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Animals repeatedly interact with novel objects to find useful 
resources, such as food and prey1. This object exploration 
seems to be innate: young animals show preferences for and 

play-like interactions with novel toys, and they do not need to learn 
to hold, bite or retrieve objects from their environment2,3. Various 
experimental models have exploited the innate response of animals 
for objects. In operant conditioning, animals must first interact with 
a lever in various ways before they can learn that pressing it triggers 
a reward4,5. Identifying the circuits responsible for motivating ani-
mals to interact with objects will improve our understanding of the 
way the brain organizes behavior to acquire useful targets during 
hunting and foraging.

The periaqueductal gray has long been implicated in hunting 
behavior6,7. Some neurons in the vPAG are known to show increased 
cFos immunoreactivity upon exposure to prey8. To identify the circuit-
based mechanism therein, the key is to find the presynaptic modula-
tor activating these vPAG neurons during hunting behavior. A recent 
study showed that the central amygdala (CeA) sends inhibitory input 
to the vPAG and induces the animal to approach prey; however, activa-
tion of this CeA–vPAG circuit does not induce other hunting actions, 
such as grabbing, biting or carrying9. Considering that vPAG receives 
inputs from many other brain areas10, integration of multiple informa-
tion streams seems to be critical for inducing hunting-like actions.

The MPA, which is part of the anterior hypothalamus, sends 
extensive output projections to the vPAG11. Functional studies have 
shown that the MPA mediates sexually dimorphic social behaviors. 
Electrical stimulation of the MPA promotes male mating behavior12, 
and galanin-positive GABAergic neurons in the MPA induce mater-
nal care13. However, knowledge regarding the role of MPA in object 
exploration, through which the vPAG neuronal pathway may be 
activated, has been lacking. Here we present evidence that a subset 
of MPA neurons that send projections to the vPAG mediate a series 
of predatory actions to acquire target objects or prey.

Results
Anterior hypothalamic lesions abolish object-hoarding behavior  
in rats. The hypothalamus comprises several areas that are associated  

with innate behaviors13–15, such as fighting16–18, feeding19,20 and  
mating21,22. To explore the role of the hypothalamus in innate 
responses to objects, we examined the effect of electrolytic 
hypothalamic lesions on the object-oriented behaviors of rats 
(Supplementary Fig. 1a–c). When we presented a cube to Long 
Evans rats, they generally showed play-like interactions with the 
object and carried it to their nest, which was consistent with previ-
ous reports23,24. In contrast, rats with anterior hypothalamic lesions 
no longer showed interest in the object and exhibited no hoard-
ing behavior (Supplementary Fig. 1d,e). This suggests that specific 
nuclei in the anterior hypothalamus may mediate object responses.

The MPA show increased activity during interactions with 
objects. To identify specific target areas, we compared the expression 
of an immediate early gene product and marker of neural activity, 
cFos25, in the anterior hypothalamus of mice after object exploration 
(Fig. 1). To reduce novelty-induced fear and ensure adequate explo-
ration, we exposed all experimental and control mice to a movable 
cube26 for 1 h per day over 3 d (Fig. 1a). On day 4, we exposed the 
experimental mice but not the control mice to the same object and 
confirmed that they showed play-like interactions (touching, bit-
ing and moving the object) (Fig. 1a and Supplementary Video 1). 
Mice given an extra day of object exposure had a higher number 
of cFos-positive neurons in the MPA than the control mice when 
examined on day 4 (Fig. 1b–d and Supplementary Fig. 2a,b). We 
did not observe any difference in the cFos expression of other hypo-
thalamic nuclei (Fig. 1b and Supplementary Fig. 2c). Consistent 
with a previous report that the vPAG is a main postsynaptic tar-
get for MPA neurons11 and mediates nonsocial interactions such as 
hunting8, we also observed increased cFos staining in the vPAG of 
object-exposed mice compared with control mice (Fig. 1c,d). These 
results suggest that the MPA neurons that send projections to the 
vPAG may be involved in the ability of mice to interact with objects.

CaMKIIα+ MPA neurons sending projections to the vPAG 
mediates object exploration. To determine using optogenetics 
which vPAG-projecting MPA neurons mediate object exploration,  
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we expressed channelrhodopsin 2 (ChR2), a light-dependent cat-
ion channel27, in MPA neurons and photostimulated their axon 
terminals at the vPAG. To discriminate cell types, we used three 
different promoters to express ChR2 gene in excitatory or inhibi-
tory MPA neurons: the Camk2a gene promoter (AAV-CaMKIIα 
-hChR2-mCherry), the vesicular glutamate transporter 2 (Vglut2) 
gene promoter (AAV-EF1α -DIO-hChR2-mcherry in Vglut2-ires-
Cre mice28) and the vesicular GABA transporter (Vgat) gene pro-
moter (AAV-EF1α -DIO-hChR2-mcherry in Vgat-ires-Cre mice28).  
These three strategies robustly expressed the ChR2 gene in MPA 
neurons (Fig. 2a and Supplementary Fig. 3a,b) with minimal spread 
to neighboring hypothalamic areas (Supplementary Fig. 4a–c). 
Histological analysis revealed that these three types of MPA neurons 
send output projections to the vPAG (Fig. 2a and Supplementary 
Figs. 3a,b and 4d–f).

To identify the role of these vPAG-projecting MPA neurons, we 
used blue illumination at the vPAG (Fig. 2a and Supplementary Fig. 4g).  
During photostimulation, the CaMKIIα ::ChR2MPA–vPAG mice exhib-
ited significantly more touching and carrying behavior with both 
forepaws and mouth toward the movable cube, compared to 
CaMKIIα ::eYFPMPA–vPAG control mice (Supplementary Video 2). 

As a result, the CaMKIIα ::ChR2MPA–vPAG mice moved the object 
significantly farther than control mice (Fig. 2b). Remarkably, we 
found that this photostimulation of the CaMKIIα + MPA–vPAG 
circuit enhanced object responses roughly 12-fold beyond the lev-
els observed in CaMKIIα + mice in which the somata were stimu-
lated (Supplementary Fig. 5a,c and Supplementary Videos 2 and 3),  
supporting the relevance of vPAG-projecting MPA neurons 
to object exploration. In contrast, VGLUT2::ChR2MPA–vPAG and 
VGAT::ChR2MPA–vPAG mice did not show increased interactions 
with the object during photostimulation, resulting in no significant 
increase in object dislocation (Fig. 2c,d). These results suggest that 
CaMKIIα + MPA neurons that send projections to the vPAG may be 
critical to the ability of mice to actively engage with objects.

