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Emotions color our lives and drive behaviors1,2. Most emotions can be 
categorized along two dimensions: valence (value), ranging from nega-
tive to positive, and salience (arousal, intensity), ranging from weak to 
strong3. Although great advances have been made toward understand-
ing the sensory representations of the external world4–6, the manner 
in which different emotional valences are represented in the brain has 
remained largely elusive7,8. The major challenge is that many of the same 
brain regions are activated regardless of the stimulus being appetitive 
or aversive9. Unfortunately, functional magnetic resonance imaging, 
positron emission tomography or single-stimulus immediate early gene 
(IEG) mapping cannot resolve whether the activation occurs in the same 
or different neural populations in many commonly activated regions9,10. 
Pioneering electrophysiology studies have identified interesting pat-
terns of neural activation to appetitive and aversive cues at various brain 
loci11–16; however, these studies sampled hundreds of neurons in one 
brain structure at a time, and the spatial relationship of the two neural 
ensembles in the entire structure and whole brain remains unclear.

To extract the valence representation of an emotion in the whole 
brain, we devised a strategy to compare the activity patterns evoked 
by two salient emotional stimuli with contrasting valence (morphine 
and foot shock) in the same mouse brain by improving a double-
labeling technique based on the distinct induction time course of 
the mRNA and protein signals of the IEG gene c-fos (Fos)17. c-fos 
expression is generally low throughout the limbic nervous system 
in resting animals18; however, following neuronal activation, c-fos 
mRNA accumulates in minutes and decays in a couple hours, whereas 
its protein product appears slower and lasts much longer19,20. Thus, 
when two stimuli are sequentially applied at an appropriate interval, 
neural circuits activated by the two stimuli can be represented by the 
c-fos protein and mRNA signals, which in turn can be revealed by 
dual labeling using fluorescence immunohistochemistry (FIHC) and 

fluorescence in situ hybridization (FISH)21 (Fig. 1a,b). For this dual-
labeling approach to succeed, the c-fos mRNA and protein signals 
must be temporally separable: by the time the mRNA of the first stim-
ulus decays, its protein signal should still be reasonably high (Fig. 1a).  
However, this criterion was not satisfied in many brain regions using 
regular immunohistochemistry and FISH (I-FISH, for example, in 
NAc; Fig. 1c). To overcome this problem, we used a tyramide-based 
step to amplify the immunohistochemical signal, resulting in a much 
better temporal separation of the mRNA and protein time courses and 
enabling mapping in many more brain regions (Fig. 1c). We named 
this technique tyramide-amplified IHC–FISH (TAI-FISH).

Using TAI-FISH dual labeling, we examined the c-fos activation 
patterns elicited by morphine and foot shock in the same mouse brain. 
We found that morphine and foot shock evoked largely distinct neural 
ensembles throughout the limbic forebrain, despite activating many of 
the same regions. As morphine and foot shock have different sensory 
properties, we also introduced additional pairs of emotional stimuli, 
including chocolate and restraint stress. In the nucleus accumbens 
(NAc), rewarding and aversive stimulus pairs (morphine/foot shock, 
morphine/restraint) recruited spatially intermingled neurons, 
whereas stimulus pairs of similar valence (morphine/chocolate, foot 
shock/restraint) activated largely overlapping neural groups, suggest-
ing the existence of a functional valence map. This map partially, 
but not completely, coincides with the mosaic distribution of the 
Go and NoGo neurons defined by the D1 and D2 markers22–24. Our 
results provide insights into the internal representation of emotional 
valences and the functional organization of NAc. In addition, with the 
new amplification step allowing better separation of IEG mRNA and 
protein signals, TAI-FISH provides a much-needed molecular imag-
ing technique for mapping the neural representations of two distinct 
behaviors across the whole brain at single-cell resolution.
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Visualizing an emotional valence map in the limbic 
forebrain by TAI-FISH
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A fundamental problem in neuroscience is how emotional valences are represented in the brain. We know little about how 
appetitive and aversive systems interact and the extent to which information regarding these two opposite values segregate 
and converge. Here we used a new method, tyramide-amplified immunohistochemistry–fluorescence in situ hybridization, to 
simultaneously visualize the neural correlates of two stimuli of contrasting emotional valence across the limbic forebrain at 
single-cell resolution. We discovered characteristic patterns of interaction, segregated, convergent and intermingled, between the 
appetitive and aversive neural ensembles in mice. In nucleus accumbens, we identified a mosaic activation pattern by positive and 
negative emotional cues, and unraveled previously unappreciated functional heterogeneity in the D1- and D2-type medium-spiny 
neurons, which correspond to the Go and NoGo pathways. These results provide insights into the coding of emotional valence in 
the brain and act as a proof of principle of a powerful methodology for simultaneous functional mapping of two distinct behaviors.
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RESULTS
Dual activity mapping of morphine and foot shock
To study the neural correlates of emotional valence, we applied  
TAI-FISH to visualize neural responses to morphine and foot shock, 
two emotional stimuli of contrasting valence. When morphine and 
foot shock were sequentially applied with an appropriate temporal 
interval, their neural correlates could be represented by the c-fos  
protein and mRNA signals, respectively (Fig. 1a–c). To elicit an  
appetitive response, we injected mice with morphine (15 mg per kg of 
body weight). At this dosage, a single intraperitoneal (i.p.) injection 
of morphine induced a preference for the injection chamber in the 
conditioned place preference test (Fig. 1d), confirming its appetitive 
nature25. For aversive stimulus, we applied foot shocks, which induced 
robust avoidance behavior in the passive avoidance test (Fig. 1e).

