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SUMMARY

The ventromedial hypothalamus (VMH) was thought
to be essential for coping with threat, although its
circuit mechanism remains unclear. To investigate
this, we optogenetically activated steroidogenic
factor 1 (SF1)-expressing neurons in the dorsome-
dial and central parts of the VMH (VMHdm/c), and
observeda rangeofcontext-dependentsomatomotor
and autonomic responses resembling animals’ natu-
ral defensive behaviors. By activating independent
pathways emanating from the VMHdm/c, we demon-
strated that VMHdm/c projection to the dorsolateral
periaqueductal gray (dlPAG) induces inflexible immo-
bility, while the VMHdm/c to anterior hypothalamic
nucleus (AHN) pathway promotes avoidance. Consis-
tent with the behavior changes induced by VMH
to AHN pathway activation, direct activation of the
AHN elicited avoidance and escape jumping, but not
immobility. Retrograde tracing studies revealed that
nearly 50% of PAG-projecting VMHdm/c neurons
send collateral projection to the AHN and vice versa.
Thus, VMHdm/c neurons employ a one-to-many wir-
ing configuration to orchestrate multiple aspects of
defensive behaviors.

INTRODUCTION

Many species develop coping strategies to avoid danger and to

survive. Given that these defensive reactions are innate, the neu-

ral mechanism underlying these behaviors is likely hardwired.

The hypothalamus plays a critical role in the expression of de-

fense behavior (Bard, 1928). Decorticated cats display a mixed

pattern of rage and defense responses, such as hissing and

paw striking, only if the caudal hypothalamus is left intact.

Conversely, classic electric and chemical stimulation experi-

ments demonstrated that a pattern of somatomotor and auto-

nomic responses that resemble the behavior of animals facing

natural threats can be elicited from the medial hypothalamus

in many species, including human (Fernandez De Molina and

Hunsperger, 1962; Lammers et al., 1988; Lipp and Hunsperger,

1978; Schmitt et al., 1985; Silveira and Graeff, 1988; Wilent et al.,
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2010). In fact, there appears to be an interconnected hypotha-

lamic defense circuitry, which comprises the anterior hypotha-

lamic nucleus (AHN), the dorsomedial part of the ventromedial

hypothalamus (VMHdm), and the dorsal part of the premammil-

lary nucleus (PMd), that shows strong immediate-early gene re-

sponses in rats and mice exposed to live predators (Canteras

et al., 1994; Canteras and Swanson, 1992; Dielenberg et al.,

2001; Martinez et al., 2008; Risold et al., 1994). Recently, manip-

ulations focusing on the dorsomedial and central parts of the

VMH (VMHdm/c) showed that pharmacogenetic inactivation of

the area reduces freezing and head-out responses to a natural

predator (Silva et al., 2013), while optogenetic activation of

VMH cells could elicit immobility, especially when the manipu-

lated area involves the VMHdm/c (Lin et al., 2011). This suggests

that the VMHdm/c acts as an essential relay in innate defense.

The exact role of the VMHdm/c in defense and its under-

lying circuit remains unknown. In this study, we found that

optogenetic activation of VMHdm/c promotes a variety of

context-dependent defense-like somatomotor and autonomic

responses. Furthermore, we examined the role of two pathways

from the VMHdm/c in mediating these behaviors: the main

ascending projection to the AHN (a key component of the hypo-

thalamic defense circuitry) and the main descending projection

to the dorsolateral periaqueductal gray (dlPAG, amidbrain struc-

ture known for its involvement in defensive responses) (Brandão

et al., 2008; Canteras et al., 1994; Martinez et al., 2008). We

found that, although a substantial portion of VMHdm/c neurons

send collateral projections to the AHN and the dlPAG, these

two pathways mediate distinct aspects of defensive responses.

Whereas activation of the VMH/AHN pathway elicits avoid-

ance, activation of the VMH/PAG pathway elicits immobility,

but not avoidance. Consistent with the pathway activation result,

direct activation of AHN cells elicits avoidance, but no immo-

bility. Thus, we conclude that VMHdm/c neurons orchestrate

instantaneous stereotyped immobility and flexible escaping, at

least in part, through their collateral descending projection to

the PAG and ascending projection to the AHN.
RESULTS

VMHdm/c Stimulation Induces Activity and Context-
Dependent Defensive Behavior
To manipulate VMHdm/c cells, we used a well-characterized

transgenic line that expresses CRE recombinase under the
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Figure 1. Optogenetic Stimulation of SF1 Neurons in the VMHdm/c Induced Spiking Activity

(A) GFP (green) staining reveals SF1-positive cells in the VMH of an SF1:CRE 3 RCE:loxP mouse. Blue, NeuN. Scale bar, 500 mm.

(B) Virally expressed ChR2-EYFP (green) is concentrated in the VMHdm/c. Blue, DAPI. Scale bar, 200 mm.

(C) The ratio of accumulated pixel values of EYFP expression (green channel) in the VMHdm/c relative to in the VMHvl (n = 8) is significantly more than one

(Student’s t test). Error bar, SE. Each dot represents data from one animal.

(D) Optrode (yellow arrow) track in the VMHdm/c. Green, ChR2-EYFP; blue, DAPI; red, DiI painted on the optrode. Scale bar, 200 mm.

(E) The 50 overlaid electrophysiological traces aligned to the 1ms light onset. Red arrow, spontaneous spike; black arrow, evoked spikes; blue arrow, stimulation

artifacts.

(F) Spiking probability (number of spikes/number of trials) aligned to the light onset. Bin size, 0.5 ms; blue shading, light on.
regulation of the SF1 promoter (Dhillon et al., 2006). In the CNS,

SF1 expression is largely limited in the VMH (McClellan et al.,

2006). By crossing the SF1:CRE line with a GFP reporter line,

we observed that 58.5% of VMHdm/c cells and 47.2% of VMHvl

cells are GFP-positive (Figure 1A, n = 3). In combination with pre-

cise stereotactic injection of CRE-dependent virus, we limited

our exogenous protein expression primarily to the VMHdm/c

(Figures 1B and 1C). We tested whether spiking activity could

be induced by light activation of SF1 neurons that express chan-

nelrhodopsin (ChR2) (Boyden et al., 2005). Two weeks after

injecting adeno-associated virus (AAV)-expressing CRE-depen-

dent ChR2-EYFP into the VMHdm/c of SF1:CRE mouse, we

delivered pulsed blue light (473 nm, 5 Hz, 1 ms) through an im-

planted optrode, and observed reliable light-evoked spikes in

the VMHdm/c (Figures 1D–1F).

