 2 Hz cutoff frequency. To calculate mean pupil delta change, each
trial was normalized to the mean pupil diameter 2 s prior to laser stimulation. To account
for the slow kinetics of pupil dilation after stimulus presentation, we calculated the mean
pupil diameter during the 5 s window 2 s after laser stimulation. Heart rate was processed
using the same parameters as pupil described above. Mean heart rate change was calculated
as the difference between the second period prior to stimulation versus the 5 s window
immediately following onset of laser stimulation.

Sleep scoring and EEG/EMG analysis—Sleep scoring was carried out using Spike
2 (Cambridge Electronic Design) by an investigator blinded to the recording conditions.
Polysomnographic records were visually scored in 5 s epochs for wakefulness (W), rapid
eye movement (REM) and non-REM (NREM) sleep. The latency to wake and length of
wake episodes following optogenetic stimulation were calculated and exported from Spike
for visualization using custom-written Python script.

To perform an EEG power spectrum analysis of the chronic (50 min) stimulation data, a Fast
Fourier Transform (FFT) routine using a Hanning window of 1024 data points was applied
to the EEG signal in the two hours post-experimental condition (i.e. 2 h immediately after
cessation of stimulation). Epochs containing artifacts occurring during active wake (with
large movements) or containing two vigilance states were visually identified and omitted
from the spectral analysis. The data were normalized by expressing each frequency bin as a
percentage relative to the same bin in pre-experimental condition (i.e. 2 h immediately prior
to the chronic optogenetic stimulus) from the same mouse. To analyze the EEG frequency
bands, relative power bins were summed in § = 0.5-4 Hz, 8 = 4-6 Hz, ® = 6-10 Hz, a =
10-20 Hz.

Electrophysiological slice recordings—Mice unilaterally injected in LS with
AAV5_CAG(del)-Arch3:YFP-FLEX(/oxP) or AAV5_CAG(del)-GCaMP6s-FLEX(/oxP) were
euthanized and perfused transcardially with ice-cold glycerol-based artificial cerebrospinal
fluid solution (G-ACSF) composed of (in mM): 252 glycerol, 2.5 KCI, 1.2 NaH,PQy, 1.2
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MgCl,, 2.4 CaCly, 26 NaHCO3, 20 glucose and oxygenated with 95% O,/5% CO,. Brains
were coronally sectioned (250 um) on a Leica VT1200S vibratome in chilled, oxygenated
G-ACSF. Slices were allowed to recover for 90 min at 32°C in oxygenated ACSF composed
of (in mM): 125 NaCl, 2.5 KCI, 1.2 NaH,PQOy, 1.2 MgCl,, 2.4 CaCl,, 26 NaHCO3, 20
glucose. Slices were then transferred to room temperature oxygenated ACSF until recording.

Recordings were performed at 32°C using a Multiclamp 700B amplifier and a Digidata
15508 digitizer (Molecular Devices). Arch3:YFP* or GCaMP6s* neurons were visualized
via IR-DIC and fluorescence microscopy. Glass pipettes (7-9 MQ) for whole-cell recordings
were filled with internal recording solution composed of (in mM): 135 K-gluconate, 5 KClI,
5 EGTA, 10 HEPES, 0.5 CaCl,-2H,0, 2 ATP-Mg, 0.1 GTP-Nay, pH 7.2, 292 mosM. Bridge
balance was applied to current clamp recordings. Series resistance was <25 MQ. Data

were sampled at 10 kHz, filtered at 3 kHz, imported into MATLAB using the Transalyzer
abf2load function (Plesa and Dekker, 2015), and analyzed with custom MATLAB code.
Ilumination of whole-cell patch clamped Arch3:YFP* LSS"Z neurons (7= 5) with 532

nm light (3 mW, 20 s sweeps, 250ms ramp down at light offset) drove robust currents
(steady state 159.9 £+ 25.7 pA) and induced hyperpolarization (steady state —8.9 £ 1.6 mV)
in the absence of rebound firing at light offset. Our previous ex vivo whole cell recordings
demonstrated that ChR2 mediates efficient photostimulation of LSSZ neurons (Anthony
et al., 2014); in brief, we showed that: g) LSS neurons photostimulated at frequencies

up to 15 Hz exhibit a high percentage of successful light-evoked action potentials (~80%)
across multiple sweeps; 6) 15 Hz photostimulation using a5 s ON 5 s OFF protocol (as
used here) evokes efficient inhibitory post-synaptic currents in monosynaptic target neurons
over multiple sweeps; and ¢) this same protocol evokes efficient firing from LS neurons
recorded in cell-attached configuration over 30 min.