We first mapped the time courses for the c-fos mRNA and pro-
tein signals induced by morphine or foot shock alone. Mice 
were given either a single morphine injection or multiple elec-
trical shocks, followed by 0, 20, 90, 180 or 360 min of rest in 
their home cage before being killed. In unstimulated mice, c-fos  
signals were uniformly low throughout the limbic forebrain, except 

in the paraventricular thalamus and supra-
chiasmatic nucleus, consistent with previous 
research18. Given the variation in the tem-
poral profile of induced c-fos signals across 
different brain regions, we determined the 
optimal time intervals for each region for 
both stimuli to ensure that, at the time of 
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Figure 1 Use of TAI-FISH dual activity mapping to reveal the neural ensembles 
of appetitive and aversive emotional stimuli. (a) Schematic of the principle of 
dual activity mapping based on differential time courses of c-fos mRNA and 
protein expression. (b) Schematic of the experimental procedures, showing 
one dual labeling experiment, with morphine being the first stimulus and 
foot shock being the second, together with three parallel control experiments. 
Ctx, context; FS, foot shock; Mor, morphine; Sal, saline. (c) Importance of 
tyramide amplification of IHC signals. Note that, in I-FISH, without tyramide 
amplification, the IHC signal of the first stimulus was either mixed with the 
FISH signal at 240 min (left) or too weak by 360 min (middle left). With 
tyramide amplification, the IHC, but not the FISH, signal was observed for  
the first stimulus at 360 min (middle right), enabling the separate 
representation of the two stimuli (right). Images were taken in the NAc. Scale 
bars represent 30 µm. (d) Rewarding effect of morphine (single injection, 
15 mg per kg, i.p.), as indicated by significantly increased time spent in the 
morphine-injected chamber in the conditioned place preference assay (Mann-
Whitney U test, *P < 0.05). (e) Aversive effect of foot shock, as indicated by 
prolonged latency to step into shock chamber in conditioned place avoidance 
assay (Mann-Whitney U test, **P < 0.01). Error bars represent s.e.m.
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Figure 2 Segregated neural representations of 
morphine and foot shock in CEA. (a) Schematic 
illustrating the location of CEA. Red box indicates 
the position of the images shown in b–i. BLA, basal 
lateral amygdala; LA, lateral amygdala; opt, optic 
tract. (b–f) Representative images showing double 
labeling for c-fos protein (green) and mRNA (red) 
in CEA following sequential stimulation of context-
saline (b), foot shock–morphine (c), morphine–foot 
shock (d), morphine-morphine (e) and morphine-
cocaine (f). The green non-nuclear signals were 
a result of background staining caused by dense 
fibers in CEA, and were easily distinguishable 
from the cellular staining. (g) Statistics of red 
(expressing c-fos mRNA), green (expressing c-fos 
protein) and yellow (expressing both) neurons 
counted from the section shown in e and f.  
(h,i) Double staining for c-fos protein (green)  
and PKC-δ mRNA (red) following single  
stimulation of morphine (h) and foot shock (i).  
(j) Percentage of c-fos+ neurons that also 
expressed PKC-δ, following single stimulation of 
morphine or foot shock. Scale bars represent 100 µm  
and 30 µm (insets). Error bars represent s.e.m.
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death, the c-fos mRNA induced by the first 
stimulus had decayed, whereas the c-fos  
protein induced by the second stimulus had 
not yet emerged (Supplementary Figs. 1–3).  
For double labeling, we then used FISH 
(in red) and FIHC (in green) to examine the mRNA and protein  
signals in the same brain slices.

We surveyed the whole limbic forebrain, particularly regions previ-
ously implicated in the response of morphine or foot shock, including 
NAc, lateral septum (LS), bed nucleus of the stria terminalis (BST), 
paraventricular nucleus of hypothalamus (PVN), central amygdala 
(CEA) and medial amygdala (MEA). In CEA, MEA and PVN, mRNA 
and protein signals were well-segregated, so we applied standard  
I-FISH without tyramide amplification of the IHC signal. In NAc, 
LS and BST, TAI-FISH was required and employed to assure good 
separation of the mRNA and protein signal time courses. We read-
ily observed three spatial patterns of interaction between the neural 
ensembles for morphine and foot shock in the above limbic regions: 
segregated (where the two ensembles were spatially separated),  
convergent (where the two stimuli activated the same neurons) and 
intermingled (where they activated different neurons in the same 
region and signals were spatially mixed).

Segregated pattern in CEA, MEA, AStr and BSTov
In CEA, the nucleus essential for fear conditioning and expression26,27 
(Fig. 2a), exposure to the context of foot shock or saline injection in 
the home cage induced few signals (Fig. 2b). We then delivered foot 
shock and morphine injection 150 and 20 min before killing the mice, 
respectively, based on the time course of c-fos induction in this region 
(Supplementary Figs. 1a and 3a). Notably, most foot shock–evoked 
green FIHC signals appeared in the medial division of CEA (CEm), 
whereas most morphine-activated red FISH signals were located in the 
lateral division (CEl), forming a clearly segregated pattern (Fig. 2c).  

We then reversed the temporal order of the stimuli, injecting morphine 
first and delivering foot shock second (morphine–foot shock configu-
ration). The segregated pattern remained the same except that the 
colors were switched (Fig. 2d), suggesting that the temporal sequence 
of the two stimuli did not affect the pattern of signal distributions.