By performing a patch-clamp analysis, we found that photostim-
ulation of CaMKIIα + MPA cells induced robust action potentials 
(Fig. 2e). Moreover, photostimulation of their axonal termini evoked 
excitatory postsynaptic potentials (EPSPs) in most (79%, 15 of 19) 
vPAG neurons, while only a subset (21%, 4 of 19) showed inhibitory 
postsynaptic potentials (IPSPs) (Fig. 2f). The light-induced excit-
atory postsynaptic currents (EPSCs) in vPAG neurons were abolished 
in the presence of CNQX (6-cyano-7-nitroguinoxaline-2,3-dione)  
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Fig. 1 | Differential cFos expression in the anterior hypothalamic areas during object exploration. a, Schematic depiction of experiment. b, Mice exposed 
to objects show more cFos+ cells in the MPA than controls (control, n =  8 mice; object, n =  7 mice; unpaired t-test, P =  0.008), but no differences in 
other hypothalamic nuclei (unpaired t-test, LPO, P =  0.473; VLPO, P =  0.457; vBNST, P =  0.506; SHy, P =  0.118; PVN, P =  0.626; VMH, P =  0.465; Arc, 
P =  0.895). LPO, lateral preoptic area; VLPO, ventrolateral preoptic nucleus; vBNST, ventral bed nucleus of stria terminalis; SHy, septohypothalamic 
nucleus; PVN, paraventricular nucleus; VMH, ventromedial hypothalamus; Arc, arcuate nucleus. Inset, color-coded location of hypothalamic nuclei in 
three representative brain sections. c, Immunofluorescence images show an increase in cFos+ cells in the MPA and vPAG in the object-exposed group. 
Arrows indicate cFos signals. This result was successfully replicated in 4 mice. Scale bars, 200 μ m top, 50 μ m bottom. d, Top, quantification of cFos+ cells 
in immunofluorescence images of MPA (control, n =  4 mice; object, n =  6 mice; unpaired t-test, P =  0.004) and vPAG (control, n =  3 mice; object, n =  5 
mice; unpaired t-test, P =  0.009). Box plots show medians, quartiles (boxes), means (× ) and ranges (minimum and maximum; whiskers). Bar graphs show 
mean (bars) ±  s.e.m. and individual data (circles). See detailed statistical values in Supplementary Table 1. *P <  0.05.
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and d-AP5 (d-2-amino-5-phosphonopentanoate), which antago-
nize AMPA and NMDA receptors, respectively (Fig. 2g). This sug-
gests that excitatory CaMKIIα + MPA neurons release glutamate as 
a major neurotransmitter. Immunohistochemistry revealed that 
CaMKIIα  MPA neurons rarely expressed VGLUT2, which is a puta-
tive marker for subcortical glutamatergic neurons29 (Fig. 2h,i). These 
results suggest that CaMKIIα + MPA neurons comprise a special-
ized subpopulation that is anatomically (Fig. 2h,i) and functionally  
(Fig. 2b,c) distinct from VGLUT2+ neurons.

The CaMKIIα+ MPA–vPAG circuit specifically mediates nonso-
cial interactions. Although the MPA has been implicated in sexually 
dimorphic behaviors30,31, we did not observe any gender-related dif-
ference in the response of photostimulated CaMKIIα ::ChR2MPA–vPAG  

mice to objects (Supplementary Fig. 5b,c), nor did they show 
any increase in behaviors associated with other hypothalamic 
nuclei (i.e., inter-male aggression, mating or food consumption) 
(Supplementary Fig. 6). Instead, CaMKIIα ::ChR2MPA–vPAG mice spent 
more time in nonsocial explorative behavior, such as digging and 
searching through the bedding material, which lead to elevated loco-
motion even in the absence of a target object (Supplementary Fig. 6a).  
They also showed reduced social responses to intruder males 
(Supplementary Fig. 6b–e) and to females in estrus (Supplementary 
Fig. 6f). In a similar vein, these mice would bite and carry food but 
not actively consume it, resulting in reduced food consumption 
during photostimulation (Supplementary Fig. 6g).

To quantify the physiological activity of the CaMKIIα + MPA–
vPAG circuit during object exploration, we expressed a Ca2+-sensor 
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interaction relative to OFF session (Wilcoxon signed rank test, OFF vs. ON, P =  0.438; ON vs. OFF, P =  0.438). d, Photostimulation of axon termini in the 
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graphs indicate mean (thick lines) ±  s.e.m. (error bars) and individual data (thin lines). Bar graphs show mean (bars) ±  s.e.m. (error bars) and individual 
changes (gray lines). See detailed statistical values in Supplementary Table 1. *P <  0.05; n.s., not significant.
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protein (GCaMP6m) in CaMKIIα + MPA neurons and measured 
fluorescence changes in the vPAG using a time-correlated single-
photon-counting method32 (Fig. 3a and Supplementary Fig. 7a,b). 
During object exploration, we observed significant increases of flu-
orescence activity in the vPAG of GCaMP6mMPA–vPAG mice, suggest-
ing that Ca2+ signaling was enhanced (Fig. 3b and Supplementary 
Video 4). These Ca2+ signals began increasing immediately before 
the mice contacted the object and peaked during object exploration 
(Fig. 3c). We observed significant increases in the Ca2+ activity ratio 
(the ratio of measurements taken 1 s before and 1 s after nose contact 
to object) upon exposure to objects (Fig. 3d) but not to female mice 
(Fig. 3e). This object-specific response was consistently observed in 

every trial with similar frequency (Supplementary Fig. 7c) despite 
the time-dependent decrease of signal intensity (Supplementary 
Fig. 7d) as previously described32. These results indicate that visual 
perception of nonsocial objects increases the activity of CaMKIIα +  
MPA–vPAG-projecting neurons, which in turn induces active 
engagement with the target object.

To determine whether activity in this CaMKIIα + MPA–vPAG 
circuit is necessary for spontaneous object exploration, we inhib-
ited the circuit by expressing and stimulating the eNpHR3.0 light-
gated chloride channel in DBA2/Slc mice, which show a high 
degree of object-engagement behavior26 (Fig. 3f). During photo-
inhibition of the CaMKIIα + MPA–vPAG circuit, eNpHR3.0MPA–vPAG 
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mice showed less object exploration than control mice (Fig. 3g,h), 
resulting in less object dislocation (Supplementary Fig. 8a). In con-
trast, eNpHR3.0MPA–vPAG mice showed normal exploratory behavior 
toward females in estrus (Fig. 3i) and normal food consumption 
during photoinhibition (Supplementary Fig. 8b). These results sug-
gest that the CaMKIIα + MPA–vPAG circuit is necessary for nonso-
cial object exploration.

Selective attention to target objects in CaMKIIα::ChR2MPA–vPAG 
mice. To confirm whether the increased activity of the CaMKIIα +  
MPA–vPAG circuit also mediates selective response to nonsocial 
objects, we examined CaMKIIα ::ChR2MPA–vPAG mice in the pres-
ence of both an object and a female in estrus (Fig. 4a). During the 
light-OFF state, CaMKIIα ::ChR2MPA–vPAG male mice spent most of 
their time in typical courtship behaviors toward the female (chas-
ing, sniffing and mounting) (Fig. 4a and Supplementary Video 5).  
During the light-ON state, in contrast, we observed a marked 
increase in the amount of attention each male paid toward the 
object (Fig. 4a and Supplementary Video 5). Thus, not only do mice 
discriminate between social and nonsocial targets, the activation of 

the CaMKIIα + MPA–vPAG circuit selectively shifts their attention 
toward nonsocial objects.

Next we asked which object characteristics drew the atten-
tion of CaMKIIα ::ChR2MPA–vPAG mice. We found that all CaMKIIα 
::ChR2MPA–vPAG mice spent more time in the interaction zone around 
cubes, compared to control mice, but showed no such preference 
for 2D objects, regardless of their color or brightness (Fig. 4b). The 
mice actively engaged with 3D objects of varied shapes and textures 
(Fig. 4c). They showed different types of interactions with differ-
ent objects; for example, they exhibited bimanual handling of small 
balls but used their mouths to carry short wooden sticks (Fig. 4c 
and Supplementary Video 6). These results suggest that three- 
dimensionality may be key for inducing object exploration in 
CaMKIIα ::ChR2MPA–vPAG mice.