QUANTIFICATION AND STATISTICAL ANALYSIS—AII statistical tests were carried
out using Prism (GraphPad) and details provided in the figure legends. In all cases, values
showing p < 0.05 were considered significant. Sample size and power calculations were
performed post hoc using PS Power and Sample Size Calculations by W. Dupont and

W. Plummer (http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize), using means
and standard deviations derived from our analysis. All experimental data were subject to
histological validation. Data were excluded if the conditions of the histological validation
were not met (e.g. optical fiber was not correctly positioned above the LS). Sample sizes
reported in the manuscript reflect only data that was confirmed by histological validation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

LSCM2 neural activity engaged by threat not reward and predicts defensive
responses

LSEr2 neurons control behavioral responsivity to discrete threat-related
stimuli

LSS2 neurons send higher-order projections to neocortical targets

LSS2 neural activity is aversive, drives arousal, and evokes cortical
activation
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Figure 1. LSCrhr2 neurons are phasically activated by unexpected and/or threat-associated
sensory stimuli across multiple modalities

(A) Sagittal (i) and coronal (ii) diagrams showing location of LS (blue shading) in
subcortical forebrain, and (iii) major connections of LSS7"Z neurons, based on anterograde
(Anthony et al., 2014) and retrograde (Figure S1) genetic tracing studies.

(B) GCaMP6s expression in LSS"Z neurons and fiber photometry recording.

(C-F) Multiple salient and/or threat-associated stimuli phasically activate LSS""Z neurons
upon initial presentation, including approach of laboratory personnel (C; n = 6), looming
stimuli (D; n = 12), footshock (E; n = 5), and white noise (F; n = 8). Traces show mean +
SEM of Zscored AF/F (normalized fractional change in fluorescence).

(G-J) Unconditioned tones evoke LSS activity, but responses habituate with repeated
unreinforced presentations (G; n = 13). In contrast, tone responses increase across trials
when paired with footshock (H and I), and remain high in subsequent tone testing (J; n

= 5). One-way repeated-measures AVOVA with Dunnett’s multiple comparisons test. Inset,
percentage freeze in tone test, baseline (BL) versus conditioned tone, paired t test, *p < 0.05;
histograms show mean + SEM.
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Figure 2. LSCrhr2 neyrons are suppressed during consummatory behavior and unresponsive to

reward-predictive stimuli

(A and B) Z-scored AF/F for each incidence (rows) of sucrose (A) or quinine (B)

consumption from a lickometer; vertical line at t = 0 indicates lick onset, and black ticks
indicate lick offset. Neural activity was suppressed during prolonged consumption, an effect
that rapidly reversed following cessation of licking. Kruskal-Wallis with Dunn’s multiple
comparisons test, ***p < 0.001; histograms show mean Zscore = SEM.
(C) Reward conditioning task to dissociate neural activity responses to reward-associated
stimuli from those to consummatory behavior. Water-restricted mice were trained daily in

a task (i) where tone onsets indicated transient availability of water 3 s later from a port;
infrared (IR) beam breaks marked port entries (ii). Efficient performance occurred by day 10
(iii), with beam-break probability high during trials but low during intertrial intervals (1TIs).
(D) Z-scored AF/F for each trial (rows) on day 10 (n = 3 mice); tone onset/offset, vertical
lines at t = 0 and 10 s); port entries, black ticks. LSS activity decreases did not occur
phasically in response to tone onsets but rather tracked port entry, a pattern clearest on late

port entry trials when tone onsets and beam breaks were temporally well separated.

(E and F) Traces showing mean + SEM of Z-scored AF/F for early or late port entries
relative to tone onset (E) or beam breaks (F).
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Figure 3. LSCrhr2 peyral activity is engaged upon detection of perceived threat and predicts
probability of defensive behavior

(A) Schematic of looming assay; entry into trigger zone (yellow) results in loom stimulus
presentation on overhead monitor.