To further verify the technique, we injected the same (morphine; 
Fig. 2e) or a similar (cocaine; Fig. 2f ) drug as the second stimulus after 
morphine injection. In both the morphine-morphine and morphine-
cocaine configurations, red and green signals largely overlapped in the 
CEl region, with a 91 ± 3% overlap for morphine-morphine and 77 ± 
2% overlap for morphine-cocaine double-stimulation (overlap ratio 
was calculated as the number of yellow neurons (Y) divided by the 
number of red neurons (R); note that R includes neurons that appeared 
either red or yellow; Online Methods and Fig. 2e–g). These observa-
tions suggest that, in general, the same neural populations in the CEl 
were repeatedly activated by the same or similar rewarding drugs.

Morphine and cocaine act via different routes to increase 
dopamine release; morphine binds to opiate receptors and inhibits 
the GABAergic neurons in the ventral tegmental area (VTA), whereas 
cocaine blocks dopamine reuptake at the synaptic sites28. Although 
opiate receptors are expressed in CEA, the great similarity that we 
observed in the activation pattern between the two drugs suggests 
that the neural activation, at least in the overlapping part, was most 
likely caused by increased dopamine release, rather than local opiate 
receptor activation outside VTA.

Elegant genetic and functional dissection of the CEA microcircuit  
has unraveled a subpopulation of neurons in the CEl region, CEloff, 
which inhibits output neurons in the CEm and is essential for fear  
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Figure 3 Convergent neural representations of 
morphine and foot shock in PVN. (a) Schematic 
illustrating the location of PVN. The red  
dashed box indicates the field of the image 
taken with a 10× objective. The red solid box 
indicates the position of the magnified images 
shown in c. 3V, third ventricle; f, fornix; sox, 
supraoptic decussation. (b) Only c-fos protein 
signals (green) were present at 150 min post 
foot shock and only c-fos mRNA signals (red) 
were present at 20 min post morphine and  
10 min post foot shock. (c) Representative 
images showing green (c-fos protein), red (c-fos 
mRNA) and merged channels of I-FISH double 
labeling from four experiments: foot shock–
saline, context-morphine, foot shock–morphine 
and foot shock–foot shock. (d,e) Percentage of 
neurons expressing c-fos protein (d) and  
mRNA (e) in PVN in the four experimental 
conditions. G, number of green neurons;  
R, number of red neurons; N, number of NeuN+ 
neurons. (f) Percentage of overlap in the foot 
shock–morphine and foot shock–foot shock 
double-labeling experiments, as calculated by 
Y/G (yellow bar) or Y/R (orange bar). Y, number of 
yellow neurons. (g) Scaled Venn diagrams showing 
the number of green, red and yellow neurons in 
PVN in the four experimental conditions shown 
in c. Scale bars represent 50 µm and 20 µm 
(insets). Error bars represent s.e.m.
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conditioning26,27. To investigate whether morphine-induced c-fos+ 
neurons in CEl are of the CEloff type, we examined the colocalization 
of c-fos and protein kinase C-δ (PKC-δ, Prkcd), a molecular marker of 
CEloff neurons27. Notably, 95 ± 1% of morphine-induced c-fos+ neu-
rons expressed PKC-δ, as revealed by double labeling (Fig. 2h–j), sug-
gesting that morphine mostly activated the OFF neurons in the CEl. 
Collectively, these results suggest that morphine and foot shock activate 
distinct sub-nuclei in CEA that have opposing roles in fear output.

In addition to CEA, several other forebrain regions also responded 
to only one of the stimuli. For example, the amygdalostriatal transi-
tion area (AStr) and MEA responded strongly to foot shock, but not 
to morphine (Fig. 2b–d and Supplementary Fig. 4). Conversely, the 
oval nucleus of BST, BSTov, responded to morphine, but not to foot 
shock (Supplementary Fig. 5).

Convergent pattern in PVN
The PVN is a hypothalamic nucleus known to be activated by a variety 
of stressful and physiological changes, and controls the hypothalamic-
pituitary-adrenal (HPA) axis and glucocorticoid release29 (Fig. 3).  
At 150 min post foot shock, the c-fos mRNA signal in the PVN was 
diminished, but the protein signal was still robust; at 20 min post  
morphine injection, the c-fos mRNA signal peaked, but the protein sig-
nal had not appeared (Fig. 3b and Supplementary Figs. 1 and 3). Thus, 
we chose to administer foot shock at 150 min and morphine at 20 min 
prior to killing the animals for the I-FISH analysis in the PVN.

In this foot shock–morphine configuration, foot shock and morphine 
each induced strong activation in the PVN, recruiting 58 ± 3% (the 

number of green neurons (G) divided by the number of NeuN+ neu-
rons (N)) and 63 ± 2% (R/N) of total neurons, respectively (Fig. 3c–e).  
For the control, saline injection in the home cage or exposure to 
the foot shock context induced little signal in the PVN (Fig. 3c–e). 
Notably, 79 ± 3% of the green cells were also red, indicating that 79% of 
foot shock–activated neurons also responded to morphine (Fig. 3c,f). 
This overlap ratio was close to the 78 ± 5% overlap ratio in the foot 
shock–foot shock configuration, in which two identical foot shock 
stimuli were applied sequentially (Fig. 3c,f). These findings suggest 
that nearly identical neural populations in the PVN were involved 
in the processing of both morphine and foot shock, in a valence-
independent manner. In addition to the PVN, neurons activated by 
morphine and foot shock also displayed a partially convergent pattern 
in the fusiform nucleus of the BST (BSTfu; Supplementary Fig. 6).