To determine whether tactile sense is also critical for their active 
response to objects, we created conditions in which mice were 
unable to reach to the target objects. If an object was floating in the 
air, CaMKIIα ::ChR2MPA–vPAG mice would jump to reach it (Fig. 4d  
and Supplementary Video 7). When we placed an object above 
a water hazard, the mice would circle the edge of the water and 
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elongate their necks to contact the object (Supplementary Video 7). 
Although moving objects normally induced fear in control mice, 
photostimulated CaMKIIα ::ChR2MPA–vPAG mice were observed to 
actively chase moving objects (Fig. 4e and Supplementary Video 8). 
During photostimulation, CaMKIIα ::ChR2MPA–vPAG mice precisely 
chased objects along unnatural paths shaped like the letters “B” and 
“G” (Fig. 4e). When we switched to the light-OFF state after the 
mice completed the “B” track, however, they abruptly stopped fol-
lowing the object and moved away from the “G” track (Fig. 4e and 
Supplementary Video 8). Taken together, these results suggest that 
activation of the CaMKIIα + MPA–vPAG circuit induces a strong 
motivation to acquire the target objects by visual perception, lead-
ing to various goal-directed behaviors that promote object chasing 
and exploration.

The CaMKIIα+ MPA–vPAG circuit induces hunting behavior 
toward natural prey. The actions of CaMKIIα ::ChR2MPA–vPAG mice 
toward objects resembled predatory actions. To test the functional 
contribution of CaMKIIα + MPA–vPAG circuit to hunting behav-
iors, we used a prey–predator interaction experiment (Fig. 5a) in 
which photostimulation was given whenever the target (a cricket) 
was located within 8 cm of the mouse. Upon photostimulation, 
CaMKIIα ::ChR2MPA–vPAG mice immediately showed a series of hunt-
ing actions, such as chasing, grabbing and biting the insect to kill it 
(Fig. 5b and Supplementary Video 9). Compared with the CaMKIIα 
::eYFPMPA–vPAG control group, they showed a similar latency in 
approaching the target but faster responses in biting and grabbing the 
prey (Fig. 5c), with a longer time spent chasing, biting and grabbing 
the prey. (Fig. 5d). After killing their prey, CaMKIIα ::ChR2MPA–vPAG  
mice moved off, carrying the prey in their mouths (Fig. 5e). This reac-
tion was similar to that observed for objects (Fig. 2b). The carrying  

of prey is frequently observed in animals as the final stage of hunt-
ing, presumably as a means to keep the prey from other animals. 
Thus, these results suggest that the CaMKIIα + MPA–vPAG circuit 
orchestrate hunting-like actions toward objects and prey.

The object–brain interface for the study of target-oriented 
actions. Although mice have a lateral eye system that gives them 
a broad range of visual perception33, we found that CaMKIIα 
::ChR2MPA–vPAG mice might show more chasing behavior when the 
moving object (Fig. 4e) or prey (Fig. 5) was located in front of them. 
To test the effect of target location, we devised the MPA-induced 
drive-assisted steering (MIDAS) system, in which a head-mounted 
bait object swings within the visual field and CaMKIIα + MPA–vPAG 
photostimulation is remotely applied to direct behavior (Fig. 6a and 
Supplementary Fig. 9a,b). Using MIDAS, we could evaluate the effect 
of visual attention indirectly by measuring the degree of following of 
the head-mounted object. First, we observed robust object-induced 
following (~3-fold increase) when the bait object was located 
in the visual field at ±  15° relative to the head direction, whereas 
animals failed to follow when it was outside this range (Fig. 6b,c  
and Supplementary Fig. 9c). Second, we observed a gradual 
improvement in navigation speed and accuracy as we increased the 
frequency of photostimulation from low (10 Hz) to high (40 Hz) 
(Fig. 6d and Supplementary Fig. 9d). These results suggest that the 
perception of target objects by the binocular visual field is a critical 
factor for triggering the CaMKIIα + MPA–vPAG circuit-dependent 
actions toward objects and prey.

If this hypothesis is true, we reasoned that we should be able to 
more precisely modulate an animal’s navigation pathway by stimu-
lating the CaMKIIα + MPA–vPAG circuit within their binocular 
visual field. To automate this process, we developed a computerized 
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algorithm based on real-time video analysis of the head angle (θh), 
waypoint angle (θw) and object angle (θo) (Fig. 6e). We used this algo-
rithm to dynamically adjust (every 30 ms) the direction of the object 
to a selected waypoint (θo →  θw) and to give a 40-Hz photostimula-
tion only when the angle between the object and the head fell in 
the ±  15° window relative to the head angle (|θo – θh| ≤  15°) (Fig. 6f).  
We tested this algorithm on mice in a complex maze containing 
multiple 3D obstacles, including a female distractor, blind alleys, 
rough terrain, mesh ladder, food distractor and narrow bridge, with-
out any prior learning or habituation (Supplementary Fig. 10a and 
Supplementary Video 10). ChR2MPA–vPAG mice successfully traversed 
the maze and reached the goal when we simultaneously controlled 
the object direction and the LED signal (Fig. 6g and Supplementary 
Video 10). While navigating the maze, stimulated mice spontane-
ously directed their own behavior to achieve the goal more rapidly  

(~3-fold faster; Supplementary Fig. 10b) and were much less dis-
tracted (~4-fold) by the 3D obstacles (Supplementary Fig. 10c) 
than controls. LED-only control mice (LC only) and object-only 
control mice (OC only) were more distracted by the obstacles and 
failed to reach the goal (Fig. 6h). These results strongly suggest that 
the controlled activity of the CaMKIIα + MPA–vPAG circuit helps 
determine the pathways by which mice navigate while exploring  
a novel environment.

Discussion
Previous reports have suggested that the MPA mediates sexually 
dimorphic social behaviors, such as male copulatory behavior12 and 
maternal care13,34. Here we reveal a previously unknown function 
of the MPA by showing that CaMKIIα + MPA neurons are activated 
during object exploration and induce hunting-like actions toward 

No

Yes

*

ON OFF

Head
direction

Object control

θo

θo  → θw

∣θo – θh ∣ ≤ 15°

θh

θw

Waypoint

LED control

1

2 3

4

Guiding direction

y

x

Frequency (Hz)

0

10

20

30

40

50

0 10 20 30 40

0

30

10

20

V
elocity (cm

/s)

ba

d

g

c

f

h

Positional
information

Wireless control LED-O
N angle

Object

LED

e

OC only LC only OC + LC

LED-ON angle

E
 –

 A
 e

rr
or

 (
cm

)