We next tested the behavioral changes induced by light acti-

vation of VMHdm/c SF1 neurons. In the animals’ home cage,

blue light delivery (1 mW, 20 Hz, 20 ms) immediately reduced

or completely suppressed the animals’ movement. As the light

intensity increased (up to 6 mW), we noticed that some animals

started to run along the perimeter of the cage after initial immo-

bility, and sometimes showed repeated wall rearing and escape

jumping (12/31). Figures 2A and 2B show all 31 animals’ behavior

induced by high-intensity light. Figure 2C shows eight animals

that exhibited jumping under high-intensity light and were sys-
tematically tested with low-intensity light (Movie S1). At the offset

of the 60 s stimulation, the animal often appeared agitated for

10–60 s, as indicated by its significantly increased movement

velocity (Figure S1A). To quantify these behavioral changes,

we tracked animal’s body center location (Burgos-Artizzu

et al., 2012; Dollar et al., 2010). Then, we calculated the move-

ment velocity at the xy plane with top-view tracking and the ver-

tical movement velocity and elevation with side-view tracking

(Figures S2A and S2B). For a given frame, immobility, running,

and jumping episodes were then detected based on the com-

bined measures of instantaneous velocity and location of the an-

imal. The performance of our automated behavioral detection

program was validated by comparison with human annotation

(Figures S2C–S2F).

The running and jumping responses increasedwith stimulation

intensity (Figure 2C) and frequency (Figure 2G). In the 12 animals

that we observed light-induced jumping in at least one trial, low-

frequency stimulation (5–10 Hz) primarily induced immobility (on

average, 67.2% of total stimulation time), some running (33.1%

of all trials), and rarely jumping (4.2% of all trials). Increasing

the stimulation frequency to high (15–20 Hz) significantly re-

duced the immobility time (on average, 40.4%of total stimulation

time), while it increased both running (94.2% of all trials) and

jumping events (73.6% of all trials) (Figures 2D–2G). Increased

stimulation frequency also decreased the latency to running
Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc. 1345



Figure 2. Optogenetic Stimulation of SF1 Neurons in VMHdm/c Induced Defensive Behaviors

(A and B) The average percentage of time that the animal spent immobile (A) and the average percentage of trials with running and jumping events (B) were

significantly higher during light delivery (n = 31).

(C) Increased light intensity increased the percentage of trials with running and jumping events, but did not significantly change the time of immobility (n = 8).

(D) Examples of tracking traces with 10 Hz (five trials) and 20 Hz (six trials) light pulses. Blue and red traces are the light on and off periods, respectively.

(E) Peristimulus time histograms (PSTHs) of locomotion velocity aligned to the 10Hz (top) and 20Hz (bottom) stimulation onset (left, blue shading) and offset (right,

blue shading).

(F–H) Increases in light-pulse frequency decreased the time spent immobile (F); increased the percentage of trials with running and jumping events (G); and

shortened latency to running and jumping, but did not change latency to immobility (H) (n = 12).

(I) Representative tracking traces during the hiding box test. Different colors represent different stimulation trials. The white dot indicates the animal’s position at

light onset.

(J–K) Light stimulation shortened latency to return to the box (J) and increased total percentage of time in the box (K) (n = 6). Gray and red lines indicate data

of individuals and population average, respectively. Error bars, SE. Paired t test: *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S1 and S2 and Movies S1

and S2.
and jumping significantly, but the latency to immobility remained

similar and much shorter (Figure 2H). Thus, VMHdm/c SF1 cell

optogenetic activation induced a range of behavioral responses

that resemble the animals’ reaction to an approaching predator

(Blanchard et al., 1998). The exact form of response depends

on both the frequency and intensity of the light, which presum-

ably affect the spiking rate and the number of activated cells,

respectively.

When a prey animal encounters a predator, its defensive reac-

tion depends on the distance from the predator as well as the

availability of a shelter. If a shelter is nearby, themost likely adop-

ted defensive strategy is hiding (Blanchard et al., 1995; Eilam,

2005). To test whether activation of SF1 neurons can induce hid-

ing, we examined the behavior response of the animal when the
1346 Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc.
light was delivered in a large arena containing a hiding box (Fig-

ure 2I). During the test, animals first freely explored the arena

for 10 min. Thereafter, interleaved sham and real stimulations

were initiated when the animal reached a designated corner far

from the hiding box (Figure 2I). We found that, although light

stimulation sometimes induced immobility briefly, all animals

quickly took a direct route back to the hiding box (Figure 2I;

Movie S2). Across animals, the latency to the hiding box during

real stimulation was significantly shorter than that during sham

stimulation (Figure 2J). Once reaching the hiding box, the animal

stayed inside of the box despite continued light stimulation. As a

result, the animal spent approximately 75% of time in the hiding

box during real stimulation but less than 30% during sham stim-

ulation (Figure 2K). If the stimulation started when the animal was



already in the box, the animal remained in the box for the entire

stimulation period (eight trials from three animals). In contrast, in

the absence of a hiding box, the stimulation induced immobility

and sometimes running from corner to corner (Figure 2I), both of

which are behaviors similar to those observed in the home cage

(Figure 2A). Taken together, VMHdm/c SF1 cell activation did not

elicit a set of stereotyped motor actions, but instead induced

defensive behaviors suitable for the environment.

VMHdm/c SF1 Cell Stimulation Induced Autonomic
Responses
The defensive reaction in the face of danger is not only reflected

in the motor response but also involves concomitant neuroauto-

nomic adjustment. Thus, we next measured changes in heart

rate (HR), breathing rhythm, and pupillary size during VMHdm/

c SF1 cell stimulation. In a head-fixed preparation, we recorded

the pupil response in awake animal and found that pupil diameter

increased by approximately one-third during light activation and

gradually returned to the baseline over 10–20 s after light offset

(Figure 3A; Movie S3). The slow recovery of pupil size after light

stimulation might result partly from an increase in postlight loco-

motion, given that we noticed pupil dilation during spontaneous

movement in the absence of stimulation (Figure 3B). However,

the sharp increase in pupil size during light exposure is not

movement-related, as locomotion is largely suppressed during

light. In addition, the breathing rate also increased by approxi-

mately one-third during stimulation (Figure 3D). Increasing light

intensity sometimes increased the response magnitude, but

never changed the response direction (Figures 3A, 3C, and

3D). These light-evoked pupillary and respiratory responses

are consistent with those observed during natural danger expo-

sure, indicating the activation of a sympathetic nervous system

(Hofer, 1970; Höfle et al., 2013).