Intermingled pattern in NAc and LSv
The NAc is an essential component of the brain’s reward pathway, 
located in the ventral striatum (Fig. 4a). On the basis of NAc time 
course mapping (Fig. 4b and Supplementary Figs. 1 and 3), we 
injected morphine 360 min and delivered foot shock 10 min before 
killing the animals for TAI-FISH analysis in NAc.

The c-fos signals induced by morphine and foot shock were 
mostly located in the medial shell region of the NAc (Fig. 4a,b).  
In the dorsomedial shell of the NAc (NAcDMS), morphine and foot 
shock each induced activation of similar numbers, 8.1 ± 0.4% (G/N)  
and 8.6 ± 1.0% (R/N), of total neurons, respectively (Fig. 4c–e). 
Notably, the green and red signals were distributed in a salt-and-pepper  
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Figure 4 Intermingled neural representations  
of morphine and foot shock in NAcDMS.  
(a) Schematic illustrating the location of NAc.  
The red dashed box indicates the field of the  
image taken with a 10× objective for quanti- 
fication analysis. The red solid box indicates the  
position of the magnified images of the NAcDMS  
shown in c. CPu, caudate putamen; aca,  
anterior commissural, anterior part. (b) Only  
c-fos protein signals (green) were present at  
360 min post morphine and only c-fos mRNA  
signals (red) were present at 10 min post  
foot shock, 20 min post morphine and 15 min  
post cocaine. (c) Representative images  
showing the green (c-fos protein), red  
(c-fos mRNA) and merged channels of  
TAI-FISH double labeling from four  
experiments: saline-context, morphine–foot  
shock, morphine-morphine and morphine- 
cocaine. (d,e) Percentage of neurons  
expressing c-fos protein (d) and mRNA  
(e) in the rostral NAcDMS in the six TAI-FISH  
experimental conditions: saline-context,  
saline–foot shock, morphine-context,  
morphine–foot shock, morphine-morphine and  
morphine-cocaine. Note that the second  
morphine injection activated fewer neurons  
in the morphine-morphine condition than  
the first morphine injection, potentially as a  
result of desensitization. (f) Percentage of  
overlap in the morphine–foot shock,  
morphine-morphine and morphine-cocaine  
double-labeling experiments in the rostral  
NAcDMS. Measured overlaps were calculated as  
Y/R. Predicted chance level of overlaps was  
calculated as G/N (Online Methods). (g) Scaled Venn diagrams showing the number of green, red and yellow neurons in rostral NAcDMS in the four 
experimental conditions shown in c. More than 400 neurons per mouse from three mice were counted for each group. Paired t test adjusted by Benjamini-
Hochberg procedure controlling the false discovery rate. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars represent 50 µm. Error bars represent s.e.m.
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pattern with an overlap ratio of only 1.7 ± 1.0%  
(Fig. 4c), which was significantly lower than 
predicted chance level (8.1 ± 0.4%, P = 0.017; 
Fig. 4f; predicted chance level of overlap was 
calculated as G/N, Online Methods). In contrast, the overlaps in the 
morphine-morphine, and morphine-cocaine configuration reached 
93 ± 2% and 68 ± 5%, respectively (Fig. 4c–g). The intermingled 
pattern remained the same from the rostral to the caudal side of 
the NAcDMS (Fig. 5a–c). In the ventromedial shell (NAcVMS), more 
neurons responded to foot shock and the overlap (6.6 ± 1.0%) was 
close to chance level (4.9 ± 0.5%, P = 0.07; Fig. 5a–c). These results 
suggest that, in the NAcDMS, two distinct, intermingled popula-
tions of neurons encoded the response to morphine and foot shock.  
In addition to the NAc, neurons activated by morphine and foot shock 
were also intermingled in the posterior ventral part of the LS (LSv), 
an area that processes pleasant sensations and stress responses30 
(Supplementary Fig. 7).

NAc neurons are divided into two morphologically indistinguisha-
ble, but intermingled, subpopulations, D1- and D2-MSNs, which define 
the Go and NoGo pathways for action22–24. We asked whether the 
morphine-induced and foot shock–induced c-fos+ neurons segregated 

with one of these two subgroups. Co-staining of c-fos FIHC with the 
D1 or D2 FISH revealed that the majority of morphine-induced c-fos+ 
neurons expressed D1 (80 ± 0.8% D1+ and 21 ± 2.1% D2+; Fig. 6a,b),  
a percentage similar to that previously reported for cocaine-induced 
c-fos+ neurons using Drd1-GFP and Drd2-GFP mice31. Among the 
foot shock–induced c-fos+ neurons, D2+ neurons predominated, but 
D1+ neurons also contributed a substantial portion (62 ± 0.9% D2+ 
and 39 ± 0.9% D1+; Fig. 6a,b). Similar ratios were present from rostral 
to caudal NAcDMS (Fig. 6c).