(B) The first three presentations (trials) of rapid loom stimuli elicited primarily flight into
the shelter.

(C) Heat maps of Zscored AF/F (left) and velocity (right) responses to rapid loom stimuli
on flight trials; teal and pink ticks indicate stimulus detection and maximum velocity,
respectively.

(D) Linear regression line slopes for trial #3 flight responses of LSS activity (peak area
under the curve [AUC]) against maximum velocity (p = 0.52) or percentage time spent
freezing in shelter after flight (p = 0.61) are not significantly non-zero, indicating LS¢72
activity does not directly influence behavioral vigor. Trials 1 and 2 were also non-significant
(not shown).

(E) A separate cohort of mice exposed for the first time to slowly expanding loom stimuli
(left) exhibited significantly reduced incidence of freezing or flight (right) compared with
rapid loom responses plotted in (B) (rapid, n = 10; slow, n = 10; two-sided Fisher’s exact
test, trial 1 p = 0.07, trial 2 p = 0.001, trial 3 p = 0.003; **p < 0.01).

(F) LSE"2 responses to rapid loom are significantly larger than to slow loom (mixed-effects
analysis with Sidak’s multiple comparisons test, trial 3 p = 0.006).

(G) Zscored AF/F (left) and velocity (right) responses to slow loom on trials resulting in
freezing not followed by flight; teal ticks indicate stimulus detection.

(H) Logistic regression curve predicting probability of defensive behavior as a function of
LSC2 population response to looming stimulus exposure. Actual observations (n = 65, data
from B and F) plotted as 1 (flight or freezing, n = 36) or 0 (no flight or freezing, n = 29);
three freeze datapoints are shown in blue, all other responses were flight. Model slope (B1

= 1.00342) is significantly different than 0 (log likelihood ratio = 28.5211, p < 0.001) and
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receiver operating characteristic (ROC) curve AUC significantly different from 0.5 (0.8860,
p < 0.001), indicating that magnitude of LSS7"2 activity responses to loom stimuli is related
to probability of flight or freezing.

(1) In a separate cohort of mice exposed to repeated slow loom stimuli to elicit habituation,
LSS™r2 neural responses decreased in parallel to reductions in defensive behavior (n =5,
Friedman tests with Dunn’s multiple comparison correction).
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Figure 4. LSCrhr2 neyronal activity is necessary for and sufficient to potentiate stimulus-
triggered defensive responses but does not evoke specific behaviors

(A) Scheme for optogenetic manipulation (left) and Cre-dependent Arch3:YFP expression in
LSS™r2 neurons (right: DAPI, blue; Arch3:YFP, green).

(B and C) lllumination with 532-nm light during rapid loom presentation significantly
reduced (B) incidence of flight (control, n = 6; Arch3, n = 6; two-sided Fisher’s exact test,
trial 3, p = 0.015; *p < 0.05) and (C, left) maximum velocity exhibited during the first 6 s
following light onset (mixed-effects model, group effect, F(1,8) = 26.43, p = 0.0009; Sidak
multiple comparisons test, trial 1 p = 0.0108, trial 3 p = 0.0007), and a trend toward reduced
freezing in the first 20 s following loom stimulus onset (C, right).

(D) Scheme (left) and Cre-dependent ChR2:YFP expression in LSS7Z neurons.

(E and F) Hlumination with 473-nm light (15 Hz, 20-ms pulse width) during slow loom
presentation significantly increased (E) incidence of flight (control, n = 4; ChR2, n = 7; two-
sided Fisher’s exact test, trial 1, p = 0.015; *p < 0.05), (F, left) maximum velocity exhibited
during the first 6 s following light onset (mixed-effects model: group x time interaction,
F(4,26) = 2.949, p = 0.0391; Sidak” multiple comparisons test, trial 1 p = 0.0009; ***p <
0.001), and (F, right) percentage time freezing in the first 20 s following loom stimulus onset
(two-way repeated measures [RM] ANOVA: group effect, F(1,9) = 5.212, p = 0.0483; group
x time interaction, F(4,36) = 7.849, p = 0.0001; Sidak multiple comparisons test, trial 1 p <
0.0198).