We also measured the light-induced cardiovascular response

in freely moving animals using chronically implanted electrodes

(Figure 3E). At low light intensity (0.8–1.7 mW), stimulation

induced a significant increase in HR and decreased heart rate

variability (HRV) in all but one animal (5/6) (Figures 3F–3J). How-

ever, when the light intensity increased (2.5–5 mW), the light-

induced HR response changed. For those five animals that

showed a tachycardia response under low light, theHR remained

increased under high-intensity light for one animal, decreased in

two animals, and changed variably in the remaining two animals

(decreased for somebut not all trials) (Figures 3F–3J). One animal

(1/6) showed a bradycardia response under both low- and high-

intensity light (Figures 3I and 3J). The light-induced tachycardia

and bradycardia responses have different kinetics. For the

former, the HR increases gradually after light onset, reaching a

plateau in approximately 10 s; at light offset, the HR decreases

gradually and returns to the prestimulation level in 15–20 s. In

contrast, the light-induced bradycardia response can take 30–

40 s to reach a stable level, sometimes as low as half of the base-

line rate, and, at light offset, the HR returns to the baseline level

nearly instantaneously (Figure 3F). This qualitatively different car-

diovascular response under low- and high-intensity light cannot

be explained by behavioral difference, as animals showed immo-

bility for at least the first 10–30 s during both light conditions. On

theother hand,HRalways increases toa high level (�750bpm) as
the animal prepares to run regardless of the stimulation condition

(Figure 3K). Thus, SF1 cell activation can induce complex cardio-

vascular responsesdepending on the intensity of light stimulation

and ongoing behaviors. In general, low-level activation of

VMHdm/c SF1 cells induces a tachycardia response, whereas

high-level activation induces a bradycardia response.

VMHdm/c Activation Promotes Behavioral Avoidance
The ultimate goal of activating the defense circuit is to survive,

and avoidance is a critical strategy. Thus, we next tested

whether increased VMHdm/c activity promotes avoidance using

a real-time place preference (RTPP) test. During the test, the an-

imal first freely explored an arena with two distinct compart-

ments for 5–10 min prior to any light stimulation. Then, the

compartment in which the animal spends more time was as-

signed as the stimulation chamber. During the 30min stimulation

period, the animal received blue light pulses (3 s on and 2 s off,

20 Hz and 20 ms) whenever it entered the stimulation chamber;

the stimulation was turned off when the animal entered the safe

chamber andwhen the 3 s light-on period ran out (Figures 4A and

4B). If the animal failed to exit the stimulation chamber within

3 min, the light was turned off for 15 s before resuming the stim-

ulation protocol.

The stimulation intensity used in the test was relatively low,

eliciting only immobility in the home cage. Consistent with the

light-induced behavioral changes in the home cage, during initial

rounds of entries into the stimulation chamber, test animals

increased immobility during light stimulation, and, as a result,

might spend hundreds of seconds in the stimulation chamber

before exiting (Figure 4C, red arrow; Movie S4). However, after

one to three entries, all animals learned that stimulation could

be avoided by entering the safe chamber. They significantly

decreased the latency to exit the stimulation chamber and

increased their time in the safe chamber (Figures 4C–4E).

Furthermore, while light stimulation increased immobility initially,

13/18 animals showed no immobility under light delivery during

later entries; instead they quickly turned around and exited the

stimulation chamber (Figure 4H; Movie S4). Consequently,

when stimulation periods are considered altogether, most ani-

mals spent less time immobile during stimulation compared

with the pretest (Figure 4G). This decreased immobility is oppo-

site to the increased immobility observed in the home cage

(Figure 2A), supporting that the VMHdm/c-induced defensive re-

sponses are flexible, depending on whether an escape option is

available or not. Finally, despite the initial immobility induced by

VMHdm/c stimulation that increased the time spent in the stim-

ulation chamber, the total percentage of time in the stimulation

chamber over the 30 min testing was significantly reduced

across all the animals (n = 18), suggesting that VMHdm/c stimu-

lation promotes avoidance (Figure 4F).

Given that prolonged VMHdm/c stimulation could increase

locomotion, we tried to decouple the avoidance behavior from

changes in movement using a 2 s low-intensity stimulation pro-

tocol in a punishment operant conditioning task (Figures 4I and

4J). When tested in the home cage, the 2 s stimulation slightly

reduced animals’ movement, but caused no significant change

in locomotion after stimulation (p = 0.135, paired t test for

mean velocity during 10 s before and 10 s after stimulation, a
Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc. 1347



Figure 3. VMH SF1 Neuron Stimulation Induced Autonomic Responses

(A) PSTHs of the pupil diameter aligned to light onset. Gray lines indicate individual trials. Blue and red lines indicate the average response curve under low- (blue)

and high- (red) intensity light. Upper right corner shows a representative image with computer-detected pupil (yellow circle).

(B) Pupil diameter aligned to spontaneous running (n = 102 trials; 5 animals).

(C and D) Significantly increased pupil diameter (C) and breathing rate (D) during low- (n = 4) or high- (n = 6) intensity light stimulation. Colored squares show

individual animals.

(E) Raw ECG trace with computer-detected heartbeats (red dots).

(F) PSTHs of heart rate aligned to light onset. Note opposite HR response during low- (left) and high- (right) intensity light.

(G and H) HR (top) and HRV (bottom) changes during low- and high-intensity light stimulation of an example animal. Gray, individual trials; red, average.

(I and J) HR (top) and HRV (bottom) changes of all six animals during low- (left) and high- (right) intensity light stimulation. Red line indicates response during light is

significantly different from before or after period (FDR adjusted p < 0.05, paired t test across trials for each animal).

(K) PSTHs of HR aligned to the onset of running events during either low- (top, n = 11) or high- (bottom, n = 22) intensity light stimulation. See also Movie S3.
total of 189 trials from three animals; Figure 4K). During the pun-

ishment operant conditioning task, water-deprived animals first

learned to associate nose poking with water reward. Once stable

poking performance was achieved (poke number ± 10% for 2

consecutive days), each poke was then followed by a brief light

pulse (2 s, 20 Hz, and 20 ms) triggered 0.8 s after poking (Fig-

ure 4I). If the stimulation was considered negative, this punish-

ment was expected to reduce the number of pokes. Consistent
1348 Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc.
with the results of RTPP test, pairing the poking with VMHdm/c

activation significantly decreased the number of pokes during

the 30 min testing session, although the decrease was not main-

tained when the animals were tested the next day with no light

pairing (Figure 4M). The decreased poking could not be ac-

counted for by immobility caused by stimulation, given that

most animals continued licking the water spout during stimula-

tion, and on average spent only 20% of the time immobile



Figure 4. VMH SF1 Neuron Activation Promoted Avoidance

(A) Experimental schematic of RTPP test.

(B) Tracking traces from one test session.

(C) Time spent in safe and stimulation chambers during each entry of the session shown in (B). Red arrow indicates the first entry into the stimulation chamber

during test.