Representations of multiple emotional cues in NAc
Does the intermingled pattern of activation in the NAcDMS reflect the 
representation of emotional values or other features (for example, spe-
cific sensory properties) associated with morphine or foot shock? To 
distinguish between these possibilities, we further tested dual labeling 
with an additional appetitive stimulus, chocolate, and an additional 
aversive stimulus, restraint, which are experienced through markedly 
different sensory modalities, and determined their optimal applica-
tion time for dual labeling (Fig. 7a and Supplementary Fig. 3c). First, 
when pairing morphine with the natural reward, chocolate (morphine-
chocolate), mice were injected with morphine and then fed chocolate 
15 min before being killed. The chocolate-induced c-fos mRNA signals 
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were generally weaker and fewer than those induced by morphine 
(Fig. 7b). However, there was a great degree of overlap (61 ± 2.6%) 
between the chocolate- and morphine-activated cell groups in NAcDMS 
(Figs. 7b–f and 8). In contrast, when pairing morphine with another 
aversive stimulus, restraint (morphine-restraint), the overlap was only 
4.6 ± 0.8% (Figs. 7b,e,f and 8). Finally, in the configuration in which 
two aversive stimuli were sequentially applied (restraint–foot shock), 
the overlap ratio reached 60 ± 1.5% (Figs. 7b–f and 8). These results 
revealed that emotional stimuli of the same valence activated largely 
overlapping neural ensembles in the NAc, whereas stimuli of different 
valence activated distinct neural populations (Fig. 8).

DISCUSSION
We applied TAI-FISH to simultaneously visualize the neural substrates 
of morphine and foot shock in the same mouse brain. We found that 
the neural representation of these emotional stimuli were stable and 
stereotypic. In all the brain structures examined, sequential applica-
tions of the same emotional stimulus always activated highly over-
lapping neural groups (Figs. 2e,g, 3c,f and 4c,f), suggesting that the 
brain uses dedicated neural ensembles to encode emotional stimuli.  
The same principle has been demonstrated for the hippocampal 
encoding of spatial information32.

We also found that the two emotional stimuli evoked largely dis-
tinct neural ensembles throughout the limbic forebrain despite acti-
vating many of the same regions (Fig. 8a and Supplementary Fig. 8).  
This anatomical map includes distinct patterns of interaction, segre-
gated (for example, in CEA), convergent (for example, in the PVN) 
and intermingled (for example, in the NAc and posterior LSv), 
between the two neural ensembles. Notably, in the NAcDMS, neu-
rons responding to two stimuli of different valence (morphine versus 
foot shock) were almost equal in number (~8% of the neurons in the 
NAcDMS), but were spatially intermingled (Fig. 4). In contrast, there 
was a large overlap between neural ensembles representing the same 
valence, morphine versus chocolate or foot shock versus restraint, in 
the NAcDMS (Figs. 7 and 8b). These observations revealed the exist-
ence of a functional valence map in the NAc.

An extensive amount of work has focused on the function of NAc 
in appetitive motivation and positive reinforcement, as well as in 
aversive motivation28,33–39. How does the NAc differentially encode 
rewarding and aversive stimuli? Considering that D1-MSNs define 
the Go pathway that facilitates action, and D2-MSNs define the NoGo 
pathway that suppresses action22–24, an appealing model is that the 
D1- and D2-MSNs in the NAc differentially code appetitive and 
aversive information40,41. We found that D1- and D2-MSNs could 

respond to both morphine and foot shock stimuli, but with different  
preference: the number of D1-MSNs responding to morphine was 
roughly twice that of those responding to foot shock (80% versus 
39%, as the total number of morphine- and foot shock–induced were 
similar), whereas the number of D2-MSNs responding to foot shock 
was threefold greater than those responding to morphine (62% versus 
21%) in NAcDMS (Fig. 6b). This asymmetrical distribution would 
enable positive and negative emotional stimuli to differentially acti-
vate the Go and NoGo action pathways, respectively, and direct oppo-
site behavioral outputs. However, we found that D1-MSNs overall 
contributed to a substantial portion (about 40%) of c-fos+ neurons 
activated by the aversive foot shock stimulus. This fraction was much 
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greater than, and could not be accounted for by, the 10–17% of MSNs 
coexpressing D1 and D2 receptors31,42. Thus, the map identified here 
suggests additional complexity in the functional organization of the 
NAc and raises the interesting question on the function of the foot 
shock–activated D1-MSNs.

What is the functional relevance underlying the intermingled pat-
tern of valence coding in the NAcDMS? This mosaic organization 
is reminiscent of the early-stage functional map of several sensory 
representations, including the distribution of on and off cells in the 
retina43, where lateral inhibition is an important feature of the neural 
network architecture, serving to enhance contrast. Indeed, the axon 
collaterals of MSNs in the NAc can inhibit neighboring MSNs through 
GABAergic synapses44, providing an anatomical basis for the lateral 
inhibition. It is therefore interesting to speculate that the intermingled 
pattern of valence representation in the NAc may allow neurons of 
opposite emotional values to inhibit each other and compete, direct-
ing action outputs in a more discrete fashion.

Choice of emotional stimuli
We chose to use unconditioned stimuli (US, stimuli that can natu-
rally trigger emotional responses) instead of conditioned stimuli (CS, 
previously neutral stimuli that become capable of evoking emotional 
responses after association with US) in our procedure for several rea-
sons. First, US generally elicit a stronger response than CS. Second, no 
training is required for the protocol. Third, giving CS without the actual 
US could trigger a reward-error signal45. Finally, US-induced signals 
are independent of previous learning, thereby eliminating the effects of 
adaptation and memory. This may explain why c-fos signals activated 
by foot shock (in the CEm; Fig. 2) distributed differently from those 
activated by recall of fear memory (a type of CS; in the CEl46).