(G) Photostimulation of mice in the test arena but without looming stimuli did not elicit any
specific behavior or acutely alter mobility.
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(H) Photostimulation elicited frequency-dependent avoidance in a real-time place aversion
assay without altering distance traveled (EYFP, n = 11; ChR2 1 Hz, n = 10; ChR2 15 Hz, n =
10; percentage time stimulation side, one-way ANOVA with Dunnett’s multiple comparison
test, EYFP versus ChR2 1 Hz, p = 0.18; EYFP versus ChR2 15 Hz, p < 0.0001, ***p <
0.001; distance traveled, unpaired t test, EYFP versus ChR2 15 Hz, p = 0.45).

(I) Photostimulation frequency-dependently suppressed self-initiated marble burying without
altering distance traveled (EYFP, n = 11; ChR2 1 Hz, n = 9; ChR2 15 Hz, n = 9; marbles
buried, one-way ANOVA with Dunnett’s multiple comparison test, EYFP versus ChR2 1
Hz, p = 0.65; EYFP versus ChR2 15 Hz, p < 0.0001, ***p < 0.001; distance traveled,
unpaired t test, EYFP versus ChR2 15 Hz, p = 0.49).
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Figure 5. Polysynaptic anterograde transneuronal tracing indicates that LSCM"2 heurons
indirectly project to discrete neocortical targets

(A) HSV129ATK-TT (i) moves transneuronally in the anterograde direction following Cre-
mediated recombination (ii). This vector was injected into LS of CrAir2-IRES-Cre mice, and
brains harvested at 1 (n = 5), 3 (n=9), or 5 (n = 7) days post injection (dpi) (iii).

(B) At 1 dpi, robust tdTomato expression was detected in LS but not adjacent regions
(medial septum [MS]) or other subcortical areas (Figure S6).

(C-H) At 3 dpi, strong labeling was observed in multiple subcortical regions (C-E) but not
neocortex (F-H).
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(I-L) By 5 dpi, viral marking was detectable in discrete neocortical regions, including
orbitofrontal (I), prefrontal (J), and medial as well as lateral areas of V2 (arrows, K) but not
V1 (arrowhead, K; Figure SB6E). These data suggest that LSS"Z neurons send multisynaptic
projections to discrete neocortical regions via subcortical intermediates (L). Boxed regions
in (F)-(K) shown at high magnification in insets. Red, tdTomato; blue, DAPI.

AHA, anterior hypothalamic area; IL, infralimbic cortex; M2 secondary motor cortex;

MO, medial orbital cortex; MPO, medial preoptic area; PrL, prelimbic cortex; PVN,
paraventricular nucleus; SuM, supramammillary area; V1, primary visual cortex; V2L/M,
lateral/medial areas of secondary visual cortex; VO, ventral orbital cortex. Scale bars (gray
bars, lower right): 500 pm (C-K); 250 pm (B); 25 um (insets, F-K).
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Figure 6. Activity of LSCrNr2 neurons tracks brain state fluctuations and drives physiological
arousal

(A) Head-fixed setup for fiber photometry recording during pupillometry.

(B) Representative pupil (top, black), LSS2 photometry (middle, green), and velocity
(bottom, purple) traces during baseline pupillometry recordings in the absence of stimuli.
Pupil diameter and LS"2 photometry signal correlations are evident irrespective of
movement.

(C) Cross correlation and coherence of LSE7"Z photometry and pupil signals. Mean
maximum cross correlation was 0.58 + 0.02 with a mean lag of —0.16 + 0.05 s. LS¢"2
photometry and pupillometry signals show highest coherence at frequencies <0.2 Hz (n =
13).

(D) Scatterplot of LS"Z AF/F versus pupil diameter (top) and velocity (bottom). LSE72
activity correlates with pupil diameter regardless of mobility (AF/F versus pupil during
movement: Pearson’s r = .59, p < 0.0001, AF/F versus pupil during no movement: Pearson’s
r=.50, p <0.0001).

Cell Rep. Author manuscript; available in PMC 2022 November 09.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hashimoto et al.

Page 37

(E) Extracted pupil bouts (left, gray) and corresponding photometry (middle, green) and
velocity (right, purple) measurements for representative mouse. Pupil diameter, photometry
signal, and velocity were sorted based on the velocity latency at onset of pupil bout.
Regardless of velocity, pupil diameter and LSS""Z activity increase concurrently.