0

20

40

60 * *
*

10° 30° 50° 70°

10° 30°

50° 70°

Start End

0 Hz 10 Hz *

20 Hz 40 Hz

S
uc

ce
ss

 r
at

e

0

OC o
nly

LC
 o

nly

OC +
 L

C

0.2

0.4

0.6

0.8

1

Fig. 6 | the MiDAS system for measuring visual perception of target objects and guiding movements. a, The MIDAS system: a head-mounted motor and 
LED module for the wireless control of object movement and for neural photostimulation using directional information from the head and object position 
as analyzed from a video recording. b, The experimental procedure for navigation. The numbers indicate the waypoint sequence. c, Left, traces for mice 
with different LED-ON angles from start (◦ ) to finish (• ) positions. A 30° LED-ON angle produced the clearest path. Right, object-following efficiency  
(E – A error) for mice responding to photostimulation with different LED-ON angles (n =  5 mice; one-way repeated-measures ANOVA, 30° vs. 10°,  
P <  0.001; 30° vs. 50°, P <  0.001; 30° vs. 70°, P <  0.001). d, Left, traces from mice stimulated with different frequencies. Photostimulation at 40 Hz 
produced the clearest ⧖ -shaped path. Right, object-following efficiency for mice responding to photostimulation with different frequencies (n =  3 
mice; one-way repeated-measures ANOVA, 10 Hz vs. 40 Hz, P =  0.001; 15 Hz vs. 40 Hz, P =  0.002; 20 Hz vs. 40 Hz, P =  0.147). e, Two-tiered control in 
the MIDAS system—LED control (LC) and object control (OC)—based on mouse pose and waypoint information (object angle, θo; head angle, θh; and 
waypoint angle, θw). f, The MIDAS computational algorithm. The object angle is first adjusted to the waypoint angle, θo → θw, and the LED is turned on only 
when the object angle and head angle are within ±  15° (|θo – θh| ≤  15°). g, Heat map traces for mice navigating in a complex 3D maze containing  
seven hurdles under OC-only, LC-only, and OC+ LC conditions. The color at each location represents velocity, with warmer colors indicating higher 
velocities. This result was replicated in 5 mice. h, The success rate for reaching the goal was higher in the OC+ LC condition than in the OC-only condition  
(n =  5 mice, one-way repeated-measures ANOVA, OC-only vs. OC +  LC, P <  0.05; LC-only vs. OC +  LC, P >  0.05; OC-only vs. LC-only, P >  0.05).  
Line graphs show mean (thick line) ±  s.e.m. and individual changes (thin lines). Bar graphs indicate mean (bars) ±  s.e.m. (error bars) and individual  
data (circles). See detailed statistical values in Supplementary Table 1. *P <  0.05.

NAtuRe NeuRoSCieNCe | VOL 21 | MARCH 2018 | 364–372 | www.nature.com/natureneuroscience370

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

http://www.nature.com/natureneuroscience


ArticlesNAtUre NeUrOsCIeNCe

3D objects or natural prey. Our finding strongly supports the theory 
that there is a continuum between object play and hunting behavior2 
and explains how the brain organizes behavior during foraging. It 
makes sense for efficient foraging that animals are eager to explore 
objects first and then decide whether they are edible or not. Despite 
the nonspecific interactions with various 3D objects, CaMKIIα 
::ChR2MPA–vPAG mice still showed specific actions according to the 
state of target objects: they chased it when it was moving, jumped to 
get it when it was in the air and dynamically changed their motion 
to catch moving prey. More importantly, they took into account 
the environment and avoided obstacles during chasing. Probably 
CaMKIIα + MPA neurons yield a strong motivation to acquire a tar-
get and other brain mechanisms finely tune motor outputs regard-
ing the information on the state of the target and environment.

Studies have used VGLUT2 as a marker for excitatory neurons 
in subcortical areas29 including the MPA35. Although the majority 
of CaMKIIα + MPA neurons are excitatory, these neurons are dis-
sociated anatomically and functionally from VGLUT2+ neurons. 
Considering previous reports showing that the Vglut1 gene is 
also expressed in the MPA36,37, there is a possibility that VGLUT2-
negative excitatory neurons are VGLUT1-positive, suggesting 
functional and anatomical heterogeneity of excitatory neurons in 
the MPA. The MPA appears to regulate both social and nonsocial 
behaviors through different cell types: galanin-positive inhibi-
tory neurons of the MPA mediate maternal behaviors13, whereas 
CaMKIIα + MPA neurons appear to mediate behaviors associated 
with nonsocial objects.

In addition, CaMKIIα + MPA neurons modulate hunting actions 
through the vPAG. The vPAG has been implicated in hunting behavior6,7  
and receives many different inputs from other brain areas including 
the CeA9,38 and the MPA11. This may explain how multiple lines of 
information, including the location of prey39, the predator’s energy 
state40 and predation risk41, are integrated to determine the best tim-
ing of hunting actions. A previous study has shown that photostim-
ulation of the CeA-vPAG input facilitates chasing behavior toward 
prey without affecting other hunting actions9. However, photo-
stimulation of CaMKIIα + MPA–vPAG inputs is sufficient to induce 
full predatory action sequences. One explanation for this discrep-
ancy is that vPAG encodes many action sequences and CaMKIIα + 
MPA–vPAG inputs more broadly activate vPAG neurons compared 
to CeA inputs.

We were able to use the MIDAS system to successfully guide 
mice in navigating a desired pathway. Considering that the mice 
were able to pass through the various obstacles using appropri-
ate behaviors under MIDAS control, we suggest that the MIDAS 
system could prove useful not only in behavioral experiments, but 
also for searching real field environments (for example, accident 
scenes) or in the military42,43. A MIDAS-controlled mouse mov-
ing at ~720 m/h and equipped with a camera capable of viewing a 
0.1 m2 area could theoretically search 72 m2 per hour. Using more 
than one MIDAS-controlled animal could arithmetically reduce the 
time spent searching for a target. While robotic search platforms 
require extreme precision to navigate around and over obstacles, 
the MIDAS-controlled animals overcame obstacles spontaneously 
as they explored novel environments. Given that the MPA is con-
served across vertebrate brains44, we predict that it will be possible 
to extend MIDAS to other species, including those both smaller and 
larger than mice.

Finally, our study reveals that MPA–vPAG-projecting neurons 
are critical for object craving in a continuum with hunting behav-
ior. Although hunting behavior is not frequently seen in modern 
humans, abnormal craving for items has been associated with some 
neurological conditions, such as compulsive shopping45 and klep-
tomania46. A more severe example is seen in patients with compul-
sive hoarding disorder, who hoard useless objects in their homes47. 
In addition, reduced object exploration is associated with clinical 

depression, especially in children48. We expect that further studies 
comparing the physiological roles of the MPA–vPAG circuit in ani-
mals and humans will shed light on the circuit-based mechanisms 
underlying at least some of these brain disorders.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41593-018-0072-x.
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Methods
Animals. Male C57BL/6 J, DBA2/Slc, Vgat-ires-Cre (mixed background, stock no. 
016962) and Vglut2-ires-Cre (B6 background, stock no. 016963) mice, aged 7–8 
weeks, were maintained under a 12-h light/dark cycle with ad libitum access to food 
and water. Long Evans rats, aged 8–10 weeks, were also maintained under same 
light and food conditions. Female C57BL6/J and BALB/cJ (Supplementary Video 5) 
mice, aged 8–10 weeks, were used in sexual behavior tests. All mice for behavioral 
experiments were group-housed (3–5 mice per cage), except when they were isolated 
before sexual behavior tests, inter-male aggression test, cFos expression tests and 
navigation experiments. Behavioral experiments were conducted 3–4 weeks after 
injection of the viral expression constructs. The numbers of mice used in each 
experiment are indicated in figure legends. All procedures were conducted according 
to the Korean Advanced Institute of Science and Technology (KAIST) Guidelines 
for the Care and Use of Laboratory Animals and were approved by the Institutional 
Animal Care and Use Committee (Protocol No. KA2014-05).

Virus injection and fiber-optic cannula implantation. Mice were anesthetized 
with 2,2,2-tribromoethanol (Avertin 2.5%) via intraperitoneal injection and placed 
on a motorized stereotaxic frame (Neurostar, Germany). Fiber-optic cannulas 
(200 µ m diameter; Doric Lenses, Canada) were implanted unilaterally in all mice 
injected with ChR2 constructs. Fiber-optic cannulas containing dual optic fibers 
within a single cannula (200 µ m diameter) were implanted bilaterally into mice 
injected with eNpHR3.0 constructs.