(D–F) Stimulation of the VMHdm/c decreased the duration in the stimulation chamber per entry (D), increased the duration in the safe chamber per entry (E), and

decreased the percentage of time in the stimulation chamber (F).

(G) The animal spent a smaller percentage of time immobile during and between stimulation compared with the pretest.

(H) Percentage of time immobile during the last two entries to the stimulation chamber was much less than that during the first two entries (D–H) (n = 18).

(I) Schematics of punishment operant conditioning.

(J) Tracking traces during sham (left) and VMH (right) stimulation. Yellow arrows indicate nose ports. Note the limited movement during light stimulation (blue) and

increased movement along the perimeter of the cage (green) after stimulation.

(K) Locomotion velocity (mean ± SEM) aligned to the 2 s light stimulation (light blue) onset in the home cage (n = 66 trials from one animal).

(L) Increased immobility during VMH stimulation in comparison to sham stimulation.

(M) The poking number significantly decreased with VMH stimulation but returned to baseline 1 day after stimulation.

(N) Animals moved away from the poker after VMH stimulation (n = 12 for L–N). Gray and red lines indicate results from individual animals and population average,

respectively. Error bars, SE. Paired t test: *p < 0.05, ***p < 0.001. See also Movie S4.
(Figure 4L). However, after several paired stimulations, animals

moved away from the poker and sometimes stayed in a far

corner for hundreds of seconds before poking again (Figure 4N).

Taken together, we concluded that VMHdm/c stimulation could

induce complex autonomic changes and defense-like motor

responses, including immobility, escape jumping, hiding, and

avoiding.
Defensive Reactions Induced by Activating the
VMH/PAG and VMH/AHN Pathways
To understand the pathways underlying the observed behavioral

change, we took advantage of the membrane localization of

ChR2-EFYP protein and mapped the terminal fields of the

VMHdm/c SF1 neurons. Consistent with previous reports,

rostrally, VMHdm/c axons innervate the AHN, periventricular
Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc. 1349



Figure 5. VMH/AHN and VMH/PAG Terminal Stimulation Induced Defense-like Motor Responses and Avoidance

(A) Schematic representation of VMH/AHN and VMH/PAG terminal stimulation. Image adopted from http://connectivity.brain-map.org/, experiment ID:

182337561.

(B) Native expression of EYFP in an SF1:CRE mouse bilaterally injected with AAV2 expressing CRE-dependent ChR2-EFYP.

(C–F) EYFP staining reveals the terminal fields of VMHdm/c SF1 neurons (green). Scale bars in (B–F), 1 mm.

(G and H) An example of fiber terminals (green) and cannula/optic fiber tracks (yellow arrows) in the AHN (G) and the PAG (H). Blue, DAPI. Scale bar, 200 mm.

(I–K) Stimulating the VMH/PAGpathway significantly increased immobility (I, left), but not running (J, left) or jumping (K, left), whereas VMH/AHN axon terminal

stimulation increased immobility (I, right), running (J, right), and jumping (K, right).

(L) VMH/AHN terminal stimulation (right) decreased the percentage of time spent in the stimulation chamber in all animals, whereas the VMH/PAG terminal

stimulation (left) induced avoidance only in 5/9 animals (light blue lines). Dashed line indicates 40% time in the stimulation chamber.

(M) VMH/AHN stimulation (right) decreased immobility while VMH/PAG stimulation (left) induced heterogeneous changes in immobility. Gray and red lines

indicate individual result and population average. (PAG, n = 9; AHN, n = 7). Error bars, SE. Paired t test: *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S3 and

S4 and Movie S5.
nucleus, medial preoptic nucleus (MPN), and posterolateral part

of the bed nucleus of stria terminalis (BNSTpl) (Figures 5C and

5D; Canteras et al., 1994; Lindberg et al., 2013). In particular,

we noticed that the ventral part of the AHN (sometimes referred

to as the lateroanterior hypothalamic nucleus [Franklin and Pax-

inos, 2008]) contains an especially dense terminal field (Fig-

ure 5G). This cluster of axons also can be observed when
1350 Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc.
surveying the online connectivity database (http://connectivity.

brain-map.org/, experiment ID: 182337561 using the same

SF1:CRE transgenic line; Figure 5A). Dorsally, axons reach the

paraventricular thalamic nucleus (Figures 5C and 5D), and, later-

ally, moderate number of fibers can be observed in the cen-

tral amygdala, lateral amygdala, medial amygdala (MEA), and

posterolateral cortical amygdala (Figures 5D and 5E). Caudally,

http://connectivity.brain-map.org/
http://connectivity.brain-map.org/
http://connectivity.brain-map.org/


the PAG represents the major target of VMHdm/c axons. A large

portion of fibers course through the dorsomedial hypothalamus

and posterior hypothalamus, and eventually reach the PAG.

The remaining axons project ventrally through the PMd and

mammillary body, and then take a lateral route through the

parvocellular subparafascicular thalamic nucleus to the PAG

(Figures 5E and 5F). At the rostral PAG, VMHdm/c axons are

concentrated in the dorsal half of the PAG while both the dorsal

and ventral caudal PAG are innervated by VMHdm/c fibers

(Figures 5E, 5F, and 5H). Taken together, the PAG is the most

important target of the VMHdm/c-descending pathway, while

the AHN (especially its anterior ventral part) receives dense input

from the VMHdm/c-ascending axons and represents the first

major target in this direction. Consistent with SF1 cell projection

pattern, activation of the VMHdm/c SF1 cells induced strong

immediate-early gene (Fos) expression in both ventral AHN

and PAG (Figure S3). Thus, we decided to investigate the behav-

ioral responses mediated by the VMH/AHN and VMH/PAG

connections.

To manipulate the VMH/AHN and VMH/PAG pathways,

we virally expressed ChR2-EYFP in VMHdm/c SF1 neurons

and positioned the optic fiber 0.4–0.8 mm above either the

AHN or dlPAG (Figures 5A, 5G, and 5H). Given the close prox-

imity of the VMH and AHN (approximately 1 mm apart), we used

a beveled cannula to reduce the spread of light from the AHN to

the VMH (Tye et al., 2011). Our in vitro measurement showed

that light intensity decreased to less than 10% of that of the

source at 1 mm away from the protected side of cannula ending

point. Given that the minimal light intensity required to induce

the behavioral change with VMH/AHN stimulation (0.4 to 3.0

mW) is comparable to that required for the VMHdm/c direct

activation (0.8 to 3.5 mW), the spillover light from AHN was un-

likely to activate VMHdm/c cell bodies strongly enough to

induce behavioral changes directly. Whereas activating the

VMH/AHN pathway (n = 25) induced immobility, running,

and escape jumping similar to VMH cell body activation,

VMH/PAG activation (n = 27) only increased immobility even

when the stimulation intensity was high (20 ms, 20 Hz, 3.2–6.7

mW) (Figures 5I–5K; one example is shown in Figures S4C

and S4D). Immobility induced by VMH/PAG appears to be

more solid than VMH stimulation, as the animal ceased all

movements, including those of the head and tail (Movie S5).