However, there are potential compounding effects associated with 
US that should be cautioned. For example, morphine, as a drug, may 
elicit complex effects in addition to an appetitive sensation. At a very 
low dosage (0.05 mg per kg), morphine can be aversive25,47. Morphine 
may also have a lasting effect on emotion. To address these concerns, 
we first carried out a conditioned place preference test to confirm that 
morphine was appetitive at the dosage injected (15 mg per kg; Fig. 1d).  
Next, to confirm that morphine’s potential lingering effect did not 
alter the negative valence associated with foot shock, we tested real-
time place preference for foot shock at 6 h after morphine injection. 
Foot shock still induced strong place aversion in the morphine-
injected group, similar to the saline-injected group (Supplementary 
Fig. 9), suggesting that earlier morphine did not invert or reduce 
the sensation of foot shock as a negative stimulus. Furthermore, 
foot shock–induced c-fos signals were indistinguishable if mice were 
treated with saline or with morphine earlier (Fig. 4d).

Strengths and limitations of TAI-FISH
Behavioral neuroscience has long called for a molecular imaging  
technique that can compare activity patterns of different physiological 
states at the cellular level across the whole brain7. Several innovative  

IEG-based functional imaging methods have been developed to  
examine the neural correlates of two distinct stimuli: I-FISH17, cellular 
compartment analysis of temporal activity by FISH (catFISH, employ-
ing the distinct time course of nuclear versus cytoplasmic localization 
of IEG mRNA32,48), and TetTag49 and TRAP mice50, which use genetic 
mouse models. CatFISH requires high-magnification (for example, 64×) 
imaging to differentiate the subcellular localization. In contrast, I-FISH 
can be performed with low magnification (for example, 10×), making 
it easier to map large brain areas or even the whole brain21 (Fig. 5a).  
However, the strict separation of the IEG protein and mRNA time 
courses is not always satisfied in different brain regions or for different 
stimuli (for example, in the NAc when morphine was applied as the 
first stimulus; Fig. 1c), which may have impeded the general applica-
tion of I-FISH. TAI-FISH improves I-FISH by introducing a tyramide-
amplification step for FIHC. This step extended the time course of the 
protein signal (Fig. 1c), enabling better separation of the mRNA and 
protein time courses and greatly improving the capacity of the method. 
Indeed, examination of half of the brain structures in this study (NAc, 
LSv and BST) would not have been possible without the FIHC tyramide 
amplification. Moreover, the time interval between the two stimuli for  
TAI-FISH (several hours) is substantially longer than that for catFISH 
(~30 min), which could be a useful feature when the interference 
between the two behaviors or stimuli needs to be minimized.

TAI-FISH does have limitations that are intrinsic to IEG imag-
ing approaches. First, it is unable to detect neurons below the detec-
tion threshold or inhibited by a stimulus, resulting in a partial map. 
Second, not all neurons can express all IEGs abundantly. For example, 
unlike reports using the IEG Arc as a probe, we detected little c-fos 
signals in the hippocampus by morphine or foot shock. Third, activity 
under control conditions can be high in some brain areas. For exam-
ple, the medial prefrontal cortex and anterior LS showed substantial 
c-fos signals by saline injection and context alone, and were therefore 
not included in the analysis. Finally, the mRNA signal of the first 
stimulus can be long-lasting (for example, in the basal lateral amyg-
dala and dorsal raphe, presumably as a result of recurrent activation; 
Supplementary Fig. 2) or the protein signal of the first stimulus can 
decay too fast, precluding the separation of the mRNA and protein 
time courses. Nevertheless, it is hopeful that some of these problems 
can be overcome by using different IEG genes, such as Arc, zif268 or 
Homer1a, which have different induction time courses and expres-
sion profiles. In addition, TAI-FISH can be used in conjunction with 
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catFISH to give a more complete map, or even triple-epoch map when 
needed. In the VTA region, there was strong background fluorescent 
staining of the axon fibers. It would be worth trying non–fluorescence- 
based chemical staining methods (for example, NBT/BCIP for mRNA 
and DAB for protein) to re-examine this area.

In conclusion, TAI-FISH permits global whole-brain dual-activity 
mapping in wild-type mice with single-cell resolution. It provides a pow-
erful methodology, complementing electrophysiological and other func-
tional imaging methods, for identifying neural networks responsible for 
the internal representations of different behavioral and emotional states. 
The valence map that we identified may allow the exciting possibility of 
specifically manipulating the appetitive and aversive behaviors.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Animals. All animal studies were approved by the institutional Animal Care and 
Use Committee of the Institute of Neuroscience, Chinese Academy of Sciences. 
3-month-old male C57BL/6 mice were used for this study and housed four per 
cage in a room with a 12-h light/dark cycle (7:00 a.m. to 7:00 p.m.), in stable 
conditions of temperature (22 °C) and humidity (60%), with food and water  
ad libitum. Behavioral studies were conducted between 1:00 and 5:00 p.m. For 
morphological studies, mice were divided into two per cage 4 d before the start 
of the experiment to ensure they received the same treatment, were killed within 
10 s of the treatment termination and were perfused by two people simultane-
ously within ~10 min (to reduce cross-influence on cagemates). All mice were 
killed between 3:30 and 5:30 p.m. after each treatment. With these precautions 
taken, we found that basal levels of c-fos expression in unstimulated mice were 
uniformly low throughout the limbic forebrain, except in the paraventricular 
thalamus and suprachiasmatic nucleus, despite some background staining in 
various cortical regions (mostly in the piriform cortex, and some weak signals 
in the visual and motor cortices).