For photostimulation and inhibition of MPA neurons, the MPA (AP, + 0.2 mm; 
ML, 0.3 mm; DV, –5.1 mm, from bregma) was injected with AAV2/9-CaMKIIα -h 
ChR2(H134R)-mCherry (University of Pennsylvania, USA), AAV2/5-CaMKIIα 
-eNpHR3.0-eYFP (University of North Carolina Vector Core, USA) or AAV2/5-
CaMKIIα -eYFP (University of North Carolina Vector Core, USA) at a rate of  
0.05 µ l/min using a 33-gauge blunt needle (World Precision Instruments, USA).  
A total of 0.5 µ l of each virus was injected at the following titers: 1.0 ×  1013 genomic 
copies/ml for AAV2/9-CaMKIIα -hChR2(H134R)-mCherry; 4.0 ×  1012 genomic 
copies/ml for AAV2/5-CaMKIIα -eNpHR3.0-eYFP and AAV2/5-CaMKIIα -eYFP; 
1.5 ×  1013 genomic copies/ml for AAV2/9-CAG-DIO-GCaMP6m; 2.0 ×  1013 
genomic copies/ml for AAV2/9-CaMKIIα -Cre; 1 ×  1012 genomic copies/ml 
for CAV-CMV-Cre; and 2.0 ×  1012 genomic copies/ml for AAV2/1-EF1a-DIO-
hChR2(H134R)-mCherry. The fiber-optic cannula was implanted in the MPA  
(AP, 0.2 mm; ML, 0.3 mm; DV, –5.0 mm), secured to the skull with adhesive cement 
(Sun Medical, Japan) and covered with dental cement (Vertex, Netherlands).

To photostimulate and photoinhibit MPA axon termini in the vPAG, we 
implanted a fiber-optic cannula or a dual fiber-optic cannula in the vPAG  
(AP, –4.7 mm; ML, ± 0.25 mm; DV, –2.6 mm) using the procedures described 
above. All mice were allowed to recover for 3–4 weeks before any behavioral 
experiments were performed.

Electrical lesion. For electrical lesion of anterior hypothalamus in rats, Long 
Evans rats were single-housed 1–2 weeks before behavioral experiment. Rats were 
anesthetized by ketamine/xylazine (90 mg/kg, 10 mg/kg) and placed in a motorized 
stereotaxic apparatus (Neurostar, Tubingen, Germany). Stainless electrodes  
(A-M Systems, Carlsborg, USA) were introduced to the anterior hypothalamus 
(AP 0 mm, ML ± 0.5 mm, DV –7.9 mm). Electrical stimulation was given (1.5 mA) 
for 10 s in each hemisphere. Then dental adhesive resin cement (Sun Medical, 
Moriyama, Japan) was applied to secure the hole in the skull. All rats recovered for 
1 week; behavioral experiments were conducted within 2–3 weeks after lesion.

Behavioral experiments. All behavioral experiments were conducted during 
the dark cycle, and all mice were handled for 10 min each day for 5 d before 
performing any tests. With the exception of the cFos expression tests, all mice were 
naive to objects to prevent learning or habituation.

Behavioral experiment and analyses were performed in a blinded way, with 
the experimenter having no knowledge of the experimental and control groups. 
The analyzer had no knowledge of the individual mice (for example, genotype 
of mouse) and group (for example, experimental or control group). We also 
conducted behavioral experiment and analysis in a randomized way. Two or three 
testers repeated a single experiment to avoid bias. The mice were subjected to 
behavioral tests in random order. These randomly collected data were send to an 
analyst without knowledge of their group information.

All mice were evaluated for viral expression and excluded if they lacked proper 
expression or implantation of fiber optic cannula with reference to a brain atlas49. 
For example, in the cohort shown in Supplementary Fig. 4g, 9 of 12 mice showed 
ChR2 expression in the MPA (an example of proper and improper expression is 
shown in Supplementary Fig. 4a,b). Three more mice were excluded because of 
improper positioning of the fiber optic cannula (DRN or aqueduct; Supplementary 
Fig. 4g). Thus, 6 of 12 mice were eliminated from the dataset. We also excluded 
2 mice (1 object group, 1 control group) from the cFos expression test due to 
insufficient numbers of vPAG sections caused by damage during tissue preparation 
and IHC. No mice were excluded from the experiment except for the above issues.

cFos expression upon object exposure. All experimental and control mice were 
isolated for 1 d before the start of a session. To reduce object avoidance, we allowed 

mice to encounter objects (2 ×  2 ×  2 cm, Styrofoam cube covered with a paper) 
in pre-exposure sessions held 3 d in a row for 1 h per day. On day 4, mice were 
habituated for 1 h in the experimental chamber. The experimental group was 
allowed to explore the presented object for 1 h, while the control group was given 
the same amount of time in the absence of an object. Mice were killed for study  
1 h after the experiment.

Object hoarding. All rats were habituated to the test chamber (120 ×  60 ×  90 cm) 
for 30 min to minimize anxiety. A door in the middle of the chamber was closed 
during habituation sessions. After habituation, the door was opened and a cube 
(2 ×  2 ×  2 cm) was introduced into the other chamber. Rats were allowed to interact 
with the object for 5 min.

Object engagement. All mice were habituated to the test chamber for 5 d 
to minimize anxiety. Each assay was conducted in an acrylic test chamber 
(25 ×  25 ×  40 cm) with standard bedding (P.W.I. Industries, Canada). Mice were 
connected to a patch cord, handled for 5 min to minimize anxiety and habituated 
to the test chamber for 20 min. After the habituation session, a Styrofoam object 
covered with paper was gently introduced into the middle of the chamber.

A 473-nm laser (Shanghai Laser, China; CrystaLaser, USA) was used for 
photostimulation of the MPA and MPA–vPAG (20 Hz, 5 ms pulse width). 
Successive sessions of 3 min light-OFF, 3 min light-ON and 3 min light-OFF were 
recorded. The power of the light at the tip of the optic fiber was adjusted to 1 mW 
(ChR2MPA and eYFPMPA) or 3 mW (ChR2MPA–vPAG and eYFPMPA–vPAG) before each 
experiment.

For MPA–vPAG photoinhibition, a 532-nm laser was continuously 
administered for 20 min (Shanghai Laser, China). The power of the light at the tip 
of each optic fiber was adjusted to 10 mW. The light-OFF trial was conducted on 
the same mice 7 d after the light-ON trial to minimize any habituating effect toward 
the object. Mouse tracks were monitored by video recording, and object dislocation 
was analyzed with the EthoVision XT 8.5 software package (Noldus, UK)  
using its color-tracking feature.

2D and 3D object preference. Mice were handled for 5 min while connected to 
the patch cord and habituated to the test chamber (25 ×  25 ×  40 cm) for 20 min. 
Following habituation, 2D objects (2 ×  2 cm colored paper) and 3D objects 
(2 ×  2 ×  2 cm) were attached to the chamber wall. Then the MPA–vPAG circuit 
was photostimulated for 3 min (473 nm, 20 Hz, 5 ms pulse width, 3 mW). The 2D 
objects used in the tests had colors varying from white to red (white, pink, red), 
and the 3D object was covered with red paper. The time spent in the interaction 
zone (12 ×  7 cm) was analyzed using EthoVision XT 8.5.

Object following. The contours of the letters “B” and “G” were marked on the 
bottom of the test chamber (90 ×  60 ×  15 cm). ChR2MPA–vPAG mice were habituated 
to the test chamber for 20 min. With mice in the left corner of the chamber, an 
object (ping pong ball) connected to a 50-cm wire was gently placed on the start 
point of the letter “B”, and light stimulation (473 nm, 20 Hz, 5 ms pulse width) was 
delivered. The power of the light was adjusted to 3 mW at the tip of the optic fiber 
before the experiment. Each ball began to follow the “BG” tracks as soon as the 
mouse touched it, and its speed was adjusted to prevent the mouse from jumping 
on it. After the ball completed the “G” track, photostimulation was discontinued 
and the trial was terminated. Video recordings were made of each mouse 
performing 10 trials.