When comparing the movement velocity during VMH, VMH/

AHN, and VMH/PAG stimulation at high intensity (>3 mW)

and high frequency (20 Hz), only VMH/PAG stimulation signif-

icantly reduced the locomotion velocity upon light delivery

(Figures S1A–S1C). Similar to VMH cell body activation, stimu-

lating both VMH/PAG and VMH/AHN simultaneously

caused a poststimulation increase in movement velocity (Fig-

ures S1A–S1C).

In the two-chamber preference test, across all animals, the

VMH/AHN pathway stimulation significantly reduced the per-

centage of time the animal spent in the stimulation chamber

(Figure 5L; an example session is shown in Figures S4E–S4G)

and decreased the percentage of time that the animal was

immobile (Figure 5M). In contrast, the effect of VMH/PAG

stimulation was less consistent across animals, with 5/9 ani-

mals learning to avoid the stimulation chamber (Figure 5L,
left, light blue; one example in Figures S4H–S4J) while the re-

maining animals did not (Figure 5L, left, light red; one example

in Figures S4K–S4M). The behavioral heterogeneity is also

obvious when examining the level of immobility during stimula-

tion. Avoided animals decreased immobility during stimulation,

while unavoided animals showed the opposite trend (Figure 5M,

left).

VMHdm/c Neurons Bifurcate to Both AHN and PAG
Given that terminal optogenetic activation could cause spiking

activity in cell bodies, if VMHdm/c cells bifurcate to both AHN

and PAG, the VMH/AHN-like response elicited by VMH/

PAG stimulation could be caused by the backpropagation of ac-

tion potentials from PAG to VMH cell bodies, which in turn recruit

AHN (Jennings et al., 2013). This possibility is supported by pre-

vious retrograde tracing studies showing that nearly 50% cells in

ventrolateral subdivision of VMH send collateral projections to

the MPN, MEA, and/or PAG (Akesson et al., 1994). However,

recent studies focusing on another hypothalamic region, the

arcuate nucleus, revealed that nonoverlapping AGRP cells

project to each of its downstream regions to form functionally

redundant parallel pathways (Betley et al., 2013). Thus, in one

scenario, the VMH/PAG and VMH/AHN may represent two

independent pathways to mediate largely redundant defensive

responses. Alternatively, overlapping cells in the VMHdm/c

may send collateral projections to the AHN and PAG to mediate

aspects of defensive responses.

To investigate the origin of the VMH/PAG- and VMH/

AHN-projecting neurons, we injected cholera toxin b subunit

conjugated with Alex dye 488 (CTB-488) into the PAG, and

CTB-555 into the AHN in the same animal (Figures 6A–6C).

Five of the 14 injected animals had both injection sites centered

in the regions of interest, and were analyzed in detail (Figures

S5A and S5B). On average, 46% of VMHdm/c neurons are

retrogradely labeled from the PAG, while 51% of cells are

labeled from the AHN (Figure 6F). Among all of the retrogradely

labeled cells, 47% of PAG-projecting cells and 44% of AHN-

projecting cells are dual-labeled, and 75% of them are SF1

positive (Figures 6D–6H; Table S1). Thus, activating SF1-ex-

pressing cells will recruit a large percentage of AHN, PAG,

and dual-projecting VMHdm/c cells. To estimate the upper limit

of our efficiency in retrogradely labeling cells, we coinjected

CTB-488 and CTB-555 into the PAG (Figures S5C–S5E).

Among the three well-targeted animals, we found that approx-

imately 75% of the cells were dual-labeled (Figures S5G and

S5H; Table S1). Taken together, we estimate that at least

two-thirds of the VMHdm/c cells project to the PAG or AHN.

Among them, over half send collateral projections to both

areas.

Distinct Roles of the VMH/PAG and VMH/AHN
Pathways in Mediating Defensive Response
Given that many VMHdm/c cells send projections to both PAG

and AHN, it is likely that activation of the VMH/PAG pathway

also activates some AHN neurons indirectly. Consistent with

this hypothesis, activation of the PAG fiber terminals induced a

weak increase of Fos expression in the AHN and vice versa (Fig-

ure S3). To eliminate the indirect recruitment of a collateral
Neuron 85, 1344–1358, March 18, 2015 ª2015 Elsevier Inc. 1351



Figure 6. VMHdm/c Neurons Sent Collateral Projections to the AHN and PAG

(A) Retrograde tracing experiment.

(B and C) Injection sites in the AHN (B) and the dlPAG (C) of one animal. Scale bars, 0.5 mm.

(D) Retrogradely labeled neurons in the VMH from the PAG (green) and the AHN (red), costained with SF1 antibody (blue). Scale bar, 100 mm.

(E) Individual channels and merged view of the boxed area in (D). White arrows indicate triply labeled neurons. Scale bar, 20 mm.

(F) Percentages of PAG (green), AHN (red), and dual-projecting neurons (yellow) among all the VMHdm/c neurons.

(G) Percentages of dual-projecting neurons in PAG-projecting (green) or AHN-projecting (red) populations.

(H) Percentages of SF1-positive neurons in the PAG-, AHN-, or dual-projecting populations (n = 5 for F and G; n = 3 for H). Error bars, SE. See also Figure S5 and

Table S1.
projection, we tried to block backpropagation of action poten-

tials using several approaches, including halorhodopsin, lido-

caine, tetrodotoxin, and bupivacaine (Gradinaru et al., 2010; Per-

eira andMorrell, 2009). Among the four testedmethods, injection

of 0.3 ml 4% bupivacaine completely blocked behavioral

changes induced by light stimulation, and lasted for at least

45 min (Figure S6A). Importantly, bupivacaine caused little

change in animals’ locomotion during the RTPP test (Figure S6B,

n = 11) and did not change the level of nose poking at the base-
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line level (Figure S6C, n = 8). Thus, bupivacaine was chosen as

the method to suppress VMH activity and prevent backpropaga-

tion of action potentials.