drugs and treatments. Morphine-HCl (15 mg per kg, i.p., Shenyang 
Pharmaceutical) and cocaine-HCl (20 mg per kg, i.p., Shenyang Pharmaceutical) 
were dissolved in 0.9% NaCl (wt/vol, saline). 6 g of crumbled milk chocolate 
(Dove), similar in size to rice grains, were scattered in the home cage 15 min  
before mice were sacrificed. All mice began eating the chocolate within  
3–5 min. For aversive treatments, 15 randomly arranged foot shocks  
(1 mA, 2 s) were administered on mice within 10 min in a fear conditioning  
chamber (Coulbourn Instruments). Restraint stress was performed in the  
home cage by placing mice in a short 9-cm-long transparent Plexiglas tube 
(3.2-cm inside diameter), which lasted for 30 (as first stimulus) or 15 min  
(as second stimulus).

tissue preparation. Mice were rapidly anesthetized with chloral hydrate  
(10%, wt/vol, i.p.) and sequentially perfused transcardially with ice-cold 0.01 M  
phosphate-buffered saline (PBS, pH 7.4) and paraformaldehyde (4% in PBS, 
wt/vol, Sigma). Brains were postfixed for 48 h in the same fixative solution  
and stored at 4 °C. After cryoprotection with 30% sucrose (wt/vol) in PBS, three 
serials of 40-µm-thick coronal sections were cut on a cryostat (CM1950, Leica) 
and immediately subjected to histochemical staining.

FISH and FIHc. Brain slices were sequentially subjected to FISH and FIHC 
staining. For FISH, all solutions used for the hybridization were prepared using 
RNase-free reagents and diethylpyrocarbonate (DEPC)-treated double deion-
ized water (ddH2O). Throughout the hybridization process, all instruments were 
RNase-decontaminated using RNase ZAP solution (Ambion). Probes against 
c-fos, PKC-δ, Drd1a and Drd2 were constructed according to the description on 
Allen Brain Atlas website (http://www.brain-map.org). All probes were cloned 
into pGEM-T vector (Promega). The RNA probes labeled by digoxygenin-UTP 
(Roche) were generated by in vitro transcription and dissolved at 1 µg ml−1 in 
the hybridization solution (50% formamide (vol/ vol), 5× SSC, 0.3 mg ml−1 yeast 
tRNA, 100 µg ml−1 heparin, 1× Denhardt’s solution, 0.1% Tween 20 (vol/vol), 
0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS, 
wt/vol) and 5 mM EDTA). For FISH, free-floating sections were washed with 
0.01 M PBS for 10 min and treated with 2% H2O2 (vol/vol) in 0.01 M PBS for  
10 min, followed by another round of wash with PBS for 10 min at 25~28 °C. They 
were then treated with 0.3% Triton X-100 (vol/vol) in 0.01 M PBS for 20 min and 
acetylated by 0.25% acetic anhydride (vol/vol) in 0.1 M triethanolamine (pH 8.0) 
for 10 min, followed by two rounds of washing with PBS. Afterward, the sections 
were placed in the hybridization solution without probes for 1 h and incubated 
in the hybridization solution with the corresponding probes for 16–18 h at 60 °C. 
After hybridization, the sections were rinsed once and washed twice in 2× SSC 
for 15 min at 60 °C, followed by treatment with 2 µg ml−1 RNase A in 2× SSC at 
37 °C for 30 min. They were further rinsed once and washed twice in 0.2× SSC 
for 30 min at 60 °C, followed by three rounds of wash in 0.01 M PBS contain-
ing 0.05% Tween 20 (PBT) for 10 min at 25~28 °C. The sections were blocked 
with 10% normal sheep serum (vol/vol) in PBT for 1 h at 25~28 °C and incu-
bated in the same solution with sheep antibody to digoxygenin antibody (1:500, 
Roche 11207733910) at 4 °C overnight. On the second day, the sections were 
washed three times in PBT for 10 min and incubated in the amplification solution  

with cyanine 3 tyramide (1:100, PerkinElmer NEL744B001KT) for 20 min at  
25~28 °C, followed by three rounds of washing in 0.01 M PBS for 10 min.

For FIHC, the sections were further incubated with rabbit antibody to c-fos 
(1:5,000 or 1:10,000; Calbiochem PC38) for 2 h at 25~28 °C and for 46 h at 4 °C. 
In the case of short treatment interval (≤3 h, in CEA, PVH and MEA regions), 
we visualized the protein signal directly via the Alexa Fluor 488 after binding of 
the goat antibody to rabbit (1:1,000, Invitrogen A11034) to the primary antibody. 
For the long treatment interval (≥4 h, in NAc, LSv and BST regions), an additional 
tyramide amplification step was introduced for all the experimental and control 
groups: the sections were further incubated with biotinylated rabbit antibody to 
goat antibody (1:400, Vector Labs BA5000) overnight at 4 °C, followed by reacting 
with horseradish peroxidase–conjugated streptavidin (1:800; Millipore 18-152) 
for 1.5 h at 25~28 °C. To inactivate the peroxidase used in the FISH, the sections 
were treated with 2% sodium azide (wt/vol) in 0.01 M PBS for 15 min at 25~28 °C  
immediately after the end of the primary antibody incubation. Finally, the  
protein signal was amplified and visualized using the same method as the FISH, 
but incubated with coumarin tyramide (1:150, PerkinElmer NEL703001KT). 
After three rounds of washing in 0.01 M PBS, the sections were mounted and 
stored at 4 °C until further analysis.