Acute temporal control of the object-following behavior was assessed by 
performing an additional experiment using the same mice. In these experiments, 
the same photostimulation was delivered when the ball was on the “B” track, but 
was turned off immediately before the mice reached the “G” track. The tracks of 
the mice and objects were visualized using EthoVision XT 8.5, and the distance 
between them was analyzed using custom MATLAB code (MathWorks, USA).

Photometry experiments. For in vivo calcium imaging of the MPA–vPAG circuit, 
the MPA was infected with AAV2/9-CAG-DIO-GCaMP6m and AAV2/5-CaMKIIα - 
Cre to achieve CaMKIIα +-neuron-specific expression of GCaMP6m. Optic probes 
were implanted in the vPAG at the coordinates indicated above. After allowing 
4 weeks for viral expression, mice were acclimated to handling for 5 d to reduce 
anxiety. On test day, mice were habituated in the test chamber (25 ×  25 ×  40 cm) 
for 20 min and then exposed to an object for 10 min. After 3 d, the same procedure 
was followed and the same mice were exposed to a female for 10 min. After 3 d, the 
same mice, fasted for 12 h before the test, were exposed to food for 10 min.

Using a single-wavelength TCSPC photometry system, we were able to 
simultaneously record fluorescence intensity and lifetime. A 488-nm laser (BDL-
488-SMC, Becker & Hickl GmbH) was used to excite the brain at 20 MHz through 
a single-mode fiber (F100-SM-FET, Becker & Hickl GmbH) connected to a multi-
mode probe (F05-MM-FP-OPTH, Becker & Hickl GmbH). The power measured 
at the free end of the fiber was approximately 0.1 mW. Photons emitted from the 
tissue traversed a multi-mode fiber (F100-MM-FC-FET, Becker & Hickl GmbH) 
before being collected by a photodetector (PMC-100, Becker & Hickl GmbH) 
controlled by a detector controller (DCC-100, Becker & Hickl GmbH). Δ ∕F F was 
calculated as − ∕F F F( )mean mean, where Fmean was the mean fluorescence intensity 
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throughout an entire session. Fluorescence intensity was calculated as the total 
photon count over 100 ms. Fluorescence signal was dampened across the bouts, 
which are presented in Supplementary Fig. 7c. The probability was considered 
to be 1 if the Δ ∕F F was increased over 2σ  during single trial; otherwise the 
probability was considered to be 0. The average probability of 5 behavioral bouts  
is indicated in Supplementary Fig. 7d. The fluorescence decay was fit by  
the exponential curve = . − .y e0 0607 x0 104 .

Feeding behavior. Normal chow was removed 24 h before the test. Mice were 
habituated to a standard isolation cage (14 ×  21 ×  13 cm) without bedding for 
30 min. Twenty food pellets (20 mg each; Bio-Serve, USA) were introduced 
simultaneously with photoinhibition. Mice were allowed to feed for 30 min and 
then were removed from the chamber. The remaining food pellets were weighed on 
an electronic scale.

Sexual behavior. A week after assessing their feeding behavior, the same sexually 
naive mice were individually isolated for 3 d. The following day, after connecting a 
patch cord to each, the experimental mice (male) were habituated in the experimental 
chamber for 10 min. Then a female C57BL/6 J mouse in estrus (as determined by 
visual inspection of the vagina) was introduced simultaneously with photoinhibition. 
Male mice were video recorded while exploring the female for 5 min.

Inter-male aggression. A week before testing, male mice were isolated to increase 
motivation for social interactions. Then they were briefly exposed to a female to 
increase aggression. On the day of the experiment, the female was removed after 
1 h and a younger male intruder (20.4–23.0 g) was introduced to the older resident 
male (27.0–30.4 g) for 9 min. After a 3-min light-OFF session, photostimulation was 
delivered for 3 min (light-ON; 3 mW, 20 Hz, 5 ms) followed by a 3-min light-OFF 
session. Of the 12 mice tested, 8 showed aggressive behaviors toward the intruder 
male and 4 did not. These unresponsive mice were excluded from the analysis.

Object versus female competition. Male ChR2MPA–vPAG mice were habituated to 
the experimental chamber (30 ×  20 ×  15 cm) for 20 min and then simultaneously 
exposed to both a female in estrus (C57BL/6 J) and an object. At the 3-min mark, 
male mice were exposed to 3 min of photostimulation, after which stimulation 
was discontinued for 3 min. The investigation index was calculated as follows: 

−
+

Object investigation time female investigation time
Object investigation time female investigation time

Hunting behavior test. We designed a new behavioral task with a bottom view 
to observe mouse and cricket behaviors. The experimental chamber (25 cm ×  
25 cm ×  40 cm) has transparent acrylic bottom and is located 40 cm above the 
camera (LifeCam, Microsoft). The behavior-analyzing program (EthoVision XT 
8.5, Noldus, UK) receives video information from the camera and analyzes the 
distance between mouse and cricket in real time (color-tracking method). Then 
this program gives an output to the DPSS laser to activate the laser only when 
the distance is within 8 cm; otherwise the laser is kept off. To promote hunting 
behavior, mice were fasted 12 h before the experiment. After a 20-min habituation 
to the chamber and the patch cord, a color-marked cricket was introduced to the 
mouse for 20 min.

Object-following efficiency. This experiment was performed in an open field 
chamber (180 ×  120 ×  15 cm). Each corner was set as a waypoint, and mice had  
to navigate an ‘⧖ ’ course. When the mouse was located in the top-left corner  
of the chamber (i.e., at waypoint 4), the target object (a Styrofoam ball, 3.5 cm  
in diameter, covered in paper) began to move toward the top-right corner  
(i.e., waypoint 1). Then, when the mouse arrived at waypoint 1, the object began 
to move toward the bottom-left corner (i.e., waypoint 2). If the mouse arrived at 
waypoint 2, the object moved toward the bottom-right corner (i.e., waypoint 3). 
Finally, if the mouse arrived at waypoint 3, the target object returned to waypoint 
4. The LED stimulation conditions were varied throughout the experiments. 
The best LED-ON angle was determined by testing responses following LED 
activation when the target object was located within 10°, 30°, 50° or 70° relative to 
head direction (LED stimulation was fixed at 20 Hz, 5 ms, 2 trials each). Optimal 
stimulation frequency was similarly determined by LED stimulation at 0, 10, 15, 
20 or 40 Hz (with the LED-ON angle fixed at 30°, 3 trials each). E – A error was 
calculated as the average perpendicular distance between the actual path and the 
expected path. Videos were analyzed using custom MATLAB codes.

Complex maze navigation. Three weeks after the object-following efficiency test, 
the same mice were subjected to a complex maze navigation test. The complex 
maze (200 cm ×  150 cm) was a duplex-type maze constructed of pressed Styrofoam. 
The maze consisted of seven hurdles: zigzag course, a female distractor, blind 
alleys, rough terrain, mesh ladder, food distractors and a narrow bridge (width 
10 cm). The female distractor (C57BL6/J) was trapped in a mesh cup and the food 
distractors were presented on a plate. A camera above the maze was used to track 
the paths the mice traveled. The location of each mouse and its path relative to the 
goal was analyzed in real time (every 30 ms). The OC-only (object control) group 
navigated the maze without LED stimulation, and the LC-only (light control) 
group navigated without the control of a target object. The OC +   

LC group navigated with both object-mediated directional control and LED 
stimulation. A 40-Hz LED stimulus was delivered when the target object was 
located within 30° relative to the head angle. Navigation was terminated when mice 
had either reached the goal or spent 5 min attempting to reach it. Latency to the 
goal was calculated as the duration from the start to the goal. If the mice failed to 
arrive at the goal, the latency was considered 5 min. Maze navigation proceeded 
automatically under the control of a monitoring PC with a custom C+ +  program. 
The quantitative metric “trapped in hurdles” was calculated as the number of failed 
trials divided by the total number of trials, where each hurdle the mouse entered 
was considered a trial, and all repeated entries into the same trial (not counting the 
initial entry) were considered failed trials.