We attempted to block VMHdm/c cell body activation with bu-

pivacaine in 11 animals that showed clear aversion to the stimu-

lation chamber in the RTPP test (Figure 7B). Among them, block-

ing was successful in six animals, as they no longer showed

aversion to the stimulation chamber with VMH stimulation (Fig-

ure 7C, red). The blocking was ineffective in the remaining five



Figure 7. VMH/PAG and VMH/AHN Activation with VMH Blocking Induced Distinctive Aspects of Defensive Behaviors

(A) Schematic representation of the experiment.

(B) Before blocking, VMH stimulation induced avoidance to the stimulation chamber in all animals (n = 11).

(C) Bupivacaine injection blocked VMH stimulation-induced avoidance in 6 of 11 animals (red dots), but had no effect on the remaining five animals (blue dots).

(D) VMH/AHN stimulation (right) but not VMH/PAG stimulation (left) induced avoidance to the stimulation chamber in the RTPP test.

(E) VMH/PAG (left), but not VMH/AHN (right) stimulation increased immobility.

(F) The immobility induced by VMH/ PAG stimulation (left) is similar and high in the first two and last two entries to the stimulation chamber, whereas 5/6 animals

showed low immobility during later VMH/AHN stimulation trials.

(G) In the operant punishment test, VMH/PAG stimulation induced a higher level of immobility than VMH/AHN or sham stimulation did.

(H) The animal showed a trend (p = 0.06) to move away from the poker after VMH/AHN stimulation, but not after VMH/PAG stimulation.

(I) VMH/AHN activation reduced poke number, while VMH/PAG activation did not. Gray and red lines indicate data of individual animals and population

average, respectively. Error bars, SE. PAG, n = 5; AHN, n = 6; sham, n = 6. Paired t test in (D–F) and unpaired t test in (G–I): *p < 0.05, ***p < 0.001. See also Figures

S6 and S7.
animals (Figure 7C, blue), which could be due to the position of

the cannula ending being too medial and, thus, that the drug

likely diffused into the ventricle (Figure S7A, blue dots). After con-

firming the successful blocking of the VMHdm/c cell bodies with

bupivacaine in those six animals, we tested behavioral changes

during stimulation of the VMH/PAG and VMH/AHN pathways

with simultaneous VMH blocking (Figure 7A). After VMH block-

ing, VMH/PAG stimulation induced homogenous behavioral

changes in the RTPP test: all animals significantly increased

immobility during stimulation (Figure 7E, left) and showed no

avoidance to the stimulation chamber, even after some had

learned to avoid the chamber in the absence of VMH blocking

(Figure 7D, left; one example in Figures S6D–S6I). Four additional
animals were tested with VMH blocking and VMH/PAG stimu-

lation, but with no confirmed success of VMHblocking. Histolog-

ical analysis suggested that the drug was likely targeted to the

VMHdm/c (Figure S6A, red open circles for unconfirmed ani-

mals) and their behavioral change was consistent with the six

blocking-confirmed animals (combined data in Figures S6J

and S6K). In contrast to the behavioral change observed with

VMH/PAG stimulation, all animals with VMH/AHN stimula-

tion learned to avoid the stimulation chamber even after VMH

blocking (Figure 7D, right). VMH/AHN stimulation induced little

immobility (Figure 7E, right), especially during later entries, 5/6

animals moved out of the chamber without any pause (Figure 7F,

right). In contrast, VMH/PAG stimulation induced a high level of
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Figure 8. AHN Stimulation Induced Jump

and Avoidance, but No Immobility

(A) Schematic showing injection and stimulation

sites.

(B) A coronal sectionwith cannula track andChR2-

EYFP expression (green). Scale bar, 1 mm.

(C) Average number of Fos-expressing cells per

section at the AHN and VMH after AHN stimulation

with light. Two-way ANOVA showed significant

difference between stimulation side, stimulation

condition, and their interaction term for AHN (p <

0.01 for all terms), but not VMH (p > 0.1 for all

terms). Unpaired t test: *p < 0.05, ***p < 0.001.

(D) Representative images showing the ChR2-

EYFP (green) and Fos expression (red) at AHN (left)

and VMH (right) after AHN light stimulation.

Dashed lines mark the areas for Fos counting.

Scale bar, 500 mm.

(E–G) AHN light stimulation did not change

immobility level (E) but increased the percentage

of trials with running (F) and jumping events (G).

(H–J) In the RTPP test, AHN stimulation decreased

the time in the stimulation chamber per entry (H),

did not change the percentage of time in the safe

chamber per entry (I), and decreased the total

percentage of time in the stimulation chamber (J).

(K) AHN stimulation decreased immobility in the

RTPP test (n = 5). Paired t test for (E–K): *p < 0.05,

**p < 0.01, ***p < 0.001.
immobility throughout the testing period (Figure 7F, left). Thus,

after VMH blocking, VMH/PAG stimulation caused immobility,

but not avoidance, while VMH/AHN induced little immobility,

but promoted avoidance.

We further tested the potential functional segregation of the

VMH/PAG and VMH/AHN pathways with punishment oper-

ant conditioning. After stable baseline poking was established,

we blocked the VMH and examined poking performance when

we paired poking with either VMH/PAG or VMH/AHN stimu-

lation. We found that VMH/PAG stimulation caused a signifi-

cantly higher level of immobility than VMH/AHN or sham stim-

ulation (Figure 7G). During VMH/PAG stimulation, test animals

paused in the middle of licking and resumed normal activity

afterward. During VMH/AHN stimulation, animals continued

to lick. However, after several paired stimulations, they moved
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away from the poker and stayed away

for tens to hundreds of seconds (Fig-

ure 7H). As a result, VMH/AHN stimula-

tion reduced the total number of pokes

significantly (Figure 7I, orange bar). In

contrast, despite the short pause of

movement elicited by VMH/PAG stimu-

lation, animals showed no avoidance to

the poker after VMH/PAG stimulation

(Figure 7H), and the overall poke number

did not decrease relative to that under the

sham condition (Figure 7I, gray bar). This

result is consistent with the functional re-

sults from the RTPP test, suggesting

distinct roles of the VMH/PAG and
VMH/AHN pathways in mediating the stereotyped immobility

and flexible avoidance behavior in the face of danger.

Optogenetic Activation of AHN Induced Running,
Escape Jumping, and Avoidance, but Not Immobility
Although the AHN represents the most prominent anterior target

of the VMHdm/c SF1 cells, axons from the VMHdm/c also course

through the AHN and reach more anterior and dorsal structures,

such as the MPN and the BNST. To investigate whether the

behavioral change induced by VMH/AHN activation is solely

mediated by fibers of passage, we virally expressed ChR2 in

the ventral AHN area and examined the behavioral changes

induced by light (Figure 8A). Histological analysis showed that

the ChR2 was expressed mainly in the ventral AHN in five of

the eight injected animals that were included in the analysis



(Figure 8B). Interestingly, although we observed ChR2-EYFP

axons in the VMHdm/c, which is consistent with the known

afferent pattern of the AHN (Saper et al., 1978), little Fos expres-

sion was observed in the VMHdm/c after AHN activation by light,

whereas strong Fos expression was observed in the AHN itself

(Figures 8C and 8D). This differential Fos induction pattern also

ensured that the virus did not spread to the VMH to cause its

direct activation.