For calculation of the percentage of c-fos+ cells, NeuN staining was per-
formed on one serial of sections of the same animal. The sections were incubated  
with the mouse antibody to NeuN (1:1,000, Millipore MAB377) overnight at  
4 °C and further reacted with Alexa Fluor 594 goat antibody to mouse (1:1,000, 
Invitrogen A31624).

microscopy and image analysis. Fluorescent images were acquired using an 
Olympus Fluoview FV1000 confocal microscope with a 10× objective lens (NA = 
0.40) under the control of the Olympus Fluoview FV1000 version 2.1b software. 
The thickness of sections covered in each image and used for quantification was 
8.9 µm. The c-fos protein signal showed nuclear staining pattern, whereas its 
mRNA appeared mostly in the cytoplasm. Images shown in the figures were from 
the same region illustrated in the schematics according to specific neuroanatomi-
cal markers. Cell quantification was performed in a 300 × 300 µm square area for 
the NAcDMS, NAcVMS, NAcCore and NAcLS regions in Figure 5a, and in outlined 
areas for other brain regions. Signals were counted from one slice per mouse at 
the labeled Bregma position as outlined in the schematics of each corresponding 
figure. The control and experimental groups were processed in parallel. Images 
were coded and counting was performed in a blind fashion. Brightness and con-
trast adjustments were applied to the whole image. Positive protein signals should  
be solid round- or oval-shaped and have a diameter of 6~10 µm. Positive mRNA 
signals were typically particle clusters 6~10 µm in diameter. The background 
signal was determined by the mean gray value of an unlabeled brain region within 
the microscopic field. Intensity of mRNA and protein signals was at least 80-fold 
greater than that of the background value.

calculation of overlap ratio. For calculation of the overlap ratio in the brain 
regions of convergent and intermingled patterns, we counted numbers of red 
(R), green (G) and yellow (Y) neurons from the double-labeled slices and the 
number of the NeuN-positive neurons (N) in a separate set of slices at the same 
location in designated regions. Note that R included both red and yellow neurons 
and G included both green and yellow neurons. We use Y/R to represent the 
measured overlap ratio. Since the chance for a given neuron to be both red and 
green (therefore appearing yellow) is R/N * G/N, the predicted Y = R/N * G/N * 
N = R * G/N. Therefore the predicted chance level of overlap ratio = predicted 
Y/R = R * G/N/R = G/N.

Behavioral procedures. Morphine conditioned place preference was performed 
in a three-chamber device (Med Associates). Briefly, it consisted of three phases. 
(i) Preconditioning. Mice were placed into the central compartment and allowed 
to freely explore the three compartments for 15 min on days 1 and 2. Between 
the left and right compartments, the less preferred one on day 2 was picked for 
morphine pairing on the conditioning day. The time spent in this compartment 
was used as the baseline. (ii) Conditioning. On day 3, mice were injected with 
morphine (15 mg per kg; i.p.) or saline and placed in the corresponding com-
partment for 30 min. (iii) Post-conditioning. On day 4, mice were handled in 
the same way as on day 1 and received no drug or saline administrations. Time 
spent in the compartment where mice received the morphine injection was used 
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as the post-conditioning time. Reference scores were expressed as the difference 
between the post-conditioning time and baseline.

The passive avoidance test was performed in a two-chamber device (Med 
Associates). One compartment was made of clear plastic and brightly illuminated 
while the other was covered and black. The grid-floor on both sides could be 
used to deliver foot shocks. On day 1, the mouse was placed in the lit compart-
ment with the door open. After the mouse entered the dark side, the door was 
closed and 15 randomly arranged foot shocks (1 mA, 2 s), the same treatment as 
used in the morphological studies, were administered on mice within 10 min. 
24 h later, mice were placed in the same lit compartment for 5 min with the 
door open. The latency to enter the dark side was automatically recorded by the 
device. The control group was treated with the same procedure but without foot 
shock delivery.

The real time place preference test was performed in a two-chamber  
device (Med Associates). The grid-floor on the left side was used to deliver 
foot shock. The mouse was i.p. injected with 15 mg per kg morphine or saline.  

6 h after injection, the mouse was placed in the nonstimulus compartment.  
After the mouse entered the stimulus side, 1-mA foot shock was administered 
until the mouse moved into the nonstimulus compartment. The behavioral data 
was recorded by a CCD camera and analyzed by Ethovision software (Noldus) 
The number of attempts to enter the stimulus side was counted.

Statistical analysis. Statistical values were expressed as mean ± s.e.m., and error 
bars represent s.e.m. For behavioral experiments, Mann-Whitney U tests were 
conducted to compare group difference. For anatomical results, more than 250 
neurons per mouse were counted from at least three mice. Paired t test was used 
when comparing measured and predicted ratios within same animals. For multi-
ple comparisons, P values were adjusted using Benjamini-Hochberg procedure to 
control the false discovery rate. (Adjusted) P values less than 0.05 were considered 
statistically significant. Each representative image was successfully repeated at 
least three times.

A Supplementary methods checklist is available.
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