Immunohistochemistry of mouse brain tissue. For 3,3′ -diaminobenzidine (DAB) 
immunostaining, mice were anesthetized and perfused first with heparin sodium 
salt in phosphate-buffered saline (PBS) and subsequently with 4% formaldehyde 
dissolved in PBS. Their brains were removed, fixed overnight in 4% formaldehyde 
and subsequently incubated overnight in 30% sucrose in PBS. After fixation, the 
brains were sectioned (40 µ m thickness) on a cryostat (Leica, Germany). The 
sections were washed in PBS, permeabilized with 0.3% hydrogen peroxide and 
0.3% Triton X-100, and blocked in 3% normal rabbit serum (S-5000; Vector Labs, 
UK). For cFos staining, the sections were incubated at room temperature for 1 d 
with goat anti-cFos antibody50 (1:500; sc-52-G; Santa Cruz Biotechnology, USA), 
followed by treatment with biotinylated rabbit anti-goat IgG antibody51 (1:200; BA-
5000; Vector Labs), for 1.5 h. Immunoreactive proteins in the sections were stained 
by incubation with an ABC (Avidin Biotin Complex) solution (PK-6105; Vector 
Labs, UK) for 1.5 h at room temperature and a DAB solution for 2.5 min. Sections 
were imaged using an Aperio Scanscope CS (Leica, Germany) equipped with 
ImageScope software (Leica, Germany).

Brain extraction and fixation for fluorescence immunostaining was according 
to the following procedure: the brains were sectioned (40 µ m thickness) on a 
vibratome (Leica, Germany), washed in PBS, permeabilized with 0.5% Triton 
X-100 and blocked with 10% normal donkey serum (D9663; Sigma Aldrich, USA). 
The sections were then incubated with goat anti-cFos antibody50 (1:200, sc-52-G; 
Santa Cruz Biotechnology) and/or rabbit CaMKIIα  antibody52 (1:200, ab52476; 
Abcam) at 4 °C for overnight incubation. Then the sections went through 1–2 h 
incubation with Alexa Fluor 594–conjugated donkey anti–goat IgG53 (1:500; 705-
585-147; Jackson ImmunoResearch, USA), Alexa Fluor 488–conjugated donkey 
anti–rabbit IgG54 (1:200, 711-545-152; Jackson ImmunoResearch, USA) at room 
temperature. The sections were imaged under an LSM780 confocal microscope 
(Zeiss, Germany) and analyzed using the ZEN 2009 Light Edition software package 
(Zeiss, Germany).

Brain slice cell counts. The stained sections were analyzed using region-specific 
structures, such as the ventricles and the anterior commissure, as landmarks. 
Regions of interest included the MPA, lateral preoptic area (LPO), ventrolateral 
preoptic nucleus (VLPO), ventral bed nucleus of stria terminalis (vBNST), 
septohypothalamic nucleus (SHy), paraventricular nucleus (PVN), ventromedial 
hypothalamus (VMH) and arcuate nucleus (Arc). cFos+ cells were determined with 
ImageJ particle counting system. The total number of cells indicates the cell counts 
of every five cryosections (~200 µ m apart) that were considered part of a specific 
brain area, as determined with reference to a brain atlas49.

CaMKIIα + and CAV-Cre+ cells were counted in z-stacked images and analyzed 
with reference to a brain atlas (bregma + 0.2 mm) using ImageJ with custom 
settings. CaMKIIα +, VGLUT2+ and DAPI+ cells were counted in z-stacked images. 
The number of cells indicates cell counts from every five sections (~200 µ m apart) 
in 3 mice, the same as with cFos+ cell counting. The percentage of CaMKIIα +, 
VGLUT2+ and double-positive cells per total MPA cells were calculated as

α × × α + ×CaMKII
DAPI

100, vGluT2
DAPI

100, CaMKII vGluT2
DAPI

100

Microscopic imaging of viral expression. Mice were anesthetized and perfused 
initially with heparin sodium salt in PBS and then with 4% formaldehyde in PBS. 
Their brains were removed and fixed overnight in 4% formaldehyde solution. After 
fixation, the brains were sectioned (40 µ m thickness) on a vibratome. Brain images 
were obtained on an LSM 780 confocal microscope and analyzed using the ZEN 
2009 Light Edition software. Viral expression in each brain slice was calculated as 
the percentage of fluorescence-positive pixels in a region of interest (ROI). Each 
brain region (MPA, LPO, VLPO, Shy and vBNST) was designated with careful 
reference to a mouse brain atlas49.

Whole-cell patch-clamp recording. Mouse brain slices were prepared at least  
2 weeks after injection of AAV2/9-CaMKIIα -ChR2-mCherry into the MPA. Mice 
were anesthetized by intraperitoneal injection of Avertin (0.6 mg/g) and their 
brains were isolated. Isolated brains in ice-cold artificial cerebrospinal fluid (ACSF; 
125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 25 mM d(+ )- 
glucose, 2 mM CaCl2, 2 mM MgCl2, 3 mM sodium pyruvate, 1 mM ascorbic acid), 
maintained at pH 7.4 by gassing with 95% O2/5% CO2, were sliced into 300–350 
μ m thick coronal sections using a vibrating microtome (Leica, Germany). Prior 
to use, the slices were transferred first to an incubation chamber filled with 
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oxygenated recovery solution containing 93 mM N-methyl-d-glucamine (NMDG), 
93 mM HCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 25 mM d(+ )- 
glucose, 20 mM HEPES, 5 mM sodium ascorbate, 3 mM sodium pyruvate, 2 mM 
thiourea, 10 mM MgSO4 and 0.5 mM CaCl2 at 36 °C for 10–15 min, and then to a 
chamber filled with ACSF at room temperature for at least 1 h.

The slices were perfused with ACSF containing 100 µ M picrotoxin to eliminate 
synaptic GABA effects. Neurons were recorded at 28–30 °C and imaged using 
infrared differential interference contrast (IR-DIC) microscopy or red fluorescent 
protein (RFP) filters on an upright microscope (Olympus, Japan). Whole-cell 
patch-clamp recordings were obtained using glass pipettes (3–5 MΩ ) filled with 
a solution containing 130 mM potassium gluconate, 2 mM NaCl, 4 mM MgCl2, 
20 mM HEPES, 4 mM Mg-ATP, 0.4 mM Na3-GTP and 0.5 mM EGTA (pH adjusted 
to 7.25 with 1 M KOH).

For MPA neuron recordings, 473-nm photostimulation (20 Hz, 5 ms pulse 
width) was delivered through an optic fiber (200 µ m diameter; Doric Lens, 
Canada) positioned above each slice to induce light-evoked action potentials  
(n =  9 cells from 3 mice). Neurons were recorded in current-clamp mode using  
an adjusted potential of approximately –50 mV.

For vPAG neuron recordings, a 473-nm photostimulation (5 ms) was delivered 
through an optic fiber to induce light-evoked EPSCs in vPAG neurons held in 
voltage-clamp mode at –70 mV. The optic fiber was positioned above the recording 
chamber, and stimulation sites were adjusted and confined to the vPAG region. 
Light-evoked EPSCs were recorded every 5 s (30 trials). Next, 25 µ M CNQX and 
50 µ M d-AP5 were bath-applied for 10 min and the amplitudes of light-evoked 
EPSCs (30 trials) were compared (n =  8 cells from 5 mice).