In contrast to the motor responses induced by VMHdm/c acti-

vation, activating the ventral AHN failed to induce immobility.

Instead, upon stimulation, animals increased locomotion, reared

toward the cage wall, and jumped repeatedly (Figure 8E; Movie

S6). In addition, in the RTPP test, all animals showed strong

avoidance to the stimulation chamber. Once the stimulation ses-

sion started, all animals learned to move out of the stimulation

chamber within the first three entries (Figure 8H; Movie S7).

Across animals, the percentage of time in the stimulation cham-

ber decreased from 62% in the pretest to 19% during test (Fig-

ure 8J). Consistent with the home cage results, animals showed

no immobility during stimulation (Figure 8K). These results reveal

differential roles of VMHdm and AHN in mediating defensive

behaviors, and support the notion that escape jumping and

avoidance induced by VMHdm/c stimulation is, at least in part,

mediated by projection of the VMHdm/c to the AHN.

DISCUSSION

Weused optogenetic methods to show that VMHdm/c activation

induces complex somatomotor and autonomic responses that

resemble animals’ natural behaviors in the face of danger. The

responses include pupil dilation, an increase in breathing rhythm,

changes in HR and HRV, immobility, running, escape jumping,

hiding, and avoidance. Combining pathway-specific activation

and cell body inactivation, we found that VMH/PAG activation

elicits immediate stereotyped immobility, but not avoidance,

while VMH/AHN activation promotes avoidance. Consistent

with the pathway activation results, direct activation of ventral

AHN cells elicits avoidance, but not immobility. Interestingly,

many VMHdm/c cells send collateral projections to both the

AHN and PAG, suggesting a one-to-many wiring configuration

to coordinate multiple aspects of defensive behavior.

The Defense-like Motor and Autonomic Responses
Induced from VMHdm/c
In our study, we observed immobility in all 31 experimental ani-

mals during VMHdm/c light stimulation, despite the fact that

the ChR2 expression level and optic fiber position varied among

animals. This consistent behavioral change is likely contributed

by both the relatively precise and restricted ChR2 expression

in the VMHdm/c using SF1:CRE mouse line and the dominance

of the defensive behaviors among all innate behaviors. Given

that SF1 is also expressed in VMHvl to a small extent, some of

the animals showed ChR2 expression in both the VMHdm and

VMHvl. However, the VMHvl is unlikely to be responsible for

the induced defensive behavior, as our previous studies showed

that VMHvl activation elicits aggressive behaviors (Lin et al.,

2011). Only when the virus spread into the VMHdm/c were

defensive-like behaviors elicited rather than attack ones (Lin
et al., 2011). In this study, we never observed any light-evoked

attack, indicating that defensive behavior completely overrides

aggressive behavior when neural substrates for both are simulta-

neously activated.

The light-induced cardiovascular response changed from

tachycardia to bradycardia as the stimulation intensity in-

creased, despite the fact that immobility was induced under

both conditions. This indicates that the cardiovascular response

and immobility are dissociable. Consistent with this observation,

both the tachycardia and bradycardia responses have been re-

ported to accompany immobility under natural threatening con-

ditions. For example, exposure to an electric-shock-paired tone

induced immobility and a dramatic increase in HR (Stiedl and

Spiess, 1997), while HR was strongly suppressed when the ani-

mal experienced tonic immobility (playing dead) during predator

exposure (Hofer, 1970). Thus, VMHdm/c neurons may mediate

immobility under various contexts that require either an increase

or a decrease in HR. Future studies aimed at understanding the

response of the VMHdm/c cell toward natural threat will help test

these hypotheses.

The Hypothalamic Defense Circuit
Based on tracing and immediate-early gene studies, the medial

hypothalamic defense circuit is proposed to contain three nuclei:

the AHN, VMHdm/c, and PMd (Martinez et al., 2008). However, it

remains unclear how the danger-associated sensory information

is processed by these areas to elicit defensive behaviors. Our

studies provide some new insight into the organization of the

medial hypothalamic defense circuit.

At the input level, among the three defense nuclei, VMHdm/c

receives the most abundant sensory inputs from regions outside

of the hypothalamus, including olfactory inputs via the MEA,

auditory and visual inputs via the posterior part of the basome-

dial amygdala, and somatosensory inputs (especially pain) via

the parabrachial nucleus (Canteras et al., 1995; Petrovich

et al., 1996; Saper and Loewy, 1980). At the output, although pre-

vious studies suggested that the VMH pathway to midbrain in-

volves a synapse in the AHN (Fuchs et al., 1985), our study

demonstrated that the VMH to PAG projection is direct and

can induce immediate immobility (Figure S8A). This is somewhat

surprising as the VMHdm/c mainly projects to dlPAG, which is

traditionally believed to be an active emotional coping zone

that mediates running and jumping (Bandler and Keay, 1996).

Nevertheless, based on the connectivity and our functional

manipulation results, VMHdm/c appears to be well positioned

to detect predator-related sensory cues and to quickly suppress

locomotion to minimize the risk of self exposure.

Classical electrical stimulation studies showed that the AHN

and VMH elicit similar behavioral responses, such as flight and

escape jumping (Lammers et al., 1988). Tracing studies revealed

strong reciprocal connections between these two areas (Can-

teras et al., 1994; Saper et al., 1978). Thus, it appears that the

VMHdm/c and AHN may have redundant roles in mediating de-

fense. However, our studies revealed clear functional distinction

between these two areas: while activation of VMHdm/c induced

immediate immobility and avoidance, AHN activation induced

only avoidance. Furthermore, while VMH stimulation is highly

effective in inducing Fos expression in the AHN (Figure S3),
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AHN stimulation induced little Fos at the VMH (Figures 8C and

8D). Consistent with our Fos results, an online gene expression

database (http://www.brain-map.org) indicates that VMHdm/c

cells are largely glutamatergic, while the AHN contains mostly

GABAergic neurons (Figure S8B). Thus, although AHN and

VMH are bidirectionally connected, the information transfer be-

tween these two areas is likely to be directional.

Surprisingly, although the VMH/AHN and VMH/PAG

pathways mediate distinct aspects of the defensive responses,

at least 50% of AHN-projecting cells are estimated to send a

collateral projection to PAG and vice versa, offering an alterna-

tive circuit organization scheme from those proposed recently.