(F) All pupil dilation bouts were extracted across 13 animals and Z-scored AF/F calculated
as the difference between pre- and post-pupil-dilation bouts. Changes in LS¢7"Z signal were
compared with a circularly permutated shuffled signal dataset.

(G) Optogenetic stimulation of LSS"Z neurons during pupillometry, including pulse
oximetry sensor collar to measure heart rate.

(H) Pupil dilation in response to photostimulation was significantly larger in mice
expressing ChR2 in LS¢Z neurons than nontransgenic controls (control, n = 4; ChR2,

n = 5; Mann Whitney test, *p = 0.032).

(1) Photostimulation significantly increased heart rate in ChR2-expressing LS7"Z neurons
compared with controls (control, n = 19; ChR2, n = 21; Mann Whitney test, **p = 0.007).
All plots are mean + SEM.
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Figure 7. LSCrhr2 neurons drive cortical activation in the absence of discrete threat
(A) To assess sufficiency to drive cortical activation, (i) ChR2 or YFP was targeted to

LSCrZ neyrons, followed by implantation of a fiber optic ferrule and electrodes for
EEG/EMG recording; (ii) mice were subsequently connected to a closed-loop system that
delivered optogenetic stimulation when mice were in NREM or REM sleep.

(B and C) Left, representative sleep-wake recordings from ChR2 (upper) or YFP (lower)
groups following optogenetic stimulation during NREM (B) or REM (C); red vertical bars
indicate photostimulation. (Middle) Higher temporal resolution of dashed boxed areas in left
hand panels illustrating short-latency cortical activation and awakening in ChR2-expressing
mice. (Right) Bar graphs showing arousal probability during stimulation, latency to arousal,
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and length of wake episodes following stimulation. Bars represent mean = SEM (n = 8 per
group), and individual data points represent mean values for individual mice. Unpaired t test,
*p < 0.05, **p < 0.01, ***p < 0.001.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-RFP rabbit polyclonal antibody

MBL Life Science

Code No. PM005, RRID:AB_591279

Bacterial and virus strains

AAV5_CAG.Flex.GCaMP6s.WPRE.SV40
AAV5_CAGA-Arch3:YFP-FLEX(/oxP)
AAV9_CAGA-ChR2(H134R):YFP-FLEX(/oxP)
AAV9_CAGA-EYFP-FLEX(/oxP)
AAV5_CAGA-split-TVA:Citrine-FLEx(/oxP)
AAV5_CAGA-Rabies G-FLEx(/oxP)

EnvA G-Deleted SADB19 Rabies-mCherry

Chen etal. (2013)
This paper

This paper

This paper

This paper

This paper

Osakada et al. (2011)

Addgene 100,842-AAV5
N/A
N/A
N/A
N/A
N/A

Salk GT3 Vector Core, Addgene

32,636
H129ATK-TT Lo and Anderson (2011) NIH CNNV
Experimental models: Organisms/strains
FVB/NTac mice Taconic Farms Order code #044
C57BI/6NHsd mice Envigo FVB-M(F)
FVBB6F1 hybrid mice Bred in house RRID:MGI:5,653,121
CrhrZa-eGFPCre BAC transgenic mice Anthony et al. (2014) N/A
Crhr2-1IRES-Cre knockin mice Prescott et al. (2020) JAX stock #033728
Recombinant DNA
Arch3.0:YFP coding sequence IDT N/A
Split-TVA:Citrine coding sequence IDT N/A
pAAV-CA-FLEX-RG Watabe-Uchida et al. (2012) Addgene 38,043

pAAV-EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-hGHpA

Addgene plasmid # 20,298;
http://n2t.net/addgene:20298

RRID:Addgene_20298

Software and algorithms

MATLAB (vR2017b)

EthoVision XT

Spike 2

GraphPad Prism (v9)

Bonsai (v2.3)

Python

Custom MATLAB code for analysis

Mathworks
Noldus

Cambridge Electronic Design

Graphpad
Open Ephys
Open Source

Zenodo

RRID:SCR_001622
RRID:SCR_000441
RRID:SCR_000903
RRID:SCR_002798
RRID:SCR_017218
RRID:SCR_008394

https://doi.org/10.5281/
zenodo.7057684
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