Access resistance was continuously monitored throughout the recordings, 
and data were excluded if access resistance increased by more than 25% or if 
the holding current was unstable. All data were acquired and amplified using 
MultiClamp 700B (Molecular Devices, USA), digitized at 10 kHz with Digidata 
1550 (Molecular Devices) and analyzed using Clampfit (Molecular Devices).

Head-mounted control device design. To remotely induce object-following 
behavior in mice, we developed a wearable head-mounted device that modulates 
photostimulation and target object direction using a LED and servomotor, 
respectively. The head-mounted device consists of five parts: an embedded 
chipset, an LED module, a target object, a servomotor module and a battery. 
The embedded chipset RFD22301 (RFduino, USA) comprises a microcontroller 
(ARM Cortex-M3, STM32F101V8T6) and a built-in Bluetooth chip antenna. The 
chipset operates the LED and servomotor modules through a MIDAS algorithm 
programmed by the Arduino IDE (Arduino, USA). The LED module delivers 
power to the LED-optic cannula and changes the frequency of photostimulation 
over a range of 0–40 Hz. In our experiments, we fixed light intensity at the tip 
of the optic cannula at 3 mW and used a red Styrofoam sphere (3.5 cm diameter 
covered by a paper) connected to the servomotor via a carbon fiber as the target 
object. The servomotor (maximum output angle, 180°; resolution, 5°; Hobbyking, 
China) steers the movement of the mice by rotating the target object through their 
visual field. This device uses a 3.7-V lithium-polymer battery. The entire head-
mounted control device (28 ×  15 ×  21 mm, 23.5 g) was firmly inserted into the 
external connector of the LED-optic cannula during the experiments and  
detached afterwards.

MIDAS algorithm. The position of mouse P x y( , )m m
 and the nth waypoint 

w x y( , )n w w
 obtained from the CMOS camera (Point Grey, Canada) were analyzed 

at every time step (30 ms). The head angle, θh, indicates the angle between a 
horizontal line and the head direction. The waypoint angle θw is defined as

θ =
−
−

− 









tan
y y

x xw
1 w m

w m

where θo represents the angle between object direction and the horizontal. 
Depending on the calculated angle θw, the servo motor rotates the target object to 
angle closest to θw. The target object is made to follow the route to the waypoint, 
θ θ→o w, regardless of mouse movement. Photostimulation (0–40 Hz) via the 
LED module is activated at θ θ∣ − ∣ ≤ ∘15o h . The MIDAS system algorithm was 
programmed in Microsoft Visual C+ +  using the OpenCV library.

External monitoring system for MIDAS. Cameras above each chamber or maze 
were used to track mouse paths. The monitoring system computed mouse head 
positions and angles in real time by applying a color-detection algorithm to image 
data acquired through the CMOS camera. In addition, a task management tool was 
used to transmit information to the head-mounted control device via Bluetooth.

Statistics. No statistical analyses were performed to predetermine sample sizes, 
but the sample sizes used were similar to those used in many previous studies that 
employed similar neurochemical, electrophysiological, optogenetic and behavioral 
techniques55,56. All data analyses were performed using SigmaPlot (12.0; Systat 
Software). For parameters that followed a normal distribution (Shapiro-Wilk test, 
P >  0.05), differences between two groups were analyzed with the Student’s t-test 
and comparisons of three or more groups were performed with the analysis of 
variance (ANOVA). The Mann–Whitney U test or Wilcoxon signed rank test were 
used for data that were not normally distributed. Equal variance was determined 
in preliminary tests and Welch corrections were unnecessary. The Holm-Sidak 
method was used to correct for multiple comparisons. All statistical tests were two-
sided, and P-values <0.05 were considered statistically significant.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Code availability. Custom code used in this study is accessible at https://github.
com/Daegun-Kim/MIDAS.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

Please do not complete any field with "not applicable" or n/a.  Refer to the help text for what text to use if an item is not relevant to your study. 
For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.

    Experimental design
1.   Sample size

Describe how sample size was determined. There is no appropriate precedent to predetermine sample size, but our sample 
sizes in the data are similar with previous works in this field.

2.   Data exclusions

Describe any data exclusions. Proper viral expression was judged based on the MPA region as described by a 
brain atlas. If nonspecific expression of viral vectors or optic fiber 
implantation, the mice were excluded from analysis. In the IHC studies, if 
brain tissue of mice were lacked during process, we excluded that mice from 
data. All these details are described in Online Methods section.

3.   Replication

Describe the measures taken to verify the reproducibility 
of the experimental findings.

All experiments were conducted at least 3 times with different cohort to collect 
enough number of mice and all proper viral expressed mice showed same 
response under the photostimulation.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

The order of the animals in the behavioral tests were randomized; this process is 
explained in paragraph 5 of the Online Methods section.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Yes, the collection and analysis of data were performed in a blinded manner; this is 
explained in 'Behavioral experiments' of the Online Methods section.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present 
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

We listed all softwares used in the experiments and for analysis in the Methods 
section of Supplementary Information. We used EthoVisionXT 8.5 to analyze and 
visualize the locomotor of the mice and objects. We used customized MATLAB 
code to calculate the distance and angle between mice and object. Microscope 
imaging data were analyzed by ZEN2009 Light Edition. The IHC brain sections for 
cFos were imaged using Aperio ImageScope 12.1.0.5029. The cell counting on 
brain slices were done by ImageJ 1.51k with custom settings. Whole-cell patch 
clamp data were analyzed with Clampfit 10.5. All statistical analysis were 
performed using SigmaPlot 12.2.0.45 The custom codes will be available in 
GitHub (https://github.com/Daegun-Kim/MIDAS).

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a third party.

All unique materials are readily available from the authors.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

We listed all antibodies used with their catalog number in Methods section 
(Immunohistochemistry of ouse brain tissue). Goat anti-cFos (sc-52-G, Santa Cruz). 
Rb anti-goat IgG (BA-5000, Vector Labs). Rabbit CamKII (ab52476, Abcam). Guinea 
pig vGluT2 (AB2251, Millipore). mouse GAD (MAB5406, Millipore). AF594- 
conjugated donkey anti-goat IgG (705-585-147, Jackson ImmunoResearch). AF488- 
conjugated donkey anti-rabbit IgG (711-545-152, Jackson ImmunoResearch). FITC 
donkey anti-guinea pig IgG (706-165-148, Jackson ImmunoResearch). AF647- 
conjugated donkey anti-mouse IgG (715-605-151, Jackson ImmunoResearch).
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10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used.

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

No eukaryotic cell lines were used.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used.

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or 
animal-derived materials used in the study.

We described the subjects in Methods section (Subjects). Male C57BL/6J, DBA2/ 
Slc, vGAT-ires-cre (mixed background, Stock# 016962) and vGLUT2-ires-cre (B6 
background, Stock# 016963) mice, aged 7–8 weeks, were maintained under a 12- 
hour light/dark cycle with ad libitum access to food and water. Female C57BL6/J 
and BALB/cJ (Supplementary video 5) mice, aged 8–10 weeks, were used in sexual 
behavior tests. All mice for behavioral experiments were group-housed (3–5 mice/ 
cage), except for when they were isolated before sexual behavior tests, cFos 
expression tests, and navigation experiments. Behavioral experiments were 
conducted 3–4 weeks after injection of the viral expression constructs.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

This study did not involve human research participants.
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