In one study, nonoverlapping AGRP neurons were shown

to target distinct downstream targets, several of which evoke

similar feeding responses, forming a one-to-one and redun-

dant output configuration (Betley et al., 2013). In another

study, each of the three adBNST downstream areas were

shown to receive inputs from separate adBNST subpopula-

tions, and mediate an independent feature of anxiolysis,

forming a one-to-one and nonredundant configuration (Kim

et al., 2013). In contrast, here we showed that VMHdm/c neu-

rons employ a one-to-many but nonredundant organization

scheme: VMHdm/c neurons send collateral projections to

AHN and dlPAG, but each pathway mediates distinct aspect

of defensive behaviors. Given that collateral projections exist

in many hypothalamic regions and elsewhere, this one-to-

many circuit configuration is well suited to coordinate multiple

aspects of a behavior.

EXPERIMENTAL PROCEDURES

Animals

Subjects were SF1:CRE transgenic male and female mice (provided by Dr.

Lowell’s group at Harvard; 8–24 weeks) and C57BL/6N male and female

mice (10–16 weeks, Charles River Laboratories). Care and experimental ma-

nipulations of animals were approved by the Institutional Animal Care and

Use Committee of NYU Langone Medical Center in compliance with the NIH

guidelines.

Stereotactic Surgery and Injection

SF1:Cre mice were injected unilaterally with AAV2/2 ER1a:DIO-ChR2-EYFP

into VMH (–4.5 mm anterior-posterior [AP], +0.4 mm medial-lateral [ML],

5.4 mm dorsal-ventral [DV]) (Chan et al., 2007). Wild-type mice were injected

with a mixture of AAV2/2 CMV:CRE and AAV2/2 ER1a:DIO-ChR2-EYFP into

AHN (–3.5 mm AP, 0.4 mm ML,–5.4 mm DV). A double cannula (1 mm cen-

ter-to-center distance, Plastics One) was implanted 0.4–0.8 mm above AHN

and VMH, and an optic fiber with 1.25mm ferrule was implanted 0.5mmabove

dlPAG (–7.7 mm AP, 0.2 mm ML, –1.9 mm DV). For in vivo recording, an op-

trode attached to a microdriver was implanted in the VMHdm/c. For tracing,

0.12 ml CTB-555 (Life Technologies) was injected into the AHN and 0.12 ml

CTB-488 was injected into dlPAG. For inactivation of the VMHdm/c, 4% bupi-

vacaine (Sigma) dissolved in 0.9% saline was injected through the implanted

cannula. Behavioral tests were performed 15 min after injection.

Optrode Recording and Analysis

Twoweeks after injection, the implanted optrodewas connected to a 16-chan-

nel headstage and a 105 mm multimode optic fiber. In freely moving animals,

neural activity was recorded continuously using a commercial system

(Tucker-Davis Technologies) as light stimulation (Shanghai dream laser,

473 nm, 1ms, 5 Hz) was delivered through the optic fiber. The direct activation

of ChR2-expressing cell was determined by its latency, jitter, as well as its

waveform. The placement of the optrode was examined histologically.
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Behavioral Tests and Analysis

During the home cage test, blue light with low or high intensity and a range of

frequency (5, 10, 15, and 20 Hz) was delivered to the VMH, AHN, or PAG. The

low intensity refers to the minimal intensity required to induce behavioral

changes, ranging from 0.8 to 3.5 mW. The high intensity refers to three times

the minimal intensity, and up to 6 mW. Each stimulation trial lasted for 60 s un-

less we observed jumping, which would terminate the trial. In the hiding box

test, after 10 min habituation, animals were stimulated with low intensity

(20 ms, 20 Hz, 1–1.3 mW, 60 s) or sham light pulses whenever they reached

one designated corner away from the hiding box. Animals also were tested

with the same stimulation condition in the absence of hiding box. For the

RTPP test, after 10 min of habituation, the animal was stimulated (3 s on, 2 s

off) at the brain site of interest (VMH, AHN, PAG) whenever it entered a desig-

nated chamber until it moved out. In the punishment operant conditioning test,

animals were deprived of water for 19 hr, and then trained to associate nose

poking with water delivery for 30 min each day. Once the animal reached a

steady poking rate (poking number within ± 10% for 2 consecutive days),

2 s light pulses were delivered 0.8 s after each poke during the test session.

Paired t test was used to compare behavioral parameters with and without

light. When multiple pairs of conditions were compared (e.g., before, during,

and after light), the p value was adjusted based on false discovery rate

(FDR) 0.05. When shown, an error bar means SE.

Tracking and Annotation Comparison

Custom tracking software written in MATLAB (MathWorks) was used to deter-

mine the instantaneous position of the recorded mouse based on side-view

and top-view videos (Dollar et al., 2010). The instantaneous xy and z velocities

of each frame were calculated to determine immobility, running, and jumping

events based on a set criterion. The correlation coefficient between human/hu-

man annotations and human/computer annotations were compared to eval-

uate the performance of our autoannotation program.

Autonomic Responses

Pupillary and respiratory responses were measured when animals were head

fixed. Low-intensity light (0.8–1.7 mW, 20 ms, 20 Hz, 20 s), high-intensity light

(2.4–5.1 mW), and sham light (0 mW) were interleaved and delivered to VMH

(ten times each). Pupillary responses were recorded under infrared lighting.

The pupil size of each frame was determined using a custom-written MATLAB

program. Breathing rate was countedmanually, based on the chest movement

captured on the video. Cardiovascular responses were measured in free-mov-

ing animals using three insulated multistranded stainless steel wire leads (A-M

system, 793200) subcutaneously placed in the animal’s left arm, right arm, and

right leg. The raw electrocardiogram (ECG) signals were band-pass filtered,

and the peak of the ECG trace that corresponds to individual heartbeat was

determined by a custom-written MATLAB program. The HR was calculated

as the inverse of interbeat interval. The HRV was calculated as the SD of HR

divides the mean of HR.

Histology

Standard immunohistochemistry procedures were followed to obtain and stain

the 30 mm brain sections for all mice. The 2.53 or 53 fluorescent images were

acquired to determine cannula, optic fiber, and optrode placements and tracer

injection sites. For Fos cell counting, 103 fluorescent images were used; 203

confocal images were obtained to quantify colocalization of CTB tracers. Cells

were manually counted after selecting regions of interest based on DAPI or

NeuN staining. To quantify YFP distribution in the VMHdm/c versus VMHvl,

the ratio of the accumulated pixel values in green channel in VMHdm/c and

VMHvl was calculated for each section, and then averaged across sections

for each animal.

See Supplemental Experimental Procedures for more details.
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